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FREE RADICALS NOTES

Definitions

Free radical — organic species with an unpaired electron, not including carbenes and
certain photochemically excited compounds.

Stabilised — include carbon-centred radicals, R’, for which the R-H bond strength is
less than that for the corresponding C-H in (1°/2°/3°) alkane. Usually transient.
Persistent — radicals with a lifetime significantly greater than methyl under the same
conditions. Not necessarily stabilised. Lifetimes range from seconds to years.

Examples:

Non-stabilised, persistent Bu_ _tg,

+
B‘* blllz Soas

Stabilised, persistent ,
@N_ a° CO\‘-FQ x:]\v
4
Vs
Transient, non-stabilised Me’
Transient, stabilised MesC', allyl’

Valence Bond Picture of Heteroatom Stabilisation
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Therefore stabilised.
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Captodative:
Only radicals can do this (ionic = one way is destabilised).
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Generation of Free Radicals

Thermal cleavage of weak bonds
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Photochemical cleavage of weak bonds
Useful as heat can destabilise compound.

Initiating compound must absorb light of appropriate wavelength to cleave the bond.
hv

B, ——= [Bp]' —= 2Br-
* HD Fh
Th w |8 B HOH
O—=| J—o —— 2 >-— OH —= Ph
Fh 1" OH

Note that the latter reaction is technically a phototransformatlon”.

Electron Transfer

Electrolytic —
© Amedl 0‘ —C5y rz-
Ay >
p\/\\o@ e~ ) o
Redox (Fenton) —
=
R—o—o FECO> o + Fetwhy Ow
Dissolving Metal —
O N
Sie S oA
e RGN
k NP e K M,\NOO
Srn_(Sandmeyer) —
Arw?g\o Q“j‘)) ASQNL Ny Ac”
Cu it

Giese’s Mercury Method —

0
Ay o )
T = O = o
e Room temperature.
¢ No UV initiation.
e Clean - Hg' by-product.

But, competing direction reduction is bad:
R-Hg-H + R > RH + Hg’

Birch Reduction —
1 electron process.
Regiochemistry applies when substituted.

See other notes (e.g. Oxidation and Reduction Notes) for the mechanism.

Simple Reactions

Radical Combination —

Combining two radicals to terminate a chain reaction, R'+R’ - R-R. Often slow due
to low concentrations of radicals generally. Only really viable for long-lived radicals or
via solvent cages (can be rapid in the latter case).

Radical Abstraction —
Attack often on a H atom or Halogen atom

(USRS
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BuQ* + CHPh——» Bu'OH + * CH,;Ph

™ .
-
Can be thought of as displacement reaction.

Radical Addition —
Radicals can add to double or triple bonds, and it is often the case that anti-
Markovnikov product can be obtained by this route. For example:

ArS \/-\
— R

AS ¢+ g

Fragmentation —
This is the reverse of radical addition, and often occurs as B-elimination. An example
would be:

SEN

Rearrangements —
These are radical reactions that occur intramolecularly (often abstraction). It can lead
to cyclisation of long chain compounds.

Some examples:

X X/
Sl e Sl
(14 (15
L — OO
O — OO~
Br

e //"\/B'
Penre oy s, Ramakion:
«.fng:h
o™ Wais
A

R
o+ P 1 .
A/_a [ —<, Yo o Myt
Staloly
Tadinal

Chain Reactions
Example:
(<)
co,u 4 B Nellds
@ ?) S o3 Saly R éo cedouced IA
=N ALSNS PLY A iueriong
Series of events:
Ne = C\N Q S AN V¢ I\ adten
%\Cl_ju —_— 2 [N 2 e

N - E Aoy
gdniv ey WPment ABSe et

= .
BoySn” TR =2 BoySaT AR propagedien

K'b\f\-—\?/{:&u} — R4« B0 Sa” (Drqua:\ﬁar\
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Termination:
2 BosSe” > Bo Sey
2" —s KRR
Ry SQSSP' - Rgﬁ%q3 <
At low concentration, this is unlikely. Minimising termination thus involves:
e Low concentration of radicals = steady initiation (AIBN).

e Fast propagation = 2 x weak bonds to give 2 x strong bonds (e.g. Sn-H + R-|
- Sn-l + R-H).

