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Scheme	11.11	Rh-catalyzed	stereoselective	synthesis	of	VCPs	and	their	Et2AlCl-
promoted	rearrangement.
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VCPs.

Scheme	11.15	Pd-catalyzed	cyclopropanation	of	1,3-dienyl	β-ketoesters	to	form	VCPs
and	their	subsequent	MgI2-promoted	rearrangement.

Scheme	11.16	Mechanistic	pathways	for	thermal	VCP–cyclopentene	rearrangement.

Scheme	11.17	Activation	energy	(Ea)	values	for	trans-C2-substituted	VCPs.

Scheme	11.18	Formation	of	four	stereoisomeric	products	from	the	thermal
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Scheme	11.25	TMSI-promoted	rearrangement	of	vinyl	aziridines.
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Scheme	11.32	Hudlicky's	synthesis	of	sesquiterpene	(−)-specionin	involving	the	TMSI-
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Scheme	11.35	Majetich's	synthesis	of	(−)-salviasperanol	involving	a	TFA-catalyzed
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Scheme	11.36	Photochemical	rearrangement	of	isopropenylcyclopropane	to	methyl-
cyclopentene.

Scheme	11.37	Photochemical	rearrangement	of	bicyclic	VCP	under	both	direct	and
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condtions.
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rearrangement	of	VCP	66.



Scheme	11.44	Sonowane's	synthesis	of	(±)-grandisol	involving	the	photochemical
rearrangement	of	VCP	69.

Scheme	11.45	Rh(I)-catalyzed	rearrangement	of	9,9-bicyclononatrienes.

Scheme	11.46	Rh(I)-catalyzed	rearrangement	of	allenylcyclopropanes.
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Scheme	11.49	Pd(0)/dppe-catalyzed	diastereoselective	rearrangement	of
dienylcyclopropanes	bearing	chiral	sulfinyl	group.

Scheme	11.50	Pd(0)/PPh3-catalyzed	rearrangement	of	3-vinylcyclopropane-2-
oxindoles.

Scheme	11.51	Mechanism	of	Pd(0)-catalyzed	rearrangement	of	dienylcyclopropanes.

Scheme	11.52	Ni(0)/P(t-Bu)3-catalyzed	rearrangement	of	activated	VCPs.

Scheme	11.53	Ni(0)/PR3-catalyzed	rearrangement	of	1-siloxy	VCPs.
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Scheme	11.57	Cu(hfacac)2-catalyzed	vinyloxirane-dihydrofuran	rearrangement.

Scheme	11.58	Cu(hfacac)2-catalyzed	vinylthiirane-dihydrothiophene	rearrangement.

Scheme	11.59	Cu(hfacac)2-catalyzed	vinylaziridine-pyrroline	rearrangement.
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Scheme	12.29	Synthesis	of	an	aminocyclitol	in	hygromycin	A.

Scheme	12.31	Preparation	of	a	cyclohexene	unit	in	lycoricidine.

Scheme	12.32	Total	synthesis	of	lycoricidine.

Scheme	12.33	Three-component	coupling	reaction	with	O-MPM	aldehydes.

Scheme	12.34	Transition	structure	models	of	the	three-component	coupling.

Scheme	12.35	Three-component	coupling	reaction	with	O-TES	aldehydes.

Scheme	12.36	Total	synthesis	of	actinoboline.

Scheme	12.37	Synthesis	of	an	enantiomeric	cyclohexenone	from	d-glucose.

Scheme	12.38	Construction	of	a	quaternary	carbon	by	the	Claisen	rearrangement.

Scheme	12.39	Total	synthesis	of	galanthamine.

Scheme	12.40	Preparation	of	a	cyclohexene	unit	of	rapamycin.

Scheme	12.41	Synthesis	of	C-28–C-49	segment	of	rapamycin.
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Scheme	16.11	Effect	of	copper(II)	ligand	on	ylide	selectivity.

Scheme	16.12	Common	methods	for	synthesis	of	diazocarbonyl	compounds.

Scheme	16.13	Application	of	oxonium	ylide	[2,3]-shift	to	norhalichondrin	B	fragment.

Scheme	16.14	Application	to	the	substituted	tetrahydrofuran	of	amphidinolides	T1–T5.

Scheme	16.15	Models	for	acyclic	stereocontrol	with	substituted	allyl	migrating	groups.

Scheme	16.16	Clark's	route	to	the	gambieric	acid	tetrahydrofuran	ring.

Scheme	16.17	Initial	hyperolactone	C	study	by	Hodgson	and	coworkers.

Scheme	16.18	Enantioselective	hyperolactone	C	synthesis	by	Hodgson	and	coworkers.

Scheme	16.19	Benzofuranones	via	oxonium	ylide	[2,3]-rearrangement.

Scheme	16.20	Synthesis	of	(+)-griseofulvin	by	Pirrung	and	coworkers.

Scheme	16.21	Relay	of	stereochemical	information	in	griseofulvin	synthesis.

Scheme	16.22	Racemic	synthesis	of	decarestricine	L	by	Clark	and	Whitlock.

Scheme	16.23	Enantioselective	synthesis	of	(+)-decarestricine	L.

Scheme	16.24	Synthesis	of	(−)-laulimalide	C3–C12	fragment	by	Yakura	and
coworkers.



Scheme	16.25	Iterative	approach	to	polypyrans	via	oxonium	ylide	[2,3]-shifts.

Scheme	16.26	Bridged	bicyclic	structures	via	[2,3]-shift	of	fused	bicyclic	oxonium
ylides.

Scheme	16.27	Model	study	toward	neoliacinic	acid	by	Clark	and	coworkers.

Scheme	16.28	Second-generation	approach	to	neoliacinic	acid	by	Clark	and
coworkers.

Scheme	16.29	Route	to	oxabicyclo[6.2.1]undecane	litophynin	skeleton	by	Clark	and
Wong.

Scheme	16.30	Synthesis	of	the	labiatin	A	tricyclic	core	by	the	Clark	group.

Scheme	16.31	Synthesis	of	a	more	elaborated	labiatin	A/australin	A	tricyclic	core	by
the	Clark	group.

Scheme	16.32	Total	synthesis	of	vigulariol	by	the	Clark	group.

Scheme	16.33	Total	synthesis	of	cladiellins	by	the	Clark	group	utilizing	an	(E)-
selective	[2,3]-shift.

Scheme	16.34	Effective	[1,2]-shift	of	oxonium	ylides	bearing	benzylic	migrating
groups.

Scheme	16.35	Oxonium	ylide	[1,2]-shifts	and	possible	alternative	reactivities.

Scheme	16.36	[1,2]-Shifts	of	acetal-derived	oxonium	ylides.

Scheme	16.37	Dactylol	approach	using	oxonium	ylide	[1,2]-shift.

Scheme	16.38	Approach	to	the	tricyclic	daphnane/tigliane	skeleton	via	[1,2]-shift.

Scheme	16.39	Construction	of	zaragozic	acid	core	by	Brogan	and	Zercher	via	[1,2]-
shift	of	ketal-derived	oxonium	ylide.

CHAPTER	17:	THE	[2,3]-WITTIG	REARRANGEMENT

Figure	17.1	Wittig	rearrangement	and	[2,3]-	and	[3,3]-sigmatropic	rearrangement

Figure	17.2	Various	[2,3]-Wittig	rearrangements

Scheme	17.1	Solanoeclepin	A	right	segment	synthesis	and	[2,3]-Wittig	rearrangement.

Figure	17.3	Solanoeclepin	A	8

Scheme	17.2	Reaction	mechanism	of	the	[2,3]-Wittig	rearrangement	on	a	3β-axial
propargyloxy-hexahydroindene	ring	system.	The	Newman-like	projections	in	the
dashed	circles	indicate	transition	state	bond	formation.

Scheme	17.3	[2,3]-Wittig	rearrangement	on	Hajos–Parrish	ketone	derivative.

Scheme	17.4	[2,3]-Wittig	rearrangement	on	a	3-alkynyl	dihydropyran	ring.

Scheme	17.5	[1,2]-	or	[2,3]-Wittig	rearrangement	without	the	3-alkynyl	group.



Scheme	17.6	Plausible	mechanism	of	the	Wittig	rearrangements	from	4-α-O-propargyl
ether.

Figure	17.4	Plausible	energy	diagram	from	30	to	[1,2]-	and	[2,3]-Wittig	rearrangement
due	to	different	energy	barrier	for	the	conformational	inversion	(see	DFT	calculations
in	Ref.	9)

Scheme	17.7	Phomactin	synthesis	and	the	key	[2,3]-Wittig	rearrangement.

Scheme	17.8	Model	systems	for	phomactin	synthesis.

Scheme	17.9	Sulfonyl	group-assisted	deprotonation	for	[2,3]-Wittig	rearrangement
directed	toward	phomactin	synthesis.

Figure	17.5	Phoslactomycin	B

Scheme	17.10	Phoslactomycin	B	synthesis	through	[2,3]-Wittig	rearrangement.

Figure	17.6	Synthetic	target	natural	products	CP-225,917	(64)	and	CP-263,114	(65)

Scheme	17.11	[2,3]-Wittig–Still	rearrangement	en	route	to	the	CP	framework.

Scheme	17.12	Anisatin	synthesis	via	the	key	[2,3]-Wittig–Still	rearrangement	from	80
to	81.

Figure	17.7	Anisatin	and	β-face	bond-forming	strategy	via	Wittig–Still	rearrangement

Scheme	17.13	Synthesis	of	subglutinol	A	via	[2,3]-Wittig–Still	rearrangement.

Scheme	17.14	[2,3]-Wittig–Still	rearrangement	for	synthesis	of	sespendole.

Scheme	17.15	Synthesis	of	pyricuol	via	[2,3]-Wittig–Still	rearrangement.

Scheme	17.16	Synthesis	of	the	hennoxazole	A	C16–C25	segment	via	[2,3]-Wittig–Still
rearrangement.

Figure	17.8	Asymmetric	deprotonation	using	a	chiral	ligand	for	eupomatilone	2
synthesis

Scheme	17.17	[2,3]-Wittig	rearrangement	to	1,5-amino	alcohols	en	route	to	N-
heterocycles.

Figure	17.9	Eldanolide	and	possible	rearrangement

Scheme	17.18	Diastereoselective	synthesis	of	amino	alcohols	via	[2,3]-Wittig
rearrangement,	including	tetrahydroazepinones.

Scheme	17.19	Synthesis	of	(+)-eldanolide.

Scheme	17.20	[1,5]-Anion	relay	leading	to	the	[2,3]-Wittig	rearrangement.

Scheme	17.21	Solvent	effect	on	the	steric	course	of	[2,3]-Wittig	rearrangement.

Scheme	17.22	Aza-[2,3]-Wittig	rearrangement.

Scheme	17.23	Furanone	via	Wittig	rearrangement.



Scheme	17.24	Patulolide	C	via	Wittig	rearrangement.

Scheme	17.25	Wittig–Still	allylic	ether	anionic	transpositions.

Scheme	17.26	Possible	mechanisms	accounting	for	[2,3]-	versus	[1,2]-Wittig
rearrangement.

CHAPTER	18:	THE	MISLOW–EVANS	REARRANGEMENT

Scheme	18.1	Allylic	alcohol/allyl	sulfenate	ester/allyl	sulfoxide	interconversions.

Scheme	18.2	Sulfenate-to-sulfoxide	rearrangements	of	differing	facility.4

Scheme	18.3	Racemization	of	an	optically	enriched	allyl	sulfoxide.3a

Scheme	18.4	Dynamic	kinetic	resolution	via	allylic	sulfoxide	racemization–alkene
hydrogenation	and	a	non-[2,3]	Rh(l)-catalyzed	mechanism	for	sulfoxide	racemization.8

Scheme	18.5	Under	non-polar	conditions	at	least	part	of	sulfoxide	interconversion	is
due	to	Mislow–Evans	rearrangement.8

Scheme	18.6	Rearrangement	of	deuterium-labeled	sulfenate	ester.3a

Scheme	18.7	Origins	of	product	stereochemical	features	in	Mislow–Evans
rearrangements.10,	12

Scheme	18.8	Transfer	of	S	→	C	chirality	determined	by	endo	versus	exo	transition
states.

Scheme	18.9	Antibody-catalyzed	Mislow–Evans	rearrangement.13

Scheme	18.10	Position	of	equilibrium	is	solvent	and	structure	dependent.3,	4

Scheme	18.11	Probing	the	[2,3]-sigmatropic	rearrangement	transition	state.3b

Scheme	18.12	Allylic	alcohol	→	sulfoxide	and	allylic	sulfoxide	→	alcohol
transformations.5a

Scheme	18.13	Carbon	→	sulfur	chirality	transfer	via	[2,3]	rearrangement.3a

Scheme	18.14	Use	of	single	enantiomer	of	vinyl	sulfoxide	with	isomerization	and	S	→
C	chirality	transfer.17

Scheme	18.15	In	acyclic	cases,	allylic	alcohol	products	are	predominantly	E-
configured.5b

Scheme	18.16	Regioslective	alkylation	of	heterocyclic	allyl	sulfides	streamlines
Mislow–Evans	approach.	Application	to	nuciferal	synthesis.5b

Scheme	18.17	Rearrangement	of	γ-alkoxy	allylic	sulfoxides	to	α,β-unsaturated
aldehydes	as	applied	to	prostaglandin	synthesis.18b

Scheme	18.18	β-Branching	of	allylic	sulfoxide	substituent	helps	impart	high	E



selectivity.19

Scheme	18.19	Structural	scenarios	for	alkene	diastereoface	selectivity	in	allylic
sulfoxide	→	sulfenate	rearrangement.

Scheme	18.20	Stereochemical	transposition	at	C-3	of	glycal	substrates	via	Mislow–
Evans	rearrangement.21

Scheme	18.21	Regioselective	[2,3]	rearrangement	of	bis-allylic	sulfoxide	87	in
synthesis	of	esperamicin	sugar.21

Scheme	18.22	Selective	oxidation	of	bisallylic	sulfide	in	synthesis	of	the	calicheamicin
saccharide.22

Scheme	18.23	Oxidant	for	pseudothioglycal	oxidation	varies	with	protecting	groups
(Danishefsky,	1991;	Rojas,	2001)	and	application	of	Mislow–Evans	rearrangement
with	a	galactal-derived	4-hydroxy-6-deoxy	derivative.25

Scheme	18.24	Preparation	of	diastereomeric	dihydropyran	sulfoxides	for
rearrangement	studies.26

Scheme	18.25	[2,3]-Rearrangement	efficacy	depends	on	stereo	relationship	between
sulfoxide	and	other	stereocenters.26

Scheme	18.26	Another	example	highlights	importance	of	conformational	features	for
Mislow–Evans	rearrangement.26

Scheme	18.27	Only	one	sulfoxide	diastereomer	undergoes	Mislow–Evans
rearrangement	in	modular	approach	to	tetracycline	analogue	synthesis.27

Scheme	18.28	Geometrical	constraints	preclude	Mislow–Evans	rearrangement.29

Scheme	18.29	High	face	slectivity	in	Mislow–Evans	rearrangement	en	route	to
trideoxytetrodotoxin	derivatives.30

Scheme	18.30	Diastereoselective	Mislow–Evans	rearrangement	in	the	synthesis	of
gabosine	carbasugars.31

Scheme	18.31	Sulfenate	to	sulfoxide	and	back	again	to	convert	a	mixture	of	epimers
into	a	single	diastereomer.42

Scheme	18.32	Relative	rates	of	sulfoxide–sulfenate	interconversion	and	sulfenate
trapping	can	affect	stereochemical	outcome.5b,33

Scheme	18.33	Inversion	of	allylic	alcohol	stereochemistry	via	two	[2,3]
rearrangements.34

Scheme	18.34	Sulfoxide	alkylation-rearrangement	as	β-hydroxy	vinyl	anion
equivalent.5a

Scheme	18.35	Regiocontrolled	α-alkylation	and	trans-selective	rearrangement.5a



Scheme	18.36	Alkylation	to	giveα,α-disubstituted	allyl	sulfoxide,	which	rearranges
rapidly.5b,35

Scheme	18.37	Vinyl	anion	surrogate	for	prostaglandin	synthesis.5b

Scheme	18.38	1,5-Sulfinyl	transposition	via	sequential	Mislow–Evans	rearrangement
provides	an	α,β-γ,δ-dienyl	aldehyde	δ-anion	equivalent.36

Scheme	18.39	Use	of	the	1-formyl	butadienyl	anion	equivalent	in	the	total	synthesis	of
(±)-asteltoxin.37

Scheme	18.40	Regioselective	additions	of	metallated	sulfinyl	pentadienyl	anions	to
ketones	or	aldehydes	and	double	Mislow–Evans	rearrangement.38

Scheme	18.41	Application	of	1,5-sulfinyl	rearrangement	followed	by	Julia-type
coupling	in	synthesis	of	polycavernoside	A	subunit.39

Scheme	18.42	Diels–Alder/Mislow–Evans	sequences	offer	synthetic	equivalents	of
potentially	dubious	Diels–Alder	reactions.41

Scheme	18.43	Diels–Alder/Mislow–Evans	approach	in	synthesis	of	hasubanan
alkaloid	framework	and	an	electronically	complementary	approach	to	a	rearrangement
substrate.41

Scheme	18.44	Sequential	[4+2]/[2,3]	transformations	in	cyclohexenol	synthesis	(top43;
bottom44).

Scheme	18.45	Optically	active	cyclohexenol	from	enantiomerically	pure	1-sulfinyl-
1,3-butadienyl	starting	material.45

Scheme	18.46	Hetero-Diels–Alder/Mislow–Evans	sequence	in	total	synthesis	of
agelastatin	A.46

Scheme	18.47	Attempted	1,3-dipolar	cycloaddition/Mislow–Evans	rearrangement
toward	homoerythrina	alkaloids.47

Scheme	18.48	Sequential	double-Overman	rearrangement/Mislow–Evans	sequence	in
agelastatin	total	synthesis.48

Scheme	18.49	Sequential	Claisen/Mislow–Evans	rearrangement	in	synthetic	studies
toward	pinnatoxin.50,	51

Scheme	18.50	Vinyl	sulfoxide	fails	as	Claisen	rearrangement	substrate	in
joubertinamine	and	mesembrine	synthesis.52

Scheme	18.51	Claisen	rearrangement	of	the	E-vinyl	sulfide	followed	by	Mislow–
Evans	provides	the	desired	outcome.52

Scheme	18.52	Tandem	Claisen-type	[3,3]/Mislow–Evans	rearrangement	of	sulfoxide-
substituted	propargyl	ketene	acetals.54



Scheme	18.53	Aldol/Ireland–Claisen/Mislow–Evans	sequence	in	the	total	synthesis	of
myxalamide	A.55a

Scheme	18.54	Knoevenagel/isomerization/Mislow–Evans	sequence	provides	synthetic
equivalent	for	olefination	of	α-hydroxyaldehydes	(EWG	=	CN).56

Scheme	18.55	γ-Hydroxy-α,β-unsaturated	ketones	via
Knoevenagel/isomerization/Mislow–Evans	sequence.59b

Scheme	18.56	Knoevenagel/Mislow–Evans	sequence	mediated	by	silica-supported
amines	under	aqueous	conditions;	equivalent	of	aldehyde	α-hydroxylation/olefination.60

Scheme	18.57	Diastereoselective	Knoevenagel/Mislow–Evans	approach	in	(+)-
allocyathin	B2	total	synthesis.61

Scheme	18.58	Condensation	of	a	chiral	bis-sulfoxide	with	cyclopentanone	followed	by
a	double	Mislow–Evans	rearrangement	and	ketones.62

Scheme	18.59	Mislow–Evans	process	with	return	of	sulfur	to	its	original	site.63

Scheme	18.60	Isomerization/Mislow–Evans	rearrangement	of	vinyl	sulfoxides
generated	by	addition	of	enolates	to	alkynyl	sulfoxides.64

Scheme	18.61	Isomerization	of	a	vinyl	sulfoxide	and	rearrangement	in	an	approach
toward	the	guanacastepene	A	hydroazulene.65

Scheme	18.62	Allylic	alcohol	converted	via	Misow–Evans	to	sulfoxide	for	olefination
to	a	conjugated	diene.67

Scheme	18.63	Allyl	sulfoxide	as	a	sulfenate	anion	source	in	cross-coupling	route	to
aromatic	sulfoxides.68

Scheme	18.64	Selenoxide	[2,3]-rearrangement	in	the	total	synthesis	of	FR901464.71

Scheme	18.65	Installation	of	allylic	alcohol	functionality	in	a	highly	complex	setting	in
total	synthesis	of	(−)-13-oxyingenol.72

Scheme	18.66	Seleno	Mislow–Evans	applied	for	allylic	transposition	in	total	synthesis
of	(+)-dactylolide.73

Scheme	18.67	Preparation	and	rearrangement	of	chiral	allylic	sulfimides.79

Scheme	18.68	Cleavage	of	the	N—S	bond	occurs	in	a	separate	step.79

Scheme	18.69	Rearrangement	of	allylic	nitro	compounds	via	a	[2,3]	process.80

Scheme	18.70	Halogen	oxide	analogue	of	Mislow–Evans	rearrangement.81

Scheme	18.71	Rearrangement	of	iodoso	alkene	in	synthesis	of	quinic	acid	derivative.82

Scheme	18.72	Propargyl	and	allenyl	sulfenate	and	sulfoxide	[2,3]	rearrangements.6h



Scheme	18.73	Propargylic	disulfide	cascade	rearrangement/cyclization	process.85

CHAPTER	19:	SMILES	REARRANGEMENTS

Scheme	19.1	Smiles	rearrangements.

Scheme	19.2	Smiles	rearrangements	of	bis-naphthyl	β-hydroxythioether	derivatives.

Scheme	19.3	Truce–Smiles	rearrangements.

Scheme	19.4	Julia–Kocienski	reaction	of	tetrazolylsulfone	7.

Scheme	19.5	Solvent	effect	in	Smiles	rearrangements.

Scheme	19.6	Influence	of	the	base/solvent	couple	in	Smiles	rearrangements.

Scheme	19.7	Chapman,	Schönberg,	and	Newman–Kwart	reactions.

Scheme	19.8	Newman–Kwart	reaction	under	palladium	catalysis.

Scheme	19.9	Application	of	Smiles	rearrangements	to	benzothiazine	synthesis.

Scheme	19.10	Copper-triggered	formation	oxazepinone	involving	an	intermediate
Smiles	rearrangement.

Scheme	19.11	Smiles	rearrangements	in	Zhang's	polycyclic	indole	synthesis.

Scheme	19.12	Formal	Smiles	rearrangement/SNAr	cascade.

Scheme	19.13	Concerted	ring	opening/substitution	in	Smiles	rearrangement	of	3-
hydroxypyridine	derivative	31.

Scheme	19.14	Pictet–Spengler/Smiles	cascade	by	Bai	and	coworkers.

Scheme	19.15	Benzothiazo-2-yl	sulfones	in	Julia–Kocienski	reactions.

Scheme	19.16	Pyridylsulfones	in	Julia–Kocienski	reactions.

Scheme	19.17	Tetrazolylsulfones	in	Julia–Kocienski	reactions.

Scheme	19.18	3,5-Bis(trifluoromethyl)phenyl	sulfones	in	Julia–Kocienski	reactions.

Scheme	19.19	Nitrophenylsulfones	in	Julia–Kocienski	reactions.

Scheme	19.20	Methylenation	through	Julia–Kocienski	reactions.

Scheme	19.21	Julia–Kocienski	reactions	leading	to	tri-	and	tetra-substituted	alkenes.

Scheme	19.22	Acylsilanes	in	Julia–Kocienski	reactions.

Scheme	19.23	Julia–Kocienski	reactions	leading	to	(E)-configured	conjugated	esters.

Scheme	19.24	Effect	of	the	base	on	the	stereoselectivity	of	the	Julia–Kocienski
olefination.

Scheme	19.25	General	mechanistic	pathway	of	the	Julia–Kocienski	olefination.

Scheme	19.26	Conversion	of	epoxides	to	alkenes	related	to	Julia–Kocienski



olefination.

Scheme	19.27	Organocatalyzed	Michael	addition	of	β-keto	BT-sulfones	followed	by
Julia–Kocienski	olefinations.

Scheme	19.28	Tandem	aldol	cyclization/Smiles	rearrangement.

Scheme	19.29	Imines	in	Julia–Kocienski	olefinations.

Scheme	19.30	Julia–Kocienski	reactions	leading	to	alkynes.

Scheme	19.31	Ugi–Smiles	coupling	of	2-nitrophenol.

Scheme	19.32	Substituent	effects	in	Ugi–Smiles	couplings	of	4-nitrophenols.

Scheme	19.33	Energies	and	structures	of	spiro	intermediates	in	Ugi–Smiles	coupling	of
2-nitrophenol.

Scheme	19.34	Ugi–Smiles	coupling	of	2-allyl-4-nitrophenol	derivatives.

Scheme	19.35	Behavior	of	2-hydroxypyridines	in	Ugi–Smiles	couplings.

Scheme	19.36	Hydroxypyrimidines	and	hydroxypyrazines	in	Ugi–Smiles	couplings.

Scheme	19.37	Ugi–Smiles	couplings	of	2-nitrothiophenol	derivatives.

Scheme	19.38	Thioimidate	formation	in	attempted	Ugi–Smiles	coupling	of	2-
mercaptobenzoic	acid	derivative.

Scheme	19.39	2-Mercaptopyridines	and	pyrimidines	in	Ugi–Smiles	couplings.

Scheme	19.40	Mercaptobenzothiazoles	and	benzoxazoles	in	Ugi–Smiles	couplings.

Scheme	19.41	Passerini–Smiles	reaction	of	2-nitrophenol.

Scheme	19.42	Passerini–Smiles	coupling	of	4-nitrophenol	derivative.

Scheme	19.43	Formal	Ugi–Smiles	with	the	isocyanide	acting	as	an	amine.

Scheme	19.44	Hydroxyheterocycles	in	Passerini–Smiles	reactions.

Scheme	19.45	Thio-Passerini–Smiles	coupling.

Scheme	19.46	Tandem	Ugi–Mumm/Ugi–Smiles	reactions	with	hydroxybenzoic
derivatives.

Scheme	19.47	Ugi–Smiles	reaction	of	squaric	acid.

Scheme	19.48	Ugi–Smiles	reaction	of	tropolone	derivatives.

Scheme	19.49	Ugi–Smiles	access	to	isoquinolinone	88	and	isoindolinone	89.

Scheme	19.50	Consecutive	Ugi–Smiles/Truce–Smiles	rearrangements	in	the	formation
of	88	and	89.

Scheme	19.51	Consecutive	Ugi–Smiles/Heck	reaction	towards	indole	derivatives.

Scheme	19.52	Ugi–Smiles	couplings	followed	by	palladium-triggered	ring	cleavage	of



furans	and	cyclopropanes.

Scheme	19.53	Smiles	rearrangement	of	sulfur	ylides	95.

Scheme	19.54	Synthesis	of	glycyrol	through	I-to-O	Smiles	rearrangement.

Scheme	19.55	Smiles	rearrangement	of	sulfonimidamide	anion	101.

CHAPTER	20:	PUMMERER-TYPE	REACTIONS	AS	POWERFUL	TOOLS	IN
ORGANIC	SYNTHESIS

Scheme	20.1	Some	Pummerer	transformations.

Scheme	20.2	Classical	Pummerer	reaction.

Scheme	20.3	Mechanism	of	classical	Pummerer	rearrangement.

Schemes	20.4	Synthesis	of	sulfides.

Figure	20.5	Asymmetric	synthesis	of	chiral	sulfoxides.

Scheme	20.6	Alternative	synthesis	of	unsaturated	sulfides	and	sulfoxides.

Scheme	20.7	Four	different	varieties	of	Pummerer	products.

Scheme	20.8	Application	of	Pummerer	rearrangement	to	the	synthesis	of	modified
furanosides.

Scheme	20.9	Hydroxy	aldehydes	as	intermediates	in	the	synthesis	of	nelfinavir	and
analogues	of	mannostatin	A.

Scheme	20.10	Thionium	ion	generated	by	Pummerer	chemistry	as	substrate	in	ene
reaction.

Scheme	20.11	Pummerer	reaction	in	the	synthesis	of	indolizine	alkaloids.

Scheme	20.12	Synthesis	of	CDE	core	of	erinacine	E.

Scheme	20.13	Application	of	Pummerer	rearrangement	to	the	synthesis	of	complex
thiols.

Figure	20.1	Cyclotriguaiacylene.

Scheme	20.14	Synthesis	of	vinyl	sulfides	by	Pummerer	rearrangement.

Scheme	20.15	Vinylogous	Pummerer	reaction.

Scheme	20.16	Application	of	vinylogous	Pummerer	rearrangement	in	the	total	synthesis
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PREFACE
There	is	an	aesthetically	pleasing	quality	–	a	Kekuléan	snake-seizing-its-tail	appeal	–	to
molecular	rearrangements.	A	chemist	using	the	arrow-pushing	formalism	to	outline	a
rearrangement	reaction	feels	a	certain	tactile	satisfaction	in	charting	the	electron	flow,	an
aspect	that	makes	these	reactions	fun	for	instructors	to	teach	or	for	students	to	work	through	at
the	blackboard.	Rearrangements	often	have	perfect	atom	economy,	satisfying	the	frugal:	bonds
reorganized	and	nothing	wasted.	In	some	cases,	a	small	molecule	or	other	appropriate	leaving
group	is	extruded,	initiating	the	rearrangement;	sometimes,	a	catalyst	is	involved.	Whatever	the
details,	molecular	rearrangements	possess	an	inherent	elegance	that	makes	them	especially
appealing	to	students	and	practitioners	of	organic	chemistry.

But	molecular	rearrangements	do	not	just	satisfy	the	intellect;	they	are	irreplaceable	tools	in
getting	the	work	of	organic	chemical	synthesis	done.	Different	types	of	rearrangements	enable
synthetically	useful	operations,	including	ring	expansions	as	in	certain	Beckmann
rearrangements,	ring-contracting	reactions	(e.g.,	the	quasi-Favorskii	and	Ramberg–Bäcklund
rearrangements),	and	functional	group	transpositions	as	occur	in	Payne	and	Mislow–Evans
rearrangements.	Another	synthetically	essential	hallmark	of	many	rearrangements	is	their
stereospecificity,	providing,	as	in	the	Claisen	rearrangement,	a	means	to	parlay	more	readily
established	stereochemical	features	of	the	starting	material	into	product	stereochemistry	that
might	otherwise	be	difficult	to	access.

How	to	group	different	molecular	rearrangements?	There	is	an	understandable	desire	to
classify	and	categorize,	to	find	common	themes,	but	there	are	many	possible	points	of
comparison.	One	could	focus	on	functionality	within	the	starting	material,	the	type	of	product
accessible	via	the	rearrangement,	or	the	reaction	mechanism.	To	a	certain	extent,	however,	any
categorization	scheme	is	idiosyncratic	and	imperfect.	For	example,	mechanistic	categorization
can	be	difficult	for	certain	reactions,	such	as	the	vinylcyclopropane–cyclopentene
rearrangement,	which	may	have	mechanistic	variants,	including	radical,	ionic,	or	metal-
catalyzed	versions.	In	this	book,	rearrangements	are	sorted	mainly	by	changes	in	connectivity
during	the	reaction:	1,2-migrations,	1,3-transpositions,	or	ipso	rearrangements.	However,
sigmatropic	rearrangements	of	differing	order,	[3,3]	versus	[2,3],	are	grouped	together	as	a
mechanistic	category	so	as	to	hew	to	tradition	and	not	confound	the	reader.

The	purpose	of	this	book	is	to	provide	readers	with	a	clear	and	interesting	point	of	departure
for	thought	and	further	investigation.	There	is	a	clear	focus	on	synthetic	utility,	analyzing	how
rearrangement	reactions	can	meet	challenges	in	the	synthesis	of	complex	molecular	structures,
including	biologically	active	natural	products.	Importantly,	the	chapters	are	not	intended	as
comprehensive	reviews,	and	each	is	rendered	in	a	distinctive	voice.	Some	chapters	take	a
broad	outlook,	while	others	concentrate	on	the	authors'	own	contributions.	Some	chapters	are
more	limited	to	the	recent	literature,	while	others	provide	historical	context	and	discuss
seminal	studies	in	addition	to	current	examples.	By	highlighting	key	examples	and	describing
recent	progress	in	the	field,	this	book	aims	to	help	stimulate	creative	rearrangement-mediated



solutions	to	contemporary	challenges	in	synthetic	organic	chemistry.

In	the	realization	of	this	volume,	I	am	indebted	foremost	to	the	chapter	authors	for	their
willingness	to	participate	in	the	project	and	their	insightful,	thorough	treatment	of	the
rearrangement	topics.	I	am	also	grateful	to	Jonathan	Rose,	my	editor	at	Wiley,	for	his	patient
guidance	in	completion	of	the	book.	Finally,	I	thank	Ms.	Jenny	Lam	for	her	invaluable
assistance	in	compiling	the	manuscript	components.

Christian	M.	Rojas
Barnard	College
New	York,	NY
March	2015
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CHAPTER	1
PINACOL	AND	SEMIPINACOL	REARRANGEMENTS	IN
TOTAL	SYNTHESIS

Alison	Xiang	Gao
Department	of	Chemistry,	The	Scripps	Research	Institute,	Jupiter,	FL,	USA
Stephen	B.	Thomas
Department	of	Chemistry,	Columbia	University,	NY,	USA
Scott	A.	Snyder
Department	of	Chemistry,	The	Scripps	Research	Institute,	Jupiter,	FL,	USA;	Department
of	Chemistry,	Columbia	University,	NY,	USA

1.1	INTRODUCTION
Among	the	array	of	reactions	available	to	alter	molecular	complexity,	pinacol	and	semipinacol
rearrangements	have	a	particularly	long	history,	constituting	among	the	very	first	(if	not	the
first)	rearrangement	reactions	discovered	by	synthetic	chemists.1	However,	despite	being
known	for	over	a	century	and	a	half,	their	use	in	complex	natural	product	synthesis	has	only
recently	come	of	age.	Indeed,	with	a	clearer	understanding	of	the	factors	governing	their	regio-
and	stereoselectivity,	as	well	as	more	powerful	variants	(including	asymmetric)	that	can
induce	the	rearrangement	under	mild	conditions,	these	processes	have	a	number	of	specific,	but
highly	valuable,	applications	whose	wealth	is	beginning	to	be	tapped	with	ever	greater
frequency.	This	chapter	seeks	to	provide	a	sense	of	the	current	state	of	the	art	of	both	pinacol
and	semipinacol	processes,	discussing	each	separately	under	the	rubric	of	recent	applications.

1.2	PINACOL	REACTION
1.2.1	Background	and	Introduction
We	begin	with	the	pinacol	rearrangement,	a	reaction	process	whose	name	derives	from	the
starting	material	used	in	the	earliest	known	example	of	the	transformation.	That	event,	the
exposure	of	pinacol	(1,	2,3-dimethylbutane-2,3-diol;	Scheme	1.1)	to	sulfuric	acid,	produced
pinacolone	(2,	3,3-dimethylbutane-2-one).	Although	this	reaction	was	first	performed	by	Fittig
in	1860,2	it	was	not	until	the	early	1870s	that	the	actual	structure	of	the	product	was	confirmed
by	Butlerov3;	this	lapse	not	only	reflects	the	challenges	of	determining	structure	in	that	era	but
also	the	fact	that	rearrangements	were	effectively	unknown.	In	fact,	a	contemporary	publication
by	Kekulé	(his	seminal	paper	on	representing	organic	structures)	included	rules	which
suggested	that	carbon	skeletal	rearrangements	could	not	occur.4	In	any	event,	by	the	end	of	the
19th	century,	the	overall	process	depicted	for	the	conversion	of	1	to	2	was	clear	in	terms	of
starting	material	and	product.	As	additional	substrates	proved	amenable	to	the	process,	the



term	pinacol	rearrangement	has	since	been	used	more	broadly	to	define	the	conversion	of	any
acyclic	or	cyclic	vicinal	diol	into	an	aldehyde	or	ketone	under	acidic	(proton	or	Lewis)
conditions.5

Scheme	1.1	The	pinacol	rearrangement:	discovery	and	key	considerations.

Critically,	as	with	many	other	skeletal	rearrangements,	there	are	subtleties	that	define	both	its
mechanism	as	well	as	the	products	that	can	be	generated	from	a	given	substrate	under	a
specific	set	of	reaction	conditions.	One	early	clue	to	that	complexity	derived	from	the
observation	by	Danilov	in	1917	that	a	single	diol	substrate	(4)	could	yield	different	carbonyl-
containing	products	(3	or	5)	based	solely	on	the	strength	of	the	acid	deployed	(Scheme	1.1b).6
Although	these	outcomes	reflect	kinetic	control,	that	analysis,	in	and	of	itself,	is	insufficient
given	that	separate	study	has	shown	that	both	4	and	5	can	interconvert,	suggesting	the	prospect
of	reversibility	as	part	of	the	pinacol	rearrangement	process	itself.	Indeed,	that	concept	was
beautifully	illustrated	by	Fry	in	a	subsequent	series	of	elegant	14C-labeling	studies	which
showed	the	transposition	of	carbon	atoms	of	an	array	of	pinacol	“products”	exposed	to
strongly	acidic	conditions	(Scheme	1.1d).7	A	second	critical	observation	resides	in	the	fact
that	a	number	of	pinacol	rearrangements	produce	epoxides	in	addition	to	the	standard
carbonyl-containing	adduct.	In	some	cases,	these	materials	can	be	induced	to	rearrange	to
standard	pinacol	products,	while	in	others,	they	are	inert	to	the	reaction	conditions.	Finally,
there	is	a	wide	range	of	contexts,	employing	both	protic	acids	and	Lewis	acids	under	varying
reaction	conditions,	that	can	induce	the	rearrangement	to	occur	for	most	individual	substrates
(with	expected	variations	in	yield).

Collectively,	these	findings	indicate	that	very	few	mechanistic	conclusions	can	be	drawn	in



general	terms	for	all	diols	under	all	conditions.	However,	what	is	reasonable	to	presume,
and/or	consider,	is	participation	of	a	substrate	along	the	generalized	mechanistic	process
shown	in	Scheme	1.1	while	concurrently	taking	into	account	what	is	reasonable	to	occur	under
a	given	set	of	conditions.	For	instance,	in	strongly	acidic	aqueous	media,	diol	substrate	6	is
likely	in	equilibrium	with	epoxide	8,	with	the	more	stabilized	cation	(7)	being	both	the
connecting	intermediate	and	the	active	species	for	rearrangement	(Scheme	1.1c).	In	this
mechanistic	paradigm,	either	6	or	8	could	be	viewed	as	a	reasonable	starting	material	for	the
pinacol	rearrangement,	with	the	two	substrates	being	effectively	equivalent	from	a	product-
determining	perspective.	Under	milder	conditions,	particularly	as	promoted	by	Lewis	acids
and/or	when	a	good	nucleophile	is	present,	alternate	pathways	may	proceed	from	6,	7,	and/or	8
to	afford	isolable	intermediates	and/or	side	products	in	addition	to	the	desired	pinacol	adduct.

To	put	these	thoughts,	and	the	dozens	of	successful	examples	of	the	process,	in	more	specific
terms,	the	following	generalizations	can	be	made	about	pinacol	rearrangements:

Virtually	any	cyclic	or	acyclic	vicinal	diol	can	undergo	the	rearrangement,	with	aldehydes
or	ketones	formed	based	solely	on	the	substitution	pattern	of	the	diol.

The	reaction	occurs	in	an	exclusively	intramolecular	fashion.	As	such,	symmetrical	diols
will	yield	a	single	product,	while	unsymmetrical	diols	may	lead	to	product	mixtures.

The	product	is	formed	via	the	more	stable	carbocation	intermediate,	with	the	final	product
determined	by	the	migratory	aptitude	of	the	substituents	at	the	neighboring	alcohol-bearing
carbon.

What	the	pinacol	rearrangement	provides	from	a	strategic	perspective	is	the	ability	to	generate
carbonyl	compounds	with	a	high	degree	of	substitution	at	the	alpha	position	(particularly
tertiary	and	quaternary	systems),	as	well	as	to	effect	ring	contraction	and/or	expansion	with	a
high	degree	of	regiocontrol	in	appropriate	systems.	Few	other,	if	any,	methods	provide	access
to	such	products	as	readily.

Equally	important	is	the	following	additional	observation:

The	reaction	can	proceed	with	a	high	degree	of	stereoselectivity	with	appropriate
substrates,	especially	cyclic	diols.

1.2.2	Stereochemistry	of	the	Pinacol	Rearrangement
The	alignment	of	orbitals	as	part	of	the	bond	migration	itself	ensures	that	stereochemical
information	encoded	in	the	starting	material	can	be	expressed	with	high	fidelity	in	the
rearrangement	if	the	substrate	is	designed	appropriately.	Again,	however,	it	is	critical	to	note
that	substrate-specific	subtleties	can	also	play	a	role.	One	representative	example	along	these
lines	rounds	out	the	presentation	in	Scheme	1.1.	In	this	work	by	Bunton	and	Carr,	exposure	of
two	different	diastereomers	of	1,2-dimethyl-1,2-cyclohexanediol	to	aqueous	HClO4	at	60	°C
afforded	nearly	indistinguishable	distributions	of	two	products,	favoring	the	expected	ring-
contracted	adduct	(Scheme	1.1e).8	This	outcome	suggests	the	intermediacy	of	the	same
carbocation	intermediate.	However,	because	the	final	product	distributions	are	not	exactly



identical,	there	must	be	a	slight	stereochemical	memory	effect	that	contributes	to	(but	clearly
does	not	dominate)	the	reaction	process.	Intriguingly,	even	larger	differences	are	found	with
analogous	five-membered	systems.	This	key	component	of	effecting	stereocontrol	will	be	a
critical	point	of	discussion	in	the	case	studies	that	follow	in	later	sections.

1.2.3	Preparation	of	Substrates	for	the	Pinacol	Rearrangement
The	diol	substrates	needed	for	the	pinacol	rearrangement	are	readily	constructed	through	a
variety	of	procedures	as	denoted	in	Scheme	1.2.	Though	the	overall	diversity	of	methods	is	not
as	numerous	as	for	some	functional	groups,	the	potential	advantage,	at	least	from	a	strategic
perspective,	is	that	there	are	only	a	select	number	of	choices,	streamlining	synthetic	planning.
Critically,	if	the	stereospecific,	or	chiral,	preparation	of	these	materials	is	necessary	from
achiral	precursors,	then	only	dihydroxylation,	epoxidation,	or	α-functionalization	of	carbonyls
are	reasonable	approaches.

Scheme	1.2	Generic	methods	for	the	preparation	of	key	starting	materials.

1.2.4	Applications	of	the	Pinacol	Reaction	in	Complex	Molecule
Synthesis

1.2.4.1	Two	Key	Case	Studies
To	see	the	general	precepts	of	the	preceding	sections	in	action,	we	begin	our	discussion	of
specific	examples	with	an	elegant	application	of	the	pinacol	rearrangement	as	part	of	a
synthesis	of	the	originally	proposed	structure	of	diazonamide	A	(13,	Scheme	1.3),	a	marine
natural	product	with	antitumor	activities	originally	harvested	from	the	colonial	ascidian
Diazona	angulata.	This	work,	published	in	2000	by	the	Harran	group,	highlights	a	number	of
the	critical	features	in	substrate	design	needed	to	render	a	pinacol	rearrangement	having	high
levels	of	regio-	and	stereocontrol,	especially	in	a	complex	context.9	Seeking	to	forge	the	all-
carbon	quaternary	center	linking	the	two	12-membered	rings	of	the	target,	the	Harran	team
designed	13-membered	intermediate	10	in	hopes	that	it	could	undergo	a	regio-	and
stereospecific	pinacol	rearrangement	(and	ring	contraction)	by	way	of	a	bridging	phenonium
intermediate	that	would	communicate	the	original	stereochemistry	to	forge	the	needed	isomer



of	the	quaternary	center.	Pleasingly,	exposure	of	a	5:1	mixture	of	diols	(favoring	10	as	drawn
and	whose	structure	was	confirmed	by	X-ray)	to	p-TsOH	at	elevated	temperature	afforded
compound	12	in	54%	overall	yield	following	a	terminal	protection	of	the	free	amine	unveiled
during	the	acid-initiated	rearrangement.	Complete	stereochemical	fidelity	was	achieved	in	this
process,	with	12	arising	only	from	the	drawn	epimer	of	10;	the	alternate,	minor	stereochemical
diol	isomer	gave	the	alternate	chirality	at	the	newly	formed	quaternary	carbon.	Apart	from
providing	the	means	to	ultimately	determine	that	the	originally	assigned	structure	of
diazonamide	A	was	incorrect	(the	Harran	group	revised	it	correctly	to	structure	14),	this	work
highlights	how	positional	carbocation	control,	migrating	group	control,	and	stereocontrol	can
be	merged	together	to	accomplish	a	beautiful	ring	contraction,	leading	to	a	highly	strained	final
product.

Scheme	1.3	Use	of	a	pinacol	rearrangement	as	part	of	the	total	synthesis	of	the	original
structure	of	diazonamide	A	(13).9a

A	more	recent	example	which	similarly	displays	key	components	of	regio-	and	stereocontrol	in
a	pinacol	rearrangement	process,	with	some	additional	critical	twists,	derives	from	the	Suzuki
group's	approach	to	seragakinone	A	and	BE-43472A	(19	and	20,	Scheme	1.4).10	In	their
pursuit	of	these,	and	several	other	related	polyketide	targets,	the	Suzuki	team	required	a
general	and	effective	method	for	establishing	quaternary	stereogenic	centers	at	the	angular
position	in	these	polycycles,	a	challenge	that	could	not	be	addressed	successfully	by	more
conventional	approaches	such	as	enolate	alkylation	or	nucleophilic	displacement.	Their	more
indirect	solution	utilizing	the	pinacol	rearrangement	is	shown	in	Scheme	1.4,	an	approach	that
hinged	upon	the	ability	to	access	the	requisite	diol	in	stereodefined	form	(either	15	or	17)	and
achieve	regiospecific	carbocation	formation	at	the	desired	migration	terminus	with	a



subsequent	stereospecific	1,2-shift	(to	generate	16	and	18).	The	regiochemical	requirement
was	the	critical	challenge,	and	its	solution	was	the	installation	of	the	isoxazole	ring	within	the
substrates	that	afforded	the	stabilization	necessary	to	render	cation	formation	at	the	requisite
site	preferable	over	its	mutually	reinforcing	tertiary	allylic	and	benzylic	alternative.	As	shown
in	the	lower	part	of	Scheme	1.4,	the	induced	stabilization	is	so	significant	that	the	formation	of
21	from	generalized	starting	material	22	is	effectively	prevented,	allowing	for	the	desired	1,2-
suprafacial	shift	to	occur,	with	the	cyclic	constraints	of	the	system	driving	stereoselectivity.
Worth	noting	is	that	varying	degrees	of	enantioselectivity	were	observed	based	on	the
migratory	aptitude	of	the	alkyl	group,	with	better	migrating	groups	affording	enhanced
enantioselectivities	and	highlighting	the	critical	contribution	of	this	component	in	the	final,
successful	synthesis	design.

Scheme	1.4	An	isoxazole-directed	pinacol	rearrangement	as	part	of	total	syntheses	of
seragakinone	A	and	BE-43472A	(19	and	20).10

1.2.4.2	Stereocontrol	with	Acyclic	Diols
In	the	absence	of	a	preexisting	cyclic	system,	achieving	similar	levels	of	stereocontrol	with
chiral	diols	can	be	difficult.	An	instructive	example	along	these	lines	derives	from	the	Pettit



group	in	work	targeting	the	antitumor	natural	product	hydroxyphenstatin	(29,	Scheme	1.5).11a	In
this	case,	enantiomerically	pure	diol	27	was	obtained	through	a	Sharpless	asymmetric
dihydroxylation	of	the	precursor	olefin.	Subsequent	exposure	to	BF3·OEt2	in	tetrahydrofuran
(THF)	at	ambient	temperature	for	1	h	afforded	aldehyde	28	in	68%	yield,	but	as	a	racemate	(as
determined	by	optical	rotation	experiments	and	X-ray	crystallography).	That	absence	of	chiral
control	could	be	the	result	of	racemization	of	the	product	given	that	the	aldehyde	is	bis-
benzylic,	though	it	is	worth	noting	that	in	other	cases	involving	such	aldehydes,	that	process
has	not	been	observed11b;	alternatively,	a	stepwise	mechanism	through	the	intermediacy	of	two
possible	carbocationic	intermediates	could	also	be	the	cause	for	the	loss	of	chiral	information.
Although	in	this	case	that	outcome	was	fine	in	regard	to	the	final	benzophenone	target,	where
stereochemistry	was	of	no	consequence,	the	fact	that	the	chiral	diol	led	to	racemic	product	in
this	pinacol	rearrangement	highlights	that	in	acyclic	cases,	absolute	stereocontrol	can	be	very
difficult	(if	not	sometimes	impossible)	to	achieve.

Scheme	1.5	Use	of	a	pinacol	rearrangement	as	part	of	the	total	synthesis	of	hydroxyphenstatin
(29).11a

In	fact,	there	were	no	effective	solutions	to	this	general	challenge	with	acyclic	diols	prior	to
2010	when	Antilla	and	coworkers	provided	an	example	of	an	asymmetric	pinacol
rearrangement	involving	racemic	substrates	of	general	flavor	30	(Scheme	1.6a,	R	=	aryl).12
These	starting	materials	were	very	carefully	designed,	noting	that	it	was	expected	that	upon
complexation	with	a	chiral	phosphoric	acid	(to	afford	32),	acid-mediated	dehydration	could
lead	to	iminium	species	33,	a	reactive	intermediate	previously	shown	to	be	compatible	to
chiral	phosphoric	acids	for	asymmetric	nucleophile	addition.	Here,	that	nucleophile	would	be
the	internal	migrating	group	in	the	pinacol	rearrangement	to	forge	chiral	31.	A	variety	of
BINOL-derived	phosphoric	acids	worked	well	in	the	process,	with	backbone	variation
directly	correlating	with	enhancements	in	enantiospecificity.	Chiral	selectivity	is	postulated
overall	to	arise	via	favorable	electrostatic	and	hydrogen	bonding	interactions	which	constrain
the	1,2-aryl	shift	to	proceed	with	stereocontrol.



Scheme	1.6	Development	of	an	asymmetric	pinacol	rearrangement	by	Antilla	and	coworkers12
and	related	application	to	a	total	synthesis	of	hopeanol	(37).13

Inspired	by	this	unique	precedent,	members	of	our	group	used	the	concept	of	a	chiral
phosphoric	acid	initiator	to	convert	the	diol	diastereomers	of	34	into	the	quaternary	carbon	of
aldehyde	36,	a	key	precursor	toward	a	total	synthesis	of	the	resveratrol	dimer	hopeanol	(37,
Scheme	1.6b).13	The	key	ideas	here	hinge	upon	the	ionization	ability	of	the	bis-benzylic	tertiary
alcohol	versus	the	secondary	benzylic	alcohol	affording	requisite	regiocontrol,	while	the	chiral
phosphoric	acid	could	potentially	impart	some	exogenous	stereocontrol	to	enhance	throughput
to	the	desired	diastereomer.

In	initial	probes	of	the	process,	traditional	acid	sources	such	as	p-TsOH	did	indeed	furnish
pinacol	rearrangement	product	36	in	moderate	yield	and	diastereoselectivity	along	with	a
small	amount	of	an	epoxide	side-product	(which	could	not	be	converted	to	pinacol-rearranged
material).	However,	the	critical	observation	was	that	one	diastereomer	of	the	starting	material
reacted	more	quickly	and	under	milder	conditions	than	the	other,	suggesting	that	this
diastereomer	had	a	more	favorable	stereochemical	alignment	than	the	other	with	facilitated
transposition	of	the	migrating	aryl	group	due	to	advantageous	orbital	alignment	with	the
departing	alcohol.	Intriguingly,	when	chiral	phosphoric	acids	of	BINOL	flavor	were	instead
employed	to	induce	the	rearrangement,	the	overall	diastereoselectivity	and	yield	were



dramatically	enhanced.	Thus	far,	there	is	no	evidence	that	the	chiral	phosphoric	acids
overturned	the	initial	ratio	of	diastereomers	of	34	that	entered	the	reaction;	however,	it	did
indeed	promote	a	rapid	and	clean	reaction	of	the	more	reactive	isomer	such	that	it	funneled
toward	desired	product,	while	the	less	reactive	isomer	remained	largely	unaffected.

Thus,	it	would	seem	that	the	chiral	phosphoric	acid's	reinforcement	(and	potential
acceleration)	of	this	preferential	reactivity	profile	ensured	that	virtually	none	of	the	undesired
diastereomer	of	36	was	formed	under	the	reaction	conditions.	It	seems	appropriate,	therefore,
in	an	empirical	sense	to	conclude	that	this	increase	in	selectivity	can	be	attributed	to	specific
interactions	between	the	diol	moiety	of	the	substrate	and	the	chiral	acid.	Significantly,	this
notion	may	be	applicable	to	other	systems	where	such	opportunities	may	exist.	And,	as	a	side
note,	the	pinacol	reaction	process	here	may	have	biogenetic	relevance	as	well,	considering	the
structures	of	related	natural	products	that	are	presumed	to	arise	via	acid-catalyzed	processes
from	various	oxidized	forms	of	38–40.	In	this	case,	starting	diol	34	is	the	fully	oxidized
version	of	these	substrates	(38–40)	in	terms	of	the	double	bond.

1.2.4.3	Pinacol	Rearrangements	in	a	Cascade	Process
We	conclude	this	section	with	two	final	examples,	each	of	which	highlights	two	additional,	and
critical,	components	of	pinacol	rearrangement	chemistry.	What	is	emphasized	here	is	the
power	of	pinacol	rearrangements	when	coupled	with	additional	transformations	in	a	cascade,
or	domino,	set	of	processes	where	those	events	are	promoted	through	a	different	intermediate
other	than	the	traditional	carbocation	generated	directly	by	ionization	of	a	diol.	The	first	is
slightly	older	work	than	the	examples	already	described,	and	issued	from	the	Overman	group
in	2003	where	that	key	initiating	event	is	a	Prins	cyclization.14	As	shown	in	a	generic	format
(based	on	the	protecting	group	used),	the	sequence	afforded	expedient	and	highly
stereoselective	constructions	of	the	THF	ring	systems	at	the	heart	of	several	Laurencia
sesquiterpenes	(50–52,	Scheme	1.7)	through	the	mechanistic	process	delineated.	Critically,
enantiopure	starting	material	(as	in	45)	translated	smoothly	into	enantiopure	47,	a	material
amenable	for	elaboration	to	several	targets	in	the	family.

Scheme	1.7	Development	of	a	Prins–pinacol	rearrangement	strategy	for	Laurencia
sesquiterpenes	(50–52).14

The	second	example	is	more	recent	and	was	a	critical	part	of	a	14-step,	gram-scale	synthesis
of	ingenol	(54,	Scheme	1.8)	by	the	Baran	research	group.15	This	case	illustrates	that	the



starting	material	for	a	successful	pinacol	rearrangement	does	not	necessarily	have	to	be	a
vicinal	diol.	Inspired	by	the	structural	similarities	of	this	natural	product	with	the	related
antitumor	compound	phorbol	(53),	these	researchers	postulated	that	perhaps	the	phorbol
skeleton,	in	the	form	of	a	less	oxidized	intermediate	such	as	55,	could	undergo	a	pinacol
rearrangement	using	a	stabilized	vinylic	carbocation	to	create	the	ingenol	core.	Only	ring
expansion	to	a	seven-membered	ring,	not	the	nine-membered	alternative,	was	expected	even
though	the	cycloheptanone	is	intramolecularly	transfused	onto	the	established	scaffold.	In
practice,	Baran	and	coworkers	found	that	the	TMS-protected	vinylic	alcohol	56,	when	exposed
to	BF3·OEt2,	rearranged	to	the	desired	framework	in	80%	yield.	Intriguingly,	use	of	the
unprotected	alcohol	variant	of	56	and	a	variety	of	other	alternatives	failed	to	deliver	the
needed	pinacol-rearranged	target.	Although	formally	this	process	can	only	be	called	a	pinacol-
type	rearrangement,	or	more	accurately	a	semipinacol	rearrangement	since	the	starting	material
is	not	explicitly	a	vicinal	diol,	it	highlights	additional	variations	of	the	process	of	high	value	in
complex	contexts,	adds	to	the	substrate	scope	and	versatility	of	the	pinacol	rearrangement,	and
serves	as	a	wonderful	introduction	to	the	seemingly	more	predictable,	and	controllable,
rearrangement	processes	which	will	consume	the	remaining	pages	of	this	chapter.

Scheme	1.8	Use	of	a	vinylogous	pinacol	rearrangement	as	part	of	the	total	synthesis	of	ingenol
(54).15

1.3	SEMIPINACOL	REARRANGEMENT
1.3.1	Background	and	Introduction
Semipinacol	rearrangement	events	were	first	defined	as	a	special	type	of	pinacol
rearrangement	by	Tiffeneau	in	1923.16	In	Tiffeneau's	original	conception,	these	reactions
involved	migration	toward	the	secondary	carbon	center	on	a	tertiary/secondary	diol	as	shown
in	Scheme	1.9	(58	→	59),	the	reverse	regiochemistry	of	the	typical	pinacol	rearrangement.



Currently,	however,	this	definition	no	longer	applies,	with	the	term	semipinacol	rearrangement
referring	to	any	process	reminiscent	of	a	pinacol	rearrangement	that	utilizes	a	nondiol-based
starting	material.14,	17	Hence,	the	Baran	ingenol	example	shown	in	Scheme	1.8	is	technically	a
semipinacol	rearrangement	since	it	is	a	vinylogous	diol,	not	a	1,2-diol,	which	served	as	the
starting	material.	More	formally,	the	key	defining	feature	of	a	semipinacol	rearrangement	with
these	alternate	starting	materials	is:

1,2-Migration	of	a	C—C	or	C—H	bond	that	is	centered	on	the	oxygen-bearing	carbon	and
that	occurs	toward	a	vicinal	electrophilic	carbon	center,	generating	a	carbonyl	group	at	the
end	of	the	process.

Scheme	1.9	General	features	and	possible	mechanisms	of	the	semipinacol	rearrangement.

This	concept	is	represented	by	the	generalized	conversion	of	60	into	61	(Scheme	1.9),
highlighting	the	large	variety	of	species	that	can	serve	as	the	departing	group	in	the	process.
Among	these,	sulfonates,	halides,	N2,	thiolates,	and	selenolates	are	the	most	common.

1.3.2	Mechanism	of	the	Semipinacol	Rearrangement
Once	activated	by	an	appropriate	Lewis	acid,	metal	species,	or	even	base	(as	we	will	see
shortly	in	the	examples	that	follow),	the	semipinacol	rearrangement	readily	proceeds	in	a
concerted	manner.	Stereoelectronically,	the	most	favorable	orbital	alignment	for	the	process	is
antiperiplanar	(as	highlighted	schematically).	That	concertedness	translates	into	high
stereospecificity,	irrespective	of	whether	the	semipinacol	rearrangement	leads	to	ring
expansion,	ring	contraction,	and/or	carbonyl	homologation.	A	less	common	but	possible
mechanistic	alternative	is	the	stepwise	process	shown	in	Scheme	1.9	invoking	the	intermediacy
of	carbocation	64	or	its	migrating	group-stabilized	variant	65.	This	pathway,	too,	can	afford
stereospecificity	but	can	also	account	for	possible	erosion	in	stereocontrol.	Critical,	though,	is
that	these	semipinacol	processes	have	far	more	mechanistic	harmony	than	their	pinacol
counterparts,	affording	greater	assurance	of	selective	and	predictable	product	formation,	as	we
will	see.

1.3.3	Selected	Variants	of	Semipinacol	Rearrangements

1.3.3.1	Electrophilic	Activation	of	Allylic	Alcohols



Outside	of	the	specific	manifold	illustrated	in	Scheme	1.9,	the	semipinacol	rearrangement	is
also	broad	enough	in	scope	to	include	a	number	of	substrate	types	in	addition	to	1,2-
difunctionalized	systems.	One	of	the	most	common	variants	involves	electrophilic	activation	of
the	C C	double	bond	within	allylic	alcohols	and	their	derivatives.	Scheme	1.10	shows	this
overall	process	and	indicates	which	electrophiles	typically	promote	the	process;	activation
conditions	are	dependent	on	the	intra-	or	intermolecular	nature	of	the	rearrangement	event.	The
intramolecular	variant,	achievable	via	oxocarbenium,	thiocarbenium,	and	iminium	ions,	is	also
known	as	the	Prins–pinacol	rearrangement,	an	example	of	which	was	shown	in	Scheme	1.7.
Critical	to	note,	however,	is	that	with	these	substrates,	following	activation	of	the	double	bond,
the	migrating	group	undergoes	a	1,2-shift	to	the	electrophilic	carbon	center,	driven	exclusively
by	ring	opening	of	the	cyclic	cationic	intermediate;	the	migratory	aptitude	of	the	shifting	group
is	not	a	dominant	factor.	As	before,	however,	the	robust	stereoselectivity	of	rearrangements
with	these	starting	materials	relies	on	the	antiperiplanar	orientation	of	the	C—RM	and	C—E
bonds	(cf.	67).

Scheme	1.10	Semipinacol	rearrangements	via	electrophile	activation	of	allylic	alcohols.

1.3.3.2	Epoxy	Alcohol	Rearrangements
Similarly,	epoxy	alcohols	and	their	derivatives	can	also	undergo	semipinacol	rearrangements.
The	difference	here	from	the	examples	in	Scheme	1.10	just	denoted	is	the	ability	to	isolate	the
starting	material	(epoxide	69	in	Scheme	1.11	vs.	transient	intermediate	67	in	Scheme	1.10).
Because	both	the	C-2	and	C-3	positions	are	highly	electrophilic	(in	accordance	with	the
numbering	shown	for	the	generalized	2,3-epoxy	alcohol	69	within	Scheme	1.11),	a	range	of
migrations	are	possible,	including	1,2-,	2,3-,	and	3,2-shifts	to	produce	70–73.	As	a	result,
application	of	semipinacol	rearrangements	with	these	materials	allows	direct	access	to	many
synthetically	useful	functionalities	such	as	β-halo	and	β-amino	ketones	as	well	as	aldol-type
products.	And,	with	careful	design,	the	resulting	electrophilic	carbon	centers	in	the	product	can
also	be	used	for	further	chemistry,	including	tandem	reactions.	The	mechanism	for	these
transformations	is	analogous	to	the	rearrangement	of	allylic	alcohols,	where	the	migrating
group	generally	travels	anti	to	the	epoxide,	accounting	for	the	excellent	stereospecificity
observed	in	most	cases.	Of	particular	note,	aldol-type	products	bearing	a	stereogenic
quaternary	carbon	at	C-1	can	be	generated	from	the	rearrangement	with	excellent
diastereoselectivity;	this	outcome	remains	a	challenge	using	classical	aldol	strategies,
highlighting	a	key	use	for	semipinacol	processes	within	a	variety	of	synthetic	contexts.



Scheme	1.11	Possible	rearrangements	of	hydroxyepoxide	derivatives	in	semipinacol
processes;	migrating	group	is	highlighted	in	each	product.

1.3.4	Key	Features	of	the	Semipinacol	Rearrangement
To	summarize	this	introduction	to	semipinacol	processes,	this	variant	of	the	rearrangement	has
several	distinguishing	features	compared	to	its	pinacol	cousin	that	make	it	particularly	well
suited	to	applications	in	synthesis.	First,	semipinacol	reactions	typically	proceed	under	much
milder	conditions.	Whereas	the	classical	pinacol	rearrangement	usually	requires	a	strong	acid
to	form	the	reactive	carbocation,	less	drastic	conditions,	including	basic	ones,	work	in	the
semipinacol	manifold,	thereby	greatly	enhancing	the	overall	array	of	functional	and	protecting
groups	compatible	with	the	process.	Second,	excellent	stereochemical	control	can	be	achieved
for	both	cyclic	and	acyclic	systems	because	of	the	generally	concerted	semipinacol
mechanism,	one	where	the	migrating	group	is	antiperiplanar	to	the	leaving	group,	reliably
leading	to	inversion	of	configuration.	This	remarkable	feature	allows	for	the	generation	of
highly	substituted	contiguous	stereogenic	centers	and	the	diastereospecific	construction	of
complex	structural	motifs	such	as	spirocycles	and	sterically	hindered	fused	ring	junctions.
Third,	migratory	aptitude	is	not	the	dominant	factor	controlling	the	product	in	a	semipinacol
rearrangement.	Instead,	factors	such	as	release	of	ring	strain	or	the	stereoelectronic	preference
for	antiperiplanar	alignment	play	a	more	important	role	in	determining	which	bond	will
migrate.	Lastly,	given	the	versatility	of	the	precursors	to	the	semipinacol	rearrangement,	it	is
unsurprising	that	a	variety	of	methods	exist	to	prepare	these	substrates	enantioselectively,
including	the	Sharpless	asymmetric	epoxidation	of	allylic	alcohols.	For	these	reasons,	the
semipinacol	rearrangement	has	proven	far	more	applicable	to	challenging	synthetic	endeavors,
and	the	following	case	studies	provide	specific	examples	of	the	generic	strategies	outlined
previously.	We	have	chosen	these	select	applications	to	highlight	the	diversity	of	substrates,
conditions,	and	complex	high-value	products	accessible	through	semipinacol	rearrangement
processes.

1.3.5	Examples	of	Semipinacol	Rearrangements	in	Total	Synthesis
We	begin	these	case	studies	with	a	total	synthesis	of	the	macrolide	natural	product



protomycinolide	IV	(80,	Scheme	1.12)	as	accomplished	by	Tsuchihashi	and	coworkers	in
1985.18	This	work,	although	older	than	many	of	the	examples	we	will	present	in	this	chapter,	is
significant	in	that	it	highlights	how	very	mild	conditions,	namely,	exposure	to	trialkylaluminum
species,	can	be	extremely	effective	in	imposing	a	concerted	semipinacol	rearrangement	as	a
result	of	the	electron-deficient	metal	center	coordinating	oxygen	atoms	on	both	the	alcohol	and
a	vicinal	sulfonate	leaving	group.	Indeed,	as	shown,	exposure	of	74	to	AlEt3	in	CH2Cl2	at	−78
°C	effected	the	desired	event	leading	to	76	in	80%	yield,	with	complete	stereocontrol	(i.e.,
conservation)	of	the	alkene	stereochemistry	in	the	vinyl	migration	achieved	via	the
intermediacy	of	75,	leading	to	the	final	inversion	of	configuration	at	the	sulfonate-bearing
center.	Here,	aluminum	activation	facilitated	the	ability	of	the	sulfonate	to	serve	as	a	leaving
group,	with	the	TMS	group	on	the	alkene	increasing	the	ability	of	the	hydroxylated	carbon	to
electronically	support	δ+	and	facilitating	the	final	migration.	Similar	chemistry	was	also	used
to	prepare	chiral	lactone	78,	affording	facile	and	rapid	access	to	the	needed	pieces	to	complete
an	effective	total	synthesis	of	the	target	molecule	(80).

Scheme	1.12	Development	of	a	mesylate-assisted	semipinacol	rearrangement	for
protomycinolide	IV	(80).18a

A	more	recent,	but	similar,	deployment	of	such	mild	conditions	for	effecting	a	semipinacol
rearrangement	can	be	found	in	the	opening	steps	of	the	Corey	and	Kingsbury	synthesis	of
isoeudunol	(86)	and	related	terpenes	such	as	β-araneosene	(87,	Scheme	1.13).19	Here,	in	an
effort	to	construct	the	transfused	5,11-membered	ring	system	found	in	these	and	a	number	of
other	targets,	these	researchers	began	by	effecting	a	ring	expansion	of	cyclopropyl	carbinol	81
(prepared	from	a	Kulinkovich	cyclopropanation),	using	AlMe3	to	induce	a	concerted
rearrangement.	As	shown	with	the	structure	of	intermediate	82,	the	Lewis	acid	played	a	bis-
coordinating	role	in	ensuring	that	the	desired	cyclobutanone	could	arise	with	high
stereospecificity.	If	Brønsted	acids	such	as	catalytic	PPTS	were	used	instead	to	initiate	the
process	(species	without	such	a	bis-coordination	capability),	significant	loss	of	enantiopurity



was	observed	due	to	partial	racemization	of	the	lone	chiral	center,	presumably	via	a
nonconcerted	semipinacol	rearrangement.

Scheme	1.13	Application	of	a	ring-expanding	semipinacol	rearrangement	to	the	total	synthesis
of	isoedunol	(86)	and	β-araneosene	(87).19

However,	this	event	would	not	be	the	only	semipinacol	rearrangement	of	the	sequence.	Indeed,
once	83	was	elaborated	to	diol	84	(using	a	SmI2-mediated	pinacol	coupling	to	create	this	key
motif),	a	second	semipinacol	variant,	this	time	promoted	under	basic	conditions	by	the
formation	of	a	secondary	mesylate,	effected	another	ring	expansion.	As	long	as	the	diol	was
cis,	the	desired	migration	to	85	occurred	smoothly	through	transition	state	88	with	migration	of
C1—C4	bond;	however,	for	the	trans-diol	variant	of	84	(drawn	here	as	mesylate	derivative
89),	migration	occurred	instead	through	the	C3—C4	bond	to	afford	the	undesired	bridged	5,12-
bicyclopentanone	(i.e.,	90).	The	conformational	rigidity	of	the	adjoining	12-membered	ring	is
presumed	to	play	a	critical	role	in	this	process,	making	extensions	of	this	exact	reaction	to
other	systems	difficult	to	predict.	Nevertheless,	the	more	global	lesson	of	this	work	is	that
semipinacol	chemistry	can	be	readily	used	to	effect	a	number	of	critical	ring	expanding	bond
constructions	with	high	stereocontrol	under	very	mild	conditions.

As	one	final	example	of	a	mild	semipinacol	rearrangement	using	diol	derivatives	as	starting
materials,	and	to	highlight	that	stepwise	versions	can	also	be	quite	effective	when	properly
deployed,	we	present	Rawal's	synthesis	of	epi-ent-elisabethin	A	(94,	Scheme	1.14).20	In	this
example,	the	displacement	of	a	mesylate	group	formed	from	substrate	91	was	induced	by	the
ortho-	and	para-disposed	electron-donating	OMe	groups	on	the	aromatic	ring	upon	heating	in
MeOH	in	the	presence	of	CaCO3	at	50	°C,	forming	a	bridged	quinone	methide	intermediate
(92).	The	culmination	of	this	stepwise	semipinacol	rearrangement	involved	1,2-aryl	migration



from	the	ketal,	driven	by	rearomatization,	and	afforded	ester	93	in	72%	yield.	Further
elaboration	featuring	an	endoselective	intramolecular	Diels–Alder	reaction	and	oxidative
cyclization	then	furnished	the	target	molecule.	This	synthesis	strategy	highlights	an	extremely
clever	and	nonobvious	use	of	a	semipinacol	process,	in	that	few	direct	traces	of	the	original
substrate	are	present	in	the	final	product	except	for	the	critical	chiral	centers	established	with
the	formation	of	93.

Scheme	1.14	Use	of	a	base-mediated	semipinacol	rearrangement	as	part	of	the	total	synthesis
of	epi-ent-elisabethin	A	(94).20

Outside	of	diol	derivatives,	a	number	of	other	substrate	types	with	alternative	leaving	groups
work	well	as	semipinacol	substrates.	Next,	we	present	an	example	using	a	halide	leaving
group,	where	the	generation	of	a	halohydrin	intermediate	is	critical	for	effecting	the
semipinacol	rearrangement	step.	In	these	events,	the	halogen	is	typically	removed	(and	thus	the
semipinacol	process	is	initiated)	by	the	addition	of	a	metal	salt	which	has	a	high	affinity	for	a
halide	(such	as	Ag(I)).	Classically,	these	events	are	also	known	as	“quasi-Favorskii”
rearrangements	because	either	steric	hindrance	or	the	absence	of	an	appropriate	α-proton
prevents	the	formation	of	a	cyclopropanone	through	a	standard	Favorskii	process,	instead
allowing	for	migration	of	a	C—C	bond	through	a	semipinacol	event.	One	recent	use	of	this
chemistry	derives	from	the	Harmata	group's	synthesis	of	the	core	of	tricycloclavulone	(100,
Scheme	1.15).21	Here,	after	forming	95	through	a	[4+3]	cycloaddition,	treatment	with	vinyl
lithium	species	96	in	THF	at	−78	°C	effected	the	formation	of	halohydrin	anion	97.	Despite	the
inability	to	generate	a	cyclopropanone	from	95	through	a	Favorskii-type	process	due	to	the
rigidity	of	the	system,	the	semipinacol	alternative	proceeded	instead	to	deliver	98	in	90%
yield	upon	warming	to	−30	°C.	As	expected,	this	ring-contracted	product	reflects	a
stereospecific	transfer	in	which	the	migrating	C—C	bond	is	antiperiplanar	to	the	leaving	group
in	the	more	favorable	chair	conformation	(as	drawn	within	97).	The	resultant	enone	(98)	was
elaborated	into	the	tricycloclavulone	core	(99)	through	a	series	of	steps	including	a	ring-
closing	metathesis	reaction.



Scheme	1.15	Development	of	a	[4+3]-cycloaddition-Favorskii	sequence	and	its	application	in
the	synthesis	of	tricycloclavulone	core	(99).21

Halogen	atoms,	besides	serving	as	leaving	groups	in	their	halide	form,	can	also	activate
substrates	for	semipinacol	rearrangements	in	their	halonium	form,	affording	β-halocarbonyl
products	from	allylic	alcohol	starting	materials.	One	recent	and	highly	illustrative	application
of	such	a	process	to	generate	a	chlorinated	motif	as	found	directly	in	a	natural	product	derives
from	the	Wood	group's	total	synthesis	of	welwitindolinone	A	isonitrile	(104,	Scheme	1.16).22
Here,	exposure	of	allylic	alcohol	101	to	NaOCl	and	CeCl3·7H2O	effected	chloronium
generation	in	situ	to	form	intermediate	102	via	electrophile	addition	on	the	concave	face.
Critical	to	controlling	this	addition	from	the	seemingly	more	hindered	face	of	the	substrate	was
the	large	TIPS-protected	alcohol,	which	is	presumed	to	reside	in	a	pseudoaxial	position	as
drawn	within	102	and	thus	blocks	the	less	hindered	convex	face.	Stereospecific	alkyl
migration	anti	to	the	chloronium	ion	via	a	concerted	mechanism	afforded	103	as	a	single
stereoisomer	in	which	both	the	C-12	quaternary	carbon	and	the	adjoining	C-13	stereocenter
were	fashioned	as	needed	for	the	final	target.

Scheme	1.16	Use	of	a	chloronium	ion-mediated	semipinacol	rearrangement	in	the	total
synthesis	of	(±)-welwitindolinone	A	isonitrile	(104).22a

An	even	wider	array	of	substrates	can	be	induced	to	participate	in	semipinacol	processes,	and
often	additional	cascades,	if	metals	are	used	to	initiate	the	rearrangement.	As	one	recent
example,	Nemoto,	Ihara,	and	coworkers	developed	a	palladium-promoted	cascade	involving
semipinacol	ring	expansion/intramolecular	insertion	of	an	isopropenylcyclobutanol	as	part	of
an	asymmetric	total	synthesis	of	(+)-equilenin	(110,	Scheme	1.17).23	As	shown,	coordination
of	the	palladium	onto	the	isopropenyl	group	of	105	activated	its	double	bond	in	the	form	of



complex	106,	generating	the	electrophilic	carbon	center	necessary	to	induce	carbonyl	bond
formation	and	concomitant	alkyl	migration	to	107.	The	subsequent	olefin	insertion	and	β-
hydride	elimination	then	afforded	the	complete	steroid	core,	favoring	the	trans-isomer	(108)
needed	for	the	target	molecule.	Of	note,	the	diastereoselectivity	of	this	ring	expansion	process
was	governed	by	the	conformation	of	the	isopropenyl	group	in	the	cascade	process	(111	vs.
112).	In	nonpolar	or	noncoordinating	solvents,	ring	expansion	gave	predominantly	the	cis-
product	(109)	via	transition	state	111,	where	the	hydroxy	group	occupies	a	coordination	site	on
palladium.	In	polar	or	coordinating	solvents	such	as	HMPA,	the	rearrangement	could	proceed
instead	through	transition	state	112	with	only	palladium	bound	to	the	olefin,	preferentially
affording	108.	On	a	more	general	level,	this	ring	expansion	process	is	driven	by	release	of	ring
strain,	and	though	an	extra	carbon	atom	not	needed	for	equilenin	(110)	was	installed	as	a	result
of	the	requirements	of	completing	the	reaction	cascade,	that	atom	could	be	easily	cleaved
making	its	presence	more	than	worthwhile	for	what	the	tandem	semipinacol	process	was	able
to	accomplish	overall.

Scheme	1.17	Semipinacol	rearrangement	as	part	of	the	asymmetric	total	synthesis	of	(+)-
equilenin	(110).23

Another	example	of	the	synthetic	value	of	transition	metals	in	initiating	cascades	that	include
semipinacol	processes	derives	from	the	Toste	group.	In	this	case,	shown	in	Scheme	1.18,	a
gold(I)-catalyzed	cycloisomerization/semipinacol	ring	expansion	was	followed	by	a	similar
shift	as	in	106	→	107	to	assemble	the	entire	polycyclic	core	of	the	target.24	Just	as	in	the	Corey
work	described	in	Scheme	1.13,	the	cyclopropanol	framework	was	prepared	by	the
Kulinkovich	reaction,	and	after	installation	of	the	alkyne	by	a	Seyferth–Gilbert	homologation
using	the	Ohira–Bestmann	reagent	to	afford	113,	the	stage	was	set	for	the	critical	operation.	In
the	event,	exposure	of	this	substrate	to	the	complex	formed	from	AuPPh3Cl	and	AgSbF6
generated	the	Au(I)-activated	cationic	intermediate	115,	which	rearranged	to	give
cyclobutanone	116	as	a	single	diastereomer	in	87%	yield.	The	high	stereoselectivity	of	this
process	can	be	understood	by	considering	the	drawn	intermediates	(114	and	115)	presumed	to
account	for	the	observed	product.	The	only	other	alternative	(not	drawn)	would	be	of	much
higher	energy	since	it	would	possess	a	trans-diquinane	motif,	one	that	would	have	led	instead
to	a	high-energy	trans-cyclobutanone	if	it	was	product	determining.	Overall,	this	powerful



strategy	allowed	for	rapid	construction	of	the	angular	triquinane	ring	system	with	the	methyl-
bearing	stereocenter;	after	elaboration	of	116	into	117,	a	palladium-catalyzed	ring	expansion
effected	in	the	presence	of	DDQ	or	benzoquinone	afforded	a	4:1	mixture	of	products	favoring
migration	of	the	more	substituted	C—C	bond.	Oxidation	state	adjustments	and	removal	of	the
heteroatom	critical	to	both	rearrangements	then	completed	the	total	synthesis	of	ventricosene
(119).

Scheme	1.18	Use	of	a	double	ring	expansion	strategy	in	the	total	synthesis	of	(±)-ventricosene
(119).24

Finally,	we	will	round	out	our	presentation	of	semipinacol	rearrangements	with	a	number	of
examples	using	2,3-epoxy	alcohols	and	their	derivatives	as	substrates.	We	begin	with	two
different	approaches	to	ingenol	(54),	a	target	mentioned	earlier	in	the	context	of	Scheme	1.8	as
likely	arising	in	nature	from	a	pinacol-like	rearrangement	of	an	appropriate	terpene	precursor.
Here,	we	show	two	different	approaches,	one	from	the	Cha	group	and	the	other	from	Tanino
and	Kuwajima,	which	used	very	different	epoxy	alcohols	to	accomplish	the	same	general
conversion,	affording	a	highly	strained	transfused	architecture.	In	the	Cha	case,	treatment	of
120	with	AlMe3	at	−78	°C	activated	the	epoxide	and	induced	the	alkyl	shift	to	give	the
carbocyclic	core	of	122	in	82%	yield.25	Of	note,	the	stereochemistry	of	the	alcohol	group	at	C-
4	is	crucial	in	ensuring	the	migrating	group	is	the	requisite	C9—C11	bond.	As	modeled	in	the
presumed	transition	state	with	the	alcohol	group	properly	in	place	(121),	the	C9—C11	bond	is
antiperiplanar	to	the	epoxide	C10—O	bond,	providing	the	orbital	alignment	required	for	the
desired	rearrangement	to	122.	On	the	other	hand,	with	the	alternate	C4-alcohol	stereochemistry
(not	shown),	the	C8—C9	bond	can	migrate	as	well.	In	the	Tanino	and	Kuwajima	work,	a
different	epoxy	alcohol	(123)	underwent	stereospecific	1,2-migration	upon	treatment	with
AlMe3	to	afford	a	similar	framework	(125)	in	76%	yield.26	Globally,	these	powerful
approaches	allow	for	facile	ring	size	manipulation	to	access	fused	5,7,7-ring	systems	without
the	loss	of	any	stereochemical	information.	They	highlight,	in	combination	with	the	Baran	case
presented	earlier,	the	variety	of	pinacol	and	semipinacol	processes	that	can	be	deployed
creatively	to	solve	the	challenging	synthetic	problem	of	the	ingenol	core,	showing	the	true



versatility	of	these	rearrangements	(Scheme	1.19).

Scheme	1.19	Use	of	a	semipinacol	rearrangement	to	access	unique	core	in	the	total	synthesis
of	ingenol	(54).25,	26

Next,	we	consider	a	creative	semipinacol	approach	leading	to	a	total	synthesis	of	stemonamine
(131,	Scheme	1.20)	from	Tu	and	coworkers.27	In	this	case,	a	tandem	semipinacol
rearrangement/Schmidt	reaction	was	deployed	to	construct	the	functionalized	aza-quaternary
carbon	center	of	the	target,	using	TiCl4	to	activate	the	two	oxygen	groups	of	substrate	126.	The
cascade	began	with	the	semipinacol	rearrangement	in	which	alkyl	group	migrated	to	the
adjacent	quaternary	carbon	to	open	up	the	epoxide.	The	carbonyl	group	generated	from	this
event	was	then	attacked	by	the	nucleophilic	nitrogen	of	the	azide,	forming	a	favorable	chair,
chair	hetero-decalin	system.	This	event	presumably	afforded	an	intermediate	(128)	that	readily
underwent	a	stereospecific	1,2-migration,	driven	by	loss	of	N2,	to	furnish	5,7-bicyclic	lactam
129	in	68%	yield.	The	rapid	access	to	this	bicyclic	system	underscores	the	power	of	the
approach,	with	subsequent	operations	including	ozonolysis	of	the	pendant	alkene,	alcohol
oxidation,	and	aldol	condensation	yielding	a	tricyclic	core	(130)	that	was	then	elaborated
smoothly	into	stemonamine	(131).



Scheme	1.20	A	tandem	semipinacol	rearrangement/Schmidt	reaction	in	the	total	synthesis	of
(±)-stemonamine	(131).27

As	our	final	case	study,	we	present	the	use	of	a	semipinacol	rearrangement	strategy	to	generate
the	spirocyclic	core	of	the	potent	antitumor	natural	product	fredericamycin	A	(135,	Scheme
1.21)	using	acrylated	epoxy	alcohols.28	Following	extensive	model	studies	to	probe	the
stereoselectivity	of	the	general	process,	the	Kita	group	was	able	to	establish	that	treatment	of
cis-epoxy	acylates	136	with	BF3·OEt2	led	to	regioselective	epoxide	ring	opening,	generating	a
benzylic	cation	137.	From	carbocation	137,	the	reaction	could	proceed	along	two	different
pathways	dependent	on	the	nature	of	group	R.	When	that	group	was	large	(R	=	Ph),	the
intermediate	adopted	a	conformation	such	that	the	hydride	was	properly	aligned	to	undergo
1,2-shift	(path	a)	to	give	the	enone	product	(138)	after	elimination	to	form	the	tetrasubstituted
alkene.	When	R	was	smaller	(R	=	Me),	the	formation	of	orthoester	139	was	the	predominant
process	due	to	the	absence	of	steric	hindrance	allowing	for	the	methyl	group	to	adopt	the
requisite	conformation	for	rearrangement.	By	contrast,	when	the	trans-epoxy	acetate	was	used
instead	(136),	the	same	hydride	could	not	align	with	the	adjacent	empty	orbital,	and
neighboring	group	participation	from	the	C—O	bond	leading	to	the	five-membered	ring	was
unfavorable.	Pleasingly,	though,	the	result	was	that	only	the	desired	C—C	bond	needed	for
migration	was	oriented	correctly	with	respect	to	the	empty	p-orbital,	thereby	furnishing	the
desired	model	spirocycle	(141).	Application	of	this	knowledge	to	a	fully	functional	case	with
a	related	trans-epoxy	acylate	(132)	worked	smoothly	to	afford	spirocycle	134	in	94%	yield.



Scheme	1.21	A	semipinacol	rearrangement	strategy	as	part	of	the	total	synthesis	of
fredericamycin	A	(135).28a

1.4	CONCLUSION
As	this	chapter	has	hopefully	demonstrated,	both	pinacol	and	semipinacol	processes	have
undergone	a	recent	renaissance	in	their	application	to	complex	molecule	synthesis,	affording	a
number	of	highly	elegant	solutions	to	challenging	problems.	And,	when	combined	in	tandem
with	additional	chemical	events,	the	rearrangements	reach	an	even	greater	level	of	overall
power.	Further	investigation	will	certainly	uncover	additional	areas	of	value	for	these
processes	in	accessing	complex	molecules.	Of	special	note	is	that	a	number	of	recent
explorations	into	novel,	asymmetric	variants	of	pinacol	and	semipinacol	processes	have
provided	and	should	continue	to	provide	greatly	enhanced	tools	for	enantiospecific	synthesis.29
Thus,	though	these	general	reactions	have	been	known	for	many	decades,	the	potential	for
additional	discoveries	remains	high.	We	hope	this	compilation	will	serve	as	inspiration	for
some	of	those	future	creative	applications.
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CHAPTER	2
BAEYER–VILLIGER	(BV)
OXIDATION/REARRANGEMENT	IN	ORGANIC
SYNTHESIS

Lin	Zhou,	Lili	Lin,	Xiaohua	Liu	and	Xiaoming	Feng
Key	Laboratory	of	Green	Chemistry	and	Technology,	Ministry	of	Education,	College	of
Chemistry,	Sichuan	University,	Chengdu,	P.R.	China

2.1	INTRODUCTION
In	1899,	Baeyer	and	Villiger	found	that	menthone	1a	and	tetrahydrocarvone	1b	could	be
oxidized	to	the	corresponding	lactones	(Scheme	2.1)	in	a	mixture	of	sodium	persulfate	and
concentrated	sulfuric	acid	(Caro's	acid).1	The	persulfuric	acid	was	subsequently	replaced	by
an	organic	peracid.	Later,	the	transformation	of	ketones	into	esters	and	cyclic	ketones	into
lactones	or	hydroxy	acids	by	peroxy	acids	became	known	as	the	Baeyer–Villiger	(BV)
oxidation/rearrangement.2,	3	Besides	ketones	and	cyclic	ketones,	aldehydes	and	α-diketones
can	also	be	oxidized,	providing	esters	and	anhydrides,	respectively	(Scheme	2.2).

Scheme	2.1	Oxidation	of	menthone	1a	and	tetrahydrocarvone	1b	with	Caro's	acid.

Scheme	2.2	The	BV	oxidation/rearrangement	of	carbonyl	compounds.



2.2	MECHANISM
The	mechanism	of	the	BV	oxidation/rearrangement	was	first	studied	by	Criegee	in	19484	and
was	clarified	by	Doering	and	Dorfman	in	1953.5	The	generally	accepted	mechanism	involves	a
simple	two-step	process.	As	shown	in	Scheme	2.3,	the	peroxy	acid	initially	adds	as
nucleophile	at	the	polarized	carbonyl	carbon	to	form	an	intermediate	species	3	known	as	the
Criegee	adduct	(step	a).	Then,	one	of	the	alkyl	groups	RM	migrates	onto	the	peroxygen	with	the
concomitant	release	of	the	carboxylate	anion	(step	b).	The	migration	step	was	suggested	for	the
first	time	by	Berson	and	Suzuki	in	1959.6	It	was	believed	to	account	for	the	selectivity	of	the
reaction	and	is	also	rate	determining	in	the	vast	majority	of	cases.

Scheme	2.3	The	mechanism	of	the	BV	oxidation	of	ketones.	RM	denotes	the	migrating	group.

Generally,	the	migration	abilities	of	alkyl	groups	increase	proportionately	with	their	partial
cation	stabilization.	As	a	result,	electron-donating	and	bulky	substituents	in	the	migrating	group
RM	strongly	facilitate	the	rearrangement.	This	is	consistent	with	the	well-known	migratory
aptitude	in	the	BV	reaction:	tertiary	alkyl	>	cyclohexyl	>	secondary	alkyl	>	benzyl	>	phenyl	>
primary	alkyl	>	cyclopentyl	 	methyl.

Additionally,	it	was	found	that	there	were	stereoelectronic	effects	in	the	Criegee	intermediate	3
influencing	the	rearrangement	step	(Scheme	2.3).7	The	primary	stereoelectronic	effect	is	that
the	migrating	group	RM	needs	to	be	antiperiplanar	to	the	O–O	bond	of	the	leaving	group,	while
the	secondary	stereoelectronic	effect	is	that	RM	is	antiperiplanar	to	a	lone	pair	of	the	hydroxyl
group.	In	other	words,	proper	alignment	is	required	for	the	rearrangement	step.8	In	some	cases,
the	primary	stereoelectronic	effect	is	more	important	than	migratory	aptitude	in	determining	the
course	of	the	rearrangement.9

In	terms	of	stereochemistry,	the	BV	oxidation/rearrangement	is	stereoselective,	and	the
migrating	group	retains	its	configuration	in	the	corresponding	ester	product.	Synthetic	utility	is
also	predictable	since	in	the	very	great	majority	of	cases,	the	BV	oxidation	tolerates	the
presence	of	many	functional	groups,	such	as	C C	double	bonds,	C C	triple	bonds,	and
hydroxyl	groups.



The	hydroxyl	proton	in	the	intermediate	3	can	migrate	intramolecularly	only	with	acylperoxo-
type	oxidants.	Hence,	acylperoxo-type	oxidants	are	more	effective	than	alkylperoxo	oxidants.
Additionally,	it	was	observed	that	the	presence	of	electron-withdrawing	substituents	on	the
peroxy	acid	increased	the	reaction	rate	because	they	made	the	conjugate	base	a	better	leaving
group.	Therefore,	the	reactivity	of	oxidants	follows	this	order:	CF3CO3H	>	monopermaleic
acid	>	monoperphthalic	acid	>	3,5-dinitroperbenzoic	acid	>	p-nitroperbenzoic	acid	>	m-
chloroperoxobenzoic	acid	(m-CPBA)	 	performic	acid	>	perbenzoic	acid	>	peracetic	acid	
H2O2	>	t-BuOOH.	BV	oxidations	using	oxidants	with	low	activity	generally	require	catalysts.
It	should	be	noted	that	the	two	steps	in	the	mechanism	have	similar	activation	energies	in	many
cases.	Hence,	both	steps	may	need	to	be	promoted	by	the	catalysts.	In	general,	however,	and
with	some	exceptions,	the	rearrangement	step	is	more	important	in	determining	the	properties
of	the	overall	reaction.4

2.3	SYNTHETIC	APPLICATIONS
2.3.1	Oxidation	of	Linear	Ketones	to	Esters
α-Methyl-α′-multisubstituted	alkyl	ketones	are	important	in	organic	synthesis.	Because	the
methyl	substituent	is	known	to	be	a	bad	migrating	group,	the	multisubstituted	alkyl	group
migrates	preferentially	in	the	rearrangement	step,	generating	multisubstituted	alkyl	acetate
esters	with	the	absolute	configuration	of	the	migrating	chiral	carbon	atoms	retained.	The
resulting	esters	are	not	only	structural	units	of	many	useful	natural	products	but	can	also	be
further	transformed	to	alcohols	and	carboxylic	acids.

The	optically	active	tropane	alkaloid	Bao	Gong	Teng	A,	isolated	from	the	Chinese	herb
Erycibe	obtusifolia	Benth,10	is	an	azabicyclo-[3.2.1]octane	compound	substituted	with	an
acetate	ester	and	a	hydroxyl	group.	By	a	regio-	and	stereocontrolled	[5+2]	cycloaddition	of
TpMo(CO)2(η3-pyridinyl)	scaffold	4	with	methyl	vinyl	ketone	5,	the	azabicyclo-[3.2.1]octane
framework	6	bearing	a	ketone	group	could	be	prepared	in	one	step.11	The	transformation	of
ketone	to	ester	was	through	a	BV	oxidation	of	N-Cbz-(−)-Bao	Gong	Teng	A	7	with	m-CPBA	as
the	oxidant.	The	multisubstituted	alkyl	group	of	7	migrated	preferentially,	and	the	desired
acetate	ester	8	was	obtained.	During	the	process,	the	hydroxyl	group	was	unaffected	and	the
configuration	at	C6	was	completely	retained.	Finally,	the	total	synthesis	was	completed	by
removal	of	the	Cbz	protecting	group	(Scheme	2.4).12



Scheme	2.4	The	total	synthesis	of	(−)-Bao	Gong	Teng	A	9.

The	BV	oxidation	at	an	acetyl	carbonyl	group	can	occur	selectively	in	the	presence	of	an	α,β-
unsaturated	cyclohexenone	under	suitable	conditions.	In	the	synthesis	of	ent-peribysin	E	from
(S)-carvone	developed	by	Danishefsky	and	coworkers,13	compound	12	was	a	key	intermediate,
and	the	ester	was	ultimately	transformed	to	the	required	C2–OH	group.	After	constructing	the
bicyclic	ring	system	10,	the	isopropenyl	group	was	converted	into	the	corresponding	ketone	11
by	a	concurrent	Johnson–Lemieux	oxidation.14	Following	a	BV	oxidation	of	11	with	m-CPBA
as	oxidant	in	CH2Cl2	at	0	°C	to	room	temperature,	the	secondary	acetate	at	C2	with	the	desired
relative	configuration	for	the	total	synthesis	was	in	hand.	Notably,	the	unsaturated	ketone
remained	unchanged	during	the	oxidation	process.	After	hydrolysis,	the	desired	OH	group
could	be	revealed	(Scheme	2.5).



Scheme	2.5	The	total	synthesis	of	ent-peribysin	E	13.

In	Marchand–Brynaert	group's	synthesis	of	carbapenems,15	β-lactam	antibiotics	16,16	a
common	key	intermediate	is	acetoxyazetidinone	15	(Scheme	2.6)	containing	three	of	the	four
stereocenters	of	the	final	compounds.	For	introducing	the	acetoxy	group,	the	BV	oxidation
method	was	attractive	for	its	relatively	mild	conditions	and	avoidance	of	toxic	metals.
However,	the	methyl	azetidinyl	ketone	(17,	R	=	Me)	was	difficult	to	obtain	because	one	of	the
necessary	starting	materials	was	not	commercially	available.	So,	other	substituted	azetidinyl
ketones	17	were	synthesized.	A	key	question	was	what	substitution	would	be	suitable	to	obtain
azetidinyl	group-migrated	products	14	versus	the	regioisomeric	esters	18.	The	azetidinyl
function	is	a	good	migrating	group	in	electron-deficient	BV	rearrangements	since	it	can
stabilize	a	partial	positive	charge	created	at	C4.	For	comparison	to	other	good	migrating
groups,	the	migrating	ability	of	the	azetidinyl	group	versus	phenyl,	secondary	alkyl,	and	tertiary
alkyl	groups	in	the	BV	reaction	was	studied.	The	experimentally	determined	order	of	migration
was	t-Bu	>	i-Pr	=	azetidinyl	>	c-Pr	=	Ph.	Thus,	the	cyclopropyl	group	was	chosen	for
application	in	the	total	synthesis.	The	particular	lack	of	migratory	aptitude	of	the	cyclopropyl
group	compared	to	t-Bu	and	i-Pr	groups	may	result	from	the	electronic	properties	of	the
exocyclic	C–C	bond	of	the	cyclopropane	ring	(orbitals	with	sp2	character)	and	the	reduced
number	of	C–H	bonds	(four	bonds)	involved	in	the	hyperconjugative	stabilization	of	the	δ+
charge,	while	in	t-Bu	and	i-Pr,	nine	and	six	bonds	are	involved,	respectively.



Scheme	2.6	The	total	synthesis	of	carbapenems	16.

Interestingly,	the	nature	of	a	remote	N-protecting	group	can	affect	the	BV	oxidation	of	ketones
attached	to	the	N-heterocycle.	In	their	total	synthesis	of	the	hydroxypiperidine	(−)-
deoxocassine	28,	a	simple	3-hydroxy	analogue	of	piperidine	alkaloid	(−)-cassine	29,	Vanucci-
Bacqué	and	coworkers	used	N-acetyl	piperidine	27	as	the	key	intermediate	(Scheme	2.7).17
This	was	constructed	from	the	allylic	alcohol	19,	acetylacetone	21,	and	(S)-phenylglycinol	23.
Unfortunately,	the	BV	oxidation	of	Boc-protected	piperidine	25	did	not	occur	under	various
experimental	conditions,	though	the	reason	for	this	failure	was	unclear.	But	with	an	N-acetyl
protecting	group,18	the	BV	oxidation	of	26	occurred	successfully	using	sodium	percarbonate
and	trifluoroacetic	anhydride,	affording	ester	27	as	a	single	isomer.	Subsequent	hydrolysis
under	acidic	conditions	gave	the	corresponding	hydroxypiperidine	28	in	high	yield.



Scheme	2.7	The	total	synthesis	of	the	(−)-deoxocassine	28.

Though	aryl	substituents	are	known	to	be	bad	migrating	groups,	their	migrating	ability	is	higher
than	that	of	a	primary	alkyl	group.	Huang's	and	Jiang's	group	reported	that	compound	33,	which
can	be	constructed	by	the	asymmetric	vinylogous	aldol	reaction	of	the	carbonyl-activated	allyl
nucleophile	30	with	isatin	31,	serves	as	the	common	intermediate	for	the	divergent	synthesis	of
3-hydroxy-2-oxindole	derivatives	(Scheme	2.8).19	The	common-intermediate	strategy	to
multiple	products	through	divergent	synthesis	is	different	from	the	traditional	“single	target”
approach	in	total	synthesis.	By	combining	a	sequence	of	reduction	and	BV	oxidation	with	m-
CPBA,	the	desired	aryl-migrated	esters	35	could	be	obtained.	To	favor	the	aryl	migration,	an
electron-donating	methoxy	group	was	introduced	in	the	para-position	of	the	benzene	ring.
Subsequently,	through	treatment	of	35	with	1,1,3,3-tetramethylguanidine	(TMG),	spirolactone
38	was	conveniently	obtained	in	90%	ee.	Alternatively,	by	reaction	in	a	solution	of	ammonia	in
methanol,	compound	35	could	be	converted	to	amide	36.	Treatment	of	36	with	LiAlH4
followed	by	acetic	anhydride	afforded	the	hexahydroazepino[2,3-b]indole	37	without
compromising	enantiopurity.	Finally,	through	a	sequence	of	reduction	with	NaBH4,	reaction
with	MsCl,	and	treatment	with	NaH,	35	could	be	converted	to	spiroether	40,	which	could	be
further	converted	in	two	steps	into	the	CB2	agonist	41	with	96%	ee.



Scheme	2.8	The	total	synthesis	of	the	3-hydroxy-2-oxindole	derivatives.

The	migratory	aptitude	of	a	phenyl	substituent	is	also	greater	than	that	of	the	epoxide	functional
group.	In	the	BV	oxidation	step	during	Coltart	group's	synthesis	of	the	important	antimalarial
drug	mefloquine	hydrochloride,20	the	phenyl	substituent	migrated	upon	treatment	of	ketone	42
with	m-CPBA	in	refluxing	CH2Cl2,	affording	the	desired	phenyl	ester	43	while	leaving	the
epoxide	and	quinoline	unchanged	(Scheme	2.9).



Scheme	2.9	The	total	synthesis	of	(+)-mefloquine	hydrochloride	46.

2.3.2	Oxidation	of	Aldehydes	to	Esters
The	aldehyde	is	arguably	the	most	versatile	carbonyl	functional	group	and	more	reactive	than
any	other	carbonyl	groups	toward	a	plethora	of	nucleophilic	reactions.	The	BV	oxidation	can
be	a	common	way	to	transform	an	aldehyde	into	a	carboxylic	acid	(migration	of	hydrogen);21
however,	the	BV	oxidation	of	aldehydes	with	groups	having	higher	migratory	aptitude	than	H
affords	the	formate	esters.	Secondary	alkyl	groups	in	aliphatic	aldehydes,	for	example,	have
higher	migratory	aptitude	than	H.	In	the	synthesis	of	cinatrin	C1,	a	potent	inhibitor	of	rat	platelet
phospholipase	A2	(PLA2),22	reported	by	Hatakeyama	and	coworkers	(Scheme	2.10),23
aldehyde	48	was	formed	from	primary	alcohol	47	via	Dess–Martin	oxidation.	Then	the
aldehyde	48	was	subjected	to	BV	oxidation	using	m-CPBA	as	oxidant	and	the	secondary	alkyl
group	transferred,	generating	formate	ester	49.	Methanolytic	removal	of	the	formyl	group	of	49
followed	by	TPAP	oxidation	of	the	lactol	led	to	the	formation	of	γ-lactone	50,	which	could	be
further	converted	to	the	target	molecule	(−)-cinatrin	C1	51	in	several	steps.



Scheme	2.10	The	total	synthesis	of	the	(−)-cinatrin	C1	51.

2.3.3	Oxidation	of	Cyclic	Ketones	to	Lactones
BV	oxidations	of	the	four-,	five-,	six-,	and	seven-membered-ring	ketones	can	provide	the
corresponding	γ-,	δ-,	ε-,	and	ζ-lactones,	respectively.	These	are	not	only	important	structural
cores	of	numerous	natural	products	but	are	also	key	intermediates	in	many	organic	syntheses.
Reactivity	in	the	BV	oxidation	decreases	gradually	along	with	the	expansion	of	the	ring	size
(from	4	to	7),	implying	that	ring	strain	within	the	smaller-ring	ketones	favors	the	BV	oxidation.

In	Bräse	group's	synthesis	of	precursor	56	for	the	epicoccin	core	57,24	the	bicyclic	γ-lactone
56	was	an	important	intermediate.	The	bicyclic	cyclobutanone	54	was	constructed	through	a
[2+2]	cycloaddition	of	enecarbamate	52	with	an	allylketene,	generated	in	situ	from	the
corresponding	pent-4-enoyl	chloride	53	and	triethylamine.	Subsequently,	a	completely
regioselective	BV	oxidation	of	the	cyclobutanone	54	with	m-CPBA	as	oxidant	in	the	presence
of	NaHCO3	successfully	converted	54	into	lactone	56.	Notably,	the	terminal	double	bond	was
not	oxidized	under	these	conditions	(Scheme	2.11).	The	high	regioselectivity	of	this	BV
oxidation	could	be	due	to	localized	strain	in	the	Criegee	cyclobutane	intermediate	55.	In
accord	with	literature	precedent,25	the	steric	interactions	among	the	allyl,	hydroxyl,	and
pyrrolidine	ring	in	the	all-cis	arrangement	with	in	the	endo	alkyl	framework	of	the	substrate	54
probably	makes	the	C6–C7	bond	more	labile.	This	promotes	the	O1	insertion	at	this	position,
affording	the	desired	product	56.



Scheme	2.11	The	total	synthesis	of	the	epicoccin	core	57.

The	BV	oxidation	of	cyclopentanones	can	provide	one-step	construction	of	δ-lactones,	which
are	important	frameworks	existing	in	various	natural	products.	For	example,	(+)-tanikolide	63,
a	6,6-disubstituted	δ-lactone,	is	a	γ-lactone	metabolite	of	the	marine	cyanobacterium	Lyngbya
majuscula	and	shows	antifungal	activity.26	In	the	concise	and	enantioselective	total	synthesis
described	by	Deng's	group	(Scheme	2.12),27	the	enantioselective	conjugate	addition	of	β-
ketoester	58	to	acrolein	59	with	9′-phenanthryl	substituted	quinuclidine	QD	as	catalyst
smoothly	provided	the	desired	product	60	in	quantitative	yield	with	virtually	perfect
enantioselectivity	(>99%	ee).	Following	several	transformations,	the	keto	alcohol	62	with	the
two	aliphatic	side	chains	necessary	for	tanikolide	was	obtained.	At	last,	a	BV	oxidation	of	62
with	m-CPBA	completed	the	total	synthesis	of	(+)-tanikolide	63.	Importantly,	the	hydroxyl
group	was	unaffected,	and	the	absolute	configuration	at	the	migrating	chiral	center	was
unchanged.



Scheme	2.12	The	total	synthesis	of	(+)-tanikolide	63.

Though	the	BV	oxidation	of	cyclopentanones	to	δ-lactones	is	usually	realized	easily,	there	are
cases	when	reaction	conditions	need	to	be	carefully	screened.	In	Lei's	synthesis	of
psilostachyin	C	66	(Scheme	2.13),28	isolated	from	Ambrosia	psilostachya	DC,29	the	last	step
was	the	BV	oxidation	of	cyclopentanone	65.	However,	the	oxidation	turned	out	to	be	a	great
challenge.	The	commonly	used	BV	oxidant	such	as	m-CPBA,	CH3CO3H,	PhSeO2H/H2O2,
TFAA/H2O2,	H2O2/NaOH,	and	Ph3COOLi	led	to	either	poor	reactivity	or	excessive	side
reactions.	After	extensive	screening	of	reaction	conditions,	bis(trimethylsilyl)-peroxide
(TMSO)2	along	with	TMSOTf	was	identified	as	an	effective	oxidation	system,	allowing	for
completion	of	the	total	synthesis	of	racemic	psilostachyin	C	66,	in	which	the	C C	double
bond	was	not	affected.

Scheme	2.13	The	total	synthesis	of	the	psilostachyin	C	66.

Though	usually	tolerated	in	BV	oxidation	conditions,	as	in	the	example,	a	C C	double	bond
has	the	potential	to	undergo	competitive	olefin	epoxidation.	The	presence	of	a	suitable	Lewis



acid	can	help	resolve	the	problem.	In	the	Phillips	group's	synthesis	of	(±)-trans-kumausyne	69
(Scheme	2.14),30	when	performing	the	BV	oxidation	of	67	with	m-CPBA	alone,	mixtures	of
products	derived	from	epoxidation	and	BV	oxidation	were	produced.	On	the	other	hand,	when
ketone	67	was	subjected	to	m-CPBA	in	the	presence	of	scandium	triflate,	which	could	activate
the	C O	carbonyl	group	and	promote	the	BV	oxidation,	the	bicyclic	lactone	68	was	produced
in	71%	yield.

Scheme	2.14	The	total	synthesis	of	(±)-trans-kumausyne	69.

As	another	example	of	a	selective	BV	reaction,	under	suitable	oxidation	conditions,	a
cyclopentanone	could	be	oxidized	in	the	presence	of	an	α,β-unsaturated	cyclohexenone.	In	the
Williams	group's	total	synthesis	of	the	acetylcholinesterase	inhibiting	fawcettimine	alkaloids,31
including	fawcettimine	76,	fawcettidine	77,	lycoflexine	78,	and	lycoposerramine	B	79,32	a
stereoselective	Diels–Alder	reaction	of	enone	71	with	diene	70	provided	an	efficient	and
unified	strategy	to	construct	cis-fused	6,5-carbocycles	such	as	72	with	one	all-carbon
quaternary	center.	In	a	key	BV	oxidation	step,	tricyclic	keto-enone	74	provided	the	target
intermediate	75	in	high	yield	with	m-CPBA	as	the	oxidant	in	the	presence	of	NaHCO3.
Although	compound	74	is	a	keto-enone,	the	BV	oxidation	was	found	to	be	highly	selective,	and
only	the	desired	lactone	75	was	isolated.	It	may	be	that	the	conjugation	lowers	the
electrophilicity	of	the	enone	carbonyl	group	compared	to	the	cyclopentanone,	so	that	the
nucleophilic	peroxide	reagent	adds	to	the	unconjugated	carbonyl	site,	affording	lactone	product
75	(Scheme	2.15).



Scheme	2.15	The	total	synthesis	of	the	fawcettimine	class	alkaloids.

Under	different	conditions,	meanwhile,	an	α,β-unsaturated	cyclohexenone	can	be	oxidized	to	a
seven-membered	enol	lactone.	The	vinyl	group	of	a	primary	alkyl-	or	secondary	alkyl-
substituted	α,β-unsaturated	ketone	showed	preferential	migration	in	the	BV	oxidation.33	In	the
Tokuyama	group's	synthesis	of	(−)-acetylaranotin	86	(Scheme	2.16),34	the	proline-fused
dihydrooxepine	ring	was	formed	efficiently	by	an	unusual	vinylogous	Rubottom	oxidation
followed	by	the	regioselective	BV	oxidation.	Starting	from	l-Cbz-tyrosine	80,	the	intermediate
84	was	synthesized	efficiently	in	several	steps	including	the	vinylogous	Rubottom
transformation	of	81–82.	In	constructing	the	dihydrooxepine	skeleton	85,	a	BV	oxidation	of
enol	lactone	84	worked	well	since	the	sp2-hybridized	carbon	of	the	α,β-unsaturated	cyclic
ketone	showed	a	higher	migratory	aptitude	than	the	α′	site.33,	35	After	examining	a	variety	of
oxidants,	it	was	found	that	a	combination	of	TFAA/UHP	gave	the	best	results,	which	provided
enol	lactone	85	exclusively.



Scheme	2.16	The	total	synthesis	of	the	(−)-acetylaranotin	86.

Additionally,	the	regioselective	BV	oxidation	of	primary	alkyl-substituted	α,β-unsaturated
ketones35	to	prepare	seven-membered	lactones	was	also	reported	by	Schultz	and	Pettus	using
TFAA/UHP	systems.	The	true	oxidant	under	these	conditions	is	pertrifluoroacetic	acid,
generated	in	situ	by	reaction	of	trifluoroacetic	anhydride	with	urea–hydrogen	peroxide	in
dichloromethane	in	the	presence	of	sodium	hydrogen	phosphate.	However,	in	the	Jung	group's
synthesis	of	(−)-α-kainic	acid	(Scheme	2.17),36	isolated	from	the	marine	alga	Digenea
simplex,37	the	ring	opening	of	cyclohexenone	87	using	the	BV	oxidation	resulted	in	enol
lactone	88	which	was	unstable	upon	prolonged	reaction	times,	resulting	in	a	low	yield	of	the
product	under	Schultz's	reaction	conditions.	Alternatively,	m-CPBA	proved	to	be	an	excellent
oxidation	reagent.	Buffered	with	Na2HPO4	in	CH2Cl2,	this	BV	oxidation	system	gave	the
desired	product	88	in	moderate	yield	and	regioselectivity,	with	only	a	trace	amount	of	the
corresponding	epoxide	byproduct.



Scheme	2.17	The	total	synthesis	of	the	(−)-α-kainic	acid	89.

Cycloheptanones	can	also	undergo	BV	oxidation,	providing	eight-membered	ζ-lactones.	In
Minnaard	group's	synthesis	of	phthiocerol	dimycocerosate	A	(PDIM	A)	(Scheme	2.18),38	one
of	the	lipids	of	Mycobacterium	tuberculosis,	phthiocerol	95	was	the	immediate	precursor	of
the	natural	product	96.	Starting	from	α,β-unsaturated	cycloheptenone	90,	enantioselective
conjugate	addition	and	subsequent	diastereoselective	alkylation	set	the	stage	for	a
regioselective	and	stereoretentive	BV	reaction,	providing	ζ-lactone	93.	Based	on	the	ring
opening	of	lactone	93,	the	intermediate	94	was	readily	synthesized.	For	the	BV	oxidation,
despite	extensive	experimentation,	the	best	results,	achieved	using	m-CPBA,	still	gave
moderate	efficiency	(60%	yield).	Undoubtedly,	this	outcome	is	due	to	the	increase	in	ring
strain	incurred	on	progressing	from	a	seven-	to	an	eight-membered	ring	during	the	course	of	the
C-to-O	shift	in	the	reaction.	Versatile	solutions	to	this	problem	are	scarce.

Scheme	2.18	The	total	synthesis	of	PDIM	A.



2.3.4	Asymmetric	BV	Oxidation/Rearrangement
Given	that	oxidation	of	cyclic	ketones	to	lactones	by	the	BV	oxidation/rearrangement	is	such	an
important	synthetic	tool	in	organic	chemistry,	catalytic	asymmetric	variants	have	also	been
developed	to	obtain	enantioenriched	chiral	lactones	via	desymmetrization	and	kinetic
resolution	of	prochiral	or	racemic	ketones	(Scheme	2.19),	respectively.	Though	not	widely
used	in	total	synthesis	yet,	these	approaches	are	highly	attractive	for	their	advantages	in	terms
of	chiral	amplification	and	obtaining	optically	pure	compounds.

Scheme	2.19	Prochiral	and	racemic	ketones	in	the	asymmetric	BV	oxidation.

2.3.4.1	Desymmetrization	of	Prochiral	Cyclic	Ketones
Because	ring-strained	cyclobutanones	are	more	reactive	in	BV	oxidations	than	other	cyclic
ketones,	they	have	been	well	studied	in	the	catalytic	asymmetric	BV	oxidation.	The	first
example	of	desymmetrization	of	prochiral	ketones	via	the	asymmetric	BV	oxidation	was
reported	by	Bolm	et	al.	in	1997	with	a	chiral	copper	complex	as	catalyst.39	In	the	Bolm
group's	study,	a	tricyclic	ketone	97	afforded	the	corresponding	lactone	98	with	an	asymmetric
induction	of	up	to	91%	ee	(Scheme	2.20).	Since	then,	impressive	results	have	been	achieved
for	the	desymmetrization	of	prochiral	3-substituted	cyclobutanones	100	with	chiral	metal
complexes	or	organocatalysts.40	The	BV	oxidation	of	prochiral	cyclobutanones	100	with
hydrogen	peroxide	as	the	oxidant	was	successfully	realized	by	Ding's	group	using	a	chiral
Brønsted	acid	catalyst	102.	This	approach	afforded	various	aryl	γ-lactones	101	in	91–99%
yield	with	82–93%	ee	and	benzyl-substituted	γ-lactones	101	in	99%	yield	and	55–58%	ee
(Scheme	2.21).40h,i	Feng's	group	has	also	developed	an	efficient	chiral	N,N′-dioxide–ScIII
complex	catalyst	for	the	asymmetric	BV	oxidation	of	prochiral	cyclobutanones	100.41	With	m-
CPBA	as	oxidant,	the	desired	aryl-substituted	γ-lactones	101	were	obtained	in	71–84%	yield
with	87–91%	ee	(Scheme	2.21).



Scheme	2.20	Desymmetrization	of	tricyclic	ketone	97.

Scheme	2.21	Desymmetrization	of	prochiral	cyclobutanones	100.

For	the	BV	oxidation	of	4-alkylcyclohexanones	103	to	afford	chiral	ε-lactones	104,
biocatalysts	have	shown	excellent	enantiocontrol.42	For	example,	baker's	yeast	and	engineered
Escherichia	coli	could	convert	the	prochiral	ketones	103	to	the	corresponding	desymmetrized
lactones	104	(Scheme	2.22),42a,b	in	which	side	reactions	of	the	hydrolysis	of	the	lactone	and
subsequent	oxidation	were	minimized.

Scheme	2.22	Desymmetrization	of	prochiral	cyclohexanones	103	mediated	by	biocatalysts.

On	the	other	hand,	there	are	fewer	artificial	catalysts	that	have	been	explored	in	the
desymmetrization	of	prochiral	cyclohexanones	103.41,	43	To	date,	the	only	nonenzymatic



catalytic	system	for	this	reaction	has	been	developed	by	Feng's	group.	The	N,N′-dioxide	L1
coordinated	with	ScIII	was	found	to	be	highly	efficient,	affording	various	aryl-	and	alkyl-
substituted	ε-lactones	104	in	72–90%	yield	and	84–95%	ee	(Scheme	2.23).41

Scheme	2.23	Desymmetrization	of	prochiral	cyclohexanones	103	catalyzed	by	a	chiral	N,N′-
dioxide–ScIII	complex.

2.3.4.2	Kinetic	Resolution	of	Racemic	Ketones
There	are	three	types	of	kinetic	resolution	for	racemic	ketones:

1.	 Dynamic	kinetic	resolution	(DKR),	in	which	the	racemic	ketone	is	converted	into	a	single
optically	pure	lactone.

2.	 Classical	kinetic	resolution	(KR),	in	which	one	of	the	enantiomers	of	the	ketone	is
converted	into	a	different	optically	pure	lactone,	and	the	other	ketone	enantiomer
recovered.

3.	 Parallel	kinetic	resolution	(PKR),	in	which	each	of	the	two	ketone	enantiomers	is
converted	into	two	types	of	optically	pure	lactone.	PKR	can	be	especially	suitable	for
bicyclobutanones.

DKR	of	racemic	ketones	via	the	BV	oxidation	is	very	rare.	Notably,	the	CHMO-containing
(CHMO	=	cyclohexanone	monooxygenase)	recombinant	E.	coli	sp.	was	found	to	be	highly
efficient	in	the	DKR	of	2-substituted	cyclopentanone	rac-105	at	pH	9.	The	ketone	substrate
105	underwent	facile	racemization	via	keto–enol	tautomerism,	and	the	lactone	product	(R)-106
was	isolated	in	85%	yield	and	96%	ee	(Scheme	2.24).44

Scheme	2.24	Dynamic	kinetic	resolution	of	ketone	105	catalyzed	by	CHMO-containing	rec.	E.
coli.

The	first	artificial	catalysts	for	the	BV	oxidation	of	racemic	cyclic	ketones	via	classical	kinetic
resolutions45	were	independently	and	almost	simultaneously	reported	by	Bolm	et	al.45a	and
Strukul	and	coworkers.45b	These	studies	produced	chiral	lactones	in	moderate	ee	using	chiral
Cu	complex	99	(Scheme	2.25)	and	diphosphane/Pt	complex	111	(Scheme	2.26)	as	catalyst,



respectively.	After	a	nearly	blank	near	20-year	hiatus	in	this	field,	Feng's	group	successfully
developed	a	highly	efficient	catalytic	asymmetric	N,N′-dioxide–ScIII	complex	catalyst	system
for	the	kinetic	resolution	of	racemic	2-arylcyclohexanones	107	(Scheme	2.27).41	Unlike	with
other	systems	described	previously,	the	kinetic	resolution	of	racemic	2-arylcyclohexanones
107	was	realized	via	an	abnormal	BV	oxidation,	affording	the	ε-lactones	112	with	a	reversal
of	migratory	aptitude.	Both	the	desired	lactones	112	and	the	recovered	ketones	107	were
obtained	with	high	ee.

Scheme	2.25	Kinetic	resolution	of	cyclic	ketones	107	catalyzed	by	a	chiral	Cu	complex	99.

Scheme	2.26	Kinetic	resolution	of	cyclic	ketones	catalyzed	by	a	chiral	Pt	complex	111.

Scheme	2.27	Kinetic	resolution	of	cyclic	ketones	107	catalyzed	by	a	chiral	N,N′-dioxide–ScIII
complex.



Asymmetric	BV	oxidations	can	also	be	used	in	PKR,	where	the	two	different	enantiomers	of	a
racemic	cyclic	ketone	lead	selectively	to	the	two	regioisomeric	lactones.	For	example,	in
2004,	the	BV	oxidation	of	racemic	bicyclobutanones	was	successfully	realized	by	the	Katsuki
group	using	Zr(salen)	complex	116.46	In	this	study,	the	authors	demonstrated	that	Zr(salen)
complex	116	exhibits	asymmetric	catalytic	activity	in	the	BV	oxidation	of	racemic
bicyclo[3.2.0]alkan-5-ones	113,	in	which	one	enantiomer	of	113	led	to	the	normal	lactone
(NL)	114	and	the	other	enantiomer	led	to	the	abnormal	lactone	(AL)	115,	both	with	excellent
ee	values	(Scheme	2.28).

Scheme	2.28	Parallel	kinetic	resolution	of	racemic	bicyclic	cyclobutanones	catalyzed	by
chiral	Zr	complex	116.

Additionally,	if	one	enantiomer	of	racemic	bicyclobutanones	can	undergo	both	normal	and
abnormal	BV	oxidation,	one	regioisomer	of	lactones	will	be	obtained	in	lower	ee.	For
example,	a	chiral	copper	catalyst	system	developed	by	Bolm	et	al.	was	extended	to	the
asymmetric	BV	oxidation	of	racemic	substituted	bicyclobutanones	113a	and	117,	affording	the
corresponding	enantioenriched	chiral	lactones	115a	and	119	with	high	ee	but	114a	and	118
with	moderate	ee	(Scheme	2.29).47a	Since	then,	further	impressive	results	have	been	achieved
for	the	BV	oxidation	of	racemic	bicyclobutanones	with	chiral	metal	complexes	or
organocatalysts.47b–e	For	example,	Ding's	group	has	successfully	developed	a	highly	efficient
chiral	Brønsted	acid	catalyst	102	for	the	asymmetric	BV	oxidation	of	racemic
bicyclobutanones	120,48	affording	a	range	of	chiral	lactones	with	the	NL	products	121	as	the
major	regioisomer	in	moderate	to	high	NL/AL	ratios	(from	2.1/1	to	11.5/1),	whereas	the	minor
abnormal	isomers	122	could	be	obtained	with	good	to	excellent	ee	values	(Scheme	2.30).



Scheme	2.29	Chiral	Cu	complex	99	catalyzed	asymmetric	BV	oxidation	of	racemic	bicyclic
cyclobutanones.

Scheme	2.30	Chiral	Brønsted	acid	102	catalyzed	asymmetric	BV	oxidation	of	racemic
bicyclic	cyclobutanones	120.

2.3.5	Oxidation	of	α-Diketones	to	Anhydrides
Submitting	α-diketones	to	the	BV	oxidation	affords	anhydrides.	In	Rigby	et	al.'s	synthesis	of	9-
epi-pentalenic	acid	130,49	isolated	from	the	fermentation	broth	of	Streptomyces
griseochromogens,50	anhydride	129	was	a	key	intermediate.	The	regioselective	higher-order
three-component	cycloaddition	of	tethered	diyne	124	with	chromium(0)-complexed	cyclic
triene	123	generated	five	rings	and	six	stereogenic	centers	of	product	125	in	one	step.	The
cycloaddition	product	125	was	then	successfully	advanced	to	intermediate	128	in	several
steps.	Treatment	of	α-diketone	128	with	1.3	equiv.	m-CPBA,	buffered	with	an	excess	of
NaHCO3	at	0	°C,	provided	the	cyclic	anhydride	129	in	excellent	yield.	Notably,	no	trace	of
epoxide	formation	was	observed	at	the	trisubstituted	alkene.	The	formation	of	eight-membered
ring	anhydrides	by	the	BV	reaction	of	cyclic	seven-membered	vicinal	diones	is	very	rare	in	the
literature.	This	outcome	is	all	the	more	significant	in	Rigby's	synthesis	because	it	left	a
potentially	reactive	olefin	untouched	during	the	reaction	(Scheme	2.31).



Scheme	2.31	The	total	synthesis	of	9-epi-pentalenic	acid	130.

2.4	SUMMARY	AND	OUTLOOK
In	conclusion,	extensive	efforts	have	been	devoted	to	developing	BV	oxidation/	rearrangement
processes	for	organic	synthesis	since	the	discovery	of	the	reaction	over	110	years	ago.	Its	high
regioselectivity,	functional	group	tolerance,	numerous	oxidant	options,	and	mild	reaction
conditions	make	the	BV	oxidation/rearrangement	a	very	attractive	synthetic	method.	From	the
perspective	of	green	synthesis,	meanwhile,	there	is	still	room	for	improvement	in	the
application	of	the	BV	oxidation/	rearrangement.	For	example,	H2O2	is	an	environmentally
friendly	oxidant,	but	it	is	less	applied	in	organic	synthesis	due	to	its	low	reactivity	and
presence	as	an	aqueous	solution.	Additionally,	green	solvents	would	be	desirable	because	the
typical	BV	solvent,	CH2Cl2,	is	far	less	than	idea	from	an	environmental	perspective.
Development	of	new	catalysts	for	the	BV	oxidation/rearrangement	will	certainly	help	resolve
these	problems.
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CHAPTER	3
THE	WOLFF	REARRANGEMENT:	TACTICS,
STRATEGIES	AND	RECENT	APPLICATIONS	IN
ORGANIC	SYNTHESIS

Yoann	Coquerel	and	Jean	Rodriguez
Aix	Marseille	Université,	Centrale	Marseille,	CNRS,	iSm2	UMR	7313,	Marseille,
France

3.1	INTRODUCTION
The	Wolff	rearrangement	is	the	conversion	of	α-diazocarbonyl	derivatives	into	ketenes.	The
reaction	proceeds	by	extrusion	of	nitrogen	and	a	1,2-shift	of	the	R2	substituent	of	the	α-
diazocarbonyl	substrate	(Scheme	3.1).	The	Wolff	rearrangement	is	one	of	the	fundamental
reactions	of	diazo	compounds	and	has	found	many	applications	in	organic	synthesis,	drug
delivery,1	and	photolithography.2	This	chapter	focuses	on	applications	of	the	Wolff
rearrangement	in	modern	synthetic	organic	chemistry.	An	excellent	and	comprehensive	review
on	the	Wolff	rearrangement	appeared	in	2002,3	and	some	more	recent	research	advances	using
the	Wolff	rearrangement	have	also	been	reviewed.4	The	Wolff	rearrangement	can	be	activated
thermally,	photochemically,	or	catalytically	in	the	presence	of	silver(I),	or	less	often
rhodium(II)	salts,	or	silver	nanoclusters.5	In	most	applications,	the	ketene	product	of	the	Wolff
rearrangement	is	not	isolated	but	used	directly	in	nucleophilic	additions	or	cycloaddition
reactions.	Significantly,	the	Wolff	rearrangement	has	contributed	to	boost	the	development	of
ketene	chemistry,	avoiding	the	scope-limiting	issues	of	having	to	use	stable	ketenes,	ketene
precursors	(e.g.,	acyl	halides)	combined	with	additives,	or	precursors	that	produce	unwanted
or	troublesome	coproduct(s).	Notably,	if	the	R1	and	R2	substituents	of	the	diazo	compound	are
different,	the	ketene	product	of	the	Wolff	rearrangement	is	prochiral,	opening	opportunities	for
asymmetric	reactions.

Scheme	3.1	The	Wolff	rearrangement.

It	was	back	in	1902	when	Ludwig	Wolff	(1875–1919),	a	professor	of	analytical	chemistry	at
the	University	of	Jena,	discovered	the	thermal	rearrangement	of	ethyl	2-diazo-3-oxobutyrate	in
water	to	produce	ethane-1,1-dicarboxylic	acid,	a	reaction	that	has	since	been	named	after	him.6
Although	it	is	now	over	100	years	old,	the	Wolff	rearrangement	is	still	alive	and	well,	with
prominent	applications	in	modern	synthetic	organic	chemistry.	The	main	applications	of	the



Wolff	rearrangement	in	organic	synthesis	are	the	homologation	of	carboxylic	acids	(Arndt–
Eistert	reaction),	the	one-carbon	ring	contraction	of	cyclic	α-diazoketones,	and,	more
generally,	the	in	situ	production	of	ketenes	and	α-oxo-ketenes	as	reactive	intermediates	under
additive-free	and	coproduct-free	conditions	(except	for	the	inert	N2	gas).

3.2	TACTICS	AND	STRATEGIES	VIA	THE	WOLFF
REARRANGEMENT
When	planning	a	synthesis,	the	identification	of	structural	elements	amenable	to	synthesis	via
the	Wolff	rearrangement	is	not	an	easy	task	because	of	the	modifications	in	chain	lengths	or
ring	sizes	associated	with	the	rearrangement.	However,	some	generic	structural	patterns	of
fundamental	importance	for	synthesis	(highlighted	with	gray	backgrounds	in	Schemes	3.2–3.5)
are	particularly	well	suited	for	the	use	of	the	title	rearrangement	in	their	synthesis.	Some
contemporaneous	applications	of	the	retrosynthetic	approaches	presented	here	are	detailed	in
Section	3.5.

Scheme	3.2	The	Arndt–Eistert	reaction.

3.2.1	Methylene	Carboxylic	Acid	Derivatives	(Arndt–Eistert
Reaction)
The	so-called	Arndt–Eistert	reaction7	is	the	Wolff	rearrangement	of	diazomethyl	ketones
followed	by	trapping	of	the	resulting	monosubstituted	ketenes	with	heteronucleophiles	to	give
the	corresponding	homologated	methylene	carboxylic	acid	derivatives	(Scheme	3.2).	The
reaction	is	very	general,	and	extensions	of	the	method	have	also	allowed	for	the	homologation
of	diazomethyl	esters	and	amides	(R1	=	OR,	NR2)	and	the	use	of	carbon-based	nucleophiles	(X
=	RnC).	The	rearrangement	is	generally	best	performed	under	silver(I)	ion	catalysis,	but
thermal	and	photochemical	activations	are	also	possible.

3.2.2	One-Carbon	Ring	Contraction	of	Cyclic	α-Diazoketones
The	Wolff	rearrangement	is	highly	efficient	for	the	one-carbon	ring	contraction	of	cyclic	α-
diazoketones	(Scheme	3.3).	This	strategy	has	proven	useful	for	the	synthesis	of	strained	ring
systems	such	as	cyclobutanes	(n	=	0)	and	bridged	polycyclic	compounds	and	for	the	total
synthesis	of	natural	products	and	other	biologically	active	complex	molecules.	Of	course,	in
the	latter	cases,	most	examples	concern	the	ring	contraction	of	cyclohexanones	into
cyclopentanecarboxylic	derivatives	because	of	the	synthetic	availability	of	six-membered



rings.	The	reaction	can	be	activated	both	under	photochemical	and	thermal	conditions.

Scheme	3.3	The	ring	contraction	of	α-diazoketones.

3.2.3	Reactions	of	Ketenes	and	α-Oxo-Ketenes
The	Wolff	rearrangement	is	a	general	reaction	that	proceeds	under	streamlined	conditions,
requiring	no	additives	when	performed	thermally	or	photochemically	and	producing	no
reactive	coproducts.	It	is	thus	a	very	convenient	source	of	ketenes	and	α-oxo-ketenes	for	the
exploration	of	their	reactivity.	Ketenes	follow	two	principal	types	of	reactivity:	they	undergo
nucleophilic	additions	with	a	wide	range	of	nucleophiles,	even	with	poorly	nucleophilic
species,	to	afford	carboxylic	acid	derivatives	1,	and	they	react	with	a	variety	of	2π	unsaturated
compounds	in	[2+2]	cycloaddition	processes	to	give	oxo-four-membered	rings	2	(Scheme	3.4).
For	example,	their	cycloaddition	with	imines	(Staudinger	reaction)	is	one	of	the	most	popular
routes	to	β-lactams.8	It	can	be	noted	that	when	the	R1	and	R2	substituents	of	the	ketene	are
different,	these	reactions	lead	to	chiral	products.

Scheme	3.4	Reactions	of	ketenes	obtained	by	the	Wolff	rearrangement.

In	the	case	of	2-diazo-1,3-diketone	and	2-diazo-1,3-ketoester	substrates	(Scheme	3.5),	the
Wolff	rearrangement	produces	α-oxo-ketenes,	a	reaction	that	Ludwig	Wolff	himself	studied	in
his	early	work.	The	control	of	the	relative	migratory	aptitude	of	the	R1	and	R2	groups	is	a
crucial	parameter	for	the	synthetic	utility	of	this	approach	and	essentially	depends	on	the	nature
of	the	Ri	groups,	the	geometry	of	the	diazo	substrate,	and	the	activation	method	employed	(see
Section	3.3).	Similarly	to	other	ketenes,	α-oxo-ketenes	readily	react	with	a	large	array	of



nucleophiles	and	produce	monosubstituted	2-alkyl	(or	alkenyl	or	aryl)-1,3-dicarbonyl
compounds	3	(Scheme	3.5).	The	advantages	of	this	method	over	traditional	alkylation
techniques	via	the	enolate	of	the	corresponding	2-methylene-1,3-dicarbonyl	derivatives	are	the
suppression	of	both	competitive	O-alkylation	and	double	C-alkylation.

Scheme	3.5	Reactions	of	α-oxo-ketenes	with	nucleophiles	and	unsaturated	compounds.

Cycloaddition	reactions	of	α-oxo-ketenes,	meanwhile,	have	a	different	periselectivity	than
those	of	simple	ketenes.9	Indeed,	α-oxo-ketenes	react	with	2π	unsaturated	systems	almost
exclusively	as	1,3-oxadienes	in	inverse-demand	Diels–Alder	reactions	to	produce
dihydropyranone	derivatives	4	with	excellent	and	predictable	regioselectivity	(Scheme	3.5).10
The	α-oxo-ketenes	are	especially	prone	to	undergo	[4+2]	cycloadditions	with
heterodienophiles,	such	as	imines	or	nitriles	for	the	synthesis	of	4H-1,3-oxazin-4-one
derivatives,	carbonyl	groups	for	the	preparation	of	4H-1,3-dioxin-4-ones,	and	electron-rich
alkenes	such	as	enamines	or	enol	ethers	to	give	2,3-dihydropyran-4-ones.	The	α-oxo-ketenes
can	also	undergo	[4+2]	cycloadditions	with	heterocumulenes	such	as	carbodiimides	and
isocyanates.	Examples	of	[2+2]	cycloadditions	to	the	ketene	function	of	α-oxo-ketenes	are
extremely	rare	and	specific.11	With	the	exception	of	their	cyclodimerization,	examples	of	6π
cycloadditions	involving	the	C C	bond	of	α-oxo-ketenes	as	the	dienophile	were	until	recently
unknown.	The	reactivity	of	α-oxo-ketenes	as	dienophiles	or	dipolarophiles	was	recently
uncovered	and	has	provided	synthetically	valuable	reactions	for	the	straightforward	synthesis
of	spirobicyclic	compounds	5,	which	will	be	detailed	at	the	end	of	this	chapter	(Scheme	3.5).
Because	of	the	intrinsic	prochiral	nature	of	α-oxo-ketenes,	their	reactions	generally	lead	to
chiral	products.

3.3	MECHANISTIC	FEATURES	AND	SELECTIVITY
ISSUES	OF	THE	WOLFF	REARRANGEMENT



α-Diazocarbonyl	compounds	are	more	stable	than	simple	diazo	compounds	due	to	the	electron
donation	from	the	diazo	group	to	the	carbonyl	moiety,	as	shown	clearly	in	the	corresponding
resonance	structures	(Scheme	3.6).	As	a	direct	consequence,	and	unless	restricted	by	bulky
substituents,	α-diazocarbonyls	usually	adopt	a	planar	geometry	with	the	two	possible
conformers,	s-cis	and	s-trans.	The	electronic	interactions	between	the	negatively	charged
oxygen	atom	and	the	positively	charged	nitrogen	atom	contribute	to	the	stabilization	of	the	s-cis
conformation.	In	the	case	of	acyclic	2-diazo-1,3-dicarbonyl	compounds,	meanwhile,	up	to	four
distinct	planar	conformations	can	be	adopted.

Scheme	3.6	Electronic	structure	of	α-diazocarbonyl	compounds	and	mechanism	of	the	Wolff
rearrangement.

Mechanistically,	the	Wolff	rearrangement	can	either	proceed	by	a	concerted	nitrogen
extrusion/1,2-shift	or	in	a	stepwise	manner	via	a	singlet	state	α-oxo-carbene	intermediate
(Scheme	3.6).	Photolytic	Wolff	rearrangements	have	been	extensively	studied	by	ultrafast
transient	absorption	spectroscopy,	and	it	is	now	clear	that	both	stepwise	and	concerted
mechanisms	operate,	often	competitively.12,	13	The	concerted	mechanism	seems	to	require	an	s-
cis	conformation	of	the	α-diazocarbonyl	compound,	and	accordingly,	the	Wolff	rearrangement
of	cyclic	α-diazoketones	that	are	locked	in	the	s-cis	conformation	generally	proceed	via	the
concerted	mechanism.	On	the	contrary,	with	acyclic	2-diazo-1,3-ketoesters,	the	Wolff
rearrangement	preferentially	occurs	following	the	stepwise	mechanism.	Other	factors	such	as
ring	strain	and	carbene	stability	(singlet–triplet	state	interconversion)	also	influence	the
mechanism	and	the	fate	of	the	reaction.

The	Wolff	rearrangement	of	nonsymmetrical	2-diazo-1,3-dicarbonyl	compounds	can	lead	to
two	regioisomers	as	a	function	of	the	relative	migratory	aptitudes	of	the	carbonyl	substituents
(Scheme	3.7).	Migratory	aptitudes	essentially	depend	on	the	nature	of	the	migrating	group,	but
other	factors	such	as	the	conformation	of	the	α-diazocarbonyl	compound,	the	activation	method,
and	the	actual	mechanism	at	hand	(concerted	or	stepwise)	can	also	influence	the	preferential
migration	of	one	substituent	versus	the	other.	The	accumulation	of	experimental	data	has
allowed	a	qualitative	ranking	of	the	migratory	aptitudes	in	the	Wolff	rearrangement	of	2-diazo-



1,3-dicarbonyl	compounds.	For	photochemically	promoted	Wolff	rearrangements,	hydrogen
atoms	migrate	preferentially	over	alkyl	groups	that	themselves	usually	migrate	better	than	aryl
groups.	Although	heteroatoms	are	not	the	preferred	migrating	groups,	they	can	migrate	under
photochemical	conditions	with	sulfur	migrating	better	than	oxygen	and	nitrogen,	respectively.
For	thermally	promoted	Wolff	rearrangements,	hydrogen	atoms	remain	the	best	migrating
groups,	and	aryl	or	vinyl	substituents	generally	migrate	better	than	alkyl	groups,	while
heteroatoms	normally	do	not	migrate.	It	should	be	stressed	here	that	an	attractive	feature	of	the
Wolff	rearrangement	is	that	all	these	migrations	occur	with	complete	retention	of	the	chiral
information	of	the	migrating	group.

Scheme	3.7	Migratory	aptitudes	in	the	Wolff	rearrangement.

3.4	PREPARATION	OF	α-DIAZOCARBONYL
COMPOUNDS
The	two	principal	and	most	general	synthetic	routes	to	α-diazocarbonyl	compounds	are	(1)
acylation	of	diazoalkanes	and	(2)	diazo-transfer	reactions	to	carbonyl	compounds	with	sulfonyl
azide	reagents.	Caution:	Diazo	compounds	and	azide	reagents	are	presumed	to	be	toxic	and
potentially	explosive,14	and	appropriate	safety	measures	should	be	deployed	when	handling
these	compounds.

3.4.1	Acylation	of	Diazoalkanes
The	acylation	of	diazoalkanes	is	the	method	of	choice	to	prepare	diazomethyl	ketones,	the
substrates	of	the	Arndt–Eistert	reaction.	Despite	the	potential	hazards	associated	with	the	use
of	diazomethane,15	its	reaction	in	excess	amount	(generally	2–6	equiv.)	with	acyl	halides	or
mixed	anhydrides	remains	the	most	important	synthetic	route	to	these	substrates	(Scheme	3.8).
Alternative	acylating	agents	include	acyl	mesylates16	and	in	situ	generated	acyl	phosphonium
salts.17	Peptide	coupling	reagents	can	also	be	used	to	activate	the	carboxylic	acid	derivative
toward	nucleophilic	substitution	with	diazomethane.18	An	improved	synthesis	of	α-
diazoketones	from	acyl	halides	requiring	only	a	single	equivalent	of	diazomethane	was
recently	described.19	In	order	to	avoid	the	use	of	diazomethane,	the	conversion	of	acyl
chlorides	into	diazomethyl	ketones	can	also	be	realized	with	trimethylsilyldiazomethane20	or



N-isocyanotriphenyliminophosphorane.21

Scheme	3.8	Acylation	of	diazomethane.

3.4.2	Diazo-Transfer	Reactions
The	direct	diazo	transfer	from	sulfonyl	azides	to	methyl	ketones	is	usually	not	a	practicable
process,	with	the	exception	of	the	α-diazotization	of	ketones	with	2,4,6-
triisopropylbenzenesulfonyl	azide	under	phase-transfer	conditions.22	However,	diazomethyl
ketones	amenable	to	the	Arndt–Eistert	reaction	can	be	easily	prepared	in	two	steps	by	a
formylation–deformylation	diazo-transfer	sequence	(Regitz	procedure23).	A	related	practical
method	advantageously	applies	the	detrifluoroacetylation	of	α-trifluoroacetyl	ketones	(Scheme
3.9a).24	The	preparation	of	2-diazo-1,3-dicarbonyl	compounds	is	commonly	best	performed
with	p-toluenesulfonyl	azide	(TsN3)	as	the	diazo-transfer	reagent	(Scheme	3.9b).25,	26	An	issue
often	associated	with	the	use	of	a	sulfonyl	azide	diazo-transfer	reagent	is	the	coproduction	of
the	corresponding	sulfonyl	amide,	which	usually	requires	a	tedious	purification	step.	Several
alternative	reagents	have	been	developed	to	bypass	this	technical	problem.	Thus,
methanesulfonyl	azide	(MsN3)27	and	p-acetamidobenzenesulfonyl	azide	(p-ABSA)28	have	been
found	to	be	efficient	complementary	reagents,	and	a	polystyrene-supported	benzenesulfonyl
azide	(PS-SO2N3)29	has	been	proposed	as	a	safer	alternative	to	TsN3,	which	also	enables	easy
purification	by	simple	filtration	of	the	polystyrene-supported	benzenesulfonamide	coproduct.
Imidazole-1-sulfonyl	azide	(Im-SO2N3)	hydrochloride	has	advantages	as	an	efficient	reagent
for	diazo-transfer	reactions	to	primary	amines	(compared	to	the	standard
trifluoromethanesulfonyl	azide	reagent),	but	its	efficiency	in	diazo-transfer	reactions	to
activated	methylene	compounds	is	moderate.30	Recently,	2-azido-1,3-dimethylimidazolinium
chloride	(ADMC)	was	reported	as	an	effective	diazo-transfer	reagent	to	activated	methylene
compounds.31a	This	new	reagent	is	not	sulfonyl	azide-based,	avoiding	issues	linked	to	the
coproduction	of	sulfonyl	amides,	but	due	to	its	hygroscopic	character,	the	reagent	must	be
prepared	in	situ	immediately	before	use.	The	corresponding	2-azido-1,3-
dimethylimidazolinium	hexafluorophosphate	(ADMP)	was	also	prepared	and	found	to	be	less
hygroscopic	and	easier	to	handle.31b



Scheme	3.9	Diazo-transfer	reactions.

3.4.3	Alkyne	Cycloaddition
Strained	cyclic	alkynes	react	with	nitrous	oxide	by	1,3-dipolar	cycloaddition	to	give	1,2,3-
oxadiazole	intermediates	that	undergo	spontaneous	ring	fragmentation,	affording	the
corresponding	α-diazoketones,	which	are	prone	to	the	Wolff	rearrangement	(Scheme	3.10).32
Notably,	the	reaction	proceeds	with	high	atom	economy.	The	application	of	this	promising
approach	to	concrete	synthetic	problems	remains	to	be	demonstrated	(e.g.,	regioselectivity	of
the	cycloaddition,	scope	of	alkyne	substrates).

Scheme	3.10	Generation	of	diazoketones	by	1,3-dipolar	cycloaddition	of	nitrous	oxide	and
cyclic	alkynes.

3.5	RECENT	SYNTHETIC	APPLICATIONS	OF	THE
WOLFF	REARRANGEMENT
3.5.1	Wolff	Rearrangements	Leading	to	Ketene	Intermediates



The	Wolff	rearrangement	is	an	extremely	efficient	reaction	that	produces	ketenes	quantitatively.
For	example,	stable	(trialkylsilyl)arylketenes	can	be	obtained	by	photochemical33a,b	or
rhodium(II)-catalyzed33c	Wolff	rearrangement	of	α-silyl	α-diazo	aryl	ketones.	And	because
ketenes	are	exceptional	synthetic	platforms,34	the	Wolff	rearrangement	has	found	a	multitude	of
synthetic	applications	in	organic	chemistry.	Among	these,	variations	of	the	Arndt–Eistert
reaction	remain	of	tremendous	importance.	For	example,	one	popular	synthetic	approach	to	β-
amino	acids,	compounds	of	primary	importance	for	their	biological	properties,	relies	on	the
Arndt–Eistert	reaction	of	α-amino	acid	derivatives	(Scheme	3.11).35	An	interesting	application
of	this	reaction	allowed	the	synthesis	of	β-hexapeptide	derivatives	containing	crown	ether
moieties	that	adopt	helical	conformations.36	In	another	application,	a	total	synthesis	of
grassypeptolide	A	was	recently	achieved	exploiting	the	Arndt–Eistert	reaction	of	a	d-alanine
derivative	in	the	early	stages	of	the	synthesis	for	the	preparation	of	the	corresponding
enantiopure	β-amino	acid	derivative.37	By	analogy	to	the	preparation	of	β-amino	acid
derivatives,	β-alkoxy	acid	derivatives	can	be	obtained	via	the	Arndt–Eistert	reaction	from	the
α-alkoxy	carboxylic	acids.	This	approach	was	recently	taken	for	the	development	of	a	potent
HIV-1	nucleotide-competing	reverse	transcriptase	inhibitor.38

Scheme	3.11	General	scheme	of	the	homologation	of	α-amino	acids.

Seki	and	Georg	recently	demonstrated	a	particularly	interesting	application	of	the	Arndt–
Eistert	reaction	to	the	homologation	of	α-amino	acids.	They	prepared	cyclic	enaminones	7
from	functionalized	α-amino	acid	derivatives	using	vinylogous	amides	as	intramolecular
carbon	nucleophiles	to	trap	the	intermediate	ketene	(Scheme	3.12).39	The	diazomethyl	ketone
precursors	6	were	readily	prepared	from	α-amino	acids	and	the	corresponding	alkynes.	On
treatment	with	silver(I)	benzoate,	they	underwent	clean	Wolff	rearrangement	to	produce	the
corresponding	ketene	intermediates	that	were	trapped	intramolecularly	by	the	enamine
nucleophile	in	a	6-exo-dig	cyclization.	It	should	be	noted	that	examples	of	C C	bond
formation	in	nucleophilic	addition	reactions	to	ketenes	are	relatively	rare.	Importantly,
complete	retention	of	stereochemistry	was	observed	with	chiral,	enantiopure	diazo	substrates.



Scheme	3.12	Arndt–Eistert-based	synthesis	of	cyclic	enaminones.

In	the	course	of	their	synthetic	approach	to	aspidosperma	alkaloid	natural	products,	Cho	and
coworkers	reported	an	Arndt–Eistert	reaction	involving	the	migration	of	a	chiral	trisubstituted
carbon	center	to	form	the	ketene	intermediate	(Scheme	3.13a).40	The	main	difficulty
encountered	in	this	approach	was	not	the	silver(I)-catalyzed	Arndt–Eistert	reaction	that
reliably	afforded	the	desired	homologated	product	9	in	75%	yield,	but	the	preparation	of	the
diazomethyl	ketone	precursor	8	in	a	sterically	crowded	environment.	Indeed,	the
corresponding	methyl	ester	was	converted	into	the	desired	diazo	precursor	following	a	three-
step	hydrolysis–activation–diazotization	sequence	in	only	33%	yield.	Liang	and	coworkers
recently	reported	a	similar	reaction	sequence	in	their	work	on	the	total	synthesis	of	echinopine
natural	products	(Scheme	3.13b).41	In	this	case,	it	is	not	clear	which	step	limits	the	overall
yield,	but	here	again,	preparation	of	the	diazo	precursor	10	in	a	sterically	demanding
environment	might	be	responsible.

Scheme	3.13	Total	syntheses	of	natural	products	using	Arndt–Eistert	reactions	in	sterically
demanding	settings.

Burtoloso	and	coworkers	have	studied	Arndt–Eistert	reactions	of	α,β-unsaturated	diazomethyl
ketones,	easily	prepared	by	Horner–Wadsworth–Emmons	olefination.	This	approach	provided



as	a	convenient	source	of	β,γ-unsaturated	carboxylic	acid	derivatives	for	the	Burtoloso	group's
synthetic	route	to	polyhydroxylated	indolizidine	natural	products	(Scheme	3.14).42	The	main
advantage	of	this	strategy	for	the	targeted	class	of	compounds	is	that	it	produces	unsaturated
products	(e.g.,	11)	in	which	the	double	bond	is	a	precursor	for	the	oxygenated	positions	in	the
final	product.	The	application	in	the	synthesis	of	this	kind	of	Wolff	rearrangement,	which
affords	a	vinyl	ketene	intermediate,	is	relatively	rare.	The	reaction	was	best	performed	under
photochemical	conditions,	but	silver(I)-catalyzed	Wolff	rearrangement	was	also	possible,
though	less	practical	and	efficient.	As	expected,	the	vinylogous	chiral	center	was	not
epimerized	under	either	set	of	conditions,	and	it	is	interesting	to	note	that	the	rearrangement
was	stereospecific:	(E)-configured	double	bonds	gave	the	corresponding	(E)-vinyl	ketenes,
while	(Z)-double	bonds	gave	the	(Z)-vinyl	ketenes.

Scheme	3.14	Arndt–Eistert	reactions	of	α,β-unsaturated	diazomethyl	ketones.

Combining	the	Wolff	rearrangement	with	other	reactions	in	domino	processes	is	an	attractive
strategy	for	the	elaboration	of	complex	molecules	in	a	single	operation.	Wang	and	coworkers
have	reported	a	beautiful	example	of	such	a	reaction	combination	in	their	synthetic	approach	to
substituted	pyridines	(Scheme	3.15).43	The	reaction	between	a	diazomethyl	ketone	and	an	ethyl
2-azido-penta-2,4-dienoate	derivative	in	the	presence	of	triphenylphosphine	at	140	°C
afforded	the	corresponding	pyridines	in	good	yields.	The	postulated	mechanism	for	this
reaction	involves	initial	and	parallel	formation	of	the	ketene	13	by	Wolff	rearrangement	of	the
diazo	compound	and	the	formation	of	a	phosphazene	12	from	the	reaction	of	the	azide	with	the
phosphine	(Staudinger–Meyer	reaction).	These	two	reactive	intermediates	combine	through	an
aza-Wittig	reaction	to	afford	the	corresponding	N-vinyl	ketenimine	14,	which	in	turn	undergoes
a	6π	electrocyclization	and	a	double-bond	isomerization	to	finally	give	the	pyridine	product
15.	Notably,	the	reaction	exploits	the	reactivity	of	both	diazo	and	azido	compounds,	as	well	as
the	concept	of	domino	processes,	features	that	will	be	discussed	again	later	in	this	chapter.



Scheme	3.15	Domino	Wolff/aza-Wittig/electrocyclization	sequence.

The	combination	of	the	Wolff	rearrangement	with	other	types	of	rearrangements	in	a	synthetic
sequence	can	be	particularly	effective.	One	spectacular	example	has	been	reported	by	Stoltz
and	coworkers,	who	realized	a	domino	Wolff/Cope	sequence	for	the	stereoselective	synthesis
of	functionalized	bicyclo[5.3.0]decane	systems,	a	bicyclic	framework	ubiquitous	in	terpenoid
natural	products	(Scheme	3.16).44	For	this	work,	the	Stoltz	group	prepared	the	required
diazomethyl	ketone	precursor	16,	which	was	subjected	to	a	number	of	known	conditions	to
promote	its	Wolff	rearrangement.	In	early	experiments,	only	the	normal	Arndt–Eistert
homologated	product	could	be	obtained.	However,	it	was	found	that	the	desired	domino
sequence	could	be	triggered	under	a	combination	of	silver(I)	catalysis	and	sonochemical
activation,45	affording	exclusively	the	desired	Wolff/Cope	product	17	in	excellent	yield.	The
scope	and	limitations	of	the	reaction	have	been	rationalized	by	a	thorough	computational
study.46

Scheme	3.16	Domino	Wolff/Cope	rearrangements	sequence.

Other	than	Arndt–Eistert	reactions	and	related	transformations,	applications	of	the	Wolff
rearrangement	of	α-diazocarbonyl	compounds	principally	concern	ring	contraction	reactions.
The	method	is	particularly	valuable	for	the	preparation	of	strained	ring	systems	such	as
cyclobutane	derivatives.	For	example,	the	photochemical	Wolff	rearrangement	of	2-diazo-3-



oxo-5,10,15,20-tetraphenylchlorins	in	the	presence	of	nucleophilic	and	biomimetic	substrates
(1-butanol,	tosylhydrazine,	and	tetrahydrofurfuryl	alcohol)	afforded,	among	other	products,	the
corresponding	rare	ring-contracted	azeteoporphyrinoids	in	11–34%	yields	(Scheme	3.17).47
These	porphyrinoids	show	intense	absorption	bands	throughout	the	visible	spectral	region,
indicating	that	they	maintain	porphyrinoid	aromaticity.

Scheme	3.17	Wolff	rearrangement	of	α-diazo-oxochlorins.

Another	notable	ring	contraction	mediated	by	the	Wolff	rearrangement	was	achieved	as	the	last
step	in	preparation	of	an	advanced	intermediate	for	the	total	synthesis	of
dibromopalau'amine.48	Feldman	et	al.	prepared	the	necessary	α-diazoketone	precursor	starting
from	cyclohexene	18	(Scheme	3.18).	Early	attempts	to	introduce	the	keto	group	using
epoxidation,	hydroboration/oxidation,	or	Wacker-type	oxidations	were	fruitless,	but	the
alcohols	19	could	be	obtained	by	oxymercuration	techniques,	though	as	a	regioisomeric	and
diastereomeric	mixture.	The	mixture	was	directly	oxidized	to	afford	the	corresponding
regioisomeric	ketones	20,	which	was	of	no	consequence	since	the	two	products	would
converge	to	the	same	ring-contracted	product	after	the	Wolff	rearrangement.	The	installation	of
the	α-diazo	group	required	the	activation	of	the	ketones	by	means	of	their	trifluoroacetyl
derivatives,	and	the	diazo-transfer	reaction	could	then	be	performed	with	methanesulfonyl
azide	to	afford	a	mixture	of	the	two	α-diazoketones	21	as	the	main	regioisomers.	Irradiation	of
a	methanolic	solution	of	this	material	furnished	the	desired	ring-contracted	product	22,
representing	the	pentacyclic	core	of	dibromopalau'amine,	as	a	1:1	mixture	of	the	two
diastereomeric	methyl	esters.	This	work	nicely	illustrates	that	the	Wolff	rearrangement	is	a
very	selective	and	valuable	reaction	that	can	be	performed	even	on	highly	complex	and



densely	functionalized	molecules.

Scheme	3.18	Late-stage	Wolff	rearrangement	in	the	total	synthesis	of	a	complex	molecule.

Another	interesting	Wolff-mediated	ring	contraction	applied	to	the	total	synthesis	of	natural
products	was	realized	in	the	course	of	an	approach	to	the	DEF	ring	system	of	fredericamycin,	a
natural	product	with	potent	antibiotic	and	antitumor	activities	(Scheme	3.19).49	In	this	case,	the
diazo-transfer	reaction	was	performed	from	the	nonactivated	but	easily	enolizable	ketone	23
using	2,4,6-triisopropylbenzenesulfonyl	azide	under	phase-transfer	conditions	and	prolonged
reaction	times.22	The	photochemical	Wolff	rearrangement	then	afforded	the	desired	ring-
contracted	carboxylic	acid	product	24.

Scheme	3.19	Wolff	rearrangement	en	route	to	the	total	synthesis	of	fredericamycin.

The	[2+2]	cycloaddition	between	ketenes	and	imines	(Staudinger	reaction8)	is	a	reliable	route
to	β-lactams,	a	class	of	compounds	with	a	fundamental	role	as	antibacterial	agents	in	medicinal
chemistry	and	also	as	versatile	synthetic	intermediates.	Although	the	Wolff	rearrangement	is
usually	not	the	preferred	route	for	the	formation	of	the	ketene	intermediate	in	these	reactions,	a



Wolff-mediated	Staudinger	reaction	was	recently	described	for	the	preparation	of
spirooxindole	compounds	with	antibacterial	and	antifungal	activities	(Scheme	3.20).50
Notably,	the	azetidinone	products	25	exhibiting	two	contiguous	tetrasubstituted	carbon	atoms
were	obtained	in	good	yields.

Scheme	3.20	A	Wolff-mediated	Staudinger	reaction.

Park	and	coworkers	recently	disclosed	a	spectacular	application	of	the	Wolff	rearrangement	as
the	key	step	of	an	unusual	domino	rearrangement	sequence.	This	creative	approach	developed
a	rhodium(II)-catalyzed	cascade	reaction	of	α-diazo-β-oximino	enones	as	a	direct	route	to
substituted	pyrroles	(Scheme	3.21).51	The	proposed	mechanism	of	the	transformation	involves
initial	formation	of	a	vinyl	ketene	26	from	the	diazo	substrate	by	a	Wolff	rearrangement.
Nucleophilic	addition	of	the	oxygen	atom	of	the	oxime	ether	moiety	to	the	ketene	leads	to	the
formation	of	an	ylide	that	undergoes	a	novel	rearrangement	to	afford	a	2-vinyl-2H-azirine-2-
carboxylic	ester	intermediate	(27)	that	can	be	isolated	if	the	domino	process	is	interrupted
(reaction	at	lower	temperature).	Finally,	a	rhodium–nitrene	complex,	formed	via	ring	opening
of	the	azirine,	leads	to	a	C—H	insertion	reaction,	affording	the	pyrrole	product	28.52	The
products	were	obtained	in	good	to	excellent	yields,	and	the	reaction	appears	to	have	a	wide
scope.



Scheme	3.21	Domino	rearrangement	route	to	pyrroles	initiated	by	Wolff	rearrangement	of	α-
diazo-β-oximino	enones.

3.5.2	Wolff	Rearrangements	Leading	to	α-Oxo-Ketene	Intermediates
The	Wolff	rearrangement	of	2-diazo-1,3-dicarbonyl	compounds	produces	α-oxo-ketenes,	a
class	of	ketenes	with	enhanced	reactivity.9	Therefore,	only	very	sterically	hindered	and/or
inductively	stabilized	α-oxo-ketenes	can	be	isolated	(Scheme	3.22),	and	these	have	served
mainly	for	structural	and	spectroscopic	studies.	Meanwhile,	synthetic	applications	of	these
reactive	intermediates	typically	involve	their	formation	in	situ,	followed	by	rapid	trapping
with	species	already	present	in	the	reaction	mixture.	By	far,	the	most	commonly	used	method
for	generating	α-oxo-ketenes	is	thermolysis	(or	sometimes	photolysis)	of	the	corresponding
1,3-dioxin-4-ones,	rather	than	the	Wolff	rearrangement	(Scheme	3.22).	However,	in	the	past
few	years,	some	interesting	and	valuable	reactions	of	α-oxo-ketenes	generated	by	Wolff
rearrangements	have	been	reported.

Scheme	3.22	Example	of	a	stable	α-oxo-ketene	and	popular	methods	for	preparing	α-oxo-
ketenes.

One	such	application	of	the	Wolff	rearrangement	concerns	the	synthesis	of	1,3-dicarbonyl



compounds	by	the	reaction	of	α-oxo-ketenes	with	nucleophiles.	This	reaction	has	been	known
for	a	long	time,	but	its	development	was	hampered	by	the	lack	of	a	practical	method	for
generating	the	ketenes	(long	reaction	times	under	UV	irradiation	or	at	elevated	temperatures
were	required).	With	the	advent	of	microwave-assisted	organic	synthesis	in	the	last	decade,
the	situation	has	changed	because	elevated	temperature	can	be	reached	in	minutes	or	even
seconds,	most	often	using	sealed	reaction	vessels	under	safe	and	user-friendly	conditions.	In
2009,	we	reported	that	the	irradiation	of	a	toluene	solution	of	2-diazo	dimedone	(5,5-
dimethylcyclohexane-1,3-dione)	in	the	presence	of	a	single	equivalent	of	methanol	for	less	than
3	min	produced	the	corresponding	ring-contracted	β-ketoester	in	nearly	quantitative	yield
(Scheme	3.23),53	which	represented	a	very	significant	improvement	over	known	conditions	for
performing	this	reaction.54	The	scope	of	the	reaction	was	examined	with	a	variety	of	2-diazo-
1,3-dicarbonyl	compounds	and	heteronucleophiles,	and	the	method	was	found	to	be	very
general,	allowing	for	the	expeditious	and	high-yielding	preparation	of	a	number	β-ketoesters,
amides,	and	thioesters	under	eco-compatible	conditions.	Importantly,	the	method	was	also
suitable	to	prepare	products	that	would	hardly	be	available	by	other	methods,	including
transesterification	and	transamidation	(Scheme	3.23).	Indeed,	even	poorly	nucleophilic
alcohols	and	amines	such	as	phenol	and	p-toluenesulfonamide	could	be	used,	and	virtually	no
loss	of	efficiency	was	observed	with	bulky	tertiary	alcohols,	allowing	the	straightforward
preparation	of	challenging	substrates	such	as	tert-butyl	2-oxocyclobutanecarboxylate.	The
neutral	conditions	of	the	reaction	also	allow	the	use	of	functionalized	nucleophiles	bearing,	for
example,	a	methyl	ester	functional	group.	Because	of	these	attractive	features,	the	method	has
now	found	many	applications	in	our	and	other	laboratories.55



Scheme	3.23	Microwave-assisted	Wolff	rearrangement	for	the	preparation	of	1,3-dicarbonyl
compounds.

In	one	notable	set	of	examples,	our	group	described	a	fully	microwave-assisted	consecutive
reaction	involving	a	Wolff	rearrangement/α-oxo-ketene	trapping/cross	metathesis/Michael
addition	sequence	from	cyclic	2-diazo-1,3-diketones,	(homo)allylic	alcohols	or	amines,	and
acrylic	derivatives.56	This	approach	enabled	the	synthesis	of	α-spirolactones	and	spirolactams
29	in	a	single	operation	(Scheme	3.24).	In	related	work,	the	microwave-assisted	Wolff
rearrangement	of	2-diazo-1,3-diketones	was	also	used	in	domino	benzannulations	of	α-oxo-
ketenes	for	the	preparation	of	1,3-dihydro-2H-1,5-benzodiazepin-2-ones	30	(Scheme	3.25).57
In	the	presence	of	o-phenylenediamine	derivatives,	the	microwave-assisted	Wolff
rearrangement	triggered	a	domino	Wolff	rearrangement/nucleophilic	addition/intramolecular
imination	sequence,	which	resulted	in	an	expeditious	synthetic	approach	to	this	class	of	drug-
like	compounds.



Scheme	3.24	Microwave-assisted	step-	and	atom-economical	approach	to	α-spirolactones	and
spirolactams.

Scheme	3.25	Microwave-assisted	domino	benzannulation	of	α-oxo-ketenes.

One	further	application	of	the	microwave-assisted	Wolff	rearrangement	of	2-diazo-1,3-
dicarbonyl	compounds	involves	the	direct	Friedel–Crafts	α-ketoacylation	of	heteroaromatic
compounds	in	the	absence	of	any	catalyst	or	additive	and	under	halogen-free	conditions
(Scheme	3.26).58	In	contrast	to	standard	Friedel–Crafts	reactions	that	are	often	complicated	by
regioselectivity	and/or	efficiency	issues,	the	microwave-assisted	Friedel–Crafts	α-
ketoacylation	via	α-oxo-ketenes	proceeded	cleanly	and	with	high	regioselectivity.	It	should	be
noted	that	there	are	only	a	few	known	examples	of	formation	of	carbon–carbon	bonds	by



nucleophilic	addition	to	α-oxo-ketenes	and	also	that	the	possible	[4+2]	oxa-Diels–Alder
cycloaddition	products	(Scheme	3.5)	were	not	detected.

Scheme	3.26	Catalyst-	and	halogen-free	regioselective	Friedel–Crafts	α-ketoacylations.