Note that sometimes chain reactions do not occur, particularly with stable radicals or
those that are trapped in solvent cages, for example:

= NO ghalols 4o
o«"’\’l Y ; Ho} o oy

% E WO At

K gg}
go3S(\H l’ 6U3 S~%

Radicals lons & the SET Mechanism

Cyclic Representation —

Examples of reactions involving radical ions — pinacol, acyloin (see other notes).

Sgrni_Mechanism:

%l‘ Q'Hx Ca (Hb
\/\\_ O, Caddy @
—_—
k) Ve . Ny ~—
Chain propagation —
B -
(<)
L -y e
La X
= ‘QM1<_0<_HS
e —CH Ol
v NG
R = (5_
A
N SNF
CM*(CO(,H 5(\

This is another example of Single Electron Transfer then the Srn1 mechanism:

o@,

#
2.
Y C, é
*-.o__ Moy N
Biradicals and Radical Pairs
e.g.
o > S V€0 an,
N/ —— \Q\
b, ©s33 am D
CHj)

Also, benzene is a biradical in the triplet state.
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Example reactions — Wittig & Stevens Rearrangements (see Rearrangements
Notes).

Also, Bergman Cyclisation —

ST e & P+
I |
b e < /
\\\M » (- = 7

Free Radical Substitution

Homolytic bimolecular substitution. Most common is H-abstraction.
cat. AIBN
RBr + BuzSnH - RH + BuzSnBr

Generally,
R=x + A-R — R-aA + &-X
N
Nia R-x @7 — R™ 4 Bux
In cyclic form:

C/\ 8') )= /f\:ZL
Sotvile
L},.-,Q

Comparison with (|on|c) nucleophlllc subst|tut|on —

Sa2 <y, =
e @‘6_\—(2—3;(: —_— R—R" £ % Ari'wen. /oj
bk op o eboctrosfealts

/ R'K—\B —~ — cet
t rL;,AC(‘ € —R~ + 3

Attack at halogen instead. Driven by availability of the atom and bond strengths
(particularly breaking).

Determination of Reactivity and Regioselectivity

Bond Breaking
k=AeERT

In A = same values for different R in CH;"+ H-R > CH, + R".

Thus, similar entropy for bimolecular process. Hence, E, is proportional to D(R-H).

In k is also proportional to D(R-H) as a result [ linear correlation ], which implies bond
breaking is important in the rate determining step.

Bond Forming
In A similar, so E, is proportional to D(X-H). Dominates as in bond breaking.

In k vs. D(X-H) is non-linear, i.e. bond forming may or may not be important = early
or late Transition States (Hammond Postulate).
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Hammond Postulate —

EXSTHERM (< S MReSTIHERM (<L
=T, X
L\~ ? s
> >3
TS wore ke T.2 snoere L&-m ‘»wéuaj

ﬂu(ﬁ/ﬁ ek ced
Thus, for H* abstraction by X', when X = F reaction is very exothermic =» early
transition state (like starting materials), therefore little R-H breaking. Hence, T. State
is not greatly affected by R:

5 5
R-H-------- F F highly reactive and unselective

When X = Br reaction is endothermic =» late transition state (like products). Thus
significant R-H breaking. T. State will be sensitive to the nature of R:

5 5

| C— H-Br F highly reactive and unselective

In general, halogens become less discriminating in H-abstraction in the order:

I>Br>ClI>F
e.g.
<
_— W-{ + Pk —~< Cemaies)
(J\‘—( Ssz'&—
el

&cr 0 0w ~{ (eneyer)

Lv meS\-

s table

Polarity Effects

Nucleophilic:
N
S 55
M C - - s —R
& R 1\ R
M~ " m—cl g 7
L~ N o s &
Moy €imne M-~ -ciR

(ch‘—> NN

Electrophilic:
o $Sog =

5Z S U>*~\h»»»c_/\&

S N i SR

R J

) = PESAN

(Cln_’C\,X_) Q,_AH-,——cx&

Y

T3 stabiMsed hsg
E__D_C\ o O,
Explains the position of H-abstractions, e.g.
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Wohl-Ziegler Allylic Bromination
BF
NaS \
@ cab. WRe @
g‘l Bc
O = 1
dorix - B¢
4[%‘/‘74{ /’%n/?m

]

mn)
Pl light —2co,
T — zPh.qBr—Bh
L A

AN \%_r_\
St ad

——

Z‘““Zﬁ&"
Pl
oA oy j%&

[SX
Q-
AN
B

Doe& aakt Jo ¢
O% = l/i‘ — B~
- N A
/ e
B, toe (o canc.
rexesses hare

Then,
LB .
3 = O N
[

Addition to Multiple Bonds
Ak

Consider:
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Z S . ot (C~)e A4 o
CA —Q) H ?:;e, C (f_c_ba'\_v — €O

Ougrkuaa;m +6®;

. ey
(exathar MA\QX el
But,
>=0L__> ?—ifo\ eia (C-Qe 2G40
é) > fic (05€ CC—'O}W o)
N
Cecdatiernmis) it
(memmbiy)
Selectivity
Consider:
N < Sau ok ARN
BoRe + Puen FB0,SaH —— - _
Y < 3 P, ~ ></\¢N_' Bl
(e 5%)

For this to occur:

e (T8 en) D> et (Egut<msaBol)
(Sl reXdikls )
AL (BN THSBL) > (580 Ay v 2men)
¢ Fc(an\q_ﬁscﬁhq-ﬁ—\)
'‘Bu’ + HSNnBuj; is very fast (3x10° M s™) so set [BuzSnH] to be as low as possible.
Also set [H,C=CHCN] as high as possible.
Reason why there’s no polymerisation? See below.

Substituent Effects

p-effects

*ﬂaptcc.\ n%g\(\ﬂ(g
‘Ta\d: cckl

Ya™

— <
O
i.e. want electron withdrawing Z to stabilise T. State when nucleophilic radical.
P L

= \S. AG s coea b

R, e 3t
5> -7 e - — b G
&

=3
'C@kuxmg\q\([(

Tl =
Consider:
';vﬂxv
Mo Sehey —
(2,
- -
veu L L T e AL o e
mdgﬁ,\ﬂ(g B-Gwnig eloctsephnlic Slo
Fj’(aq\\.j nismateic
~are_
o-effects
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Electron withdrawing group Y favours Nucleophilic radical a little, but sterics usually
the dominant factor — often offset any electronically favourable effects operating.

Radical Substituents

Comparable to a-effects — generally slow addition.
Mechanism

Exothermic =» early transition state (Hammond Postulate).
verq Wede

]
5 / svesie
_X//S\ o 28Cecy

AR
/%
e
effect
Molecular Orbital Description —
(” ‘ \»LuMD(I\'“‘ T
—F—i TxaslTT
Soro(p) F.” o .

Dol PNy i Ve et e &)%‘HD%
 SOMD —L0 MO (e s~ Arte o o

EWG on alkene: lower HOMO and LUMO = AE; < AE;.

EDG on alkene: raise HOMO and LUMO = AE; < AE,.

Radical Copolymerisation

o € oAl & Chc,

Ohc <o, e

/‘ Tao.¢ Sadd _
Rao R} tn € 13 [
=
Ok O E
fn 72 oA
N A A
m C‘\lc_:op\r\(\\‘Q (=3 She
T f\uchxop\\fﬂ(q
Allyl Transfer
\ o
Ccly /\/S"‘B"s LN S Iy . .\.5\_,33,\QL
Censer e rte {5u,Snr
ri::\) alkera Crao FaA:\\C‘A\]

@\J’bst\. cals
e\ )
AL T 580y,
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Rearrangements
R* - R’ without change of molecular formula.

e.g. [1,5] H-transfer: .
G\—%(_j . XM Co mmenan Eur
L N hxme s
S kX
DI I N SR % O ( v L _
f =Py L)
LT
Favourable by ~50-75 kJ mol™.