As	outlined	in	Section	3.2.3	(see	Scheme	3.5),	α-oxo-ketenes	are	excellent	1,3-oxadienes	in
inverse-demand	Diels–Alder	[4+2]	cycloadditions,	and	their	reactions	with	preformed	imines
and	isocyanates	lead,	respectively,	to	1,3-oxazine-4-ones	and	1,3-oxazine-2,4-diones,
structural	units	found	in	some	biologically	active	natural	and	synthetic	products.	Based	on	a
literature	precedent	for	the	catalyst-free	microwave-assisted	synthesis	of	aldimines,59	we
recently	demonstrated	that	a	domino	three-component	synthesis	of	oxazinones	31	was	possible
by	simple	microwave	irradiation	of	a	1:1:1	mixture	of	a	cyclic	2-diazo-1,3-diketone,	an
aldehyde,	and	a	primary	amine	in	toluene.	The	result	is	an	efficient	imination/Wolff
rearrangement/oxa-aza-Diels–Alder	sequence	(Scheme	3.27a).60	Importantly,	these	reactions
proceed	efficiently	only	if	formation	of	the	C N	double	bond	precedes	generation	of	the	α-
oxo-ketene	by	the	Wolff	rearrangement.	This	avoids	nucleophilic	addition	of	the	amine
component	to	the	α-oxo-ketene,	leading	to	a	β-ketoamide	product.	As	the	imination	reactions
occur	at	lower	temperature	than	the	Wolff	rearrangement,	an	electronically	set	temperature
ramp	(20–140	°C	over	2	min)	efficiently	controls	the	sequential	formation	of	first	the	imine
and	then	the	α-oxo-ketene.	When	both	the	aldehyde	and	amine	components	were	specifically
chosen	to	enable	a	subsequent	intramolecular	Diels–Alder	reaction,	a	pentacyclic	oxazinone
(e.g.,	32)	was	obtained	via	an	impressive	imination/Wolff	rearrangement/intermolecular
hetero-Diels–Alder/intramolecular	Diels–Alder	domino	sequence	(Scheme	3.27b).
Remarkably,	the	reaction	allows	the	stereocontrolled	creation	of	four	stereogenic	carbon
atoms,	six	chemical	bonds,	and	four	rings	in	a	single	catalyst-free	reaction	in	relatively	good
yields,	given	the	increase	in	molecular	complexity.



Scheme	3.27	Wolff	rearrangement-mediated	domino	three-component	synthesis	of	1,3-oxazin-
4-ones.

We	anticipated	that	a	similar	strategy	would	be	applicable	to	the	synthesis	of	1,3-oxazine-2,4-
diones,	involving	the	in	situ	formation	of	isocyanates	by	thermal	Curtius	rearrangement	of	acyl
azides	under	the	same	conditions	of	the	Wolff	rearrangement.	Indeed,	temperature-regulated
microwave	irradiation	of	a	1:1	mixture	of	a	2-diazo-1,3-diketone	and	an	acyl	azide	afforded
the	desired	1,3-oxazine-2,4-dione	products	33	(Scheme	3.28).60	This	sequence	nicely
illustrates	the	utilization	of	microwave	activation	for	the	selective	one-pot	thermal
rearrangements	of	azido	and	diazo	compounds.

Scheme	3.28	A	Wolff/Curtius	rearrangement	domino	approach	to	1,3-oxazine-2,4-diones.

The	extension	of	the	three-component	reaction	presented	in	Scheme	3.27	to	α,β-unsaturated
aldehydes	uncovered	a	new	generic	type	of	reactivity	of	α-oxo-ketenes.	Indeed,	microwave



irradiation	of	a	1:1:1	mixture	of	a	cyclic	2-diazo-1,3-diketone,	an	α,β-unsaturated	aldehyde,
and	a	primary	amine	in	toluene	furnished	α-spiro-δ-lactam	products	36	bearing	two	contiguous
stereogenic	centers,	as	single	diastereomers	in	good	yields	(Scheme	3.29).61	These	lactam
products	resulted	from	a	formal	aza-Diels–Alder	reaction	([2+4]	cycloaddition)	between	the
1-azadiene	35	generated	in	situ	and	the	C C	bond	of	the	α-oxo-ketene	intermediate	34.
Overall,	this	reaction	creates	four	covalent	bonds	and	reveals	that	α-oxo-ketenes	are	actually
good	dienophiles.	Based	on	an	experimental	and	theoretical	study,	the	mechanism	of	this
reaction	involves	initial	nucleophilic	addition	of	the	1-azadiene	to	the	ketene	carbon	atom	to
reversibly	produce	two	distinct	zwitterionic	intermediates.	Each	of	these	intermediates	can
then	evolve	reversibly	by	six-electron	disrotatory	electrocyclization	to	afford	either	the
oxazinone	product	37	or	the	spirolactam	product	36.	Given	the	ready	reversibility	of	these
steps,	the	periselectivity	of	the	reaction	would	be	determined	by	the	relative	energies	of	the
two	possible	products	(thermodynamic	control).	In	the	same	study,	a	consecutive	aza-
Wittig/Wolff	rearrangement/[2+4]	cycloaddition	sequence	was	also	developed	for	an
analogous	reaction	with	aromatic	amines	(R3	=	aryl).

Scheme	3.29	Wolff	rearrangement-mediated	domino	three-component	synthesis	of	α-spiro-δ-
lactams.

Following	the	same	concept,	a	three-component	stereoselective	entry	to	pyrazolidinones,
involving	a	1,3-dipolar	cycloaddition	of	azomethine	imines	and	α-oxo-ketenes,	was	also
reported.	Thus,	the	microwave	irradiation	of	a	1:1:1	mixture	of	a	2-diazo-1,3-diketone,	an
aldehyde	or	a	ketone,	and	a	substituted	hydrazine	in	toluene	led	to	the	expected
spiropyrazolidin-3-ones	38	(Scheme	3.30).62	The	success	of	this	reaction	demonstrates	that	α-



oxo-ketenes	are	also	excellent	dipolarophiles	and	that	two	adjacent	stereocenters	can	be
formed	with	high	selectivity	and	efficiency.	The	reaction	proceeds	by	initial	formation	of	a
hydrazone	40	from	the	carbonyl	compound	and	the	hydrazine,	which	upon	heating	is	in
equilibrium	with	the	corresponding	azomethine	imine	1,3-dipole	39.	Wolff	rearrangement	of
the	diazo	compound,	meanwhile,	provides	the	ketene	dipolarophile	for	the	cycloaddition,
leading	to	the	pyrazolidinone	product	38.	When	isatin	(indoline-2,3-dione)	derivatives	were
used	as	the	carbonyl	component	of	the	domino	three-component	process,	the	reaction	afforded
an	original	class	of	spirooxindoles,	privileged	heterocyclic	molecules	generally	endowed	with
important	biological	properties.	Overall,	this	new	reaction	of	α-oxo-ketenes	allows	a
straightforward	and	highly	chemo-,	regio-,	and	diastereoselective	synthesis	of	monocyclic,
structurally	distinct	spirobicyclic,	and	bis-spirotricyclic	pyrazolidin-3-ones.

Scheme	3.30	Wolff	rearrangement-mediated	domino	three-component	synthesis	of
pyrazolidinones.



3.6	CONCLUSION	AND	OUTLOOK
In	the	past	decade,	the	Wolff	rearrangement	has	steadily	continued	to	play	a	role	in	sometimes
spectacular	applications	in	organic	synthesis.	Its	mechanism	is	now	correctly	understood	in
intimate	detail	due	to	extensive	experimental	and	theoretical	studies.	However,	in	his	2002
comprehensive	review	on	the	reaction,	Kirmse	noted	that	little	was	known	about	the
mechanism	of	the	catalytically	induced	Wolff	rearrangement.3	Since	then,	more	and	more
examples	of	silver(I)-	and	rhodium(II)-catalyzed	Wolff	rearrangements	have	been	reported,
but,	12	years	later,	the	mechanistic	questions	remain	almost	the	same.	For	example,	why	do
silver(I)	ions	nicely	catalyze	the	Wolff	rearrangement	of	diazomethyl	ketones	in	the	Arndt–
Eistert	reaction	but	barely	promote	the	rearrangement	of	other	α-diazo	compounds?	Similarly,
why	is	rhodium(II)	catalysis	not	generalizable	to	all	types	of	Wolff	rearrangements?

Significantly,	the	newly	discovered	reactivity	of	α-oxo-ketenes	as	dienophiles	and
dipolarophiles	in	cycloaddition	reactions	complements	their	known	chemistry	as	1-oxadienes.
This	important	extension	of	the	Wolff	rearrangement	opens	up	new	strategic	possibilities	in
retrosynthetic	planning	and	considerably	expands	the	scope	of	possible	synthetic	applications.
These	pathways	remain	largely	to	be	explored.

Finally,	the	use	of	the	Wolff	rearrangement	in	combination	with	other	reactions	or
rearrangements	in	complex	consecutive	or	domino	processes	has	emerged	as	a	powerful
strategy	for	the	rapid	increase	of	molecular	complexity.	Because	ketenes	obtained	by	the	Wolff
rearrangement	are	usually	prochiral,	enantioselective	versions	of	the	reactions	described
herein	are	highly	desirable.	This	is	certainly	one	of	the	most	important	challenges	for	the
development	of	the	Wolff	rearrangement	in	forthcoming	years.
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4.1	INTRODUCTION
Alkyl	and	acyl	azides	represent	a	very	important	class	of	compounds	since	they	can	participate
in	a	wide	array	of	reactions,	making	them	important	building	blocks	for	the	construction	of	new
carbon–nitrogen	bonds.	Given	the	growing	ubiquity	of	nitrogen-containing	molecules	in	natural
products	and	drugs,	azide	chemistry	remains	a	fundamental	task	in	organic	synthesis.	This	has
been	driven	by	the	unique	reactivity	of	azides	which	could	rearrange	to	ultimately	give	a
product	of	markedly	different	structure.	Investigations	started	more	than	one	century	ago	with
the	Schmidt	reaction	involving	an	alkyl	azide	rearrangement	and	with	the	remarkable	Curtius
reaction	with	its	corresponding	acyl	azide	rearrangement.	In	both	cases,	the	driving	force	of	the
reaction	is	the	loss	of	simple	molecular	nitrogen	as	the	by-product.	Mechanistically,	a	reactive
intermediate	is	generated	and	typically	allowed	to	react	with	a	nucleophile	(e.g.,	water,
alcohols,	amines).	A	similar	mechanistic	pathway	is	involved	in	the	Lossen	reaction	and	the
Hofmann	reaction,	where	an	isocyanate	intermediate	is	conventionally	engaged	in	new
chemical	transformations.

During	the	last	century,	the	enormous	impact	of	these	alkyl	and	acyl	azide	rearrangements	has
of	course	been	abundantly	reported	in	many	important	papers.	The	goal	of	this	chapter	is	to
survey	recent	developments	in	this	field.	The	discussion	will	first	concentrate	on	the	Schmidt
reaction	and	the	Curtius	reaction.	Later	in	the	chapter,	related	rearrangements	including	the
Lossen	reaction	and	the	Hofmann	reaction	will	also	be	described.	A	brief	historical	highlight
will	be	given	for	each	reaction,	followed	by	a	general	mechanistic	description.	In	addition,	key
recent	developments	both	in	synthetic	methodology	and	in	total	synthesis	will	be	addressed	in
each	section.

4.2	ALKYL	AZIDE	REARRANGEMENTS
The	alkyl	azide	rearrangement	is	now	best	known	under	the	name	of	Schmidt	reaction.1
Discovered	in	1923	by	Schmidt,2	this	type	of	reaction,	as	originally	reported,	involved	an
acid-catalyzed	process	between	hydrazoic	acid	and	various	electrophiles	such	as	carboxylic
acids,	aldehydes,	or	ketones,	giving,	respectively,	the	corresponding	amines,	nitriles,	and
formamides	or	amides	(Scheme	4.1).	Mechanistically,	after	activation	of	the	electrophile	under
acidic	conditions,	nucleophilic	addition	of	hydrazoic	acid	can	generate	an	azidohydrin
intermediate	1.	After	loss	of	water,	rearrangement	by	alkyl	group	migration	with	concomitant



loss	of	molecular	nitrogen	provided	cationic	nitrilium	intermediate	2.	Addition	of	water	then
gave	the	desired	amide	3.

Scheme	4.1	Schmidt	reaction.

Following	this	seminal	work,	extensions	from	hydrazoic	acid	to	the	use	of	alkyl	azides	in	the
Schmidt	reactions	were	rare.	Although	the	reaction	between	methyl	azide	and	acetophenone
did	not	afford	the	desired	amide,3	Boyer	and	Hamer	were	able	to	conduct	a	low-yielding
rearrangement	upon	combination	of	aromatic	aldehydes	with	some	alkyl	azides	(cf.	4)	(Scheme
4.2).4	At	the	same	time,	this	group	reported	an	efficient	synthesis	of	oxazolidine	derivatives	5
starting	from	aromatic	aldehydes	and	2-	or	3-hydroxy	azides.5	The	better	reactivity	for	this
second	example	can	be	rationalized	by	the	fact	that	the	addition	of	azide	is	intramolecular	and
occurs	after	the	formation	of	an	oxonium	ion	6.	In	spite	of	these	efforts,	this	reaction	was
almost	totally	forgotten	until	the	early	1990s	when	major	breakthroughs	were	described.



Scheme	4.2	Examples	of	reactions	of	alkyl	azides	and	aldehydes.

Inspired	by	these	earlier	studies,	Aubé	and	Milligan	developed	a	novel	intramolecular	reaction
of	alkyl	azides	with	simple	ketones	under	mild	conditions	(Scheme	4.3).6	After	treatment	of	the
azido-tethered	ketones	7	under	acidic	conditions,	the	desired	lactams	8	were	isolated	in	good
to	high	yields.	The	detailed	scope	and	features	of	this	rearrangement	have	been	established:
cyclic	as	well	as	acyclic	ketones	are	tolerated,	four	or	five	atoms	between	the	ketone	and	the
azido	group	are	required,	and	chirality	transfer	is	complete	when	starting	from	enantiopure
material.	Mechanistically,	migration	and	N2-loss	occur	from	an	azidohydrin	intermediate	9.
The	results	of	DFT	calculations	by	Tantillo	and	coworkers7	indicated	that	such	a	process	is
concerted,	involving	N2	departure	and	a	shift	of	the	alkyl	group	that	is	antiperiplanar	to	the	N2
leaving	group.	Intermediates	9a–c	will	lead	to	a	fused	lactam,	while	intermediate	9d	will	lead
to	a	bridged	lactam	8.	The	roles	of	steric	effects,	lone	pair	cation,	and	cation–π	interactions	on
the	fused/bridged	product	selectivity	have	been	characterized	and	quantified	theoretically.
Experimentally,	only	fused	lactams	were	isolated;	no	bridged	lactams	were	observed	due	to
the	probable	high	instability	of	the	amide	bond	in	these	structures.	It	is	also	important	to	note
that	Lewis	acids	are	required	when	the	process	involves	starting	materials	bearing	electron-
withdrawing	groups	or	formation	of	large	rings;	Brønsted	acids	are	not	strong	enough	to
initiate	the	reaction	when	the	rate	of	rearrangement	is	reduced.



Scheme	4.3	Intramolecular	Schmidt	reactions	of	cyclic	azidoketones.

This	intramolecular	reaction	has	been	well	explored	and	expanded	to	aldehydes	and	ketal
derivatives;	however,	its	major	limitation	is	the	requirement	of	excess	Lewis	or	Brønsted	acid
in	order	to	obtain	complete	conversion	(cf.	10).	This	lack	of	reactivity	can	be	explained	by
strong	product	inhibition,	behavior	frequently	present	for	any	reaction	that	transforms	a	ketone
to	an	amide.	However,	after	extensive	screening	of	conditions,	the	Aubé	group	recently
reported	a	catalytic	intramolecular	Schmidt	reaction	using	either	TiCl4	or	AcCl	in	the	presence
of	hexafluoro-2-propanol	(Scheme	4.4).8	The	strong	hydrogen-bonding	ability	of	this	solvent	is
the	key	point	to	efficiently	perform	the	rearrangement	with	a	broad	substrate	scope.	Notably,
the	method	using	AcCl	provides	a	metal-free	catalytic	reaction.



Scheme	4.4	Acid	promoted	intramolecular	Schmidt	reaction.

The	acid-promoted	intermolecular	Schmidt	reaction	has	been	developed,	though	with	moderate
success	(Scheme	4.5).9	Indeed,	several	products	can	be	isolated	depending	on	the	alkyl	azides
used	and	the	nature	of	the	acid.	Generally,	cyclohexanones	and	related	cyclic	ketones	can
generate	the	traditional	Schmidt	adduct	11	in	the	presence	of	TiCl4,	whereas	a	Mannich
reaction	is	privileged	when	benzyl	azide	and	triflic	acid	are	involved,	giving	scaffold	12.	In
the	latter	case,	the	acid-promoted	rearrangement	of	benzyl	azide	provides	an	iminium
intermediate	13	which	could	be	trapped	by	the	carbonyl	compound	via	a	modified	Mannich
reaction.	The	scope	of	these	reactions	is	limited	to	relatively	simple	ketones.



Scheme	4.5	Schmidt	versus	Mannich	pathways	in	intermolecular	reactions.

On	the	basis	of	Boyer's	early	findings,5	it	is	possible	to	overcome	many	of	these	limitations	by
using	ω-hydroxy	azides	14	instead	of	simple	alkyl	azides	(Scheme	4.6).10	The	reaction	is
facilitated	by	the	formation	of	an	oxonium	ion	15	under	acidic	conditions,	leading	to
intramolecular	rearrangement.	Basic	workup	leads	to	the	final	lactam	product	16.	The	method
is	quite	general;	covering	a	large	range	of	cyclic	or	acyclic	polyfunctionalized	ketones	as	well
as	hindered	hydroxy	azides.



Scheme	4.6	Intermolecular	Schmidt	reactions	using	hydroxyalkyl	azides.

Starting	from	unsymmetrical	ketones,	two	regioisomeric	lactams	can	be	formed	(Scheme
4.7).11	Experimentally,	when	the	reaction	is	performed	with	methyl,	ethyl,	or	inductively
electron-withdrawing	groups	such	as	phenyl	or	methoxy	at	the	α-position	of	the	cyclohexanone
(cf.	17–18),	migration	of	the	less	bulky	group	is	slightly	or	totally	favored.	However,	bulkier
alkyl	groups	linked	at	the	same	position	gave	the	opposite	migration	regioselectivity	(cf.	19).
Finally,	high	diastereoselectivity	levels	are	generally	observed	when	the	hydroxyalkyl	azide
20	also	contains	a	stereocenter.12



Scheme	4.7	Regiochemical	possibilities	for	the	Schmidt	reaction	of	hydroxyalkyl	azides	with
ketones.

Beyond	their	mechanistic	elegance,	these	acid-promoted	rearrangements	between	aliphatic
azides	and	carbonyl	compounds	are	attractive	because	they	open	many	opportunities	in	total
synthesis.	Among	these	studies,	we	highlight	the	total	synthesis	of	(±)-stenine	via	an
intermolecular	Diels–Alder/Schmidt	sequence	(Scheme	4.8).13	In	this	approach,	the	triene	21
(E:Z	=	85:15),	obtained	after	13	linear	steps,	was	treated	in	the	presence	of	MeAlCl2,
furnishing	a	mixture	of	three	lactams	in	a	good	overall	yield.	Fortunately,	the	major	isomer	22
contained	the	tricyclic	ring	system	of	the	natural	product.	Regarding	the	mechanism,	the	two
major	isomers	come	from	the	same	Diels–Alder	intermediate	via	an	endo	transition	state.	After
subsequent	nucleophilic	addition	of	the	azide	to	the	carbonyl	group,	the	intermediate	23
bearing	an	equatorial	N2

+	group	would	provide	the	desired	scaffold	in	a	satisfying	yield.	After
removal	of	the	benzyl	group,	the	fourth	ring	24	was	established	by	oxidation	of	the	primary
alcohol	following	by	iodolactonization	in	80%	yield	over	three	steps.	With	this	intermediate	in
hand,	the	end	of	the	synthesis	proceeded	with	introduction	of	two	alkyl	groups	to	give	the	target
molecule.





Scheme	4.8	Total	synthesis	of	(±)-stenine	via	an	intermolecular	Diels–Alder/Schmidt
sequence.

Aldehydes	have	also	been	employed	using	the	Schmidt	reaction	for	total	synthesis.	For
instance,	Wang	and	coworkers	designed	an	unprecedented	synthesis	of	(S)-tylophorine	25	via	a
one-pot	intramolecular	Schmidt/Bischler–Napieralski/imine	reduction	cascade	sequence
(Scheme	4.9).14	Nevertheless,	in	comparison	to	ketones,	few	examples	of	alkyl	azide
rearrangements	with	aldehydes	have	been	reported	due	to	competition	between	alkyl	migration
and	hydride	migration	during	the	nitrogen	extrusion	step.15	In	Wang's	work,	TiCl4	and	TFA
were	recognized	as	the	best	promoters	for	the	reaction,	and	no	trace	of	the	undesired	lactam
was	detected.



Scheme	4.9	Synthesis	of	(S)-tylophorine	via	a	one-pot	intramolecular	Schmidt/Bischler–
Napieralski/imine	reduction	cascade	sequence.

Use	of	carbocations	to	initiate	the	Schmidt	reaction	has	been	the	subject	of	several
investigations	during	the	last	two	decades.	The	cationic	intermediate	can	be	generated	from
secondary	or	tertiary	alcohols	or	from	olefins.	The	first	example	was	described	by	the	Pearson
group	for	the	synthesis	of	a	bicyclic	enamine.16	However,	various	drawbacks	still	remain	when
carbocations	are	involved:	limited	stability	of	the	intermediates,	low	selectivity,	and	the	need



for	harsh	acidic	conditions.	The	use	of	alkenes	in	combination	with	metals	offers	the
opportunity	to	overcome	some	of	these	limitations.	For	example,	Pearson	et	al.	have	made	a
number	of	contributions	in	this	area,	and	they	have	found	that	Hg(OTf)2	can	activate	alkyl	azide
rearrangement	with	azido-alkenes	under	mild	conditions	(Scheme	4.10).17	Even	if	yields	are
moderate,	selectivity	and	functional	group	tolerance	are	greatly	improved.	In	this	version	of	the
Schmidt	reaction,	addition	of	the	mercury	to	the	double	bond	provides	a	mercurinium	ion	26
which	is	then	opened	by	the	azide,	giving	the	aminodiazonium	ion	27.	After	migration	of	the
cyclic	bond	and	generation	of	iminium	ion	intermediate	28,	only	one	regioisomer	29	was
isolated,	while	an	equimolar	mixture	30	was	obtained	under	acidic	conditions.18

Scheme	4.10	Mechanism	of	cationic	or	Hg(II)	promoted	Schmidt	reactions.

As	with	alkene	precursors,	there	is	often	a	lack	of	selectivity	in	Schmidt	reactions	of
carbocations	generated	from	alcohols	under	acidic	reaction	conditions.	However,	the	Renaud
group	reported	the	first	example	of	an	intramolecular	Schmidt	reaction	involving	a	primary
electrophilic	carbon	center	for	the	synthesis	of	(−)-indolizidine	under	nonacidic	conditions
(Scheme	4.11).19	After	activation	of	the	alcohol	31	via	triflation,	alkyl	migration	and	extrusion
of	molecular	N2	occurred	smoothly.	After	subsequent	reduction	of	32,	the	desired	structure	33
was	obtained	in	high	yield	and	excellent	optical	purity	(98%	ee).	This	concise	approach
enabled	the	synthesis	of	(−)-indolizidine	in	seven	linear	steps	and	27%	overall	yield.



Scheme	4.11	Intramolecular	Schmidt	reactions	of	alkyl	azides	under	non	acidic	conditions.

Another	recent	study	was	accomplished	by	Gigant	and	Gillaizeau	using	electron-rich	alkenes
and	more	especially	enamides	(Scheme	4.12).20	Inspired	by	Aubé	and	coworkers's	previous
work,8	the	Gillaizeau	group	studied	the	benzyl	azide-to-iminium	rearrangement	in	the	presence
of	enamides	and	triflic	acid	for	the	direct	construction	of	novel	pyrido-fused
tetrahydroquinoline	scaffolds	34.	From	a	synthetic	point	of	view,	after	benzyl	azide	protonation
and	formation	of	an	iminium	ion	intermediate	35	with	concomitant	loss	of	molecular	nitrogen,
the	first	carbon–carbon	bond	was	created	by	nucleophilic	addition	of	the	enamide.	Subsequent
cyclization	onto	the	newly	formed	N-sulfonyliminium	ion	36	via	a	Pictet–Spengler	reaction
occurred,	providing	a	second	carbon–carbon	bond	(path	a).	On	the	other	hand,	with	C2-
substitued	enamides,	proton	elimination	is	faster	than	cyclization,	and	2,3-difunctionalized
enamides	37	were	obtained	(path	b).	Numerous	of	privileged	structures	were	synthesized	by
application	of	this	versatile	strategy.



Scheme	4.12	Acid-promoted	benzyl-azide-to-iminium	rearrangement	and	intermolecular
reaction	with	electron-rich	enamides.

Toste	and	coworkers	have	discovered	a	gold(I)-catalyzed	acetylenic	Schmidt	reaction	for	the
synthesis	of	polysubstituted	pyrroles	38	(Scheme	4.13).21	In	this	reaction,	it	was	suggested	that
the	metal	plays	two	roles.	It	both	activates	the	alkyne	bond	(cf.	39)	and	also	stabilizes	the	π-
intermediate	40	by	electron	donation.	This	powerful	reaction	tolerates	both	alkyl	and	aryl
groups,	and	alkyne	chemoselectivity	was	complete	starting	from	a	1,5-enyne.

Scheme	4.13	Mechanism	of	Au(I)	promoted	acetylenic	Schmidt	reactions.



Recently,	Chen	and	coworkers22	reported	an	efficient	new	method	to	construct	a	series	of
densely	functionalized	4,5-dihydro-1H-azepine	products	41	from	the	intermolecular	reaction	of
alkyl	azides	with	propargylic	esters.	In	this	approach,	sequential	reaction	of	vinyl-gold
carbenoids	42	with	alkyl	azides	and	formation	of	vinyl	imine	intermediates	43	may	be
involved	(Scheme	4.14).	Then	a	subsequent	formal	[4+3]	cycloaddition	with	another	molecule
of	vinyl-gold	carbenoid	42	afford	the	desired	azepine	41.

Scheme	4.14	Gold	catalyzed	synthesis	of	azepines	via	an	intermolecular	Diels–Alder
cycloaddition.

Cundari	and	coworkers	have	also	demonstrated	for	the	first	time	that	it	is	possible	to	stabilize
organoazide	complexes	of	gold(I)	(Scheme	4.15).23	They	have	found	that	the	N2	expulsion	from
gold-bound	1-azidoadamantane	(1-AdNNN),	2-azidoadamantane	(2-AdNNN),	and
azidocyclohexane	(CyNNN)	leads	to	rearrangement	products	featuring	endocyclic	imine
moieties	in	a	seven-membered	heterocyclic	framework	as	in	4-azahomoadamant-3-ene,	4-
azahomoadamant-4-ene,	and	1-azacyclohet-1-ene	or	exocyclic	groups	as	in	cyclohexanimine.
All	these	products	of	dinitrogen	extrusion	44	were	isolated	as	their	N-coordinated	[(SIPr)-
Au]+	adducts.	A	computational	study	was	performed	to	understand	the	observed	structures	of
gold-coordinated	1-AdNNN	and	2-AdNNN	and	their	nitrogen	elimination	pathways.	The
calculations	indicated	that	the	conversion	of	the	organoazide	complex	to	the	imine	is	a
concerted	process	without	a	nitrene/nitrenoid	intermediate.	In	addition,	kinetic	studies	of
[(SIPr)AuN(2-Ad)NN][SbF6]	from	30	to	50	°C	indicate	that	nitrogen	elimination	is	a	first-
order	process.



Scheme	4.15	Organoazide	complex	of	Au(I).

Finally,	both	epoxides	and	α,β-unsaturated	ketones	are	also	suitable	substrates	for	the	Schmidt
reaction.	Epoxide-based	Schmidt	reaction	is	hardly	disclosed.24	As	an	example,	aryl
epoxyazides	45	undergo	efficient	electron-deficient	reaction	cascades	mediated	by	Lewis
acids,	leading	to	regiospecific	amination	of	the	aromatic	ring	(Scheme	4.16).	An	acid-induced
opening	of	the	epoxide	45	by	azide	attack	at	the	benzylic	position	gave	the	intermediate	46;
then	subsequent	nitrogen	extrusion	furnished	carbocation	47	following	by	cleavage	of	the
aziridine	(cf.	48).	The	tricyclic	scaffold	49	is	finally	isolated	after	regiospecific	ring
contraction	with	assistance	from	the	oxygen	atom.

Scheme	4.16	Intramolecular	reactions	of	alkyl	azides	with	epoxides.

Otherwise,	the	use	of	α,β-unsaturated	ketones	has	been	demonstrated	in	several	total	synthesis
efforts	including	in	an	improved	total	synthesis	of	(±)-stenine	reported	by	Aubé's	group
(Scheme	4.17).25	Simple	commercially	available	cyclohexenone	50	reacted	with	diene	51	in
an	intermolecular	Diels–Alder/Schmidt	reaction	sequence.	SnCl4	was	found	to	be	the	best
Lewis	acid	in	this	reaction,	giving	Diels–Alder/Schmidt	adducts	52	and	53,	isolated	in
excellent	global	yield	(70%)	and	with	an	exo–endo	ratio	(3:1),	and	that	favored	the
stereochemistry	needed	for	the	natural	product	in	the	major	lactam	54.	This	selectivity	can	be
explained	by	an	exo	addition	during	the	Diels–Alder	cycloaddition;	the	endo	alternative
encounters	significant	steric	encumbrance	between	one	of	the	protons	with	the	incoming



nucleophilic	silyl	enol	ether.	By	application	of	the	Diels–Alder/Schmidt	sequence,	the
synthesis	was	accomplished	in	only	nine	steps	and	14%	overall	yield.

Scheme	4.17	Intermolecular	Diels–Alder/Schmidt	reaction	sequence	with	enones.

4.3	ACYL	AZIDE	REARRANGEMENTS
The	Curtius	rearrangement	is	a	general	reaction	that	involves	an	acyl	azide	rearrangement	for
the	preparation	of	isocyanates	and	their	related	compounds.	Thanks	to	the	rich	reactivity	of
isocyanates,	these	intermediates	can	be	converted	to	a	variety	of	related	compounds,	often	in
situ	(Scheme	4.18).26	Discovered	by	Curtius,27	this	reaction	has	been	widely	explored	for	the
last	century	for	its	extensive	synthetic	utility.	As	a	result,	both	the	preparation	of	the	acyl	azides
without	the	need	for	isolation	due	to	their	instability	and	the	subsequent	reactions	of	the
derived	isocyanates	have	been	well	developed.	From	a	mechanistic	point	of	view,	it	is	well
established	that	the	C—N	bond	migration	occurs	concomitantly	with	the	loss	of	molecular
nitrogen.	The	resulting	isocyanates	can	next	be	transformed	into	primary	amines	by	hydrolysis
or	can	react	with	various	nucleophiles,	giving	a	range	of	N-acyl	derivatives.	From	a	synthetic
point	of	view,	this	reaction	offers	a	way	to	easily	convert	a	carboxyl	group	into	nitrogen-
containing	functionality.	Alky-,	vinyl-,	and	arylacyl	azides	are	all	tolerated,	including	within
the	complex	molecular	frameworks	required	for	natural	product	total	synthesis.



Scheme	4.18	Curtius	rearrangement.

Interestingly,	the	migration	of	sp3	carbons	is	stereospecific	with	complete	retention	of
configuration.	As	a	recent	example,	Fukuyama	and	coworkers	used	an	acyl	azide
rearrangement	to	install	an	amine	moiety	for	the	total	synthesis	of	gelsemoxonine	(Scheme
4.19).28	The	Curtius	reaction	was	fruitfully	accomplished	in	a	three-step	sequence	starting
from	a	simple	carboxylic	acid.	After	formation	of	the	acyl	chloride	followed	by	addition	of
sodium	azide,	the	newly	formed	acyl	azide	underwent	thermal	rearrangement	in	the	presence	of
benzyl	alcohol,	giving	the	desired	carbamate	55	in	a	stereoselective	fashion.

Scheme	4.19	Synthesis	of	gelsemoxonine	via	Curtius	rearrangement.

In	addition,	alkene	geometry	is	totally	preserved	in	the	Curtius	rearrangement.	One	appealing
example	was	published	by	the	De	Brabander	group	for	the	total	synthesis	and	structure
revision	of	the	marine	metabolite	palmerolide	A	(Scheme	4.20).29	The	key	acyl	azide	having
the	(E)	configuration	was	obtained	from	carboxylic	acid	56	using	diphenylphosphoryl	azide
(DPPA).	Curtius	rearrangement	occurred	upon	heating,	followed	by	isocyanate	trapping	with
the	appropriate	Grignard	reagent.	The	desired	highly	functionalized	scaffold	57	was	isolated
with	complete	(E)	stereocontrol	of	the	newly	formed	enamide	functionality.	Subsequent
selective	removal	of	protecting	groups	and	functional	group	manipulation	provided	the	initial
proposed	structure	of	the	natural	product.



Scheme	4.20	Curtius	rearrangement	using	diphenyl	phosphoryl	azide.

While	acyl	azides	are	often	obtained	by	activation	of	carboxylic	acids	as	the	acyl	chlorides



and	treatment	with	NaN3,	the	example	in	Scheme	4.20	used	the	Shioiri–Ninomiya–Yamada
modification.30	This	one-pot	reaction	typically	involves	DPPA,	a	base,	and	a	nucleophile,
generally	an	alcohol.	The	main	advantage	of	this	procedure	is	that	it	avoids	isolation	of	the
intermediate	acyl	azide,	an	important	benefit	given	the	instability	of	this	intermediate	in	many
cases.	The	carboxylic	acid	scope	is	quite	general;	both	aliphatic	and	aromatic	substrates	are
tolerated.	In	terms	of	the	nucleophile,	benzyl	alcohols	as	well	as	tertiary	alcohols	are	suitable
coupling	partners.

Another	synthetic	approach	to	acyl	azides	was	reported	by	Weinstock	one	decade	earlier.31	In
this	methodology,	acyl	azides	are	prepared	via	carboxylic–carbonic	anhydrides.	Generally,
carboxylic	acids	are	treated	with	ethyl	chloroformate,	generating	mixed	anhydrides	which	are
trapped	in	situ	by	sodium	azide.	This	simple	strategy	was	applied	recently	in	the	synthesis	of
(±)-spisulosine	(Scheme	4.21).32	After	only	5	min	in	the	presence	of	ethyl	chloroformate,	the
appropriate	carboxylic	acid	58	was	next	treated	with	sodium	azide.	The	intermediate	ene-
isocyanate	59	was	obtained	after	heating,	and	this	latter	is	finally	hydrolyzed	by	water.	The
corresponding	methyl	ketone	60	was	isolated	in	40%	overall	yield.

Scheme	4.21	Curtius	process	via	mixed	carboxylic–carbonic	anhydrides.

The	Lebel	group	has	developed	an	efficient	process	for	the	Curtius	rearrangement	which
allows	the	direct	conversion	of	carboxylic	acids	into	carbamates	with	sodium	azide	in	the
presence	of	tetrabutylammonium	bromide	and	zinc(II)	triflate	under	very	mild	conditions	(cf.
61)	(Scheme	4.22).33	Mechanistically,	the	authors	suggested	a	similar	pathway	to	the	Shioiri
version:	tert-butyl	azidoformate	is	generated	during	the	process	and	plays	a	role	analogous	to
DPPA.	The	zinc	complex	is	not	involved	during	isocyanate	formation,	but	its	presence	favors
the	carbamate	formation.	Regarding	the	scope	of	this	transformation,	only	aliphatic	carboxylic
acids	are	tolerated.	However,	this	limitation	was	overcome	by	using	chloroformate	derivatives
in	association	with	a	catalytic	amount	of	tert-butoxide	as	a	base	in	DME	(cf.	62).34	These
reaction	conditions	provide	efficient	conversions	in	the	presence	of	a	range	of	functional
groups,	and	the	desired	carbamates	are	isolated	in	good	yields.	Finally,	the	use	of	phenyl
chloroformate,	which	produces	a	less	nucleophilic	alcohol	compared	to	allylchloroformate,
for	instance,	enabled	the	use	of	amines	as	nucleophiles	for	the	synthesis	of	ureas	63.



Scheme	4.22	Conversion	of	carboxylic	acids	into	carbamates	and	ureas.

To	illustrate	the	high	preparative	potential	of	the	Curtius	rearrangement	of	acyl	azides,	we
highlight	the	synthesis	of	(−)-oseltamivir,	achieved	using	microreactor	technology	(Scheme
4.23).35	The	key	rearrangement	step	worked	efficiently	on	up	to	a	10	g	scale	to	afford	the
desired	advanced	synthetic	intermediate	64	after	simple	recrystallization.	This	strategy
includes	numerous	advantages:	short	reaction	time,	safe	reaction	conditions,	and	low	cost.



Scheme	4.23	A	microflow	reaction	involving	the	Curtius	rearrangement.

Aldehydes	can	also	be	precursors	for	the	Curtius	acyl	azide	rearrangement	(Scheme	4.24).36
Aliphatic	and	aromatic	aldehydes	can	be	converted	to	the	corresponding	acyl	azides	by
treatment	with	iodine	azide.	Subsequent	heating	gave	various	carbamoyl	azides	in	high	yields.
A	radical	pathway,	proceeding	by	homolysis	of	the	iodine–azide	bond,	was	proposed.	The
resulting	carbamoyl	azides	65	are	relevant	precursors	for	the	synthesis	of	amines	or	ureas,	for
example.

Scheme	4.24	Curtius	rearrangement	from	aldehydes.

4.4	HOFMANN	REARRANGEMENT



The	Hofmann	rearrangement,	commonly	referred	to	as	the	Hofmann	degradation,	converts	a
primary	carboxamide	to	a	primary	amine	(Scheme	4.25).37	After	formation	of	an	N-
bromoamide	66	under	base-mediated	bromination	conditions,	a	nitrene	67	is	generated	via	α-
elimination	of	HBr.	Subsequent	rearrangement	of	the	nitrene	results	in	the	formation	of	an
isocyanate	68	which	is	hydrolyzed	to	a	primary	amine	69	after	CO2	extrusion.

Scheme	4.25	Mechanism	of	Hofmann	rearrangement.

Recently,	an	efficient	and	scalable	trichloroisocyanuric	acid-mediated	Hofmann	rearrangement
was	employed	to	synthesize	an	unnatural	cyclopropane-containing	amino	acid	moiety	70	that	is
becoming	a	significant	building	block	in	a	number	of	new	drug	candidates	(Scheme	4.26).38
The	reaction	proceeded	smoothly	in	the	presence	of	large	variety	of	functional	groups
including	olefin,	ester,	halogen,	ether,	heteroaromatic,	cyclopropyl,	and	nitro	functionality.



Scheme	4.26	Acid-mediated	Hofmann	rearrangement.

4.5	LOSSEN	REARRANGEMENT
The	Lossen	rearrangement,	discovered	in	1872,39	is	the	transformation	of	a	hydroxamic	acid
derivative	to	an	isocyanate	by	using	an	activated	hydroxamic	acid	71	as	the	key	intermediate
(Scheme	4.27).40	This	activation	can	be	achieved	by	O-acylation,	O-arylation,	or	O-
sulfonylation.	From	a	mechanistic	point	of	view,	a	base	or	a	thermal	treatment	can	initiate	the
reaction,	giving	a	rearrangement	of	the	corresponding	anion	72	via	a	three-membered	ring
transition	state	73.



Scheme	4.27	Mechanism	of	Lossen	rearrangement.

Since	its	initial	discovery	and	given	that	isocyanates	are	versatile	synthetic	intermediates	in
organic	chemistry,	the	Lossen	rearrangement	has	been	developed	extensively.	Isocyanates	can,
in	fact,	be	easily	transformed	to	ureas	and	amines,	utilized	in	multicomponent	reactions	such	as
the	Ugi	or	Passerini	reactions,	or,	more	recently,	applied	as	versatile	C1	building	blocks	in
palladium	catalysis.	More	than	50	years	ago,	it	was	shown	that	the	Lossen	rearrangement
occurs	in	a	stereospecific	fashion.41	Three	of	the	major	challenges	associated	with	the	Lossen
process	in	synthesis	are	(1)	the	competitive	dimerization	of	activated	hydroxamates,	(2)	the
limited	availability	of	hydroxamic	acids	as	starting	materials,	and	(3)	the	formation	of	many
stoichiometric	by-products	in	the	activation/rearrangement	sequence,	which	complicates
application	to	large-scale	synthesis.42

With	this	background,	recent	examples	of	the	Lossen	rearrangement	in	synthesis	include
methods	for	the	preparation	of	carbamates	and	amines	via	environmentally	friendly	routes
(Scheme	4.28).43	For	the	carbamate	product	74,	a	catalytic	procedure	by	tertiary	amine	bases
was	achieved,	avoiding	large	amounts	of	by-products	and	offering	the	possibility	for	recycling
of	solvents.	Dimethyl	carbonate	proved	to	be	an	efficient	in	situ	activator	and	has	the	benefit
of	being	a	relatively	nontoxic	reagent.	A	range	of	aliphatic	methyl	carbamates	were	isolated	in
good	yields	under	mild	conditions.



Scheme	4.28	Catalytic	Lossen	rearrangement.

Large-scale	application	of	the	Lossen	rearrangement	can	also	be	envisaged	following	the
procedure	reported	by	Dubé	et	al.	(Scheme	4.29).44	During	this	study,	carbonyldiimidazole
was	found	to	be	the	best	promoter	for	the	reaction.	Even	if	imidazole	and	carbon	dioxide	are
generated	as	the	by-products,	this	protocol	is	simple	and	avoids	the	use	of	traditional	Lossen
reagents	which	tend	to	be	either	toxic	or	hazardous.	The	expected	isocyanates	were	captured
by	primary	amines	or	alcohols,	furnishing	the	corresponding	ureas	75	or	carbamates	76	in	high
yields.

Scheme	4.29	Carbonyldiimidazole-mediated	Lossen	rearrangement.

Hydroxamic	acids	are	the	most	common	precursors	for	the	Lossen	rearrangement,	but	related
functional	groups	such	as	thiohydroxamic	acids45	or	trifluoromethane	sulfonylimides46	can	also
participate	in	the	rearrangement.	For	these	latter	conditions,	in	the	presence	of	thionyl	chloride
or	phosphorus	pentachloride,	the	aza-Lossen	rearrangement	occurs	to	generate	the
corresponding	chloroformamidines	77	(Scheme	4.30).	Due	to	their	relative	instability,	these
initial	products	were	immediately	trapped	with	morpholine.	The	author	suggested	that	a	five-
membered	cyclic	transition	state	78	is	involved	in	the	mechanism	of	the	process.



Scheme	4.30	Aza-Lossen	rearrangement.

A	recent	significant	application	of	the	Lossen	reaction	involved	the	synthesis	of	a	highly
fluorescent	compound	79	as	a	nerve	agent	stimulant	(Scheme	4.31).47	Starting	from	a
nonfluorescent	rhodamine–hydroxamate,	an	efficient	rearrangement	occurs	in	the	presence	of
diethyl	chlorophosphate	under	alkaline	conditions.

Scheme	4.31	Lossen	rearrangement	of	rhodamine–hydroxamate.

Carbohydrates	are	also	suitable	scaffolds	for	the	Lossen	rearrangement	(Scheme	4.32).48	The
reactions	of	sugar	hydroxamic	acids	were	developed	to	evaluate	the	specific	degradation	of
pectins	80	via	a	carbodiimide	activation	of	galacturonic	acid	hydroxamates	81.	Treatment	with
EDC	(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)	gave	the	anticipated	isourea	82	which
was	immediately	transformed	to	an	isocyanate	before	degradation	to	a	primary	amine.	Beyond
this	particular	application	of	this	elegant	method,	it	is	noteworthy	that	the	structure	elucidation
of	pectins	remains	an	important	research	area	having	considerable	applications	in	the	food
industry,	for	instance.



Scheme	4.32	Carbodiimide-mediated	Lossen	rearrangement	of	methyl-esterified	galacturonic
acid	residues.

Bioactive	molecules	can	also	be	obtained	through	a	Lossen	rearrangement	as	the	key	step
(Scheme	4.33).49	A	2-N-dihydroxybenzamide	was	subjected	to	triphenylphosphine	and	diethyl
azodicarboxylate,	providing	the	cyclized	adduct	83	in	good	yield.	The	desired	benzoxazolone
ring	was	then	subjected	to	a	Sonogashira	cross-coupling,	and	after	several	additional	steps,	the
target	molecule	84,	having	promising	anti-HIV	proprieties,	was	isolated.

Scheme	4.33	Access	to	bioactive	molecules	via	Lossen	rearrangement.

4.6	CONCLUSION
The	selected	studies	presented	in	this	chapter	showcase	that	alkyl	and	acyl	azide
rearrangements	have	become	incontestable	tools	for	the	creation	of	new	and	original	nitrogen–
carbon	bonds.	As	reflected	in	the	earlier	presented	examples,	these	transformations	have
inspired	new	synthetic	methods	with	applications	across	all	fields	of	chemical	synthesis,
particularly	in	the	total	synthesis	of	natural	and	bioactive	products.	Furthermore,	in	most	cases,
the	choice	of	appropriate	reaction	parameters	revealed	beneficial	effects,	allowing	the	use	of
milder	conditions	and	resulting	in	an	increase	on	the	selectivity	of	the	rearrangements.	From	a
synthetic	point	of	view,	the	fact	that	these	reactions	proceed	with	simple	loss	of	molecular
nitrogen	or	its	equivalent	makes	these	rearrangement	processes	highly	attractive	in	terms	of
atom	economy.	However,	most	of	these	chemical	processes	suffer	from	the	use	of
stoichiometric	promoters.	Only	few	of	them	are	catalyzed,	and	the	development	of	novel	and
more	efficient	catalytic	systems	is	a	current	challenge.	Due	to	the	high	impact	of	these	alkyl	and
acyl	azide	rearrangements,	it	is	obvious	that	many	new	synthetic	transformations	remain	to	be
discovered	in	the	coming	years.
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5.1	INTRODUCTION
Since	its	discovery	in	1886	by	Beckmann,1	the	eponymous	rearrangement	reaction	has	served
as	a	useful	synthetic	tool	to	incorporate	a	nitrogen	atom	into	a	molecule	through	the
modification	of	a	ketone	or	an	aldehyde.	As	such,	this	rearrangement	remains	an	important
method	to	convert	oximes	in	open	chain	and	cyclic	systems	to	the	corresponding	amides	and
lactams.	In	specific	cases,	a	Beckmann	fragmentation	can	take	place	to	form	a	nitrile	group.
Due	to	their	versatility	and	wide	synthetic	scope,	the	Beckmann	reactions	have	been
extensively	reviewed.2	Given	these	previous	reviews,	this	chapter	will	only	briefly	cover	the
different	transformations,	provide	some	important	historical	examples	of	the	utility	of
Beckmann	reactions	in	the	total	synthesis	of	natural	products,	and	then	examine	novel	strategic
applications	and	their	synthetic	utility	with	a	focus	on	those	examples	from	the	past	decade
until	February	2014.

5.1.1	Beckmann	Rearrangement
Of	the	possible	Beckmann	transformations	(Scheme	5.1),	the	Beckmann	rearrangement	is	the
best	known	and,	in	general,	involves	the	conversion	of	a	ketone	or	aldehyde	1	to	an	oxime	2
(Scheme	5.1).	The	oxime	2	is	then	converted	to	an	amide	3	under	acidic	and	dehydrating
conditions,	whereby	the	carbon	bond	anti	to	the	oxime	hydroxyl	group	migrates	to	the	nitrogen.
Beckmann	rearrangement	of	aldoximes	(where	R1	or	R2	=	H)	produces	primary	amides	via
hydrogen	migration	in	a	non-stereospecific	manner,	while	acyclic	ketoximes	produce
secondary	amides,	and	cyclic	ketoximes	yield	lactams.



Scheme	5.1	General	mechanism	for	the	Beckmann	rearrangement.

While	the	classic	Beckmann	reaction	requires	a	strong	acid	to	promote	the	rearrangement,
recent	efforts	to	use	milder,	greener,	and	nonacidic	conditions	for	this	transformation	have	led
to	the	use	of	other	reagents2b,	3	including	Lewis	acids,	solid	catalysts,	ionic	liquids,4	and
organocatalysts.5	Oxime	activation	begins	by	transforming	the	N-hydroxyl	group	of	the	oxime
into	a	better	leaving	group	through	reaction	with	an	acid,	esterification,	or	etherification.	As
shown	in	Scheme	5.2,	the	hydroxyl	group	of	oxime	2	is	converted	into	a	better	leaving	group
with	an	electrophile,	subsequently	forming	oxonium	intermediate	4.	The	Beckmann
rearrangement	proceeds	via	the	departure	of	the	leaving	group	and	migration	of	the	substituent
situated	anti	to	the	nitrogen—oxygen	(N—O)	bond	of	4	to	the	nitrogen,	thereby	producing
nitrilium	ion	5. 	This	process	occurs	to	maximize	the	antiperiplanar	electron	delocalization	of
the	carbon–carbon	(C—C)	σ	orbital	to	the	antibonding	σ*	orbital	of	the	N—O	bond.6	A
computational	study	provided	evidence	that	bond	migration	and	N—O	bond	scission	are	likely
to	occur	simultaneously.7	The	nitrilium	ion	5	reacts	with	a	nucleophile	such	as	water	to	form
intermediate	6	that	is	deprotonated	to	furnish	imidic	acid	7,	which	tautomerizes	to	amide	8.

Scheme	5.2	Beckmann	rearrangement	mechanism.

The	oxime	can	exist	in	two	distinct	isomeric	forms:	the	(E)-	or	anti-isomer	and	the	(Z)-	or	syn-



isomer	(Scheme	5.3).	The	(E)-isomer	9	will	rearrange	to	give	the	N-isopropylamide,	10	while
the	(Z)-isomer	9	will	yield	the	N-methylamide	11	under	normal	Beckmann	reaction	conditions
with	aluminum	oxide.8	In	some	reactions,	especially	those	carried	out	under	acidic	conditions
and	in	protic	solvents,	interconversion	of	the	two	isomers	can	take	place,	which	accounts	for
non-stereospecific	conversions	that	can	be	observed.	When	both	alkyl	groups	can	migrate,	the
amide	formed	in	higher	proportion	is	derived	from	the	migration	of	the	more	bulky	group	to
impart	some	regioselectivity.

Scheme	5.3	Beckmann	rearrangement	of	geometric	oxime	isomers.

In	general,	while	the	carbon	bond	anti	to	the	leaving	group	on	the	nitrogen	atom	migrates,	there
are	exceptions.	In	a	recent	study	by	Ohwada	et	al.,	it	was	found	(Scheme	5.4)	that	the	presence
of	a	nucleophilic	halogen,	specifically	bromine	or	chlorine	in	the	peri-position	as	in	12,
afforded	the	unexpected	regioisomeric	lactam	15.9	This	syn-migration	is	due	to	a	nucleophilic
monovalent	halogen	atom	participating	in	the	formation	of	imino-halonium	cation	13.
Transition	state	calculations	showed	that	the	syn-migration	pathway	resembles	an	SN2	reaction
and	that	the	halogen	atom	can	stabilize	the	imino	cation	by	electron	donation.	In	contrast,	if	a
hydrogen	is	in	the	peri-position,	the	normal	Beckmann	reaction	takes	place	and	anti	migration
of	oxime	tosylate	16	results	in	aryl	group	migration,	followed	by	addition	of	water	to
intermediate	17	to	form	lactam	18	(Scheme	5.4).



Scheme	5.4	Anti-	versus	syn-migration	of	tetralone	oximes.

In	their	classical	investigation	of	the	stereochemical	course	of	the	Beckmann	transformation,
Kenyon	and	Young	analyzed	the	rearrangement	of	an	optically	active	ketoxime	into	its
corresponding	amide	(Scheme	5.5).10	They	treated	the	dextrorotatory	oxime	19	with
phosphorus	pentachloride	to	afford	the	dextrorotatory	amide	20.11	They	compared	the	optical
activity	of	the	amide	product	with	its	corresponding	dl-amide	and	determined	that	the
asymmetry	of	the	migrating	group	was	preserved.	This	work	and	subsequent	experiments	by
Campbell	and	Kenyon	confirmed	that	the	Beckmann	rearrangement	proceeds	in	an
intramolecular	fashion	with	retention	of	configuration	of	the	migrating	group.12	Additional
experiments	by	Hill	et	al.	demonstrated	retention	of	stereochemistry	of	the	Beckmann
transformation	on	a	system	with	a	trisubstituted	stereogenic	carbon	(Scheme	5.5).13	cis-
Decalin	oxime	21	was	treated	with	p-toluenesulfonyl	chloride	in	pyridine	to	yield	cis-amide
22	in	high	yield.	Reaction	with	PCl5	in	chloroform,	however,	led	to	Beckmann	fragmentation
(formation	of	acetonitrile,	see	also	Scheme	5.7).

Scheme	5.5	Retention	of	stereochemistry	during	Beckmann	rearrangement.



Vanos	and	Lambert	were	the	first	to	provide	experimental	evidence	that	the	cyclopropenium-
activated	Beckmann	rearrangement	is	self-propagating	rather	than	an	organocatalytic	process.14
Subsequently,	using	computational	investigations	(DFT	calculations),	Eriksson	and	coworkers
demonstrated	that	in	the	case	of	certain	organomediated	Beckmann	rearrangements	(3,3-
dichloro-1,2-diphenylcyclopropene,	TsCl,	cyanuric	chloride,	and	other	reagents),	a	self-
propagating	mechanism	is	energetically	favored	over	other	mechanisms	(Scheme	5.6).15	Rather
than	catalyzing	the	reaction,	the	chloride	reagent	24	only	initiates	the	reaction	with	oxime	23	to
yield	oxime	complex	25	that	subsequently	forms	nitrilium	ion	26.14	Next,	another	molecule	of
oxime	23	adds	to	nitrilium	ion	26	to	form	dimer-like	structure	27	that	produces	the
rearrangement	product	28	while	simultaneously	regenerating	nitrilium	ion	26.

Scheme	5.6	Proposed	self-initiation	mechanism	during	Beckmann	rearrangement.

5.1.2	Beckmann	Fragmentation
First	discovered	by	Wallach	in	1889,	the	Beckmann	fragmentation	forms	a	nitrile	product
instead	of	an	amide	(Scheme	5.7).	Sometimes	called	the	abnormal	or	second-order	Beckmann
rearrangement,	or	Beckmann	fission,	this	reaction	begins	like	the	Beckmann	rearrangement
with	oximes	2	derived	from	linear	or	cyclic	ketones	1.	The	fragmentation	occurs	when	the	C—
C	α	bond	breaks	after	shifting	to	the	nitrogen,	which	results	in	the	formation	of	carbocation	29
and	nitrile	30	(Scheme	5.8).	In	a	cyclic	system,	the	fragmentation	causes	the	ring	of	cyclic
oxime	2	to	open	to	generate	the	noncyclic	nitrile	product	31.



Scheme	5.7	Beckmann	fragmentation.

Scheme	5.8	Beckmann	fragmentation	mechanism.

Whether	Beckmann	rearrangement	or	fragmentation	takes	place	is	wholly	dependent	on	the
exact	reaction	conditions	employed.	For	example,	reaction	of	oxime	21	with	p-toluenesulfonyl
chloride	in	pyridine	furnished	amide	22	(Scheme	5.5),	but	when	PCl5	was	employed,
Beckmann	fragmentation	took	place	(see	also	Schemes	5.23,	5.25–5.27).	In	general,
fragmentation	can	take	place	when	the	hydroxyl	group	of	an	oxime	is	anti	to	a	group	that	can
stabilize	a	positive	charge	such	as	a	quaternary	carbon	or	a	heteroatom.	After	activation	of
oxime	2	by	the	addition	of	an	electrophile,	oxonium	ion	4	is	formed.	The	Beckmann
rearrangement	generates	nitrilium	ion	5,	which	releases	carbocation	30	and	nitrile	29	(Scheme
5.8).

Neighboring	groups	with	lone	pairs	such	as	nitrogen,	oxygen,	or	sulfur	that	are	also	able	to
stabilize	a	positive	charge	can	assist	the	Beckmann	fragmentation	reaction	as	shown	in	Scheme
5.9.	This	type	of	Beckmann	fragmentation	was	instrumental	in	determining	the	structure	of	the
morphine	alkaloids.	The	Beckmann	fragmentation	provided	evidence	that	a	piperidine	ring	is
connected	to	carbon	13	(cf.	32,	Scheme	5.9)	and	ruled	out	a	C5-connected	azepine	ring
structure	33.	Thus,	upon	treatment	with	thionyl	chloride,	dihydrocodeine-derived	oximes	32
and	33	would	afford	either	aldehyde	34	or	ketone	35,	respectively.16	Formation	of	aldehyde	34
confirmed	that	an	N-methyl	6-membered	piperidine	ring	with	attachment	at	the	C13	position
was	the	correct	structure.	The	formation	of	ketone	35	would	have	confirmed	the	presence	of	an



N-methyl	seven-membered	azepine	ring	that	is	connected	to	C5.

Scheme	5.9	Neighboring	group	assistance	in	the	determination	of	morphine	alkaloid	structure.

5.1.3	Photo-Beckmann	Rearrangement
In	1963,	Mayo	and	coworkers	reported	that	the	direct	irradiation	of	an	aldoxime	2,	derived
from	an	aldehyde	1,	formed	amide	37	through	oxaziridine	intermediate	36,	and	thus	concluded
that	this	photochemical	reaction	proceeds	through	an	intramolecular	oxygen	migration	(Scheme
5.10).17	The	reaction	mechanism	was	later	determined	through	studies	of	18O-labeled
oximes.18	This	reaction	is	called	the	photochemical	Beckmann	rearrangement19	and,	in	contrast
to	the	typical	Beckmann	rearrangement,	is	not	accompanied	by	the	corresponding	α-fission	to
produce	nitrile	products	(i.e.,	fragmentation	pathway).

Scheme	5.10	Photo-Beckmann	rearrangement.

The	photo-Beckmann	reaction	provides	the	regioisomeric	amide	compared	to	the	amide
typically	obtained	from	the	traditional	acid-catalyzed	Beckmann	rearrangement	in	which	the
carbon	bond	anti	to	the	hydroxyl	group	of	the	oxime	migrates.	Instead,	the	photo-Beckmann



reaction	is	under	stereoelectronic	control,	whereby	the	group	anti	to	the	lone	pair	of	the
oxaziridine	migrates	to	the	nitrogen.	While	physical	evidence	to	show	the	formation	of
oxaziridines	has	been	unsuccessful,	empirical	evidence	suggests	that	the	photo-Beckmann
rearrangement	involves	the	photochemical	(E,Z)-isomerization	of	oximes,	followed	by	the
transformations	of	the	excited	singlet	(E)-	and	(Z)-oximes	into	oxaziridine	intermediates	before
reorganization	of	the	resulting	singlet	excited	oxaziridines	to	the	amides	in	a	fully	concerted
manner.20	The	stereoelectronic	control	was	unambiguously	verified	by	photo-Beckmann
reaction	with	oxaziridine	38	in	which	both	bonds	adjacent	the	oxaziridine	are	chemically
equivalent,	thus	ruling	out	steric	effects	that	could	influence	the	reaction	(Scheme	5.11).21
Oxaziridine	38	was	prepared	from	the	corresponding	chiral	imine	by	oxidation	with	m-
chloroperoxybenzoic	acid.	The	configurations	of	oxaziridine	38	and	lactam	39	were
determined	by	X-ray	analysis	and	NMR	spectroscopy	to	confirm	that	the	position	of	the
nitrogen	lone	pair	is	anti	to	bond	“a.”	Thus,	oxaziridine	38	generated	amide	39	by	breaking
bond	“a”	and	not	bond	“b,”	and	lactam	40	did	not	form.

Scheme	5.11	Photo-Beckmann	oxaziridine	rearrangement	mechanism.

5.2	STRATEGIC	PLANNING:	A	HISTORICAL
PERSPECTIVE
Incorporation	of	the	Beckmann	reaction	during	retrosynthetic	analysis	can	be	a	powerful
method	for	planning	carbon–nitrogen	bond	installation	or	ring	expansion.	From	an	aldehyde	or
ketone	precursor,	the	Beckmann	reaction	typically	affords	an	amide	functional	group	or	a
lactam	if	the	precursor	is	a	cyclic	ketone.	Lactam	formation	leads	to	ring	expansion	and	can
therefore	be	used	as	a	strategy	in	complex	natural	product	synthesis.	In	cases	where	the
hydroxyl	group	of	the	oxime	is	anti	to	a	quaternary	carbon,	nitrile	formation	can	result	from	a
Beckmann	fragmentation.	If	the	quaternary	carbon	is	part	of	a	cyclic	structure,	this	causes	a
ring	opening	effect.	In	addition,	natural	products	with	ketone	functional	groups	such	as
camphor,	fenchone,	and	related	derivatives	can	be	converted	into	chiral	nonracemic	nitrogen-
containing	synthetic	building	blocks	by	utilizing	Beckmann	reactions.

In	one	of	the	classic	examples	in	natural	product	synthesis,	Woodward,	Eschenmoser,	and
coworkers	demonstrated	the	powerful	chemistry	of	the	Beckmann	reaction	in	the	synthesis	of



vitamin	B12	(48,	Scheme	5.12).22	The	Beckmann	rearrangement	had	a	key	role	in	establishing
the	D-ring	of	the	complex	structure.	Acid	chloride	precursor	44	was	constructed	from	(−)-
camphor	(41)23	by	α-oxidation24	followed	by	oxime	formation	at	the	less	hindered	ketone25	to
furnish	42;	the	direct	α-oximation	of	41	with	amyl	nitrite	to	form	42	has	also	been	reported.26
The	Beckmann	rearrangement	of	oxime	42	followed	by	hydrolysis	afforded	amide	43,27	which
after	additional	steps	produced	key	intermediate	44. 	Subsequent	transformations	led	to
ketone	intermediate	45	that	was	converted	to	O-methylsulfonyl	oxime	46	for	a	late-stage
Beckmann	rearrangement.	Upon	treatment	with	polystyrene	sulfonic	acid	in	methanol	heated	to
170	°C,	the	oxime	mesylate	46	underwent	Beckmann	rearrangement	and	formed	the	six-
membered	lactam	ring,	which	then	participated	in	a	second	transformation	to	form	the	D-ring
through	a	dehydrative	cyclization	to	generate	the	highly	functionalized	2,2′-bipyrrolidine	ring
system	47.	This	part	of	the	synthesis	provided	rings	A	and	D	of	the	vitamin	B12	structure	and
reveals	the	utility	of	the	Beckmann	reaction	in	complex	natural	product	total	synthesis.



Scheme	5.12	Total	synthesis	of	vitamin	B12.



Another	classical	example	is	Stork's	1972	total	synthesis	of	racemic	byssochlamic	acid	(51),
which	constitutes	the	first	application	of	a	Beckmann	fragmentation	in	the	total	synthesis	of	a
complex	natural	product	(Scheme	5.13).	Bicyclic	oxime	49	underwent	Beckmann
fragmentation	to	generate	the	nine-membered	intermediate	50,	which	was	converted	to	(±)-
byssochlamic	acid	(51)	after	ethyl	substituent	formation	and	conversion	of	the	benzene	rings	to
the	two	maleic	anhydrides.28

Scheme	5.13	Beckmann	fragmentation	in	the	synthesis	of	byssochlamic	acid.

5.3	RECENT	APPLICATIONS	TOWARD	THE	SYNTHESIS
OF	NATURAL	PRODUCTS
Natural	products	are	derived	from	plant,	marine,	and	microbial	sources	and	often	possess
biological	activity.	They	are	a	source	of	new	drug	products	each	year	and	continue	to	play	a
significant	role	in	the	drug	discovery	and	development	process.29	Herein,	we	will	discuss
examples	of	recent	natural	product	synthesis	that	utilize	the	previously	discussed	Beckmann
reactions:	rearrangement,	fragmentation,	and	photo-Beckmann.

5.3.1	Toward	the	Total	Synthesis	of	Pinnaic	Acid	and	Halichlorine
The	Beckmann	rearrangement	reaction	was	a	key	step	in	the	total	synthesis	of	two	marine
natural	products,	pinnaic	acid	(52)	and	halichlorine	(53)	(Figure	5.1).30	Pinnaic	acid	and
halichlorine	are	of	interest	because	they	exhibit	anti-inflammatory	effects	through	inhibition	of
a	cytosolic	85	kDa	phospholipase	(cPLA2)	in	vitro.31	Halichlorine	is	also	a	promising



antihypertensive	agent	due	to	its	inhibition	of	L-type	Ca2+	channels	in	vascular	smooth	muscle
cells.32

Figure	5.1	Structures	of	pinnaic	acid	and	halichlorine

Both	natural	products	contain	an	interesting	azaspirodecane	core	structure	and	have	been
subjects	of	multiple	total	syntheses.33	A	recent	synthesis	by	Arimoto	and	coworkers	featured	a
regioselective	Beckmann	rearrangement	of	oxime	55,	derived	from	ketone	54,	to	install	the
nitrogen	atom	of	the	spirocycle	(Scheme	5.14).30	Initially,	a	standard	two-step	Beckmann
procedure	was	employed	with	oxime	formation	using	hydroxylamine,	followed	by	Beckmann
rearrangement	to	provide	the	lactams	57	and	58	in	84%	yield	over	two	steps	but	in	a	3:1	ratio
of	lactams	57	and	58,	respectively	(Scheme	5.14,	conditions	“a”).	This	outcome	reflected	the
modest	selectivity	in	the	formation	of	the	(E)-	and	(Z)-configured	oximes	55	and	56,	which
after	Beckmann	rearrangement	furnished	amides	57	and	58,	respectively,	in	a	stereospecific
manner.	Arimoto	exploited	the	bias	for	(E)-oxime	formation	by	employing	the	sterically
hindered	hydroxylamine	reagent,	O-mesitylenesulfonylhydroxylamine	(MSH),	to	convert	the
hindered	ketone	54	into	the	desired	lactam	57	in	85%	yield	on	5	g	scale.	This	outcome	is	a
consequence	of	the	enhanced	selectivity	for	(E)-oxime	formation,	as	the	corresponding	(Z)-
oxime	does	not	form	due	to	the	steric	bulk	of	the	mesitylenesulfonyl	moiety.	Thus,	Arimoto	et
al.	were	able	to	efficiently	control	the	regioselectivity	of	the	reaction.	The	addition	of	MSH	as
a	solid	to	the	ketone	was	important	to	avoid	degradation	of	MSH.



Scheme	5.14	Beckmann	reaction	optimization.

The	optimized	Beckmann	rearrangement	was	used	to	install	the	amine	functionality	at	the
quaternary	center	of	the	azaspirodecane	core	61	of	pinnaic	acid	and	halichlorine	(Scheme
5.15).	Thus,	after	ketone	54	was	converted	to	the	lactam	57,	subsequent	reductive	cleavage	and
amine	protection	gave	alcohol	59.	Elaboration	of	the	PMP-protected	hydroxyethyl	side	chain
of	59	provided	enone	60,	which	smoothly	underwent	a	reductive	amination	to	yield	the
azaspirodecane	core	61.	This	advanced	intermediate	was	then	elaborated	into	the	natural
products	pinnaic	acid	(52)	and	halichlorine	(53).



Scheme	5.15	Toward	the	synthesis	of	52	and	53.

Related	chemistry	was	reported	by	Saeki	and	Toyota	for	the	racemic	synthesis	of	natural
product	cis-195A	(64),	an	alkaloid	that	has	been	isolated	from	dendrobatid	frog	skin	extracts
(Scheme	5.16).34	A	1:1	mixture	of	indanone	oxime	stereoisomers	62	underwent	a
regioselective	Beckmann	reaction	to	afford	lactam	63.	The	excellent	regiochemistry	observed
in	this	reaction	must	be	a	result	of	imine	inversion	under	the	reaction	conditions.	The	natural
product	64	was	prepared	in	three	additional	steps.



Scheme	5.16	Synthesis	of	64.

5.3.2	Access	to	the	Core	of	Mersicarpine
Mersicarpine	(65,	Figure	5.2)	is	an	atypical	tetracyclic	dihydroindole	alkaloid	isolated	from
Kopsia	plants	by	Kam	et	al.	in	2004.35	Its	structure	contains	a	seven-membered	cyclic	imine
that	is	fused	with	both	an	indoline	and	a	δ-lactam	around	a	tertiary	hydroxyl	group.	Given	its
unique	structural	features	and	the	reports	of	other	biologically	active	indole	alkaloids	isolated
from	Kopsia	plants,36	mersicarpine	(65)	has	been	an	attractive	target	for	total	synthesis.37
While	previous	reports	all	generated	the	indoline	moiety	from	the	indole	itself,	Li	and	Liang
explored	a	novel	strategy	to	obtain	the	dihydroindoline	core	66	that	could	have	wider
applications	in	indole	alkaloid	synthesis.38

Figure	5.2	Mersicarpine	and	key	intermediate	66

Their	strategy	features	a	Beckmann	rearrangement	for	the	synthesis	of	the	δ-lactam	portion	of
66	(Scheme	5.17).	Starting	with	cyclopentanone	(67),	an	aldol	reaction	followed	by	TBS
protection	afforded	ketone	68.	Treatment	with	hydroxylamine	gave	oxime	69	and	subsequent
oxime	activation	with	p-toluenesulfonyl	chloride	produced	intermediate	70.	The	Beckmann
rearrangement	of	intermediate	70	with	acetic	acid	at	room	temperature	proceeded	with
excellent	regioselectivity	as	a	result	of	its	(E)-imine	geometry	to	provide	δ-lactam	71	in	good
yield.	Deprotection	of	the	hydroxyl	group,	followed	by	Dess–Martin	oxidation,	nucleophilic
aromatic	substitution,	and	an	enolate	autoxidation	process	generated	the	mersicarpine	core
structure	66.



Scheme	5.17	Synthesis	of	the	mersicarpine	core	structure	66.

5.3.3	Formal	Synthesis	of	Gephyrotoxin	287C
Gephyrotoxin	is	a	naturally	occurring	alkaloid	isolated	from	the	skin	secretion	of	a	tropical
frog	(Figure	5.3).39	Its	absolute	configuration	was	first	assigned	by	Daly	et	al.	as	72	by	X-ray
analysis,39	but	Kishi's	total	synthesis	of	the	natural	product	established	its	absolute
stereochemistry	as	73.40	While	gephyrotoxin	is	relatively	nontoxic,	studies	have	shown	that	it
displays	an	array	of	neurological	activities,	prompting	synthetic	efforts41	including	many
formal	syntheses	showcasing	abbreviated	efforts	toward	Kishi's	intermediate	74.

Figure	5.3	Structure	of	gephyrotoxin	287C	and	Kishi's	intermediate	74

Lessard,	Spino,	and	coworkers	developed	the	formation	of	N-heterocycles	from
cycloalkanones	using	a	photochemical	ring	contraction	reaction	coupled	with	a	Beckmann
rearrangement	ring	expansion.42	Their	methodology	is	an	impressive	approach	to	transform
disubstituted	cycloalkanones	into	N-heterocycles	of	the	same	ring	size	(Scheme	5.18).43	The
reaction	is	stereospecific	with	retention	of	stereochemistry	of	the	starting	material.	cis-Ketone
75	yielded	cis-piperidine	78	and	trans-ketone	75	afforded	trans-piperidine	78.44	The
formation	of	lactam	enantiomers	cis-76	and	cis-77	from	the	Beckmann	rearrangement	of	cis-75
is	inconsequential	because	upon	irradiation	of	the	N-chlorolactams,	formed	by	chlorination,



and	subsequent	treatment	with	methanol	and	a	base,	the	photochemical	ring	contraction
carbamate	cis-78	results.	The	Beckmann	rearrangement	of	trans-75	yields	the	lactam
intermediate	trans-76/trans-77,	which	are	identical,	and	thus	furnish	the	photochemical	ring
contraction	product	trans-78.

Scheme	5.18	Nitrogen	heterocycle	formation	from	Beckmann	rearrangement	reaction.

This	methodology	was	used	for	a	short	and	efficient	synthesis	of	Kishi's	pyrrolidine
intermediate	74	leading	to	the	formal	synthesis	of	the	natural	product	(−)-gephyrotoxin	287C
(73,	Figure	5.3).	The	initially	desired	lactam	80	was	prepared	in	one	step	from	bicyclic	ketone
79	by	direct	Beckmann	rearrangement	with	hydroxylamine-O-sulfonic	acid	in	formic	acid
(Scheme	5.19).	The	lactam	80	was	first	converted	to	an	N-chlorolactam	before	irradiation	with
254	nm	UV	light	to	promote	the	ring	contraction,	and	subsequent	steps,	similar	to	those	shown
in	Scheme	5.18,	generated	benzyl	carbamate	81.	Ozonolysis	of	81	with	reductive	workup
yielded	bis-(2-hydroxyethyl)pyrrolidine	82	that	was	used	to	prepare	Kishi's	intermediate	74.40

Scheme	5.19	Synthesis	of	Kishi's	intermediate	74.



Spino	and	coworkers	have	also	employed	an	alternative	and	more	efficient	two-step	approach
to	amide	80	by	reaction	of	ketone	79	with	hydroxylamine	to	give	oxime	83.	Treatment	of	oxime
83	with	p-toluenesulfonyl	chloride	under	basic	conditions	yielded	the	desired	lactam	80	in
55%	yield	over	two	steps	(Scheme	5.20).

Scheme	5.20	Two-step	synthesis	of	intermediate	80.

5.3.4	First	Asymmetric	Total	Synthesis	of	(+)-Sparteine
In	2002,	Aubé	and	coworkers	used	a	photochemical	Beckmann	rearrangement	as	a	key	reaction
to	install	one	of	the	two	nitrogens	into	the	tetracyclic	structure	during	the	first	asymmetric	total
synthesis	of	(+)-sparteine	(85,	Figure	5.4).45	Its	enantiomer,	(−)-sparteine	(84),	is
commercially	available	at	reasonable	cost	because	it	can	be	easily	isolated	from
papilionaceous	plants,	and	(−)-sparteine	has	been	a	useful	chiral	diamine	in	asymmetric
synthesis.	To	prepare	the	less	readily	available	(+)-sparteine	(85),	Aubé	and	coworkers
initially	focused	on	an	intramolecular	Schmidt	reaction	to	construct	the	nitrogen	heterocycles.
After	unsuccessful	attempts	to	effect	an	intramolecular	Schmidt	reaction	to	form	the	last	ring	in
the	multicyclic	structure,	they	turned	their	attention	to	the	photo-Beckmann	rearrangement	to
complete	the	synthesis	of	(+)-sparteine.	This	is	a	classic	example	of	the	utility	of	the	photo-
Beckmann	reaction	for	nitrogen-ring	installation.

Figure	5.4	Structures	of	sparteines

After	installing	the	first	lactam	via	an	intramolecular	Schmidt	reaction,	Aubé	and	coworkers
obtained	intermediate	86,	which	they	elaborated	to	N,O-bis-protected	hydroxylamine	87.
Intermediate	87	was	treated	with	trifluoroacetic	acid	to	remove	the	Boc	protecting	groups,	and
subsequent	intramolecular	condensation	gave	the	endocyclic	nitrone	intermediate	88	(Scheme
5.21).	Irradiation	in	benzene	at	254	nm	then	initiated	a	photo-Beckmann	rearrangement	of	the
nitrone	to	produce	oxaziridine	intermediate	89,	which	subsequently	rearranged	to	lactam	90.46
The	stereoelectronic	effect	of	the	oxaziridine	nitrogen	promotes	the	migration	of	bond
antiperiplanar	to	the	nitrogen	lone	pair	(see	also	Scheme	5.11).	Treatment	of	lactam	90	with
lithium	aluminum	hydride	reduced	the	lactam	carbonyl	and	afforded	(+)-sparteine.



Scheme	5.21	Synthesis	of	(+)-sparteine	(85).

5.3.5	Synthesis	of	the	Chloropentane	Core	of	Palau'amine
Gin	and	coworkers	reported	the	synthesis	of	the	chloropentane	scaffold	94	of	the	cytotoxic	and
immunosuppressive	polycyclic	guanidine	alkaloid	palau'amine	(96)	by	employing	a	Diels–
Alder/[3,3]-sigmatropic	rearrangement	sequence	and	a	Beckmann	rearrangement	(Scheme
5.22)	as	key	reaction	steps.47	The	synthesis	started	with	dihydroquinone	91,	which	is	readily
available	from	a	Diels–Alder	reaction	between	benzoquinone	and	cyclopentadiene.48
Dihydroquinone	91	was	carried	forward	in	multiple	steps,	including	a	[3,3]-sigmatropic
rearrangement,	producing	ketone	92.	After	oxime	formation,	regioselective	Beckmann
rearrangement	provided	lactam	93.	From	intermediate	93,	the	bridged	and	nonbridged
cyclopentanes	94	and	95	were	obtained,	which	are	central	to	the	palau'amine	structure	(96).



Scheme	5.22	Toward	the	synthesis	of	palau'amine	(96).

5.3.6	The	Total	Synthesis	of	(−)-Elegansidiol
In	their	efforts	to	explore	new	approaches	for	the	synthesis	of	oxygenated	monocarbocyclic
terpenoids,	Cao	et	al.	utilized	the	Beckmann	fragmentation	reaction	for	the	total	synthesis	of
(−)-elegansidiol	(101,	Scheme	5.23).49	They	were	able	to	obtain	oxime	98	from	the	readily
available	Hajos	ketone	97	using	known	procedures.50	After	different	attempts	to	promote	the
Beckmann	fragmentation,	Cao's	group	found	that	the	Magnus	protocol,	which	utilizes	a
suspension	of	phosphorus	pentachloride	and	2,6-lutidine51	in	dichloromethane,	gave	the	best
regioselectivity	for	the	methylene	nitrile	product	100	from	intermediate	99.	Further	elaboration
of	intermediate	100	afforded	the	natural	product	elegansidiol.



Scheme	5.23	Synthesis	of	(−)-elegansidiol.

5.4	ACCESS	TO	DIVERSE	SCAFFOLDS	VIA	THE
BECKMANN	REACTION
5.4.1	Diterpene	Hydrocarbons
The	following	examples	show	the	versatility	of	the	Beckmann	reaction	in	the	formation	of
novel	structures	by	exploring	the	ent-kaurene	skeleton	of	stevioside.

5.4.1.1	Synthesis	of	ent-Kaurene	Synthase	Inhibitors
In	their	efforts	to	study	the	mechanism	of	terpene	synthases,	Coates	and	coworkers	synthesized
aza	derivatives	of	ent-kaurene.52	The	two	heterocyclic	analogs,	16-aza-trachylobane	(107)	and
16-aza-beyerane	(108),	were	synthesized	from	ent-beyeran-16-one	(103),	which	was	obtained
from	the	natural	product	stevioside	(102,	Scheme	5.24).	These	analogs	were	assessed	for	their
utility	as	active	site	probes	for	various	ent-diterpene	cyclases	and	as	selective	inhibitors	of
gibberellin	biosynthesis	in	plants.



Scheme	5.24	Synthesis	of	107	and	108	from	stevioside.

To	obtain	the	aza	analogs	107	and	108	from	the	natural	product	stevioside	(102),	glycosidic
bond	hydrolysis	was	followed	by	subsequent	transformations	to	afford	ent-beyeran-16-one
(103).	Oxime	formation	with	hydroxylamine	gave	104,	and	a	subsequent	Beckmann
fragmentation	reaction	using	tosyl	chloride	accomplished	cleavage	of	the	D-ring	of	ent-
beyeranone	to	produce	nitriles	105	and	106.	From	nitrile	105,	further	reactions	yielded	aza-
trachylobane	(107)	and	aza-beyerane	(108).

5.4.1.2	Skeletally	Diverse	and	Stereochemically	Complex	Library	Templates
Our	own	group	has	applied	a	diversity-oriented	approach	to	synthesize	multiple	templates
from	steviol	and	isosteviol,	the	aglycones	derived	from	the	natural	product	stevioside	(102,
Scheme	5.24).53	Stevioside	is	a	complex	natural	product	that	is	used	as	a	sweetener	and	is
readily	available	in	kilogram	quantities.	Therefore,	it	is	an	excellent	starting	material	for	the
synthesis	of	stereochemically	complex	templates	for	library	synthesis.	Multiple	scaffolds	were
prepared	from	Beckmann	rearrangement,	Beckmann	fragmentation,	and	photo-Beckmann
reactions.	Isosteviol	ester	109	was	treated	with	hydroxylamine	to	form	oxime	110	(Scheme
5.25).	Upon	addition	of	thionyl	chloride	in	chloroform,	products	from	both	the	Beckmann
fragmentation	(nitrile	111)	and	Beckmann	rearrangement	(lactam	112)	formed.	Similarly,	Wu	et
al.	observed	the	same	fragmentation	and	rearrangement	products	under	a	range	of	acidic
conditions	with	an	analogous	isosteviol	oxime	ester.54



Scheme	5.25	Beckmann	rearrangement	and	fragmentation	of	oxime	110.

When	the	Beckmann	reaction	was	performed	with	mesylated	oxime	intermediate	113,	lactam
112,	from	the	Beckmann	rearrangement,	was	obtained	as	the	sole	product	(Scheme	5.26),	thus
shutting	down	the	Beckmann	fragmentation	pathway.53	This	reaction	is	similar	to	what	White
and	coworkers	observed	during	their	morphine	synthesis.	Beckmann	reaction	of	an
intermediate	brosylated	oxime	in	acetic	acid	provided	the	desired	lactam,	whereas	the	reaction
of	the	corresponding	oxime	under	acidic	conditions	did	not	yield	any	lactam.55

Scheme	5.26	Beckmann	rearrangement	of	mesylate	113	to	form	lactam	112.

On	the	other	hand,	selective	Beckmann	fragmentation	was	achieved	with	this	scaffold	by
reaction	of	isosteviol	oxime	110	with	acetic	anhydride	in	acetonitrile,	yielding	the
corresponding	acetate.	Subsequent	treatment	with	p-toluenesulfonic	acid	produced	the	Δ6:Δ7
olefinic	nitriles	111	and	114	in	an	8:1	ratio	of,	respectively	(Scheme	5.27).



Scheme	5.27	Beckmann	fragmentation	to	generate	nitriles	111	and	114.

The	Beckmann	fragmentation	reaction	of	the	steviol	scaffold	was	also	evaluated	(Scheme
5.28).	Steviol	oxime	116	was	prepared	from	steviol	ester	115,	and	upon	reaction	with	acetic
anhydride	and	p-toluenesulfonic	acid	in	acetonitrile	at	90	°C,	the	expected	nitrile	117	was
generated	exclusively	in	67%	yield.

Scheme	5.28	Beckmann	fragmentation	of	steviol	oxime	116.

The	experiments	shown	previously	and	results	from	other	groups,	shown	below,	suggest	that
the	reaction	outcomes	are	partly	determined	by	the	character	of	the	oxime	leaving	groups.
Good	leaving	groups	such	as	sulfonates	promote	Beckmann	rearrangement	(Scheme	5.26;	see
also	Schemes	5.5,	5.12,	and	5.17),	whereas	poorer	leaving	groups,	such	as	the	oxonium	ion,
tetrachlorooxidophosphorane	formed	from	PCl5	(Schemes	5.13	and	5.23),	and	acetates
(Schemes	5.27	and	5.28),	promote	Beckmann	fragmentation.	However,	the	exact	reaction
conditions	are	important.	For	example,	reaction	of	oxime	104	(Scheme	5.24)	with	p-
toluenesulfonic	acid	in	DMF	in	the	absence	of	base	promoted	Beckmann	fragmentation.

Additionally,	the	regioisomeric	lactam	120	could	be	obtained	through	a	photo-Beckmann
rearrangement	reaction	(Scheme	5.29).	Isosteviol	ester	109	was	converted	to	the
corresponding	oxaziridine	119	through	heating	in	the	presence	of	benzylamine	under
dehydrating	conditions	to	afford	imine	118	as	the	major	diastereoisomer	(7:1	ratio	of	(E)-	to
(Z)-imines	as	determined	by	NMR),	followed	by	treatment	with	m-chloroperoxybenzoic	acid
to	yield	oxaziridine	119.	Notably,	the	oxidation	occurred	exclusively	at	the	exo	face	of	the	CD
ring.	Its	structure	was	not	independently	confirmed	but	determined	from	the	resulting	amide
120.	Photolysis	with	a	254	nm	mercury	lamp	regioselectively	delivered	the	expected	lactam
120	in	56%	yield	and	the	minor	regioisomer	121	in	7%	yield.	The	stereoelectronic	effect	of
the	oxaziridine	ring	promoted	the	migration	of	the	bond	antiperiplanar	to	the	nitrogen	lone	pair.
Formation	of	minor	isomer	121	resulted	from	the	exo-oxaziridine	derived	from	the	other	imine



isomer,	(Z)-118.	This	work	showcases	the	complementary	nature	of	the	Beckmann	reactions
and	how	this	chemistry	was	employed	for	developing	diverse	and	stereochemically	complex
templates	for	further	exploration	of	diterpenes	in	library	synthesis.

Scheme	5.29	Photo-Beckmann	reaction	of	oxaziridine	119.

5.4.1.3	Toward	the	Synthesis	of	(−)-Aplyviolene
Schnermann	and	Overman	reported	the	synthesis	of	diterpene	(−)-aplyviolene	(125),	which	is
a	member	of	the	spongian	class	of	diterpene	natural	products	(Scheme	5.30).56	The	synthesis
began	with	a	Beckmann	fragmentation	of	(+)-fenchone	(122)	to	produce	a	2:1	mixture	of	alkene
regioisomers	favoring	the	Δ1,2-isomer	123.	Reduction	of	the	nitrile,	Wittig	reaction	of	the
corresponding	aldehyde,	and	subsequent	steps	eventually	formed	the	bicyclic	ring	system	124,
which	the	Overman	group	had	previously	used	to	synthesize	(−)-aplyviolene	(125).57	This
synthetic	route	to	124	improved	upon	the	original	total	synthesis	by	requiring	five	fewer
isolated	intermediates.



Scheme	5.30	Synthesis	of	124.

5.4.2	Monoterpene-Related	Synthesis
In	their	efforts	to	investigate	pinene	biosynthesis,	Coates	and	coworkers	prepared	2-
azapinanes,	which	are	aza	analogs	of	the	pinyl	carbocation	intermediates	involved	in	the
biosynthetic	pathway.58	The	Coates	group	used	both	enantiomers	of	α-pinene	as	the	starting
materials,	though	only	the	synthesis	from	the	(−)-	isomer	is	shown	in	Scheme	5.31.	α-Pinene
(126)	was	converted	to	ketoacid	127,	which	underwent	Beckmann	rearrangement	upon	oxime
formation	to	furnish	four-membered	ring	intermediate	128.	Cyclization	afforded	129	followed
by	standard	transformations	to	yield	the	desired	2-azapinane	(130).

Scheme	5.31	Synthesis	of	130.

5.4.3	Furopyran	Synthesis
The	natural	products	dysiherbaine	(131)	and	neodysiherbaine	A	(132),	kainate	receptor



agonists,	and	malayamycin	A	(133),	an	antifungal	agent,	all	contain	a	furopyran	core	structure
(Figure	5.5).	Krishna	reported	an	approach	toward	the	synthesis	of	this	furopyran	core
structure	that	featured	a	Beckmann	fragmentation	(Scheme	5.32).59

Figure	5.5	Furopyran	natural	products

Scheme	5.32	Synthesis	of	furopyran	derivatives.

Intermediate	134,	prepared	in	four	steps	from	readily	available	starting	materials,	underwent	a
[5+2]	cycloaddition	to	furnish	multicyclic	intermediate	135.	After	reduction	of	the	double
bond,	oxime	formation	and	subsequent	Beckmann	fragmentation,	assisted	by	the	adjacent
oxygen,	yielded	furopyrans	137–139.	The	intermediate	oxonium	ion	136	could	be	trapped	by	a
hydride,	methanol,	or	water	(conditions	a–c).

5.4.4	Synthesis	of	a	Pyrazine	Imide
The	synthesis	of	porphyrinoids	containing	nonpyrrolic	heterocycles	is	of	interest	for	studying
the	intrinsic	properties	of	porphoryins.	These	porphyrin-like	molecules	possess	varying
absorption	and	emission	properties	and	abilities	to	interact	with	metals	or	other	analytes.60
Akhigbe	and	Brückner	converted	meso-tetraphenylporphyrine	140	to	diketone	141	using
osmium	tetroxide	and	DDQ	oxidation	(Scheme	5.33).	Oxime	formation	followed	by	a



Beckmann	rearrangement	provided	the	ring-expanded	metallopyrazine	imide	143,	which
showed	metallochlorine-like	optical	properties.	The	demetallated	derivative	of	143	has	a
porphyrin-like	optical	spectrum.61	In	terms	of	further	elaboration,	the	imide	in	143	provides	a
functional	group	that	can	be	derivatized.

Scheme	5.33	Synthesis	of	pyrazine	imide	143.

5.5	FORMATION	OF	HETEROCYCLIC	SCAFFOLDS
Another	aspect	of	the	Beckmann	reaction	is	its	ability	to	form	different	scaffolds	through	an
intramolecular	nucleophile-trapping	mechanism.	When	the	oxime	contains	a	nucleophile	as	one
of	its	substituents,	there	is	the	potential	for	ring	closures	to	take	place. 	The	cyclization
involves	intramolecular	nucleophilic	addition	to	the	nitrilium	ion	generated	from	the	oxime
during	the	Beckmann	rearrangement	process	(Scheme	5.34).	When	the	nucleophile-containing
group	is	anti	to	the	oxime	hydroxyl	(as	in	144),	the	Beckmann	rearrangement	will	form	ensuing
nitrilium	145,	which	undergoes	a	5-endo-dig	cyclization	to	generate	heterocycle	146.62
Inversely,	when	the	nucleophile	is	within	the	substituent	syn	to	the	oxime	hydroxyl	(cf.	147),
cyclic	imine	149	results	from	a	5-exo-dig	cyclization	of	nitrilium	intermediate	148	of	oxime
147.	The	following	sections	will	showcase	recent	examples	in	which	the	Beckmann
rearrangement	reaction	has	been	used	to	produce	a	variety	of	heterocyclic	and	nonheterocyclic
scaffolds.



Scheme	5.34	Intramolecular	cyclization	of	oxime.

5.5.1	Oxadiazoles
1,3,4-Oxadiazoles63	and	1,2,4-oxadiazoles64	are	heterocyclic	aromatic	compounds	that	appear
in	many	bioactive	molecules.65	Previous	methods	for	the	synthesis	of	1,2,4-oxadiazoles
include	the	coupling	of	amidoximes	with	carboxylic	acid	derivatives,66	aerobic	C—H
oxygenation	of	amidoximes,67	or	a	cyclization	of	nitrile	oxides	to	nitriles.68	Telvekar	and
Takale	developed	the	preparation	of	1,2,4-oxadiazoles	from	substituted	diketone	derivatives
through	a	Beckmann	rearrangement	process	(Scheme	5.35).69	When	treated	with	diphosphorus
tetraiodide	in	dichloromethane	at	room	temperature,	dioximes	150	formed	the	Beckmann
products,	1,2,4-oxadiazoles	151,	in	excellent	yields.

Scheme	5.35	Oxadiazole	formation.

Mechanistically,	the	rearrangement	occurs	at	one	of	the	oxime	groups	followed	by	cyclization
to	form	the	oxadiazole	ring	(Scheme	5.36).	Diphosphorus	tetraiodide	exhibits	high	affinity	for
oxygen	and	promotes	substitution,	dehydration,	or	reduction	reactions70;	the	major	driving
force	for	the	reaction	is	phosphoryl	bond.	Upon	addition	of	diphosphorus	tetraiodide	to
dioxime	152,	intermediate	153	is	produced.	A	Beckmann	rearrangement	releases	phosphonic
diiodide	to	generate	nitrilium	intermediate	154	that	cyclizes	to	form	oxadiazole	155.



Scheme	5.36	Proposed	mechanism	for	oxadiazole	formation.

The	reaction	is	apparently	of	limited	scope	as	only	five	examples	were	reported.	Symmetrical
phenyl,	2-furyl	and	ethyl	substitutions	on	both	sides	of	the	dioxime	produced	the	oxadiazole
product.	Similarly,	in	one	unsymmetrical	case,	with	methyl	and	phenyl	substituents,	3-methyl-
5-phenyl-1,2,4-oxadiazole	was	generated.	However,	in	cases	where	there	are	identical
substituted	benzene	rings	on	both	sides	of	the	dioxime	(p-MeO,	p-NH2,	m-NO2),	a	Beckmann
fragmentation	took	place,	resulting	in	the	formation	of	the	corresponding	arylnitrile	products.69

5.5.2	Synthesis	of	Benzisoxazoles	and	Benzoxazoles
Benzisoxazoles	and	benzoxazoles	appear	as	scaffolds	in	many	pharmaceutical	products71,	and
the	benzoxazole	moiety	is	also	present	in	natural	products.72	Chen	et	al.	reported	a	synthesis	of
benzoxazoles	and	benzisoxazoles	that	allows	the	synthesis	of	both	isomers	from	the	same
substrate	(Scheme	5.37).73	In	both	synthetic	routes,	the	authors	propose	that	an	N-
chloroketimine	is	formed	as	the	intermediate.	The	synthesis	of	benzisoxazoles	157	takes	place
by	reaction	of	ketimines	156	with	NCS	in	the	presence	of	base,	which	promotes	the	addition	of
the	phenol	to	the	intermediate	N-chloroketimine.	Reaction	with	hypochlorite	in	the	absence	of
base	leads	to	Beckmann	rearrangement	to	form	benzoxazoles	158	via	aryl	migration	and
addition	of	the	phenol	to	the	intermediate	nitrilium	ion.



Scheme	5.37	Synthesis	of	benzisoxazoles	and	benzoxazoles.

5.5.3	Isatins
Isatins	are	indole	derivatives	with	broad	use	in	synthetic	dye	production	and	are	intermediates
in	the	synthesis	of	other	heterocyclic	molecules.74	They	also	possess	a	variety	of	biological
activities.75	Aksenov	et	al.	reported	a	one-pot	synthesis	of	isatins	using	ethyl	nitroacetate	with
substituted	benzenes	such	as	anisole	(159)	in	polyphosphoric	acid	(Scheme	5.38).76	The
process	for	isatin	formation	likely	includes	a	hybrid	between	the	Nef	and	Vilsmeier	reactions
of	anisole	159	and	nitro	ester	160	to	form	the	oxime	intermediate	161,	which	then	undergoes	a
Beckmann	rearrangement	to	give	the	anilide	162.	Subsequent	intramolecular	acylation	yields
isatin	163.



Scheme	5.38	Formation	of	isatin	163.

This	chemistry	is	reported	to	be	the	first	example	of	an	isatin	synthetic	method	that	does	not
rely	on	the	annelation	of	a	five-membered	ring	onto	aromatic	rings	with	the	participation	of
preexisting	aryl	substituents.	Aksenov	and	coworkers	also	applied	this	methodology	to
methylenedioxybenzene	and	ethylenedioxybenzene	with	yields	of	27%	and	26%,	respectively.

5.5.4	N-Imidoylbenzotriazoles
It	is	well	known	that	oximes	can	be	converted	to	imidates,	thioimidates,	imidoyl	halides	and
cyanides,	and	imines	through	trapping	of	the	intermediate	nitrilium	ion	with	the	appropriate
nucleophiles. 	Imidoylbenzotriazoles	are	useful	substitutes	for	imidoyl	chlorides.77	They	are
chemically	stable	and	versatile	reagents,	which	can	be	used	to	synthesize	a	variety	of
heterocycles	and	diverse	compounds	with	nitrogen-containing	functional	groups.	Deng	and
coworkers	developed	a	one-pot	procedure	to	obtain	N-imidoylbenzotriazoles	such	as	165	in
good	to	excellent	yields	via	a	Beckmann	rearrangement	of	ketoximes	such	as	164	(Scheme
5.39).78	They	examined	the	scope	of	the	reaction	with	diarylketoxime,	arylalkylketoximes,
dialkylketoximes,	and	cyclohexanone	oxime	substrates	and	found	that	all	arylalkylketoximes
produced	the	corresponding	benzotriazoles	in	yields	between	91%	and	97%	in	toluene.

Scheme	5.39	Formation	of	imidoylbenzotriazole	165.

In	the	proposed	mechanism,	treatment	of	oxime	2	with	sulfonyl	chloride	in	the	presence	of	a



base	would	form	the	oxime	sulfonate	intermediate	166,	which	would	undergo	Beckmann
rearrangement	to	form	nitrilium	5	(Scheme	5.40).	Subsequent	nucleophilic	attack	by
benzotriazole	would	furnish	imidoylbenzotriazoles	167.	In	unsymmetrical	cases	with	aryl	and
alkyl	substitutions,	a	regioselective	migration	of	the	aryl	(R1)	group	of	the	(E)-oxime	takes
place.

Scheme	5.40	Proposed	mechanism	for	imidoylbenzotriazole	formation.

Imidoylbenzotriazoles	serve	as	attractive	intermediates	to	produce	heterocycles	and
compounds	carrying	various	functional	groups	including	enaminones,79	amidines,80
tetrazoles,81	and	triazoles82	(Figure	5.6).

Figure	5.6	Heterocycles	and	functional	groups	obtained	from	imidoylbenzotriazoles

5.6	SYNTHESIS	OF	FUNCTIONAL	GROUPS
5.6.1	Amidines
Another	synthetically	useful	functional	group	in	organic	synthesis	accessible	via	Beckmann
rearrangement	is	the	amidine.	This	structure	has	become	a	common	synthetic	building	block	for
heterocyclic	chemistry83	and	natural	product	synthesis.84	Known	methods	to	prepare	the
amidine	moiety	require	transition-metal	catalysts85	or	direct	use	of	amines.86	Ashfeld	and
coworkers	have	constructed	amidines	by	coupling	oximes,	such	as	arylalkylketoxime	168,	with
tosyl	azide	via	a	mild,	chemoselective	Beckmann-like	rearrangement	under	metal-free	and
amine-free	conditions	to	generate	amidine	169	(Scheme	5.41).87	The	researchers	expanded	the
scope	of	the	reaction	to	dialkylketoximes,	diarylketoximes,	and	cyclic	oximes.	The	formation
of	the	amidine	is	consistent	with	a	Beckmann-like	rearrangement	in	which	the	antiperiplanar
oxime	substituent	migrates	preferentially.	Addition	of	TBAF	to	169	gave	dephosphorylated
amidine	170.



Scheme	5.41	Formation	of	amidine	170.

Ashfeld	and	coworkers	proposed	that	the	initial	phosphinylation	of	oxime	2	and	subsequent
Staudinger-like	reduction	of	the	tosyl	azide	forms	iminophosphorane	171	(Scheme	5.42).	The
formation	of	the	phosphoryl	bond	upon	rearrangement	is	a	likely	driving	force	behind	the
regioselective	migration	of	the	trans-oxime	substituent	(R1	in	171)	to	afford	the	nitrilium	ion	5.
The	corresponding	anionic	phosphoramide	is	released	and	then	adds	to	the	nitrilium	ion
amidine	17.	A	subsequent	1,3-phosphoryl	shift	leads	to	the	final	amidine	product	173.

Scheme	5.42	Mechanism	for	formation	of	amidines.

5.6.2	Thioamides
Certain	thioamides	exhibit	antithyroid	properties,88	have	been	used	in	peptide	isostere
development,89	and	are	key	synthetic	intermediates	in	heterocyclic	chemistry.90	Li	et	al.
reported	that	Beckmann	rearrangement	of	oximes	with	phosphorus	pentasulfide	is	a	facile	and
mild	reaction	to	produce	secondary	thioamides	(Scheme	5.43).91	Previous	Beckmann
rearrangement	routes	toward	thioamide	synthesis	required	thiophosphoryl	chloride,	which	is	a
moisture-sensitive	and	highly	odorous	reagent,92	or	the	use	of	transition-metal	reagents.93	Deng
and	coworkers	also	developed	a	less	malodorous,	one-pot	procedure	for	the	synthesis	of
thioamides	employing	the	Beckmann	rearrangement.94	However,	some	of	the	yields	obtained
by	Deng	and	coworkers	were	lower	when	compared	to	the	results	reported	by	Li's	group.	In
one	example,	Li	et	al.	found	that	upon	treatment	of	acetophenone	oxime	(174)	with	phosphorus



pentasulfide,	Beckmann	rearrangement	yielded	N-phenylethenethioamide	(175).

Scheme	5.43	Formation	of	thioamide	175.

In	the	mechanism	proposed	by	Li	and	coworkers,	ketoxime	2	reacts	with	phosphorus
pentasulfide	to	furnish	activated	ester	intermediate	176,	which	undergoes	the	Beckmann
rearrangement	to	deliver	the	iminocarbocation	5	and	the	thiolate	counteranion	(Scheme	5.44).
Nucleophilic	addition	of	the	thiolate	then	produces	the	desired	thioamide	177.

Scheme	5.44	Proposed	mechanism	for	thioamide	formation.

In	Li's	study,	a	variety	of	substrates	generated	thioamides	177	in	notable	yields	from	symmetric
and	asymmetric	oximes	(Table	5.1).	Electron-donating	groups	present	on	the	aromatic	ring
gave	higher	yields	(83–90%),	while	electron-withdrawing	groups	on	the	aromatic	ring	tended
to	slow	down	the	reaction	and	gave	lower	yields	(65–80%).	Aliphatic	ketoximes	were
converted	to	their	respective	secondary	thioamides	in	good	yields	(65–83%).



Table	5.1	Scope	of	Thioamide	Formation

5.6.3	Synthesis	of	DNA-Photocleaving	Agents
DNA-photocleaving	agents	have	gained	interest	due	to	their	ability	upon	light	activation	to
induce	chemical	reactions	that	cleave	DNA.	The	development	of	these	synthetic	organic
molecules	enables	researchers	to	study	DNA	properties	and	design	new	drugs	targeting	DNA.
One	notable	fluorophore	for	DNA	cleavage	is	pyrene.	This	polycyclic	aromatic	hydrocarbon
acts	as	a	DNA	intercalator	and	can	be	photochemically	excited	at	longer	wavelengths	than	the
DNA	absorption	band.

Chowdhury	et	al.	have	developed	cell-permeable	oxime	esters,	which	can	act	as	intercalators
and	DNA-cleaving	agents	upon	excitation	at	wavelengths	longer	than	350	nm.95	They
monitored	the	photolysis	of	(E)-pyrene	oxime	ester	179,	formed	from	pyrene	ketone	178,	in	an
oxygen-free	methanol/water	solution	using	a	125	W	medium	pressure	mercury	lamp	(>350	nm)
with	a	0.1	M	copper(II)	sulfate	solution	as	a	UV	cutoff	filter	(Scheme	5.45).	After	10	min	of
irradiation,	the	oxime	ester	gave	photo-Beckmann	rearranged	benzamide	180	along	with	acetyl
pyrene	and	benzoic	acid	as	the	three	major	photoproducts.	They	presumed	that	the	acetyl
pyrene	and	benzoic	acid	formed	from	light-induced	N—O	bond	cleavage.



Scheme	5.45	Formation	of	photocleaving	agents.

Chowdhury	proposed	that	the	formation	of	the	photo-Beckmann	rearrangement	product	180
from	179	resulted	from	fission	at	the	oxygen–carboxyl	bond	to	form	pyrene	iminyloxy	radical
181	and	benzoyl	radical	182	(Scheme	5.46).	The	radical	pair	recombines	to	form	oxaziridine
intermediate	183,	which	generates	the	N-acetyl-N-(pyren-6-yl)benzamide	product	180.	In
addition,	the	researchers	reported	some	solvent	effects	on	the	photolysis	of	the	pyrene	oxime
ester	conjugate.	In	benzene,	the	photo-Beckmann	benzamide	product	was	seen	exclusively,
while	both	photo-Beckmann	rearrangement	and	fragmentation	products	178	and	benzoic	acid
were	observed	in	acetonitrile.	Moreover,	both	methanol	and	aqueous	methanol	increased	the
yield	of	the	photofragmentation	products.	This	work	supports	the	use	of	(E)-pyrene	oxime
esters	as	DNA	intercalators	and	DNA-photocleaving	agents	that	form	photo-Beckmann
rearranged	products	and	N—O	bond	cleavage	upon	irradiation.	Chowdhury	et	al.	tested	the
oxime	esters	in	vitro	and	found	they	not	only	permeated	mouse	embryonic	fibroblasts	but	also
showed	greater	cytotoxicity	upon	photoexcitation.	Further	modifications	of	the	oxime	esters	are
needed	in	order	for	DNA-photocleaving	agents	to	exhibit	specificity	to	cancer	cells	for
targeted	drug	delivery.



Scheme	5.46	Proposed	mechanism	for	the	formation	of	the	benzamide	pyrene	product.

5.7	SUMMARY	AND	OUTLOOK
As	shown	in	this	and	prior	reviews,2	the	Beckmann	reaction	is	a	valuable	procedure	to
generate	diverse	products,	generating	amides	regioselectively	from	the	Beckmann
rearrangement	and	the	photo-Beckmann	reaction,	and	nitriles	from	the	Beckmann	fragmentation
reaction.	The	Beckmann	reaction	products	can	undergo	a	variety	of	subsequent	transformations
toward	targeted	compounds	by	functional	group	conversions.	Linear	amide	reaction	products
can	be	hydrolyzed	to	form	an	amine	and	an	acid.	Hydrolysis	of	lactams	involves	ring	breaking
to	generate	an	amino	acid.	The	amide	carbonyl	group	of	acyclic	and	cyclic	amides	can	be
reduced	to	form	acyclic	and	cyclic	amines,	respectively.	The	Beckmann	fragmentation	involves
the	breaking	a	carbon–carbon	bond	and	formation	of	a	nitrile,	which	can	be	transformed	to
other	functional	groups	using	standard	chemistry.	Whether	Beckmann	rearrangement	or
fragmentation	takes	place	is	determined	by	the	ability	of	the	group	anti	to	the	oxime	to	stabilize
a	carbocation.	However,	good	leaving	groups,	such	as	sulfonates,	can	promote	Beckmann
rearrangement	in	these	cases.	The	Beckmann	reaction	has	been	employed	in	creative	ways	for
natural	product	syntheses,	preparation	of	biological	probes,	and	for	compound	libraries
derived	from	the	natural	product	stevioside.	In	addition,	multiple	synthetic	efforts	have
expanded	the	utility	of	the	Beckmann	reaction	from	its	ring	opening	and	ring	expansion	aspects
to	its	utility	in	generating	novel	cyclized	products.	Using	the	Beckmann	reactions	can	generate
diverse	nitrogen-containing	heterocycles	and	a	number	of	different	functional	groups	that	are
useful	for	other	chemical	transformations.

A	continued	challenge	for	carrying	out	a	Beckmann	reaction	is	the	requirement	for	strong
activating	reagents	and	harsh	reaction	conditions	that	sometimes	require	stoichiometric
amounts	of	strong	acid	and	high	temperatures.	As	a	result,	the	yields	can	be	low	because	of
compound	decomposition	and	the	regioselectivity	of	the	reaction	can	be	reduced	as	a	result	of



oxime	isomerization.	Much	effort	has	therefore	been	devoted	to	discovering	milder	reaction
conditions	for	the	Beckmann	reaction,96	including	self-propagation	reactions	(Scheme	5.6).
The	photo-Beckmann	reaction	has	not	yet	been	explored	extensively	despite	the	comparatively
mild	reaction	conditions	employed	and	the	excellent	regioselectivity	of	the	reaction,	which	is
under	stereoelectronic	control	(Schemes	5.11	and	5.21).	For	the	photo-Beckmann	reaction,	an
imine	can	be	first	oxidized	diastereoselectively	with	a	peracid	to	provide	the	corresponding
oxaziridine.	This	oxidation	results	in	a	stable	geometry	once	formed	and	will	generally	not
undergo	isomerization,	because	of	the	high	energy	barrier	for	nitrogen	inversion	in
oxaziridines.	The	subsequent	photochemical	reaction	is	usually	a	clean	reaction	to	provide	the
amide.	The	amide	generated	from	an	(E)-oxime	will	be	regioisomeric	to	the	amide	generated
from	the	(E)-oxime	by	the	regular	Beckmann	rearrangement.	Since	the	photo-Beckmann
reaction	has	seen	limited	applications	so	far,	it	can	be	expected	that	this	reaction	will	be
employed	more	frequently	in	the	future.
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BROOK	REARRANGEMENT
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Sciences,	Hiroshima	University,	Hiroshima,	Japan

6.1	INTRODUCTION
Brook	rearrangement,	discovered	by	Brook	in	1958,1	is	an	intramolecular	anionic	shift	of	a
silyl	group	from	a	carbon	atom	to	an	oxygen	atom	(Scheme	6.1).	Although	this	originally	only
reflected	a	1,2-silyl	shift	(1	→	2),	all	types	of	1,n-silyl	shifts	(3	→	4)	are	now	commonly
referred	to	as	Brook	rearrangements.2	Aza-3	or	thia4	-variants	of	the	rearrangement	involving
silyl	shifts	from	carbon	to	nitrogen	or	sulfur,	respectively,	have	also	been	observed.	A	silyl
shift	from	oxygen	to	carbon,	the	reverse	process,	is	called	a	retro-Brook	rearrangement.5

Scheme	6.1	1,2-	and	1,n-silyl	migrations.

Although	1,n-Brook	rearrangements	other	than	the	1,2-shift	have	been	becoming	increasingly
important	from	a	synthetic	point	of	view,2,	6	the	main	focus	in	this	chapter	will	be	on	the	1,2-C-
to-O	silyl	shift	because	it	uniquely	enables	a	carbonyl	carbon	atom	in	acylsilanes	5	to	act	as	a
1,1-dipole	(electrophilic/nucleophilic	character)	6	in	combination	with	a	nucleophile	(Scheme
6.2).

Scheme	6.2	Acylsilanes	as	1,1-dipoles.

The	term	“Brook	rearrangement”	refers	to	the	1,2-Brook	rearrangement	throughout	this	chapter
unless	otherwise	indicated.	Also,	the	use	of	Brook	rearrangements	in	tandem	bond	formation
strategies	up	to	the	year	2000	has	been	excellently	reviewed	by	Moser.2e

In	this	chapter,	we	present	unique	aspects	of	the	rearrangement	with	a	focus	on	(1)	the
production	of	carbanions	under	mild	conditions,	(2)	the	generation	of	synthetically	valuable
enol	silyl	ethers	that	are	often	the	products,	(3)	the	potential	for	incorporation	of	the	Brook
rearrangement	in	tandem	and	sequential	anion	relay	processes,	and	(4)	the	utility	of	the
rearrangement	in	generating	chiral,	configurationally	stable	carbanions.



6.2	MECHANISM2a,b

A	Brook	rearrangement	is	generally	an	equilibrium	via	a	pentacoordinate	silicon	transition
state	or	intermediate,	the	latter	being	suggested	as	the	structure	in	the	gas	phase	by
calculations.7	Kinetic	studies	have	revealed	that	a	considerable	negative	charge	develops	in
the	transition	state	( 	≈	4)	and	that	ΔS‡	is	greatly	negative,	being	consistent	with	the	cyclic
species	9	(Scheme	6.3).8	Although	the	driving	force	of	the	rearrangement	is	a	strong	Si—O
bond	relative	to	the	Si—C	bond,	when	an	α-silyl	alkoxide	8	is	generated	under	conditions	in
which	there	is	no	electrophilic	quenching	agent,	for	example,	addition	of	an	organometallic
reagent	to	acylsilanes,	the	position	of	equilibrium	is	determined	by	the	relative	stabilities	of	an
oxyanion	8	and	a	carbanion	10.

Scheme	6.3	1,2-Silyl	migration	as	an	equilibrium	process.

The	stabilities	can	be	altered	by	several	factors	including	substituents	on	the	carbanionic
center,	substituents	on	the	silicon	atom,	the	counter	cation,	and	the	solvent.8	When	the	resulting
carbanion	10	can	be	stabilized	by	an	electron-withdrawing	group	or	intercepted	by	a	process
such	as	elimination,	the	equilibrium	can	be	shifted	toward	the	carbanion	side.	Replacement	of
an	alkyl	group	on	silicon	by	a	phenyl	group	or	change	of	the	counter	cation	from	Li+	to	Na+	or
K+,	less	coordinating	to	oxygen,	accelerates	the	rearrangement.	However,	with	electron-
donating	substituents	such	as	an	alkyl	group	that	would	destabilize	the	carbanionic	center	of	10
or	when	a	metal	ion	such	as	Mg2+	strongly	coordinates	to	the	oxyanion,	the	rearrangement	does
not	occur	and	α-silyl	alcohols	7	result	instead.	The	solvent	can	also	substantially	affect	the	rate
of	rearrangement.	While	in	THF,	a	strongly	donating	solvent,	the	rearrangement	can	proceed	at
a	synthetically	viable	rate,	the	rearrangement	is	strongly	retarded	in	Et2O	and	practically	does
not	occur	in	toluene,	leading	the	α-silyl	alcohol.	On	the	other	hand,	coordinating	solvents	such
as	HMPA	favor	the	rearrangement	by	weakening	the	coordination	of	the	metal	cations	to	the
oxyanion	in	8.

Although	retention	of	configuration	at	the	silicon	atom	is	observed	when	Si-stereogenic
substrates	are	used,9	the	stereochemistry	at	the	carbon	atom	depends	on	whether	the	resulting
carbanion	is	stabilized	by	an	anion-delocalizing	group	such	as	phenyl.	Thus,	the	rearrangement
proceeds	with	inversion	of	configuration	when	stabilized	carbanions	intervene10	but	with
retention	of	configuration	via	unstabilized	carbanions.11



6.3	METHODS	FOR	GENERATION	OF	α-SILYL
ALKOXIDES
Several	strategies	are	used	to	generate	an	α-silyl	alkoxide	as	shown	in	Scheme	6.4.

Scheme	6.4	Methods	for	the	generation	of	α-silyl	alkoxides.

Reactions	of	acylsilanes	with	a	nucleophile	(Scheme	6.4,	Eq.	1)	are	among	the	most	common
and	versatile	methods	for	generation	of	an	α-silyl	alkoxide	because	various	combinations	of
the	two	components	for	facilitating	Brook	rearrangement	are	possible.

Although	deprotonation	of	the	corresponding	α-silyl	alcohols	(Scheme	6.4,	Eq.	2)	is	the	most
direct	method,	this	is	of	limited	practical	use	because	(1)	alcohols	are	usually	prepared	by
protonation	of	the	alkoxides	obtained	by	other	methods	(e.g.,	Scheme	6.4,	Eq.	1),	and	(2)	the
incipient	carbanion	can	be	rapidly	and	irreversibly	protonated	by	unrearranged	α-silyl	alcohol.

Addition	of	silylmetallic	reagents	to	aldehydes	or	ketones	(Scheme	6.4,	Eq.	3)	is	a	reaction
that	was	first	employed	for	generation	of	a	silyl	alkoxide	by	Gillman	and	Wu,12	which	led	to
the	discovery	of	the	Brook	rearrangement.	Although	this	method	provides	a	facile	route	to	the
general	synthesis	of	α-silyl	alkoxides,	the	major	drawback	lies	in	that	organosilyl	metal
reagents	are	only	readily	generated	when	there	is	at	least	one	anion-stabilizing	group	such	as
phenyl	attached	to	the	silicon.13	However,	incorporation	of	a	phenyl	group	on	silicon	can	lead
to	a	decrease	in	the	stability	of	the	silyl	ether	Brook	product.

Regioselective	β-ring	opening	of	α,β-epoxysilanes	(Scheme	6.4,	Eq.	4)	can	also	serve	as	a
source	of	α-silyl	alkoxides.	Although	attack	of	a	nucleophile	generally	occurs	at	the	α-position
to	produce	β-silyl	alkoxides,	when	the	silyl	group	is	bulky	enough	to	suppress	α-attack,	β-ring



opening	can	occur.

A	carbanion	generated	at	the	γ-position	of	α,β-epoxysilanes	via	a	process	such	as
deprotonation	can	cause	β-ring	opening	to	provide	α-silyl	alkoxides	(Scheme	6.4,	Eq.	5).
Taking	into	consideration	the	ready	availability	of	enantiomerically	pure	epoxides,	this	method
opens	the	possibility	for	using	epoxides	as	a	source	of	chiral	carbanions	via	Brook
rearrangement.

6.4	SYNTHETIC	REACTIONS	USING	BROOK
REARRANGEMENTS	IN	THE	REACTIONS	OF
ACYLSILANES	WITH	NUCLEOPHILES
Brook	rearrangements	are	favorable	enough	for	further	synthetic	transformation	only	when	the
resulting	carbanion	bears	electron	acceptors,	such	as	a	conjugating	group	or	a	leaving	group.
Consequently,	synthetic	uses	of	the	rearrangements	were	rather	limited,	despite	the	pioneering
studies	by	Brook,	until	the	seminal	work	by	both	Kuwajima's14	and	Reich's15	groups	in	the	late
1970s	to	early	1980s.	The	success	in	synthetic	applications	of	the	Brook	rearrangement
depends	on	how	one	can	shift	the	equilibrium	toward	the	carbanion	side	(see	Scheme	6.3).	In
this	regard,	reactions	of	acylsilanes	and	organometallic	reagents	provide	various	combinations
of	the	two	components	that	allow	facile	C-to-O	silyl	migration.	This	section	is	subdivided
according	to	the	mode	of	facilitating	these	rearrangements	and	begins	with	methods	for
preparation	of	the	acylsilane	substrates.

6.4.1	Preparation	of	Acylsilanes
Numerous	methods	are	available	for	the	preparation	of	acylsilanes	and	have	been	adequately
covered	in	reviews.16,	2f	Hence,	procedures	potentially	applicable	for	a	large-scale
preparation	are	briefly	described	here.

For	alkyl-substituted	acylsilanes,	conventionally	prepared	through	the	use	of	1,3-dithianes,17
Scheidt	and	coworkers	reported	a	method	that	uses	reactions	of	morpholine	amides	with
dimethylphenylsilyllithium,	affording	the	corresponding	acylsilanes	in	good	yields	(Scheme
6.5).18

Scheme	6.5	Synthesis	of	acylsilanes	from	morpholine	amides.

Versatile	preparation	of	conjugated	acylsilanes	involves	hydrolysis	of	α-silylated	allenyl
ethers	that	can	be	derived	from	lithiated	allenyl	ethers.19	The	method	is	applicable	to	the
synthesis	of	not	only	a	variety	of	substituted	α,β-unsaturated	acylsilanes	but	also	acetylenic
acylsilanes	(Scheme	6.6).



Scheme	6.6	Synthesis	of	α,β-unsaturated	acylsilanes	from	1-silyl-1-alkoxyallenes.

An	alternative	method	for	substituted	α,β-unsaturated	acylsilanes,	especially	for	β-aryl
derivatives,	uses	Horner–Wadsworth–Emmons	reaction	of	α-phosphonoacylsilanes,	which	can
be	derived	from	α-iodoacylsilanes	via	Arbuzov	reaction	(Scheme	6.7).20

Scheme	6.7	Synthesis	of	α,β-unsaturated	acylsilanes	by	Horner–Wadsworth–Emmons	reaction
of	α-phosphonoacylsilane.

6.4.2	Reaction	of	Acylsilanes	with	Nucleophiles,	Either	of	Which
Contains	an	α-Leaving	Group
The	dawn	of	synthetic	application	of	the	Brook	rearrangement	dates	to	1967	with	Brook's
pioneering	work	on	reactions	of	acylsilanes	with	diazomethane21	or	Wittig	reagents,22	which
can	be	regarded	as	nonmetallic	nucleophiles	containing	an	α-leaving	group.	The	results	of
these	reactions,	particularly	with	Wittig	reagents,	showed	that	the	rearrangement	could	occur
with	β-elimination	to	form	an	enol	silyl	ether	12	if	the	generated	carbanion	had	an	α-leaving
group.	This	concept	became	the	cornerstone	for	synthetic	application	of	the	Brook
rearrangement	(Scheme	6.8).

Scheme	6.8	Reactions	of	acylsilanes	with	Wittig	reagents.

In	this	system,	however,	the	presence	of	an	anion-stabilizing	acyl	group	(R	in	Scheme	6.8)	such
as	phenyl	is	essential	for	success	of	the	rearrangement,	and	alkyl-substituted	acylsilanes
afforded	normal	Wittig	reaction	products	13.	This	side	reaction	presented	an	obstacle	to
applications	in	organic	synthesis	for	a	long	time.

A	major	breakthrough	came	in	1979	from	Reich	et	al.,	who	circumvented	the	problem	by	using



organolithium	nucleophiles	bearing	an	α-leaving	group	such	as	phenylsulfonyl	and	cyano.23
Thus,	reaction	of	3-phenylpropanoylsilane	with	LiCH2X	(X	=	SO2Ph,	CN)	afforded	enol	silyl
ether	14	via	Brook	rearrangement	followed	by	β-elimination,	enabling	regioselective
formation	of	enol	silyl	ethers	(Scheme	6.9).	In	this	case,	an	activating	acyl	substituent	such	as
aryl	is	not	necessarily	required.

Scheme	6.9	Reactions	of	acylsilanes	with	α-lithiated	sulfones	or	nitriles.

Related	reactions	were	reported	by	Kuwajima	et	al.	in	1979,	who	used	2-lithiofuran	as	a
nucleophile.	Here,	C—O	bond	cleavage	in	the	furan	shifted	the	equilibrium	toward	the
carbanion	side	to	give	dienol	silyl	ether	derivatives	15	(Scheme	6.10).24

Scheme	6.10	Reactions	of	acylsilanes	with	2-lithiofuran.

An	α-bond	cleavage	driven	by	relief	of	ring	strain	can	force	the	Brook-mediated	reaction	to
completion.	Clayden	et	al.	found	that	reaction	of	benzoyltrimethylsilane	with
cyclopropyllithium	affords	phenyl	ketone	16	via	a	Brook	rearrangement	followed	by	a	1,5-
silyl	migration	(Scheme	6.11).25	The	moderate	yields	observed	are	attributed	to	competitive
formation	of	an	(E)-enolate,	incapable	of	1,5-silyl	migration,	and	insufficient	driving	force
from	the	release	of	cyclopropane	ring	strain	alone.	However,	with	change	in	the	leaving	atom
from	carbon	to	oxygen	(i.e.,	epoxide	instead	of	cyclopropane),	relief	of	ring	strain	was	proved
to	be	an	effective	driving	force	for	a	Brook	rearrangement.26



Scheme	6.11	1,2-Silyl	migrations	driven	by	relief	of	ring	strain.

Reich	et	al.	also	reported	a	similar	elimination	strategy	that	involves	a	combination	of
acylsilanes	bearing	an	α-leaving	group	and	an	alkyllithium.23a,b	Thus,	reaction	of	α-
phenylthioacylsilane	17,	derived	from	the	corresponding	lithium	enolate,	with	a	variety	of
nucleophiles	proceeded	smoothly	at	lower	temperatures	to	give	an	enol	silyl	ether	18	in	a
stereochemically	defined	manner	(Scheme	6.12).

Scheme	6.12	Reactions	of	α-phenylthioacylsilanes	with	alkyllithium.

Similarly,	addition	of	alkyl,	vinyl,	or	aryllithiums	to	α-halo-α,β-unsaturated	acylsilanes
generates	α-silyl	alkoxide	19,	which	can	collapse	to	give	allenol	silyl	ethers	20	(Scheme
6.13).27



Scheme	6.13	Formation	of	siloxyallenes	from	α-halo-α,β-unsaturated	acylsilanes	and
alkyllithiums.

6.4.3	Reaction	of	Acylsilanes	with	Nucleophiles,	in	Which
Generated	Carbanions	Can	Be	Stabilized	by	Conjugating	Groups
The	equilibrium	between	α-silyl	alkoxides	and	siloxy	carbanions	can	be	shifted	toward	the
carbanion	side	by	introduction	of	a	conjugating	group	into	either	or	both	the	acylsilane	and	the
nucleophile.	In	1980,	Reich	et	al.	reported	that	treatment	of	alkyl-substituted	acylsilanes	with
vinyllithium	followed	by	a	variety	of	electrophiles	affords	α-substituted	enol	silyl	ethers	22
via	a	siloxy	allyllithium	intermediate	21	(Scheme	6.14).28	Similar	reactions	using
phenyllithium	give	products	in	which	electrophilic	quenching	occurred	at	the	benzylic	position.

Scheme	6.14	Stereoselective	formation	of	α-substituted	enol	silyl	ethers	from	acylsilanes	and
vinyllithium.

Using	an	alkynyllithium	instead	of	a	vinyllithium	afforded	the	siloxyallenyllithium,	which	can
be	trapped	by	an	alkylating	agent	(Scheme	6.15).	In	this	case,	the	rearrangement	did	not	take
place	in	the	absence	of	an	alkylating	agent,	suggesting	that	the	lithium	alkoxide	23	is	in
equilibrium	with	a	small	amount	of	the	allenyl	lithium	intermediates.

Scheme	6.15	Formation	of	siloxyallenes	from	acylsilanes	and	alkynyllithiums.

To	circumvent	this	problem,	Marek	and	coworkers	utilized	transmetalation	to	an	organozinc
species	from	the	adduct	of	alkynyl	Grignard	addition	to	acylsilanes.	Transmetalation	shifts	the



equilibrium	toward	the	allenyl	anion	because	of	the	weaker	Zn—O	bond	compared	to	the	Mg
—O	bond.29	Thus,	when	zinc	bromide	is	added	to	α-silylmagnesium	carbinol	24,	derived	from
the	reaction	of	acylsilane	with	alkynylmagnesium	bromide,	enone	25	is	obtained	after	acidic
hydrolysis	(Scheme	6.16).

Scheme	6.16	Formation	of	siloxyallenes	via	zinc	salt-promoted	Brook	rearrangement.

Cyanide	ion,	a	nitrogen	variant	of	an	alkynyl	anion,	is	expected	to	facilitate	the	Brook
rearrangement	due	to	the	anion-stabilizing	capability	of	the	resulting	nitrile	group.
Conventional	cyanide	ion	sources	such	as	KCN,	however,	are	not	sufficient	because	of	their
low	solubility	in	common	organic	solvents	to	generate	an	appropriate	concentration	of	the	α-
silyl	alkoxide	for	rearrangement.	Degl'Innocenti	et	al.	found	that	reaction	of	a	catalytic	amount
of	n-Bu4NCN	with	acylsilanes	affords	an	anion	of	O-silyl	cyanohydrin	26	that	can	participate
in	1,4-addition	to	α,β-unsaturated	ketones	to	give	1,4-diketone	27	with	liberation	of	Me3SiCN
(Scheme	6.17).30,	23b	Notably,	this	process	is	compatible	with	alkyl-substituted	acylsilanes	and
represents	a	nucleophilic	acylation	that	does	not	require	a	metalation	step.

Scheme	6.17	Cyanide	ion-catalyzed	Michael	addition	of	acylsilanes	to	α,β-unsaturated
carbonyl	compounds.

Takeda	and	Ohnishi	reported	that	KCN	can	be	effective	for	the	rearrangement	under	phase-
transfer	catalysis	conditions.31	Reaction	with	acylsilanes,	including	alkyl-substituted	ones,	in	a
CH2Cl2-H2O	two-phase	system	at	room	temperature	proceeds	without	the	quenching	of	α-silyl
alkoxide	28	by	water	to	give	O-silyl	cyanohydrin	derivative	29	(Scheme	6.18).



Scheme	6.18	Formation	of	O-silylcyanohydrins	by	cyanide	ion-initiated	Brook	rearrangement
under	phase-transfer	catalytic	conditions.

Johnson	and	coworkers	successfully	extended	this	approach	to	a	catalytic	system	using	alkyl
cyanoformates,	in	which	cyanide	ion	is	expelled	upon	C-acylation	of	the	Brook-derived
carbanion	with	the	cyanoformate	(Scheme	6.19).32	Furthermore,	the	Johnson	group	developed
an	enantioselective	variant	by	carrying	out	the	reaction	in	the	presence	of	a	chiral	aluminum
complex	30.33

Scheme	6.19	Enantioselective	cyanation/Brook	rearrangement/C-acylation	of	acylsilanes
catalyzed	by	chiral	metal	alkoxides.

Anion-stabilizing	heteroatom	nucleophiles	can	also	facilitate	Brook	rearrangement	upon
addition	to	acyl	silanes.	A	carbanion	generated	via	Brook	rearrangement	in	the	adduct	from
lithium	diethylphosphite	and	acylsilanes	can	undergo	intramolecular	Michael	addition	to	an
α,β-unsaturated	ester,	affording	four-	to	six-membered	carbocycles	31	as	single	diastereomers
together	with	uncyclized	products	(Scheme	6.20).34



Scheme	6.20	Lithium	phosphite-initiated	Brook	rearrangement/intramolecular	Michael
additions.

When	the	acylsilane	carbonyl	group	is	conjugated	with	a	carbon–carbon	multiple	bond,	Brook
rearrangement	should	occur	following	attack	of	a	nucleophile	in	the	same	sense	as	that
observed	upon	reaction	of	alkylacysilanes	with	vinyl	or	alkynylmetals.	Little,	however,	is
known	about	this	type	of	reaction,	in	which	the	only	stabilizing	factor	is	conjugation	with	a
carbon–carbon	multiple	bond.	Takeda	et	al.	reported	that	enantioenriched	α-silyl	propargyl
alkoxides,	generated	from	alkynoylsilanes	by	enantioselective	reduction35	using	a	chiral
lithium	amide	32,	undergo	Brook	rearrangement	followed	by	antimode	protonation	(35)	by	t-
BuOH	to	give	siloxyallene	derivatives	33	in	an	excellent	enantioselectivity	(Scheme	6.21).36
This	tandem	process	has	been	successfully	extended	to	enynoylsilanes	to	give	vinylallenes,
which	can	be	trapped	by	a	Diels–Alder	reaction	to	afford	34.

Scheme	6.21	Enantioselective	formation	of	siloxyallenes	from	alkynoylsilanes	by	tandem
reduction/Brook	rearrangement/protonation	and	their	Diels–Alder	reactions.



Acylsilanes	whose	carbonyl	groups	are	conjugated	with	a	carbon–oxygen	double	bond	are
excellent	substrates	for	Brook	rearrangement	after	nucleophilic	attack	because	of	better
stabilization	of	the	generated	carbanion.	The	resulting	enolate	can	participate	in	reactions	with
various	electrophiles.	Johnson	and	coworkers	successfully	applied	this	concept	using
silylglyoxylates37	in	three-component	coupling	reactions	(Scheme	6.22).

Scheme	6.22	Three-component	coupling	reactions	of	silylglyoxylates,	nucleophiles,	and
electrophiles.

Johnson	and	coworkers	used	hydride,38	acetylide,39	or	vinyl	anion40	nucleophiles	and	aldehyde
or	Michael	acceptor	electrophiles.	It	is	notable	that	nucleophilic	attack	by	acetylide	ion	takes
place	chemoselectively	at	the	acylsilane	carbonyl	over	the	aldehyde	carbonyl,	likely	due	to	a
kinetic	preference	(Scheme	6.23).

Scheme	6.23	Three-component	coupling	reactions	of	silylglyoxylates,	acetylides,	and
aldehydes.

The	nucleophilic	and	electron-accepting	properties	of	heterocyclic	nucleophilic	carbenes	36
were	also	used	in	combination	with	the	electrophilic/nucleophilic	character	of	acylsilanes	via
Brook	rearrangement,	leading	to	the	invention	of	a	sila-Stetter	reaction	by	Scheidt	and
coworkers	(Scheme	6.24).41	The	iminium	structure	in	37,	generated	by	addition	of	the	carbene
catalyst	36	to	the	acylsilanes,	promotes	a	Brook	rearrangement	to	afford	enol	silyl	ether	38.
The	alcohol	additive	present	in	the	reaction	causes	desilylation	to	produce	nucleophilic
enaminol	39,	which	adds	to	α,β-unsaturated	ketones	to	give	40.	The	formation	of	aryl	ketone
expels	the	carbene	catalyst	and	produces	1,4-diketone	41.



Scheme	6.24	Sila-Stetter	reactions	between	acylsilanes	and	α,β-unsaturated	ketones	catalyzed
by	heterocyclic	nucleophilic	carbenes.

6.4.4	Use	of	Ketone	Enolates	as	Nucleophiles	Containing	an
Electron-Accepting	Moiety
Enolates,	after	addition	to	acylsilanes,	can	serve	as	acceptors	of	a	β-carbanion	generated	by
Brook	rearrangement	due	to	the	electrophilic	character	of	a	carbonyl	group.	This	conceptually
new	approach	was	first	demonstrated	in	1993	by	Takeda	et	al.42	Reaction	of
benzoyltrimethylsilane	with	enolates	of	alkyl	methyl	ketones	produces	cis-1,2-
cyclopropanediol	derivatives	such	as	42,	which	are	formed	by	internal	carbonyl	attack	of	the
resulting	carbanion	(Scheme	6.25).	The	same	reaction	was	observed	with	crotonoylsilane	to
give	43.	Cyclopropanediols	were	not	formed	from	alkanoylsilanes,	indicating	that	in	order	for
the	silyl	migration	to	be	efficient,	both	the	presence	of	a	neighboring	ketone	group	and
stabilization	by	the	adjacent	unsaturation	are	important.

Scheme	6.25	Formation	of	1,2-cyclopropanediols	from	acysilanes	with	ketone	enolates.

Introduction	of	an	α-carbanion-stabilizing	group	on	the	β-position	of	acryloylsilanes	further
enhanced	the	synthetic	potential	of	the	rearrangement	in	combination	with	the	electron-
accepting	ability	of	a	carbonyl	group.43	Highly	functionalized	cyclopentanone	derivatives	can
be	obtained	by	reactions	of	β-phenylthio	or	β-trimethylsilyl	derivatives	of	acryloylsilanes	with
methyl	ketone	enolates,	in	which	the	products	are	formed	via	different	pathways	depending	on
the	α-anion-stabilizing	ability	of	the	β-substituent	(Scheme	6.26).	With	the	more	α-anion-
stabilizing	phenylthio	group	(see	also:	Section	6.5,	Table	6.1),	the	carbanion	generated	by
Brook	rearrangement	delocalizes	to	give	an	intermediate	44	and	then	cyclizes	to	45.	When	the
β-substituent	is	a	less	anion-stabilizing	trimethylsilyl	group,	the	carbanion	generated	by	Brook



rearrangement	attacks	internally	on	the	carbonyl	group	without	allylic	delocalization	to	give
vinylcyclopropanolates	46,	which	undergo	oxyanion-accelerated	vinylcyclopropane–
cyclopentene	rearrangement	to	give	47.	These	proposed	reaction	pathways	have	been
established	by	mechanistic	studies	including	in	situ	generation	of	46	by	another	route.44	This
method	was	applied	to	the	synthesis	of	natural	products,	including	clavulones.42,	43a,45

Scheme	6.26	Brook	rearrangement-mediated	[3+2]	annulations.



Table	6.1	Evaluation	of	α-carbanion	Stabilizing	Ability	of	Substituents	Based	on	the	Relative
Rates	of	Brook	Rearrangement

Detailed	mechanistic	analysis	of	the	[3+2]	annulation	led	to	the	development	of	a	Brook
rearrangement-mediated	[3+4]	annulation	(Scheme	6.27).46,	19a,b	Thus,	use	of	an	alkenyl	methyl
ketone	enolate	49	in	the	reaction	with	(E)-	or	(Z)-48	resulted	in	the	formation	of	a	5,6-cis-	or
5,6-trans-substituted	derivative	52,	respectively.	The	observed	stereospecificity	results	from
an	anionic	oxy-Cope	rearrangement	of	1,2-divinylcyclopropanediol	intermediate	51,	generated
via	Brook	rearrangement	of	the	1,2-adduct	50.47	Isolation	of	vinylcyclopropanol	derivatives
from	the	reaction	with	the	lithium	enolate	of	2′-bromoacetophenone	provides	strong	support	for
the	proposed	mechanism.	Further	support	is	obtained	from	the	fact	that	whereas	the	reaction	of
1,2-divinylcyclopropyl	acetates	53	with	2	equiv.	of	MeLi	affords	cycloheptenones
stereospecifically,	the	reaction	of	β-phenylthioacryloylsilanes,	which	generates	not
vinylcyclopropanolates	but	delocalized	allylcarbanions,	produces	the	corresponding	[3+2]
annulation	products.	This	method	has	been	applied	to	synthesis	of	the	tricyclic	core	of
allocyathin	B2.48



Scheme	6.27	Brook	rearrangement-mediated	[3+4]	annulations.

This	synthetic	strategy	could	be	extended	beyond	enolates	of	alkenyl	methyl	ketones.	The	use
of	enolate	54	(X	=	CH2),	derived	from	2-cycloheptenone,	as	the	four-carbon	unit	in	[3+4]
annulation	instead	of	the	enolates	of	alkenyl	methyl	ketones	produced	bicyclo[3.3.2]decenone
derivatives	55	(Scheme	6.28).49	The	two-atom	internal	tether	in	these	products	could	be
oxidatively	cleaved	after	conversion	to	α-hydroxy	ketone	56	to	give	the	cis-3,4,8-trisubstituted
cyclooctenone	enol	silyl	ethers	57	stereoselectively.	This	method	has	also	been	successfully
applied	to	the	construction	of	oxygen	eight-membered	heterocycles	using	enolates	of	6-
oxacyclohept-2-en-1-one	54	(X	=	O),	affording	eight-membered	oxygen	heterocycles	57	(X	=
O).50	The	versatility	of	the	annulation	has	been	demonstrated	through	the	formal	total	synthesis
of	(+)-prelaureatin,	a	biogenetic	precursor	of	several	members	of	the	laurenan	structural
subclass.51



Scheme	6.28	Formation	of	eight-membered	carbocycles	and	oxygen-heterocycles	via	Brook
rearrangement-mediated	[3+4]	annulations.

Another	approach	to	the	construction	of	eight-membered	carbocycles	using	the	same	concept
involves	reaction	of	a	vinyllithium	with	an	acylsilane	containing	an	appropriately	positioned
alkenoyl	moiety.52	Reaction	of	β-alkenoylsilanes	58	with	β-(trimethylsilyl)vinyllithium	affords
eight-membered	carbocycles	61	via	a	tandem	process	that	involves	(1)	Brook	rearrangement	in
an	adduct	59,	(2)	formation	of	divinylcyclobutanolate	60	via	an	internal	carbonyl	attack	by	the
resulting	carbanion,	and	(3)	anionic	oxy-Cope	rearrangement	(Scheme	6.29).



Scheme	6.29	Formation	of	eight-membered	carbocycles	from	β-alkenoyl	acylsilanes	and
vinyllithiums.

Scheidt	and	coworkers	reported	the	addition	of	amide	enolates	to	acylsilanes	for	generation	of
β-silyloxy	homoenolate	equivalents	62,	based	on	the	fact53	that	less	electrophilic	β-carbonyl
groups	disfavor	the	formation	of	cyclopropanolates	63	by	internal	carbanion	attack	(Scheme
6.30).54	Instead,	the	carbanion	generated	in	situ	can	be	trapped	by	alkyl	halides,	aldehydes,
ketones,	and	imines.	The	use	of	optically	active	amide	enolates	delivers	β-hydroxy	amides
with	high	levels	of	diastereoselectivity.

Scheme	6.30	Generation	of	β-siloxy	homoenolates	from	acylsilanes	and	amide	enolates.

6.5	SYNTHETIC	REACTIONS	USING	BROOK
REARRANGEMENTS	TRIGGERED	BY	DEPROTONATION
OF	α-SILYL	ALCOHOLS
The	common	approach	to	α-silyl	alcohols	involves	acylsilane-based	processes	such	as
nucleophilic	addition	of	Grignard	reagents,55	reduction,36,	56,	16c	and	retro-Brook
rearrangement5c,57	in	α-lithio	silyl	ethers.



In	his	pioneering	work14	on	synthetic	application	of	a	Brook	rearrangement,	Kuwajima	and
coworkers	found	that	α-silyl	allylalcohols	64	can	be	isolated	in	the	reactions	of	acylsilanes
with	vinylmagnesium	bromide,	in	contrast	to	the	case	of	its	lithio	variant,	because	of	the	higher
covalent	character	of	an	O—Mg	bond	(Scheme	6.31).58	A	merit	for	isolating	α-silyl	alcohols	is
that	further	reaction	can	be	controlled	depending	on	whether	a	catalytic	or	a	stoichiometric
amount	of	a	base	is	used.	Thus,	with	a	catalytic	amount	of	n-BuLi,	α-siloxyallylanion	66
generated	by	Brook	rearrangement	is	in	equilibrium	with	an	internally	chelated	species	67,
which	undergoes	protonation	by	the	starting	silyl	alcohol,	forming	enol	silyl	ether	68	and
regenerating	65.	On	the	other	hand,	the	use	of	a	stoichiometric	amount	of	the	base	enables
allylic	alkylation	of	homoenolate	equivalent	67,	leading	to	products	69.	This	method	is
applicable	to	the	synthesis	of	siloxyallenes	via	zinc	acetylide	addition	and	isolation	of	the
corresponding	propargyl	α-silyl	alcohols	(e.g.,	70).59	This	concept	was	applied	to	an
enantioselective	synthesis	of	siloxyallenes	71	via	an	alkyne	addition	using	tridentate	Schiff
base	ligand	72	(Scheme	6.32).60

Scheme	6.31	Stoichiometry-dependent	product	distribution	in	base-mediated	reactions	of	α-
silyl	allylalcohols.



Scheme	6.32	Base-catalyzed	rearrangement	of	propargyl	α-silyl	alcohols	to	siloxyallenes.

Since	the	rate	of	a	Brook	rearrangement	depends	on	the	α-anion-stabilizing	ability	of	the
substituent	on	the	carbon	atom	where	the	carbanion	is	generated,	comparison	of	rearrangement
rates	provides	a	method	for	semiquantitative	evaluation	of	α-carbanion-stabilizing	ability.
Takeda	et	al.	focused	on	a	DBU-catalyzed	Brook	rearrangement	of	α-silyl	allylalcohol
derivatives	73	(Table	6.1).53	These	α-silyl	alcohol	can	be	isolated	from	reactions	of	β-
substituted	acryloylsilanes	with	an	ester	enolate,	because	a	Brook	rearrangement	is	suppressed
by	the	lower	electrophilicity	of	an	ester	carbonyl.54	As	the	α-carbanion-stabilizing	ability	of
the	substituent	X	increases,	the	rate	of	the	DBU-promoted	rearrangement	becomes	faster,	and
the	proportion	of	product	protonated	at	the	α-position	of	group	X	increases.	The	reaction
proceeded	at	a	reasonable	rate	when	using	0.2	equiv.	of	DBU	in	d6-DMSO	at	23	°C.	Under
these	conditions,	the	half-lives	of	the	reactions	were	measured.	The	α-carbanion-stabilizing
ability	of	a	phenylthio	group	is	considerably	greater	than	that	of	a	trimethylsilyl	group	and	even
greater	than	that	for	a	phenyl	group.

The	unique	feature	of	a	Brook	rearrangement,	that	is,	that	carbanions	can	be	generated	by
deprotonation	of	an	alcoholic	proton	by	a	relatively	weak	base,	has	been	used	to	evaluate	the
propensity	for	racemization	of	configurationally	very	labile	carbanions	such	as	those	next	to	a
cyano	or	an	ester	group.61	Treatment	of	α-silyl	alcohols	76	with	a	catalytic	amount	of	t-BuOLi
in	t-BuOH	afforded	78,	a	Brook	rearrangement-mediated	SE2′-type	solvolytic	protonation
product,	with	ee	varying	between	0%	and	96%	(Table	6.2).	The	ee	values	observed	in	78
reflect	the	effects	of	substituents	X	on	the	configurational	stability	of	a	lithiocarbanion	77.	The
results	shown	in	Table	6.2	indicate	that	the	method	makes	it	possible	to	semiquantitatively
evaluate	the	propensity	for	racemization	of	a	carbanion	next	to	a	conjugative	electron-
withdrawing	group	or	an	anion-stabilizing	heteroatom	substituent,	which	has	been	impossible
by	other	means	including	the	Hoffmann	test.62



Table	6.2	Propensity	for	Racemization	of	Lithiocarbanions	Next	to	an	Electron-withdrawing
Group

Scheidt	recently	reported	that	α-silyl	alkoxides	generated	from	α-silyl	silylethers	79	by
fluoride-induced	desilylation	instead	of	deprotonation	of	α-silyl	alcohol	can	be	trapped	by
primary	alkyl	and	by	allylic	and	benzylic	electrophiles	via	a	Brook	rearrangement	(Scheme
6.33).63

Scheme	6.33	Fluoride-catalyzed	generation	of	α-siloxycarbanion	equivalents	from	α-silyl
silylethers	and	their	electrophilic	trapping.

6.6	SYNTHETIC	REACTIONS	USING	BROOK
REARRANGEMENTS	TRIGGERED	BY	ADDITION	OF
SILYLMETALLIC	REAGENTS
There	are	few	synthetic	reactions	in	which	silylmetallic	reagents	cause	a	Brook	rearrangement
in	reactions	with	carbonyl	compounds.	Most	of	them	involve	the	reaction	with	substrates
bearing	an	α-leaving	group	such	as	a	siloxy	(alkoxy)	or	alkyl	(phenyl)thio	group.	Since	the	first
introduction	of	reductive	elimination	of	an	oxygen	leaving	group	α	to	carbonyl	via	silyl
migration	by	Corey	et	al.64	in	1980,	the	mechanism	involving	Brook	rearrangement	has	been
established	by	Fleming	et	al.,65	and	their	synthetic	utility	has	been	demonstrated	by	Hartel	and
coworkers66	(Scheme	6.34).	Similar	results	are	obtained	with	substrates	possessing	a	sulfur



leaving	group.67,	23b

Scheme	6.34	Formation	of	enol	silyl	ethers	via	reductive	elimination	of	an	α-oxygen	leaving
group	from	ketones.

Reactions	of	a	silyllithium	reagent	with	carboxylic	acid	derivatives,	including	esters,	nitriles,
acid	chlorides,	and	thioamides,	have	been	extensively	investigated	by	Fleming.	He	found	that
the	reaction	of	acid	chlorides	with	2	equiv.	of	PhMe2SiLi	affords	1,1-disilylalkoxide	80,	in
which	a	Brook	rearrangement	followed	by	an	alkylation	of	the	resulting	α-silyl	carbanion	81
occurs	to	give	82	(Scheme	6.35).68	Roles	of	the	second	silyl	group	are	stabilization	of	the
carbanion	and	acceleration	of	the	rearrangement	by	the	relief	of	steric	congestion	between	the
two	silyl	groups.	Isolation	of	1,1-disilyl	alcohols	is	possible	by	low-temperature	quenching,
and	the	alcohol	derived	from	pivaloyl	chloride	serves	as	a	hindered	carbon	base	via	a	Brook
rearrangement.

Scheme	6.35	Generation	of	α-silyl	carbanions	from	acid	chlorides	and	two	equivalents	of
silyllithium	reagent.

Phenyldimethylsilyllithium	reacts	with	amides	in	a	variety	of	ways,	depending	on	the
stoichiometry,	temperature,	and	structure	of	the	amide.69	One	of	the	most	remarkable	reactions
is	reaction	of	dimethylamide	83	with	PhMe2SiLi,	generating	a	carbene	intermediate	85
(Scheme	6.36).	Thus,	treatment	of	amide	83	with	PhMe2SiLi	produces	silicate	intermediate	84,
in	which	Brook	rearrangement	followed	by	expulsion	of	a	silanoxide	ion	by	the	dimethylamino
group	occurs	to	give	α-amino	carbene	85.	The	carbene	species	is	trapped	by
phenylthiomethyllithium	to	give	methyl	ketone	86	after	β-elimination	followed	by	acidic



hydrolysis	of	the	resulting	enamine.

Scheme	6.36	Generation	of	carbenes	from	amides	and	silyllithiums.

6.7	SYNTHETIC	REACTIONS	USING	BROOK
REARRANGEMENTS	IN	α-SILYL	ALKOXIDES
GENERATED	VIA	REGIOSELECTIVE	β-RING-OPENING
OF	α,β-EPOXYSILANES	BY	A	NUCLEOPHILE
α,β-Epoxysilanes	have	been	extensively	used	as	versatile	building	blocks	for	organic	synthesis
because	of	their	selectivity	in	α-ring-opening	reactions,	where	nucleophilic	attack	occurs
regioselectively	to	produce	β-hydroxysilanes.	This	α-ring-opening	process	provides	a	highly
stereospecific	olefin	synthesis	when	coupled	with	syn-	or	anti-elimination,	depending	on	the
reaction	conditions.	When,	however,	the	nucleophile	is	a	heteroatom	with	leaving	group	ability
and	the	silyl	group	is	bulky	enough	to	suppress	α-attack,	β-ring	opening	occurs	to	provide	an
enol	silyl	ether	via	Brook	rearrangement	in	the	resulting	α-oxidosilane,	followed	by	anti-
elimination.	Thus,	Cuadrad	and	González-Nogal	reported	that	an	α-hindered	tert-
butyldiphenylsilylepoxide	in	the	reaction	with	lithium	thiophenoxide	gives	an	enol	silyl	ether
derivative	87	selectively	via	β-attack	and	β-ring	opening	followed	by	a	Brook	rearrangement
with	elimination	of	a	phenylthio	group	(Scheme	6.37).70	This	is	in	sharp	contrast	to	the	result
obtained	with	the	less	congested	silyl	derivatives,	which	afforded	product	88,	derived	from	α-
ring	opening	followed	by	a	Peterson	reaction.



Scheme	6.37	Nucleophilic	ring	opening	of	α,β-epoxysilanes.

6.8	SYNTHETIC	REACTIONS	USING	BROOK
REARRANGEMENTS	IN	α-SILYL	ALKOXIDES
GENERATED	BY	A	BASE-INDUCED	RING	OPENING	OF
α,β-EPOXYSILANES
A	process	in	which	a	base-induced	ring	opening	of	α,β-epoxysilanes	occurs	in	tandem	with
Brook	rearrangement	was	first	observed	by	Jung	and	Nichols.71	A	similar	but	more	versatile
sequence	has	been	devised	by	Takeda	and	coworkers	in	developing	an	asymmetric	version	of
the	Brook	rearrangement-mediated	[3+2]	annulation	(Section	6.4.4).	This	approach	was	named
the	epoxysilane	rearrangement	by	the	authors	(Scheme	6.38).72	Key	concepts	include	the	idea
that	deprotonation	of	an	α,β-epoxysilane	89	bearing	an	anion-stabilizing	electron-withdrawing
group	at	the	γ-position	in	the	presence	of	an	electrophile	provides	highly	functionalized	enol
silyl	ethers	90	via	a	tandem	process	that	involves	a	base-promoted	opening	of	the	epoxide,
Brook	rearrangement,	and	reaction	of	the	resulting	allylic	anion	with	the	electrophile.

Scheme	6.38	Epoxysilane	rearrangement.

Initial	work	was	carried	out	using	O-silyl	cyanohydrins	of	β-silyl-α,β-epoxyaldehydes	91.
Reaction	of	91	with	LDA	in	the	presence	of	an	alkylating	agent	produced	α-alkylated
cyanohydrins	92	(Scheme	6.39).



Scheme	6.39	Tandem	base-promoted	ring	opening/Brook	rearrangement/allylic	alkylation	of
O-silyl	cyanohydrins	of	β-Silyl-α,β-epoxyaldehydes.

After	detailed	mechanistic	studies,72b	the	reaction	has	been	developed	into	a	unique	synthetic
methodology	for	preparation	of	highly	functionalized	enol	silyl	ether	derivatives.	Variants	of
the	epoxysilane-opening	concept	include	(1)	Michael-initiated	ring	closure-type	reaction	with
bisenoate	93	(Scheme	6.40,	Eq.	1),73	(2)	Wittig	reaction	using	a	phosphonio	group	instead	of	a
nitrile	group	(Scheme	6.40,	Eq.	2),74	(3)	the	use	of	94	as	an	acrolein	β-anion	equivalent
(Scheme	6.40,	Eq.	3),75	and	(4)	nitrile	anion	cyclization	with	epoxysilanes	(Scheme	6.40,	Eqs
4a	and	4b).76



Scheme	6.40	Deprotonation-initiated	epoxysilane	rearrangements.

Methods	other	than	deprotonation	are	also	applicable	to	generate	a	carbanion	that	can	trigger
the	epoxysilane	rearrangement.	A	carbanion	generated	by	the	reaction	of	acylsilanes	95	with
cyanide	ion	induces	epoxysilane	rearrangement	to	give	C-acylation	products	96	via	a	twofold
Brook	rearrangement-mediated	tandem	sequence	(Scheme	6.41).77	Michael	addition	of	a
lithium	enolate	of	α-chloroacetamide	to	enoate	97	bearing	an	epoxysilane	moiety	at	the	α-
position	initiates	the	rearrangement	to	afford	100	stereoselectively.78	The	cis	relationship	of
the	ester	and	amide	groups	in	cyclopropane	100	can	be	explained	by	the	formation	of	chelation
structures	99.	A	rationale	for	the	exclusive	formation	of	the	internal	(Z)-olefin	is	that	silicate
intermediate	98	reacts	in	an	s-cis	diene	conformation	and	faster	than	its	conformational	change.



Scheme	6.41	Brook	rearrangement-	or	Michael	addition-induced	epoxysilane	rearrangements.

An	advantageous	aspect	of	the	epoxysilane	rearrangements	is	the	ready	availability	of
substrates	in	enantiomerically	pure	form,	providing	a	source	for	chiral	carbanions.79
Configurationally,	unstable	carbanions	generated	at	the	position	between	an	aryl	group	and	a
vinyl	group	via	epoxysilane	rearrangement	using	enantioenriched	substrate	101	can	be	trapped
by	a	[2,3]-Wittig	rearrangement	that	is	stereospecific	at	the	carbanion	center	(Scheme	6.42).80
The	steric	course	of	the	reactions	is	greatly	affected	by	the	solvent,	which	is	due	to	solvent-
dependent	differences	in	the	configurational	stability	of	the	chiral	carbanions.81

Scheme	6.42	Enantioselective	trapping	of	a	carbanion	generated	by	epoxysilane	rearrangement
by	[2,3]-Wittig	rearrangement.



Extension	of	the	tandem	sequence	to	an	intermolecular	variant	has	been	made	through	the	use	of
O-carbamoyl	cyanohydrins	102	(Scheme	6.43).82	Although	the	extent	of	chirality	transfer	is
moderate,	the	configurationally	extremely	labile	α-nitrile	carbanion	can	be	trapped	without
complete	racemization.	This	finding,	attributable	to	internal	chelation,	led	to	the	use	of	a
carbamoyl	group	as	a	fixing	agent	for	a	chiral	carbanion	(104	→	105).83

Scheme	6.43	Enantioselective	trapping	of	α-nitrile	carbanions	generated	via	chirality	transfer
from	epoxides.

The	epoxysilane	rearrangement	has	also	been	combined	with	[3+4]	annulation	for	the
construction	of	densely	functionalized	seven-	and	eight-membered	carbocycles,	representing	a
further	extension	of	a	stereocontrolled	anion	relay.84	Reactions	of	δ-silyl-γ,δ-epoxy-α,β-
unsaturated	acylsilane	106	with	an	alkenyl	methyl	ketone	enolate	afforded	highly	functionalized
cycloheptenone	derivative	112	via	a	tandem	process	shown	in	Scheme	6.44.	The	reactions
using	an	opposite	combination	of	three-	and	four-carbon	unit	(108	+	109),	in	which	an
epoxysilane	moiety	was	incorporated	in	the	four-carbon	piece,	also	give	112	via	the	same
intermediate	107	after	1,4-O-to-O	silyl	migration	(110	→	111).	Use	of	enantioenriched
acylsilane	(−)-113	and	2-cycloheptenone	enolate	gave	a	moderate	level	(62%	ee)	of
asymmetric	induction	in	the	bicyclic	ketone	114,	which	was	transformed	to	highly
functionalized	cyclooctene	derivative	115.



Scheme	6.44	Stereocontrolled	formation	of	seven-	and	eight-membered	carbocycles	using	a
combination	of	Brook	rearrangement-mediated	[3+4]	annulation	and	epoxysilane
rearrangement.



6.9	CONCLUSION
Since	the	discovery	of	the	Brook	rearrangement	more	than	half	a	century	ago,	its	unique
features	have	spurred	the	creativity	and	imagination	of	synthetic	chemists	who	desire	to	devise
new	reactions	and	ingenious	strategies	for	rapid	assembly	of	structurally	challenging	organic
compounds.	These	research	efforts	have	been	rewarded	with	the	discovery	of	a	number	of
mechanistically	fascinating	and	synthetically	useful	reactions,	some	of	which	have	been	used
as	tools	in	the	synthesis	of	structurally	challenging	organic	compounds.	Although	the	primary
focus	has	so	far	been	“two-dimensional”	anion	relay	of	a	carbanion	generated	by	Brook
rearrangement,	it	is	expected	that	the	manipulation	of	the	“three-dimensional”	features	of	the
rearrangement	in	a	catalytic	or	a	noncatalytic	manner,	including	generation	of	chiral
carbanions,	will	play	a	pivotal	role	in	the	field	of	asymmetric	synthesis.
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CHAPTER	7
THE	QUASI-FAVORSKII	REARRANGEMENT

Michael	Harmata
Department	of	Chemistry,	University	of	Missouri-Columbia,	Columbia,	MO,	USA

7.1	Introduction
7.1.1	The	Favorskii	Rearrangement
The	Favorskii	rearrangement	is	a	base-catalyzed	conversion	of	an	α-haloketone	into	an	acid	or
acid	derivative	such	that	the	ketone	α	and	α′	carbons	come	to	share	a	bond,	and	the	carbonyl
carbon	of	the	ketone	becomes	the	carbonyl	carbon	of	the	carboxylic	acid	derivative	(Scheme
7.1).1	The	reaction	can	be	regioselective,	and	its	outcome	is	dependent	not	only	on	structural
features	of	the	starting	material	but	on	reaction	conditions	as	well.

Scheme	7.1	The	Favorskii	rearrangement.

The	overall	process	is	quite	interesting	mechanistically.	Typical	conditions	consist	of	treating
the	starting	material	with	an	alkoxide	base	in	a	polar	solvent,	but	there	are	many	options
available.	A	possible	mechanism	for	the	process	is	shown	in	Scheme	7.2.	Deprotonation	of	the
ketone	1	results	in	the	enolate	2.	This	can	either	lead	directly	to	cyclopropanone	4	by
expulsion	of	the	leaving	group	or	proceed	initially	to	an	oxyallylic	cation,	which	then
undergoes	disrotatory	ring	closure	to	the	cyclopropanone.	Nucleophilic	attack	on	the
cyclopropanone	affords	a	tetrahedral	intermediate	that	then	fragments.	A	carbanion	such	as	6	is
often	written	as	an	intervening	species;	this	is	protonated	to	give	the	product(s)	observed.



Scheme	7.2	Mechanism	of	the	Favorskii	rearrangement.

However,	when	the	α-haloketone	is	treated	with	base	under	conditions	of	isotopic	exchange,
there	are	some	cases	in	which	no	α-H/D	exchange	takes	places,	so	there	can	be	no	equilibrium
between	1	and	2.	A	comparison	between	two	cases	illustrates	a	great	deal.	Bordwell	et	al.
reported	that	the	Favorskii	rearrangement	of	chloroketones	represented	by	8	proceeded	in
sodium	methoxide/methanol	to	afford	the	corresponding	esters	9	in	high	yield,	except	when	the
aryl	group	in	the	starting	material	was	substituted	with	an	electron-withdrawing	group	(Scheme
7.3).2	When	the	parent	compound	(8,	Ar	=	phenyl)	was	treated	with	NaOMe	in	MeOD,	the
product	was	formed	with	over	90%	deuterium	incorporation,	meaning	that	the	enolate
exchange	equilibrium	had	occurred.	Hammett	studies	gave	a	ρ	value	of	around	−5.0,	suggesting
the	accumulation	of	carbocation	character	in	the	rate-determining	step	(RDS)	of	the	reaction,
that	is,	loss	of	chloride.	Switching	from	chloride	to	bromide	increased	the	rate	of	reaction
approximately	63-fold,	as	did	switching	to	a	more	polar	reaction	medium;	the	rate	of	the
reaction	in	50%	aqueous	methanol	was	approximately	200	times	that	in	pure	methanol.	The
reaction	of	the	parent	system	occurred	with	an	activation	energy	of	23	kcal/mol	and	a	positive
entropy	of	activation	(ΔS≠	=	+16	eu).	There	was	no	common	ion	effect.

Scheme	7.3	Favorskii	rearrangement	of	a	benzyl	ketone.

What	species	forms	in	the	RDS?	The	easy	answer	is	that	SN1	loss	of	chloride	from	the	enolate
(enol)	produces	an	oxyallylic	(hydroxyallylic)	cation	that	cyclizes	in	a	disrotatory	fashion	to
the	corresponding	cyclopropanone.	The	cyclization	may	be	readily	reversible,	though	generally



cyclopropanones	are	considered	more	stable	than	oxyallylic	cations.3	However,	decades	after
the	Bordwell	study,	Sorensen	and	coworkers	examined	the	chemistry	of	chloroenolates
computationally	and	found	transition	states	for	the	direct	conversion	of	such	species	to
cyclopropanones,	via	both	retentive	and	invertive	pathways	with	respect	to	the	stereochemistry
of	the	carbon	bearing	the	leaving	group.4

For	example,	in	the	conversion	of	enolate	10	to	methylcyclopropanone,	two	transition	states
were	found.	The	one	corresponding	to	displacement	of	the	chloride	in	a	more	traditional	sense,
that	is,	inversion,	is	shown	in	Figure	7.1.	The	structure	indicates	that	the	departure	of	chloride
is	assisted	by	the	π	system	and	that	the	carbon	backbone	is	well	on	its	way	to	undergoing	a
disrotatory	ring	closure.	This	is	very	reminiscent	of	what	happens	in	the	solvolysis	of
cyclopropyl	bromides,	where	disrotatory	ring-opening	occurs	so	as	to	assist	departure	of	the
leaving	group.5	Interestingly,	the	energy	barrier	calculated	for	this	process	was	 20	kcal/mol,
very	close	to	that	observed	by	Bordwell	for	the	reaction	of	8.

Figure	7.1	Transition	structure	11	for	along	path	for	invertive	formation	of
methylcyclopropanone	from	10.

Another	transition	state	for	the	process	is	retentive	and	is	shown	in	Figure	7.2.	While	about	5
kcal/mol	higher	in	energy	than	the	invertive	transition	state,	this	structure	indicates	the
possibility	for	a	stereochemically	different	ring	closure.	Carbon–chlorine	bond	cleavage	is
more	advanced	in	this	structure	and	carbon–carbon	bond	formation	less	advanced	compared	to
the	invertive	counterpart,	though	distortion	toward	a	disrotatory	ring	closure	is	visually
evident.	This	path	looks	more	like	an	SN1	process,	where	cyclization	of	an	intimate	ion	pair
leads	to	cyclopropanone	without	necessarily	giving	rise	to	an	oxyallylic	cation	intermediate.
Inclusion	of	solvent	models	in	the	calculations	did	not	change	the	results,	though	it	is	not	clear
how	hydrogen	bonding	might	affect	the	structures	of	both	transition	states.



Figure	7.2	Transition	structure	11	for	along	path	for	retentive	formation	of
methylcyclopropanone	from	10.

Exchanging	a	single	hydrogen	for	a	methyl	group	at	the	α-position	in	8	leads	to	dramatic
changes	(Scheme	7.4).6	With	chloroketone	12,	no	deuterium	exchange	is	observed.

Scheme	7.4	A	mechanistically	(kinetically)	different	Favorskii	rearrangement.

No	difference	in	rates	between	chlorides	and	bromides	is	observed.	The	reaction	is	over	200
times	faster	than	that	of	8,	but	the	ρ	value	according	to	Hammett	studies	is	1.4.	The	RDS	of	the
reaction	is	now	enolate	formation.	Presumably	cyclopropanone	formation	occurs	by	the	same
mechanism	as	before,	but	it	is	faster	relative	to	the	initial	deprotonation.	Side-product
formation	(14)	is	more	prevalent	here,	as	a	function	of	several	variables,	including	base
concentration.

There	are	more	potential	complications.	Bordwell	and	Carlson	have	implicated	a	protonated
version	of	the	oxyallylic	cation	3	(see	Scheme	7.2)	in	the	formation	of	side	products	in	the
Favorskii	rearrangement.7	Treatment	of	the	stable	cyclopropanone	15	under	Favorskii	reaction
conditions	with	isotope	incorporation	results	in	the	formation	of	esters	with	nearly	complete
retention	of	configuration	(Scheme	7.5),8	making	the	high-energy	intermediate	6	in	Scheme	7.2
seem	less	likely	and	perhaps	favoring	a	mechanism	in	which	ring-opening	and	protonation
occur	in	concert	to	directly	give	the	ester	products	observed	in	the	reaction.	This	will	no	doubt
be	a	function	of	the	cyclopropanone	hemiacetal	structure.	Finally,	there	have	been	proposals



regarding	the	evolution	of	the	cyclopropanone	that	include	formation	of	a	chloride	adduct9	as
well	as	direct	fragmentation	to	an	acylium	ion.10	Deeper	consideration	of	these	possibilities
will	not	be	attempted	here.