Mechanism
L\\J, 0°C

O~ > 0% s
/\/\A/ <A cqeleharene /\/Y (\ m*’)
Then several paths available:

L. ()
TEHUSS (o s
/; ‘ >/k\'*/\/
A D e e B
Kinke -+ I \\ 7s
(&N

\“S\H . e gou y
~> —_— <] g‘/c

\'».‘.-\N\ NX /\/><

[

dé¢/7fa 4/:.4/[,2_5

Homobenzylic Rearrangement

(1,2-phenyl shift).

Ero
=< BoxSak Selc
S G v r) PL\K = ey
<X
L%"\SS“\A LBQXSr\H
[
Ao P\ COEY
ot
‘&’33“““1 O-O\M '—k:{f/o 132
orcolm VY 8%

Via:

I~ @Dﬁ—* oy

Cyclopropylcarbinyl Rearrangement

s/\ \K’x\ogs_\
[ ——
= =

But,

Rate of H-atom Transfer —
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R’ + H-SnBuz = RH + "SnBu; k=25x10M"s"
R+ H-SPh > RH + ‘SPh k=1x108M"'s™"

Reason:
SE Sk
@'—\v\'—\} —ﬁﬁ[fe"'“"‘%l
¥ =Seh baVe- for &
"\,’l\o_r\ X = ,S\'\BQ‘_

Barton’s Pyridinethione Oxycarbonyl Esters (PTOC esters)
ki r/

AN
' — %\ c/'\lé

Consider:
L
NT N s Py 2
e

?\«\S
QM Q\\ KWSH
“/Mow 0
(N2
/MAW%";:V"""'L "%7;4;”’/)
Via:
a =
e/
,D\/l\e—-—‘ o ,45
T — - N=%
ﬁE\ST\/ \I/L S‘\SPL"

e (C=S weak n-bond.
e PhS’ attacks S=C - S-S bond.

e Aromaticity driven.

Radical Clocks
Free radical reactions having a known rate against which other reactions may be

gauged (common is cyclopropylcarbinyl cleavage)

D . e . A
‘/ c.Lec\«> = Qr\\g.iuﬂ‘“/?

H—Lﬁ* r=Xa
\
Unbenom 2 1 s ecod V-
ek D/\H © L @0y
B > A

‘3‘ \'J\"A S=°°r1 A B
e

[-scission

& | Ck h -
R%\b/ - > R;}—(O\' > RJ\R + R
R N 2

Effect of varying attached groups:
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&>( o= \wsa"c K& )/,o'] hé) ))T\ T Re

e‘-’ahb\u««
O \L kH -Fo,}¥er, Fa»
R ot Blnsyer f%
X -

R pprox. <o r\S{'GU""
R = Ph = Me’ ejected, as:
1) Phenyl destabilised wrt methyl, and
2) Favourable phenyl-carbonyl n-overlap may develop in the transition state.

Cyclisation

L‘r— LIV-NY ) g o 7
/g\/z\/\'a AE— Q/ (ﬁ ok O )
\ <

* .

<

12 NN (Y @ oer 2o
“a s S\NQ\

Follows kinetic control:

\oR®

B~
T S
S—exo s %qs\-

é-ed s g ash as aq%&.g

Baldwin’s Ring Closure:
Most important here are the trigonal systems —

3 to 7-exo-trig FAV
3 to 5-endo-trig DISFAV
6 to 7-endo-trig FAV
But thermodynamic control also? (Julia)
N
\ - CDL";\— TSI [ o
S ST, (e
b, S\ sch o A
Anﬁb\?\— N 22 rmAlesl PN
S’ﬁxo
. ond
U@w
I® rediead

Balance of:
e Radical stabilisation, and
e o vs. t C-C bond strength

5-exo-cyclisation followed by cyclopropylcarbinyl fragmentation also gives 6-
membered rings:
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S

Nz GvsSn\'i

. [: S«s‘ﬂ

e P o
;-E\KO

/_j BQQS«\H /
\Aﬁ < L K
,7)‘

Cé“ N e edE

Depends on [BuzSnH] — favours (1) >> (2) > (3).