Scheme	7.5	Stereoselective	ring-opening	(retention)	of	a	cyclopropanone	under	conditions	of
the	Favorskii	rearrangement.

It	is	worth	noting	that	the	putative	occurrence	of	an	oxyallylic	cation	(or	its	protonated	form)	in
the	Favorskii	process	has	broad	implications	beyond	the	rearrangement	itself.	For	example,
oxyallylic	cation	intermediates	are	important	players	in	several	other	reactions,	such	as	the
synthetically	valuable	(4+3)-cycloaddition	reaction.11

7.1.2	The	Quasi-Favorskii	Rearrangement
A	second	mechanism	that	has	been	considered	for	the	Favorskii	rearrangement	is	shown	in
Scheme	7.6.12	In	this	case,	a	nucleophile	attacks	the	carbonyl	group	to	give	a	tetrahedral
intermediate	that	evolves	via	a	1,2-shift	with	concomitant	expulsion	of	the	leaving	group.	This
mechanism	was	rejected	in	many	cases	because	the	evidence	accumulated	suggested	that
enolate	formation	with	the	intermediacy	of	a	cyclopropanone	was	the	only	mechanism	that
would	explain	the	experimental	results.13	Nevertheless,	in	cases	where	enolate	formation	is
quite	slow	or	simply	impossible,	this	mechanism	is	energetically	accessible	and	leads	to
rearrangement	products.

Scheme	7.6	Mechanism	of	the	quasi-Favorskii	rearrangement.



One	early	example	of	this	so-called	quasi-Favorskii	rearrangement	is	shown	in	Scheme	7.7.
Cope	and	Synerholm	reported	that	the	reaction	of	21	with	sodium	amide	afforded	the	amide	23
in	good	yield.14	In	this	case,	Bredt's	rule	predicts	that	enolate	formation	is	impossible.15
Nucleophilic	attack	at	the	carbonyl	is	preferred,	and	the	resulting	tetrahedral	intermediate
undergoes	a	sigma	bond	shift	and	expulsion	of	bromide	to	afford	the	5,5-fused	product.	A	bit
more	on	mechanism	will	be	discussed	later,	but	what	is	shown	in	Scheme	7.7	depicts	the
essence	of	the	quasi-Favorskii	rearrangement.

Scheme	7.7	An	example	of	a	quasi-Favorskii	rearrangement.

An	elegant	study	by	Warnhoff	et	al.	systematically	analyzed	mechanism	as	a	function	of
structure	in	bridged	bicyclic	ketones	related	to	21.16	Treatment	of	21	with	NaOD	in	refluxing
EtOD/D2O	afforded	the	corresponding	acid	24	in	95%	yield	with	no	incorporation	of
deuterium	(Scheme	7.8,	Eq.	1).	Had	this	been	a	normal	Favorskii	reaction,	one	deuterium
should	have	been	incorporated.	Similarly,	when	25	was	treated	under	the	same	conditions,	the
ring	contraction	product	26	contained	no	deuterium	(Scheme	7.8,	Eq.	2).	However,	with	27,
essentially	a	completely	monodeuterated	compound	was	obtained,	indicative	of	a	normal
Favorskii	reaction	(Scheme	7.8,	Eq.	3).

Scheme	7.8	The	dividing	line	between	quasi-Favorskii	and	Favorskii	mechanisms	in	bicyclic
bromoketones.



These	results	are	entirely	in	line	with	what	one	might	expect	from	the	feasibility	of	enolate
formation	in	the	bicyclic	systems	25	and	27.	However,	more	recent	studies	on	the	question	of
bridgehead	enolates17	suggest	that	bridgehead	enolates	are	more	accessible	than	might	be
commonly	appreciated.	Indeed,	when	25	was	treated	with	t-BuOK	in	t-BuOD	at	reflux,	the
corresponding	ester	was	formed	in	good	yield	(Scheme	7.9).	This	product	was	83%
deuterated,	which	represents	complete	deuteration	when	the	amounts	of	OH	present	in	the
solvent	and	isotope	effects	are	taken	into	consideration.	Recovered	starting	material	contained
no	label.	The	reaction	must	have	proceeded	via	a	cyclopropanone	(30),	implying	enolate
formation	(29).	This	was	rationalized	on	the	basis	of	increased	base	strength	of	tert-butoxide
relative	to	hydroxide.

Scheme	7.9	Evidence	for	the	formation	of	26	from	25	via	a	cyclopropanone	intermediate.

This	kind	of	result	has	synthetic	implications.	In	the	quasi-Favorskii	mechanism	for	the
substrates	shown	in	Scheme	7.8,	an	enantiomerically	pure	starting	material	will	give	an
enantiomerically	pure	product.	On	the	other	hand,	complete	racemization	is	expected	if
products	are	produced	via	a	normal	Favorskii	mechanism,	as	the	intermediate	cyclopropanone
(e.g.,	30)	would	be	achiral.

Finally,	consideration	of	the	mechanism	of	the	quasi-Favorskii	rearrangement	quickly	reveals
that	there	are	a	number	of	related	reactions,	including	the	benzylic	acid	rearrangement	and	the
pinacol	rearrangement.18,	19	Indeed,	the	mechanism	of	the	quasi-Favorskii	rearrangement	is
often	referred	to	as	“semibenzylic”	or	“semipinacol.”	An	exceptional	review	of	the	application
of	semipinacol	rearrangements	in	synthesis	has	appeared	recently.20	Consequently,	the	present
chapter	will	focus	on	processes	that	proceed	via	an	anionic	tetrahedral	intermediate	that
breaks	down	via	expulsion	of	some	leaving	group	and	concomitant	bond	migration	to	generate
the	product	observed.

7.2	RETRONS	OF	THE	QUASI-FAVORSKII
REARRANGEMENT
Applying	any	reaction	to	a	synthetic	target	requires	knowledge	of	the	retrons	that	make	the
reaction	applicable	at	some	point	in	the	synthesis.	Partial	retrons	–	those	keying	elements	that



resemble,	but	are	not	quite	the	same	as	the	direct	product	of	a	particular	reaction	–	are	also
quite	important.

The	quasi-Favorskii	retron	is	shown	in	Figure	7.3.	From	the	examples	shown	thus	far,	it	would
seem	as	though	the	groups	R1—R3	would	all	be	carbons	and	that	the	Nu	group	would	be	an
oxygen	derived	from	either	water	or	an	alcohol.	This	is	reasonable,	but	it	is	by	no	means	the
entire	story.	In	fact,	almost	any	atom	or	group	that	can	be	a	nucleophile	in	other	organic
transformations	can	participate	as	a	nucleophile	in	quasi-Favorskii	reactions.21	While
intervention	of	the	regular	Favorskii	process	limits	the	nature	of	the	R1—R3	groups,	we	will
show	that	it	is	possible	to	prepare	carbonyl	compounds	that	bear	an	α-hydrogen	using	a	quasi-
Favorskii	reaction.

Figure	7.3	The	quasi-Favorskii	rearrangement	retron.

Partial	retrons	are	more	numerous	than	retrons	for	the	quasi-Favorskii	rearrangement.	One	can
focus	on	the	possible	carbonyl	product	and	consider	all	those	groups	that	could	be	derived
from	those	carbonyl	groups.	Furthermore,	one	of	the	classic	partial	retrons	for	a	quasi-
Favorskii	rearrangement	is	simply	a	tertiary	or	quaternary	carbon	embedded	in	a	polycyclic
carbon	framework.	These	synthetic	strategies	will	be	illustrated	with	examples	later	in	this
chapter.

7.3	MECHANISTIC	CONSIDERATIONS	IN	THE	QUASI-
FAVORSKII	REARRANGEMENT
In	addition	to	mechanistic	features	discussed	earlier,	there	appears	to	be	a	stereoelectronic
requirement	in	the	quasi-Favorskii	rearrangement,	as	might	be	expected.	For	example,	Baudry
et	al.	reported	that	the	quasi-Favorskii	process	for	ketones	cis-	and	trans-31	was
stereospecific	and	occurred	with	inversion	of	configuration	at	the	carbon	bearing	the	bromine
leaving	group	(Scheme	7.10).22	Thus,	attack	of	hydroxide	on	the	carbonyl	group	of	the
respective	ketones	gave	intermediates	that	could	adopt	conformations	in	which	the	migrating
group	was	antiperiplanar	to	the	leaving	group,	facilitating	the	migration	process.



Scheme	7.10	Stereospecificity	of	the	quasi-Favorskii	rearrangement.

Other	examples	of	this	type	of	stereoelectronic	consideration	exist,23	in	line	with	standard
interpretations	of	such	effects	in	polar	organic	reactions.	But	complications	can	arise	in	which
the	paradigm	seems	to	break	down,	as	in	the	example	shown	in	Scheme	7.11.	In	this	case,	it
was	proposed	that	neighboring	group	participation	resulted	in	a	stereochemically	labile
species	(35),	leading	to	loss	of	stereochemical	control.24	It	is	thus	likely	that	rapid
isomerization	interfered	with	an	otherwise	mechanistically	well-defined	process.

Scheme	7.11	A	non-stereoselective	quasi-Favorskii	reaction.

The	quasi-Favorskii	rearrangement	has	been	used	often	in	the	synthesis	of	unnatural,	complex,
polycyclic	structures.	Indeed,	this	method	is	uniquely	suited	for	such	targets.	However,
undesired	side	reactions	can	occur.	An	example,	discussed	here	within	its	mechanistic	context,
is	based	on	a	report	by	Ueda	and	coworkers.25	They	treated	the	polycyclic	dibrominated
diketone	37	with	potassium	hydroxide	in	the	expectation	of	obtaining	cubane-1,3-dicarboxylic
acid	38.	Given	what	was	known	about	quasi-Favorskii	reactions	at	the	time	(vide	supra),	the
plan	made	perfect	sense.	However,	exposure	of	37	to	5%	KOH	for	15	min	at	80	°C	afforded
not	38,	but	the	cyclopropyl	lactone	43	(Scheme	7.12).	A	proposed	mechanism	for	the	process
began	with	a	Haller–Bauer	cleavage,	always	a	potential	risk	in	quasi-Favorskii



rearrangements,	to	give	40,	followed	by	a	Grob	fragmentation	and	ending	with	a	π-assisted
departure	of	a	bromide	and	intramolecular	trapping	to	give	43.	While	this	example	is
somewhat	extreme,	it	does	highlight	the	Haller–Bauer	process,	an	important	reaction	in	itself
and	a	potential	path	to	side	products	in	any	reaction	that	involves	attack	of	a	nucleophile	at	a
ketone	or	aldehyde	carbonyl	group.

Scheme	7.12	Haller–Bauer	and	other	side	reactions	in	an	attempted	quasi-Favorskii
rearrangement.

7.4	THE	PREPARATION	OF	SUBSTRATES	FOR	THE
QUASI-FAVORSKII	REARRANGEMENT
In	principle,	any	reaction	that	results	in	the	placement	of	a	leaving	group	next	to	a	carbonyl
provides	a	method	to	prepare	substrates	for	the	quasi-Favorskii	rearrangement.	Substrates
include	ketones	that	might	be	candidates	for	a	normal	Favorskii	rearrangement,	because	even
these	compounds	can	undergo	a	quasi-Favorskii	reaction	under	the	right	circumstances,	as
illustrated	later	in	this	chapter.

Nevertheless,	a	majority	of	quasi-Favorskii	rearrangements	are	performed	on	bridgehead
halides	that	contain	ketones	in	an	appropriate	location.	The	synthesis	of	these	systems	can	be
more	challenging,	but	a	number	of	strategies	have	been	devised.



Certain	cycloaddition/cyclization	processes	produce	substrates	for	the	quasi-Favorskii
rearrangement	with	good	yield	and	selectivity.	For	example,	the	intramolecular	cycloaddition
of	ketene	45,	available	by	dehydrohalogenation	of	the	corresponding	acid	halide	44,	afforded
46	in	moderate	yield	(Scheme	7.13).	This	compound	reacted	smoothly	with	lithium	hydroxide
under	mild	conditions	to	form	the	carboxylic	acid	47.26

Scheme	7.13	[2+2]-Cycloaddition	approach	to	α-chloroketones.

Recently,	Danishefsky	and	coworkers	reported	conditions	for	the	Diels–Alder	reaction	of	2-
bromocycloalkenones	with	dienes.27	For	example,	the	cycloaddition	of	2-bromocyclobutenone
with	various	dienes	took	place	in	good	yield	at	room	temperature	without	the	need	for	a
catalyst.	The	reactions	of	the	corresponding	cyclopentenone	and	cyclohexenone	were	also
reported,	but	these	required	more	vigorous	conditions	than	48	for	successful	cycloaddition.
However,	the	cycloadducts	could	certainly	serve	as	educts	in	the	quasi-Favorskii	process
(Scheme	7.14).



Scheme	7.14	Diels–Alder	cycloaddition	of	2-bromocyclobutenone	(48)	and	quasi-Favorskii
rearrangement	of	the	cycloadducts.

It	is	known	that	α-halocyclobutanones	react	via	a	quasi-Favorskii	mechanism	to	produce	ring
contraction	products.28,	29	Indeed,	treatment	of	49–51	with	sodium	hydroxide	resulted	in	the
formation	of	products	52–54,	respectively.	The	mild	reaction	conditions	are	noteworthy,	as	is
the	fact	that	the	overall	process	makes	48	a	functional	equivalent	of	55	as	a	dienophile	in	the
Diels–Alder	reaction.

A	single	example	was	given	in	the	same	paper	on	the	intramolecular	Diels–Alder	reaction	of	a
regioisomeric	halocyclobutenone.	Treatment	of	the	alcohol	56	with	BF3·Et2O	resulted	in	the
formation	of	57,	which	could	be	observed	by	NMR	and	underwent	cycloaddition	to	afford	58
(Scheme	7.15).	The	crude	product	was	treated	with	hydroxide	to	afford	the	quasi-Favorskii
product	59	in	27%	overall	yield.	The	particular	dienophile/quasi-Favorskii	combination	used
in	this	case	is	the	functional	equivalent	of	dienophile	60.



Scheme	7.15	Intramolecular	Diels–Alder	reaction	of	a	chlorocyclobutenone.

Our	group	has	generated	precursors	to	the	quasi-Favorskii	rearrangement	by	using	the	(4+3)-
cycloaddition	reaction.	For	example,	treatment	of	either	2,2-dichlorocyclopentanone
(available	from	61)	or	2,5-dibromocyclopentanone	(65)	with	triethylamine	(TEA)	in	the
presence	of	dienes	in	a	polar	solvent	resulted	in	the	formation	of	(4+3)-cycloadducts.30	These
were	often	sensitive	and	thus	characterized	as	their	reduction	products	as	shown	in	Schemes
7.16	and	7.17.

Scheme	7.16	(4+3)-Cycloaddition	of	a	chlorinated	cyclopentenyl	oxyallylic	cation.

Scheme	7.17	(4+3)-Cycloaddition	of	a	brominated	cyclopentenyl	oxyallylic	cation.

Both	haloketone	products	and	the	corresponding	alcohols	are	ideally	suited	for	quasi-
Favorskii	reactions.	For	example,	the	reaction	of	69	with	dilithiomethylphenyl	sulfone
produced	70	in	39%	overall	yield	from	2,5-dibromocyclopentanone	(65)	(Scheme	7.18,	Eq.
1).	When	treated	with	excess	of	methyllithium,	67	led	to	the	polycyclic	cyclobutane	71	as	a



result	of	carbonyl	addition,	quasi-Favorskii	rearrangement	and	further	nucleophilic	addition	of
the	organometallic	to	the	methyl	ketone	revealed	in	the	rearrangement	step	(Scheme	7.18,	Eq.
2).

Scheme	7.18	Quasi-Favorskii	rearrangements	from	(4+3)-cycloadducts.

We	were	able	to	control	the	course	of	addition	of	certain	organometallic	reagents	to	67.	While
primary,	unfunctionalized	sp3-hybridized	organolithiums	could	be	problematic	with	respect	to
carbonyl	addition	(e.g.,	side	reactions),31	sp2-hybridized	species	were	better	behaved.32
Further,	we	found	that	in	varying	the	amount	of	the	organometallic	reagent	and	the	reaction
temperature,	we	could	often	steer	the	outcome	of	the	reaction	to	simple	addition,	addition	plus
quasi-Favorskii	rearrangement,	or	addition/quasi-Favorskii/addition	as	illustrated	in	Scheme
7.19.	All	of	these	cases	demonstrate	that	the	(4+3)-cycloaddition/quasi-Favorskii	sequence	is
a	synthetic	equivalent	for	the	endo-selective	[4+2]-cycloaddition	of	substituted	cyclobutenes.

Scheme	7.19	Control	over	quasi-Favorskii	rearrangements.



Cyclopentene	equivalents	for	the	[4+2]-cycloaddition	are	also	possible.33	Six-membered	ring
oxyallylic	species	undergo	the	(4+3)-cycloaddition	with	facility	as	illustrated	in	Scheme	7.20.
Thus,	the	reaction	of	2,6-dibromocyclohexanone	with	the	furan	77	in	the	presence	of	base
afforded	78	regioselectively	in	66%	yield.	Reduction	of	the	carbonyl	followed	by	treatment
with	potassium	hydride	effected	the	quasi-Favorskii	rearrangement.	For	isolation	and
characterization	purposes,	the	immediate	rearrangement	product,	an	aldehyde,	was	reduced	to
the	corresponding	alcohol	79,	produced	in	60%	yield	from	78.

Scheme	7.20	Halogenated	cyclohexenyl	oxyallylic	cations	as	cyclopentene	equivalents	via	a
(4+3)-cycloaddition/quasi-Favorskii	reaction	sequence.

An	intramolecular	(4+3)-cycloaddition	illustrates	the	potential	of	the	quasi-Favorskii	approach
in	the	preparation	of	complex	ring	systems.34	Reaction	of	readily	available	alcohol	80	with
triflic	anhydride	afforded	the	cycloadduct	81	stereoselectively	in	65%	yield	(Scheme	7.21).
Treatment	of	this	compound	with	lithium	aluminum	hydride	(LAH)	afforded	an	essentially
quantitative	yield	of	alcohol	82	from	a	sequence	of	reduction,	quasi-Favorskii	rearrangement,
and	further	reduction.

Scheme	7.21	Intramolecular	(4+3)-cycloaddition	and	subsequent	quasi-Favorskii
rearrangement.

Kraus	and	Shi	used	condensation	reactions	for	the	assembly	of	precursors	to	the	quasi-
Favorskii	rearrangement.35	Reaction	of	the	bromoketoester	83	with	ethylamine	and
formaldehyde	gave	84,	the	result	of	a	double	Mannich	reaction	(Scheme	7.22).	Under	acidic
conditions,	methyl	vinyl	ketone	combined	with	83	to	give	the	annulation	product	87.	Each	of
these	products,	84	and	87,	was	a	good	substrate	for	the	quasi-Favorskii	rearrangement.	Ketone
84	reacted	with	the	enolate	of	acetylcyclohexene	(85)	to	produce	86	in	60%	yield.	Ketone	87,



meanwhile,	afforded	the	ketophosphonate	89	in	70%	yield	upon	reaction	with	dimethyl
lithiomethylphosphonate	(88).	The	application	of	this	methodology	to	synthesis	will	be
discussed	in	the	following	text.	These	examples	illustrate	that	a	wide	variety	of	nucleophiles
can	initiate	the	quasi-Favorskii	rearrangement,	an	important	aspect	of	this	process	that	allows
for	diversity	in	synthesis.36

Scheme	7.22	Condensation	reactions	used	to	make	precursors	for	the	quasi-Favorskii
rearrangement.

Finally,	a	common	way	of	introducing	a	leaving	group,	generally	a	halogen,	at	a	bridgehead
position	is	a	halogenative	(oxidative)	decarboxylation.	As	a	single	example,	Moriarty	et	al.
treated	90	with	iodobenzene	diacetate,	iodine	and	AIBN	to	give	the	iodoketone	91	in	92%
yield	(Scheme	7.23).37	Reaction	of	this	compound	with	aqueous	sodium	hydroxide	afforded	the
quasi-Favorskii	rearrangement	product	92	in	50%	yield.

Scheme	7.23	Halogenative	(oxidative)	decarboxylation	as	a	route	to	precursors	of	the	quasi-
Favorskii	rearrangement.

7.5	APPLICATIONS	OF	THE	QUASI-FAVORSKII
REARRANGEMENT	IN	SYNTHESIS
7.5.1	Methodology
The	preceding	discussion	on	the	synthesis	of	substrates	for	the	quasi-Favorskii	rearrangement
clearly	contained	data	on	methodology	development.	This	section	expands	that	coverage	to
include	further	methodological	advances	and	applications	of	the	quasi-Favorskii
rearrangement	to	target-oriented	synthesis.



The	addition	of	organometallics	–	Grignard	reagents	in	particular	–	to	α-haloketones	has	a	very
long	history.	As	early	as	1903,	Tiffeneau	reported	that	addition	of	phenylmagnesium	chloride
to	chloroacetone	resulted	in	the	formation	of	phenylacetone	after	heating	(Scheme	7.24).38	This
outcome	appears	not	to	have	been	conceived	at	the	time	as	proceeding	through	a	quasi-
Favorskii	mechanism,	but	eventually	it	was	formulated	as	such.39	As	related	afterward	by
Tiffeneau	himself,	this	series	of	discoveries	would	make	for	a	good	chemical	history	essay.40

Scheme	7.24	Quasi-Favorskii	route	to	phenylacetone	(95).

The	quasi-Favorskii	reaction	has	been	important	in	the	alkylation	of	cycloalkanones,
cyclohexanone	in	particular.	Bouveault	and	Chereau	showed	that	2-chlorohexanone	(96)
reacted	with	alkyl	Grignard	reagents	to	afford	2-alkylcyclohexanones.41	Bartlett	and
Rosenwald42	and	Tiffeneau	and	Tchoubar 	developed	this	chemistry	further.	Thus,	addition
of	a	methyl	Grignard	reagent	to	96	gave	97	as	the	major	diastereomer.	Heating	the	adduct	in
dry	benzene	at	reflux	for	2	h	then	provided	2-methylcyclohexanone	(99)	in	43%	yield	(Scheme
7.25).	Interestingly,	heating	the	isolated	chlorohydrin	in	33%	NaOH	was	reported	by	Bartlett
to	give	only	acetylcyclopentane	(101)	in	50%	yield.	It	is	thus	conceivable	that	the	first	reaction
takes	place	via	the	conformation	represented	in	97b,	with	the	methyl	group	disposed
antiperiplanar	to	the	chloride,	the	departure	of	which	is	assisted	by	the	magnesium	cation.43	In
the	second	case,	the	smaller	size	of	the	sodium	alkoxide	may	lead	to	a	preferred	conformation
in	which	it	is	axial	(100),	placing	a	ring	bond	antiperiplanar	to	the	equatorial	leaving	group
and	leading	to	the	ring-contracted	product	101.

Scheme	7.25	Quasi-Favorskii	rearrangement	of	chlorohydrin	alkoxides.

Installing	alkyl	groups	adjacent	to	ketones	is	relatively	easy	based	on	enolate	chemistry	but	the
same	is	not	true	of	aryl	and	alkenyl	groups.	Using	quasi-Favorskii	methodology	presents	one
solution	to	this	synthetic	problem.	In	fact,	because	the	migratory	aptitude	of	π	systems	is



generally	higher	than	that	of	alkyl	groups,	the	quasi-Favorskii	process	works	better	for	aryl	or
alkenyl	shifts.	In	general,	the	procedure	for	this	reaction	involves	heating	a	magnesium
alkoxide	in	noncoordinating	solvents	at	temperatures	at	least	as	high	as	that	of	boiling	benzene.
Such	a	reaction	with	phenylmagnesium	bromide	and	2-chlorocyclohexanone	has	been
investigated	and	applied	in	some	simple	syntheses.44,	43	In	this	process,	there	are	two
stereoelectronic	conditions	for	a	facile	reaction	(Figure	7.4).	First,	the	σ	bond	that	is	formally
migrating	must	be	antiperiplanar	to	the	leaving	group.	However,	the	increased	ease	with	which
unsaturated	systems	migrate	is	no	doubt	due	to	π	participation,	so	that	the	π	system	must
overlap	with	the	antibonding	orbital	of	the	carbon-leaving	group	bond.45	In	the	case	shown,	the
plane	of	the	benzene	ring	must	be	perpendicular	to	the	plane	containing	the	C—Cl	and	the	C—
C	(phenyl)	bonds.	If	the	π	system	is	sufficiently	electron	rich,	migration	can	take	place	under
mild	conditions.	Bachman	et	al.	reported	that	the	reaction	of	p-anisylmagnesium	bromide	with
96	gave	the	corresponding	ketone	102	directly	after	15	h	at	room	temperature	(Scheme	7.26).46

Figure	7.4	Stereoelectronic	requirements	of	aryl	migration	in	the	quasi-Favorskii
rearrangement.

Scheme	7.26	Facile	quasi-Favorskii	rearrangement.

The	reaction	was	expanded	in	scope	by	Huang47	and	Hussey	and	Herr.48	Figure	7.5	shows
some	compounds	prepared	by	the	process.	Interestingly,	Hussey	and	Herr	developed	both	one-
pot	and	two-pot	procedures	for	the	process,	the	latter	involving	isolation	of	the	intermediate
halohydrin	and	giving	yields	better	than	the	one-pot	alternative.



Figure	7.5	Some	ketones,	with	yields,	produced	from	the	reaction	of	chloroketones	and
Grignard	reagents.

Pei	et	al.	at	Merck	recently	added	an	innovative	twist	to	this	process	that	resulted	in	a	new
indole	synthesis.49	Treatment	of	ortho-aminochloroacetophenones	with	Grignard	or
organolithium	reagents	led	to	the	formation	of	indoles	in	very	good	yields	(Scheme	7.27).	After
nucleophilic	addition	to	the	carbonyl	group,	the	electron-rich	anilino	group	migrates	in	a	quasi-
Favorskii	process	to	produce	ketones	105	that	can	then	cyclize	to	indoles.

Scheme	7.27	Indole	synthesis	based	on	the	quasi-Favorskii	rearrangement.



Both	alkenyl	and	alkynyl	groups	can	also	participate	in	the	quasi-Favorskii	rearrangement.
Butsugan	et	al.	reported	that	the	copper-catalyzed	reaction	of	bromohydrin	107	with	Grignard
reagents	resulted	in	the	formation	of	products	arising	from	a	quasi-Favorskii	rearrangement
followed	by	nucleophilic	addition	to	the	resulting	methyl	ketone.50	An	example	showing
products	from	two	distinct	pathways	is	shown	in	Scheme	7.28.	In	this	case,	the	major	product
111	is	derived	from	a	quasi-Favorskii	rearrangement,	while	the	minor	product	112	results	from
direct	bromide	displacement	or	from	ring	closure	to	the	corresponding	epoxide	followed	by
ring-opening.	Interestingly,	this	reaction	appears	rather	idiosyncratic,	favoring	the	desired
rearrangement	addition	process	with	allylic	Grignard	reagents	but	only	managing	a	low	yield
of	the	quasi-Favorskii	rearrangement	product	with	aliphatic	Grignard	reagents.	However,
aliphatic	organolithium	reagents	appear	to	perform	better	in	this	process,	while	phenyllithium
and	benzyllithium	give	products	based	on	epoxide	formation	from	the	bromohydrin.51	This
chemistry	has	been	applied	in	more	complex	form	by	the	Paquette	and	Barriault	groups,
aspects	of	which	will	be	presented	later.52	Finally,	certain	alkynyl	Grignard	reagents	can	also
participate	in	this	kind	of	process,53	as	can	cobalt	complexes	of	alkynes.54

Scheme	7.28	Migration	of	a	vinyl	group	in	a	quasi-Favorskii	rearrangement.

In	the	course	of	developing	a	synthesis	of	macrocycles	by	ring	expansion,	Wender	et	al.
demonstrated	that	deprotonation	of	113	with	EtMgBr	in	a	mixture	of	ether	and	benzene,
followed	by	heating	for	2	min	at	75	°C,	resulted	in	the	formation	of	ketone	114	in	66%	yield
(Scheme	7.29).55	The	facility	of	this	reaction	is	noteworthy,	and	further	mention	of	the	process
will	be	made	later	in	this	chapter.

Scheme	7.29	Migration	of	a	butadienyl	group	in	a	quasi-Favorskii	rearrangement.

While	magnesium	seems	to	be	the	metal	ion	of	choice	for	inducing	the	quasi-Favorskii
rearrangement	of	halohydrins,56	there	are	alternatives.	Xue	and	coworkers	reported	that
treatment	of	bromohydrins	with	diethylzinc	resulted	in	quasi-Favorskii	rearrangements,	often	in
very	high	yield.57	The	study	focused	on	aryl	migration	(Scheme	7.30,	Eqs	1	and	2),	but	by	no
means	exclusively	(Scheme	7.30,	Eq.	3).	Mechanistically,	these	reactions	could	be	assumed	to



proceed	via	zinc	alkoxide	formation	followed	by	zinc-assisted	departure	of	the	leaving	group
with	concomitant	1,2-shift	of	the	migrating	group.	Also	noteworthy	among	the	examples	shown
is	the	tolerance	of	the	ester	group	to	the	reaction	conditions,	something	that	might	not	be	easy	to
achieve	if	a	Grignard	reagent	were	used	to	induce	the	rearrangement.

Scheme	7.30	Diethylzinc-mediated	quasi-Favorskii	rearrangement	of	tertiary	bromohydrins.

The	starting	materials	in	Scheme	7.30	are	all	tertiary	alcohols.	Zhang	and	coworkers
introduced	a	new	reagent	for	the	conversion	of	related	secondary	alcohols	to	aldehydes	via	a
quasi-Favorskii	rearrangement.58,	59	Thus,	a	number	of	secondary	alcohol	bromohydrins
afforded	rearranged	aldehydes	when	exposed	to	EtZnOCOCF3	in	dichloromethane	for	several
hours	at	room	temperature.	The	reactions	generally	showed	very	high	to	complete
regioselectivity	with	respect	to	the	migrating	group	(Ar	>	H),	even	when	the	aryl	group	bore	an
electron-withdrawing	substituent	(Scheme	7.31,	Eq.	1).	Sterically	hindered	aldehydes	were
available	using	this	procedure	(Scheme	7.31,	Eq.	2).	However,	attempts	to	make
phenylacetaldehyde	and	other	simple	congeners	resulted	in	a	dehydrative	dimerization	(aldol
condensation)	of	the	initial	product	(Scheme	7.31,	Eq.	3).



Scheme	7.31	Trifluoroacetoxyethylzinc-mediated	quasi-Favorskii	rearrangement	of	secondary
bromohydrins.

To	end	this	section,	we	turn	to	an	interesting	rearrangement	of	epoxyalcohols.	Covering	all
semipinacol	rearrangements	of	species	of	this	type	is	well	beyond	the	scope	of	this	chapter;	a
recent	review	must	suffice	to	fill	in	the	many	gaps. 	In	1986,	Magnusson	and	Bergman,
seeking	both	to	study	the	mechanism	of	this	process	and	to	improve	it60	as	a	synthetic	tool,
reported	that	cyclopentene-1-carboxaldehydes	were	formed	with	useful	selectivity	and	yields
when	2,3-epoxycyclohexanols	were	treated	with	lithium	bromide	in	refluxing	1,2-
dimethoxyethane	(DME).61	As	examples,	Scheme	7.32	shows	the	conversion	of	three
epoxycyclohexanols	to	the	corresponding	cyclopentenecarboxaldehydes.	The	conversion	of
119–120	was	performed	on	large	scale	and	proceeded	in	60%	isolated	yield.



Scheme	7.32	Quasi-Favorskii	approach	to	cyclopentene	carboxyaldehydes.

The	proposed	mechanism	of	the	process	includes	a	quasi-Favorskii	rearrangement,	as
illustrated	in	Scheme	7.33	for	the	transformation	of	117	into	118.	Attack	of	bromide	on	the
epoxide	is	expected	to	occur	in	a	trans	diaxial	fashion,	in	accord	with	the	Fürst–Plattner	rule,62
at	the	position	of	the	epoxide	distal	to	the	electron-withdrawing	hydroxyl	group.	The
immediate	result	of	this	ring	opening	would	be	121,	which	is	in	rapid	conformational
equilibrium	with	122.	Migration	of	a	σ	bond	from	this	latter	conformation	with	concomitant
expulsion	of	bromide	would	give	123,	which	dehydrates	to	afford	the	observed	product.

Scheme	7.33	Mechanism	for	the	conversion	of	117–123.

More	complex	structures	can	also	undergo	this	rearrangement.	For	example,	Figure	7.6	shows
a	selection	of	aldehydes	obtained	from	various	epoxyhexopyranosides.63	Though	the	instability
of	the	regioisomers	of	these	aldehydes	led	to	lower	than	expected	yields,	the	method	represents
a	very	convenient	access	to	compounds	of	the	type	shown.



Figure	7.6	Selection	of	sugar-derived	aldehydes	prepared	by	a	quasi-Favorskii	rearrangement.

7.5.2	Natural	Products
The	extent	of	application	of	the	quasi-Favorskii	rearrangement	to	total	synthesis	depends	to	a
certain	degree	on	how	one	characterizes	the	many	semi-benzylic	and	semipinacol
rearrangements	that	are	available.	For	the	purposes	of	this	chapter,	the	cited	examples	are
those	that	contain	processes	in	which	an	alkoxide	“pushes”	a	bond	that	displaces	an	adjacent
leaving	group,	though	the	departure	of	the	leaving	group	might	be	assisted	by	a	Lewis	acidic
metal	ion.

7.5.2.1	Muscone	(Wender)

The	Wender	et	al.	synthesis	of	muscone	began	with	chloroketone	124.64	Reaction	with	the
vinyl	acetylide	125	afforded	alcohol	126.	Reaction	of	the	propargylic	alcohol	with	LAH	led	to
alkyne	reduction,	quasi-Favorskii	rearrangement,	and	a	ketone	reduction	to	afford	127	in	91%
yield	over	two	steps.	Oxidation	to	the	ketone	and	a	second	carbonyl	addition/reduction
sequence	led	to	the	polyene	128	in	45%	yield,	though	starting	material	was	recovered,	making
the	corrected	yield	somewhat	higher.	An	oxyanionic	Cope	rearrangement	ensued	when	128
was	treated	with	potassium	hydride	at	room	temperature.	It	is	this	process,	formally	a	[5,5]-
sigmatropic	shift,	which	forms	the	core	of	Wender's	macroexpansion	methodology.	Exhaustive
hydrogenation	of	129	afforded	the	target	muscone	(Scheme	7.34).

Scheme	7.34	Wender's	synthesis	of	muscone.



The	quasi-Favorskii	step	in	the	Wender	synthesis	is	especially	noteworthy	for	the	mild
conditions	under	which	it	takes	place.	A	number	of	substrates	were	examined	as	part	of	the
methodology	development	associated	with	this	synthesis.	It	appears	that	rearrangement	takes
place	from	the	hydroaluminated	intermediate	and	is	very	rapid	even	at	−20	°C.	An	interesting
twist	on	the	chemistry	is	shown	in	Scheme	7.35.	Reduction	of	131	with	LAH	followed	by
quenching	with	iodine	afforded	134	in	81%	yield.	With	DIBAL	as	reductant,	the	reaction	was
still	rapid,	but	the	organoaluminum	intermediate	that	rearranged	was	presumably	different	from
that	in	the	LAH	reduction	as	evidenced	by	its	trapping	with	iodine	leading	to	137.	The
implication	is	that	vinylmetals	have	a	propensity	to	migrate	beyond	that	of	simple	alkenes,	and
that	predilection	may	be	enhanced	by	the	formation	of	cyclic	structures	that	enforce	geometries
favorable	to	the	migration	process.

Scheme	7.35	Possible	mechanism	for	reductive	rearrangement	of	propargylic	chlorohydrins.

7.5.2.2	(−)-(3Z)-Cembrene	A	(Wender)
The	synthesis	of	the	title	natural	product	in	many	ways	parallels	that	of	muscone.	Wender	and
Holt's	synthesis	began	with	(S)-carvone	138,	which	was	converted	to	the	methyl	ether	139
using	simple	acid-catalyzed	methanolysis	of	the	electron-rich	double	bond	(Scheme	7.36).65
Chlorination	of	139	was	followed	by	a	sequence	of	events	including	nucleophilic	addition	of
140	to	the	ketone,	addition	of	141	followed	by	heating	and	finally	LAH	reduction	of	the
propargylic	alkoxide	to	form	142.	The	last	three	steps	of	the	sequence	were	carried	out	in	one
pot,	demonstrating	that	lithium	alkoxides	of	chlorohydrins	can	also	undergo	the	quasi-Favorskii
rearrangement.



Scheme	7.36	Synthesis	of	(−)-(3Z)-cembrene	A.

The	next	key	step	in	the	sequence	was	the	macroexpansion,	smoothly	executed	by	treatment	of
142	with	potassium	hydride	and	18-crown-6	in	THF	at	room	temperature.	Reduction	of	the
resultant	ketone	and	selective	reduction	of	the	least	hindered	olefin	afforded	144.	An	allylic
deoxygenation	and	deprotection	of	the	isopropenyl	group	with	acetyl	mesylate	gave	the	target
natural	product	145.

7.5.2.3	Phorbol	Skeleton	(Paquette)
Phorbol	esters	have	been	known	for	many	years	as	tumor	promoters	and	activators	of	protein
kinase	C.66	Their	biological	activity	and	the	unique	terpene	scaffold	of	these	esters	have
stimulated	a	great	deal	of	interest	in	phorbol	and	its	congeners	as	synthetic	targets,	resulting	in
recent	exciting	developments	(Figure	7.7).67



Figure	7.7	Structure	of	phorbol.

In	1994,	Paquette	et	al.	reported	a	synthesis	of	the	phorbol	skeleton	using	an	approach
involving	a	quasi-Favorskii	rearrangement.68	The	vinyl	bromide	147	(Scheme	7.37)	was
derived	from	(+)-carvone.	Halogen–metal	exchange	with	t-BuLi	followed	by	metal–metal
exchange	yielded	an	organocerate	for	addition	to	2-chlorocyclohexanone	(96).	Two	separable
diastereomers	were	formed	in	a	1:1	ratio;	only	the	one	leading	to	the	product	of	interest	is
shown	in	the	scheme.	This	compound	was	treated	with	vinylmagnesium	bromide	in
THF/benzene,	and	the	mixture	was	heated	to	80	°C	for	30	min	to	give	the	quasi-
Favorskii/trapping	product	149.	Anionic	oxy-Cope	rearrangement	of	149	produced	the	10-
membered	ring	ketone	150	in	77%	yield,	stereochemistry	being	dictated	by	rearrangement	to
the	convex	face	of	the	carene	ring	system.	Oxidation	of	the	double	bond	in	150	with	mCPBA
was	completely	stereorandom;	only	one	of	the	product	isomers	and	its	yield	are	illustrated.
Treatment	of	this	isomer	(151)	with	LDA	effected	an	intramolecular	alkylation	in	71%	yield,
resulting	in	the	formation	of	152,	which	contains	the	complete	carbocyclic	skeleton	of	phorbol
(146),	but	is	epimeric	with	146	at	carbon	11.



Scheme	7.37	Approach	to	the	phorbol	skeleton.

7.5.2.4	Desdimethyl	Ambliol	B	(Barriault)
Barriault	et	al.	developed	an	approach	to	ambliol	B	(Figure	7.8)	in	the	course	of	their	studies
on	a	domino	oxy-Cope/ene/Claisen	sequence.69	Low-temperature	halogen–metal	exchange	of
the	bromide	153	followed	by	trapping	with	2-chlorocyclohexanone	96	afforded	chlorohydrin
154	in	52%	yield	(Scheme	7.38).	A	reaction	much	like	that	in	Paquette's	phorbol	approach,	but
without	trapping,	took	place	when	154	was	treated	with	vinylmagnesium	bromide	in
THF/TMEDA	at	reflux	to	give	ketone	155	in	32%	yield.	Subsequently,	addition	of	the
functionalized	vinyllithium	156	afforded	key	intermediate	157	in	43%	yield.	Thermolysis	of
157	at	200	°C	led	to	the	polycycle	161	through	a	series	of	intermediates	arising	from	oxy-Cope
rearrangement	(158),	ene	reaction	(159),	and	Claisen	rearrangement	(160).

Figure	7.8	Structure	of	ambliol	B.



Scheme	7.38	Synthesis	of	desdimethyl	ambliol	B.

Wolff–Kishner	reduction	of	161	followed	by	a	metathesis	dimerization	process	and	Raney
nickel	desulfurization	afforded	162	in	high	yield.	The	metathesis	reaction	was	performed	to
circumvent	problems	associated	with	the	desulfurization	of	the	compound	bearing	only	the
terminal	vinyl	group.	In	this	clever	approach,	oxidative	cleavage	gave	the	same	aldehyde	that
would	have	been	obtained	from	the	terminal	alkene.	This	aldehyde	reacted	with	organolithium
163	to	give	164	in	35%	yield	over	two	steps.	A	two-step,	site-selective,	deoxygenation	led	to
the	target	compound	in	reasonable	yield.

7.5.2.5	Modhephene	(Kraus)
The	formal	synthesis	of	the	propellane	sesquiterpene	natural	product	modhephene	(168)	was



accomplished	by	Kraus	and	Shi	using	the	chemistry	shown	in	Scheme	7.39.70	As	already
mentioned	(see	Scheme	7.22),	the	reaction	of	88	with	87	produced	89	via	a	quasi-Favorskii
rearrangement.	Directed	hydrogenation	followed	by	intramolecular	Horner–Emmons	reaction
led	to	166.	The	fact	that	the	olefination	proceeded	with	an	ester	carbonyl	is	noteworthy.
Addition	of	methyllithium	and	hydrolysis	afforded	the	enone	167,	an	intermediate	in	Curran
group's	synthesis	of	modhephene	(and	isomodhephene).71

Scheme	7.39	Formal	synthesis	of	modhephene.

7.5.2.6	Spatol	(Harmata)
As	part	of	our	program	exploring	the	(4+3)-cycloaddition/quasi-Favorskii	reaction	sequence,
we	undertook	a	formal	total	synthesis	of	spatol	(Figure	7.9),	an	interesting	natural	product
possessing	a	unique	diepoxide,	a	5-4-5	ring-fused	carbocyclic	core,	and	antitumor
properties.72

Figure	7.9	Structure	of	the	antitumor	agent	spatol.

The	readily	available	dichlorocyclobutanone	170a	(Scheme	7.40)	was	treated	with
diazomethane	to	give	the	corresponding	dichlorocyclopentanone	170b	via	ring	expansion,	a
quasi-Favorskii	rearrangement.	This	substrate	underwent	(4+3)-cycloaddition	with
cyclopentadiene	in	the	presence	of	TEA	in	a	mixture	of	trifluoroethanol	and	ether	to	afford	the
adduct	171	with	good	diastereoselectivity	(10.4:1).	Reduction	of	171	with	LAH	produced	the
corresponding	alcohol	172.	When	this	compound	was	treated	with	potassium	hydride,	a	quasi-



Favorskii	rearrangement	ensued,	leading	to	174	in	76%	yield	over	two	steps.	This	aldehyde
was	oxidized	to	the	corresponding	acid	using	Pinnick	conditions,	and	thermodynamically
controlled	iodolactonization	led	to	175.	Reductive	deiodination	and	allylic	oxidation	afforded
the	enone	176.	Hydrogenation	and	Wittig	methylenation	then	gave	alkene	177	in	75%	yield.
Although	reduction	of	the	exocyclic	double	bond	was	expected	to	be	selective,	with	reagent
approach	occurring	from	the	convex	face	of	the	molecule,	this	step	turned	out	to	be	challenging.
Ultimately,	178	was	produced	as	the	major	diastereomer	in	the	process	(dr	=	6.6:1).	The
lactone	of	178	was	sequentially	reduced	using	DIBAL	and	a	Wolff–Kishner	reaction,	and	the
resulting	product	was	oxidized	to	produce	the	polycyclic	ketone	179.	This	compound	had	been
transformed	into	spatol	by	Salomon	et	al.,	thus	completing	our	formal	synthesis.73



Scheme	7.40	Formal	synthesis	of	spatol	via	a	(4+3)-cycloaddition/quasi-Favorskii
rearrangement	sequence.

7.5.2.7	Sterpurene	(Harmata)

Sterpurene	(188,	Scheme	7.41)74	is	one	of	a	relatively	small	class	of	fungal	sesquiterpenes
whose	unique	5-6-4	carbocyclic	structure	made	it	an	interesting	target	for	synthesis	in	the
context	of	the	(4+3)-cycloaddition/quasi-Favorskii	methodology.	The	quaternary	carbon



embedded	within	the	cyclobutane	ring	served,	as	it	did	for	our	approach	to	spatol,	as	a	retron
for	the	quasi-Favorskii	rearrangement,	with	the	assumption	that	the	methyl	group	would	be
obtained	through	reduction	of	an	aldehyde.	Such	a	retrosynthetic	construct	then	led	naturally	to
a	(4+3)-cycloaddition	as	a	key	carbon–carbon	bond	forming	event	in	the	synthesis.

Scheme	7.41	Total	synthesis	of	sterpurene	via	a	(4+3)-cycloaddition/quasi-Favorskii
rearrangement	sequence.

Our	synthesis	began	with	the	(4+3)-cycloaddition	between	diene	180	and	2,5-
dibromocyclopentanone	(65,	Scheme	7.41).75	This	reaction	was	unique	in	that	we	used	only	a
stoichiometric	amount	of	diene	and	employed	benzene	as	a	co-solvent	with	trifluoroethanol.
The	adduct	181	was	obtained	in	very	good	yield,	especially	given	that	we	had	used	a
stoichiometric	amount	of	diene.	The	quasi-Favorskii	sequence,	initiated	by	LAH	reduction	of
the	ketone,	included	an	additional	reduction	of	the	resulting	aldehyde	182	to	give	alcohol	183.
Dehydroxylation	was	accomplished	by	conversion	to	the	corresponding	iodide	followed	by



halogen–metal	exchange	and	quenching	with	water,	a	process	that	afforded	184	in	excellent
yield.	Allylic	oxidation	of	184	was	extremely	problematic	and	only	small	amounts	of	the
desired	ketone	could	be	obtained	in	spite	of	intensive	efforts.	This	ketone	was	converted	to
tosylhydrazone	185.	Reduction	with	allylic	inversion	gave	the	transposed	alkene	186.
Hydroboration	and	oxidation	with	PCC	led	to	the	ketone	187.	The	latter	was	treated	with
methyllithium	and	subsequently	dehydrated	to	afford	sterpurene	(188).

7.5.2.8	Tricycloclavulone	Core	(Harmata)
The	natural	product	tricycloclavulone	(Figure	7.10)	was	a	clear	candidate	for	a	quasi-
Favorskii	strategy,	given	the	fact	that	it	possessed	a	cyclobutane	ring	with	a	quaternary	center,
just	like	spatol	and	sterpurene.	We	decided	to	approach	the	problem	by	first	synthesizing	the
tricyclic	core	of	the	system	using	our	methodology.76	Attempts	to	find	a	route	to	prepare	the
natural	product	met	up	with	a	detour,	however,	and	we	decided	to	follow	this	alternative	path
in	lieu	of	the	total	synthesis.77

Figure	7.10	Structure	of	tricycloclavulone.

We	began	with	the	(4+3)-cycloadduct	67.	Reaction	of	this	ketone	with	organolithium	189
followed	by	warming	gave	190	in	excellent	yield	via	addition	and	subsequent	quasi-Favorskii
rearrangement	(Scheme	7.42).	Ring-opening/ring-closing	metathesis	afforded	the	tricyclic	core
of	the	natural	product	(191),	with	an	additional	vinyl	appendage	that	was	removed	by	selective
ozonolysis	and	decarbonylation	using	Wilkinson's	catalyst.	We	demonstrated	that	the	tertiary
acetate	of	tricycloclavulone	could	be	installed	by	radical	bromination	followed	by	silver-
assisted	acetolysis,	resulting	in	the	formation	of	194.



Scheme	7.42	Synthesis	of	the	tricarbocyclic	core	of	tricyclocalvulone.

7.5.3	Unnatural	Products
It	is	in	the	area	of	unnatural	product	synthesis,	particularly	polycarbocyclic	systems,	that	the
quasi-Favorskii	rearrangement	has	seen	its	greatest	application.	A	number	of	frameworks	have
been	prepared,78	and	a	selected	few	are	discussed	in	the	following	text.

7.5.3.1	Cubane	(Eaton)
Perhaps	the	best-known	application	of	the	quasi-Favorskii	rearrangement	is	also	one	of	its
earliest,	leading	to	the	synthesis	of	cubane,	the	organic	chemist's	realization	of	a	Platonic	solid.
Eaton	and	Cole	reported	the	first	synthesis	of	this	compound	through	an	elegant	combination	of
cyclopentadienone	dimerization,	photocyclization,	and	quasi-Favorskii	rearrangements.79

The	synthesis	began	with	the	2-bromocyclopentadienone	dimer	195	(Scheme	7.43).	Protection
of	the	carbonyl	groups,	selective	hydrolysis,	and	photocyclization	afforded	196	in	excellent
overall	yield.	A	quasi-Favorskii	rearrangement	ensued,	followed	by	conversion	of	the	resultant
carboxylic	acid	to	the	corresponding	t-butyl	perester.	Heating	this	t-butyl	perester	in	the
hydrogen	atom	donor	cumene	resulted	in	a	net	reductive	decarboxylation.	Liberation	of	the
protected	ketone	and	another	quasi-Favorskii	rearrangement	gave	the	carboxylic	acid	198.
Reductive	decarboxylation	as	before	afforded	the	target	cubane	(199).	It	is	worth	noting	that
the	tertiary	CH	groups	of	cubane	served	as	a	partial	retron	for	the	two	quasi-Favorskii
rearrangements	in	the	synthesis.



Scheme	7.43	Synthesis	of	cubane.

Eaton	and	Cole	published	a	report	prior	to	the	cubane	paper	that	ultimately	constituted	a	formal
total	synthesis	of	this	hydrocarbon.80	The	polycyclic	dibromodiketone	200	was	subjected	to
50%	aqueous	KOH	at	reflux,	affording	the	dicarboxylic	acid	201,	the	first	cubane	structure
ever	prepared.	It	was	shown	much	later	that	reductive	decarboxylation	of	a	derivative	of	this
diacid	leads	directly	to	cubane.81

The	double	quasi-Favorskii	of	200	is	interesting	(Scheme	7.44).	It	appears	that	the	two
rearrangements	are	quite	disconnected	from	one	another.	While	1%	NaOH	at	room	temperature
suffices	to	produce	202	in	essentially	quantitative	yield,	the	conversion	of	202–201	requires
40%	base,	110	°C,	and	produces	less	than	a	50%	yield	of	the	final	product	(Philip	E.	Eaton,
personal	communication).	Strain	is	the	likely	cause	of	the	problem	here,	as	there	are	limits	to
the	amount	of	strain	a	quasi-Favorskii	rearrangement	can	successfully	establish	before	side
reactions	compete,	lowering	yields.



Scheme	7.44	Alternate	synthesis	of	cubane.

It	should	be	noted	that	other	substituted	cubanes	can	be	synthesized	from	cyclopentadienone
dimers	that	bear	substituents	using	the	same	quasi-Favorskii	approach	pioneered	by	Eaton.82

7.5.3.2	Cubane	(Pettit)
The	approach	to	cubane	by	Pettit	and	coworkers	also	made	use	of	two	quasi-Favorskii
rearrangements	(Scheme	7.45).83	The	reaction	between	cyclobutadiene	and	2,5-
dibromoquinone	afforded	exclusively	the	endo	cycloadduct	205	in	80%	yield.	Subsequent
photolysis	afforded	the	[2+2]-photocycloadduct	206.	When	this	compound	was	treated	with
aqueous	KOH	at	100	°C,	an	80%	yield	of	the	diacid	38	was	obtained.	This	diacid	could	be
converted	to	cubane	by	conversion	to	the	di-t-butyl	perester	followed	by	thermolysis,	as	per
the	method	developed	by	Eaton	and	Cole.

Scheme	7.45	Petit	synthesis	of	cubane.

By	comparison,	it	is	noteworthy	that	dione	37	(Scheme	7.12)	did	not	produce	the	diacid	38
upon	treatment	with	hydroxide	but	seemed	to	suffer	a	Haller–Bauer	fragmentation	that	led	to	an



interesting	compound,	but	not	the	one	expected.	The	reasons	for	the	divergence	in	the	reactivity
of	37	and	206	are	not	clear.	A	computational	investigation	might	shed	light	on	the	subtle
structural	differences	responsible	for	the	different	outcomes.

7.5.3.3	Almost	a	Prismane	(Forman)
This	section	describes	a	beautiful	idea	that	fell	victim	to	the	strictures	of	Mother	Nature,	yet
remains	intriguing	for	that	very	reason.

Forman	and	coworkers	attempted	an	entry	into	the	[3]-prismane	family	using	a	quasi-Favorskii
rearrangement.84	Toward	this	end,	the	quadricyclanone	207	was	treated	with	hydroxide	under
various	conditions	(Scheme	7.46).	When	decomposition	did	not	occur,	benzoic	acid	(211)	was
obtained	in	very	high	yields.	Two	pathways	were	proposed	for	the	conversion	to	211	–
formation	of	the	target	prismane	(209)	followed	by	rearrangement	under	the	reaction
conditions	or	a	Haller–Bauer	rearrangement	via	210.	The	examination	of	transition	structures
for	both	pathways	as	well	as	attempts	to	accelerate	the	reaction	using	organometallics	in	lieu
of	hydroxide	as	the	nucleophile	might	offer	opportunities	for	making	[3]-prismanes
successfully.	Even	if	this	turns	out	to	be	impossible,	this	reaction	serves	to	define	boundaries
for	the	quasi-Favorskii	rearrangement.

Scheme	7.46	A	quasi-Favorskii	approach	to	the	[3]-prismane	system.

7.5.3.4	Pentaprismane	(Eaton)
Pentaprismane	represents	the	last	of	the	prismanes	that	have	been	prepared,	whether	by	a
quasi-Favorskii	rearrangement	or	other	means.	Eaton	et	al.	reported	the	synthesis	in	1981.85

A	starting	point	for	the	synthesis	was	ketone	212,	readily	available	through	a	sequence	that
involved	one	thermal	and	two	photochemical	cycloadditions.	The	object	of	the	first	set	of
transformations	shown	in	Scheme	7.47	was	to	prepare	a	substrate	suitable	for	the	quasi-
Favorskii	rearrangement.	To	that	end,	a	Baeyer–Villiger	oxidation	was	accomplished	with
mCPBA.	This	was	followed	by	a	CH	oxidation	with	RuO4,	saponification,	and	ester	formation
using	diazomethane	to	yield	213.	A	pinacol-coupling	reaction,	alcohol	oxidation	using	the
Corey–Kim	protocol,	and	tosylate	formation	afforded	214,	the	substrate	for	the	quasi-Favorskii
rearrangement.	These	days	one	cannot	help	but	wonder	if	214	or	its	immediate	precursor	might



be	available	in	one	step	from	212	by	direct	CH	activation.

Scheme	7.47	Synthesis	of	pentaprismane.

In	any	case,	the	tosylate	served	well	as	the	leaving	group	in	the	quasi-Favorskii	reaction	and
the	pentaprismane	skeleton	was	established	as	the	carboxylic	acid	215.	Reductive
decarboxylation	took	place	in	essentially	the	same	manner	as	in	the	original	cubane	synthesis,
though	the	H-atom	donor	in	this	case	was	2,4,6-triisopropylnitrobenzene,	giving	pentaprismane
(216)	in	42%	yield	from	215.

7.5.3.5	Secohexaprismane	(Mehta)
Mehta	and	Padma's	synthesis	of	secohexaprismane	was	intimately	associated	with	efforts	to
prepare	hexaprismane	itself.86	Though	conceptually	elegant,	many	attempts	to	make
hexaprismane	failed,	due	to	problems	primarily	associated	with	photocycloadditions	that	look
as	though	they	should	work,	but	do	not.

The	path	to	secohexaprismane	began	with	a	Diels–Alder	reaction	between	1,5-cyclooctadiene
(217)	and	218.	This	was	followed	by	a	bromination/dehydrobromination	sequence	to	produce
triene	219.	A	singlet	oxygen	cycloaddition,	reduction	of	the	resulting	peroxide,	and	acetylation
gave	the	diester	220.	After	photocyclization,	the	acetate	functional	groups	were	converted	to
the	corresponding	mesylates,	leading	to	221.	Treatment	of	221	with	iodide	gave	a
monoelimination	product,	an	alkene,	whose	hydroboration	resulted	in	the	formation	of	an
organoborane	that	underwent	Grob	fragmentation	upon	reaction	with	hydroxide,	affording	the
diene	222.	Another	photocyclization,	followed	by	acetal	hydrolysis,	gave	223	as	the	substrate
for	quasi-Favorskii	rearrangement.	When	this	compound	was	heated	with	sodium	hydroxide	in
toluene,	the	major	product	was	actually	that	derived	from	the	Haller–Bauer	reaction,	but	the
desired	quasi-Favorskii	reaction	did	occur	in	relatively	low	yield.	The	product	acid	was
esterified	to	give	224.	Hydrolysis	of	this	ester,	a	Hunsdiecker	decarboxylative	bromination,
and	an	exhaustive	reductive	halogenation	using	a	dissolving	metal	reduction	afforded
secohexaprismane	(225)	(Scheme	7.48).



Scheme	7.48	The	synthesis	of	secohexaprismane.

This	synthesis	is	over	20	years	old.	No	new	prismane	has	appeared	since	the	1980s.	It	is	not
clear	whether	the	will	and	resources	exist	for	the	pursuit	of	these	types	of	molecules,	but	they
do	represent	exciting	opportunities	to	examine	concepts	of	bonding	and	strain	energy,	and	they
present	a	unique	set	of	challenges	that	motivate	the	development	of	synthetic	methodology.

7.5.3.6	Hexacyclo[6.4.2.02,7.03,11.06,10.09,12]tetradecane	(Takeshita)
This	chapter's	final	example	of	caged	hydrocarbon	synthesis	is	one	that	further	emphasizes	the
importance	of	cycloaddition	reactions	in	creating	substrates	for	the	quasi-Favorskii
rearrangement.	This	synthesis	also	showed,	as	many	polycyclic	hydrocarbon	syntheses	have,
the	limits	that	exist	in	intramolecular	photochemical	[2+2]-cycloaddition	processes.

Takeshita	et	al.	reported	that	the	thermal	cycloaddition	between	2-chlorotropone	and	ethylene
proceeded	to	give	227	in	fair	yield	(Scheme	7.49).87	Another	cycloaddition	with	1,3-
cyclohexadiene	afforded	228	in	85%	yield.	This	compound	was	unreactive	when	exposed	to
ultraviolet	light.	However,	its	reaction	with	KOH	in	refluxing	methanol	for	12	h	afforded	the
quasi-Favorskii	rearrangement	product	229	in	88%	yield.	Peroxyesterification	of	the



carboxylic	acid	with	t-BuOOH	via	the	acid	chloride	and	subsequent	photolysis	led	to	230.
Thermolysis	of	the	latter	in	1,4-diisopropylbenzene	gave	the	title	hydrocarbon	231	in	50%
yield.

Scheme	7.49	A	tropone	cycloadduct	leads	to	a	caged	hydrocarbon	via	a	quasi-Favorskii
rearrangement.

7.6	CONCLUSIONS	AND	PROSPECTS
The	quasi-Favorskii	rearrangement	is	a	reliable	way	to	make	rings,	strained	rings	in	particular.
However,	its	scope	is	potentially	quite	broad,	as	suggested	by	its	use	to	prepare	α-arylketones,
its	application	to	macroexpansion	methodology	and	associated	natural	product	targets,	and	its
incorporation	into	the	(4+3)-cycloaddition/quasi-Favorskii	reaction	sequence.	Not	only	are
these	areas	still	not	adequately	explored,	it	is	easy	to	imagine	many	other	ways	to	construct
systems	that	are	set	up	for	the	quasi-Favorskii	reaction.	For	example,	consider	the	two
compounds	shown	in	Figure	7.11.	To	the	best	of	our	knowledge,	these	classes	of	compounds
have	not	been	subjected	to	quasi-Favorskii	conditions,	yet	they	and	very	likely	many	congeners
are	easily	available.88	They	are	ideal	candidates	for	such	exploration.	Whether	these	ideal
candidates	for	quasi-Favorskii	exploration	would	satisfy	the	utilitarian	desires	of	those	who
need	applied	research	to	justify	intellectual	inquiry	is	another	story,	but	one	that	can	be	written
in	due	time.

Figure	7.11	Possible	substrates	for	the	quasi-Favorskii	rearrangement.

Similarly,	synthetic	application	of	the	quasi-Favorskii	process,	especially	with	substrates
arising	from	cycloaddition	reactions,	merits	more	attention.	As	a	very	simple	example,	one
could	consider	a	target	like	the	antitumor	agent	elisapterosin	B	(239).89	This	compound	bears	a



classic	quasi-Favorskii	retron	–	one	ring	fused	to	another	with	a	quaternary	carbon	at	an
angular	position.	An	entirely	speculative	synthesis	is	shown	in	Scheme	7.50,	where	the
carbonyl	group	in	the	starting	ketone	becomes	one	of	the	ketones	in	the	product	by	virtue	of	a
(4+3)-cycloaddition/quasi-Favorskii	sequence.	Whether	this	synthetic	scheme	could	be
realized	is	less	important	than	an	emphasis	on	the	idea	that	the	retron	for	the	quasi-Favorskii
rearrangement	can	often	be	obvious,	as	in	this	case,	or	subtly	hidden;	but	it	offers	opportunities
for	strategic	disconnections	and	synthetic	tactics	that	could	bear	fruit	in	the	context	of	a
complete	synthetic	effort.

Scheme	7.50	Possible	(4+3)-cycloaddition/quasi-Favorskii	approach	to	elisapterosin	B.
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CHAPTER	8
THE	RAMBERG–BÄCKLUND	REACTION

Joanne	E.	Harvey
School	of	Chemical	and	Physical	Sciences,	Victoria	University	of	Wellington,
Wellington,	New	Zealand

8.1	INTRODUCTION
The	Ramberg–Bäcklund	reaction	(RBR),	in	its	most	general	form,	generates	an	alkene,	2,	from
a	sulfone,	1	(Scheme	8.1).	The	process	involves	halogenation	at	the	α-center	of	1,	abstraction
of	a	proton	from	the	nonhalogenated	α-center	of	the	resulting	halosulfone	3,	and	cyclization	to
give	an	episulfone	(thiirane	1,1-dioxide,	4),	followed	by	extrusion	of	sulfur	dioxide.

Scheme	8.1	Ramberg–Bäcklund	reaction	mechanism.

The	original	report	of	the	RBR	was	in	1940	by	Ramberg	and	his	student	Bäcklund	based	on
their	observations	that	α-halosulfones,	such	as	α-bromoethyl	ethyl	sulfone	(5),	are	converted	to
the	corresponding	alkenes,	for	example,	2-butene	(6),	upon	treatment	with	KOH	(Scheme	8.2).1
The	(Z)-isomers	were	preferentially	formed.

Scheme	8.2	First	reported	RBR.

There	have	been	a	number	of	extensions	and	variations	to	the	original	method,	most
significantly	the	Meyers	et	al.	extension,2	which	greatly	expanded	the	synthetic	utility	of	the
RBR	by	including	an	in	situ	halogenation,	thus	allowing	the	more	general	application	of



sulfones	as	substrates.	Meyers'	conditions	(Scheme	8.3a)	involve	use	of	carbon	tetrachloride
as	the	chlorinating	agent,	together	with	powdered	KOH	in	tert-butanol	to	provide	the	base,
either	at	room	temperature	for	active	(e.g.,	benzylic	or	allylic)	sulfones	or	at	50–60	°C.2	Chan
et	al.'s	modification	dating	from	1994	(Scheme	8.3b)	uses	alumina-supported	KOH	(with	tert-
butanol)	as	the	base,	and	dibromodifluoromethane	as	the	halogenating	reagent.3	Due	to	the	low
boiling	point	of	dibromodifluoromethane	(22–23	°C),	the	reaction	needs	to	be	performed	at	or
below	room	temperature.	This	may	not	be	suitable	for	unactivated	sulfones,	in	which	case	a
higher	boiling	alternative,	such	as	1,2-dibromotetrafluoroethane	(47	°C),	is	employed.4

Scheme	8.3	Meyers'	and	Chan's	modifications	of	the	RBR.

Meyers'	extension	and	Chan's	modification	represent	one-pot	conversions	of	sulfones	into
alkenes.	These	are	almost	invariably	used	in	modern	synthetic	applications	due	to	the
improved	convenience	and	synthetic	efficiency	compared	to	the	classic	(two-step)	RBR.	The
Chan	method	is	recommended	as	the	first	choice	when	contemplating	the	use	of	the	RBR	in
synthesis.5	This	is	due	to	the	highly	dispersed	nature	of	the	solid-supported	base,	which
provides	more	reliable	reactivity.

In	practice,	there	have	been	many	other	modifications	of	the	RBR	conditions,	mostly	differing
in	the	choice	of	base	used.	The	most	popular	base	for	the	RBR	is	potassium	tert-butoxide,
either	added	directly	or	generated	in	situ	from	tert-BuOH	and	KOH	(powdered	or	supported
on	alumina).	Nonetheless,	numerous	other	bases	have	been	employed	for	the	RBR,	including
lithium	tert-butoxide,	1,8-diazabicyclo[5.4.0]undec-7-ene	(DBU),	lithium
bis(trimethylsilyl)amide	(LiHMDS),	and	butyllithium	(n-BuLi).5–10	The	stronger	bases	tend	to
favor	formation	of	(E)-alkenes	(see	Section	8.4).

There	are	concerns	about	the	environmental	impact	of	the	halogenating	reagents	used	in	the
one-pot	RBR	because	they	are	heavily	halogenated	ozone	depletors.	Indeed,	CCl4,	CBr2F2,	and
(BrF2C)2	are	being	phased	out	or	no	longer	available	in	some	countries.	Very	recently,
Söderman	and	Schwan	have	introduced	1,2-dibromotetrachloroethane	as	a	nonozone-depleting,
less	expensive	brominating	agent,	which	is	a	solid	at	ambient	conditions	and,	therefore,	easier
and	safer	to	work	with.11

The	RBR	has	been	thoroughly	reviewed,5–10	and	readers	are	directed	to	these	excellent
expositions	for	comprehensive	coverage	of	the	literature	until	2009.	The	remainder	of	this
chapter	provides	an	overview	of	the	RBR,	with	pertinent	recent	examples,	for	practitioners	of
organic	chemical	synthesis.	The	focus	is	on	strategies	and	considerations	relevant	to	the
application	of	the	RBR	in	synthesis.	By	virtue	of	their	greater	efficiency	and	utility,	most	of	the
discussion	will	be	on	one-pot	variants	of	the	RBR,	wherein	the	substrate	is	a	nonhalogenated



sulfone.

8.2	METHODS	TO	SYNTHESIZE	SULFONES	AS	RBR
PRECURSORS
Several	preparative	methods	for	sulfones	exist,	any	of	which	can,	in	principle,	be	used	for
generating	RBR	precursors.	Nonetheless,	by	far	the	most	popular	and	straightforward	route,
particularly	for	complex	target	synthesis,	is	to	introduce	the	sulfur	atom	into	a	carbon	skeleton
from	a	thiol	salt	such	as	sodium	or	potassium	thioacetate,	or	by	Mitsunobu	reaction	with
thioacetic	acid.	A	stepwise	deacetylation,	to	release	the	monosubstituted	thiol,	and	reaction
with	another	carbon	electrophile	follows.	The	process	typically	involves	substitution	of	an
alkyl	halide	7	by	the	thioacetate,	methanolysis	of	the	thioester	in	8,	substitution	of	another	alkyl
halide	10	by	the	released	thiol	9	to	give	a	thioether	11,	and	then	oxidation	to	the	sulfone	12
(Scheme	8.4).	Typical	oxidants	for	the	latter	step	include	meta-chloroperoxybenzoic	acid	(m-
CPBA)	or	Oxone	(KHSO5	as	a	mixture	with	KHSO4	and	K2SO4).8	Sulfur	oxidation	usually
occurs	faster	than	epoxidation	of	any	alkenes	present.	Magnesium	monoperoxyphthalate
hexahydrate	has	also	been	used	to	oxidize	thioethers	to	sulfones.12

Scheme	8.4	Sulfone	synthesis	by	stepwise	substitution	of	two	alkyl	halides	with	thioacetate.

A	one-pot	variation	of	the	thioether	generation,	applicable	to	the	formation	of	cyclic	sulfones,
involves	reaction	of	a	dihalide	(or	halide	equivalent)	with	a	divalent	sulfide,	such	as	sodium
sulfide.	This	methodology	was	used	in	the	synthesis	of	conduritols,	whereby	sodium	sulfide
reacted	with	diepoxy	stereoisomers	13	in	a	one-step	thioether	formation	(Scheme	8.5).13	The
resulting	thiapane	isomers	14	were	separated	(HPLC)	and	then	individually	methylated	and
oxidized	with	m-CPBA	to	a	set	of	isomeric	sulfones,	15.



Scheme	8.5	Sulfone	synthesis	by	one-pot	substitution	of	a	bis-epoxide	with	sulfide.

A	similar	double	substitution	in	a	single	pot	was	employed	for	thioether	formation	in	the	RBR-
based	synthesis	of	eremantholide	A	(see	Section	8.6.4).14	In	this	case,	the	sulfide	generated
from	hexamethyldisilathiane	[bis(trimethylsilyl)sulfide]	and	sodium	methoxide	reacted	with	the
bromoiodide	16	to	form	the	10-membered	thioether	17	(Scheme	8.6).	This	was	oxidized	with
Oxone	to	provide	the	sulfone	18.

Scheme	8.6	Sulfone	synthesis	in	preparation	of	eremantholide	A.

An	alternative	method	for	incorporating	a	sulfone	moiety	into	a	carbon	framework	for	the	RBR
involved	an	elegant	four-component	coupling	between	sulfur	dioxide,	silyl	enol	ethers	19	and
20,	and	iodide	21	(Scheme	8.7).15	The	mechanism	presumably	comprises	addition	of	1-siloxy-
1,3-diene	19	to	sulfur	dioxide,	reaction	of	the	resulting	aldehyde	with	silyl	enol	ether	20,	and
then	attack	of	the	resulting	sulfinate	on	the	alkyl	iodide	21.	The	product	22,	obtained	as	four
diastereomers,	was	converted	by	the	RBR	to	an	intermediate	that	comprised	a	formal	total
synthesis	of	apoptolidin	(see	Section	8.6).

Scheme	8.7	Four-component	coupling	for	sulfone	preparation	in	formal	synthesis	of
apoptolidin.



The	installation	of	an	unsaturated	sulfone	25	can	be	achieved	through	Horner–Wadsworth–
Emmons	reaction	between	an	aldehyde	23	and	a	sulfonylphosphonate	24	(Scheme	8.8).16

Scheme	8.8	Sulfone	synthesis	by	Horner–Wadsworth–Emmons	strategy.

In	the	presence	of	an	internal	nucleophile,	such	as	an	alcohol,	the	unsaturated	sulfone	can
spontaneously	cyclize	to	afford	a	saturated	sulfone	linked	to	a	heterocycle,	which	is	an	RBR
precursor.	This	has	been	particularly	valuable	in	preparation	of	highly	functionalized	C-
glycosides	via	sulfones	such	as	30	(Scheme	8.9).17	In	this	case,	the	hemiacetal	26	reacts,	via
its	aldehyde	form	27,	with	the	sulfonylphosphonate	28.	This	proceeds	through	the	intermediate
unsaturated	sulfone	29	to	produce	the	exocyclic	sulfone	30.

Scheme	8.9	Sulfone	synthesis	by	Horner–Wadworth–Emmons	reaction	and	cyclisation.

8.3	VARIATIONS	OF	THE	RBR
A	great	number	of	variations	of	the	RBR	have	been	developed	and	will	be	briefly	described
here.

The	vinylogous	RBR	is	a	variation	whereby	either	a	vinyl(α-bromoalkyl)sulfone	or	a
bromoallyl(alkyl)sulfone	is	treated	with	base,	delivering,	via	a	vinyl-substituted	episulfone
intermediate,	a	1,3-diene	(Scheme	8.10).5,	18



Scheme	8.10	Vinylogous	RBR.

The	decarboxylative	RBR	involves	saponification-induced	decarboxylation	of	a	β-sulfonyl
ester,	leading	to	α-sulfonyl	anion	formation.	With	in	situ	halogenation	of	the	other	α-center,	the
episulfone	is	formed,	which	produces	the	alkene	(Scheme	8.11).	This	protocol	works	best
when	the	doubly	α-center	is	disubstituted,	otherwise	competing	halogenation	at	that	position
results	in	a	haloalkene	product.5,	19

Scheme	8.11	Decarboxylative	RBR.

The	Michael-induced	RBR	exploits	the	electrophilic	nature	of	vinyl-substituted	sulfones.5
Upon	nucleophilic	attack,	the	alkene	double	bond	migrates	to	form	an	episulfone	intermediate
by	displacement	of	an	α-halide	(Scheme	8.12).	The	product	alkene,	resulting	from	subsequent
SO2	extrusion,	is	transposed	by	one	position	from	the	original	alkene.	The	α-halide	may
instead	be	positioned	on	the	vinyl	group	(i.e.,	an	α-bromovinylsulfone),	in	which	case	proton
transfer	occurs	before	episulfone	formation.	α-Bromovinylsulfones	tend	to	be	more	reactive
toward	nucleophiles	and	so	may	benefit	the	overall	reaction.20	Employing	dienes	as	the
nucleophile	acceptors	is	also	successful	and	leads	to	conjugated	(migrated)	diene	products.21

Scheme	8.12	Michael-induced	RBR.

The	epoxy-RBR	utilizes	epoxides	formed	from	vinylsulfones	to	provide	allylic	alcohols
(Scheme	8.13).22	The	leaving	group	ejected	in	formation	of	the	episulfone	is	the	epoxide
oxygen	rather	than	a	halide.

Scheme	8.13	Epoxy-RBR.



8.4	MECHANISTIC	EVALUATION	OF	THE	RBR
Significant	advances	have	been	made	to	the	understanding	of	the	RBR	mechanism	by
Bordwell,	Paquette,	Taylor	and	others.23–26	Aspects	of	the	mechanism	have	been	studied
theoretically	and	the	results	agree	with	experimental	outcomes.27	The	release	of	halide	ion	was
found	to	be	first	order	in	both	hydroxide	ion	and	sulfone,	lending	credence	to	the	proposed
mechanism.23	Deuteration	experiments	have	shown	that	deprotonation	is	reversible	and	that	all
possible	α-anions	form	(Scheme	8.14).28,	29

Scheme	8.14	RBR	mechanism:	deprotonation.

The	formation	of	the	episulfone	is	thought	to	occur	from	a	W-like	arrangement	of	halide,
sulfone	and	anion	lobe	that	serves	to	optimize	orbital	overlap	in	displacement	of	the	chloride
(Scheme	8.15).	The	anion	is	formed	by	deprotonation,	from	a	trajectory	between	the	sulfone
oxygens,	of	a	sterically	minimized	starting	material	conformation.	After	rotation	to	the	W-
arrangement,	this	results	in	cis-substituents	in	the	episulfone.25	This	means	that	(Z)-alkenes	are
usually	the	kinetic	products.	However,	use	of	stronger	bases	(e.g.,	KOtBu)	or	substrates	with
additional	anion-stabilizing	groups	(e.g.,	R′	=	phenyl)	leads	to	predominance	of	(E)-alkenes,
which	is	thought	to	be	due	to	epimerization	of	the	episulfone.5	The	intermediacy	of	episulfones
has	been	confirmed	through	their	isolation,	characterization,	and	subsequent	conversion	under
RBR	conditions	into	the	alkene.26

Scheme	8.15	RBR	mechanism:	episulfone	formation.

The	mechanism	of	sulfur	dioxide	extrusion	has	yet	to	be	confirmed,5	although	it	is	known	to	be
accelerated	by	base.30	Decomposition	of	cis-episulfones	has	been	calculated	to	be	faster	than
for	the	corresponding	trans-episulfones.31



While	the	RBR	does	not	encompass	a	true	rearrangement	of	the	carbon	skeleton,	it	has	been
likened,	mechanistically,	to	the	Favorskii	rearrangement,	which	does.32	Indeed,	both	involve	a
rate-limiting	intramolecular	ring-forming	step	that	follows	an	acid–base	equilibrium.	The
Favorskii	intermediate	is	a	cyclopropanone	that	is	formed	by	α-deprotonation	of	an	α-
haloketone,	analogous	to	the	episulfone	invoked	in	the	RBR	mechanism.

8.5	STRATEGIC	CONSIDERATIONS	RELEVANT	TO	THE
USE	OF	THE	RBR	IN	SYNTHESIS
The	RBR	has	become	an	important	and	versatile	method	for	preparation	of	carbon–carbon
double	bonds	within	a	variety	of	structural	motifs,	including	a	number	of	highly	strained	cyclic
systems.5–10	Taking	a	broad	view	of	the	overall	reaction	sequence	that	encompasses
preparation	of	a	sulfone	precursor	and	the	RBR	itself,	the	alkene	functionality	in	the	product	31
is	constructed	from	its	two	individual	components	32	and	33	(Scheme	8.16).	Thus,	the
retrosynthetic	disconnection	is	through	the	alkene	double	bond.	From	this	point	of	view,	the
RBR	sequence	occupies	a	similar	position	in	organic	synthesis	to	the	Wittig-type	reactions,
including	Julia,	Julia–Kocienski,	Horner–Wadsworth–Emmons	and	the	(Z)-selective	Still–
Gennari	and	Ando	variants,	in	that	an	alkene	is	assembled	from	two	individual	carbon-based
fragments.	As	with	these	other	olefination	methods,	the	position	of	an	alkene	prepared	by	the
RBR	is	unambiguous,	a	necessary	feature	in	modern,	target-oriented	synthetic	chemistry.

Scheme	8.16	The	RBR	as	a	retrosynthetic	disconnection.

The	RBR	sequence	is	most	often	initiated	by	substitution	of	an	organohalide	33	with	a	thiol	32,
affording	a	thioether	34	that	contains	the	full	carbon	skeleton	(see	Scheme	8.16).	Typically,	this
intermediate	is	isolated,	as	with	the	Julia	reaction	but	unlike	the	Wittig-type	protocols.	The
next	step	is	oxidation	to	a	sulfone	35,	followed	by	the	key	RBR.	This	makes	the	overall
process	a	three-step	sequence,	which	has	disadvantages	with	regard	to	step	economy.33
Nonetheless,	the	multistep	sequence	has	greater	synthetic	flexibility,	which	is	beneficial	in



some	scenarios	(e.g.,	as	demonstrated	in	the	syntheses	of	integrastatin	and	aigialomycin	D,
Sections	8.6.2	and	8.7.4,	respectively).

From	an	atom	economy34	viewpoint,	the	RBR	involves	only	loss	of	hydrogen	halide	(in	the
episulfone-forming	step)	followed	by	extrusion	of	sulfur	dioxide.	This	makes	it	more	atom
economic	than	several	of	the	common	alternative	strategies,	such	as	the	popular	Wittig	and
Julia–Kocienski	reactions,35	although	the	chosen	method	for	forming	the	RBR	precursor	also
needs	to	be	considered	if	fully	evaluating	the	synthetic	efficiency.

The	synthetic	flexibility	of	a	multistep	alkene	formation	can	be	understood	by	noting	that	the
thioether	and	sulfone	intermediates	represent	masked	alkenes.	Further	synthetic	steps	can	be
performed	on	the	full	carbon	skeleton	prior	to	conversion	into	the	alkene,	allowing	for	the	use
of	chemistry	that	would	be	incompatible	with	the	presence	of	an	alkene.	By	connecting	the	two
fragments	through	a	thioether	or	sulfone	linkage,	one	can	perform	reactions	that	are	common	to
more	than	one	substituent,	thus	decreasing	the	number	of	linear	steps	in	the	synthetic	route
compared	to	performing	them	separately	before	coupling	(Scheme	8.17a).

Scheme	8.17	Strategic	considerations	of	the	RBR	as	a	multistep	alkene	formation.

Alternatively,	for	the	synthesis	of	cyclic	products,	the	thioether	or	sulfone	can	act	as	a	tether,
enabling	an	alternative	reaction	to	serve	as	a	cyclization	step	(Scheme	8.17b).	If	this
intramolecular	reaction	is	not	orthogonal	to	alkene	reactivity,	such	separation	of	the	RBR	from
its	predecessor	steps	is	essential.	This	strategic	advantage	of	the	RBR	has	been	underutilized
in	synthesis.

Additionally,	the	RBR	has	important	advantages	as	a	method	to	synthesize	cyclic
compounds.10,	36–41	In	particular,	the	ring-forming	step	is	often	achieved	through	substitution
involving	a	thiolate	nucleophile.	These	nucleophiles	are	highly	reactive	by	virtue	of	their
polarizability,	electron	density,	and	flexibility	in	angle	of	attack,	making	them	well	suited	to
difficult	cyclizations.42	Additionally,	using	this	methodology,	the	formation	of	a	ring	containing



n	atoms	actually	proceeds	by	ring	contraction	of	a	larger,	n	+	1,	cycle	(Scheme	8.17c).
Therefore,	for	strained	systems,	the	ring	strain	that	must	be	overcome	in	the	cyclization	step	is
decreased	relative	to	direct	ring	closure	of	the	smaller	ring.	In	terms	of	the	ring-contraction
step,	sulfur	dioxide	extrusion	is	entropically	favored,	which	offsets	the	development	of	strain
in	the	smaller	ring.43

In	terms	of	synthetic	strategy,	the	RBR	can	potentially	be	used	for	synthesis	of	any	di-	or
trisubstituted	alkene,	although	the	geometry	of	the	product	cannot	be	firmly	predicted	in	all
cases.	The	E:Z	ratio	is	determined	by	factors	such	as	ring	size	(in	a	cyclic	substrate),	the
strength	of	the	base,	and	the	presence	of	anion-stabilizing	groups.	It	should	also	be	noted	that,
because	alkenes	may	be	converted	to	alkanes	by	hydrogenation	or	other	reductive	means,	an
alkyl	chain	is	a	latent	retron	for	an	RBR	strategy.

Despite	some	uncertainty	in	the	expected	olefin	geometry,5	the	utility	of	the	RBR	is	amply
demonstrated	by	its	application	to	the	synthesis	of	many	diverse	targets.5,	10	These	include
dendrimers,44	cyclophanes,41	modified	carbohydrates	such	as	C-glycosides	and	exoglycals,17,
45,	46	alkaloids,40,	47	terpene	derivatives,48	enediynes,49	amino	acids,50	stilbenes,51,	52	and
macrocycles.40,	53	The	remainder	of	this	chapter	presents	examples	of	the	RBR	that	are
pertinent	to	the	strategic	considerations	outlined	previously	and	illustrate	its	scope	as	a
versatile	and	powerful	synthetic	method.

8.6	UTILITY,	SCOPE,	AND	LIMITATIONS	OF	THE	RBR
The	RBR	has	been	successfully	employed	in	the	synthesis	of	a	range	of	acyclic	di-	and
trisubstituted	alkenes,	and	many	cyclic	alkenes,	including	some	that	display	considerable	ring
strain.	As	mentioned	earlier,	one	of	the	advantages	of	the	RBR	is	the	fact	that	the	cyclization
step	proceeds	through	a	larger	ring	than	is	present	in	the	final	target,	and	therefore,	strained
systems	may	be	more	facile	to	obtain	by	this	procedure	compared	to	other	methods.	This
section	will	endeavor	to	provide	an	indication	of	the	scope	and	limitations	of	the	RBR	using
exemplary	syntheses	of	complex	targets	to	illustrate	the	points.	Priority	will	be	given	to	more
recent	work,	as	earlier	reports	have	been	well	reviewed.5–10

8.6.1	(Sterically	Crowded)	Acyclic	Alkenes
In	preparing	the	second	generation	nona(phenylenevinylidene)	dendrimer	37	by	multiple	RBR,
Chow	et	al.	illustrated	the	versatility	and	efficiency	of	this	chemistry	(Scheme	8.18).44	The
substrate	nona(sulfide)	36	was	prepared	in	a	convergent	manner	by	sequential	substitution	of
benzylic	bromide	functional	groups	by	benzylic	thiols.	Oxidation	of	the	nona(sulfide)	36
proceeded	smoothly	with	hydrogen	peroxide	and	acetic	acid	in	dichloromethane	at	reflux.	The
subsequent	RBR	under	Chan's	conditions	provided	the	all-(E)-nona(phenylenevinylene)	37	in	a
48%	isolated	yield.	A	myriad	of	geometrical	isomers	was	also	formed	in	24%	yield.	The
combined	yield	of	nonaenes	indicates	an	average	of	better	than	96%	in	each	individual	RBR
process!	These	isomeric	products	could	be	hydrogenated	to	afford	the	same
nona(phenyleneethylene)	dendrimer.



Scheme	8.18	Dendimer	synthesis	by	RBR.

In	contrast	to	this	success,	the	attempted	RBR	of	the	third-generation	heneicos(sulfone),	formed
from	the	heneicos(sulfide)	38	in	reasonable	yield,	did	not	proceed	to	completion	but	instead
gave	mixtures	of	partially	reacted	dendrimers.	It	was	proposed	that	the	extreme	steric
hindrance	encountered	in	the	interior	of	the	dendrimer	would	prevent	reaction	with	the	solid-
supported	potassium	hydroxide,	particularly	if	the	outermost	sulfones	reacted	first,	thus	further
crowding	the	periphery	of	the	dendrimer.

Taken	together,	these	two	dendritic	examples	demonstrate	the	scope	and	limits	of	the	RBR.
While	being	very	powerful	for	multiple	transformations	in	a	single	operation,	there	are	limits
to	the	ability	of	the	RBR	to	operate	in	cases	of	extreme	steric	encumbrance,	at	least	with	the
solid-supported	base	developed	by	Chan.

Sulfones	that	are	nonbenzylic	and	have	no	other	activating	groups	can	react	sluggishly	in	the
RBR,	meaning	undesired	side	reactions	may	occur	or	even	dominate.12	This	can	be	a
significant	problem	if	the	sulfone	contains	β-alkoxy	and	β-siloxy	groups,	because	elimination
can	occur.	For	example,	while	the	benzyl	sulfone	40	reacted	smoothly	to	provide	the	styrene
41,	the	methyl	sulfone	42	and	isopropyl	sulfone	43	only	epimerized,	presumably	through
deprotonation	of	the	secondary	α-center	and	reversible	elimination	to	afford	the
thermodynamically	favored	isomers	44	and	45	(Scheme	8.19).54



Scheme	8.19	Comparative	reactivity	of	benzylic	and	non-benzylic	sulfones.

8.6.2	Acyclic	Trisubstituted	Alkenes
The	utility	of	the	RBR	in	the	synthesis	of	crowded	trisubstituted	alkenes	is	demonstrated	by	the
synthesis	of	ampelopsin	D	(Scheme	8.20).55	The	thioether	48	was	generated	by	acid-promoted
cyclization	of	alcohol	46	and	attack	by	thiol	47	on	the	benzylic	cation.	This	compound	had	a
trans-relationship	between	the	aryl	branches	on	the	indane	system	and	was	produced	as	a	1:1
mixture	of	epimers	at	the	thioether	linkage.	In	preparation	for	the	RBR,	the	thioether	48	was
oxidized	to	sulfone	49,	which	was	treated	with	base	and	carbon	tetrachloride	to	produce	the
RBR	product	50	in	52%	yield,	along	with	15%	of	its	(Z)-isomer.	Meyers'	conditions	were
found	to	be	optimal	for	stereoselectivity	in	the	RBR,	with	other	methods	producing	poorer
selectivity	and	unreliable	results.	The	natural	product	ampelopsin	D	(51)	was	obtained	after
global	deprotection	with	boron	tribromide.



Scheme	8.20	Synthesis	of	ampelopsin	D	by	RBR.

The	synthesis	of	the	integrastatin	core	by	Taylor's	group	also	demonstrates	the	utility	of	the
RBR	in	generating	hindered	alkenes.56	It	was	envisaged	that	the	trisubstituted	olefin	57	could
afford	the	bridged	core	through	intramolecular	acetal	formation	(Scheme	8.21).	However,
alkene	57	was	inaccessible	by	Wittig,	Julia,	Grignard,	or	lithiation	methodologies,56	so	the
RBR	was	explored.	Indeed,	the	sulfone	54,	formed	by	substitution	of	benzylic	bromide	52	with
secondary	thiol	53	and	sulfur	oxidation,	underwent	a	high-yielding	RBR	to	provide	a	1:1
mixture	of	isomeric	alkenes	55.	Alternatively,	hydrolysis	of	acetal	54	liberated	a	ketone,	which
was	reduced,	and	the	resulting	alcohol	subjected	to	RBR,	giving	a	16:1	ratio	of	(Z)-	and	(E)-
isomers	56.	The	higher	(Z)-selectivity	in	formation	of	alcohol	56	was	beneficial	to	the
synthetic	route	because	only	the	(Z)-alkene	of	the	oxidized	material	57	underwent	facile
cyclization,	upon	Lewis	acid-promoted	debenzylation,	to	afford	the	desired	cyclic	acetal	58.
Benzylic	oxidation	gave	rise	to	the	full	tetracyclic	core,	59,	of	integrastatins	A	and	B.



Scheme	8.21	Synthesis	of	integrastatin	core	by	RBR.

The	(Z)-alkene	selectivity	seen	in	the	RBR	product	56	is	unusual	for	stilbenes,	in	that
isomerization	of	the	relatively	acidic	episulfone	intermediate	typically	ensures	that	the	(E)-
isomers	exclusively	prevail	(see	Section	8.4).	The	reversal	of	alkene	stereoselectivity	in	this
case	has	been	proposed	to	result	from	intramolecular	promotion	of	the	sulfur	dioxide	extrusion
from	the	episulfone	by	the	adjacent	alkoxide.57

8.6.3	Polyunsaturation
The	RBR	has	been	used	extensively	for	the	preparation	of	polyunsaturated	compounds.	The
challenging	synthesis	of	carotenoids	has	been	achieved	through	a	combination	of	Ramberg–
Bäcklund	and	Julia-type	methodologies.58,	59	The	benefit	of	these	two	sulfone-based
transformations	is	in	the	stability	of	the	intermediates	that	function	as	masked	alkenes.	The
convergent	synthesis	began	with	the	anion	of	allylic	sulfone	60	displacing	allylic	dichloride	61
to	give	the	chain-extended	sulfone	62	(Scheme	8.22).	Allylic	oxidation	of	the	cyclohexene
rings	provided	diketone	63	and	was	best	performed	at	this	stage	because	of	the	instability	of
subsequent	compounds	to	the	oxidative	conditions.	An	RBR	then	revealed	the	central	alkene	in
the	conjugated	triene	64.	The	remaining	two	alkenes	were	unmasked	through
dehydrosulfonation,	affording	the	colored	antioxidant	canthaxanthin,	undecaene	65.



Scheme	8.22	Synthesis	of	canthaxanthin	by	RBR.

A	key	fragment	of	the	highly	unsaturated	natural	product	apoptolidin	(68)	invoked	the	RBR	of
sulfone	66	under	Chan's	conditions	(Scheme	8.23).15	The	RBR	precursor	66	was	prepared
from	sulfone	diastereoisomers	22	(see	Section	8.2,	Scheme	8.7)	by	acid-promoted
dehydration,	ketone–ester	conversion,	and	alkynylation.	It	is	notable	that	the	sulfone	group	is
stable	to	these	diverse	manipulations.	The	RBR	was	high	yielding	and	stereoselective,
affording	the	conjugated	(E,E,E)-triene	67	in	a	12:1	ratio	with	an	(E,E,Z)-isomer.	The
preparation	of	67	represents	a	formal	synthesis	of	apoptolidin	(68),	as	Nicolaou	et	al.'s	total
synthesis	encompassed	this	intermediate.60



Scheme	8.23	Formal	synthesis	of	apoptolidin	by	RBR.

Several	acyclic	enediynes	have	been	prepared	in	high	yield	by	the	one-pot	RBR	using	Chan's
conditions,	albeit	with	poor	stereoselectivity.49,	61	For	example,	the	unsymmetrical	doubly
propargylic	sulfone	69	afforded	the	enediyne	70	in	high	yield	but	with	almost	no	E:Z
selectivity	(Scheme	8.24).

Scheme	8.24	Synthesis	of	an	acyclic	enediyne	by	RBR.

8.6.4	Strained	Cyclic	Alkenes
To	illustrate	the	capacity	of	the	RBR	to	generate	strained	ring	systems,	the	case	of	Dewar
benzene	deserves	mention.	Notoriously	difficult	to	prepare,	dimethyl	Dewar	benzene	72	has
been	reported	to	form	by	the	double	RBR	of	chlorinated	disulfone	isomers	71	(Scheme	8.25).62
It	was	detected	by	GCMS	analysis	of	the	worked-up	reaction	and	was	accompanied	by	the
aromatic	73	(p-xylene),	presumably	the	stable	end	product.



Scheme	8.25	Synthesis	of	dimethyl	Dewar	benzene	by	RBR.

Similarly,	a	series	of	cyclic	diyne	chlorosulfones	74–77	were	treated	with	base	to	provide
enediynes	78–81	with	consecutive	ring	sizes	(Scheme	8.26).36,	63	These	examples	provide	an
indication	of	the	boundaries	of	efficacy	for	the	RBR.	Thus,	poor	yields	were	obtained	for
cyclic	enediynes	78	and	79	with	tether	lengths	of	3	or	4	(n	=	1	or	2),	while	the	larger	ring	sizes
provide	modest-to-good	results	of	cyclic	enediynes	80	and	81.	More	recently,	Cao	and
coworkers	have	shown	that	the	one-pot	RBR	using	Chan's	method	provides	better	yields	of	the
cyclic	enediynes.49	By	this	means,	79	was	prepared	in	50%	yield,	80	in	65%	yield,	and	81	in
70%	yield	from	the	corresponding	sulfones.

Scheme	8.26	Synthesis	of	cyclic	enediynes	by	RBR.

Cyclophanes	are	cyclic	alkanes	containing	at	least	one	bridged	aromatic	group.	The	small
cyclophanes	bear	considerable	strain	in	their	ring,	particularly	paracyclophanes,	sometimes	to
such	an	extent	that	the	aromatic	ring	is	bent	out	of	plane.43	Their	rigid	structures,	taken	together
with	rotational	restriction	leading	to	potential	atropisomerism,	makes	these	compounds
particularly	challenging	from	a	synthetic	viewpoint.64	As	a	result	of	the	ring	strain	in	certain
members	of	this	class,	the	RBR	could	present	benefits	to	their	synthesis,	in	that	it	operates	by
ring	contraction	of	a	larger,	less-constrained	structure.	Nonetheless,	even	this	potent
methodology	has	been	found	to	fail	or	provide	low	yields	in	formation	of	paracyclophanes
with	short	tethers.	For	example,	the	chlorine-substituted	hexahydroparacyclophane	83	was
obtained	in	low	yields	from	an	attempted	RBR	after	24	days!	It	presumably	forms	by	over-
chlorination	of	the	sulfone	82	(or	the	monosulfone	resulting	from	a	single	RBR)	prior	to	the
sluggish	ring	contraction	(Scheme	8.27).65



Scheme	8.27	Attempted	synthesis	of	a	[2.2]paracyclophane	by	RBR.

In	contrast,	orthocyclophanes66	and	some	of	the	larger-ring	paracyclophanes41	have	been
successfully	prepared	by	the	RBR	(Scheme	8.28).	Thus,	the	orthocyclophane	85	was	prepared
in	reasonable	yield	from	the	disulfone	84	by	the	one-pot	RBR	under	Meyers'	conditions.67	In
addition,	the	[12][12]paracyclophane	87	was	generated	from	the	disulfone	86	in	a	reasonable
yield.	The	RBR	gave	a	mixture	of	alkene	isomers	87,	which	converged,	on	hydrogenation,	to
the	saturated	cyclophane	88.	These	materials	were	optically	active,	having	been	resolved	by
crystallization	of	the	menthyl	xanthate	diastereomers	prior	to	incorporation	of	sulfur,	although
the	absolute	configuration	was	not	known.38

Scheme	8.28	Synthesis	of	diverse	cyclophanes	by	RBR.

The	RBR	met	its	match	in	the	eight-membered	ring	of	vinigrol	(95)	(Scheme	8.29).68	Despite
considerable	efforts	and	adaptations	of	the	structural	framework,	the	cis-bridged	cyclooctene
was	not	generated.	To	begin	with,	the	dibromides	89–91	did	not	form	the	respective	cyclic
thioethers	92–94.	By	increasing	the	conformational	flexibility	through	unclipping	one	of	the
six-membered	rings	of	the	cis-decalin	system,	the	double	substitution	of	dibromide	96	did	give



a	cyclic	nine-membered	ring.	Surprisingly,	despite	the	absence	of	oxidizer	in	the	reaction	of
dibromide	96	with	sodium	sulfide,	the	product	obtained	was	the	sulfone	97!	Yields	were
unreliable,	however,	and	ranged	from	39%	to	72%.	Unfortunately,	this	sulfone	was	unreactive
toward	the	ring-contracting	RBR	under	Meyers'	conditions,	and	none	of	the	bicyclic	skeleton
98	was	isolated	even	after	prolonged	reaction	times.	These	results	showcase	the	difficulty	in
formation	of	this	ring	system.	It	should	be	noted	that	ring-closing	metathesis	(RCM),	SN2
displacement,	pinacol	coupling,	and	lactam	sulfoxide	ring	contraction	were	likewise
unsuccessful	in	generating	the	eight-membered	ring	of	vinigrol.69,	70	However,	the	anionic	oxy-
Cope	rearrangement	was	applied	successfully	in	the	vinigrol	system,71	and	total	syntheses	have
subsequently	been	reported	that	utilize	Grob	and	Wharton	fragmentations	to	prepare	the	eight-
membered	ring.72

Scheme	8.29	Attempted	synthesis	of	vinigrol	by	RBR.

The	synthesis	of	eremantholide	A	by	the	RBR	stands	out	as	a	landmark	achievement	due	to	the
strained	and	highly	functionalized	nine-membered	ring	that	is	generated	(Scheme	8.30).14	The
sulfone	18	was	prepared	as	described	earlier	(see	Section	8.2,	Scheme	8.6)	through	double
substitution	of	an	α-bromo-ω-iodide	by	hexamethyldisilathiane.	A	classic	(two-step)	RBR	was
performed,	by	first	chlorinating	the	α-center	of	sulfone	18	and	then	treating	the	α-chlorosulfone
99	with	base.	The	chlorination	was	achieved	by	deprotonation	of	the	γ-position	of	enone	18
with	strong	base	(either	LiHMDS	or	NaH),	followed	by	addition	of	hexachloroethane	to
provide	99	as	a	single	diastereomer	(stereochemistry	not	determined).	The	RBR	required	the
extremely	hindered	base	potassium	tert-heptoxide;	otherwise,	the	product	was	contaminated
with	dechlorinated	starting	material.	Under	these	conditions,	the	RBR	afforded
dehydroeremantholide	A	(100)	in	5	min	at	70	°C	in	a	polar	solvent	system	consisting	of	HMPA



(10	equiv.)	and	dimethoxyethane.	Despite	the	steric	hindrance	presumably	encountered	in
displacement	of	the	chloride	from	the	tertiary	α-center	and	the	strain	in	the	resulting	ring,	the
reaction	proceeded	in	high	yield.	Indeed,	molecular	modeling	(MM2)	had	indicated	that	the
ring	contraction	should	be	geometrically	favored	and	that	competing	elimination	of	the	β-
oxygen	at	C6	should	be	unlikely	due	to	the	conformation.	This	highlights	the	utility	of
theoretical	methods	in	predicting	the	facility	of	an	RBR.	The	RBR	product	100	was	converted
to	eremantholide	A	in	a	single	step	by	hydration	of	the	exocyclic	enol	ether.

Scheme	8.30	Synthesis	of	eremantholide	A	by	RBR.

8.7	RECENT	APPLICATIONS	OF	THE	RBR	IN	THE
SYNTHESIS	OF	COMPLEX	TARGET	STRUCTURES
The	literature	covering	a	wide	range	of	synthetic	targets	has	been	thoroughly	reviewed,5–10	so
this	section	will	concentrate	on	a	few	recent	examples	that	rely	on	the	RBR	as	a	key	step	in	the
synthesis	of	complex,	natural	product	targets.	These	applications	of	the	RBR	all	have
noteworthy	features	in	terms	of	strategy	or	synthetic	challenge	that	will	be	highlighted.

The	RBR	occupies	a	privileged	position	in	total	synthesis	because	(1)	it	enables	the	formation
of	strained	cyclic	systems	through	ring	closure	to	a	larger	cycle	before	the	key	ring-contraction
step	and	(2)	the	overall	process	can	be	achieved	sequentially	or	split	according	to	the
requirements	for	functionality	and	orthogonality,	thus	allowing	greater	synthetic	flexibility.
Considering	the	potential	benefits	associated	with	this	versatile	methodology,	it	is	currently
under-utilized	in	target-directed	synthesis.	The	chosen	examples	represent	the	current	state	of
achievement	for	the	RBR	based	on	the	aforementioned	criteria.

8.7.1	Fawcettidine
The	complex,	tetracyclic	framework	of	fawcettidine	(101),	a	member	of	the	Lycopodium
alkaloid	family,	provides	a	considerable	challenge	for	synthesis,	particularly	in	light	of	the
additional	ring	strain	caused	by	unsaturation	at	one	of	the	ring	junctions.	The	seminal	total
synthesis	of	(+)-fawcettidine	by	Kozak	and	Dake	employed	an	elegant	late-stage	RBR	to
construct	the	seven-membered	ring.73	It	should	be	noted	that	no	alkene	is	present	in	the	target



compound	at	the	position	of	the	RBR	disconnection,	so	the	retron	is	latent	and	the	unsaturation
is	introduced	retrosynthetically	(Figure	8.1).

Figure	8.1	Fawcettidine

The	synthesis	began	from	the	trialkylated	cyclohexanone	102,	which	was	prepared	from	the
chiral	pool	starting	material	(R)-(+)-pulegone	in	six	steps.	The	sulfur	required	for	the	RBR
was	installed	as	a	thiocarbamate	fairly	early	in	the	synthesis,	during	fusion	of	the	second	ring.
This	was	achieved	by	reaction	of	the	ketoester	102	with	the	ammonium	salt	103	to	form
enamide	104	(Scheme	8.31).	The	tricycle	105	was	generated	by	platinum-catalyzed	enyne
annulation.	At	this	point,	allylic	oxidation	to	enone	106	was	necessary	to	enable	the	fourth	ring
to	be	formed.	Ring	formation	was	achieved	through	the	Michael	addition	of	the	thiol	prepared
by	saponification	of	the	thiocarbamate	in	106,	thus	providing	the	8-membered	bridged
thioether	107.	After	protection	of	the	ketone	as	an	acetal	108,	oxidation	to	the	sulfone	afforded
the	RBR	precursor	109.	The	ring	contraction	encompassed	by	the	RBR	proceeded	in	modest
yield	using	Chan's	conditions	to	provide	the	seven-membered	ring	of	110,	whose	structure	was
confirmed	by	X-ray	crystallography.	The	synthetic	endgame	also	involved	selective
hydrogenation	of	the	disubstituted	alkene	generated	in	the	RBR,	reduction	of	the	enamide	to	an
enamine	and	acetal	deprotection	to	afford	the	natural	product	101.



Scheme	8.31	RBR-based	synthesis	of	fawcettidine.

8.7.2	Cylindrocyclophanes	A	and	F
Given	their	intriguing	chemical	structures,	the	discovery	of	naturally	occurring	cyclophanes
was	an	exciting	development.74	Cylindrocyclophanes	are	dimeric	natural	products	that	have
succumbed	to	synthesis	via	the	RBR	(among	other	methods	such	as	olefin	metathesis	and
Wittig-type	chemistry).	Nicolaou	has	reported	the	synthesis	of	cylindrocyclophanes	A	and	F
(111	and	112)	through	a	head-to-tail	cyclodimerization	involving	sequential	inter-	and
intramolecular	SN2	reactions	of	a	thiol-containing	mesylate,	followed	by	an	RBR	(Figure
8.2).75



Figure	8.2	Cylindrocyclophanes	A	and	F

The	synthesis	commenced	with	3,5-dimethoxy-4-bromobenzoic	acid	(113),	which	was
converted	to	conjugated	enone	114	through	a	sequence	of	redox	reactions	and	carbonyl
additions	with	lithiated	species	(Scheme	8.32).	The	stereogenic	benzylic	center	was	formed
asymmetrically	by,	first,	CBS	reduction	of	the	ketone,	followed	by	hydroxyl-directed
hydrogenation	using	Crabtree's	catalyst.	Deoxygenation	of	the	resultant	alcohol	115	was
achieved	through	mesylation	and	reduction	with	superhydride	(LiBEt3H).	After	selective
desilylation	to	afford	benzyl	alcohol	116,	installation	of	the	sulfur	was	achieved	by	Mitsunobu
reaction	with	thioacetic	acid.	Subsequent	desilylation	of	the	thioacetate	117	and	mesylation	of
the	resulting	primary	alcohol	provided	the	electrophilic	partner	118	for	the	cyclodimerization.



Scheme	8.32	Fragment	synthesis	for	cylindrocyclophanes	A	and	F.

The	macrocylic	[8.8]paracyclophane	119	was	prepared	in	64%	yield	by	treatment	of	the
thioacetate	118	with	sodium	methoxide,	leading	to	dimerization	through	sequential	double
nucleophilic	displacement	of	the	mesylate	by	the	resulting	thiolate,	first	in	an	intermolecular
sense	and	then	intramolecularly	(Scheme	8.33).	Oxidation	was	performed	with	hydrogen
peroxide	and	catalytic	ammonium	molybdate,	providing	the	sulfone	120	in	high	yield	(80%).
This	was	subjected	to	Chan's	conditions	and	underwent	RBR	to	afford	the	diene	121	as	a	12:1
mixture	with	its	(E,Z)-isomer.	The	crude	mixture	was	isomerized	by	heating	with	catalytic
Pd(II)	to	produce	the	(E,E)-diene	121	in	good	yield	(70%).	Sharpless	asymmetric
dihydroxylation	of	121	with	AD-mix-ß	was	followed	by	Barton	deoxygenation	of	the	benzylic
hydroxyls	by	way	of	the	thionocarbonate,	affording	homobenzylic	diol	122.	For	the	synthesis	of
cylindrocyclophane	F,	substitution	of	the	remaining	hydroxyl	groups	was	carried	out	by
mesylation	and	displacement	with	trimethylaluminum.	Deprotection	of	the	methyl	groups	with
boron	tribromide	provided	the	natural	product	112.	The	diol	122	could	alternatively	be
diverted	to	diene	123,	an	intermediate	in	Hoye	et	al.'s	synthesis	of	cylindrocyclophane	A,76	by
oxidation,	enolate	triflation,	and	Kumada-type	cross-coupling	with	methyl	magnesium	bromide.
This	represents,	therefore,	a	formal	total	synthesis	of	cylindrocyclophane	A	(111).



Scheme	8.33	RBR-based	synthesis	of	cylindrocyclophanes	A	and	F.

8.7.3	Hirsutellones	A–C
The	highly	strained	and	functionally	decorated	cyclophane	ring	of	the	hirsutellones	provides	a



worthy	challenge	for	any	synthetic	methodology.	Nicolaou	and	coworkers	have	elegantly
demonstrated	the	prowess	of	the	RBR	in	the	total	syntheses	of	hirsutellones	A–C	by	taking
advantage	of	the	ring-contracting	nature	of	the	RBR	(Figure	8.3).77,	78	The	hirsutellones	are
fungal	secondary	metabolites	that	display	exciting	antimicrobial	activity	against
Mycobacterium	tuberculosis,	the	causative	pathogen	of	tuberculosis.

Figure	8.3	Hirsutellones	A–C

The	polyfunctional	cyclophane	rings	of	the	hirsutellones	are	12	(in	A)	and	13	membered	(in	B
and	C).	Their	preparation	by	direct	ring	closure	has	proven	very	difficult,	as	attested	by
unsuccessful	attempts79	and	the	difficulty	in	performing	RCM	even	on	a	less-constrained
model.80	However,	a	recent	total	synthesis	of	hirsutellone	B	successfully	utilized	the	Ullmann
coupling	for	ring	formation,	a	step	which	proceeded	in	42%	yield.81

The	fused	tricyclic	system	of	hirsutellones	A–C,	embodied	by	125,	was	generated	by	a	concise
and	stereoselective	intramolecular	epoxide	opening/Diels–Alder	cascade	reaction	of	epoxide
124	(Scheme	8.34),	which	was	obtained	from	(+)-citronellal.77	Conversion	of	the	core	tricycle
125	into	the	diol	126	was	achieved	through	a	series	of	redox	and	substitution	steps.	The
thioacetate	group	was	then	introduced	by	Lewis	acid-promoted	displacement	of	the	benzylic
alcohol	in	126	by	thioacetic	acid,	probably	via	an	intermediate	such	as	128.	Concurrent
substitution	of	the	other	hydroxyl	group	by	iodide	presumably	occurred	through	zinc-promoted
formation	of	an	intermediate	such	as	129.	This	cascade	process	led	to	the	cyclization	precursor
127	in	a	good	yield.	Deacetylation	and	ring	closure	to	the	14-membered	macrocycle	was
promoted	by	sodium	methoxide	in	methanol/THF	and	proceeded	in	high	yield,	followed	by
sulfur	oxidation	with	hydrogen	peroxide	and	sodium	tungstate	to	afford	sulfone	130.



Scheme	8.34	Synthesis	of	the	RBR	precursor	for	hirsutellone.

The	stage	was	now	set	for	the	key	RBR,	which	was	carried	out	directly	after	the	preparatory
steps	leading	to	sulfone	130.	Employment	of	the	Chan	protocol	for	the	ring-contractive	RBR
produced	the	desired	13-membered	paracyclophane	ether	131	in	an	impressive	95%	yield
(Scheme	8.35),	with	suitable	functional	handles	for	conversion	to	the	natural	products.
Hirsutellones	A–C	were	generated	from	the	common	intermediate	132,	obtained	from	the	RBR
product	131	through	carboxylation	of	the	ketone	α-center	and	Sharpless	dihydroxylation	of	the
styrenyl	moiety.77	The	ensuing	chemistry	(shown	for	hirsutellone	B)	involved	Barton–
McCombie	deoxygenation	of	the	benzylic	center	and	lactam	ring	formation.77	For	hirsutellone
A,	an	additional	rearrangement	to	the	succinimide	was	conducted.78



Scheme	8.35	RBR-based	synthesis	of	hirsutellone	B.

This	application	of	the	RBR	to	the	synthesis	of	hirsutellones	A–C	serves	to	delineate	its
impressive	scope	as	a	strategic	connection	in	the	total	synthesis	of	highly	complex,	strained
cyclic	natural	products.	The	high-yielding	ring-formation	and	ring-contraction	reactions
deserve	special	note	(Schemes	8.34	and	8.35).

8.7.4	Aigialomycin	D
The	synthetic	sequence	involving	formation	of	a	thioether,	oxidation	to	the	corresponding
sulfone	and	the	RBR	need	not	be	performed	consecutively,	although	it	almost	invariably	is
when	applied	to	the	synthesis	of	complex	targets.	An	example	in	which	divorcing	the	sulfone
preparation	from	the	RBR	was	actually	beneficial	to	the	synthetic	strategy	is	seen	in	the	total
synthesis	of	the	resorcylic	acid	macrolactone	(RAL)	aigialomycin	D	by	Harvey	and
coworkers.82

Aigialomycin	D	is	a	metabolite	of	the	mangrove	fungus	Aigialus	parvus	and	was	shown	to	be	a
kinase	inhibitor	with	modest	antimalarial	activity.	The	convergent	synthesis	showcased	here
assembled	three	fragments	into	the	full	carbon	skeleton	(Scheme	8.36).	The	ester-containing
benzylic	bromide	134	was	prepared	from	methyl	orsellinate,	itself	derived	from	methyl
acetoacetate.	Thioacetate	135	was	formed	from	d-ribose	as	will	be	described,	while
homoallylic	alcohol	136	was	commercially	available.



Scheme	8.36	Aigialomycin	D	and	retrosynthetic	analysis.

In	generating	thioacetate	135	from	d-ribose,	a	sequence	of	protections	and	functional	group
interconversion	was	employed	to	obtain	iodide	137	(Scheme	8.37).83	This	underwent	a	Vasella
reductive	ring	opening	and	immediate	Wittig	reaction	with	the	stabilized	ylide	methyl
(triphenylphosphoranylidene)acetate	to	provide	the	conjugated	enoate	138	as	a	5:1	mixture	of
(Z)-	and	(E)-alkenes.	Reduction	of	the	conjugated	olefin	double	bond	in	the	presence	of	the
terminal	alkene	proved	challenging.	After	considerable	experimentation,	employment	of
sodium	borohydride	in	the	presence	of	cuprous	chloride,	including	cyclohexene	as	a	sacrificial
alkene,	was	found	to	provide	the	best	results,	with	ester	139	isolated	in	high	yields.	Lithium
aluminum	hydride	reduction	of	this	ester,	mesylation,	and	substitution	with	potassium
thioacetate	provided	the	sulfur-containing	fragment	135	reliably	and	in	high	yield.

Scheme	8.37	Fragment	synthesis	for	aigialomycin	D.

Displacement	of	the	benzylic	bromide	in	134	with	the	thiol	derived	from	thioacetate	135	was
achieved	using	potassium	carbonate	in	methanol	(Scheme	8.38).82	In	the	process,	the	phenolic
protecting	groups	were	cleaved,	and	they	were	replaced	with	MOM	acetals	that	would	be
more	compatible	with	the	key	RBR.	Saponification	provided	the	acid	140,	which	was	coupled
with	homoallylic	alcohol	136,	using	the	Mitsunobu	protocol,	to	give	thioether	141.



Scheme	8.38	RBR-based	synthesis	of	aigialomycin	D.

With	the	full	carbon	skeleton	present,	the	synthetic	endgame	could	be	considered.	There	were
several	options	for	the	order	of	the	sulfone	formation,	RBR	and	RCM	steps.	However,	it	was
determined	that	RCM	should	not	be	attempted	before	thioether	oxidation	due	to	the	likelihood
that	the	Ru	catalyst	would	be	poisoned	by	the	low-valent	sulfur.	Thioethers	are	known	to
inactivate	the	Grubbs	second-generation	catalyst,	while	the	corresponding	sulfoxides	and
sulfones	do	not.84	Furthermore,	reports	from	other	groups	indicated	that	undertaking	the	RBR
first,	thus	requiring	RCM	to	be	performed	in	the	presence	of	a	preexisting	internal	alkene	145,
would	lead	to	a	competing	metathesis	process	that	would	produce	a	cyclohexene	147	and	a
truncated	aigialomycin	D	framework	146	(Scheme	8.39).85	Therefore,	the	ideal	strategy	would



invoke	oxidation	to	the	sulfone	and	then	an	RCM	before	the	ring-contracting	RBR.86

Scheme	8.39	Unwanted	truncation	previously	observed	with	aigialomycin	D	synthesis.

Indeed,	the	endgame	sequence	proceeded	smoothly	and	in	high	yield	using	m-CPBA	to	oxidize
the	thioether	141	to	sulfone	142	(see	Scheme	8.38).	The	Grubbs	second-generation	catalyst
was	employed	for	RCM	to	give	143,	and	Meyers'	conditions	induced	the	ring-contractive
RBR.	Only	the	(E)-alkene	was	observed	to	form	in	both	the	RCM	and	RBR	steps.	This
sequence	provided	protected	aigialomycin	D,	which	was	subjected	to	global	deprotection	to
provide	the	natural	product	144	in	high	yield.82

It	should	be	emphasized	that	the	sulfone	142,	on	which	the	RCM	is	performed,	represents	a
masked	alkene.	The	sulfone	is	not	susceptible	to	the	unwanted	(truncating)	RCM	seen	in
Scheme	8.39,	while	the	corresponding	alkene	145,	derived	from	prior	RBR,	would	be.	Similar
considerations	should	have	utility	in	other	scenarios	where	an	alkene	needs	to	be	introduced	in
masked	form	to	avoid	unwanted	reactivity.	For	example,	truncated	rings	have	been	obtained	in
attempts	to	synthesize	dictyostatin	analogues	by	RCM.87	The	multiply	unsaturated	precursors
are	diverted	into	a	competing	cyclohexene	formation	(related	to	that	shown	for	the
aigialomycin	D	precursor	145	in	Scheme	8.39),	which	causes	an	undesired	relay-type	RCM	to
a	smaller	macrocycle.	This	is	potentially	an	ideal	setting	for	employing	a	sulfone	as	a	masked
alkene	during	the	macrocyclic	RCM	and	subsequent	RBR.

8.8	CONCLUDING	REMARKS
This	chapter	has	highlighted	the	scope	of	the	RBR	and	strategic	considerations	relevant	to	its
application	in	the	synthesis	of	natural	products	and	other	complex	targets.	The	versatility	and
potency	of	the	RBR,	particularly	for	alkene	formation	in	strained,	polyunsaturated,	and
macrocyclic	settings,	have	been	demonstrated	through	examples.	The	fact	that	the	RBR	of
cyclic	sulfones	effects	a	ring	contraction	can	facilitate	the	formation	of	small	and	strained
medium-sized	rings	by	allowing	the	typically	challenging	cyclization	step	to	be	performed	on
the	larger	system.	Furthermore,	segregating	sulfone	formation	from	the	actual	RBR	step	enables
transformations	to	be	performed	on	sulfone-containing	intermediates	that	would	be
incompatible	with	the	product	alkene.	Therefore,	the	sulfone	represents	a	masked	alkene.
Future	applications	of	the	RBR	to	synthetic	endeavors	are	likely	to	make	use	of	the	beneficial
features	of	this	reliable	and	versatile	methodology.
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CHAPTER	9
APPLICATIONS	OF	DI-Π-METHANE	AND	RELATED
REARRANGEMENT	REACTIONS	IN	CHEMICAL
SYNTHESIS

Martin	G.	Banwell	and	David	J.-Y.	D.	Bon
Research	School	of	Chemistry,	Institute	of	Advanced	Studies,	The	Australian	National
University,	Canberra,	Australia

9.1	INTRODUCTION:	THE	BASIC	PROCESS	AND	ITS
VARIANTS
The	di-π-methane	(DPM)	rearrangement	reaction	was	first	observed	in	19661	and	has	since
become	one	of	the	most	studied	photochemical	transformations	thanks,	in	large	measure,	to	the
sustained	and	extensive	efforts	of	Zimmerman	and	his	coworkers.2	Indeed,	these	particularly
reliable,	quite	versatile,	and	mechanistically	rather	well-understood	reactions	are	sometimes
described	as	Zimmerman	rearrangements.3	The	basic	process	is	shown	in	Scheme	9.1	and,	as
the	di-π-methane	name	suggests,	the	required	substrate	is	one	in	which	two	π-moieties	are
bonded	to	a	common	and	normally	sp3-hybridized	or	“methane”	carbon.	In	an	overall	sense,
then,	a	1,4-diene	(1)	is	converted	into	an	isomeric	vinylcyclopropane	(2).	The	initial	step	in
what	is	a	probably	a	four-stage	process	(but	see	Section	9.2)	is	the	formation	of	a	biradical,	3.
This	rearranges	to	the	corresponding	cyclopropyl-containing	1,4-biradical	4	which,	in	turn,
fragments	in	the	indicated	manner	to	afford	the	1,3-isomer	5.	Cyclization	of	this	last	species
then	delivers	the	observed	product	2.	The	reaction	is	formally	a	[π2	+	σ2]	rearrangement4	of	a
β,γ-unsaturated	alkene	(1,4-diene)	involving	a	1,2-vinyl	shift	and	σ-bond	formation	between
the	original	α-	and	γ-carbons.5



Scheme	9.1	The	basic	elements	of	the	di-π-methane	(DPM)	rearrangement	reaction.

The	first	example	of	the	DPM	rearrangement	reaction	was	reported	by	Zimmerman	and
Grunewald1	who	observed	that	when	a	solution	of	barrelene	(6)	in	i-pentane	containing
acetone	was	irradiated	with	a	450	W	medium	pressure	mercury	lamp,	the	fluxional	molecule
semibullvalene	(7)	(Scheme	9.2)	was	obtained.	Only	two	of	the	three	alkenyl	groups
participate	in	this	process,	but	it	is	interesting	to	note	that	so-called	tri-π-methane
rearrangements	involving	tri-alkenyl-substituted	methane-type	substrates	have	since	been
reported.6

Scheme	9.2	The	first	reported	example	of	a	di-π-methane	(DPM)	rearrangement	reaction.

Extensions	of	this	type	of	conversion	to	the	synthesis	of	benzo-	and	dibenzosemibullvalene,	8
and	9,	respectively,	have	been	reported7,	8	with	the	reaction	leading	to	the	latter	necessarily
involving	an	aryl–alkenyl	variant	of	the	DPM	rearrangement	during	the	course	of	which	the
intermediate	(and	nonaromatic)	biradical	10	is	formed.9

Lest	the	reader	think,	given	the	examples	presented	thus	far,	that	the	reaction	is	confined	to
cyclic	substrates,	acyclic	systems	also	participate	rather	effectively	in	the	DPM	process	and
thus	highlighting	its	generality.	Particularly	notable	open-chain	substrates	used	in	the	early
stages	of	the	study	of	the	DPM	rearrangement	were	the	hexa-substituted	1,4-dienes	11	(the



Mariano	diene)10	and	12	(the	Pratt	diene).11	These	afforded,	upon	direct	irradiation,
cyclopropanes	13	and	14,	respectively,	in	near	quantitative	yield.	Notably,	the	regioisomer,	15,
of	the	latter	photoproduct	is	not	observed,	and	a	simple	mechanistic	explanation	for	this
synthetically	useful	regioselectivity	has	been	advanced	(see	Section	9.3).

The	oxa-di-π-methane	(ODPM)	rearrangement	reaction	is	a	particularly	important	variant	of
the	parent	process	in	which	the	1,4-diene	is	replaced	by	a	β,γ-unsaturated	aldehyde	or	ketone
16	(Scheme	9.3).	A	cyclopropyl	ketone	or	aldehyde	(17)	is	the	product	of	the	reaction	which
involves,	in	overall	terms,	a	1,2-acyl	shift	as	well	as	σ-bond	formation	between	the	original	α-
and	γ-carbons.	The	reaction	pathway	may	involve	initial	photoactivation	of	the	carbonyl	group
with	the	resulting	species	18	cyclizing	to	afford	the	cyclopropyl-containing	1,4-diradical	19
(but	see	Section	9.2).	Fragmentation	of	19	generates	the	isomeric	1,3-diradical	20	that	is
finally	converted	into	the	observed	product	through	recombination.	The	first	example	of	such	a
process	was	observed12	by	Lutz	and	coworkers	in	1966,	but	it	was	only	some	3–4	years	later
that	these	types	of	conversions	were	recognized	as	the	oxa-variants	of	the	parent	DPM
rearrangement	reaction.13	Since	then,	the	ODPM	rearrangement	reaction	has	been	recognized
as	a	powerful	synthetic	protocol14	and	one	that	can	be	applied	to	both	cyclic	and	acyclic
substrates.	It	is	being	deployed	with	increasing	frequency	in	complex	chemical	synthesis,
especially	because	the	reaction	can	provide	access	to	compounds	that	are	essentially
unobtainable	by	thermal	means.15

Scheme	9.3	The	basic	elements	of	the	oxa-di-π-methane	(ODPM)	rearrangement	reaction.



A	prototypical	example	of	the	ODPM	rearrangement	reaction	is	the	conversion	of	the
bicyclo[2.2.2]oct-5-en-2-one	21	into	the	isomeric	and	cyclopropa-fused	diquinane	22	(Scheme
9.4).16	This	conversion	proceeds	in	81%	yield,	and	many	variants	of	it	have	been	used	to	great
effect	in	the	synthesis	of	polyquinane-containing	natural	products,17	examples	of	which	are
presented	in	Section	9.4.

Scheme	9.4	A	prototypical	example	of	the	ODPM	rearrangement	reaction.

Aza-di-π-methane	(ADPM)1	rearrangement	reactions	of	both	1-aza-	and	2-aza-1,4-dienes	are
known	but	not	so	common	at	the	present	time.	Nevertheless,	and	largely	due	to	the	work	of
Armesto	et	al.,18	the	potential	utility	of	such	processes	is	becoming	clearer.	In	the	case	of
ADPM	rearrangement	reactions	involving	1-aza-1,4-dienes,	regioselective	conversions	are
observed	with,	for	example,	the	oxime	23	being	converted	into	cyclopropane	24	in	74%	yield
after	irradiation	under	triplet-sensitized	conditions	for	just	30	min	(Scheme	9.5).

Scheme	9.5	An	example	of	an	aza-di-π-methane	(ADPM)	rearrangement	reaction.

The	ADPM	rearrangement	of	2-aza-1,4-dienes	is	a	potentially	more	interesting	transformation
because,	depending	on	the	regioselectivity	of	the	process,	either	N-alkenylaziridines	or	N-
cyclopropylimines	could	be	formed.	The	outcome	of	such	processes	is	dictated,	to	some	extent,
by	the	mode	of	activation	with	the	yield	of	the	aziridines	increasing	under	conditions	of	single-
electron	transfer	(SET)	and	the	cyclopropyl	imines	being	favored	under	more	conventional
triplet-sensitized	irradiation	conditions.	For	example,	reaction	of	imine	25	(Scheme	9.6)	using
acetophenone	as	the	triplet	sensitizer	only	proceeds	to	low	conversions	and	affords
iminocyclopropane	26	as	the	major	product	and	with	just	traces	of	the	aziridine	27	being
observed.	By	comparison,	when	an	acetonitrile	solution	of	the	same	substrate	containing	9,10-
dicyanoanthracene	(DCA)	and	biphenyl	is	irradiated	a	SET-mediated	process	takes	place
affording	the	aziridine	27	(11%	at	ca.	59%	conversion)	and	1-amino-1,2,2,3-
tetraphenylcyclopropane	(19%	at	ca.	59%	conversion)	as	the	notable	products	of	reaction.	The
latter	product	is	presumed	to	arise	via	a	novel	phenyl	group	migration	within	a	radical-cation
intermediate	and	hydrolysis	of	the	imine	26	so	formed	on	contact	with	silica	gel.18c



Scheme	9.6	Variations	in	the	mode	of	the	ADPM	rearrangement	reaction	as	a	function	of	the
method	of	activation.

A	thermally	promoted	metalla-DPM	rearrangement	reaction	has	been	reported,19	but	the	utility
and	scope	of	this	variant	of	the	title	reaction	have	yet	to	be	fully	investigated.

9.2	MECHANISTIC	FEATURES	AND	COMPETING
REACTIONS
The	DPM	rearrangement	reaction	can	proceed	via	both	singlet	and	triplet	pathways,	and	which
one	is	operational	(or	more	effective)	is	very	much	substrate	dependent.2,	4	Thus,	the	reaction
usually	takes	place	through	a	singlet	pathway	(S1)	in	the	excited	state	when	acyclic	1,4-dienes
are	involved.	The	corresponding	triplet	process	is	often	(but	not	always	–	see	this	section)
ineffective	because	of	competing	cis–trans	photoisomerization	of	the	double	bond(s)	under	the
relevant	conditions.	In	polycyclic	systems,	however,	the	reaction	almost	invariably	proceeds
via	a	triplet	state.	The	involvement	of	the	biradical	corresponding	to	intermediate	4	in	Scheme
9.1	has	been	established	in	certain	instances	through	the	synthesis	and	photochemical
decomposition	of	diazenes	that	upon	extrusion	of	nitrogen	would	lead	to	such	a	species.	So,	for
example,	independent	and	sensitized	photolysis	of	either	1,4-diene	28	or	diazene	29	leads
(Scheme	9.7),	presumably	via	the	triplet	biradical	30	in	each	instance,	to	the	same	mixture	of
the	regioisomeric	and	bisannulated	diquinanes	31	and	32.20	At	0	°C,	the	ratio	of	compounds	31
to	32	was	ca.	12:1,	while	at	50	°C,	this	was	6:1,	suggesting	that	intermediate	30	is	a	thermally
equilibrated	species.



Scheme	9.7	Evidence	for	the	intermediacy	of	cyclopropyl-containing	1,4-diradicals	in	the
DPM	rearrangement	reaction.

While	such	studies	demonstrate	the	involvement	of	biradicals	of	the	general	form	4	(Scheme
9.1)	in	the	DPM	rearrangement	reaction	of	certain	polycyclic	systems,	these	may	not	be
obligatory	intermediates.	A	recent	theoretical	study4	suggests	the	direct	formation	of	biradical
5	(Scheme	9.1)	from	precursor	3	(bypassing	4)	could	occur	in	some	instances	and	that
competing	one-	and	two-step	mechanisms	are	possible	on	the	triplet	surface.

A	striking	illustration	of	the	divergent	behavior	of	a	1,4-diene	as	a	function	of	the	mode	of
photoactivation	is	shown	in	Scheme	9.8.	Thus,	irradiation	of	a	benzene	solution	of	the	1,4-
diene	33	containing	acetophenone	as	the	triplet	sensitizer	gave	cyclopropane	39	in	ca.	96%
yield.	On	the	other	hand,	direct	irradiation	of	a	solution	of	the	same	substrate	in	t-butanol
afforded	the	regioisomeric	product	40	in	ca.	95%	yield.21	Presumably,	in	the	opening	stages	of
either	conversion,	the	initially	formed	diradical	34/35	rearranges	to	the	isomeric	and
cyclopropane-containing	congener	36.	Depending	upon	whether	this	last	species	is	formed	in
the	triplet	or	single	state,	it	either	fragments	via	homolysis	of	bond	a	(a	triplet	state	event)	to
give	diradical	37	(and	thence	product	39)	or	via	analogous	cleavage	of	bond	b	(a	singlet	state
event)	to	give	diradical	38	(and	thence	product	40).



Scheme	9.8	Variations	in	the	mode	of	the	DPM	rearrangement	reaction	as	a	function	of	the
method	of	photoactivation.

The	ODPM	rearrangement	reaction	is	almost	invariably	a	triplet-mediated	process.14
Nevertheless,	the	reaction	can	proceed	under	conditions	of	direct	irradiation	because
intersystem	crossing	is	possible	and	which	thus	allows	for	the	necessary	singlet-to-triplet
conversion.14f	The	crucial	role	of	the	sensitizer	in	the	more	conventional	triplet-mediated
variant	of	the	reaction	has	been	emphasized.22,	23	Most	particularly,	the	triplet	energies	of	the
sensitizers	used	to	effect	the	reaction	must	be	close	to	those	of	the	triplet	states	of	the	alkene
moiety	associated	with	the	β,γ-unsaturated	carbonyl	compound	serving	as	the	substrate.	So,	for



example,	the	triplet	sensitizer	thioxanthone	(41	−	ET	=	63	kcal/mol)	is	rather	effective	in
promoting	the	ODPM	rearrangement	of	compound	42	(ET	=	62	kcal/mol)	to	cyclopropyl	ketone
43	(50%	at	80%	conversion),	while	the	more	commonly	used	sensitizer	acetophenone	(ET	=	74
kcal/mol)	is	completely	ineffective.

Three	mechanistic	scenarios	beyond	that	shown	in	Scheme	9.3	have	been	invoked	to	explain
the	outcomes	of	various	ODPM	rearrangement	reactions.14f	The	so-called	“radicaloid”
process	involves	homolysis	of	the	carbonyl	carbon	to	α-carbon	bond	within	the	triplet	state
and	the	simultaneous	generation	of	an	acyl	and	an	allylic	radical	with	the	latter	rearranging	to
the	corresponding	cyclopropyl	radical.	This	last	radical	then	recombines	with	its	acyl
counterpart	to	generate	the	observed/final	product.	A	variation	on	this	would	involve	the	acyl
radical	adding	to	the	cogenerated	allylic	radical	with	the	ensuing	1,3-diradical	then	cyclizing
to	give	the	final	product.	A	second	scenario	is	a	concerted	process	in	which	the	triplet	excited
state	of	the	substrate	is	converted	directly	into	the	product,	while	the	third	possibility	is	a
mixed	radicaloid	and	concerted	process.14f

The	ADPM	rearrangement	reactions	are	mechanistically	more	complicated	than	their	DPM	and
ODPM	counterparts	because	of	the	potential	for	the	involvement	of	SET	processes	and	the
participation	of	radical	cations.	Given	the	thus	far	limited	synthetic	scope	of	the	ADPM
processes,	no	mechanistic	discussion	beyond	that	presented	in	Section	9.2	will	be	advanced
here.

There	are	a	number	of	processes	that	can	compete	with	the	di-π-rearrangement	and	related
reactions.	As	indicated	earlier,	in	the	case	of	the	parent	DPM	rearrangement,	unproductive
isomerization	of	the	olefins	within	the	substrate	can	occur	when	triplet-mediated	conditions	are
applied	to	acyclic	substrates.	Electrocyclic	processes	can	also	compete.7a,24	For	example,
while	acetophenone-sensitized	irradiation	of	benzobarrelene	(44)	affords	benzosemibullvalene
(8),	direct	irradiation	of	the	same	substrate	yields	benzocyclooctatetraene	(45)	via	a	[2+2]
photocycloaddition/cycloreversion	sequence.	Such	electrocyclic	processes	tend	to	proceed
preferentially	from	the	singlet	excited	state	and	take	place	exceptionally	rapidly.	In	broad
terms,	cyclic	substrates	are	more	likely	to	suffer	from	competing	electrocyclic	reactions	by
comparison	with	their	acyclic	counterparts,	one	reason	being	the	entropic	advantage	conferred
on	such	processes	by	more	conformationally	rigid	frameworks.



There	are	also	a	significant	number	of	processes	that	can	take	place	in	parallel	(competition)
with	the	ODPM	rearrangement	reaction.	Most	notable	among	these	are	acyl	migration,	ketene
formation,	decarbonylation,	and	[2+2]	photocycloaddition	reactions.14e	Alkene	cis-/trans-
isomerization	can	also	occur.	So,	for	example,	during	the	course	of	their	synthesis	of	the
sesquiterpenoid	natural	product	(−)-silphiperfol-6-en-5-one,	Demuth	and	Hinsken	observed25
that	triplet-sensitized	irradiation	of	the	cyclopentannulated	bicyclo[2.2.2]octenone	46	(Scheme
9.9)	afforded	not	only	the	desired	ODPM	rearrangement	product	47	but	the	cyclobutanone	48
as	well.	The	latter	is	presumably	the	product	of	a	1,3-acyl	migration	process.

Scheme	9.9	The	pivotal	ODPM	rearrangement	reaction	associated	with	Demuth's	synthesis	of
the	angular	triquinane-containing	natural	product	(–)-silphiperfol-6-en-5-one.

In	another	case,	irradiation	of	a	solution	of	the	potential	ODPM	substrate
trimethylbicyclo[2.2.2]octadienone	49	in	acetone	containing	acetophenone	only	resulted	in	a
cycloreversion	process	leading	to	toluene	(90%)	and	dimethylketene.	The	ketene	could	be
trapped	by	added	cinnamyl	alcohol	to	give	ester	50	(90%).26

Armesto	et	al.	have	shown	that	Norrish	type	I	reactions	(wherein	the	carbonyl	carbon	to
adjacent	carbon	bond	of	an	aldehyde	or	ketone	undergoes	homolytic	cleavage)	compete	with
ODPM	rearrangement	reactions	when	β,γ-unsaturated	methyl	ketones	bearing	electron-
withdrawing	groups	at	the	γ-position	are	subjected	to	direct	irradiation	at	254	nm.27	The	same
group	has	reported	that	β,γ-unsaturated	aldehydes	undergo	competing	ODPM	and
decarbonylation	reactions	when	1,4-dimethoxynaphthalene	is	used	as	an	electron
donor/sensitizer.28



Reactions	observed	to	“compete”	with	ADPM	reactions	include	cleavage	of	the	imine	residue
associated	with	the	2-aza-1,4-diene	substrates,18c	although	such	processes	are	almost	certainly
a	result	of	the	application	of	the	chromatographic	protocols	used	to	separate	the	true	reaction
products	from	the	recovered	starting	material.	When	the	oximes	and	hydrazones	of	various	β,γ-
unsaturated	carbonyl	compounds	(viz.,	1-aza-1,4-dienes)	are	subjected	to	triplet-sensitized
irradiation	conditions,	certain	5-exo-trig	cyclization	reactions	can	occur	depending	upon	the
substitution	patterns	involved,	although	not	usually	to	the	exclusion	of	the	ADPM	reaction.18d
As	an	illustration,	while	substrate	51	affords	the	“expected”	cyclopropyl	oxime	52	(19%),
congener	53	gives	a	mixture	of	cyclopropane	54	(10%	of	a	3:2	mixture	of	(Z)-	and	(E)-
isomers)	and	the	dihydroisoxazole	55	(8%)	when	subjected	to	analogous	treatment.

Perhaps	the	most	intriguing	“competing”	reactions	are	those	involving	substrates	wherein,	in
principle	at	least,	two	or	more	distinct	DPM,	ODPM,	and/or	ADPM	rearrangement	reactions
can	take	place.	For	example,	it	has	been	shown	that	triplet-sensitized	irradiation	of	triene	56
affords	a	mixture	of	photoproducts	57	and	58	arising	from	participation	of	the	endocyclic
double	bonds	of	the	substrate	in	the	DPM	rearrangement.	No	product	arising	from	involvement
of	the	exocyclic	double	in	an	analogous	reaction	was	observed.29

In	a	similar	vein,	irradiation	of	a	benzene	solution	of	dienone	59	in	the	presence	of	the	triplet
sensitizer	4-benzoylbiphenyl	leads	to	the	formation	of	a	single	DPM	rearrangement	product,
namely	compound	60	(52%),	and	two	ODPM	rearrangement	products,	the	epimeric
cyclopropanes	61	and	62	(ca.	17%	of	each).30



A	detailed	study	on	the	photochemical	behavior	of	1,3,3-trimethylbicyclo[2.2.2]octa-5,7-dien-
2-ones	has	revealed	that	under	triplet-sensitized	conditions,	and	despite	the	potential	for
competition	from	ODPM-based	processes,	only	DPM-derived	photoproducts	are	observed.	In
fact,	it	has	been	suggested	that	the	rates	and	regioselectivities	of	the	DPM	reactions	involved
are	enhanced	by	the	presence	of	the	carbonyl	moiety	embedded	within	the	framework.26	In	a
related	vein,	a	study	of	the	photochemistry	of	a	series	of	1-aza-2-vinyl-1,4-dienes	has
established	that	DPM-	and	ADPM-based	rearrangement	reactions	can	compete	with	one
another,	the	precise	outcome	being	dictated	by	the	nature	of	the	substituents	attached	to	the
substrate	(by	virtue	of	their	influence	on	the	relative	stabilities	of	the	1,4-bridged	biradical
intermediates,	e.g.,	4,	that	would	be	involved	in	the	competing	pathways).18b

Finally,	any	discussion	of	processes	that	compete	with	the	DPM	and	related	reactions	must
acknowledge	that,	under	certain	conditions,	the	DPM	rearrangement	is	reversible.	For
example,	it	has	been	shown	that	irradiation	of	disilane	63	at	10	K	in	an	argon	matrix	gave
cyclopropane	64,	while	photolysis	of	the	latter	in	solution	at	room	temperature	regenerates	its
precursor.31	The	conversion	64	→	63	can	also	be	effected	thermally.

The	preceding	paragraphs	have	described	a	number	of	processes	that	compete	with	the	DPM,
ODPM,	and	ADPM	rearrangement	reactions.	Nevertheless,	it	should	be	recognized	that	at	least
the	DPM	and	ODPM	rearrangements	are	particularly	effective	and	can	serve	as	highly	reliable
transformations	for	deployment	in	even	quite	extended	synthetic	sequences	(as	is	shown	in
Section	9.4).

9.3	STRUCTURAL	REQUIREMENTS	OF	SUBSTRATES
AND	MATTERS	OF	REGIO-	AND	STEREO-CHEMISTRY



9.3.1	Basic	Structural	Requirements
As	the	name	implies,	and	as	noted	earlier,	the	DPM	rearrangement	reaction	requires	a	substrate
incorporating	two	olefinic	residues	(π-systems)	linked	to	a	common	sp3-hybridized	carbon	or,
in	other	words,	a	1,4-diene.	Benzenoid	units	can	replace	one	or	both	of	these	olefinic	moieties,
and	the	two	units	of	unsaturation	(be	they	olefinic	or	benzenoid	in	nature)	can	be	linked	in	an
open-chain	(acyclic)	arrangement	or	embedded	within	a	cyclic	or	even	a	polycyclic
framework.	Naturally,	any	such	frameworks	must	allow	for	appropriate	orbital	overlap	of	the
reacting	centers	associated	with	the	DPM	rearrangement	and	the	incorporation	of	a
cyclopropane	ring	within	the	product.	So,	just	as	organic	chemists	view	1,3-dienes	(at	least	in
the	s-cis	conformation)	as	potential	4π-addends	for	Diels–Alder	reactions	and	1,5-dienes	as
substrates	for	[3,3]-sigmatropic	processes,	1,4-dienes	should	be	viewed	as	potential
participants	in	DPM	rearrangement	reactions	(Figure	9.1).

Figure	9.1	The	signature	reactions	of	1,3-,	1,4-,	and	1,5-dienes

Given	the	need	for	photoactivation,	an	often	encountered	additional	requirement	for	substrates
participating	in	DPM	reactions	is	the	presence	of	a	“strong”	chromophore	as	provided,	for
example,	by	the	presence	of	a	phenyl	group	on	at	least	one	of	the	double	bonds.	In	acyclic	1,4-
dienes,	the	central	sp3-hybridized	carbon	normally	needs	to	be	tetrasubstituted;	otherwise,
competing	1,2-hydrogen	shifts	can	occur.	This	requirement	does	not	apply,	however,	to	those
cyclic	substrates	where	isomerization	would	lead	to	an	anti-Bredt	olefin	(as	would	be	the	case
for	the	conversion	of	barrelene	to	semibullvalene,	6	→	7,	shown	in	Scheme	9.2).

Just	as	1,4-dienes	are	the	“signature”	substrates	for	the	DPM	rearrangement	reaction,	β,γ-
unsaturated	aldehydes	or	ketones	are	the	starting	materials	for	the	corresponding	ODPM-based
processes.	Acyclic	and	cyclic	variants	can	engage	in	the	ODPM	reaction	(although,	obviously,
aldehyde-containing	substrates	are	precluded	in	the	cyclic	case).	A	limitation	is	that	α,α-
disubstituted	systems	must	be	used	where	isomerization	to	the	α,β-unsaturated	congener	would
otherwise	be	possible.	Significantly,	there	is	normally	no	need	to	incorporate	any	additional
chromophoric	residues	onto	the	β,γ-unsaturated	aldehyde	or	ketone	framework	in	order	to
effect	an	ODPM	rearrangement	(see,	e.g.,	conversion	21	→	22	shown	in	Scheme	9.4),
rendering	it	a	generally	more	synthetically	versatile	process	when	compared	with	the



equivalent	DPM-based	transformation.

The	ADPM	rearrangement	reaction	has	two	variants,	involving	either	1-aza-1,4-dienes	or	2-
aza-1,4-dienes	as	substrates.	In	the	first,	oximes	or	hydrazones	derived	from	the	corresponding
β,γ-unsaturated	aldehydes	or	ketones	can	be	used	as	substrates.	On	the	other	hand,	Schiff	bases
obtained	from	the	relevant	allylic	amines	are	most	commonly	used	in	the	second	ADPM
variant.18	Both	acyclic	and	cyclic	substrates	have	been	shown	to	engage	in	the	ADPM
rearrangement,	and	when	open-chain	1-aza-1,4-dienes	are	involved,	the	process	can	be	a	very
general	one.	Less	is	known	about	the	substrate	requirements	for	the	successful	engagement	of
2-aza-1,4-dienes	in	ADPM	reactions	although	the	involvement	of	both	acyclic	and	semicyclic
systems	(Scheme	9.10)18c	have	been	reported.	Almost	invariably,	the	substrates	are
“decorated”	with	one	or	more	chromophoric	residues	(often	phenyl	groups).

Scheme	9.10	The	ADPM	rearrangement	reaction	of	a	semi-cyclic	2-aza-1,4-diene.

9.3.2	Matters	of	Regioselectivity
As	suggested	earlier,	the	DPM	rearrangement	reaction	can	display	high	levels	of
regioselectivity	with	outcomes	being	dictated	by	both	the	nature	of	the	substrate	and	the	mode
of	photoactivation	(Scheme	9.8).	Some	useful	generalizations	can	be	made.	In	broad	terms,
when	unsymmetrical	1,4-dienes	are	involved	as	substrates,	then	the	mode	of	opening	of	the
pivotal	1,4-biradical	(corresponding	to	structure	4	in	Scheme	9.1)	is	dictated	by	which	of	the
two	alternative	product	1,3-diradicals	is	more	stable.	To	put	matters	another	way,	in	such
instances,	the	preferred	product	is	normally	the	one	that	has	the	less	delocalizing	group(s)	on
the	residual	double	bond.	The	outcome	of	the	DPM	rearrangement	of	Pratt	diene	12	(Scheme
9.11)	serves	to	highlight	this	guideline.11	Thus,	the	1,4-diradical	67	obtained	from
photoactivation	of	12	undergoes	a-bond	cleavage	to	give	1,3-diradical	68	rather	than	the
analogous	b-bond	cleavage	process	to	give	isomer	69	and	so	delivering	the	DPM
rearrangement	product	14	rather	than	congener	15.



Scheme	9.11	The	regioselective	DPM	rearrangement	reaction	of	an	unsymmetrically
substituted	1,4-diene.

In	those	instances	where	there	are	electron-donating	and/or	electron-accepting	groups
associated	with	the	π-systems	of	the	substrate,	there	is	a	preference	for	the	donor	groups	to	be
attached	to	the	residual	double	bond.	For	example,	direct	irradiation	of	the	cyano-bearing
substrate	70	delivers	predominantly	the	cyanocyclopropane	71	(36%	of	a	mixture	of	cis-	and
trans-isomers),	while	analogous	treatment	of	enol	ether	72	affords	compound	73	(36%	of	a
mixture	of	(E)-	and	(Z)-isomers)	as	the	major	product.32

A	further	issue	of	regiocontrol	emerges	when	three	distinct	π-systems	are	attached	to	a	common
sp3-hybridized	carbon.	Such	a	situation	is	encountered	not	only	in	substrate	56	but	also	in
cases	like	the	cyano-substituted	benzobarrelene	74	which	upon	direct	irradiation	rearranges,
via	intermediate	75,	to	give	semibullvalene	76	(8%)	as	the	only	observable	product	of	a	DPM
rearrangement	reaction.33	Compound	75	is	the	more	stable	of	the	two	possible	1,3-diradicals



since	the	aromatic	character	of	the	benzene	ring	is	preserved	in	this	instance.

Similarly,	when	benzene	solutions	of	the	benzannulated	norbornadienes	77	and	78	are	subject
to	irradiation	in	the	presence	of	acetophenone,	the	predominant	products	are	the	tetracyclic
compounds	79	(ca.	52%)	and	80	(ca.	90%),	respectively.34	Such	outcomes,	when	considered
in	conjunction	with	those	detailed	in	the	preceding	few	paragraphs,	lead	to	the	general
conclusion	that	“electron	donors	avoid	positioning	themselves	in	conjugation	with	the	carbinyl
centers	of	the	cyclopropyldicarbinyl	diradicals”	(cf.	4),	while	“electron-withdrawing	groups
lead	to	stabilization	when	so	situated.”2c

In	contrast	to	the	situation	just	described	with	respect	to	the	parent	DPM	rearrangement
reactions,	the	issues	of	regioselectivity	that	might	apply	in	the	case	of	the	oxa-variant	have
been	studied	less	extensively.	Nevertheless,	some	interesting	observations	have	been	made.
For	example,	the	triplet-sensitized	photolysis	of	the	unsymmetrical	bicyclo[2.2.2]octenedione
81	(1:2	mixture	of	epimers	at	C5)	leads,	in	70%	yield,	to	the	isomeric	cyclopropannulated
diquinane	82,	a	precursor	to	the	natural	product	(−)-coriolin,	with	only	minor	amounts	(12%)
of	the	undesired	regioisomer	83	being	obtained.35

Competing	ODPM	and	vinylogous	ODPM	rearrangement	reactions	have	been	observed.	For
instance,	when	compound	84	(Scheme	9.12)	is	subjected	to	acetone-sensitized	irradiation,	a
mixture	of	photoproducts	85,	86,	and	87	is	obtained,	the	first	of	these	arising	from	a
conventional	ODPM	rearrangement	and	the	second	and	third	from	the	vinylogous	form	of	this



process.36

Scheme	9.12	Competing	ODPM	and	vinylogous	ODPM	rearrangement	reactions.

Matters	of	regioselectivity	that	might	apply	in	ADPM	rearrangement	reactions	seem	to	remain
essentially	unexplored,	a	reflection	of	the	less	mature	nature	of	research	in	this	area.

9.3.3	Matters	of	Stereoselectivity
The	stereoselectivities	of	DPM	rearrangement	reactions	involving	acyclic	substrates	have	been
examined	and	clear	outcomes	observed.	Thus,	direct	photolysis	of	the	(E)-1,4-diene	88	affords
the	trans-configured	cyclopropane	89	as	the	major	product,	while	equivalent	treatment	of	the
(Z)-isomer	90	delivers	the	cis-configured	cyclopropane	91.37	It	has	been	suggested	that	the
involvement	of	an	excited	singlet	Möbius	orbital	array	accounts	for	the	observed	selectivities.

Meanwhile,	and	for	the	same	reasons,	inversion	of	configuration	at	the	methane	carbon	of
acyclic	substrates	has	been	observed	during	the	course	of	the	DPM	rearrangement	reaction.2e

Some	interesting	and	potentially	synthetically	useful	diastereoselectivities	have	been	observed
in	the	ODPM	rearrangement	of	2,4-cyclohexadienones	incorporating	chiral	auxiliaries.	For
example,	direct	irradiation	of	compound	92	in	the	presence	of	NaY	zeolite	gave	a	mixture	of
photoproducts	93	and	94	in	a	ca.	4:1	ratio	(predominant	diastereoisomer	undefined).38	The
sensitized	rearrangement	of	aldehyde	95	also	appears	to	be	diastereoselective	in	that	only	the
endo-configured	photoproduct	96	is	obtained,	albeit	in	just	25%	yield	because	of	the
intervention	of	other	isomerization	processes.39	In	related	systems,	mixtures	of	exo-	and	endo-
products	are	typically	observed.40



In	cyclic	systems,	the	constraints	of	the	frameworks	bearing	the	reacting	π-systems	tend	to	limit
the	stereochemical	outcomes	of	the	reaction	in	a	synthetically	beneficial	manner.	The
preservation	of	enantiomeric	purity	associated	with	the	ODPM	rearrangement	of	the	(+)-	and
(−)-forms	of	compound	2116	into	the	corresponding	enantiomers	of	cyclopropa-fused	diquinane
22	(Scheme	9.4)	is	particularly	significant	because	of	the	extensive	application	of	this	basic
process	in	the	synthesis	of	a	range	of	polyquinane-containing	natural	products	(see	Section
9.4).

Photoinduced	epimerization	reactions	are	sometimes	encountered	during	the	course	of	the
ODPM	rearrangement.	Thus,	it	has	been	observed,41	as	part	of	a	study	directed	toward	the	total
synthesis	of	(+)-hirsutic	acid	and	(−)-complicatic	acid,	that	triplet-sensitized	irradiation	of
compound	97	affords	the	anticipated	primary	photolysis	product	98,	but	this	is	accompanied	by
quantities	of	epimer	99.	Sustained	irradiation	leads	to	increasing	quantities	of	the
thermodynamically	favored	isomer	99,	presumably	via	either	photoenolization	of	precursor	98
or	through	photoinduced	C—C	bond	homolysis	within	the	same	compound	followed	by
diradical	recombination	(to	generate	99).

In	the	rather	less	developed	field	of	ADPM	rearrangement	chemistry,	there	has	been	limited
opportunity	to	define	the	stereochemical	features	of	such	processes.	One	salient	observation



was	made	during	the	course	of	the	synthesis	of	cyclopropanecarboxylic	acids	present	in
pyrethroids.42	In	particular,	it	was	noted	that	acetophenone-sensitized	irradiation	of	the	1-aza-
1,4,6-triene	100	for	30	min	afforded	a	67%	yield	of	a	3:1	mixture	of	the	cis-	and	trans-
configured	cyclopropanes	101	(with	the	cis-isomer	predominating).	The	origins	of	this
selectivity	have	not	been	established.	Interestingly,	no	products	arising	from	the	operation	of	a
vinylogous	ADPM	pathway	from	substrate	100	seem	to	have	been	observed.

9.4	SYNTHETIC	ROUTES	TO	SUBSTRATES	AND
APPLICATIONS	IN	SYNTHESIS
A	range	of	methods	is	available	for	the	synthesis	of	the	acyclic	1,4-dienes	required	as
substrates	for	the	DPM	rearrangement	reaction,43	and	some	of	these	are	summarized	in	Figure
9.2.	The	olefination	of	β,γ-unsaturated	aldehydes	and	ketones	represents	one	of	the	key
pathways	for	producing	such	substrates,	with	the	carbonyl-containing	precursors	themselves
being	available	via	a	large	variety	of	routes.44	Of	course,	the	β,γ-unsaturated	aldehydes	and
ketones	are	substrates	for	the	ODPM	rearrangement	reaction,	while	their	Schiff	base-type
condensation	with	relevant	nitrogen-centered	nucleophiles	can	provide	the	1-aza-1,4-dienes
required	for	one	variant	of	the	ADPM	process.	The	analogous	condensation	of	allylic	amines
with	ketones	and	aldehydes	provides	a	pathway	to	the	isomeric	2-aza-1,4-dienes,	the
substrates	for	the	second	variant	of	the	ADPM	reaction.



Figure	9.2	Overview	of	certain	synthetic	routes	to	substrates	for	the	DPM,	ODPM,	and	ADPM
rearrangement	reactions

Methods	for	the	synthesis	of	cyclic	substrates	employed	in	the	DPM	and	related
rearrangements	are	many	and	varied.	Nevertheless,	given	the	dominant	position	of	the
bicyclo[2.2.2]octanes	and,	to	a	lesser	extent,	the	bicyclo[2.2.1]heptanes	as	substrates,	their
preparation	via	Diels–Alder	cycloaddition	reactions	of	cyclohexa-1,3-dienes	and	cyclopenta-
1,3-dienes	with	relevant	dienophiles	is	noteworthy.	In	particular,	barrelenes	and	their
benzannulated	analogues	are	generated	by	such	means.	For	example,	compound	74	is	formed33
by	the	reaction	of	benzyne	(generated	by	diazotization	of	anthranilic	acid)	with	bromobenzene,
followed	by	the	treatment	of	the	resulting	alkenyl	bromide	102	with	cuprous	cyanide	in
refluxing	DMF	(Scheme	9.13).

Scheme	9.13	A	synthetic	route	to	benzobarrelenes	102	and	74.

As	another	illustration	of	this	approach,	the	Diels–Alder	reaction	between	cyclohexa-1,3-
diene	(103)	and	acrylonitrile	(104;	Scheme	9.14)	affords	the	expected	adduct	that	upon
treatment	with	PCl5	in	pyridine	delivers	a	diastereoisomeric	mixture	of	the	α-chloronitriles
105	and	106.45	This	mixture	can	be	hydrolyzed	with	aqueous	KOH	in	water/DMSO	to	give



compound	21,	an	archetypal	substrate	for	ODPM	rearrangement	reactions	that	affords	isomer
22	on	triplet-sensitized	irradiation	(Scheme	9.4).	Ketones	such	as	21	can	also	be	olefinated,
for	example,	under	Knoevenagel	conditions	with	malononitrile,	to	give	compounds	such	107
(69%)	that	are	themselves	substrates	for	DPM	rearrangement	reactions.	In	fact,	compound	107
affords	cyclopropane	108	(63%)	on	direct	irradiation	in	pentane.46	Interestingly,	the	latter
compound	can	be	converted	back	into	precursor	107	on	heating	or	exposure	to	certain
catalysts.	Since	the	conversion	of	108	→	107	is	exothermic	by	28.8	kcal/mol,	as	determined
by	DSC	techniques,	the	interconversion	of	valence	isomers	107	and	108	could	be	considered	a
model	for	a	light	energy	conversion	and	storage	system.

Scheme	9.14	An	example	of	a	reversible	DPM	rearrangement	reaction.

Various	approaches	to	the	assembly	of	the	1,3-dienes	that	engage	in	the	Diels–Alder
cycloaddition	reactions	leading	to	substrates	for	DPM	and	ODPM	processes	have	been
reported.	Thus,	for	example,	Yen	and	Liao	demonstrated,47	during	the	course	of	a	total
synthesis	of	the	Lycopodium	alkaloid	magellanine,	that	oxidation	of	acetovanillone	(109)
(Scheme	9.15)	with	diacetoxyiodobenzene	(DAIB)	in	the	presence	of	methanol	afforded	the	o-
benzoquinone	monoketal	110.	The	latter	compound	engaged	in	an	in	situ	Diels–Alder	reaction
with	added	cyclopentadiene	(111)	and	the	resulting	adduct	112	proved	to	be	an	excellent
substrate	for	the	ODPM	rearrangement	reaction.	Thus,	photolysis	of	112	as	a	solution	in
acetone	afforded	the	pivotal	tetracyclic	diketone	113	in	92%	yield.



Scheme	9.15	Synthesis	and	ODPM	rearrangement	reaction	of	a	cyclopentannulated
bicyclo[2.2.2]octenone	leading	to	a	cyclopropannulated	linear	triquinane.

In	an	important	variant	of	this	oxidative	dearomatization	approach	to	the	generation	of
cyclohexa-1,3-dienes,	Singh	et	al.48	subjected	the	α-hydroxymethylated	phenol	114	(Scheme
9.16)	to	NaIO4-mediated	Alder–Becker-type	oxidation	and	then	trapped	the	resulting
spiroepoxycyclohexa-2,4-dione	115	with	cyclopentadiene	(111)	to	give	adduct	116	in	50%
yield.	Various	conventional	manipulations	then	led	to	congener	117	that	engaged	in	a	triplet-
sensitized	ODPM	rearrangement	reaction	and	so	providing	the	bis-cyclopropannulated
triquinane	118	in	76%	yield.

Scheme	9.16	Use	of	an	Alder–Becker	reaction	for	the	synthesis	of	a	substrate	that	participates
in	an	ODPM	rearrangement	reaction.



Intramolecular	Diels–Alder	(IMDA)	cycloaddition	reactions	of	cyclohexa-1,3-dienes	have
also	provided	a	useful	means	of	constructing	substrates	for	the	ODPM	rearrangement	reaction.
Thus,	the	enantiomerically	pure	cis-1,2-dihydrocatechol	119	(which	is	obtained	through	the
whole-cell	biotransformation	of	iodobenzene)	is	converted	(Scheme	9.17)	over	two	steps,49
into	the	triene	120	that	upon	heating	affords,	inter	alia,	the	cyclopentannulated
bicyclo[2.2.2]octenone	121	(39%).	In	five	steps	and	47%	overall	yield,	121	can	be
transformed	into	the	β,γ-unsaturated	ketone	122.	Finally,	irradiation	of	122	(as	a	solution	in
acetone)	effected	a	ODPM	rearrangement	and	so	affording	the	angular	triquinane	123	in	54%
yield.

Scheme	9.17	Use	of	an	intramolecular	Diels–Alder	reaction	for	the	synthesis	of	a	substrate
that	participates	in	an	ODPM	rearrangement	reaction.

In	reaction	sequences	closely	related	to	those	shown	in	Schemes	9.15	and	9.16,	dienes	such	as
119	and	the	corresponding	acetonides	also	participate	in	facially	selective	intermolecular
Diels–Alder	reactions	with	dienophiles	such	as	2-cyclopenten-1-one,	and	the	resulting	adducts
have	been	elaborated,	using	straightforward	techniques,	to	cyclopentannulated
bicyclo[2.2.2]octenones	that	participate	in	ODPM	rearrangement	reactions.	The	resulting
linear	triquinanes	have	been	exploited	in	total	syntheses	of	a	range	of	hirsutene-type
sesquiterpenoid	natural	products	including	(+)-hirsutene,	(−)-complicatic	acid,	(−)-
phellodonic	acid,	(−)-connatusin	A,	(+)-connatusin	B,	and	(−)-hypnophilin.17b

An	elegant	synthesis	of	the	sesquiterpenoid	natural	product	(±)-modhephene50	started	(Scheme
9.18)	with	the	conversion,	via	a	Grignard	methylation/dehydration	sequence,	of	the	readily
available	bicyclic	enone	124	into	the	cyclopentannulated	cyclohexa-1,3-diene	125	(86%	yield
of	an	admixture	with	double-bond	isomers).	Diene	125	engaged	in	a	Diels–Alder



cycloaddition	reaction	with	α-chloroacrylonitrile	(a	ketene	equivalent)	to	afford	a	mixture	of
adduct	126	(obtained	as	a	mixture	of	diastereoisomers)	and	the	expected	regioisomer	(43%
combined	yield).	Hydrolysis	of	this	mixture	of	regioisomers	then	afforded	the	corresponding
mixture	of	cyclopentannulated	bicyclo[2.2.2]octenones	from	which	compound	127	(46%)
could	be	isolated	chromatographically.	Irradiation	of	an	acetone	solution	of	127	then	gave	the
propellane-like	triquinane	128	(50%)	that	could	be	converted,	over	a	further	six	steps,	into	the
target	natural	product	129.

Scheme	9.18	Use	of	an	intermolecular	Diels–Alder	reaction	for	the	synthesis	of	a	substrate
that	participates	in	an	ODPM	rearrangement	reaction.

Novel	heterocyclic	compounds	have	been	obtained	using	ODPM	rearrangements.	En	route	to
one	substrate	for	such	a	rearrangement,	potassium	tert-butoxide-promoted	Dieckmann
cyclization	(Scheme	9.19)	of	the	readily	available	piperidine	diester	130	afforded,	after
treatment	of	the	initially	formed	product	with	HCl	then,	separately,	with	trimethyl	orthoformate
(and	after	transesterification	to	reduce	volatility),	1-azabicyclo[2.2.2]octane	carboxylic	acid
ester	13151	as	a	mixture	of	epimers.	Compound	131	was	readily	dehydrogenated,	using
selenium-based	chemistry,	to	afford	the	1-azabicyclo[2.2.2]octenone	132.52	This	last
compound	served	as	an	excellent	substrate	for	the	ODPM	rearrangement	reaction.	So	when	an
acetone	solution	of	132	“spiked”	with	acetophenone	was	subjected	to	irradiation	at	350	nm,
the	tricyclic	compound	133	was	obtained.	This	molecule	is	a	potentially	useful	precursor	to	a
range	of	pyrrolizidine	alkaloids.



Scheme	9.19	Synthesis	of	a	1-azabicyclo[2.2.2]octenone	that	participates	in	an	ODPM
rearrangement	reaction.

Cross-conjugated	cyclohexadienones	participate	in	the	DPM	rearrangement	reaction,	and	such
substrates	can	be	prepared	by	a	variety	of	techniques.	The	prototypical	compound	4,4-
diphenylcyclohexa-2,5-dien-1-one	(134),	which	delivers	cyclopropane	135	on	direct
photolysis,	was	generated	using	Robinson	annulation	techniques	from	methyl	vinyl	ketone	and
diphenylacetaldehyde	with	the	resulting	4,4-diphenylcyclohexenone	being	oxidized	to	the	final
dienone	using	selenium	dioxide.53	Quinone	monoketals,	a	special	form	of	cyclohexadienone,
are	also	often	effective	substrates	for	the	DPM	rearrangement	reaction	and	can	usually	be
obtained	by	a	variety	of	techniques	including	by	ketalization	of	the	analogous	quinone,
Swenton	oxidation/hydrolysis,	or	diol	exchange	from	the	dimethyl	ketals.54	Similarly,	4H-
thiopyran-1,1-dioxides	such	as	136,	which	can	be	obtained	by	oxidation	of	the	corresponding
cyclic	sulfides,	undergo	triplet-sensitized	rearrangement	to	give	the	corresponding	and
epimerically	related	cyclopropanes	137	and	138.55



As	described	earlier,	quinone	monoketals	(e.g.,	139)	are	not	only	good	substrates	for	the	DPM
reaction,	but	they	also	participate	in	acid-catalyzed	[5+2]cycloaddition	reactions	with	styrene
derivatives	(e.g.,	β-methylstyrene)	to	give	bicyclo[3.2.1]octenediones	(e.g.,	140)56	that	can
themselves	participate	in	ODPM	processes	to	give	multifunctional,	donor–acceptor
cyclopropanes	(e.g.,	141).57	The	last	type	of	compound	can	participate	in	further	reactions
generating	several	additional	and	novel	scaffolds	that	may	be	useful	in	drug	discovery	settings.
Meanwhile,	iminium	ethers	that	are	readily	derived	from	[5+2]	cycloadducts	of	type	140
participate	in	ADPM	rearrangements.

The	synthetic	utility	of	DPM-type	rearrangements	now	extends	well	beyond	their	application	in
the	synthesis	of	natural	products	and	biologically	active	systems.	So,	for	example,
dibenzobarrelenes	annulated	with	a	pyrrolinium	unit	(e.g.,	142)	and	including	a	benzophenone
counterion	143	undergo	a	DPM	rearrangement	reaction	in	the	solid	state,	and	the	product
dibenzosemibullvalene	144	serves	as	a	phase-transfer	catalyst	in	alkylation	reactions.58



In	related	processes,	the	presence	of	chiral	acid	residues	has	been	shown	to	exert	some
influence,	albeit	modest	so	far,	in	the	formation	of	enantiomerically	enriched
dibenzosemibullvalenes.59	In	the	materials	science	arena,	it	has	recently	been	shown	that	a
dibenzobarrelene-based	polymer	incorporating	adjacent	ester	groups	and	1,4-related	alkyne
units	(which	are	capped	by	benzophenone	residues	in	a	polymerization	process)	engages	in	a
smooth	and	regioselective	DPM	rearrangement	reaction	to	afford	a	dibenzosemibullvalene-
based	polymer	admixed	with	its	precursor.	This	polymer	has	properties	suitable	for	the
development	of	new	liquid	crystals.60

Finally,	a	methylene-linked	and	readily	accessible	cyclopentannulated	bis-
bicyclo[2.2.2]octenone	has	been	shown	to	undergo	a	two-fold	ODPM	rearrangement	reaction
and	thereby	affording	bis-linear	triquinanes	possessing	a	“bird-shaped”	architecture.61

9.5	OUTLOOK
The	DPM	rearrangement	reaction	and	its	oxa-	and	aza-variants	frequently	provide	a	highly
effective	and	reliable	means	for	generating	cyclopropane-containing	products	that	would	be
difficult	if	not	completely	unrealistic	to	prepare	in	other	ways.	While	aficionados	appreciate
the	utility	of	these	processes,	the	rather	unusual	nature	of	this	chemistry	and	the	need	to	employ
photochemical	protocols	mean	that	DPM	rearrangements	have	not	truly	entered	the	mainstream
of	methods	routinely	considered	by	researchers	engaged	in	chemical	synthesis.	This	situation
persists	despite	the	exquisitely	detailed	mechanistic	understanding	of	these	processes	provided
by	Zimmerman	and	others,	as	well	as	these	workers'	articulation	of	the	apparatus	and
operational	conditions	required	to	“harness”	the	reactions.1c

Admittedly,	some	substrate	frameworks	seem	more	suited	to	participation	in	DPM,	ODPM,
and	ADPM	rearrangement	reactions	than	others,	but	new	substrate	systems	continue	to	be
revealed	(e.g.,	consider	conversion	140	→	141).	Clearly,	the	enthusiasm	of	the	chemical
community	for	these	transformations	will	benefit	greatly	from	the	discovery	of	further	truly
innovative	permutations,	most	particularly	those	providing	access	to	new	molecular	scaffolds
from	readily	available	starting	materials.	The	emergence	of	tandem	variants	as	well	as
enantioselective	ones	will	also	help	drive	the	field	forward.	In	addition,	the	identification	of
new	cyclopropane	ring-cleavage	and/or	ring-expansion	protocols	that	exploit	the	three-
membered	ring	automatically	generated	during	the	course	of	the	DPM-type	reactions	could
prove	“game-changing.”	Furthermore,	due	attention	must	be	given	to	Armesto's	relatively



recent	observations22,	23	that	the	choice	of	sensitizer	is	pivotal	to	the	success	of	the	triplet-
mediated	version	of	the	DPM	reaction.

Finally,	and	as	suggested	in	the	opening	parts	of	Section	9.3,	there	is	a	more	pedagogical
aspect	to	the	further	successful	development	of	the	title	reactions.	Organic	chemists	almost
automatically	think	about	Diels–Alder	reactions	when	1,3-dienes	are	mentioned	and	Cope-type
rearrangements	when	1,5-dienes	are	discussed.	We	also	need	to	train	ourselves	(and	our
students)	to	think	about	DPM	rearrangement	reactions	when	1,4-dienes	are	mentioned.	Further,
just	as	conjugate	addition	reactions	come	to	mind	when	α,β-unsaturated	aldehydes	and	ketones
are	considered,	β,γ-unsaturated	aldehydes	and	ketones	should	automatically	prompt
consideration	of	the	ODPM	rearrangement	reaction.
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CHAPTER	10
PAYNE	REARRANGEMENT

Takashi	Yamazaki
Division	of	Applied	Chemistry,	Institute	of	Engineering,	Tokyo	University	of	Agriculture
and	Technology,	Tokyo,	Japan

10.1	BACKGROUND	ON	THE	PAYNE	REARRANGEMENT
10.1.1	Payne	Rearrangement
In	1962,	Payne	reported	the	results	of	an	investigation	on	a	unique	base-mediated	transposition
of	the	2,3-epoxypropan-1-ol	structure	1	to	the	corresponding	1,2-epoxypropan-3-ol	counterpart
2,1,	2	a	transformation	presaged	by	two	other	independent	reports	in	19353	and	1957.4
Moreover,	Payne	showed	that	the	two	isomers,	1	and	2,	were	in	an	equilibrating	relationship
(Scheme	10.1)	where	aqueous	alkaline	conditions	are	usually	employed	for	smooth	progress	of
this	conversion	(0.5	M	NaOH	in	H2O	at	room	temperature	for	1	h	in	the	original	conditions1).
In	the	aprotic	solvent	THF,	treatment	of	3	with	NaH	generated	an	equimolar	amount	of
hydrogen	gas,	indicating	quantitative	formation	of	the	corresponding	sodium	alkoxide,	but	3
was	recovered	in	70%	yield	along	with	the	detection	of	only	2%	of	the	rearranged	4	even	after
stirring	the	mixture	for	1.5	h	at	10	°C.1	And	there	is	another	instance	where	no	reaction	was
observed	with	the	2,3-epoxy-1-alkanol	structure	under	similar	aprotic	reaction	conditions.5
This	low	reactivity	in	nonaqueous	solutions	was	explained	as	a	consequence	of	tight	ion	pair
formation	of	the	resultant	sodium	alkoxide.



Scheme	10.1	Payne	rearrangement	of	simple	2,3-epoxy	alcohols.

Payne	further	investigated	the	scope	and	limitations	of	the	epoxy	alcohol	rearrangement	under
the	standard	conditions	depicted	in	Scheme	10.1.	A	major	quantity	of	3	was	found	to	be	readily
transformed	to	the	isomeric	4,	attaining	an	equilibrium	ratio	of	3:4	=	8:92.	The	position	of
equilibrium	for	this	structural	transposition	was	further	probed	by	using	representative
isomeric	substrates;	thus,	only	a	small	amount	of	anti-6	was	obtained	from	(E)-5,	while	the
diastereomeric	syn-6	was	formed	from	(Z)-5	as	a	mixture	of	syn-6:(Z)-5	=	42:58	after	1	h	at
ambient	temperature.	The	same	situation	was	noticed	for	(E)-7,	which	afforded	anti-8	in	a
ratio	of	(E)-7:anti-8	=	44:56,	and	(Z)-7,	which	was	preferentially	converted	to	syn-8,	leaving
only	5%	of	(Z)-7	in	the	mixture.

These	results	suggested	that	product	selectivity	is	mainly	controlled	by	the	difference	in
stability	of	the	resultant	alkoxides	under	the	conditions	employed	and	by	the	steric	environment
of	the	epoxides.	On	the	basis	of	the	well-accepted	pKa	values	for	the	representative	primary,
secondary,	and	tertiary	alcohols	EtOH,	i-PrOH,	and	tert-BuOH	of	ca.	16,	18,	and	19,
respectively,	the	stability	of	alkoxides	is	expected	to	be	in	the	order	of	primary	>	secondary	>



tertiary.	Moreover,	because	increasing	the	number	of	substituents	on	the	three-membered-ring
framework	of	epoxides	is	considered	to	increase	thermodynamic	stability,1	the	Payne
rearrangement	favors	formation	of	the	less	substituted	alcohols	and	more	substituted	epoxides.
When	both	factors	work	in	the	same	direction,	as	in	the	rearrangement	from	anti-6	(sec-OH,
monosubstituted	epoxide)	to	(E)-5	(primary-OH,	disubstituted	epoxide)	or	from	(Z)-7	(tert-
OH,	disubstituted	epoxide)	to	syn-8	(sec-OH,	trisubstituted	epoxide),	a	high	preference	of
greater	than	90%	is	usually	observed.	However,	even	with	both	elements	working	in	concert,
stereochemistry	plays	an	important	role.	For	example,	employment	of	stereoisomers	syn-6	or
(E)-7	gave	only	approximately	equal	amounts	of	the	rearranged	isomers,	(Z)-5	or	anti-8,
respectively.	This	is	due	to	the	additional	steric	repulsion	present	between	groups	that	are	cis
on	an	epoxide	ring.	Comparing	the	reactions	of	(E)-5	and	(Z)-5,	the	latter	is	higher	in	energy
and	correspondingly	destabilized	in	its	Payne	equilibrium.	Comparing	the	equilibria	for	(E)-7
and	(Z)-7,	meanwhile,	when	(E)-7	undergoes	Payne	rearrangement,	a	new	cis-epoxide	steric
interaction	results,	while	for	(Z)-7	there	is	a	cis-epoxide	interaction	on	both	sides	of	the
equilibrium.

It	is	noteworthy	that	the	Payne	rearrangement	proceeds	in	a	stereospecific	manner,	providing
clean	inversion	of	stereochemistry	at	the	central	2-position	as	a	result	of	an	intramolecular
SN2-type	mechanism.	Thus,	both	configurations	at	this	site	are	readily	available	from	the	same
starting	material	by	appropriate	control	of	the	rearrangement.

As	with	other	rearrangements,	the	Payne	rearrangement	also	has	its	variants.	Similar
transformations	of	substrates	with	nitrogen-	or	sulfur-based	functionalities	at	the	carbon	atom
adjacent	to	the	epoxide	are	known	as	aza-6	or	thia-Payne7,	8	rearrangements,	respectively,	and
there	exist	a	number	of	noteworthy	previously	reported	examples	of	each.	Although	study	of
these	systems	has	been	somewhat	limited	in	recent	years,	they	are	briefly	surveyed	in	the
following	sections.

10.1.2	Aza-Payne	Rearrangement
Upon	treatment	with	base,	2,3-epoxypropylamines	9	(Scheme	10.2)	can	be	transformed	to	the
isomeric	aziridinemethanols	10.	A	base	stronger	than	NaOH	is	usually	required	for	facile
conversion,	due	to	the	difference	in	amine	pKa	compared	to	the	alcohol	group	involved	in	the
regular	Payne	rearrangement.	Because	the	pKa	values	for	secondary	amines	like	Et2NH	are
reported	to	be	about	35	(roughly	20	units	greater	than	the	ones	for	primary	alcohols),	aza-
Payne	rearrangements	without	any	special	activating	functions	on	nitrogen	should	proceed	in
the	direction	of	producing	compounds	10	from	9	under	the	strongly	basic	conditions	typically
employed:	n-BuLi/tert-BuOK	or	n-BuLi/Me3Al.9	Lewis	acidic	conditions	(TMSOTf,10	Ti(OPr
−i)4,11	or	BF3·OEt212)	have	also	been	employed	to	promote	the	aza-Payne	process.



Scheme	10.2	Aza-Payne	rearrangement	of	2,3-epoxy	amines	9.

The	reverse	mode	from	10	to	9	is	also	operative	when	a	good	electron-withdrawing	group	is
attached	to	the	nitrogen	atom,	providing	stabilization	of	the	nitrogen	anion.	Ibuka	et	al.
investigated	the	scope	and	limitations	of	this	aza-Payne	version	by	using	substrates	with	a
variety	of	substitution	patterns.13	They	found	that,	in	sharp	contrast	to	the	original	epoxy
alcohol	system,	smooth	progress	of	the	aza-Payne	reaction	was	possible	under	not	only	protic
but	also	aprotic	conditions,	sometimes	furnishing	different	outcomes	even	starting	from	the
same	substrates	(Scheme	10.3).	The	presence	of	a	tosyl	group	as	an	anion-stabilizing
protective	moiety	increased	the	acidity	of	the	proton	on	the	nitrogen	atom	in	12	to
approximately	pKa	=	8,	which	should	thermodynamically	favor	the	corresponding	anion,
compared	to	the	conjugate	base	of	the	less	acidic	hydroxy	group	in	11	(pKa	=	16).	Thus,
conversion	of	11	to	the	corresponding	alkoxide	should	shift	the	equilibrium	to	the	right	because
of	this	sizable	pKa	gap.	However,	11	was	favored	in	an	aqueous	NaOH	solution,	giving,	after
18	h	stirring	at	0	°C,	a	mixture	of	11:12	=	61:39.	This	would	be	due	to	prompt	quenching	of	the
resultant	less	stable	alkoxide	by	a	water	molecule,	rendering	the	stability	difference	smaller.
However,	this	was	not	the	case	in	the	aprotic	THF–HMPA	system,	exclusively	affording	12
due	to	the	presence	of	the	intermediates	as	anionic	forms.

Scheme	10.3	Aza-Payne	rearrangement	of	representative	2,3-epoxy	amines.

Application	of	the	aza-Payne	rearrangement	was	reported	for	the	construction	of	highly
substituted	pyrrolidines	starting	from	alkynylated	aziridinemethanols	as	the	substrates.14	Thus,
as	described	in	Scheme	10.4,	treatment	of	the	stereospecifically	prepared	syn-16	in	the	case	of
R2,	R3	≠	H	with	dimethylsulfoxonium	methylide	initiated	the	structural	transposition	to	furnish
the	intermediary	alkynyl	epoxide	Int-2	which	further	cyclized	to	epoxy	pyrrolidine	17	in	a	one-
pot	manner.	Although	the	diastereomeric	anti-16	experienced	the	same	rearrangement,	but	the
following	cyclization	was	not	possible	due	to	trans	relationship	between	the	reacting	two	units,



the	N	atom	and	alkynyl	moiety.

Scheme	10.4	Pyrrolidine	formation	via	aza-Payne	rearrangement.

A	recent	interesting	example	in	this	area	is	the	rearrangement	of	epoxy	azide	18	which,	on
exposure	to	triethylphosphine	and	after	liberation	of	nitrogen	gas,	underwent	the	aza-Payne
rearrangement	(Scheme	10.5).15	In	this	case,	Et3P	was	responsible	for	successful	stabilization
of	the	reactive	nitrogen	species	by	formation	of	an	aza-ylide	intermediate,	enabling	the	direct
synthesis	of	N—H	aziridine	19.

Scheme	10.5	Aza-Payne	rearrangement	of	the	β-lactam-based	substrate.

10.1.3	Thia-Payne	Rearrangement
The	central	framework	of	the	substrates	in	this	version	of	the	Payne	rearrangement	is	analogous
to	the	ones	already	described,	with	sulfur	in	place	of	the	oxygen	or	nitrogen	nucleophiles	used
in	the	O-	or	N-versions.	However,	no	example	is	found	using	free	thiols	as	starting	materials.
Instead,	an	S-acetyl	2,3-epoxypropanethiol	derivative	such	as	20	is	employed	as	the	precursor
of	the	thiolate	which,	in	this	case,	was	generated	in	situ	by	the	deacetylation	with	NH3.	The
resultant	anion	on	the	sulfur	atom	served	as	the	nucleophile	for	the	intramolecular	SN2-type
ring	opening	to	furnish	21	in	89%	yield	(Scheme	10.6a).16	It	is	quite	interesting	to	note	that
quantitative	preparation	of	its	epimer,	epi-21,	was	also	possible	from	the	same	compound	20
just	by	treatment	with	moisture-excluded	silica	gel.	This	stereochemical	reversal	was
explained	mechanistically	as	the	result	of	a	double	inversion	process	involving	acetyl	oxygen



participation	for	opening	of	the	oxirane	ring,	activated	by	the	Lewis	acidic	silica	gel	(Scheme
10.6b).

Scheme	10.6	Thia-Payne	rearrangement	of	representative	2,3-epoxy	sulfides.

Other	thia-Payne-type	rearrangements	involve	activation	of	2,3-epoxypropyl	thioethers	with
trimethylaluminum	as	the	Lewis	acid	(Scheme	10.6c).	This	activates	the	oxirane	C—O	bonds
and	leads	to	ready	acceptance	of	intramolecular	nucleophilic	attack	at	the	2-position	by	the
proximate	sulfur	atom.17	Transposition	of	a	methyl	group	from	Me3Al	to	the	episulfonium
intermediate	Int-3	furnished	the	product	23	with	net	retention	of	stereochemistry	at	C-2	due	to
double	inversion	at	this	site.

10.2	SYNTHETIC	APPLICATIONS	OF	2,3-EPOXY
ALCOHOLS
10.2.1	Construction	of	Requisite	Starting	Materials	for	Payne
Rearrangement
As	pointed	out	previously,	the	2,3-epoxypropan-1-ol	structure	like	(E)-24	in	Scheme	10.7	is
required	for	Payne	rearrangement,	and	its	convenient	construction	in	optically	active	form	can
be	approached	along	two	routes	proceeding	from	α,β-unsaturated	carbonyl	compounds	(E)-27
as	key	starting	materials.	Stereoselective	preparation	of	(E)-27	is,	in	turn,	crucial	because



double-bond	stereoisomers	should	lead	to	the	formation	of	(E)-25	diastereomers	if	the	same
enantiofacial	selection	is	operative	for	both	isomers	in	the	epoxidation	step	which	is	also	true
for	(E)-24.	Compounds	of	structure	(E)-27	are	usually	prepared	by	way	of	Wittig-type
condensations	of	ketone-	or	ester-derived	phosphorus	ylides	with	ketones	possessing	the
appropriate	substituents	(R2	and	R3,	Scheme	10.7).	Another	route	to	α,β-unsaturated	carbonyl
compounds	(E)-27	would	be	the	crossed	aldol	reaction	between	two	carbonyl	compounds,
followed	by	(formal)	dehydration.	Although	there	are	many	alternative	possibilities,	such	as
Darzens	reactions,18	to	directly	synthesize	(E)-25,	these	two	pathways	would	be	superior	in
terms	of	wide	choice	of	substituents	R1,	R2,	and	R3	and	possible	access	to	both	(E)-	and	(Z)-
isomers	just	by	changing	reaction	conditions	or	reagents.19

Scheme	10.7	Retrosynthetic	schemes	for	construction	of	2,3-epoxy	alcohols.

Starting	from	(E)-27	thus	prepared,	one	route	to	access	epoxy	alcohols	(E)-24	is	the
diastereoselective	reduction	of	the	chiral	epoxy	ketones	(E)-25	after	enantioselective
epoxidation	of	(E)-27	(Route	A).	The	alternative	method	requires	the	opposite	combination	of
the	two	procedures,	namely,	enantioselective	reduction	of	(E)-27	to	(E)-26,	followed	by
diastereoselective	epoxidation	(Route	B).	In	the	case	of	Route	A,	because	attachment	of	the
carbonyl	group	in	(E)-27	renders	the	C—C	double-bond	electron	deficient,	nucleophilic
asymmetric	epoxidation20	should	be	the	method	of	choice,	and	enantioselective	versions	are
available	for	this	purpose.21	On	the	other	hand,	electrophilic	reagents	22	are	suitable	for
oxirane	preparation	in	Route	B.

One	of	the	major	advantages	of	Route	A	is	the	possibility	of	following	two	independent
pathways	to	obtain	either	(E)-syn-	or	(E)-anti-24	in	a	stereodivergent	manner.	This	would	be
achieved	by	selection	of	reducing	agents	such	as	DIBAL	for	the	syn	isomers	via	a	nonchelation
control	mechanism23	or	Zn(BH4)2	for	the	anti	diastereomers	by	way	of	bidentate	chelation24.

On	the	other	hand,	racemic	allylic	alcohols	(E)-26	are	possible	candidates	for	use	in	Route	B.



After	treatment	of	(E)-27	with	such	usual	reductants	as	NaBH4	or	LiAlH4,	the	resultant	(E)-26
would	be	resolved	by	the	well-known	Sharpless	epoxidation	protocol25	or	via	enzymatic
methods	before26	or	after27	epoxidation.

Another	modification	of	Route	B	requires	enantioselective	reduction	of	ketones	(E)-2728	or
stereoselective	carbon–carbon	bond	formation	at	C-1	of	(E)-27	(R1	=	H)	with	appropriate
organometallic	species	in	the	presence	of	chiral	additives,29	both	of	which	successfully	supply
the	optically	active	(E)-26.	The	resulting	chiral	allylic	alcohols	(E)-26	are	subjected	to
hydrogen	bond-directed	epoxidation	with	mCPBA,	leading	to	the	diastereoselective	formation
of	syn-epoxy	alcohols.30	In	complementary	fashion,	anti-selective	epoxidation	is	possible
using	the	Sharpless	protocol.31

10.2.2	Product	Structures	Accessible	by	Way	of	Payne
Rearrangement
As	described	previously,	2,3-epoxypropan-1-ols	24	are	typical	substrates	for	Payne
rearrangement,	affording	1,2-epoxypropan-3-ols	30	as	products	(Scheme	10.8).	Clearly,	both
these	substrates	as	well	as	the	rearrangement	products	possess	high	value	for	construction	of
1,2-	and	1,3-diols	by	regioselective	epoxide	ring	opening	with	a	wide	variety	of	nucleophiles.
Scheme	10.8	shows	a	concise	map	of	compounds	accessible	from	a	single	starting	material
(E)-27.	Thus,	after	enantioselective	nucleophilic	epoxidation,20	the	resultant	(E)-25	is
stereoselectively	transformed	to	either	(E)-syn-	or	(E)-anti-24	by	way	of	reduction	under
nonchelation21	or	chelation-controlled22	conditions,	respectively.	These	epoxy	alcohols	24	are
alternatively	synthesized	by	way	of	(E)-26	after	reduction	of	(E)-27	or	its	reaction	with
organometallics	(R1	=	H),	followed	by	epoxidation.



Scheme	10.8	Construction	of	1,2-	as	well	as	1,3-diols	with	a	variety	of	stereochemical
relationships.

At	this	point,	nucleophilic	epoxide	opening,	combined	in	some	cases	with	the	Payne
rearrangement,	opens	routes	to	a	rich	array	of	stereo-	and	regioisomers.	Supposing	that
regioselective	introduction	of	nucleophiles	at	C-2	is	possible,	then	(E)-syn-24	could	afford
anti,anti-28,	while	(Z)-anti-30,	the	Payne	rearrangement	product	from	(E)-syn-24,	leads	to	the
formation	of	the	diastereomeric	syn,syn-28.	Moreover,	because	syn,anti-	and	anti,syn-28	can
be	constructed	from	(E)-anti-24	in	a	similar	manner,	a	single	substrate	like	(E)-25	allows	us	to
obtain	all	possible	stereoisomers	of	28.	Additionally,	half	of	the	possible	diastereomers	for	the
isomeric	1,2-diols	29	and	31	would	be	accessible	through	site-selective	C-3	or	C-1
nucleophilic	addition,	respectively.

Regioselective	oxirane	ring	opening	was	studied	in	detail	by	the	Sharpless	group32	after
disclosure	of	the	asymmetric	epoxidation	procedure,24	revealing	that	Ti(i-OPr)4	nicely
mediated	the	transformation,	with	nucleophilic	attack	uniformly	occurring	at	the	C-3	site.
Results	from	epoxide	C—O	bond	cleavage	reactions	using	2,3-epoxyhexan-1-ol	with	a	wide
range	of	nucleophiles	including	amines,	alcohols,	thiols,	and	carboxylic	acids	are	shown	in



Table	10.1.	The	characteristic	feature	highlighted	by	these	experiments	is	the	significance	of
the	Lewis	acid.	In	the	absence	of	Ti(i-OPr)4,	a	very	low	yield	or	none	of	the	desired	product
was	obtained,	with	recovery	of	unreacted	32	or	its	hydroxyl-silylated	derivative.	The	role	of
this	Lewis	acid	is	considered	to	involve	intramolecular	chelation	for	effective	activation	of	the
epoxide,	proceeding	through	the	reactive	intermediate	Int-4.	Use	of	(MeO)3B	instead	of	Ti(i-
OPr)4	affected	the	regioselectivity	of	the	reaction,	giving	a	preference	for	34.	For	example,
ratios	of	33:34	=	16:84	(83%	yield),	15:85	(97%	yield),	and	18:82	(97%	yield)	were	obtained
for	NaCN,	PhSH,	and	NaN3	as	nucleophiles,	respectively.33	This	selectivity	for	34	was
experimentally	as	well	as	theoretically	shown	to	arise	by	way	of	an	intermediate	with	B…O
chelation,	and	calculation	of	a	model	transition	state	with	azide	anion	clarified	that	the	ensuing
SN2-type	nucleophilic	attack	at	C-2	was	favored	by	3.5	kcal/mol	over	the	opening	at	C-3.



Table	10.1	Reaction	of	Epoxy	Alcohol	32	with	a	Variety	of	Nucleophiles

Ti(i-OPr)4 Isolated

Entry (equiv.) NuH (equiv.) Conditions yield	(%) 33:34
1 0 Et2NH Excess Reflux,	18	h 4 3.7:1

2 1.5 Et2NH Excess rt,	5	h 90 20:1

3 0 i-PrOH Excess Reflux,	18	h 0 –
4 1.5 i-PrOH Excess Reflux,	18	h 88 100:1
5 0 PhSH 5.0 Benzene,	rt,	22	h 0 –
6 1.5 PhSH 1.6 Benzene,	rt,	5	min 95 6.4:1
7 0 Me3SiN3 3.0 Benzene,	reflux,	3	h 0 –

8 1.5 Me3SiN3 3.0 Benzene,	reflux,	3	h 74 14:1

9a 0 KCN 2.0 DMSO,	rt,	72	h 0 –
10a 2.2 KCN 2.0 DMSO,	rt,	72	h 91 1.3:1
11 0 NH4Cl 2.0 DMSO,	rt,	18	h 0 –

12 1.5 NH4Cl 2.0 DMSO,	rt,	15	min 84 2.8:1

13 1.2 PhCO2H 1.1 CH2Cl2,	rt,	15	min 74 100:1

a	1.6	equiv.	of	tetra-n-butylammonium	iodide	(TBAI)	was	used.

10.2.2.1	Reaction	of	Epoxy	Alcohols	with	Carbon	Nucleophiles
Scheme	10.9	describes	two	representative	examples	of	reactions	of	epoxy	alcohols	with	the
cuprate	from	vinylmagnesium	bromide	and	a	catalytic	amount	(10	mol%	relative	to	the
Grignard	reagent)	of	CuI.	It	is	quite	interesting	to	note	that,	in	spite	of	the	very	similar	reaction
conditions	employed,	the	substrate	35	accepted	the	nucleophile	at	the	2-position,34	while	ring
opening	of	38	at	the	3-position	predominated	to	yield	39	as	a	single	product.	The	latter	result
is	dictated	by	the	significant	steric	hindrance	around	the	reaction	site	at	C-2	when	the	cuprate



attacks	in	an	intramolecular	manner	after	transformation	to	the	corresponding	ate	complex	at
the	free	OH	group	in	38.35	The	previous	report36	using	cuprates	as	carbon	nucleophiles
demonstrated	that	the	attack	usually	occurred	at	the	sterically	least	hindered	epoxy	carbon
atoms.	So,	in	spite	of	the	possible	energetic	preference	of	37	to	35	as	discussed	in	Scheme
10.1,	the	ring	opening	is	considered	to	be	the	rate	determining	step	and	smooth	reaction	at	the
C-2	position	of	35	yielded	36	as	the	sole	product.	When	the	substrate	contains	a	phenyl	group
directly	attached	to	the	oxirane	as	in	the	case	of	40,	reactions	proceed	exclusively	at	the
benzylic	position	as	a	result	of	the	stronger	activation	at	this	site.37

Scheme	10.9	Ring	opening	of	2,3-epoxy	alcohols	by	organometallic	species.

Another	interesting	example	of	ring	opening	via	C-nucleophile	addition	involves	the
semipinacol	rearrangement	of	the	epoxy	alcohol	42.38	In	spite	of	a	70:30	diastereomeric
mixture	at	C-1,	this	substrate	42	was	smoothly	converted	into	43	as	a	single	stereoisomer	in
high	yield	(Scheme	10.10).	The	mechanism	of	this	process	was	proposed	to	be	initiated	by
coordination	of	the	boronic	acid	to	the	epoxy	oxygen	atom,	followed	by	migration	of	the
neighboring	phenyl	group	to	the	backside	of	the	activated	tertiary	carbon	at	the	2-position.	This



leads	to	the	cleavage	of	the	O—C-2	bond	with	clean	inversion	(Int-5).	The	resultant
intermediary	ketone	would	accept	intramolecular	carbon–carbon	bond	construction	from	the
carbonyl	si	face	from	the	axially	located	allyl	group	(Int-6),	terminating	the	tandem
semipinacol-alkylation	sequence.

Scheme	10.10	Stereoselective	formation	of	1,3-diols	by	way	of	phenyl	migration.

10.2.2.2	Reaction	with	Nitrogen	Nucleophiles
Ring	opening	by	amine	nucleophiles	typically	occurs	at	the	3-position	of	epoxy	alcohols.	For
example,	substrate	44	regioselectively	afforded	3-aminopropane-1,2-diol	45	in	quantitative
yield,	where	the	difference	in	steric	congestion	between	the	C-2	and	C-3	sites	determined	the
location	of	nucleophilic	addition	(Scheme	10.11).39	The	1,2-syn	stereochemistry	of	44	should
be	another	key	for	the	excellent	selectivity	of	45	because	its	Payne	rearrangement	leads	to
formation	of	the	energetically	less	favorable	compound	with	two	cis-disposed	substituents	at
the	oxirane	ring.	The	same	site	selectivity	was	observed	for	46,	which	cyclized	when	the
amino	group	was	generated	by	deprotection	of	the	Cbz	moiety	under	hydrogenation
conditions.40	Addition	of	an	appropriate	Lewis	acid	is	effective	for	the	production	of
aminodiols,	and	a	regioisomeric	mixture	of	49	and	50	was	obtained	from	48	in	a	ratio	of
80:20,	favoring	the	1,2-diol.41	However,	a	more	sterically	hindered	substrate	(the	terminal
allyl	group	in	48	was	replaced	with	a	tert-Bu	moiety)	exclusively	furnished	the	corresponding
1,3-diol	under	similar	conditions,	probably	because	of	steric	blocking	at	the	otherwise
preferred	reaction	site.42	In	addition,	other	examples	studied	under	Lewis	acidic	conditions
indicate	that	epoxy	ring	opening	is	likely	to	proceed	in	a	fashion	to	give	1,2-diols	(attack	at	C-
3)	as	the	major	products	when	the	Lewis	acidic	metal	center	is	small,	while	attack	at	C-2	is
preferred	with	larger	Lewis	acids.43



Scheme	10.11	Ring	opening	of	2,3-epoxy	alcohols	by	amines.

Another	interesting	set	of	examples	involves	intramolecular	processes	from	closely	related
substrates	furnishing	different	products.	An	aqueous	ammonia	solution	initiated	substitution	of
a	bromine	atom	in	51	with	an	NH2	group,	leading	directly	to	internal	epoxide	opening	and
furnishing	the	5-membered	pyrrolidine	52	in	high	yield	as	a	consequence	of	the	5-exo-tet-type
cyclization	at	the	3-position,	rather	than	the	possibly	competing	6-endo-tet	mode.44,	45	On	the
other	hand,	the	intermediate	after	Cbz	deprotection	from	53,	structurally	analogous	to	Int-7,



resulted	in	the	6-membered	piperidine	54	as	the	sole	product	by	internal	amine	addition	at	the
2-position.	This	sharp	difference	might	stem	from	the	trans-disposed	acetonide	structure	of	53,
enforcing	cyclization	from	a	specially	restricted	conformation,	while	this	was	not	the	case	for
the	acyclic	system	51	or	its	derivative	Int-7.	The	same	regiochemical	preference	was	observed
for	the	material	in	which	the	terminal	CH2OH	unit	in	53	was	replaced	with	a	CH CH2
group.46

10.2.2.3	Reaction	with	Oxygen	Nucleophiles
2,3-Epoxy	alcohols	are	also	known	to	be	regio-	as	well	as	stereospecifically	opened	at	the	2-
position	in	an	SN2	manner	by	a	water	molecule	with	the	aid	of	a	fluoride	ion,	enabling	the
formation	of	1,2,3-triols	56	(Scheme	10.12).47	It	is	interesting	to	note	that	the	similarly	basic
tetra-n-butylammonium	hydroxide	was	not	as	effective	as	TBAF	and	resulted	in	less	than	20%
yield	of	56	under	the	same	conditions.	Water	attenuates	the	basic	nature	of	TBAF,	suppressing
any	Payne	rearrangement	of	55	prior	to	the	epoxy	ring	opening.	Park	and	coworkers48
employed	epoxy	alcohol	57	as	a	common	intermediate	which	could	be	transformed	into	two
isomeric	triols	58	or	59	in	diastereomerically	specific	fashion,	simply	by	selection	of	reaction
conditions	using	either	KOH	or	H2SO4,	respectively.	Because	the	compound	58	is	the
enantiomer	of	the	therapeutically	valuable	piperidine	1,6-dideoxynojirimycin,49	choice	of	the
appropriate	stereoisomer	of	57	should	open	a	direct	as	well	as	concise	routes	to	this	bioactive
material.

Scheme	10.12	Ring	opening	of	2,3-epoxy	alcohols	by	H2O.

Additionally,	as	shown	in	entry	13	of	Table	10.1,	free	benzoic	acid	was	proved	to	be	an
excellent	nucleophile	for	the	site-selective	epoxy	ring	opening	of	32,	leading	almost
exclusively	to	the	corresponding	C-3	benzoate	ester	in	good	yield.	In	the	same	publication,32
installation	of	carboxylates	was	also	realized	by	the	action	of	1.5	equiv.	of	the	ammonium
carboxylates	in	THF	at	ambient	temperature	for	15	min,	producing	the	corresponding	benzoate
and	acetate	in	74%	and	73%	yields	with	100:1	and	65:1	33:34	selectivity,	respectively	(i.e.,



favoring	C-3	over	C-2	addition).50

10.2.2.4	Reaction	with	Hydride
For	ring	opening	of	hydroxy	epoxides	by	hydride,	sodium	bis(methoxyethoxy)aluminum
hydride	(Red-Al	or	Vitride)	is	the	reagent	most	frequently	employed,	and	its	“parent”	lithium
aluminum	hydride51	is	also	useful.	As	shown	in	the	conversion	of	6031d	or	62,52	these	reagents
usually	furnish	the	corresponding	1,3-diols	61	or	63,	respectively,	as	the	sole	products
(Scheme	10.13).	These	reactions	are	considered	to	proceed	by	way	of	the	intermediate	like
Int-8,	and	the	final	delivery	of	hydride	would	be	preferentially	occurred	in	an	intramolecular
manner	to	the	closer	C-2	reaction	site	rather	than	C-3.	In	the	case	of	62,	in	spite	of	the	presence
of	two	hydroxy	moieties,	the	secondary	OH	group	at	C-1	actually	participated	for	the	reductive
epoxy	ring	opening	to	afford	63.	But	there	are	some	exceptions.	For	example,	because	the
possible	C-2	reaction	site	for	hydride	addition	in	64	represents	a	quaternary	carbon	center
with	significant	steric	congestion,	Red-Al	circumvented	this	position	to	deliver	hydride	to	the
more	accessible	3-position.53,	54	It	is	interesting	to	compare	the	two	oxirane	carbon	atoms	in
compound	66,55	with	one	and	no	hydrogen	atoms	at	the	2-	and	3-positions,	respectively.	From
the	standpoint	of	steric	factors,	LAH	should	select	the	2-position,	but	the	3-position	is
activated	by	a	phenyl	group.	These	conflicting	factors	led	to	a	final	product	mixture	of	67	and
68	almost	in	equal	amounts.	To	an	extent,	the	case	for	64	was	similar,	having	a	steric
preference	for	one	end	of	the	epoxide	(C-3)	but	an	electronic	bias	for	the	other	epoxide	carbon
(C-2).	However,	the	weaker	level	of	electronic	activation	by	an	allyl	moiety	and	the	large
steric	difference	in	C-2/C-3	substitution	patterns	led	to	the	formation	of	65	as	a	single	product
in	that	case.56



Scheme	10.13	Ring	opening	of	2,3-epoxy	alcohols	by	hydride.

10.2.2.5	Reaction	with	Fluoride
Levoglucosan-based	epoxide	69	was	dissolved	in	a	mixed	solvent	system	of	ethylene
glycol/diethylene	glycol	diethyl	ether	(1:1),	and	treatment	of	the	resultant	solution	with	a
combination	of	KHF2	and	KF	(6	equiv.	each)	at	200	°C	for	1	h	afforded	a	4:1	ratio	of
fluorinated	diols	70	and	71	in	55%	combined	yield.57	Formation	of	70	was	easily	understood
as	the	result	of	direct	nucleophilic	ring	opening	by	a	fluoride	ion	at	the	3-position	of	69.	On	the
other	hand,	it	is	apparent	that	isomeric	product	71	was	not	formed	by	the	simple	SN2-type
fluoride	displacement	at	the	2-position	of	69	because	such	a	process	should	afford	the	C-2
epimer	of	71.	Instead,	fluoride	ion	acted	as	a	base	to	abstract	the	hydroxy	proton	in	69,
promoting	Payne	rearrangement	of	69	to	72	as	the	first	stage	of	the	overall	reaction.
Coordination	to	the	epoxy	oxygen	atom	by	acidic	KHF2	might	also	facilitate	this	isomerization.



Fluoride	opening	of	epoxide	72	at	C-2	would	then	provide	71.	In	support	of	this	pathway,	72
could	be	isolated	from	the	reaction	mixture	in	low	yield	(Scheme	10.14).

Scheme	10.14	Ring	opening	of	2,3-epoxy	alcohols	by	fluoride	(1).

Typically,	amine-based	hydrogen	fluoride	salts	have	been	employed	for	introduction	of	a
fluorine	atom	accompanied	by	epoxy	ring	opening.	It	is	possible	to	anticipate	the
regioselectivity	of	such	transformations	on	the	basis	of	the	number	of	HF	molecules	involved
as	well	as	the	basicity	of	the	amine	component	of	the	salt:	increased	equivalents	of	HF	or
lowered	amine	basicity	contribute	to	a	relatively	acidic	environment	which	promotes
fluorination	at	the	more	substituted	epoxy	carbon	atom.	On	the	contrary,	the	relatively	strong
nucleophilicity	of	a	fluoride	ion	would	favor	the	SN2-type	reaction	mechanism	at	the	less
congested	position.	In	both	cases,	incorporation	of	fluorine	usually	occurs	with	clean	inversion
of	stereochemistry.	Scheme	10.15	shows	two	representative	instances	using	unsymmetrically
substituted	epoxides	as	substrates.	In	one	case,	73	was	converted	to	2-fluoro-1,3-diol	74	in
74%	yield	by	the	action	of	Et3N·3HF.58	Activation	by	this	reagent	led	to	preferential	cleavage
of	the	O—C-2	rather	than	the	O—C-1	due	to	partial	SN1	character	in	the	reaction	pathway,
giving	regioselective	production	of	the	more	substituted	fluorine-bearing	center	in	74.	On	the
other	hand,	the	more	nucleophilic	fluoride	source	TBAF·2HF	selected	the	less	congested	C-3
carbon	atom	in	75	as	the	site	of	the	SN2	reaction	to	produce	76	in	quantitative	yield.59	Similar
regioselectivity	for	fluoride	addition	to	the	less	substituted	epoxide	carbon	was	also	attained
with	TBAF·2HF	in	the	presence	of	KHF2.60	In	this	instance,	the	role	of	KHF2	was	to	convert
TBAF·HF	that	resulted	after	fluorination	back	to	the	initial	2HF	salt.	Evidently,	here,	KHF2
did	not	act	as	a	Brønsted	acid	for	epoxide	activation,	as	shown	by	the	purely	SN2
regiochemical	outcome	(displacement	at	the	less	substituted	position).61



Scheme	10.15	Ring	opening	of	2,3-epoxy	alcohols	by	fluoride	(2).

On	the	other	hand,	some	reports	have	appeared	on	Lewis	acid-mediated	fluorinative	epoxy
ring	opening.	For	example,	as	shown	in	Scheme	10.16,	Et4NF·4HF	reacted	with	77	to	afford
the	3-fluoro-1,2-diol	78	as	the	sole	product,	in	sharp	contrast	to	75	in	Scheme	10.15	in	terms
of	regioselectivity.62	In	this	instance,	the	product	specificity	observed	could	be	predicted	by
assuming	formation	of	an	intramolecularly	chelated	intermediate	by	the	Lewis	acidic	(i-
PrO)2TiF2	after	reaction	with	the	OH	moiety	in	77,	similar	to	the	Sharpless	case	depicted	in
Table	10.1.	Titanium	coordination	to	the	oxirane	oxygen	atom	in	77	should	cause	partial
cationic	character	at	C-3	where	positive	charge	should	be	better	stabilized	as	compared	to	C-
2,	leading	to	predominant	substitution	at	the	C-3	position.	Regioselectivity	with	the	epoxy
alcohol	79a	was	found	to	be	high,	and	80a	was	formed	as	the	major	product	over	its
regioisomer	81a	in	a	ratio	of	10:1.	Given	the	similar	environment	at	the	C-2	and	C-3	carbons,
this	selectivity	discrepancy	is	quite	interesting.



Scheme	10.16	Ring	opening	of	2,3-epoxy	alcohols	by	fluoride	(3).

An	analogous	transformation	was	also	possible	with	Bu4NF·2HF	as	the	fluorinating	reagent	in
the	presence	of	TiF4	or	HfF4	as	a	Lewis	acid.	The	use	of	TiF4	afforded	a	mixture	of	80b	and
81b	in	a	ratio	of	9:1,	while	the	preference	of	80b	decreased	to	3:2	by	employment	of	HfF4	as
the	Lewis	acid.43	This	difference	was	explained	by	the	size	of	the	central	metal.	Because	the
smaller	Group	4	metal	Ti	would	readily	form	a	5-membered	dioxatitanacycle,	fluoride	might
prefer	the	attack	at	the	3-position,	while	the	larger	Hf	would	have	a	tendency	to	accommodate
a	6-membered	ring	upon	epoxide	opening,	yielding	81b	in	a	relatively	larger	amount.	In	place
of	metal	tetrafluorides,	the	corresponding	triflates,	Hf(OTf)4	and	Sc(OTf)3,	also	worked	in	a
similar	fashion.63

Only	one	report	was	found	in	the	literature	on	the	fluorination	of	aziridinemethanols,	as
depicted	in	Scheme	10.17.64	Olah's	reagent65	(pyridine·(HF)x)	was	employed	for	fluorination,
and	the	relative	acidity	of	this	reagent	played	a	significant	role	in	this	transformation.	Thus,
successful	introduction	of	a	fluorine	atom	was	realized	for	the	N-protonated	82a	at	the
benzylic	C-2	position.	However,	the	aziridine	ring	in	82b,	lacking	directly	connected	aromatic
groups,	did	not	open	due	to	insufficient	activation;	instead,	the	hydroxy	group	was	replaced	by
fluorine,	furnishing	84.



Scheme	10.17	Reaction	of	aziridine	alcohols	with	HF·pyridine.

10.3	UTILIZATION	OF	THE	PAYNE	REARRANGEMENT
FOR	THE	PREPARATION	OF	FLUORINE-CONTAINING
COMPOUNDS
Because	fluorine-containing	compounds	possess	unique	characteristics,	their	preparation	has
drawn	significant	attention	from	chemists,	especially	in	the	field	of	fine-chemical	synthesis.66
A	variety	of	methods	have	been	developed	for	the	construction	of	these	fluorinated	molecules,
and	some	of	these	routes	are	described	in	recent	review	articles.67	In	this	section,	a	very	rare
electronically	promoted	Payne	rearrangement	is	discussed	for	unique	substrates	having	a	CF3
group	directly	connected	to	the	epoxy	alcohol	framework.

10.3.1	Payne	Rearrangement	for	Trifluorinated	Compounds
In	our	search	of	the	literature,	we	find	no	approaches	for	direct	incorporation	of	CF3	or
fluorine-containing	alkyl	moieties	into	the	2,3-epoxypropan-1-ol	framework.	Instead,	the
Seebach	group	disclosed	in	1992	that	epoxy	alcohols	86,	prepared	from	the	corresponding
epoxy	ester	85,	experienced	Payne	rearrangement	in	aqueous	acetone	or	tert-BuOH,	strongly
favoring	the	rearranged	epoxy	alcohol	isomer	87	at	equilibrium	(86:87	=	<1:100)	(Scheme
10.18).68	To	the	best	of	our	knowledge,	this	is	the	first	example	of	the	Payne	rearrangement
using	CF3-containing	substrates.

Scheme	10.18	Payne	rearrangement	of	2,3-epoxy	alcohols	with	a	CF3	group.

During	our	research	directed	toward	the	synthesis	of	a	variety	of	trifluorinated	sugars,69	a
unique	formal	ring	expansion	of	furanose	88	to	pyranose	89	was	discovered	when	the	former



was	treated	with	tert-BuOK	in	THF	at	−78	°C.	After	3	h,	the	5-membered	ring	88	was
successfully	converted	to	the	6-membered	89	in	quantitative	yield	(Scheme	10.19).70	The
alkoxide	Int-9	from	88	should	be	in	equilibrium	with	the	acyclic	Int-10,	allowing	1,4-O,O-
migration	of	the	TBS	group	by	way	of	a	pentavalent	silyl	anion.	The	silyl	migration	proceeds
so	as	to	form	the	energetically	preferable	anionic	species	Int-11,	where	the	CF3	group
inductively	stabilizes	the	negative	charge	by	virtue	of	its	electron-withdrawing	nature.71
Cyclization	of	Int-11	provided	its	pyranose	form,	Int-12,	which	was	quenched	to	give	89.

Scheme	10.19	Silyl	migration	of	CF3-containing	diols.

This	interesting	migration	process	was	also	applicable	to	a	1,5-O,O-silyl	transfer,	using
substrates	90.	Quite	intriguingly,	the	TBS	group	in	90a	was	displaced	to	the	other	hydroxy
group	at	C-3	to	give	91a	in	76%	yield	in	a	ratio	of	90a:91a	=	10:90.72	The	10%	of	remaining
substrate	90a	would	stem	from	the	fact	that	in	spite	of	the	better	stability	of	the	alkoxide	in	the
rearranged	product	91a,	this	compound	is	encumbered	by	the	steric	congestion	at	C-3.	In	other
words,	the	strong	electron-withdrawing	characteristic	of	the	CF3	group	effectively



counterbalances	the	increased	steric	interactions	in	the	migration	product.	Substitution	of	even
a	single	fluorine	atom	in	90a	by	hydrogen	was	enough	to	reverse	the	product	selectivity,	and	a
ratio	of	90b:91b	=	89:11	was	observed.

After	exploring	this	silyl	migration	from	experimental	and	theoretical	points	of	view,	our	next
aim	was	to	apply	the	general	reactivity	principles	involved	to	Payne	rearrangements.	We
expected	that	isomerization	of	Int-13,	prepared	from	the	model	compound	(E)-anti-92a,	to	Int-
14	should	proceed	smoothly	due	to	the	stability	difference	between	the	anions,	with	Int-14
preferred	because	of	the	alkoxide	proximity	to	the	CF3	group	(Scheme	10.20).73	When	(E)-syn-
92a	was	employed	as	the	substrate,	the	corresponding	product	after	Payne	rearrangement
should	be	(Z)-anti-93a	with	methyl	and	2,2,2-trifluoro-1-hydroxyethyl	groups	in	a	cis
relationship,	corresponding	to	an	increase	of	steric	interference.	Prior	to	initiation	of	our
experimental	investigation,	we	carried	out	theoretical	computations74	for	Int-13	to	Int-16	as
their	lithium	salts.	The	calculations	showed	that	Int-14	was	energetically	more	favorable	than
Int-13	by	16.44	kcal/mol,	which	would	be	a	direct	reflection	of	the	anion	stability	gap	because
both	starting	Int-13	and	rearranged	Int-14	include	a	trans-disubstituted	epoxide	and	a
secondary	alkoxide.	Meanwhile,	the	significant	energetic	preference	for	having	the	anionic	site
close	to	the	CF3	moiety	would	be	the	reason	why	Int-16	with	the	less	advantageous	cis-
disposed	epoxide	was	still	energetically	preferable	to	Int-15	by	5.46	kcal/mol.	Additional
evidence	for	the	CF3-anion-stabilizing	effect	was	obtained	by	calculating	the	relative	energies
of	the	parent	compounds	92a	and	93a.	Thus,	(E)-anti-93a	and	(E)-syn-92a	were	found	to	be
more	stable	than	(E)-anti-92a	and	(E)-syn-93a	by	0.45	and	1.77	kcal/mol,	respectively,
showing	that	the	calculated	differences	in	anion	stability	obtained	previously	did	not	stem	from
their	inherent	structural	stability.

Scheme	10.20	Computational	preference	of	2,3-epoxy	alcohol	isomers	with	a	CF3	group.

With	computational	results	in	hand	that	anticipated	the	success	of	the	reactions	shown	in
Scheme	10.20,	two	substrates	(E)-92	with	either	anti	or	syn	configuration	were	investigated
under	Payne	rearrangement	conditions.	The	requisite	substrates	(E)-92	(Scheme	10.21)	were
synthesized	from	the	α,β-unsaturated	ketones	(E)-94	by	nucleophilic	epoxidation	mediated	by



the	urea·H2O2	adduct	in	the	presence	of	DBU,75	followed	by	stereoselective	reduction	of	the
resultant	(E)-95	by	in	situ-prepared	Zn(BH4)24,	76	or	DIBAL23	for	the	construction	of	(E)-anti-
92	or	(E)-syn-92,	respectively.	Payne	rearrangement	of	these	epoxy	alcohols	(E)-92	was
successfully	carried	out	by	the	addition	of	NaH	in	the	presence	of	5	equiv.	of	HMPA	in	THF,
giving	complete	reaction	within	3	h	and	affording	the	corresponding	isomers	anti-93	in	a
highly	stereoselective	manner.	The	requirement	for	HMPA	as	an	additive	was	identified	during
investigation	of	the	reaction	condition.	In	the	absence	of	this	additive,	(Z)-anti-93b	was
formed	from	(E)-syn-92b	in	only	49%	yield,	and	an	almost	equimolar	amount	of	the
unexpected	β-hydroxylated	carboxylic	acid	96	was	isolated.	(Yamazaki,	T.;	Ichige,	T.
unpublished	results.)	A	possible	β-hydroxyketone	intermediate	might	be	involved	in	the
formation	of	96	resulting	from	intramolecular	chelation	of	a	sodium	cation	by	the	epoxy
alcohol	oxygens	and	hydride	migration	from	C-3	to	C-2.	Hydrolysis	of	the	resultant	β-
hydroxylated	trifluoromethyl	ketone	with	elimination	of	CF3−	would	then	result	in	96.77

Scheme	10.21	Payne	rearrangement	of	stereoisomeric	2,3-epoxy	alcohols	with	a	CF3	group.

The	results	for	stereoselective	reductions	of	(E)-95	to	the	both	diastereomers	of	(E)-92	and
their	subsequent	Payne	rearrangements	are	summarized	in	Table	10.2.	Reduction	of	epoxy
ketones	(E)-95b-e	was	stereoselectively	performed	in	a	range	of	anti:syn	=	86:14–95:5	by	the
NaBH4–ZnI2	system	and	83–92%	syn	selectivity	for	the	DIBAL	conditions.	The	exception	for
the	DIBAL	case	was	as	shown	in	entry	3,	where	(E)-95d	gave	a	nearly	equal	amount	of	syn



and	anti	isomers.	The	reason	for	the	lack	of	selectivity	in	this	case	is	not	clear,	and	we	could
not	find	any	instances	of	DIBAL	reduction	of	nonfluorinated	compounds	possessing	a	similar
structure	to	(E)-95.

Table	10.2	Stereodivergent	Synthesis	of	Epoxy	Alcohols	(E)-92	and	Their	Payne
Rearrangement	(see	Scheme	10.21)

Isolated	yield	(%)
Entry R (E)-anti-92a,b (E)-syn-92b,c (E)-anti-93d (Z)-anti-93d

1 PhCH2CH2–	(b) 97	(90:10) 91	(8:92) 91	(90:10) 96	(8:92)

2 C6H13–	(c) 83	(89:11) 90	(12:88) 96	(89:11) 94	(9:91)

3 Ph–	(d) 90	(86:14) 90	(46:54) 91	(90:10)e 88	(1:99)e,f

4 PhCH2C(CH3)2–	(e) 67	(95:5) 96	(17:83) 81	(98:2) 29	(17:83)g

a	Reduction	of	(E)-94	was	carried	out	using	a	mixture	of	NaBH4	and	ZnI2.

b	The	anti:syn	ratios	of	the	products	are	shown	in	parentheses.
c	Reduction	of	(E)-95	was	carried	out	using	DIBAL.

d	Payne	rearrangement	was	performed	by	the	addition	of	NaH	in	THF	in	the	presence	of	5	equiv.	of	HMPA.	The	(E):(Z)	ratios
of	the	products	are	shown	in	parentheses.
e	3	equiv.	of	EtOH	was	added.

f	The	starting	material	(E)-syn-92d	was	used	as	a	substrate	after	recrystallization	(anti:syn	=	1:99).
g	Yield	determined	by	19F	NMR.

Smooth	and	essentially	stereospecific	transformation	was	realized	for	the	following	Payne
rearrangements	of	the	(E)-92	substrates.	The	limited	(29%)	conversion	of	(E)-syn-92e	(Table
10.2,	entry	4)	reflects	the	presence	of	a	tertiary	carbon	directly	attached	to	the	epoxide	three-
membered	ring	in	the	corresponding	product	(Z)-anti-93e,	affording	significant	steric
repulsion	with	the	trifluoromethyl-containing	epoxide	substituent.	In	the	case	of	the	substrates
(E)-anti-92d	and	(E)-syn-92d,	contamination	of	the	desired	product	with	about	15%	of
unidentified	materials	was	detected,	but	formation	of	these	byproducts	was	nicely	suppressed
by	the	addition	of	3	equiv.	of	EtOH	to	the	reaction	mixture.

This	type	of	electronically	promoted	Payne	rearrangement	is	very	rare,	and	in	spite	of	the
similarity	of	a	CF3	group	to	carboxyl	or	ester	functionalities	in	terms	of	electron-withdrawing
ability,	we	found	only	one	related	Payne	precedent	in	the	literature	irrespective	of	the	presence
of	fluorine	atoms	(Scheme	10.22).78	Thus,	when	deprotection	of	a	TBS	group	in	97	was
carried	out	by	the	action	of	TBAF,	a	resultant	anionic	species	would	be	ideally	located	on	the
back	side	of	the	epoxy	group,	rendering	intramolecular	attack	easy.	The	two	carbonyl-related
functionalities	at	the	C-3	position	of	97	should	provide	an	additional	inductive	advantage	for
driving	the	conversion	forward	to	99.	However,	contrary	to	expectation,	only	3%	of	99	was
obtained.	This	was	likely	due	to	the	fact	that	the	addition	of	TBAF	only	generated	the



pentavalent	silyl	anion	from	97,	not	the	corresponding	free	alkoxide.	Further	attempt	to
promote	the	Payne	rearrangement	from	98	was	not	carried	out	in	this	study.

Scheme	10.22	Payne	rearrangement	of	substrates	with	an	electron-withdrawing	ester	group.

10.3.2	Ring	Opening	of	CF3-Containing	Epoxy	Alcohols	by	Nitrogen
Nucleophiles
The	Payne	rearrangement	substrates	and	products,	CF3-containing	epoxy	alcohols	(E)-92	and
2,3-anti-93,	could	be	applied	in	synthetically	useful	oxirane	ring-opening	reactions	with	amine
nucleophiles.	Scheme	10.23	describes	representative	examples	where	(E)-syn-92	and	(Z)-
anti-93	were	independently	treated	with	R′2NH.	A	stronger	O—C-3	bond	compared	to	the	O—
C-2	bond	in	the	former	substrate	was	anticipated66b,79	because	the	inductively	electron-
withdrawing	characteristics	of	the	CF3	group	should	strengthen	the	proximal	bond.
Additionally,	the	CF3	substituent,	with	nine	lone	pairs	in	total,	should	hamper	the	access	of
electron-rich	nucleophiles	to	the	C-3	position.	On	the	basis	of	these	two	factors	along	with	an
SN2	mode	of	ring	opening,	anti,anti-100	would	be	obtained	from	(E)-syn-92	as	the	major
product.	On	the	other	hand,	we	anticipated	lower	selectivity	from	(Z)-anti-93	because	the
electrostatic	difference	between	C-1	and	C-2	seemed	to	be	small.



Scheme	10.23	Comparison	of	regioselective	epoxy	ring	opening	by	amines.

The	reaction	of	32	with	an	aqueous	solution	of	dimethylamine	was	reported	to	produce	a
mixture	of	103,	104,	and	105	in	a	ratio	of	11.1:1.0:2.9,80	and	this	case	served	as	a	reference
for	our	studies.	Formation	of	103	under	these	conditions	resulted	from	C-1	attack	of	Me2NH
after	base-mediated	Payne	rearrangement	of	32.	In	spite	of	the	inherent	instability	of	the
rearranged	intermediate	Int-17,	which	contains	the	alkoxide	of	a	sec-OH	as	well	as	a
monosubstituted	epoxide,	a	possible	kinetic	preference	for	reaction	at	the	unhindered	C-1
position	of	Int-17	would	rationalize	why	103	was	formed	as	the	main	product.	The	same
situation	was	already	discussed	in	Scheme	10.9.	Compounds	104	and	105,	meanwhile,	formed
in	a	1:3	ratio	by	direct	ring	opening	of	32.	This	analysis	led	to	the	inference	that	a	part	of	(E)-
syn-92	would	first	be	converted	to	the	more	favorable	(Z)-anti-93	in	a	basic	media,	so	that	the
amine	would	attack	either	C-1	or	C-2	of	(Z)-anti-93	as	well	as	C-2	in	(E)-syn-92	giving	a
mixture	of	syn,anti-102,	syn,syn-100,	and	anti,anti-100,	respectively.

Initially,	(E)-anti-92d	and	(E)-anti-93d	were	employed	for	the	reaction	with	aqueous	Me2NH,
and	after	stirring	for	3	h	at	70	°C,	both	substrates	furnished	the	same	product,	anti,anti-102da,
in	an	essentially	stereospecific	fashion	and	without	detection	of	the	possible	product	anti,syn-
100da	(Scheme	10.24a).81	Considering	that	the	nucleophilic	epoxide-opening	pathway	follows



an	SN2-type	mechanism,	determination	of	the	stereochemical	relationships	within	the	product
as	1,2-anti	and	2,3-anti	led	to	conclusion	that,	before	ring	opening	by	Me2NH,	(E)-anti-92d
experiences	Payne	rearrangement	to	the	more	thermodynamically	stable	alkoxy	anion
corresponding	to	(E)-anti-93d.	This	is	the	intermediate	that	actually	accepts	the	addition	of	the
amine	at	the	activated	benzylic	C-1	position	to	yield	anti,anti-102da.

Scheme	10.24	Regioselective	ring	opening	of	CF3-containing	2,3-epoxy	alcohols	by	amines.

Subsequently,	we	have	investigated	a	wide	range	of	reaction	conditions	with	BnNH2	as	the
nucleophile	and	found	that,	as	expected,	C-2	attack	was	observed,	giving	syn,anti-100db
selectively	from	(E)-anti-92d	(Scheme	10.24b)	when	an	aprotic	solvent	was	employed
(heating	at	100	°C	for	14	h	in	DMF	was	found	to	be	ideal	for	this	transformation).	On	the	other
hand,	the	course	of	the	reaction	was	completely	altered	in	an	aqueous	environment,	and
anti,anti-102db	was	obtained	after	6	h	at	reflux,	reflecting	a	pathway	via	Payne	rearrangement
prior	to	the	reaction	with	BnNH2.	It	is	interesting	to	note	that	addition	of	an	equal	amount	of
H2O	to	DMF	afforded	anti,anti-102db	selectively	and	that,	in	spite	of	its	possible	hydrogen
bonding	ability	and	boiling	point	of	97	°C,	use	of	propanol	as	the	solvent	gave	results	totally
different	from	H2O,	exclusively	yielding	syn,anti-100db.

Because	our	preliminary	experiments	(as	shown	in	Scheme	10.24)	demonstrated	that	a
nonaqueous	solvent	system	was	most	likely	to	inhibit	in	situ	Payne	rearrangement,	we	next
studied	reactions	of	BnNH2	with	a	variety	of	(E)-92	and	2,3-anti-93,	and	the	results	are



summarized	in	Table	10.3.	High	to	excellent	chemical	yields	starting	from	(E)-92	were
recorded	for	the	preparation	of	2,3-anti-100	in	a	DMF	solvent,	and	regio-	as	well	as
stereospecific	C-2—O	bond	cleavage	was	observed	as	the	major	pathway.	On	the	other	hand,
1-aminopropane-2,3-diols	2,3-anti-102	were	conveniently	synthesized	by	heating	2,3-anti-93
to	reflux	in	H2O	for	6	h,	although	the	products	from	(E)-	and	(Z)-anti-93c	were	contaminated
by	a	small	amount	of	2,3-anti-100c	(entries	7	and	10).

Table	10.3	Epoxy	Ring	Opening	of	(E)-92	and	2,3-anti-93	by	BnNH2

Anti:syn	or Isolated	yield	of Anti:syn	of
Entry Substrate R (E):(Z)a 100	[102]	(%) 100	[102]b

1 (E)-anti-92b PhCH2CH2– 89:11 82 90:10

2 (E)-anti-92c C6H13– 91:9 80 89:11

3 (E)-anti-92d Ph– 87:13 92 90:10
4 (E)-syn-92b PhCH2CH2– 9:91 95 9:91

5 (E)-syn-92c C6H13– 12:88 49 8:92

6 (E)-anti-93b PhCH2CH2– 89:11 [77] [90:10]

7 (E)-anti-93c C6H13– 83:17 6[63] [86:14]

8 (E)-anti-93d Ph– 90:10 [>99] [90:10]
9 (Z)-anti-93b PhCH2CH2– 11:89 [71] [6:94]

10 (Z)-anti-93c C6H13– 14:86 16[69] [8:92]

a	Anti:syn	ratios	between	C-1	and	C-2	of	compounds	(E)-92	and	(E):(Z)	ratios	at	C-1	of	compounds	anti-93.

b	Anti:syn	ratios	between	C-1	and	C-2	of	100	[102].

The	two-solvent	systems	described	previously	opened	new	routes	to	different	structural
isomers,	2,3-anti-100	and	2,3-anti-102,	but	unfortunately,	preparation	of	2,3-syn-100,	for



example,	could	not	be	attained.	To	solve	this	problem,	we	utilized	intramolecular	epoxy	ring
opening	starting	from	2,3-anti-93	(Scheme	10.25),	an	approach	based	on	previously	reported
results	from	our	group.82	Thus,	after	conversion	of	2,3-anti-93	to	the	corresponding	carbamate
2,3-anti-106,	treatment	with	an	appropriate	base	would	facilitate	intramolecular	attack	to
selectively	furnish	the	oxazolidinones	2,3-syn-10783	by	way	of	a	5-exo-tet	mode	of
displacement.	2,3-Syn-107	thus	synthesized	are	compounds	structurally	equivalent	to	2,3-syn-
100,	which	was	not	accessible	by	our	previous	method	shown	in	Table	10.3.	The	expected
product	selectivity	for	2,3-syn-107	is	based	on	the	fact	that	the	competing	6-endo-tet	mode	is
known	to	be	unfavorable.45

Scheme	10.25	Formation	of	CF3-containing	2-amino-1,3-diols.

Implementing	this	concept,	we	have	successfully	found	reaction	conditions	for	two	independent
routes	to	access	either	2,3-syn-107	or	2,3-syn-108	selectively,	and	our	results	are	collected	in
Table	10.4.	First	of	all,	contrary	to	our	expectation,	addition	of	2,3-anti-106	to	an	aprotic	THF
solution	of	tert-BuOK	at	0	°C	(conditions	A)	led	to	formation	of	2,3-syn-108	rather	than	2,3-
syn-107	in	excellent	chemical	yields	as	well	as	selectivity	starting	from	the	epoxides	with	(Z)-
geometry	(entries	4–6).	However,	clean	results	were	not	obtained	from	(E)-epoxides	(entries
1–3).	On	the	other	hand,	switching	to	the	protic	solvent	MeOH	(conditions	B)	yielded	the
anticipated	products	2,3-syn-107	in	high	yields	as	well	as	excellent	diastereoselectivity
(entries	7–12).



Table	10.4	Formation	of	Oxazolidinones	2,3-syn-107	and	2,3-syn-108	from	2,3-anti-106

Isolated	yield	of Anti:syn	of
Entry Substrate R (E):(Z)a 107	[108]	(%) 107	[108]b,c

Condition	Ad

1 (E)-anti-106b PhCH2CH2– 91:9 [31c] [70:30]

2 (E)-anti-106c C6H13– 88:12 [50c] [73:27]

3 (E)-anti-106de Ph– >99:1 Complex	mixture
4 (Z)-anti-106bf PhCH2CH2– 1:>99 [95] [1:>99]

5 (Z)-anti-106cf C6H13– 1:>99 [94] [1:>99]

6 (Z)-anti-106de Ph– 1:>99 [91] [1:>99]
Condition	Bd

7 (E)-anti-106b PhCH2CH2– 91:9 87 95:5

8 (E)-anti-106c C6H13– 88:12 83 92:8

9 (E)-anti-106de Ph– >99:1 62 >99:1
10 (Z)-anti-106bf PhCH2CH2– 1:>99 72 1:>99

11 (Z)-anti-106cf C6H13– 1:>99 68 1:>99

12 (Z)-anti-106de Ph– 1:>99 59 1:>99

a	(E):(Z)	ratios	of	compounds	2,3-anti-106	are	depicted.
b	Anti:syn	ratios	between	C-1	and	C-2.

c	Determined	by	19F	NMR.
d	A:	in	THF	for	1	h.	B:	in	MeOH	for	3	h.

e	An	(E),(Z)-mixture	of	2,3-anti-93d	was	chromatographically	separable	after	conversion	to	the	corresponding	carbamate,	2,3-
anti-106d.
f	Recrystallization	of	these	substrates	furnished	essentially	pure	(Z)-forms.

The	surprising	formation	of	2,3-syn-108	could	be	explained	mechanistically	as	depicted	in
Scheme	10.26.	Thus,	treatment	of	carbamates	2,3-anti-106	with	tert-BuOK	should	afford	the



anionic	intermediate	Int-18a,	and	its	protonation	by	the	solvent	or	upon	quenching	of	the
reaction	would	produce	2,3-syn-107,	which	was	the	case	under	conditions	B.	In	contrast,	in	an
aprotic	solvent	such	as	THF	(conditions	A),	the	anionic	species	should	survive	until	quenching
and	would	have	a	chance	to	attack	the	carbamate	carbonyl	carbon	atom	in	an	intramolecular
fashion,	enabling	conversion	to	the	electronically	more	stable	Int-19b,	possessing	the	negative
charge	on	an	oxygen	closer	to	the	CF3	group.

Scheme	10.26	Formation	of	CF3-containing	oxazolidinones	and	their	migration.

Substrates	(E)-anti-106	led	to	the	intermediate	Int-18a	with	substituents	at	C-2	and	C-3	in	a
trans	relationship,	and	the	corresponding	Int-19a	should	have	the	sterically	less	favorable	cis-
disposed	R	and	CF3CH(OH)	groups	at	C-1	and	C-2,	respectively.	In	these	cases,	in	spite	of	the
preference	for	Int-19a	from	an	electrostatic	point	of	view,	the	dominant	factor	was	apparently
sterics	so	that	the	less	crowded	Int-18a	was	favored,	resulting	in	anti,syn-107	as	the	major
products.	However,	starting	from	the	corresponding	(Z)-isomers,	the	C-1—C-2	trans	geometry
of	substituents	in	Int-19a	was	sterically	favorable,	furnishing	syn,syn-108	as	the	sole	products.
Independently,	we	verified	that	isolated	syn,syn-107b	was	cleanly	and	almost	quantitatively
transformed	to	syn,syn-108b	under	the	reaction	conditions,	but	this	was	not	the	case	for	the
diastereomeric	anti,syn-107d,	which	was	converted	into	the	totally	hydrolyzed	2-amino-1,3-
diol	in	70%	yield	instead	of	into	anti,syn-108d.



10.4	CONCLUSION
In	this	chapter,	the	Payne	rearrangement,	which	entails	transposition	of	the	2,3-epoxypropan-1-
ol	structure	1	(Scheme	10.1)	to	the	corresponding	1,2-epoxypropan-3-ol	counterpart	2,	has
been	examined	from	various	standpoints,	including	(1)	structural	and	mechanistic
characteristics	of	the	Payne	rearrangement,	(2)	possible	substrate	structures	required	for	this
conversion,	(3)	routes	used	to	access	the	rearrangement	substrates,	and	(4)	synthetic
applications	of	substrates	and	products	for	this	rearrangement.	Moreover,	on	the	basis	of	our
group's	previous	work,	utilization	of	the	Payne	rearrangement	was	also	demonstrated	for	the
construction	of	fluorine-containing	compounds,	and	relevant	results	from	other	research	groups
in	this	area	have	also	been	included.	It	is	our	hope	that	this	chapter	offers	insights	to	readers
for	approaching	related	synthetic	problems	and	for	discovering	new	and	efficient	routes	for
construction	of	useful	organic	compounds	via	the	Payne	rearrangement.
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CHAPTER	11
VINYLCYCLOPROPANE–CYCLOPENTENE
REARRANGEMENT

Ashish	Thakur	and	Janis	Louie
Department	of	Chemistry,	University	of	Utah,	Salt	Lake	City,	UT,	USA

11.1	INTRODUCTION
The	synthesis	of	useful	organic	motifs	via	molecular	rearrangement	of	strained	molecules
continues	to	be	an	area	of	profound	interest	to	synthetic	chemists.	The	strain	energy	of	a	variety
of	three-membered	carbocycles	has	been	utilized	to	develop	new	synthetic	transformations.1
One	of	the	important	reactions	that	has	been	explored	within	this	class	of	molecules	is	the
vinylcyclopropane	(VCP)–cyclopentene	(CP)	rearrangement,2	which	involves	the	formation	of
a	cyclopentene	ring	from	the	ring	expansion	of	the	VCP	via	C—C	bond	cleavage	(Scheme
11.1).

Scheme	11.1	VCP–CP	rearrangement.

Cyclopentene	motifs	are	present	in	a	number	of	biologically	active	molecules	and	natural
products	including	terpenes	and	prostaglandins.	As	such,	this	rearrangement	can	provide	rapid
access	to	these	cores	in	a	step-economical	process.2a,f	Additionally,	the	use	of	substituted
VCPs	allows	for	the	regio-	and	diastereoselective	synthesis	of	cyclopentene	building	blocks
that	can	be	subjected	to	postreaction	modification	to	access	variety	of	complex	molecular
architectures.2a,f,3	Finally,	the	introduction	of	heteroatoms	in	VCP	moiety	provides	the
opportunity	to	synthesize	heterocyclic	rings	that	are	present	in	a	variety	of	alkaloids,
terpenoids,	and	other	natural	products.1j,2f,4

Neureiter	first	discovered	this	rearrangement	reaction	in	1959	by	subjecting	1,1-dichloro-2-
vinylcyclopropane	to	pyrolysis	(>400	°C),	affording	4,4-dichlorocyclopentene	along	with
unidentified	chlorinated	hydrocarbons	(Scheme	11.2,	Eq.	1).5a	The	all-carbon	VCP–CP
rearrangement	was	discovered	independently	by	Vogel	and	by	Overberger	and	Borchert	in
1960	(Scheme	11.2,	Eq.	2),5b–d	although	two	heteroatom	variants	of	this	rearrangement,	a
cyclopropylimine–pyrroline	rearrangement5e	and	cyclopropylcarbaldehyde-2,3-dihydrofuran
rearrangement,5f	had	been	known	in	the	literature	for	a	few	decades	(Scheme	11.2,	Eqs.	3	and
4).



Scheme	11.2	Thermal	rearrangement	of	(1)	1,1-dichloro-2-VCP,	(2)	unsubstituted	VCP,	(3)
cyclopropylimine,	and	(4)	cyclopropylcarbaldehyde.

Since	the	discovery	of	the	carbon	VCP–CP	rearrangement,	tremendous	progress	has	been	made
in	this	field	using	thermal,	acid-mediated/catalyzed,	photochemical,	and	metal-catalyzed
reaction	conditions.	This	chapter	will	focus	on	the	developments	made	in	VCP–CP
rearrangements,	their	heteroatom-substituted	analogues,	and	the	application	of	these
rearrangements	in	syntheses.

11.2	THERMAL	VCP–CP	REARRANGEMENT
Despite	the	early	discovery	of	a	thermal	VCP–CP	rearrangement	in	1959,	the	harsh	reaction
conditions	required	for	the	reaction	significantly	hampered	its	potential	as	a	useful	synthetic
method.	Corey	and	Walinsky	reported	in	1972	that	the	introduction	of	a	dithiane	group	on	the
cyclopropyl	ring	of	the	VCP	enabled	its	rearrangement	to	cyclopentene	product	at	a
significantly	lower	temperature	(200	°C)	and	in	high	yields	(Scheme	11.3).6

Scheme	11.3	Thermal	rearrangement	of	1,3-dithiane-substituted	VCPs.

In	1973,	Richey	and	Simpson	discovered	that	the	presence	of	methoxy	and	phenyl	substituents
on	the	cyclopropyl	ring	of	the	VCP	lowered	the	activation	energy	for	this	process	by	5–11



kcal/mol,	thereby	facilitating	the	rearrangement	at	220	°C.7	Trost	and	Bogdanowicz	observed	a
similar	effect,	lowering	the	activation	energy	by	the	use	of	siloxy-substituted	VCPs	to	afford
synthetically	useful	cyclopentene	products	in	excellent	yields	(Scheme	11.4).8a

Scheme	11.4	Thermal	rearrangement	of	siloxy-substituted	VCPs.

The	Trost	group	successfully	extended	this	concept	to	include	the	rearrangement	of	thioether-
substituted	VCPs,	which	are	more	readily	synthesized,	affording	a	variety	of	cyclopentenes
with	a	broader	substrate	scope	(Scheme	11.5).8b

Scheme	11.5	Thermal	rearrangement	of	thioether-substituted	VCPs.

Interestingly,	the	thermal	rearrangement	of	a	thioether–VCP	containing	a	tert-butyl	cyclohexene
1	proceeded	in	a	stereoselective	fashion	to	form	the	annelated	cyclopentene	ring	2	in	high	yield



with	an	equatorial	stereochemistry	at	the	migration	terminus	(Scheme	11.6).8b	The
stereochemical	outcome	of	this	rearrangement	could	be	rationalized	by	the	fact	that	the
formation	of	an	equatorial	bond	at	the	migration	terminus	would	allow	the	six-membered	ring
to	be	in	a	more	favorable	chair	conformation,	whereas	axial	bond	formation	would	force	the
six-membered	ring	to	adopt	an	unfavorable	twist	boat	conformation.

Scheme	11.6	Stereoselective	thermal	rearrangement	of	thioether-VCP	1.

Although	the	previously	mentioned	heteroatom-substituted	VCPs	(see	Schemes	11.3–11.6)
underwent	conversion	to	cyclopentenes	at	somewhat	lower	temperatures	than	the	original
chloro-substituted	and	all-carbon	systems,	lowering	reaction	temperatures	even	further	would
make	the	rearrangement	synthetically	more	useful.	The	Danheiser	group	demonstrated	a
significant	rate	enhancement	of	the	VCP–CP	rearrangement	by	the	use	of	lithium	salts	of
vinylcyclopropanols.	Cyclopentenol	formation	proceeded	effectively	at	room	temperature	in
low	to	excellent	yields	(Scheme	11.7).9

Scheme	11.7	Thermal	rearrangement	of	lithium	salts	of	vinylcyclopropanols.

Larsen	et	al.	reported	an	interesting	way	of	synthesizing	cyclopentenes	from	dihydrothiopyrans
I	(Scheme	11.8),	that	involved	rearrangement	of	highly	activated	VCPs	III,	as	one	of	the
possible	route	to	the	product.	The	hetero	Diels–Alder	cycloadducts	I	were	deprotonated	at	α-
position	to	sulfur-forming	carbanion	intermediates	II	that	can	undergo	either	1,2-addition	or
1,4-addition	to	the	thioaldehyde.10a,b	1,2-Addition	followed	by	methylation	with	CH3I	would
directly	result	in	the	cyclopentene	product	IV,	whereas	1,4-addition	would	lead	to	an
intermediate	VCP	III,	that	could	undergo	rearrangement,	followed	by	methylation	to	form
cyclopentene	IV.	Remarkably,	the	rearrangement	occurred	at	−78	°C,	affording	a	variety	of
cyclopentenes	in	good	to	excellent	yields	with	high	diastereoselectivity.	Additionally,
cyclopentene-containing	contiguous	quaternary	centers	5	were	synthesized	using	this



methodology.

Scheme	11.8	In	situ	generation	of	activated	VCPs	from	dihydrothiopyrans	and	their	thermal
rearrangement.

The	Hudlicky	group	also	took	advantage	of	anion-accelerated	VCP–CP	rearrangements	by
treating	(siloxyvinyl)cyclopropanes	to	the	tetra-butylammonium	fluoride	(TBAF)	or
trimethylsilyl	iodide	in	the	presence	of	hexamethyldisilazane	(TMSI/HMDS).	These	conditions
promoted	rearrangement	to	form	[5–5]	and	[5–6]	annulated	cyclopentenes	at	low	temperatures
with	high	selectivities	(Scheme	11.9).11



Scheme	11.9	TBAF	or	TMSI-promoted	rearrangement	of	(siloxyvinyl)cyclopropanes.

11.3	ACID-MEDIATED	VCP–CP	REARRANGEMENT
VCPs	bearing	acceptor	groups	on	the	cyclopropyl	ring	can	be	activated	by	acid,	resulting	in
cleavage	of	the	cyclopropyl	ring	to	form	zwitterionic	species	that	ultimately	collapse	to	form
cyclopentenes.	In	1986,	Suzukamo's	group	reported	that	2-styrylcyclopropanecarbonyl
chlorides	undergo	BBr3-catalyzed	isomerization	to	form	substituted	cyclopentenes	at	room
temperature	in	good	yields.	The	reaction,	however,	had	a	limited	substrate	scope,	and	only
VCPs	having	electron-rich	phenyl	groups,	for	example,	9,	rearranged	to	give	substituted
cyclopentenes	10	(Scheme	11.10).12

Scheme	11.10	BBr3-catalyzed	rearrangement	of	2-styrylcyclopropanecarbonyl	chlorides.

Davies	and	coworkers	developed	a	Et2AlCl-promoted	stereoselective	rearrangement	of
donor–acceptor	VCPs	VI,	which	were	synthesized	by	the	Rh2(Oct)4-catalyzed
cyclopropanation	of	ethyl	vinyl	ethers	IV,	using	vinyldiazoesters	V	(Scheme	11.11).	This
process	led	to	highly	substituted	cyclopentenes	in	good	to	excellent	yields.13a



Scheme	11.11	Rh-catalyzed	stereoselective	synthesis	of	VCPs	and	their	Et2AlCl-promoted
rearrangement.

This	methodology	has	a	broad	substrate	scope,	and	both	monocyclic	and	bicyclic	VCPs	were
successfully	isomerized	to	the	corresponding	cyclopentenes	with	excellent	diastereoselectivity.
Interestingly,	Davies's	group	discovered	that	these	VCP	rearrangements	are	highly	dependent
on	the	nature	of	the	ester	group	on	the	cyclopropyl	ring.	While	the	methylester	group	remained
intact	in	the	Lewis	acid-mediated	ring	opening	of	methylester-substituted	VCPs	VI	(Scheme
11.11),	the	rearrangement	of	corresponding	tert-butylester	containing	VCP	11	afforded
butyrolactone	(E)-12	in	good	yield	(Scheme	11.12).13b

Scheme	11.12	BBr3-mediated	rearrangement	of	tert-butylester-substituted	VCP.

This	divergent	outcome	in	the	case	of	tert-butyl	containing	VCP	11	was	rationalized	by	the



formation	of	an	intermediate	vinylcyclopropyl	carboxylic	acid	VIII	due	to	the	labile	nature	of
tert-butyl	group	under	Lewis	acidic	conditions.	This	carboxylic	acid	would	then	undergo	a
proton	transfer-induced	ring	opening	to	form	a	zwitterionic	intermediate	IX	that	would
collapse	to	yield	the	corresponding	butyrolactone	X	(Scheme	11.13).13b

Scheme	11.13	Mechanistic	hypothesis	for	the	rearrangement	of	tert-butylester-substituted	VCP
to	form	butyrolactone.

Davies's	group	also	extended	this	methodology	toward	the	asymmetric	syntheses	of	substituted
cyclopentenes.	Although	chiral	monocyclic	VCPs	isomerized	to	racemic	cyclopentenes	under
the	reaction	conditions,	the	use	of	fused	chiral	VCPs	led	to	the	products	in	high	yields	with
excellent	enantioselectivity	(Scheme	11.14).13c

Scheme	11.14	Et2AlCl-promoted	rearrangement	of	chiral	monocyclic	and	bicyclic	VCPs.

In	2009,	Lambert	reported	a	mild,	efficient,	and	stereoselective	synthesis	of	fused
cyclopentenes	via	MgI2-promoted	isomerization	of	activated	VCPs.14	The	VCPs	were
prepared	by	Pd-catalyzed	cyclopropanation	of	1,3-dienyl	β-ketoesters	in	moderate	to	high
yields	and	good	diastereoselectivities.	Typical	standard	reaction	conditions	for	the	VCP–CP
rearrangement	(i.e.,	pyrolysis,	transition	metal	catalysis,	standard	Lewis	acid	catalysis)	were
found	to	be	ineffective	for	these	substrates.	However,	the	use	of	1.5	equiv.	of	MgI2	led	to
complete	conversion,	providing	bicyclic	cyclopentenes	in	high	yields	(Scheme	11.15).



Scheme	11.15	Pd-catalyzed	cyclopropanation	of	1,3-dienyl	β-ketoesters	to	form	VCPs	and
their	subsequent	MgI2-promoted	rearrangement.

11.4	MECHANISMS
11.4.1	Mechanism	of	the	Thermal	Vinylcyclopentene	Rearrangement
Thermal	VCP–cyclopentene	rearrangements	are	generally	believed	to	operate	by	two	different
mechanistic	pathways.2a–c,e	The	first	of	these	involves	the	homolytic	fission	of	the	cyclopropyl
ring	to	generate	a	biradical	species,	which	then	recombines	to	form	the	cyclopentene	ring.	The
second	mechanistic	alternative	involves	a	concerted,	orbital	symmetry-controlled	process	to
form	the	cyclopentene	ring	(Scheme	11.16).



Scheme	11.16	Mechanistic	pathways	for	thermal	VCP–cyclopentene	rearrangement.

The	activation	energy,	Ea,	of	the	thermal	parent	VCP–CP	rearrangement	is	approximately	50
kcal/mol	and	is	 13	kcal/mol	less	than	the	activation	energy	required	for	the	cis–trans
isomerization	of	the	1,2-d2-cyclopropanes.2a–c,e	Interestingly,	the	realization	that	the	resonance
energy	of	the	allyl	radical	(about	13	kcal/mol)	might	contribute	to	lowering	the	Ea	for	this
rearrangement	led	to	the	proposal	of	the	diradical	pathway.2a–c,e	Furthermore,	substituents	on
the	cyclopropyl	ring	appear	to	lower	the	activation	barrier	for	this	rearrangement,	which
provides	support	for	the	diradical	mechanism.	Specifically,	the	Ea	values	determined	for	the
thermal	rearrangement	of	various	trans-C2-substituted	VCPs	suggest	that	the	reaction	might
follow	a	diradical	pathway	along	which	heteroatom	substituents	stabilize	the	radicals,	leading
to	a	lower	activation	energy	(Scheme	11.17).15

Scheme	11.17	Activation	energy	(Ea)	values	for	trans-C2-substituted	VCPs.

Despite	these	data,	the	high	level	of	stereoselectivity	usually	observed	in	the	rearrangement	of
enantiopure	VCPs	suggests	that	the	concerted,	symmetry-controlled	pathway	might	be
operational	as	well.2a,c,e	For	example,	Baldwin's	group	reported	that	the	rearrangement	of
trans-methyl-substituted	VCP	led	to	four	different	stereoisomeric	cyclopentene	products.	The



two	trans	products,	13	and	14,	are	symmetry-allowed	and	their	formation	is	indicative	of	the
concerted	symmetry-allowed	pathway	being	operational	in	this	reaction.	However,	the
formation	of	symmetry-forbidden	cis	products	15	and	16	could	be	the	result	by	the	stepwise
diradical	mechanism	(Scheme	11.18).16

Scheme	11.18	Formation	of	four	stereoisomeric	products	from	the	thermal	rearrangement	of
trans-methyl-substituted	VCP.

Since	this	report	in	1976,	numerous	studies	of	stereoselective	ring	opening	reactions	of
variously	substituted	and	enantioenriched	VCPs	have	been	reported.2c,e	The	formation	of
different	stereoisomeric	cyclopentene	products	suggests	that	the	mechanism	of	the
rearrangement	might	involve	both	the	concerted	and	diradical	pathways	to	different	extents,
depending	upon	the	nature	of	substituents	and	their	precise	orientation	on	the	corresponding
VCP.2c,e

Interestingly,	in	the	case	of	the	anion-accelerated	vinylcyclopentane–CP	rearrangement,9–11,	17a
the	involvement	of	ylide	or	1,3-zwitterionic	intermediates	may	facilitate	the	process	at	low
temperatures	and	in	a	stereoselective	manner.	For	example,	Takeda	proposed	that	the
rearrangement	of	vinylcyclopropylacetates	17	using	MeLi	might	involve	the	formation	of	a
silyl-stabilized	carbanion	19	which	either	cyclizes	to	form	the	cyclopentene	product	or	is
protonated	to	form	the	acyclic	ketone	product	(Scheme	11.19).17b

Scheme	11.19	Mechanism	of	MeLi-promoted	rearrangement	of	vinylcyclopropylacetates.



11.4.2	Mechanism	of	the	Acid-Mediated	VCP–CP	Rearrangement
The	general	mechanism	of	acid-promoted/catalyzed	isomerization	of	activated	VCPs	to
cyclopentenes	is	shown	in	Scheme	11.20.	The	initial	activation	of	the	acceptor	group	on	the
cyclopropyl	ring	by	acid	leads	to	cleavage	of	the	cyclopropyl	ring	to	form	a	zwitterionic
intermediate,	which	eventually	collapses	to	form	the	cyclopentene	ring.12,	18a

Scheme	11.20	Mechanism	of	Lewis-acid	mediated/catalyzed	rearrangement	of	activated
VCPs.

Another	mechanistic	possibility	that	has	been	proposed	with	MgI2-	and	LiI-promoted
annulations	of	β-ketoester	cyclopropanes	22	involves	the	bis-coordination	of	the	β-ketoester
group	to	magnesium	followed	by	homoconjugate	addition	of	iodide	ion	to	the	VCP,	forming	an
allyl	iodide	intermediate	23.14,18b	The	(E)-isomer	of	this	intermediate	can	only	revert	back	to
the	VCP	via	an	SN2′	pathway,	whereas	the	(Z)-isomer	would	undergo	intramolecular	SN2
alkylation	to	afford	the	fused	cyclopentene	product	(Scheme	11.21).

Scheme	11.21	Mechanism	of	MgI2-promoted	rearrangement	of	fused	VCPs.

For	donor–acceptor	VCPs,	the	acid-mediated	mechanism	involves	initial	activation	of	the
acceptor	group,	followed	by	donor	group-assisted	cyclopropyl	ring	opening	to	form	a
zwitterionic	intermediate,	which	recloses	to	give	the	cyclopentene	ring.	(Scheme	11.22).1d,13a–
c,18c



Scheme	11.22	Mechanism	for	the	Lewis-acid	promoted	rearrangement	of	donor-acceptor
VCPs.

11.5	HETEROATOM-CONTAINING	ANALOGUES	OF	THE
VCP–CP	REARRANGEMENT
Heterocyclic	variants	of	VCP–CP	rearrangement	have	also	been	explored	to	synthesize	five-
membered	heterocyclic	rings,	although	to	a	lesser	extent	than	their	carbocyclic	counterparts.
The	ring	expansion	of	vinylaziridines	to	pyrroline	products	was	reported	independently	by
Atkinson	and	Rees	in	1967	and	by	Lwowski	and	coworkers	in	1968,19a,b	whereas	the
corresponding	thermal	rearrangement	of	vinyloxiranes	to	dihydrofurans	was	disclosed	by
Paladini	and	Chuche	in	1971	(Scheme	11.23).19c

Scheme	11.23	Thermal	rearrangement	of	vinyl	aziridines	and	vinyl	oxiranes.

Some	of	the	most	extensive	efforts	in	this	area	have	come	from	Hudlicky's	laboratory,
including	an	elegant	strategy	to	synthesize	pyrrolizidine	alkaloids	by	the	pyrolysis	of
vinylaziridines,	which	were	prepared	via	the	decomposition	of	conjugated	azidodienes	as
shown	in	Scheme	11.24.20a,b

Scheme	11.24	Synthesis	of	fused	vinyl	aziridine	and	its	thermal	rearrangement.



However,	as	illustrated	in	Scheme	11.24,	this	method	was	limited	to	the	use	of	linearly
conjugated	azidodienes	and	required	harsh	pyrolytic	conditions	for	the	rearrangement.	To
extend	upon	this	existing	strategy	for	cross-conjugated	azidodienes,	Hudlicky	et	al.	developed
a	TMSI-mediated	ring	expansion	of	vinylaziridines,	which	afforded	the	annulated	pyrrolines	in
high	yield	under	mild	conditions	(Scheme	11.25).20c

Scheme	11.25	TMSI-promoted	rearrangement	of	vinyl	aziridines.

The	analogous	vinyloxirane–dihydrofuran	rearrangement	has	also	been	developed.21a,b
Hudlicky	et	al.	reported	the	thermal	decomposition	of	vinyloxiranes,	which	were	prepared	by
low-temperature	addition	of	the	lithium	dienolate	of	ethyl-2-bromocrotonate	to	aldehydes.
Subsequent	pyrolytic	rearrangement	afforded	the	corresponding	2,3-dihydrofurans	in	variable
yields	(Scheme	11.26).21c,d

Scheme	11.26	Synthesis	of	vinyl	oxiranes	and	their	thermal	rearrangement.

Steel	and	coworkers,	meanwhile,	disclosed	the	ring	expansion	of	chiral	auxiliary-bound
vinyloxirane	25	to	afford	the	substituted	2,5-dihydrofurans	26–28	in	modest
diastereoselectivity.	Interestingly,	the	diastereoselectivity	obtained	in	the	reaction	was	found	to
be	independent	of	the	cis–trans	ratio	of	the	vinyloxirane	and	depends	only	on	the	chiral
auxiliary	used	(Scheme	11.27).21e



Scheme	11.27	Thermal	rearrangement	of	chiral	auxiliary-bound	vinyloxirane.

11.5.1	Mechanism
The	heteroatom	variants	of	the	VCP–CP	rearrangement	generally	operate	either	by	a
zwitterionic	or	a	diradical-type	mechanism.	The	zwitterionic	mechanism	is	more	common	and
involves	the	heteroatom-assisted	C—C	cleavage	of	the	three-membered	ring	to	form	an	ylide,
which	undergoes	electrocyclic	ring	closure	to	form	the	product	(Scheme	11.28,	Eq.
1).20a,b,21a,b,22a,b	Alternatively,	the	three-membered	ring	can	undergo	homolytic	fission	to	form	a
diradical	species	that	will	recombine	to	form	the	five-membered	product	(Scheme	11.28,	Eq.
2).19a,20a–22c

Scheme	11.28	The	two	mechanistic	pathways	for	the	rearrangement	of	heteroatom-variants	of
VCPs.

In	contrast,	the	mechanism	of	LiI	or	TMSI-mediated	hetero-VCP–CP	rearrangement	involves



the	nucleophilic	ring	opening	followed	by	ring	closure	to	form	the	product	(Scheme
11.29).20a,c,22d

Scheme	11.29	Mechanism	of	LiI	or	TMSI-mediated	rearrangement	of	heteroatom-variants	of
VCPs.

11.6	APPLICATIONS	IN	SYNTHESIS
The	VCP–CP	rearrangement	has	been	utilized	extensively	to	synthesize	a	variety	of	natural
products	and	biologically	active	molecules.	Trost	et	al.	applied	the	siloxy-accelerated	VCP–
CP	rearrangement	developed	in	their	laboratory	for	the	total	synthesis	of	the	antibiotic
aphidicolin.23a	The	tricyclic	core	of	the	molecule	was	synthesized	using	the	late-stage	flash
vacuum	pyrolysis	(FVP)	of	the	corresponding	siloxy-substituted	VCP	30	(Scheme	11.30).	The
resulting	annulated	cyclopentene	product	31	was	formed	in	excellent	yield,	however,	as	a	2:1
mixture	of	epimers	at	C-8	with	undesired	epimer	as	the	major	product.	In	order	to	obtain	the
desired	epimer	as	major	isomer,	Trost	group	subjected	the	epimeric	mixture	31	to	Saegusa–Ito
oxidation,	affording	enone	32.	Birch	reduction	of	enone	32	followed	by	silylation	afforded	the
desired	enol	silane	33,	as	a	single	diastereomer	and	was	rapidly	converted	in	a	few	steps	to
the	complex	natural	product	(Scheme	11.30).



Scheme	11.30	Trost's	synthesis	of	aphidicolin	involving	the	thermal	rearrangement	of	VCP	30
as	the	key	step.

Hudlicky's	group	applied	the	VCP–CP	rearrangement	to	the	synthesis	of	a	variety	of	complex
natural	products.	For	example,	their	total	synthesis	of	the	terpenoid	(±)-hirsutene	utilized	the
thermal	rearrangement	of	activated	VCP	34	to	diastereoselectively	form	the	advanced	tricyclic
core	35	of	the	molecule	(Scheme	11.31).23b



Scheme	11.31	Hudlicky's	total	synthesis	of	(±)-hirsutene	utilizing	the	thermal	rearrangement	of
fused	VCP	34.

Hudlicky	and	coworkers	also	reported	an	elegant	synthesis	of	the	iridoid	sesquiterpene	(−)-
specionin,	by	utilizing	the	low-temperature	anion-accelerated	VCP–CP	rearrangement
developed	in	their	lab.	The	precursor	siloxyvinylcyclopropane	38	was	synthesized	as	a
mixture	of	exo/endo	isomers	by	the	cyclopropanation	of	substituted	cyclopentenone	36	with	the
lithium	dienolate	37	derived	from	4-(dimethyl-tert-butylsiloxy)-2-bromocrotonate	(Scheme
11.32).	Rearrangement	of	the	diastereomeric	VCP	substrates	was	achieved	by	the	use	of
TMSI/HMDS	at	−78	°C	to	afford	the	tricyclic	ketone	in	high	yield	as	a	mixture	of
diastereomers,	which	was	then	converted	to	the	natural	product.23



Scheme	11.32	Hudlicky's	synthesis	of	sesquiterpene	(−)-specionin	involving	the	TMSI-
promoted	rearrangement	of	fused	siloxy	VCP	38.

Corey	and	Kigoshi	disclosed	the	total	synthesis	of	the	major	antheridiogen	from	Anemia
phyllitidis	(+)-antheridic	acid	by	applying	the	Lewis	acid-mediated	VCP–CP	rearrangement.
The	VCP	substrate	41,	synthesized	using	a	Cu(II)-catalyzed	intramolecular	cyclopropanation	of
diazoacetic	ester	40	was	subjected	to	Et2AlCl-promoted	rearrangement,	affording	the	highly
functionalized	cyclopentene	41.	The	thermal	reaction	conditions,	however,	were	found	to	be
ineffective	for	this	key	transformation	(Scheme	11.33).23d



Scheme	11.33	Corey's	synthesis	of	(+)-antheridic	acid	involving	the	Et2AlCl-promoted
rearrangement	of	highly	functionalized	VCP	41.

Somfai's	group	demonstrated	the	use	of	a	LiI-promoted	vinylaziridine-3-pyrroline
rearrangement	in	the	formal	synthesis	of	the	antibiotic	(−)-anisomycin.23e	The	commercially
available	2-(4-methoxyphenyl)acetaldehyde	43	was	subjected	to	Brown	allylation	followed	by
aminolysis	of	the	resulting	chlorohydrin	to	afford	the	enantioenriched	aminoalcohol	44
(Scheme	11.34).	The	enantiopure	cis-vinylaziridine	45	was	then	prepared	by	O-	and	N-
tosylation	of	the	chiral	aminoalcohol	followed	by	KOH-promoted	ring	closure.	Microwave-
assisted	rearrangement	of	vinylaziridine	45	using	LiI	as	an	additive	afforded	enantioenriched
3-pyrroline	46	in	excellent	yield,	and	this	was	converted	to	the	natural	product	in	several	steps
(Scheme	11.34).23e



Scheme	11.34	Somfai's	synthesis	of	(−)-anisomycin	utilizing	a	LiI-mediated	vinylaziridine–
pyrroline	rearrangement.

In	2008,	Majetich	et	al.	reported	an	elegant	synthesis	of	diterpenoid	(−)-salviasperanol	by
utilizing	a	vinyloxirane–dihydrofuran	rearrangement	as	the	key	step.23f	The	vinyloxirane
precursor	was	prepared	by	subjecting	the	tricyclic	enone	47	to	asymmetric	CBS	reduction,
followed	by	the	hydroxyl-directed	m-CPBA	epoxidation	(Scheme	11.35).



Scheme	11.35	Majetich's	synthesis	of	(−)-salviasperanol	involving	a	TFA-catalyzed
vinyloxirane–dihydrofuran	rearrangement.

The	acid-sensitive	hydroxyl	group	was	protected	as	an	O-thiocarbamate,	and	treatment	of	the
resulting	vinyloxirane	49	with	catalytic	amounts	of	trifluoroacetic	acid	(TFA)	afforded	the
substituted-dihydrofuran	derivative	50	in	high	yield.	Free-radical	deoxygenation	followed	by
the	cleavage	of	the	methyl	ethers	completed	the	synthesis.

11.7	PHOTOCHEMICAL	VCP–CP	REARRANGEMENT
Two	years	after	the	discovery	of	the	parent	thermal	VCP–CP	rearrangement	in	1960,	Frey
observed	the	first	photochemical	version	of	this	process.24	Since	then,	appreciable	efforts	have
been	made	to	investigate	the	photochemical	behavior	of	VCPs	and	to	apply	these	processes	in
synthesis.25	The	absorption	maxima	for	the	π	→	π*	olefin	band	in	the	parent	VCP	has	been	192
nm,	which	clearly	indicates	the	requirement	of	additional	chromophores	for	its	excitement	in
the	more	accessible	UV/Vis	region.2a,b,26	The	photochemical	VCP–CP	rearrangement	can	be
achieved	by	both	direct	and	sensitized	methods.	Direct	irradiation	of	VCPs	having	additional
chromophores	results	in	relatively	low-energy	n	→	π*	excitations	and,	therefore,	is	more



selective	for	cyclopentene	formation.	In	the	case	of	sensitized	irradiations,	the	energy	of	the
generated	triplet	species	(ET	 	80	kcal/mol)	is	quite	high	compared	to	the	activation	energy	for
VCP–CP	rearrangement	(Eact	 	50	kcal/mol);	therefore,	these	processes	are	usually	less
selective	and	result	in	a	mixture	of	products.2a,b

In	1970,	Cooke	reported	an	example	of	isomerization	of	isopropenylcyclopropane	to
methylcyclopentene	upon	direct	irradiation	in	hexane	(Scheme	11.36).27a	The	rearrangement
presumably	occurs	from	the	singlet	excited	state	of	the	isopropenylcyclopropane,	as
photosensitized	conditions	using	acetone,	benzene,	or	naphthalene	as	triplet	sensitizers	were
either	found	to	be	ineffective	or	produced	only	a	trace	amount	of	methylcyclopentene	under
reaction	conditions	(Scheme	11.36).

Scheme	11.36	Photochemical	rearrangement	of	isopropenylcyclopropane	to	methyl-
cyclopentene.

Paquette	et	al.	demonstrated	the	use	of	both	direct	and	sensitized	reaction	conditions	to
synthesize	[5,5]-ring-fused	cyclopentenes	in	good	yields	by	the	rearrangement	of	bicyclic
VCPs.	The	high	yield	obtained	using	acetone	as	a	photosensitizer	suggests	that	the
rearrangement	proceeds	efficiently	via	triplet	excited	state	of	the	corresponding	VCP	(Scheme
11.37).27b

Scheme	11.37	Photochemical	rearrangement	of	bicyclic	VCP	under	both	direct	and	sensitized
conditions.

Farneth's	group	used	infrared	multiphoton	irradiation	of	VCP	with	a	CO2–TEA	(transversely
excited	atmospheric)	laser	to	form	cyclopentene	in	low	yield	( 32%).	Unfortunately,	the
remainder	of	the	VCP	isomerized	to	a	mixture	of	cyclic	and	acyclic	dienes.27c,d

Sonawane's	group,	meanwhile,	disclosed	the	photosensitized	irradiation	of	carene-derived
VCPs	to	[4,5]-ring-fused	cyclopentenes	using	toluene	as	a	photosensitizer.	A	variety	of	VCPs



were	applied	to	afford	enantiopure	cyclopentenes	in	high	yields	and	moderate
diastereoselectivities.	Direct	irradiation,	however,	did	not	result	in	cyclopentene	formation
(Scheme	11.38).28a

Scheme	11.38	Photochemical	rearrangement	of	fused	VCPs	under	photosensitized	condtions.

Armesto	et	al.	studied	the	photochemical	rearrangement	of	1-substituted-3-(2,2-
diphenylvinyl)-2,2-dimethylcyclopropanes	under	both	triplet-sensitized	irradiation	as	well	as
direct	irradiation	conditions.	Unfortunately,	the	majority	of	the	VCP	starting	materials	were
recovered	as	mixtures	of	cis–trans	stereoisomers,	and	only	low	yields	of	cyclopentene
products	were	obtained	(Scheme	11.39,	Eq.	1).28b



Scheme	11.39	Photochemical	rearrangement	of	(diphenylvinyl)cyclopropanes	under	both
direct	and	sensitized	conditions.

Interestingly,	direct	irradiation	of	ester-	or	carboxylic	acid-bearing	VCP	afforded	five-
membered	lactones	in	low	yields	with	unreacted	VCP	(Scheme	11.39,	Eq.	2).	Formation	of	the
cyclic	lactone	was	presumably	due	to	resonance	delocalization	of	the	biradical	intermediate
into	the	carbonyl	group,	revealing	an	O-centered	radical	species	53,	which	recombines	to
afford	dihydrofuran	54.	This	dihydrofuran	undergoes	addition	of	water,	followed	by
elimination	of	alcohol,	to	yield	the	cyclic	lactone	product	56	(Scheme	11.40).28b

Scheme	11.40	Mechanistic	rationale	for	cyclic	lactone	formation	from	the	photochemical
rearrangement	of	ester-	or	carboxylic	acid-bearing	VCP.

The	photochemical	route	has	also	been	applied	to	a	heterocyclic	variant	of	the	VCP–CP
rearrangement.	Campos's	group	reported	an	efficient	method	to	synthesize	pyrrolines	by	the



direct	irradiation	of	N-cyclopropylimines	in	acetonitrile	(Scheme	11.41).	A	variety	of	imines
containing	both	alkyl	and	aryl	groups	underwent	smooth	ring	expansion	to	yield	pyrrolines	57–
62	in	high	yields.	The	reaction	is	also	regioselective	as	2-phenyl-substituted	imine	undergoes
selective	C1—C2	bond	cleavage	to	afford	pyrroline	61	as	a	single	regioisomer	(Scheme
11.41).2

Scheme	11.41	Photochemical	rearrangement	of	N-cyclopropylimines	under	direct	sensitized
conditions.

11.7.1	Mechanism
The	mechanism	of	the	majority	of	photo	VCP–CP	rearrangements	involves	the	formation	of
diradical	intermediates,	although	the	involvement	of	zwitterionic	species	has	also	been
proposed	for	highly	activated	VCPs.2a,b	These	diradical	or	zwitterionic	intermediates
photochemical	rearrangements	can	take	place	from	either	singlet	or	triplet	excited	states.	As	an
example,	the	mechanism	of	photochemical	cyclopropylimine–pyrroline	rearrangement	has	been
investigated	both	experimentally	and	computationally.29,	30	Direct	irradiation	of	N-
cyclopropylimine	promotes	it	to	a	singlet	excited	state	S2,	corresponding	to	the	π	→	π*
electronic	transition.	This	excited	state	molecule	relaxes	by	undergoing	C—C	σ-bond	cleavage
of	the	cyclopropyl	ring	in	the	S2	state	and	decays	to	S1	excited	state.	Rotation	of	iminic	moiety
63	stabilizes	S1	state,	lowering	the	energy	barrier	between	S1	and	S0	and	ultimately	forms	the
photoproduct	in	ground	state	S0	(Scheme	11.42).	Additionally,	use	of	triplet	state	quenchers
such	as	molecular	oxygen	and	Z-piperylene	had	no	influence	on	the	reaction,	suggesting	that
only	singlet	transition	states	are	involved	in	this	photochemical	process.



Scheme	11.42	Diradical	mechanism	for	N-cyclopropylimine-pyrroline	rearrangement.

11.7.2	Applications	in	Synthesis
Due	to	the	relatively	high	energy	content	of	the	intermediates	involved	in	photochemical	VCP–
CP	reactions,	these	processes	are	often	less	selective	as	compared	to	their	thermal
counterparts	and,	therefore,	have	not	been	widely	utilized	for	natural	product	synthesis.2a,30
Nevertheless,	a	few	representative	examples	come	from	Sonawane's	group,	which	reported	the
synthesis	of	the	marine	natural	product,	Δ9(12)-(−)-capnellene	as	well	as	its	unnatural
enantiomer	Δ9(12)-(+)-capnellene,	by	utilizing	the	photochemical	VCP–CP	rearrangement.31a,b
The	enantiopure	VCP	precursor	66	was	synthesized	by	subjecting	(+)-Δ3-carene	65	to
epoxidation,	followed	by	base-promoted	ring	opening.	The	photosensitized	irradiation	of	the
VCP	66	led	to	a	mixture	of	two	diastereomeric	cyclopentene	products	(Scheme	11.43).	The
major	product	67	was	transformed	to	furnish	the	natural	product,	while	the	minor	diastereomer
68	led	to	the	capnellene	enantiomer.

Scheme	11.43	Sonowane's	synthesis	of	Δ9(12)-(−)-capnellene	utilizing	photochemical
rearrangement	of	VCP	66.

Sonawane	et	al.	further	utilized	the	photoinduced	VCP–CP	rearrangement	in	a	formal	synthesis
of	the	sex	pheromone	of	the	male	cotton	boll	weevil,	(±)-grandisol.31a,c	The	toluene-sensitized
irradiation	of	enantiopure	(+)-Δ2-carene	69	afforded	the	annulated	cyclopentene	(±)-72	in



good	yield,	but	with	a	complete	loss	of	optical	activity.	Racemization	en	route	to	substituted
cyclopentene	was	presumably	due	to	the	involvement	of	a	diradical	pathway,	which	was
supported	by	the	concomitant	loss	of	optical	rotation	in	the	unreacted	(+)-Δ2-carene.
Nevertheless,	the	cyclopentene	intermediate	(±)-72	obtained	in	the	rearrangement	could	be
converted	via	a	previously	reported	sequence	of	reactions	to	furnish	the	natural	product
(Scheme	11.44).

Scheme	11.44	Sonowane's	synthesis	of	(±)-grandisol	involving	the	photochemical
rearrangement	of	VCP	69.

11.8	METAL-CATALYZED	VCP–CP	REARRANGEMENT
One	of	the	most	significant	advances	in	VCP–CP	rearrangement	chemistry	has	been	the
discovery	of	metal	catalysts	that	allow	these	reactions	to	occur	under	particularly	mild
conditions.1j,2a,b,d,f	Although	a	number	of	metal-mediated	rearrangements	of	VCPs	(Rh,	Pd,	Ni,
Cu,	Cr,	Mo,	Fe)	have	been	developed	over	the	past	few	decades,	only	a	subset	of	these	metals
(Rh,	Pd,	Ni)	can	promote	these	processes	in	a	catalytic	manner.2d	Since	the	transition	metal-
promoted	rearrangements	have	been	thoroughly	reviewed,2a,b,d	this	section	will	cover	only	the
transition	metal-catalyzed	rearrangements	of	VCPs	and	their	heteroatom-substituted	analogues.

11.8.1	Rh-Catalyzed	VCP–Cyclopentene	Rearrangement
Only	a	few	reports	describing	the	Rh-catalyzed	VCP–CP	rearrangement	are	currently	in	the
literature.2d	Grigg	et	al.	developed	a	Rh(I)-catalyzed	rearrangement	of	9,9-bicyclononatriene
VCPs	to	form	the	cis-dihydroindene	product	predominantly.	However,	the	reaction	was	limited
to	the	use	of	activated	substrates,	that	is,	dienyl-	or	trienylcyclopropanes,	and	the	products
were	often	contaminated	with	low	amounts	of	unidentified	impurities	(Scheme	11.45).32a



Scheme	11.45	Rh(I)-catalyzed	rearrangement	of	9,9-bicyclononatrienes.

Saigo's	group	disclosed	the	Rh(I)-catalyzed	rearrangement	of	allenylcyclopropanes	to	form
methylenecyclopentene	products.	The	rearrangement	proceeded	smoothly,	affording
methylenecyclopentenes	74-a	and	74-b	in	high	yields	and	in	a	regioselective	manner	depending
on	the	nature	of	the	substituents	(Scheme	11.46).32b

Scheme	11.46	Rh(I)-catalyzed	rearrangement	of	allenylcyclopropanes.

Unfortunately,	the	majority	of	known	Rh(I)	catalysts	are	highly	active	for	the	isomerization	of
VCPs	to	dienes	rather	than	forming	cyclopentenes.32c,d

11.8.2	Mechanism
A	variety	of	stoichiometric	complexation	studies	on	Rh(I)-mediated	VCP–CP	rearrangements
as	well	as	divinylcyclopropane	rearrangements	have	been	reported.32c,33	In	addition,	some
proposed	reactive	intermediates	have	been	isolated	and	characterized.32a,33	Based	on	these
studies,	the	proposed	mechanism	involves	the	formation	of	an	η2-alkene	complex	75	(Scheme



11.47)	of	Rh	followed	by	oxidative	addition	to	form	a	η1-alkyl/η3-allyl-Rh	complex	77	either
directly	or	through	the	formation	of	an	intermediate	vinylmetallabutane	76.	The	η1-alkyl/η3-
allyl-Rh	complex	77	then	undergoes	rearrangement	and	reductive	elimination,	either	directly	or
via	a	metallacyclohexene	78,	to	form	a	π-complex	of	cyclopentene	79,	which	regenerates	the
Rh	catalyst	upon	release	of	the	cyclopentene	product.

Scheme	11.47	Mechanism	of	Rh-catalyzed	VCP-CP	rearrangement.

11.8.3	Pd-Catalyzed	VCP–Cyclopentene	Rearrangement
Oshima	and	coworkers	reported	the	use	of	catalytic	amounts	of	Pd(PPh3)4	to	effect	the
rearrangement	of	dienylcyclopropanes	to	vinylcyclopentene	products	in	high	yields.34a	The
reaction	was	amenable	to	the	use	of	both	cyclic	and	acyclic	dienylcyclopropanes.	However,
the	success	of	this	reaction	required	the	presence	of	dienyl	unit	as	well	as	two	electron-
withdrawing	groups	on	the	cyclopropane	ring	(Scheme	11.48).

Scheme	11.48	Pd(0)/PPh3-catalyzed	rearrangement	of	dienylcyclopropanes.

Hiroi	et	al.	developed	a	Pd-catalyzed	asymmetric	rearrangement	of	chiral



dienylcyclopropanes	that	were	synthesized	from	the	Horner–Wadsworth–Emmons	reaction	of
the	cyclopropylacrylaldehydes	and	phosphonates	bearing	a	chiral	sulfinyl	group.	The	reaction
afforded	vinylcyclopentenes	in	good	yield	and	high	diastereoselectivities.34b	Interestingly,	the
HPLC	analysis	of	the	recovered	starting	VCPs	before	the	completion	of	the	reaction	showed
that	the	asymmetric	carbon	center	on	VCP	remained	racemic	during	the	course	of	the	reaction.
This	observation	suggests	that	asymmetric	induction	in	product	does	not	result	from	the	kinetic
resolution	but	rather	from	the	direct	participation	of	the	chiral	sulfinyl	group	in	the	formation
π-allyl	palladium	complexes.	Unfortunately,	this	methodology	has	a	limited	substrate	scope	and
high	catalyst	loadings	and	activated	substrates	are	necessary	for	the	success	of	this	Pd-
catalyzed	reaction	(Scheme	11.49).

Scheme	11.49	Pd(0)/dppe-catalyzed	diastereoselective	rearrangement	of	dienylcyclopropanes
bearing	chiral	sulfinyl	group.

Recently,	in	2013,	Shanmugam's	group	reported	the	efficient	synthesis	of	3-spirocyclopentene-
2-oxindoles	by	Pd-catalyzed	rearrangement	of	3-vinylcyclopropane-2-oxindole	derivatives
(Scheme	11.50).34c	A	variety	of	VCPs	with	different	protecting	groups	on	the	indole	and
different	substituents	on	the	phenyl	ring	underwent	rearrangement	to	give	the
spirocyclopenteneoxindoles	as	single	diastereomers.	The	reaction,	however,	is	still	limited	to
activated	VCPs	and	requires	a	high	loading	of	Pd	catalyst.



Scheme	11.50	Pd(0)/PPh3-catalyzed	rearrangement	of	3-vinylcyclopropane-2-oxindoles.

11.8.4	Mechanism
The	proposed	mechanism	for	the	Pd(0)-catalyzed	VCP–CP	rearrangement	involves	the
nucleophilic	attack	by	Pd	on	vinyl	or	dienyl	unit	(Scheme	11.51),	resulting	in	the	cleavage	of
the	cyclopropyl	ring	and	forming	a	zwitterionic	intermediate	80	having	a	π-pentadienyl
palladium	along	with	a	stabilized	anion.	This	intermediate	undergoes	allylic	substitution	to
generate	the	vinylcyclopentene	product	and	the	Pd	catalyst.2d,34



Scheme	11.51	Mechanism	of	Pd(0)-catalyzed	rearrangement	of	dienylcyclopropanes.

11.8.5	Ni-Catalyzed	VCP–Cyclopentene	Rearrangement
A	variety	of	Ni	catalysts	have	been	reported	in	the	literature	to	effect	the	VCP–CP
rearrangement.	Murakami's	group	demonstrated	the	use	of	a	Ni(0)/P(t-Bu)3	catalyst35a	which
was	effective	only	with	activated	VCPs	bearing	dienyl	or	styrenyl	substituents.	The
isomerization	of	the	vinylcyclopentene	products	to	methylenecyclopentenes	was	also	observed
in	some	cases	under	the	reaction	conditions	(84a	and	84b,	Scheme	11.52).

Scheme	11.52	Ni(0)/P(t-Bu)3-catalyzed	rearrangement	of	activated	VCPs.

In	1994,	Ryu's	group	reported	the	Ni–phosphine	catalyzed	rearrangement	of	1-siloxy-
vinylcyclopropanes	to	the	corresponding	siloxycyclopentenes.35b	Although	this	methodology
provides	an	attractive	alternative	to	the	thermal	rearrangement	of	siloxy-VCPs,	there	is	a
limited	substrate	scope	and	relatively	high	temperatures	and	catalyst	loadings	are	required



(Scheme	11.53).

Scheme	11.53	Ni(0)/PR3-catalyzed	rearrangement	of	1-siloxy	VCPs.

In	2004,	our	research	group	disclosed	that	combinations	of	Ni(COD)2	with	highly	σ-donating
N-heterocyclic	carbene	(NHC)	ligands	effectively	catalyze	the	rearrangement	of	VCPs	to
cyclopentenes	under	mild	conditions	and	with	low	catalyst	loadings.35c	This	methodology	has
a	broad	substrate	scope,	as	a	variety	of	VCPs	bearing	electron-withdrawing	groups,
heteroatoms,	phenyl	groups,	and	even	simply	unactivated	alkyl	groups	underwent	smooth
rearrangement	to	afford	cyclopentene	products	in	excellent	yields	(Scheme	11.54).	The	success
of	this	methodology	is	believed	to	arise	from	the	highly	electron-rich	nature	of	Ni/NHC
catalyst,	which	would	facilitate	nucleophilic	attack	of	nickel	on	the	olefin	unit	of	VCP,	and
therefore,	cleave	the	cyclopropyl	ring.

Scheme	11.54	Ni(0)/IPr-catalyzed	rearrangement	of	activated	and	unactivated	VCPs.



11.8.6	Mechanism
For	dienylcyclopropanes,	the	proposed	mechanism	involves	the	formation	of	a	butadiene–
Ni(0)	complex	85	which	then	undergoes	cyclopropyl	ring	opening	to	form	a	σ,	π-allyl
intermediate	86.	This	complex	will	then	reductively	eliminate	to	form	the	cyclopentene	product
and	regenerate	the	catalyst	(Scheme	11.55).2d,35a

Scheme	11.55	Mechanism	for	Ni(0)-catalyzed	rearrangement	of	dienylcyclopropanes.

Our	recent	kinetic	and	computational	studies	for	the	Ni/IPr-catalyzed	VCP–CP	rearrangement36
suggest	that	the	VCP	undergoes	precomplexation	with	nickel	to	generate	η2-alkene	complex	87,
which	upon	oxidative	addition	yields	a	vinyl	nickellacyclobutane	88.	This	complex	rearranges
to	nickellacyclohexene	90	via	an	η1-alkyl,	η3-allyl-nickel	intermediate	89.	The
nickellacyclohexene	complex	then	undergoes	reductive	elimination	to	form	the	cyclopentene
product	through	a	π-cyclopentene	complex	of	nickel	91	(Scheme	11.56).



Scheme	11.56	Mechanism	for	Ni(0)/IPr-catalyzed	VCP-CP	rearrangement.

11.9	HETEROATOM	VARIANTS	OF	THE	METAL-
CATALYZED	VCP–CP	REARRANGEMENT
In	recent	years,	efficient	transition	metal-catalyzed	processes	have	been	developed	to
synthesize	five-membered	heterocycles	via	heteroatom-containing	analogues	of	the	VCP–CP
rearrangement.	In	2006,	Njardarson's	group	reported	an	efficient	Cu(hfacac)2	[hfacac	=
hexafluoroacetylacetonate]	catalyst	that	could	selectively	isomerize	vinyl	oxiranes	92	to	the
corresponding	2,5-dihydrofuran	products	93	while	avoiding	the	hydride-shift	pathway	to	form
β,γ-unsaturated	carbonyl	compounds	94	(Scheme	11.57).37a	Vinyl	oxiranes	with	a	variety	of
substitution	patterns	underwent	ring	expansion	to	dihydrofuran	products	in	a	highly	selective
manner.	The	reaction	is	also	amenable	to	the	use	of	fused	vinyloxiranes,	providing	oxabicyclic
products	in	high	yields	and	selectivity.



Scheme	11.57	Cu(hfacac)2-catalyzed	vinyloxirane-dihydrofuran	rearrangement.

Njardarson	and	coworkers	successfully	extended	this	methodology	to	rearrange	vinylthiiranes
to	2,5-dihydrothiophenes.37b	The	electrophilic	Cu(hfacac)2	catalyst	is	not	only	efficient	for
dihydrothiophene	formation	but	also	effective	for	suppressing	the	desulfurization	and	1,2-
dithiine	formation,	highly	competitive	pathways	that	are	usually	observed	with	vinylthiirane
substrates.	This	methodology	has	a	broad	substrate	scope,	and	substituted	2,5-
dihydrothiophenes	can	be	synthesized	in	good	to	excellent	yields	(Scheme	11.58).



Scheme	11.58	Cu(hfacac)2-catalyzed	vinylthiirane-dihydrothiophene	rearrangement.

The	same	catalytic	system	is	also	effective	for	the	rearrangement	of	vinylaziridines	to	3-
pyrrolines	(Scheme	11.59).37c	A	variety	of	monocyclic	as	well	as	bicyclic	tosyl-	or
phthalimido-protected	aziridines	were	efficiently	isomerized	to	substituted	pyrrolines	in
moderate	to	excellent	yields.



Scheme	11.59	Cu(hfacac)2-catalyzed	vinylaziridine-pyrroline	rearrangement.

Gratifyingly,	chiral	vinylaziridines	underwent	stereospecific	rearrangement	to	afford	the	chiral
3-pyrroline	products	in	high	yields	and	diastereoselectivities	(Scheme	11.60).37d

Scheme	11.60	Cu(hfacac)2-catalyzed	stereospecific	rearrangement	of	chiral	vinylaziridines.

11.9.1	Mechanism
The	proposed	mechanism	based	on	experimental	and	computational	studies	involves	the	bis-
coordination	of	the	substrate	(vinyloxirane,	vinylthiirane,	or	vinylaziridine)	to	the	Cu(hfacac)2
catalyst	resulting	in	the	formation	of	trans-octahedral-Cu(II)-complex	95	in	Scheme	11.61	(In
the	case	of	vinyloxirane	and	vinylthiirane,	O	and	S,	respectively,	will	coordinate	to	Cu).4,	38
This	complex	then	loses	a	hfacac	ligand	to	form	a	cationic	Cu(II)-complex	96,	which
undergoes	single-electron	transfer	(SET)	reduction	and	loss	of	substrate	molecule	to	generate
the	catalytic-active	Cu(I)	complex	97.	The	possible	reductant	in	this	mechanism	is	speculative
as	the	electron	could	come	from	Cu,	hfacac	ligand,	or	the	olefin	of	the	substrate.	The	Cu(I)
complex	undergoes	C—N	insertion	followed	by	allylic	transposition	to	form	Cu(III)	complex
99.	Reductive	elimination	gives	the	pyrroline	product	and	regenerates	Cu(I)	complex	97	upon



binding	of	another	substrate	molecule.

Scheme	11.61	Mechanism	of	Cu(hfacac)2-catalyzed	rearrangement	of	heteroatom-variant	of
VCP-CP	rearrangement.

11.9.2	Applications	in	Synthesis
Njardarson	and	coworkers	utilized	the	Cu-catalyzed	ring	expansion	of	thiiranes	developed	in
their	lab	as	the	key	step	in	syntheses	of	the	cores	of	Biotin	and	Plavix	(Schemes	11.62	and
11.63).37b	The	vinylthiirane	precursor	102	for	Biotin's	core	was	prepared	by	cross	metathesis
of	ethyl	6-heptenoate	100	with	enone	thiophosphate	101,	followed	by	selective	reduction	using
NaBH4	and	subsequent	cyclization	(Scheme	11.61).	Rearrangement	of	102	using	5	mol%
Cu(hfacac)2	in	benzene	afforded	dihydrothiophene	103	in	high	yield	and	can	be	converted	to
Biotin	in	a	few	steps	(Scheme	11.62).37b



Scheme	11.62	Njardarson's	synthesis	of	biotin	utilizing	a	Cu-catalyzed	vinylthiirane-
dihydrothiophene	rearrangement	as	the	key	step.

Scheme	11.63	Njardarson's	synthesis	of	dihydrothiophene	core	107	of	Plavix	using	a	Cu-
catalyzed	vinylthiirane-dihydrothiophene	rearrangement.

For	Plavix	core,	aldehyde	104	was	converted	to	an	epoxide	105	using	chloroiodomethane	and
n-BuLi,	followed	by	its	treatment	with	potassium	thiocyanate	to	give	vinyl	thiirane	106.	Ring
expansion	of	106	was	achieved	by	heating	with	5	mol%	Cu(hfacac)2	in	benzene,	to	afford
dihydrothiophene	core	107,	which	can	be	transformed	to	Plavix	by	a	previously	reported
procedure	(Scheme	11.63).37b

The	Cu(hfacac)2-catalyzed	stereoselective	rearrangement	of	vinyl	oxiranes	to	2,5-
dihydrofurans	was	successfully	applied	by	Njardarson's	group	to	the	total	synthesis	of
anticancer	agent	(+)-goniothalesdiol.	The	enantiopure	vinyloxirane	precursor	110	was
synthesized	using	Jorgenson's	organocatalytic	asymmetric	epoxidation	of	cinnamaldehyde	108,
followed	by	vinyl	Grignard	addition	and	Johnson–Claisen	rearrangement.	The	stereoselective
ring	expansion	of	vinyloxirane	110	was	successfully	achieved	using	relatively	low	catalyst



loadings	[1	mol	%	Cu(hfacac)2]	to	afford	cis-2,5-dihydrofuran	111	in	good	yield,	followed	by
conversion	in	a	few	steps	to	(+)-goniothalesdiol	(Scheme	11.64).39a

Scheme	11.64	Njardarson's	synthesis	of	(+)-goniothalesdiol	utilizing	a	stereoselective	Cu-
catalyzed	vinyloxirane-dihydrofuran	rearrangement.

Recently,	in	2013,	the	Njardarson	group	utilized	the	stereoselective	vinyloxirane–dihydrofuran
rearrangement	to	synthesize	labdane	diterpenoids.39b	The	decalin	core	structure	112	obtained
in	enantiopure	form	from	inexpensive	juniper	berries	was	subjected	to	Shi's	epoxidation	to
form	the	vinyloxirane	113	in	a	stereoselective	fashion.	The	vinyloxirane	was	then	treated	with
Cu(hfacac)(COD)	catalyst	to	afford	dihydrofuran	114,	which	was	rapidly	converted	to	labdane
natural	products,	115	and	116	(Scheme	11.65).



Scheme	11.65	Njardarson's	synthesis	of	labdane	diterpenoids	involving	a	stereoselective	Cu-
catalyzed	vinyloxirane-dihydrofuran	rearrangement.

11.10	SUMMARY	AND	OUTLOOK
This	chapter	describes	advances	made	in	methods	for	the	VCP–CP	rearrangement,	including
heteroatom	analogues,	and	the	applications	of	these	rearrangements	in	organic	synthesis.	The
thermal	VCP–CP	rearrangement	has	been	explored	and	utilized	extensively	in	natural	product
synthesis	for	over	40	years.	Recent	progress	in	this	field	has	been	made	by	introduction	of	new
transition	metal	catalysts	that	can	promote	these	rearrangements	selectively	and	under



relatively	mild	conditions.	While	impressive	methodologies	have	been	developed	with	the	use
of	transition	metal	catalysts,	their	application	in	complex-molecule	synthesis	is	still
underdeveloped	compared	to	the	thermal	VCP–CP	rearrangement.	Future	advances	will
involve	the	discovery	of	new	approaches,	which	have	broader	substrate	scope,	high	functional
group	compatibility,	and,	most	importantly,	should	be	application	oriented.
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CHAPTER	12
FERRIER	CARBOCYCLIZATION	REACTION

Noritaka	Chida
Department	of	Applied	Chemistry,	Keio	University,	Kohoku-ku,	Yokohama,	Japan

12.1	INTRODUCTION
Ferrier	has	reported	two	important	rearrangement	reactions	concerning	the	transformation	of
carbohydrates	(Scheme	12.1).	One	is	an	acid-catalyzed	rearrangement	of	glycal	1	in	which
various	nucleophiles	are	introduced	at	C-1	position	in	1	with	migration	of	double	bond	to	give
2.1	Although	the	allylic	rearrangement	of	glycal	with	water	was	first	reported	by	Emil	Fischer,
Ferrier	generalized	the	reaction	and	showed	the	utility	of	the	rearrangement	in	the	1960s.	This
reaction	has	been	called	“Ferrier	rearrangement,”	“Ferrier	I	rearrangement,”	or	“Type	I
Ferrier	rearrangement.”	In	this	chapter,	this	rearrangement	of	glycals	is	called	“Ferrier
rearrangement.”	The	other	reaction	is	a	transformation	of	6-deoxy-hex-5-enopyranoside	3	into
cyclohexanone	derivative	4	by	the	action	of	a	Hg(II)	salt,	first	reported	by	Ferrier	in	1979.2
This	reaction	has	been	called	“Ferrier	II	rearrangement,”	“Ferrier	II	reaction,”	“Type	II	Ferrier
rearrangement,”	or	“Ferrier	carbocyclization.”	Since	the	reaction	provides	a	highly	substituted
carbocycle,	it	will	be	called	the	“Ferrier	carbocyclization	reaction”	in	this	chapter.	While	a
brief	introduction	to	the	synthetic	utility	of	the	Ferrier	rearrangement	and	a	beautiful	example	in
natural	product	synthesis	are	shown	in	the	following,	this	chapter	focuses	on	the	Ferrier
carbocyclization	reaction.



Scheme	12.1	Two	types	of	Ferrier	rearrangement	reactions.

The	Ferrier	rearrangement	is	a	useful	reaction	for	conversion	of	glycals	to	many	types	of
glycosides.	Hydrogen-,	fluorine-,	oxygen-,	nitrogen-,	sulfur-,	and	carbon-linked	products	were
obtained	with	relatively	high	stereoselectivity.3	One	of	the	important	applications	of	the
rearrangement	is	the	formation	of	C-glycosides,	where	various	nucleophilic	carbon	sources
could	be	introduced	at	C-1	position	to	give	2,3-unsaturated	α-C-glycosides	in	good	yield.
Some	representative	examples	of	C-glycosides	obtained	by	the	rearrangement	of	tri-O-acetyl-
d-glucal	1a	are	shown	in	Scheme	12.2.



Scheme	12.2	C-Glycoside	formation	by	the	Ferrier	rearrangement.

In	2003,	Williams	and	Heidebrecht	reported	the	total	synthesis	of	marine	diterpene,	4,5-
deoxyneodolabelline	10,	where	subunits	cyclic	acetal	5	and	allylsilane	6	were	coupled	by	the
Ferrier	rearrangement	(Scheme	12.3).4	The	product	7,	obtained	as	a	single	isomer,	was
transformed	into	ketoaldehyde	8.	Intramolecular	McMurry	coupling	of	8	with	TiCl3	and	Zn−Cu
successfully	provided	ring-closed	product	9,	oxidation	of	which	afforded	4,5-
deoxyneodolabelline	10	and	its	C-8	epimer	11.	Although	Williams	and	coworkers	synthesized
glycal-type	substrate	5	from	a	noncarbohydrate	precursor,	their	elegant	achievement	revealed
the	potential	of	the	Ferrier	rearrangement	in	the	synthesis	of	structurally	complex	natural
products.



Scheme	12.3	Application	of	the	Ferrier	rearrangement	to	the	synthesis	of	4,5-
deoxyneodolabelline.

The	Ferrier	carbocyclization	reaction,	meanwhile,	is	another	important	carbohydrate-based
transformation	in	organic	synthesis.	The	reaction	is	highly	effective	for	the	conversion	of
readily	available	aldohexoses	into	enantiomerically	pure	cyclohexanones.5,	6	Chiral	and	highly
functionalized	cyclohexanones	obtained	by	the	Ferrier	carbocyclization	are	potentially	useful
chiral	building	blocks,	so	the	reaction	has	been	frequently	employed	in	the	synthesis	of
structurally	complex	natural	products	containing	a	cyclohexane	unit.	In	this	chapter,	we	will
focus	on	the	Ferrier	carbocyclization	reaction	and	its	applications	to	natural	product	synthesis.

12.2	GENERAL	DISCUSSION	AND	MECHANISTIC
FEATURES
In	1979,	Ferrier	reported	the	conversion	of	6-deoxy-hex-5-enopyranoside	3	into
cyclohexanone	4	by	the	action	of	a	stoichiometric	amount	of	HgCl2	in	aqueous	acetone
(Scheme	12.4).2,	5,	6	This	rearrangement	attracted	much	attention	from	the	synthetic	community
for	the	following	reasons:	(1)	the	substrates,	5-enopyranosides,	are	readily	available	from
aldohexoses;	(2)	the	reaction	proceeds	in	aqueous	media	in	high	yields;	(3)	high
diastereoselectivities	concerning	the	newly	formed	hydroxy	group	at	C-5	are	observed;	and	(4)



densely	functionalized	cyclohexanones	are	obtained	in	enantiomerically	pure	form.5	This
reaction,	now	called	the	Ferrier	carbocyclization	reaction,	greatly	expands	the	possibility	of
carbohydrates	as	chiral	building	blocks,	providing	a	new	concept	in	“chiral	pool	synthesis.”7

Scheme	12.4	Ferrier	carbocyclization	reaction.

12.2.1	Reaction	Conditions	for	the	Ferrier	Carbocyclization
Reaction
Although	the	Ferrier	carbocyclization	is	an	effective	reaction,	sometimes,	difficulty	is
encountered	in	isolating	pure	products	due	to	the	presence	of	excess	Hg	salts	or	in	suppressing
side	reactions	caused	by	the	acidic	reaction	conditions.	After	the	first	report	of	Ferrier,	many
studies	concerning	improved	reaction	conditions	have	appeared	(Scheme	12.5).	Lukacs	and
coworkers	reported	that	the	rearrangement	of	12	took	place	with	a	catalytic	amount	(2	mol%)
of	HgSO4	in	aqueous	1,4-dioxane	containing	sulfuric	acid	at	60–80	°C	to	give	rearranged
product	13	as	a	single	isomer.8	In	1991,	Chida	et	al.	reported	that	when	Hg(OCOCF3)2	was
employed	as	a	catalyst	(5–10	mol%),	the	rearrangement	of	14	smoothly	proceeded	at	room
temperature	in	a	neutral	solvent	to	afford	products	15a	and	15b	in	excellent	overall	yield.9	In
1988,	Adam	disclosed	that	the	carbocyclization	(16	→	17)	works	well	with	PdCl2	or
Pd(OAc)2	(20	mol%)	in	aqueous	1,4-dioxane	containing	sulfuric	acid	at	60	°C.10	Later,	in
1996,	Ikegami	and	coworkers	reported	that	the	rearrangement	of	18	proceeds	with	5	mol%	of
PdCl2	in	the	absence	of	sulfuric	acid	to	provide	19a	and	19b.11



Scheme	12.5	Catalytic	Ferrier	carbocyclization	reaction.

At	present,	the	procedure	using	a	catalytic	amount	of	Hg(OCOCF3)2	or	PdCl2	in	a	neutral
solvent	system	(aq.	acetone	or	aq.	1,4-dioxane)	provides	the	mildest	conditions,	allowing	the
presence	of	acid-labile	functionalities	such	as	esters,	methoxymethyl	ethers,	p-methoxybenzyl
ethers,	and	silyl	ethers	in	the	substrates.	In	the	reaction	of	20,	however,	a	tert-
butyldimethylsilyl	ether	(OTBS)	was	partially	deprotected	during	the	reaction.	Use	of	acetate
buffer	(0.1	M,	pH	4.8)	as	a	cosolvent	suppressed	the	cleavage	of	the	OTBS	to	give	the
rearranged	product	21	in	good	yield,	although	an	increased	amount	(10–30	mol%)	of
Hg(OCOCF3)2	was	required	(Scheme	12.6).12,	13	5-Enopyranoside	derivative	22,	which	has	no
electron-withdrawing	substituent,	was	found	to	be	unstable	to	acid.	Addition	of	Hg(OCOCF3)2
to	the	solution	of	22	did	not	give	any	cyclized	product,	but	inverse	addition	(slow	addition	of	a
solution	of	22	to	the	solution	of	Hg	salt)	gave	23	in	86%	yield.14



Scheme	12.6	Improved	reaction	conditions	for	the	carbocyclization.

Two	synthetically	important	variants	of	the	Ferrier	carbocyclization	reaction	have	been
reported.	One	is	a	rearrangement	of	enol	acetate	24	(Scheme	12.7).	Reaction	of	24	with	a
stoichiometric	amount	of	Hg	salt	afforded	an	organomercurial	intermediate	25,	which	was	then
treated	with	NaCl	to	induce	the	cyclization	affording	inosose	derivatives	26a	and	26b	with
good	stereoselectivity.15,	16	As	biologically	important	myo-inositol	derivatives,	such	as	d-myo-
inositol	phosphates,	are	optically	active,	the	enol-acetate	version	of	the	Ferrier
carbocyclization	would	be	effective	for	the	preparation	of	enantiomerically	pure	inositol
derivatives.

Scheme	12.7	Ferrier	carbocyclization	of	an	enol-acetate.

Later,	Ikegami	et	al.	found	that	the	same	reaction	proceeded	using	a	catalytic	amount	of	PdCl2
or	Hg(OCOCF3)2	(Scheme	12.8).17	They	also	reported	that	the	diastereoselectivity	of	the
reaction	is	dependent	on	the	choice	of	a	catalyst.



Scheme	12.8	Catalytic	carbocyclization	of	the	enol-acetate.

The	second	synthetically	valuable	carbocyclization	variant	is	a	rearrangement	of	5-
enopyranosides	in	the	presence	of	Lewis	acids	in	aprotic	solvents	reported	by	Sinaÿ	and
coworkers	(Scheme	12.9).18	The	“normal”	Ferrier	carbocyclization	afforded	the
cyclohexanone	derivatives	in	which	the	anomeric	substituents	(aglycon)	were	lost	and	the
stereochemical	information	at	the	anomeric	center	was	also	partially	lost	(18a	→	19a	+
19b),11	whereas	the	Lewis	acid	conditions	gave	products	with	retention	of	the	anomeric
substituent	as	well	as	its	stereochemistry.	For	example,	reaction	of	18a	with	excess	(i-Bu)3Al
afforded	cyclohexanol	derivative	28	where	(i-Bu)3Al	had	reduced	the	ketone	carbonyl	formed
in	the	rearrangement.	When	Ti(Oi-Pr)Cl3	was	employed,	the	corresponding	cyclohexanone	27
was	obtained.	The	same	reaction	of	β-pyranoside	18b	afforded	29	as	the	major	isomer.



Scheme	12.9	Lewis	acid-mediated	Ferrier-type	carbocyclization.

The	important	feature	of	the	Lewis	acid-catalyzed	rearrangement	is	that	these	reactions	are
applicable	to	C-glycosides	(Scheme	12.10,	30	→	31)	when	the	substrates	possess	electron-
donating	aglycons.	S-	and	Se-Glycosides	also	afforded	the	corresponding	carbocycles	(32	→
33).19

Scheme	12.10	Carbocyclization	of	C-,	S-,	and	Se-glycosides.

If	the	Ferrier	carbocyclization	reaction	could	be	applied	to	4-enofuranoside	substrates,	the
corresponding	cyclopentanones,	which	are	useful	chiral	building	blocks	in	natural	product
synthesis,	would	be	obtained.	However,	it	has	been	reported	that	the	attempted	Ferrier
carbocyclization	of	furanoside	34	with	a	stoichiometric	amount	of	Hg(OAc)2	gave	no
cyclopentanone	product	35,	but	gave	organomercurial	compound	36	instead	(Scheme	12.11).20
On	the	other	hand,	formation	of	cyclopentane	derivative	38	has	been	reported	when	γ-lactone
37	was	treated	with	LiAlH(OtBu)3	in	THF.21	It	was	observed	that	the	aldol-type	cyclization



had	occurred	during	the	acidic	work-up	process.	β-Elimination	of	the	hydroxy	group	in	38
gave	cyclopentenone	39	in	74%	yield	from	37.	Likewise,	reaction	of	37	with	PhMgBr
followed	by	β-elimination	afforded	cyclopentenone	41	in	40%	yield.21

Scheme	12.11	Ferrier-type	carbocyclization	of	4-enofuranosides.

12.2.2	Mechanism	and	Stereoselectivity	of	the	Ferrier
Carbocyclization	Reaction
The	Ferrier	carbocyclization	reaction	is	a	reliable	transformation	of	5-enopyranosides	into
carbocycles.	As	shown	in	Scheme	12.12	(the	carbon	numberings	in	substrates	and	products
have	been	changed;	the	numbering	of	substrates	is	based	on	the	nomenclature	of	carbohydrates,
and	the	numbering	of	products	is	that	of	cyclohexanones),	irrespective	of	the	kinds	of
substituents	and	patterns	of	stereochemistry	in	the	substrates,	the	rearranged	products	(15	and
42–46)	were	obtained	in	moderate	to	good	yields	with	relatively	high	diastereoselectivity.22
An	exception	is	a	reaction	of	a	4-deoxy-5-enopyranoside	derivative,	which	resulted	in	a	low
yield	of	product	47.



Scheme	12.12	Ferrier	carbocyclization	of	various	substrates.

There	is	a	strong	correlation	between	the	orientation	of	hydroxy	groups	at	C-5	and	the
substituents	at	C-3	in	the	major	products.	The	newly	formed	hydroxy	group	at	C-5	and	the
substituent	at	C-3	are	transrelated	to	each	other:	substrates	possessing	C-3	substituents
directed	upward	gave	rearranged	products	having	hydroxy	group	directed	downward	as	the
major	isomer.

The	proposed	mechanism	of	the	Ferrier	carbocyclization	reaction	is	outlined	in	Scheme
12.13.3,	5,	23	First,	oxymercuration	of	the	exo-olefin	in	48	affords	mercurial–hemiacetal	49,
whose	aglycon	moiety	(−OMe)	eliminates	to	give	mercurial–aldehyde	derivative	50.	This
mercurial	intermediate	50	was	isolable	when	a	stoichiometric	amount	of	Hg	salt	was
employed	at	low	temperature.23	Intramolecular	aldol-type	cyclization	of	50	provides	product
51.



Scheme	12.13	Proposed	mechanism	of	the	Ferrier	carbocyclization	reaction.

For	an	explanation	of	the	stereoselectivity,	the	chair-like	transition	structures	(52A	and	52B)	in
which	the	mercury	is	chelated	by	the	enolate	oxygen	and	the	aldehydic	oxygen	have	been
proposed	by	Machado	et	al.24	and	Ferrier	and	Middleton5	(Scheme	12.14).	This	transition
model	would	account	for	the	observed	stereoselectivity	concerning	the	newly	formed	hydroxy
group	at	C-5.	In	the	transformation	of	14	→	15a,	while	the	transition	structure	52A	giving	15a
has	no	severe	steric	repulsion,	that	of	52B	giving	the	5-epimer	of	15a	suffers	1,3-diaxial
interactions.	In	the	reaction	of	53	→	45b,	the	favored	transition	structure	would	be	54B,	giving
3,5-trans-isomer	45b	as	the	major	product.

Scheme	12.14	Possible	transition	structures	of	the	cyclization.

Careful	experiments	using	deuterated	substrate	55	by	Kakinuma	and	Eguchi	revealed	that	(1)
the	Ferrier	carbocyclization	of	55	involved	no	retro-aldol	process	and	was	thus	an	irreversible
reaction	and	(2)	the	overall	cyclization	reaction	was	nonstereoselective	with	respect	to	the	C-6
methylene	site	(Scheme	12.15).25	Based	on	the	results	of	complete	stereochemical	scrambling
at	C-6	in	cyclized	product	57,	Kakinuma	and	Eguchi	proposed	the	presence	of	radical
intermediate	56.	They	also	suggested	that	the	cyclization	might	be	a	radical	process,	although
this	model	could	not	explain	the	stereoselectivity	at	C-5.



Scheme	12.15	Ferrier	carbocyclization	of	a	deuterated	substrate.

The	true	mechanism	of	the	cyclization	process	as	well	as	the	origin	of	the	diastereoselectivity
in	the	Ferrier	carbocyclization	reaction	has	not	been	fully	clarified	at	present.	More	detailed
investigations	will	be	required	for	a	more	complete	understanding	of	the	mechanism	of	the
Ferrier	carbocyclization	reaction.

The	mechanism	of	the	Lewis	acid-mediated	rearrangement	in	aprotic	solvent	is	somewhat
different	from	that	under	the	aqueous	conditions,	and	this	reaction	is	best	classified	as	a
carbohydrate	version	of	the	Petasis–Ferrier	rearrangement.26	The	reaction	is	initiated	by
coordination	of	the	aluminum	with	the	endocyclic	oxygen	to	give	58	(Scheme	12.16).27	The
activation	of	the	endocyclic	oxygen	induces	ring	opening	of	the	pyranoside	to	generate	a
zwitterionic	aluminum	enolate	intermediate	59,	which	may	undergo	direct	cyclization	via	a
twist-chair	transition	structure	to	give	cyclohexanone	27′.	The	chair-like	transition	structure
60,	generated	by	the	bond	rotation	between	C-4	and	C-5	in	59,	would	also	be	plausible.
Intramolecular	hydride	delivery	in	27′	from	the	less	hindered	β-side	provides	alcohol	28.

Scheme	12.16	Proposed	mechanism	of	the	Lewis	acid-mediated	cyclization.



12.3	SYNTHETIC	STRATEGIES	BASED	ON	THE
FERRIER	CARBOCYCLIZATION	REACTION
Chiral	cyclohexanones	obtained	by	the	Ferrier	carbocyclization	reaction	are	useful	precursors
for	the	synthesis	of	cyclitols	and	aminocyclitols,	some	of	which	are	found	in	clinically
important	aminoglycoside	antibiotics.28	Additionally,	highly	substituted	cyclohexenones,
prepared	by	the	Ferrier	carbocyclization	followed	by	β-elimination,	can	undergo	various
further	transformations,	also	making	these	compounds	potential	chiral	building	blocks	for	the
preparation	of	structurally	complex	compounds	having	cyclohexane	unit(s).	This	section
provides	an	overview	of	the	reported	synthetic	strategies	toward	various	types	of	natural
products	based	on	utilization	of	the	Ferrier	carbocyclization	reaction.

12.3.1	Inositol	and	Aminocyclitol	Synthesis
Strategic	planning	for	the	synthesis	of	the	aminocyclitol	moiety	of	antibiotic	hygromycin	A	61
based	on	the	Ferrier	carbocyclization	reaction	is	shown	in	Scheme	12.1729	(carbons	that	come
from	carbohydrates	are	shown	in	bold	lines).	A	key	structural	feature	of	61	is	the	presence	of	a
methylene	ketal	located	at	the	C-4/C-5	position,	which	makes	this	molecule	optically	active.
For	the	chiral	synthesis	of	61,	cyclohexene	62,	possessing	an	amino	group	at	C-3,	would	be	a
promising	precursor.	In	turn,	synthesis	of	62	was	planned	to	proceed	from	15.	The	Ferrier
carbocyclization	of	5-enopyranoside	14	would	generate	cyclohexanone	15.	Substrate	14	would
be	derived	by	β-elimination	of	primary	bromide	63.	As	compound	63	has	a	d-gluco
configuration,	d-glucose	would	be	the	choice	of	the	starting	material.

Scheme	12.17	Synthetic	plan	for	an	aminocyclitol	in	hygromycin	A.

The	synthetic	plan	for	an	antitumor	alkaloid,	lycoricidine	64,	based	on	the	Ferrier
carbocyclization	is	shown	in	Scheme	12.18.30	The	tricyclic	phenanthridone	skeleton	was
envisioned	to	be	constructed	by	C—C	bond	formation	between	C-10a	and	C-10b	by	a
transition	metal-catalyzed	sp2–sp2	carbon	coupling	reaction.	The	C-ring	65	possessing	an



amido	function	at	C-4	was	planned	to	be	derived	from	4-azido	cyclohexenone	66,	which
would	be	prepared	from	5-enopyranoside	67	by	the	Ferrier	carbocyclization.	The	substrate	67,
possessing	the	d-altro	configuration,	would	be	derived	from	d-glucose	by	well-known
interconversion	reactions	of	carbohydrates.	Thus,	the	primary	bromide	68	would	be	a	suitable
starting	material.

Scheme	12.18	Synthetic	plan	for	lycoricidine.

12.3.2	Combination	of	Ferrier	Carbocyclization	and	Three-
Component	Coupling	Reaction
A	cyclohexenone	easily	obtained	by	the	Ferrier	carbocyclization	followed	by	β-elimination
readily	serves	as	a	Michael	acceptor.	For	the	synthesis	of	actinoboline	69,	a	natural	product
possessing	antibacterial	activity,	a	three-component	coupling	strategy	(1,4-addition	of
organometallics	to	a	cyclohexenone,	followed	by	trapping	of	the	resulting	enolate	with	an
electrophile	in	one	pot)31	was	employed	to	assemble	the	target	molecule	(Scheme	12.19).13
For	the	preparation	of	actinoboline	precursor	71,	a	three-component	coupling	reaction	of
cyclohexenone	72	with	a	vinyl	copper	reagent	and	aldehyde	73	was	envisioned.	The
substituents	on	72	would	control	the	facial	selectivity	of	the	initial	1,4-addition,	and	the
stereoselectivity	in	the	subsequent	aldol	process	would	be	governed	by	chelation	or
nonchelation	control.	Cyclohexenone	72	was	planned	to	be	synthesized	from	74,	which	would
be	derived	from	5-enopyranoside	75	by	the	Ferrier	carbocyclization.	3,6-Dideoxy-6-iodo-d-
erythro-hexopyranoside	76	is	an	appropriate	starting	material.



Scheme	12.19	Synthetic	plan	for	actinoboline.

12.3.3	Combination	of	Ferrier	Carbocyclization	and	Sigmatropic
Rearrangement
[3,3]-Sigmatropic	rearrangements	of	chiral	allylic	alcohol	derivatives	are	known	to	proceed
with	chirality	transfer	via	the	six-membered	chair-like	transition	structure.32,	33	As	cyclic
allylic	alcohols	are	easily	synthesized	in	enantiomerically	pure	form	by	the	Ferrier
carbocyclization	reaction,	a	sigmatropic	rearrangement	such	as	the	Claisen	rearrangement
could	then	generate	a	new	C—C	bond	with	chirality	transfer.	This	transformation	effectively
transfers	the	C—O	chirality	of	sugars	into	the	C—C	chirality	in	the	target	molecule.

Retrosynthetic	analysis	of	galanthamine	77,	an	alkaloid	used	as	drug	for	Alzheimer's	disease,
based	on	a	combined	strategy	of	Ferrier	carbocyclization	and	Claisen	rearrangement	is	shown
in	Scheme	12.20.34	(+)-Galanthamine	77	was	planned	to	be	derived	from	78.	For	the
stereoselective	construction	of	the	quaternary	carbon	chiral	center	in	78,	Claisen
rearrangement	of	cyclohexenol	79	possessing	an	aryl	substituent	emerged	as	a	synthetically
powerful	transformation.	Cyclohexenol	79,	in	turn,	was	envisioned	to	be	prepared	by	1,2-
addition	of	aryl	metal	species	to	cyclohexenone	72,	which	is	the	same	compound	that	was
planned	as	the	precursor	in	the	actinoboline	synthesis	(Section	12.3.2).



Scheme	12.20	Synthetic	plan	for	galanthamine.

In	Scheme	12.21,	strategic	planning	for	synthesis	of	the	C-28–C-49	part	of	the
immunosuppressive	natural	product	rapamycin	is	depicted.35	The	target	compound	80
possessing	a	C-28–C-49	side	chain	on	a	cyclohexane	ring	was	planned	to	be	prepared	by	the
decarboxylation	of	81.	For	the	stereoselective	synthesis	of	81,	Ireland–Claisen	rearrangement
of	ester	82	with	chirality	transfer	was	envisioned.	Ester	82	would	be	derived	by	the
condensation	of	83	with	carboxylic	acid	84.	Cyclohexenol	83	was	planned	to	be	derived	from
cyclohexanone	85	by	β-elimination	of	the	hydroxy	group	followed	by	reduction	of	the	ketone
carbonyl.	The	Ferrier	carbocyclization	of	5-enopyranoside	86	would	deliver	cyclohexanol	85.
As	compound	86	has	a	2-deoxy-d-arabino	configuration,	it	could	be	derived	from	2,6-dideoxy-
6-bromo-d-glucopyranoside	derivative	87.



Scheme	12.21	Synthetic	plan	for	C-28–C-49	segment	of	rapamycin.

12.3.4	Enol-Acetate	Version	of	the	Ferrier	Carbocyclization
Reaction
The	Ferrier	carbocyclization	reaction	of	an	enol-acetate	substrate	gives	an	α,β-dihydroxy-
cyclohexanol	derivative	(see	Schemes	12.7	and	12.8).	This	transformation	would	be	effective
for	the	chiral	synthesis	of	inositol	derivatives.	A	retrosynthetic	plan	for	the	marine	natural
product	tetrodotoxin	88	based	on	the	enol-acetate	version	of	Ferrier	carbocyclization	is	shown
in	Scheme	12.22.36	Tetrodotoxin	88	was	planned	to	be	synthesized	from	lactone	89,	the
precursor	of	which	would	be	highly	functionalized	cyclohexane	90.	Cyclohexane	90	was
envisioned	to	arise	from	cyclohexanone	91.	For	the	preparation	of	91,	Ferrier	carbocyclization
of	enol	acetate	92	would	be	a	suitable	transformation.	d-Glucose	derivative	93	possessing	an
exo-methylene	at	C-3	would	serve	as	a	promising	precursor	of	92.



Scheme	12.22	Synthetic	plan	for	tetrodotoxin.

12.4	METHODOLOGIES	FOR	ASSEMBLING	THE
FERRIER	CARBOCYCLIZATION	REACTION
SUBSTRATES
The	substrates	for	the	Ferrier	carbocyclization	reaction	are	6-deoxy-hex-5-enopyranoside
derivatives.	The	chemistry	of	the	interconversions	of	carbohydrates	has	a	long	history;	hence,	a
number	of	reliable	methods	for	the	preparation	of	5-enopyranosides	have	been	established.37	A
typical	procedure	for	the	preparation	of	5-enopyranosides	is	β-elimination	of	6-deoxy-6-halo-
aldohexopyranosides	by	the	action	of	base.	This	section	will	provide	an	overview	of	some
representative	syntheses	of	5-enopyranosides.

Conversion	of	a	d-galactose	derivative	into	the	corresponding	enopyranoside	is	depicted	in
Scheme	12.23.9	The	primary	hydroxy	group	in	95,	prepared	from	methyl	4,6-O-benzylidene-α-
d-galactopyranoside	94	by	O-benzylation	followed	by	acid	hydrolysis	of	the	benzylidene
acetal,	was	selectively	tosylated	to	give	96.	Displacement	of	the	OTs	group	with	iodide
followed	by	O-acetylation	of	the	secondary	alcohol	provided	97.	Treatment	of	97	with	DBU
afforded	methyl	4-O-acetyl-2,3-di-O-benzyl-6-deoxy-β-l-arabino-hex-5-enopyranoside	98.



Scheme	12.23	Preparation	of	substrates	for	the	Ferrier	carbocyclization	(1).

In	a	streamlined	approach,	the	primary	hydroxy	group	could	be	converted	into	the	iodide	in	a
one-step	reaction	in	the	presence	of	a	secondary	hydroxyl.	Protection	of	the	secondary	alcohols
in	methyl	4,6-O-benzylidene-α-d-glucopyranoside	99	gave	100,	and	acid	hydrolysis	afforded
101	(Scheme	12.24).38	Treatment	of	diol	101	with	I2	in	the	presence	of	Ph3P	provided	primary
iodide	102,	which	was	converted	into	5-enopyranoside	103	by	the	action	of	base,	followed	by
O-acetylation.

Scheme	12.24	Preparation	of	substrates	for	the	Ferrier	carbocyclization	(2).

The	4,6-O-benzylidene	acetal	group,	which	is	frequently	used	as	a	protecting	group	in
aldohexoses,	can	be	directly	transformed	into	4-O-benzoyl-6-bromo	derivatives	by	a	radical-
mediated	cleavage	reaction,	and	4-O-benzyl-6-hydroxy	derivatives	by	a	reductive	cleavage
reaction,	respectively.	For	example,	reaction	of	2-deoxy-glucopyranoside	derivative	104	with
N-bromosuccinimide	(NBS)	smoothly	afforded	6-bromo-4-O-benzoyl	derivative	105	(Scheme



12.25).35,	39	Methanolysis	of	105	afforded	a	secondary	alcohol,	whose	treatment	with	NaH	and
benzyl	chloride	induced	the	elimination	of	HBr	as	well	as	O-benzylation	to	provide	4-O-
benzyl-5-enopyranoside	86.	Compound	86	was	used	in	the	Danishefsky's	rapamycin	synthesis
(Section	12.5.5).

Scheme	12.25	Preparation	of	substrates	for	the	Ferrier	carbocyclization	(3).

Reaction	of	3-deoxy-glucopyranoside	106,	prepared	from	99	by	selective	O-tosylation,
followed	by	LiAlH4	reduction,	with	DIBAL-H	gave	4-O-benzyl-6-hydroxy	derivative	107
(Scheme	12.26).13	Selective	introduction	of	iodide	at	the	primary	carbon	in	107	and
subsequent	protection	of	the	secondary	alcohol	gave	76,	treatment	of	which	with	t-BuOK
provided	5-enopyranoside	75.	Compound	75	was	employed	in	the	synthesis	of	actinoboline
and	galanthamine	(Sections	12.5.3	and	12.5.4).

Scheme	12.26	Preparation	of	substrates	for	the	Ferrier	carbocyclization	(4).

Preparation	of	a	5-enopyranoside	by	the	elimination	of	a	selenoxide	has	been	reported.14,	25
The	primary	hydroxy	group	in	108	was	converted	into	6-seleno	derivative	109	(Scheme
12.27).14	Oxidation	of	109	and	subsequent	thermolysis	afforded	exo-methylene	22.



Scheme	12.27	Preparation	of	substrates	for	the	Ferrier	carbocyclization	(5).

A	substrate	for	the	enol-acetate	version	of	the	Ferrier	carbocyclization	was	prepared	by	the
treatment	of	aldehyde	111	with	acetic	anhydride	and	K2CO3	(Scheme	12.28).16	Only	the	(Z)-
enol	acetate	112	was	obtained	under	these	conditions.	The	aldehyde	111	was	synthesized	from
primary	alcohol	110	by	Swern	oxidation	and	quickly	used	in	the	next	reaction	without
purification.

Scheme	12.28	Synthesis	of	an	enol-acetate.

12.5	APPLICATIONS	OF	THE	FERRIER
CARBOCYCLIZATION	REACTION	IN	NATURAL
PRODUCT	SYNTHESIS
12.5.1	Preparation	of	an	Aminocyclitol:	Synthesis	of	Hygromycin	A
Hygromycin	A	120	(Scheme	12.30)	is	an	antibiotic	isolated	from	Streptomyces	in	1953.	In
1991,	Ogawa	and	Chida	reported	the	first	total	synthesis	of	this	antibiotic	employing	the
Ferrier	carbocyclization	as	the	key	reaction.29	Based	on	the	retrosynthetic	analysis	discussed
in	Section	12.3.1	(Scheme	12.17),	the	aminocyclitol	moiety	61	was	synthesized	from	d-glucose
(Scheme	12.29).	The	Ferrier	carbocyclization	reaction	of	14	followed	by	β-elimination	of	the
newly	formed	hydroxy	group	afforded	113.	1,2-Reduction	of	the	ketone	carbonyl	in	113	under
Luche	conditions	gave	114	stereoselectively.	Conventional	protecting	group	manipulation
afforded	mesylate	115,	and	SN2	reaction	with	NaN3	successfully	introduced	a	nitrogen	function
to	give	116.	After	conversion	of	the	azido	function	in	116	into	a	tert-butyl	carbamate,	OsO4
oxidation	of	the	resulting	62	gave	diol	117	in	50%	yield	along	with	its	C-4/C-5	isomer	(32%).



Treatment	of	117	with	NaH	and	CH2Br2	provided	methylene	ketal	118,	and	global	deprotection
afforded	1l-2-amino-2-deoxy-4,5-O-methylene-neo-inositol	61.

Scheme	12.29	Synthesis	of	an	aminocyclitol	in	hygromycin	A.

Scheme	12.30	Total	synthesis	of	hygromycin	A.

The	sugar	moiety	of	hygromycin	A	119	was	synthesized	from	d-glucose.	Condensation	of	119
with	61	by	the	Shioiri	procedure	followed	by	O-acetylation	provided	a	condensate	in	75%



yield	(Scheme	12.30).	Removal	of	the	protecting	groups	completed	the	total	synthesis	of
hygromycin	A	120.

12.5.2	Construction	of	a	Polycyclic	Alkaloid:	Synthesis	of
Lycoricidine
The	phenanthridone	alkaloid,	lycoricidine	64	(Scheme	12.32),	is	known	to	possess	cytotoxic
activity.	Based	on	the	retrosynthetic	analysis	as	discussed	in	Section	12.3.2	(Scheme	12.18),
the	Chida	group	reported	the	total	synthesis	of	lycoricidine	starting	from	d-glucose	in	which
the	Ferrier	carbocyclization	reaction	was	employed	as	the	key	reaction.30	For	the	preparation
of	the	cyclohexene	unit	in	lycoricidine,	d-glucose	was	converted	into	2-azido-d-
altropyranoside	derivative	122	via	epoxide	121	(Scheme	12.31).	Protection	of	the	diol	moiety
in	122	afforded	68,	which	was	transformed	into	5-enopyranoside	67	by	the	action	of	DBU.
Ferrier	carbocyclization	of	67	with	1	mol%	of	Hg(OCOCF3)2,	followed	by	β-elimination,
provided	cyclohexenone	123.	Stereoselective	Luche	reduction	of	123	and	subsequent
protection	of	the	hydroxy	function	afforded	124.

Scheme	12.31	Preparation	of	a	cyclohexene	unit	in	lycoricidine.

Reduction	of	the	azido	function	in	124	gave	an	amine,	which	was	condensed	with	6-
bromopiperonylic	acid	under	Shioiri	conditions	(Scheme	12.32).	Protection	of	the	amide
nitrogen	with	a	p-methoxybenzyl	group	afforded	125.	The	crucial	ring	closure	reaction	was
successful	when	125	was	treated	with	Pd(OAc)2	and	1,2-bis(diphenylphosphino)ethane
(DPPE)	in	the	presence	of	TlOAc	to	provide	126.	It	was	found	that	the	protection	of	the	amide
nitrogen	was	essential	for	this	Heck-type	cyclization.	The	O-MPM	protecting	group	in	126	was
removed	to	give	an	allylic	alcohol,	which	was	converted	into	inverted	alcohol	127	by	the
Mitsunobu	reaction	with	benzoic	acid,	followed	by	de-O-benzylation.	The	O-MOM	groups	in
127	were	cleaved	by	acid	hydrolysis,	and	subsequent	O-acetylation	gave	triacetate	128.
Finally,	deprotection	of	the	N-MPM	group	in	128	by	the	action	of	CF3CO2H,	followed	by



basic	methanolysis,	furnished	lycoricidine	64.

Scheme	12.32	Total	synthesis	of	lycoricidine.

12.5.3	Three-Component	Coupling	Reaction:	Synthesis	of	(−)-	and
(+)-Actinoboline
The	three-component	coupling	reaction	of	an	α,β-unsaturated	carbonyl	compound	with	a
nucleophile	and	an	electrophile	is	a	useful	transformation	in	organic	synthesis	as	two	C—C
bonds	can	be	formed	stereoselectively	in	a	one-pot	reaction.31	In	2006,	the	Chida	group
disclosed	the	synthesis	of	(−)-actinoboline	6913	(the	antipode	of	the	natural	product)	based	on
the	three-component	coupling	reaction	of	chiral	cyclohexenone	72,	derived	from	d-glucose	by
the	Ferrier	carbocyclization,	with	a	vinyl	metal	species	and	chiral	aldehyde	73	(Section
12.3.2,	Scheme	12.19).	The	aldol	process	in	the	coupling	reaction	of	an	enolate	generated	from
72	with	a	chiral	aldehyde	was	expected	to	have	the	potential	for	high	stereoselectivity,	as	both
partners	in	the	reaction	are	chiral,	and,	therefore,	the	reaction	would	proceed	under	“double
diastereoselection	conditions.”40

The	Ferrier	carbocyclization	of	5-enopyranoside	75	prepared	from	d-glucose	(Section	12.,



Scheme	12.26),	followed	by	β-elimination,	afforded	cyclohexenone	72	(Scheme	12.33).
Treatment	of	72	with	higher-order	vinyl	cuprate	at	−78	°C	gave	the	1,4-adduct
stereoselectively,	and	the	intermediate	enolate	was	trapped	with	chiral	aldehyde	(R)-73a	to
give	129	having	the	desired	trans-stereochemistry	at	C-2	and	C-3	in	85%	yield.	On	the	other
hand,	in	the	reaction	with	enantiomeric	aldehyde	(S)-73a,	the	aldol	process	was	found	to
proceed	much	slowly	than	the	reaction	with	(R)-73a,	and	diastereomer	130,	having	the	cis-
stereochemistry	at	C-2	and	C-3,	was	formed	in	72%	yield.