5-exo-cyclisation as a mechanistic probe —

1 Aty

/\/><\___>(/\/>( \Q<

Ashby proposed:
SET by AlH,

X T O

(Probably correct).

Newcomb proposed:
lodine atom transfer / reduction sequence, via:

A o~
\O< Imw
.

S—exo

Radicals in Synthesis

Functional Group Chemistry

General Points —

C-centred radicals are extremely reactive, yet they can be generated under
mild, neutral conditions and often undergo highly regio- and stereoselective
reactions.

Radical additions to C=C are usually exothermic and irreversible with early,
reactant-like Transition States. Kinetically controlled.

Since radicals are not cluttered with counterions or solvation spheres, radical
intermediates are ideally suited for synthesis at crowded bonds.

C-centred radicals are inert to OH and NH, therefore no protecting groups for
these. Exception: phenols (capto stabilised).

Unlike carbanions, carbon radicals are not subject to B-elimination of OR or
NRG;.

~~
T Non —%—  #  + “oR

{or -NRp}

Ccmpare
20N fast
-~™~on ——= # 4+ -oOR

Unlike carbocations, carbon radicals are not subject to capture by p-OR or —
NR: groups, nor are they usually prone to migration of -H or —CR; groups.
They are, however, subject to B-elimination of SR, SO,R and SnR3 groups.
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« N
Qi <_|m
for N7z

Compare

fast
T 4
e Radical centres do not usually retain stereochemistry. Can be a drawback,
but precursor synthesis is simplified (geometrically labile sp*like radicals).

Examples

Barton Nitrite Ester Reaction

o]

i

gp/\ . O'N ‘
P e e M L g
‘ @ [~

2
X o
v

)

o
[

rutrasyl
chichce} -~
snlerice) weax N-J cerd

Q
H Q
N, 1

CH "—/‘ OH r
e | ' " ’L\/\/ﬁ nitrosc-axime
e i —— e

ransisr taitemensm
non-chain

Q

(IJH
N =
i 7 oH r/ o—
] Sy raiysi ! g hvdroxy-alcehyce ML/'Y R
;’ 7 R s fj\m —_— ‘_«é\b\//\

lactol equilibrauon

Hoffmann-Loffler-Freytag Reaction

15H " .
— T —— s
transfer ° H/ \H (I:: HI \ ok up with
Internal Sy2
1
oH
- -
CeH—N - —  CeH.—N / }\
BN AN

N
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Barton’s PTOC Esters

[¢] 7 o v ]
R)J\Ci T T H/”\O/Q
S

PTCC ester —weak N-Q bond
—weak C=5 bond
- potential aromatic systern
— potential to lose COy
= thermodynamically unstable

Q =4
J\m,N?f! S SN

Sin
i-co2

BuaSnsS(2-P
4

I -/
i * @ R Euasnl-D
=
2N
i i

yr)
e
o
N s
| !) Bu,Sn’
55.9. R Q
S

If there’s no added reducing agent (e.g. BuzSnH):
<N

=~
> RSTON & reoy

<‘-7?A5L@p¢ of KH)

2N b A
SN
N

=

This leads to many possibilities for reaction:

B
R S R—Br| + °CClg ——3 ﬁx

PhS-SPh . “as
T te—sPn| - tsen 5 N
S~5Ph
o _ 0
S0, I PToC 1
— s —— -
A7 N0 ester R “osPyr ! Rte)
O, t-BUSH .
20 R 00" —— [R—ooH | M g an
wk.up
t-Bus”
SPyr S8
é\CG:Me R . PTOC
— " ~"Tcome —— coMe| T R (e
ester
CO,Et CO,EL
PN
—_—— RSNy |+ tBuS ,@
—_ S-S5 B
Removal of OH
For 1°and 2° alcohols
s ‘SnBuj
S
s} 7 NN maces /ro C im
[s) =/ — \% BuzSnH
o - .
Iel AIEN. -
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cr\

SAMe3
E: \’:‘LOS'M% cl CI Z,o j-0 \{(U\
Cl

(can also be
done on free
alcohol)

Then...