Scheme	12.33	Three-component	coupling	reaction	with	O-MPM	aldehydes.

The	predominant	formation	of	1′,2′-syn	isomers	(129	and	130)	in	the	coupling	reactions
suggested	that	chelation	control	was	an	important	factor	in	the	aldol	process.40	Reaction	of	the
enolate	with	chelated	(R)-73a	would	proceed	in	a	“matched	pair”	manner	where	no	severe
steric	hindrance	is	present	(Route	A	in	Scheme	12.34)	to	give	2,3-trans-product	129	smoothly,
whereas	combination	of	(S)-73a	and	the	enolate	would	be	“mismatched.”	The	steric	repulsion
between	chelated	(S)-73a	and	the	enolate	rendered	the	aldol	process	much	sluggish	(Routes	C
and	D)	but	gave	2,3-cis-adduct	130	stereoselectively	via	the	less	crowded	pathway	(Route	D).



Scheme	12.34	Transition	structure	models	of	the	three-component	coupling.

Compound	129	has	correct	stereochemistry	at	C-2	and	C-3	for	the	synthesis	of	actinoboline,
and	the	required	transformations	were	(1)	introduction	of	a	nitrogen	function	at	C-1′	via	SN2
reaction	and	(2)	formation	of	the	δ-lactone	with	inversion	of	the	configuration	at	C-2′.	If	a
three-component	coupling	reaction	with	an	aldehyde	possessing	an	(S)-hydroxy	group
proceeded	via	nonchelation	(Felkin–Anh)	conditions,	the	product	with	proper	stereochemistry
at	C-2′	was	anticipated	as	the	major	isomer,	which	would	then	not	require	inversion	at	that
center.	Toward	this	end,	three-component	coupling	of	72,	vinyl	cuprate,	and	aldehyde	(S)-73b,
possessing	O-TES	protecting	group,	was	carried	out	(Scheme	12.35).	Although	it	has	been
reported	that	O-silyl	protecting	groups	prevent	chelation	between	alkoxy	and	carbonyl
oxygens,41	the	reaction	provided	a	5:4	mixture	of	chelation	product	131	and	Felkin–Anh
product	132.	When	HMPA	was	added	to	the	reaction	mixture,	the	three-component	reaction
gave	only	Felkin–Anh	products	132	and	133	in	47%	and	20%	yields,	respectively.	The	ketal
product	133	was	converted	into	132	by	the	treatment	with	acetic	acid.



Scheme	12.35	Three-component	coupling	reaction	with	O-TES	aldehydes.

Reduction	of	the	ketone	carbonyl	in	132	with	LiBH4	gave	134	(Scheme	12.36).	Treatment	of
134	with	BuLi,	followed	by	TsCl	generated	1′-OTs	derivative	135,	and	the	remaining	hydroxy
group	was	masked	as	a	MOM	ether	to	afford	135.	Ozonolysis	of	136,	prepared	by	removal	of
the	O-TES	protecting	group	in	135,	gave	a	lactol,	which	was	further	oxidized	to	provide	δ-
lactone	137.	Azidolysis	of	137	with	NaN3	cleanly	afforded	70.	The	O-TBS	group	was
removed	to	give	an	alcohol,	whose	Swern	oxidation	gave	β-ketoester	138.	Interestingly,	the
MOM	group	was	unexpectedly	removed	during	the	purification	process	with	silica	gel
chromatography.	Treatment	of	138	with	H2	in	the	presence	of	Pd/C	and	aqueous	HCl	reduced
the	azide	function	as	well	as	removed	the	O-benzyl	group	to	provide	an	amine	hydrochloride,
which	was	condensed	with	Cbz-d-alanine	to	give	protected	actinoboline	139.	Finally,	removal
of	the	Cbz	group	furnished	(−)-actinoboline	hydrochloride	69.



Scheme	12.36	Total	synthesis	of	actinoboline.

The	enantiomer	of	72	(ent-72)	was	synthesized	from	the	same	starting	material	106	(Scheme
12.37).13	Benzylation	of	a	hydroxy	group	in	106	followed	by	acetal	hydrolysis	afforded	140,
which	was	converted	into	5-enopyranoside	141	by	the	conventional	method.	The	Ferrier
carbocyclization	of	141	generated	142	as	a	diastereomeric	mixture	in	83%	yield.	Protection	of
the	hydroxy	group	in	142	as	a	THP	ether	and	subsequent	reduction	of	the	ketone	carbonyl	gave
143.	O-Mesylation	of	143	followed	by	acidic	work-up	afforded	144.	Swern	oxidation	of	144
was	accompanied	by	the	β-elimination	of	the	OMs	group	to	furnish	ent-72	in	93%	yield.
Cyclohexenone	ent-72	could	be	used	for	the	synthesis	of	natural	enantiomer	of	actinoboline.



Scheme	12.37	Synthesis	of	an	enantiomeric	cyclohexenone	from	d-glucose.

12.5.4	Sigmatropic	Rearrangement	with	Chirality	Transfer	(1):
Synthesis	of	Galanthamine
[3,3]-Sigmatropic	rearrangement	such	as	the	Claisen	rearrangement	of	chiral	allylic	alcohols
can	generate	a	new	C—C	bond	with	high	levels	of	chirality	transfer.	As	chiral	cyclohexenols
can	be	easily	prepared	from	carbohydrates	by	the	Ferrier	carbocyclization,	a	methodology
employing	a	combination	of	the	Ferrier	carbocyclization	with	sigmatropic	rearrangement
would	be	effective	for	the	synthesis	of	natural	products	possessing	highly	functionalized
cyclohexane	units.

In	2007,	the	Chida	group	reported	the	total	synthesis	of	galanthamine	77,34	an	Amaryllidaceae
alkaloid	showing	potent	acetylcholinesterase	inhibitory	activity,	based	on	the	Ferrier/Claisen
methodology	(see	Section	12.3.3,	Scheme	12.20).	Reaction	of	chiral	cyclohexenone	72,	which
was	synthesized	by	the	Ferrier	carbocyclization	(see	Section	12.5.3,	Scheme	12.33)	and	used
as	the	starting	material	in	actinoboline	synthesis,13	with	2,3-dimethoxyphenylmagnesium
bromide	gave	1,2-adduct	145	in	85%	yield	as	a	4:1	mixture	of	diastereomers	(Scheme	12.38).
PCC	oxidation	of	145	afforded	cyclohexenone	146,	and	the	carbonyl	group	was
stereoselectively	reduced	under	Luche	conditions	to	give	cyclohexenol	79.	Johnson–Claisen
rearrangement	of	79	with	triethyl	orthoacetate	in	the	presence	of	2-nitrophenol42	successfully
constructed	a	benzylic	quaternary	carbon	with	complete	chirality	transfer	to	provide	78	in	80%
yield	as	a	single	isomer.	Overall,	the	Ferrier/Claisen	procedure	generated	the	sterically



congested	quaternary	carbon	of	key	intermediate	78	in	a	stereoselective	manner	with	good
chemical	yield.

Scheme	12.38	Construction	of	a	quaternary	carbon	by	the	Claisen	rearrangement.

Treatment	of	78	with	NBS	induced	formation	of	the	dibenzofuran	skeleton	to	give	147	(Scheme
12.39).	Hydrogenolysis	of	147	afforded	148,	whose	hydroxy	group	was	eliminated	to	give
cyclohexene	149.	The	ester	group	in	149	was	converted	into	an	amide	to	afford	150.	After
deprotection	of	the	O-TBS	group	in	150,	the	resulting	amide	was	subjected	to	Pictet–Spengler
conditions	to	provide	tetracyclic	lactam	151.	Reduction	of	151	with	LiAlH4	afforded	(+)-
galanthamine	77.	Meanwhile,	starting	from	ent-72	(Scheme	12.37)	resulted	in	the	total
synthesis	of	(−)-galanthamine	(the	natural	enantiomer).



Scheme	12.39	Total	synthesis	of	galanthamine.

12.5.5	Sigmatropic	Rearrangement	with	Chirality	Transfer	(2):
Synthesis	of	Rapamycin
In	1991,	the	Danishefsky	group	disclosed	the	synthesis	of	the	C-28–C-49	subunit	of	rapamycin
utilizing	the	combination	of	the	Ferrier	carbocyclization	reaction	and	an	Ireland–Claisen
rearrangement	(see	Section	12.3.3,	Scheme	12.21).35	The	Ferrier	carbocyclization	of	5-
enopyranoside	86,	prepared	from	2-deoxy-d-glucose	derivative	(Section	12.,	Scheme	12.25),
followed	by	elimination	of	the	β-hydroxy	group	gave	cyclohexenone	152	(Scheme	12.40).
Luche	reduction	of	152	afforded	cyclohexenol	83	stereoselectively.	Condensation	of	83	with
carboxylic	acid	84,	prepared	from	(R)-3-(benzyloxy)-2-methylpropanal,	provided	ester	82	in
75%	yield.



Scheme	12.40	Preparation	of	a	cyclohexene	unit	of	rapamycin.

Generation	of	a	ketene	acetal	was	accomplished	by	treatment	of	82	with	LDA	in	a	THP/HMPA
mixture	at	−78	°C	and	quenching	of	the	resultant	enolate	with	TBSCl	(Scheme	12.41).
Thermolysis	of	the	ketene	acetal	induced	Ireland–Claisen	rearrangement,	and	subsequent
hydrolysis	of	the	resulting	TBS	ester	afforded	carboxylic	acid	81	as	a	3:1	diastereomeric
mixture.	Decarboxylation	of	81	by	photolysis	of	its	N-hydroxyphthalimide	ester	in	the	presence
of	N-methylcarbazole	and	tBuSH	afforded	153	in	45%	yield	from	82.	Hydrogenation	of	the
double	bond	in	153	followed	by	hydrogenolysis	of	the	O-benzyl	groups	gave	a	diol,	whose
primary	alcohol	was	selectively	oxidized	to	generate	an	aldehyde.	Wittig	reaction	of	the
aldehyde	with	Ph3P=C(Me)CO2Me	provided	the	desired	C-28–C-49	segment	of	rapamycin.
The	segment	80	was	successfully	utilized	in	the	total	synthesis	of	rapamycin	154.35b



Scheme	12.41	Synthesis	of	C-28–C-49	segment	of	rapamycin.

12.5.6	Cascade	Sigmatropic	Rearrangement:	Synthesis	of	Morphine
Morphine	(172)	is	a	well-known	alkaloid	and	has	been	clinically	used	as	an	analgesic.	In	2008
and	2013,	the	Chida	group	reported	the	synthesis	of	morphine	based	on	methodology
employing	the	combination	of	Ferrier	carbocyclization	and	Claisen	rearrangement.12a	The	key
feature	of	the	synthesis	is	the	cascade	Claisen	rearrangement	of	an	allylic	vicinal	diol,	creating
the	vicinal	tertiary	and	quaternary	carbons	stereoselectively	in	a	one-pot	reaction.	Overall,	the
contiguous	C—O	chiralities	in	d-glucal	were	effectively	transferred	to	C—C	chiralities	in
morphine.

To	implement	this	strategy,	tri-O-acetyl-d-glucal	1a	was	converted	into	fully	protected
derivative	155	by	three	reactions	(Scheme	12.42).	Reductive	opening	of	the	benzylidene	acetal
and	subsequent	treatment	with	Ph3P·HBr	and	MeOH	provided	a	methyl	glycoside,	which	was
transformed	into	primary	iodide	156.	Elimination	of	HI	provided	20.	Ferrier	carbocyclization



of	20	with	Hg(OCOCF3)2	gave	a	cyclohexanone	(see	also	Scheme	12.6),	which	was	converted
into	cyclohexenone	157.	1,4-Reduction	of	157	and	trapping	of	the	intermediate	enolate	with
PhNTf2	gave	enol	triflate	158.	Suzuki–Miyaura	coupling	of	158	with	2,3-
dimethoxyphenylboronic	acid	afforded	159.	Deprotection	of	the	O-MPM	group	gave	allylic
alcohol	160,	and	further	deprotection	of	the	O-TBS	group	provided	diol	161.

Scheme	12.42	Preparation	of	a	cyclohexene	unit	of	morphine.

Claisen	rearrangement	of	allylic	alcohol	160	in	the	presence	of	triethyl	orthoacetate	and
propionic	acid	gave	162	in	87%	yield	(Scheme	12.43).	After	deprotection	of	the	O-TBS	group
in	162,	the	second	Claisen	rearrangement	of	the	resulting	163	with	2-nitrophenol	as	the	acid
catalyst	successfully	constructed	the	benzylic	quaternary	carbon	to	provide	164	in	57%	yield.
On	the	other	hand,	when	a	solution	of	diol	161	in	triethyl	orthoacetate	in	the	presence	of	2-
nitrophenol	was	heated	at	140	°C,	the	cascade	Claisen	rearrangement	took	place	to	afford	the
doubly	rearranged	product	164	in	36%	yield	in	a	one-pot	process.	By	the	cascade	sigmatropic
rearrangements,	the	vicinal	tertiary	and	quaternary	carbon	centers	in	morphine	(C-14	and	C-
13)	were	stereoselectively	constructed	via	sequential	chirality	transfer.



Scheme	12.43	The	cascade	Claisen	rearrangement.

Treatment	of	164	with	m-CPBA	induced	dibenzofuran	formation	to	provide	165,	and	protection
of	the	resulting	hydroxy	group	in	165	afforded	166	(Scheme	12.44).	The	ester	functions	in	166
were	reduced	with	DIBAL-H	to	give	dialdehyde	167.	When	167	was	reacted	with
montmorillonite	K-10	clay,	Friedel–Crafts-type	cyclization	and	elimination	of	the	resulting
benzylic	alcohol	took	place	to	give	168	in	81%	yield	after	resilylation	of	the	C-6	hydroxy
group.	Reductive	amination	of	168	with	methylamine	gave	169,	whose	amino	group	was
tosylated	and	TBS	group	deprotected	to	give	tosylamide	170.	Intramolecular	reductive
hydroamination	by	Parker's	method43	afforded	dihydroisocodeine	171.	As	171	had	been
previously	converted	into	morphine	172	in	nine	steps,43	the	formal	synthesis	of	morphine
starting	from	d-glucal	has	been	completed.



Scheme	12.44	Synthesis	of	morphine.

In	2013,	the	Chida	group	reported	its	second-generation	synthesis	of	morphine,	in	which	the
requisite	C-7/C-8	double	bond	was	introduced	at	an	early	stage	(Scheme	12.45).12b	Oxidation
of	the	hydroxy	group	in	165	gave	a	ketone,	which	was	converted	into	cyclohexenone	173	by	the
action	of	PhSeCl	and	AgOTf	in	the	presence	of	BF3·OEt2,	followed	by	oxidation	with	Davis
reagent	(2-tosyl-3-phenyloxaziridine).	Stereoselective	1,2-reduction	of	173	and	subsequent
protection	of	the	hydroxy	function	gave	174.	The	diester	functionality	in	174	was	transformed
into	dialdehyde	175	by	a	reduction–oxidation	sequence.	Friedel–Crafts-type	cyclization	and
deprotection	of	the	O-TBS	group	then	successfully	provided	tetracyclic	compound	176.
Reductive	amination	of	176	followed	by	N-tosylation	afforded	tosylamide	177,	which	is	the
known	synthetic	intermediate	and	could	be	converted	to	morphine	172	in	two	steps.44



Scheme	12.45	Second-generation	synthesis	of	morphine.

12.5.7	Rearrangement	of	Enol	Acetates	(1):	Synthesis	of	an	Inositol
Tetrakis(phosphate)
d-myo-Inositol	1,4,5-tris(phosphate)	(IP3)	is	an	intracellular	second	messenger	that	mediates
the	release	of	calcium	from	nonmitochondrial	stores.	Other	inositol	polyphosphates	have	also
been	implicated	in	the	regulation	of	calcium	levels.	In	1991,	Estevez	and	Prestwich	reported
the	synthesis	of	optically	pure	d-myo-inositol	1,3,4,5-tetrakis(phosphate)	(IP4)	derivative	182,
which	was	utilized	in	the	isolation	and	purification	of	the	receptor	protein	of	IP4.16a	Estevez
and	Prestwich	employed	the	enol-acetate	version	of	the	Ferrier	carbocyclization	reaction	for
the	preparation	of	this	optically	pure	myo-inositol	derivative	(Scheme	12.46).	(Z)-Enol	acetate
112	was	synthesized	from	d-glucose	(see	Section	12.,	Scheme	12.28).	The	Ferrier
carbocyclization	of	112	with	excess	Hg(OAc)2	followed	by	NaCl	treatment	gave
cyclohexanone	178	as	the	major	isomer	in	60%	yield.	Reduction	of	178	with	NaBH(OAc)3
stereoselectively	afforded	myo-inositol	derivative	179.	After	protection	of	the	diol	moiety	in
179,	de-O-acetylation	and	subsequent	condensation	with	the	appropriate	phosphoramidite
followed	by	m-CPBA	oxidation	provided	fully	protected	aminopropyl-tethered	inositol	180.
Deprotection	of	O-MPM	group	in	180	gave	a	triol.	Phosphitylation	of	the	triol	followed	by
oxidation	gave	protected	IP4	derivative	181.	Hydrogenolysis	of	181	induced	the	global
deprotection	to	give	P-1	aminopropyl-tethered	d-myo-inositol	1,3,4,5-tetrakis(phosphate)	182.



Scheme	12.46	Synthesis	of	inositol	tetrakis(phosphate).

12.5.8	Rearrangement	of	Enol	Acetates	(2):	Synthesis	of
Tetrodotoxin
In	2010,	the	Sato	group	disclosed	the	synthesis	of	tetrodotoxin	86	starting	from	d-glucose,	in
which	the	Ferrier	carbocyclization	of	enol	acetate	92	was	employed	for	the	construction	of	the
cyclohexane	core	of	tetrodotoxin.36	4,6-O-Benzylidene	derivative	99	was	converted	into
pyranoside	93	possessing	an	exo-methylene	group	at	C-3	(Scheme	12.47).	m-CPBA	oxidation
of	93	stereoselectively	provided	epoxide	183.	Alkaline	hydrolysis	of	the	epoxide	in	183
followed	by	acetonide	formation	gave	primary	alcohol	184.	Oxidation	of	184	afforded
aldehyde	185,	which	was	converted	into	(Z)-enol	acetate	92	by	the	action	of	acetic	anhydride
and	potassium	carbonate.	When	enol	acetate	92	reacted	with	Hg(OAc)2,	followed	by	NaCl
treatment,	the	Ferrier	carbocyclization	reaction	successfully	took	place	to	afford	a	mixture	of



cyclized	products	91a,	91b,	and	91c	in	58%,	23%,	and	9%	yields,	respectively.	Use	of	PdCl2
was	ineffective	for	the	reaction	of	92	and	resulted	in	the	formation	of	a	complex	mixture.

Scheme	12.47	Preparation	of	a	cyclohexane	unit	of	tetrodotoxin	(1).

Hydrogenolysis	of	cyclohexanone	91a,	possessing	the	correct	stereochemistry	for	tetrodotoxin,
followed	by	acetonide	formation,	provided	diacetonide	186	(Scheme	12.48).	Peterson
olefination	of	ketone	186	generated	an	exo-methylene,	and	an	exchange	of	the	protecting	group
of	the	product	(OAc	→	OTBS)	afforded	187.	Hydroboration	of	the	methylene	moiety	in	187
stereoselectively	afforded	a	hydroxymethyl	derivative,	which	was	converted	into	188.
Oxidation	of	188	with	Dess–Martin	periodinane	gave	a	ketone,	which	reacted	with	lithiated
dichloromethane	to	give	189	stereoselectively.	Treatment	of	189	with	NaN3	in	DMSO	induced
a	Darzens-type	reaction	to	give	an	epoxide	intermediate,	whose	oxirane	ring	was	opened	with
azide	ion	to	provide	90	with	complete	stereo-	and	regioselectivity.	The	reaction	of	aldehyde
90	with	TMSCN	in	methanol	gave	an	equilibrium	mixture	of	cyanohydrin	190	and	its	9-epimer
in	56%	and	17%	yields,	respectively.



Scheme	12.48	Preparation	of	a	cyclohexane	unit	of	tetrodotoxin	(2).

After	protection	of	the	hydroxy	group	in	190	as	a	MOM	ether,	the	resulting	nitrile	was	reduced
with	DIBAL-H	to	afford	an	aldehyde,	which	was	then	treated	with	Jones	reagent	(Scheme
12.49).	Under	these	acidic	conditions,	the	MOM	protecting	group	at	C-5	was	first	cleaved	to
give	a	lactol,	which	underwent	oxidation	to	provide	lactone	89.	The	azide	group	in	89	was
reduced	to	give	an	amine,	and	the	silyl	protecting	group	was	removed	to	afford	a
hydroxyamine.	Guanidinylation	of	the	amine	gave	191.	Oxidation	of	a	primary	alcohol	in	191,
followed	by	acid	hydrolysis	and	subsequent	treatment	with	aq.	TFA,	afforded
anhydrotetrodotoxin	192	in	50%	yield.	Treatment	of	192	with	aq.	AcOH	provided	a	mixture	of
192	and	tetrodotoxin	88	(ca.	1:3).	Purification	of	the	mixture	afforded	tetrodotoxin	88	in	30%
yield.



Scheme	12.49	Total	synthesis	of	tetrodotoxin.

12.6	CONCLUSION
Since	R.	J.	Ferrier's	discovery	in	1979	of	an	interesting	rearrangement	of	5-enopyranosides,
the	Ferrier	carbocyclization	reaction	has	become	one	of	the	most	synthetically	powerful
transformations	of	carbohydrates	to	carbocycles.	At	the	early	stage	of	its	development,	this
reaction	was	applied	to	prepare	cyclitol	and	aminocyclitol	derivatives.	Later,	more	complex
molecules	such	as	polycyclic	and	macrocyclic	natural	products	possessing	cyclohexane	units
with	multiple	stereocenters	were	synthesized	utilizing	the	Ferrier	cyclization.	Another	of
Ferrier's	findings,	the	Ferrier	rearrangement	of	a	glycal	system,	has	also	played	an	important
role	in	the	transformation	of	carbohydrates.	Carbohydrates,	the	most	abundant	class	of
compounds	in	the	biological	world,	are	relatively	inexpensive	and	readily	available	molecules
possessing	multiple	well-defined	stereogenic	centers,	making	them	useful	and	important
organic	raw	materials	as	renewable	and	nonfossil	carbon	resources.	The	Ferrier
carbocyclization	as	well	as	the	Ferrier	rearrangement	will	continue	to	serve	as	efficient
reactions	in	carbohydrate	chemistry,	expanding	the	possibilities	for	the	synthesis	of	important
molecules	by	the	“chiral	pool	approach	from	carbohydrates.”7
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Part	IV
[3,3]-	AND	[2,3]-SIGMATROPIC	REARRANGEMENTS



CHAPTER	13
THE	CLAISEN	REARRANGEMENT

Donald	Craig
Department	of	Chemistry,	Imperial	College	London,	South	Kensington	Campus,	London,
UK

13.1	INTRODUCTION
Since	it	was	first	reported	in	1912,1	the	Claisen	rearrangement	has	become	a	mainstay	of
organic	synthesis	and	a	classic	among	methods	for	the	assembly	of	small	and	large	molecules.
Central	to	the	remarkable	longevity	of	this	strategy-level	pericyclic	transformation	is	that	it
transforms	C—heteroatom	bonds	into	C—C	bonds	regiospecifically	and	almost	invariably	in	a
highly	stereoselective	manner.	In	addition,	substrates	for	the	Claisen	rearrangement	are	usually
straightforward	to	synthesize	from	commonplace	precursors,	and	in	many	instances,	the
substrates	may	be	generated	in	situ,	with	rearrangement	taking	place	spontaneously	upon	their
formation.	Thus,	the	Claisen	rearrangement	offers	unrivaled	opportunities	for	the	creation	of
complexity	and	the	generation	of	high	added-value	molecular	structures	in	a	rapid	and	reliable
fashion.2

13.1.1	Fundamentals	of	the	Claisen	Rearrangement	Reaction
In	its	simplest	manifestation,	the	Claisen	rearrangement	reaction	involves	the	[3,3]-sigmatropic
rearrangement	of	an	allyl	vinyl	ether	1,	giving	a	γ,δ-unsaturated	aldehyde	or	ketone	product	2.
The	reaction	takes	place	with	the	breaking	of	a	carbon–oxygen	σ-bond	and	two	carbon–carbon
π-bonds	and	the	formation	of	a	transposed	carbon–carbon	π-bond	together	with	a	new	carbon–
carbon	σ-bond	and	a	carbon–oxygen	π-bond	which	is	part	of	the	carbonyl	group	(Scheme
13.1).	Thus,	depending	on	the	degree	and	position	of	substitution	within	the	substrate,	the
rearrangement	enables	the	allylic	transposition	of	a	C—O	bond	to	a	C—C	bond,	with	a
corresponding	increase	in	stereochemical	complexity.	The	major	driving	force	of	the
rearrangement	is	the	formation	of	the	carbonyl	functional	group,	whose	thermodynamic
stability	is	such	that	the	intrinsically	reversible	allyl	vinyl	ether→γ,δ-unsaturated	carbonyl
transformation	is	almost	invariably	a	one-way	process	for	the	purposes	of	synthesis.3

Scheme	13.1	The	Claisen	rearrangement.



From	a	synthetic	strategy	standpoint,	Claisen	rearrangement	reactions	give	rise	to	the	products
of	C—C	bond	formation	by	formal	allylation	at	the	α-position	of	a	carbonyl	compound.	Such
products	may	also	be	accessed	by	using	enolate	chemistry	in	conjunction	with	an	allylating
agent.	While	the	latter	transformations	are	usually	relatively	efficient	because	of	the	high
mutual	SN2	reactivity	of	the	enolate	anion	with	the	allylic	electrophile,	both	nucleophile	and
electrophile	are	ambident	in	nature.	In	contrast,	use	of	the	Claisen	rearrangement	reaction
allows	regiospecific	allylation	because	of	the	reaction's	pericyclic	nature:	C—C	rather	than	C
—O	bond	formation	is	bound	to	take	place,	and	this	occurs	at	only	one	of	the	allylic	termini
(Scheme	13.2).	In	addition,	the	intramolecular	nature	and	correspondingly	less	unfavorable
activation	entropy	of	the	Claisen	rearrangement	enable	its	application	to	the	synthesis	of	highly
substituted,	sterically	congested	systems.

Scheme	13.2	Strategic	value	of	the	Claisen	rearrangement.

13.1.2	Functional	Group	Versatility:	Claisen	Rearrangement
Reaction	Variants
Although	the	very	first	Claisen	rearrangement	substrate	was	synthesized	by	O-allylation	of
phenol,1	this	approach	is	not	general	because	of	the	issues	of	enolate	allylation	regiochemistry
alluded	to	previously.	Instead,	substrates	are	typically	synthesized	using	strategies	in	which	the
allylic	moiety	is	part	of	a	nucleophilic	reactant,	and	using	this	approach,	the	Claisen
rearrangement	has	been	extended	to	include	a	range	of	substrates	which	give	rise	to	γ,δ-
unsaturated	carbonyl-containing	products	possessing	a	variety	of	functional	groups.	The	most
significant	substrate	types	are	(1)	allyl	vinyl	ethers	3,	(2)	O,O-dialkylketene	acetals	4,	(3)
ketene	aminals	5,	and	(4)	O-alkyl-O-silyl	ketene	acetals	(commonly,	these	are	referred	to
simply	as	silyl	ketene	acetals)	6,	as	well	as	reactive	zwitterionic	intermediates	such	as	7
arising	from	the	combination	of	allylic	amines	and	thioethers	with	ketenes	generated	in	situ.



Common	to	the	majority	of	these	processes	is	the	use	of	an	allylic	alcohol	for	substrate
generation,	whether	in	a	separate	step	or	in	situ;	meanwhile,	the	source	of	the	vinylic	portion
of	the	substrate	varies	according	to	the	Claisen	rearrangement	variant.	In	the	classical	Claisen
rearrangement,	catalyzed	condensation	of	an	allylic	alcohol	with	a	vinyl	ether	gives	the	allyl
vinyl	ether	3,	which	typically	rearranges	in	situ.4	The	Johnson–Claisen5	and	Eschenmoser–
Claisen6	variants	are	closely	related	mechanistically,	involving	the	condensation	of	allylic
alcohols	with	more	highly	oxidized	precursors	to	give	substrates	4	and	5,	respectively,	which
rearrange	to	deliver	carboxylic	acid	derivatives	rather	than	aldehydes	or	ketones.	In	the
Ireland–Claisen	rearrangement,7	allylic	esters	synthesized	using	standard	methods	are
converted	at	low	temperatures	into	silyl	ketene	acetals	6,	which	undergo	[3,3]-sigmatropic
rearrangement	upon	warming.	In	the	Belluš–Claisen	variant,8,	9	allylic	amines	and	thioethers
combine	with	ketenes	generated	in	situ	to	give	zwitterionic	species	7	with	X	=	NR2,	S,	which
undergo	spontaneous	rearrangement	to	give	amides	and	thiol	esters,	respectively.	Propargylic
alcohols	may	be	used	in	place	of	allylic	alcohols	in	many	of	these	Claisen	rearrangement
variants,	giving	functionalized	allenes	8	(Scheme	13.3).10	Further,	detailed	discussion	of
methods,	reactants,	and	reagents	for	substrate	assembly	may	be	found	in	Section	13.4.



Scheme	13.3	Claisen	rearrangement	variants.



13.1.3	Stereochemistry
The	Claisen	rearrangement	is	a	concerted,	three-component	pericyclic	transformation
comprising	two	π-components	and	one	σ-component.	As	such,	it	may	be	described	either	as	a
π2s	+	σ2s	+	π2s	or	as	a	π2a	+	σ2a	+	π2s	process,	and	since	in	both	analyses	the	total	number	of
(4q	+	2)	suprafacial	and	4r	components	is	an	odd	number	(three	and	one,	respectively),	the
transformation	is	thermally	allowed.11	However,	this	orbital	symmetry	conservation-based
analysis	is	of	less	predictive	value	than	it	is	for	cycloaddition	or	electrocyclic	processes
because	of	the	greater	inherent	flexibility	of	the	Claisen	rearrangement	substrate,	which	means
that	more	than	one	diastereoisomeric	outcome	is	possible	even	though	the	reactions	are	always
stereospecific.	This	is	because	competing	reactive	geometries	lead	to	different	topicities	of
mutual	approach	of	the	reacting	π-systems,	with	alternative	geometries	arising	through	the
interconversion	of	chair-	and	boat-like	conformations	and	by	the	preferred	disposition	of
substituents	on	the	pericyclic	array.	The	analysis	depicted	in	Scheme	13.4	indicates	that
Claisen	rearrangement	of	any	acyclic	substrate	may	proceed	via	two	competing	chair-like
reactive	conformations,	C1	and	C2,	and	two	competing	boat-like	conformations,	B1	and	B2.
These	competing	conformers	give	rise	to	products	varying	in	a	complementary	way	with
respect	to	α,β	relative	stereochemistry	and	alkene	geometry.	In	the	chair-like	conformation	C1,
pseudoequatorially	disposed	R5	leads	to	the	formation	of	an	E-configured	γ,δ-alkene	with	the
α,β	relative	stereochemistry	shown,	while	in	C2	a	pseudoaxial	R5	group	gives	the
corresponding	Z-isomer	having	the	same	relative	α,β	stereochemistry	but	in	the	opposite
enantiomeric	sense.	Similar	arguments	apply	for	the	competing	boat-like	conformers	B1	and
B2,	with	α,β	relative	stereochemistry	now	in	the	opposite	diastereoisomeric	sense	(Scheme
13.4).

Scheme	13.4	Competing	reacting	conformations	in	the	Claisen	rearrangement.

Conformationally	more	constrained	substrates	possessing	cyclic	allylic	moieties	undergo
Claisen	rearrangements	in	which	allylic	alkene	topicity	is	determined	by	the	configuration	of
the	ring	carbon	atom	bearing	the	vinyloxy	motif,	with	variable	topicity	associated	with	the
vinylic	olefin	(Scheme	13.5).	A	more	in-depth	discussion	of	the	factors	affecting	the	nature	and
degree	of	stereoselectivity	which	may	be	expected	in	these	reactions	is	provided	in	Section



13.3.

Scheme	13.5	Effect	of	allylic	configuration	on	product	stereochemistry.

13.2	STRATEGIC	PLANNING	FOR	THE	CLAISEN
REARRANGEMENT	REACTION
The	Claisen	rearrangement	enables	the	synthesis	of	multifunctional	molecules	through	two-
carbon	chain	extension	starting	from	an	allylic	alcohol	or	a	derivative	thereof.	The	range	of
Claisen	variants	described	earlier	(cf.	Scheme	13.3)	allows	access	to	products	having	a
variety	of	functional	motifs,	all	of	which	contain	modifiable	heteroatom-containing	groups.
This	combination	of	functional	group	versatility	and	regiospecificity	offers	multiple
opportunities	for	selective	synthesis.

13.2.1	Identification	of	Structural	Elements
In	principle,	any	target	structure	possessing	a	heteroatom	linearly	connected	to	a	chain
possessing	five	contiguous	aliphatic	carbon	atoms	may	be	accessed	using	the	Claisen
rearrangement.	Post-rearrangement,	additional	standard	functional	group	transformations
include	oxidation	level	adjustment,	homologation	and	dehomologation,	alkene	hydration,	and
cyclization	processes.	Scheme	13.6	depicts	the	synthetically	most	useful	options,	starting	from
a	simple	rearrangement	product	congener	possessing	a	terminal	alkene,	which	is	derived
ultimately	from	a	primary	allylic	alcohol.	Thus,	unsaturated	amines	and	alcohols	9	are	formed
by	straightforward	carbonyl	group	oxidation	level	adjustment,	and	alkene	hydrogenation	gives
the	saturated	analogues	10.	Oxidative	cleavage	of	the	alkene	provides	valuable	1,4-dicarbonyl
compounds	11	or	γ-lactones	12,	depending	upon	work-up	conditions.	Oxidation	without	C—C
bond	cleavage	yields	more	highly	functionalized	γ-lactones	13,	by	electrophile-assisted
cyclization,12	or	homologous	1,4-dicarbonyl	compounds	14,	by	Wacker	oxidation13	of	the
terminal	alkene.	Depending	on	the	nature	of	X	in	the	rearrangement	product,	varying
dehomologation	reactions	are	possible.	Where	X	=	Me,	chemoselective	Baeyer–Villiger
oxidation14	gives	secondary	alcohols	15	following	acetate	hydrolysis.	When	X	=	OH,	Curtius
rearrangement15–17	of	the	derived	acyl	azide	gives	amines	16	upon	hydrolytic	cleavage	of	the
carbamic	acid/ester	products,	and	analogous	aminative	dehomologation	may	be	achieved	by
Schmidt	reaction18	of	ketone-containing	rearrangement	products	or	by	Beckmann
rearrangement19	of	their	oxime	derivatives.	Notably,	these	dehomologation	transformations	are
stereospecific,	such	that	the	stereochemistry	of	the	Claisen	rearrangement	products	is	retained.
Decarboxylation	of	the	Claisen	rearrangement	products	is	facile	when	X=	Me	OH	and	R1	is	an



electron-withdrawing	group,	giving	dehomologated	products	17	without	concomitant
oxidation.	Hydration	of	the	terminal	alkene	in	the	rearrangement	products	using	a
hydroboration–oxidation	sequence	gives	the	products	of	overall	hydration,	which	may	readily
be	converted	into	the	δ-lactones	18	by	intramolecular	esterification.	These	generic
transformations	are	collected	in	Scheme	13.6.

Scheme	13.6	Synthetic	transformations	of	Claisen	rearrangement	products.

13.3	MECHANISTIC	FEATURES	OF	THE	CLAISEN
REARRANGEMENT	REACTION
As	stated	in	Section	13.1,	the	Claisen	rearrangement	is	a	concerted,	pericyclic	reaction.	In	this
[3,3]-sigmatropic	rearrangement	process,	an	allylic	or	propargylic	C—O	σ-bond	is	exchanged
for	an	allylic	or	allenic	C—C	σ-bond	with	concomitant	transposition	of	the	alkene	π-bond	or
one	of	the	two	π-bonds	present	in	the	alkyne.	One	of	the	major	advantages	of	this	C—C	bond-
forming	process	is	its	intramolecularity,	which	imparts	regio-	and	stereospecificity	together
with	diastereoselectivity,	as	well	as	a	less	negative	activation	entropy.

13.3.1	Diastereoselectivity:	Acyclic	Substrates
For	most	acyclic	Claisen	rearrangement	substrates,	reactions	may	be	viewed	as	taking	place



via	a	chair-like	reactive	conformation,	with	diastereoselectivity	dictated	by	vinylic	and	allylic
double-bond	geometry.	For	example,	isomeric	ester-containing	substrates	cleanly	rearranged	to
give	stereocomplementary,	diastereoisomeric	products	(Scheme	13.7).20

Scheme	13.7	Effect	of	vinylic	geometry	on	product	stereochemistry.

When	the	allylic	motif	in	the	rearrangement	substrate	contains	an	enol	ether	and	the	vinylic
alkene	is	substituted	on	the	terminal	position,	the	products	of	rearrangement	correspond	to
those	of	selective	aldol	reactions.	Glycine-derived	substrates	possessing	enol	ethers
underwent	highly	selective	Claisen	rearrangements	to	give	α-amino-β-alkoxy	and	α-amino-β-
aryloxy	products;	this	transformation	is	of	particular	value	since	it	allows	access	to	aryloxy
analogues	which	are	less	straightforward	to	assemble	using	aldol	chemistry	(Scheme	13.8).21

Scheme	13.8	Synthesis	of	aldol-type	products	by	the	Ireland–Claisen	rearrangement.

For	enantiomerically	pure	substrates	possessing	a	stereocenter	within	the	pericyclic	array,
absolute	stereochemistry	is	governed	by	the	preferred	equatorial	disposition	of	the	sterically
more	demanding	group	on	the	stereocenter.	This	also	leads	to	pronounced	selectivity	for	E-
alkene	geometry	in	the	product.	Thus,	if	allylic	and	vinylic	geometry	can	be	controlled
independently,	all	possible	diastereoisomers	of	the	γ,δ-unsaturated	carbonyl/carboxylic
product	may	be	accessed	(Scheme	13.9).	Inspection	of	the	putative	transition-state	structures	in
Scheme	13.9	shows	that	asymmetric	induction	arising	from	the	R5-bearing	stereocenter	should
in	principle	be	maximized	when	the	R3	and	R4	groups	on	the	allylic	double	bond	are	mutually
anti,	because	such	alkene	geometry	maximizes	the	allylic	1,3-interactions	of	R3	with	R5	in	the
unfavorable	alternative	chair-like	conformations	leading	to	products	possessing	isomeric
alkenes.



Scheme	13.9	Effect	of	a	stereocenter	on	the	allylic	moiety.

Diastereoselectivity	has	also	been	observed	for	acyclic	substrates	where	the	stereocenter	is
positioned	outside	the	pericyclic	array,	though	levels	of	stereocontrol	are	variable	(Scheme
13.10).22

Scheme	13.10	Effect	of	a	stereocenter	outside	the	pericyclic	array.

The	Ireland–Claisen	rearrangement	of	allylic	azides	gave	carboxylic	acids	which	were
subjected	to	decarboxylation	under	basic	conditions	to	give	azide-substituted	homoallylic
sulfones	with	varying	diastereoselectivity.23	This	work	also	represented	an	unusual	example	of
the	use	of	interconverting	substrates	in	the	Claisen	rearrangement,	where	only	one	of	the
equilibrating	allylic	azide	isomers24	has	the	necessary	allylic	double-bond	position	for
rearrangement	to	take	place	(Scheme	13.11).



Scheme	13.11	Claisen	rearrangement	of	equilibrating	allylic	azides.

13.3.2	Diastereoselectivity:	Cyclic	Substrates
Claisen	rearrangement	reactions	of	cyclic,	chiral	substrates	show	diastereoselectivity
depending	on	the	location	of	the	stereocenter,	which	may	be	within	or	external	to	the	pericyclic
array.	For	the	former	class	of	substrates,	the	allylic	stereocenter	is	part	of	a	ring,	and	this
effectively	dictates	the	topicity	of	delivery	of	the	vinylic	moiety	to	the	allylic	terminus.	Such
reactions	show	a	tendency	to	proceed	via	a	boat-like	rather	than	a	chair-like	transition	state.
Scheme	13.12	depicts	the	Johnson–Claisen	rearrangement5	reaction	of	a	chiral	cyclohexenol
with	an	ortholactone,	which	gave	a	product	with	relative	stereochemistry	consistent	with	a
boat-like	reactive	conformation	of	the	in	situ-generated	ketene	acetal.25	This	may	be	explained
in	terms	of	a	minimization	of	steric	interactions	between	the	nonparticipating	atoms	in	the
vinyl-	and	allyl-containing	moieties.

Scheme	13.12	Johnson–Claisen	rearrangement	of	an	ortholactone-derived	substrate.

Schemes	13.13	and	13.14	show	examples	of	Ireland–Claisen	rearrangements	of	substrates
possessing	cyclic	allylic	motifs.	In	Scheme	13.13,	a	glycal-derived	substrate	is	used;	this
transformation	has	become	established	as	a	useful	method	for	the	generation	of	C-glycosides



from	readily	available	carbohydrate	derivatives.26	Again,	the	boat-like	arrangement	is	adopted
so	as	to	minimize	destabilizing	interactions	between	the	silyloxy	group	and	the	dihydropyran
ring.	In	Scheme	13.14,	formation	of	the	silyl	ketene	acetal	under	standard	low-temperature
conditions	(see	Section	13.4)	and	warming	to	ambient	temperature	gave	in	good	yield	and	high
selectivity	the	acids,	which	were	separated	and	characterized	as	the	corresponding	methyl
esters.	Formation	of	the	major	isomer	was	explained	in	terms	of	the	adoption	of	the	more
favorable	boat-like	transition	state,	although	in	this	case	preferential	formation	of	the	major
isomer	may	also	be	interpreted	by	a	consideration	of	the	directing	effect	of	the	methyl
substituent	α-	to	the	vinylic	alkene.27	All	of	these	transformations	additionally	demonstrate	the
usefulness	of	the	Claisen	rearrangement	for	the	assembly	of	structures	possessing	contiguous
sterically	congested	centers.

Scheme	13.13	Ireland–Claisen	rearrangement	of	a	glycal	derivative.

Scheme	13.14	Generation	of	products	possessing	contiguous	quaternary	centers.

Cyclopentenol	derivatives	show	similar	behavior.	Combination	of	an	ethenyl-substituted
substrate	with	dimethylacetamide	dimethyl	acetal	under	thermal	conditions	gave	the	product	of
Eschenmoser–Claisen	rearrangement,	with	delivery	of	the	C—C	bond	taking	place	in	a	syn
fashion	with	respect	to	the	ethenyl	group	(Scheme	13.15).	The	product	amide	was	converted
via	iodolactonization	into	the	bicyclic	lactone,	demonstrating	the	utility	of	the	rearrangement
product	in	subsequent	transformations.28



Scheme	13.15	Eschenmoser–Claisen	rearrangement	of	a	cyclopentenol	derivative.

For	cyclic	substrates	having	stereocenters	external	to	the	pericyclic	array,	a	number	of
scenarios	may	be	envisaged,	in	which	one	or	other	of	the	alkene	double	bonds	is	partly	or
wholly	embedded	in	the	ring.	In	general,	whether	it	is	the	allylic	or	vinylic	component,
approach	of	the	acyclic	alkene	takes	place	in	such	a	way	as	to	minimize	steric	interactions	with
substituents	on	the	ring,	resulting	in	bond	formation	in	an	anti	sense	(Scheme	13.16).

Scheme	13.16	Stereoselectivity	arising	from	cyclic	stereochemistry.

In	Scheme	13.17,	decarboxylative	Claisen	rearrangement	(dCr)	reaction	of	myrtenyl
tosylacetate	19	is	shown.	The	sole	product	obtained	for	this	tandem	transformation	was	that	of
delivery	of	the	ketene	acetal	to	the	allylic	double	bond	in	a	sense	anti	to	the	more	sterically
demanding	dimethyl-substituted	methano	bridge.	Subsequent	decarboxylation	in	situ	gave	the
homoallylic	sulfone	20.	This	reaction	gave	similar	yields	when	carried	out	under	microwave
conditions.29

Scheme	13.17	Decarboxylative	Claisen	rearrangement	of	a	myrtenol	derivative.

Scheme	13.18	shows	a	reaction	in	which	a	substituted	cyclopentenemethanol	derivative	is
converted	stereoselectively	into	a	quaternary	center-containing	product,	again	demonstrating
the	power	of	the	transformation	for	the	generation	of	sterically	congested	products.	Heating	of
the	substrate	under	classical	Johnson–Claisen	conditions	gave	the	methylene	cyclopentane	in



high	yield	as	a	single	diastereoisomer.30

Scheme	13.18	Stereoselective	Johnson–Claisen	rearrangement	of	a	cyclopentenol	derivative.

13.3.3	Reactivity:	Effect	of	Substrate	Substitution
The	Claisen	rearrangement	reaction	has	been	deployed	on	numerous	substrate	types	possessing
a	wide	range	of	structural	motifs	and	degrees	of	substitution.	As	stated	previously,	the
intramolecularity	of	the	[3,3]-sigmatropic	rearrangement	confers	high	intrinsic	substrate
reactivity,	and	this	is	manifested	in	the	efficiency	with	which	sterically	congested	products	may
be	accessed,	including	those	possessing	contiguous	quaternary	centers.	Despite	the	proven
utility	and	versatility	of	the	Claisen	rearrangement,	scant	quantitative	data	has	been	published
concerning	the	relationship	of	reaction	rate	and	substrate	substitution.	In	early	work,	Fife	and
coworkers	uncovered	a	linear	relationship	between	the	Hammett	σ+	and	first-order	rate
constant	for	the	ortho-Claisen	rearrangement	of	a	series	of	meta-	and	para-substituted	p-tolyl
cinnamyl	ethers	(Scheme	13.19).31

Scheme	13.19	Phenyl	ether–allyl	phenol	rearrangement.

Subsequently,	Craig	and	Slavov	carried	out	a	systematic	study	of	the	dCr	reactions	of	a	series
of	mixed	cinnamyl	methyl	tosylmalonic	esters.	In	these	reactions,	initial	O-silylation	triggers
[3,3]-sigmatropic	rearrangement,	after	which	decarboxylation	occurs	spontaneously	to	give	α-
tosyl-γ,δ-unsaturated	esters.	Consumption	of	the	silyl	ketene	acetal	substrates	formed	in	situ
was	monitored	by	1H	NMR	spectroscopy,	and	first-order	rate	constants	were	derived	from
analysis	of	their	exponential	decay.32	In	this	study,	the	rate	enhancement	observed	for
substrates	possessing	electron-rich	Ar	supported	the	conclusion	that	breakage	of	the	allylic	C
—O	bond	is	significantly	more	advanced	than	formation	of	the	new	C—C	bond.	This	induces
positive	charge	character	on	the	distal	allylic	carbon	atom,	which	is	stabilized	by	more
electron-donating	substituents	attached	at	that	position	(Scheme	13.20).	Acceleration	of	the
Ireland–Claisen	rearrangement	by	the	incorporation	of	electron-donating	substituents	at	the
distal	position	of	the	allylic	moiety	has	been	described	and	discussed	elsewhere.33



Scheme	13.20	Decarboxylative	Claisen	rearrangement	of	allyl	2-tosylmalonates.

Steric	hindrance	and	stereoelectronics	also	exert	significant	effects	on	the	rate	of	Claisen
rearrangement	reactions,	though	again	quantitative	rate	data	is	not	readily	available.	Scheme
13.21	shows	comparative	reactions	of	two	homologous	substrates	in	the	dCr	reaction.	Simple
substitution	of	a	hydrogen	atom	with	an	allyl	group	in	the	in	situ-generated	silyl	ketene	acetal
caused	a	significant	loss	of	reactivity,	as	evidenced	by	a	sharp	drop	in	the	yield	of	homoallylic
sulfone	product	obtained	under	the	same	reaction	conditions.34

Scheme	13.21	Stereoselective	decarboxylative	Claisen	rearrangement.

Scheme	13.22	depicts	related	reactions	of	two	steroid-derived	substrates	which	converge	on
similar	dienylsulfone	products	upon	[3,3]-sigmatropic	rearrangement	and	decarboxylation	in
situ.32	Whereas	substrate	A	was	unreactive	even	under	relatively	forcing	thermal	microwave
conditions,	substrate	B	reacted	smoothly	and	efficiently.	This	again	reflects	the	rate-
diminishing	effect	of	increasing	ketene	acetal	substitution	and	also	shows	that	reactivity	may	be
maximized	by	consideration	of	stereoelectronic	effects	when	designing	rearrangement
substrates.	While	the	products	of	rearrangement	of	substrates	A	and	B	are	very	similar	in	terms
of	connectivity	and	stereochemistry,	substrate	B	possesses	an	axial	allylic	C—O	bond.	This
maximizes	orbital	overlap	with	the	allylic	π-system	and	is	such	that	there	is	substantial	relief
of	1,3-diaxial	interactions	upon	allylic	transposition.	Related,	double	dCr	reactions	of
bis(allyl)	tosylmalonic	esters	showed	decreasing	reactivity	with	increasing	substitution
(Scheme	13.23).35



Scheme	13.22	Contrasting	reactivity	in	decarboxylative	Claisen	rearrangements.

Scheme	13.23	Double	decarboxylative	Claisen	rearrangements	of	bis(allylic)	2-
tosylmalonates.

13.3.4	Reactivity:	Choice	of	Claisen	Variant
The	majority	of	Claisen	rearrangement	reactions	take	place	on	substrates	in	which	the	vinylic
ether	moiety	is	generated	in	situ.	As	depicted	in	Scheme	13.3,	Claisen	rearrangement	variants
have	been	developed	which	give	rise	to	aldehyde/ketone,36	carboxylic	acid,37	carboxylic
ester,38	and	carboxylic	amide39	derivatives,	as	well	as	thiol	esters.	In	addition,	carboxylic	acid
products	bearing	electron-withdrawing	groups	may	be	subjected	to	decarboxylation	either	in
situ	or	in	a	separate	step,	extending	the	utility	of	the	rearrangement	to	encompass	noncarbonyl-
containing	products.	As	well	as	the	rearrangement	reactions	taking	place	on	substrates	formed
in	situ,	many	Claisen	rearrangements	are	also	characterized	by	the	use	of	thermal	conditions,
which	facilitate	the	condensation	of	the	allylic	alcohol	with	the	reagent	containing	the	latent
vinylic	group.	Methods	for	the	formation	and	in	situ	rearrangement	of	these	substrates	are
discussed	in	greater	detail	in	Section	13.4.

The	vinyl	ether	and	Ireland–Claisen	rearrangements	are	distinct	from	the	other	variants	in	that



the	[3,3]-sigmatropic	rearrangement	reactants	or	their	precursors	already	possess	the	requisite
σ-frameworks,	which	are	formed	in	separate	steps	by	etherification	and	esterification,
respectively,	using	one	of	the	well-established	methods	available.	Ireland–Claisen
rearrangements	are	notable	also	for	high	substrate	reactivity,	and	this	combination	of	simple
substrate	assembly	and	high	reactivity	has	made	this	the	method	of	choice	for	the	assembly	of
multifunctional	structures	and	in	target-oriented	synthesis.37	Applications	to	target-oriented
synthesis	of	the	Claisen	rearrangement	reaction	and	its	variants	are	discussed	in	further	detail
in	Section	13.5.

13.4	METHODOLOGIES	FOR	SYNTHESIS	OF	CLAISEN
REARRANGEMENT	SUBSTRATES
13.4.1	Substrates	Possessing	Vinylic	Ethers
The	classical	method	for	allyl	vinyl	ether	synthesis	is	by	the	thermal	and/or	catalyzed
combination	of	allylic	alcohols	with	simple	vinyl	ethers	such	as	ethoxyethene.	This	leads	to
reversible	trans-enol	etherification	with	concomitant	generation	of	ethanol;	reactions	may	be
driven	toward	the	allyl	vinyl	ether	product	by	the	use	of	an	excess	of	ethoxyethene,	often	as	the
solvent.	Sugar	derivatives	such	as	glycals	have	been	used	in	this	context.	Reaction	of	the
cyclically	protected	glycal	shown	in	Scheme	13.24	with	ethoxyethene	under	Hg(II)	or	Pd(II)
catalysis	gave	the	corresponding	vinyl	ether,	which	underwent	stereospecific	[3,3]-sigmatropic
rearrangement	upon	thermolysis	in	toluene.	Interestingly,	both	Johnson–Claisen	and
Eschenmoser–Claisen	reactions	of	the	hydroxyl-containing	glycal	under	standard	conditions
were	low	yielding	or	gave	none	of	the	desired	product.40

Scheme	13.24	Claisen	rearrangements	of	vinyl	ethers.

Olefination	reactions	using	the	Tebbe	and	Petasis	reagents	have	been	employed	to	generate
vinylic	ethers	for	Claisen	rearrangement	reactions.	Scheme	13.25	shows	the	formation	of	a
Claisen	substrate	by	reaction	of	a	δ-lactone	with	the	Petasis	reagent,	which	was	subjected	to
iBu3Al-mediated	Claisen	rearrangement	with	in	situ	reduction—also	mediated	by	iBu3Al41—
followed	by	reoxidation	to	yield	the	fused-ring	product.42



Scheme	13.25	Claisen	rearrangement	mediated	by	a	trialkylaluminum.

Isomerization	reactions	of	bis(allylic)	ethers	have	been	used	as	a	method	for	the	generation	of
Claisen	rearrangement	substrates.	Scheme	13.26	depicts	the	iridium-catalyzed	isomerization	of
vinyl	boronates	21,	which	gives	rise	to	Claisen	rearrangement	substrates	which	undergo	[3,3]-
sigmatropic	rearrangement	directly.	The	vinyl	boronate	substrates	are	themselves	the	products
of	chemoselective	hydroboration	of	allyl	propargyl	ethers,	which	are	readily	accessed	from
allylic	alcohols.43	Chemoselectivity	in	the	allyl	vinyl	ether	isomerization	is	governed	by	the
greater	propensity	of	iridium	to	insert	into	the	sterically	more	accessible	C—H	bond	on	the
CH2	rather	than	the	CHR1	group	in	substrates	21.	The	boronate	moiety	in	the	rearrangement
products	22	served	as	a	latent	hydroxyl	group	and	as	a	means	of	forming	further	C—C	bonds
post-rearrangement	through	the	use	of	Pd-catalyzed	coupling	reactions.

Scheme	13.26	Tandem	alkene	isomerisation–Claisen	rearrangement.

Vinylic	ether-containing	Claisen	rearrangement	substrates	may	be	generated	using	syn-
elimination	reactions	of	sulfoxides,	selenoxides,	and	selenones.	2-(Arylsulfinyl)ethyl	ethers
are	particularly	useful	substrates	in	these	reactions	because	of	their	ready	availability	by
nucleophilic	addition	of	allylic	alcohols	to	commercially	available	phenylsulfinylethene.
Scheme	13.27	shows	a	typical	synthetic	context	for	this	chemistry,	involving	the	stereospecific
introduction	of	quaternary	centers	from	easily	accessed	allylic	alcohol	precursors.44

Scheme	13.27	Claisen	rearrangement	of	a	vinyl	ether	generated	by	sulfoxide	syn-elimination.

Vinylic	ether-containing	Claisen	rearrangement	substrates	may	be	generated	in	some	cases	by
O-allylation	reactions	of	ketones	if	there	is	an	intrinsic	bias	in	the	reactivity	of	the	derived



enolate.	Scheme	13.28	depicts	the	O-crotylation	of	a	β-ketoester	under	Mitsunobu	conditions
to	give	a	Claisen	rearrangement	substrate,	which	undergoes	guanidinium-catalyzed
rearrangement	in	high	yield.45	These	reactions	were	subsequently	carried	out
enantioselectively	using	chiral	analogues	of	the	catalyst	A.46

Scheme	13.28	Claisen	rearrangement	catalysed	by	a	guanidinium	salt.

13.4.2	Substrates	Possessing	Ketene	Acetals	and	Ketene	Aminals
Two	classical	variants	of	the	Claisen	rearrangement	involve	in	situ	generation	of	the	substrate.
In	the	Johnson–Claisen	rearrangement	(often	termed	the	Johnson–Claisen	orthoester
rearrangement),36	ketene	acetals	are	generated	by	the	acid-catalyzed	condensation	of	the	allylic
alcohol	precursor	with	an	orthoester	(or	ortholactone,	as	shown	in	Scheme	13.12).	Typically,
simple	orthoester	reactants	such	as	triethyl	orthoacetate	are	employed	as	the	solvent	in	these
processes,	in	conjunction	with	high-boiling-point	acid	catalysts	such	as	propanoic	acid.	The
reversible	formation	of	the	ketene	acetal	substrate	for	these	transformations	is	driven	by	the
large	excess	of	orthoester	and	by	the	removal	through	distillation	of	the	ethanol	by-product.
Scheme	13.29	shows	a	typical	procedure,	which	was	used	to	synthesize	substrates	in	a	recent
study	of	intramolecular	alkene	amidoarylation	reactions.47

Scheme	13.29	Synthesis	of	a	γ,δ-unsaturated	acid	by	Johnson–Claisen	rearrangement	and
hydrolysis.

The	Eschenmoser–Claisen	rearrangement	is	a	closely	related	transformation	which	delivers
carboxylic	amide	rather	than	ester	products,	via	the	intermediacy	of	the	analogous	ketene
aminals.39	Scheme	13.30	depicts	the	reaction	of	a	cyclic,	unsaturated	anti-1,2-diol	which	was



subjected	to	sequential	Johnson–Claisen	and	Eschenmoser–Claisen	rearrangements	to	give	an
intermediate	in	a	synthesis	approach	to	the	opioid	agonist	morphine.48

Scheme	13.30	Sequential	Johnson–Claisen	and	Eschenmoser–Claisen	rearrangements.

As	stated	in	Section	13.4,	the	mild	conditions	and	resulting	functional	group	tolerance	of	the
Ireland–Claisen	rearrangement	are	such	that	this	is	often	the	variant	of	choice	for	complex-
molecule	synthesis,	where	chemo-	and	stereoselectivity	are	vital.	Shown	in	Scheme	13.31	is
an	example	of	the	deployment	of	the	Ireland–Claisen	rearrangement	within	a	two-directional
chain	extension	strategy,	whereby	the	two	ends	of	a	symmetrical	substrate	are	elaborated
simultaneously.49	Formation	of	both	products	may	be	understood	in	terms	of	Z-configured
ketene	acetals	rearranging	via	chair-like	transition	states,	with	the	switch	from	E-	to	Z-allylic
alkene	geometry	accounting	for	the	differing	topicity	and	the	differing	relative	stereochemistry
at	the	allylic	positions	of	the	two	products	shown.	These	impressive	transformations
underscore	the	power	of	the	Ireland–Claisen	rearrangement	for	the	assembly	of	sterically
congested	structures	with	high	levels	of	predictable	stereoselectivity.

Scheme	13.31	Double	Ireland–Claisen	rearrangement	reactions.



13.5	APPLICATIONS	OF	THE	CLAISEN
REARRANGEMENT	REACTION	IN	TARGET-ORIENTED
SYNTHESIS
The	power	of	the	Claisen	rearrangement	reaction	in	terms	of	ease	of	substrate	assembly,
functional	group	versatility,	substrate	tolerance,	reactivity,	and	reliable	stereoselectivity	based
on	readily	understood	models	and	principles	is	such	that	over	several	decades	it	has	emerged
as	one	of	the	most	important	strategy-level	transformations	available	to	organic	synthesis
chemists.	The	following	case	studies	highlight	some	of	its	key	features.

13.5.1	Cananodine
Cananodine	2350	(Scheme	13.32)	is	a	guaipyridine	sesquiterpene	alkaloid	isolated	from	the
perfumery	tree	Cananga	odorata,	commonly	known	as	ylang	ylang.	Cananodine	possesses	a
trisubstituted	pyridine	which	is	annulated	to	a	seven-membered	ring	and	shows	sub-
micromolar	activity	against	Hep	G2	human	hepatocarcinoma	cell	lines.	During	studies	on
pyridine	synthesis	via	oxidative	cleavage	of	4-(arylsulfonyl)-1,6-heptadienes	and	ammonolysis
of	the	resulting	1,5-dicarbonyl	compounds,35	Craig	and	coworkers	recognized	that	diketone	24
could	serve	as	a	late-stage	intermediate	in	the	assembly	of	the	natural	product.	While	in
principle	24	could	be	accessed	by	Michael	addition	of	an	enolate	derived	from
cycloheptanone	25	to	a	3-substituted	3-buten-2-one	or	a	synthetic	surrogate,	the	regiochemistry
of	alkylation	of	25	would	be	problematic,	because	of	the	similar	α-	and	α′-positions.	In
addressing	this	issue,	it	was	recognized	that	a	methylenecycloheptane	such	as	26	is	a	latent
cycloheptanone	and	that	control	of	the	positioning	of	the	required	four-carbon	side	chain	could
be	achieved	using	[3,3]-sigmatropic	rearrangement	chemistry	provided	that	the	ester	27	could
be	synthesized	(Scheme	13.32).	Substrate	27	would	be	subjected	to	dCr,29	and	the	latent
carbonyl	groups	revealed	by	oxidative	cleavage	of	the	methylene	groups.

Scheme	13.32	Retrosynthetic	analysis	of	cananodine.



Scheme	13.33	shows	the	realization	of	this	idea.	dCr	of	27	(Ar	=	Tol,	R	=	CO2Me)	in	the
presence	of	BSA	and	substoichiometric	KOAc	under	microwave	conditions	gave	1,6-diene	28,
which	upon	ozonolysis	with	triphenylphosphine	work-up	and	treatment	with	ethanolic	ammonia
gave	pyridine	29.	Finally,	treatment	with	excess	MeMgBr	gave	cananodine	23	(Scheme
13.33).51

Scheme	13.33	Decarboxylative	Claisen	rearrangement	in	the	synthesis	of	cananodine.

From	a	strategic	perspective,	the	synthesis	of	cananodine	23	described	earlier	highlights	the
utility	and	versatility	of	the	Claisen	rearrangement	in	that	it	may	be	tailored	to	deliver
noncarbonyl-containing	products	by	judicious	incorporation	of	functionality	in	the	substrates.
Given	that	28	may	in	principle	be	made	by	double	dCr	of	a	bis(allylic)tosylmalonic	ester,35	a
wide	range	of	annulated	pyridines	should	be	available	using	this	approach	(Scheme	13.34).



Scheme	13.34	General	annulated	pyridine	synthetic	strategy	using	the	decarboxylative	Claisen
rearrangement.

13.5.2	Basiliolides
The	basiliolides	are	members	of	family	of	natural	products	isolated	from	plants	belonging	to
the	genus	Thapsia.	They	are	believed	to	inhibit	calcium	ATPases	located	within	the	sarco-
/endoplasmic	reticulum	(SERCA-ATPases),	which	in	turn	induces	rapid	mobilization	of
intracellular	Ca2+	stores.	Studies	carried	out	independently	in	the	laboratories	of	Johannson52
and	Stoltz53	demonstrated	the	effectiveness	of	the	Ireland–Claisen	rearrangement	in	bringing
two	mutually	reactive	functional	groups	into	sufficiently	close	proximity	to	undergo	a	second
pericyclic	reaction	following	the	[3,3]-sigmatropic	rearrangement	step.	Thus,	treatment	of
pyrone	30	(Scheme	13.35)	with	silylating	agent	and	base	followed	by	heating	resulted	in	silyl
ketene	acetal	formation,	Claisen	rearrangement,	and	intramolecular	Diels–Alder	reaction	to
give	a	diastereoisomeric	mixture	of	the	tricyclic	products	31,	in	which	the	configuration	of	the
stereocenter	α-	to	the	acid	controlled	facial	selectivity	in	the	intramolecular	cycloaddition.	The
epimers	31	were	subsequently	coupled	with	a	difunctionalized	alkyne	to	provide	the	natural
product	basiliolide	B	32	and	its	C8	epimer	33.



Scheme	13.35	Synthesis	of	basiliolides	using	a	Claisen	rearrangement–intramolecular	Diels–
Alder	strategy.

13.5.3	Ene–Diynes	in	Bergman	Cyclization	Reactions
The	Claisen	rearrangement	has	also	been	used	to	generate	substrates	for	Bergman	cyclization
(Scheme	13.36).	Ketene	acetals	35,	made	from	enolization–silylation	of	34,	underwent
Ireland–Claisen	rearrangement	and	in	situ	Bergman	cyclization	of	intermediates	36	in	the
presence	of	1,4-cyclohexadiene	as	the	source	of	hydrogen,	yielding	the	epimeric
tetrahydronaphthalenes	37	in	good	yield	for	this	cascade	process.	The	Claisen	rearrangement
step	served	to	bring	the	ene–diyne	termini	into	sufficiently	close	mutual	proximity	for
cyclization	to	occur	via	a	presumed	1,4-diyl	species.54



Scheme	13.36	Tandem	Bergman	cyclisation–Claisen	rearrangement.

13.5.4	Azadirachtin
Azadirachtin	38	(Scheme	13.37)	is	a	tetranortriterpenoid	first	isolated	in	196855	from	the	neem
tree,	Azadirachta	indica	A.	Juss.,	a	fast-growing	species	indigenous	to	subtropical	regions.56
While	azadirachtin	has	pronounced	antifeedant	and	growth-inhibiting	properties	toward	over
200	insect	species,	it	is	nontoxic	to	higher	organisms	and	mammalian	species.	From	a	synthesis
perspective,	it	presents	numerous	challenges,	perhaps	most	notably	the	formation	of	the
exceptionally	congested	C8—C14	bond,	which	links	two	quaternary	centers	in	an	extremely
encumbered	steric	environment.	Ley	and	coworkers	successfully	overcame	this	significant
synthetic	hurdle	through	use	of	the	propargylic	Claisen	rearrangement.	Implicit	in	the	Ley	group
strategy	was	the	recognition	that	the	extreme	steric	congestion	at	the	C8–C14	linkage	meant	that
an	intramolecular	transformation	involving	the	least	sterically	hindered	substrate	possible
would	be	essential	for	success	in	this	step.	Also	key	to	their	strategy	was	the	incorporation	of
the	requisite	functionality	for	the	late-stage	elaboration	of	the	epoxide	and	acetal	functionality,
and	therefore,	a	propargylic	Claisen	rearrangement	was	selected	for	the	crucial	C8—C14
bond-forming	step,	with	ketone	39	and	propargylic	mesylate	40	as	the	coupling	partners
(Scheme	13.37).	Ketone	39	could	be	made	via	a	sequence	involving	as	key	steps	an
intramolecular	Diels–Alder	reaction	and	intramolecular	Michael	addition,	while	40	was
synthesized	from	a	d-galactose	derivative.



Scheme	13.37	Azadirachtin	synthetic	strategy.

Coupling	of	39	and	40	using	NaH–15-crown-5	followed	by	removal	of	the	silyl	protecting
groups	gave	the	propargylic	Claisen	rearrangement	substrate	41.	This	was	subjected	to
microwave	irradiation	to	give	the	rearranged	product	42	in	virtually	quantitative	yield
(Scheme	13.38).57	This	success	of	this	key	transformation	stems	from	its	perfect	design,	in	that
C8	is	bonded	to	C14	with	the	latter	carbon	atom	as	sterically	unencumbered	as	possible	while
still	bearing	the	functionality	necessary	for	elaboration	of	the	remaining	carbocycle	and
epoxide.



Scheme	13.38	Formation	of	the	azadirachtin	C8–C14	bond	using	the	Claisen	rearrangement.

13.6	CONCLUSIONS
During	the	century	which	has	elapsed	since	its	discovery,	the	Claisen	rearrangement	has
evolved	into	one	of	the	most	powerful	organic	synthesis	transformations	known.	The	research
reported	through	many	thousands	of	publications	has	demonstrated	the	power	of	the	reaction,
which	combines	great	efficiency,	versatility,	selectivity,	functional	group	tolerance	with	ease
of	substrate	synthesis,	and	high	levels	of	predictability.	As	such,	the	Claisen	rearrangement	has
a	bright	future:	further	advances	may	be	anticipated	in	innovative	methods	for	substrate
synthesis,	incorporation	of	the	rearrangement	within	cascade	processes,	catalyzed	variants
including	enantioselective	reactions,	multicomponent	reactions,	and	total	synthesis
applications.	All	of	these	new	discoveries	will	enhance	still	further	the	attractiveness	and
usefulness	of	this	classic	reaction.
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CHAPTER	14
[3,3]-SIGMATROPIC	REARRANGEMENTS	WITH
HETEROATOM–HETEROATOM	BONDS

Laura	L.	Anderson
Department	of	Chemistry,	University	of	Illinois	at	Chicago,	Chicago,	IL,	USA

14.1	INTRODUCTION
[3,3]-Sigmatropic	rearrangements	that	include	heteroatom–heteroatom	bonds	in	the	6-atom
fragment	are	a	unique	class	of	transformations	that	are	often	used	in	cascade	processes	for	the
preparation	of	heterocycles.	These	transformations	are	usually	thermodynamically	favorable
since	they	result	in	the	cleavage	of	a	weak	N—N	or	N—O	bond	and	the	formation	of	a	new	C
—C	bond.	The	Fischer-indole	reaction	is	a	well-known	method	for	heterocycle	synthesis	that
uses	a	[3,3]-rearrangement	of	a	hydrazine	fragment	as	the	key	C—C	bond-forming	step
(Scheme	14.1a	and	b).1	A	classic	example	of	the	use	of	the	Fischer-indole	reaction	in
Woodward's	synthesis	of	strychnine	is	illustrated	in	Scheme	14.1c.2	A	recent	example	of	an
interrupted	Fischer-indole	reaction	which	also	utilizes	an	analogous	[3,3]-rearrangement
followed	by	intramolecular	nucleophilic	trapping	to	form	an	indoline	is	described	in	Scheme
14.1d.3	Due	to	the	availability	of	extensive	reviews	on	the	synthetic	applications	of	the
Fischer-indole	reaction,1	this	transformation	will	not	be	covered	in	this	chapter;	however,	a
discussion	of	the	Fischer-indole	synthesis	will	be	used	as	an	introduction	to	the	reaction
characteristics	that	will	be	considered	when	assessing	related	methods	that	exploit	similar
heteroatom–heteroatom	[3,3]-sigmatropic	rearrangements.



Scheme	14.1	Examples	of	Fischer-indole	and	interrupted	Fischer-indole	synthesis.

There	are	several	key	aspects	of	the	Fischer-indole	reaction	to	consider	when	evaluating
potential	synthetic	applications:	(1)	the	ease	of	preparing	the	N-arylhydrazone	starting
materials;	(2)	the	energetic	cost	and	regioselectivity	associated	with	tautomerization	of	the



hydrazone	to	form	the	rearrangement	precursor;	(3)	the	regioselectivity	of	the	C—C	bond-
forming	event	that	occurs	during	the	[3,3]-rearrangement	with	respect	to	both	the	enamine	and
the	arene	functionalities;	and	(4)	the	reactivity	of	the	initial	rearrangement	product	that	leads	to
heterocycle	formation.	The	simplicity	of	condensation	reactions	that	form	hydrazones	from
aldehydes	or	ketones	and	N-arylhydrazines	facilitates	the	use	of	the	Fischer-indole	reaction	in
synthetic	processes.	More	challenging	condensations	with	electron-rich	carbonyl	compounds
can	be	promoted	with	Brønsted	or	Lewis	acids.	The	tautomerization	of	hydrazones	to	their
enamine	form	is	energetically	uphill	but	can	also	be	promoted	by	acid	additives.4	The
regioselectivity	of	the	tautomerization	event	is	important	for	the	avoidance	of	product	mixtures,
which	is	why	most	applications	of	the	Fischer-indole	reaction	use	hydrazones	with	only	one
enolizable	position	(Scheme	14.2).5	The	substitution	pattern	of	the	N-aryl	functionality	also
needs	to	be	considered	in	reaction	design	since	unsymmetrical	examples	can	also	lead	to
product	mixtures	during	the	C—C	bond-forming	event.6	The	[3,3]-rearrangement	of	the
cascade	process	is	the	rate-determining	step	for	hydrazines	such	as	2	that	give	N—H	indoles
such	as	1	(Scheme	14.1b).7	The	energy	required	to	reach	the	transition	state	for	these
transformations	is	sufficient	to	promote	the	subsequent	cyclization	and	elimination	to	form	the
corresponding	heterocycle.	Only	in	situations	where	elimination	is	prevented	by	specific
substitution	patterns	or	when	the	imine	is	protected	with	an	electron-withdrawing	group	can	the
subsequent	cyclization	be	prevented	or	intercepted.8	All	four	of	these	reaction	attributes	need
to	be	evaluated	when	considering	whether	or	not	to	use	a	Fischer-indole	synthesis	in	a
synthetic	scheme.	Due	to	similar	mechanistic	characteristics,	analogous	considerations	are	also
important	for	the	applications	of	other	heteroatom–heteroatom	[3,3]-sigmatropic
rearrangements.



Scheme	14.2	Regioisomeric	product	mixtures	of	Fischer-indole	reactions.

This	chapter	is	organized	into	three	major	sections:	(1)	the	[3,3]-rearrangements	of	N—O	bond
fragments;	(2)	the	[3,3]-rearrangements	of	N—N	bond	fragments;	and	(3)	the	[3,3]-
rearrangements	of	N—N	bond	fragments	that	result	in	the	elimination	of	N2.	The	descriptions
of	the	transformations	in	each	section	will	include	(1)	options	for	starting	material	preparation;
(2)	a	discussion	of	the	regio-	and	stereochemical	issues	involved	in	forming	new	C—C	and	C
—O	bonds	during	the	[3,3]-rearrangement	processes;	(3)	an	explanation	of	the	potential
cascade	reactivity	of	the	initial	rearrangement	products;	as	well	as	(4)	applications	in
synthesis.	This	presentation	is	intended	to	give	the	reader	a	better	overall	picture	of	where
these	powerful	rearrangements	can	be	applied	and	to	provide	an	overview	of	how	to
incorporate	these	transformations	in	retrosynthetic	analyses.	While	older	literature	will	be
mentioned	where	appropriate,	the	chapter	will	focus	on	new	transformations,	advances,	and
applications.

14.2	[3,3]-SIGMATROPIC	REARRANGEMENTS	OF	N—O
BONDS
14.2.1	Synthesis	of	Benzofurans	from	O-Aryloxime	Ethers



The	preparation	of	benzofurans	from	O-aryloxime	ethers	occurs	through	a	mechanism
analogous	to	the	Fischer-indole	synthesis	(Scheme	14.3a	and	b).	This	transformation	was
initially	reported	in	1966	by	Sheradsky	and	was	applied	to	the	formal	synthesis	of	aflatoxin	B2
by	Rapoport	and	Castellino	in	1986.9,	10	While	this	[3,3]-rearrangement	and	condensation
process	has	similar	limitations	to	the	Fischer-indole	synthesis	with	respect	to	the
regioselectivity	of	C—C	bond	formation,	it	is	equally	effective	for	aryloxime	ethers	with	only
one	enolizable	position	and	symmetrically	substituted	O-aryl	groups.11	Traditional	benzofuran
syntheses	using	rearrangements	of	aryloxime	ethers	require	the	use	of	harsh,	acidic,	and	high-
temperature	reaction	conditions.11	Consistent	with	the	similarity	of	the	benzofuran	synthesis	to
the	Fischer-indole	reaction,	the	initial	condensation,	[3,3]-rearrangement,	and	dehydration
steps	can	all	be	promoted	in	the	presence	of	an	acidic	reagent	or	catalyst.	Recent
improvements	to	increase	the	scope	and	efficiency	of	these	transformations	have	included	the
use	of	trifluoroacetyltriflate	and	methanesulfonic	acid	to	promote	the	[3,3]-rearrangement
under	milder	conditions	and	lower	temperatures	with	greater	functional	group	compatibility
(Scheme	14.3c).12,	13	Further	notable	advances	to	the	generality	of	these	transformations
involve	the	development	of	new	methods	for	the	preparation	of	aryloxyamines.



Scheme	14.3	Synthesis	of	benzofurans	by	[3,3]-rearrangements	of	aryl	oxime	ethers.

Aryloxime	ethers	can	be	prepared	by	the	condensation	of	aryloxyamines	with	a	ketone	or	an
aldehyde;	however,	traditional	methods	for	the	preparation	of	aryloxyamines	are	mostly
limited	to	nucleophilic	aromatic	substitution	processes	with	N-hydroxyphthalimide	followed
by	deprotection	through	hydrazination.14	The	scope	of	available	aryloxyamines	was
significantly	expanded	by	Sharpless	and	Kelly	who	determined	conditions	for	the	preparation
of	N-aryloxyphthalimides	through	a	Chan–Lam–Evans	coupling	of	N-hydroxyphthalimide	and
arylboronic	acids	(Scheme	14.4a).15	A	method	for	the	direct	arylation	of	oximes	through	an
Ullmann	coupling	has	also	been	reported	by	Wailes	and	coworkers	and	is	effective	for	a	range
of	acetophenone-	and	cyclohexanone-based	oximes	as	well	as	meta-	and	para-substituted	aryl
halides	(Scheme	14.4b).16	Alternatively,	the	Buchwald	group	has	shown	that	a	Pd-catalyzed
arylation	method	is	effective	for	the	preparation	of	oximes	such	as	36	which	can	also	function
as	aryloxyamine	transfer	reagents	(Scheme	14.4c).17	Although	this	method	provides	a	less
direct	route	than	the	Ullmann	coupling,	the	palladium-catalyzed	transformation	allows	for	the
preparation	of	benzofurans	such	as	37.	These	improvements	in	aryloxyamine	synthesis	have



significantly	increased	the	general	applicability	of	the	[3,3]-rearrangements	of	aryloxime
ethers	as	tools	for	the	preparation	of	benzofurans	and	will	facilitate	their	use	in	new	synthetic
strategies	toward	the	preparation	of	complex	molecules	containing	these	important	fragments.

Scheme	14.4	New	routes	to	aryloxyamines	and	aryloxime	ethers	that	expand	the	scope	of
benzofuran	synthesis.

14.2.2	Rearrangements	of	O-Vinyl	Oximes	to	Pyrroles
[3,3]-Rearrangements	of	vinyloxime	ethers	have	been	used	for	the	synthesis	of	pyrroles.	The
first	example	of	this	transformation	was	reported	by	Sheradsky	in	1970	but	has	been
extensively	explored	by	Trofimov	and	coworkers.18,	19	The	Trofimov	reaction	is	a	cascade
process	that	involves	the	in	situ	generation	of	a	vinyloxime	ether	by	the	addition	of	an	oxime	to
acetylene	under	superbasic	conditions,	followed	by	a	[3,3]-rearrangement	and	Paal–Knorr
cyclization	and	elimination	to	form	the	corresponding	pyrrole	(Scheme	14.5a	and	b).	Due	to
the	reaction	conditions,	these	transformations	often	form	the	corresponding	N-vinylated
heterocycles	or	mixtures	of	the	N—H	and	N-vinyl	products.	Consistent	with	its	similarity	to
the	Fischer-indole	synthesis,	the	Trofimov	reaction	also	provides	mixtures	of	products	for
oximes	with	two	enolizable	positions.	Two	unique	limitations	of	the	Trofimov	reaction	are	the
harsh	reaction	conditions	as	well	as	the	lack	of	regioselectivity	and	decreased	efficiency
observed	for	substituted	alkynes	(Scheme	14.5c).20	Camp	and	coworkers	have	recently
published	two	reports	where	the	addition	of	an	amine	catalyst	facilitates	the	addition	of	oximes
to	activated	alkynes	under	much	milder	conditions	and	with	high	regioselectivity	for



propiolates	(Scheme	14.5d).	The	same	group	has	also	determined	appropriate	microwave
conditions	for	the	rearrangement	of	these	vinyloxime	ethers	to	pyrroles	as	well	as	a	gold-
catalyzed	procedure	that	promotes	heterocycle	formation	at	60	°C.21,	22	These	contributions
provide	access	to	highly	substituted	pyrroles	with	reactive	functional	groups	that	are	not
accessible	under	the	traditional	Trofimov	reaction	conditions.

Scheme	14.5	The	Trofimov	reaction	and	recent	advances	in	substrate	scope.

As	an	alternative	entry	into	[3,3]-rearrangements	of	vinyloxime	ethers	that	avoids	the
challenges	and	limitations	associated	with	the	addition	of	oximes	to	alkynes,	Anderson	and
coworkers	have	recently	shown	that	O-propenyl	oximes	can	be	prepared	by	an	iridium-



catalyzed	isomerization	of	allyloxime	ethers	and	are	stable	to	isolation	(Scheme	14.6a).23
Examination	of	the	reactivity	of	these	compounds	showed	that	O-propenyl	oximes	54	undergo
[3,3]-rearrangements	to	give	4-methyl	pyrroles	52	if	tautomerization	is	facilitated	by	a	cyano
group	at	the	α-position	of	the	oxime	and	5-methyl	pyrroles	53	if	tautomerization	is	disfavored
with	respect	to	a	competing	[1,3]-rearrangement	(Scheme	14.6b).	Identification	of	these
mechanistic	trends	inspired	the	development	of	alternative	rearrangement	conditions	in	the
presence	of	a	basic	additive	that	could	reverse	the	substrate	selectivity	for	the	[1,3]-
rearrangement	and	provide	the	corresponding	4-methyl	pyrrole	for	both	β-ketoester-	and	α-
arylated	ketone-derived	oximes.	These	transformations	allow	for	the	selective	conversion	of
ketones	to	two	distinct	pyrrole	regioisomers	by	a	simple	isomerization	reaction	to	access	the
necessary	rearrangement	precursors	and	by	controlling	the	tautomerization	equilibrium	of	these
reactive	intermediates.

Scheme	14.6	pKa-controlled	pathways	for	the	regioselective	synthesis	of	pyrroles.

14.2.3	Rearrangements	of	O-Vinyl-N-Arylhydroxylamines	to	Indoles,
2-Amino-2′-Hydroxy-1,1′Biaryls,	and	α-Arylated	Carbonyl
Compounds
The	Bartoli-indole	synthesis	utilizes	the	[3,3]-rearrangement	of	an	O-vinyl-N-
arylhydroxylamine	intermediate	to	form	indoles	through	a	similar	rearrangement	and
condensation	process	as	the	Fischer-indole	synthesis	(Scheme	14.7a).	The	rearrangement
precursor	59	is	generated	from	the	addition	of	a	vinyl	Grignard	reagent	to	a	nitroarene.24	The



use	of	a	vinyl	Grignard	reagent	avoids	any	regioselectivity	concerns	associated	with	enol	ether
formation.	A	recent	application	of	this	transformation	to	the	synthesis	of	cis-trikentrin	A	is
illustrated	in	Scheme	14.7b.25	The	substituents	of	the	nitroarene	need	to	be	insensitive	to	strong
carbon	nucleophiles	to	participate	effectively	in	this	heterocycle	synthesis,	and	the	nitroarene
must	have	a	substituent	at	the	2-position.	Dobbs	et	al.	were	able	to	expand	the	method	beyond
just	the	preparation	of	7-substituted	indoles	by	developing	conditions	to	remove	a	7-bromo-
substituent	after	heterocycle	formation	(Scheme	14.7c).26	Recent	modifications	of	the	Bartoli-
indole	synthesis	include	an	expansion	of	the	method	to	include	the	preparation	of	1,1′-biaryl
compounds	as	well	as	alternative	methods	of	accessing	the	O-vinyl-N-arylhydroxylamine
rearrangement	precursors	to	be	able	to	target	the	isolation	and	synthetic	utility	of	intermediates
along	the	cascade	pathway.



Scheme	14.7	Mechanism	and	scope	of	Bartoli-indole	synthesis.

Kürti	and	coworkers	have	reported	that	when	ortho-halonitroarenes	such	as	71	are	treated
with	aryl	Grignard	reagents	70,	the	resulting	N,O-diarylhydroxylamine	addition	products	such
as	72	undergo	a	similar	[3,3]-rearrangement	to	the	C—C	bond-forming	step	of	the	Bartoli-
indole	synthesis	to	give	2-amino-2′-hydroxy-1,1′biaryls	such	as	73.27	The	advantage	of	this
new	transformation	is	that	it	provides	access	to	2-amino-2′-hydroxy-1,1′biaryls	under	simple,
transition	metal-free	conditions.	Alternative	methods	for	forming	these	compounds	usually
involve	multistep	procedures.28	The	corresponding	[5,5]-rearrangement	product	74	was	also
observed	with	the	same	reaction	mixture	but	can	be	suppressed	by	raising	the	reaction
temperature	from	−25	to	0	°C.	In	analogy	to	the	Bartoli-indole	synthesis,	all	substrates	require
an	ortho-halosubstituent	to	exhibit	the	desired	reactivity;	however,	the	versatility	of	this



functional	group	for	chemical	library	synthesis	was	demonstrated	for	alkyne	annulation,
heterocycle	synthesis,	diazonium	formation	and	displacement,	as	well	as	cross	coupling.
Although	the	yields	of	this	2-amino-2′-hydroxy-1,1′biaryl	synthesis	are	moderate,	the	new
method	provides	an	exceptionally	efficient	route	to	these	compounds	from	simple	nitroarene
starting	materials.	(Scheme	14.8).

Scheme	14.8	Modified	Bartoli-indole	synthesis	for	the	preparation	of	2-amino-2'-hydroxy-
1,1-Biaryls.27

Rearrangements	related	to	the	Bartoli-indole	synthesis	have	also	been	designed	for	the
preparation	of	ortho-alkylated	anilides	and	oxindoles	from	O-acetyl-N-arylhydroxylamines.
The	starting	materials	for	these	transformations	are	readily	prepared	by	the	protection	of	N-
arylhydroxamic	acids	or	N-arylhydroxylamines	with	substituted	acetyl	chlorides	(Scheme
14.9a).	The	key	C—C	bond-forming	[3,3]-sigmatropic	rearrangement	is	initiated	by
deprotonation	of	the	substituted	acetyl	group	to	form	a	ketene	acetal	such	as	76.	Subsequent
intramolecular	cyclization	of	the	initially	formed	α-anilido	carboxylic	acid	can	provide	the
corresponding	oxindole	75.	The	use	of	symmetrical	substitution	patterns	at	the	3-	and	5-
positions	of	the	arene	is	preferred	to	avoid	regioisomeric	product	mixtures.	Early	examples	of
this	transformation	were	reported	by	the	research	groups	of	both	Prabhakar	and	Endo	(Scheme
14.9b).29,	30	Recently,	more	challenging	examples	have	been	optimized	for	the	preparation	of
spirocyclic	oxindoles	such	as	84,	and	similar	intermediates	have	been	accessed	by	the	addition
of	chiral	nitrones	to	ketenes	for	the	synthesis	of	enantioenriched	oxindoles	such	as	87	(Scheme
14.9c	and	d).31,	32



Scheme	14.9	Oxindole	synthesis	via	the	[3,3]-rearrangement	of	O-acetyl-N-arylhydroxymines.

A	Chan–Lam–Evans	coupling	has	also	been	designed	as	a	new	method	to	access	O-vinyl-N-
arylhydroxylamines	under	mild	conditions	that	avoid	the	use	of	strong	bases	as	described
previously	for	the	Bartoli-indole	synthesis	and	related	preparations	of	oxindoles	(see	Section
14.2.3).	Anderson	and	coworkers	have	shown	that	treatment	of	N-arylhydroxamic	acids	with
vinylboronic	acids	leads	directly	to	the	synthesis	of	α-(o-anilido)ketones	such	as	90	(Scheme



14.10).33	These	transformations	likely	proceed	through	the	formation	of	O-vinyl-N-
arylhydroxamates	such	as	89	followed	by	a	rapid	[3,3]-rearrangement.	The	use	of	vinylboronic
acid	reagents	selectively	affords	single	enol	ether	isomers	due	to	the	conservation	of
stereochemistry	in	the	cross-coupling	process34;	however,	3-substituted	aryl	groups	do	lead	to
regioisomeric	mixtures	of	products.	Surprisingly,	the	conditions	required	to	promote	this	C—O
bond	coupling	and	rearrangement	process	are	mild	enough	that	further	cyclization	to	form	the
corresponding	indole	is	not	observed,	and	these	interrupted	Fischer-indole	intermediates	can
be	isolated	and	functionalized.	This	modular	method	for	the	preparation	of	α-(o-
anilido)ketones	provides	opportunities	for	the	consideration	of	N-arylhydroxylamines	and
vinyl	boronic	acids	as	precursors	to	α-arylated	ketones	that	are	challenging	to	access	by
transition	metal-catalyzed	α-arylation	procedures.35

Scheme	14.10	Rearrangements	of	O-vinyl-N-arylhydroxylamines	for	the	preparation	of
interrupted	Fischer-indole	intermediates.33

14.2.4	α-Oxygenation	Using	[3,3]-Rearrangements	of	O-Protected
Oximes	and	O-Vinyl	Hydroxamates
A	common	characteristic	of	the	methods	described	earlier	is	the	use	of	N—O	bond
rearrangements	for	the	formation	of	new	C—C	bonds	in	heterocycle-forming	cascades.	While
C—C	bond	formation	has	been	the	primary	synthetic	application	for	[3,3]-sigmatropic
rearrangements	of	N—O	bond	fragments,	several	elegant	methods	for	C—O	bond	construction
have	also	been	designed	using	similar	transformations.

Tomkinson	and	coworkers	have	developed	methods	for	the	preparation	of	α-oxygenated
ketones	and	aldehydes	using	[3,3]-rearrangements	of	O-protected	N-hydroxyenamines	such	as
93	generated	from	the	condensation	of	O-protected	hydroxylamines	91,	96,	and	100	with
ketones	and	aldehydes	(Scheme	14.11a–c).36–40	This	work	was	inspired	by	an	analogous



stepwise	transformation	reported	by	House	and	coworkers	in	1959	and	a	similar	stepwise
transformation	used	in	the	synthesis	of	fumagillol.41,	42	Tomkinson	and	coworkers	have
streamlined	the	process	to	an	efficient	single-step	conversion	of	ketones	or	aldehydes	to	α-
oxygenated	carbonyl	compounds	and	explored	the	scope	and	selectivity	of	this	transformation.

Scheme	14.11	Preparation	of	α-oxygenated	ketones	and	aldehydes	by	the	condensation	and
rearrangement	of	N-methyl-O-protected	hydroxylamines	and	carbonyl	compounds.

One	interesting	aspect	of	these	reactions	is	the	solvent	dependence.	The	rearrangements	of



aldehyde-	and	ketone-derived	condensation	products	of	acetylated	or	benzoylated
hydroxylamine	reagents	are	most	efficient	when	run	in	DMSO	at	50	°C	(Scheme	14.11a),37
while	sulfonyl-protected	hydroxylamines	such	as	96	decompose	in	polar	solvents	such	as
DMSO	or	DMF	but	lead	to	clean	product	mixtures	in	THF,	EtOAc,	or	CH2Cl2	with	MsOH	at
25	°C	(Scheme	14.11b).38	Carbonate-protected	hydroxylamines	undergo	equally	efficient
rearrangements	in	DMSO	or	THF,	but	while	transformations	run	in	THF	allow	for	the	isolation
of	the	initial	α-oxygenated	product,	reactions	run	in	DMSO	lead	to	the	conversion	of	these
products	to	the	corresponding	oxazolidinones	(Scheme	14.11c).39

Another	interesting	trend	is	the	regioselectivity	of	oxygenation:	the	rearrangements	of
acetyloxy-,	benzoyloxy-,	or	carbonate-protected	hydroxylamine	condensation	products	strongly
favor	oxygenation	at	secondary	carbon	centers	over	primary	alkyl	groups	(Scheme	14.11a	and
c).37,	39	In	contrast,	the	rearrangements	of	the	condensation	products	of	sulfonyl	hydroxylamines
prefer	oxygen	transfer	to	primary	carbon	substituents	over	secondary	(Scheme	14.11b).38

These	transformations	offer	a	simple	alternative	to	enolate	α-oxygenation	procedures,	enabling
the	formation	of	α-oxygenated	ketones	using	simple	reagents	such	as	91,	96,	and	100	instead	of
electrophilic	oxygen	sources	such	as	benzoylperoxide	or	nitrosobenzene.43	More	recently,	the
Tomkinson	group	has	rendered	these	transformations	asymmetric	with	the	introduction	of	a
chiral	substituent	at	nitrogen	(Scheme	14.11d).40	Substituted	cyclohexanone	derivatives	also
show	high	diastereoselectivity	for	conformationally	well-defined	substrates	such	as	4-t-
butylcyclohexanone.40

In	addition	to	the	α-oxygenation	of	ketones,	the	Tomkinson	group	has	also	explored	the
preparation	of	α-aminophenols	through	similar	[3,3]-rearrangements	of	N-arylhydroxylamines
(Scheme	14.12a).	Rearrangements	of	acetylated	and	benzoylated	N-hydroxycarbamates
smoothly	proceed	at	elevated	temperatures	to	give	the	desired	products.44	These
transformations	are	more	facile	for	sulfonyl-substituted	hydroxylamines	which	can	be
generated	in	situ	and	rearrange	spontaneously	as	shown	in	Scheme	14.12b.45	The
rearrangements	of	carbonate-protected	hydroxylamines	such	as	112	have	also	been	used	to
prepare	the	corresponding	benzoxazolones	(Scheme	14.12c),	and	an	analogous	amination
procedure	has	been	developed	through	the	in	situ	generation	of	imidoyl-substituted
hydroxylamines	from	trichloroacetonitrile	(Scheme	14.12d).46,	47





Scheme	14.12	Preparation	and	rearrangement	of	O-protected-N-arylhydroxylamines.

To	facilitate	the	use	of	these	methods,	the	Tomkinson	group	has	also	developed	three	different
ways	to	synthesize	the	N-arylhydroxylamine	precursors.	The	first	two	methods	employ
transition	metal-mediated	C—N	bond	coupling	reactions	which	tolerate	carbamate-protected
N-functionalities	and	alkoxy	or	silyloxy	O-protecting	groups	(Scheme	14.12e).48,	49
Additionally,	Tomkinson	and	coworkers	have	shown	that	traditional	nitroarene	reduction	is
equally	effective	for	the	preparation	of	similar	compounds.50

The	Anderson	group	has	taken	a	different	approach	to	the	construction	of	C—O	bonds	through
the	[3,3]-rearrangements	of	N—O	bonds.	Using	a	Chan–Lam–Evans	reaction,	they	have	shown
that	N-enoxyphthalimides	such	as	121	and	125	can	be	prepared	through	the	C—O	bond
coupling	of	N-hydroxyphthalimide	and	vinylboronic	acids	(Scheme	14.13a).51	When	heated,
these	compounds	undergo	a	[3,3]-rearrangement	to	form	α-oxygenated	ketones	such	as	122	and
126.	These	imidate	rearrangement	products	can	then	be	hydrolyzed	to	give	the	corresponding
α-hydroxy-	or	α-benzoyloxyketones.	This	transformation	is	distinct	from	the	Tomkinson	method
for	α-oxygenation	in	that	the	rearrangement	precursor	is	prepared	by	a	C—O	bond	coupling	of
N-hydroxyphthalimide	and	a	vinylboronic	acid	instead	of	a	condensation	between	a	ketone	or
aldehyde	and	a	hydroxylamine.	The	cross-coupling	method	places	the	vinyl	functionality	on	the
O-atom	of	the	hydroxylamine	instead	of	the	N-atom,	and	the	stereochemistry	of	the
vinylboronic	acid	is	transferred	to	the	N-enoxyphthalimide.	Preparation	of	the	rearrangement
precursor	by	this	method	avoids	the	challenges	of	selective	deprotonation	approaches	to	alkyl-
substituted	vinyl	ethers	such	as	125.	Retrosynthetically,	this	transformation	provides	a	new
route	to	α-oxygenated	ketones	that	avoids	the	need	for	the	oxidation	of	an	enolate	with	an
electrophilic	oxygen	source	and	provides	an	opportunity	for	the	direct	conversion	of	alkynes	to
α-oxygenated	ketones	without	the	need	for	the	intermediacy	of	a	carbonyl	compound	(Scheme
14.13b).	This	unique	transformation	can	also	be	considered	as	a	dioxygenation	of	an	alkenyl
boronic	acid.



Scheme	14.13	Application	of	[3,3]-rearrangements	of	N-enoxyphthalimides	to	the	preparation
of	α-oxygenated	ketones.51



14.3	[3,3]-SIGMATROPIC	REARRANGEMENTS	OF	N—N
BONDS
14.3.1	Piloty–Robinson	Pyrrole	Synthesis
The	Piloty–Robinson	synthesis	is	an	appealingly	simple	method	for	the	preparation	of
symmetrical	pyrroles	via	[3,3]-rearrangement	of	a	divinylhydrazine	that	is	accessed	through
the	double	condensation	of	hydrazine	with	two	equivalents	of	a	ketone	or	aldehyde	(Scheme
14.14a).52	To	avoid	product	mixtures,	only	one	ketone	or	aldehyde	reagent	can	be	used	for	the
condensation,	and	ketones	must	have	only	one	enolizable	position.	Baldwin	and	coworkers
initially	improved	the	synthetic	applicability	of	this	transformation	with	the	use	of	benzoyl
chloride	to	promote	the	necessary	tautomerization	and	rearrangement	under	milder	reaction
conditions	than	originally	reported.53	However,	practical	reaction	times	and	rearrangement
efficiencies	have	only	recently	been	achieved	by	Scheidt	and	coworkers	who	employed
microwave	heating	for	rapid	access	to	3,4-disubstituted	pyrroles	from	aldehydes,	hydrazine,
and	benzoyl	chloride	(Scheme	14.14b).54	These	transformations	occur	in	30	min–1	h	in
moderate	yield.	This	rapid	synthesis	was	shown	to	be	particularly	useful	for	the	preparation	of
octaethylporphyrins.	Scheidt	and	coworkers	further	demonstrated	that	N-benzoylpyrroles	such
as	136	could	be	deprotected,	condensed	with	either	formaldehyde	or	benzaldehyde,	and
oxidized	to	give	porphyrins	such	as	137	in	good	yield.54	This	synthetic	application	showcased
the	advantages	of	using	this	method	for	the	preparation	of	symmetrically	substituted	pyrroles.



Scheme	14.14	Microwave-promoted	Piloty–Robinson	pyrrole	synthesis	and	application	to	the
synthesis	of	porphyins.54

Alternative	access	to	Piloty–Robinson	rearrangement	precursors	can	also	be	achieved	by
transition	metal-mediated	C—N	bond	coupling	(Scheme	14.15a).	Modular	synthesis	of
divinylhydrazines	was	demonstrated	for	bis-Boc-hydrazine	and	vinyl	iodide	reagents	by
Buchwald	and	coworkers	under	copper-catalyzed	amination	conditions.55	The	preparation	of
divinylhydrazines	by	an	Ullmann	coupling	approach	provides	two	distinct	advantages	over	the
condensation	methods	described	for	the	traditional	Piloty–Robinson	pyrrole	syntheses
discussed	previously:	(1)	unsymmetrical	divinylhydrazines	can	be	prepared	by	sequential
coupling	reactions	with	two	different	vinyl	iodide	reagents,	and	(2)	regioselective
tautomerization	is	not	required	to	avoid	product	mixtures.	These	two	characteristics	of	the
copper-catalyzed	construction	of	divinylhydrazine	reagents	have	provided	a	significant
advance	in	the	scope	of	pyrroles	accessible	by	Piloty–Robinson-type	syntheses	by	allowing
for	the	preparation	of	unsymmetrical,	tetrasubstituted	pyrroles	as	well	as	pyrroles	with	alkyl



substituents	at	the	2-	and	5-positions	in	good	yield	and	with	high	selectivity	(Scheme	14.15b).

Scheme	14.15	Ullman	coupling	conditions	for	the	preparation	of	divinylhydrazines	and
application	to	tetrasubstituted	pyrrole	synthesis.55

14.3.2	The	Use	of	Hydrazones	for	Enolate	Coupling
[3,3]-Rearrangements	of	diacylhydrazides	have	been	used	for	the	preparation	of	1,4-bisamides
and	succinimides	through	a	formal	enolate	coupling	processes	(Scheme	14.16a).	This	type	of
transformation	was	originally	reported	by	both	Endo	and	Magedov	but	had	limited	substrate
scope	and	poor	yields	due	to	the	use	of	a	strong	base	to	promote	bisamide	enolate	formation
from	the	diacylhydrazide.56,	57	Miller	and	Bayne	have	demonstrated	that	a	similar
transformation	can	be	achieved	under	milder	conditions	by	forming	the	corresponding
bis(enolsilanes).58	These	TMSOTf-promoted	reactions	give	succinimide	products	in	good
yield	for	a	wider	variety	of	substitution	patterns	with	moderate	to	high	diastereoselectivity
(Scheme	14.16b).	Initial	formation	of	the	bis(enolsilane)	also	suppresses	any	alternative
rearrangement	activity	through	the	carbonyl	functionality	of	the	amides.	This	method	provides



an	appealing	alternative	to	oxidative	enolate	coupling	methods	for	the	synthesis	of	1,4-
bisamides	and	related	derivatives.

Scheme	14.16	Preparation	of	succinimides	by	the	[3,3]-rearrangement	of	diacylhydrazides.58

14.3.3	Benzidine	Rearrangement
Both	acid-catalyzed	and	thermolytic	preparations	of	2,2′-diamino-1,1′-binaphthyl	(BINAM)
compounds	from	1,2-dinaphthylhydrazines	were	shown	to	occur	through	concerted	[3,3]-
rearrangements	by	Shine,	Banthrope,	and	Trisler	in	the	1960s.59	Due	to	a	lack	of	methods	for
preparing	substituted	1,2-dinaphthylhydrazine	precursors,	however,	this	rearrangement	has
traditionally	found	little	application	in	organic	synthesis	despite	strong	demand	for	facile
routes	to	chiral,	nonracemic	2,2′-diamino-1,1′-binaphthyl	ligands.	Recently,	however,	the	Cho
and	Kürti	groups	have	each	disclosed	important	advances	for	this	rearrangement	which	will
increase	the	applicability	of	1,2-dinaphthylhydrazines	as	precursors	for	BINAM	derivatives.
Cho	and	coworkers	have	optimized	palladium-catalyzed	coupling	conditions	for	the	facile



preparation	of	a	range	of	1,2-dinaphthylhydrazines	with	a	variety	of	substitution	patterns
(Scheme	14.17a).60,	61	These	compounds	smoothly	underwent	mild	acid-catalyzed	[3,3]-
rearrangements	to	give	2,2′-diamino-1,1′-binaphthyl	compounds	with	a	wider	range	of
substitution	patterns	than	tolerated	by	oxidative	coupling	methods.	The	method	was	also	shown
to	be	equally	effective	for	the	preparation	of	unsymmetrical	dinaphthylhydrazines	and	1-aryl-2-
naphthylhydrazines.	Kürti	and	coworkers	further	contributed	to	the	advancement	of	the
benzidine	rearrangement	method	by	identifying	a	chiral	phosphoric	acid	catalyst	for	the
asymmetric	preparation	of	2,2′-diamino-1,1′-binaphthyl	compounds	through	the	asymmetric
rearrangement	of	1,2-dinaphthylhydrazines	(Scheme	14.17b).62	Phosphoric	acid	161	was
shown	to	be	the	most	effective	catalyst	for	this	transformation	and	provided	the	rearrangement
products	of	the	parent	binaphthylhydrazine	as	well	as	several	other	electron-rich	and	electron–
neutral	binaphthylhydrazines	in	good	yield	and	enantioselectivity,	The	enantioselectivity	of	this
process	is	highly	dependent	on	the	structure	of	the	chiral	phosphoric	acid	catalyst	as	illustrated
in	Scheme	14.17b.

Scheme	14.17	Unsymmetrical	and	asymmetric	benzidine	rearrangements	through	new
advances	in	cross	coupling	and	acid-catalysis.

14.4	[3,3]-REARRANGEMENTS	OF	N—N	BOND
FRAGMENTS	THAT	ELIMINATE	N2



While	the	majority	of	the	[3,3]-rearrangements	discussed	previously	in	this	chapter	involve	the
cleavage	of	an	N—O	or	an	N—N	bond	at	the	center	of	a	6-atom	fragment,	this	section	will
focus	on	a	unique	[3,3]-rearrangement	of	N-allyl	hydrazones	developed	by	Thomson	and
coworkers	that	achieves	an	elegant	C—C	bond	fragment	coupling	through	cleavage	of	a	C—N
bond	and	provides	access	to	homoallylic	structures	after	release	of	N2	(Scheme	14.18a).
While	the	loss	of	N2	is	a	common	mode	of	reactivity	for	hydrazone	reagents	with	appropriate
leaving	groups,	the	combination	of	this	process	with	an	intramolecular	C(sp3)—C(sp3)	bond-
forming	event	has	provided	an	innovative	and	“traceless”	method	for	the	preparation	of
functionalized	homoallylic	motifs	from	a	nonobvious	retron.	A	report	of	this	type	of
rearrangement	was	originally	described	by	Stevens	and	coworkers	in	1973,	but	the	low	yield
and	harsh	conditions	required	for	this	transformation	prevented	further	application	in
synthesis.63

Scheme	14.18	[3,3]-Rearrangements	of	N-allyl	hydrazones.64–66

Thomson	and	coworkers	have	recently	developed	two	distinct	ways	to	access	the	[3,3]-
rearrangements	of	N-allyl	hydrazones	under	either	acidic	or	oxidizing	conditions	(Scheme
14.18b):	the	oxidant-promoted	reaction	allows	for	the	addition	of	several	different
nucleophiles	to	the	rearrangement	product,	while	the	Brønsted	acid-promoted	process
provides	the	parent	C—C	bond	connection.64–69	Both	transformations	give	a	high	degree	of



stereocontrol,	and	procedures	have	been	developed	for	the	direct	conversion	of	aldehydes	to
the	desired	products	in	good	yields	over	2–3	steps	without	intermediate	purification.	These
new	methods	offer	an	alternative	approach	to	the	formation	of	the	C(sp3)—C(sp3)	bond
between	carbons	1	and	4,	which	would	be	challenging	to	achieve	by	other	methods.68

14.4.1	Oxidant-Promoted	N-Allylic	Hydrazone	Rearrangements
Examples	of	three	different	oxidant-promoted	N-allylic	hydrazone	rearrangements	developed
by	the	Thomson	group	are	illustrated	in	Scheme	14.19a.	These	transformations	convert	N-
allylic	hydrazones	to	homoallylic	halides	in	the	presence	of	either	CuCl2	or	NBS	and	to
homoallylic	ethers	in	the	presence	of	PhI(OTf)2	and	an	alcohol.64–66	The	NBS	halogenation
process	was	cleverly	combined	with	a	subsequent	elimination	to	form	1,4-dienes.	Yields	for
the	diene	and	homoallylic	ether	syntheses	have	been	calculated	from	the	corresponding
aldehydes	because	intermediate	purification	is	not	needed.	Proposed	mechanistic	pathways	for
these	transformations	are	illustrated	in	Scheme	14.19b.	Electrophilic	activation	of	the
hydrazone	promotes	a	[3,3]-rearrangement	that	controls	formation	of	the	allylic	stereocenter	of
the	product	through	a	chair-like	transition	state	175.	Displacement	of	N2	with	bromide
followed	by	elimination	gives	the	corresponding	diene.	In	contrast,	the	nature	of	the	weakly
coordinating	triflate	ion	allows	for	the	interception	of	an	alcohol	nucleophile,	which
approaches	the	carbocation	through	a	trajectory	that	minimizes	strain	with	the	allylic	position.
The	diene	synthesis	shows	high	E,E-selectivity	for	R1	=	alkyl,	R2,	R3	=	H	or	R2	=	alkyl,	R1,	R3
=	H.	The	homoallylic	ether	and	homoallylic	chloride	syntheses	show	high	E-selectivity	for	R1
=	alkyl,	R2,	R3	=	H	or	R2	=	alkyl,	R1,	R3	=	H.



Scheme	14.19	Oxidative	[3,3]-rearrangements	of	N-allyl	hydrazones.64–66

The	Thomson	group	has	also	recently	adapted	the	iodonium-promoted	rearrangement	of	N-
allylic	hydrazones	to	the	synthesis	of	several	naphthyl-type	lignan	natural	products	that	display



promising	antimalarial	activity.67	As	shown	in	Scheme	14.20a,	hydrazone	rearrangement
products	that	have	been	trapped	with	MeOH	can	undergo	a	Friedel–Crafts	displacement	with
an	electron-rich	arene	in	the	presence	of	an	acid	to	give	benzhydryl	homoallylic	fragments	such
as	181.	Importantly,	the	diastereoselectivity	of	the	rearrangement	can	be	controlled	by	the
allylic	stereocenter	of	the	hydrazone,	and	methanol	displacement	with	the	arene	proceeds	with
high	diastereoselectivity	due	to	minimization	of	A1,2	strain.	This	method	was	used	to	prepare
182–186	and	indicates	significant	generality	for	the	synthesis	of	these	types	of	compounds
(Scheme	14.20b).

Scheme	14.20	Synthesis	of	Lignan	natural	products	through	[3,3]-rearrangements	of	N-allyl
hydrazones.67

14.4.2	Acid-Promoted	N-Allylic	Hydrazone	Rearrangements
A	triflimide-promoted	rearrangement	of	N-allylic	hydrazones	has	been	designed	to	provide
new	diastereoselective	and	enantioselective	routes	to	unfunctionalized	homoallylic	fragments
through	an	C(sp3)—C(sp3)	fragment	coupling	similar	to	the	oxidative	rearrangement	discussed
earlier	(Scheme	14.21a).	Thomson	and	coworkers	have	shown	that	this	acid-catalyzed
transformation	is	general	for	a	variety	of	aryl,	heteroaryl,	and	alkyl	aldehydes	and	provides	a
fragment	coupling	product	that	would	be	difficult	to	achieve	with	transition	metal-mediated
coupling	processes.68	The	enantiomeric	ratios	of	chiral	substituents	installed	on	either	the
hydrazine	or	the	aldehyde	were	retained	throughout	the	rearrangement	process.	To	better



understand	the	greater	efficiency	of	Boc-protected	hydrazones	in	these	transformations	in
comparison	to	N—H	hydrazones,	as	well	as	the	lack	of	rearrangement	activity	for	terminally
substituted	allylic	groups,	the	Thomson	and	Tantillo	groups	collaborated	in	a	series	of
computational	and	synthetic	experiments.69	These	investigations	showed	that	Boc	protection
avoids	pathways	that	lead	to	decomposition	products	and	that	electron-withdrawing	groups	at
the	electrophilic	carbon	of	the	hydrazone	and	electron-donating	groups	at	the	allylic	position
lower	the	barrier	for	rearrangement.	These	trends	were	validated	by	showing	that	methyl
glyoxylate-derived	hydrazones	underwent	the	[3,3]-rearrangement	at	much	lower	temperatures
than	alkyl-	or	aryl-substituted	hydrazones	and	that	a	terminal	substituent	on	the	allylic	group
was	tolerated	for	these	accelerated	rearrangement	substrates	(Scheme	14.21b).

Scheme	14.21	Enantio-	and	diastereoselective	synthesis	of	homoallylic	fragments.68,	69

14.5	SUMMARY
As	highlighted	in	this	chapter,	[3,3]-rearrangements	of	N—N	and	N—O	bond	fragments
participate	in	a	variety	of	cascade	processes	to	generate	important	heterocyclic	structures.
Recent	advances	in	this	area	have	focused	primarily	on	the	development	of	improved	general
methods	for	accessing	the	rearrangement	precursors	in	order	to	expand	the	utility	of	the



heterocycle	syntheses.	In	addition	to	these	practical	improvements,	exploration	of	these
transformations	has	also	led	to	the	discovery	of	new	applications	such	as	the	α-oxygenation	of
carbonyl	compounds	using	[3,3]-rearrangements	of	oximes	and	hydroxylamines	as	well	as
traceless	C(sp3)—C(sp3)	bond	construction	through	the	rearrangements	of	allylic	hydrazones.
These	developments	suggest	that	while	heterocyclic	syntheses	employing	these	methods	will
continue	to	be	refined,	new	applications	in	asymmetric	synthesis	and	catalysis	are	likely	to	be
the	next	frontier	for	this	expanding	field	of	organic	synthesis.
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CHAPTER	15
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China
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15.1	INTRODUCTION
Sigmatropic	rearrangements	are	powerful	reactions	for	the	synthesis	of	complex	natural
products	and	other	target	molecules.	While	[3,3]-rearrangements	have	received	the	most
attention,1,	2	[2,3]-rearrangements	have	also	been	well	studied	because	of	the	synthetic	utility
of	the	products	and	the	unique	mechanistic	features	of	the	transformations.3	In	particular,	[2,3]-
rearrangements	of	ammonium	zwitterions	1	are	useful	for	the	synthesis	of	nitrogen-containing
chiral	molecules,	such	as	O-allylhydroxylamines	2a	and	unnatural	amino	acid	derivatives	2b
(Scheme	15.1).	These	rearrangements	have	served	as	key	steps	in	the	synthesis	of	complex
natural	products,	which	will	be	the	subject	of	this	review.	Zwitterions	1	can	also	undergo
[1,2]-rearrangements	to	generate	constitutional	isomers	of	2a	and	2b,	and	these	processes	have
been	reviewed	elsewhere.4	We	focus	on	the	sigmatropic	[2,3]-rearrangements	of	reactive
ammonium	zwitterions,	which	proceed	through	five-membered	pericyclic	transition	states.



Scheme	15.1	Sigmatropic	[2,3]-rearrangements	of	reactive	ammonium	zwitterions.

15.2	[2,3]-MEISENHEIMER	REARRANGEMENT	OF
AMINE	N-OXIDES
15.2.1	General	Discussion	of	[2,3]-Meisenheimer	Rearrangement
In	1919,	Meisenheimer	reported	a	detailed	account	of	an	unusual	transformation	of	methyl-
allyl-aniline	3	in	the	presence	of	benzoic	peracid	4,	which	yielded	the	N,N,O-trisubstituted
hydroxylamine	product	6	through	amine	N-oxide	5	(Scheme	15.2).5	Although	the	mechanism	of
the	process	was	not	fully	appreciated	at	the	time,	this	discovery	was	one	of	the	earliest
examples	of	a	[2,3]-sigmatropic	rearrangement,	and	it	served	as	the	foundation	for	the
discovery	and	development	of	many	[2,3]-rearrangements	of	reactive	zwitterionic	substrates.

Scheme	15.2	Meisenheimer's	original	report	of	an	amine	N-oxide	rearrangement.

Today,	it	is	believed	that	[2,3]-sigmatropic	rearrangements	of	ammonium	zwitterions	such	as	7
proceed	through	a	five-membered	pericyclic	transition	state	8	of	a	doubly	suprafacial
migration	(Scheme	15.3).3c	The	transition	state	is	of	the	Hückel	type,	and	since	six	electrons



participate,	the	reaction	is	expected	to	be	thermally	allowed	in	accordance	with	the
Woodward–Hoffmann	orbital	symmetry	rules.6	Amine	N-oxides	can	also	undergo	[1,2]-
rearrangements	that	proceed	by	a	radical-pair	mechanism	(7	→	10).	Although	this	secondary
pathway	usually	possesses	a	higher	energy	of	activation,	the	likelihood	of	this	nonpericyclic
pathway	depends	on	the	specific	structure	of	the	amine	N-oxide	substrate	and	the	reaction
conditions.	For	example,	in	cases	where	the	substrate	contains	an	allyl	group	on	nitrogen,	the
concerted	[2,3]-rearrangement	competes	favorably	with	the	radical-mediated	[1,2]-
rearrangement.	In	fact,	the	[2,3]-rearrangement	is	usually	kinetically	favored.7	In	contrast,	the
rearrangement	of	non-allylic	compounds	proceeds	through	a	radical	dissociation–
recombination	event,	as	demonstrated	in	the	[1,2]-rearrangement	of	benzylamine	oxides.8

Scheme	15.3	[2,3]-	and	[1,2]-Meisenheimer	rearrangements	of	amine	N-oxides.

15.2.2	Synthesis	Strategies	Based	on	[2,3]-Meisenheimer
Rearrangement
The	[2,3]-rearrangement	of	amine	N-oxides	has	become	a	powerful	strategy	for	the	total
synthesis	of	natural	products	and	other	complex	molecules.	From	a	retrosynthetic	perspective,
there	are	several	retrons	associated	with	this	process	(Scheme	15.4).	For	example,	the
identification	of	an	O-allylhydroxylamine	9	in	the	target	molecule	can	guide	the	utilization	of
the	Meisenheimer	rearrangement	in	a	total	synthesis.	In	addition,	the	synthetic	versatility	of	the
olefin	functional	group	in	O-allylhydroxylamine	9	provides	an	opportunity	to	synthesize	other
O-alkylhydroxylamines	(11a–c)	from	amine	N-oxide	7.	Chiral	alcohol	structures	12	and	13a–c
represent	more	latent	retrons	for	the	[2,3]-rearrangement	of	amine	N-oxides,	because	several
methods	exist	for	the	mild	and	chemoselective	cleavage	of	N—O	bonds	in	the	presence	of
other	functional	groups.	As	a	result,	the	Meisenheimer	rearrangement	is	a	truly	versatile
method	for	the	synthesis	of	nitrogen-	and/or	oxygen-containing	chiral	building	blocks.



Scheme	15.4	Retrosynthetic	analysis	with	the	[2,3]-Meisenheimer	rearrangement.

15.2.3	Methodologies	for	Assembling	Amine	N-Oxide	Substrates
N-allyl	amine	N-oxides	1a	are	usually	synthesized	by	the	electrophilic	oxidation	of	tertiary
allylic	amines	14	(Scheme	15.5).	Metal-oxo	complexes	can	be	generated	in	the	presence	of
high-valent	metals	and	peroxides.	These	electrophilic	reagents	can	oxidize	the	nitrogen	atom
without	oxidizing	the	pendant	olefin.	More	commonly,	nonmetal	oxidants	such	as	peracids	are
utilized	in	the	selective	oxidation	of	tertiary	allylic	amines	into	amine	N-oxides.	Usually,	the
resulting	reactive	zwitterions	undergo	spontaneous	[2,3]-rearrangements	at	ambient
temperature	to	yield	O-allylhydroxylamines	2a.	However,	in	some	cases,	the	amine	N-oxides
are	stable	at	ambient	temperature	and	are	recalcitrant	to	rearrangement.	In	these	cases,
elevated	temperatures	can	facilitate	the	[2,3]-rearrangement	to	O-allylhydroxylamines.

Scheme	15.5	Synthesis	of	amine	N-oxides	from	tertiary	amines.



15.2.4	Applications	of	[2,3]-Meisenheimer	Rearrangements	in
Synthesis
The	presence	of	an	N—O	bond	in	a	target	molecule	is	often	a	retron	for	the	[2,3]-
rearrangement	of	amine	N-oxides.	For	example,	the	medicinal	agent	18,	an	analogue	of
norfloxacin	16,	was	assembled	through	a	selective	[2,3]-rearrangement	of	amine	N-oxide	17
(Scheme	15.6).9	Norfloxacin	is	a	functionalized	quinolone	with	antibacterial	activity.	The	m-
CPBA-mediated	oxidation	of	its	N-masked	derivative	15,	which	can	be	transformed	into
norfloxacin	under	physiological	conditions,	afforded	amine	N-oxide	17,	which	was	converted
to	hydroxylamine	18.	In	vivo,	the	activity	of	18	was	higher	than	that	of	norfloxacin	for	both
Gram-positive	and	Gram-negative	bacteria.	Bioavailability	studies	in	mice	showed	that	18
liberated	a	higher	concentration	of	norfloxacin	in	plasma	than	norfloxacin	itself	when
administered	orally.	From	these	data,	18	obtained	by	the	chemical	oxidation	of	15	functioned
as	an	effective	prodrug	of	norfloxacin.	The	mechanism	of	the	formation	of	18	from	amine	N-
oxide	17	was	interpreted	as	a	concerted	[2,3]-sigmatropic	rearrangement,	based	on	the	lack	of
any	observed	effect	on	the	reaction	upon	addition	of	radical	scavengers	such	as	1-butanethiol.

Scheme	15.6	Synthesis	of	an	analog	of	norfloxacin.

The	eudistomins	are	a	class	of	polycyclic	alkaloids	that	contain	a	unique	1,3,7-oxathiazepine
ring	system	as	well	as	an	N,N,O-trisubstituted	hydroxylamine	substructure	(Scheme	15.7).
These	natural	products	were	isolated	by	Rinehart	et	al.	from	the	colonial	tunicate	Eudistoma
olivaceum	in	1984,	and	they	exhibited	strong	antiviral	activity	against	the	Herpes	simplex



virus	(HSV-1),	some	in	vivo	antitumor	activity,	and	calmodulin	antagonist	activity.10

Scheme	15.7	Structures	of	the	eudistomin	natural	products.

Although	the	eudistomins	have	not	been	synthesized	through	[2,3]-rearrangements	of	amine	N-
oxides,	the	related	compounds	20–27	were	synthesized	by	Kurihara	et	al.	from	2-
vinylazetopyridoindoles	30	and	31	via	the	[2,3]-Meisenheimer	rearrangement	of	the
corresponding	N-oxides	(Scheme	15.8).11	More	specifically,	tertiary	allylic	amines	30	and	31
were	transformed	into	the	amine	N-oxides	32	upon	treatment	with	m-CPBA.	These	ammonium
zwitterions	underwent	selective	[2,3]-rearrangements	to	furnish	O-allylhydroxylamines	33.
These	functionalized	products	were	then	transformed	into	the	various	analogues	of	the
eudistomins	(20–27).



Scheme	15.8	Synthesis	of	analogs	of	the	eudistomin	natural	products.

[2,3]-Rearrangements	have	also	been	employed	in	the	synthesis	of	analogues	of	tropanone
alkaloids	such	as	physoperuvine	(Scheme	15.9).	For	example,	Bremner	et	al.	transformed	the
natural	product	scopolamine	37	in	three	steps	into	allylic	amine	38,	which	was	selectively
oxidized	to	diastereomeric	amine	N-oxides	39a	and	39b	in	the	presence	of	hydrogen
peroxide.12	N-oxide	39b	was	then	refluxed	in	butyronitrile	to	furnish	O-allylhydroxylamine	40.
This	intermediate	was	hydrogenated	in	two	stages	to	the	saturated	analogue	42,	which	was
transformed	into	the	3-hydroxy	analogue	43	of	physoperuvine	(44).



Scheme	15.9	Synthesis	of	physoperuvine.

While	most	synthetic	applications	of	[2,3]-Meisenheimer	rearrangements	result	in	the
formation	of	N—O-containing	target	molecules,	chiral	alcohols	can	also	be	latent	retrons	for
these	rearrangement	processes	because	of	the	ease	of	cleaving	N—O	bonds.	For	example,	the
natural	product	sulcatol	50	was	synthesized	through	a	stereoselective	[2,3]-Meisenheimer
rearrangement	of	amine	N-oxide	47	(Scheme	15.10).	Sulcatol	is	a	male-produced	aggregation
pheromone	of	the	ambrosia	beetle,	a	pest	of	economic	significance	in	Western	North	America.
Interestingly,	many	studies	have	shown	that	beetle	species	respond	differently	to	sulcatol,
depending	on	the	compound's	enantiomeric	composition.	As	a	result,	there	has	been	much
interest	in	synthesizing	sulcatol	in	enantiomerically	pure	form	for	more	detailed	biological



studies	and	as	a	potential	agent	for	trapping	beetles	in	pest	control	programs.	Davies	and
Smyth	achieved	an	asymmetric	synthesis	of	(R)-sulcatol	via	a	route	involving	stereoselective
conjugate	addition,	Grignard	addition,	and	stereoselective	[2,3]-Meisenheimer
rearrangement.13	The	stereochemical	information	from	the	two	stereocenters	in	amine	N-oxide
47	was	transferred	to	the	carbinol	stereocenter	in	O-allylhydroxylamine	48	through	a
diastereoselective	[2,3]-rearrangement.	Subsequent	dehydration,	olefin	reduction,	and	N—O
bond	cleavage	revealed	sulcatol	50.

Scheme	15.10	Synthesis	of	sulcatol.

Linalool	54	was	similarly	synthesized	through	a	[2,3]-Meisenheimer	rearrangement	by	taking
advantage	of	the	facile	cleavage	of	N—O	bonds	in	the	O-allylhydroxylamine	rearrangement
products	(Scheme	15.11).14	Aminoalcohol	51	was	converted	to	amine	N-oxide	52,	which	was
transformed	to	O-allylhydroxylamine	53	under	thermal	conditions.	This	intermediate	was
subjected	to	reductive	conditions,	which	selectively	cleaved	the	N—O	bond	to	unveil	linalool
54.



Scheme	15.11	Synthesis	of	linalool.

The	[2,3]-rearrangement	of	amine	N-oxides	was	utilized	in	an	efficient	synthesis	of	2,6-
dimethyl-1,5-heptadien-3-ol	acetate	61,	a	pheromone	of	the	insect	Pseudococcus	comstocki
(Scheme	15.12).15	Dimethylpyridine	55	was	converted	in	two	steps	into	silylated	piperidine
56,	which	was	oxidized	with	m-CPBA	to	generate	cyclic	amine	N-oxide	57.	Sila-Cope
elimination	furnished	O-silylhydroxylamine	58,	which	was	methylated	and	desilylated	in	the
presence	of	MeI	and	CsF	to	yield	acyclic	amine	N-oxide	59.	Heating	this	ammonium	zwitterion
facilitated	the	[2,3]-Meisenheimer	rearrangement	to	O-allylhydroxylamine	60,	which	was
transformed	to	the	desired	pheromone	61	in	three	steps.

Scheme	15.12	Synthesis	of	the	pheromone	2,6-dimethyl-1,5-heptadiene-3-ol	acetate.

The	[2,3]-Meisenheimer	rearrangement	has	also	been	utilized	to	interconvert	biosynthetically
related	natural	products	β-santalene	to	β-santalol	(Scheme	15.13).16	Initially,	β-santalene	62
was	subjected	to	a	selective	allylic	chlorination	followed	by	displacement	with	aqueous



dimethylamine	to	generate	allylic	amine	63.	This	intermediate	was	then	oxidized	in	the
presence	of	peracetic	acid	to	yield	amine	N-oxide	64,	which	underwent	a	[2,3]-rearrangement
to	O-allylhydroxylamine	65.	Reductive	cleavage	of	the	N—O	bond	unveiled	the	(E)-isomer	of
the	natural	product	β-santalol	66.

Scheme	15.13	Synthesis	of	β-santalol.

15.2.5	Mechanistic	Features	Crucial	for	Synthetic	Utility:
Stereoselectivity
For	many	synthetic	applications,	the	[2,3]-Meisenheimer	rearrangement	is	utilized	in	complex
settings	where	there	is	at	least	one	stereocenter	already	present.	However,	this	rearrangement
could	be	more	generally	applied	as	an	enantioselective	process	earlier	in	a	synthetic	sequence
for	the	assembly	of	enantioenriched	alcohol	building	blocks.	This	would	require	the	generation
of	the	carbinol	stereocenter	selectively	by	the	rearrangement	process.	Therefore,	much	of	the
recent	work	on	the	[2,3]-rearrangement	of	amine	N-oxides	has	focused	on	developing
stereoselective	methods	for	the	generation	of	enantioenriched	products.17

15.2.5.1	Diastereoselective	[2,3]-Meisenheimer	Rearrangements
Early	examples	of	stereoselective	[2,3]-Meisenheimer	rearrangements	were	based	on
diastereoselective	reactions	of	chiral	amine	N-oxides	such	as	68	(Scheme	15.14).
Stereochemical	information	was	transferred	from	the	carbon	stereocenter	in	enantioenriched
ammonium	zwitterion	68	to	the	single	carbon	stereocenter	in	the	rearrangement	product	69.



While	the	selective	[2,3]-sigmatropic	rearrangement	proceeded	at	−20	°C,	the	radical	path
prevailed	at	higher	temperatures	to	yield	exclusively	the	[1,2]-rearrangement	product	in
considerably	lower	enantiomeric	excess.18

Scheme	15.14	Early	example	of	a	diastereoselective	[2,3]-Meisenheimer	rearrangement	of
enantioenriched	amine	N-oxides	with	carbon	stereocenters.

Similarly,	Reetz	and	Lauterbach	studied	the	diastereoselective	[2,3]-rearrangement	of	chiral
amine	N-oxides	71,	which	were	generated	from	enantioenriched	chiral	allylic	amines	70
(Scheme	15.15).19	These	sigmatropic	rearrangements	generated	O-allylhydroxylamine
products	72a–d	with	complete	1,3-transfer	of	chirality.

Scheme	15.15	Reetz's	diastereoselective	[2,3]-Meisenheimer	rearrangement	of
enantioenriched	amine	N-oxides	with	carbon	stereocenters.

In	an	effort	to	develop	a	more	efficient	method	to	synthesize	enantioenriched	allylic	amine
substrates	for	[2,3]-rearrangements,	Davies	and	Smyth	reported	an	asymmetric	conjugate
addition	with	chiral	lithium	amide	74	(Scheme	15.16).20	The	resulting	aminoester	75	was
reduced	to	alcohol	76,	which	was	treated	with	m-CPBA	to	furnish	chiral	amine	N-oxide	77.



This	ammonium	zwitterion	underwent	a	diastereoselective	[2,3]-Meisenheimer	rearrangement
at	room	temperature	to	form	O-allylhydroxylamine	78	as	a	single	diastereomer.	Although	the
absolute	stereochemistry	of	C1	in	amine	N-oxide	77	may	have	affected	the	stereochemical
outcome	of	the	[2,3]-rearrangement,	it	is	more	likely	that	the	absolute	stereochemistry	at	C2
governed	the	sense	of	stereoinduction	in	the	formation	of	O-allylhydroxylamine	78.	The
preference	for	forming	O-allylhydroxylamine	78	instead	of	O-allylhydroxylamine	81	may	be
due	to	the	greater	stability	of	transition	state	79	over	transition	state	80.	Interestingly,	a	new
stereocenter	at	nitrogen	was	formed	during	oxidation	of	allylic	amine	76	to	amine	N-oxide	77,
but	the	stereoselectivity	in	forming	this	nitrogen	stereocenter	was	not	discussed.

Scheme	15.16	Davie's	diastereoselective	[2,3]-Meisenheimer	rearrangement	of
enantioenriched	amine	N-oxides	with	chiral	benzyl	amine.

While	these	three	diastereoselective	processes	were	seminal	for	the	elucidation	of	models	of



stereoinduction	in	the	[2,3]-Meisenheimer	rearrangement,	they	necessitated	the
enantioselective	synthesis	of	chiral	allylic	amines	such	as	67,	70,	and	76.

15.2.5.2	Enantioselective	[2,3]-Meisenheimer	Rearrangements	with	C2-
Symmetric	Chiral	Auxiliaries
The	use	of	C2-symmetric	chiral	auxiliaries	attached	to	the	nitrogen	atom	of	amine	N-oxides	can
obviate	the	need	for	synthesizing	substrates	bearing	an	allylic	amine	stereocenter	for
stereoselective	[2,3]-Meisenheimer	rearrangements.	For	example,	Enders	and	Kempen
developed	a	C2-symmetric	pyrrolidine	auxiliary	82	that	guided	the	selective	formation	of	the
carbon	stereocenter	in	O-allylhydroxylamine	84	(Scheme	15.17).21	Several	C2-symmetric
amines	furnished	the	rearrangement	product	in	low	diastereomeric	excess	(30–35%	de),	and
some	pyrrolidine	auxiliaries	showed	nearly	no	asymmetric	induction.	However,	the	best
results	(62–73%	de)	were	obtained	with	the	C2-symmetric	amine	82.	Oxidation	and
rearrangement	of	the	corresponding	(Z)-allylic	amine	83	led	to	the	inverse	absolute
configuration	of	the	new	carbon	stereocenter	in	the	rearrangement	product	(ent-84),	which	was
expected	from	a	concerted	sigmatropic	rearrangement	through	a	well-ordered	transition	state.

Scheme	15.17	Ender's	[2,3]-Meisenheimer	rearrangement	with	C2-symmetric	chiral
auxiliaries.

This	early	example	by	Enders	demonstrated	the	efficient	transfer	of	stereochemical	information
of	the	carbon	stereocenters	in	the	auxiliary	to	the	carbon	stereocenter	in	the	hydroxylamine
product.	The	model	for	stereoinduction	in	this	[2,3]-Meisenheimer	rearrangement	can	be
explained	through	the	competing	diastereoselective	pericyclic	transition	states	85	and	86
(Scheme	15.18).	This	model	also	accounts	for	the	observed	formation	of	ent-84	from	the	(Z)-
allylic	amine	83	via	transition	state	87.



Scheme	15.18	Stereochemical	model	for	Ender's	[2,3]-Meisenheimer	rearrangement	with	C2-
symmetric	chiral	auxiliaries.

15.2.5.3	Enantioselective	[2,3]-Meisenheimer	Rearrangements	via	Nitrogen
Stereocenters
An	alternative	approach	for	developing	a	stereoselective	Meisenheimer	rearrangement	is
based	on	the	transfer	of	chirality	from	the	nitrogen	atom	of	the	ammonium	zwitterion	to	the
carbon	stereocenter	of	the	O-allylhydroxylamine	product	(Scheme	15.19).	The	quaternized
nitrogen	stereocenter	in	an	amine	N-oxide	is	configurationally	stable,	which	allows	the
possibility	of	transferring	chirality	from	nitrogen	to	carbon	through	a	stereospecific
sigmatropic	rearrangement.	Inouye	and	coworkers	examined	this	approach	by	classically
resolving	chiral	amine	N-oxide	88	to	an	enantiomeric	excess	of	16%.7	This	slightly
enantioenriched	ammonium	zwitterion	underwent	a	stereospecific	[2,3]-rearrangement
followed	by	a	reductive	N—O	bond	cleavage	to	generate	allylic	alcohol	90	in	13.6%	ee.
Although	this	was	a	landmark	result	for	the	development	of	an	enantioselective	Meisenheimer
rearrangement,	the	amine	N-oxide	could	not	be	classically	resolved	to	higher	and	more
synthetically	useful	levels	of	enantiopurity.



Scheme	15.19	Configurationally	stable	quaternized	nitrogen	stereocenter	in	amine	N-oxides.

To	generate	nitrogen	stereocenters	with	greater	stereoenrichment,	several	groups	examined
non-C2-symmetric	chiral	auxiliaries.	In	Coldham	group's	early	examination	of	this	approach,
the	expectation	was	that	the	stereochemical	information	of	the	carbon	stereocenters	in	the
auxiliary	would	lead	to	a	diastereoselective	oxidation	of	allylic	amine	substrates	such	as	91	in
the	presence	of	an	achiral	oxidant	such	as	m-CPBA	(Scheme	15.20).14	The	resulting	amine	N-
oxide	92	would	possess	a	nitrogen	stereocenter,	which	was	hopefully	generated
stereoselectively	in	the	oxidation	step,	and	this	intermediate	would	then	undergo	a
stereospecific	[2,3]-rearrangement	to	yield	diastereomerically	enriched	O-allylhydroxylamine
93.	The	amine	N-oxides	92	were	generated	with	high	diastereoselectively,	as	confirmed	by
NOE	NMR	studies	and	X-ray	crystallography.	Unfortunately,	the	rearrangement	products	93
were	isolated	in	very	low	diastereoselectivity	(<5%	de).

Scheme	15.20	[2,3]-Meisenheimer	rearrangement	with	a	proline-based	chiral	auxiliary.

To	compare	the	transfer	of	chirality	in	a	[2,3]-rearrangement	from	carbon	to	carbon	versus
nitrogen	to	carbon,	Bonin	and	coworkers	devised	a	clever	series	of	experiments	(Scheme
15.21).22	Allylic	amines	94	were	prepared	from	N-protected	phenylglycinol.	Oxidation	with
m-CPBA	yielded	stable	amine	N-oxides	96,	which	were	isolated	in	51–74%	de	(confirmed	by
1H	NMR	analysis).	Ammonium	zwitterions	95	proved	to	be	highly	stable	in	dichloromethane



or	chloroform,	presumably	because	of	an	intramolecular	hydrogen	bond	of	the	oxygen	of	the
amine	N-oxide	and	the	pendant	hydroxyl	group.	Increasing	the	polarity	of	the	solvent	led	to	an
increase	in	rate	of	the	[2,3]-rearrangement.	In	acetone,	O-allylhydroxylamines	96	were
obtained	in	quantitative	yield	after	less	than	5	h	at	room	temperature.	However,	in	each	case,
no	diastereoselectivity	was	observed	after	the	rearrangement.	Lowering	the	reaction
temperature	(−20	°C)	led	to	a	large	decrease	of	chemical	yield,	without	any	selectivity
improvement.	This	loss	of	selectivity	was	attributed	to	the	reversibility	of	the	Meisenheimer
rearrangement,	which	could	lead	to	epimerization	of	the	hydroxylamine	product	via	the	N-
inverted	diastereomer	of	95.

Scheme	15.21	[2,3]-Meisenheimer	rearrangement	with	an	aminoalcohol-based	chiral
auxiliary.

Another	explanation	for	the	low	diastereoselectivity	of	the	[2,3]-rearrangement	of	95	is	the
presence	of	two	reactive	conformations	of	the	amine	N-oxide,	which	lead	to	different
diastereomers	of	the	product	(Scheme	15.22).	These	two	conformations	are	in	equilibrium	by	a
simple	bond	rotation.	Even	if	the	nitrogen	stereocenter	in	amine	N-oxide	is	generated
stereoselectively,	if	the	two	conformations	of	the	amine	N-oxide	are	equally	populated,	the
rearrangement	product	will	be	obtained	in	low	diastereoselectivity,	assuming	the	rates	of
conversion	to	product	from	each	of	the	conformers	are	comparable.

Scheme	15.22	Explanation	for	low	stereoselectivity	in	[2,3]-Meisenheimer	rearrangement
with	an	aminoalcohol-based	chiral	auxiliary.

Bonin	designed	related	amine	N-oxides	98	that	would	not	be	able	to	adopt	multiple
energetically	similar	conformations	(Scheme	15.23).	The	presence	of	the	allylic	stereocenter	α
to	the	nitrogen	led	to	a	high	yielding	[2,3]-rearrangement	with	complete	chirality	transfer.	The
introduction	of	the	α-substituent	also	resulted	in	a	dramatic	increase	of	rearrangement	rate.
Although	N-oxides	could	not	be	isolated	for	such	derivatives,	it	is	highly	probable	that	the
formation	of	amine	N-oxides	98	was	not	fully	stereoselective	at	nitrogen.	Bonin	and	coworkers
therefore	concluded	that	in	this	case,	the	configuration	at	nitrogen	in	amine	N-oxide	98	is	not



important	for	the	stereochemical	outcome	of	the	[2,3]-rearrangement.	Rather,	the	excellent
transfer	of	chirality	occurs	from	the	allylic	carbon	stereocenter	in	98	to	the	allylic	carbon
stereocenter	in	99.

Scheme	15.23	Matched	case	for	double	diastereoselective	[2,3]-Meisenheimer	rearrangement.

Although	the	configuration	at	the	nitrogen	stereocenter	of	many	ammonium	ylides	does	not
influence	the	stereoselectivity	of	[2,3]-Meisenheimer	rearrangements,	several	groups
hypothesized	that	cyclic,	rigid	chiral	auxiliaries	would	lead	to	nitrogen	stereocenters	with
more	well-defined	stereochemical	environments	that	may	facilitate	a	diastereoselective
rearrangement.	For	example,	Coldham	and	coworkers	utilized	camphor-based	auxiliaries	100
with	oxaziridine	101	to	generate	amine	N-oxides	102	with	high	diastereoselectivity.	These
underwent	[2,3]-rearrangements	with	reasonably	efficient	transfer	of	chirality	from	nitrogen	to
carbon	in	forming	rearrangement	products	103	(Scheme	15.24).23

Scheme	15.24	[2,3]-Meisenheimer	rearrangement	with	a	camphor-based	chiral	auxiliary.

The	effectiveness	of	non-C2-symmetric,	cyclic,	rigid	chiral	auxiliaries	was	confirmed	by
Guarna	et	al.,	using	a	system	derived	from	tartaric	acid	and	amino	acids	(Scheme	15.25).24
While	the	formation	of	both	N-oxides	99	and	102	was	highly	diastereoselective,	the
asymmetric	induction	in	the	rearrangement	of	99	was	generally	low	(e.g.,	O-
allylhydroxylamine	100).	However,	the	interaction	between	a	benzyl	group	at	the	4-endo
position	of	the	chiral	auxiliary	and	a	substituent	on	the	allylic	moiety	in	amine	N-oxide	102
allowed	for	a	more	efficient	transfer	of	chirality	in	the	[2,3]-sigmatropic	process.	O-
allylhydroxylamine	103	was	isolated	in	65%	de.



Scheme	15.25	[2,3]-Meisenheimer	rearrangement	with	Guarna's	bicylic	chiral	auxiliary.

15.2.5.4	Catalytic	Enantioselective	[2,3]-Meisenheimer	Rearrangements
Our	group	was	interested	in	developing	a	catalytic	enantioselective	[2,3]-Meisenheimer
rearrangement,	wherein	a	chiral	catalyst	(as	opposed	to	a	chiral	auxiliary)	would	govern	the
formation	of	enantioenriched	chiral	hydroxylamine	products.	One	approach	would	be	the
development	of	a	catalytic	enantioselective	oxidation	of	allylic	amine	14	to	generate	the
nitrogen	stereocenter	in	amine	N-oxide	1a	in	a	stereoselective	manner	(Scheme	15.26,	Eq.	1).
This	chiral	nonracemic	ammonium	zwitterion	could	then	undergo	a	stereospecific	[2,3]-
rearrangement	to	generate	enantioenriched	hydroxylamine	(R)-2a.	Unfortunately,	all	attempts
by	our	group	and	other	groups	to	develop	an	enantioselective	oxidation	of	tertiary	allylic
amines	for	the	Meisenheimer	rearrangement	have	been	unsuccessful.14



Scheme	15.26	General	strategies	for	a	catalytic	enantioselective	[2,3]-Meisenheimer
rearrangement.

An	alternative	strategy	for	the	development	of	a	catalytic	enantioselective	Meisenheimer
rearrangement	is	based	on	the	conversion	of	achiral	amine	N-oxide	111	into	chiral	O-
allylhydroxylamine	112	via	an	enantioselective	[2,3]-rearrangement	(Scheme	15.26,	Eq.	2).	A
chiral	catalyst	would	govern	the	conversion	of	achiral	111	into	enantioenriched	112.

We	began	our	studies	of	this	alternative	strategy	by	synthesizing	and	isolating	stable	achiral
allylic	amine	N-oxide	114	from	oxidation	of	dibenzyl	allylic	amine	113	with	m-CPBA
(Scheme	15.27).	Amine	N-oxide	114	was	stable	to	column	chromatography.	We	explored	the
feasibility	of	using	metal	complexes	to	catalyze	the	[2,3]-rearrangement	of	this	ammonium
zwitterion.	While	the	amine	N-oxide	was	relatively	stable	to	rearrangement	at	low
temperatures	(−20	°C)	in	the	absence	of	catalyst	and	in	the	presence	of	several	low-valent
metal	catalysts,	we	discovered	that	Pd(OAc)2	catalyzed	the	[2,3]-rearrangement	to	furnish	O-
allylhydroxylamines	115	in	high	yield.



Scheme	15.27	Proof	of	catalysis	for	the	[2,3]-rearrangement	of	amine	N-oxides.

Based	on	the	ability	of	Pd(OAc)2	to	accelerate	the	[2,3]-rearrangement	of	amine	N-oxide	114,
we	explored	chiral	palladium(II)	salts	to	catalyze	the	enantioselective	rearrangement.	When
we	treated	amine	N-oxides	116	with	Pd(OAc)2	and	chiral	phosphoramidite	118,	chiral	O-
allylhydroxylamines	117	were	isolated	in	80–85%	ee	(Scheme	15.28).	Subsequent
optimization	revealed	the	beneficial	effect	of	methanol	and	meta-chlorobenzoic	acid	(m-CBA)
as	additives,	allowing	the	isolation	of	chiral	nonracemic	O-allylhydroxylamines	117	with
greater	than	90%	enantioenrichment.	This	palladium-catalyzed	enantioselective	[2,3]-
rearrangement	can	tolerate	a	wide	variety	of	functional	groups	in	the	amine	N-oxide
substrate.25	For	example,	we	can	synthesize	chiral	allylic	hydroxylamine	products	with
reactive	functional	groups	such	as	alcohols	and	aldehydes,	which	are	incompatible	with	many
other	methods	for	the	synthesis	of	chiral	alcohol	derivatives.



Scheme	15.28	Palladium-catalyzed	enantioselective	[2,3]-rearrangement	of	amine	N-oxides.

As	a	preliminary	mechanistic	proposal,	we	hypothesize	that	the	palladium(II)-phosphoramidite
catalyst	acts	as	a	chiral	π-acid	to	activate	the	amine	N-oxide	substrate	(Scheme	15.29),	similar
to	the	mechanism	proposed	for	the	Overman	rearrangement	of	allylic	trichloroacetimidates.26
While	it	is	not	clear	whether	the	reactive	species	is	oxide-bound	complex	119a	or	olefin-
bound	complex	119b,	we	propose	heterocycle	120	as	an	intermediate	in	this	cyclization-
induced	mechanism.	Grob-type	fragmentation	eventually	reveals	O-allylhydroxylamine	117
and	the	palladium(II)-phosphoramidite	catalyst,	which	can	reenter	the	catalytic	cycle.



Scheme	15.29	Catalytic	cycle	of	palladium-catalyzed	[2,3]-rearrangement	of	amine	N-oxides.

15.3	[2,3]-STEVENS	REARRANGEMENT	OF	AMMONIUM
YLIDES
15.3.1	General	Discussion	of	[2,3]-Stevens	Rearrangement
Ammonium	ylides	undergo	sigmatropic	rearrangements	that	proceed	through	well-ordered
pericyclic	transition	states.	Although	there	are	several	variants	of	this	reaction,	the	[2,3]-
Stevens	rearrangement	of	allyl	ammonium	enolates	122	in	particular	has	become	a
synthetically	powerful	transformation	for	accessing	unnatural	α,β-substituted	α-amino	acid
derivatives	124,	and	it	will	be	the	subject	of	this	section	of	the	chapter	(Scheme	15.30).4,	27	In
analogy	to	the	rearrangement	of	amine	N-oxides,	ammonium	ylides	can	also	undergo	[1,2]-
rearrangements	to	125	that	proceed	by	a	radical-pair	mechanism.	This	higher-energy	secondary
pathway	is	unlikely	if	the	substrate	is	an	allylic	ammonium	ylide.	The	[1,2]-rearrangement	is
most	commonly	observed	with	non-allylic	compounds,	such	as	benzyl	ammonium	ylides.



Scheme	15.30	[2,3]-	and	[1,2]-Stevens	rearrangements	of	ammonium	ylides.

15.3.2	Synthesis	Strategies	Based	on	[2,3]-Stevens	Rearrangement
The	[2,3]-rearrangement	of	ammonium	ylides	has	become	a	general	strategy	for	the	total
synthesis	of	natural	products	and	other	target	molecules.	Retrosynthetically,	α-allyl	acid
derivatives	124	and	127	are	common	retrons	for	this	sigmatropic	process	(Scheme	15.31).
Given	the	ubiquity	of	noncanonical	amino	acid	substructures	in	naturally	occurring	small
molecules,	the	Stevens	rearrangement	has	emerged	as	a	synthetically	powerful	transformation.
Moreover,	the	synthetic	versatility	of	carboxyl	groups	and	olefins	represents	an	opportunity	to
utilize	the	Stevens	rearrangement	to	access	structures	such	as	128a–d.	While	terminally
unsubstituted	allyl	ammonium	enolates	such	as	126	rearrange	to	generate	products	with	one
stereocenter	(127,	128a,	128b),	terminally	substituted	ammonium	enolates	such	as	122	(R4,	R5
≠	H)	can	generate	products	with	two	contiguous	stereocenters	(124,	128c,	128d),	which
provides	a	unique	opportunity	to	access	unnatural	α-amino	acid	derivatives	with	multiple
stereocenters.



Scheme	15.31	Retrosynthetic	analysis	with	the	[2,3]-Stevens	rearrangement.

15.3.3	Methodologies	for	Assembling	the	Ammonium	Ylide
Substrates
Traditionally,	allyl	ammonium	enolates	are	synthesized	by	treating	tertiary	allyl	aminoesters
129	with	reactive	electrophiles	130	under	harsh	conditions	(Scheme	15.32).29	The	resulting
ammonium	salts	131	are	deprotonated	by	a	base	to	generate	ammonium	ylides	132,	which
cannot	be	observed	or	isolated.	These	zwitterions	undergo	spontaneous	[2,3]-rearrangement	to
furnish	aminoesters	133.	Although	this	method	has	been	utilized	in	several	structurally	complex
examples	for	the	synthesis	of	target	molecules,	the	potentially	harsh	conditions	for	alkylation
often	limit	the	functional	groups	that	can	be	incorporated	into	the	final	aminoester	products
133.	Moreover,	the	ammonium	salts	are	not	easily	isolated	and	purified,	which	further	limits
the	synthetic	utility	of	this	process	in	complex	molecular	settings.



Scheme	15.32	Synthesis	of	ammonium	ylides	by	deprotonation	of	ammonium	salts.

The	development	of	a	mild	and	general	metal-catalyzed	tandem	ammonium	ylide
generation/[2,3]-rearrangement	could	obviate	the	need	to	synthesize	and	isolate	ammonium
salts	as	reactive	intermediates	and	would	provide	an	opportunity	for	enantioselective
catalysis.	In	this	context,	metal	carbenoid-mediated	couplings	between	tertiary	allylic	amines
134	and	diazoesters	135	represent	a	powerful	strategy	for	directly	generating	ammonium	ylides
132	(Scheme	15.33).30–32	However,	the	challenge	of	synthesizing	diazoesters	with	diverse
functionalities	reduces	the	potential	scope	of	this	approach.

Scheme	15.33	Synthesis	of	ammonium	ylides	via	metal	carbenoids.

To	address	the	need	for	a	more	general	catalytic	method	of	synthesizing	allylic	ammonium
ylides	for	[2,3]-rearrangements	that	is	amenable	to	enantioselective	catalysis,	our	group
recently	developed	a	palladium-catalyzed	tandem	allylic	amination/[2,3]-Stevens
rearrangement	of	tertiary	amines	that	proceeds	through	a	palladium-π-allyl	intermediate
(Scheme	15.34).33	Metal-catalyzed	allylic	aminations	between	primary	or	secondary	amines



and	allylic	electrophiles	have	become	one	of	the	most	versatile	methods	for	synthesizing
nitrogen-containing	compounds.34	As	an	extension	to	these	protocols,	we	coupled	tertiary
aminoesters	136	with	allylic	carbonates	137	in	the	presence	of	a	palladium	catalyst	and
Cs2CO3	to	generate	ammonium	ylides	138.	These	intermediates	then	underwent	spontaneous
diastereoselective	[2,3]-rearrangements	to	α-substituted	aminoesters	139	with	two	contiguous
stereocenters.	This	discovery	is	the	first	example	of	using	tertiary	amines	as	intermolecular
nucleophiles	in	metal-catalyzed	allylic	substitution	chemistry	(some	examples	of
intramolecular	allylic	amination	with	tertiary	amines	were	known	prior	to	our	work35).	In
addition,	this	palladium-catalyzed	Stevens	rearrangement	exhibits	unprecedented	substrate
scope	for	ammonium	ylide	functionality	and	high	diastereoselectivity	for	products	with	two
stereocenters.

Scheme	15.34	Synthesis	of	ammonium	ylides	by	allylic	amination	with	tertiary	amines.

Based	on	early	mechanistic	experiments,	we	propose	that	aminoester	139	and	palladium(II)-π-
allyl	complex	140	establish	an	unfavorable	equilibrium	with	palladium(0)	and	ammonium	salt
141	(Scheme	15.35).	As	soon	as	this	unstable	ammonium	intermediate	is	formed,	it	undergoes
a	rapid	deprotonation	to	generate	ammonium	ylide	142,	which	is	transformed	into	the	observed
[2,3]-rearrangement	product	143	through	an	exo	transition	state.	An	unfavorable	equilibrium
for	the	palladium-catalyzed	ammonium	salt	formation,	in	conjunction	with	the	facile
conversion	of	ammonium	salts	into	the	[2,3]-rearrangement	products,	could	explain	the
difficulty	in	observing	any	ammonium	intermediates.	This	mechanistic	proposal	also	accounts
for	why	catalytic	intermolecular	allylic	amination	with	tertiary	amines	has	never	been	reported
before.



Scheme	15.35	Mechanism	of	the	palladium-catalyzed	tandem	allylic	amination/[2,3]-Stevens
rearrangement	of	tertiary	amines.

15.3.4	Applications	of	[2,3]-Stevens	Rearrangements	in	Synthesis
The	[2,3]-Stevens	rearrangement	has	become	a	generally	useful	reaction	in	the	synthesis	of
natural	products	because	the	products	of	this	transformation	contain	three	versatile	functional
groups:	an	amine,	a	carbonyl-containing	group	(ester	or	ketone),	and	an	olefin	(see	Scheme
15.31).

In	the	1990s,	Honda,	Inoue,	and	coworkers	utilized	the	[2,3]-rearrangement	of	ammonium
ylides	to	synthesize	a	series	of	polyisoprenoid	natural	products.	For	example,	β-sinensal	150
was	assembled	from	the	hydrocarbon	natural	product	β-myrcene	144	in	a	short	sequence	of
steps	(Scheme	15.36).36	Initially,	β-myrcene	was	converted	into	allylic	amine	145,	which	was
alkylated	to	yield	ammonium	salt	146.	Subsequent	deprotonation	formed	ammonium	ylide	147,
which	underwent	a	[2,3]-rearrangement.	The	resulting	aminoester	149	was	generated	as	a	3:1
mixture	of	E:Z	olefins,	which	can	be	explained	by	the	preferable	equatorial	orientation	of	the
large	diene-containing	substituent	in	transition	state	148.	Aminoester	149	was	then	transformed
into	β-sinensal	150	by	reducing	the	ester	to	an	aldehyde	and	reductively	removing	the
dimethylamine	group.



Scheme	15.36	Synthesis	of	β-sinensal.

A	similar	strategy	was	employed	for	the	synthesis	of	13-cis-retinol	158	(Scheme	15.37).37
Silyl-protected	isoprenol	151	was	converted	through	multiple	steps	into	ammonium	ylide	154,
which	spontaneously	rearranged	to	γ-aminoester	156	in	71%	yield	as	predominantly	the	(Z)-
olefin,	which	differed	from	the	selective	formation	of	the	(E)-olefin	in	rearrangement	product
149	(Scheme	15.36).	Although	the	change	in	reaction	conditions	may	explain	the	switch	in
olefin	stereochemistry,	more	likely,	the	selective	formation	of	the	(Z)-olefin	in	156	is	due	to	the
preferable	equatorial	orientation	of	the	methyl	group	over	the	silyl	ether-containing	substituent
in	transition	state	155.	Reductive	removal	of	the	dimethylamine	group,	deprotection	of	the	silyl
ether,	and	conversion	of	the	ester	into	the	cyclic	diene	side	chain	eventually	furnished	the
natural	product	13-cis-retinol	158.



Scheme	15.37	Synthesis	of	13-cis-retinol.

Analogously,	the	polyisoprenoid	plaunotol	164	was	synthesized	from	allyl	dimethylamine	159
(Scheme	15.38).38	Alkylation	with	ethyl	bromoacetate	and	deprotonation	with	KOt-Bu	yielded
ammonium	ylide	161,	which	rearranged	to	α-aminoester	163.	The	exclusive	formation	of	a
single	olefin	isomer	in	163	presumable	occurs	via	transition	state	162.	Reductive	removal	of
the	dimethylamine	group	and	benzyl	ethers,	along	with	conversion	of	the	ester	into	the
hydrocarbon	side	chain,	yielded	the	natural	product	plaunotol	163.



Scheme	15.38	Synthesis	of	plaunotol.

[2,3]-Stevens	rearrangements	have	been	employed	in	the	synthesis	of	structurally	more
complex	natural	products,	including	polycyclic	alkaloids.	For	example,	in	2003,	Li	and	Wang
utilized	an	ammonium	ylide	[2,3]-rearrangement	as	the	key	step	in	their	synthesis	of
cephalotaxine	172	(Scheme	15.39).39	Primary	amine	165	was	transformed	into	aminoester	166,
which	was	treated	with	allyl	bromide	to	furnish	ammonium	salt	167.	Treatment	with	strong
base	resulted	in	the	formation	of	ammonium	ylide	168,	which	underwent	a	spontaneous	[2,3]-
rearrangement	to	yield	α-allyl	aminoester	169.	The	olefin	in	this	intermediate	was	oxidized	to
a	ketone,	and	the	two	esters	were	reductively	cyclized,	resulting	in	aminoketone	170.	This
advanced	intermediate	was	then	converted	to	cephalotaxine	172	in	a	short	sequence	of	steps.



Scheme	15.39	First	generation	synthesis	of	cephalotaxine.

Several	years	later,	Liu	and	coworkers	reported	another	synthesis	of	cephalotaxine	172	that
relied	on	a	distinct	[2,3]-Stevens	rearrangement	(Scheme	15.40).40	Proline	derivative	173	was
transformed	into	ammonium	ylide	174	in	the	presence	of	allyl	bromide	and	K2CO3.	This
zwitterion	rearranged	to	α-allyl	aminoester	175.	Hydration	of	the	olefin	and	reduction	of	the
ester	furnished	diol	176,	which	was	converted	to	aminoketone	177	via	oxidation	and	aldol
condensation.	The	assembly	of	this	spirocyclic	intermediate	represented	a	formal	synthesis	of
cephalotaxine	172.41



Scheme	15.40	Second	generation	synthesis	of	cephalotaxine.

15.3.5	Mechanistic	Features	Crucial	for	Synthetic	Utility:
Stereoselectivity

15.3.5.1	Diastereoselective	[2,3]-Stevens	Rearrangements	in	Synthesis
As	described	in	the	previous	section,	the	use	of	[2,3]-Stevens	rearrangements	in	the	total
synthesis	of	natural	products	has	been	mainly	limited	to	the	generation	of	one	carbon
stereocenter.	[2,3]-Stevens	rearrangements	that	generate	two	contiguous	stereocenters	in	the
course	of	a	total	synthesis	often	lead	to	modest	and	unpredictable	diastereoselectivity.	This	is
in	stark	contrast	to	the	general	application	of	diastereoselective	[3,3]-rearrangements	to
assemble	contiguous	stereocenters	in	complex	molecular	settings.

The	synthesis	of	platynecine	184	is	one	seminal	example	of	a	diastereoselective	[2,3]-Stevens
rearrangement	for	the	generation	of	two	contiguous	stereocenters	(Scheme	15.41).31d
Monoprotected	diol	178	was	converted	into	diazoaminoketone	179.	With	ruthenium	catalysis,
this	diazo	intermediate	furnished	cyclic	ammonium	ylide	180,	which	rearranged	to
aminoketones	181a	and	181b.	The	desired	diastereomer	181a	was	isolated	as	the	major
product.	Reduction	of	the	ketone	and	hydration	of	the	olefin	yielded	alcohol	183,	which	was
transformed	into	platynecine	184.	Although	no	explanation	was	provided	for	the	observed
preference	for	181a	in	the	[2,3]-rearrangement,	181b	may	have	been	disfavored	because	of	the
unfavorable	interaction	between	the	benzyl	ether	substituent	and	the	N-benzyl	group	in



transition	state	185b.





Scheme	15.41	Diastereoselective	[2,3]-Stevens	rearrangement	for	the	synthesis	of	platynecine.

Our	group	has	recently	reported	another	example	of	a	diastereoselective	[2,3]-Stevens
rearrangement	for	the	generation	of	two	contiguous	stereocenters	in	the	context	of	a	total
synthesis	of	amathaspiramide	F	195	(Scheme	15.42)	(A.	Soheili,	U.K.	Tambar,	unpublished).
We	utilized	our	palladium-catalyzed	tandem	allylic	amination/[2,3]-Stevens	rearrangement	of
tertiary	amines32	to	convert	proline	derivative	190	into	amino	ester	193,	which	represents	the
core	structure	of	the	spirocyclic	natural	product.	Interestingly,	the	use	of	carbonates	with
ortho-substitution	in	the	aromatic	ring	(e.g.,	187)	resulted	in	the	formation	of	the	undesired
diastereomer	as	the	major	product	(189),	whereas	carbonates	that	lacked	ortho-substitution	in
the	aromatic	ring	(e.g.,	191)	furnished	the	desired	diastereomer	as	the	major	product	(193).
Aminoester	193	was	converted	to	aminophenol	194,	which	represented	a	formal	synthesis	of
amathaspiramide	F	195.42





Scheme	15.42	Diastereoselective	[2,3]-Stevens	rearrangement	for	the	synthesis	of
amathaspiramide	F.

Although	the	origin	of	the	switch	in	diastereoselectivity	for	the	[2,3]-rearrangement	is	still	not
completely	understood,	it	is	believed	that	the	unique	torsional	strain	effect	of	the	ortho-
substituted	aromatic	ring	in	ammonium	ylide	188	may	be	pivotal	(Scheme	15.43).	Ammonium
ylide	188	favored	formation	of	product	189	(3:1	dr)	because	the	unfavorable	interaction
between	the	nonplanar	ortho-substituted	aromatic	ring	and	the	proline	ring	in	transition	state
196	was	more	destabilizing	than	the	steric	interaction	between	the	aromatic	ring	and	the	t-butyl
ester	in	transition	state	197	(interactions	a	vs	b).	With	ammonium	ylide	192,	the
metasubstituted	aromatic	ring	in	transition	state	199	could	adopt	a	planar	conformation,
mitigating	the	steric	interaction	between	the	aromatic	ring	and	the	proline	ring	(interaction	c).
The	most	significant	interaction	during	the	[2,3]-rearrangement	of	ammonium	ylide	192	was
between	the	aromatic	ring	and	the	t-butyl	ester	in	transition	state	200	(interaction	d),	thus
favoring	the	formation	of	aminoester	193.





Scheme	15.43	Switch	in	diastereoselectivity	for	palladium	catalyzed	allylic	amination/[2,3]-
rearrangement.

15.3.5.2	Enantioselective	[2,3]-Stevens	Rearrangement
The	[2,3]-Stevens	rearrangement	could	be	more	generally	utilized	in	synthesis	if	it	were
developed	into	an	enantioselective	process.	Therefore,	tremendous	effort	has	been	invested	in
recent	years	into	the	discovery	of	stereoselective	[2,3]-rearrangements	of	ammonium	ylides	for
the	generation	of	enantioenriched	products.

Chiral	auxiliary	approaches	have	been	examined	for	the	production	of	enantioenriched
products	through	[2,3]-rearrangements.43	For	example,	Sweeney	and	coworkers	treated	N,N-
dimethylammonium	salts	186	with	sodium	hydride	to	generate	ammonium	ylides	bearing
Oppolzer's	camphorsultam,	which	underwent	diastereoselective	[2,3]-Stevens	rearrangements
to	enantioenriched	products	187	(Scheme	15.44,	Eq.	1).29d	Oppolzer's	camphorsultam	was
also	compatible	with	our	group's	palladium-catalyzed	tandem	allylic	amination/[2,3]-Stevens
rearrangement	of	tertiary	amines	(Scheme	15.44,	Eq.	2).32



Scheme	15.44	[2,3]-Stevens	rearrangement	with	Oppolzer's	chiral	auxiliary.