__.g}w @ s Il

H— S
W< carmies chain \|<

==

Free Radicals in Natural Product Synthesis

Prostaglandin Fy,

OH ==
.-'\=/\/\C }
OzH toas-
HO 1
i
OH

Cis- fused no protiem
22 sed no problem:

Trans- fused no way

lodoacetal tethered cyclisation —

OEt QEt
}\/l /K oFt
o °” Iy §
: cat. BuzSnCl, NaBHLCN, : J 5-ex0 /
SiMe, . -
/\n,csHu JTHF, hv )
TBSO ° TBSO" T
H-SnBuj
—_——

T7BSO”

PGFay

Notes:

NaBH3CN ———=  Bu3SnH + NaBH,CICN

(a) BuaSnCl +

(b) OEt OEt
o~ o~ o~
o 850" —NJJ< 4
SN TBSO cN

_ (+ +-Bu” which carries chain)
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Also, Silicon Tethered free radical reactions —

/@t} /Ct) BusSnH, AIBN
—_ T ——
EtzN, DMAP .(
® PhH, & ° 4
/5' /‘5|‘_)
Er /
)?:j = gij
",
Hzoz F,
in DMF

: /@ &
HO | -
H
HO
Q <N I} N
| H”
o = o]
HO

Talaromycin A

OH QH
HO
Talaromycin A Talaromycin B
(axial -CH,OH) (eguatorial -CHoOHY
o (o]
(Jg/\ U’x BuySnH, AIBN @
_
EtaN. DMAP -~
- FhH, A <Y
R si-0
8r” si ]
/N
o ./j/\ nb.
Ho0p, KoCO } )
202 K03 Oo ASiR'; — ROH Tamdo-Kumada-Fleming reaction
MeCH HO\."
H Tetrahedron, 1983, 39, 983
OH

Talaromyn A

Comparison of iodoacetal and silicon tethered radlcal reactions
OH CH OH
/k(\/o"‘_ lodoacetal ./H Silicon '/H/\OH
e PG RN tether .-
( f:‘ 2&) (T@‘c.rom\anln3

a-Cedrene

H

a-Cedrene Norcedrenone
SPh SPh SPh
v
)
NOz Ho i o
SPh
S-ex0
e
OH
1) Cr0s.
—
2)HI

Norcedrenone

www.alchemyst.f20.org




-18 -

Acyl Selenides as acyl radical precursors

NPSP, BusP BugSr j’
—_— . P
- A SePh R + hSeSnBu,
o}
A
NPSP = N-phenylselenophthalimide = I N—SePh
#
. - , B
. . Q
5-ex0
—p
c\s-xa.\:ui
—, ) Cis - fused, ~,
& SXO
N o= ~.
(then BuzSnH) N
‘f‘r’qyxb\a«q_
Fragmentation Chemistry in Synthesis
Intramolecular Annulation
SiMe,
Me;Si
l | MezSnSnMes
_
MezSn—SnMey hv, PhH, 77%
co.Et CO,Et
lhv
2 Me;,Sn — MeaSn’®
SiMe;
SnMe,
Me,Sn SiMeg
Et0,C
CO,Et
(cyclopropyicarbinyt
fragmentation)
l 5 -exo
i
SiMe, *
J
Sniey ” 5-ex0
CO,EL

Epoxide Fragmentations

Cyclopropylcarbinyt <» homoallyi
A /
—
e’
Incorporation into cascade sequences

38

PhSSPh
AIBN A

[N F’hS')

5—6)(0

cig- {4.;;2&

Phs

Epoxycarbinyl — allyloxy
A? ,
D —
o*
o°

normaily C-Q cleavage observed

OAc OAc
hS. —~ Ph PhS
< T -
T — g 5
\_ H Ph
=Gt
- PhS
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