Catalytic	enantioselective	[2,3]-Stevens	rearrangements	are	rare,	partially	because	of
difficulties	associated	with	synthesizing	and	isolating	ammonium	ylides.	Ammonium	ylides
undergo	spontaneous	[2,3]-rearrangement	as	soon	as	they	are	formed	(even	in	the	absence	of
catalyst),	which	has	prevented	the	development	a	catalytic	enantioselective	Stevens
rearrangement.	Conceptually,	new	strategies	are	required	to	realize	this	goal.44	For	example,
Smith	and	coworkers	recently	reported	an	elegant	benzotetramisole	catalyzed	enantioselective
[2,3]-rearrangement	of	allylic	quaternary	ammonium	salts	(Scheme	15.45).



Scheme	15.45	Smith's	catalytic	enantioselective	[2,3]-Stevens	rearrangement.

15.4	CONCLUSION	AND	OUTLOOK
Since	Meisenheimer's	landmark	discovery	in	1919	of	an	unusual	rearrangement	of	allylic
amine	N-oxides,	the	[2,3]-rearrangements	of	ammonium	zwitterions	have	grown	into	a
synthetically	powerful	class	of	transformations	for	the	synthesis	of	complex	molecules.
Although	a	detailed	picture	is	emerging	for	the	mechanism	and	synthetic	potential	of	these
processes,	a	greater	understanding	of	the	factors	that	control	the	stereoselectivity	of	[2,3]-
rearrangements	is	required	to	ultimately	utilize	these	reactions	in	a	more	predictable	manner
for	natural	product	synthesis.	Furthermore,	these	future	studies	will	shed	light	on	fundamental
issues	of	reactivity	in	the	context	of	sigmatropic	rearrangements,	which	will	have	an	overall
impact	on	the	synthetic	utility	of	this	general	class	of	reactions.
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16.1	INTRODUCTION
Oxonium	ylides	are	high-energy	intermediates	able	to	undergo	two	valuable	types	of	molecular
rearrangements:	[2,3]-sigmatropic	rearrangements	and	[1,2]-shifts	(Stevens	rearrangement).
Typically	generated	from	carbenoid	precursors,	the	vast	majority	of	examples	of	oxonium
ylides	in	synthesis	involve	cyclic	ylides,	formed	from	intramolecular	reaction	of
metallocarbenes	with	pendent	ether	oxygens.	This	first	step	forms	a	new	C—O	bond	and	a
cyclic	ether	that	will	typically	be	retained	in	the	eventual	product	(Scheme	16.1).	Subsequent
rearrangement	transfers	a	group	from	a	trivalent	oxonium	oxygen	to	the	neighboring	carbon,	in
the	process	forming	a	second	strategic	C—C	bond	and	(usually)	a	new	stereogenic	center.	This
chapter	will	discuss	the	scope	and	limitations	of	oxonium	ylide	rearrangements	and	their
unique	applicability	in	the	synthesis	of	various	heterocyclic	and	carbocyclic	targets.

Scheme	16.1	Generation	and	potential	reaction	pathways	of	oxonium	ylides.



16.1.1	Oxonium	Ylides:	Generation	and	Rearrangement	Reactions
The	commonly	encountered	ylides	of	nitrogen,	sulfur,	or	phosphorus	can	be	generated	by
deprotonation	of	the	corresponding	onium	salts.	In	contrast,	since	dealkylation	of	oxonium	salts
is	facile,	oxonium	ylides	are	typically	formed	by	intercepting	a	catalytically	generated
metallocarbene	2	with	a	Lewis	basic	lone	pair	of	electrons	from	an	ethereal	oxygen	(Scheme
16.1).	Most	often,	this	is	an	intramolecular	capture	to	maximize	the	desired	ylide	formation
over	alternative	reactions	of	the	metallocarbene.	Once	formed,	the	oxonium	ylide	3	can
undergo	rearrangements,	fragmentations,	or	nucleophilic	displacement,	furnishing	products
such	as	5–7.	If	a	viable	decomposition	pathway	is	not	available,	the	oxonium	ylide	can	revert
to	the	metallocarbene,	which	can	decompose	by	alternate	pathways,	such	as	C—H	insertion	to
give	4.	Thus,	the	initial	synthetic	challenge	is	the	design	of	a	suitable	precursor	which	will
undergo	ylide	formation	in	preference	to	other	options	and	whose	subsequent	rearrangement	is
energetically	feasible.

From	the	ylide,	one	of	two	possible	rearrangement	pathways	can	be	utilized	to	generate
heterocyclic	products	of	the	type	exemplified	by	5	in	Scheme	16.1.	The	first	is	the	[2,3]-
sigmatropic	rearrangement,	a	symmetry-allowed	process	that	typically	occurs	with	a	relatively
low-energy	barrier.1	When	a	substituent	on	the	oxonium	oxygen	atom	is	allylic	or	propargylic
(Scheme	16.2),	a	five-center,	six-electron	rearrangement	can	occur,	delivering	the	former
oxygen	substituent	to	the	ylide	carbon,	with	allylic/propargylic	inversion.	Substitution	at	the
terminus	of	the	allyl	group	(R3)	results	in	the	formation	of	two	contiguous	stereocenters,	while
substitution	at	the	initial	allylic	position	(R2)	affords	a	substituted	olefin	in	the	product.	In
many	cases,	the	substrate	substitution	pattern	can	have	a	substantial	effect	on	the	outcome	of	the
rearrangement	(see	Schemes	16.15	and	16.16).	For	simplicity,	the	free	ylides	are	depicted;
however,	it	is	possible	(and	in	some	cases,	likely)	that	the	transition	metal	catalyst	remains
associated	with	the	ylide	at	the	point	of	[2,3]-rearrangement.

Scheme	16.2	[2,3]-Sigmatropic	shifts	of	oxonium	ylides.

On	the	other	hand,	certain	oxonium	substituents	can	support	an	alternative	rearrangement
pathway,	in	which	the	group	migrates	directly	from	oxygen	to	carbon	without	inversion,	known



as	a	[1,2]-shift	or	Stevens	rearrangement.	Whereas	the	[2,3]-rearrangement	is	a	concerted,
pericyclic	process,	the	[1,2]-shift	appears	to	proceed	by	a	stepwise	mechanism.	Most
typically,	this	is	thought	to	occur	through	an	initial	homolytic	bond	dissociation	to	afford	a
radical	pair,	followed	by	recombination	to	form	the	new	C—C	bond	(Scheme	16.3).2	In	light
of	this	mechanistic	pathway,	the	[1,2]-shift	occurs	only	when	a	suitable	radical-stabilizing
group	(Ar,	C O,	heteroatom)	is	bonded	to	the	migrating	carbon.	Since	alkenes	also	provide
significant	levels	of	radical	stabilization,	a	competing	[1,2]-shift	by	allylic	substituents	can	be
seen	in	addition	or	in	preference	to	the	[2,3]-shift	in	some	cases.	Notably,	as	with	the	[2,3]-
rearrangement,	two	contiguous	stereocenters	can	be	formed	when	the	migrating	carbon	bears
more	than	one	substituent,	though	preservation	of	the	original	stereocenter	(migration	with
retention)	requires	that	radical	recombination	be	faster	than	reorientation	of	relative
positioning	of	the	radical	pair.

Scheme	16.3	[1,2]-Stevens	rearrangement	of	oxonium	ylides.

16.1.2	Strategic	Planning
Effective	use	of	oxonium	ylide	rearrangements	as	strategic	steps	in	synthesis	requires	the
recognition	that	the	fundamental	cyclic	ether	structure	formed	by	sequential	intramolecular
addition	of	ether	oxygen	to	metallocarbene	followed	by	[2,3]-	or	[1,2]-shift	may	be	buried
within	a	larger,	complex	skeleton,	and	that	the	newly	formed	C—C	bond	can	be	an	important
attachment	point	for	two	key	fragments,	or	part	of	a	larger	ring.	Careful	design	of	a	suitable
precursor	can	lead	to	large	increases	in	molecular	complexity.	Specific	cases	are	found	in	the
“Applications”	section,	but	general	examples	are	shown	in	the	following	text	(Scheme	16.4).



Scheme	16.4	Cyclic	ether	scaffolds	within	complex	targets	via	oxonium	ylides.

16.1.3	Selectivity	Aspects
The	first	systematic	investigations	into	the	rearrangements	of	oxonium	ylides	appeared	in	1965
in	an	article	by	Nozaki	et	al.3	Though	there	were	a	small	number	of	intervening	reports,4	it
wasn't	until	1986	that	the	field	took	off	in	earnest	when	the	groups	of	Pirrung	and	Werner5	and
Johnson	and	Roskamp6	reported	a	variety	of	rearrangements	of	intramolecularly	derived
oxonium	ylides	in	back-to-back	communications.	Their	work	collectively	reported	a	variety	of
[1,2]-shifts	and	[2,3]-sigmatropic	rearrangements	of	cyclic	oxonium	ylides	generated	by
intramolecular	reaction	of	metallocarbenes	with	ethers.	Many	examples	in	these	seminal
reports	formed	the	basis	for	subsequent	methodological	studies	on	the	rearrangements	of
oxonium	ylides,	as	they	highlighted	key	concepts	that	are	essential	to	understanding	and
employing	these	transformations	in	advanced	synthesis.

16.1.3.1	Chemoselectivity



For	example,	metallocarbenes	tend	to	favor	reaction	via	five-membered	transition	states	on
kinetic	grounds.	Many	examples	using	oxonium	ylides	in	synthesis	rely	on	this	kinetic
preference	to	achieve	good	chemoselectivity	(Scheme	16.5).	Pirrung	and	Werner	demonstrated
that	allyl	ether	8	will	form	a	five-membered	cyclic	oxonium	ylide	upon	exposure	to	a	transition
metal	catalyst,	which	undergoes	ready	[2,3]-rearrangement	to	give	9.5	They	showed	the
reaction	of	the	homologous	allyl	ether	10	to	be	far	less	chemoselective,	as	the	six-membered
ylide	formation	and	rearrangement	pathway	to	give	11	must	compete	with	a	five-membered	C
—H	insertion	reaction	pathway	to	give	12.	The	effect	of	cyclic	ylide	ring	size	was	shown	by
West	and	coworkers7	to	be	even	more	pronounced	for	the	case	of	a	[1,2]-shift.	While	the
formation	of	14	via	a	five-membered	transition	state	is	quite	chemoselective,	the	reaction	of
the	homologous	substrate	15	is	not.	A	possible	explanation	is	the	increased	activation	barrier
associated	with	the	[1,2]-shift	(as	compared	with	the	corresponding	[2,3]-shift)	due	to	an
initial	bond	homolysis	step,	allowing	reversion	of	the	ylide	to	acyclic	carbene	to	compete	and
predominant	reaction	via	the	five-membered	C—H	insertion	pathway	to	give	17	as	the	major
product.

Scheme	16.5	Ring	size	effects	on	ylide	formation	versus	C—H	insertion.

The	Clark	group	discovered	a	solution	to	the	chemoselectivity	problem	associated	with	larger
cyclic	oxonium	ylides	(Scheme	16.6).8	They	showed	that	fluorinated	copper	acetylacetonate
(acac)	catalysts	(e.g.,	tfacac	=	trifluoroacetylacetonate;	hfacac	=	hexafluoroacetylacetonate)



favor	ylide	formation	over	C—H	insertion,	and	they	were	able	to	generate	six-,	seven-,	and
eight-membered	ethers	(19a,	19b,	and	19c,	respectively)	with	good	chemoselectivity.	Clark
and	coworkers	attributed	this	chemoselectivity	to	an	increase	in	electrophilicity	of	copper
carbenoids	containing	electron-deficient	fluorinated	acac	ligands,	which	should	make	attack	by
the	Lewis	basic	ethereal	oxygen	(to	generate	an	ylide)	more	favorable.	Consistent	with	this
proposal,	increasing	fluorine	content	on	the	ligands	led	to	higher	ratios	of	ylide-derived
products	to	C—H	insertion	product	in	all	cases.

Scheme	16.6	Enhanced	chemoselectivity	for	ylide	formation	using	fluorinated	ligands.

An	additional	factor	influencing	the	partition	between	ylide	rearrangement	and	C—H	insertion
is	the	degree	to	which	an	initially	formed	cyclic	ylide	can	revert	to	the	metallocarbene
precursor.	If	a	low-energy	decomposition	pathway	does	not	exist	for	the	oxonium	ylide,
equilibration	with	the	metallocarbene	becomes	more	likely.	Though	ylide	reversibility	can
account	for	the	product	distribution	in	the	aforementioned	cases	(cf.	Scheme	16.5,	11	vs	12;	16
vs	17),	other	examples	better	illustrate	the	effect	(Scheme	16.7).	When	diazoketone	21	was
treated	with	catalytic	Rh2(OAc)4,	the	initially	formed	rhodium	carbenoid	was	expected	to
undergo	kinetically	favored	five-membered	oxonium	ylide	formation.	Though	the	substrate	was
designed	to	undergo	a	[1,2]-shift	of	a	stabilized	benzyl	radical	to	give	22,	no	rearrangement
occurred.9	The	West	group	suggested	that	the	radical	resulting	from	homolytic	bond	cleavage
does	not	experience	any	stabilization	in	the	homolysis	transition	state,	as	this	scissile	bond	is
orthogonal	to	the	π-system	of	the	phenyl	ring.	The	ylide	can	then	revert	to	the	metallocarbene,
which	decomposes	through	two	C—H	insertion	pathways	to	afford	23a	and	23b.



Scheme	16.7	Reversible	ylide	formation	and	preferential	C—H	insertion.

16.1.3.2	Stereoselectivity
In	addition	to	chemoselectivity,	stereoselectivity	in	oxonium	ylide	rearrangements	is	critical
for	their	effective	application	to	chemical	synthesis.	When	a	stereogenic	center	already	exists
on	a	substrate	undergoing	intramolecular	oxonium	ylide	formation/rearrangement,
diastereocontrolled	formation	of	the	new	stereogenic	center	becomes	possible.	Often,	this
selectivity	arises	from	conformational	preferences	in	the	transition	state.	For	the	case	of	five-
membered	ylides,	Yakura	et	al.	has	shown	excellent	levels	of	diastereocontrol	(Scheme
16.8).10	The	[2,3]-rearrangements	of	substituted	allyl	ethers	24a–c	illustrate	this	effect,	with
the	rearrangements	occurring	to	place	the	migrated	allyl	group	at	C-2	trans	to	the	directing
alkyl	substituent	at	C-5	with	good	to	excellent	diastereoselectivity	and	in	good	yield.



Scheme	16.8	Diastereocontrol	in	[2,3]-rearrangement	of	five-membered	oxonium	ylides.

Clark	has	shown	that	rearrangements	of	the	homologous	series	of	substituted	allyl	ethers
(27a,b)	follow	the	same	trend	(Scheme	16.9).11	Catalysis	with	Cu(hfacac)2	(to	favor	six-
membered	ylide	formation	over	C—H	insertion)	afforded	products	28	and	29	in	good	yield,
again	favoring	the	trans-isomers	28.	The	six-membered	oxonium	ylides	are	believed	to
organize	themselves	in	chair-like	transition	states,	with	substituents	in	the	lowest	energy
conformation.	The	decreased	levels	of	diastereocontrol	relative	to	the	case	of	five-membered
oxonium	ylides	(cf.	Scheme	16.8)	suggest	a	possibly	slower	rearrangement,	enabling	oxonium
inversion.	Moreover,	when	Rh2(OAc)4	was	used	as	the	catalyst,	the	combined	yield	of	ylide
products	28	and	29	was	greatly	reduced	due	to	competing	C—H	insertion,	and	the
diastereoselectivity	was	reversed	to	favor	cis-isomer	29.



Scheme	16.9	Diastereocontrol	in	[2,3]-rearrangement	of	six-membered	oxonium	ylides.

16.1.3.3	Role	of	Catalyst
As	a	final	point,	the	aforementioned	results	(catalyst-dependent	selectivity	for	28	or	29)
highlight	the	important	role	that	choice	of	catalyst	can	play	in	the	product	distribution.	Another
example	is	seen	for	diazoketone	21,	for	which	the	rearrangement	under	rhodium	catalysis	fails,
providing	only	C—H	insertion	products	23a	and	23b	in	moderate	yield	(Schemes	16.7	and
16.10),	a	result	that	was	attributed	to	reversible	ylide	formation.	West	has	shown	that	under
copper	catalysis,	reaction	via	the	oxonium	ylide	becomes	predominant,	providing	the	desired
[1,2]-shift	product	22	in	near-quantitative	yield	(Scheme	16.10).12	Such	catalyst-dependent
changes	in	selectivity	strongly	suggest	continued	association	of	the	metal	complex	with	the
ylide	during	the	rearrangement	with	either	copper	or	rhodium	catalysts	or	perhaps	both.
(Scheme	16.11)



Scheme	16.10	Copper	catalysis	to	promote	oxonium	ylide	pathway	from	21	to	22.

Scheme	16.11	Effect	of	copper(II)	ligand	on	ylide	selectivity.

Ligand	variation	on	the	metal	center	can	also	modulate	product	distribution.	West	and
coworkers	evaluated	diazoketone	30,	which	is	capable	of	both	five-	and	six-membered	ylide
formation.13	Under	copper	catalysis,	where	both	five-	and	six-membered	ylides	are	readily
formed,	they	found	that	Cu(tfacac)2	favored	the	six-membered	ylide	formation/[2,3]-
rearrangement	pathway	to	afford	31.	Conversely,	Cu(hfacac)2	favored	the	five-membered	ylide
formation/[1,2]-shift	pathway,	providing	32.	Though	the	differing	reactivity	preference	for
Cu(tfacac)2	is	not	understood,	the	result	is	consistent	and	can	be	applied	synthetically	where
appropriate.

16.1.4	Substrate	Preparation
As	mentioned	previously,	oxonium	ylides	are	usually	formed	by	intramolecular	reaction	of
metallocarbenes	with	ether	oxygens.	For	ammonium,	sulfonium,	and	phosphonium	ylides,	an



alternative	stepwise	approach	involving	initial	formation	of	an	onium	salt,	followed	by	base-
mediated	deprotonation,	is	feasible.	However,	in	the	case	of	oxonium	ylides,	this	is	not
practical	for	two	reasons.	First,	it	is	relatively	difficult	to	generate	trivalent	oxonium	salts	by
alkylation	of	ethers,	due	to	the	electronegativity	of	the	oxygen	atom.	Second,	dealkylation	of
oxonium	salts	–	even	very	hindered	ones	–	is	facile	with	a	variety	of	nucleophiles14	and	can	be
a	major	side	process	in	many	cases.	Thus,	direct	ylide	formation	via	carbene	or
metallocarbene	precursors	is	used	almost	exclusively	for	oxonium	ylides.

The	metallocarbene	intermediates	are	most	often	formed	from	thermal,	photolytic,	or	metal-
catalyzed	decomposition	of	diazocarbonyl	compounds,15	with	concomitant	loss	of	dinitrogen.
Under	transition	metal	catalysis,	the	initially	formed	species	is	a	metallocarbene	rather	than	a
free	carbene,	and	this	is	usually	desirable	due	to	the	moderated	reactivity	(and,	hence,	fewer
undesired	side	reactions)	of	the	metal-complexed	carbene.	The	two	most	common	methods	for
introduction	of	the	diazo	group	are	acylation	of	diazoalkanes	with	suitably	activated	carboxylic
acid	derivatives	and	diazo	transfer	reactions16	in	the	case	of	more	acidic	active	methylene
substrates	(Scheme	16.12).

Scheme	16.12	Common	methods	for	synthesis	of	diazocarbonyl	compounds.

Metallocarbene	precursors	other	than	diazocarbonyls	have	been	examined	sporadically	for	the
generation	of	oxonium	ylides,	though	not	in	the	context	of	complex	target	synthesis.	Among
these,	iodonium	ylides17	and	oxidative	activation	of	alkynes	in	the	presence	of	gold	catalysts18
have	shown	significant	promise.

16.2	Applications	in	Synthesis:	Oxonium	Ylide	[2,3]-
Sigmatropic	Rearrangements
Synthetic	applications	of	oxonium	ylide	rearrangements	will	be	presented	in	two	sections,	the
first	concerning	[2,3]-sigmatropic	rearrangements	and	the	second	covering	[1,2]-shifts.	To
begin,	a	number	examples	which	assemble	furan-3-one	and	pyran-3-one	rings	via	[2,3]-



migration	of	an	oxonium	ylide	allyl	substituent	will	be	discussed.

16.2.1	Tetrahydrofuran-Containing	Targets

16.2.1.1	Norhalichondrin	B
Phillips	and	coworkers	have	applied	a	[2,3]-rearrangement	strategy	to	construct	a	10-carbon
tetrahydrofuran-containing	fragment	as	part	of	their	synthesis	of	norhalichondrin	B	(Scheme
16.13).19	An	asymmetric	Noyori	reduction	on	β-ketoester	33	was	followed	by	a	Pd-catalyzed
allylation	reaction	with	ethyl	allyl	carbonate.	Saponification	and	diazoacylation	gave
diazoketone	36,	which	was	treated	with	20	mol%	Cu(hfacac)2	in	THF	at	reflux	to	give
oxonium	ylide	37,	which	rearranged	to	afford	trans-2,5-disubstituted	furan-3-one	38	in	91%
yield	as	a	single	diastereomer.	Wittig	olefination	and	hydroboration/oxidation	gave	39,	which
completed	the	C14–C23	fragment.	The	[2,3]-rearrangement	occurred	in	accord	with	the
predictive	model,	with	the	allyl	group	rearranging	on	the	opposite	face	relative	to	the	existing
alkyl	group	(cf.	37),	giving	the	trans	relationship	between	groups	on	the	resulting	furan-3-one.



Scheme	16.13	Application	of	oxonium	ylide	[2,3]-shift	to	norhalichondrin	B	fragment.

16.2.1.2	Amphidinolides	T1–T5

Using	a	similar	strategy,	Clark	assembled	the	C1–C12	fragment	of	amphidinolides	T1–T5.20	A



common	structural	feature	within	the	amphidinolide	T	family	of	marine	natural	products	is	the
polysubstituted	tetrahydrofuran	system,	which	the	Clark	group	targeted	by	employing	a	[2,3]-
rearrangement	of	a	five-membered	cyclic	oxonium	ylide.	The	synthesis	began	with	β-ketoester
40,	which	was	subjected	to	a	Noyori	reduction	and	O-allylation	reaction	(Scheme	16.14)	to
afford	42.	Saponification	and	diazoacylation	(via	the	mixed	carbonic	anhydride)	gave
diazoketone	43.	Treating	43	with	Cu(hfacac)2	in	THF	at	reflux	gave	the	desired	trans-fused
furan-3-one	44	in	90%	yield.	Removal	of	the	PMB	group	and	esterification	(with	45)	gave
diene	46,	which	was	converted	to	macrolactone	47	by	Z-selective	ring	closing	metathesis.	The
ketone	was	olefinated	and	then	reduced	with	Wilkinson's	catalyst	to	give	the	β-Me	substituent
in	4.5:1	ratio.	Lactone	cleavage	gave	48,	which	was	dehydrated	and	saponified	to	give	49,	the
C1–C12	fragment	of	amphidinolides	T1–T5.



Scheme	16.14	Application	to	the	substituted	tetrahydrofuran	of	amphidinolides	T1–T5.

16.2.1.3	Gambieric	Acid	A



Increased	complexity	arises	in	the	[2,3]-process	when	a	substituent	is	incorporated	as	part	of
the	rearranging	allyl	group.	As	shown	previously,	in	cases	involving	five-membered	ylides,	the
product	with	a	2,5-trans	relationship	between	furan-3-one	substituents	will	predominate;
however,	an	additional	exocyclic	stereocenter	can	arise	when	the	allyl	terminus	is	substituted.
Clark's	group	set	out	to	establish	a	predictive	model	for	the	relative	configuration	of	the
products	of	these	rearrangements	(Scheme	16.15)	in	conjunction	with	studies	toward	the
synthesis	of	the	marine	ladder	toxin	gambieric	acid	A.21	For	a	terminally	substituted	substrate
50,	two	transition	structures	were	envisioned,	with	the	migrating	allyl	group	either	endo	or	exo
to	the	ring	of	the	cyclic	ylide.	These	transition	states	would	lead	to	diastereomers	51	and	52,
respectively,	epimeric	at	the	exocyclic	stereocenter	adjacent	to	the	tetrahydrofuranone	ring.

Scheme	16.15	Models	for	acyclic	stereocontrol	with	substituted	allyl	migrating	groups.

Clark	group's	synthesis	of	the	isolated	tetrahydrofuran	ring	of	gambieric	acid	began	with	53,
derived	from	(S)-malic	acid,	which	was	selectively	reduced	and	protected	as	the	silyl	ether	to
give	54	(Scheme	16.16).	A	short	sequence	afforded	diazoketone	55a,	with	a	(Z)-crotyl	ether
migrating	group.	Treatment	with	2	mol%	Cu(acac)2	in	THF	at	reflux	gave	exclusively	the	trans
furan-3-one	product	56a	in	75%	yield	and	>19:1	epimer	ratio	at	the	methyl-substituted
exocyclic	stereocenter.	The	rearrangement	occurred	as	expected	with	excellent
diastereoselectivity,	apparently	via	the	endo	transition	state,	which	afforded	the	undesired
configuration.	Therefore,	the	(E)-crotyl	substrate	55b	was	prepared,	and	in	this	case,	the	major



product	was	56b	with	the	correct	configuration	at	the	methylated	center.	A	short	sequence	of
steps	afforded	tetrahydrofuranone	58,	corresponding	to	the	tetrahydrofuran	ring	of	gambieric
acid	A	with	four	stereocenters	set.



Scheme	16.16	Clark's	route	to	the	gambieric	acid	tetrahydrofuran	ring.

16.2.1.4	Hyperolactone	C
Hodgson	et	al.	have	reported	multiple	syntheses	of	the	spirocyclic	natural	product



hyperolactone	C,	based	on	variations	of	a	[2,3]-rearrangement	of	an	oxonium	ylide	(Scheme
16.17).22	This	compound	possesses	a	spirolactone	with	a	vicinal	quaternary	center,	making	it	a
structurally	interesting	synthetic	challenge.	Hodgson	group's	initial	investigation	started	with
known	diazoketoester	59,	which	was	converted	to	the	corresponding	silyl	enol	ether	and
subjected	to	a	Mukaiyama	aldol	reaction	with	the	allyl	acetal	of	benzaldehyde.	The	resulting
allyl	ether	60	rearranged	under	rhodium	catalysis	to	afford	the	furan-3-one	61	in	99%	yield
and	>10:1	dr,	favoring	the	trans-isomer.	Given	the	structural	similarity	between	61	and
hyperolactone	C,	the	use	of	a	more	functionalized	“allyl”	moiety	would	permit	an	expedient
synthesis	of	the	natural	product.	By	subjecting	60	to	a	cross	metathesis	reaction	with
methacrolein	(100	equiv.)	using	the	Grubbs	second-generation	catalyst	to	afford	62,	followed
immediately	by	a	rhodium-mediated	[2,3]-rearrangement,	the	desired	tetrahydrofuranone	63
was	prepared.	As	a	result	of	isolation	challenges,	the	Hodgson	approach	used	an	in	situ
cyanoborohydride	reduction,	which	enabled	recovery	of	hemiketal	64	in	26%	yield	from	60.
The	synthesis	of	hyperolactone	C	was	completed	by	effecting	a	lactonization	at	elevated
temperature	and	installing	the	unsaturation	by	treatment	with	DDQ.	Consistent	with	Clark's
observation,	the	[2,3]-rearrangement	leading	to	63	occurred	with	preference	for	the	endo
transition	state.	Unfortunately,	the	overall	yield	of	this	multistep	transformation	was	poor,
which	the	authors	attributed	to	a	low-yielding	cross	metathesis	step.



Scheme	16.17	Initial	hyperolactone	C	study	by	Hodgson	and	coworkers.

A	higher	yielding,	asymmetric	total	synthesis	was	subsequently	disclosed	by	the	same	group
(Scheme	16.18).23	Beginning	with	enantiopure	styrene	oxide,	opening	by	cyanide	anion	and	O-
allylation	furnished	65	in	91%	yield.	A	Reformatsky	addition	of	ethyl	bromoacetate	to	the
nitrile	followed	by	hydrolysis	gave	β-ketoester	66	in	81%	yield.	Diazotransfer	with	p-ABSA
(4-acetamidobenzenesulfonyl	azide)	then	afforded	(R)-60,	which	was	converted	to	(R)-62	by	a
two-step	ozonolysis/Wittig	olefination	process,	avoiding	the	low-yielding	cross	metathesis
step.	Subjecting	(R)-62	to	Rh2(OAc)4	provided	an	intractable	mixture	of	[1,2]-	and	[2,3]-
rearrangement	products,	so	the	aldehyde	was	first	reduced	and	protected	as	TMS	ether	67.	The
rhodium-catalyzed	rearrangement	occurred	in	this	case	to	give	a	mixture	of	four	diastereomers
(68)	that	lactonized	upon	silyl	deprotection	to	give	69–72.	The	[2,3]-shift	occurred
predominantly	as	expected,	with	allyl	delivery	anti-	to	the	phenyl	group,	and	via	the	expected
endo	transition	state.	Through	these	combined	preferences,	the	desired	product	69	was



recovered	in	63%	isolated	yield,	and	completion	of	the	asymmetric	total	synthesis	was
accomplished	by	installation	of	the	unsaturation.	Hodgson	and	coworkers	recently	published	a
third	synthesis	of	hyperolactone	C	by	a	conceptually	similar	route	but	with	late	introduction	of
the	phenyl	substituent	to	avoid	forming	four	stereoisomers	in	the	key	[2,3]-shift	step.24

Scheme	16.18	Enantioselective	hyperolactone	C	synthesis	by	Hodgson	and	coworkers.



16.2.2	Benzofuranone-Containing	Targets

16.2.2.1	Griseofulvin
Like	furan-3-ones,	benzofuran-3-ones	are	readily	constructed	via	oxonium	ylide	intermediates.
This	was	first	demonstrated	by	Pirrung	and	Werner	when	they	showed	how	both	diazoketone
73a	and	α-diazo-β-ketoester	73b	would	rearrange	to	give	benzofuran-3-one	products	74a	and
74b	upon	exposure	to	Rh2(OAc)4	(Scheme	16.19).5	The	longer	reaction	time	for	73b,	which
could	be	reduced	by	heating	the	reaction,	was	attributed	to	the	presence	of	two	stabilizing
carbonyl	groups	in	the	α-diazo-β-ketoester.	The	Pirrung	group	set	out	to	apply	this
transformation	as	the	key	step	in	the	synthesis	of	the	tricyclic	natural	product	(+)-
griseofulvin.25	This	densely	functionalized	compound	served	as	an	excellent	proving	ground
for	the	use	of	substrate	control	in	a	highly	diastereoselective	rearrangement	of	an	oxonium
ylide.	The	authors	used	an	existing	stereogenic	center	to	control	the	relative	stereochemistry
during	the	rearrangement	and	in	doing	so	found	that	the	experimentally	observed	preference	for
endo	transition	states	can	be	outweighed	by	steric	effects.

Scheme	16.19	Benzofuranones	via	oxonium	ylide	[2,3]-rearrangement.

The	Pirrung	synthesis	began	with	the	chlorination	and	acetylation	3,5-dimethoxyphenol.	Fries
rearrangement	of	acetate	75	gave	a	phenol,	which	was	subjected	to	a	Mitsunobu	coupling	with
allyl	alcohol	76.	The	methyl	ketone	of	77	was	deprotonated	and	trapped	with	Mander's	reagent
to	give	a	β-ketoester	that	was	then	subjected	to	a	diazo	transfer	reaction	with	MsN3,	giving
diazoester	78.	Exposure	of	78	to	5	mol%	Rh2(piv)4	in	benzene	at	reflux	gave	the	desired	[2,3]-
rearrangement	product	79	in	62%	yield.	The	alkene	was	cleaved	by	ozonolysis,	and	the
resulting	aldehyde	was	olefinated	to	give	80	in	70%	yield	after	ester	cleavage.	A	Curtius
rearrangement	was	then	used	to	degrade	the	unsaturated	acid	to	methyl	ketone	81	via	the
enamine.	Dieckmann-type	condensation	and	methylation	of	the	resulting	enol	completed	the
synthesis	of	(+)-griseofulvin	(see	Scheme	16.20).



Scheme	16.20	Synthesis	of	(+)-griseofulvin	by	Pirrung	and	coworkers.

The	[2,3]-rearrangement	in	the	key	step	of	this	synthesis	is	a	complex	example	for	the
predictive	model	outlined	previously.	The	use	of	the	disubstituted	allyl	tether	was	necessary	to
relay	the	stereogenicity	through	the	rearrangement.	However,	the	additional	methyl	branch
adjacent	to	the	oxonium	oxygen	caused	a	reversal	in	the	typically	observed	preference	for
rearrangement	via	the	endo	conformation.	The	stereochemical	outcome	of	the	formation	of
oxonium	ylide	82	(Scheme	16.21)	is	dictated	by	a	preference	for	placement	of	the	allyl
substituent	in	a	β	orientation	on	the	five-membered	ylide,	perhaps	to	minimize	steric
interactions	with	the	neighboring	methine	carbon.	The	Newman	projections	for	the	exo	and
endo	conformations	looking	from	the	α	face	of	the	ylide	ring	(82a	and	82b)	illustrate	the	steric
demand	experienced	by	the	substituents	on	the	chiral	allylic	center.	On	inspection,	endo
transition	state	82b	appears	to	be	less	favorable	than	exo	transition	state	82a,	since	82a	allows
placement	of	the	sterically	least	demanding	substituent	(H)	over	the	ylide	ring,	whereas	82b
requires	the	much	larger	propenyl	group	to	occupy	this	position.	As	a	result,	only	product	79
formed,	and	the	hypothetical	product	83	of	endo	transition	state	82b	was	not	observed.



Scheme	16.21	Relay	of	stereochemical	information	in	griseofulvin	synthesis.

16.2.3	Tetrahydropyran-Containing	Targets

16.2.3.1	Decarestricine	L
As	described	earlier,	the	3-pyranones	are	also	easily	accessed	stereoselectively	by	the	[2,3]-
rearrangement	of	cyclic	oxonium	ylides	derived	from	homologous	diazoketone	precursors
(e.g.,	Scheme	16.9).	Clark	and	Whitlock	used	a	[2,3]-rearrangement	of	a	six-membered
oxonium	ylide	to	complete	a	racemic	synthesis	of	the	pyran-containing	natural	product
decarestricine	L	(Scheme	16.22).26	The	trans	relationship	between	alkyl	substituents	flanking
the	ether	oxygen	of	decarestricine	L	makes	it	an	ideal	target,	given	the	intrinsic	stereochemical
preferences	for	ylide	formation	and	rearrangement.	The	synthesis	started	with	monoprotected
diol	84,	which	was	subjected	to	allylation	and	silyl	group	removal	to	give	85,	followed	by
oxidation	and	diazoacylation,	providing	diazoketone	86.	Treatment	with	Cu(hfacac)2	in
dichloromethane	at	reflux	gave,	in	68%	yield,	a	77:23	mixture	of	trans-87a	and	cis-87b
isomers.	Reduction	of	the	major	isomer	87a	and	Mitsunobu	inversion	gave	88,	which



underwent	a	Wacker	oxidation	to	give	decarestricine	L	after	ester	cleavage.

Scheme	16.22	Racemic	synthesis	of	decarestricine	L	by	Clark	and	Whitlock.

An	enantioselective	synthesis	of	the	same	target	was	disclosed	by	the	Clark	group	in	2006
(Scheme	16.23).27	In	this	route,	the	enantiopure	alcohol	89	was	allylated	and	the	ethyl	ester
reduced	to	give	alcohol	90.	Conversion	to	the	bromide	and	subsequently	to	the	Grignard
reagent	enabled	a	one-carbon	homologation	by	quenching	with	CO2,	giving	91.	Diazoacylation
gave	(R)-86,	which	rearranged	upon	exposure	to	Cu(tfacac)2	to	give	the	desired	product
(R)-87	in	60%	yield	as	a	91:9	mixture	of	trans-	and	cis-isomers.	The	synthesis	was	then
completed	in	analogy	to	the	earlier	racemic	route.	The	change	in	catalyst	was	based	on	the
observation	by	Clark27	and	others28	that	Cu(tfacac)2	affords	the	highest	diastereoselectivity	for
the	trans	product	in	rearrangements	of	six-membered	oxonium	ylides.



Scheme	16.23	Enantioselective	synthesis	of	(+)-decarestricine	L.

16.2.3.2	Laulimalide
Yakura	et	al.	applied	a	similar	strategy	to	synthesize	the	C3–C12	fragment	of	the	marine
natural	product	(−)-laulimalide,29	again	taking	advantage	of	the	facile	formation	of	the
thermodynamically	less	stable	trans-2,6-disubstituted	pyran	fragment	via	a	rearrangement	of	an
oxonium	ylide.	The	synthesis	began	with	protection	of	alcohol	92	as	the	PMB	ether,	followed
by	ester	reduction	to	provide	primary	alcohol	93	(Scheme	16.24).	A	one-carbon	homologation
was	followed	by	cyanide	reduction	with	Dibal-H	to	give	the	aldehyde	94.	An	asymmetric
allylboration	at	low	temperature	gave	95	in	excellent	yield	and	diastereoselectivity.	This	was
followed	by	a	hydroboration/oxidation	sequence,	and	protection	of	the	resulting	alcohol	gave
silyl	ether	96.	A	high-yielding	allylation	of	the	secondary	alcohol	gave	97,	which	was
deprotected	and	oxidized	to	afford	carboxylic	acid	98.	Diazoacylation	via	a	mixed	carbonic
anhydride	gave	diazoketone	99	in	85%	yield.	Upon	exposure	to	Cu(tfacac)2,	the	desired
rearrangement	occurred	to	give	100	in	82%	yield,	as	a	97:3	mixture	favoring	the	desired	trans-
isomer.	A	series	of	functional	group	manipulations	gave	aldehyde	101,	which	was	converted
into	pyran-3-one	102.	Trapping	the	derived	kinetic	enolate	with	Comins'	reagent	gave	an	enol
triflate	that	could	be	reduced	to	provide	103,	the	C3–C12	fragment	of	(−)-laulimalide.	It	is
notable	that	significantly	higher	diastereoselectivity	was	obtained	in	the	rearrangement	of	99	as
compared	with	(R)-86	(cf.	Scheme	16.22).	The	enhanced	stereoselectivity	is	presumably	the
result	of	the	greater	steric	demand	of	the	branching	group	adjacent	to	the	ether	oxygen	in	99	and
a	consequently	greater	enforcement	of	the	preferred	chair	conformation	in	the	transition	state
for	cyclic	oxonium	ylide	formation.





Scheme	16.24	Synthesis	of	(−)-laulimalide	C3–C12	fragment	by	Yakura	and	coworkers.

16.2.3.3	Polycyclic	Ethers
The	polyether	structural	motif,	such	as	the	trans-fused	polypyran	unit	often	found	in	the
skeletons	of	the	marine	ladder	toxins	(e.g.,	see	gambieric	acid	A,	Scheme	16.16),	is	an
appropriate	choice	of	target	for	application	of	oxonium	ylide	[2,3]-rearrangement
methodology.	Such	a	strategy	theoretically	provides	access	to	the	alternating	oxygenation
pattern,	and	enables	an	iterative	approach	to	construction	of	successive	pyran	units.	The
pyranone	resulting	from	the	[2,3]-rearrangement	should	possess	substituents	at	C2	and	C6	with
a	trans	relationship;	however,	the	requisite	cis-isomer	should	be	available	by	epimerization
facilitated	by	the	neighboring	carbonyl	unit.	In	a	feasibility	study	of	this	approach	to
polypyrans,	Marmsäter	and	West	prepared	hydroxypyran	104	from	DHP	(Scheme	16.25).28	The
ketal	was	reduced	(105),	the	allyl	group	converted	to	a	carboxylic	acid,	and	the	alcohol
allylated	to	give	106.	Diazoacylation	(via	the	acid	chloride)	gave	107,	which	smoothly
underwent	the	[2,3]-rearrangement	to	afford	bis-pyran	108	in	80%	yield	and	30:1	dr.
Epimerization	to	the	cis-isomer	and	reduction	gave	bis-pyran	109	with	a	trans	relationship
between	hydroxyl	and	allyl	substituents.	Resubjecting	109	to	another	iteration	of	the	synthetic
sequence	gave	diazoketone	111,	which	rearranged	upon	treatment	with	Cu(tfacac)2	to	give	112
in	80%	yield	as	a	single	diastereomer.	Epimerization	to	the	cis-isomer	and	reduction	gave	tris-
pyran	113	with	the	correct	trans	ring	junctions	associated	with	the	polypyran	units	found	in
polyether	natural	products.	The	high	trans-selectivity	in	the	rearrangement	may	derive	from	a
preorganized	conformation	of	the	uncyclized	metallocarbene	in	analogy	to	the	previously
described	examples.	In	the	cases	shown	in	Scheme	16.25,	the	added	rigidity	of	the	fused
bicyclic	skeletons	may	be	responsible	for	even	greater	stereoselectivity.



Scheme	16.25	Iterative	approach	to	polypyrans	via	oxonium	ylide	[2,3]-shifts.

16.2.4	Reaction	via	Bicyclic	Oxonium	Ylides
There	are	numerous	examples	of	metallocarbene	capture	by	lone	pairs	of	cyclic	ether	oxygens,
generating	fused	bicyclic	oxonium	ylides	in	which	the	oxonium	oxygen	resides	at	a	bridgehead
position.	If	the	migrating	allyl	group	is	part	of	the	initial	cyclic	ether,	rearrangement	will	lead
to	a	bridged	bicyclic	product.	An	early	example	of	this	was	reported	by	Pirrung	where	vinyl-
substituted	tetrahydrofuran	114	(m,	n	=	1)	was	treated	with	Rh2(OAc)4	to	provide	the	bicyclic
ylide	115	(Scheme	16.26).5	The	ensuing	[2,3]-rearrangement	occurred	to	provide	the	ether-
bridged	medium-ring	structure	116	in	good	yield,	as	a	single	isomer.	By	altering	the	size	of	the
cyclic	ether	(n	=	1,	2,	3,	…)	or	the	length	of	tether	to	the	diazo	group	(m	=	1,	2,	3,	…),
numerous	oxabicyclo[n.m.1]	scaffolds	can	in	theory	be	targeted.	An	additional	example	was



shown	by	the	West	group,	in	which	one	of	the	alkenyl	carbons	of	the	allyl	group	was
incorporated	into	the	starting	pyran	ring.9	When	diazoketone	117	was	exposed	to	Rh2(OAc)4,
the	initially	formed	oxonium	ylide	(118)	underwent	the	[2,3]-rearrangement	with	allylic
transposition,	giving	O-bridged	cyclooctanone	119	in	54%	yield.	The	bicyclic	molecular
skeletons	provided	by	these	methodologies	correspond	to	a	large	number	of	natural	products,
making	this	oxonium	ylide	approach	synthetically	valuable.	In	cases	where	steric	congestion	or
conformational	bias	precludes	the	allyl	terminus	from	coming	into	bonding	proximity	with	the
ylidic	carbon,	the	high-energy	ylide	will	decompose	by	alternate	pathways,	such	as	the	vinyl-
stabilized	[1,2]-shift.

Scheme	16.26	Bridged	bicyclic	structures	via	[2,3]-shift	of	fused	bicyclic	oxonium	ylides.

16.2.4.1	Neoliacinic	Acid
Clark	and	coworkers	have	used	bicyclic	oxonium	ylide	methodology	in	studies	that	culminated
in	a	completion	of	the	total	synthesis	of	the	plant-derived	sesquiterpene	natural	product
neoliacinic	acid.	The	natural	product	consists	of	an	oxabicyclo[5.3.1]undecane	scaffold	with	a
bridging	lactone	and	α-branched	carboxylic	acid	side	chain	(Scheme	16.27).	Accessing	this
scaffold	via	oxonium	ylide	rearrangement	would	require	a	tetrahydrofuran	whose	oxygen	is
flanked	by	a	vinyl	group	and	a	four-carbon	diazoketone	side	chain.	Clark's	model	study	began
with	stereoselective	addition	of	a	Grignard	reagent	to	protected	glyceraldehyde	120,	followed
by	O-allylation	to	give	121	(Scheme	16.27).30	Removal	of	the	acetonide	and	cleavage	of	the
resulting	diol	gave	122.	The	aldehyde	was	oxidized	and	the	resulting	acid	converted	to
diazoketone	123.	The	diazoketone	was	treated	with	Rh2(TPA)4	to	synthesize	the	required
furan-3-one	124	as	a	single	diastereomer	via	a	five-membered	C—H	insertion	reaction.	A
straightforward	conversion	of	the	tethered	alcohol	of	124	to	a	diazoketone	gave	cyclization
precursor	125.	In	the	key	step,	treatment	with	Cu(hfacac)2	gave	the	bicyclic	oxonium	ylide	126
that	rearranged	to	give	(E)-127	in	51%	yield.



Scheme	16.27	Model	study	toward	neoliacinic	acid	by	Clark	and	coworkers.

A	more	elaborate	model	study	was	subsequently	disclosed	in	which	the	α-branched	carboxylic
acid	side	chain	of	neoliacinic	acid	was	incorporated.31	Given	this	substituent's	placement	in
the	natural	product,	its	installation	at	the	internal	allyl	carbon	would	provide	the	correct
structure	upon	rearrangement.	The	rearrangement	precursor	was	prepared	by	a	chelation-
controlled	cuprate	addition	to	protected	glyceraldehyde	128,	giving	129	and	setting	the	correct
bridgehead	stereochemistry	for	neoliacinic	acid	(Scheme	16.28).	Allylation	of	the	alcohol	with
functionalized	allyl	bromide	130	gave	acetonide	131,	which	was	subjected	to	a	series	of	steps
including	stereoselective	tetrahydrofuranone	cyclization	by	C—H	insertion	(133–134),	various
protecting	group	manipulations	and	redox	modification,	and	finally	a	diazoacylation	to	provide
diazoketone	136.	Treatment	of	136	with	Cu(hfacac)2	gave	a	61%	yield	of	138	(3:2,	E/Z),	as
well	as	7%	of	137,	the	vinyl-stabilized	[1,2]-shift	product.	The	mixture	of	E/Z	products	138



was	equilibrated	to	the	cis-alkene	and	then	epoxidized	on	the	α-face	to	give	139,	the
neoliacinic	acid	core.	Clark	subsequently	demonstrated	the	conversion	of	139–140,	which
possesses	all	of	the	required	rings	and	stereogenic	centers	of	neoliacinic	acid.32





Scheme	16.28	Second-generation	approach	to	neoliacinic	acid	by	Clark	and	coworkers.

16.2.4.2	Litophynins	E	and	I
Litophynins	E	and	I	are	highly	oxygenated	marine	natural	products	that	belong	to	the	cladiellin
family	and	that	share	an	oxabicyclo[6.2.1]undecane	skeleton	(Scheme	16.29).	As	part	of	their
work	on	the	oxabicyclo[5.3.1]undecane	scaffold	of	neoliacinic	acid,	the	Clark	group
discovered	a	selenium-mediated	rearrangement	of	(E)-127	(Scheme	16.27)	to	the
oxabicyclo[6.2.1]undecane	skeleton	that	corresponds	to	the	core	of	the	litophynins	E	and	I.	As
the	required	rearrangement	precursor	147	is	the	enantiomer	of	125,	the	Clark	synthesis	began
with	the	(R)-glutamic	acid	derivative	141	(Scheme	16.29).33	Transesterification	and	O-
allylation	gave	142,	which	was	saponified	and	cyclized	to	anhydride	143.	Treatment	with
diazomethane	resulted	in	a	regioselective	opening	of	the	anhydride	to	provide	the	diazoketone
144	as	a	single	regioisomer.	A	C—H	insertion	was	effected	under	rhodium	catalysis,	followed
by	a	methyl	addition/acylation	sequence	to	afford	145.	Selective	hydrolysis	of	the	methyl	ester
was	followed	by	conversion	of	the	carboxylic	acid	to	diazoketone	147.	Upon	treatment	with
Cu(hfacac)2,	the	substrate	underwent	a	tandem	oxonium	ylide	formation/[2,3]-rearrangement	to
afford	(E)-148	in	50%	yield.	The	unstable	E-alkene	reacted	with	electrophilic	PhSe(O2CCF3)
to	undergo	a	modest-yielding	rearrangement	that	via	an	intermediary	bridged	tricyclic	oxonium
ion	that	is	opened	via	anchimeric	assistance	from	the	neighboring	acetate	group.	The	resulting
O-bridged	carbocycle	149a	possessed	the	required	absolute	and	relative	configuration	at	four
oxygenated	stereogenic	centers,	though	it	exists	primarily	as	the	transannular	hemiketal	149b.



Scheme	16.29	Route	to	oxabicyclo[6.2.1]undecane	litophynin	skeleton	by	Clark	and	Wong.

16.2.4.3	Labiatin	and	Australin
The	natural	products	labiatin	A	and	australin	A	(Scheme	16.30)	are	marine	diterpene	natural
products	that	also	belong	to	the	cladiellin	family.	Although	these	compounds	are	structurally
related	to	neoliacinic	acid,	possessing	the	oxabicyclo[5.3.1]undecane	core,	the	fused,
substituted	cyclohexane	adds	an	additional	level	of	complexity	when	planning	a	synthetic
approach	involving	an	oxonium	ylide	rearrangement.	Analysis	of	the	[2,3]-rearrangement
precursor	and	product	reveals	that	the	cyclohexane	unit	must	be	part	of	the	rearranging	allyl
moiety.	This	additional	substitution	is	likely	to	increase	steric	interactions	in	the	rearrangement
transition	state,	which	could	possibly	lead	to	rearrangement	by	alternative,	less	sterically



demanding	pathways.



Scheme	16.30	Synthesis	of	the	labiatin	A	tricyclic	core	by	the	Clark	group.

Nevertheless,	the	Clark	group	conducted	a	model	study	which	showed	the	feasibility	of	the
oxonium	ylide	rearrangement	approach.34	O-Alkylation	of	alcohol	150	with
(bromomethyl)cyclohexene	gave	151,	after	which	the	acetonide	was	removed	and	the	resulting
diol	cleaved	to	give	aldehyde	152	(Scheme	16.30).	A	Pinnick	oxidation	gave	a	carboxylic	acid
that	was	diazoacylated	via	the	mixed	carbonic	anhydride	to	give	diazoketone	153.	Exposure	to
rhodium	catalysis	gave	the	desired	C—H	insertion	product	154	in	60%	yield,	as	a	7:1	mixture
favoring	the	desired	cis-isomer.	Conversion	to	diazoketone	156	was	carried	out	via	a	multistep
route	analogous	to	earlier	examples.	Treatment	of	156	with	Cu(hfacac)2	gave	a	2:1	mixture	of
the	desired	product	158	(3:2	E/Z)	and	side	product	157,	derived	from	a	vinyl-stabilized	[1,2]-
shift.	The	mixture	of	rearrangement	products	158	was	isomerized	to	the	(Z)-isomer	in	64%
yield.

Using	an	analogous	route,	the	diazoketone	160	bearing	a	fully	functionalized	cyclohexenyl
moiety	was	prepared	via	acetonide	150	and	cyclohexenyl	bromide	158	(Scheme	16.31).35
Treatment	with	Cu(hfacac)2	gave	the	desired	rearrangement	product	161	in	76%	yield	as	a
single	isomer.	Addition	of	MeLi	to	this	intermediate	effected	both	deacylation	and	methylation,
providing	advanced	intermediate	162	en	route	to	labiatin	A	and	australin	A.	It	is	especially
notable	that	this	more	functionalized	example	was	not	subject	to	the	undesired	[1,2]-shift	side
reaction	seen	in	the	simpler	model,	nor	was	the	alkene	formed	as	a	mixture	of	geometrical
isomers.



Scheme	16.31	Synthesis	of	a	more	elaborated	labiatin	A/australin	A	tricyclic	core	by	the
Clark	group.

16.2.4.4	Vigulariol
The	aforementioned	syntheses	demonstrate	the	ease	with	which	a	[2,3]-rearrangement	of	an
oxonium	ylide	can	deliver	the	oxabicyclo[5.3.1]undecane	ring	system,	as	well	as	a	method	for
further	transformation	to	the	oxabicyclo[6.2.1]undecane	skeleton.	Owing	to	the	versatility	of
structural	types	that	can	be	employed	in	this	chemistry,	Clark	also	investigated	the	[2,3]-
rearrangement	of	a	tetrahydropyran-derived	oxonium	ylide	to	give	the
oxabicyclo[6.2.1]undecane	scaffold	directly.	By	altering	the	tether	length	and	ether	ring	size,
Clark	et	al.	developed	a	new	application	of	the	[2,3]-rearrangement	methodology	in	his	total
synthesis	of	vigulariol,	an	ether-bridged,	polyoxygenated	marine	natural	product.36	The
synthesis	began	with	the	addition	of	the	Grignard	reagent	from	bromide	163	into	methacrolein,
giving	164	(Scheme	16.32).	Conjugate	addition	of	the	resulting	alcohol	to	ethyl	propiolate,
followed	by	deprotection	and	Swern	oxidation	gave	aldehyde	165.	The	required



tetrahydropyran	precursor	was	prepared	by	a	SmI2-induced	cyclization,37	giving	the
trisubstituted	heterocycle	166	in	76%	yield	as	a	single	isomer.	O-Protection	and
diazoacylation	gave	the	rearrangement	precursor	167	in	60%	yield.	Upon	exposure	to
Cu(hfacac)2,	the	initially	formed	oxonium	ylide	168	underwent	the	desired	rearrangement	in
96%	yield	to	give	169	as	a	5:1	(Z/E)	mixture.	The	(Z)-isomer	was	converted	to	the	enol
triflate	and	coupled	with	vinyl	stannane	170	to	give	diene	171.	Heating	in	toluene	with	methyl
vinyl	ketone	gave,	after	epimerization	of	the	exocyclic	keto	group,	enol	ether	172	in	58%	yield.
Ketone	olefination,	enol	ether	hydrolysis,	and	chemoselective	reduction	gave	173.	The	exo-
methylene	was	installed	by	Wittig	olefination,	which	was	followed	by	a	three-step	methyl
incorporation,	giving	174.	When	this	intermediate	was	exposed	to	m-CPBA,	the	initial
epoxidation	product	underwent	a	transannular	attack	by	the	tertiary	alcohol	to	close	the
remaining	ether	bridge	and	complete	the	synthesis	of	vigulariol.





Scheme	16.32	Total	synthesis	of	vigulariol	by	the	Clark	group.

16.2.4.5	Cladiellins
The	cladiellins	comprise	another	family	of	ether-bridged	marine	natural	products	whose	total
syntheses	have	been	completed	using	[2,3]-oxonium	ylide	rearrangement	methodology.38	While
structurally	similar	to	vigulariol,	an	important	difference	is	the	presence	of	an	(E)-alkene	in
cladiellin	skeleton.	As	mixtures	of	(E)	and	(Z)	isomers	are	routinely	obtained	in	the	synthesis
of	the	oxabicyclo[6.2.1]-	or	oxabicyclo[5.3.1]undecane	scaffolds,	a	catalyst	screen	was
conducted	to	optimize	for	formation	of	the	necessary	(E)-alkene	during	the	key	rearrangement
step.	Clark	and	coworkers	subjected	cyclization	precursor	167	to	various	rhodium	and	copper
catalysts	and	found	Rh2(TPA)4	to	provide	a	6.3:1	(E/Z)	mixture	of	products	175	in	56%	yield
(Scheme	16.33).	The	major	isomer	(E)-175	was	carried	forward,	with	the	requisite
cyclohexenyl	moiety	of	176	being	appended	using	a	strategy	similar	to	that	described	for
vigulariol	(see	Section	16.2.4.4).	Conversion	of	176	to	an	enol	triflate	was	followed	by
methylation	under	Kumada	conditions	to	give	alcohol	177	in	68%	yield	after	silyl
deprotection.	Oxidation	and	stereoselective	methyl	addition	gave	(−)-cladiella-6,11-dien-3-ol,
its	acylation	gave	(−)-3-acetoxycladiella-6,11-diene	in	modest	yield,	and	its	dihydroxylation
gave	(−)-cladiell-11-ene-3,6,7-triol	in	66%	yield.



Scheme	16.33	Total	synthesis	of	cladiellins	by	the	Clark	group	utilizing	an	(E)-selective	[2,3]-
shift.

16.3	Applications	in	Synthesis:	Oxonium	Ylide	[1,2]-
Stevens	Rearrangements
The	[1,2]-shift,	or	Stevens	rearrangement,	is	also	a	versatile	process	for	the	synthesis	of	a
variety	of	cyclic	ethers	or	oxygen-bridged	carbocycles.	An	essential	requirement	for	a
successful	[1,2]-shift	is	that	the	migrating	carbon	be	substituted	with	a	suitable	stabilizing



group.	As	the	[1,2]-shift	proceeds	via	a	likely	homolytic	dissociation/radical	recombination
pathway,	groups	that	are	effective	radical	stabilizers	can	facilitate	the	overall	process	and
serve	to	direct	which	bond	is	cleaved.	Numerous	methodological	studies	have	been	undertaken
to	explore	the	scope	of	this	transformation,	and	the	breadth	of	possible	stabilizing	groups,
starting	with	the	seminal	report	by	Johnson	and	Roskamp.6	Investigations	into	the
rearrangements	of	oxonium	ylides	formed	from	simple	acyclic	benzyl	ethers	(178)	or	α-phenyl
substituted	ethers	(179,	180)	showed	that	the	phenyl	group	is	an	effective	stabilizing	group,
readily	promoting	the	[1,2]-shift	(Scheme	16.34).7	Consistent	with	expectation,	changing
catalyst	can	result	in	differing	product	distributions:	under	rhodium	catalysis,	178	gives	the
[1,2]-shift	product	181	in	64%	yield,	whereas	under	copper	catalysis,	competition	from	the
[1,4]-shift	(giving	182	in	addition	to	181)	is	significant.12

Scheme	16.34	Effective	[1,2]-shift	of	oxonium	ylides	bearing	benzylic	migrating	groups.

Allylic	ethers	will	typically	undergo	a	[2,3]-rearrangement	unless	the	allyl	terminus	cannot
enter	into	bonding	proximity	with	the	ylide	carbon,	in	which	case	the	ylide	will	undergo	a
vinyl-stabilized	[1,2]-shift	(occasionally	seen	as	a	side	reaction	in	some	of	the	synthetic
applications	discussed	in	the	previous	section).	A	straightforward	example	involves	185,
which	was	treated	under	rhodium	catalysis,	gave	a	mixture	of	[2,3]-rearrangement	product	186
and	[1,2]-shift	product	187	as	the	major	component	(Scheme	16.35).6	Though	tertiary	alkyl
radicals	are	stabilized,	the	alkyl	substitution	of	188	was	insufficient	to	stabilize	the	putative
radical	intermediate	of	the	[1,2]-shift,	and	the	ylide	instead	underwent	decomposition	by
fragmentation	to	give	189.	The	West	group	has	shown	O-α-acyl	substitution	to	be	a	modestly
effective	promoter	in	the	[1,2]-shift,	with	the	O-phenacyl-substituted	oxonium	ylide	derived
from	190	undergoing	the	[1,2]-shift	in	17%	yield.7



Scheme	16.35	Oxonium	ylide	[1,2]-shifts	and	possible	alternative	reactivities.

Later	investigations	centered	on	the	formation	and	rearrangement	of	oxonium	ylides	derived
from	cyclic	acetals.	Tester	and	West	showed	the	oxonium	ylide	derived	from	benzylidene
acetal	192	to	smoothly	undergo	the	[1,2]-shift	in	excellent	yield	and	diastereoselectivity
(Scheme	16.36).39	Phenyl	substitution	on	the	migrating	carbon	was	shown	to	be	unnecessary
when	α-heteroatom	substitution	was	present,	as	acetonide	centers	also	migrated.	The	oxonium
ylides	derived	from	cyclic	acetals	194a–d	also	underwent	the	[1,2]-shift	when	the	α-carbon
was	oxygen-	or	sulfur-substituted,	giving	the	1,2-shift	products	195a–d.40	This	development
was	pivotal	to	the	synthesis	of	oxygen-bridged	medium	rings	and	served	as	the	basis	for	West
group's	investigations	into	preparation	of	medium	ring-containing	natural	products	with
bridgehead	oxygenation.



Scheme	16.36	[1,2]-Shifts	of	acetal-derived	oxonium	ylides.

16.3.1	Dactylol
As	part	of	their	work	on	acetal-derived	oxonium	ylides,	West	and	coworkers	have	explored	the
total	synthesis	of	the	terpenoid	natural	product	(+)-dactylol	(Scheme	16.37).41	The	oxygen-
bridged,	fused	bicyclic	system	of	key	intermediate	202	could	be	prepared	by	sulfur-stabilized
[1,2]-shift	of	a	mixed	thioacetal-derived	oxonium	ylide,	analogous	to	the	synthesis	of	195d,
after	which	a	reductive	desulfurization	would	cleave	the	bridging	ether.	The	synthesis	began
with	the	chiral	pool	reagent	(+)-(R)-pulegone,	which	was	converted	to	the	α-methyl-substituted
cyclopentanone	196	in	three	steps,	including	a	Favorskii	ring	contraction	(Scheme	16.37).	The
β-ketoester	was	C-alkylated	in	54%	yield	and	then	decarboxylated	to	give	a	6:1	(trans–cis)
mixture	of	acetals	198.	A	stereoselective	Reformatsky	addition	was	followed	by	a	Lewis	acid-
mediated	acetal	closure	to	give	199.	Transacetalization	with	thiocresol	and	saponification
afforded	carboxylic	acid	200,	which	was	diazoacylated	to	give	diazoketone	201,	the	key
rearrangement	substrate.	Exposure	to	Cu(hfacac)2	gave	the	O-bridged	bicycle	202	in	89%
yield	with	>15:1	dr.	Treatment	with	MeMgBr	installed	the	second	methyl	group,	after	which
reductive	ether	cleavage	with	LiDBB	gave	diol	203.	The	tertiary	allylic	alcohol	underwent	an
oxidative	rearrangement	with	PCC	to	give	enone	204a,	providing	a	functionality	handle	by
which	the	remaining	gem-dimethyl	substituents	could	be	installed.	The	oxidation	product	was
isolated	as	transannular	hemiketal	204b,	leaving	installation	of	the	gem-dimethyl	unit	and
removal	of	the	carbonyl	as	the	remaining	steps	for	completion	of	(+)-dactylol.



Scheme	16.37	Dactylol	approach	using	oxonium	ylide	[1,2]-shift.

16.3.2	Tigliane/Daphnane	Skeleton
West	and	coworkers	have	also	shown	the	[1,2]-shift	of	an	acetal-derived	oxonium	ylide	to	be
applicable	to	the	synthesis	of	the	tricyclic	core	of	daphnane	and	tigliane	natural	products,
exemplified	by	phorbol	(Scheme	16.38).42	Incorporation	of	the	cyclohexyl	moiety	in	the



rearrangement	precursor	210	enabled	an	efficient	construction	of	a	polyoxygenated,	fused
medium-ring	scaffold.	West	group's	synthesis	began	by	a	combination	of	cyclohexene	oxide
and	cyclopentanone	to	give	alcohols	205	in	75%	yield	with	5:1	dr	(Scheme	16.38).	The
alcohols	were	acetylated	and	separated,	and	the	major	isomer	206	was	treated	with	the	enolate
of	ethyl	acetate	to	give	diol	207	as	a	single	isomer	upon	acetate	hydrolysis.	Oxidation	and
dehydration	of	the	resulting	hemiketal	gave	dihydrofuran	208,	which	was	cleanly
dihydroxylated	from	the	convex	face	and	protected	to	give	anomeric	benzylidene	acetals
209a,b.	Diazoacylation	via	the	mixed	carbonic	anhydride	gave	a	separable	mixture	of
diazoketones	210a,b,	each	of	which	rearranged	in	good	yield	to	afford	the	tricyclic	products
211a,b	as	single	diastereomers.



Scheme	16.38	Approach	to	the	tricyclic	daphnane/tigliane	skeleton	via	[1,2]-shift.

16.3.3	Zaragozic	Acid	Core



Formation	and	rearrangement	of	oxonium	ylides	derived	from	cyclic	ketals	in	which	the
diazoketone	precursor	is	attached	via	the	anomeric	carbon	can	be	used	to	furnish	interesting
bridged	bicyclic	systems.	Zercher	and	coworkers	carried	out	numerous	investigations	into	the
rearrangements	of	ketal-derived	oxonium	ylides	and	found	ketal-bridged	carbons	to	also	be
suitable	migrating	groups	in	[1,2]-shifts	if	they	are	substituted	with	sufficiently	stabilizing
groups.43	Zercher	used	this	strategy	as	an	entry	into	the	carbocyclic	core	of	zaragozic	acid,
beginning	with	ketalization	of	methyl	acetoacetate	with	C2-symmetric	diol	212	to	give	ester
213	(Scheme	16.39).44	Saponification	and	acylation	gave	a	β-ketoester	that	was	subjected	to
diazotransfer,	giving	214.	Treating	the	diazoketone	with	Cu(hfacac)2	resulted	in	oxonium	ylide
215	that	decomposed	by	both	[1,2]-	and	[2,3]-rearrangement	pathways.	However,	under
Rh2(OAc)4	catalysis	the	oxonium	ylide	reacted	chemoselectively	by	the	vinyl-stabilized	[1,2]-
shift	pathway	to	provide	the	bridged,	bicyclic	core	of	zaragozic	acid	(216)	in	64%	yield.

Scheme	16.39	Construction	of	zaragozic	acid	core	by	Brogan	and	Zercher	via	[1,2]-shift	of
ketal-derived	oxonium	ylide.

16.4	CONCLUDING	REMARKS
Oxonium	ylides	are	transient,	high-energy	intermediates	that	can	undergo	useful	rearrangements



(i.e.,	[2,3]-sigmatropic	rearrangement	or	[1,2]-Stevens	rearrangement).	These	processes	result
in	the	formation	of	a	new	carbon–carbon	bond,	often	with	effective	diastereocontrol	as	a	result
of	other	stereogenic	centers	in	the	oxonium	ylide	intermediate.	Most	typically,	the	ylides	are
formed	from	the	addition	of	an	ether	oxygen	to	an	electrophilic,	catalytically	generated
metallocarbene,	and	this	process	is	usually	intramolecular,	resulting	in	a	cyclic	oxonium	ylide.
Rearrangements	of	these	oxonium	ylides	have	been	applied	to	the	synthesis	of	a	variety	of
complex	heterocyclic	and	carbocyclic	targets,	typically	by	very	direct	routes	owing	to	the
major	bond	reorganization	that	takes	place	from	the	metallocarbene	precursors	to	the	final
rearrangement	products.	While	there	has	been	considerable	work	in	the	synthetic	applications
of	oxonium	ylide	intermediates,	they	remain	ripe	with	potential	in	the	construction	of
oxygenated	natural	products.
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CHAPTER	17
THE	[2,3]-WITTIG	REARRANGEMENT

Minoru	Isobe	and	Chatchawan	Ploysuk
Department	of	Chemistry,	National	Tsing	Hua	University,	Hsinchu,	Taiwan,	ROC

17.1	INTRODUCTION
The	[2,3]-Wittig	rearrangement	is	not	only	a	historically	significant	reaction	but	is	still	widely
used	as	an	important	C—C	bond-forming	process	in	current	organic	synthesis.	In	fact,	many
synthetic	papers	have	reported	on	the	application	of	Wittig	rearrangements	for	constructing
complex	molecules	or	natural	products.	Among	these,	the	current	chapter	focuses	on	recently
published	examples	of	the	[2,3]-Wittig	rearrangement	in	synthesis.	The	[2,3]-Wittig
rearrangement	has	been	reviewed	by	Nakai	and	Mikami1	and	Marshall.2	Occasionally	the	same
anionic	species	involved	in	the	[2,3]-Wittig	rearrangement	can	undergo	[1,2]-Wittig
rearrangement	to	produce	similar	homoallylic	alcohols,	but	that	mode	of	reactivity	is	not
covered	extensively	in	this	paper.

One	of	the	typical	examples	of	a	[2,3]-sigmatropic	reaction	is	the	[2,3]-Wittig	rearrangement
(Figure	17.1),	where	X	is	oxygen	and	Y	is	the	corresponding	carbanion,	which	is	often
propargylic.	This	reaction	is	related	to	[3,3]-sigmatropic	reactions	for	stereoselective	C—C
bond	formation	process	such	as	Claisen-type	rearrangements.	It	is	also	related	to	the	aza-Wittig
reaction	(Figure	17.1a,	with	X	=	N)	and	the	Overman	rearrangement	(Figure	17.1b,	with	Y	=
N)	in	the	sense	of	C—N	bond	analogy.	In	many	cases,	the	[3,3]-sigmatropy	proceeds	under
thermal	conditions	(approximately	100	°C),	and	the	reaction	equilibrates	toward	the	less
sterically	congested	system.3	Consequently,	the	reaction	sometimes	does	not	go	to	completion
and	gives	lower	yields	under	equilibrating	conditions.	On	the	other	hand,	the	[2,3]-Wittig
reaction	involves	a	carbanion	species,	which	pushes	the	reaction	forward	at	temperatures	as



low	as	−78	°C	to	afford	products	with	the	negative	charge	better	accommodated	on	an	alkoxide
group.

Figure	17.1	Wittig	rearrangement	and	[2,3]-	and	[3,3]-sigmatropic	rearrangement

[2,3]-Wittig	rearrangements	are	well	known	to	proceed	from	(1)	allyl	propargyl	ethers	1
(Figure	17.2,	Eq.	1),	(2)	allyl	trialkyltin-methyl	ethers	4	(Wittig–Still	rearrangement),4	(3)
allyloxy	alkoxycarbonylmethyl	ethers	5,	(4)	diallyl	ethers	6,	(5)	allyl	benzyl	ethers	7,	or	even
dipropargyl	ethers	and	via	tandem	or	sequential	[2,3]-	and	[3,3]-	rearrangements.	The
stereochemical	outcome	in	Eq.	1	represents	many	reported	cases	providing	anti	2	or	syn	3
isomer	from	the	(E)-	or	(Z)-olefin,	respectively	(Figure	17.2).	There	are,	however,	exceptions
so	that	the	outcome	of	some	reactions	is	difficult	to	predict.	For	example,	when	R3	is	H	or	an
acetylenic	terminal	carbanion	(dianion),	the	corresponding	diastereomeric	results	are	quite
different.5	Additional	examples	with	stereodivergent	results	are	discussed	in	the	following
text.	In	general,	one	needs	to	carefully	establish	the	structures	of	the	rearrangement	products.
Comparison	of	the	stereochemical	outcome	in	acyclic	and	cyclic	systems	provides	valuable
information	on	the	course	of	this	rearrangement.	The	first	two	examples	include	the	[2,3]-
Wittig	rearrangement	as	the	key	step	in	the	authors'	own	studies	toward	the	total	synthesis	of
natural	products.

Figure	17.2	Various	[2,3]-Wittig	rearrangements



17.2	[2,3]-WITTIG	REARRANGEMENT	OF	ALLYL
PROPARGYL	ETHERS
Our	research	group	became	particularly	interested	in	the	construction	of	the
tricyclo[5.2.1.01,6]decene	ring	system	of	solanoeclepin	A	8,	and	the	right	segment	of	the	natural
product	was	synthesized	in	the	form	of	14,	containing	the	tricyclic	substructure	(Scheme	17.1).
The	key	step	was	the	[2,3]-Wittig	rearrangement	of	10	via	the	axial	C3-oxygen.6	This	reaction
provided	11	with	a	trans-substituted	perhydroindene	ring	and	the	rearranged	chain	opposite	to
the	ring-junction	methyl	group.	Cyclization	to	form	the	cyclobutane	via	12a	to	13	took	place
between	the	Nicholas	cation	as	electrophile,	which	was	stabilized	by	the	acetylene–
dicobalthexacarbonyl	complex,	and	a	Hosomi–Sakurai-type	allyltrimethylsilane	nucleophile.
Notably,	gold-catalyzed	cyclization	from	11	afforded	a	different	tricyclic	compound	18	through
an	sp2-cation	intermediate	11a.	The	configuration	of	C13-(R)	11	was	proved	by	X-ray
diffraction	analysis	of	PNB	derivative	18	(Figure	17.3).



Scheme	17.1	Solanoeclepin	A	right	segment	synthesis	and	[2,3]-Wittig	rearrangement.



Figure	17.3	Solanoeclepin	A	8

The	[2,3]-Wittig	rearrangement	from	10	to	11	with	n-BuLi	(via	one-pot	silylation)	resulted	in
high	yield	and	high	selectivity	to	give	exclusively	the	13-(R)-configuration.	This	may	be	due	to
proper	orientation	of	the	3-axial-oxypropargyl	relative	to	what	is	required	for	the	transition
state.	Three	model	compounds	15a–c	were	compared	(Scheme	17.1)	to	determine	the	outcome
with	compounds	having	different-size	substituents	at	the	C8	position;	thus,	C8-β-H	(15a),	C8-
β-alkynyltrimethylsilyl	(15b),	and	C8-sp2	(15c).

Two	substrates,	15a	and	15c,	gave	the	[2,3]-Wittig	rearrangement	products	16a	and	16c	in	high
yields	and	as	single	diastereoisomers.	But	15b	afforded	16b	in	low	yield	(9%)	giving	largely
elimination	to	the	3,5-diene	17b	(75%).	This	significant	change	due	to	remote	steric	effects	led
us	to	consider	a	plausible	steric	course	for	the	[2,3]-Wittig	rearrangement	that	would	explain
why	the	C13-(R)	configuration	of	11	arose	from	this	reaction.	The	transition	state	of	this	[2,3]-
Wittig	rearrangement	would	include	a	3-quasi-axial	alkoxy	group	on	the	twist	chair
conformation	as	shown	for	10a,	15c,	15a,	and	15b	(Scheme	17.2).	The	allyl	propargyl	ether	10
has	two	prochiral	protons	pro-S	and	pro-R	at	the	propargylic	position.	Deprotonation	of	HS	or
HR	from	10	by	treatment	with	n-BuLi	at	−78	°C	gives	13-(S)-lithium	carbanion	10A-(S)	or	13-
(R)-isomer	10A-(R),	respectively.



Scheme	17.2	Reaction	mechanism	of	the	[2,3]-Wittig	rearrangement	on	a	3β-axial
propargyloxy-hexahydroindene	ring	system.	The	Newman-like	projections	in	the	dashed
circles	indicate	transition	state	bond	formation.

As	each	anion	went	to	the	transition	state	10C	and	10D,	respectively,	the	steric	interaction	of
10C	would	be	greater	than	for	10D,	so	that	conversion	of	10D	to	11A	would	be	faster.
Experimentally,	only	product	11	with	configuration	13-(R)	was	isolated.	If	the	steric
interaction	of	10C	is	too	large,	the	anion	10A-(S)	should	have	time	to	undergo	isomerization	to
10A-(R),	leading	to	10D.	This	argument	is	supported	by	the	fact	that	the	three	propargyl	ethers
15a–c	showed	different	results;	thus,	the	rearrangement	was	highly	hindered	by	the	R1-group	of
15b	(C8-β-trimethylsilylethynyl)	to	give	largely	the	elimination	product	17.	By	contrast,	15a,
having	the	smaller	H	as	compared	to	the	ethynyl	R	group	at	the	C8	position,	did	not	give
elimination	product	17a	but	only	stereoselective	formation	of	16a,	the	13(R)	product	(Schemes
17.1	and	17.2).

Danishefsky	and	coworkers	employed	the	[2,3]-Wittig	rearrangement	in	their	synthesis	studies
toward	the	xenibellol	core	through	tributylstannylmethyl	allyl	ether	20,	prepared	from	19.7
They	subjected	20	to	the	rearrangement	conditions	with	n-BuLi	in	THF	at	−78	°C	to	rt	for	12	h



to	obtain	21,	having	a	hydroxymethyl	group	cis	to	the	ring-junction	methyl	group.	In	this	case,
the	bicyclic	ring	system	has	to	change	its	conformation	from	20a	into	20b	at	the	transition	state
to	place	the	β-3-oxy	group	in	the	pseudoaxial	orientation	20b.	This	conformational	change
relieves	the	A1,2	strain	between	the	3-	and	4-substituents	(Scheme	17.3).

Scheme	17.3	[2,3]-Wittig	rearrangement	on	Hajos–Parrish	ketone	derivative.

17.3	FACTORS	DETERMINING	[2,3]-WITTIG	VERSUS
[1,2]-WITTIG	REARRANGEMENT
During	the	course	of	our	second-generation	tetrodotoxin	(TTX)	synthesis	from	d-glucose,	a
Claisen	rearrangement	of	a	2-α-propenyl	ether	was	carried	out	at	high	temperature.8	In
addition,	this	synthesis	required	many	steps	for	introducing	the	hydroxyl	groups.	To	address
these	issues,	we	changed	to	a	[2,3]-Wittig	rearrangement	strategy	instead	of	the	Claisen
rearrangement	route.	Scheme	17.4	shows	the	2-α-allyl	propargyl	ether	22,	also	having	the	3-
alkynyl	group.	Its	4-α-isomer	23	was	also	prepared	and	examined	since	compounds	22	and	23
should	lead	to	pseudoenantiomeric	isomers	for	TTX's	cyclohexane	ring.9	Treatment	of	22	and
23	with	n-BuLi	at	−78	°C	in	THF	afforded	[2,3]-Wittig	rearrangement	products	24	and	25,
respectively,	in	less	than	30	min.	The	product	24	was	obtained	as	a	mixture	of	9-(R)	and	9-(S)
diastereoisomers	(2:1),	while	25	was	a	single	9-(R)	product.	The	products	are
pseudosymmetric	and	show	such	similar	NMR	spectra	that	their	structures	had	to	be	carefully
analyzed.	All	the	absolute	configurations	of	stereocenters	located	on	the	C9	chain	were
determined	by	the	Mosher–Kusumi	method.10	In	the	reaction	of	Scheme	17.4,	no	[1,2]-Wittig
rearrangement	was	observed	at	all.



Scheme	17.4	[2,3]-Wittig	rearrangement	on	a	3-alkynyl	dihydropyran	ring.

Compounds	26	and	27,	lacking	the	3-substituent,	were	prepared	in	order	to	study	the
stereochemical	outcome	of	these	reactions	(Scheme	17.5).	Each	of	26	and	27	was	subjected	to
the	same	conditions	with	n-BuLi	at	−78	°C	in	THF	to	yield	two	products	with	similar
major/minor	ratios	of	4:1	and	5:1,	respectively.	The	reaction	pathways	were	strikingly
different;	thus,	26	gave	largely	the	[2,3]-Wittig	rearrangement	C7-(R)-product	28,	while	27
afforded	the	same	C7-(R)-product	28	via	[1,2]-Wittig	rearrangement	as	the	major	product.
Conversely,	the	minor	products	from	26	and	27	were	both	C7-(R)-product	29	via	[1,2]-Wittig
and	[2,3]-Wittig	rearrangement,	respectively.	Interestingly,	both	28	and	29	had	the	C7-(R)-
configuration	as	shown	in	Scheme	17.5.



Scheme	17.5	[1,2]-	or	[2,3]-Wittig	rearrangement	without	the	3-alkynyl	group.

In	the	case	with	the	3-alkynyl	group	(22	and	23,	Scheme	17.4),	both	of	the	major	products	were
derived	via	[2,3]-Wittig	rearrangement,	and	majority	of	the	stereogenic	center	was	C9-(R)	in
both	cases.	On	the	contrary,	C3-H	compounds	behaved	differently;	thus,	26	showed	largely
[2,3]-Wittig	rearrangement	but	27	underwent	largely	[1,2]-Wittig	rearrangement,	and	both	of
them	gave	the	C7-(R)	configuration.	We	analyzed	these	results	according	to	the	following
reaction	steps:	(1)	deprotonation	at	the	propargylic	site	to	form	the	lithiated	anion	(R/S)	and/or
(2)	isomerization	between	the	diastereomeric	anions	(in	the	case	where	the	ensuing
rearrangements	were	expected	to	be	slow)	and	then	(3)	[1,2]-Wittig	rearrangement	without
inversion	of	the	dihydropyran	ring	conformation	or	(4)	[2,3]-Wittig	rearrangement	after
inversion	of	the	conformation	and	finally	(5)	O-protonation	(workup).

Scheme	17.6	shows	the	reaction	process	of	23	and	27	in	more	detail	using	compound	30	as	the
summary	structure	(23	has	R	=	alkynyl	and	27	has	R	=	H).	First,	pro-R	deprotonation	would
take	place	through	chelate	30a	to	form	C7-(R)	lithiated	carbanion	31.	When	the	C3-R	group	is
alkynyl,	A1,2	strain	with	the	4-α-equatorial	group	would	favor	conformational	inversion	to	33,
facilitating	the	[2,3]-Wittig	rearrangement.	In	this	case,	the	transition	state	33a	leads	to	the
product	(R)-34,	which	is	formed	rapidly	without	opportunity	for	isomerization	of	the	anion	to
33b.	(Compare	the	cases	10C	and	10D	in	Scheme	17.2).



Scheme	17.6	Plausible	mechanism	of	the	Wittig	rearrangements	from	4-α-O-propargyl	ether.

With	22	and	26	having	the	2-α-equatorial	propargyloxy	ethers,	deprotonation	took	place
differently	as	judged	from	the	formation	of	a	C9-(R/S)-mixture	(2:1)	of	24.	This	was	in
contrast	to	the	case	of	C7-(R)	selective	deprotonation	in	26.	However,	the	[2,3]-Wittig
rearrangement	mode	of	22	was	highly	selective	compared	to	that	of	26,	which	showed	a	ratio
of	[2,3]:[1,2]-Wittig	rearrangement	of	4:1.	Comparing	this	ratio	to	the	1:5	ratio	in	the	case	of
27	suggested	that	the	energy	required	for	conformational	inversion	in	26	was	much	lower
compared	to	the	case	of	27.	This	may	be	the	result	of	a	smaller	gauche	effect	between	the	1,2-
substituents	of	26	due	to	having	one	axial	group	and	one	equatorial	group	both	before	and
after	the	conformational	inversion.	There	is	the	loss	of	the	anomeric	effect	in	one	conformer
even	if	this	effect	is	small	(0.9	kcal/mol).	The	situation	may	be	related	to	the	case	of	a	system
having	a	1-alkynyl-2-alkoxy	dihydropyran	(figure	not	shown),	as	reported	that	the	equilibrium



of	the	dicobalt	complex	analogs	depends	on	the	size	of	the	alcohol	protective	groups.11

As	summarized	in	the	energy	diagram	in	Figure	17.4,	the	pro-R	deprotonation	from	30
produces	the	(R)-carbanion	30a.	When	R	=	H,	this	anion	facilitates	the	[1,2]-Wittig
rearrangement	to	afford	32.	Meanwhile	the	anion	30a	(R	=	alkynyl)	go	to	the	[2,3]-Wittig
rearrangement	to	give	34	probably	due	to	a	lower	energy	barrier	33	required	for
conformational	inversion	contributed	by	A1,2-strain	(or	gauche	effect).	Notably,	in	the	case	that
either	the	(R)-	or	(S)-propargylic	anion	from	10	needs	to	go	over	a	higher	energy	transition
state	due	to	steric	constraints	as	shown	in	Scheme	17.2,	a	relatively	faster	equilibrium	took
place	between	10a-(S)	and	10A-(R)	to	give	a	single	product	11-(13-R).	This	analysis	is	also
informed	by	additional	details	from	recently	published	DFT	calculations.9

Figure	17.4	Plausible	energy	diagram	from	30	to	[1,2]-	and	[2,3]-Wittig	rearrangement	due	to
different	energy	barrier	for	the	conformational	inversion	(see	DFT	calculations	in	Ref.	9)

17.4	ACYCLIC	[2,3]-WITTIG	REARRANGEMENT	OF
PROPARGYL-ALLYL	ETHERS
The	phomactins	are	a	series	of	diterpenes	with	unique	12-membered	cyclic	structures	such	as
35	and	36,	which	have	activity	as	antagonistic	platelet-activating	factors.	Thomas	and
coworkers	have	focused	their	attention	on	the	total	synthesis	of	these	compounds	using	the
[2,3]-Wittig	rearrangement	as	the	key	step.12	The	Thomas	group	prepared	the	cyclohexene
derivative	37	containing	an	allyl	propargyl	ether,	which	was	deprotonated	by	n-BuLi.	The
products	38	were	obtained	in	good	yield	but	as	a	mixture	of	diastereoisomers	(Scheme	17.7).



Scheme	17.7	Phomactin	synthesis	and	the	key	[2,3]-Wittig	rearrangement.

Attempted	modification	of	the	rearrangement	substrate	by	alkylating	the	substituents	on	the
cyclohexane	ring	as	in	vinyl	ether	39,	ethylene	ketal	41,	and	silylether	43	afforded	products
nonselectively.	The	diene	39	gave	allenes	40	in	50%	yield	due	to	dominant	deprotonation	at
the	allylic	position	(see	39a).	On	the	other	hand,	ethylene	ketal	41	afforded	the	exo-methylene
compounds	42	by	deprotonation	of	the	propargylic	proton,	which	allowed	the	[2,3]-Wittig
rearrangement	(41a)	to	give	the	product	42	in	82%	as	a	2:1	mixture	of	two	diastereoisomers.
Neither	did	the	β-OTIPS	analog	43	allow	the	stereo	selective	rearrangement	to	take	place	on
the	α-side	(Scheme	17.8).12



Scheme	17.8	Model	systems	for	phomactin	synthesis.

To	set	the	stage	for	macrocyclization	through	a	C—C	bond-forming	step,	the	primary	O-TBS
was	converted	to	the	phenyl	sulfone	group	of	45,	and	then	an	allylic	bromide	was	introduced	to
give	46	(Scheme	17.9).	It	was	indeed	possible	to	obtain	the	macrocyclic	compound	47	through
the	sulfonyl	carbanion,	but	further	[2,3]-Wittig	rearrangement	did	not	proceed	upon	treatment
with	n-BuLi.	However,	the	sulfonyl	carbanion	of	48	could	undergo	a	second	deprotonation
followed	by	α-selective	rearrangement.	In	the	event,	the	deprotonation	of	48	took	place	with	2
equiv.	of	n-BuLi	through	a	chelation-assisted	mechanism	from	the	orientation	shown	as	48a.
This	gave	rearrangement	predominantly	from	α-face,	resulting	mainly	in	49	rather	than	50	from
reaction	on	the	β-face.



Scheme	17.9	Sulfonyl	group-assisted	deprotonation	for	[2,3]-Wittig	rearrangement	directed
toward	phomactin	synthesis.



The	[2,3]-Wittig–Still	rearrangement	of	the	phenyl	sulfide	51	(n	=	0)	afforded	a	mixture	of	52
and	53	from	α	and	β	approach	in	8:92	ratio	(Scheme	17.9).	From	the	corresponding	sulfone	51
(n	=	2),	use	of	2	equiv.	n-BuLi	selectively	yielded	54	in	65%	yield	with	the	α	stereochemistry,
resulting	from	lithium-ion	chelation	with	the	sulfonyl	methyl	and	oxymethyl	lithium	(51a).	The
synthesis	was	continued	to	attach	the	side	chain,	and	alkylative	macrocyclization	gave	diol	57
(Scheme	17.9).12

During	their	synthesis	of	phoslactomycin	B	(58,	Figure	17.5),	Cossy	and	coworkers	employed
an	acyclic	[2,3]-Wittig	rearrangement	of	a	propargyl-allyl	ether.13	The	selective	pro-R
deprotonation	of	60	generated	propargylic	(R)-lithium	carbanion	and	proceeded	through
transition	state	60a	due	to	A1,3	strain	of	the	(Z)-olefin.	Formation	of	product	61	was	highly
selective	for	the	(R)	configuration	of	the	secondary	alcohol,	with	syn-diastereoselectivity	and
(E)-olefin	geometry.	A	high	level	of	chirality	transfer	from	starting	material	60	was	also
observed.	Wittig	rearrangement	product	61	was	further	converted	to	phoslactomycin	B
precursor	63	(Scheme	17.10).

Figure	17.5	Phoslactomycin	B

Scheme	17.10	Phoslactomycin	B	synthesis	through	[2,3]-Wittig	rearrangement.



17.5	[2,3]-WITTIG–STILL	REARRANGEMENT
Clive	and	coworkers	employed	the	[2,3]-Wittig	rearrangement	during	their	synthetic	studies
toward	CP-225,917	and	related	natural	products.14	The	critical	allyl-tinmethyl	ether	69	was
prepared	from	the	unsaturated	ester	66.	The	mixture	of	methyl	acetals	(10:1)	was	inseparable,
so	69	was	subjected	to	the	Wittig–Still	rearrangement	conditions,	and	the	products	were
converted	to	triethylsilyl	(TES)	ethers	for	separation.	The	major	isomer	70	was	obtained	as	the
rearranged	product	in	77%	yield,	and	minor	products	were	allylic	alcohol	71	and	methyl	ether
72.	Attempted	[3,3]-sigmatropic	rearrangement	(Ireland–Claisen)	with	the	more	functionalized
species	73	was	not	successful	due	to	steric	impediments	(Figure	17.6;	Scheme	17.11).14

Figure	17.6	Synthetic	target	natural	products	CP-225,917	(64)	and	CP-263,114	(65)



Scheme	17.11	[2,3]-Wittig–Still	rearrangement	en	route	to	the	CP	framework.

In	the	total	synthesis	of	anisatin,	Fukuyama	and	coworkers	employed	the	Wittig–Still
rearrangement	of	76	to	establish	the	all-carbon	quaternary	stereocenter.15	The	face	selectivity
resulted	from	choice	of	chelation	76	but	not	from	steric	hindrance	77.	The	tricyclic	ring
construction	was	initiated	via	intramolecular	Diels–Alder	cycloaddition	to	the	orthoquinone
equivalent	from	phenol	78	to	give	79.	Horner–Wittig	reaction	of	the	ketone	was	followed	by
reduction	to	allylic	alcohol	80,	which	was	converted	to	the	tributyltinmethyl	ether	for	the	[2,3]-
Wittig–Still	rearrangement	(Scheme	17.12).	The	oxymethyl	lithium	reacted	from	the	less
sterically	congested	β-face.	Sterics	controlled	the	outcome,	since	chelation	through	lithium	is
possible	on	both	faces.	Selective	ozonolysis	and	further	functional	group	manipulation	led
Fukuyama	and	coworkers	to	the	successful	total	synthesis	of	(−)-anisatin	(Figure	17.7).



Scheme	17.12	Anisatin	synthesis	via	the	key	[2,3]-Wittig–Still	rearrangement	from	80	to	81.

Figure	17.7	Anisatin	and	β-face	bond-forming	strategy	via	Wittig–Still	rearrangement

The	total	synthesis	of	potential	immunosuppressive	agent	(−)-subglutinol	A	85	was	achieved
by	employing	a	[2,3]-Wittig–Still	rearrangement	as	the	key	step	(Scheme	17.13).	The	strategy
was	to	form	the	key	intermediate	88	with	the	hydroxymethyl	group	in	an	α-axial	position,
which	was	designed	to	arise	through	the	stereoelectronically	preferred	pathway	as	shown	in
87a.	The	allylic	alcohol	86	was	converted	to	the	O-methyltributyltin	ether	87,	followed	by
generation	of	the	O-methylene	anion.	As	planned,	87	was	converted	largely	to	88	through	87a,
but	some	amount	of	89	was	obtained	together	with	90.16,	17



Scheme	17.13	Synthesis	of	subglutinol	A	via	[2,3]-Wittig–Still	rearrangement.

Meanwhile,	Nishikawa	and	coworkers	employed	the	[2,3]-Wittig–Still	rearrangement	for	a
partial	synthesis	of	sespendole	(Scheme	17.14).18	Treatment	of	the	tributyltinmethyl	ether	91
with	n-BuLi	led	to	migration	on	the	β-face	(91a)	to	give	the	equatorial	hydroxymethyl
derivative	92.	It	is	interesting	that	this	is	the	opposite	stereochemical	course	as	compared	to
87a	(Scheme	17.13).



Scheme	17.14	[2,3]-Wittig–Still	rearrangement	for	synthesis	of	sespendole.

The	phytotoxin,	pyricuol	(93)	was	isolated	from	the	rice	blast	disease	fungus.	Kiyota	and
coworkers	synthesized	both	of	the	enantiomers	of	93	from	optically	active	(R)-	and	(S)-sec-
allylic	alcohol	94	(Scheme	17.15).	Each	enantiomer	was	originally	prepared	from	(R)-	or	(S)-
lactic	acid	and	converted	via	cross	coupling	with	95	to	afford	(R)-	and	(S)-96,	respectively.19
The	chirality	transfer	process	from	98	to	99	during	[2,3]-Wittig–Still	rearrangement	was
achieved	through	transition	state	98a	to	give	each	of	the	pyricuol	enantiomers,	(S)-	and	(R)-99.
A1,3	strain	played	an	important	role	given	the	(Z)-olefin	geometry	in	98a	to	furnish	(R)-99.
Each	enantiomer	of	99	was	further	converted	to	93,	and	only	(R)-93	showed	the	same
biological	activity	as	the	natural	product.



Scheme	17.15	Synthesis	of	pyricuol	via	[2,3]-Wittig–Still	rearrangement.

Smith	employed	a	[2,3]-Wittig–Still	rearrangement	to	install	the	trisubstituted	(Z)-20-double
bond	in	his	group's	total	synthesis	of	(−)-hennoxazole	A	(100),	an	antiviral	marine	natural
product.20	The	transition	state	conformation	101a	is	similar	to	the	ground	state	due	to	A1,2

strain	(Scheme	17.16).



Scheme	17.16	Synthesis	of	the	hennoxazole	A	C16–C25	segment	via	[2,3]-Wittig–Still
rearrangement.

17.6	ASYMMETRIC	[2,3]-WITTIG	REARRANGEMENT
Enantioselective	[2,3]-Wittig	rearrangement	was	applied	to	the	total	synthesis	of
eupomatilones	by	Maezaki	and	coworkers21	Formation	of	the	two	stereogenic	centers	on	the	δ-
lactone	ring	of	eupomatilone	2	(104)	was	first	studied	with	a	model	benzyl-allyl	ether	105
(Figure	17.8).	Selective	deprotonation	of	the	pro-R	benzyl	hydrogen	was	facilitated	with	t-
BuLi	in	the	presence	of	chiral	ligand	(S,S)-Box-t-Bu	106	at	−78	°C	(Table	17.1).	The	syn-
product	107	was	obtained	selectively	in	good	yield	and	high	ee.	The	effect	of	the	chiral	ligand
106	on	the	asymmetric	[2,3]-Wittig	rearrangement	is	summarized	in	Table	17.1.

Figure	17.8	Asymmetric	deprotonation	using	a	chiral	ligand	for	eupomatilone	2	synthesis



Table	17.1	Selective	Deprotonation	of	pro-R/S	using	Chiral	Bis-Oxazoline	Ligands	106a–e

Entry Ligand R1 R2 R3 Conditions Yield	(%) ee	(%)
1 106a t-Bu H Me t-BuLi,	hexane 92 68
2 106b i-Pr H Me t-BuLi,	hexane 72 38
3 106c t-Bu Me Me t-BuLi,	hexane 0 –
4 106d i-Pr Me Me t-BuLi,	hexane 38 22
5 106e t-Bu H Et t-BuLi,	hexane 43 12
6 106a t-Bu H Me n-BuLi,	hexane 77 77
7 106a t-Bu H Me n-BuLi,	hexane/ether	(4:1) 98 89
8 106a t-Bu H Me n-BuLi,	hexane/THF(4:1) 7 5

Allyl	benzyl	ether	105	was	subjected	to	the	asymmetric	[2,3]-Wittig	rearrangement	conditions
with	1	equiv.	of	the	chiral	ligand	106	and	5	equiv.	of	base	at	−78	°C	for	2	h.	As	shown	in
Table	17.1,	the	ligand	structure	(106a–e)	significantly	affected	the	enantiomeric	excess.
Optimization	of	the	base,	solvent,	and	cosolvent	for	this	reaction	resulted	in	the	production	of
107	in	98%	yield	and	89%	ee	(entry	7).22	The	absolute	configuration	of	107	was	determined
by	completing	the	total	synthesis	and	comparison	with	the	natural	product,	(+)-eupomatilone	2
(Figure	17.8).

17.7	AZA-[2,3]-WITTIG	REARRANGEMENT
An	example	of	aza-[2,3]-Wittig	rearrangement	through	a	chelation-controlled	mechanism	used
the	benzylic	or	allylic	ether	of	an	N-Boc-amino	alcohol	as	in	108	(Scheme	17.17).	The
rearrangement	proceeded	through	the	chelate	shown	in	108a,	which	allowed	chirality	transfer
to	give	1,5-amino	alcohols	109.	These	compounds	were	used	for	the	synthesis	of	various
cyclic	amino	alcohol	compounds	such	as	azasugar-C-glycoside	110	and	indolizidine	111.23



Scheme	17.17	[2,3]-Wittig	rearrangement	to	1,5-amino	alcohols	en	route	to	N-heterocycles.

Amide	α-carbanions	such	as	112	can	take	part	in	[2,3]-Wittig	rearrangements	through	the
preferred	endo	approach	112a,	which	provided	syn-product	113,	while	the	less	favorable	exo
arrangement	112b	provided	anti-product	114.	Cossy	and	coworkers	reported	various
rearrangements	of	3-(N-tosylamino)allylic	alcohol	derivatives	such	as	115	and	118	as	well.24
Combination	of	the	[2,3]-Wittig	rearrangement	and	RCM	with	Grubbs's	catalyst	afforded	7-
membered	unsaturated	lactam	117.	The	chiral	amide	118	afforded	the	1,2-amino	alcohol	119
with	good	selectivity	(Figure	17.9;	Scheme	17.18).

Figure	17.9	Eldanolide	and	possible	rearrangement



Scheme	17.18	Diastereoselective	synthesis	of	amino	alcohols	via	[2,3]-Wittig	rearrangement,
including	tetrahydroazepinones.

Li	et	al.	made	judicious	application	of	the	[2,3]-Wittig	rearrangement	in	their	synthesis	of	(+)-
eldanolide	122	through	the	strategy	shown	as	123.25	The	chiral	auxiliary	(1R,2S,4S)-2-
hydroxy-7,7-dimethylbicyclo[2,2,1]heptan-1-carboxylic	acid	diisopropylamide	was	selected
for	this	asymmetric	synthesis,	which	differentiated	the	sp2	faces	at	the	transition	state	of	the
[2,3]-Wittig	rearrangement.	When	125	was	treated	with	LDA,	the	rearrangement	proceeded
selectively	via	conformation	125b	of	the	carbanion	intermediate.	This	reface	approach	led	to
the	R	product	125c,	which	lactonized	to	126	with	removal	of	the	chiral	auxiliary.	Vinylogous
carbamate	126	was	further	converted	to	eldanolide	122	(Scheme	17.19).



Scheme	17.19	Synthesis	of	(+)-eldanolide.

Here	is	an	example	of	a	[1,5]-anion	relay	leading	to	a	C6-chain	compound	through	[2,3]-Wittig
rearrangement	(Scheme	17.20).	The	allyl	vinyl	ether	128	(X	=	H),	having	a	bis-TES-methyl
group	at	the	end,	was	deprotonated	to	the	lithiated	anion	130,	a	process	for	which	two	courses
are	possible.	One	is	direct	deprotonation	from	128	(X	=	H).	The	other	path	is	indirect
deprotonation,	first	at	the	allylic	site	next	to	the	oxygen	atom	to	form	129,	followed	by
intramolecular	proton	transfer	to	130	via	[1,5]-anion	relay.	As	shown	by	resonance	form	131,
this	anion	can	undergo	[2,3]-Wittig	rearrangement	to	give	132,	and	the	product	133	was
isolated	in	80%	yield	after	workup.	When	128	(X	=	D)	was	treated	in	the	same	way,	133	(X	=
D)	was	isolated	as	E/Z	=	1:1	mixture,26	consistent	with	the	indirect	proton-transfer	mechanism.



Scheme	17.20	[1,5]-Anion	relay	leading	to	the	[2,3]-Wittig	rearrangement.

17.8	OTHER	WITTIG	REARRANGEMENTS	AND
MISCELLANEOUS
In	another	set	of	experiments,	128	(X	=	H)	was	treated	with	t-BuLi	and	then	quenched	with
D2O	after	15	min	and	30	min.	The	product	did	not	show	D-incorporation	in	133	nor	in	any
intermediate	other	than	130,	which	produced	128	(X	=	D)	upon	the	D2O	quench.	These	results
indicate	that	the	anion	relay	from	129	to	130	and	the	rearrangement	to	132	are	relatively	fast
processes	(Scheme	17.20).

Effects	of	solvent	and	additives	on	the	[2,3]-Wittig	rearrangement	were	reported	by	Takeda
and	coworkers.27	They	studied	the	steric	course	of	the	chiral	allyloxy-benzyl	ether	(S)-137,
upon	treatment	with	t-BuLi	in	various	solvents.	The	rearranged	product	138	was	obtained	in
fair	yields	and	with	varying	degrees	of	racemization:	depending	on	the	solvent	(R/S)	=	92:8
(hexane),	86:14	(toluene/1,4-dioxane),	and	 50:50	(THF)	in	40–70%	yield.	The	differences	in
chirality	transfer	can	be	attributed	to	the	configurational	stability	of	the	chiral	carbanions	137a,
which	depends	on	the	solvent,	additive,	and	temperature.	Optimum	conditions	with	n-BuLi



gave	138	(R/S)	=	84:16	in	87%	yield	(Scheme	17.21).

Scheme	17.21	Solvent	effect	on	the	steric	course	of	[2,3]-Wittig	rearrangement.

Anderson	and	Davies	reported	aza-Wittig	rearrangement28	of	variously	substituted	allylamines
139	to	give	products	140	and/or	141.	The	stereoselectivity	depended	on	the	R	group	due	to
steric	interactions	at	the	transition	state	139a,	yielding	diastereoisomers	in	good	to	fair	yields
with	different	ratios	(R	=	Me,	77%,	7:1l;	R	=	i-Pr,	72%,	20:1;	R	=	Bn,	75%,	1:1).	Prolonging
the	reaction	times	led	one	of	the	diastereoisomers	140'	to	cyclize	into	pyrrolidine	142	(Scheme
17.22).

Scheme	17.22	Aza-[2,3]-Wittig	rearrangement.

Wolfe	and	Everett	reported	an	unusual	enolate	Wittig	rearrangement	with	alkylative	cyclization
by	treatment	of	methyl	O-(alkynylmethyl)glycolates	143	with	dialkylboron	triflates	and	Hünig's
base	to	afford	highly	substituted	3-hydroxy-2-furanones	144.29	This	transformation	appeared	to
proceed	via	an	unusual	mechanism	involving	initial	[2,3]-Wittig	rearrangement	of	a	boron	ester
enolate,	followed	by	an	alkylative	cyclization	reaction	leading	to	incorporation	of	an	alkyl
group	from	the	boron	reagent	into	the	product.	Wolfe	and	coworkers	proposed	two	possible
mechanisms:	(1)	a	radical	cage	mechanism	for	conversion	of	147	to	149	or	(2)	a	radical	chain
mechanism	from	147	to	156.	To	resolve	the	question	of	cage	versus	chain	mechanisms,	they
carried	out	a	crossover	experiment	(not	shown	in	Scheme	17.23)	in	which	the	rearrangement	of
143	was	carried	out	in	the	presence	of	3.2	equiv	of	Et3B.	Upon	workup,	protonation	of	the
enolate	would	generate	149,	which	can	then	undergo	conjugate	addition	of	water	or	hydroxide



to	provide	alcohol	151.	Intramolecular	acylation	of	the	alcohol	then	yielded	the	product	152
(=144).	This	reaction	provided	a	ca.	1:1	mixture	of	the	product	152	R	=	Bu	and	Et,	supporting
the	radical	chain	scenario.

Scheme	17.23	Furanone	via	Wittig	rearrangement.

Thomas	and	Hoegenauer	achieved	aliphatic	1,8-stereocontrol	in	the	synthesis	of	racemic
patulolide	C	157	and	epipatulolide	C	158	via	[2,3]-Wittig	rearrangement	of	bisallylethers	such
as	160.30	The	stereochemistry	of	the	racemic	product	was	confirmed	by	completion	of	the
synthesis	and	comparison	with	natural	epipatulolide	C.	Thomas	reported	several	other



stereoselective	examples	of	the	rearrangement	(Scheme	17.24).

Scheme	17.24	Patulolide	C	via	Wittig	rearrangement.

Hanessian	et	al.	recently	reported	the	generation	of	functionalized	quaternary	carbon	centers
relying	on	Wittig	and	Wittig–Still	allylic	ether	anionic	transpositions.31	Formation	of	the
lithium	anion	from	162	by	treatment	with	n-BuLi,	s-BuLi,	or	t-BuLi	in	THF	at	−78	°C	for	4	h
led	only	to	the	ether	cleavage	product	165	in	35–38%	yield.	Maintaining	this	mixture	at	−78	°C
for	4	h	and	then	at	0	°C	for	1	h	afforded	163	(22%),	164	(13%),	and	165	(40%),	suggesting
165	was	obtained	by	ether	cleavage	decomposition.	Quenching	the	reaction	mixture	with	D2O
led	to	163	and	164	with	no	D-incorporation.	The	diene	166	afforded	[2,3]-product	167	and
[1,2]-product	168	only.	The	axial-O-tinmethyl	compound	169	gave	the	quaternary	[2,3]-
product	170	in	17%	yield	but	[1,2]-product	171	in	73%	yield.	The	equatorial	isomer	172,
meanwhile,	gave	no	[2,3]-product.	To	further	probe	the	influence	of	geometric	constraints,
Hanessian	subjected	the	stannyl	ethers	174a	and	174b	to	rearrangement.	The	[2,3]-products
175	were	obtained	in	60	and	70%	yields,	accompanied	by	ether	cleavage	by-products	176.
The	exocyclic	stannylmethyl	allylic	ethers	173abc	gave	the	[2,3]-products	178	in	60%,	69%,
and	64%	yields,	respectively	(Scheme	17.25).



Scheme	17.25	Wittig–Still	allylic	ether	anionic	transpositions.

The	possible	mechanism	proposed	by	Hanessian	is	in	Scheme	17.26	accounting	for	the	[2,3]-
process	and	[1,2]-process.	The	oxymethyl	lithium	162a	located	in	the	equatorial	orientation
has	to	undergo	a	conformation	change	of	the	cyclohexene	ring	to	either	a	boat	form	(162b)	or	to
the	alternative	half-chair	conformation	162c	for	the	[2,3]-Wittig	rearrangement.	As	discussed
earlier,	when	this	conformational	inversion	requires	high	energy,	the	anion	might	dissociate	to



the	radical	pair	164a,	leading	to	go	to	the	[1,2]-product	164.

Scheme	17.26	Possible	mechanisms	accounting	for	[2,3]-	versus	[1,2]-Wittig	rearrangement.

17.9	CONCLUSION
The	Wittig	rearrangement	continues	to	be	of	great	importance	in	synthetic	organic	chemistry	as
shown	by	the	examples	reviewed	in	this	chapter	as	well	as	in	other	recent	applications	of	the
[2,3]-Wittig	rearrangement	in	synthesis.32	Of	particular	note	is	the	utility	of	this	rearrangement
reaction	toward	synthesis	of	complex	molecules,	including	natural	products.
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CHAPTER	18
THE	MISLOW–EVANS	REARRANGEMENT

Christian	M.	Rojas
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18.1	INTRODUCTION
By	the	mid-to-late	1960s,	it	had	become	clear	that	something	interesting	occurred	when	allylic
alcohols	were	converted	to	their	sulfenate	esters.	A	decade	earlier,	Sosnovsky	had	reported	the
apparently	prosaic	preparation	of	the	(putative)	allyl	alcohol	trichloromethyl	sulfenyl
derivative	2a	(R	=	CCl3,	Scheme	18.1,	and	see	also	Scheme	18.2).1	However,	by	1966,
studies	from	Kurt	Mislow's	laboratory	at	Princeton	University	had	revealed	that	the	product
from	this	type	of	sulfenate	ester	synthesis	was	generally	not	the	sulfenate	2	itself	but	a
rearranged	allylic	sulfoxide	3.2	Moreover,	through	an	elegant	and	careful	series	of	mechanistic
experiments,	including	kinetic	measurements	and	isotope-labeling	studies,	Mislow	provided
convincing	evidence	for	a	concerted	[2,3]-sigmatropic	rearrangement	pathway	for	the
sulfenate-to-sulfoxide	conversion.	These	investigations	also	probed	equilibration	between
sulfenate	and	sulfoxide	forms	via	the	[2,3]	path.3

Scheme	18.1	Allylic	alcohol/allyl	sulfenate	ester/allyl	sulfoxide	interconversions.

Scheme	18.2	Sulfenate-to-sulfoxide	rearrangements	of	differing	facility.4

At	about	the	same	time,	Samuel	Braverman's	group	at	Bar-Ilan	University	reported	that
Sosnovsky's	product	was	actually	the	trichloromethyl	allyl	sulfoxide	3a	and	pointed	out	the



mechanistic	possibility	of	sigmatropic	rearrangement	in	its	formation	(Scheme	18.2).
Braverman	and	Stabinsky	also	investigated	the	conversion	of	cinnamyl	sulfenate	4	to	sulfoxide
5,	noting	that	the	more	vigorous	conditions	required	compared	to	the	case	of	2a	were
consistent	with	a	radical	fragmentation	route	for	4	→	5,without	allylic	rearrangement.4	Unlike
Mislow's	studies	from	the	year	before,	Braverman's	1967	communication	did	not	include
mechanistic	studies	confirming	the	[2,3]-sigmatropic	nature	of	the	allyl	sulfenate	ester-to-
allylic	sulfoxide	conversion.

The	synthetic	potential	of	this	rearrangement,	particularly	under	conditions	that	enabled
trapping	the	typically	less	thermodynamically	favorable	sulfenate	ester	(2	→	1;	Scheme	18.1),
was	brought	to	the	fore	through	the	efforts	of	David	Evans's	group	at	Harvard	University	in	the
early	1970s.5	As	a	result	of	their	pioneering	studies	on	the	nature	of	the	allyl	sulfenate–allyl
sulfoxide	interconversion	and	exploration	of	the	rearrangement's	utility	in	organic	synthesis,
the	reaction	is	termed	the	Mislow–Evans	rearrangement	or,	less	frequently,	the	Mislow–
Braverman–Evans	rearrangement.	A	number	of	review	articles	that	include	mechanistic
aspects	and	applications	of	the	Mislow–Evans	rearrangement	have	been	published,6	and	the
rearrangement	is	included	in	a	spate	of	recent	volumes	on	name	reactions	in	organic
chemistry.7

Creative	new	applications	and	variants	of	the	Mislow–Evans	rearrangement	continue	to
highlight	its	utility	in	organic	synthesis	and	to	extend	the	range	of	structures	available	through
this	[2,3]-transposition	reaction.	This	chapter	aims	to	provide	sufficient	background	to	give	the
reader	context	for	a	presentation	of	applications	of	the	Mislow–Evans	rearrangement	and
closely	related	variants.	Examples	highlight	control	in	formation	of	new	stereogenic	elements,
including	stereocenters	at	tetrahedral	carbon	as	well	as	alkene	E/Z	selectivity.	Interestingly,	the
chirality	element	at	the	stereogenic	sulfoxide	S-center	can	be	an	important	feature	in	these
[2,3]-rearrangements.	The	Mislow–Evans	rearrangement	provides	clever	routes	to	a	number	of
useful	synthons,	including	vinyl	anion	surrogates,	and	enables	the	synthetic	equivalent	of
challenging	transformations	such	as	aldehyde	α-hydroxylation.	The	rearrangement	has	also
been	incorporated	into	sequential	reaction	schemes	(tandem-,	domino-,	or	cascade-reaction
processes)	and	applied	in	the	preparation	of	complex	natural	products	and	other	medicinally
active	compounds.

This	chapter	is	organized	by	theme	rather	than	chronologically,	and	while	the	most	recent
applications	certainly	highlight	the	continuing	significance	of	the	Mislow–Evans	rearrangement
in	synthesis	endeavors,	classic	examples	are	also	included	to	paint	a	full	picture	of	the
reaction's	significance	and	as	a	source	of	inspiration	for	contemporary	practitioners	of	our	art.



PART	1.	MECHANISTIC	ASPECTS	AND	THE	[2,3]
NATURE	OF	THE	REARRANGEMENT

18.2	CONFIGURATIONAL	LABILITY	OF	ALLYLIC
SULFOXIDES
18.2.1	Racemization	of	S-Chiral	Sulfoxides
The	facile	racemization	of	optically	active	sulfoxides	(enantiomerically	enriched	in
configuration	at	sulfur)	provided	early	evidence	for	the	concerted,	[2,3]-sigmatropic	nature	of
the	allylic	sulfoxide-to-sulfenate	rearrangement	(Scheme	18.3).3a	Mislow	found	that
racemization	occurred	readily	at	50–70	°C,	conditions	considerably	milder	than	the	130–150
°C	required	for	the	radical–cleavage	pathway	associated	with	the	corresponding	benzyl
sulfoxide	and	well	below	the	temperature	needed	for	pyramidal	inversion	at	the	sulfoxide
sulfur	center	(190–220	°C).

Scheme	18.3	Racemization	of	an	optically	enriched	allyl	sulfoxide.3a

By	measuring	the	temperature	dependence	of	rates	of	racemization	for	optically	enriched	allyl
sulfoxide	6,	Mislow	and	coworkers	determined	activation	parameters	of	ΔH‡	=	23	kcal/mol
and	ΔS‡	=	−5	eu	in	benzene.	By	comparison,	this	enthalpy	of	activation	was	about	20	kcal/mol
lower	than	for	the	p-tolyl	benzyl	sulfoxide	analogue.	These	results	were	consistent	with	a
relatively	low-barrier	[2,3]-rearrangement	for	the	allyl	sulfoxide	as	shown	in	Scheme	18.3,
rather	than	the	radical	fragmentation	route	involved	in	the	benzyl	sulfoxide	case.	Racemization
would	occur	through	the	effectively	achiral	sulfenate	ester	intermediate	7	(discounting
conformational	memory	of	the	asymmetry	originally	inherent	in	the	chiral	sulfoxide	group).
Additionally,	Mislow	found	that	(+)-allylmethyl	sulfoxide	also	racemized	readily,	showing	that
the	aryl	group	on	sulfur	was	not	required	for	the	sigmatropic	rearrangement.	Mislow	concluded
his	landmark	1968	full	account,	writing	“It	would	appear	that	the	mechanism	of	racemization
proposed	in	this	paper	is	applicable	in	general	to	compounds	containing	an	allylic	group
attached	to	sulfoxide	sulfur.”3a

18.2.2	Opportunities	for	Dynamic	Kinetic	Resolution
To	jump	forward	to	a	contemporary	example,	the	ready	racemization	of	allylic	sulfoxides	via
reversible	[2,3]-sigmatropic	rearrangement	could	enable	a	dynamic	kinetic	resolution	if	one	of



the	sulfoxide	enantiomers	were	to	be	intercepted	selectively.	Dong's	group	examined	this
possibility	using	a	chiral	Rh(I)	hydrogenation	catalyst	that	distinguished	between	the
enantiomeric	allylic	sulfoxides	8	(Scheme	18.4).8	Interestingly,	these	studies	revealed	that	the
hydrogenation	catalyst	also	accelerated	the	sulfoxide	racemization	in	a	solvent-dependent
manner.	For	example,	2	mol%	of	a	[Rh(S,S)-Ph-BPE](COD)BF4	complex	increased	the
racemization	rate	for	phenyl	allyl	sulfoxide	by	33	times	in	methanol	but	only	by	10%	in	a
mixture	of	toluene	and	methylene	chloride.	Moreover,	deuterium-labeling	studies,	combined
with	computational	investigations	done	in	collaboration	with	Houk's	group,	indicated	that
racemization	in	methanol	occurred	via	a	Rh-catalyzed,	π-allyl-mediated	mechanism	(see	10;
Scheme	18.4),	which	had	a	substantially	lower	overall	barrier	(16.6	kcal/mol)	compared	to	a
[2,3]-sigmatropic	rearrangement	pathway	(23.5	kcal/mol).	However,	under	nonpolar
conditions,	the	sulfoxide	racemization	occurred	at	least	in	part	via	the	Mislow–Evans
rearrangement.	With	a	mechanistic	working	model,	the	reaction	conditions	were	adjusted	to
obtain	optically	active	n-propyl	aryl	sulfoxide	12	in	high	enantiomeric	excess	starting	from
racemic	11,	while	minimizing	formation	of	the	corresponding	alkene-reduced	sulfenate	ester
13	(Scheme	18.5).

Scheme	18.4	Dynamic	kinetic	resolution	via	allylic	sulfoxide	racemization–alkene
hydrogenation	and	a	non-[2,3]	Rh(l)-catalyzed	mechanism	for	sulfoxide	racemization.8



Scheme	18.5	Under	non-polar	conditions	at	least	part	of	sulfoxide	interconversion	is	due	to
Mislow–Evans	rearrangement.8

18.3	DEUTERIUM	LABELING	TO	TRACK	[2,3]	PATHWAY
As	in	Dong's	present-day	investigations,	early	deuterium-labeling	studies	allowed	Mislow's
group	to	verify	the	allylic	transposition	nature	of	the	sulfenate-to-sulfoxide	rearrangement.3a
For	example,	in	one	of	several	isotope-labeling	experiments,	reaction	of	α,α-dideuterated
allylic	alkoxide	14	with	phenylsulfenyl	chloride	led	to	allylic	sulfoxide	16,	dideuterated	at	the
terminal	vinyl	positions	(Scheme	18.6).	This	outcome	reflected	a	[2,3]-rearrangement
mechanism	rather	than	a	radical	fragmentation–recombination	route.

Scheme	18.6	Rearrangement	of	deuterium-labeled	sulfenate	ester.3a

18.4	TRANSITION	STATE	FEATURES
18.4.1	Transition	State	Structure
Stereochemical	analysis	is	a	powerful	probe	for	building	predictive	models	of	transition	state
geometry	in	sigmatropic	rearrangement	reactions.	In	a	Mislow–Evans	rearrangement	such	as
that	shown	in	Scheme	18.7,	product	stereochemistry	can	depend	on	the	stereoarrangement	at
the	sulfur	of	the	allylic	sulfoxide	as	well	as	at	the	allylic	C-stereocenter.	In	studies	by	Evans,
high	selectivity	for	the	E-alkene	product	(E)-18	was	observed	starting	from	a	diastereomeric



mixture	of	sulfoxides.9	Jorgensen	later	investigated	this	experimental	result	computationally,
finding	that	for	one	of	the	starting	diastereomers,	the	endo	transition	state	(phenyl	group
oriented	toward	the	allyl	fragment)	was	energetically	favorable,	while	the	low-energy	reaction
pathway	for	the	other	diastereomer	proceeded	via	the	exo	arrangement	(phenyl	group	oriented
away	from	the	allyl	fragment).10	In	both	of	the	preferred	pathways,	the	allylic	methyl	group
adopts	a	pseudo-equatorial	position	in	the	5-membered	ring	transition	structure	(i.e.,	17-A-
endo	and	17-B-exo).11	In	this	way,	the	diastereomeric	sulfoxide	starting	materials	converged
on	the	E	product	in	the	presence	of	the	thiophile	trimethylphosphite.

Scheme	18.7	Origins	of	product	stereochemical	features	in	Mislow–Evans	rearrangements.10,
12

A	closely	related	stereochemical	feature	of	the	allylic	sulfoxide-to-sulfenate	rearrangement
involves	sulfur-to-carbon	(S	→	C)	chirality	transfer.	Trapping	of	the	sulfenate	with	a	thiophile
has	the	potential	to	relay	stereochemical	information	from	the	sulfoxide	chiral	center	to	the
carbinol	center	of	the	allylic	alcohol	product.	This	stereochemical	transfer	originates	from	a
preference	for	either	the	exo	or	the	endo	transition	state,	with	the	latter	typically
predominating.12	Thus,	as	shown	in	Scheme	18.8,	for	a	fixed	configuration	at	the	sulfoxide	S-
center	and	the	E-alkene	geometry,	the	exo	and	endo	transition	states	provide	enantiomeric



products	upon	migration	of	the	S—O	moiety	to	the	prochiral	terminus	of	allylic	sulfoxide	19.

Scheme	18.8	Transfer	of	S	→	C	chirality	determined	by	endo	versus	exo	transition	states.

Finally,	calculations	show	that	the	transition	state	for	the	Mislow–Evans	rearrangement	is
sulfenate-like.	This	was	consistent	with	the	fact	that	the	reaction	rate	in	the	sulfoxide-to-
sulfenate	direction	slowed	in	solvents	of	increasing	polarity,	presumably	because	a	polar
solvent	stabilizes	the	sulfoxide	starting	material	more	than	the	sulfenate-like	transition	state.3b
Indeed,	Jorgensen's	calculations	indicated	that	the	sulfoxide	forms	a	stronger	hydrogen	bond	to
water	( 10	kcal/mol)	than	does	the	sulfenate	( 6	kcal/mol).	Nevertheless,	in	a	calculation	that
included	methanol	solvation,	the	Mislow–Evans	transition	state	maintained	a	sulfoxide-like
hydrogen	bond	to	methanol.12

18.4.2	Antibody	Catalysis
Insights	into	the	nature	of	the	Mislow–Evans	rearrangement	transition	state	helped	enable	the
production	of	catalytic	antibodies	for	this	[2,3]-sigmatropic	rearrangement	(Scheme	18.9).13
These	antibody	catalysts	could	distinguish	allyl	sulfoxide	enantiomers,	enabling	antibody-
catalyzed	S	→	C	chirality	transfer	in	some	cases.	Additionally,	diastereomeric	substrates	also
reacted	at	significantly	different	rates	in	the	presence	of	the	antibodies.	The	cyclic	five-
membered	transition	structure	for	the	Mislow–Evans	rearrangement	was	mimicked	by	the	cis-
and	trans-pyrrolidines	22	(cis	shown),	motifs	that	the	Hilvert	group	had	previously	used	as
haptens	in	developing	antibody	catalysts	for	selenoxide	elimination	reactions.



Scheme	18.9	Antibody-catalyzed	Mislow–Evans	rearrangement.13

For	the	Mislow–Evans	rearrangement	study,	the	haptens	were	coupled	to	BSA	and
thyroglobulin	for	eliciting	immune	response,	leading	to	isolation	of	the	respective	antibodies.
Three	antibodies	were	found	that	accelerated	the	Mislow–Evans	rearrangement	of	substrates
such	as	23	and	25	by	factors	of	100–1000.	Enantiomer	specificity	in	the	use	of	racemic
substrate	23	was	observed	using	one	of	the	antibodies,	trans-28F8,	while	another	of	the
antibodies	could	process	either	sulfoxide	enantiomer.	The	same	antibody,	trans-28F8,	also
distinguished	diastereomeric	substrates,	as	only	one	pair	of	enantiomers	of	25	underwent	the
catalyzed	Mislow–Evans	rearrangement,	producing	the	E-allylic	alcohol	product	26.
Additionally,	one	of	the	enantiomers	of	the	reactive	diastereomer	of	25	rearranged	10	times
faster	than	the	other	enantiomer	at	low	substrate	concentration.	Control	experiments	showed
that	BSA	alone	also	accelerated	the	Mislow–Evans	rearrangement	but	without	enantiomer	or
diastereomer	specificity.	These	results	suggested	that	antibody	catalysis	originated	in	part	from
a	nonspecific	“medium	effect,”	perhaps	reflecting	the	polarity	properties	of	the	binding	pocket,
but	also	by	favoring	the	reactive	conformation	required	for	reaching	the	sulfenate-like	[2,3]-
rearrangement	transition	state.



18.5	EQUILIBRIUM	BETWEEN	SULFOXIDE	AND
SULFENATE
18.5.1	Position	of	Equilibrium
Kinetically,	the	Mislow–Evans	rearrangement	is	readily	reversible	under	relatively	mild
conditions,	but,	at	equilibrium,	many	allyl	sulfenates	are	effectively	completely	converted	to
the	rearranged	allyl	sulfoxides.	For	example,	the	allyl	trichloromethyl	sulfenate	2a	investigated
in	Mislow's2,	3a	and	Braverman's4	early	studies	equilibrates	to	a	large	preponderance	of	the
allylic	sulfoxide	3a	(Scheme	18.10).	Likewise,	Mislow	found	that	allyl	p-tolyl	sulfenate,
crotyl	p-tolyl	sulfenate,	and	methallyl	p-tolyl	sulfenate	all	gave	>95%	of	the	corresponding
sulfoxides	(structures	not	shown).	An	important	factor	is	the	bond	stabilization	of	the	sulfoxide
group	(approx.	90	kcal/mol),	which	favors	the	sulfoxide	side	of	the	equilibrium.	(This	may	be
contrasted	with,	for	instance,	the	[2,3]-Meisenheimer	rearrangement	in	which	an	allylic	amine
N-oxide	rearranges	to	the	thermodynamically	preferred	N-allyloxyamine.)

Scheme	18.10	Position	of	equilibrium	is	solvent	and	structure	dependent.3,	4

However,	perturbations	in	structure	can	have	a	substantial	effect	on	the	equilibrium.	For
example,	both	crotyl	trichloromethyl	sulfenate	27	and	methallyl	trichloromethyl	sulfoxide	28
are	present	in	appreciable	quantities	at	equilibrium.	Additionally,	solvents	of	increasing



polarity	favor	the	sulfoxide.	More	subtle	electronic	and	steric	effects	may	also	be	at	play.
Intriguingly,	the	p-nitro	derivative	29	rearranges	completely	to	sulfoxide	30,	while	the	ortho
isomer	31	provides	a	balanced	distribution	of	the	sulfenate	and	sulfoxide.	But	with	both	o-	and
p-nitro	groups,	sulfenate	33	either	does	not	rearrange	at	all	or	gives	an	undetectable	amount	of
the	sulfoxide	at	equilibrium.3a

Mislow	and	coworkers	probed	the	origins	of	the	equilibrium	distribution	by	measuring
activation	parameters	for	the	sulfenate	ester-to-sulfoxide	conversion.3b	For	example,	using
allyl	p-nitrophenyl	sulfenate	29	(Scheme	18.11)	and	monitoring	conversion	to	the
corresponding	allyl	sulfoxide	by	UV–visible	spectroscopy,	rate	measurements	over	a	range	of
temperatures	gave	ΔH‡	=	17.6	kcal/mol	and	ΔS‡	=	−9.6	eu.	Additionally,	for	a	different
substrate	34,	the	activation	parameters	for	the	conversion	to	sulfoxide	were	determined	(ΔH‡	=
18.8	kcal/mol	and	ΔS‡	=	−4.8	eu)	and	combined	with	the	activation	parameters	for	the	reverse
reaction	(sulfoxide	to	sulfenate),	determined	from	racemization	rate	studies.	From	the
difference	in	the	barriers	between	the	forward	and	reverse	reactions,	ΔG°	was	determined	as
+2.9	kcal/mol	at	25	°C	for	the	sulfoxide-to-sulfenate	direction.	In	other	words,	the	sulfoxide	35
was	heavily	favored	(>99%)	at	equilibrium.

Scheme	18.11	Probing	the	[2,3]-sigmatropic	rearrangement	transition	state.3b

As	suggested	by	the	behavior	of	sulfenates	31	and	33	(Scheme	18.10),	electron-withdrawing
substituents	on	the	S-aryl	group	can	shift	the	equilibrium	toward	the	sulfenate	ester.	This	is
apparently	an	inductive	effect	(cf.	29-d2)	due	to	destabilization	of	the	sulfoxide	ground	state.	A
corresponding	sulfenate-favoring	effect	was	observed	for	the	pentafluorophenyl	system	(not
shown).	Mislow	also	noted	that	the	rate	of	rearrangement	also	increases	with	the	electron-
deficient	S-aryl	groups.	Since	the	S=O	dipole	diminishes	in	going	to	the	transition	state	for	the
[2,3]-sigmatropic	rearrangement,	the	rate	enhancement	is	apparently	due	to	raising	of	the
sulfoxide	ground-state	energy,	while	the	transition	state	is	relatively	insensitive	to	electronic
perturbation.3b

More	recently,	calculations	on	a	variety	of	[2,3]-rearrangement	transition	states,	including	that
for	the	Mislow–Evans	rearrangement,	highlighted	the	electron-delocalized	aromatic	character
of	the	transition	states	(e.g.,	36;	Scheme	18.11),	befitting	concerted	processes.	The	magnetic
character	of	the	transition	states	was	also	computed	and	found	to	be	consistent	with	their
having	an	aromatic	nature.14

18.5.2	Conversion	of	Allylic	Alcohols	to	Allylic	Sulfoxides



Because	allylic	alcohols	are	readily	transformed	into	their	sulfenate	esters,	conversion	to	the
corresponding	allylic	sulfoxide	is	possible	and	usually	occurs	spontaneously	under
particularly	mild	conditions	(37	→	38	→	39;	Scheme	18.12,	top).	These	interconversions,
succinctly	promulgated	in	Evans's	1971	study,5a	form	one	basis	for	the	panoply	of	synthetically
valuable,	creative,	and	efficient	applications	discussed	in	this	chapter.

Scheme	18.12	Allylic	alcohol	→	sulfoxide	and	allylic	sulfoxide	→	alcohol	transformations.5a

18.5.3	Thiophilic	Capture	of	the	Sulfenate	Ester
Given	the	typical	thermodynamic	preference	for	allylic	sulfoxides	upon	equilibration	with
sulfenate	esters	via	[2,3]-rearrangement,	synthetic	utility	in	the	sulfoxide-to-sulfenate	direction
requires	trapping	of	the	sulfenate	by	including	a	thiophilic	nucleophile	in	the	reaction	mixture;
thiolates,	secondary	amines,	phosphines,	and	phosphites	are	particularly	useful	in	this	regard
(Scheme	18.12,	bottom).	This	thiophilic	capture	strategy	was	suggested	by	early	work	from
Abbott	and	Stirling15	and	others,16	and	its	synthetic	potential	was	elevated	by	Evans's	group,
beginning	in	1971.5a	Thiophilic	interception	of	the	sulfenate	leads	to	an	overall	transformation
in	which	an	allylic	sulfoxide	is	parlayed	into	a	1,3-transposed	allylic	alcohol	(e.g.,	40	→	41
→	42).

18.6	CHIRALITY	TRANSFER
18.6.1	Carbon	to	Sulfur
With	a	preexisting	carbinol	stereocenter,	transfer	of	chirality	to	the	resulting	allylic	sulfoxide	is
possible.	Early	studies	by	Mislow	indicated	that	the	sulfenate	ester	derived	from	optically
enriched	(+)-(S)-buten-2-ol	(43)	rearranges	at	low	temperature	with	appreciable
stereochemical	fidelity	to	the	(S)-configured	sulfoxide	product	45	(Scheme	18.13).	Here,	one
of	the	diastereotopic	lone	pairs	of	the	sulfenate	44	engages	selectively	in	the	[2,3]-
rearrangement.	An	additional	stereochemical	feature	of	the	rearrangement	is	the	predominant
formation	of	the	trans-alkene	product.	Highlighting	the	stereochemical	lability	of	allyl
sulfoxides,	the	enantiomerically	enriched	sulfoxide	45	racemized	with	a	half-life	of	51	minutes
at	29	°C	and	equilibrated	to	a	77:23	ratio	of	trans–cis	olefin	isomers.3a



Scheme	18.13	Carbon	→	sulfur	chirality	transfer	via	[2,3]	rearrangement.3a

18.6.2	Sulfur	to	Carbon
Starting	with	single	enantiomers	of	vinyl	sulfoxides	such	as	46	(Scheme	18.14),	Miura	and
coworkers	carried	out	an	isomerization–rearrangement	sequence	that	transferred	the	chirality
at	sulfur	to	the	resulting	allylic	alcohol	47	with	high	fidelity.17	With	DBU	as	the	base,	in	situ
isomerization	of	the	vinyl	sulfoxide	to	the	allylic	sulfoxide	enabled	Mislow–Evans
rearrangement.	Triphenylphosphine	presumably	acted	as	the	thiophilic	nucleophile,
intercepting	the	allyl	sulfenate	ester	intermediate,	providing	the	corresponding	chiral	γ-
hydroxy-α-enones	with	excellent	enantiomeric	enrichment	and	exclusive	trans-alkene	geometry.
An	aqueous	oxidative	workup	improved	yields,	perhaps	by	oxidizing	remaining	sulfenate	ester
to	better	free	the	allylic	alcohol	product	or	by	oxidizing	sulfur-containing	by-products	that	can
interfere	with	product	isolation.	Twelve	examples	using	the	α-sulfinylenone	substrates
proceeded	in	56–97%	yield	and	with	58–99%	ee.

Scheme	18.14	Use	of	single	enantiomer	of	vinyl	sulfoxide	with	isomerization	and	S	→	C
chirality	transfer.17



PART	2.	SYNTHETIC	CONSIDERATIONS	AND
APPLICATIONS

18.7	ALKENE	STEREOSELECTIVITY
Importantly	for	synthetic	planning	using	the	Mislow–Evans	rearrangement	within	acyclic
frameworks,	in	products	containing	a	stereogenic	alkene,	the	allylic	alcohol	group	reliably
ends	up	trans	to	the	more	sterically	demanding	substituent	at	the	other	end	of	the	double	bond.
This	is	particularly	valuable	in	a	sequence	originally	explored	by	Evans,	whereby	an	allylic
sulfoxide	(e.g.,	48,	Scheme	18.15)	is	α-alkylated,	followed	by	[2,3]-rearrangement	in	the
presence	of	a	thiophile.5b	For	disubstituted-alkene	allylic	alcohol	products	such	as	49,	the
trans-alkene	geometry	strongly	predominates	(typically	>98%	trans).	Stereoselective
preparation	of	trisubstituted	alkenes	is	also	possible	via	this	approach,	starting	either	from	β-
vinyl-substituted	allylic	sulfoxides	(e.g.,	50	and	via	51)	or	by	using	a	doubly	α-alkylated
substrate	(e.g.,	54).	Stereocontrol	was	excellent	for	E	products	(E)-52,	while	for
rearrangement	of	sulfoxides	of	type	54,	better	E	selectivity	resulted	with	a	larger	alkyl	group	at
the	α-position	of	the	allylic	sulfoxide.	Low	yields	for	certain	products	52	and	55	were	due	to
competing	γ-alkylation	of	the	allylic	anions.	An	additional	limitation	was	that	the	allylic
anions,	stabilized	by	the	sulfoxide	group,	necessitated	reactive	allylic	or	primary	alkylating
agents.



Scheme	18.15	In	acyclic	cases,	allylic	alcohol	products	are	predominantly	E-configured.5b

Enhancing	the	utility	of	the	alkylation–rearrangement	sequence	in	synthesis,	the	Evans	group
addressed	the	problems	of	α-versus-γ	alkylation	as	well	as	low	anion	reactivity	by	employing
heterocyclic	sulfides	as	the	alkylation	substrates	(Scheme	18.16).	For	instance,	allylic
imidazolyl	sulfide	56	could	be	alkylated	efficiently,	reaction	at	the	α-position	being	favored	by
a	chelated	but	reactive	allyl	lithium	intermediate.	Oxidation	of	57	to	the	allylic	sulfoxide	and
treatment	with	a	secondary	amine	thiophile	provided	allylic	alcohol	58	in	high	yield	and	with
excellent	stereoselectivity	at	the	trisubstituted	alkene.	Allylic	oxidation	with	manganese
dioxide	completed	a	synthesis	of	the	sesquiterpene	nuciferal	(59).5b



Scheme	18.16	Regioslective	alkylation	of	heterocyclic	allyl	sulfides	streamlines	Mislow–
Evans	approach.	Application	to	nuciferal	synthesis.5b

Control	of	alkene	geometry	was	also	an	important	factor	in	Otera's	development	of	the	[2,3]-
rearrangement	of	γ-alkoxy	allylic	sulfoxides	to	give	α,β-unsaturated	aldehyde	products.18	This
method	was	applicable	in	complex-molecule	settings,	including	for	prostaglandin	synthesis
(Scheme	18.17).	For	example,	Michael-type	reaction	of	the	allylic	anion	derived	from	60	to
enone	61	gave	carbon–carbon	bond	formation	α	to	the	thioether,	and	after	transmetallation	to	a
tin	enolate,	alkylation	provided	the	highly	functionalized	allylic	sulfide	62	for	subsequent
Mislow–Evans	rearrangement.	Oxidation	to	the	sulfoxide	with	periodate	under	aqueous
conditions	led	directly	to	α,β-unsaturated	aldehyde	63,	exclusively	as	the	trans-alkene	isomer.
Here,	the	sulfenyl	product	from	the	[2,3]-rearrangement	of	the	allylic	sulfoxide	was	part	of	a
mixed	acetal,	which	was	hydrolyzed	directly	under	the	reaction	conditions,	so	addition	of	a
thiophile	was	not	required	to	drive	the	Mislow–Evans	rearrangement	to	completion.



Scheme	18.17	Rearrangement	of	γ-alkoxy	allylic	sulfoxides	to	α,β-unsaturated	aldehydes	as
applied	to	prostaglandin	synthesis.18b

Additionally,	as	elucidated	through	other	investigations	by	the	Otera	group,	the	steric
environment	of	the	sulfoxide	moiety	had	an	impact	on	the	E	selectivity	of	these	rearrangements
(Scheme	18.18).19	For	the	general	case	64	to	65,	Otera	found	that	high	E	selectivity	occurred
when	R1	was	significantly	larger	than	R2.	Formation	of	disubstituted	α,β-unsaturated	aldehydes
such	as	67	was	therefore	highly	trans-selective,	while	in	comparing	68	and	70,	the	higher
degree	of	branching	β	to	the	sulfur	provided	enhanced	E	selectivity	in	the	formation	of
trisubstituted	alkenes	69	and	71,	respectively.	This	high	trisubstituted	alkene	stereoselectivity
also	occurred	with	transformations	of	non-vinyl	ether	substrates	such	as	72	→	73.	The
conclusion	was	that	β	branching	at	the	allylic	sulfoxide	group	increased	E	selectivity	in	the
Mislow–Evans	rearrangement.	Subsequently,	the	Otera	group	also	discovered	the	longer-range
effect	of	a	hydroxyl	γ	to	the	sulfinyl	group	for	engendering	E	selectivity	in	the	rearrangement
(not	shown).20



Scheme	18.18	β-Branching	of	allylic	sulfoxide	substituent	helps	impart	high	E	selectivity.19

18.8	DIASTEREOFACE	SELECTIVITY	IN	THE
REARRANGEMENT
18.8.1	Diastereoselective	Applications
In	general,	diastereoface	selectivity	in	the	allylic	sulfoxide-to-sulfenate	Mislow–Evans
rearrangement	is	possible	in	cases	such	as	74	(Scheme	18.19),	having	the	sulfoxide	attached	to
a	chiral	center,	or	with	substrates	of	type	75,	where	the	alkene	faces	are	rendered
diastereotopic	by	a	structural	element	distal	from	the	allyl	sulfoxide.	These	diastereoselective



[2,3]-sigmatropic	rearrangements	arise	within	acyclic	as	well	as	cyclic	contexts.	There	are
also	cases	in	which	both	of	these	motifs	74	and	75	are	present	within	one	Mislow–Evans
substrate.	Additionally,	the	diastereo	relationship	between	the	sulfoxide	sulfur	center	and	other
stereocenters	in	the	molecule	can	influence	the	outcome	of	the	reaction	(discussed	further	in
Section	18.8.3).

Scheme	18.19	Structural	scenarios	for	alkene	diastereoface	selectivity	in	allylic	sulfoxide	→
sulfenate	rearrangement.

The	stereofacial	reliability	of	the	Mislow–Evans	rearrangement	within	cyclic	systems	enabled
Danishefsky's	development	of	a	synthetic	route	to	glycals	bearing	the	relatively	unusual	allal
(76)	and	gulal	(77)	configurations	(Scheme	18.20),	both	of	which	have	pseudo-axial	C-3—OH
groups.21	These	investigations	were	prompted	by	the	need	to	prepare	the	thiomethyl-bearing
sugar	78,	a	subunit	of	the	trisaccharide	from	the	DNA-cleaving	agent	esperamicin.	Ferrier
rearrangement	of	tri-O-acetyl-d-glucal	(79)	gave	predominantly	the	α-thiopseudoglycal	80.
The	stereochemical	identity	of	this	intermediate	was	crucial	to	the	subsequent	[2,3]-
rearrangement,	as	oxidation	to	sulfoxide	81,	suprafacial	migration,	and	interception	of	the
sulfenate	with	piperidine	led	to	82,	wherein	the	4O-acetyl	group	had	transferred	to	the	3O
position.	Danishefsky	considered	an	alternative	mechanism	in	which	the	4O-acetyl	adds	in
intramolecular	SN2′	fashion	to	the	allylic	sulfoxide	in	81.	However,	without	addition	of	the
thiophile,	82	did	not	form,	supporting	the	[2,3]-sigmatropic	rearrangement	pathway.	Moreover,
starting	from	the	corresponding	galactal	precursor	83,	the	gulal	85	resulted,	without	any	acetyl
transfer.	This	overall	sequence,	including	the	transposition	of	stereochemistry	from	C-1	in
sulfoxides	81	and	84	to	C-3	in	82	and	85,	offers	a	succinct	approach	to	site-selective	inversion
of	the	C-3	stereocenter	in	readily	available	glucal	and	galactal	precursors,	providing	access	to
allal	and	gulal	systems.



Scheme	18.20	Stereochemical	transposition	at	C-3	of	glycal	substrates	via	Mislow–Evans
rearrangement.21

In	applying	this	approach	to	the	esperamicin	sugar	synthesis,	modification	of	the	Ferrier
rearrangement	product	84	provided	1,4-bis-thio	pseudoglycal	86	(Scheme	18.21)	for	oxidation
and	rearrangement.	Double	oxidation	to	the	bis-allylic	sulfoxide	87	led	to	regioselective
Mislow–Evans	rearrangement	involving	the	C-1	sulfoxide.	Preferential	reaction	of	this
sulfoxide	was	due	to	its	the	axial	disposition,	better	positioning	it	for	rearrangement,	and	a
weakening	of	the	C-1—S	bond	from	the	anomeric	effect,	leading	to	alcohol	88.	Reduction	of
the	remaining	sulfoxide	to	the	thiomethyl	group	gave	89,	which	could	be	advanced	to	methyl
glycoside	78.	The	sugar	unit	78	prepared	via	Danishefsky's	route,	starting	from	a	d-galactal
precursor,	was	identical	to	material	from	degradation	of	esperamicin,	conclusively	confirming
the	absolute	configuration	of	that	portion	of	the	natural	product.21



Scheme	18.21	Regioselective	[2,3]	rearrangement	of	bis-allylic	sulfoxide	87	in	synthesis	of
esperamicin	sugar.21

An	approach	avoiding	oxidation-state	adjustments	at	the	C-4	thioether	also	utilized	a	Mislow–
Evans	rearrangement.	Selective	oxidation	of	the	C-1	thiophenyl	ether	in	bis-allylic	sulfide	90
(Scheme	18.22)	occurred	with	the	electron-withdrawing	2,4-dinitrophenyl	group	at	the	4S
position.	Sigmatropic	rearrangement	and	sulfenate	trapping	with	a	secondary	amine	provided
91	as	a	saccharide	building	block	in	Danishefsky's	successful	total	synthesis	efforts	toward	the
calicheamicin–esperamicin	class	of	antitumor	enediynes.22

Scheme	18.22	Selective	oxidation	of	bisallylic	sulfide	in	synthesis	of	the	calicheamicin
saccharide.22

18.8.2	Chemoselective	Oxidation	of	Allylic	Sulfides	to	Sulfoxides
As	highlighted	in	Scheme	18.22,	when	starting	with	allylic	sulfides,	application	of	the
Mislow–Evans	rearrangement	in	synthesis	requires	chemoselective	oxidation	to	the	sulfoxide.
Selective	oxidation	is	necessary	not	only	when	additional	thioether	functionality	is	present	as
in	90	but	also	because	of	potential	oxidation	of	the	olefin	of	the	allylic	thioether	and	any	other
oxidation-prone	functionality	within	the	molecule.	In	this	regard,	dimethyldioxirane	(DMDO)
is	a	valuable	alternative	to	peroxyacids	(typically	m-CPBA)	for	the	sulfide-to-sulfoxide
conversion.	Despite	being	more	experimentally	demanding	(it	must	be	freshly	prepared	by
oxidation	of	acetone	and	isolated	by	codistillation),	DMDO	can	be	used	at	low	temperature
and	enables	oxidation–Mislow–Evans	routes	when	m-CPBA	provides	unsatisfactory	results.
For	example,	benzylidene-protected	92a	(Scheme	18.23)	required	DMDO	for	the	efficient
production	of	allal	derivative	93a,	an	intermediate	in	Danishefsky's	total	synthesis	of	the
chitinase	inhibitor	allosamidin.23	However,	our	own	group	determined	that	the	corresponding



acetonide	92b	provided	a	high	yield	of	93b	using	the	more	traditional	peroxyacid	oxidant.24
Evidently,	the	activated	benzylic	site	of	the	protecting	group	in	92a	is	susceptible	to	oxidation
under	the	m-CPBA	conditions.	The	free	secondary	C-4—OH	group	of	94,	meanwhile,	was
compatible	with	peroxyacid	oxidation,	followed	by	Mislow–Evans	rearrangement	and
trapping	with	diethylamine	providing	95	in	Gin's	total	synthesis	of	(+)-pyrenolide	D.25

Scheme	18.23	Oxidant	for	pseudothioglycal	oxidation	varies	with	protecting	groups
(Danishefsky,	1991;	Rojas,	2001)	and	application	of	Mislow–Evans	rearrangement	with	a
galactal-derived	4-hydroxy-6-deoxy	derivative.25

18.8.3	Influence	of	Sulfoxide	Stereochemistry	at	Sulfur
Sulfide	oxidation	generally	produces	a	mixture	of	diastereomers	at	sulfur	within	frameworks
such	as	92	and	94	(Scheme	18.23),	bearing	other	stereocenters.	In	most	cases,	either	sulfoxide
is	competent	to	undergo	the	[2,3]-rearrangement.	In	our	group's	studies	with	oxidation	of
thiopseudoglycals	of	type	92,	the	diastereomeric	sulfoxides	were	sometimes	distinguishable	by
thin-layer	chromatographic	analysis,	both	converting	to	the	1,3-transposed	allylic	alcohol
products	upon	treatment	with	the	thiophile	(usually	piperidine	or	diethylamine).24	Examples
where	the	Mislow–Evans	reactivity	of	the	diastereomeric	sulfoxides	is	different	enough	to
have	a	synthetically	relevant	impact	are	relatively	rare	and	are	highlighted	in	the	following
work	of	Fernández	de	la	Pradilla	(Schemes	18.25	and	18.26)	and	Myers	(Scheme	18.27).

Fernández	de	la	Pradilla	et	al.	studied	Mislow–Evans	rearrangements	of	allylic	sulfoxides	97,
within	dihydropyran	frameworks	established	by	cyclization	of	hydroxysulfinyl	dienes	96
(Scheme	18.24).26	Stereocontrol	in	the	cyclization	to	97	depended	on	the	reaction	conditions
and	the	alkene	geometry	of	the	starting	dienes	96,	enabling	preparation	of	different
diastereomers	for	further	study.	Importantly,	the	allylic	sulfoxides	97	were	prepared	as	single
epimers	at	the	sulfur	stereocenter	and	were	configurationally	stable	to	isolation	and
purification	at	ambient	temperature.	The	effect	of	the	configuration	at	sulfur	in	Mislow–Evans
reactions	can	be	difficult	to	study	because	of	the	possibility	for	epimerization	of	the	S-center	in
allylic	sulfoxides	via	reversible	[2,3]-rearrangement.	However,	in	this	study,	the	barrier	to



rearrangement	was	high	enough	to	identify	the	impact	of	the	S-stereochemistry.

Scheme	18.24	Preparation	of	diastereomeric	dihydropyran	sulfoxides	for	rearrangement
studies.26

Comparison	of	the	[2,3]-sigmatropic	rearrangements	of	97a	and	97a-dst,	having	the	same
relative	stereochemistry	of	the	ring	substituents	but	differing	in	the	relationship	of	those	two
stereoelements	to	the	sulfoxide	center,	indicated	that	the	configuration	at	sulfur	relative	to	the
rest	of	the	molecule	had	a	marked	impact	on	the	efficiency	of	the	allylic	sulfoxide	to	allylic
alcohol	transposition	(Scheme	18.25).	Fernández	de	la	Pradilla	proposed	that	the	better
rearrangement	substrate	maintained	a	minimum	of	nonbonded	interactions	while	properly
orienting	the	sulfoxide	group	in	a	pseudo-axial	position	for	interaction	with	the	distal	end	of
the	alkene	π	system	(cf.	Danishefsky's	results	in	Scheme	18.21).



Scheme	18.25	[2,3]-Rearrangement	efficacy	depends	on	stereo	relationship	between	sulfoxide
and	other	stereocenters.26

Importantly,	while	a	favored	ground-state	conformation	may	have	the	sulfoxide	group	in	a
pseudo-equatorial	position,	analysis	of	the	reactive	conformation	with	the	pseudo-axial
sulfoxide	is	required	to	rationalize	the	observed	reactivity	differences.	So,	although	1H	NMR
measurements	revealed	that	97a	favored	the	conformation	with	the	pseudo-equatorial	sulfoxide
group	(97a-eq),	in	the	other	half-chair	arrangement	(97a-ax),	the	geometry	for	[2,3]-
rearrangement	is	well	accommodated	while	orienting	the	S-p-tolyl	group	away	from	the	ring.
Meanwhile,	despite	having	a	preferred	ground-state	arrangement	with	the	pseudo-axial
sulfoxide,	97a-dst	requires	an	unfavorable	C—S	rotamer	(97a-dst-ax-rot)	with	placement	of
the	S-p-tolyl	moiety	toward	the	ring	for	the	rearrangement	to	occur.

Similarly,	97b	and	97b-dst,	enantiomeric	but	for	the	fixed	sulfoxide	stereocenter,	gave
strikingly	contrasting	results	(Scheme	18.26).	The	[2,3]-sigmatropic	rearrangement	of	97b,
favorably	accommodated	via	conformation	97b-ax	(pseudo-axial	sulfoxide	and	the	less
sterically	demanding	lone	pair	pointed	toward	the	ring),	occurred	under	the	conditions	shown
in	Scheme	18.26,	giving	allylic	alcohol	99	in	reasonable	yield.	On	the	other	hand,	97b-dst



would	rearrange	via	97b-dst-ax	(pseudo-axial	sulfoxide,	but	requiring	the	p-tolyl	group
toward	the	ring),	an	arrangement	apparently	not	attainable	under	these	same	conditions.

Scheme	18.26	Another	example	highlights	importance	of	conformational	features	for	Mislow–
Evans	rearrangement.26

Myers	reported	a	case	in	which	the	sulfoxide	stereochemistry	needed	to	be	matched	with
respect	to	other	stereocenters	for	effective	Mislow–Evans	rearrangement	(Scheme	18.27).27	In
developing	a	concise	and	modular	synthetic	route	to	tetracycline	antibiotic	analogues,	Myers
and	coworkers	found	that	only	one	of	the	two	sulfoxide	diastereomers	103	reacted	smoothly	in
the	presence	of	trimethylphosphite	to	give	the	desired	allylic	alcohol	104.	While	the
configuration	at	sulfur	of	103	was	not	determined,	oxidation	of	allylic	sulfide	101	with	Davis's
chiral	oxaziridine	10228	provided	a	very	high	excess	of	the	diastereomer	necessary	for	[2,3]-
sigmatropic	rearrangement.	While	in	many	cases	within	chiral	frameworks,	including	in	cyclic
systems,	either	allyl	sulfoxide	diastereomer	can	lead	to	successful	rearrangement	(see	the
Danishefsky,	Rojas,	and	Gin	examples	of	Schemes	18.20–18.23	and	also	further	examples
later),	there	are	situations	in	which	only	one	of	the	diastereomers	is	an	optimal	or	even
competent	[2,3]	substrate.	In	these	cases,	as	Myers's	work	demonstrates,	use	of	a	chiral	oxidant
for	diastereoselective	sulfide-to-sulfoxide	conversion	can	rescue	an	otherwise	untenable
synthetic	approach.



Scheme	18.27	Only	one	sulfoxide	diastereomer	undergoes	Mislow–Evans	rearrangement	in
modular	approach	to	tetracycline	analogue	synthesis.27

Geometrical	constraints,	however,	can	be	insurmountable	in	attempts	to	apply	the	Mislow–
Evans	rearrangement	for	1,3-allylic	transposition.	For	example,	during	investigations	toward	a
versatile	synthesis	of	cortistatin	A	and	congeners,	the	Baran	group	planned	to	install	an	angular
C-5	hydroxyl	via	[2,3]-sigmatropic	rearrangement	of	allyl	sulfoxide	106	(Scheme	18.28).29
While	this	Mislow–Evans	precursor	was	readily	prepared	by	thiolate	displacement	of	chloride
105	followed	by	peroxyacid	S-oxidation,	subsequent	rearrangement	did	not	take	place.	The
authors	attributed	this	lack	of	reactivity	to	the	[2,3]-unfavorable	pseudo-equatorial	position	of
the	sulfoxide	group	within	a	conformationally	rigid	scaffold.	Interestingly,	1H	NMR	data	for
106	indicated	that	it	was	isolated	mainly	as	one	diastereomer	(>5:1	dr);29	perhaps	this	was	the
rearrangement-mismatched	sulfoxide,	which,	in	combination	with	a	preferred	pseudo-
equatorial	orientation,	doomed	the	hoped-for	Mislow–Evans	reaction.

Scheme	18.28	Geometrical	constraints	preclude	Mislow–Evans	rearrangement.29

18.8.4	Additional	Diastereoselective	Examples
Anchoring	the	allyl	sulfoxide	at	an	exocyclic	carbon,	with	the	alkene	situated	within	a
stereochemically	defined	ring,	provides	the	opportunity	for	diastereoselective	installation	of	a
hydroxyl	group	on	the	ring,	along	with	an	exocyclic	olefin	that	serves	as	a	handle	for	further
elaboration.	Ohfune	and	Shinada	applied	this	Mislow–Evans-based	strategy	effectively	in



establishing	the	stereochemically	dense	core	of	two	trideoxytetrodotoxin	derivatives	(Scheme
18.29).30	Site-selective	conversion	of	the	primary	alcohol	group	of	diol	108	to	the
corresponding	phenylthioether	followed	by	oxidation	at	sulfur	gave	109	as	an	equimolar
mixture	of	sulfoxide	diastereomers.	Sigmatropic	rearrangement	in	the	presence	of	the	thiophile
triethylphosphite	provided	efficient	conversion	to	110	with	high	α-face	stereoselectivity,
attributed	to	β-face	blocking	by	the	axial	carbomethoxy	group.	The	free	hydroxyl	group	of	109
did	not	interfere	with	the	Mislow–Evans	reaction.	En	route	to	the	deoxytetrodotoxin	analogues,
the	exocyclic	olefin	of	110	underwent	subsequent	stereoselective	hydrogenation	to	a	β-methyl
group	(not	shown).

Scheme	18.29	High	face	slectivity	in	Mislow–Evans	rearrangement	en	route	to
trideoxytetrodotoxin	derivatives.30

Shinada	et	al.	used	a	similar	Mislow–Evans	approach	in	their	synthesis	of	the	gabosines,
DNA-binding	carbasugars	containing	extensively	oxidized	cyclohexane	cores.31	Sulfide	111
(Scheme	18.30),	which	was	available	in	enantiomerically	pure	form	starting	from	(−)-quinic
acid,	gave	a	mixture	of	sulfoxide	diastereomers	112	upon	peroxyacid	S-oxidation.	When
heated	in	ethanol	with	triethylphosphite,	both	diastereomers	of	112	underwent	smooth
conversion	to	a	single	stereoisomer	of	allylic	alcohol	113,	bearing	an	exocyclic	olefin.	The
diastereoselective	sigmatropic	rearrangement	occurred	on	the	face	of	cyclohexene	112
opposite	the	tert-butyldimethylsilyl	ether.

Scheme	18.30	Diastereoselective	Mislow–Evans	rearrangement	in	the	synthesis	of	gabosine
carbasugars.31

18.9	EPIMERIZATIONS	VIA	MISLOW–EVANS
REARRANGEMENT	SEQUENCES



The	stereochemically	labile	nature	of	the	position	α	to	an	allylic	sulfoxide	group	can	be	used	in
combination	with	a	pair	of	[2,3]-sigmatropic	rearrangements	to	converge	an	epimeric	mixture
of	allylic	alcohols	to	a	single	diastereomer.	In	Smith's	studies	on	the	total	synthesis	of
diterpenes	in	the	jatrophone	family,	a	3:1	α	:	β	mixture	of	tertiary	allylic	alcohols	114	resulted
from	addition	of	a	dithiane	anion	to	a	cyclopentenone,	followed	by	unmasking	of	the	ethyl
ketone	carbonyl.32	This	epimeric	mixture	114	was	converted	to	the	pure	β-alcohol
stereoisomer	114-β	by	the	Mislow–Evans-mediated	route	shown	in	Scheme	18.31.	Formation
of	sulfenate	ester	115	gave	the	[2,3]-rearranged	allylic	sulfoxide	116	as	a	mixture	of
diastereomers	which	equilibrated	to	the	thermodynamically	favored	trans	sulfoxide	116-β	upon
treatment	with	base.	Here,	epimerization	α	to	the	sulfoxide	was	facilitated	by	the	vinylogous
relationship	to	the	ketone.	Finally,	Mislow–Evans	rearrangement	in	the	sulfoxide-to-sulfenate
direction,	driven	by	trapping	of	the	sulfenate	with	triethylphosphite,	returned	the	original
deconjugated	tertiary	α-hydroxy-β,γ-unsaturated	ketone	114-β,	now	as	a	single	stereoisomer.

Scheme	18.31	Sulfenate	to	sulfoxide	and	back	again	to	convert	a	mixture	of	epimers	into	a
single	diastereomer.42

Evans	had	demonstrated	a	similar	sequence	of	events	in	the	interconversion	of	allylic	alcohol
diastereomers	37-trans	and	37-cis	(Scheme	18.32)	by	rearrangement	of	the	derived	sulfenates
to	allyl	sulfoxide	39	(see	top	of	Scheme	18.12	for	this	transformation).	In	turn,	sulfoxide	39
could	be	permuted	back	to	the	tertiary	carbinol,	generally	favoring	diastereomer	37-trans	with
the	equatorial	hydroxyl	group.	Interestingly,	the	ratio	of	alcohol	diastereomers	depended	on	the
nature	of	the	thiophile;	trimethylphosphite,	for	example,	gave	a	high	proportion	of	37-trans.
Apparently,	the	distribution	of	product	stereoisomers	reflects	the	interplay	among	the	rates	of
rearrangement	of	39	to	each	of	the	two	diastereomeric	sulfenate	esters	and	the	rates	of
thiophilic	trapping	of	those	sulfenates	to	give	either	37-trans	or	37-cis.5b,33



Scheme	18.32	Relative	rates	of	sulfoxide–sulfenate	interconversion	and	sulfenate	trapping	can
affect	stereochemical	outcome.5b,33

Majetich	and	coworkers	utilized	Mislow–Evans	rearrangements	to	invert	the	C-2	allylic
alcohol	configuration	in	the	final	stage	of	their	synthesis	of	the	dolastane	marine	diterpene	(±)-
deoxyisoamijiol	117.34	The	sulfenate	ester	derived	from	the	starting	α-hydroxy	epimer	117-epi
rearranged	to	allylic	sulfoxide	118,	canceling	the	C-2	stereocenter.	Diastereoselective
Mislow–Evans	rearrangement	of	118	in	the	presence	of	trimethylphosphite	reestablished	the	C-
2	hydroxy	group	but	with	the	β-configuration	required	for	the	(±)-deoxyisoamijiol	architecture
117	(Scheme	18.33).

Scheme	18.33	Inversion	of	allylic	alcohol	stereochemistry	via	two	[2,3]	rearrangements.34

18.10	VINYL	ANION	SYNTHONS	ACCESSIBLE	VIA
MISLOW–EVANS	REARRANGEMENT
18.10.1	Vinyl	Anion	Equivalents
As	Evans	pointed	out,	from	a	synthesis	strategy	point	of	view,	regioselective	alkylation	of	a
sulfoxide-stabilized	allylic	anion	(120	→	121;	Scheme	18.34),	followed	by	[2,3]-
rearrangement	to	the	corresponding	sulfenate	ester	and	trapping	with	a	thiophile	(121	→	122),
provides	a	synthetic	equivalent	for	alkylation	of	vinyl	anion	119.	As	in	the	examples	discussed
previously	in	Section	18.7,	an	important	consideration	is	stereoselectivity	in	formation	of	the



alkene	in	the	allylic	alcohol	product	122.	In	practice,	Evans	showed	that	both	α-selective
alkylation	of	anions	such	as	123	(Scheme	18.35)	and	trans-selective	rearrangement	to	allylic
alcohols	(e.g.,	125)	occurred	readily	using	thiophiles	such	as	thiolates	or	phosphites.	Both
diastereomers	of	the	alkylated	sulfoxide	124	converged	to	the	same	final	trans	product	125	(cf.
a	similar	outcome	in	Scheme	18.7).5a

Scheme	18.34	Sulfoxide	alkylation-rearrangement	as	β-hydroxy	vinyl	anion	equivalent.5a

Scheme	18.35	Regiocontrolled	α-alkylation	and	trans-selective	rearrangement.5a

Alkylation	of	an	allylic	sulfoxide	followed	by	Mislow–Evans	rearrangement	was	particularly
facile	within	a	cyclic	system.	Deprotonation	and	methylation	of	cyclohexenyl	substrate	126	led
to	the	α,α-disubstituted	allyl	sulfoxide	127,	which	rearranged	readily	under	mild	conditions,
perhaps	aided	by	relief	of	steric	crowding.	Trimethylphosphite	was	employed	as	the	thiophile,
providing	the	allylic	alcohol	128,	the	overall	equivalent	of	methylation	of	a	3-
hydroxycyclohexenyl	vinyl	anion.5b,35	(Scheme	18.36).

Scheme	18.36	Alkylation	to	giveα,α-disubstituted	allyl	sulfoxide,	which	rearranges
rapidly.5b,35

Similarly,	a	Mislow–Evans	rearrangement	strategy	provided	a	valuable	approach	to
prostaglandin	synthesis,	employing	β-hydroxy	allyl	sulfoxides	such	as	128	as	synthetic
equivalents	for	dihydroxycyclopentenyl	vinyl	anions	(e.g.,	129)	as	shown	in	Scheme	18.37.	In
turn,	the	vinyl	anion	synthon	128	is	available	from	1,4-bis-allylic	alcohol	126	via	[2,3]-
rearrangement	of	the	derived	sulfenate	monoester	127.	Regioselective	alkylation	of	the	derived
dianion	with	a	protected	ω-iodoheptanal	and	protic	quench	in	the	presence	of	diethylamine
gave	the	substituted	cyclopentene-cis-diol	131	upon	[2,3]-rearrangement.	The	cis	relationship



between	the	two	hydroxyl	groups	in	the	meso	starting	material	126	was	maintained	in	the	final
product	131	through	(1)	diastereoselective	alkylation	of	β-hydroxysulfoxide	128,	perhaps	due
to	chelation	in	the	anionic	intermediate,	and	(2)	suprafacial	migration	of	the	allyl	sulfoxide	130
to	the	sulfenate	(not	shown),	which	was	intercepted	by	diethylamine	as	the	thiophile.	While	the
initial	sulfenate-to-sulfoxide	rearrangement	(127	→	128)	was	also	suprafacial,	the
diastereomeric	identity	of	the	intermediate	128	was	not	essential,	as	the	stereocenter	α	to	the
sulfoxide	was	likely	reset	in	the	alkylation	event	(128	→	130,	assuming	the	sulfoxide-
stabilized	allyl	anion	does	not	retain	its	configuration).

Scheme	18.37	Vinyl	anion	surrogate	for	prostaglandin	synthesis.5b

18.10.2	Dienal	Vinyl	Anion	Synthon	in	a	Double	Mislow–Evans
Process
Corey	and	Hoover	creatively	recognized	the	synthetic	equivalence	between	pentadienyl
sulfoxide	132	and	dienal	vinyl	anion	133,	established	via	two	sequential	Mislow–Evans
rearrangements	(Scheme	18.38).36	This	strategy	was	implemented	in	a	total	synthesis	of	5-
desoxyleukotriene	D	as	part	of	a	program	to	elucidate	leukotriene	binding	modes.	Addition	of
the	anion	from	132	to	the	aldehyde	group	of	methyl	5-formylpentanoate,	followed	by	O-
benzoylation,	provided	β-acyloxysulfoxide	134.	Upon	warming	to	room	temperature,	134
rearranged	via	sequential,	double	[2,3]-sigmatropic	rearrangement	to	the	isomeric	sulfoxide
135.	The	preference	for	the	internal	diene	of	135	versus	the	terminal	diene	moiety	in	134	was
sufficient	to	engender	a	>20:1	preference	for	the	rearranged	product	135.	Overall,	this
represents	a	1,5-sulfinyl	rearrangement,	the	synthetic	utility	of	which	is	further	enhanced	by
subsequent	Pummerer	rearrangement	to	a	dienyl	acetoxysulfide	that,	upon	hydrolysis,	yields	the
final	dienal	product	136,	corresponding	to	the	addition	of	archetypal	133	to	an	aldehyde
electrophile.



Scheme	18.38	1,5-Sulfinyl	transposition	via	sequential	Mislow–Evans	rearrangement
provides	an	α,β-γ,δ-dienyl	aldehyde	δ-anion	equivalent.36

Schreiber's	inspired	application	of	132	(Scheme	18.39)	as	the	equivalent	of	the	1-formyl
butadienyl	anion	133	(see	Scheme	18.38)	enabled	a	total	synthesis	of	(±)-asteltoxin,	an
oxidative	phosphorylation	inhibitor	isolated	from	cultures	of	toxic	maize.37	Fittingly,	the	trans-
pentadienyl	sulfoxide	132	arose	via	Mislow–Evans	rearrangement,	stemming	from	the
sulfenate	ester	of	divinylcarbinol	137.	Metallation	of	132	and	addition	to	functionally	complex
aldehyde	138,	which	included	a	free	tertiary	alcohol,	led	directly	to	the	double-[2,3]-
rearrangement	product	139	upon	protic	quench	and	warming	of	the	reaction	mixture.	The	major
epimer	of	139	could	be	obtained	in	pure	form	and	was	suitable	for	advancement	to	the	natural
product	upon	acetal	exchange	and	the	Pummerer–hydrolysis	sequence	for	transforming	the
sulfoxide	group	of	140	to	the	aldehyde	of	141,	a	key	intermediate	en	route	to	asteltoxin.



Scheme	18.39	Use	of	the	1-formyl	butadienyl	anion	equivalent	in	the	total	synthesis	of	(±)-
asteltoxin.37

Ketones	can	also	serve	as	electrophiles	in	this	double-Mislow–Evans	strategy,	and	the	choice
of	metal	counterion	affects	the	regioselectivity	of	the	initial	organometallic	addition,	as	Florio
and	coworkers	demonstrated.38	Regioselective	addition	of	metallated	pentadienyl	sulfoxide
132	to	cyclopentanone,	for	example,	provided	α-addition	adduct	142,	which	underwent
spontaneous	1,5-transposition	of	the	sulfinyl	group	to	143	(Scheme	18.40,	top).	The	metal
counterion	affected	the	yield	of	143,	with	transmetallation	from	lithium	to	copper	(using	CuI)
improving	the	efficiency,	while	the	zinc	species	(generated	using	ZnBr2)	gave	only	a	low	yield.
Reaction	of	the	copper-complexed	phenylsulfinyl	pentadienyl	anion	from	132	with	2,6-
dichlorobenzaldehyde	gave	analogous	results,	producing	the	secondary	alcohol	144	upon	the
two	sequential	[2,3]-rearrangements	(Scheme	18.40,	bottom).



Scheme	18.40	Regioselective	additions	of	metallated	sulfinyl	pentadienyl	anions	to	ketones	or
aldehydes	and	double	Mislow–Evans	rearrangement.38

Recently,	Markó	combined	the	pentadienyl	sulfoxide	anion	addition–sequential	Mislow–Evans
approach	with	a	Julia-type	olefination	in	the	synthesis	of	a	trienyl	subunit	of	the	marine	toxin
polycavernoside	A	(Scheme	18.41).39	The	requisite	sulfoxide	132	was	prepared	using	Corey's
method36:	thiolate	displacement	on	pentadienyl	bromide	145,	followed	by	oxidation	at	sulfur.
Low-temperature	metallation,	addition	to	isobutyraldehyde,	and	protic	workup	enabled	the
double-[2,3]-mediated	1,5-sulfinyl	migration	(146	→	147).	Chemoselective	oxidation	of
dienyl	sulfoxide	147	provided	(E,E)-pentadienyl	hydroxysulfone	148	for	the	Julia	olefination
sequence.	Addition	of	the	dianion	from	148	to	aldehyde	149	gave	1,7-diol	150.	Benzoylation
of	the	hydroxyl	distal	from	the	sulfonyl	group	occurred	efficiently,	apparently	due	to
deactivation	of	the	β-OH	group	through	hydrogen	bonding	to	the	sulfone.	With	the	hydroxyl
groups	differentiated	in	151,	1,6-reductive	elimination	provided	the	all-trans	heptatrienol	unit
of	olefination	product	152.	A	shortcoming	of	this	approach	was	that	152	was	a	1:1	mixture	of
epimers	at	the	alcohol	stereocenter,	originally	set	in	the	addition	of	the	sulfone	anion	to
aldehyde	149.	Nevertheless,	this	example	demonstrates	the	utility	of	the	terminal	pentadienyl
sulfoxide	147,	generated	by	two	sequential	Mislow–Evans	rearrangements,	in	a	subsequent
Julia-type	olefination.	The	overall	sequence	provides	a	concise	and	stereoselective	triene
synthesis	from	readily	available	precursors.



Scheme	18.41	Application	of	1,5-sulfinyl	rearrangement	followed	by	Julia-type	coupling	in
synthesis	of	polycavernoside	A	subunit.39

18.11	SEQUENTIAL	PROCESSES	INCORPORATING	THE
MISLOW–EVANS	REARRANGEMENT
Further	demonstrating	the	synthetic	value	and	versatility	of	the	Mislow–Evans	rearrangement,
it	has	been	incorporated	into	reaction	series	that	can	be	termed	consecutive,	sequential,
tandem,	or	domino	in	nature.40	The	Mislow–Evans	rearrangement	has	been	combined	with
reactions	including	cycloaddition,	other	sigmatropic	rearrangements,	condensation,	and
isomerization,	providing	sequences	of	organic	transformations	capable	of	rapidly	accessing
complex	molecular	structures.	This	section	highlights	some	of	these	reaction	series,	including
classic	examples	as	well	as	contemporary	variants.

18.11.1	Diels–Alder/Mislow–Evans
During	his	group's	early	development	of	the	synthetic	potential	of	the	allylic	sulfoxide-to-
sulfenate	sigmatropic	rearrangement,	Evans	recognized	that	a	Diels–Alder/[2,3]-rearrangement
combination	could	provide	the	synthetic	equivalent	of	a	corresponding	but	perhaps	unfavorable
cycloaddition	approach	(Scheme	18.42).41	For	example,	an	electronically	matched	inverse-
electron-demand	Diels–Alder	reaction	between	dienyl	sulfoxide	153	and	electron-rich
dienophile	154	(EDG	=	electron-donating	group),	followed	by	[2,3]-sigmatropic
rearrangement	of	the	resulting	allyl	sulfoxide	155	and	thiophilic	capture,	would	deliver	3,6-



disubstituted	cyclohexene	156,	a	structure	that	by	direct	application	of	the	Diels–Alder
transform	would	require	the	diene–dienophile	pairing	shown	in	157.	Additionally,	because	a
thioether	can	serve	as	a	latent	sulfoxide,	a	normal-electron-demand	Diels–Alder	between	a
now	electron-rich	diene	158	and	an	electron-poor	dienophile,	followed	by	oxidation	and
[2,3]-rearrangement,	would	access	cyclohexene	159.	Here,	a	direct	Diels–Alder	route	(see
160)	would	require	an	electronically	conflicted	diene,	bearing	an	electron-releasing	group	at
one	terminus	and	an	electron-withdrawing	substituent	at	the	other.

Scheme	18.42	Diels–Alder/Mislow–Evans	sequences	offer	synthetic	equivalents	of
potentially	dubious	Diels–Alder	reactions.41

Evans	provided	an	impressive	demonstration	of	the	earlier	dienyl	sulfoxide	cycloaddition
approach	in	the	synthesis	of	a	hasubanan	alkaloid	derivative	(Scheme	18.43,	top).41	Reaction
of	153	with	tetrahydrobenzindole	161	as	the	dienophile	under	relatively	mild	conditions
provided	allyl	sulfoxide	162	(mixture	of	sulfoxide	diastereomers)	as	the	direct	cycloaddition
product.	Under	the	Diels–Alder	reaction	conditions,	a	certain	amount	of	the	sulfoxide
underwent	rearrangement	and	sulfenate	trapping	to	give	the	allylic	alcohol	163,	a	process
driven	to	completion	upon	treatment	of	the	crude	reaction	mixture	with	sodium	sulfide	in	hot
methanol.	The	single	stereoisomer	of	product	163	corresponded	to	an	endo-selective	Diels–
Alder	followed	by	suprafacial	[2,3]-sigmatropic	rearrangement.	An	alternative	direct	Diels–
Alder	approach	to	the	cyclohexene	moiety	of	163	would	be	both	electronically	and
topologically	unlikely.	In	the	same	study,	Evans	also	demonstrated	the	viability	of	sulfide-
bearing	diene	158	in	cycloaddition	with	methyl	vinyl	ketone,	giving	allyl	thioether	164,	poised
for	the	oxidation–rearrangement	sequence.



Scheme	18.43	Diels–Alder/Mislow–Evans	approach	in	synthesis	of	hasubanan	alkaloid
framework	and	an	electronically	complementary	approach	to	a	rearrangement	substrate.41

While	the	promise	of	the	Diels–Alder/Mislow–Evans	strategy	has	yet	to	be	fully	realized,
particularly	in	complex-molecule	synthesis,	there	are	a	number	of	additional	cases	to	stimulate
the	chemical	mind.6f,42	For	example,	Posner	employed	a	regio-	and	stereoselective	high-
pressure	Diels–Alder	reaction	between	pyrone	sulfoxide	165	and	phenyl	vinyl	ether,	followed
by	methanolysis	of	the	resulting	bicyclic	lactone	and	spontaneous	Mislow–Evans
rearrangement	(Scheme	18.44,	top)	in	an	elegant	synthesis	of	(±)-chorismic	acid.43	Notably,
this	route	provided	streamlined	access	to	the	stereochemically	defined,	tetrasubstituted
cyclohexene	framework	166,	not	readily	accessible	via	direct	Diels–Alder	cycloaddition.	The
1,4-acylamino/thiophenyl	substitution	pattern	of	diene	167	(Scheme	18.44,	bottom)	provides
an	electron-rich	diene	counterpoint,	as	explored	by	Overman	and	coworkers.44	Endo-selective
Diels–Alder	cycloaddition	with	acrolein	provided	168	in	68%	yield	after	crystallization	of	the
major	product	from	the	reaction	mixture.	Epimerization	and	reduction	led	to	hydroxymethyl
derivative	169,	which,	upon	oxidation	at	sulfur	and	Mislow–Evans	rearrangement,	enabled
stereocontrolled	access	to	a	final	diol	product.	Interestingly,	sulfoxides	from	the	unepimerized
diastereomer	of	169	(α	hydroxymethyl	group)	did	not	undergo	[2,3]-rearrangement,	apparently
because	the	required	pseudo-axial	position	of	the	sulfoxide	group	would	lead	to	a	destabilizing
1,3-diaxial	steric	clash.



Scheme	18.44	Sequential	[4+2]/[2,3]	transformations	in	cyclohexenol	synthesis	(top43;
bottom44).

Carreño	et	al.	have	explored	enantiomerically	pure	diene	sulfoxides	in	Diels–Alder/Mislow–
Evans	rearrangements.45	As	shown	in	Scheme	18.45,	a	slow,	endo-selective	Diels–Alder
reaction	took	place	between	diene	170	and	N-methylmaleimide	(used	in	excess	since	it	also
functioned	as	the	thiophile),	followed	by	[2,3]-sigmatropic	rearrangement	of	the	resulting
allylic	sulfoxide	to	cyclohexenol	171,	which	was	isolated	in	optically	active	form.
Unfortunately,	the	yield	of	171	was	low	because	it	was	prone	to	dehydration,	with	the	resulting
cyclohexadiene	being	trapped	by	the	maleimide	to	give	the	meso	by-product	172.	Attempts	to
accelerate	the	Diels–Alder	reaction	by	addition	of	a	Lewis	acid	(SnCl4)	did	give	faster
reaction	but	led	to	exclusive	formation	of	the	bicyclo[2.2.2]octene	172.



Scheme	18.45	Optically	active	cyclohexenol	from	enantiomerically	pure	1-sulfinyl-1,3-
butadienyl	starting	material.45

Five-membered-ring	allylic	alcohol	derivatives	are	also	accessible	by	combining	Diels–Alder
cycloaddition	with	the	Mislow–Evans	rearrangement.	In	Weinreb's	total	synthesis	of	the
antitumor	alkaloid	agelastatin	A,	a	hetero-Diels–Alder	reaction	between	cyclopentadiene	and
N-sulfinyl	methyl	carbamate	provided	bicyclic	intermediate	173	(Scheme	18.46).	Addition	of
phenyl	Grignard	cleaved	the	S—N	bond	and	enabled	[2,3]-rearrangement	of	the	resulting
allylic	sulfoxide	174.	The	Mislow–Evans	step	led	to	a	mixture	of	oxazolidinone	175	from
cyclization	of	the	corresponding	allylic	alcohol	as	well	as	uncyclized	ethyl	carbamate	176.
The	latter	was	readily	converted	to	the	oxazolidinone	upon	treatment	with	base.46

Scheme	18.46	Hetero-Diels–Alder/Mislow–Evans	sequence	in	total	synthesis	of	agelastatin
A.46



18.11.2	Attempted	1,3-Dipolar	Cycloaddition/Mislow–Evans
Pearson	advanced	an	inspired	synthetic	strategy	in	studies	toward	preparation	of	the
homoerythrina	alkaloids,	whereby	intramolecular	[3+2]	cycloaddition	of	an	azomethine	ylide
with	the	terminal	alkene	of	a	sulfoxide-	(or	sulfide-)substituted	diene	would	provide	the
tricyclic	6-5-7	core	178,	poised	for	Mislow–Evans	rearrangement	to	install	the	C-2	hydroxyl
group	of	homoerythratine	(177)	with	the	correct	configuration	(Scheme	18.47).47	In	the	event,
the	azomethine	ylide	181	could	be	generated	from	(tributylstannyl)methylamine	and	iodoketone
180.	Dipolar	cycloaddition	was	successful,	but	the	resulting	allylic	sulfoxide	underwent
elimination	rather	than	rearrangement,	providing	conjugated	diene	182,	a	structure	closely
related	to	3-epi-schelhammeridine	(182	with	R	=	OMe).	Although	the	1,3-dipolar
cycloaddition/Mislow–Evans	sequence	was	not	attained	in	this	system,	the	use	of	dienyl
sulfoxides	(or	the	corresponding	sulfides)	in	such	cycloadditions	may	enable	subsequent	[2,3]-
rearrangement	in	cases	where	elimination	is	less	competitive.

Scheme	18.47	Attempted	1,3-dipolar	cycloaddition/Mislow–Evans	rearrangement	toward
homoerythrina	alkaloids.47

18.11.3	Double	Overman	Rearrangement/Mislow–Evans
A	remarkable	cascade	sequence	of	two	sequential	Overman	rearrangements	set	up	a
subsequent	Mislow–Evans	rearrangement	in	Chida's	total	synthesis	of	the	marine	sponge-
derived	alkaloid	(−)-agelastatin	A	(189;	Scheme	18.48).48	Diol	183,	derived	in
enantiomerically	pure	form	from	d-tartaric	acid,	was	converted	to	the	bis-trichloroacetimidate
184,	which	underwent	double	Overman	rearrangement,	with	the	first	[3,3]-sigmatropic	event
setting	up	the	second.	Besides	establishing	the	syn	stereochemistry	at	the	vicinal	nitrogen-
bearing	centers	of	185,	the	Overman	rearrangements	transposed	alkene	functionality	into



position	with	respect	to	the	phenylthioether,	enabling	the	ensuing	Mislow–Evans	step.
Oxidation	gave	sulfoxides	186	as	a	1:1	mixture	of	sulfoxide	diastereomers.	Rearrangement	in
the	presence	of	trimethylphosphite	provided	an	epimeric	mixture	of	the	corresponding	allylic
alcohols	187.	Interestingly,	in	this	case,	the	two	diastereomers	of	sulfoxide	186	could	be
separated	by	HPLC	and	were	configurationally	stable	enough	to	each	be	characterized	and
individually	subjected	to	the	Mislow–Evans	rearrangement	conditions.	Both	sulfoxide
diastereomers	gave	the	same	nonstereoselective	outcome:	a	1:1	mixture	of	epimers	187.
Nevertheless,	both	alcohol	diastereomers	could	be	advanced	via	ring-closing	metathesis,
followed	by	stereoconvergent	cyclization	to	oxazoline	188,	a	key	intermediate	for	elaboration
toward	(−)-agelastatin	A.

Scheme	18.48	Sequential	double-Overman	rearrangement/Mislow–Evans	sequence	in
agelastatin	total	synthesis.48

18.11.4	Claisen	Rearrangement/Mislow–Evans
While	the	Chida	example	in	Scheme	18.48	required	a	sulfur	oxidation	step	between	the	[3,3]-
and	[2,3]-sigmatropic	rearrangements,	a	more	truly	domino-type49	sequence	of	rearrangements
occurred	in	Zakarian's	preparation	of	the	spiro-fused	imine	portion	of	the	pinnatoxin
framework	(Scheme	18.49).50	Here,	(E)-vinyl	sulfoxide	191	(prepared	by	addition	of	the	anion
of	methyl-p-tolyl	sulfoxide	to	the	aldehyde	derived	by	oxidation	of	primary	alcohol	190	and



subsequent	elimination)	underwent	an	efficient	Claisen	rearrangement/Mislow–Evans	cascade
process	when	heated	in	the	presence	of	triethylphosphite	and	sym-collidine.	This	high-yielding
reaction	sequence	provided	stereocontrolled	synthesis	of	the	cyclohexene	193,	bearing	an	all-
carbon	quaternary	stereocenter	at	one	allylic	site	and	a	tertiary	alcohol	stereocenter	at	the	other
allylic	position.	By	successively	using	both	(S)-	and	(R)-methyl-p-tolyl	sulfoxides	to	generate
either	sulfur	epimer	of	vinyl	sulfoxide	191,	Zakarian	and	coworkers	determined	that	the
diastereomeric	sulfoxides	each	gave	193	in	comparable	yield.	Mechanistically,	Claisen
rearrangement	of	191	evidently	proceeded	to	give	allyl	sulfoxide	192,	followed	by	the
Mislow–Evans	rearrangement	and	in	situ	sulfenate	trapping,	arriving	at	the	final	allylic
alcohol	product	193.	Microwave	heating	could	be	used	to	drastically	shorten	the	reaction	time
for	the	tandem	rearrangement	sequence	while	still	maintaining	a	high	yield	of	193.51

Scheme	18.49	Sequential	Claisen/Mislow–Evans	rearrangement	in	synthetic	studies	toward
pinnatoxin.50,	51

Zakarian's	group	encountered	contrasting	reactivity,	however,	when	attempting	to	carry	out	a
similar	Claisen/Mislow–Evans	cascade	toward	the	preparation	of	(−)-joubertinamine	and	(−)-
mesembrine,	psychoactive	alkaloids	from	plants	of	the	sceletium	family	(Scheme	18.50).52	In
this	case,	only	starting	material	was	recovered	when	either	sulfoxide	diastereomer	of	vinyl
sulfoxide	194	was	heated	under	conditions	that	had	given	smooth	rearrangement	of	191	in	the
pinnatoxin	approach	(compare	Schemes	49	and	50),	and	at	higher	temperatures,	vinyl	sulfoxide



194	decomposed.	These	results	indicated	that	the	initial	Claisen	rearrangement	was	not	taking
place.

Scheme	18.50	Vinyl	sulfoxide	fails	as	Claisen	rearrangement	substrate	in	joubertinamine	and
mesembrine	synthesis.52

In	this	case,	the	ability	to	use	a	sulfide	in	place	of	a	sulfoxide,	with	the	oxidation-state
adjustment	and	subsequent	Mislow–Evans	to	occur	later,	provided	a	solution	to	the	recalcitrant
Claisen	rearrangement.	This	strategy	(Scheme	18.51)	was	particularly	appealing	in	this	case,
because	terminal	thioethers	are	known	to	be	strongly	activating	for	[3,3]-sigmatropic	anionic
oxy-Cope	rearrangements.53

Scheme	18.51	Claisen	rearrangement	of	the	E-vinyl	sulfide	followed	by	Mislow–Evans
provides	the	desired	outcome.52

Vinyl	sulfide	195	(Scheme	18.51)	was	prepared	as	a	mixture	of	alkene	isomers	favoring	the	Z
geometry,	which,	based	on	transition	state	considerations,	would	give	an	undesired	product



diastereomer.	Fortunately,	because	(Z)-195	underwent	Claisen	rearrangement	much	more
slowly	than	(E)-195,	radical-mediated	equilibration	of	the	alkene	isomers	under	the
rearrangement	conditions	enabled	selective	conversion	of	the	E	isomer	to	Claisen
rearrangement	product	196.	As	with	the	pinnatoxin	approach,	a	quaternary	carbon	center	was
established	in	the	Claisen	rearrangement	step.	In	this	way,	starting	from	a	mixture	substantially
enriched	in	(Z)-195,	a	useful	yield	of	196	resulted	via	[3,3]-rearrangement	of	(E)-195.	Indeed,
when	the	reaction	was	stopped	prior	to	full	conversion	to	196,	the	vinyl	sulfide,	now	enriched
in	(E)-195,	was	reisolated.
Olefination	of	the	aldehyde	of	196	installed	an	additional	carbon	necessary	for	advancement	to
the	natural	products,	giving	methyl	vinyl	ether	197.	Treatment	with	dimethyldioxirane	at	low
temperature	accomplished	oxidation	at	sulfur	in	the	presence	of	the	electron-rich	vinyl	ether,
and	the	resulting	sulfoxides	(mixture	of	diastereomers	at	sulfur)	underwent	high-yielding
Mislow–Evans	rearrangement	to	allylic	alcohol	198	under	mild	conditions	in	methanol
containing	trimethylphosphite	and	di-iso-propyl	amine.	The	product	198	of	this	sequential
Claisen/Mislow–Evans	process	was	converted	to	either	(−)-joubertinamine	or	(−)-
mesembrine	in	a	short	series	of	steps.

The	Claisen-type	[3,3]-rearrangement	of	propargyl	vinyl	ethers	bearing	a	sulfoxide	group	on
the	vinyl	portion	led	directly	to	Mislow–Evans	rearrangement	in	a	synthesis	of	unsaturated	1,4-
ketoesters	developed	by	Posner	(Scheme	18.52).54	Addition	of	the	lithium	salts	of	propargyl
alcohols	to	the	β-chloro-β-ethoxy	vinyl	sulfoxide	199	provided	the	transient	addition–
elimination	product	200,	which,	upon	heating,	underwent	[3,3]-sigmatropic	rearrangement	to
201,	followed	by	[2,3]-rearrangement	to	vinyl	sulfenate	ester	202	and	hydrolysis	to	the	final
product	203.	Products	of	type	203	were	used	in	Diels–Alder	reactions	and	for	heterocycle
synthesis.	The	corresponding	allenyl	alcohol	starting	materials	could	also	be	used	for	this
tandem	[3,3]/Mislow–Evans	process.

Scheme	18.52	Tandem	Claisen-type	[3,3]/Mislow–Evans	rearrangement	of	sulfoxide-
substituted	propargyl	ketene	acetals.54

18.11.5	Aldol/Ireland–Claisen/Mislow–Evans



Heathcock	developed	an	aldol/Ireland–Claisen/Mislow–Evans	sequence	to	construct	1,2,5-
stereoarrays	containing	a	3,4-trans-alkene	and	applied	this	reaction	series	to	the	synthesis	of
the	polyene	antibiotic	myxalamide	A.55	The	sulfur	group	that	would	eventually	participate	in
the	Mislow–Evans	step	originated	from	the	β-tert-butyl	thioether	of	trisubstituted	α,β-
unsaturated	aldehyde	204	(Scheme	18.53).	Evans	syn-aldol	reaction	using	the	boron	enolate	of
N-propionyl	oxazolidinone	205,	followed	by	reduction,	provided	diol	206,	which	was
silylated	at	the	primary	hydroxyl	and	then	esterified	in	advance	of	the	Ireland–Claisen
rearrangement.	Formation	of	the	E-silyl	ketene	acetal	from	ester	207	and	warming	to	room
temperature	led	to	smooth	and	stereospecific	[3,3]-sigmatropic	rearrangement.	The	methyl
ester	208	was	isolated	after	hydrolysis	of	the	intermediate	silyl	ester	and	treatment	of	the
resulting	acid	with	diazomethane.	The	well-ordered	Ireland–Claisen	transition	structure
parlayed	three	elements	of	stereochemistry	in	207,	vinyl	sulfide	geometry,	silyl	ketene	acetal
geometry,	and	C-2	configuration,	into	establishing	the	4,5-anti	relationship	and	the	E-alkene
geometry	in	rearrangement	product	208	(atom	numbering	selected	to	highlight	the	1,2,5	relative
stereochemistry	in	210;	see	further	discussion	in	the	following).

Scheme	18.53	Aldol/Ireland–Claisen/Mislow–Evans	sequence	in	the	total	synthesis	of
myxalamide	A.55a

The	methyl	ester	of	208	was	reduced	and	the	resulting	primary	alcohol	activated	and
homologated	to	yield	209.	Oxidation	of	the	sulfide	gave	a	mixture	of	sulfoxide	diastereomers,



and	Evans–Mislow	rearrangement	in	the	presence	of	trimethylphosphite	yielded	the	1,2-anti–
2,5-anti	product	210.	Mechanistically,	the	stereochemical	outcome	is	analogous	to	that
investigated	computationally	by	Jorgensen	in	a	simpler	system	(see	Scheme	18.7).10	In	such	a
scenario,	the	diastereomeric	sulfoxides	proceed	stereoconvergently	to	the	same	stereoisomer
of	product	but	via	different	transition	states	(endo	for	one	and	exo	for	the	other).	Notably,	the
1,2-relationship	in	210	corresponds	to	what	can	be	an	otherwise	synthetically	elusive	anti
aldol	motif.	En	route	to	the	natural	product,	protecting	group	manipulations	gave	primary
alcohol	211,	which	was	elaborated	to	myxalamide	A.

18.11.6	Knoevenagel	Condensation/Vinyl	Sulfoxide
Isomerization/Mislow–Evans
A	particularly	popular	and	useful	cascade	process	that	includes	the	Mislow–Evans
rearrangement	starts	with	the	Knoevenagel	condensation	of	an	aldehyde	(or	sometimes	a
ketone)	with	an	α-sulfinyl-substituted	active	methylene	compound	212	(Scheme	18.54).
Piperidine	and	other	secondary	amines	are	commonly	used	for	this	transformation,	as	these
bases	facilitate	the	condensation	as	well	as	subsequent	isomerization	of	the	vinyl	sulfoxide	to
the	corresponding	allyl	sulfoxide	intermediate	213.	In	situ	[2,3]-sigmatropic	rearrangement
converts	the	allyl	sulfoxide	to	the	sulfenate	ester,	which	is	captured	by	a	thiophile	(piperidine
can	play	this	role	as	well),	producing	final	product	214.	Nokami	reported	this	one-pot
sequence	in	1981,	using	2-arylsulfinyl	acetonitrile	(EWG	=	CN),56	and	the	use	of
sulfinylacetates	(EWG	=	CO2R)57	or	bis-sulfoxides	(EWG	=	S(O)Ar)58	is	also	possible.	From
a	synthesis	planning	perspective,	this	transformation	provides	the	equivalent	of	aldehyde	(or
ketone)	α-hydroxylation,	followed	by	olefination,	giving	γ-hydroxy-α,β-unsaturated	products
214.

Scheme	18.54	Knoevenagel/isomerization/Mislow–Evans	sequence	provides	synthetic
equivalent	for	olefination	of	α-hydroxyaldehydes	(EWG	=	CN).56

Nokami	extended	this	methodology	to	the	use	of	β-ketosulfoxides	as	well.59	For	example,



Knoevenagel	condensation	of	β-ketosulfoxide	215	(Scheme	18.55),	bearing	a	terminal	alkene
group,	with	hexanal	provided	a	good	yield	of	the	γ-hydroxyl-α,β-unsaturated	ketone	product
216,	having	the	E-alkene	geometry.	Adding	a	substoichiometric	amount	of	acetic	acid
improved	reaction	efficiency,	apparently	by	promoting	the	dehydrative	part	of	the	Knoevenagel
condensation	step.	The	transformation	tolerated	additional	ketone	and	ester	functionality,	acetal
and	silyl	protecting	groups,	as	well	as	a	free	hydroxyl	group	in	one	β-ketosulfoxide	substrate.
Finally,	Nokami	and	coworkers	used	the	Knoevenagel/isomerization/Mislow–Evans	cascade
to	prepare	the	cytotoxic	(E)-oxooctadecenoic	acid	217.

Scheme	18.55	γ-Hydroxy-α,β-unsaturated	ketones	via	Knoevenagel/isomerization/Mislow–
Evans	sequence.59b

An	advance	that	makes	this	reaction	sequence	easier	to	conduct,	while	reducing	the	need	for
organic	solvents,	involves	the	use	of	silica-supported	tertiary	amines.	Hagiwara	and
coworkers	used	N,N-diethylaminopropyl-grafted	silica	gel	(NDEAP)	in	water	to	carry	out	the
Knoevenagel/isomerization/Mislow–Evans	reaction	sequence	between	α-arylsulfinyl
acetonitriles	and	various	aldehydes.60	Workup	with	diethylamine	improved	yields	by	driving
the	conversion	of	the	sulfenate	ester	intermediates	to	the	final	allylic	alcohol	products.	With	the
m-chlorophenyl	sulfoxide	218	(Scheme	18.56),	for	example,	condensation	with	citronellal,
followed	by	isomerization,	[2,3]-sigmatropic	rearrangement,	and	trapping	of	the	sulfenate,
gave	γ-hydroxy-α,β-unsaturated	nitrile	219,	exclusively	as	the	trans-alkene	isomer	but	without
diastereoselectivity	at	the	hydroxyl-bearing	center.	Again,	this	transformation	corresponds	to
olefination	of	the	α-hydroxy	derivative	of	the	aldehyde	component	(220	→	221).



Scheme	18.56	Knoevenagel/Mislow–Evans	sequence	mediated	by	silica-supported	amines
under	aqueous	conditions;	equivalent	of	aldehyde	α-hydroxylation/olefination.60

A	diastereoselective	example	of	the	Knoevenagel/Mislow–Evans	process	included	cyclization
of	the	resulting	alcohol	via	transesterification.	In	Trost's	total	synthesis	of	the	antibacterial	and
antifungal	cyathin-family	diterpene	(+)-allocyathin	B2,	aldehyde	222	provided	essentially	a
single	diastereomer	of	lactone	223	upon	treatment	with	α-phenylsulfinyl	acetonitrile	and
piperidine	(Scheme	18.57).61	This	key	Mislow–Evans-based	hydroxylation–olefination	set	the
stage	for	rapid	elaboration	to	the	natural	product	via	site-selective	alkene	hydrogenation,
nitrile-to-aldehyde	and	lactone-to-lactol	reduction,	and	intramolecular	aldol	condensation.

Scheme	18.57	Diastereoselective	Knoevenagel/Mislow–Evans	approach	in	(+)-allocyathin	B2
total	synthesis.61

Lacôte	and	coworkers	developed	a	fascinating	variant	of	the	Knoevenagel/Mislow–Evans
domino	reaction,	starting	by	condensation	of	chiral,	enantiopure	bis-sulfoxide	224	(Scheme
18.58)	with	cyclic	ketones.62	In	the	presence	of	a	thiophile	(best	results	were	obtained	with	in
situ	generated	lithium	phenylthiolate),	subsequent	[2,3]-rearrangement	and	sulfenate	trapping
led	diastereoselectively	to	cyclic	allylic	alcohols	bearing	an	exocyclic	vinyl	sulfoxide.	For
example,	the	reaction	of	cyclopentanone	provided	a	single	diastereomer	of	225,	the	relative
stereochemistry	of	which	was	determined	by	X-ray	diffraction.	With	the	five-membered-ring
product	225	(though	not	with	the	corresponding	cyclohexanone-derived	system),	some
isomerization	of	the	double	bond	into	the	ring	occurred,	producing	allylic	sulfoxide	226.	As
discussed	earlier	in	this	chapter	(cf.	Scheme	18.3),	the	sulfur	center	of	allylic	sulfoxides	often
epimerizes	readily	via	reversible	[2,3]	sigmatropy,	but	the	sulfur	stereocenter	in	the	allylic
sulfoxide	226	possessed	unusual	configurational	stability,	with	a	>1	day	half-life	for
epimerization	in	THF	solution	at	30	°C	and	complete	long-term	stability	when	kept	at	freezer
temperature.	A	second	Mislow–Evans	rearrangement,	using	226	in	the	presence	of



triethylphosphite,	followed	by	acetylation	to	simplify	product	purification,	gave	a
preponderance	of	the	optically	active	product	227a	over	the	meso	diastereomer	227b.
Interestingly,	the	high	stereoselectivity	in	[2,3]-rearrangement	of	226	was	attributed	to	a
synergy	between	the	configurations	at	the	preexisting	allylic	alcohol	and	at	the	sulfoxide	sulfur.

Scheme	18.58	Condensation	of	a	chiral	bis-sulfoxide	with	cyclopentanone	followed	by	a
double	Mislow–Evans	rearrangement	and	ketones.62

With	α-chloro	vinyl	sulfoxides	and	an	excess	of	N-lithio	2-piperidone	base,	an	interesting
variant	of	the	isomerization/Mislow–Evans	rearrangement	occurs,	whereby	a	sulfide	group
derived	from	the	original	sulfoxide	is	returned	to	its	original	carbon	site	of	attachment	(228	→
229;	Scheme	18.55).63	Choice	of	base	is	crucial	(e.g.,	use	of	LDA	gave	only	decomposition),
and	at	least	one	of	the	alkene	substituents,	R1	or	R2,	must	be	methyl.	The	double-bond	geometry
of	the	product	1-chloro-2-(hydroxymethyl)alkenyl	sulfides	229	is	independent	of	the	alkene
stereochemistry	of	the	starting	vinyl	sulfoxide.	Mechanistically,	Satoh	and	coworkers	proposed
that	initial	isomerization	of	the	vinyl	sulfoxide	to	the	allyl	sulfoxide	230	enabled	[2,3]-
sigmatropic	rearrangement.	The	2-piperidone	anion,	used	in	excess,	intercepted	the	sulfenate
ester	231	and	also	deprotonated	vinyl	chloride	232,	generating	vinyl	anion	233.	The	N-sulfenyl
2-piperidone	(234)	produced	earlier	served	as	the	sulfenylating	agent	for	the	vinyl	anion,
giving	the	final	vinyl	sulfide	product	235	(Scheme	18.59).



Scheme	18.59	Mislow–Evans	process	with	return	of	sulfur	to	its	original	site.63

Zard	has	studied	the	isomerization/Mislow–Evans	rearrangement	of	vinyl	sulfoxides	such	as
237,	arising	from	enolate	addition	to	alkynyl	sulfoxides	(Scheme	18.60).64	Isomerization	of
237	to	the	allylic	sulfoxide	238	enabled	the	[2,3]-sigmatropic	rearrangement	to	α-hydroxy-α-
vinyl	ketone	239.	In	this	case,	diastereoselectivity	was	low	in	formation	of	the	carbinol	center
within	a	steroid	framework.	Additions	to	allenyl	sulfoxides	provide	a	similar	sequence,
leading	to	2-propenyl	substitution	at	the	tertiary	alcohol	center	(not	shown).



Scheme	18.60	Isomerization/Mislow–Evans	rearrangement	of	vinyl	sulfoxides	generated	by
addition	of	enolates	to	alkynyl	sulfoxides.64

Vinyl	sulfoxide	isomerization	followed	by	Mislow–Evans	rearrangement	was	also	central	to	a
synthetic	route	toward	the	hydroazulene	moiety	of	the	antibiotic	fungal	metabolite
guanacastepene	A	(Scheme	18.61).65	In	this	case,	a	diastereomeric	mixture	of	vinyl	sulfoxides
241	resulted	upon	oxidation	of	the	starting	vinyl	sulfide	240.	Subsequent	treatment	with	DBU
led	to	the	sequential	isomerization/[2,3]-rearrangement	process.	Under	these	conditions,	the
intermediate	sulfenate	was	converted	to	the	allylic	alcohol	242,	produced	as	a	4:1	mixture	of
epimers.	Here,	the	modest	selectivity	in	formation	of	the	allylic	stereocenter	was	of	no
synthetic	consequence,	as	the	alcohol	was	subsequently	oxidized	to	the	corresponding	enone.
Notably,	the	overall	conversion	from	240	to	242	represents	a	1,3-vinyl-to-allyl	heteroatom
transposition.

Scheme	18.61	Isomerization	of	a	vinyl	sulfoxide	and	rearrangement	in	an	approach	toward	the
guanacastepene	A	hydroazulene.65

18.11.7	Sulfenate-to-Sulfoxide	Conversion	and	Olefination
Allylic	sulfoxide	functionality,	established	via	Mislow–Evans	rearrangement	starting	from
allylic	alcohol	243	(Scheme	18.62),	served	as	a	site	for	olefination.	Oxidation	of	the	[2,3]-



rearrangement	product	244	to	the	allylic	sulfone	245,	followed	by	alkylation	with
iodotrimethylsilylmethane,	gave	β-silyl	sulfone	246.	Fluoride-induced	elimination	according	to
Kocienski's	protocol66	provided	the	desired	conjugated	diene	product	247,	prepared	by	Vidari
and	coworkers	during	studies	using	α-	and	γ-ionone	analogues	to	elucidate	mechanisms	of
olfactory	G	protein-coupled	receptor	binding.67

Scheme	18.62	Allylic	alcohol	converted	via	Misow–Evans	to	sulfoxide	for	olefination	to	a
conjugated	diene.67

18.11.8	Generation	of	Sulfenate	Anions	for	Pd-Mediated	Cross-
Coupling
Madec	and	coworkers	demonstrated	the	use	of	allylic	sulfoxides	as	sulfenate	anion	precursors
in	a	synthesis	of	diaryl	sulfoxides	(Scheme	18.63).68	Mislow–Evans	rearrangement	provided
some	of	the	corresponding	sulfenate,	which	was	trapped	by	the	Pd(0)	catalyst	to	generate	π-
allyl	Pd(II)	complex	248.	Trapping	of	the	allyl	fragment	with	tert-butoxide	as	the	nucleophile
provided	a	source	of	sulfenate	anion	and	regenerated	Pd(0)	for	subsequent	cross-coupling,
giving	diaryl	sulfoxide	products	249.	For	example,	using	this	Mislow–Evans-enabled
methodology,	sulfoxide	250	was	prepared	in	60%	yield.



Scheme	18.63	Allyl	sulfoxide	as	a	sulfenate	anion	source	in	cross-coupling	route	to	aromatic
sulfoxides.68

18.12	HETEROATOM	[2,3]-REARRANGEMENT
VARIANTS
There	are	a	number	of	[2,3]-sigmatropic	rearrangements	related	to	the	Mislow–Evans
rearrangement	but	differing	in	the	heteroatom	moiety.	While	these	are	not	the	main	focus	of	the
current	chapter,	they	present	unique	opportunities	for	synthetic	applications,	and	several	recent
examples	are	outlined	in	the	following.	Another	closely	related	process,	the	[2,3]-
Meisenheimer	rearrangement	of	allylic	N-oxides,	is	discussed	separately	in	Chapter	15	on
ammonium	ylide	rearrangements.

18.12.1	Allylic	Selenoxide	[2,3]-Rearrangements
The	most	widely	used	heteroatom	variant	of	the	Mislow–Evans	rearrangement	involves	the	use
of	allylic	selenoxides	in	place	of	allyl	sulfoxides.	Early	studies	on	allylic	selenoxide
rearrangements	were	carried	out	by	Sharpless	and	Lauer69	and	Reich,70	and	several	recent
natural	product	syntheses	have	featured	impressive	applications	of	the	method.	As	Reich
pointed	out,	capture	of	the	selenate	esters	resulting	from	the	rearrangement	can	be	easier	than
in	the	sulfur	analogues	because	the	selenates	are	easily	hydrolyzed.	Nevertheless,	the	addition
of	a	selenophilic	trap	is	often	beneficial	as	highlighted	in	a	number	of	the	examples	in	this
section.

En	route	to	a	total	synthesis	of	the	anticancer	compound	FR901464,	Koide	and	coworkers
carried	out	a	diastereoselective	allylic	selenoxide	rearrangement	upon	oxidation	of	either	allyl
selenide	251	(Scheme	18.64).71	Optimization	studies	using	the	preformed	allyl	selenide	251
identified	the	o-nitrophenyl	selenide	as	an	effective	aryl	substituent	and	N,N-
dimethylaminopyridine	as	the	best	selenophilic	base	additive	in	the	formation	of	rearrangement
product	252	(see	top	of	Scheme	18.64).	Reactions	were	slower	and	diastereoselectivity,	a
crucial	parameter	here,	was	lower	using	other	bases	or	with	less	than	3	equiv	of	DMAP.	Using
the	optimized	conditions,	a	one-pot	method	for	overall	1,3-allylic	alcohol	transposition	was



achieved.	Starting	from	primary	allylic	alcohol	253,	formation	of	the	allyl	selenide	and	in	situ
oxidation–rearrangement–selenate	ester	trapping	occurred	to	give	the	secondary	allylic	alcohol
252	in	excellent	yield	and	synthetically	useful	diastereoselectivity.

Scheme	18.64	Selenoxide	[2,3]-rearrangement	in	the	total	synthesis	of	FR901464.71

Increasing	the	synthetic	versatility	of	this	methodology,	the	allyl	selenide	precursor	for
selenoxide	[2,3]-rearrangement	can	be	carried	through	a	number	of	synthetic	steps,	including
ones	involving	oxidative	conditions.	This	feature,	along	with	diastereoselective,	suprafacial
migration	in	the	sigmatropic	rearrangement,	was	crucial	in	Kigoshi's	total	synthesis	of	(−)-13-
oxyingenol,	bearing	the	inside–outside	architecture	in	its	carbonyl-bridged	and
stereochemically	dense	tricyclic	framework.72	Introduction	of	the	phenyl	selenide	group	with
inversion	of	configuration	(254	→	255;	Scheme	18.65)	set	the	stage	for	transposition	of	the	C-
7	stereochemistry	to	a	C-5	allylic	alcohol.	Moreover,	the	selenide	was	compatible	with
chemistry	required	for	conversion	of	255	to	256,	including	oxidative	removal	of	the
methoxyphenylmethyl	(MPM)	protecting	groups,	Parikh–Doering	oxidation	at	C-2,	and	OsO4
dihydroxylation	of	a	C-3—C-4	olefin.	In	the	key	[2,3]-sigmatropic	rearrangement	event,
peroxyacid	oxidation	of	the	selenide	and	treatment	of	the	allylic	selenoxides	with
trimethylphosphite	provided	triol	257	as	a	single	diastereomer	at	C-5.



Scheme	18.65	Installation	of	allylic	alcohol	functionality	in	a	highly	complex	setting	in	total
synthesis	of	(−)-13-oxyingenol.72

An	allylic	selenoxide	rearrangement	also	proceeded	with	high	diastereocontrol,	but	within	an
acyclic	allyl	system,	in	the	course	of	Floreancig's	total	synthesis	of	the	sponge-derived
macrolactone	natural	product	(+)-dactylolide.73	Conversion	of	C-9	allylic	alcohol	258
(Scheme	18.66)	to	the	double-bond-migrated	C-7	alcohol	259	was	achieved	via	Mitsunobu-
like	incorporation	of	the	selenide,	oxidation	to	selenoxide	260,	and	rearrangement	with	added
pyridine.	Product	259	was	obtained	as	a	single	epimer	at	C-7	and	with	the	trans	geometry	at
the	C-8—C-9	alkene.	This	stereochemical	outcome	is	consistent	with	rearrangement
proceeding	through	a	transition	structure	261	having	the	large	group	at	the	allylic	stereocenter
in	a	pseudo-equatorial	orientation.74,	75



Scheme	18.66	Seleno	Mislow–Evans	applied	for	allylic	transposition	in	total	synthesis	of	(+)-
dactylolide.73

18.12.2	Allylic	Sulfimide	Rearrangements
The	[2,3]-rearrangement	of	allylic	sulfimides	provides	a	route	to	allylic	amine	derivatives,76
including	alkaloids,77	β-lactams,78	and	nonnatural	amino	acids.79	As	in	the	Mislow–Evans
rearrangement	of	allylic	sulfoxides	and	the	corresponding	selenoxide	reactions	exemplified
previously,	allylic	sulfimide	rearrangements	present	opportunities	for	chirality	transfer	and	the
preparation	of	enantioenriched	products.	In	the	amino	acid	area,	Armstrong's	group	has	used
chiral	proline	derivative	262	as	a	catalyst	in	the	enamine-mediated	preparation	of	chiral,
nonracemic	α-sulfenyl	aldehydes	263,	followed	by	olefination	to	give	rearrangement
precursors	such	as	(E)-264	(Scheme	18.67).79	Transfer	of	an	N-Boc	nitrene	fragment	from
oxaziridine	266	generated	sulfimides	of	type	267,	which	rearranged	in	situ	to	the	allylic	N-
sulfenylcarbamate	products	265,	with	complete	chirality	transfer	and	E-specific	alkene
stereochemistry.	Armstrong	explained	this	outcome	by	invoking	preferential	transition
assembly	267a	versus	the	A1,3-disfavored	alternative	267b	(i.e.,	the	R	group	pseudo-equatorial
in	the	five-membered-ring	transition	structure).	Consistent	with	this	transition	state	model,
complementary	allylic	stereochemistry	was	obtained	starting	from	the	Z-alkene	allylic
sulfimide	generated	from	sulfide	(Z)-264.



Scheme	18.67	Preparation	and	rearrangement	of	chiral	allylic	sulfimides.79

Two	additional	features	of	the	sulfimide	rearrangement	are	noteworthy	in	the	context	of	a
chapter	on	the	Mislow–Evans	rearrangement.	First,	the	sulfimides	typically	form	as	a	mixture
of	diastereomers	at	sulfur,	so	at	least	in	the	examples	shown	earlier,	the	stereochemistry	at
sulfur	does	not	appear	to	affect	the	outcome	of	the	[2,3]-sigmatropic	rearrangement.	The	same
is	often	(but	not	always;	see,	for	example,	Fernández	de	la	Pradilla's	and	Myers's	studies	in
Schemes	18.25–18.27)	true	of	the	Mislow–Evans	rearrangement	of	allylic	sulfoxides	that	are
diastereomeric	at	the	sulfur	center	and	implies	that	the	two	sulfimide	diastereomers	proceed	to
the	same	major	product	but	one	via	an	endo	and	the	other	through	an	exo	transition	state
arrangement	(cf.	Jorgensen's	findings;	Scheme	18.7).	Second,	in	contrast	to	the	usual
thermodynamics	of	the	allylic	sulfoxide–allylic	sulfenate	interconversion,	which	favor	the
sulfoxide,	for	the	sulfimide	rearrangements	shown	in	Scheme	18.67,	the	product	265	forms	in
high	yield	without	in	situ	trapping	by	a	thiophile,	so	cleavage	of	the	N—S	bond	occurs	in	a
subsequent	and	also	high-yielding	step	(e.g.,	268	→	269;	Scheme	18.68).



Scheme	18.68	Cleavage	of	the	N—S	bond	occurs	in	a	separate	step.79

18.12.3	Rearrangement	of	Allylic	Nitro	Compounds
Allylic	nitro	derivatives	can	undergo	Mislow–Evans-like	[2,3]-sigmatropic	rearrangement,
giving	allylic	alcohol	products	upon	hydrolysis	of	the	resulting	nitrite	esters	(270	→	271	→
272;	Scheme	18.69).	In	exploring	synthetic	applications	of	this	rearrangement,	the	Zard	group
found	that	inclusion	of	DABCO	as	the	optimal	base	was	crucial	in	order	to	suppress	unwanted
elimination	side	reactions.80	The	reaction	was	diastereoselective,	as	exemplified	in	the
reaction	of	273	to	a	single	diastereomer	of	274,	a	result	rationalized	by	invoking	transition
structure	275,	wherein	there	is	pseudo-axial	C—O	bond	formation	within	a	chair-like
arrangement	and	the	phenyl	group	occupies	an	equatorial	position.



Scheme	18.69	Rearrangement	of	allylic	nitro	compounds	via	a	[2,3]	process.80

The	utility	of	this	method	also	stems	from	the	fact	that	the	nitro	group	enables	C—C	bond
formation	prior	to	the	rearrangement.	Michael	addition	of	the	anion	derived	from	276	to	methyl
vinyl	ketone	led	to	allylic	nitro	compound	277,	which	rearranged	to	allylic	alcohol	278	in	high
yield	and	excellent	diastereoselectivity.	Meanwhile,	a	single	diastereomer	of	the	bicyclic
framework	280	was	available	under	thermodynamic	control	from	nitro	aldehyde	279	via
reversible	Henry	reaction,	and	transposition	of	the	allylic	nitro	stereocenter	to	allylic	alcohol
281	resulted	from	the	suprafacial	nature	of	the	ensuing	[2,3]-rearrangement.

18.12.4	Allylic	Halogen	Oxide	[2,3]-Rearrangements
An	allylic	halogen	oxide	[2,3]-sigmatropic	rearrangement	is	another	intriguing	analogue	of	the
Mislow–Evans	process.	In	this	scenario	(Scheme	18.70),	oxidation	of	an	allylic	iodide
provides	iodoso	intermediate	282,	which	rearranges	to	the	corresponding	allylic	hypoiodite
283.	Yamamoto	et	al.	found	that	the	reaction	worked	best	with	excess	peracid	oxidant,	as	the
initially	formed	hypoiodite	was	further	oxidized	to	the	iodate	ester	(284),	an	intermediate



readily	hydrolyzed	to	the	final	allylic	alcohol	product.81	Examples	included	oxidative
rearrangement	of	trans-γ-iodocrotonate	ester	285,	giving	allylic	alcohol	286,	wherein	the
double	bond	was	out	of	conjugation	with	the	ester	carbonyl.	The	same	product	could	also	be
prepared	in	comparable	yield	from	Mislow–Evans	rearrangement	of	allylic	sulfoxide	287,	but
considerably	more	vigorous	reaction	conditions	were	required,	highlighting	the	potential
synthetic	utility	of	the	halogen	oxide	rearrangement.

Scheme	18.70	Halogen	oxide	analogue	of	Mislow–Evans	rearrangement.81

Recently,	this	potential	has	been	realized	in	Shoji's	stereoselective	preparation	of	methyl	epi-
anhydroquinate	290	using	the	allylic	iodoso	rearrangement	strategy	(Scheme	18.71).82	The
initial	synthetic	plan	was	to	utilize	either	the	sulfoxide	(289a)	or	selenoxide	(289b)	as	a	[2,3]-
rearrangement	substrate	(Scheme	18.71,	top).	However,	attempted	Mislow–Evans
rearrangement	of	289a	resulted	in	decomposition,	while	the	corresponding	selenoxide	289b
was	capricious	to	prepare	from	epoxide	precursor	288.	On	the	other	hand,	regio-	and
stereocontrolled	epoxide	opening	of	288	using	magnesium	iodide	resulted	in	allylic	iodide
291,	which,	upon	oxidation,	led	to	the	desired	product	290	with	excellent	diastereoselectivity.
Shoji	and	coworkers	found	that	in	addition	to	the	conditions	pioneered	by	Yamamoto	et	al.,81
addition	of	aqueous	sodium	potassium	tartrate	in	the	oxidation	step	was	necessary	to	preserve
high	diastereoselectivity	in	formation	of	290.	Apparently,	291	is	prone	to	epimerization	at	the
iodine-bearing	stereocenter,	a	process	that	is	suppressed	by	the	added	tartrate	salts.83



Scheme	18.71	Rearrangement	of	iodoso	alkene	in	synthesis	of	quinic	acid	derivative.82

18.13	[2,3]-REARRANGEMENTS	OF	PROPARGYL	AND
ALLENYL	SULFENATES	AND	SULFOXIDES
While	they	lie	for	the	most	part	outside	the	scope	of	this	chapter,	[2,3]-sigmatropic
rearrangements	of	sulfoxides	and	sulfenates	within	propargyl	and	allenyl	systems	present
important	opportunities	for	synthesis.	Braverman	has	long	been	in	the	forefront	of	exploring
this	chemistry,84	and	numerous	examples	are	highlighted	in	a	2007	review	article.6h	To	give	the
reader	at	least	a	brief	view	of	this	panorama	of	reactions,	several	scenarios	are	shown	in
Scheme	18.72.	In	the	first	(Eq.	1),	a	propargylic	sulfenate	292	rearranges	to	a	sulfinyl-
substituted	allene	293.	These	1-allenyl	sulfoxides	are	useful	synthetically,	for	example,	in
further	rearrangements	and	cycloadditions.	Propargylic	sulfoxides	294	(Eq.	2),	meanwhile,
provide	the	sulfenylated	allen-1-ol	295	upon	[2,3]-rearrangement	en	route	to	the	final	α,β-
unsaturated	carbonyl	products	of	type	296.	Enones	also	result	starting	from	β-allenyl
sulfoxides	297.	In	this	case,	the	result	of	[2,3]-sigmatropic	rearrangement	is	a	1,3-diene	298
with	the	sulfenate	group	at	the	2-position,	leading	to	the	final	enone	product	upon	ketonization.
This	was	the	reaction	used	in	tandem	with	an	initial	Claisen-type	rearrangement	in	Posner's
study	presented	earlier	in	this	chapter	(see	Scheme	18.52).



Scheme	18.72	Propargyl	and	allenyl	sulfenate	and	sulfoxide	[2,3]	rearrangements.6h

Braverman	recently	reported	a	fascinating	set	of	examples	incorporating	some	of	these	themes
but	emanating	from	dipropargylic	disulfides	such	as	300	(Scheme	18.73).85	These	starting
materials	were	prepared	from	propargylic	thioacetates	299	in	two	steps	and	can	be	viewed	as
sulfur	analogues	of	propargylic	sulfenates	(cf.	292;	Scheme	18.72).	Warming	of	300	in
chloroform	provided	thieno-thiophenes	301	along	with	some	of	oxidative	dimerization	by-
products	302,	with	the	terminal	alkynyl	substrate	300a	reacting	markedly	faster	than	the
methyl-substituted	300b	and	giving	less	of	the	by-product	(301a:302a	=	10:1;	301b:302b	=
5:1).	Mechanistically,	Braverman	and	coworkers	proposed	that	initial	[2,3]-rearrangement	of
300	provides	thiosulfoxide	303,	which	has	functionality	reminiscent	of	both	sulfinyl	allene	293
and	propargylic	sulfoxide	294	(cf.	Eqs.	1	and	2;	Scheme	18.72).	A	second	[2,3]	process	then
gives	bis(allenyl)	disulfide	304.	Remarkably,	compared	to	the	starting	300,	this	represents	an
overall	1,3-transpostion	of	the	disulfide	linkage	with	concomitant	migration	of	the	π-bonds.
Finally,	a	hetero-[3,3]-rearrangement,	followed	by	double	conjugate	addition	of	the	resulting
α,β-unsaturated	thioketone	or	thioaldehyde	305,	would	explain	the	formation	of	the	final
product	301.	Braverman	has	also	investigated	related	reactions	of	bis(propargyloxy)	disulfides
that	provide	dithiabicyclic	architectures.86	These	examples	beautifully	illustrate	the	rich	array
of	[2,3]-rearrangement-based	transformations	available	to	unsaturated	sulfenate,	sulfoxide,	and
disulfide	starting	materials,	including	tandem	and	cascade	reactions.



Scheme	18.73	Propargylic	disulfide	cascade	rearrangement/cyclization	process.85

18.14	CONCLUSION
This	chapter	has	aimed	to	provide	a	broad	survey	of	the	Mislow–Evans	rearrangement,	starting
from	early	work	establishing	the	[2,3]-sigmatropic	nature	of	the	reaction	and	other	key
mechanistic	features	and	ranging	through	classic	synthetic	applications	and	onto	extensions	at
the	forefront	of	current-day	challenges	in	organic	synthesis.	Rather	than	providing	a
comprehensive	review,	the	goal	has	been	to	communicate	a	sense	of	the	breadth	of	this	area
and	to	stimulate	thought	on	possible	applications	of	the	Mislow–Evans	reaction	and	related
rearrangements	in	future	synthetic	endeavors.	Myriad	opportunities	remain	for	creative	uses	of
these	processes	for	the	preparation	of	stereochemically	rich	and	structurally	complex
molecular	frameworks.	Hopefully,	this	chapter	will	help	bring	these	possibilities	to	the
continuing	attention	of	synthetic	organic	chemists.

REFERENCES
1.	Sosnovsky,	G.	J.	Chem.	Soc.	1956,	3139–3141.

2.	(a)	Rayner,	D.	R.;	Miller,	E.	G.;	Bickart,	P.;	Gordon,	A.	J.;	Mislow,	K.	J.	Am.	Chem.	Soc.
1966,	88,	3138–3139.	(b)	Miller,	E.	G.;	Rayner,	D.	R.;	Mislow,	K.	J.	Am.	Chem.	Soc.	1966,
88,	3139–3140.

3.	(a)	Bickart,	P.;	Carson,	F.	W.;	Jacobus,	J.;	Miller,	E.	G.;	Mislow,	K.	J.	Am.	Chem.	Soc.
1968,	90,	4869–4876.(b)	Tang,	R.;	Mislow,	K.	J.	Am.	Chem.	Soc.	1970,	92,	2100–2104.



4.	Braverman,	S.;	Stabinsky,	Y.	Chem.	Commun.	1967,	270–271.

5.	(a)	Evans,	D.	A.;	Andrews,	G.	C.;	Sims,	C.	L.	J.	Am.	Chem.	Soc.	1971,	93,	4956–4957.(b)
Evans,	D.	A.;	Andrews,	G.	C.	Acc.	Chem.	Res.	1974,	7,	147–155.

6.	(a)	Hoffmann,	R.	W.	Angew.	Chem.,	Int.	Ed.	Engl.	1979,	18,	563–572.(b)	Braverman,	S.	In
The	Chemistry	of	Sulphones	and	Sulphoxides;	Patai,	S.;	Rappoport,	Z.,	Stirling,	C.,	Eds.;	John
Wiley	&	Sons,	Inc.:	New	York,	1988,	pp.	717–757.(c)	Altenbach,	H.-J.	In	Comprehensive
Organic	Synthesis;	Trost,	B.	M.,	Fleming,	I.,	Eds.;	Pergamon:	Oxford,	1991;	Vol.	6,	pp.	829–
871.(d)	Brückner,	R.	In	Comprehensive	Organic	Synthesis;	Trost,	B.	M.,	Fleming,	I.,	Eds.;
Pergamon:	Oxford,	1991;	Vol.	6,	pp.	873–908.(e)	Mikolajczk,	M.;	Drabowicz,	J.;
Kielbasinsky,	P.	Chiral	Sulfur	Reagents;	CRC	Press:	Boca	Raton,	1997,	pp.	78–87.(f)
Prilezhaeva,	E.	N.	Russ.	Chem.	Rev.	2001,	70,	897–920.(g)	Reggelin,	M.	Top.	Curr.	Chem.
2007,	275,	1–65.(h)	Braverman,	S.;	Cherkinsky,	M.	Top.	Curr.	Chem.	2007,	275,	67–101.

7.	(a)	Hassner,	A.;	Stumer,	C.	Organic	Syntheses	Based	on	Name	Reactions	and	Unnamed
Reactions;	Elsevier:	Amsterdam,	1994;	p.	266.	(b)	Li,	J.	J.	Name	Reactions;	Springer:	Berlin,
2002;	p	237.	(c)	Kürti,	L.;	Czakó,	B.	Strategic	Applications	of	Named	Reactions	in	Organic
Synthesis;	Elsevier:	Burlington,	MA,	2005;	pp.	292–293.

8.	Dornan,	P.	K.;	Kou,	K.	G.	M.;	Houk,	K.	N.;	Dong,	V.	M.	J.	Am.	Chem.	Soc.	2014,	136,	291–
298.

9.	Evans,	D.	A.;	Andrews,	G.	C.;	Fujimoto,	T.	T.;	Wells,	D.	Tetrahedron	Lett.	1973,	14,	1389–
1392.

10.	Jones-Hertzog,	D.	K.;	Jorgensen,	W.	L.	J.	Org.	Chem.	1995,	60,	6682–6683.

11.	(a)	Rautenstrauch,	V.	Chem.	Commun.	1970,	526–527.	(b)	Goodwin,	T.	E.;	Ratcliff,	D.	G.;
Crowder,	C.	M.;	Seitzinger,	N.	K.	J.	Org.	Chem.	1982,	47,	815–820.

12.	Jones-Hertzog,	D.	K.;	Jorgensen,	W.	L.	J.	Am.	Chem.	Soc.	1995,	117,	9077–9078.

13.	Zhou,	Z.	S.;	Flohr,	A.;	Hilvert,	D.	J.	Org.	Chem.	1999,	64,	8334–8341.

14.	Fokin,	A.	A.;	Kushko,	A.	O.;	Kirij,	A.	V.;	Yurchenko,	A.	G.;	Schleyer,	P.	v.	R.	J.	Org.
Chem.	2000,	65,	2984–2995.

15.	(a)	Abbott,	D.	J.;	Stirling,	C.	J.	M.	J.	Chem.	Soc.	C	1969,	818–821.	(b)	Parker,	A.	J.;
Kharasch,	N.	Chem.	Rev.	1959,	59,	583–628.

16.	Phosphites	had	been	previously	used	to	trap	sulfenic	acids:	Cooper,	R.	D.	G.;	José,	F.	L.	J.
Am.	Chem.	Soc.	1970,	92,	2575–2576.

17.	Miura,	M.;	Toriyama,	M.;	Kawakubo,	T.;	Yasukawa,	K.;	Takido,	T.;	Motohashi,	S.	Org.
Lett.	2010,	12,	3882–3885.

18.	(a)	Sato,	T.;	Okazaki,	H.;	Otera,	J.;	Nozaki,	H.	Tetrahedron	Lett.	1988,	29,	2979–2982.	(b)



Sato,	T.;	Shima,	H.;	Otera,	J.	J.	Org.	Chem.	1995,	60,	3936–3937.

19.	Sato,	T.;	Otera,	J.;	Nozaki,	H.	J.	Org.	Chem.	1989,	54,	2779–2780.

20.	Sato,	T.;	Otera,	J.	Tetrahedron	Lett.	1994,	35,	6701–6704.

21.	Wittman,	M.	D.;	Halcomb,	R.	L.;	Danishefsky,	S.	J.	J.	Org.	Chem.	1990,	55,	1979–1981.

22.	Halcomb,	R.	L.;	Boyer,	S.	H.;	Wittman,	M.	D.;	Olson,	S.	H.;	Denhart,	D.	J.;	Liu,	K.	K.	C.;
Danishefsky,	S.	J.	J.	Am.	Chem.	Soc.	1995,	117,	5720–5749.

23.	Griffith,	D.	A.;	Danishefsky,	S.	J.	J.	Am.	Chem.	Soc.	1991,	113,	5863–5864.

24.	(a)	Kan,	C.;	Long,	C.	M.;	Paul,	M.;	Ring,	C.	M.;	Tully,	S.	E.;	Rojas,	C.	M.	Org.	Lett.	2001,
3,	381–384.	(b)	Levites-Agababa,	E.;	Menhaji,	E.;	Perlson,	L.	N.;	Rojas,	C.	M.	Org.	Lett.
2002,	4,	863–865.

25.	Engstrom,	K.	M.;	Mendoza,	M.	R.;	Navarro-Villalobos,	M.;	Gin,	D.	Y.	Angew.	Chem.,	Int.
Ed.	2001,	40,	1128–1130.

26.	Fernández	de	la	Pradilla,	R.;	Lwoff,	N.;	del	Aguila,	M.	Á.;	Tortosa,	M.;	Viso,	A.	J.	Org.
Chem.	2008,	73,	8929–8941.

27.	Charest,	M.	G.;	Lerner,	C.	D.;	Brubaker,	J.	D.;	Siegel,	D.	R.;	Myers,	A.	G.	Science	2005,
308,	395–398.

28.	Davis,	F.	A.;	Weismiller,	M.	C.;	Murphy,	C.	K.;	Reddy,	R.	T.;	Chen,	B.-C.	J.	Org.	Chem.
1992,	57,	7274–7285.

29.	Shi,	J.;	Manolikakes,	G.;	Yeh,	C.-H.;	Guerrero,	C.	A.;	Shenvi,	R.	A.;	Shigehisa,	H.;	Baran,
P.	S.	J.	Am.	Chem.	Soc.	2011,	133,	8014–8027	and	Supporting	Information.

30.	Umezawa,	T.;	Hayashi,	T.;	Sakai,	H.;	Teramoto,	H.;	Yoshikawa,	T.;	Izumida,	M.;	Tamatani,
Y.;	Hirose,	T.;	Ohfune,	Y.;	Shinada,	T.	Org.	Lett.	2006,	8,	4971–4974.

31.	Shinada,	T.;	Fuji,	T.;	Ohtani,	Y.;	Yoshida,	Y.;	Ohfune,	Y.	Synlett	2002,	1341–1343.

32.	Smith,	A.	B.,	III;	Adams,	C.	M.	Acc.	Chem.	Res.	2004,	37,	365–377.

33.	Evans,	D.	A.;	Andrews,	G.	C.	J.	Am.	Chem.	Soc.	1972,	94,	3672–3674.

34.	Majetich,	G.;	Song,	J.	S.;	Ringold,	C.;	Nemeth,	G.	A.	Tetrahedron	Lett.	1990,	31,	2239–
2242.

35.	Evans,	D.	A.;	Andrews,	G.	C.;	Fujimoto,	T.	T.;	Wells,	D.	Tetrahedron	Lett.	1973,	14,
1385–1388.

36.	Corey,	E.	J.;	Hoover,	D.	J.	Tetrahedron	Lett.	1982,	23,	3463–3466.

37.	Schreiber,	S.	L.;	Satake,	K.	J.	Am.	Chem.	Soc.	1984,	106,	4186–4188.



38.	Epifani,	E.;	Florio,	S.;	Ingrosso,	G.;	Ronzini,	L.;	Sgarra,	R.;	Troisi,	L.	Tetrahedron	1991,
47,	7489–7500.

39.	Jourdain,	P.;	Philippart,	F.;	Dumeunier,	R.;	Markó,	I.	E.	Tetrahedron	Lett.	2009,	50,	3366–
3370.

40.	For	a	discussion	of	the	precise	implications	of	each	of	these	terms,	including	several
examples	of	Mislow–Evans	processes,	see:	Jones,	A.	C.;	May,	J.	A.;	Sarpong,	R.;	Stoltz,	B.	M.
Angew.	Chem.,	Int.	Ed.	2014,	53,	2556–2591.

41.	Evans,	D.	A.;	Bryan,	C.	A.;	Sims,	C.	L.	J.	Am.	Chem.	Soc.	1972,	94,	2891–2892.

42.	A	review	that	includes	Diels–Alder/Mislow–Evans	examples:	Neuschütz,	K.;	Velker,	J.;
Neier,	R.	Synthesis	1998,	227–255.

43.	Posner,	G.	H.;	Haces,	A.;	Harrison,	W.;	Kinter,	C.	M.	J.	Org.	Chem.	1987,	52,	4836–4841.

44.	Overman,	L.	E.;	Petty,	C.	B.;	Ban,	T.;	Huang,	G.	T.	J.	Am.	Chem.	Soc.	1983,	105,	6335–
6337.

45.	Carreño,	M.	C.;	Cid,	M.	B.;	Colobert,	F.;	García	Ruano,	J.	L.;	Solladié,	G.	Tetrahedron:
Asymmetry	1994,	5,	1439–1442.

46.	(a)	Anderson,	G.	T.;	Chase,	C.	E.;	Koh,	Y.-h.;	Stien,	D.;	Weinreb,	S.	M.	J.	Org.	Chem.
1998,	63,	7594–7595.(b)	Stien,	D.;	Anderson,	G.	T.;	Chase,	C.	E.;	Koh,	Y.-h.;	Weinreb,	S.	M.
J.	Am.	Chem.	Soc.	1999,	121,	9574–9579.

47.	Pearson,	W.	H.;	Kropf,	J.	E.;	Choy,	A.	L.;	Lee,	I.	Y.;	Kampf,	J.	W.	J.	Org.	Chem.	2007,	72,
4135–4148.

48.	Hama,	N.;	Matsuda,	T.;	Sato,	T.;	Chida,	N.	Org.	Lett.	2009,	11,	2687–2690.

49.	Tietze,	L.	F.;	Beifuss,	U.	Angew.	Chem.,	Int.	Ed.	Engl.	1993,	32,	131–163.

50.	Pelc,	M.	J.;	Zakarian,	A.	Org.	Lett.	2005,	7,	1629–1631.

51.	Pelc,	M.	J.;	Zakarian,	A.	Tetrahedron	Lett.	2006,	47,	7519–7523.

52.	Ilardi,	E.	A.;	Isaacman,	M.	J.;	Qin,	Y.-c.;	Shelly,	S.	A.;	Zakarian,	A.	Tetrahedron	2009,	65,
3261–3269.

53.	(a)	Paquette,	L.	A.;	Reddy,	Y.	R.;	Haeffner,	F.;	Houk,	K.	N.	J.	Am.	Chem.	Soc.	2000,	122,
740–741.(b)	Paquette,	L.	A.;	Reddy,	Y.	R.;	Vayner,	G.;	Houk,	K.	N.	J.	Am.	Chem.	Soc.	2000,
122,	10788–10794

54.	Posner,	G.	H.;	Carry,	J.-C.;	Crouch,	R.	D.;	Johnson,	N.	J.	Org.	Chem.	1991,	56,	6987–
6993.

55.	(a)	Mapp,	A.	K.;	Heathcock,	C.	H.	J.	Org.	Chem.	1999,	64,	23–27.(b)	For	an	additional



application	of	this	method	in	natural-product	synthesis,	see:	Munchhof,	M.	J.;	Heathcock,	C.	H.
J.	Org.	Chem.	1994,	59,	7566–7567.

56.	Nokami,	J.;	Mandai,	T.;	Imakura,	Y.;	Nishiuchi,	K.;	Kawada,	M.;	Wakabayashi,	S.
Tetrahedron	Lett.	1981,	22,	4489–4490.

57.	Tanikaga,	R.;	Nozaki,	Y.;	Tamura,	T.;	Kaji,	A.	Synthesis	1983,	134–135.

58.	Guerrero-de	la	Rosa,	V.;	Ordoñez,	M.;	Alcudia,	F.;	Liera,	J.	M.	Tetrahedron	Lett.	1995,
36,	4889–4892.

59.	(a)	Nokami,	J.;	Nishimura,	A.;	Sunami,	M.;	Wakabayashi,	S.	Tetrahedron	Lett.	1987,	28,
649–650.(b)	Nokami,	J.;	Kataoka,	K.;	Shiraishi,	K.;	Osafune,	M.;	Hussain,	I.;	Sumida,	S.-i.	J.
Org.	Chem.	2001,	66,	1228–1232.

60.	(a)	Hagiwara,	H.;	Isobe,	K.;	Numamae,	A.;	Hoshi,	T.;	Suzuki,	T.	Synlett	2006,	1601–1603.
(b)	Minakata,	S.;	Komatsu,	M.	Chem.	Rev.	2009,	109,	711–724.

61.	(a)	Trost,	B.	M.;	Dong,	L.;	Schroeder,	G.	M.	J.	Am.	Chem.	Soc.	2005,	127,	2844–2845.(b)
For	a	study	on	diastereoselectivity	in	the	Knoevenagel/Mislow–Evans	sequence,	see:	Trost,	B.
M.;	Mallart,	S.	Tetrahedron	Lett.	1993,	34,	8025–8028.

62.	Brebion,	F.;	Nàjera,	F.;	Delouvrié,	B.;	Lacôte,	E.;	Fensterbank,	L.;	Malacria,	M.	Synthesis
2007,	2273–2278.

63.	Satoh,	T.;	Miyagawa,	T.	Tetrahedron	Lett.	2006,	47,	1981–1983.

64.	Debien,	L.;	Zard,	S.	Z.	Org.	Lett.	2013,	15,	6066–6069.

65.	Magnus,	P.;	Ollivier,	C.	Tetrahedron	Lett.	2002,	43,	9605–9609.

66.	Kocienski,	P.	J.	Tetrahedron	Lett.	1979,	20,	2649–2650.

67.	Luparia,	M.;	Legnani,	L.;	Porta,	A.;	Zanoni,	G.;	Toma,	L.;	Vidari,	G.	J.	Org.	Chem.	2009,
74,	7100–7110.

68.	Bernoud,	E.;	Le	Duc,	G.;	Bantreil,	X.;	Prestat,	G.;	Madec,	D.;	Poli,	G.	Org.	Lett.	2010,	12,
320–323.

69.	Sharpless,	K.	B.;	Lauer,	R.	F.	J.	Am.	Chem.	Soc.	1972,	94,	7154–7155.

70.	(a)	Reich,	H.	J.	Acc.	Chem.	Res.	1979,	12,	22–30.(b)	Reich,	H.	J.;	J.	Org.	Chem.	1975,	40,
2570–2572.

71.	(a)	Albert,	B.	J.;	Sivaramakrishnan,	A.;	Naka,	T.;	Koide,	K.	J.	Am.	Chem.	Soc.	2006,	128,
2792–2793.(b)	Albert,	B.	J.;	Sivaramakrishnan,	A.;	Naka,	T.;	Czaicki,	N.	L.;	Koide,	K.	J.	Am.
Chem.	Soc.	2007,	129,	2648–2659.

72.	Ohyoshi,	T.;	Funakubo,	S.;	Miyazawa,	Y.;	Niida,	K.;	Hayakawa,	I.;	Kigoshi,	H.	Angew.



Chem.,	Int.	Ed.	2012,	51,	4972–4975.

73.	Aubele,	D.	L.;	Wan,	S.;	Floreancig,	P.	E.	Angew.	Chem.,	Int.	Ed.	2005,	44,	3485–3488.

74.	Reich,	H.	J.;	Yelm,	K.	E.	J.	Org.	Chem.	1991,	56,	5672–5679.

75.	Hill,	R.	K.	In	Asymmetric	Synthesis;	Morrison,	J.	D.,	Ed.;	Academic	Press:	Orlando,	Fla.,
1984;	Vol.	3,	pp.	503–572	(see,	in	particular,	pp.	554–558).

76.	(a)	See,	for	example:	Bach,	T.;	Körber,	C.	J.	Org.	Chem.	2000,	65,	2358–2367.(b)	The
[2,3]-sigmatropic	rearrangements	of	the	corresponding	selenium	derivatives,	selenilimines,
have	also	been	studied:	Shea,	R.	G.;	Fitzner,	J.	N.;	Frankhauser,	J.	E.;	Spaltenstein,	A.;
Carpino,	P.	A.;	Peevey,	R.	M.;	Pratt,	D.	V.;	Tenge,	B.	J.;	Hopkins,	P.	B.	J.	Org.	Chem.	1986,
51,	5243–5252.

77.	(a)	Dolle,	R.	E.;	Li,	C.-S.;	Shaw,	A.	N.	Tetrahedron	Lett.	1989,	30,	4723–4726.(b)	Dolle,
R.	E.;	Osifo,	K.	I.;	Li,	C.-S.	Tetrahedron	Lett.	1991,	32,	5029–5030.

78.	Dolle,	R.	E.;	Li,	C.-S.;	Novelli,	R.;	Kruse,	L.	I.;	Eggleston,	D.	J.	Org.	Chem.	1992,	57,
128–132.

79.	Armstrong,	A.;	Challinor,	L.;	Moir,	J.	H.	Angew.	Chem.,	Int.	Ed.	2007,	46,	5369–5372.

80.	Alameda-Angulo,	C.;	Quiclet-Sire,	B.;	Schmidt,	E.;	Zard,	S.	Z.	Org.	Lett.	2005,	7,	3489–
3492.

81.	Yamamoto,	S.;	Itani,	H.;	Tsuji,	T.;	Nagata,	W.	J.	Am.	Chem.	Soc.	1983,	105,	2908–2909.

82.	Inomata,	S.;	Ueda,	M.;	Sugai,	T.;	Shoji,	M.	Chem.	Lett.	2013,	42,	1273–1275.

83.	For	additional	examples	of	the	allylic	isodosyl	rearrangement	in	synthesis,	see:	(a)
Pearson,	A.	J.;	Khan,	M.	N.	I.	Tetrahedron	Lett.	1984,	25,	3507–3510.(b)	Pearson,	A.	J.;
Khan,	M.	N.	I.;	Clardy,	J.	C.;	Cun-heng,	H.	J.	Am.	Chem.	Soc.	1985,	107,	2748–2757.

84.	Braverman,	S.;	Stabinsky,	Y.	Isr.	J.	Chem.	1967,	5,	125–126.

85.	Braverman,	S.;	Cherkinsky,	M.;	Meridor,	D.;	Sprecher,	M.	Tetrahedron	2010,	66,	1925–
1930.

86.	Braverman,	S.;	Pechenick-Azizi,	T.;	Gottlieb,	H.	E.;	Sprecher,	M.	Synthesis	2011,	1741–
1750.



Part	V
IPSO	REARRANGEMENTS



CHAPTER	19
SMILES	REARRANGEMENTS

Laurent	El	Kaim
Laboratoire	de	Synthèse	Organique,	CNRS,	Ecole	Polytechnique,	ENSTA	ParisTech	–
UMR	7652,	Universtité	Paris-Saclay,	Palaiseau,	France
Laurence	Grimaud
Département	de	Chimie,	Ecole	Normale	Supérieure-PSL	Research	University,	Paris,
France;	CNRS,	UMR	8640,	PASTEUR,	Sorbonne	Universités,	UPMC	Univ	Paris	06,
Paris,	France

19.1	INTRODUCTION
Smiles	rearrangements	are	intramolecular	nucleophilic	aromatic	substitutions	(SNAr)
involving	skeletal	rearrangements	of	the	type	ArX(CR1R2)nYH	→	ArY(C)nXH	with	X	and	Y
holding	for	heteroatoms	(Scheme	19.1).	Though	the	first	indications	of	such	migrations	came	at
the	end	of	the	19th	century	(Henriques	and	Hinsberg),1	it	was	Smiles	and	Warren	who	later
recognized	the	nature	of	the	migration	occurring	on	bis-naphthyl	β-hydroxythioether	1	(Scheme
19.2)2	and	demonstrated	that	a	spiro	intermediate	4	could	be	trapped	under	oxidative
conditions	starting	from	sulfone	3.3

Scheme	19.1	Smiles	rearrangements.



Scheme	19.2	Smiles	rearrangements	of	bis-naphthyl	β-hydroxythioether	derivatives.

Smiles	extensively	studied	these	rearrangements	and	showed	that	migrations	were	mainly
observed	between	N,	O,	and	S	atoms.	An	important	extension	came	in	1958	with	the	report	by
Truce	et	al.	of	a	carbanionic	Smiles-type	rearrangement	leading	to	new	carbon–carbon	bond
formation	under	treatment	of	sulfone	5	with	n-BuLi	(Scheme	19.3).4



Scheme	19.3	Truce–Smiles	rearrangements.

The	ability	to	perform	these	reactions	on	nitrogenated	heterocycles	is	a	key	to	the	synthetic
utility	of	the	Smiles	rearrangements.	Six-membered	heterocycles	such	as	pyridines	or
pyrimidines	participate	in	Smiles	rearrangements	without	requiring	a	further	activating	group.
As	a	consequence,	these	reactions	have	been	widely	used	in	medicinal	chemistry,	giving
access	to	biologically	relevant	aminopyridine	and	aminopyrimidine	derivatives.

Beyond	the	medicinal	chemistry	sphere,	the	most	striking	use	of	the	Smiles	rearrangements	in
synthesis	came	with	the	work	of	Julia	and	coworkers	who	transformed	the	rather	tedious	two-
step	olefination	developed	by	his	brother,	Marc	Julia,	into	an	elegant	one-step	transformation
under	milder	conditions.5	Further	improved	by	Kocienski	and	coworkers,6	this	olefination	is
now	recognized	as	the	Julia–Kocienski	reaction.	An	illustrative	example	may	be	found	in	the
conversion	of	the	tetrazolylsulfone	7	into	olefin	8	and	tetrazole	9	(Scheme	19.4).



Scheme	19.4	Julia–Kocienski	reaction	of	tetrazolylsulfone	7.

Smiles	and	Truce–Smiles	rearrangements	have	been	the	object	of	several	reviews.7	The	latest
one	on	the	Smiles	rearrangement	with	an	extensive	coverage	of	the	Julia–Kocienski	process
was	by	Wicha	and	coworkers	in	2007.	More	focused	reviews	on	the	Julia–Kocienski
olefination	are	also	available.8	In	this	chapter,	we	will	focus	on	the	Smiles	rearrangements
reported	during	the	last	10	years	without	the	goal	of	comprehensive	coverage	but	highlighting
recent	integration	of	Smiles	rearrangements	in	complex	synthetic	cascades.	We	include	results
from	our	research	group	and	also	emphasize	relevant	experimental	details	for	implementation
of	Smiles-based	strategies.	Extensions	of	the	Smiles	rearrangement	such	as	the	Truce–Smiles
rearrangement	as	well	as	the	aryl	migrations	involving	radical	spirocyclization9	will	be
outside	the	scope	of	this	review.	We	begin	with	a	discussion	of	the	general	principles
controlling	Smiles	rearrangements	to	provide	necessary	background	for	readers.

19.2	SCOPE	AND	MECHANISTIC	FEATURES
With	hindsight	over	the	last	80	years,	most	factors	controlling	the	aryl	shift	in	Smiles
rearrangements	are	now	well	understood	(a	fast	survey	in	the	journals	of	the	Royal	Society	of
Chemistry	and	the	American	Chemical	Society	gave	more	than	a	thousand	references	on	this
rearrangement).	Migrations	are	usually	classified	according	to	the	leaving	and	entering	atoms,
an	S—O	shift,	for	example,	standing	for	a	transfer	of	the	aryl	group	from	a	sulfur	to	an	oxygen
atom.	When	designing	any	synthetic	plan	involving	a	Smiles	rearrangement,	among	the	various
elements	that	should	be	considered,	the	first	one	is	certainly	the	nature	of	the	aryl	group	and	its
substitution	pattern.	However,	the	ability	of	the	aryl	moiety	to	migrate	between	the	two
heteroatoms	is	not	sufficient	for	synthetic	efficiency	as	it	only	secures	the	existence	of	an
equilibrium	between	the	starting	material	and	the	desired	product.	Ultimately,	what	matters	is



the	position	of	the	equilibrium	and	the	ability	to	displace	it	through	changes	in	reaction
conditions	(e.g.,	pH,	solvent,	temperature).	Thus,	Smiles	rearrangements	must	be	analyzed	in
both	thermodynamic	and	kinetic	terms,	taking	into	account	all	the	actors	in	the	reaction
sequence.	The	following	general	trends	are	gleaned	from	the	literature	on	Smiles	processes.

19.2.1	Nature	and	Substitution	of	the	Aryl	Ring
As	intramolecular	aromatic	nucleophilic	substitutions,	Smiles	rearrangements	involve	spiro
Meisenheimer	complexes	(Scheme	19.1)	which	are	strongly	stabilized	by	an	electron-
withdrawing	substituent	on	the	aromatic	ring.	It	is	not	surprising	that	most	of	the	early
examples	were	observed	with	nitro,	ester,	or	sulfone	groups	ortho	or	para	to	the	leaving	group.
Substitution	by	halogen	atoms	(Cl,	Br,	F)	as	well	as	trifluoromethyl	groups	also	activates	the
transfer,	but	efficient	reactions	often	require	more	than	one	substituent	on	the	aromatic	ring.
Gas-phase	studies	have	shown	that	anionic	Smiles	rearrangement	could	occur	without	any
activating	group	on	the	aryl	ring,	and	this	has	been	confirmed	in	solution	under	chelating
conditions	(cryptan	or	HMPA	as	solvent)	which	enhance	the	reactivity	of	the	anion	(Scheme
19.5).10

Scheme	19.5	Solvent	effect	in	Smiles	rearrangements.

Six-membered	nitrogenated	heterocycles	such	as	pyridines	and	pyrimidines	are	inherently
electron	deficient,	and	a	further	activating	group	is	not	required	for	most	transfers.	The
substitution	patterns	for	these	heterocycles	follow	the	general	rules	observed	for
intermolecular	SNAr	reactions	on	heterocycles.7a	In	the	case	of	pyridines,	even	if	substitution
at	the	2-	and	4-positions	is	preferred,	it	is	also	possible	to	observe	Smiles	rearrangements	at
the	less	activated	3-	and	5-positions.	The	situation	is	more	complex	for	five-membered	ring
heterocycles.	Being	relatively	electron	rich,	their	analogous	Meisenheimer	complexes	are	of
higher	energy,	and	most	Smiles	rearrangements	with	theses	heterocycles	require	more	than	one
heteroatom	in	the	cycle	(e.g.,	tetrazoles,	thiazole,	oxadiazoles)	allowing	a	decrease	of	the
electron	density	together	with	lower	aromaticity.	In	any	case,	the	nature	of	the	leaving	and
entering	groups	is	expected	to	have	a	strong	influence,	and	the	electronic	nature	of	the	aromatic
core	should	be	adapted	to	the	nucleophilicity	of	the	heteroatom	on	which	the	aryl	moiety	is



transferred.

19.2.2	Properties	of	the	Nucleophile	and	Leaving	Group
Smiles	rearrangements	involve	mostly	S,	O,	and	N	atoms.	In	the	potential	equilibrium
established	during	the	reaction,	N-aryl	derivatives	are	usually	favored	over	their	O-	and	S-aryl
isomers.	Though	this	behavior	may	be	first	explained	by	a	simple	analysis	of	the	dissociation
energies	of	various	Caryl-heteroatom	bonds	(Ph-OEt	=	76	kcal/mol,	Ph-NMe2	=	100.6
kcal/mol,	Ph-SMe	=	85.4	kcal/mol,	and	Ph-SO2Me	=	82	kcal),11,	12	a	more	careful	examination
is	always	needed	because	of	the	strong	influence	of	the	experimental	conditions,	the
importance	of	the	chain	tethered	to	the	aryl,	and	the	incompletely	available	thermodynamic
data.

Most	Smiles	rearrangements	are	performed	under	basic	conditions	in	protic	polar	solvents
from	room	temperature	to	120	°C.	The	base	strength	normally	matches	with	the	nature	of	the
nucleophilic	group	involved.	Amides	are	among	the	best	nucleophiles	for	Smiles
rearrangements,	leading	to	the	desired	rearranged	products	from	arylether	and	thioether	starting
materials	as	well	as	from	the	S-oxidized	sulfinyls	and	sulfones.	Treatment	with	potassium	tert-
butoxide,	potassium	hydroxide,	or	cesium	carbonate	in	polar	solvents	(e.g.,	DMSO,	DMF,
CH3CN)	activates	the	amide	into	a	reactive	anionic	species	which	efficiently	forms	the
Meisenheimer	complex.	Amines	may	form	the	related	spiro	complex	under	neutral	conditions,
but	the	resulting	ammonium	salt	normally	reverts	back	to	the	starting	amine,	and	additional
bases	have	a	strong	activating	effect.	Table	19.1	underlines	the	general	trends	observed	with
nucleophiles	and	leaving	groups	in	the	Smiles	rearrangement.	If	the	sulfinate	appears	as	one	of
the	most	efficient	leaving	groups,	its	effect	should	also	be	analyzed	in	conjunction	with	the
electronic	nature	of	the	aryl	core	before	and	after	the	rearrangement.	Indeed,	the	replacement	of
the	electron-withdrawing	sulfonyl	with	a	π-donating	O	or	N	atom	ensures	the	irreversibility	of
the	Smiles	process.

Table	19.1	General	Trends	in	Smiles	Rearrangements

YH X
CONHR	or	NHCOR SO2,	SO,	O

NHR SO2,	O,	sometimes	S,	SO

SH SO2,	O

OH SO2

The	importance	of	the	experimental	conditions	in	Smiles	rearrangements	may	be	further
stressed	by	different	studies	showing	a	strong	influence	of	the	base/solvent	couple	on	the
chemoselectivity	of	synthetic	cascades	displaying	a	Smiles	rearrangement.	This	is	particularly



true	for	Smiles	reactions	involving	similar	chemical	functionality	in	both	leaving	and	entering
groups	as	shown	by	the	conversion	of	pyridine	12	into	the	mixture	of	dioxinopyridines	13	and
14	(Scheme	19.6).13	Product	13	is	the	result	of	a	direct	intramolecular	SNAr	on	the	nitro-
tethered	position,	whereas	a	prior	Smiles	rearrangement	is	observed	for	14.	The	potential
Smiles	rearrangements	involving	the	amide	groups	in	12,	13,	and	14	are	not	productive	due	to
the	steric	hindrance	of	the	Boc	group	together	with	a	faster	5-exo-trig	cyclization	of	the
alcoholate	and	final	cyclization	to	more	stable	six-membered	fused	dioxines.

Scheme	19.6	Influence	of	the	base/solvent	couple	in	Smiles	rearrangements.

19.2.3	Chain	Length	of	the	Tether
Most	examples	of	Smiles	rearrangements	involve	five-membered	ring	spiro	intermediates
(with	usually	two	carbon	atoms	between	the	heteroatoms).	Though	less	common,	migration	of
aryl	moieties	via	six-membered	spiro	rings	may	still	be	observed	under	similar	experimental
conditions.	When	increasing	the	size	of	the	spiro	system,	the	reactions	become	more	difficult	to
achieve	and	display	properties	closer	to	standard	SNAr.	Smiles	migrations	involving	small
rings	are	known	processes	and	are	often	categorized	as	different	name	reactions.	These	include
the	Chapman	rearrangement	of	O-arylimidates14	and	the	Schönberg	or	the	related	Newman–
Kwart	reactions	of	O-aryl	thionocarbonates	and	thiocarbamates	(Scheme	19.7).15	These
reactions	have	been	used	extensively	for	the	conversion	of	phenols	into	anilines	and
thiophenols.	They	proceed	via	four-membered	ring	spiro	intermediates	and	show,	with	respect
to	the	aryl	moieties,	the	same	reactivity	trends	as	Smiles	rearrangements.	However,	the
required	experimental	conditions	are	much	harsher	because	of	the	strained	spiro	intermediate
required	for	the	process.	Often	performed	under	neat	and	neutral	conditions,	temperatures
between	200	°C	and	300	°C	are	often	required	for	the	1,3-shift	of	the	aryl	ring,	whereas
traditional	Smiles	transfer	occurs	under	100	°C.	A	noteworthy	improvement	of	the	Newman–
Kwart	reactions	is	the	disclosure	of	a	catalytic	effect	of	palladium,	allowing	the	transformation
of	15	into	16	to	occur	at	100	°C	(Scheme	19.8).16



Scheme	19.7	Chapman,	Schönberg,	and	Newman–Kwart	reactions.

Scheme	19.8	Newman–Kwart	reaction	under	palladium	catalysis.

Smiles	processes	involving	three-membered	cyclic	transition	states	are	much	less	frequent
under	ionic	conditions.17	However,	similar	Truce–Smiles	processes	under	radical	conditions
are	well	documented.18	Known	as	neophilic	rearrangements,	they	lead	to	efficient	carbon–aryl
bond	formation	with	frequent	extrusion	of	small	molecules	such	as	sulfur	dioxide.	These
Smiles-type	reactions	involving	cyclic	transition	states	with	a	small	ring	size	will	not	be
evaluated	further	in	this	chapter.

19.3	APPLICATION	OF	SMILES	REARRANGEMENTS
19.3.1	Synthesis	of	Fused	Heterocycles	through	Cascades
Involving	Smiles	Rearrangements
One	of	the	most	commonly	encountered	applications	of	Smiles	rearrangements	in	synthesis	is
to	prepare	fused	aromatic	systems	via	three-step	cascades	displaying	two	nucleophilic
substitutions	with	a	Smiles	rearrangement	in	between.	These	sequences	have	been	adapted	into
more	complex	three-component	couplings	such	as	the	benzothiazine	synthesis	shown	in	Scheme
19.9.19	In	this	process,	19	reacts	first	with	acyl	chloride	18	leading	to	20	after	substitution	with
17.	Heating	the	mixture	under	microwave	conditions	triggers	the	Smiles	rearrangement	and	the
final	SNAr	toward	21.



Scheme	19.9	Application	of	Smiles	rearrangements	to	benzothiazine	synthesis.

Whereas	such	cascades	often	involve	an	intermolecular	nucleophilic	substitution	as	the	first
step,	more	original	preparations	of	precursors	for	Smiles	rearrangements	(mainly	O-aryl
derivatives)	have	been	obtained	through	copper-catalyzed	processes.	Snieckus	and	coworkers
have	recently	reported	a	copper-triggered	formation	of	an	intermediate	diarylether	24,	which
spontaneously	evolves	through	a	Smiles	rearrangement	followed	by	a	cyclization	to	give
oxazepinone	25	(Scheme	19.10).20	A	similar	transformation	of	indole	26	into	28	has	been
described	by	Zhang	and	coworkers	(Scheme	19.11).21



Scheme	19.10	Copper-triggered	formation	oxazepinone	involving	an	intermediate	Smiles
rearrangement.

Scheme	19.11	Smiles	rearrangements	in	Zhang's	polycyclic	indole	synthesis.



In	terms	of	mechanism,	the	last	step	of	these	processes	deserves	particular	attention.
Traditionally	represented	as	a	simple	aromatic	nucleophilic	substitution	occurring	after	the
Smiles	rearrangement	(Scheme	19.12),	this	final	nucleophilic	displacement	involves	a	position
on	the	aromatic	core	not	usually	activated	for	such	substitution.	Indeed,	whereas	in	29	the
electron-withdrawing	group	E	helps	the	Smiles	rearrangement	occur,	its	effect	in	the
subsequent	SNAr	leading	to	30	is	probably	not	strong	enough	to	counterbalance	the	presence	of
an	electron-donating	N	atom	ortho	to	the	leaving	group.

Scheme	19.12	Formal	Smiles	rearrangement/SNAr	cascade.

Two	recent	DFT	and	MP2	studies	on	such	cyclizations	give	a	better	understanding	of	the
process.	The	first	set	of	calculations	involves	a	Smiles	rearrangement	of	3-hydroxypyridine
derivative	31	(Scheme	19.13).22	Whereas	the	theoretical	study	shows	the	preference	for	the
Smiles	rearrangement	over	direct	SNAr,	it	also	demonstrates	that	the	transition	state	32	for	the
final	substitution	has	a	structure	close	to	the	spiro	Smiles	intermediate	with	a	lengthening	of
both	C—O	spiro	and	C—X	bonds	(Scheme	19.13).	Indeed,	the	elimination	of	the	ortho	leaving
group	may	be	considered	as	concerted	with	the	ring	opening	of	the	spiro	Smiles	intermediates.
The	second	DFT	study	on	ortho-fluorothiophenol	derivatives	confirms	this	behavior.23	It	is
possible	that	further	theoretical	studies	may	consider	transient	spirocarbene	derivatives	as
intermediates	or	transition	states	for	such	processes.

Scheme	19.13	Concerted	ring	opening/substitution	in	Smiles	rearrangement	of	3-
hydroxypyridine	derivative	31.

Several	elegant	synthetic	cascades	have	been	disclosed	with	in	situ	formation	of	an	amino
derivative	amenable	to	Smiles	rearrangement.	A	good	illustration	involves	Pictet–Spengler
cyclizations	of	properly	functionalized	aldehydes.	Upon	addition	of	a	primary	amine,	trapping
of	the	resulting	iminium	forms	a	secondary	amine,	triggering	a	Smiles	rearrangement.	In	the
piperazinopyrimidine	synthesis	of	Bai	and	coworkers	(Scheme	19.14),24	the	observed	Smiles



transfer	involves	a	substitution	of	one	amine	by	another	amine	residue,	traditionally	a	difficult
reaction	to	control.	In	this	case,	the	selectivity	is	partly	managed	by	the	conversion	of	a	seven-
membered	ring	intermediate	35	into	a	more	stable	six-membered	final	compound	36.	In
addition,	the	potential	equilibrium	established	during	the	Smiles	rearrangement	is	probably
controlled	by	the	acidity	of	the	reaction	mixture,	allowing	protonation	of	the	final	more	basic
secondary	dialkylamine.	This	is	confirmed	by	the	much	lower	yields	observed	when	aliphatic
amines	are	used	instead	of	anilines.	The	same	group	has	also	disclosed	similar	Pictet–
Spengler/Smiles	cascades	involving	O—N	Smiles	shifts.25

Scheme	19.14	Pictet–Spengler/Smiles	cascade	by	Bai	and	coworkers.

19.3.2	Julia–Kocienski	and	Related	Reactions
In	the	early	1970s,	the	Smiles	rearrangement	received	renewed	interest	due	to	the	development
of	the	Julia	olefination	procedure.8	Kende	and	Mendoza	first	introduced	1-methylimidazol-2-yl
sulfones	to	avoid	functionalization	of	the	hydroxysulfone	in	the	olefination	process,26	but	Julia
and	coworkers	introduced	the	benzothiazol-2-yl	sulfones	(BT-sulfones)	to	perform	the	reaction
in	a	single	step.27	The	olefination	is	generally	performed	in	THF,	sometimes	with	additives
such	as	HMPT.	The	sulfone	37	is	treated	by	a	nonnucleophilic	base,	such	as	LDA	or	LiHMDS,
at	−78	°C,	and	then,	the	carbonyl	compound	is	added	to	the	sulfone	anion	at	low	temperature
(Scheme	19.15).	Control	of	the	temperature	is	very	important	in	this	reaction	to	prevent	intra-
or	intermolecular	nucleophilic	addition	onto	the	carbon	of	the	thiazolyl	moiety.	Indeed,	due	to
the	great	electrophilicity	of	this	carbon,	self-condensation	of	38	is	difficult	to	avoid.	The
olefination	mechanism	involves	addition	of	the	sulfone	anion	38	to	the	aldehyde,	and	the
resulting	hydroxysulfone	39	spontaneously	undergoes	a	Smiles	rearrangement,	giving	the
desired	alkene	after	concomitant	SO2	extrusion	and	hydroxybenzothiazole	elimination	(Scheme
19.15).



Scheme	19.15	Benzothiazo-2-yl	sulfones	in	Julia–Kocienski	reactions.

Various	heterocyclic	sulfones	were	investigated	in	this	coupling,	including	pyridyl	and
pyrimidyl	derivatives27	as	well	as	electron-poor	aryl28–31	sulfones.	Due	to	lower
electrophilicity	of	the	carbon	center	linked	to	the	sulfur	atom,	these	are	more	stable	than	BT-
sulfones.	For	instance,	the	pyridylsulfone	carbanion	does	not	self-condense	at	room
temperature	over	several	minutes.	These	compounds	have	been	recently	used	in	the	preparation
of	glycosidic	vinyl	ethers	42	through	the	condensation	of	β-glycosidyl-substituted
pyridylsulfones	41	with	aldehydes	(Scheme	19.16).32

Scheme	19.16	Pyridylsulfones	in	Julia–Kocienski	reactions.

Barbier	conditions	have	been	developed	to	improve	the	olefination	yields,	but	they	are	not
always	compatible	with	highly	functionalized	carbonyl	derivatives.	Among	the	various
heterocyclic	sulfones	studied	in	this	reaction,	the	most	important	variant	was	introduced	by
Kocienski	et	al.,	who	used	bulky	tetrazolylsulfones	with	low	propensity	toward	self-
condensation:	1-phenyl-1H-tetrazol-5-yl	sulfone	43	(PT-sulfone,	Scheme	19.17)6	and	1-tert-
butyl-1H-tetrazol-5-yl	sulfones	(TBT-sulfone).33	Their	stability	under	basic	conditions	allows
sulfone	premetallation,	thereby	broadening	the	scope	of	compatible	carbonyl	derivatives	for
the	condensation.



Scheme	19.17	Tetrazolylsulfones	in	Julia–Kocienski	reactions.

More	recently,	the	use	of	electron-poor	aryl	sulfones	has	been	successfully	reinvestigated.	For
instance,	3,5-bis(trifluoromethyl)phenyl	(BTFP)-sulfones	44	treated	with	a	base	such	as	KOH
at	room	temperature	or	phosphazene	(P4-tBu)	at	−78	°C	have	proved	to	react	efficiently	with	a
wide	range	of	carbonyl	compounds	(Scheme	19.18).29	Similarly,	nitrophenylsulfones	(NP-
sulfones)	45a	react	with	aromatic	aldehydes	in	the	presence	of	sodium	hydride	in	DMF	at
room	temperature	to	give	stilbene	derivatives	in	high	yields	(Scheme	19.19).31
Pentachlorophenylsulfones	have	been	reported	as	well	for	the	synthesis	of
benzylidenecyclopropenes.30

Scheme	19.18	3,5-Bis(trifluoromethyl)phenyl	sulfones	in	Julia–Kocienski	reactions.

Scheme	19.19	Nitrophenylsulfones	in	Julia–Kocienski	reactions.

A	number	of	alkene	classes	are	accessible	via	Smiles-mediated	olefinations.	Among	them,



methylenation	reactions	give	moderate	to	good	yields	using	tetrazolylsulfones	such	as	45b	or
arylsulfone	46	(Scheme	19.20).29,	34,	35

Scheme	19.20	Methylenation	through	Julia–Kocienski	reactions.

The	synthesis	of	trisubstituted	alkenes	has	scarcely	been	disclosed;	some	examples	may	be
found	in	the	work	of	Nájera	and	coworkers	using	electron-deficient	aryl	sulfones	47	combined
with	phosphazene	(Scheme	19.21).36	The	scope	is	even	more	limited	for	tetrasubstituted
olefins	as	the	yields	are	quite	low.	Acylsilanes37	afford	trisubstituted	vinylsilanes	such	as	48
mainly	as	the	E	isomers,	but	the	stereoselectivity	can	be	controlled	by	modulating	the	nature	of
the	silyl	group	(Scheme	19.22).	E-configured	conjugated	esters38,	39	and	Weinreb	amides39
have	been	synthesized	successfully	as	well	by	Nájera	and	coworkers	starting	from
conveniently	substituted	arylsulfone	49	(Scheme	19.23).

Scheme	19.21	Julia–Kocienski	reactions	leading	to	tri-	and	tetra-substituted	alkenes.



Scheme	19.22	Acylsilanes	in	Julia–Kocienski	reactions.

Scheme	19.23	Julia–Kocienski	reactions	leading	to	(E)-configured	conjugated	esters.

The	stereoselectivity	of	the	olefination	reaction	strongly	depends	on	both	starting	materials	and
experimental	conditions.	Indeed,	the	nature	of	the	sulfone	substituent	–	aliphatic,	allylic,	or
benzylic	–	is	quite	important,	as	is	the	aromatic	moiety	of	the	sulfone.	For	instance,	γ-
allenylallyl	BT-sulfones	give	a	high	yield	of	(Z)-allenyltrienes	and	polyenes	with	α,β-
unsaturated	aldehydes.40	TBT-sulfones	give	best	yields	of	1,2-substituted	alkenes	compared
with	the	PT-sulfone,	but	the	E	selectivity	is	generally	lower.	Finally,	the	counteranion	and
solvent	polarity	have	a	strong	impact	on	the	stereochemical	outcome	of	these	reactions.	For
aliphatic	PT-sulfones	50	reacting	with	aliphatic	aldehydes,	the	best	E	selectivities	were
achieved	with	KHMDS	in	DME5	or	by	adding	18-crown-6	in	THF	(Scheme	19.24).41–43

Scheme	19.24	Effect	of	the	base	on	the	stereoselectivity	of	the	Julia–Kocienski	olefination.

The	complexity	of	the	stereoselectivity	issue	arises	from	the	reversibility	of	the	first	step	of	the



Julia–Kocienski	mechanism	as	well	as	the	stability	of	the	resulting	hydroxysulfones.	As
displayed	in	the	general	mechanistic	pathway	(Scheme	19.25),	addition	of	the	sulfone	anion	on
the	aldehyde	gives	two	isomers	51	–	syn	or	anti.	If	the	addition	is	not	reversible,	the
stereoselectivity	of	the	overall	olefination	reaction	mainly	depends	on	this	initial	syn/anti	ratio.
If	reversible,	however,	the	relative	rates	of	Smiles	rearrangement	for	both	isomers	51	strongly
impact	the	selectivity	of	the	whole	process.	Due	to	steric	hindrance	(Scheme	19.25),	the
isomer	51	anti	is	less	prone	to	evolve	toward	the	spiro	intermediate,	giving	the	(Z)-alkene	52Z
as	the	major	product.	Nevertheless,	predominant	formation	of	the	(E)-isomer	52E	in	some
cases	is	generally	explained	by	a	competitive	zwitterionic	pathway,	in	which	the	loss	of	the
alkoxyheterocycle	occurs	prior	to	sulfur	dioxide	elimination	to	form	53	as	an	intermediate.
Such	behavior	has	been	particularly	observed	in	the	case	of	BTFP-29	and	NP-sulfones.31	More
recently,	computational	studies	for	the	synthesis	of	conjugated	esters	or	amides	starting	from
BTFP-sulfones	have	indicated	that	the	Smiles	process	is	the	selectivity-determining	step	and
that	SO2	extrusion	occurred	before	the	loss	of	the	phenolate.39

Scheme	19.25	General	mechanistic	pathway	of	the	Julia–Kocienski	olefination.

The	Julia–Kocienski	olefination	has	inspired	McGeary	and	coworkers	to	develop	the
transformation	of	epoxides	54	into	the	corresponding	alkenes	(Scheme	19.26).44	In	a	first	step,
the	nucleophilic	addition	of	the	BT-thiol	55	to	the	epoxide	54	afforded	the	β-hydroxy	BT-
thioether	56,	which	can	further	evolve	under	prolonged	reaction	time	to	give	the	episulfide	57



through	direct	Smiles	rearrangement.	However,	controlled	oxidation	of	the	intermediate	β-
hydroxy	BT-thioether	56	into	58	promoted	the	desired	Smiles	rearrangement	with	concomitant
SO2	extrusion	to	give	mono-,	di-,	or	trisubstituted	alkenes	(Scheme	19.26).

Scheme	19.26	Conversion	of	epoxides	to	alkenes	related	to	Julia–Kocienski	olefination.

Another	clever	application	of	the	Julia–Kocienski	reaction	was	recently	reported	by	Jorgensen
and	coworkers	based	on	the	combination	of	organocatalysis	and	the	Smiles	rearrangement	for
the	functionalization	of	α,β-unsaturated	carbonyl	compounds.45–47	Indeed,	the	organocatalytic
conjugate	addition	of	β-keto	BT-sulfones	59	to	cycloalkenone	provides	valuable
diketosulfones	60	for	further	transformations.	For	instance,	the	subsequent	reduction	of	the
latter	allows	the	formation	of	enantioenriched	alkenyl	alcohols	61	in	good	yields	and
enantioselectivities	via	the	Smiles	rearrangement	of	the	resulting	hydroxysulfones	(Scheme
19.27,	Path	A).45	Desulfurylation	of	the	diketosulfones	60	occurs	under	basic	treatment	in
protic	media,	giving	access	to	enantioenriched	1,5-dicarbonyl	compounds	62	(Scheme	19.27,
Path	B).	Similarly,	after	protection	of	the	other	ketone	group,	basic	treatment	of	the	β-
ketosulfone	gives	the	corresponding	enolate,	which	further	evolves	through	a	Smiles
rearrangement	to	form,	after	deprotection,	alkynyl	cycloalkanones	63	(Scheme	19.27,	Path
C).45	In	the	case	of	α,β-unsaturated	aldehydes,	the	reactions	can	be	performed	in	one	pot	when
using	PT-sulfones,	affording	a	very	efficient	and	stereoselective	strategy	for	alkynylation	and
alkenylation	of	conjugated	aldehydes.47



Scheme	19.27	Organocatalyzed	Michael	addition	of	β-keto	BT-sulfones	followed	by	Julia–
Kocienski	olefinations.

β-Ketosulfones	60	can	also	be	transformed	into	enantioenriched	substituted	bicyclo[2.2.2]oct-
5-en-2-ones	64	via	a	tandem	aldol	cyclization/Smiles	rearrangement	(Scheme	19.28).46

Scheme	19.28	Tandem	aldol	cyclization/Smiles	rearrangement.

In	a	similar	strategy,	the	organocatalyzed	addition	of	β-keto	BT-sulfones	to	N-Boc-protected
imines,	followed	by	reduction	or	desulfurization	of	the	resulting	adducts,	affords	optically
active	trans-allylic	amines	65	or	β-aminoketones	(Scheme	19.29).48	This	reaction	was
extended	to	N-aryl	imines	and	BT-sulfones	bearing	an	ester,	an	amide,	or	a	ketone	at	the	β-
position	to	give	the	corresponding	Michael	acceptor	66	in	good	to	excellent	yields.49



Scheme	19.29	Imines	in	Julia–Kocienski	olefinations.

Considering	these	β-ketoheteroarylsulfones	as	highly	valuable	starting	materials,	Jørgensen
also	reported	a	metal-free	functionalization	of	electron-deficient	aromatic	derivatives	under
basic	conditions.	An	intermolecular	nucleophilic	aromatic	substitution	provides	an
intermediate	β-aryl-β-ketoheteroarylsulfone	which	can	be	readily	transformed	into	α-arylated
ketones	via	desulfurylation	or	into	arylated	alkynes	67	via	the	Smiles	rearrangement	for
elimination	from	the	derived	enolate	68.	The	route	to	the	alkyne	product	represents	a	formal
metal-free	Sonogashira	coupling	(Scheme	19.30).50

Scheme	19.30	Julia–Kocienski	reactions	leading	to	alkynes.

19.3.3	Ugi–Smiles	Couplings
The	Smiles	rearrangement	was	recently	involved	in	an	Ugi-type	reaction	described	by	El	Kaïm



and	Grimaud,	by	replacing	the	carboxylic	acid	classically	used	in	Ugi	couplings	with	a
nitrophenol.51–53	In	this	process,	the	coupling	of	an	aldehyde,	an	amine,	an	isocyanide,	and	an
electron-deficient	phenol	in	a	1	M	solution	of	methanol	or	toluene	at	60	°C	gives	an	aryl
imidoyl	intermediate	69,	which	further	evolves	through	a	Smiles	rearrangement	to	form	the
corresponding	N-aryl	carboxamide	derivatives	70	(Scheme	19.31).	Through	the	Smiles
process,	the	aryl	moiety	is	transferred	from	the	oxygen	atom	to	the	nitrogen	of	the	amine.
Formation	of	the	C—O	double	bond	probably	constitutes	the	driving	force	of	the	process.

Scheme	19.31	Ugi–Smiles	coupling	of	2-nitrophenol.

The	Smiles-mediated	aryl	transfer	requires	the	presence	of	strong	electron-withdrawing
substituents	such	as	nitro	on	the	phenol,	yet	no	reaction	was	observed	with	a	cyano	or	a
phosphonate	group.	4-Hydroxybenzoates	and	2-	and	4-hydroxybenzamides	are	not	reactive	in
this	reaction,	but	salicylic	acid	esters	give	the	desired	Ugi–Smiles	adducts	in	good	yields.52
The	high	acidity	of	nitrophenols	could	justify	their	good	reactivity,	but	the	behavior	of	other
phenols	could	not	be	simply	correlated	with	their	pKa.	For	instance,	4-hydroxybenzoic	acid
methylester	(pKa	8.5)	is	more	acidic	than	the	corresponding	2-hydroxy	derivative	(pKa	9.8).
Neither	could	simple	electronic	effects	be	invoked	to	explain	the	difference	in	reactivity
observed	between	the	2-methyl-4-nitrophenol	and	the	4-methyl-2-nitrophenol	(Scheme
19.32).54



Scheme	19.32	Substituent	effects	in	Ugi–Smiles	couplings	of	4-nitrophenols.

Inspired	by	the	broad	synthetic	utility	of	phenols,	various	substituents	have	been	introduced,
and	DFT	calculations	have	been	done	to	rationalize	these	experimental	results.55	It	appears	that
the	efficiency	of	the	Smiles	rearrangement	can	be	correlated	with	the	possibility	of	a	hydrogen
bond	between	the	ortho	substituent	and	the	NH	of	the	former	amine.	For	instance,	in	the	case	of
2-nitrophenol	(Scheme	19.33,	relative	energies	determined	by	computational	calculations
carried	out	at	the	M06-2X/6-31+G(d,p)	level	of	theory	in	methanol),	two	types	of	spiro
intermediates	can	be	drawn	depending	on	the	relative	positions	of	the	nitro	group	and	the	NH
(Scheme	19.33).	Comparing	the	energies	of	the	two	spiros	shows	that	if	a	hydrogen	bond	can
develop,	the	spiro	intermediate	has	an	energy	more	than	15	kcal/mol	lower	than	if	the	hydrogen
bond	is	not	possible.	If	no	interaction	can	develop,	as	with	para-nitrophenol,	the	spiro
structure	turned	out	to	be	a	transition	state	instead	of	an	intermediate.	With	ortho	substitution,
steric	repulsion	predominates,	and	the	reaction	fails	when	there	is	no	hydrogen	bonding.

Scheme	19.33	Energies	and	structures	of	spiro	intermediates	in	Ugi–Smiles	coupling	of	2-
nitrophenol.

The	importance	of	the	hydrogen	bond	is	highlighted	when	comparing	the	behavior	of	2-allyl-4-
nitrophenol	and	its	Mannich	adduct	71,	which	is	much	more	hindered	(Scheme	19.34).	Indeed,
a	nitrogen	atom	of	the	Mannich	adduct	probably	interacts	with	the	NH	of	the	amine	to	favor	the
spiro	cyclization,	allowing	thus	the	Smiles	rearrangement	to	proceed.



Scheme	19.34	Ugi–Smiles	coupling	of	2-allyl-4-nitrophenol	derivatives.

The	scope	of	the	Ugi–Smiles	coupling	was	extended	to	the	use	heteroaromatic	derivatives,
allowing	a	rapid	access	to	N-heteroarylcarboxamides.56	As	already	mentioned,	the	presence	of
a	nitrogen	atom	in	the	aromatic	system	decreases	the	electron	density	on	the	aromatic	carbon
atoms.	Although	2-hydroxypyridine	failed	to	react,	the	introduction	of	a	nitro-substituent,	or
even	a	less	electron-withdrawing	group	such	as	a	chlorine	atom	or	a	trifluoromethyl	group,
induces	the	Smiles-driven	coupling	(Scheme	19.35).

Scheme	19.35	Behavior	of	2-hydroxypyridines	in	Ugi–Smiles	couplings.

As	expected,	the	introduction	of	a	second	nitrogen	atom	facilitates	the	coupling,	and	an
electron-withdrawing	substituent	is	not	required	for	hydroxypyrimidine	and	pyrazine	substrates
(Scheme	19.36).56,	57



Scheme	19.36	Hydroxypyrimidines	and	hydroxypyrazines	in	Ugi–Smiles	couplings.

Due	to	their	lower	pKa	and	the	higher	nucleophilicity	of	the	resulting	anion,	thiols	were
expected	to	be	more	efficient	in	Ugi–Smiles	couplings	than	their	phenol	analogues.	However,
para-nitrothiophenol	(pKa	5.1)	fails	to	react	under	Ugi–Smiles	conditions,	probably	due	to	the
lower	efficiency	of	the	Smiles	rearrangement	in	the	case	of	thiols.	The	best	results	are	obtained
using	the	2-nitro-	4-trifluoromethylphenylmercaptan	in	toluene	at	90	°C,	which	gave	the
expected	thioamide	72	in	26%	yield	after	2	days	(Scheme	19.37).	Indeed,	due	to	the	lower
energy	of	the	C S	compared	to	the	C O	bond,	the	thermodynamic	stability	of	the	attendant	N-
aryl	thiocarboxamide	72	is	probably	comparable	to	that	of	the	corresponding	thioimidate	73.	In
this	case,	the	Smiles	rearrangement	is	less	prone	to	occur,	and	thioimidates	74	turned	out	to	be
stable	enough	to	be	isolated	(Scheme	19.38).56,	58



Scheme	19.37	Ugi–Smiles	couplings	of	2-nitrothiophenol	derivatives.

Scheme	19.38	Thioimidate	formation	in	attempted	Ugi–Smiles	coupling	of	2-mercaptobenzoic
acid	derivative.

Nevertheless,	heteroaromatic	mercapto	derivatives	give	much	more	interesting	results	in	these
couplings,	allowing	rapid	access	to	highly	functionalized	thioamides.	As	observed	for
hydroxypyridine,	substituted	2-mercaptopyridines	react	smoothly	to	give	the	corresponding	N-
pyridinothiocarboxamides	75	in	moderate	to	good	yields	(Scheme	19.39).	However,	for	2-	and
4-mercaptopyrimidines,	solvent-free	conditions	were	required	for	the	coupling	(Scheme
19.39).56	In	all	the	cases,	their	efficiency	remains	moderate	compared	to	the	hydroxy
analogues,	and	mercapto	pyrazines	and	quinoxalines	yield	rather	low	amounts	of	products.57



Scheme	19.39	2-Mercaptopyridines	and	pyrimidines	in	Ugi–Smiles	couplings.

The	most	interesting	results	using	mercapto	derivatives	emerge	from	the	use	of	five-membered
ring	heteroaromatics,	whose	2-hydroxy	counterparts	fail	to	react.	Indeed,	five-membered	ring
heterocycles	such	as	pyrroles,	pyrazoles,	and	oxazoles	are	electron	rich	because	of	the
delocalization	of	the	lone	pair	of	one	heteroatom,	disfavoring	the	Smiles	rearrangement.
However,	mercapto	benzothiazoles	and	benzoxazoles	(related	N-alkylated	or	N—H
benzimidazoles	fail	to	react	in	these	couplings)	turned	out	to	promote	efficient	couplings
(Scheme	19.40).59	Stabilization	of	the	negative	charge	that	develops	on	the	nitrogen	atom	of	the
five-membered	ring	should	be	aided	by	the	fused	aromatic	system,	favoring	the	Smiles
rearrangement.	No	reaction	is	observed	with	monocyclic	five-membered	ring	systems	–	it	is
worth	noting	that	3-mercapto-1,2,4-triazole	gives	the	corresponding	thioimidates	in	moderate
yields,	as	observed	with	thiosalicylate.60

Scheme	19.40	Mercaptobenzothiazoles	and	benzoxazoles	in	Ugi–Smiles	couplings.

The	related	Passerini–Smiles	reaction,	an	analogous	three-component	coupling	performed	in
the	absence	of	the	amine	partner,	affords	O-aryl	carboxamides	76	via	O	to	O	aryl	transfer
(Scheme	19.41).52,	60



Scheme	19.41	Passerini–Smiles	reaction	of	2-nitrophenol.

The	scope	of	this	reaction	is	narrower	than	the	Ugi–Smiles	coupling	as	usually	observed	for
Passerini	couplings	due	to	the	lower	electrophilicity	of	the	carbonyl	compound	compared	with
the	corresponding	iminium.	Additionally,	no	reaction	is	observed	for	para-nitrophenol	unless
there	is	an	appropriate	substituent	at	the	ortho	position	(Scheme	19.42).	This	reinforces	the
hypothesis	that	hydrogen	bonding	enables	the	Smiles	transfer.	For	instance,	the	Mannich	base
77,	with	one	nitrogen	atom	well	located	to	develop	such	an	interaction	with	the	hydrogen	of	the
hydroxyl	group,	provides	the	desired	adduct	78	in	65%	yield.

Scheme	19.42	Passerini–Smiles	coupling	of	4-nitrophenol	derivative.

If	a	Lewis	acid	such	as	Ti(Oi-Pr)4	is	added	to	enhance	the	electrophilicity	of	the	carbonyl
compound,	the	product	79	is	of	Ugi	type	with	two	isocyanide	molecules	80	incorporated,	one
playing	the	role	of	an	amine	(Scheme	19.43).61	The	authors	suggested	that	the	β-alkoxy
arylimidate,	resulting	from	the	addition	of	the	isocyanide	on	the	aldehyde	and	subsequent
trapping	of	the	nitrilium	by	the	phenolate,	reacts	with	methanol	in	the	presence	of	the	Lewis
acid	to	generate	an	imine.	However,	no	evidence	for	such	a	mechanism	was	given	in	order	to
corroborate	this	hypothesis.

Scheme	19.43	Formal	Ugi–Smiles	with	the	isocyanide	acting	as	an	amine.

Hydroxy	heterocycles,	such	as	hydroxyquinolines	81,	2-hydroxy-3-nitropyridine,	or	4-
hydroxypyrimidines	82,	promote	Passerini–Smiles	couplings	in	good	to	moderate	yields
(Scheme	19.44).52	In	these	cases,	hydrogen	bonding	probably	develops	to	favor	the	whole



process.

Scheme	19.44	Hydroxyheterocycles	in	Passerini–Smiles	reactions.

Disappointingly,	the	related	thio	Passerini–Smiles	couplings	do	not	proceed	efficiently	as	the
yields	exceeded	50%	only	for	the	case	shown	in	Scheme	19.45.58	This	lack	of	reactivity	is
probably	linked	to	the	weaker	energy	of	C S	bond	compared	to	the	C O	one.

Scheme	19.45	Thio-Passerini–Smiles	coupling.

Westermann	and	coworkers	have	recently	reported	on	tandem	Ugi–Mumm/Ugi–Smiles
reactions	using	various	phenol-substituted	carboxylic	acids	(Scheme	19.46).	As	the	Ugi–
Mumm	is	very	rapid,	it	is	possible	to	perform	sequential	couplings	to	reach	products	with
seven	points	of	diversity.62



Scheme	19.46	Tandem	Ugi–Mumm/Ugi–Smiles	reactions	with	hydroxybenzoic	derivatives.

Recently,	different	enol	sources	have	been	investigated	to	replace	the	starting	phenol.	For
instance,	Charton	and	coworkers	reported	a	similar	reaction	using	squaric	acid	83	instead	of
an	electron-deficient	phenol	(Scheme	19.47).63	Similarly,	Ramazani	and	coworkers	described
the	application	of	tropolone	84	in	Ugi–Smiles64	or	Passerini–Smiles65	couplings	to	synthesize
substituted	cycloheptatrien-1-one	derivatives	85	(Scheme	19.48).

Scheme	19.47	Ugi–Smiles	reaction	of	squaric	acid.

Scheme	19.48	Ugi–Smiles	reaction	of	tropolone	derivatives.

As	presented	earlier,	the	scope	of	these	Ugi-type	couplings	involving	a	Smiles	rearrangement
has	been	extensively	studied	in	forming	highly	functionalized	amides	and	thioamides.	More



interestingly,	the	resulting	products	constitute	an	extremely	rich	source	of	precursors	in
heterocyclic	synthesis.	Indeed,	when	using	a	more	activated	phenol	86	bearing	two	electron-
withdrawing	substituents,	a	second	Smiles	rearrangement	can	occur	under	basic	conditions
(Scheme	19.49).66	Evidently,	when	treated	with	DBU,	the	4-component	adduct	87	further
evolves	via	a	spiro	[3,6]	intermediate	to	give	the	corresponding	C-arylated	product,	affording,
after	cyclization	of	the	amide	moiety	on	the	ester,	the	final	isoquinolinone	88	(Scheme	19.50).
Depending	on	the	solvent	used	in	these	cascades,	the	amino	residue	can	add	onto	the	ester
affording	an	isoindolinone	89.	The	second	aryl	transfer	in	which	a	carbanion	is	involved	as	the
nucleophile	represents	an	interesting	example	of	a	Truce–Smiles	rearrangement.4

Scheme	19.49	Ugi–Smiles	access	to	isoquinolinone	88	and	isoindolinone	89.



Scheme	19.50	Consecutive	Ugi–Smiles/Truce–Smiles	rearrangements	in	the	formation	of	88
and	89.

A	wide	range	of	postcondensation	transformations	could	be	imagined	to	further	transform	Ugi–
Smiles	adducts.	For	instance,	a	one-pot	two-step	sequence	has	been	reported	for	indole
formation	starting	from	2-iodo-4-nitrophenol	as	the	acidic	partner	in	Ugi–Smiles	reactions.67
When	the	4-component	coupling	is	completed,	a	substoichiometric	amount	of	trifluoroacetic
acid	is	added	to	destroy	the	remaining	isocyanide	before	addition	of	the	palladium	catalyst	for
a	subsequent	Heck–isomerization	process	(Scheme	19.51).	Such	a	cascade	allows	the
formation	of	various	N-substituted	indoles	90	in	good	yields,	especially	considering	the
number	of	bonds	formed	during	the	whole	sequence.

Scheme	19.51	Consecutive	Ugi–Smiles/Heck	reaction	towards	indole	derivatives.



Due	to	the	high	efficiency	of	these	Ugi–Smiles/palladium	coupling	reactions,	combined	with
the	resulting	rapid	access	to	quite	complex	structures,	such	sequences	have	been	used	to
develop	various	metal-catalyzed	reactions.	Indeed,	this	approach	assembles	in	one-step
functionalities	that	classical	methods	would	require	several	steps	to	gather.	For	instance,
furfurylamine	91	coupled	with	an	iodinated	hydroxy	aromatic	affords	starting	materials	92	for
a	new	ring	opening	of	furans	catalyzed	by	palladium	salts	(Scheme	19.52).68	This	sequence
provides	easy	and	efficient	access	to	indoles	or	pyrrolopyrimidines	93	substituted	with	a
pendant	α,β-unsaturated	carbonyl	moiety.	Similarly,	cyclopropropane	ring	opening	has	been
studied	using	cyclopropylamine	as	amine	partner	in	Ugi–Smiles	couplings,	followed	by
palladium-catalyzed	formation	of	dihydroquinolines	94	(Scheme	19.52).69

Scheme	19.52	Ugi–Smiles	couplings	followed	by	palladium-triggered	ring	cleavage	of	furans
and	cyclopropanes.

19.3.4	Miscellaneous	Use	of	the	Smiles	Rearrangement	in
Synthesis
Among	Smiles	processes	involving	S-to-O	transfer,	the	thermal	rearrangement	of	sulfur	ylides
95	has	been	recently	reported	under	microwave	irradiation	(Scheme	19.53).	The	reaction
proceeds	through	a	Smiles	rearrangement,	leading	to	the	(Z)-tetrasubstituted	olefin	96Z,	which
undergoes	a	final	isomerization	to	give	the	(E)-isomer	96E	in	excellent	to	good	yields.70



Scheme	19.53	Smiles	rearrangement	of	sulfur	ylides	95.

An	unprecedented	I-to-O	aryl	shift	has	been	described	for	the	synthesis	of	glycyrol,	a
benzofurancoumarin.71	A	hydroxycoumarin	97	reacts	with	diacetoxyiodobenzene	to	give	the
corresponding	iodonium	98,	which	undergoes	a	Smiles	rearrangement	in	refluxing	DMF	to
yield	a	3-iodo-4-phenoxycoumarin	99	(Scheme	19.54).	The	latter	cyclizes	under	palladium
catalysis	to	build	the	benzofuran	core.

Scheme	19.54	Synthesis	of	glycyrol	through	I-to-O	Smiles	rearrangement.



Based	on	a	related	mechanistic	concept,	a	transformation	of	acyl	chlorides	into	nitriles	was
reported	15	years	ago	using	2,4-dinitrobenzenesulfonamide	100	under	basic	conditions
(Scheme	19.55).72	In	this	reaction,	the	intermediate	sulfonimidamide	anion	101	undergoes	a
Smiles	rearrangement,	forming	the	nitrile	functional	group	after	SO2	extrusion	and	loss	of	the
phenolate	moiety.

Scheme	19.55	Smiles	rearrangement	of	sulfonimidamide	anion	101.

19.4	CONCLUSION
First	recognized	in	the	early	1930s	and	extensively	studied	in	the	following	decades,	studies
on	the	Smiles	rearrangement	still	represent	an	exciting	field.	Besides	the	disclosure	of	new
conditions	triggering	the	reaction	(e.g.,	photochemical,	radical,	and	microwave	irradiation),
the	most	interesting	developments	on	the	Smiles	rearrangement	certainly	involve	its	use	in
complex	synthetic	sequences.	Cascades	toward	fused	heterocyclic	systems	represent	early	and
rather	simple	examples	of	this	approach.	Their	use	in	more	elegant	and	complex	synthetic
schemes	really	began	with	the	Julia–Kocienski	olefination.	The	Ugi–Smiles	and	Passerini–
Smiles	couplings	show	further	how	these	rearrangements	may	enrich	and	expand	some	well-
established	reactions.	Further	important	applications	of	the	Smiles	rearrangement	certainly
remain	to	be	discovered.
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CHAPTER	20
PUMMERER-TYPE	REACTIONS	AS	POWERFUL	TOOLS
IN	ORGANIC	SYNTHESIS

Diego	Gamba-Sánchez	and	Fabián	Garzón-Posse
Laboratory	of	Organic	Synthesis,	Bio	and	Organocatalysis,	Chemistry	Department,
Universidad	de	los	Andes,	Bogotá,	Colombia

20.1	INTRODUCTION
The	Pummerer	rearrangement,	also	called	the	Pummerer	reaction,	and	its	variants	(Pummerer-
type	transformations)	are	extremely	useful	tools	in	organic	synthesis.	From	a	classical	point	of
view,	a	Pummerer	rearrangement	is	the	transformation	of	a	sulfoxide	with	at	least	one	α-
hydrogen	into	an	α-substituted	sulfide	(via	a	thionium	ion)	as	shown	in	Scheme	20.1.	The
substituent	group	at	the	α	position	can	be	inserted	by	either	intra-	or	intermolecular	addition,	an
important	feature	that	increases	the	scope	of	the	reaction.	In	other	words,	a	new	C—
nucleophile	bond	is	generated	at	the	α	center.	Because	these	nucleophiles	can	be	carbons	or
heteroatoms,	an	impressive	number	of	structures	are	accessible	using	Pummerer	chemistry.
Additionally,	the	initially	obtained	sulfide	may	be	easily	hydrolyzed,	increasing	even	further
the	structural	variety	of	the	Pummerer	products.



Scheme	20.1	Some	Pummerer	transformations.

More	modern	definitions	give	the	Pummerer	name	to	the	addition	of	nucleophiles	to
intermediate	thionium	ions,	which	are	generated	by	different	procedures	and	not	necessarily
from	sulfoxides	(connective	pathway	in	Scheme	20.1).	Depending	on	how	this	thionium
intermediate	is	generated,	and	on	whether	it	undergoes	nucleophile	addition,	several	types	of
Pummerer	reactions	exist.	This	chapter	will	focus	on	recent	(in	the	last	6	years)	developments
and	applications	of	Pummerer	chemistry	in	the	synthesis	of	complex	natural	products	and	other
structures	that	are	difficult	to	prepare.	Mechanistic	studies	that	provide	useful	information	to
better	plan	a	synthesis	using	Pummerer	transformations	are	also	covered.

The	chapter	is	divided	into	six	different	sections:	The	first	four	describe	the	five	types	of
Pummerer	reactions,	then	a	few	examples	of	cascades	or	tandem	processes	with	the
participation	of	the	Pummerer	reaction	are	presented.	Section	20.6	is	used	to	highlight	recent
applications	in	selenium-Pummerer	variants,	and	finally,	a	summary	and	outlook	is	provided.
The	examples	presented	herein	showcase	the	enormous	variety	of	structures	that	can	be
obtained	by	Pummerer	chemistry,	while	highlighting	that,	even	though	this	reaction	has	been
known	for	more	than	one	hundred	years,	there	is	still	much	work	to	be	done.

20.2	CLASSICAL	PUMMERER	REACTION
20.2.1	Mechanistic	Considerations
The	“classical	Pummerer	reaction”	is	by	far	the	most	known	and	applied	Pummerer	variant.



The	thionium	ion	3	is	generated	by	activation	of	the	sulfoxide	1	with	an	electrophilic	reagent,
and	this	ion	reacts	with	a	nucleophile	to	generate	α-substituted	sulfides	4	which	can	be
hydrolyzed	to	afford	thiols	5	and	new	carbon	skeletons	6	(Scheme	20.2).

Scheme	20.2	Classical	Pummerer	reaction.

The	mechanism	of	the	Pummerer	reaction	has	been	studied	by	labeling	and	kinetic
experiments.1	The	commonly	accepted	mechanistic	route	is	shown	in	Scheme	20.3.	Since	one
of	the	classical	activating	agents	for	sulfoxides	is	acetic	anhydride,	we	will	use	it	to	better
explain	this	proposed	mechanism.

Scheme	20.3	Mechanism	of	classical	Pummerer	rearrangement.

The	first	step	is	acetylation	of	the	sulfoxide	oxygen	and	the	release	of	an	acetate	ion	(7	→	8
Scheme	20.3).	Recent	computational	studies2	have	shown	that	the	initial	acetylation	step	is	rate
determining	and	that	the	release	of	the	acetate	ion	proceeds	by	stabilization	of	the	acetate	by
coordination	with	a	positively	charged	sulfur,	which	yields	an	achiral	sulfurane	11.	It	is
generally	accepted	that	the	formation	of	this	sulfurane	is	responsible	for	the	poor
enantioselectivity	shown	in	the	reactions	of	chiral	sulfoxides.	However,	sulfurane	formation
can	be	avoided	by	some	additives,	for	example,	N,N-dimethylacetamide	(DMAC),	N-methyl-
2-pyrrolidone	(NMP),	or	the	acetate	trap	DCC.3

The	next	step	in	the	sulfurane-mediated	mechanism	is	the	elimination	of	acetic	acid,	providing
a	racemic	mixture	of	ylides	12.	Alternatively,	and	avoiding	the	sulfurane,	the	chiral	ylide	9	is



formed	by	the	action	of	acetate	as	a	base	on	the	sulfonium	salt	8.	Different	pathways	are
possible	from	9/12	to	14.	Internal	1,2-acetoxy	transfer	may	occur	to	afford	the	α-oxygenated
sulfide	14	via	cyclic	transition	state	13;	in	the	presence	of	an	external	or	internal	(different
from	acetate)	nucleophile,	α-Nu	sulfides	are	obtained.2	Another	possible	pathway	involves	the
loss	of	acetate	ion	from	9	to	form	a	close-fitting	ion	pair	16	between	the	thionium	and	the
acetate;	the	thionium	can	then	be	trapped	by	internal	or	external	nucleophiles	with	the
possibility	of	enantioselectivity.	However,	the	tight	ion	pair	16	can	dissociate,	generating	an
isolated	thionium	15	which	reacts	with	nucleophiles	to	afford	a	racemic	mixture	of	the	addition
product.1

From	a	stereochemical	point	of	view,	it	is	important	to	control	sulfurane	formation,	which	is
apparently	responsible	for	the	loss	of	stereochemistry,	because	it	is	the	only	achiral
intermediate	present	in	the	proposed	mechanism.	As	was	already	mentioned,	the	acetate	ion
can	be	trapped	by	DCC,	and	also	by	TMS+,	generated	from	a	mixture	of	TMSOTf	and	DMAC.
If	acetate	ion	is	removed,	the	sulfurane	pathway	in	Scheme	20.3	is	suppressed	and	good
stereoselectivities	can	be	obtained,	because	the	original	configuration	at	sulfur	is	maintained	in
intermediates	9	and	10	and	even	tight	ion	pair	16.

20.2.2	Substrates
As	was	evident	in	the	previous	section,	the	main	substrates	for	classical	Pummerer	reactions
are	sulfoxides.	These	are	commonly	obtained	by	the	oxidation	of	sulfides.	The	oxidation	can
be	performed	with	traditional	oxidizing	agents,	such	as	NaIO4,	m-CPBA,	and	H2O2.
Furthermore,	the	use	of	catalytic	asymmetric	methods	for	the	selective	oxidation	of	sulfides	is
well	documented,	and	several	synthetically	applicable	methods	are	described	in	the	literature.4

Schemes	20.4	and	20.5	summarize	some	of	the	most	useful	methods	for	obtaining	Pummerer
substrates.	As	sulfides	are	generally	the	starting	materials	for	preparing	sulfoxides,	Scheme
20.4	also	highlights	methods	to	generate	those	sulfide	precursors.4e



Scheme	20.4	Synthesis	of	sulfides.

Scheme	20.5	Asymmetric	synthesis	of	chiral	sulfoxides.

Scheme	20.5	shows	four	of	the	most	commonly	used	methods	to	produce	enantioenriched
chiral	sulfoxides	starting	from	sulfides.	These	can	be	used	in	addition	to	traditional	oxidation
methods	mentioned	previously.4a–c

Meanwhile,	β-functionalized	sulfoxides	20	can	be	easily	obtained	by	Michael	addition	to	α,β-
unsaturated	sulfoxides.	The	α,β-unsaturated	sulfoxide	starting	materials	19	can	be	prepared	by
the	oxidation	of	vinyl	sulfides	21	and	also	by	the	Horner–Wadsworth–Emmons	reaction,5	using
commercially	available	sulfoxy	phosphonates	18	(Scheme	20.6a).	Alternatively,	cross



metathesis	on	vinyl	sulfoxides	can	be	carried	out	using	one	equivalent	of	a	Grubbs	II	catalyst	in
order	to	obtain	complete	conversion,	although	vinyl	sulfides	have	proven	to	be	unreactive.6
Meanwhile,	selective	α	addition	of	allyl	and	crotyl	sulfides	22	to	aldehydes	17	has	been
described	and	provides	a	useful	way	to	access	more	functionalized	vinyl	sulfides	23	(Scheme
20.6b).7

Scheme	20.6	Alternative	synthesis	of	unsaturated	sulfides	and	sulfoxides.

20.2.3	Applications	of	Classical	Pummerer	Rearrangement
Scheme	20.7	shows	different	useful	ways	to	use	Pummerer	chemistry.	Although	the	Pummerer
rearrangement	has	typically	been	used	to	synthesize	α-substituted	sulfides	25,	the	substrate	24
can	be	viewed	more	generally	as	an	ACH2S(O)B	molecule,	and	either	of	the	components	A	or
B	can	be	the	principal	reaction	product,	depending	upon	the	synthesis	strategy	applied.	Here,
we	present	four	different	categories	of	examples,	each	of	them	focused	on	obtaining	a	different
product	from	sulfoxides.	The	first	category	consists	of	the	synthesis	of	α-oxygenated	aldehydes
starting	with	β-oxygenated	sulfoxides,	a	process	that	corresponds	formally	to	loss	of	the	sulfur-
containing	moiety	BSH	(24	→	26,	Scheme	20.7).



Scheme	20.7	Four	different	varieties	of	Pummerer	products.

Recently,	we	described	a	useful	sequence	where	Michael-acceptor	sulfoxides	30	were
obtained	in	two	steps	from	homopropargylic	alcohols	29	by	radical	addition	of	thiophenol	and
oxidation	with	sodium	periodate.8	The	unsaturated	sulfoxides	were	used	in	a	highly
stereoselective	intramolecular	oxa-Michael	reaction.	The	sequence	provided	stereoselective
functionalization	of	the	sulfoxide	moiety,	and	the	products	31	proved	to	be	useful	in	the
synthesis	of	modified	furanosides	32.	This	represents	a	good	example	where	sugars	are
prepared	from	acyclic	precursors.	The	Michael	addition	was	followed	by	a	hydrolytic
Pummerer	reaction,	yielding	protected	α-hydroxy	aldehydes	(Scheme	20.8)	that	upon	acidic
treatment	afforded	3-substituted	ribofuranoses.

Scheme	20.8	Application	of	Pummerer	rearrangement	to	the	synthesis	of	modified	furanosides.

Other	recent	reports	on	the	synthesis	of	α-hydroxy	aldehydes	using	Pummerer	chemistry	can	be
found	in	the	synthesis	of	analogues	of	mannostatin	A	and	in	the	synthesis	of	nelfinavir	38,	as
described	by	Raghavan	et	al.	(Scheme	20.9).9



Scheme	20.9	Hydroxy	aldehydes	as	intermediates	in	the	synthesis	of	nelfinavir	and	analogues
of	mannostatin	A.

The	second	set	of	examples	involves	the	use	of	thionium	ions	as	electrophiles	in	inter-	and
intramolecular	processes	to	obtain	α-substituted	sulfides	(see	24	→	25,	Scheme	20.7),	which
is	the	most	common	type	of	Pummerer	reaction.	Applications	of	this	classical	Pummerer
rearrangement	are	exemplified	in	the	synthesis	of	trans-solamin,	the	synthesis	of	indolizidine
alkaloids,	and	the	synthesis	of	the	CDE	ring	of	erinacine	E.	The	first	example	(Scheme	20.10)
uses	Pummerer	chemistry	in	the	generation	of	a	thionium	ion,	which	reacts	in	an	intermolecular
tin-mediated	ene	reaction;	the	second	one	(Scheme	20.11)	uses	Pummerer	chemistry	to
introduce	a	nitrogen-containing	heterocycle	by	intramolecular	addition	to	form	the	coniceine
core;	and	the	third	example	(Scheme	20.12)	is	an	intramolecular	silicon-induced	Pummerer
reaction	with	oxygenated	nucleophiles	applied	to	the	synthesis	of	a	precursor	of	erinacine.
Details	of	these	Pummerer-based	strategies	are	discussed	below.

Scheme	20.10	Thionium	ion	generated	by	Pummerer	chemistry	as	substrate	in	ene	reaction.



Scheme	20.11	Pummerer	reaction	in	the	synthesis	of	indolizine	alkaloids.

Scheme	20.12	Synthesis	of	CDE	core	of	erinacine	E.

Scheme	20.10	summarizes	the	application	of	the	Pummerer	rearrangement	to	the	formal
synthesis	of	trans-solamin.	This	is	a	good	example	to	illustrate	the	introduction	of	an	external
nucleophile	and	to	show	the	functional	group	tolerance	of	Pummerer	chemistry	and	the
impressive	scope	of	thionium	intermediates.	It	is	known	that	thionium	ions	react	with	even
extremely	poor	nucleophiles	such	as	benzene10	and	the	reaction	with	unactivated	alkenes
proceeds	smoothly,	generating	the	ene	products.	In	2008,	Raghavan	et	al.	published	a	formal
convergent	synthesis	of	(+)-trans-solamin.11	In	that	paper,	the	Raghavan	group	used	a
Pummerer-type	reaction	to	generate	a	thionium	ion	that	reacted	in	the	presence	of	anhydrous
SnCl4and	undecene	to	afford	the	homoallylic	sulfide	41	(ene	product)	in	an	acceptable	yield.
Some	stereoselectivity	was	observed	in	this	addition;	however,	as	the	final	product	was
obtained	after	the	elimination	of	the	sulfur	moiety,	the	major	isomer	was	not	identified	or



isolated.	The	most	important	feature	of	this	example	is	the	reactivity	shown	by	the	thionium
ion.	An	excellent	electrophile,	this	ion	reacts	readily	as	an	enophile	and	serves	as	a	precursor
of	highly	functionalized	alkenes.

Additionally,	Scheme	20.11	shows	the	versatility	of	Pummerer	products.	Under	classical
Pummerer	conditions,	heterocyclic	compounds	behave	as	good	nucleophiles,	including	for	the
production	of	tertiary	bicyclic	lactams	44.	Kuhakarn	et	al.12	used	a	silicon-induced	Pummerer
reaction	(this	activation	method	will	be	explained	in	more	detail	later	in	this	section)	to
generate	the	thionium	intermediate,	which	was	intramolecularly	trapped	by	the	lactamic
nitrogen.	Even	when	a	mixture	of	S-stereoisomers	was	used,	the	reaction	proved	to	be
diastereoselective,	and	the	lactam	sulfide	44	was	obtained	as	5:1	mixture	of	trans	:	cis
products.	Subsequent	transformations	led	to	the	synthesis	of	a	variety	of	bicyclic	alkaloids	45–
48	starting	from	the	same	sulfide	lactam	intermediate	44.

The	last	example	of	this	series	is	Kobayashi	et	al.'s	approach	to	the	synthesis	of	erinacine	E
(Scheme	20.12).13	Here,	the	thionium	ion	51	was	trapped	by	an	internal	hydroxyl	nucleophile,
forming	the	DE	rings	as	a	precursor	of	the	CDE	core	system.	This	application	shows	two
important	aspects	of	Pummerer	chemistry.	First,	while	the	activation	of	a	sulfoxide	is	usually
achieved	by	treatment	with	an	anhydride,	in	this	example,	the	sulfoxide	activation	competes
with	acylation	of	the	OH	group.	In	these	cases,	or	when	the	substrate	is	very	acid	sensitive,
milder	activating	agents	(commonly	silylation	reagents)	can	be	used	to	afford	excellent	results.
The	second	important	aspect	in	this	example	is	stereochemical	control.	As	discussed	earlier,
good	stereocontrol	in	Pummerer	reactions	can	be	difficult	to	achieve	without	an	additive	that
prevents	loss	of	configuration	at	sulfur	in	the	sulfurane	intermediate.	Nevertheless,	highly
substituted	substrates	with	other	pre-existing	stereocenters	do	not	need	any	additive	for
production	of	a	configurationally	stable	thionium	intermediate;	the	stereochemistry	can	be
completely	substrate	controlled.

So	far,	the	more	common	ways	to	use	Pummerer	chemistry	have	been	described	(i.e.,	24	→	26
and	24	→	25,	Scheme	20.7).	However,	even	if	it	usually	is	the	A	fragment	(Scheme	20.7)	of
the	sulfoxide	which	is	the	important	component	of	the	target,	some	researchers	have	used	the
classical	Pummerer	reaction	to	obtain	thiols	or	complex	vinyl	sulfides	(24	→	28	or	24	→	27,
Scheme	20.7).	Clearly,	the	convenience	of	using	Pummerer	chemistry	in	the	synthesis	of	thiols
is	closely	related	to	the	structure	of	the	desired	product.	Simple	thiols	can	be	obtained	by
Pummerer	reactions,	but	in	most	cases,	other	shorter	and	cheaper	methods	are	available.
Consequently,	the	use	of	the	Pummerer	rearrangement	to	produce	thiol	products	is	most
favorable	in	the	synthesis	of	very	complex	thiols.

A	good	example	of	this	application	to	thiol	preparation	can	be	seen	in	Scheme	20.13.
Cryptophanes	are	synthetic	supramolecular	structures	used	principally	in	chemical
encapsulation.	Their	synthesis	usually	starts	with	cyclotriguaiacylene	(Figure	20.1).
Sanseverino	et	al.14	were	interested	in	a	thio	analogue	of	the	cryptophane,	hypothesizing	that	it
could	be	used	as	a	building	block	in	the	self-assembly	of	more	complex	cryptophanes	by
disulfide	bond	formation.	The	required	analogue	54	is	a	difficult-to-access	trithiol.
Sanseverino's	group	used	a	classical	Pummerer	rearrangement	to	produce	the	desired	thiol	in



80%	yield.	The	starting	sulfoxide	53	was	easily	accessible	by	oxidation	of	the	corresponding
sulfide,	and	the	sulfide	was	obtained	by	condensation	of	benzylic	alcohols	as	described	by
Collet	and	coworkers.15	In	order	to	avoid	purification	problems,	it	is	best	to	use	small	A
fragments	in	the	24	→	28	approach	shown	in	Scheme	20.7.	As	pertains	to	the	example	of
Scheme	20.13,	the	role	of	A	is	played	by	a	hydrogen,	with	loss	of	formaldehyde	in	formation	of
the	desired	thiols.

Scheme	20.13	Application	of	Pummerer	rearrangement	to	the	synthesis	of	complex	thiols.

Figure	20.1	Cyclotriguaiacylene.

The	last	example	for	an	application	of	the	classical	Pummerer	reaction	corresponding	to	the	24
→	27	strategy	of	Scheme	20.7	is	in	the	synthesis	of	pentenomycin	analogues.	Pohmakotr	et
al.16	used	base-mediated	elimination	of	trifluoroacetate	to	generate	a	cyclic	vinyl	sulfide	56,
which	was	described	as	an	epipentenomycin	analogue	(Scheme	20.14).	This	transformation
can	be	seen	as	a	suitable	methodology	to	reduce	sulfoxides	into	sulfides	by	the	Pummerer
reaction	with	concomitant	formation	of	a	vinyl	sulfide.



Scheme	20.14	Synthesis	of	vinyl	sulfides	by	Pummerer	rearrangement.

20.3	VINYLOGOUS	PUMMERER	REACTION
One	of	the	most	successful	variants	of	the	Pummerer	rearrangement	is	the	corresponding
vinylogous	reaction.	In	this	modification,	unsaturated	sulfoxides	58	are	activated	by
electrophiles,	just	as	with	saturated	substrates.	The	resulting	conjugated	thionium	ions	60	have
two	electrophilic	positions,	giving	one	of	two	products,	that	is,	the	α-	or	γ-isomer	(Scheme
20.15).

Scheme	20.15	Vinylogous	Pummerer	reaction.

Some	of	the	most	important	applications	of	this	reaction	have	been	toward	the	synthesis	of
oridine-derived	alkaloids.	These	routes	have	been	extensively	studied	by	Feldman's	team17

and	received	special	attention	in	previous	reviews.18	In	this	chapter,	we	will	focus	on	three
more	recent	applications	of	the	vinylogous	Pummerer	reaction	and	also	on	one	recent	report
highlighting	an	unexpected	and	potentially	useful	result.

Lyconadin	A	(66)	was	isolated	in	2001	by	Kobayashi's	group,19	and	its	biological	properties
have	been	determined.20	The	particularities	of	the	lyconadin	structure,	including	its
unprecedented	nitrogen-bridged	pentacyclic	core,	have	made	this	alkaloid	an	attractive	target
for	researchers.	In	2011,	Fukuyama	and	coworkers21	published	the	third	total	synthesis	of
lyconadin	A;	they	used	two	different	approaches,	one	of	which	employed	a	vinylogous
Pummerer	reaction	as	the	strategic	step.

The	key	intermediate	in	this	synthesis	was	the	conjugated	exocyclic	enone	65,	which	is	not	a
common	product	of	Pummerer	chemistry.	It	provides,	however,	an	excellent	example	that
shows	the	versatility	of	oxygenated	sulfides	and	how	they	can	be	transformed	to	obtain



complex	and	not	readily	apparent	structures.

As	shown	in	Scheme	20.16,	the	α,β-unsaturated	sulfoxide	63	was	activated	under	classical
Pummerer	conditions,	generating	a	conjugated	thionium	ion.	This	might	undergo	α	or	γ
nucleophilic	attack,	but	probably	due	to	steric	hindrance,	the	γ	product	64	was	isolated	as	the
sole	regioisomer	in	very	good	yield.	The	bifunctional	sulfide	64	was	exposed	to	acidic
hydrolysis	in	the	presence	of	mercury	sulfate,	yielding	the	expected	α,β-unsaturated	ketone	65.
This	was	used	in	subsequent	steps	to	obtain	lyconadin	A	(66).

Scheme	20.16	Application	of	vinylogous	Pummerer	rearrangement	in	the	total	synthesis	of
lyconadin	A.

It	is	necessary	to	emphasize	that	competition	between	α-	and	γ-isomers	is	usually	observed,
although	this	was	not	the	case	in	Fukuyama's	work.	On	the	other	hand,	if	the	α-isomer	is
obtained	as	the	major	product,	α,β-unsaturated	ketones	can	be	obtained	as	well	by	hydrolytic
elimination	of	the	sulfur-containing	moiety	(see	Scheme	20.18).

As	was	already	mentioned,	we	decided	to	highlight	the	Fukuyama	lyconadin	synthesis	because
ketones	are	unusual	Pummerer	products.	Hopefully,	the	reader	will	perceive	that	Pummerer
chemistry	is	rich,	not	only	in	terms	of	the	primary	products	(functionalized	sulfides),	but	also
for	the	wide	variety	of	functions	that	can	be	derived	from	it.

Continuing	with	the	expediency	of	classical	activation	in	vinylogous	Pummerer	chemistry	and
focusing	on	the	different	possibilities	of	applications	for	γ-esterified	hydroxyl	sulfides,	it	is
logical	to	think	of	a	mild	hydrolysis	to	yield	the	free	γ-hydroxy	product.	A	recent	example	of
this	transformation	was	applied	to	the	total	synthesis	of	ent-hyperforin.	Shibasaki	and
coworkers22	described	optimization	studies	on	the	synthesis	of	α-unsaturated-γ-hydroxy
sulfides	and	their	application	in	total	synthesis	of	this	natural	product	enantiomer	69.

As	shown	in	Scheme	20.17,	the	intermediate	γ-trifluoroacetate	was	hydrolyzed	in	situ	under
mild	conditions,	affording	the	desired	hydroxyl	derivative	68.	Shibasaki	also	presented
optimization	studies	where	the	competition	between	α-	and	γ-isomers	was	evident.	The	enone
73	was	obtained	by	the	hydrolysis	of	the	α-product	71	(Scheme	20.18).	These	studies	revealed
the	influence	of	the	solvent	and	base.	The	combination	of	hindered	bases	with	relatively	polar
solvents	afforded	best	results	for	the	desired	γ-isomer.	In	contrast,	unhindered	bases	and	less
polar	solvents	produced	an	almost	equimolar	mixture	of	73	and	74.



Scheme	20.17	Vinylogous	Pummerer	hydroxylation	in	the	synthesis	of	ent-hyperforin.

Scheme	20.18	Optimization	studies	on	selectivity	for	vinylogous	Pummerer	reaction.

Clearly,	Pummerer	chemistry	provides	a	useful	way	to	access	complex	structures.	To	further
illustrate	this	point	in	an	even	more	complex	setting,	we	present	Feldman's	approach	to	the
synthesis	of	a	palau'amine	system.	Palau'amine,	as	well	as	mono-	and	dibromo	derivatives,	has



been	the	target	of	different	synthetic	studies.23	As	mentioned	previously,	Feldman's	group	has
studied	the	synthesis	of	oridine	alkaloids;	their	synthesis	used	a	vinylogous	Pummerer	reaction,
starting	from	a	common	intermediate	(Scheme	20.19).

Scheme	20.19	Oridine	alkaloids	from	a	common	intermediate.

The	application	of	the	reaction	to	the	more	complex	palau'amine	structure	assumed	the	use	of
an	additional	ring	as	in	80	(Scheme	20.20)	in	order	to	provide	access	to	the	pentacyclic	system
of	palau'amine.	As	expected,	Pummerer	chemistry	could	be	applied,	and	the	authors	described
the	successful	extension	of	their	previously	developed	methodology	to	the	synthesis	of	these
complex	frameworks	(Scheme	20.20).	The	activation	of	the	sulfur	moiety	must	be	underlined.
Usually,	sulfoxides	are	thought	to	be	the	only	advantageous	Pummerer	substrates;	however,
thionium	ions	are	the	real	Pummerer	starting	material,	and	their	generation	can	be	carried	out
in	different	ways.	Stang's	reagent	has	proved	to	be	practical	in	different	applications	starting
from	sulfides	or	sulfoxides	as	shown	for	conversion	of	80	to	thionium	ion	82.24	The	authors
speculated	that,	upon	thionium	formation,	a	double	nucleophilic	addition	occurred.	The	first
one	is	the	vinylogous	addition	of	the	amide	nitrogen	to	the	conjugated	thionium	ion,	and	the
next	step	is	pyrrole	addition	to	the	second	electrophilic	site	in	the	substituted	imidazole	ring.
The	stereochemistry	of	the	only-formed	isomer	was	confirmed	by	X-ray	analysis.



Scheme	20.20	Vinylogous	Pummerer	chemistry	in	the	synthesis	of	palau'amine	derivatives.

To	this	point	in	our	chapter,	examples	of	γ	addition	to	Pummerer	intermediates	have	been
reviewed;	nevertheless,	the	usual	query	is	whether	conjugate	addition	can	succeed	with	a	more
extended	π	system.	Fortunately,	an	example	that	addresses	this	question	was	published	in
2011.25	Sulindac	85	is	a	nonsteroidal	anti-inflammatory	drug,	and	its	treatment	with	oxalyl
chloride	under	basic	conditions	gave	the	sulindac	lactone	derivative	88	(Scheme	20.21).	The
authors	suggested	a	“longer-range”	vinylogous	Pummerer	rearrangement	caused	by	the	addition
of	carboxylate	87	to	the	thionium	ion	generated	by	the	activation	of	the	sulfoxide	with	oxalyl
chloride.



Scheme	20.21	A	longer-range	Pummerer	reaction.

These	examples	show	that	the	vinylogous	Pummerer	reaction	is	a	potent	tool	in	the	synthesis	of
complex	heterocyclic	cores	and	unsaturated	ketones.	Moreover,	α,β-unsaturated	sulfoxides,
when	treated	with	an	electrophilic	activator,	can	undergo	two	different	reactions.	The	first
pathway	(Scheme	20.22)	involving	elimination	from	activated	intermediate	90	to	give
unsaturated	thionium	91	was	discussed	earlier	and	is	known	as	the	vinylogous	Pummerer
reaction.	The	second	path	(90	→	92	→	95,	Scheme	20.22)	is	believed	to	occur	in	competition
and	is	called	an	additive	Pummerer	rearrangement.	It	involves	the	elimination	of	the	activating
agent	promoted	by	a	conjugate	nucleophilic	addition,	better	described	as	an	SN2	mechanism.	In
some	cases,	the	same	product	can	be	obtained	by	either	of	these	pathways,	so	competition	does
not	represent	an	important	issue.	This	was	extensively	studied	by	Feldman	et	al.17c	in	studies
toward	the	synthesis	of	phakellin	skeleton	and	is	exemplified	in	Scheme	20.23.

Scheme	20.22	The	additive	Pummerer	reaction,	competition	with	vinylogous	addition.



Scheme	20.23	The	additive	Pummerer	reaction	in	the	synthesis	of	phakellin	skeleton.

Applications	of	the	additive	mechanism	have	often	remained	speculative	because	both
vinylogous	and	additive	pathways	can	provide	the	same	product	and	because	the	preferred
mechanism	can	depend	on	delicate	changes	in	reaction	conditions.	Nonetheless,	some
examples	exist	in	the	literature	(see	next	section)	concerning	the	application	of	additive
Pummerer	reactions,	and	we	present	an	innovative	application	of	this	Pummerer	variant	which
is	preceded	by	an	interrupted	Pummerer	activation	in	the	next	section	of	this	chapter.

20.4	INTERRUPTED	AND	ADDITIVE	PUMMERER
REACTIONS
As	was	introduced	earlier,	once	the	sulfoxide	is	activated,	the	resulting	sulfonium	salt	102	can
undergo	nucleophilic	attack	at	the	sulfur	atom.	This	is	known	as	an	interrupted	Pummerer
reaction	and	is	outlined	in	Scheme	20.24.	The	nucleophilic	substitution	on	the	sulfur	atom
yields	a	new	sulfonium	salt	103.	Depending	on	the	structure	of	R,	Nu,	and	R1	in	103,	this	can
have	three	α	electrophilic	positions,	which	means	that	a	nucleophilic	substitution	of	sulfide
will	produce	the	loss	of	one	of	the	three	fragments.	Usually,	the	first	nucleophile	is	present	in
the	same	molecule,	reacting	in	an	intramolecular	way.	However,	some	examples	using
interrupted	Pummerer	reactions	in	intermolecular	processes	are	described	in	the	literature,	and
importantly,	the	reaction	can	be	used	to	activate	relatively	unreactive	positions	in	heterocyclic
rings.



Scheme	20.24	The	interrupted	Pummerer	reaction.

Scheme	20.25	describes	the	work	published	by	Kawasaki's	group26	where	they	used	a
combination	of	dimethylsulfoxide	and	trifluoroacetic	anhydride	as	source	of	trifluoroacetylated
sulfonium	ion	109	which	reacted	with	108	generating	the	new	sulfonium	salt	110	that
underwent	the	loss	of	the	sulfur-containing	moiety	promoted	by	nucleophilic	attack.	The
nucleophile	could	be	an	alcohol,	thiol,	amine	or	organometallic	species,	or	even	another
heterocyclic	substrate.	In	cases	where	the	nucleophile	was	a	sulfoxide,	the	reaction	led	to	an
overall	CH2	oxidation	(Scheme	20.25).	Kawasaki's	results	suggest	that	this	transformation,
based	on	an	interrupted	Pummerer	rearrangement,	could	be	applied	in	the	synthesis	of
biologically	active	tetrahydrocarbazoles	and	analogues	(Figure	20.2).



Scheme	20.25	Allylic	oxidation	promoted	by	interrupted	Pummerer	chemistry.

Figure	20.2	Some	bioactive	tetrahydrocarbazoles	and	analogues.

Intramolecular	substitution	with	enols	or	double	bonds	has	been	applied	in	the	synthesis	of
fused	heterocyclic	compounds	using	the	interrupted	Pummerer	strategy27	(Scheme	20.26).
These	transformations	follow	the	same	principle	described	before,	but	the	first	nucleophile	is
added	by	an	intramolecular	process,	and	the	second	nucleophile	is	the	acetate	ion,	generating



methyl	acetate	as	a	reaction	product.	The	substitution	promoted	by	acetate	can	be	an	intra-	or
intermolecular	process	as	was	suggested	before	by	Yuste,	García	Ruano,	and	coworkers.28

Scheme	20.26	Fused	heterocyclic	systems	by	interrupted	Pummerer	chemistry.

As	was	introduced	earlier	in	this	chapter	(Scheme	20.22	and	previous	section),	the	additive
pathway	in	Pummerer	chemistry	is	in	competition	with	the	vinylogous	path,	and	its	application
is	still	in	some	cases	unpredictable.	Fortunately,	Yorimitsu,	Oshima,	and	coworkers	have
published	a	sequence	of	papers29	providing	excellent	applications	of	the	additive	Pummerer
pathway.	They	used	a	combination	of	two	Pummerer	approaches,	such	that	the	activation	of
sulfoxides	was	done	as	usual	by	an	electrophilic	reagent,	but	they	used	the	beginning	of	a	so-
called	interrupted	Pummerer	reaction	(vide	infra)	to	generate	the	α,β-unsaturated	sulfonium
salt	121.	This	intermediate	did	not	follow	the	traditional

interrupted	pathway,	but	rather	underwent	a	[3,3]-sigmatropic	rearrangement	(Scheme	20.27).
Overall,	the	transformation	can	be	seen	as	an	addition	of	a	carbon	nucleophile	at	the	β-position
of	thionium	121	(cf.	90	→	92;	Scheme	20.22).

Scheme	20.27	Additive	Pummerer	reaction	followed	by	[3,3]-sigmatropic	rearrangement.

Yorimitsu	and	Oshima's	procedure,	with	clever	modification,	has	been	applied	to	the	synthesis



of	different	structures,	summarized	in	Scheme	20.28.	Notably,	thioacetals	137	were	obtained
by	a	copper-promoted	additive	Pummerer	reaction.	This	is,	in	fact	(to	the	best	of	our
knowledge),	the	first	example	of	a	metal-catalyzed	Pummerer	reaction	with	direct	activation	of
the	sulfoxide	and	also	the	first	direct	and	noncompetitive	additive	Pummerer	rearrangement.29c

Scheme	20.28	Structures	obtained	by	additive	Pummerer	reaction.

This	combination	of	reactions	provides	tremendous	scope	for	new	transformations.	Various
authors,	including	Maulide	and	coworkers,30	Procter	and	coworkers,31	and	Oshima	and
coworkers,32	have	described	useful	ways	to	apply	this	sequence	with	aromatic	compounds,
providing	the	possibility	of	obtaining	ortho-substituted	sulfides	and	benzofurans	(Scheme
20.29).



Scheme	20.29	Applications	of	interrupted	Pummerer	reaction	–	[3,3]-sigmatropic
rearrangement	sequence.

Scheme	20.29	exemplifies	four	different	approaches	to	carry	out	an	interrupted	Pummerer
reaction	[3,3]-sigmatropic	rearrangement	sequence.	Oshima's	work	use	phenol	138	as
nucleophile	generating	the	optimal	intermediate	140	for	the	sigmatropic	rearrangement;	the
formed	product	141	can	rearrange	to	afford

sulfur-substituted	benzofurans	142.	Maulide	used	a	similar	intermediate	but	generated	by	a
nucleophilic	ketone	145	and	the	diphenylsulfonium	salt;	in	this	case,	the	final	products	were
ortho-substituted	phenyl	sulfides	146.	Procter's	approaches	are	based	on	the	use	of
nucleophilic	carbon	atoms	in	silylated	unsaturated	structures	like	148	or	154;	these	strategies
also	afford	substituted	aryl	sulfides.

20.5	CONNECTIVE	PUMMERER	REACTION
Connective	Pummerer	reactions	are	transformations	where	the	thionium	ion	is	generated	by	the
addition	of	a	thiol	158	to	an	aldehyde	157,	generating	a	hemithioacetal	159,	which	undergoes
elimination,	yielding	the	corresponding	thionium	ion	160.	This	ion	can	be	trapped	by	a
nucleophile	as	already	described	(Scheme	20.30).	The	nucleophile	can	be	introduced	by	an
inter-	or	intramolecular	process,	thereby	increasing	the	applicability	of	this	methodology.



Scheme	20.30	Connective	Pummerer	reaction.

As	shown	so	far	in	this	chapter,	sulfoxides	are	the	most	commonly	used	Pummerer	substrates.
Sulfides	are	less	commonly	used	than	their	oxygenated	partners,	but	they	are	still	useful	(see
Scheme	20.20).

We	have	also	outlined	how	Pummerer	reactions	are	classified,	depending	on	the	mode	of
nucleophile	interaction	with	the	thionium	ion	and	on	the	way	that	the	thionium	is	generated	in
the	first	place.	In	terms	of	nucleophile	interaction,	the	so-called	connective	Pummerer	reaction
is	in	the	category	that	involves	the	reaction	of	a	nonclassical	substrate	to	generate	the	thionium
ion	(see	Scheme	20.30).	What	distinguishes	the	connective	Pummerer	approach	are	the
alternative	methods	used	to	generate	thionium	ions.	The	pioneering	studies	described	by
Procter	and	coworkers33	showed	a	versatile	and	potentially	useful	new	Pummerer	strategy.	We
will	focus	on	the	synthetic	utility	of	this	new	approach,	including	an	application	in	the
synthesis	of	a	complex	natural	product.

The	connective	Pummerer	sequence	has	been	applied	to	the	preparation	of	the	2-
azaspiro[4.5]decane	motif	present	in	a	number	of	important	biologically	active	compounds	and
natural	products	(Figure	20.3).	The	construction	of	this	system	is	consequently	significant	in
the	synthesis	of	new	active	analogues.	Even	where	other	methods	are	available,	Pummerer
routes	offer	new	opportunities	for	the	assembly	of	structurally	varied	congeners.

Figure	20.3	2-Azaspiro[4.5]decane	in	some	natural	products.

In	2008,	Procter	and	coworkers34	described	the	synthesis	of	this	spirocyclic	system	using	a
connective	Pummerer	activation	followed	by	intramolecular	nucleophilic	addition	(Scheme
20.31).	Different	aliphatic	and	aromatic	thiols	were	used,	and	the	reaction	showed	some
stereoselectivity,	explained	by	minimization	of	the	interaction	between	the	R	thiol	group	and



the	ring	substituents,	as	can	be	appreciated	in	Scheme	20.32.

Scheme	20.31	Procter	approach	to	2-azaspiro[4.5]decane	by	interrupted	Pummerer	activation.

Scheme	20.32	Transition	states	and	stereochemical	explanation.

During	the	studies	shown	in	Scheme	20.31,	the	authors	noticed	that,	in	some	cases,	the
spirocyclic	system	was	not	the	reaction	product.	Instead,	they	obtained	a	rearranged	compound
172,	probably	resulting	from	an	intramolecular	aryl	transfer	as	shown	in	Scheme	20.33.	This
transformation,	initiated	by	Pummerer	chemistry	provides	a	new	synthesis	of	α-arylacetamides,
which	are	present	in	a	large	number	of	active	molecules.35

Scheme	20.33	Application	to	the	synthesis	of	arylacetamides.

An	extension	of	this	methodology	was	published	in	2009,36	involving	the	use	of	glyoxamides
with	less	substituted	aromatic	rings	as	the	precursors	of	fused	heterocyclic	systems.	The
general	reaction	conditions	are	shown	in	Scheme	20.34,	as	well	as	the	different	kinds	of
complex	fused	rings	obtained	by	this	approach.



Scheme	20.34	Different	structures	obtained	by	the	Procter	connective	approach.

Procter	and	coworkers	also	applied	their	connective	Pummerer	methodology	to	the	total
synthesis	of	the	fused-ring	alkaloid	cryptotackieine	(neocryptolepine).	To	this	end,	they
followed	the	synthetic	route	shown	in	Scheme	20.35,	which	includes	a	connective	Pummerer
cyclization	from	179	followed	by	a	pyridine-forming	reaction	sequence	mediated	by	samarium,
also	developed	by	the	Procter	group.37

Scheme	20.35	Application	to	the	total	synthesis	of	neocryptolepine.

Notably,	Procter's	team	also	published	the	first	synthetic	approach	to	more	complex	structures
using	the	connective	Pummerer	methodology	described	previously.	Ecteinascidin	597	belongs
to	a	family	of	structurally	intricate	molecules	with	an	extensive	range	of	antitumor	and
antimicrobial	activities.	It	is	licensed	as	Yondelis®	for	the	treatment	of	sarcoma,	and	it	is
under	study	for	other	clinical	applications.38



In	Scheme	20.36,	we	present	the	synthesis	of	the	ABH	ring	system	of	ecteinascidin	597	(187)
developed	by	Procter	and	coworkers.39	As	expected,	the	extension	of	the	connective	Pummerer
approach	with	glyoxamides	and	cysteine	derivatives	proved	to	be	convenient	and	was	applied
successfully	in	the	synthesis.	After	the	preliminary	cyclization	step,	a	1:1	mixture	of
stereoisomers	185	was	isolated,	showing	that,	in	this	case,	the	substituents	present	on	the
aromatic	ring	did	not	impart	a	steric	bias	(compare	Scheme	20.32).	Fortunately,	that
stereocenter	could	be	subsequently	equilibrated,	and	the	desired	product	187	was	obtained
upon	lactonization.

Scheme	20.36	Procter	approach	to	the	synthesis	of	ecteinascidin	597.

20.6	PUMMERER	REARRANGEMENT	IN	MULTIPLE-
REACTION	PROCESSES
Tandem,	cascade,	and	other	kinds	of	combined	chemical	transformations	have	been	shown	to
be	extremely	useful	in	the	synthesis	of	complex	structures.40	The	Pummerer	rearrangement	can
also	be	combined	with	different	known	reactions	in	order	to	produce	structures	more	complex
than	the	usual	Pummerer	products.	Here,	we	describe	two	recent	applications	of	Pummerer
chemistry	in	combination	strategies.

The	first	example	is	the	use	of	chloranil	in	C—H	oxidation	of	sulfides,	leading	to	the	in	situ
formation	of	the	electrophilic	thionium	ion,	which	was	trapped	by	1,3-dicarbonyl	compounds
in	a	Knoevenagel	reaction.41	The	products	obtained	were	α-acyl-β-sulfurated	carbonyl
compounds	192.	This	transformation	and	the	authors'	proposed	activation	mechanism	are
shown	in	Scheme	20.37.	Elimination	of	the	sulfur-containing	moiety	promoted	by	chloranil
afforded	the	usual	Knoevenagel	products	189.



Scheme	20.37	Pummerer–Knoevenagel	sequence	promoted	by	chloranil.

The	second	example	is	a	new	synthetic	approach	to	the	synthesis	of	nakadomarin	A	202
(Scheme	20.38).	To	this	end,	Winkler	and	coworkers	developed	a	tandem	Pummerer–Michael
process.42	The	generation	of	the	activated	thionium	ion	was	performed	by	the	elimination	of
ethanethiol	from	thioacetal	198.	The	intermediate	199	showed	double	reactivity,	that	is,	a
nucleophilic	position	on	the	furan	to	perform	the	Michael	addition	and	the	usual	electrophilic
thionium,	which	was	in	fact	trapped	by	the	enamine	carbon	generating	tetracyclic	product	200.
Winkler	presented	the	synthesis	of	a	tetracyclic	model	system	and	suggested	that	this	reaction
sequence	can	also	be	applied	to	the	synthesis	of	the	natural	product.



Scheme	20.38	Synthesis	of	a	model	system	of	nakadomarin	A.

20.7	OTHER	PUMMERER	REARRANGEMENTS
The	literature	on	Pummerer	chemistry	is	quite	extensive,	and	multiple	variants	are	described.
However,	looking	deeply	into	these	alternatives,	it	becomes	apparent	that	most	of	them	are
based	on	the	same	principle,	and	the	only	variation	is	the	nucleophile	source.	One	example	of
this	is	the	so-called	fluoro-Pummerer	reaction,	which	is	in	fact	a	fluoride	addition	to	the
normal	Pummerer	intermediate.	The	distinguishing	feature	is	the	generation	of	the	thionium
intermediate,	using	(diethylamino)sulfur	trifluoride	(DAST)	in	combination	with	metals
(Scheme	20.39).	DAST	is	known	as	a	source	of	nucleophilic	fluoride	and	has	been	widely
used	for	this	purpose.	A	review	on	the	fluoro-Pummerer	reaction	was	published	by	Haufe	and
coworkers	in	2012.43

Scheme	20.39	Mechanism	of	fluoro-Pummerer	reaction	with	DAST	and	ZnI2.



Given	that	selenium	and	sulfur	have	similarities	in	their	chemical	behavior,	it	is	logical	that
another	commonly	used	Pummerer	variant	involves	the	extension	from	sulfur	to	selenium.	In
this	regard,	the	seleno-Pummerer	reaction	has	been	widely	applied	in	selenonucleoside
synthesis,44	in	the	same	manner	that	normal	Pummerer	chemistry	is	used	in	the	synthesis	of
thionucleosides.	One	recent	example	that	illustrates	the	use	of	seleno-Pummerer	chemistry	is
the	work	of	Jeong	and	coworkers.45	Oxidation	of	selenium	was	accomplished	with	m-CPBA,
and	activation	of	the	selenoxide	with	acetic	anhydride	proceeded	well,	generating	the

electrophilic	species	which	was	then	trapped	by	the	nucleophile,	in	most	cases	a	nitrogen-
containing	base	(Scheme	20.40).

Scheme	20.40	Seleno-Pummerer	reaction	in	the	synthesis	of	nucleoside	analogues.

A	recent	and	innovative	application	of	the	seleno-Pummerer	approach	is	the	use	of	O,Se-
acetals	in	a	radical-generating	process	that	culminates	with	radical	addition	to	double	bonds.
This	method	was	used	in	the	synthesis	of	prostaglandin	analogues	and	the	zedoarondiol	cyclic
core	221.46	This	methodology	is	illustrated	in	Scheme	20.41.	It	is	based	on	the	possibility	of
generating	oxygenated	radicals	214	from	O,Se-acetals	213;	the	resulting	radical	reacts	with	an
unsaturated	compound	215	and,	assisted	by	tributyltin	hydride,	affords	the	oxygenated	product
216	and	regenerates	the	radical	source.	These	oxygenated	radicals	were	successfully	used	in
two-	or	three-component	reactions,	as	shown	by	the	formation	of	complex	structures.	Notably,
the	application	of	this	reaction	sequence	with	O,Se-acetal	217	(formed	by	seleno-Pummerer
reaction)	and	cyclopentenone	218	as	the	unsaturated	compound	provided	the	highly
functionalized	alkene	220	which	was	used	as	a	precursor	of	the	zedoarondiol	cyclic	core	221
as	indicated	in	Scheme	20.41.



Scheme	20.41	Seleno-Pummerer	in	radical	processes.

20.8	SUMMARY	AND	OUTLOOK
Even	though	long	known,	Pummerer	rearrangements	or	Pummerer	reactions	have	been	shown
to	be	extremely	versatile	transformations	for	organic	synthesis.	The	most	common	way	to	use
Pummerer	chemistry	is	for	the	preparation	of	α-substituted	sulfides.	However,	this	is	only	the
first	step	toward	accessing	an	impressively	wide	array	of	structures.

In	this	chapter,	we	have	presented	the	general	principles	and	specific	examples	of	Pummerer
reactions,	hoping	to	provide	researchers	with	inspiration	in	planning	their	future	syntheses.
Applications	include	complex	natural	products	and	the	synthesis	of	unusual	structures.
Moreover,	new	developments	have	opened	further	avenues	for	research.	For	example,	the
generation	of	thionium	ions	from	thiols	and	aldehydes	represents	a	new	transformation	where
innovative	work	can	be	done.	Additionally,	even	if	in	a	large	number	of	cases	the	Pummerer
reaction	is	diastereoselective,	the	requirement	for	a	general	and	readily	applicable	asymmetric
version	still	exists.	We	expect	that	researchers	around	the	world	will	continue	developing	new
Pummerer-based	transformations	and	will	also	apply	this	chemistry	to	the	synthesis	of	complex
natural	products	and	other	bioactive	compounds.
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INDEX
cis-195A

synthesis	via	Beckmann	rearrangement

	

p-acetamidobenzenesulfonyl	azide	(p-ABSA)

acetophenone

as	triplet	sensitizer	in	di-π-methane	rearrangements

acetylacetone

(-)-acetylaranotin

via	Baeyer–	Villiger	reaction

actinoboline

via	Ferrier	carbocyclization

acyl	azides	see	azides,	acyl

acylium	ions

as	possible	intermediates	in	Favorskii	rearrangement

acylperoxo	oxidants

in	Baeyer–	Villiger	reactions,	see	also	alkylperoxo	oxidants

acylsilanes

with	anionic	oxy-Cope	rearrangement

in	Brook	rearrangements

chemoselectivity	in	nucleophilic	addition	of	acetylides	to

cyanide	ion	addition	to

enolate	addition	to

heteroatom	nucleophile	addition	to

heterocyclic	carbene	addition	to

with	α	leaving	group	for	Brook/β-elimination	sequence

organometallic	reagent	addition	to,	effect	of	transmetallation

preparation	of



reaction	with	nucleophiles

reaction	with	organomagnesium	nucleophiles	giving	isolable	α-silyl	alcohols

reaction	with	Wittig	reagents

in	sila-Stetter	reaction	process

α,β-unsaturated	in	Brook	rearrangements

aflatoxin	B

synthesis	via	[3,3]-heteroatom	rearrangement

(-)-agelastatin	A

synthesis	via	double	Overman/Mislow–	Evans

aigialomycin	D

synthesis	via	Ramberg–	Bä	cklund	reaction

aldehyde	and	ketone	α-oxygenation	via	hetero-[3,3]	rearrangement

asymmetric	variant

diastereoselectivity

regioselectivity

retrosynthetic	considerations

solvent	dependence

strategic	advantages	of	hetero-[3,3]	approach

using	vinyl	boronic	acid	precursors

aldehydes

chiral,	α-sulfenyl	via	asymmetric	organocatalysis

α-hydroxylation	equivalent	via	Mislow–	Evans	rearrangement

synthesis	via	quasi-Favorskii	rearrangement

α,β-unsaturated	via	Mislow–	Evans	rearrangement

Alder–	Becker-type	oxidation

for	preparation	of	oxa-	di-π-methane	rearrangement	substrates

aldol	products

via	semipinacol	rearrangement

aldol	reaction	see	also	Mukaiyama	aldol	reaction

in	actinoboline	synthesis



anti	aldol	equivalent

chelation	control	in

double	diastereoselection	in

Evans	syn-aldol

Felkin–	Anh	control	in

during	Ferrier	carbocyclization	process

with	Ireland–	Claisen/Mislow–	Evans

in	mersicarpine	synthesis

in	myxalamide	A	synthesis

for	Payne	rearrangement	substrate	preparation

vinylogous,	asymmetric

alkene	cross	metathesis	see	also	ring-closing	metathesis,	ring-opening/ring-closing
metathesis

in	hyperolactone	C	synthesis

in	preparation	of	Pummerer	rearrangement	substrates

alkene	epoxidation

competitve	with	Baeyer–	Villiger

alkene	isomerization

radical-mediated

alkene	synthesis

via	Julia–	Kocienski	reaction,	see	also	JuliaKocienski	olefination

via	Ramberg–	Bä	cklund	reaction,	see	also	Ramberg–	Bä	cklund	reaction

N-alkenylaziridines

via	aza-di-π-methane	rearrangement

β-alkoxy	carboxylic	acids

via	Arndt–	Eistert	homologation	of	α-alkoxy	acids

alkyl	acetate	esters,	multisubstituted

via	Baeyer–	Villiger	reaction

alkyl	azides	see	azides,	alkyl

alkylperoxo	oxidants



in	Baeyer–	Villiger	reactions,	see	also	acylperoxo	oxidants

allal	frameworks

synthesis	via	Mislow–	Evans	rearrangement

allenes

silyloxy-,	via	Brook	rearrangement

via	Claisen	rearrangement	of	propargyl	vinyl	ethers

allenyl	alcohol

in	Claisen/Mislow–	Evans	sequences

allocyathin	B2
synthesis	via	Brook	rearrangement/anionic	oxy-Cope	rearrangement

synthesis	via	Knoevenagel	condensation/isomerization/Mislow–	Evans	cascade

allosamidin

synthesis	via	Mislow–	Evans	rearrangement

allyl	ammonium	enolates

allylic	amination,	preparation	via

metal	carbenoid-mediated	preparation

precursor	synthesis

in	[2,3]-Stevens	rearrangement

substitution	impact	in	[2,3]-Stevens	rearrangement	stereochemistry

via	alkylation	of	tertiary	amino	esters

vinylogous,

allyl	chloroformate

use	in	Curtius	rearrangement	sequence

π-allyl	complexes

palladium,	in	allylic	amination/[2,3]-Stevens	rearrangement

palladium,	in	sulfenate	cross-coupling

rhodium,	in	allyl	sulfoxide	dynamic	kinetic	resolution

N-allyl	hydrazones

acid-promoted	rearrangement

N-Boc	protection



chiral	substituents

in	hetero-[3,3]	rearrangements

oxidant-promoted	rearrangement

O-allylhydroxylamines

synthesis	via	[2,3]-rearrangement	of	ammonium	zwitterions

via	[2,3]-Meisenheimer	rearrangement

allylic-1,2-strain	(A1,2	strain)

controlling	factor	in	[2,3]-Wittig	rearrangement

controlling	factor	in	Wittig–	Still	rearrangement

in	hetero-[3,3]	rearrangement	mechanism

allylic-1,3-strain	(A1,3	strain)

in	allylic	sulfimide	rearrangement

in	Claisen	rearrangement,

controlling	factor	in	[2,3]-Wittig	rearrangement

controlling	factor	in	Wittig–	Still	rearrangement

allylic	alcohols

from	allyl	sulfoxides

chiral,	conversion	to	chiral	allylic	sulfoxides

conversion	to	allylic	sulfoxides	via	Mislow–	Evans	rearrangement

diastereomer	interconversion	via	Mislow–	Evans	rearrangement

Mitsunobu-type	conversion	to	allyl	selenides

palladium	activation	for	semipinacol	rearrangement

as	starting	materials	for	semipinacol	rearrangement

allylic	amination

intermolecular,	of	tertiary	amines

mechanism

for	preparation	of	ammonium	ylides	for	[2,3]-Stevens	rearrangement

unfavorable	equilibrium	with	tertiary	amines

allylic	halogen	oxide	[2,3]-rearrangements

vs.	allylic	selenoxide	rearrangement



diastereoselectivity

methyl	epi-anhydroquinate	synthesis

vs.	Mislow–	Evans	rearrangement

sodium	potassium	tartrate	additive	for

allylic	nitro	[2,3]-rearrangements

diastereoselectivity

optimal	base	for

transition	state

allylic	selenoxide	[2,3]-rearrangements

(-)-13-oxyingenol	synthesis

alkene	stereoselectivity

(+)-dactylolide	synthesis

diastereoselectivity

FR901464	synthesis

history	and	seminal	studies

selenate	ester	trapping	during

transition	state

allylic	sulfimide	[2,3]-rearrangements

alkaloids	synthesis

alkene	stereoselectivity

amino	acids,	nonnatural	synthesis

chirality	transfer	during

enantioenriched	products	from

endo	vs.	exo	transition	states

β-lactam	synthesis

stereochemistry	at	sulfimide	sulfur

thiophile	role

transition	state

allylic	transposition

in	Claisen	rearrangement



(+)-allylmethyl	sulfoxide

racemization	via	[2,3]-rearrangement

allyl	propargyl	ethers

in	[2,3]-Wittig	rearrangements

allyl	sulfides	see	sulfides,	allyl

allyl	sulfoxides	see	sulfoxides,	allyl

allyl	vinyl	ethers

Claisen	rearrangement	substrates

preparation	of	for	Claisen	rearrangement

via	ketone	O-allylation

via	sulfoxide,	selenoxide,	and	selenone	elimination

amathaspiramide	F

synthesis	via	[2,3]-Stevens	rearrangement

ambliol	B

synthesis	via	quasi-Favorskii	rearrangement

amides

preparation	via	Beckmann	rearrangement	in	pinnaic	acid	and	halichlorine	synthetic
efforts

synthesis	via	Beckmann	rearrangement

synthesis	via	photo-Beckmann	rearrangement

amidines

synthesis	via	Beckmann	rearrangement

amine	N-oxides,	N-allylic

chiral

chiral	auxiliaries	for	preparation	via	diastereoselective	N-oxidation

conformations	of

hydrogen	bonding	in

preparation	for	[2,3]-Meisenheimer	rearrangement

preparation	via	metal-oxo	N-oxidation

preparation	via	peracid	N-oxidation



reactivity	range

in	[1,2]-rearrangements

resolution	of	N-enantiomers

stereocenter	at	nitrogen

structure-reactivity	dependence

as	susbstrates	for	[2,3]-Meisenheimer	rearrangement

amines,	secondary

as	thiophiles	in	Mislow–	Evans	rearrangements

amino	acids

as	basis	for	auxiliaries	in	diastereoselective	[2,3]-Meisenheimer	rearrangement

cyclopropane-containing	via	Hoffmann	rearrangement

nonnatural,	synthesis	via	[2,3]-rearrangement	of	ammonium	zwitterions

nonnatural,	synthesis	via	[2,3]-Stevens	rearrangement

nonnatural,	synthesis	via	allylic	sulfimide	[2,3]-rearrangements

α,β-substituted	via	[2,3]-Stevens	rearrangement

α-amino	acids

homologation	of

β-amino	acids

via	Arndt–	Eistert	homologation	of	α-amino	acids

aminoglycoside	antibiotics

synthetic	approaches	via	Ferrier	carbocyclization

β-amino	ketones

via	semipinacol	rearrangement

ammonium	ylides

rearrangements	of,	see	also	ammonium	zwitterion	[2,3]	rearrangements,	Meisenheimer
rearrangement,	Stevens	rearrangement,	allyl	ammonium	enolates

ammonium	zwitterion	[2,3]	rearrangements

[2,3]-Meisenheimer	rearrangement

vs.	[1,2]-rearrangement

stereocenter	at	nitrogen



[2,3]-Stevens	rearrangement

synthetic	utility

transition	states

ampelopsin	D

synthesis	via	Ramberg–	Bä	cklund	reaction

amphidinolides	T1–	T5

synthesis	via	oxonium	ylide	[2,3]-rearrangement

anhydride	synthesis

from	1,2-diones	via	Baeyer–	Villiger	oxidation

anilines

via	Smiles	rearrangements

with	anionic	oxy-Cope	rearrangement	see	oxy-Cope	rearrangement,	anionic

(-)-anisatin

synthesis	via	[2,3]-Wittig–	Still	rearrangement

(-)-anisomycin

synthesis	via	vinylaziridine-3-pyrrolidine	rearrangement

annosqualine

synthesis	approach	via	connective	Pummerer

[3+2]	annulation

via	Brook	rearrangement

[3+4]	annulation

via	Brook	rearrangement

anomeric	effect

controlling	factor	in	[2,3]-Wittig	rearrangement

in	Mislow–	Evans	rearrangement

(+)-antheridic	acid

synthesis	via	Lewis	acid-mediated	VCP–	CP	rearrangement

antibody	catalysis

of	Mislow–	Evans	rearrangement

aphidicolin



synthesis	via	thermal	VCP–	CP	rearrangement

(-)-aplyviolene

via	Beckmann	fragmentation

apoptolidin

synthesis	via	Ramberg–	Bä	cklund	reaction

β-araneosene

synthesis	via	semipinacol	rearrangement

Arbuzov	reaction

for	α-phosphonoacylsilane	synthesis

Arndt–	Eistert	reaction

contrast	to	reactions	of	other	α-diazo	compounds

in	preparation	of	β-amino	acids	by	α-amino	acid	homologation

in	synthesis	of	aspidosperma	alkaloids

α-arylacetamides

synthesis	via	connective	Pummerer

aspidosperma	alkaloids

synthesis	via	Wolff	rearrangement

(±)-asteltoxin

synthesis	via	double	Mislow–	Evans	rearrangement

asymmetric	hydrogenation

Rh-catalyzed

atom	economy

of	Ramberg–	Bä	cklund	reactions

australin	A

synthesis	via	oxonium	ylide	[2,3]-rearrangement

1-aza-1,4-dienes

in	aza-di-π-methane	rearrangement

2-aza-1,4-dienes

in	aza-di-π-methane	rearrangement

aza-[2,3]-Wittig	rearrangement



amide	α-carbanion	intermediates

1,5-amino	alcohols	from

carbanion	intermediates	in

chelation	control	of

chiral	auxiliary	for

(+)-eldanolide	synthesis

stereochemistry

transition	states

aza-di-π-methane	(ADPM)	rearrangement	see	also	di-π-methane	(DPM)	rearrangement,
oxa-di-π-methane	(ODPM)	rearrangement

N-alkenylaziridine	products

1-aza-1,4-diene	substrates

2-aza-1,4-diene	substrates

aza-diene	substrates

biradical	intermediate

chromophores	for

competing	processes

competition	with	di-π-methane	rearrangement

[5+2]	cycloaddition	routes	to	substrates

N-cyclopropylimine	products

defined

enantioselectivity	prospects

hydrazone	substrates

iminium	ether	substrates

mechanism

oxime	substrates

phenyl	group	migration	during

pyrethroid	synthesis

radical-cation	intermediate

regioselectivity



single-electron	transfer	conditions	for

stereoselectivity

substrate	preparation

substrate	requirements

triplet-sensitized

vinylogous

aza-Payne	rearrangement

aza-ylide	intermediate

base	used	in

defined

equilibrium	position	in

nitrogen	substituent,	influence	on

as	Payne	rearrangement	variant

pKa	of	alcohol	and	amine,	influence	on	equilibrium

scope	and	limitations

solvent	influence	on

azaspirodecane

core	of	pinnaic	acid	and	halichlorine	structures

azasugars

synthesis	via	aza-[2,3]-Wittig	rearrangement

aza-Wittig	reaction

relationship	to	[2,3]-Wittig	rearrangement

aza-ylides

intermediates	in	Payne	rearrangement

azepines

4,5-dihydro-1H-	via	Schmidt	rearrangement

azeteoporphyrinoids

preparation	via	Wolff	rearrangement

azetidinones

intermediates	in	β-lactam	synthesis



azides

omega	hydroxy,	in	Schmidt	rearrangements

azides,	acyl

from	aldehydes

preparation

preparation	using	diphenylphosphoryl	azide	(DPPA);	i.e.,	Shioiri–	Ninomiya–	Yamada
conditions

preparation	via	carboxylic-carbonic	anhydrides

reactions	of,	see	also	Curtius	rearrangement

tert-butyl	azidoformate	for	formation	of

vinyl-substituted

azides,	alkyl

epoxyazides	in	Schmidt	rearrangement

gold(I)	complexes	of

reactions	of,	see	also	Schmidt	rearrangement

reactions	with	ketones

2-azido-1,3-dimethylimidazolinium	chloride	(ADMC)

as	diazo-transfer	reagent

2-azido-1,3-dimethylimidazolinium	hexafluorophosphate	(ADMP)

as	diazo-transfer	reagent

1-azidoadamantane

in	Schmidt	rearrangement	sequence

2-azidoadamantane

in	Schmidt	rearrangement	sequence

azidocyclohexane

in	Schmidt	rearrangement	sequence

azidohydrin	intermediates

in	Schmidt	rearrangement

aziridinemethanols

aziridine	methanol	synthesis	via	aza-Payne	rearrangement	see	aza-Payne	rearrangement



fluoride	opening	of

regioselectivity	of	opening

aziridines

alkynyl	derivatives	from	Payne	rearrangement

via	aza-di-π-methane	rearrangement

via	aza-Payne	rearrangement

azomethine	ylides

in	1,3-dipolar	cycloaddition/Mislow–	Evans

	

Baeyer–	Villiger	Oxidation/Rearrangement

asymmetric	catalysis	of

biocatalysis,	asymmetric

catalysts	for

chemoselectivity

of	Claisen	rearrangement	products

desymmetrizations	via

of	α-diketones	to	anhydrides

effect	of	ring	strain	on	facility	of

functional	group	tolerance

green	solvents,	need	for

history

hydrogen	peroxide	as	oxidant,	prospects	for

kinetic	resolution	via

Lewis	acids	for	chemoselecitivity

mechanism

migratatory	aptitude	of	epoxide	in

migratory	aptitude	of	hydrogen	in

migratory	aptitude	of	sp2	centers	in

migratory	aptitude	of	vinyl	group	in

migratory	aptitude	reversal	under	asymmetric	conditions



migratory	aptitute	of	alkyl	groups	in

migratory	aptitute	of	aryl	groups	in

oxidants	used,	acylperoxo	vs.	alkylperoxo

oxidants	used,	bis(trimethylsilyl)-peroxide	(TMSO)2	as	chemoselective

oxidants	used,	pertrifluoroacetic	acid

oxidants	used,	relative	reactivity

oxidants	used,	urea	hydroperoxide	(UHP)

in	pentaprismane	synthesis

N-protecting	group	effect	on

regioselectivity,	see	also	migratory	aptitude

stereochemical	retention	at	migrating	group

stereoelectronic	effects,	primary

stereoelectronic	effects,	secondary

Bao	Gong	Teng	A

synthesis	using	Baeyer–	Villiger	reaction

barrelene

in	di-π-methane	rearrangement

barrelene	derivatives

benzo-	and	di-benzo

pyrrolinium-substituted

Bartoli-indole	synthesis

cis-trikentrin	A	synthesis

Fischer-indole	synthesis	comparison

modification	for	2-amino-2′-hydroxy	biaryl	synthesis

modification	for	preparation	of	ortho-alkylated	anilides	and	oxindoles

regioselectivity

scope

Barton	deoxygenation

in	(-)-salviasperanol	synthesis

Barton–	McCombie	deoxygenation



in	cylindrocyclophane	synthesis	via	Ramberg–	Bä	cklund	reaction

in	synthesis	of	hirsutellones	A–	C

BE-43472A

pinacol	rearrangement	in	synthesis	of

Beckmann	fragmentation	see	also	Beckmann	rearrangement,	photo-Beckmann
rearrangement

amidine	synthesis	via

benzoxazole	and	benzisoxazole	synthesis	via

Brønsted	acid-promoted

challenges	for	further	research

cis-195A	synthesis

of	Claisen	rearrangement	products

computational	studies	of

defined

dichotomy	with	Beckmann	rearrangement

(-)-gephyrotoxin	287C,	synthesis	via

halichlorine,	use	in	synthesis	of

history

N-imidoylbenzotriazole	synthesis	via

imino-halonium	ion	intermediate	in

isatin	synthesis	via

Lewis	acid-promoted

mechanism

mersicarpine,	synthesis	via

migratory	aptitude	of	groups	in

morphine	synthesis	via

nitrilium	ion	intermediates	in

organocatalysis	of

oxadiazole	synthesis	via	trapping	of	nitrilium	intermediate

oxime	geometry	impact	on



palau'amine	synthesis	via

pinnaic	acid,	use	in	synthesis	of

porphyrinoid	synthesis	via

in	preparation	of	2-azapinanes

regioselectivity

self-propagating

solid	catalysts	for

stereochemical	retention	at	migrating	carbon

stereoelectronics

stereospecificity

stevioside	diversification,	use	in

thioamide	synthesis	via

via	N-chloroketimine

vitamin	B12	synthesis,	use	in

Beckmann	rearrangement,	see	also	Beckmann	fragmentation,	photo-Beckmann
rearrangement

(-)-aplyviolene,	synthesis	via

during	Beckmann	rearrangement-mediated	oxadiazole	synthesis

as	byproduct	in	Beckmann	rearrangement

byssochlamic	acid	synthesis,	use	in

carbocation	intermediate	in

carbocation	(oxonium)	intermediate	trapped	with	nucleophiles

challenges	for	further	research

dichotomy	with	Beckmann	fragmentation

dysiherbaine,	synthesis	via

(-)-elegansidiol,	synthesis	via

ent-kaurene,	synthesis	via

furopyran,	synthesis	via

history

malayamycin	A,	synthesis	via



mechanism

in	morpholine	alkaloid	structure	determination

neighboring	heteroatom	participation	in

neodysiherbaine	A,	synthesis	via

phosphorus	pentachloride	as	reagent	for	(Magnus	protocol)

quaternary	carbon,	promotion	by	appropriately	situated

regioselectivity

ring-opening	via

selectivity	for	vs.	Beckmann	fragmentation

stevioside	diversification,	use	in

Belluš–	Claisen	rearrangement,

benzenesulfonyl	azide

polystyrene	supported	as	diazotransfer	reagent

benzidine	rearrangement

acid	catalyzed

asymmetric	variant

2,2'-diamino-1,1'-binaphthyl	synthesis	via

palladium-catalyzed	coupling	for	substrate	preparation

thermal

benzisoxazoles

benzofuranones

via	oxonium	ylide	[2,3]-rearrangement

benzofurans

synthesis	via	Smiles	rearrangement	palladium-catalyzed	coupling

via	additive	Pummerer/[3,3]-sigmatropic	rearrangement

via	hetero-[3,3]	rearrangement

benzothiazines

via	Smiles	rearrangements

benzoxazoles

benzylic	acid	rearrangement



relation	to	Favorskii	rearrangement,	see	also	semi-benzylic	acid	rearrangement

4,6-O-benzylidene	acetal

as	multi-cleavable	protecting	group	in	5-enopyranoside	synthesis

benzyne

in	preparation	of	di-π-methane	rearrangement	substrates

Bergman	cyclization

following	Ireland–	Claisen	rearrangement	in	basiliolide	synthesis

bicyclo[2.2.1]heptane

substrate	framework	for	di-π-methane	rearrangement

bicyclo[2.2.2]octane

substrate	framework	for	di-π-methane	rearrangement

bicyclobutanones

as	substrates	for	asymmetric	Baeyer–	Villiger	reactions,	see	also	cyclobutanones

BINOL

as	pinacol	rearrangement	promoter

Birch	reduction

in	aphidicolin	synthesis

Bischler–	Napieralski	reaction

with	Schmidt	rearrangement

bis(trimethylsilyl)-peroxide	(TMSO)2
as	oxidant	in	Baeyer–	Villiger	oxidation

Bredt's	rule

in	quasi-Favorskii	product	prediction

N-bromoamides

as	Hoffmann	rearrangement	intermediates

bromohydrins

substrates	for	quasi-Favorskii	rearrangements

Brook	rearrangement

in	anion	relay

[3+2]	annulation	via



[3+4]	annulation	via

in	asymmetric	synthesis,	prospects	for

asymmetric	variants	of

aza-Brook	rearrangement

1,2-Brook	rearrangement

carbanion	intermediates	in

carbene	production	from

carbocycle	synthesis	via

clavulone	synthesis	via

counterion	effects	in

cyanide-initiated

defined

in	diastereoselective	processes

β-elimination	following

enol	silyl	ether	formation	via,

from	α,β-epoxysilane	precursors

heterocycle	synthesis	synthesis	via

history

kinetics	of,

mechanism

phase-transfer	catalysis	of

(+)-prelaureatin	synthesis	via

rate	of,	as	measurement	of	carbanion	stabilization

retro-Brook	rearrangement

α-silyl	alkoxide	preparation	for

1,5-silyl	migration	following

solvent	effects	in

stereochemical	retention	at	silicon	during

stereochemistry	at	carbon	during,

strain-driven



with	subsequent	[2,3]-Wittig	rearrangement

with	subsequent	anionic	oxy-Cope	rearrangement

synthetic	value	of

thermodynamics	and	equilibrium	in

thia-Brook	rearrangement	variant

using	α-silyl	alcohol	precursors

via	silylmetal	reagent	addition	to	carbonyls

BTFP-sulfones	(3,5-bis(trifluoromethyl)phenyl	sulfones)

in	Julia–	Kocienski	reaction,	see	also	PT-sulfones,	TBT-sulfones,	NP-sulfones,
pentachlorophenyl	sulfones

BT-sulfones	(benzothiazol-2-yl	sulfones)

in	Julia–	Kocienski	reaction

β-keto,	in	organocatalytic	additions

(+)-(S)-buten-2-ol

sulfenate	ester	of,	in	Mislow–	Evans	rearrangement

(±)-byssochlamic

synthesis	via	Beckmann	fragmentation

	

calicheamicin

saccharide	unit	synthesis	via	Mislow–	Evans	rearrangement

camphor

auxiliaries	based	on,	for	diastereoselective	[2,3]-Meisenheimer	rearrangement

as	substrate	for	Beckmann	reactions

as	vitamin	B12	synthesis	starting	material

camphorsultam	see	Oppolzer's	camphorsultam

canthaxanthin

synthesis	via	Ramberg–	Bä	cklund	reaction

capnellene

synthesis	via	photochemical	VCP–	CP	rearrangement

carbamates



synthesis	via	Curtius	rearrangement

synthesis	via	Hoffmann	rearrangement

synthesis	via	Lossen	rearrangment

zinc(II)-mediated	formation	via	Curtius	rearrangement/isocyanate	trapping

carbamoyl	azides

via	Curtius	rearrangement

carbanions

chiral,	prospects	for	from	Brook	rearrangement

chiral	α-nitrile,	generation	and	trapping	of

configuration	of	fixed	by	internal	chelation

from	α,β-epoxysilanes

intermediates	in	Brook	rearrangement

intermediates	in	Favorskii	rearrangement

measurement	of	configurational	stability	using	the	Brook	rearrangement

measurement	of	overall	stabilization	via	Brook	rearrangement	rates

carbapenems

synthesis	using	Baeyer–	Villiger	reaction

carbenes

formation	via	Brook	rearrangement	upon	silylmetal	addition	to	amides

as	intermediates	in	Wolff	rearrangement	and	singlet–	triplet	nature

vinyl-gold

carbenoids

C–	H	insertion	reactions	of

copper-complexed,	chemoselectivity	of

from	diazocarbonyls

five-membered-ring	transition	state	preference	in	reactions	of

from	iodonium	ylides

as	oxonium	ylide	precursors

rhodium-complexed,	chemoselectivity	of

via	gold	catalysis



carbocations

intermediates	in	Beckmann	rearrangement

for	Schmidt	reaction	initiation

carbonyldiimidazole

as	promotor	in	Lossen	rearrangements

carboxylic	acids

synthesis	via	Favorskii	rearrangement

carene

starting	material	for	capnellene	synthesis	via	photo	VCP–	CP	rearrangement

VCP–	CP	rearrangements	of	derivatives

carotenoids

synthesis	via	Ramberg–	Bä	cklund	reaction

(+)-carvone

starting	material	for	phorbol	synthesis

(S)-carvone

starting	material	for	(-)-(3Z)-cembrene	A	synthesis

in	synthesis	of	ent-peribysin	E

cascade	reactions	see	domino	reactions,	sequential	reactions

(-)-cassine

cation-π	interactions

in	Schmidt	rearrangement

(-)-(3Z)-cembrene	A

synthesis	via	quasi-Favorskii	rearrangement

cephalotaxine

synthesis	via	[2,3]-Stevens	rearrangement

Chan–	Lam–	Evans	coupling

in	O-aryloxyamine	preparation

in	N-enoxyphthalimide	preparation

in	O-vinyl-N-arylhydroxylamine	preparation

Chapman	rearrangement



compared	to	Smiles	rearrangements,	see	also	Smiles	rearrangements

chiral	pool	synthesis

via	Ferrier	carbocyclization

chloroformates

use	in	Curtius	rearrangement	sequence

chlorohydrins

in	quasi-Favorskii	rearrangement

N-chloro	lactams

photochemical	ring	contraction	of

chloronium	ion

as	semipinacol	rearrangement	intermediate

m-chloroperoxobenzoic	acid	(MCPBA)

for	allylic	iodide	to	iodoso	oxidation

in	Baeyer–	Villiger	reactions

for	hydrogen	bond-directed	epoxidation	in	Payne	rearrangement	substrate	synthesis

in	oxaziridine	synthesis	from	imines

for	N-oxidation	in	preparation	of	[2,3]-Meisenheimer	rearrangement	substrates

for	selenide-to-selenoxide	oxidation

for	sulfide-to-sulfone	oxidation

for	sulfide-to-sulfoxide	oxidation

C—	H	oxidation

of	sulfides	for	thionium	ion	formation

cinatrin	C1
synthesis	using	Baeyer–	Villiger	reaction

citronellal

starting	material	for	hirsutellones	A–	C	synthesis	via	Ramberg–	Bä	cklund	reaction

substrate	for	Knoevenagel	condensation/isomerization/Mislow–	Evans	cascade

cladiellins

synthesis	via	oxonium	ylide	[2,3]-rearrangement

Claisen	rearrangement,	see	also	Belluš–	Claisen	rearrangement,	Eschenmoser–	Claisen



rearrangement,	Ireland–	Claisen	rearrangement,	and	Johnson–	Claisen	rearrangement

activation	parameters	for

aldol-type	products	from

in	ambliol	B	synthesis

asymmetric	variants

azadirachtin	synthesis	via	propargylic	variant

cananodine	synthesis	via

in	cascade	process	for	morphine	synthesis

chiral,	enantio-enriched	starting	materials	for

concerted,	pericyclic	nature	of

decarboxylative	(dCr)

defined

diastereoselectivity

enolate	allylation,	comparison	to

functional	group	versatility

Hammett	parameters	for

history

(-)-joubertinamine	synthesis	via

mechanism

(-)-mesembrine	synthesis	via

with	Mislow–	Evans	rearrangement

pinnatoxin	synthesis	via

product	scope

propargyl	Claisen	variant

rate	studies	of

regiospecificity

relationship	to	[2,3]-Wittig	rearrangement

stereoelectronics

stereoselectivity

sterically	congested	motifs	via



steric	effects	in

strategic	considerations	in	application	of

substrate	preparation

substrate	scope

substrates	for

of	substrates	prepared	via	Ferrier	carbocyclization

in	tetrodotoxin	synthesis	vs.	[2,3]-Wittig	approach

thermodynamics	of

transition	states	of

transition	structure	topology

variants	of,	see	also	Belluš–	Claisen	rearrangement,	Eschenmoser–	Claisen
rearrangement,	Ireland–	Claisen	rearrangement,	and	Johnson–	Claisen	rearrangement

of	zwitterionic	species,	see	also	Belluš–	Claisen	rearrangement

clavulones

synthesis	via	Brook	rearrangement

Comins'	reagent

in	laulimalide	synthesis

(-)-complicatic	acid

synthesis	via	oxa-di-π-methane	rearrangement

conduritols

synthesis	via	Ramberg–	Bä	cklund	reaction

coniceine

via	Pummerer	rearrangement

conjugate	addition

asymmetric,	for	[2,3]-Meisenheimer	substrate	synthesis

of	enolates	to	alkynyl	sulfoxides

of	hydroxyl	groups	to	vinyl	sulfoxides

strategic	comparisons

in	vigulariol	synthesis

conjugate	reduction



chemoselective

(-)-connatusin	A

synthesis	via	oxa-di-π-methane	rearrangement

(+)-connatusin	B

synthesis	via	oxa-di-π-methane	rearrangement

consecutive	reactions	see	domino	reactions,	sequential	reactions

Cope	elimination

sila	variant

Cope	rearrangement	see	also	oxy-Cope	rearrangement

strategic	comparisons

Corey–	Kim	oxidation

in	pentaprismane	synthesis

cortistatin	A

synthesis	approach	via	Mislow–	Evans	rearrangement

CP-225

synthesis	via	[2,3]-Wittig–	Still	rearrangement

Crabtree's	catalyst

in	cylindrocyclophane	synthesis	via	Ramberg–	Bä	cklund	reaction

Criegee	adduct

intermediate	in	Baeyer–	Villiger	oxidation/rearrangement

cross-coupling	reactions

palladium-mediated,	of	sulfenates

see	alkene	cross	metathesis

cryptophanes

via	Pummerer	rearrangement

cryptotackieine	(aka	neocryptolepine)

synthesis	via	connective	Pummerer

cubane

synthesis	via	quasi-Favorskii	rearrangement

cuprates



addition	to

Curtius	rearrangement

aldehydes	as	precursors

alkene	geometry	retention	during

for	carbamoyl	azide	synthesis

of	Claisen	rearrangement	products

concerted	nature	of

in	griseofulvin	synthesis

history

mechanism

microwave-assisted

(-)-oseltamivir	synthesis	via

scope	of	acyl	azide	component

Shioiri–	Ninomiya–	Yamada	procedure

stereochemical	retention	of	sp3	migrating	group	during

synthetic	utility	of

thermal	conditions	for

urea	synthesis	via

using	in	situ	formation	of	tert-butyl	azidoformate

via	carboxylic-carbonic	anhydrides	(Weinstock	procedure)

cyathin	diterpenes

synthesis	via	Knoevenagel	condensation/isomerization/Mislow–	Evans	cascade

[2+2]	cycloaddition

as	competing	process	in	di-π-methane	rearrangements

as	competing	process	in	oxa-di-π-methane	rearrangements

of	enecarbamate	with	allylketene

of	ketenes,	see	also	Staudinger	reaction

photochemical,	limitations	of

photocyclization	in	cubane	synthesis

photocyclization	in	hexacyclotetradecane	synthesis



photocyclization	in	secohexaprismane	synthesis

[3+2]	cycloaddition	see	1,3-dipolar	cycloaddition

[4+2]	cycloaddition	see	also	Diels–	Alder	reaction

of	α-oxo	ketenes	with	heterodienophiles

[4+3]	cycloaddition

of	imines	with	vinyl-gold	carbenoids

intramolecular	in	quasi-Favorskii	precursor	preparation

of	oxyallyl	cations	from	Favorskii	rearrangements

as	route	to	quasi-Favorskii	precursors

[5+2]	cycloaddition

for	preparation	of	aza-di-π-methane	rearrangement	substrates

of	quinone	monoketals

in	synthesis	of	azabicyclo-[3.2.1]octane	framework

cyclobutanes

via	ring-contracting	Wolff	rearrangement

cyclobutanones

as	substrates	for	asymmetric	Baeyer–	Villiger	reactions

synthesis	of

cyclohexadienones

substrates	for	di-π-methane	rearrangement

2,4-cyclohexadienones

substrates	for	oxa-di-π-methane	rearrangement

cyclohexanone	monooxygenase

for	asymmetric	Baeyer–	Villiger	oxidations

cyclohexanones

chiral,	synthetic	importance	of

ring	contraction	of	via	Wolff	rearrangement

via	Ferrier	carbocyclization	reaction

cyclohexenones

as	Michael	acceptors



sources	of	cyclohexenols	for	Claisen	rearrangement

in	three-component	coupling	strategy

via	Ferrier	carbocyclization/β-elimination

cyclopentanecarboxylic	acid	derivatives

via	Wolff	rearrangement

cyclopentanones

Baeyer–	Villiger	oxidation	to	δ-lactones

potential	synthesis	of	via	Ferrier	carbocyclization	reaction

cyclopentenes

asymmetric	synthesis	of	via	vinylcyclopropane–	cyclopentene	(VCP–	CP)
rearrangement

bicyclic	systems	via	VCP–	CP	rearrangement

methylenecyclopentenes	via	metal-catalyzed	VCP–	CP	rearrangement

[4,5]-ring-fused	via	photochemical	VCP–	CP	rearrangement

[5,5]-ring-fused	via	photochemical	VCP–	CP	rearrangement

spirocyclic	2-oxindole	derivatives	via	VCP–	CP	rearrangement

structural	importance	in	natural	products

synthesis	via	VCP–	CP	rearrangement,	see	also	vinylcyclopropane–	cyclopentene
(VCP–	CP)	rearrangement

vinylcyclopentenes	from	VCP–	CP	rearrangement	of	dienylcyclopropanes

cyclopentenols

synthesis	via	vinylcyclopropane–	cyclopentene	(VCP–	CP)	rearrangement

cyclopentenones

via	Ferrier	carbocyclization

cyclophanes

synthesis	via	Ramberg–	Bä	cklund	reaction

cyclopropanes

donor-acceptor,	preparation	via	oxa-	di-π-methane	rearrangement

cyclopropanones

intermediates	in	Favorskii	rearrangement

cyclopropyl	group



low	migratory	aptitude	of	in	Baeyer–	Villiger

N-cyclopropylimines

in	heteroatom	variant	of	VCP–	CP	rearrangement

in	mechanism	of	N-cyclopropylimine-pyrrolidine	rearrangement

via	aza-di-π-methane	rearrangement

cyclotriguaiacylene

as	starting	material	for	cryptophane	synthesis

cylindrocyclophanes	A	and	F

synthesis	via	Ramberg–	Bä	cklund	reaction

	

(+)-dactylol

synthesis	via	oxonium	ylide	[1,2]-rearrangement

(+)-dactylolide

synthesis	via	allylic	selenoxide	[2,3]-rearrangement

daphnane/tigliane	core

synthesis	via	oxonium	ylide	[1,2]-rearrangement

Darzens-type	reaction

in	tetrodotoxin	synthesis

Davis's	chiral	oxaziridine

for	diastereoselective	sulfide-to-sufoxide	oxidation

decarbonylation

competition	with	oxa-di-π-methane	rearrangement

decarboxylation

of	Claisen	rearrangement	products

of	β-ketoacid	in	dactylol	synthesis

oxidative,	in	preparation	of	quasi-Favorskii	substrates

reductive,	in	cubane	synthesis

reductive,	in	pentaprismane	synthesis

of	β-sulfonyl	esters	in	Ramberg–	Bä	cklund	processes

via	N-hydroxyphthalimide	ester	in	rapamycin	synthesis



decarestricine	L

synthesis	via	oxonium	ylide	[2,3]-rearrangement

dendrimers

synthesis	via	Ramberg–	Bä	cklund	reaction

dendrobatid	frog

natural	products	from

(-)-deoxocassine

synthesis	using	Baeyer–	Villiger	reaction

(±)-deoxyisoamijiol

synthesis	via	Mislow–	Evans	rearrangement

4,5-deoxyneodolabelline

synthesis	via	Ferrier	Type	I	rearrangement

5-desoxyleukotriene	D

synthesis	via	double	Mislow–	Evans	rearrangement

Dess–	Martin	oxidation

in	mersicarpine	synthesis

in	tetrodotoxin	synthesis

Dewar	benzene

synthesis	via	Ramberg–	Bä	cklund	reaction

diazenes

as	di-π-methane	mechanistic	probes

2-diazo-1,3-dicarbonyl	compounds

conformation	of

preparation	of	via	diazo-transfer

Wolff	rearrangement	of	to	α-oxo-ketenes

Wolff	rearrangement	under	microwave	conditions

2-diazo-1,3-ketoesters

microwave-assisted	Wolff	rearrangement	of

Wolff	rearrangement	reaction	sequence	of

as	Wolff	rearrangement	substrates



2-diazo-1,3-ketoesters

as	Wolff	rearrangement	substrates

diazoalkanes

acylation	of	en	route	to	α-diazocarbonyl	compounds

diazocarbonyl	compounds	see	also	diazoketones

for	metallocarbene	formation

preparation

α-diazocarbonyl	derivatives

conformational	properties

enhanced	stability	of

preparation	for	use	in	Wolff	rearrangement

as	Wolff	Rearrangement	substrates

diazo	compounds

vinyldiazoesters	as	vinylcyclopropane–	cyclopentene	rearrangement	substrates

in	Wolff	rearrangement,	see	also	diazomethyl	ketones,	α-diazocarbonyl	derivatives,	α-
diazoketones

2-diazo	dimedone

Wolff	rearrangement	of

diazo	esters

in	preparation	of	[2,3]-Stevens	rearrangement	substrates

diazoketones	see	also	diazocarbonyl	compounds

carbenoid	source	for	oxonium	ylide	formation

diazoketones

in	preparation	of	[2,3]-Stevens	rearrangement	substrates

α-diazoketones

in	bromopalau'amine	synthesis

preparation	via	acylation	of	diazoalkanes

preparation	via	cycloaddition	of	strained	cyclic	alkynes	with	nitrous	oxide

in	ring	contractions	via	Wolff	rearrangement,	see	also	α-diazocarbonyl	derivatives

α-silyl-α-diazo	aryl	ketones	as	Wolff	rearrangement	substrates



diazomethane

reaction	with	acylsilanes

diazomethyl	amides

homologation	via	Wolff	rearrangement,	see	also	Arndt–	Eistert	reaction

diazomethyl	esters

homologation	via	Wolff	rearrangement,	see	also	Arndt–	Eistert	reaction

diazomethyl	ketones

in	β-amino	acid	synthesis

preparation	via	acylation	of	diazoalkanes

in	pyridine	synthesis	via	Wolff	rearrangement

substrates	for	Wolff	rearrangement,	see	also	α-diazocarbonyl	derivatives,	α-
diazoketones,	diazo	compounds

in	synthesis	of	aspidosperma	alkaloids

α,β-unsaturated,	Arndt–	Eistert	reactions	of

in	Wolff/Cope	sequence

diazonamide	A

structure	revision

use	of	pinacol	rearrangement	in	synthesis	of

diazo-transfer	reactions

in	bromopalau'amine	synthesis

for	preparation	of	α-diazocarbonyl	compounds

reagent	alternatives	for

2,4,6-triisopropylbenzenesulfonyl	azide	as	reagent	for

dibromopalau'amine

preparation	via	Wolff	rearrangement

1,3-dicarbonyl	compounds

in	Pummerer/Knoevenagel	sequence

2-substituted,	via	nucleophilic	addition	to	α-oxo-ketenes

1,6-dideoxynojirimycin

synthesis	via	2,3-epoxy	alcohol	ring-opening



Dieckmann	cyclization

for	preparation	of	oxa-	di-π-methane	rearrangement	substrates

Dieckmann-type	condensation

in	griseofulvin	synthesis

Diels–	Alder	reaction

in	agelastatin	A	synthesis

in	anisatin	synthesis

aza	variant

in	azadirachtin	synthesis

in	(±)-chorismic	acid	synthesis

for	di-π-methane	rearrangement	substrate	preparation

electronically	conflicted,	surrogate	for

endo-selective

following	Ireland–	Claisen	rearrangement	in	basiliolide	synthesis

in	hasubanan	alkaloid	synthesis

hetero

hetero	Diels–	Alder	in	preparation	of	VCP–	CP	rearrangement	substrates

in	hexacyclotetradecane	synthesis

intramolecular,	in	elisabethin	A	synthesis

inverse-electron-demand

Lewis	acid-promoted

with	Mislow–	Evans	rearrangement

for	oxa-	di-π-methane	rearrangement	substrate	preparation

in	palau'amine	synthesis

in	quasi-Favorskii	substrate	preparation

with	Schmidt	rearrangement

in	secohexaprismane	synthesis

strategic	comparisons

in	synthesis	of	hirsutellones	A–	C

of	vinyl	allenes	from	Brook	rearrangement



1,4-dienes

as	substrates	for	di-π-methane	rearrangement

synthesis	via	hetero-[3,3]	rearrangement

(diethylamino)sulfur	trifluoride	(DAST)

for	thionium	ion	generation

dihydrocodeine

structure	determination	via	Beckmann	fragmentation

dihydrofurans

synthesis	via	hetero	VCP–	CP	rearrangement

dihydroindole	alkaloids

mersicarpine,	synthesis	of

dihydrooxepine

via	Baeyer–	Villiger	reaction

dihydropyranone	synthesis

via	Diels–	Alder	reactions	of	α-oxo-ketenes

dihydropyrans

as	substrate	framework	for	Mislow–	Evans	rearrangement

dihydroquinolines

synthesis	from	Ugi–	Smiles/palladium-mediated	coupling

dihydrothiophenes

via	rearrangement	of	vinylthiiranes

dihydroxylation

for	preparation	of	pinacol	rearrangement	substrates,	see	also	Sharpless	asymmetric
dihydroxylation

2,6-dimethyl-1,5-heptadien-3-ol	acetate

synthesis	via	[2,3]-Meisenheimer	rearrangement

N,N-dimethylaminopyridine	(DMAP)

as	ideal	base/selenophile	in	allylic	selenoxide	[2,3]-rearrangement

dimethyldioxirane	(DMDO)

for	chemoselective	sulfide-to-sufoxide	oxidation



1,2-dinaphthylhydrazines

in	benzidine	rearrangements

preparation	via	palladium-catalyzed	coupling

1,2-diones

as	substrates	for	Baeyer–	Villiger	oxidation	leading	to	anhydrides

diphenylphosphoryl	azide	(DPPA)

for	preparation	of	Curtius	rearrangement	substrates

di-π-methane	(DPM)	rearrangement,	see	also	oxa-di-π-methane	(ODPM)	rearrangement,
aza-di-π-methane	(ADPM)	rearrangement

in	acyclic	systems

alkene	photoisomerization	during

alkene	site	selectivity

aryl–	alkenyl	variant

bicyclo[2.2.2]octane	substrates

biradical	intermediates

chromophores	for

classification	of	rearrangement	type

competition	with	aza-di-π-methane	rearrangement

competition	with	oxa-di-π-methane	rearrangement

competition	with	[2+2]	photocycloaddition/cycloreversion

computational	studies

cyclohexadienone	substrates

cyclopropyl	intermediates

defined

diazene	mechanistic	probes

Diels–	Alder	routes	to	substrates

1,4-diene	substrates	for

electronic	effect	of	substituents

enantioselective

history	and	seminal	examples



light	energy	conversion	and	storage	via

of	Mariano	diene

mechanism

metal-promoted	thermal	variant

Möbius	orbital	array	in

phase-transfer	catalyst	synthesis	via

photoactivation	modes	for

polymer	synthesis	via

of	Pratt	diene

quinone	monoketal	substrates

regioselectivity

reversibility

semibullvalene	synthesis	via

singlet	vs.	triplet	pathways

in	solid-state

stereoelectronics	(orbital	overlap	requirements	for)

stereoselectivity

strategic	considerations

substrate	preparation

substrate	requirements

triplet	sensitizers	for

vs.	tri-π-methane	rearrangements

1,3-dipolar	cycloaddition

of	azomethine	imines	with	α-oxo-ketenes

homoerythrina	alkaloids	synthesis	via

with	Mislow–	Evans	rearrangement

of	strained	cyclic	alkynes	with	nitrous	oxide

diquinanes

via	oxa-di-π-methane	rearrangement

disulfides



dipropargylic	in	[2,3]-rearrangement	cascades

1,3-dithianes

as	acyl	anion	equivalents

in	acylsilane	synthesis

divergent	synthesis

diversity-oriented	synthesis

using	Beckmann	rearrangement

dolastanes

synthesis	via	Mislow–	Evans	rearrangement

domino	reactions	see	also	sequential	reactions

additive	Pummerer/[3,3]-sigmatropic	rearrangement

aldol	cylcization/Smiles	tandem	reaction

allylic	amination/[2,3]-Stevens	rearrangement

aza-Wittig/Wolff	rearrangement/[2+4]	cycloaddition

Brook	rearrangement/[2,3]-Wittig	rearrangement

Brook	rearrangement/anionic	oxy-Cope	rearrangement

cascade	Claisen	sequence	in	morphine	synthesis

[2,3]/[3,3]	cascade	leading	to	dithiabicyclic	products

Claisen	rearrangement/decarboxylation,	see	also	Claisen	rearrangement,
decarboxylative	(dCr)

Claisen	rearrangement/Mislow–	Evans	rearrangement

(4+3)-cycloaddition/quasi-Favorskii	rearrangement

Diels–	Alder/[3,3]-sigmatropic	rearrangement	sequence	in	palau'amine	synthesis

Diels–	Alder/Schmidt

double	Overman	rearrangement/Mislow–	Evans	rearrangement

epoxide	opening/Diels–	Alder	reaction	in	synthesis	of	hirsutellones	A–	C

imination/Wolff	rearrangement/intermolecular	hetero-Diels–	Alder/intramolecular
Diels–	Alder

imination/Wolff	rearrangement/	oxa-aza-Diels–	Alder

involving	Mislow–	Evans	rearrangement

involving	Smiles	rearrangement	cascades



Ireland–	Claisen/Bergman	Cyclization

Ireland–	Claisen/Diels–	Alder	in	basiliolide	synthesis

Knoevenagel	condensation/Vinyl	Sulfoxide	Isomerization/Mislow–	Evans

oxy-Cope/ene/Claisen	sequence	in	ambliol	B	synthesis

Pictet–	Spengler	cyclization/Smiles	rearrangement

Pummerer/Knoevenagel

Pummerer/Michael

Schmidt/Bischler–	Napieralski/imine	reduction

Ugi–	Mumm/Ugi–	Smiles

Ugi–	Smiles/Truce–	Smiles

Wolff/Cope

Wolff	rearrangement/	α-oxo-ketene	trapping/cross	metathesis/Michael	addition

Wolff	rearrangement/nucleophilic	addition/intramolecular	imination

double	diastereoselection

in	aldol	reaction	leading	to	actinoboline	synthesis

dynamic	kinetic	resolution,	see	also	kinetic	resolution

dysiherbaine

	

echinopine	natural	products

synthesis	via	Wolff	rearrangement

ecteinascidin	597	(aka	yondelis)

synthesis	via	connective	Pummerer

(+)-eldanolide

synthesis	via	aza-[2,3]-Wittig	rearrangement

electrocyclc	reactions

as	competing	process	in	di-π-methane	rearrangements

disrotatory	ring	closure	in	Favorskii	rearrangement

6-electron	in	cascade	sequence	with	Wolff	rearrangement

ring	closure	in	heteroatom	VCP–	CP	rearrangements

6-π,	in	synthesis	of	pyridines	via	Wolff	rearrangement



(-)-elegansidiol

synthesis	via	Beckmann	fragmentation

elisabethin	A,	epi-ent

synthesis	via	semipinacol	rearrangement

elisapterosin	B

synthesis	possibilities	via	quasi-Favorskii	rearrangement

enamides

with	Schmidt	rearrangement

enamines

reaction	with	thonium	ions

enediynes

synthesis	via	Ramberg–	Bä	cklund	reaction

ene	reaction

in	ambliol	B	synthesis

tin-mediated	in	trans-solamin	synthesis

enolate	coupling

hetero-[3,3]	rearrangement	alternative

enolates

bridgehead,	feasibility	of

chloroenolates,	computational	studies	on

as	intermediates	in	Favorskii	rearrangement

as	intermediates	vs.	1,2-shift	in	quasi-Favorskii	rearrangement

enol	silyl	ethers	see	also	silyl	enol	ethers

via	Brook	rearrangement

5-enopyranosides

enol	acetate	derivatives,	synthesis	of

as	Ferrier	carbocyclization	substrates

preparation

via	β-elimination	of	6-deoxy-6-halo-aldohexopyranosides

via	selenoxide	elimination



1,5-enynes

in	Schmidt	rearrangement	sequence

epicoccin

synthesis	of	core	structure	using	Baeyer–	Villiger	reaction

epipatulolide	C

synthesis	via	[2,3]-Wittig	rearrangement

episulfones

cyclopropanones,	comparison	to

in	decarboxylative	Ramberg–	Bä	cklund	reaction

epimerization	of

in	epoxy-Ramberg–	Bä	cklund	reactions

intermediates	in	Ramberg–	Bä	cklund	reactions

in	Michael-induced	Ramberg–	Bä	cklund	reactions

stereochemistry	of

stereoelectronics	of	formation

sulfur	dioxide	extrusion	from,	alkoxide-promoted

in	vinylogous	Ramberg–	Bä	cklund	reaction

epoxidation

hydroxyl-directed	in	(-)-salviasperanol	synthesis

for	preparation	of	pinacol	rearrangement	substrates

epoxide	synthesis

via	Payne	rearrangement

epoxy	alcohols

rearrangements	of

substrates	for	quasi-Favorskii	rearrangements

2,3-epoxy	alcohols

amine	nucleophiles,	addition	to

benzoic	acid,	opening	by

carbamate	derivatives	for	intramolecular	epoxide	opening

carbon	nucleophile	addition	to



carboxylates,	opening	by

1,6-dideoxynojirimycin	synthesis	via

fluoride,	addition	to

fluoride	basicity	as	ring-opening	regioselectiivity	controller

fluoride-induced	Payne	rearrangement	of

hydride,	addition	to

Lewis	acid	activation	of	ring-opening	reactions

nucleophilic	epoxide	opening	of

oxygen	nucleophiles,	addition	to

in	Payne	rearrangement,	see	also	Payne	rearrangement

pKa	of	as	controlling	influence	in	Payne	rearrangement

preparation	via	allylic	alcohol	epoxidation

preparation	via	diastereoselective	epoxidation

preparation	via	epoxy	ketone	reduction

preparation	via	hydrogen	bond-directed	epoxidation

preparation	of	for	Payne	rearrangement

regioselectivity	of	epoxide	opening

semipinacol	rearrangement	of

as	semipinacol	rearrangement	substrates

2,3-shift	of

3,2-shift	of

solvent	effects	in	ring-opening	reactions	of	carbamate	derivatives

stability	dependence	on	epoxide	substitution

stereodivergent	preparation	of

stereospecifiicity	of	ring-opening	reactions

steric	vs.	electronic	factors	in	ring-opening	regioselectivity

trifluoromethylated	derivatives,	amine-promoted	ring	opening	of

trifluoromethylated	derivatives,	Payne	rearrangement	of

trifluoromethylated	derivatives,	synthesis	of

α,β-unsaturated	carbonyl	precursors	of



2,3-epoxy	amines

in	aza-Payne	rearrangement,	see	also	aza-Payne	rearrangement

from	reduction	of	azides

α,β-epoxysilanes

in	[3+4]	annulations

base-induced	ring	opening	as	prelude	to	Brook	rearrangement

Brook	rearrangement	vs.	Peterson	reaction	from

carbocycle	(7-	and	8-membered)	construction	from

chiral	carbanions	from

for	enol	silyl	ether	synthesis	via	Brook	rearrangement

regioselectivity	of	nucleophilic	ring	opening

α-silyl	alkoxides	for	Brook	rearrangement	from

2,3-epoxy	thiols

in	thia-Payne	rearrangements,	see	also	thia–	Payne	rearrangement

(+)-equilenin

via	semipinacol	rearrangement

eremantholide	A

synthesis	via	Ramberg–	Bä	cklund	reaction

erinacine	E

via	Pummerer	rearrangement

Eschenmoser–	Claisen	rearrangement

attempted	on	sugar	substrate

introduced

ketene	aminal	substrates

in	morphine	synthesis

esperamicin

saccharide	unit	via	Mislow–	Evans

ethane-1,1-dicarboxylic	acid

via	Wolff	rearrangement

ethers



cyclic,	synthesis	via	oxonium	ylide	rearrangements	see	also	oxonium	ylide	[1,2]-shifts,
oxonium	ylide	[2,3]-rearrangements

ethyl	2-diazo-3-oxobutyrate

ethyl	chloroformate

for	preparation	of	acyl	azides	(Weinstock	conditions)

Evans	aldol

in	myxalamide	A	synthesis

	

Favorskii	rearrangement	see	also	quasi-Favorskii	rearrangement

activation	parameters	for

acylium	ions	as	possible	intermediates	in

carbanion	intermediate	in

computational	studies

concerted	vs.	stepwise	nature

cyclopropanone	intermediate	in

defined

electrocyclic	ring	closure	in

enolate	intermediate	in

Hammett	parameters	for

α-H/D	exchange	in,	or	lack	thereof

ion	pairing	in

kinetics	of

leaving	group	effects	in

mechanism

oxyallylic	cation	intermediate	in

vs.	quasi-Favorskii	rearrangement

Ramberg–	Bä	cklund	reaction	comparison	to

regioselectivity

for	ring	contraction	in	dactylol	synthesis

solvent	influence	on



stereochemical	features	(inversion	vs.	retention	at	sp3	carbons)

α-substitution,	effect	of

(+)-fawcettidine

via	Ramberg–	Bä	cklund	reaction

fawcettimine	alkaloids

fawcettidine

fawcettimine

lycoflexine

lycoposerramine	B

fenchone

as	substrate	for	Beckmann	reactions

Ferrier	carbocyclization	reaction	(Ferrier	Type	II),	see	also	Ferrier	Type	I	rearrangement

actinoboline	synthesis	via

aldohexoses	as	substrates	for

aldol,	intramolecular	during

aminocyclitols	synthesis	via

aprotic	solvents	for

aqueous	media	for

chiral	building	blocks	via	(chiral	pool	approach)

with	Claisen	rearrangement

conditions	for

cyclitols	synthesis	via

cyclohexanones	as	products	of

defined

deuterium-labeling	studies	of

diastereo	relationships	in	favored	products

β-elimination	following,	en	route	to	cyclohexenones

4-enofuranosides	as	potential	substrates

enol	acetate	substrate	synthesis

enol	acetate	variant



enolate	intermediates	during

5-enopyranoside	substrates	for

functional	group	tolerance

(+)-galanthamine	synthesis	via

of	C-glycosides

green	chemistry	aspects	of

history

hygromycin	A	subunit	via

inositol	synthesis	via

inosose	derivatives	via

ketone	reduction	under	reaction	conditions	for

Lewis	acid-catalyzed	variant

lycoricidine	synthesis	via

mechanism

mercury(II)	catalysis	of

morphine	synthesis	via

organomercurial	intermediates

oxymercuration	step	during

palladium(II)	catalysis	of

radical	intermediates

rapamycin	synthesis	via

of	Se-glycosides

of	S-glycosides

stereoselectivity

tetrodotoxin	synthesis	via

transition	structures	in	mechanism	of

zwitterionic	intermediates

Ferrier	rearrangement,	Type	II

aka	Ferrier	carbocyclization,	see	also	Ferrier	carbocyclization	reaction

Ferrier	Type	I	rearrangement	see	also	Ferrier	carbocyclization



defined

4,5-deoxyneodolabelline	synthesis	via

C-glycosides	via

morphine	synthesis	via

in	preparation	of	pseudoglycal	Mislow–	Evans	substrates

scope

stereoselectivity

Fischer-indole	reaction

elimination	step	during

hydrazine	derivatives	as	substrates	for

interrupted

as	model	for	other	heteroatom	[3,3]-rearrangements

rate-dermining	step	of

regioselectivity

strychnine	synthesis	via

substrate	preparation

tautomerization	during

thermodynamics	of

formate	esters

via	Baeyer–	Villiger	oxidation	of	aldehydes

FR901464

synthesis	via	allylic	selenoxide	[2,3]-rearrangement

fredericamycin

synthesis	via	Wolff	rearrangement

via	semipinacol	rearrangement

Friedel–	Crafts	reactions

of	hetero-[3,3]	rearrangement	products

α-ketoacylation	via

in	morphine	synthesis

Fries	rearrangement



in	griseofulvin	synthesis

fumagillol

synthesis	via	hetero-[3,3]	rearrangement

furanosides

synthesis	via	Pummerer	rearrangement

furopyrans

synthesis	via	Beckmann	fragmentation

Fürst–	Plattner	rule

in	epoxide	opening	by	bromide

	

gabosines

synthesis	via	Mislow–	Evans	rearrangement

D-galactal

as	starting	material	for	Mislow–	Evans	rearrangements

D-galactose

as	starting	material	for	Ferrier	carbocyclization

as	starting	material	in	azadirachtin	synthesis

(+)-galanthamine

via	Ferrier	carbocyclization

gambieric	acid	A

synthesis	via	oxonium	ylide	[2,3]-rearrangement

gelsemoxonine

synthesis	via	Curtius	rearrangement

(-)-gephyrotoxin	287C

synthesis	via	ring-expanding	Beckmann	rearrangement

D-glucal,	tri-O-acetyl

as	morphine	starting	material

D-glucose

as	starting	material	in	actinoboline	synthesis	via	Ferrier	carbocyclization

as	starting	material	in	hygromycin	synthesis	via	Ferrier	carbocyclization



as	starting	material	in	inositol	synthesis

as	starting	material	in	lycoricidine	synthesis	via	Ferrier	carbocyclization

as	starting	material	in	tetrodotoxin	synthesis

as	starting	material	in	tetrodotoxin	synthesis	via	Ferrier	carbocyclization

(R)-glutamic	acid	derivative

as	starting	material	for	litophynin	synthesis

glycals

in	Ferrier	Type	I	rearrangement

glycal-type	substrate	from	non-carbohydrate	precursors

as	starting	material	in	morphine	synthesis

as	starting	materials	for	Claisen	rearrangement

synthesis	via	Mislow–	Evans	rearrangement

C-glycosides

of	azasugars,	synthesis	via	aza-[2,3]-Wittig	rearrangement

Ferrier	carbocyclization	reactions	of

synthesis	via	Claisen	rearrangement

synthesis	via	Ferrier	(Type	I)	rearrangement

synthesis	via	Ramberg–	Bä	cklund	reaction

glycyrol

synthesis	via	iodonium	Smiles	rearrangement

(±)-grandisol

synthesis	via	photochemical	VCP–	CP	rearrangement

grassypeptolide	A

synthesis	via	Arndt–	Eistert	reaction	(Wolff	rearrangement)

green	chemistry

and	Baeyer–	Villeger	oxidation

and	Ferrier	carbocyclization

and	halogenation	step	of	Ramberg–	Bä	cklund	reaction

and	Lossen	rearrangement

(+)-griseofulvin



synthesis	via	oxonium	ylide	[2,3]-rearrangement

Grob	fragmentation

as	mechanistic	step	in	asymmetric	[2,3]-Meisenheimer	rearrangement

in	quasi-Favorskii	byproduct	formation

in	secohexaprismane	synthesis

in	vinigrol	synthesis

guanacastepene	A

synthesis	via	isomerization/Mislow–	Evans	rearrangement

gulal	frameworks

synthesis	via	Mislow–	Evans	rearrangement

	

Hajos	ketone

in	(-)-elegansidiol	synthesis

halichlorine

synthesis	via	Beckmann	rearrangement

Haller–	Bauer	cleavage

competition	with	quasi-Favorskii	rearrangement

halogen	oxides,	allylic

via	oxidation	of	allylic	iodides

halohydrin

as	semipinacol	rearrangement	intermediate

α-haloketone

addition	of	organometallic	reagents	to

in	Favorskii	rearrangements

β-halo	ketones

via	semipinacol	rearrangement

α-halosulfones

as	Ramberg–	Bä	cklund	reaction	substrates

Heck	cyclization

in	lycoricidine	synthesis



Heck–	isomerization

in	indole	synthesis	via	Ugi–	Smiles

(-)-hennoxazole	A

synthesis	via	[2,3]-Wittig–	Still	rearrangement

Henry	reaction

for	preparation	of	[2,3]-rearrangement	substrates

herbindoles	A	and	B

synthesis	via	Bartoli-indole	synthesis

hetero-[2,3]-rearrangements

of	allylic	halogen	oxides,	see	also	allylic	halogen	oxide	[2,3]-rearrangements

of	allylic	nitro	compounds,	see	also	allylic	nitro	[2,3]-rearrangements

of	allylic	selenoxides,	see	also	allylic	selenoxide	[2,3]-rearrangements

of	allylic	sulfimides,	see	also	allylic	sulfimide	[2,3]-rearrangements

in	cascade	process	leading	to	dithiabicyclic	products

hetero-[3,3]-rearrangements	see	[3,3]-sigmatropic	rearrangements	of	heteroatom	systems

hexacyclotetradecane	see	also	cubane,	pentaprismane,	[3]-prismane,	secohexaprismane

synthesis	via	quasi-Favorskii	rearrangement

hexafluoro-2-propanol

in	Schmidt	rearrangements

hexaprismane	see	secohexaprismane

hirsutellones	A–	C

synthesis	via	Ramberg–	Bä	cklund	reaction

(+)-hirsutene

synthesis	via	oxa-di-π-methane	rearrangement

(±)-hirsutene

synthesis	via	thermal	VCP–	CP	rearrangement

(+)-hirsutic	acid

synthesis	via	oxa-di-π-methane	rearrangement

Hofmann	rearrangement

N-bromoamide	intermediate	in



carbohydrate	substrates	in

defined

functional	group	tolerance

isocyanate	intermediate	in

mechanism

nitrene	intermediate	in

rhodamine	substrates	in

trichloroisocyanuric	acid-mediated

homoerythratine

synthesis	approach	via	1,3-dipolar	cycloaddition/Mislow–	Evans

hopeanol

via	pinacol	rearrangement

Horner–	Emmons	reaction

of	ester	carbonyl	in	modhephene	synthesis,	see	also	Horner–	Wadsworth–	Emmons
reaction

Horner–	Wadsworth–	Emmons	reaction

in	dienylcyclopropane	synthesis	for	VCP–	CP	rearrangement

in	preparation	of	Pummerer	rearrangement	substrates

Ramberg–	Bä	cklund	reaction	comparison	to

in	sulfone	synthesis	for	Ramberg–	Bä	cklund	reaction

α,β-unsaturated	acylsilanes	via

Horner–	Wittig	reaction

in	anisatin	synthesis

Hückel-type	transition	states

in	[2,3]-Meisenheimer	rearrangement

Hunsdiecker	reaction

in	quasi-Favorskii	substrate	preparation

in	secohexaprismane	synthesis

hydrazines

divinyl,	in	Piloty–	Robinson	pyrrole	synthesis



in	Fisher	indole	reaction

hydrazoic	acid

in	Schmidt	rearrangement

hydrazones

Brønsted	and	Lewis	acid-promoted	formation

in	Fisher	indole	reaction,	see	also	hydrazines

substrates	for	aza-di-π-methane	rearrangement

β-hydride	elimination

in	(+)-equilenin	synthesis

hydrogenation

asymmetric,	Rh-catalyzed

hydrogen	bonding

effect	on	Mislow–	Evans	rearrangement

effect	on	sulfone	alkylation

hydroxamic	acids

carbohydrate	hydroxamic	acids	in	Lossen	processes

substrates	for	Lossen	rearrangement

3-hydroxy-2-oxindoles

synthesis	using	Baeyer–	Villiger	reaction

α-hydroxylation

for	preparation	of	pinacol	rearrangement	substrates

hydroxyphenstatin

use	of	pinacol	rearrangement	in	synthesis	of

hydroxypiperidines

synthesis	using	Baeyer–	Villiger	reaction

hydroxypyrimidines

substrates	for	Ugi–	Smiles	reaction

hygromycin	A

subunit	via	Ferrier	carbocyclization

ent-hyperforin



synthesis	via	vinylogous	Pummerer

hyperolactone	C

synthesis	via	oxonium	ylide	[2,3]-rearrangement

(-)-hypnophilin

synthesis	via	oxa-di-π-methane	rearrangement

	

imidazole-1-sulfonyl	azide	hydrochloride

as	diazo-transfer	reagent

imidoylbenzotriazoles

intermediates	for	heterocycle	synthesis

synthesis	via	Beckmann	rearrangement

iminophosphoranes	see	aza-ylides

indoles

synthesis	from	Ugi–	Smiles	adducts

synthesis	via	quasi-Favorskii	rearrangement

via	hetero-[3,3]	rearrangement

indolines

synthesis	via	interruped	Fischer-indole	reaction

(-)-indolizidine

synthesis	via	Schmidt	rearrangement

indolizidines

synthesis	using	Arndt–	Eistert	reaction

synthesis	via	aza-[2,3]-Wittig	rearrangement

synthesis	via	Pummerer	rearrangement

ingenol

synthesis	via	pinacol	rearrangement

synthesis	via	semipinacol	rearrangement

inositol	derivatives

synthesis	via	Ferrier	Type	I	rearrangement

inosose	derivatives



synthesis	via	Ferrier	Type	I	rearrangement

integrastatin

synthesis	via	Ramberg–	Bä	cklund	reaction

iodine	azide

in	acyl	azide	synthesis	from	aldehydes

iodolactonization

of	Claisen	rearrangement	products

in	spatol	synthesis

in	(±)-stenine	synthesis

ionones

analogue	synthesis	via	Mislow–	Evans	rearrangement/olefination

ion	pairs

in	Pummerer	rearrangements

Ireland–	Claisen	rearrangement	see	also	Claisen	rearrangement

acceleration	by	electron-donating	groups

advantages	vs.	other	Claisen-type	rearrangements

with	aldol/Mislow–	Evans

of	allylic	azides

attempted	in	CP-225

basiliolide	synthesis	via

C-glycoside	synthesis	via

defined

leading	to	Bergman	cyclization

in	myxalamide	A	synthesis

in	rapamycin	synthesis

silyl	ketene	acetal	substrates

stereospecificity

sterically	congested	motifs	via

substrate	reactivity

of	substrates	with	cyclic	allylic	motifs



transition	state

transition	structure	topology

in	two-directional	synthesis

isatins

in	domino	three-component	process

via	Beckmann	rearrangement

isocyanates

from	acyl	azides,	see	also	Curtius	rearrangement

carbohydrate-based	in	Lossen	rearrangements

ene-derivative,	hydrolysis	of

intermediate	in	Hoffmann	rearrangement

intermediate	in	Lossen	rearrangement

intermediates	in	acyl-azide	rearrangements

trapping	with	Grignard	reagents

N-isocyanotriphenyliminophosphorane

isoeudunol

synthesis	via	semipinacol	rearrangement

isoindolinones

synthesis	via	Ugi–	Smiles/Truce–	Smiles

isoquinolinones

synthesis	via	Ugi–	Smiles/Truce–	Smiles

isosteviol

as	platform	for	diversity-oriented	synthesis

isoxazole

	

jatrophones

synthesis	via	Mislow–	Evans	rearrangement

Johnson–	Claisen	rearrangement	see	also	Claisen	rearrangement

attempted	on	sugar	substrate

defined



in	galanthamine	synthesis

in	(+)-goniothalesdiol	synthesis

ketene	acetal	substrates	for

in	morphine	synthesis

sterically	congested	motifs	via

Johnson–	Lemieux	oxidation

(-)-joubertinamine

synthesis	via	Claisen/Mislow–	Evans

Julia–	Kocienski	reaction,	see	also	Julia	olefination,	Smiles	rearrangements

additives	for

in	aldol	cylcization/Smiles	tandem	reaction

alkene	classes	accessible	via

for	alkenylation	of	α,β-unsaturated	aldehydes	and	ketones

for	alkynylation	of	α,β-unsaturated	aldehydes	and	ketones

Barbier	conditions	for

bases	for

BTFP-sulfones	(3,5-bis(trifluoromethyl)phenyl	sulfones)	in

BT-sulfones	(benzothiazol-2-yl	sulfones)	in

computational	studies	on

with	epoxide	substrates

heterocyclic	sulfones	besides	BT,	PT,	TBT,	and	BTFP	in

history

mechanism

NP-sulfones	(nitrophenyl	sulfones)	in

with	organocatalytic	addition	to	imines

with	organocatalytic	conjugate	addition

pentachlorophenyl	sulfones	in

PT-sulfones	(1-phenyl-1H-tetrazol-5-yl	sulfones)	in

Ramberg–	Bä	cklund	reaction	comparison	to

reaction	conditions	for



reversibility	of	addition	step	during

Smiles	rearrangement	during

as	Sonogashira	coupling	equivalent

spiro	(Meisenheimer)	intermediate	in

stereoselectivity	(alkene	E/Z)

sulfur	dioxide	extrusion	during

TBT-sulfones	(1-tert-butyl-1H-tetrazol-5-yl	sulfones)	in

temperature	control	importance	for

tetrazolylsulfones	in

zwitterionic	elimination	pathway	for

Julia	olefination	see	also	Julia–	Kocienski	reaction,	Kocienski	olefination	protocol

combined	with	Mislow–	Evans	rearrangement

Ramberg–	Bä	cklund	reaction	comparison	to

	

(-)-α-kainic	acid

synthesis	via	Baeyer–	Villiger	reaction

ent-kaurene

aza	derivatives,	synthesis	of	via	Beckmann	fragmentation

ketene	acetals

in	Johnson–	Claisen	rearrangement

ketene	aminals

in	Eschenmoser–	Claisen	rearrangement

ketenes

[2+2]	cycloaddition	of

advantages	in	forming	via	Wolff	rearrangement

aza-Wittig	reaction	of

as	byproducts	during	oxa-di-π-methane	rearrangement

heteronucleophile	addition	to

nucleophilic	addition	to

α-oxo,	via	Wolff	rearrangement



prochiral,	via	Wolff	rearrangement

in	quasi-Favorskii	substrate	preparation

reactions	of

formation	via	Wolff	Rearrangement,	see	also	α-oxo-ketenes

vinyl

β-keto	amides

synthesis	via	Wolff	rearrangement

1,4-ketoesters

synthesis	via	Claisen/Mislow–	Evans	rearrangement	sequence

ketones

synthesis	via	vinylogous	Pummerer	rearrangement

β-ketosulfoxides

in	Knoevenagel/isomerization/Mislow–	Evans	cascade

kinetic	resolution

classified	by	type

dynamic,	via	Mislow–	Evans	rearrangement

dynamic,	via	Baeyer–	Villiger	reaction

parallel

of	racemic	ketones	via	Baeyer–	Villiger	oxidation

Knoevenagel	condensation

with	Mislow–	Evans	rearrangement

for	preparation	of	di-π-methane	rearrangement	substrates

Kocienski	olefination	protocol

with	Mislow–	Evans	rearrangement

Kulinkovich	reaction

in	preparation	of	semipinacol	rearrangement	substrate

Kumada	cross-coupling

in	cladiellin	synthesis

in	cylindrocyclophane	synthesis	via	Ramberg–	Bä	cklund	reaction

(±)-trans-kumausyne



synthesis	via	Baeyer–Villiger	reaction

	

labdane	diterpenoids

synthesis	via	copper-catalyzed	vinyloxirane-dihydrofuran	rearrangement

labiatin	A

synthesis	via	oxonium	ylide	[2,3]-rearrangement

β-lactam	antibiotics

synthesis	using	Baeyer–	Villiger	reaction

lactams

formation	via	Beckmann	rearrangement	in	vitamin	B12	synthesis

fused	vs.	bridged,	from	Schmidt	rearrangement

in	gephyrotoxin	287C	synthesis	via	Beckmann	rearrangement

in	mersicarpine	synthesis	via	Beckmann	rearrangement

synthesis	of	via	Beckmann	rearrangement

synthesis	of	via	Schmidt	rearrangement

in	(+)-sparteine	synthesis	via	intramolecular	Schmidt	reaction

β-lactams

synthesis	via	allylic	sulfimide	[2,3]-rearrangements

synthesis	via	Staudinger	reaction	of	ketenes	with	imines

synthesis	via	Wolff	rearrangement	sequence

lactic	acid

as	starting	material	in	pyricuol	synthesis

lactones

chiral,	enantioenriched	via	asymmetric	Baeyer–	Villiger	reaction

7-membered	via	Baeyer–	Villiger	reaction

8-membered	via	Baeyer–	Villiger	reaction

preparation	from	cyclic	ketones	by	Baeyer–	Villiger	reaction

(-)-laulimalide

synthesis	via	oxonium	ylide	[2,3]-rearrangement

Laurencia	sesquiterpenes



synthesis	of	of	via	pinacol	rearrangement

leukotrienes

synthesis	via	double	Mislow–	Evans	rearrangement

linalool

synthesis	via	[2,3]-Meisenheimer	rearrangement

litophynins	E	and	I

synthesis	via	oxonium	ylide	[2,3]-rearrangement

Lossen	rearrangement

aza-Lossen	variant

carbonyldiimidazole-promoted

catalysis	of	by	tertiary	amine	bases

catalysis	of	as	current	synthetic	challenge

defined

green	conditions	for

history

limitations	of

mechanism

stereospecificity

for	synthesis	of	amines

for	synthesis	of	carbamates

for	synthesis	of	ureas

Luche	reduction

in	galanthamine	synthesis

in	hygromycin	A	synthesis

in	lycoricidine	synthesis

in	rapamycin	synthesis

lycoflexine,	see	also	fawcettimine	alkaloids

lyconadin	A

synthesis	via	vinylogous	Pummerer

Lycopodium	alkaloids	see	fawcettidine



lycoposerramine	B,	see	also	fawcettimine	alkaloids

lycoricidine

via	Ferrier	carbocyclization

	

magellanine

synthesis	via	oxa-di-π-methane	rearrangement

magnesium	monoperoxyphthalate	hexahydrate

for	sulfide-to-sulfone	oxidation

malayamycin	A

synthesis	via	Beckmann	fragmentation

(S)-malic	acid

as	gambieric	acid	synthesis	starting	material

Mander's	reagent

in	griseofulvin	synthesis

Mannich	adduct

from	Ugi–	Smiles	reaction

Mannich	reaction

in	quasi-Favorskii	substrate	preparation

vs.	Schmidt	rearrangement

mannostatin	A

analogue	synthesis	via	Pummerer	rearrangement

Mariano	diene

in	di-π-methane	rearrangement

McMurry	coupling

in	4,5-deoxyneodolabelline	synthesis

mefloquine	hydrochloride

synthesis	using	Baeyer–	Villiger	reaction

[1,2]-Meisenheimer	rearrangement,	see	also	ammonium	zwitterion	[2,3]	rearrangements

activation	energy

structure	dependence



via	radical	pair	mechanism

[2,3]-Meisenheimer	rearrangement,	see	also	ammonium	zwitterion	[2,3]	rearrangements

allylic	stereocenter	effects	on

amine	N-oxide	substrates	for

catalytic	asymmetric

chiral	alcohols	via

chiral	auxiliaries	for

compared	to	Mislow–	Evans	rearrangement

concerted	nature	of

conformational	effects	on

diastereoselectivity

enantioenriched	products	from

enantioselectivity

eudistomin	analogues	via

functional	group	tolerance	in	asymmetric	catalysis	of

history

insect	pheremone	(2,6-dimethyl-1,5-heptadien-3-ol	acetate)	synthesis	via

linalool	synthesis	via

mechanism

mechanism	of	asymmetric	catalysis

N–	O	bond	as	retron	for

norfloxacin	analogue	synthesis	via

palladium-catalyzed

phosphoramidite	ligands	for	asymmetric	catalysis	of

physoperuvine	analogue	via

vs.	[1,2]-rearrangement

retrosynthesis	using

reversibility	of

β-santalene-to-β-santalol	interconversion	via

stereocenter	at	nitrogen,	effect	on



stereoselectivity

sulcatol	synthesis	via

synthetic	utility	of

thermal	conditions	for

transition	states

tropinone	alkaloid	synthesis	via

menthone

as	Baeyer–	Villiger	substrate

mercurinium	ions

with	Schmidt	rearrangements

mercury(II)	salts

for	Ferrier	carbocyclization

for	preparation	of	Claisen	rearrangement	substrates

mersicarpine

synthesis	via	Beckmann	rearrangement

(-)-mesembrine

synthesis	via	Claisen/Mislow–	Evans

O-mesitylenesulfonylhydroxylamine	(MSH)

for	E-selective	oxime	synthesis

metallocarbenoids	see	carbenoids

methanesulfonyl	azide

α-methyl-	α-multisubstituted	alkyl	ketones

as	Baeyer–	Villiger	substrates

methyl	epi-anhydroquinate

synthesis	via	allylic	halogen	oxide	[2,3]-rearrangement

Michael	addition	see	also	conjugate	addition

in	conjugate	addition-induced	Ramberg–	Bä	cklund	reactions

of	nitronate	anions

in	preparation	of	Pummerer	rearrangement	substrates

in	prostaglanding	synthesis	via	Mislow–	Evans	rearrangement



microreactor	technology

use	in	(-)-oseltamivir	synthesis

microwave-assisted	conditions

for	aldimine	synthesis

for	Claisen/Mislow–	Evans	sequence

for	decarboxylative	Claisen	rearrangement	(dCr)

for	isocyanate	synthesis	via	Curtius	rearrangement

for	Piloty–	Robinson	pyrrole	synthesis

for	propargylic	Claisen	rearrangement	in	azadirachtin	synthesis

for	pyrrole	synthesis	via	hetero-[3,3]	rearrangement

for	Smiles	rearrangement	cascades

for	vinylaziridine-to-3-pyrrolidine	rearrangement

for	Wolff	rearrangement

Mislow–	Evans	rearrangement	see	also	hetero-[2,3]-rearrangements

activation	parameters	for

agelastatin	A	synthesis	via

(-)-agelastatin	A	synthesis	via

with	aldol/Ireland–	Claisen

alkene	stereoselectivity

α-alkylation	of	sulfoxide	substrates	for

(+)-allocyathin	B2	synthesis	via

allosamidin	synthesis	via

anomeric	effect	on

antibody	catalysis	of

aromatic	character	of	transition	state

(±)-asteltoxin	synthesis	via

calicheamicin	synthesis	via

carbon	epimerization	via

carbon-to-sulfur	chirality	transfer	during

(±)-chorismic	acid	synthesis	via



with	Claisen	rearrangement

computational	studies

conformational	effects

conjugated	diene	synthesis	via

cortistatin	A	synthesis	via

cyathin	synthesis	via

(±)-deoxyisoamijiol	synthesis	via

5-desoxyleukotriene	D	synthesis	via

deuterium	labeling	studies

diastereoselectivity

with	Diels–	Alder

within	dihydropyran	frameworks

with	1,3-dipolar	cycloaddition

electronic	effects

endo	vs.	exo	transition	states

equilibration	of	alkene	stereochemistry	via

equilibrium	position	in

esperamicin	synthesis	via

gabosines	synthesis	via

glycal	synthesis	via

guanacastepene	A	synthesis	via

hasubanan	alkaloid	synthesis	via

history

homoerythratine	synthesis	via

γ-hydroxy-α-enone	synthesis	via

ionone	analogue	synthesis	via

jatrophone	synthesis	via

(-)-joubertinamine	synthesis	via

with	Julia	olefination

kinetic	resolution	(dynamic)	via



kinetics

mechanism

(-)-mesembrine	synthesis	via

Mislow–	Braverman–	Evans	rearrangement	as	alternative	name	for

myxalamide	A	synthesis	via

nuciferal	synthesis	via

with	olefination	via	Kocienski	protocol

with	Overman	rearrangement

(E)-oxooctadecenoic	acid	synthesis	via

pinnatoxin	synthesis	via

polycavernoside	A	synthesis

prostaglandin	synthesis	via

(+)-pyrenolide	D	synthesis	via

racemization	of	S-chiral	allylic	sulfoxides	via

vs.	radical	fragmentation

regioslectivity

in	sequential	processes

[2,3]-sigmatropic	nature

solvent	effects	on

sp3	carbon	stereocontrol	via

stereochemistry	at	sulfoxide	sulfur,	effect	of

steric	effects

sulfur-to-carbon	chirality	transfer	during

tetracycline	analogue	synthesis	via

tetrodotoxin,	trideoxy,	synthesis	via

thermodynamics

thiophilic	sulfenate	trapping

transition	state	for

two	sequential

α,β-unsaturated	aldehyde	synthesis	via



via	vinyl	sulfoxide	isomerization

vinyl	anion	surrogates	via

Mitsunobu	conditions

for	preparation	of	Claisen	rearrangement	substrates

Mitsunobu	coupling

in	griseofulvin	synthesis

Mitsunobu	inversion

in	decarestricine	L	synthesis

Mitsunobu	reaction

in	aigialomycin	synthesis	via	Ramberg–	Bä	cklund	reaction

in	cylindrocyclophane	synthesis	via	Ramberg–	Bä	cklund	reaction

in	lycoricidine	synthesis

for	selenide	preparation	from	allylic	alcohols

modhephene

synthesis	via	quasi-Favorskii	rearrangement

(±)-modhephene

synthesis	via	oxa-di-π-methane	rearrangement

morphine

synthesis	via	Beckmann	reactions

synthesis	via	Ferrier	carbocyclization

Mosher–	Kusumi	method

for	absolute	configuration	determination	in	tetrodotoxin	synthesis

Mukaiyama	aldol	reaction

in	hyperolactone	C	synthesis

muscone

synthesis	via	quasi-Favorskii	rearrangement

β-myrcene

as	starting	material	in	β-sinesal	synthesis	via	[2,3]-Stevens	rearrangement

	

nakadomarin	A



synthesis	via	Pummerer/Michael	process

Nef	reaction

in	Vilsmeier	reaction	hybrid	for	isatin	synthesis

nelfinavir

via	Pummerer	rearrangement

neocryptolepine	(aka	cryptotackieine)

synthesis	via	connective	Pummerer

neodysiherbaine	A

synthesis	via	Beckmann	fragmentation

neoliacinic	acid

synthesis	via	oxonium	ylide	[2,3]-rearrangement

Newman–	Kwart	reaction

compared	to	Smiles	rearrangement,	see	also	Smiles	rearrangements

palladium-catalyzed

nitrenes

as	intermediates	in	Hoffmann	rearrangement

rhodium-complexed,	formed	via	Wolff	rearrangement	domino	process

nitriles

from	acyl	chlorides	via	Smiles	rearrangement

from	Beckmann	fragmentation	of	(+)-fenchone	oxime

from	Beckmann	fragmentation	of	steviol

synthesis	via	Beckmann	fragmentation

nitrilium	ions

intermediates	in	Beckmann	rearrangements

intermediates	in	Schmidt	rearrangement

nucleophilic	trapping	(intramolecular)	of	during	Beckmann	rearrangement

nitrones

photo-cyclization	to	oxaziridines

nitrophenyl	sulfones	(NP-sulfones)

in	Julia–	Kocienski	reaction,	see	also	PT-sulfones,	TBT-sulfones,	BTFP-sulfones,



pentachlorophenyl	sulfones

norbornadienes

substrates	for	di-π-methane	rearrangement

norfloxacin

analogue	synthesis	via	[2,3]-Meisenheimer	rearrangement

norhalichondrin	B

synthesis	via	oxonium	ylide	[2,3]-rearrangement

Norrish	type	I	reactions

competition	with	oxa-di-π-methane	rearrangement

Noyori	reduction

in	amphidinolide	synthesis

in	norhalichondrin	B	synthesis

nuciferal

synthesis	via	Mislow–	Evans	rearrangement

nucleophilic	aromatic	substitution,	see	also	Julia–	Kocienski	reaction,	Smiles
rearrangements,	Truce–	Smiles	rearrangement

in	O-aryloxime	preparation

	

Ohira–	Bestmann	reagent

in	preparation	of	semipinacol	rearrangement	substrate

Olah's	reagent	(pyridine·(HF)x)

for	aziridinemethanol	opening

olefination	see	alkene	synthesis

Oppolzer's	camphorsultam

as	chiral	auxiliary	in	[2,3]-Stevens	rearrangement

orbital	symmetry	control

in	[2,3]-Meisenheimer	rearrangement

Claisen	rearrangement	analysis	based	upon

in	vinylcyclopropane–	cyclopentene	(VCP–	CP)	rearrangement

organocatalysis



of	aldehyde	α-sulfenylation

of	asymmetric	Baeyer–	Villiger	reactions

organomercurials

in	Ferrier	carbocyclization

oridine	alkaloids

synthesis	via	vinylogous	Pummerer

orthoesters

in	preparation	of	ketene	acetals	for	Johnson–	Claisen	rearranagement

(-)-oseltamivir

synthesis	via	Curtius	rearrangement

Overman	rearrangement

[2,3]-Meisenheimer	rearrangement	mechanistic	comparison	to

with	Mislow–	Evans	rearrangement

relationship	to	[2,3]-Wittig	rearrangement

oxadiazoles

1,2,4-,	synthesis	via	Beckmann	rearrangement

1,3,4-,	synthesis	via	Beckmann	rearrangement

in	Smiles	rearrangments

oxa-di-π-methane	(ODPM)	rearrangement	see	also	aza-di-π-methane	(ADPM)
rearrangement,	di-π-methane	(DPM)	rearrangement

1,3-acyl	migration	byproducts	from

2,4-cyclohexadienone	substrates

alkene	photoisomerization	during

biradical	intermediates

“bird-shaped”	architecture	via

chiral	auxiliaries	for

competing	processes

competition	with	di-π-methane	rearrangement

(-)-complicatic	acid	synthesis	via

(-)-connatusin	A	synthesis	via



(+)-connatusin	B	synthesis	via

cyclopropyl	intermediate

decarbonylation	side	reactions

defined

Diels–	Alder	routes	to	substrates	for

diquinane	synthesis	via

enantioselectivity,	prospects	for

(+)-hirsutene	synthesis	via

(+)-hirsutic	acid	synthesis	via

history	and	seminal	examples

(-)-hypnophilin	synthesis	via

intersystem	crossing	during

ketene	byproducts	from

magellanine	synthesis	via

mechanism

(±)-modhephene	synthesis	via

Norrish	type	I	side	reactions	during

(-)-phellodonic	acid	synthesis	via

photoactivation	modes	for

photoinduced	epimerization	during

pyrrolizidine	alkaloid	synthesis	via

radicaloid	process	for

radical	recombination	during

regioselectivity

(-)-silphiperfol-6-en-5-one	synthesis	via

singlet	vs.	triplet	pathways	for

π	site	selectivity

stereoselectivity

strategic	utility	of

substrate	preparation



substrate	preparation	via	quinone	monoketals

substrate	requirements

triplet-sensitized

triquinane	synthesis	via

two-fold	reaction

β,γ-unsaturated	aldehyde	or	ketone	substrates	for

vinylogous

oxazepinones

via	Smiles	rearrangements

oxazinones

1,3-oxazine-2,4-ones

1,3-oxazine-4-ones

synthesis	via	Wolff	rearrangement

oxaziridines

intermediates	in	photo-Beckmann	rearrangements

from	nitrones	for	photo-Beckmann	rearrangement

in	photo-Beckmann	rearrangement	of	isosteviol	derivative

preparation	by	imine	oxidation

for	sulfide-to-sulfimide	conversion

oxazolidinones

synthesis	via	Schmidt	rearrangement

oximes

in	Beckmann	fragmentation	for	furopyran	synthesis

in	Beckmann	reactions	for	diversity-oriented	synthesis

Beckmann	rearrangements	of

control	of	geometry	in	synthesis	of

dioximes	in	heterocycle	synthesis	via	Beckmann	rearrangement

E/Z	isomerization	during	photo-Beckmann

geometry,	impact	on	nucleophilic	trapping	of	nitrilium	intermediate	in	Beckmann
reactions



geometry,	impact	on	selective	reactions	of

geometry	inversion	of

impact	of	derivative	type	(e.g.,	mesylate,	brosylate)	on	Beckmann	reaction	selectivity
of

mesylate	derivatives	in	Beckmann	rearrangement

in	photo-Beckmann	rearrangemetns

(E)-pyrene	ester	derivatives	as	photocleavable	DNA	intercalators

site	selectivity	in	formation	based	on	sterics

stereoisomeric	forms	and	reactivity	in	Beckmann	rearrangement

steviol,	derivative	of

as	substrates	for	aza-di-π-methane	rearrangement

tosylate	derivatives	in	Beckmann	rearrangement

oxindoles

via	modifed	Bartoli-indole	synthesis

2-oxindoles

3-spirocyclopentene,	via	Pd-catalyzed	VCP–	CP	rearrangement

α-oxo-ketenes

1,3-dicarbonyl	products	from

1,3-dipolar	cycloaddition	of

[2+2]	cycloaddition	reactions	of,	rarity

addition	of	nucleophiles	to

cycloaddition	reactions	of,	see	also	α-oxo-ketenes,	Diels–	Alder	reactions	of

Diels–	Alder	reaction,	lack	of

Diels–	Alder	reactions	of

in	Friedel–	Crafts	acylation

nucleophilic	addition	to

prochiral	nature	of	and	stereochemical	implications

reactions	of

reactivity	of

via	Wolff	rearrangement,	see	also	ketenes



Oxone

for	sulfide-to-sulfone	oxidation

oxonium	ylide	[1,2]-shifts	see	also	[1,2]-Stevens	rearrangement

chemoselectivity

copper-carbenoid	precursors	for

(+)-dactylol	synthesis	via

daphnane/tigliane	core	synthesis	via

energy	barrier	for

α-heteroatom-assisted

mechanism

radical	intermediates	in

radical-stabilizing	groups	in

vs.	[2,3]-rearrangement

rhodium-carbenoid	precursors	for

seminal	reports

vs.	[1,4]-shift

stereochemistry

stereoelectronic	effects	on

transition	states	for

via	trapping	of	metallocarbenes	with	ethers

zaragozic	acid	synthesis	via

oxonium	ylide	[2,3]-rearrangements

alkene	geometry	from

amphidinolides	T1–	T5	synthesis	via

australin	A	synthesis	via

benzofuranone	synthesis	via

chemoselectivity

cladiellins	synthesis	via

as	concerted,	pericyclic	process

copper-carbenoid	precursors	for



decarestricine	L	synthesis	via

energy	barrier	for

free	vs.	metal-associated	ylides	in

gambieric	acid	A	synthesis	via

(+)-griseofulvin	synthesis	via

hyperolactone	C	synthesis	via

labiatin	A	synthesis	via

(-)-laulimalide	synthesis	via

litophynins	E	and	I	synthesis	via

neoliacinic	acid	synthesis	via

norhalichondrin	B	synthesis	via

rhodium-carbenoid	precursors	for

seminal	studies

sequential,	in	polycyclic	ether	synthesis

vs.	[1,2]-shift

stereochemistry

as	symmetry-allowed	process

for	tetrahydrofuran	synthesis

for	tetrahydropyran	synthesis

transition	states

via	metallocarbene	trapping	with	ethers

vigulariol	synthesis	via

oxonium	ylide	rearrangements,	see	also	oxonium	ylide	[2,3]-rearrangements,	oxonium
ylide	[1,2]-shifts

catalysts	for

chemoselectivity

vs.	C–	H	insertion	of	carbenoid	precursors

cyclic	ether	retrons	for

history

precursors	for



scope	and	limitations

stereochemistry

stereoselectivity

strategic	considerations

oxonium	ylides

allyl-substituted	in	[2,3]-rearrangements

bicyclic,	oxygen	bridgehead

carbenoid	precursors	for

cyclic

from	cyclic	acetals

from	cyclic	ketals

fates	of,	see	also	oxonium	ylide	[2,3]-rearrangements,	oxonium	ylide	[1,2]-shifts

formation	of	by	intramolecular	carbenoid	capture

formation	of	using	copper	carbenoids

formation	of	using	rhodium	carbenoids

fragmentation	of

free	vs.	metal-associated

generation,	methods	for

nucleophilic	displacement	reactions	of

propargyl-substituted,	in	[2,3]-rearrangement

reversion	of	to	carbene

ring-size	selectivity	in	reactions	of

from	thioacetals

(E)-oxooctadecenoic	acid

via	Knoevenagel/isomerization/Mislow–	Evans	cascade

oxyallylic	cations

in	(4+3)	cycloadditions

intermediates	in	Favorskii	rearrangement

oxy-Cope	rearrangement

in	ambliol	B	synthesis



anionic

anionic,	in	phorbol	synthesis

anionic,	in	synthesis	of	muscone

anionic,	via	Brook	rearrangment

(-)-13-oxyingenol

synthesis	via	allylic	selenoxide	[2,3]-rearrangement

oxymercuration

in	Ferrier	carbocyclization

	

Paal–	Knorr	cyclization

in	pyrrole	synthesis	via	hetero-[3,3]	rearrangement

palau'amine

synthesis	via	Beckmann	rearrangement

synthesis	via	vinylogous	Pummerer

palladium(II)	catalysis

for	Ferrier	carbocyclization

for	preparation	of	Claisen	rearrangement	substrates

palladium-catalyzed	arylation

in	O-aryloxyamine	preparation

palmerolide	A

synthesis	via	Curtius	rearrangement

parallel	kinetic	resolution	see	kinetic	resolution

Parikh–	Doering	oxidation

in	(-)-13-oxyingenol	synthesis

Passerini	reaction

Lossen	rearrangements	and

Passerini–	Smiles	reaction

hydrogen-bonding	effects	in

hydroxy	heterocyclic	substrates	for

Lewis	acid-mediated



mechanism

scope	vs.	Ugi–	Smiles

thermodynamics

thio	variant,	inefficiency	of

tropolone	substrates	for

patulolide	C

synthesis	via	[2,3]-Wittig	rearrangement

Payne	rearrangement,	see	also	aza-Payne	rearrangement,	thia-Payne	rearrangement

2,3-epoxy	alcohol	substrate	preparation

alkoxide	intermediate	in

alkoxide	stability	as	controlling	factor	during

base,	effect	of

computational	studies	on

defined

diastereoselectivity

electronically	promoted

epoxide	stability	influence	on

equilibrium	in

fluoride-base-induced

history

inductive	effect	of	CF3	group	in

ion	pairs	in

mechanism

nucleophilic	epoxide	opening	of	products

regioselective	epoxide	opening	of	products

scope	and	limitations	of

SN2	inversion	during

solvent,	effect	of

stereochemical	influence	on	equilibrium	in

stereospecificity



steric	effects	in

structures	accessible	via

of	trifluoromethylated	substrates

variants	of

pentachlorophenyl	sulfones

in	Julia–	Kocienski	reaction,	see	also	BTFP-sulfones,	NP-sulfones,	PT-sulfones,	TBT-
sulfones

pentadienyl	anion

sulfinyl,	for	double	Mislow–	Evans	rearrangement

9-epi-pentalenic	acid

via	Baeyer–Villiger	reaction

pentaprismane

synthesis	via	quasi-Favorskii	rearrangement,	see	also	cubane,	[3]-prismane,
secohexaprismane,	hexacyclotetradecane

pentenomycin

analogue	synthesis	via	Pummerer	rearrangement

ent-peribysin	E

synthesis	using	Baeyer–	Villiger	reaction

pericyclic	reactions

[2,3]-Meisenheimer	rearrangement

[2,3]-rearrangement	of	ammonium	ylides

[2,3]-Stevens	rearrangement

Claisen	rearrangement

oxonium	ylide	[2,3]-rearrangements

peroxy	acids

in	Baeyer–	Villiger	reactions

pertrifluoroacetic	acid

as	Baeyer–	Villiger	oxidant

Petasis–	Ferrier	rearrangement

Ferrier	carbocyclization,	comparison	to

Petasis	reagent



for	preparation	of	Claisen	rearrangement	substrate

Peterson	olefination

vs.	Brook	rearrangement	in	reactions	of	α,β-epoxysilanes

in	tetrodotoxin	synthesis

phakellin

synthesis	of	skeleton	via	additive	Pummerer

phase-transfer	catalysis

of	Brook	rearrangement

synthesis	of	catalyst	for	via	di-π-methane	rearrangement

(-)-phellodonic	acid

synthesis	of	catalyst	for	via	oxa-di-π-methane	rearrangement

phenols

as	starting	materials	for	Smiles	rearrangements

phenonium	intermediate

in	pinacol	rearrangement

in	semipinacol	rearrangement

phenyl	chloroformate

use	in	Curtius	rearrangement	sequence

(S)-phenylglycinol

pheremone

insect,	synthesis	via	[2,3]-Meisenheimer	rearrangement

phomactins

synthesis	via	[2,3]-Wittig	rearrangement

phorbol	framework

synthesis	via	oxonium	ylide	[1,2]-rearrangement

synthesis	via	quasi-Favorskii	rearrangement

phoslactomycin	B

synthesis	via	[2,3]-Wittig	rearrangement

phosphines

as	thiophiles	in	Mislow–	Evans	rearrangements



phosphites

as	selenophiles	in	allylic	sulfoxide	[2,3]-rearrangements

as	thiophiles	in	Mislow–	Evans	rearrangements

phosphoramidites

as	ligands	in	asymmetric	[2,3]-Meisenheimer	rearrangements

phosphoric	acid	catalysts,	chiral

in	benzidine	rearrangement

in	pinacol	rearrangement

photo-Beckmann	rearrangement

challenges	for	further	research

contrast	to	Beckmann	rearrangement

E/Z	isomerization	of	oximes	during

history

impact	of	imine	isomer	in	oxaziridine	formation	and	subsequent	rearrangement

isotopic	labeling	for	mechanistic	study	of

mechanism

oxaziridine	intermediate	in

of	pyrene	oxime	esters	as	DNA	photocleaving	agents

regioselectivity

solvent	effects	on	product	distribution	from

(+)-sparteine,	synthesis	via

stereoelectronic	control	in

stevioside	diversification,	use	in

phthiocerol

synthesis	via	Baeyer–	Villiger	reaction

phthiocerol	dimycocerosate	A

synthesis	via	Baeyer–	Villiger	reaction

physoperuvine

analogue	synthesis	via	[2,3]-Meisenheimer	rearrangement

Pictet–	Spengler	reaction



in	galanthamine	synthesis

with	Schmidt	rearrangements

in	Smiles	rearrangement	cascade

Piloty–	Robinson	pyrrole	synthesis

microwave	conditions	for

product	scope

regioselectivity

substrate	scope

substrate	preparation	via	C–	N	coupling	reactions

variant	with	benzoyl	chloride

pinacol,	see	also	2,3-dimethylbutane-2,3-diol

pinacol	coupling

as	attempted	approach	in	vinigrol	synthesis

in	pentaprismane	synthesis

for	preparation	of	pinacol	rearrangement	substrates,

pinacolone,	see	also	3,3-dimethylbutane-2-one

pinacol	rearrangement	see	also	semipinacol	rearrangement

asymmetric	version	of

biosynthesis,	possible	relevance	to

carbocation	intermediates	in

chiral	catalysts	for

diastereoselectivity

enantioselectivity

epoxides,	formation	under	reaction	conditions	for

history

intramolecularity	of
14C-labeling	studies	on

mechanism

migratory	aptitude	of	substituents	in

regioselectivity



relation	to	Favorskii	rearrangement

ring-contracting

ring-expanding

stereochemical	memory	during

stereoelectronic	control	in

stereoselectivity

strategic	value	of

pinene

biosynthesis	investigations	using	Beckmann-derived	analogues	of

pinnaic	acid

synthesis	via	Beckmann	rearrangement

pinnatoxin

synthesis	via	Claisen/Mislow–	Evans

Pinnick	oxidation

in	labiatin	A/australin	A	synthesis

piperidine	synthesis

via	intramolecular	amine	opening	of	an	epoxy	alcohol

platynecine

synthesis	via	[2,3]-Stevens	rearrangement

plaunotol

synthesis	via	[2,3]-Stevens	rearrangement

polycavernoside	A

synthesis	via	double	Mislow–	Evans	rearrangement

polyether	natural	products

synthesis	via	oxonium	ylide	[2,3]-rearrangement

polyketides

via	pinacol	rearrangement

polyquinanes

via	oxa-di-π-methane	rearrangement

porphyrinoids



synthesis	via	Beckmann	rearrangement

porphyrins

octaethyl,	synthesis	via	Piloty–	Robinson	reaction

Pratt	diene

in	di-π-methane	rearrangement

(+)-prelaureatin

synthesis	via	Brook	rearrangement

Prins	cyclization

in	cascade	process	with	pinacol	rearrangement

Prins–	pinacol	rearrangement

[3]-prismane

attempted	synthesis	of	via	quasi-Favorskii	rearrangement,	see	also	cubane,
pentaprismane,	secohexaprismane,	hexacyclotetradecane

proline	derivatives

as	organocatalyst	for	aldehyde	α-sulfenylation

prostaglandins

synthesis	via	Mislow–	Evans	rearrangement

synthesis	via	seleno-Pummerer

synthesis	via	vinylcyclopropane–	cyclopentene	(VCP–	CP)	rearrangement

protomycinolide	IV

synthesis	via	semipinacol	rearrangement

psilostachyin	C

via	Baeyer–	Villiger	reaction

p-toluenesulfonyl	azide	(TsN3)

PT-sulfones	(1-phenyl-1H-tetrazol-5-yl	sulfones)

in	Julia–	Kocienski	reaction,	see	also	TBT-sulfones,	BTFP-sulfones,	NP-sulfones,
pentachlorophenyl	sulfones

(R)-(+)-pulegone

as	starting	material	for	dactylol	synthesis

as	starting	material	in	fawcettidine	synthesis	via	Ramberg–	Bä	cklund	reaction

Pummerer	rearrangement,	see	also	Pummerer	rearrangement,	additive;	Pummerer



rearrangement,	connective;	Pummerer	rearrangement,	interrupted;	Pummerer
rearrangement,	vinylogous

additives	for	preserving	stereochemical	integrity	during

asteltoxin	synthesis	via

in	cascade	sequences

chiral	sulfoxides	in

classification	of	types

computational	studies	on

coniceine	synthesis	via

cryptophane	synthesis	via

defined

enantioselectivity

erinacine	E	synthesis	via

fluoro	variant

followed	by	Knoevenagel	reaction

followed	by	Michael	addition

furanoside	synthesis	via

heterocyclic	nucleophiles	in

hydrolysis	of	sulfide	product	from

indolizidine	alkaloid	synthesis	via

ion-paired	intermediates	in

kinetics	of

labeling	studies	on

leukotriene	synthesis	via

Lewis	acid-mediated

mannostatin	A	analogue	synthesis	via

mechanism

metal-catalyzed

nakadomarin	A	synthesis	via

nelfinavir	synthesis	via



nucleophilic	addition	during

O,Se-acetal	formation	in

α-oxygenated	aldehydes	via

pentenomycin	analogue	synthesis	via

prospects	for	asymmetric	version

prostaglandin	analogue	synthesis	via

seleno	variant

silicon-induced

(+)-trans-solamin	synthesis	via

stereochemistry

strategic	considerations

sulfide	synthesis	via

via	sulfoxide	activation

for	sulfoxide	reduction

sulfoxide	substrate	preparation

sulfurane	intermediate	in

thiols	via

thionium	ion	intermediate	in

thionucleoside	synthesis	via

transition	states	for

vinyl	sulfides	via

zedoarondiol	core	synthesis	via

Pummerer	rearrangement,	additive	see	also	Pummerer	rearrangement;	Pummerer
rearrangement,	connective;	Pummerer	rearrangement,	interrupted;	Pummerer
rearrangement,	vinylogous

benzofuran	synthesis	via

combined	with	interrupted	Pummerer

copper-promoted

defined

followed	by	[3,3]-sigmatropic	rearrangement

phakellin	synthesis	via



sulfonium	salt	intermediates	in

thioacetals	via

vs.	vinylogous	Pummerer	rearrangement

Pummerer	rearrangement,	connective	see	also	Pummerer	rearrangement;	Pummerer
rearrangement,	additive;	Pummerer	rearrangement,	interrupted;	Pummerer	rearrangement,
vinylogous

2-azaspiro[4.5]decane	synthesis	via

annosqualine	synthetic	approach	via

α-arylacetamide	synthesis	via

aryl	transfer	following

cryptotackieine	synthesis	via

cysteine-derived	substrates	for

defined

ecteinascidin	597	synthesis	via

glyoxamide	substrates	for

nucleophilic	addition	during

spirostaphylotrichin	A	synthetic	approach	via

stereoselectivity

sulfide	substrates	for

sulfoxide	substrates	for

thionium	intermediate	in

transition	states	for

Pummerer	rearrangement,	interrupted	see	also	Pummerer	rearrangement;	Pummerer
rearrangement,	additive;	Pummerer	rearrangement,	connective;	Pummerer	rearrangement,
vinylogous

allylic	oxidation	via

in	nuciferal	synthesis

combined	with	additive	Pummerer

defined

fused	heterocycle	synthesis	via

mechanism



nucleophile	addition	during

range	of	nucleophiles	used	in

regioselectivity	of	nucleophile	addition	during

sulfonium	salt	intermediates	in

tetrahydrocarbazole	synthesis	via

Pummerer	rearrangement,	vinylogous

vs.	additive	Pummerer	rearrangement

base	effect	on	regioselectivity

defined

double	nucleophilic	addition	during

hydrolysis	of	sulfide	product	from

ent-hyperforin	synthesis	via

lyconadin	A	synthesis	via

with	more	extended	π	system

oridine	alkaloid	synthesis	via

palau'amine	synthesis	via

regioselectivity

solvent	effect	on	regioselectivity

stereochemistry

sulfoxide	activation	during

sulindac	analogue	synthesis	via

α,β-unsaturated	ketones	via

pyrazines

as	substrates	for	Ugi–	Smiles	reaction

pyrazolidinones

synthesis	via	Wolff	rearrangement	sequence

(+)-pyrenolide	D

synthesis	via	Mislow–	Evans	rearrangement

pyrethroids

synthesis	via	aza-di-π-methane	rearrangement



pyricuol

synthesis	via	[2,3]-Wittig–	Still	rearrangement

pyridines

aminopyridine	synthesis	via	Smiles	rearrangement

in	Smiles	rearrangments

synthesis	via	Wolff	rearrangement

pyridylsulfones

in	Julia–	Kocienski-type	reaction

for	synthesis	of	glycosidic	vinyl	ethers

pyrimidines

aminopyrimidine	synthesis	via	Smiles	rearrangement

in	Smiles	rearrangments

pyrroles

synthesis	via	hetero-[3,3]	rearrangement

synthesis	via	Piloty–	Robinson	synthesis

synthesis	via	Schmidt	rearrangement

synthesis	via	Wolff	rearrangement

unsymmetrical,	synthesis	of

pyrrolidines

as	haptens	for	Mislow–	Evans	antibody	catalyst	development

from	N-cyclopropylimine	hetero	VCP–	CP	rearrangement

synthesis	via	aza-Payne	rearrangement

synthesis	via	intramolecular	amine	opening	of	an	epoxy	alcohol

pyrrolines

synthesis	via	hetero	VCP–	CP	rearrangement

pyrrolizidine	alkaloids

synthesis	via	hetero	VCP–	CP	rearrangement

synthesis	via	oxa-di-π-methane	rearrangement

	

quasi-Favorskii	rearrangement,	see	also	Favorskii	rearrangement



1,2-shift	vs.	enolate	formation	during

[3]-prismane,	attempted	synthesis	of	via

[4+2]-cycloaddition	equivalents	via

aldehyde	synthesis	via

for	α-alkenylation,	arylation,	and	alkynylation	of	ketones

for	α-alkylation	of	cycloalkanones,	especially	cyclohexanone

ambliol	B	synthesis	via

benzylic	acid	rearrangement,	relation	to

bridgehead	halide	substrates,	preparation	of

bromohydrin	substrates	for

(-)-(3Z)-cembrene	A	synthesis	via

chlorohydrin	substrates	for

cubane	synthesis	via

(4+3)-cycloaddition/quasi-Favorskii	sequence

(4+3)-cycloaddition	route	to	precursors	for

dichotomy	with	Favorskii	rearrangement

Diels–	Alder	route	to	precursors	for

double	variant	in	cubane	synthesis

elisapterosin	B,	possible	synthesis	strategy	via

epoxyalcohol	substrates	for

functional	group	tolerance

Haller–	Bauer	cleavage	during

α-halocyclobutanone	substrates

halogenative	decarboxylation	(Hunsdiecker-type	reaction)	for	precursor	preparation

α-H/D	exchange	in,	or	lack	thereof

hexacyclotetradecane	synthesis	via

indole	synthesis	via

ketenes	as	substrate	precursors	for

Lewis	acid-assisted

limitations	of



Mannich	reactions	for	preparation	of	precursors

mechanism

metal	cation	effect	on

migratory	aptitude	of	groups	in

modhephene	synthesis	via

muscone	synthesis	via

neighboring	group	participation	in

nucleophiles	for

pentaprismane	synthesis	via

phorbol	synthesis	via

pinacol	rearrangement,	relation	to

possible	but	as	yet	unrealized	substrates	for

regioselectivity

retrons	for

secohexaprismane	synthesis	via

semipinacol	rearrangement,	relation	to

spatol	synthesis	via

stereochemical	features	(inversion	vs.	retention	at	sp3	carbons)	of

stereoelectronic	and	conformational	effects	on

sterpurene	synthesis	via

strain	inhibition	of

substrate	preparation	for

tetrahedral	intermediate,	anionic	in

tricycloclavulone	core	synthesis	via

quaternary	carbon	centers

all-carbon

all-carbon,	installation	via	Claisen/Mislow–	Evans

all-carbon,	installation	via	[2,3]-Wittig–	Still	rearrangement

all-carbon,	installation	via	pinacol	rearrangement

amino	group	installation	at	via	Beckmann	rearrangement



aza-quaternary	carbon	center,	installation	via	semipinacol	rearrangement

benzylic	stereocenter,	installation	via	Johnson–	Claisen	rearrangement

cascade	Claisen	rearrangement	for	installation	of	in	morphine	synthesis

Claisen	rearrangement	for	installation	of

continguous	quaternary	centers,	installation	via	Claisen	rearrangement

influence	of	on	regioselectivity	of	2,3-epoxy	alcohol	opening	with	hydride

oxonium	ylide	[2,3]-rearrangement	for	installation	of

presence	as	impetus	for	Beckmann	fragmentation

as	quasi-Favorskii	retron	in	potential	elisapterosin	synthesis

as	quasi-Favorskii	retron	in	sterpurene	synthesis

as	quasi-Favorskii	retron	in	tricycloclavulone	core	synthesis

semipinacol	rearrangement	for	installation	of

[2,3]-Wittig	rearrangement	for	installation	of

[2,3]-Wittig–	Still	rearrangement	for	installation	of

Wolff	rearrangement-enabled	Staudinger	reaction	for	installation	of

(-)-quinic	acid

as	starting	material	for	gabosine	synthesis	via	Mislow–	Evans	rearrangement

quinone	monoketals

[5+2]	cycloadditions	of

for	preparation	of	oxa-di-π-methane	rearrangement	substrates

as	substrates	for	di-π-methane	rearrangement

	

Ramberg–	Bä	cklund	reaction

aigialomycin	D	synthesis	via

alkenes,	conjugated	via

alkenes,	trisubstituted	via

alkene	synthesis	scope

as	alkene	synthesis	strategy

alkene	transposition	via

ampelopsin	D	synthesis	via



apoptolidin	synthesis	via

atom	economy	of

base	used	and	nature	of	the	base

β-elimination	byproducts	during

canthaxanthin	synthesis	via

carotenoid	synthesis	via

Chan's	modification

computational	studies	of

conduritols	synthesis	via

conformational	factors

for	cyclic	compound	synthesis

cyclophane	synthesis	via,	see	also	cylindrocyclophanes	A	and	F,	hirsutellones	A–	C

cylindrocyclophanes	A	and	F	synthesis	via

defined

dendrimer	synthesis	via

deuteration	experiments	on

Dewar	benzene	via

diene	products	from

enediynes	via

episulfone	intermediates	in

episulfonium	intermediates,	isolation	and	characterization	of

epoxy	substrates	for

eremantholide	A	synthesis	via

Favorskii	rearrangement	comparison

(+)-fawcettidine	synthesis	via

C-glycoside	synthesis	via

green	chemistry	aspects

halogenation	step	in

halosulfones	as	substrates	for

hirsutellones	A–	C	synthesis	via



history

integrastatin	core	synthesis	via

kinetics	of

mechanism

Meyers'	modification

Michael-induced

one-pot	vs.	two-step	approaches

retrons	for

retrosynthetic	factors

stereoelectronics	of	episulfone	formation	during

stereoselectivity	in	alkene	formation

steric	encumbrance,	limitations	on

for	strained	ring	synthesis

strategic	advantages	of

strategic	separation	of	sulfur	oxidation	and	ring	contraction

sulfone	precursor	synthesis	for

sulfur	dioxide	extrusion	during

synthetic	flexibility	of

synthetic	target	classes	available	via

thiirane	1,1-dioxide	intermediates	see	Ramberg–	Bä	cklund	reaction,	episulfonium
intermediates	in

variants

vinigrol,	attempted	synthesis	via

vinylogous

rapamycin

synthesis	via	Ferrier	carbocyclization

reductive	amination

in	morphine	synthesis

in	synthesis	of	azaspirodecane	core

Reformatsky	reaction



in	dactylol	synthesis

in	hyperolactone	C	synthesis

13-cis-retinol

synthesis	via	[2,3]-Stevens	rearrangement

retro-Brook	rearrangement	see	Brook	rearrangement

D-ribose

as	starting	material	for	aigialomycin	synthesis	via	Ramberg–	Bä	cklund	reaction

ring-closing	metathesis	see	also	alkene	cross	metathesis,	ring-opening/ring-closing
metathesis

in	agelastatin	synthesis

in	aigialomycin	synthesis	via	Ramberg–	Bä	cklund	reaction

as	attempted	approach	in	vinigrol	synthesis

combination	with	[2,3]-Wittig	rearrangement

in	tricycloclavulone	synthesis

Z-selective,	in	amphidinolide	synthesis

ring	contractions

of	2-diazo	dimedone

of	cyclohexanones	via	Wolff	rearrangement

in	dibromopalau'amine	synthesis	via	Wolff	rearrangement

in	fredericamycin	synthesis	via	Wolff	rearrangement

photochemical,	of	N-chloro	lactam

regiospecific,	in	Schmidt	rearrangement	sequence

via	quasi-Favorskii	rearrangement

via	Ramberg–	Bä	cklund	reaction

via	Wolff	rearrangement

ring	expansions

via	Beckmann	rearrangement

via	Payne	rearrangement-mediated	process

via	quasi-Favorskii	rearrangement

ring	opening



of	cyclopropanes	in	vinylcyclopropane–	cyclopentene	rearrangement,	323	see	also
vinylcyclopropane-cyclopentene	rearrangement

via	Beckmann	fragmentation

ring-opening/ring-closing	metathesis	see	also	alkene	cross	metathesis,	ring-closing
metathesis

in	tricycloclavulone	core	synthesis

ring	strain

as	controlling	factor	in	Wolff	rearrangement

Robinson	annulation

for	preparation	of	di-π-methane	rearrangement	substrates

Rubottom	oxidation

vinylogous

	

Saegusa–	Ito	oxidation

in	aphidicolin	synthesis

(-)-salviasperanol

synthesis	via	vinyloxirane-dihydrofuran	rearrangement

Schmidt	rearrangement

acetylenic

with	aldehydes	and	ketals

aziridine	intermediate	in	Schmidt	sequence

Brønsted	acid	promotion	of

carbocation-initiated

cation-π	interactions	during

chemoselectivity	in

chirality	transfer	in

of	Claisen	rearrangement	products

computational	studies	on

concerted	vs.	stepwise	nature

defined

diastereoselectivity



with	Diels–	Alder	reaction

in	domino	processes

enamides	as	reactants	in

epoxide	substrates	for

functional	group	tolerance	of

gold-catalyzed

history

hydrogen-bond	promotion	of

intramolecular,	attempted	in	(+)-sparteine	synthesis

with	ketones

kinetic	studies	of

Lewis	acid-promoted

Mannich	reaction,	competition	from

mechanism

metal-promoted

migratory	aptitude	of	groups	in

nitrene/nitrenoid	intermediate	in,	and	lack	thereof

omega-hydroxy	azides,	use	in

pyrrole	synthesis	via

regioselectivity

in	semipinacol	route	to	stemonamine

stereoelectronics

steric	effects	on

α,β-unsaturated	ketones	as	substrates	for

Schönberg	reaction

compared	to	Smiles	rearrangement

scopolamine

as	starting	material	for	physoperuvine	synthesis

secohexaprismane

synthesis	via	quasi-Favorskii	rearrangement,	see	also	cubane,	pentaprismane,	[3]-



prismane,	hexacyclotetradecane

selenides,	allylic

oxidation	to	allylic	selenoxides

preparation	of

selenoxides

as	seleno-Pummerer	rearrangement	substrates

selenoxides,	allylic	see	also	allylic	selenoxide	[2,3]-rearrangements

via	selenide	oxidation

semi-benzylic	acid	rearrangement

relation	to	Favorskii	rearrangement

semibullvalenes

benzo-	and	dibenzo-	derivatives

enantiomerically	enriched,	snythesis	of

polymeric

synthesis	via	di-π-methane	rearrangement

semipinacol	rearrangement	see	also	pinacol	rearrangement

of	2,3-epoxy	alcohols	from	Payne	rearrangement

base-promoted

carbocation	intermediate	in

comparison	with	pinacol	rearrangement

defined

history

Lewis	acid-promoted

Lewis	vs.	Brønsted	acid	promotion

mechanism

migratory	aptitude	of	groups	in

regioselectivity

relation	to	Favorskii	rearrangement

ring	expansion	during

stereoelectronics



stereoselectivity

strategic	considerations

transition	metal-promoted

sequential	reactions	see	also	domino	reactions

1,3-dipolar	cycloaddition/Mislow–	Evans

Aldol/Ireland–	Claisen/Mislow–	Evans

Claisen/Mislow–	Evans

Diels–	Alder/Mislow–	Evans

Mislow–	Evans/olefination

including	Mislow–	Evans	rearrangement

Overman	rearrangement/Mislow–	Evans

seragakinone	A

use	of	pinacol	rearrangement	in	synthesis	of

sespendole

synthesis	via	[2,3]-Wittig–	Still	rearrangement

Seyferth–	Gilbert	homologation

in	preparation	of	semipinacol	rearrangement	substrate

Sharpless	asymmetric	dihydroxylation

in	cylindrocyclophane	synthesis	via	Ramberg–	Bä	cklund	reaction

for	Payne	rearrangement	substrate	preparation

for	pinacol	rearrangement	substrate	preparation

for	semipinacol	rearrangement	substrate	preparation

Sharpless	vanadium-mediated	epoxidation

for	Payne	rearrangement	substrate	preparation

Shi	epoxidation

in	synthesis	of	vinyloxirane	precursor	for	labdane	diterpenoids

1,2-shifts

of	acyl	group	in	oxa-di-π-methane	(ODPM)	rearrangement

1,2-aryl	shift	in	pinacol	rearrangement

1,2-aryl	shift	in	semipinacol	rearrangement



in	Brook	rearrangement,	silyl	shift

of	2,3-epoxy	alcohols

in	pinacol	rearrangement

in	quasi-Favorskii	rearrangement

in	semipinacol	rearrangement

of	vinyl	group	in	di-π-methane	rearrangement

in	Wolff	rearrangement

Shioiri	carboxylic	acid-amine	coupling	conditions

in	hygromycin	A	synthesis

in	lycoricidine	synthesis

Shioiri–	Ninomiya–	Yamada	conditions

for	preparation	of	acyl	azides

[5,5]-sigmatropic	rearrangement

for	ring	macroexpansion

[2,3]-sigmatropic	rearrangements,	see	also	hetero-[2,3]-rearrangements

Mislow–	Evans	rearrangement,	see	also	Mislow–	Evans	rearrangement

oxonium	ylide	[2,3]-rearrangements,	see	also	oxonium	ylide	[2,3]-rearrangements

[2,3]-Wittig	rearrangement,	see	also	[2,3]-Wittig	rearrangement

[3,3]-sigmatropic	rearrangements	see	also	[3,3]-sigmatropic	rearrangements	of	heteroatom
systems

Claisen	rearrangement

combined	with	Ferrier	carbocyclization

equilibrium	in

following	additive	Pummerer

Ireland–	Claisen	rearrangement

Overman	rearrangement

in	palau'amine	synthesis

thermal	conditions	for

[3,3]-sigmatropic	rearrangements	of	heteroatom	systems

asymmetric	synthesis,	prospects	via



Fischer-indole	reaction,	see	also	Fisher	indole	reaction

heterocycle	preparation	via

interrupted	Fischer-indole	reaction

N–	N	bond	rearrangements,	see	also	[3,3]-sigmatropic	rearrangements	of	N–	N	bonds

N–	O	bond	rearrangements,	see	also	[3,3]-sigmatropic	rearrangemnts	of	N–	O	bonds

with	nucleophilic	trapping,	intramolecular

regioselectivity

retrosynthetic	analysis

strychnine	synthesis	via

substrate	preparation	for

thermodynamics	of

[3,3]-sigmatropic	rearrangements	of	N–	O	bonds

acid-promoted

aflatoxin	B2	synthesis	via

amine	catalysis	of

α-aminophenol	synthesis	via

O-aryloxime	ether	precursors	for

asymmetric	variant

Bartoli-indole	synthesis,	see	also	Bartoli-indole	synthesis

benzofuran	synthesis	via

C–	O	bond	construction	via

diastereoselectivity

N-enoxyphthalimide	substrates	for

Fischer-indole	synthesis	similarities	to

functional	group	compatibility	with

gold-catalyzed

herbindoles	A	and	B	synthesis	via

indole	synthesis	via

interrupted	Fischer-indole	intermediates

iridium-catalyzed	substrate	preparation	for



microwave	conditions	for

α-oxygenation	via

O-propenyl	oximes	as	substrates	for

pyrrole	synthesis	via

vs.	[1,3]-rearrangement

regioselectivity

retrosynthetic	considerations

solvent	dependence

cis-trikentrin	A	synthesis	via

vinylboronic	acid-mediated	precursor	synthesis

O-vinyl	oxime	substrates	for

[3,3]-sigmatropic	rearrangements	of	N–	N	bonds

acidic	conditions	for

N-allyl	hydrazone	substrates	for

asymmetric	catalysis	of

benzidine	rearrangement

for	C(sp3)—	C(sp3)	bond	formation,	advantages	of

diacylhydrazide	substrates	for

2,2′-diamino-1,1′-binaphthyl	synthesis	via

1,4-diene	synthesis	via

N2	elimination	following

as	enolate	coupling	equivalent

mechanism

microwave	conditions	for

nonobvious	retrons	for

oxidizing	conditions	for

pyrrole	synthesis	via	Piloty–	Robinson	reaction

regioselectivity

stereoselectivity

transition	state	topology



silica-supported	tertiary	amines

for	Knoevenagel/isomerization/Mislow–	Evans	cascade

(-)-silphiperfol-6-en-5-one

synthesis	via	oxa-di-π-methane	rearrangement

silver(I)	benzoate

in	Wolff	rearrangement

α-silyl	alcohols	see	also	α-silyl	alkoxides

isolable	from	certain	additions	to	acylsilanes

as	source	of	alkoxides	for	Brook	rearrangement

α-silyl	alkoxides	see	also	α-silyl	alcohols

Brook	rearrangement	of

preparation	of	for	Brook	rearrangement

from	α-silyl	silylethers	by	fluoride	treatment

silyl	enol	ethers	see	also	enol	silyl	ethers

in	sulfone	synthesis	for	Ramberg–	Bä	cklund	reaction

silyl	ketene	acetals

as	decarboxylative	Claisen	rearrangement	(dCr)	substrates

as	Ireland–	Claisen	rearrangement	substrates

silylmetal	reagents

addition	to	aldehydes	and	ketones	as	prelude	to	Brook	rearrangement

in	Brook	rearrangements

reactions	with	carboxylic	acid	derivatives

1,5-silyl	migration

β-sinensal

synthesis	via	[2,3]-Stevens	rearrangement

Smiles	rearrangements	see	also	Truce–	Smiles	rearrangement,	Julia–	Kocienski	reaction,
Ugi–	Smiles	couplings

aromaticity	as	controlling	factor	in

aryl	migrations	during

bases	used	for



benzofuran	synthesis	via

carbenes,	spiro	as	possible	intermediates	in

in	cascade	processes

cation-chelating	conditions	for

Chapman	rearrangement	variant

chemoselectivity

classification	of	migrations	in

computational	studies	on

defined

disfavored	for	electron-rich	heteroaromatics

electronic	effect	of	aryl	substituents	on

equilibrium	and	reversibility	in

of	fused	aromatic	systems

glycyrol	synthesis	via

heteroatoms	involved	in

heterocycle	substrate	scope

history

hydrogen-bonding	effects	on

iodonium	I-to-O	transfer	during

kinetics	of

leaving	group	effects	on

mechanism

Meisenheimer	intermediate	(spiro)	in

microwave	conditions	for

migratory	apptitude	of	aryl	group	in

neutral	conditions	for

Newman–	Kwart	reaction	variant

nitrile	synthesis	via,	from	acyl	chlorides

nucleophile	effects	on

palladium-catalyzed



precursor	synthesis	via	copper-catalyzed	reactions

of	pyridines

of	pyrimidines

radical	spirocyclization	in

Schönberg	reaction	variant

solvent	effects	on

steric	effects	on

strategic	considerations

sulfur	dioxide	extrusion	during

sulfur	ylide	S-to-O	transfer	during

tether	length	effects	on

thermodynamics	of

transition	states	for

sodium	azide

for	preparation	of	Curtius	rearrangement	substrates

sodium	percarbonate

as	Baeyer–	Villiger	oxidant

(+)-trans-solamin

via	Pummerer	rearrangement

solanoeclepin	A

synthesis	via	[2,3]-Wittig	rearrangement

Sonogashira	cross-coupling

metal-free	equivalent	of,	via	Julia–	Kocienski-type	reaction

(+)-sparteine

and	(-)-sparteine,	roles	in	asymmetric	synthesis

synthesis	via	Beckmann	rearrangement

spatol

synthesis	via	quasi-Favorskii	rearrangement

(-)-specionin

synthesis	via	anion-accelerated	VCP–	CP	rearrangement



spirooxindoles

via	Wolff	rearrangement

spirostaphylotrichin	A

synthesis	approach	via	connective	Pummerer	rearrangement

squaric	acids

as	substrates	for	Ugi–	Smiles	reaction

Stang's	reagent

for	thionium	ion	generation

Staudinger–	Meyer	reaction

Staudinger	reaction

Staudinger	reduction

in	amidine	synthesis

stemonamine

synthesis	via	semipinacol	rearrangement

(±)-stenine

synthesis	via	Diels–	Alder	reaction/Schmidt	rearrangement

sterpurene

synthesis	via	quasi-Favorskii	rearrangement

Stetter	reaction

sila-variant

[1,2]-Stevens	rearrangement

preferred	substrates	for

vs.	[2

[2,3]-Stevens	rearrangement	see	also	ammonium	zwitterion	[2,3]	rearrangements

alkene	geometry	from

α-allyl	acid	retrons	for

allylic	amination,	tandem	reaction	with

amathaspiramide	F	synthesis	via

asymmetric	catalysis	of

asymmetric	catalysis,	difficulty	of



cephalotaxine	synthesis	via

chiral	auxiliary	approaches	for

contiguous	stereocenters	via

diastereoselectivity

enantioselectivity

mechanism

metal	carbene-mediated	formation	of	ylide	precursors	for

noncanonical	amino	acids	via

platynecine	synthesis	via

plaunotol	synthesis	via

precursor	synthesis	for

13-cis-retinol	synthesis	via

retrosynthetic	considerations

β-sinensal	synthesis	via

stereochemical	contrast	to	[3,3]-rearrangements

stereochemistry

vs.	[1,2]-Stevens	rearrangement

α,β-substituted-α-amino	acids	via

synthetic	versatility	of

transition	states	for

steviol

as	source	for	diversity-oriented	synthesis

stevioside

as	source	of	precursors	for	ent-kaurene	synthesis

as	source	of	steviol	and	isosteviol	for	diversity-oriented	synthesis

Still–	Gennari	reaction

Ramberg–	Bä	cklund	reaction	comparison	to

strain-driven	reactions

Brook	rearrangement

(-)-subglutinol	A



synthesis	via	[2,3]-Wittig–	Still	rearrangement

succinimides

synthesis	via	N–	N	hetero-[3,3]	rearrangements

sulcatol

synthesis	via	[2,3]-Meisenheimer	rearrangement

sulfenate	anions

for	cross-coupling	reactions	via	Mislow–	Evans	rearrangement

sulfenate	esters,	allenyl

[2,3]-rearrangements	of

sulfenate	esters,	allyl

of	(+)-(S)-buten-2-ol

equilibrium	with	allyl	sulfoxides

in	Mislow–	Evans	rearrangements	see	Mislow–	Evans	rearrangement

as	sulfenate	anion	source	for	cross-coupling

thiophilic	capture	of

sulfenate	esters,	propargyl

[2,3]-rearrangements	of

sulfides	see	also	sulfides,	allylic;	sulfides,	vinyl

allyl-	and	crotyl-	in	reactions	with	aldehydes

asymmetric	oxidation	to	sulfoxides

C—	H	oxidation	of	for	thionium	formation

oxygen-substituted	in	vinylogous	Pummerer

α-substituted,	synthesis	via	Pummerer	rearrangement,	see	also	Pummerer
rearrangement

as	substrates	for	connective	Pummerer

synthesis	via	Pummerer-mediated	sulfoxide	reduction

vinyl,	preparation	of

sulfides,	allylic

α-alkylation	of	heterocyclic	derivatives

from	allylic	alcohols



chemoselective	oxidation	of

oxidation	of	to	sulfoxides

in	pseudoglycals

as	sulfenate	source	for	cross-coupling

sulfides,	vinyl

in	Ireland–	Claisen/Mislow–	Evans	sequence

sulfimides	see	also	allylic	sulfimide	[2,3]-rearrangements

from	sulfides	via	oxaziridine	reagents

1,5-sulfinyl	rearrangement

equivalent	of	via	double	Mislow–	Evans	rearrangement

sulfones	see	also	episulfones,	α-halosulfones

in	conduritol	synthesis

cyclic,	synthesis	via	double	displacement	of	dihalides/oxidation

β-elimination	reactions	of

in	eremantholide	A	synthesis

in	fawcettidine	synthesis

as	masked	alkenes	via	Ramberg–	Bä	cklund	strategy

as	Ramberg–	Bä	cklund	reaction	substrates

synthesis	via	four-component	coupling	including	sulfur	dioxide

synthesis	via	sulfide	oxidation

synthesis	via	thio-nucleophile	incorporation

unsaturated,	synthesis	via	Horner–	Wadsworth–	Emmons	reaction

synthesis	via	sulfoxide	oxidation

sulfoxides

activation	conditions	for	Pummerer	rearrangement	of

alkynyl,	conjugate	addition	to

allenyl,	conjugate	addition	to

β-bis	sulfoxides	in	Knoevenagel/Mislow–	Evans	sequence

β-functionalized,	via	Michael	addition

diaryl,	synthesis	of	via	sulfenate	cross-coupling



in	interrupted	Pummerer	reactions

β-keto,	in	Knoevenagel/Mislow–	Evans

as	Pummerer	rearrangement	substrates

reduction	of	to	sulfides

reduction	of	to	sulfides	via	Pumerrer	reaction

as	substrates	for	connective	Pummerer

synthesis	via	sulfide	oxidation

synthesis	via	sulfide	oxidation,	asymmetric

as	vinylogous	Pummerer	rearrangement	substrates

sulfoxides,	allenyl

[2,3]-rearrangements	of

sulfoxides,	allylic

α-vs.-γ	alkylation	of

α-alkylation/Mislow–	Evans	reactions	of

from	allylic	alcohols	via	Mislow–	Evans	rearrangement

β-branching	effects	on	Mislow–	Evans	rearrangements	of

chiral	allylic,	from	chiral	allylic	alcohols

chiral	allylic,	racemization	of

configurational	stability	of

conformational	factors	in	[2,3]-rearrangements	of

dynamic	kinetic	resolution	of

elimination	vs.	rearrangement	reactions	of

enantiomer	recognition	of	by	antibody	catalysts

α-epimerization	of

equilibrium	of	with	allyl	sulfenates

γ-alkoxy,	in	Mislow–	Evans	rearrangement

from	isomerization	of	vinyl	sulfoxides

in	Mislow–	Evans	rearrangements	see	Mislow–	Evans	rearrangement

oxidation	of	to	sulfones

pentadienyl,	as	dienyl	anion	surrogate



synthesis	via	sulfide	oxidation

sulfoxides,	propargyl

[2,3]-rearrangements	of

sulfur	analogues	of	in	cascade	[2,3]/[3.3]	processes

sulfoxides,	vinyl

in	Claisen/Mislow–	Evans	sequence

isomerization	of	to	allyl	sulfoxides

synthesis	via	oxidation	of	vinyl	sulfides

sulfur	dioxide

extrusion	of,	alkoxide-promoted	from	episulfone

extrusion	of,	in	Julia–	Kocienski	reaction

extrusion	of,	in	Ramberg–	Bä	cklund	reaction

extrusion	of,	in	Smiles	rearrangement

in	four-component	synthesis

in	sulfone	synthesis	for	Ramberg–	Bä	cklund	reaction

sulfur	ylides

in	Smiles	rearrangement

sulindac

analogue	synthesis	via	vinylogous	Pummerer	rearrangement

Suzuki–	Miyaura	coupling

in	morphine	synthesis

Swenton	oxidation

for	preparation	of	di-π-methane	rearrangement	substrates

Swern	oxidation

in	actinoboline	synthesis

in	vigulariol	synthesis

	

tandem	reactions	see	domino	reactions,	sequential	reactions

(+)-tanikolide

synthesis	via	Baeyer–	Villiger	reaction



tartaric	acid

auxiliaries	based	on,	for	diastereoselective	[2,3]-Meisenheimer	rearrangement

D-tartaric	acid

as	starting	material	for	agelastatin	synthesis

TBT-sulfones	(1-tert-butyl-1H-tetrazol-5-yl	sulfones)	see	also	PT-sulfones,	BTFP-
sulfones,	NP-sulfones,	pentachlorophenyl	sulfones

in	Julia–	Kocienski	reaction

Tebbe	reagent

for	preparation	of	Claisen	rearrangement	substrate

terpenes

synthesis	via	vinylcyclopropane–	cyclopentene	(VCP–	CP)	rearrangement

synthesis	via	Wolff/Cope	sequence

terpene	synthases

inhibitors	of,	synthesis

tert-butyl	azidoformate

for	in	situ	formation	of	acyl	azides	from	carboxylic	acids

tetracycline	antibiotics

analogue	synthesis	via	Mislow–	Evans	rearrangement

tetrahydrocarbazoles

synthesis	via	interrupted	Pummerer

tetrahydrocarvone

as	Baeyer–	Villiger	substrate

tetrahydrofurans

synthesis	via	oxonium	ylide	[2,3]-rearrangement

tetrahydropyrans

synthesis	via	oxonium	ylide	[2,3]-rearrangement

tetrahydroquinolines

synthesis	via	Schmidt	rearrangement

1,1,3,3-tetramethylguanidine	(TMG)

tetrazoles



in	Smiles	rearrangments

tetrodotoxin

synthesis	via	Ferrier	carbocyclization

synthesis	via	[2,3]-Wittig	rearrangement

tetrodotoxin,	trideoxy

synthesis	via	Mislow–	Evans	rearrangement

thia-Payne	rearrangement

defined

double	inversion	during

episulfonium	intermediates	in

inversion	via	SN2	during

Lewis	acid	activation	of

as	Payne	rearrangement	variant

thiolate	generation	for	via	thioacetate	deacetylation

thiazoles

in	Smiles	rearrangments

thiirane	1,1-dioxides	see	episulfones

thioamides

synthesis	via	Beckmann	rearrangement

thiohydroxamic	acids

as	substrates	for	Lossen	rearrangement

thiolates

as	thiophiles	in	Mislow–	Evans	rearrangements

thiols

preparation	of	via	Pummerer	rearrangement

thionium	ions	see	also	Pummerer	rearrangement

in	additive	Pummerer	reactions

in	classification	of	Pummerer	reaction	modes

configurational	stability	of

in	connective	Pummerer



in	ene	reactions

generated	using	Stang's	reagent

generated	using	(diethylamino)sulfur	trifluoride	(DAST)

generated	via	C—	H	oxidation	of	sulfides

generated	via	sulfoxide	activation

Lewis	acid-mediated	reactions	of

in	Pummerer/Michael	process

in	Pummerer	reactions

reaction	of	with	enamines

reactivity	of

in	vinylogous	Pummerer	reactions

thiophenols

preparation	via	Smiles	rearrangements

Tiffeneau,	Marc

in	α-haloketone	additions	history

tigliane	see	daphnane/tigliane	core

trichloroacetimidates

in	Overman	rearrangements,	see	also	Overman	rearrangement

trichloroisocyanuric	acid

in	Hoffmann	rearrangements

tricycloclavulone

synthesis	of	core	via	quasi-Favorskii	rearrangement

synthesis	via	quasi-Favorskii	process

α-trifluoroacetyl	ketones

as	substrates	in	diazo-transfer	reactions

trifluoromethyl	group

in	control	of	alkoxide	stability	in	silyl-transfer	reactions

in	control	of	epoxide	opening	regioselectivity

in	Payne	rearrangement	substrates

2,4,6-triisopropylbenzenesulfonyl	azide



cis-trikentrin	A

synthesis	via	Bartoli-indole	synthesis

trimethylsilyldiazomethane

tri-O-acetyl-D-glucal

as	starting	material	for	preparation	of	Mislow–	Evans	rearrangement	substrates

tri-π-methane	rearrangements

vs.	di-π-methane	rearrangement,	see	also	di-π-methane	(DPM)	rearrangement

triquinanes

synthesis	via	oxa-di-π-methane	rearrangement

synthesis	via	semipinacol	rearrangement

Trofimov	reaction

tropanone	alkaloids

analogue	synthesis	via	[2,3]-Meisenheimer	rearrangement

physoperuvine	analogue

tropolones

as	substrates	for	Ugi–	Smiles	reaction

Truce–	Smiles	rearrangement	see	also	Smiles	rearrangements,	Ugi–	Smiles	couplings,
Passerini–	Smiles	reaction

in	cascade	processes

radical	conditions	for

(S)-tylophorine

synthesis	via	Schmidt	rearrangement

	

Ugi	reaction

Lossen	rearrangements	and

Ugi–	Smiles	couplings	see	also	Smiles	rearrangements,	Passerini–	Smiles	reaction,	Truce–
Smiles	rearrangement

components	of

computational	studies	on

dihydroquinoline	synthesis	via

electronic	effects	on



hydrogen-bonding	effects	on

hydroxypyrimidine	substrates	for

indole	synthesis	via

isoindolinone	synthesis	via

isoquinolinone	synthesis	via

Lewis	acid-mediated

Mannich	adduct	from

mercapto	heteroaromatic	substrates	for

with	palladium	coupling	reactions

pKa	effects	on

pyrazine	substrates	for

Smiles	rearrangement	during

solvent-free	conditions	for

spiro	(Meisenheimer)	intermediate	in

squaric	acid	substrates	for

thermodynamic	driving	force	for

transition	state	of

tropolone	substrates	for

with	Truce–	Smiles	rearrangement	in	cascade	process

Ugi–	Mumm/Ugi–	Smiles	tandem	reactions

Ullmann	coupling

in	divinylhydrazine	preparation

in	hirsutellone	B	synthesis

in	O-aryloxime	preparation

α,β-unsaturated	carbonyls

synthesis	via	[2,3]-rearrangement	of	β-allenyl	sulfoxides

synthesis	via	[2,3]-rearrangement	of	propargylic	sulfoxides

urea	hydroperoxide	(UHP)

as	Baeyer–	Villiger	oxidant

ureas



synthesis	via	Curtius	rearrangement

synthesis	via	Lossen	rearrangement

	

ventricosene

synthesis	via	semipinacol	rearrangement

vigulariol

synthesis	via	oxonium	ylide	[2,3]-rearrangement

Vilsmeier	reaction

in	Nef	reaction	hybrid	for	isatin	synthesis

vinigrol

attempted	synthesis	via	Ramberg–	Bä	cklund	reaction

vinyl	anions

dienyl,	surrogates	via	Mislow–	Evans	rearrangement

in	sulfenylation	reaction

surrogates	via	Mislow–	Evans	rearrangement

vinylaziridines

(-)-anisomycin	synthesis	via	vinylaziridine-3-pyrrolidine	rearrangement

copper-catalyzed	rearrangement	of,	forming	pyrrolines

in	heteroatom	variant	of	VCP–	CP	rearrangement

nucleophilic	ring	opening	of

in	pyrrolizidine	alkaloid	synthesis

TMSI-promoted	ring	expansion	of

vinylcyclopropane–	cyclopentene	(VCP–	CP)	rearrangement,	see	also	vinylcyclopropane-
cyclopentene	(VCP–	CP)	rearrangement,	metal-catalyzed;	vinylcyclopropane-cyclopentene
(VCP–	CP)	rearrangement,	photochemical

acid-mediated	or	-catalyzed

activating	substituents	for	(e.g.,	alkoxy,	aryl,	siloxy)

activation	energy	for

alcohol	derivatives	of	(vinylcyclopropanols),	enhanced	reactivity	of	lithium	salts

anion-accelerated

(+)-antheridic	acid	synthesis,	via	Lewis-acid	mediated



aphidicolin	synthesis	via

asymmetric	synthesis	via

concerted	mechanism	for

conformational	effects	on

defined

dihydrothiopyran	substrates	for

dithiane	derivatives,	enhanced	reactivity	of

heteroatom	variants	of

(±)-hirsutene	synthesis,	via	thermal

history,	323–	324,	340

infrared	multiphoton	irradiation-induced

Lewis	acid	effectiveness	for	vs.	thermal	conditions

Lewis	acid-mediated

mechanism,	acid-mediated

mechanism,	heteroatom	variants

mechanism,	thermal

metal-catalyzed

orbital-symmetry	control	of

photochemical

photochemical,	direct	vs.	sensitized

photochemical,	singlet	vs.	triplet	pathways

radical	mechanism	for

regioselectivity

(-)-specionin	synthesis,	via	anion-accelerated

stereoselectivity,	323,	325,	328,	332,	337,	342

thermal	conditions	for

thioether	derivatives,	enhanced	reactivity	in

vinyldiazoesters	for	synthesis	of	VCP–	CP	rearrangement	substrates

zwitterionic	intermediates	in

vinylcyclopropane–	cyclopentene	(VCP–	CP)	rearrangement,	metal-catalyzed	see	also



vinylcyclopropane–	cyclopentene	(VCP–	CP)	rearrangement;	vinylcyclopropane–
cyclopentene	(VCP–	CP)	rearrangement,	photochemical

η2-alkene	complex	intermediates	in

alkyl-	or	allyl-metal	intermediates	in

asymmetric

Biotin	synthesis	via

computational	studies	of

dienylcyclopropane	substrates	in

(+)-goniothalesdiol	synthesis	via

heteroatom	variants	of

N-heterocyclic	carbene	ligands	for

vs.	isomerization	of	vinylcyclopropane	substrates	to	dienes

kinetic	studies	of

labdane	diterpenoids	synthesis	via

mechanism

metallacyclic	intermediates	in

metals	for	metal-catalyzed	vs.	metal-mediated	processes

mildness	of	conditions	for

nickel-catalyzed

palladium-catalyzed

Plavix	synthesis	via

regioselectivity

rhodium-catalyzed

of	siloxy-substituted	cyclopropanes

single-electron	transfer	(SET)	during

stereoselectivity

via	nucleophilic	addition	of	metal	to	VCP	olefin

vinylaziridine	rearrangement	variant

vinyloxirane	rearrangement	variant

vinylthiirane	rearrangement	variant



zwitterionic	intermediates	in

vinylcyclopropane–	cyclopentene	(VCP–	CP)	rearrangement,	photochemical	see	also
vinylcyclopropane–	cyclopentene	(VCP–	CP)	rearrangement;	vinylcyclopropane–
cyclopentene	(VCP–	CP)	rearrangement,	metal-catalyzed

capnellene	synthesis	via

diradical	pathway	for

(±)-grandisol	synthesis	via

heteroatom	variant	using	N-cyclopropylimines

mechanism

racemization	during

regioselectivity

selectivity	of	compared	to	thermal	VCP–	CP	rearrangement

singlet	vs.	triplet	intermediates	in

stereoselectivity

zwitterionic	mechanistic	alternative	for

vinylcyclopropanes

absorption	maxima	in	UV	for	photochemical	VCP–	CP	rearrangement

carboxyl	derivatives	in	VCP–	CP	rearrangements,	lactone	byproducts	from

concerted	rearrangement	of

dienylcyclopropanes	as	metal-catalyzed	VCP–	CP	substrates

donor-acceptor,	VCP–	CP	rearrangements	of

infrared	multiphoton	irradiation	of	for	VCP–	CP	rearrangement

isomerization	to	dienes	of	vs.	VCP–	CP	rearrangement

β-ketoester	derivatives,	VCP–	CP	rearrangement	of

2-oxindole	derivatives	in	VCP–	CP	rearrangements

preparation	via	copper(II)-catalyzed	diazoacetic	ester	reaction

preparation	via	cyclopropanation	of	ethyl	vinyl	ethers

preparation	via	Pd-catalyzed	cyclopropanation	of	1,3-dienyl	β-ketoesters

preparation	via	vinyldiazoesters

as	products	from	aza-di-π-methane	rearrangement

as	products	from	di-π-methane	rearrangement



radical	fission	of

siloxy-substituted,	in	VCP–	CP	rearrangement

stereoisomerization	of	under	photochemical	conditions

styrenycyclopropanes	as	metal-catalyzed	VCP–	CP	substrates

vinyloxiranes

Brønsted	acid-mediated	vinyloxirane-dihydrofuran	rearrangement	of

chiral	auxiliaries	with

copper-catalyzed	rearrangement	of	to	dihydrofurans

as	(+)-goniothalesdiol	precursor

in	heteroatom	variant	of	VCP–	CP	rearrangement

as	labdane	diterpenoid	synthetic	precursor

nucleophilc	ring	opening	of

preparation	via	hydroxyl-directed	epoxidation

preparation	via	Jorgenson's	organocatalytic	asymmetric

(-)-salviasperanol	synthesis	via	vinyloxirane-dihydrofuran	rearrangement

vinyl	sulfoxides	see	sulfoxides,	vinyl

vinylthiiranes

as	Biotin	synthetic	precursor

copper-catalyzed	rearrangement	of	to	dihydrothiophenes

as	Plavix	synthetic	precursor

vitamin	B12
Beckmann	rearrangement	in	synthesis	of

	

Wacker	oxidation

of	Claisen	rearrangement	products

in	decarestricine	L	synthesis

welwitindolinone	A	isonitrile

via	semipinacol	rearrangement

Wharton	fragmentation

in	vinigrol	synthesis



Wittig	olefination

in	aigialomycin	synthesis	via	Ramberg–	Bä	cklund	reaction

in	(-)-aplyviolene	synthesis

in	norhalichondrin	B	synthesis

for	Payne	rearrangement	substrate	preparation

Ramberg–	Bä	cklund	reaction	comparison	to

in	rapamycin	synthesis

in	vigulariol	synthesis

Wittig	reagents

reaction	with	α,β-epoxysilanes

reaction	with	acylsilanes

[1,2]-Wittig	rearrangement

conformational	effects	in

via	radical	pair

vs.	[2,3]-Wittig	rearrangement

[2,3]-Wittig	rearrangement

in	acyclic	vs.	cyclic	systems

alkene	geometry	control	in

allyl	propargyl	ether	substrates	for

[1,5]-anion	relay	during

asymmetric

aza-[2,	3]-Wittig	rearrangement,	see	also	aza-[2,3]-Wittig	rearrangement

carbanion	configuration	effects	in

carbanion	intermediate	in

of	carbanions	from	epoxysilane	(Brook)	rearrangement

computational	studies	on

conformational	effects	on

deuterium-labeling	studies	of

of	enolate	systems

epipatulolide	C	synthesis	via



(+)-eupomatilone	2	synthesis	via

low	temperature	conditions	for

patulolide	C	synthesis	via

phomactin	synthesis	via

phoslactomycin	B	synthesis	via

quaternary	carbon	generation	via

solanoeclepin	A	synthesis	via

solvent	and	additive	effects	on

solvent	effect	on	enantioselectivity	of

stereochemistry

steric	effects	in

substrate	types	for

in	tandem	or	sequential	processes

tetrodotoxin	synthesis	via

transition	states	for

vs.	[1,2]-Wittig	rearrangement,	539

xenibellol	synthesis	via

[2,3]-Wittig–	Still	rearrangement	see	also	[2,3]-Wittig	rearrangement

allyl	trialkyltin-methyl	ether	substrates	for

(-)-anisatin	synthesis	via

chelation	effects	in

conformational	effects	on

CP-225	synthesis	via

(-)-hennoxazole	A	synthesis	via

phomactin	synthesis	via

pyricuol	synthesis	via

quaternary	all-carbon	center	via

quaternary	carbon	center	via

vs.	[1,2]-rearrangement

sespendole	synthesis	via



stereoelectronic	effects	in

stereoselectivity

steric	strain	effects	in

(-)-subglutinol	A	synthesis	via

transition	state	for

xenibellol	synthesis	via

Wolff/Cope	sequence

Wolff–	Kishner	reduction

in	ambliol	B	synthesis

in	spatol	synthesis

Wolff	rearrangement

carbene	intermediate	in

concerted	vs.	stepwise	pathway	for

cyclic	vs.	acyclic	substrates	for,	impact	on	mechanism

domino	processes,	use	in

enantioselectivity,	prospects	for

history

ketenes,	prochiral	via

mechanism

methylene	carboxylic	acids	as	retrons	for

microwave	conditions	for

migratory	aptitudes	of	heteroatoms	in

migratory	group	aptitudes	in

photochemical

regioselectivity

rhodium(II)-promoted

ring-contracting

silver	nanocluster-promoted

silver(I)-promoted

sonochemical	activation	of



stereochemical	retention	in	migrating	group	during

stereochemical	retention	of	migrating	vinylogous	chiral	center	during

stereospecificity	of	alkene	geometry	in	vinyl	ketene	formation	from

strategic	considerations

thermal	conditions	for

variants,	listed

Wolff/Cope	sequence

Woodward–	Hoffmann	rules

and	[2,3]-Meisenheimer	rearrangement

	

xenibellol

synthesis	via	[2,3]-Wittig	rearrangement

	

yondelis	(aka	ecteinascidin)

synthesis	via	connective	Pummerer

	

zedoarondiol

core	synthesis	approach	via	seleno-Pummerer
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