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Preface

Chirality exists throughout the micro world and the macro world. To know the
handedness of matter is the key aim in many research areas. Stereochemistry
widely exists in organic, inorganic, polymer, and computational chemistry. It can
be seen that the construction of stereogenic centers involves (chiral) organic com-
pounds in most cases. Therefore, organic stereochemistry undoubtedly is the key
science in this area.

There are two main issues involved in organic stereochemistry. One is to com-
pute molecular characteristics such as *C NMR, optical rotation, and electronic
and vibrational circular dichroism including Raman optical activity. Another is to
investigate the reaction pathway, such as the transition state energy. Computa-
tional methods are widely applied in these two topics. Now they have become a
very powerful tool to explain the experimental results and direct the reactions. It
shows that suitable computational methods can provide experimental chemists a
very valuable tool in their studies.

With the development of supercomputer technology, computational accuracy
is increasing, and reliability is also increasing at the same time. For example, the
basis set 6-311+G(d) was an expensive and luxurious tool for most computational
chemists almost a decade ago (nearly about 2000), but now it has become a very
general requirement. The use of a higher basis set such as 6-311+G(2d,p) and oth-
ers has also become popular. Therefore, a tight combination of experimental and
theoretical methods has become more and more important in modern stereo-
chemistry.

This is the beginning of the wide use of valuable and reliable computational
methods to assist experiments. What we can compute now includes magnetic
shielding constants, optical rotation and its dispersion, electronic and vibrational
circular dichroism, and Raman optical activity, all of them giving us the evidence
to assign the absolute configuration of a chiral molecule. Investigation of the cor-
rect transition state barrier not only shows us the reaction pathway but also allows
us to realize the absolute configuration changes in the reactions.



X

Preface

This book records my experience in the combined use of experimental and theo-
retical methods. I hope this can be helpful for modern readers who want to master
the skills in the combinational use in their experimental study. Because of the lim-
itation of my own knowledge, the book may have some defects or errors inside,
but I sincerely hope that readers will point them out to me for improvement in
future editions.

Baoding 2015 Hua-Jie Zhu
Hebei University
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1
Chirality

1.1
Introduction

A simple chiral molecule just contains one sp3-hybridized carbon that connects
four different groups, such as chiral molecule 1 (R! # R? # R® # R*, Figure 1.1). Its
mirror image structure, namely the enantiomer, is 2, which has the same relative
configuration (RC) but different absolute configuration (AC); for example, when
R! < R? < R® < R%, chiral molecule 1 has (R)-AC and 2 has (S)-AC. Both have the
same chemical characteristics, such as the transition state (TS) barrier (reaction
activation energy) in reactions in the absence of a chiral catalyst or a chiral auxil-
iary compound, and physical characteristics such as melting and boiling point and
magnetic shielding constant for each corresponding atom. However, in a beam of
circularly polarized light (CPL), the enantiomers exhibit opposite characteristics.
For example, both have the same absolute optical rotation (OR) values, but their
OR signs are reversed. The different optical characteristics are the basis allowing
us to identify their AC.

As a widely known phenomenon, chirality, also named as handedness, brings
out many mysteries that we have not known until now. For example, the L-amino
acids were selected in peptide formation for the origin of life instead of b-amino
acids. D-sugars were used instead of L-sugars. That is the amazing natural choice.
Although we do not know why Nature selected different chiral molecules in life, it
does not affect us in the study of the handedness of molecules and other materials.

Absolutely, because of the natural selection of L-amino acids and Dp-sugars in
life formation, different chiral compounds must, logically, have different effects
on the life process. Historically, a mixture of the (R) and (S) enantiomers (3 and 4)
was used as a medicine for preventing vomiting in pregnant women in European
countries — but not in America — in the 1960s. Many infants with deformed limbs
were born. This was caused by a chiral chemical compound, (S)-thalidomide (4),
which can be isomerized from (R)-3 (Scheme 1.1). In America, this tragic issue was
avoided because Frances O. Kelsey in the Food and Drug Administration (FDA)
could not find evidences from the documents handed by the pharmaceutical com-
pany to confirm that it was not harmless to the central nervous system. This doubt

Organic Stereochemistry: Experimental and Computational Methods, First Edition. Hua-Jie Zhu.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Scheme 1.1 Isomerization of (R)-thalidomide to its (S)-enantiomer.

delayed the approval of this medicine for use in the United States, and just because
of this action it saved many infants and families in the United States.

Tertodotoxin (5) is a strong toxic chiral compound that is isolated from globe-
fish. The strong toxicity comes from the (S) AC of C9. Once C9 becomes (R) AC,
its severe toxicity almost disappears.

More examples can be found with different bioactivities. Some pairs of enan-
tiomers and their bioactivities are listed after their structures (Figure 1.2) [1].

The different ACs of 619 result in different bioactivities. Obviously, it should
be a big challenge to obtain various chiral compounds in organic stereochem-
istry. Generally, we can design and synthesize different chiral catalysts or auxiliary
reagents to control the formation of stereogenic centers of a chiral compound. A
well-known example is the use a chiral catalyst to control the asymmetric epoxi-
dation of the C=C bond. This is called Sharpless epoxidation. For example, when
L-diisopropyltartrate (20) was used as a catalyst, the product 22 could be achieved
in 98% yield and 68% ee (Eq. (1.1)) [2].
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Figure 1.2 Examples of enantiomers and their different bioactivities.
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H ,0HO
< o
o) H\\ OH /Y
20

gr. Ox O t-BUOOH (2.0 equiv)
Ti(Oi-Pr)4 (0.10 equiv)

CH,Cly, 0°C, 60 h

OH O OH OH O OH
21 22 (1.1)

Another big challenge in organic stereochemistry is the identification of the AC
of chiral compounds. The most convenient method is comparing the theoretical
chiroptical spectrum to the experimental one. For example, the RC of compound
23 has been estimated by X-ray study as illustrated below; the experimental OR
was +57.4 in methanol [3]. The computed OR for 23 with the same AC as the
illustrated one was +74.3 in the gas phase, and this value decreased to 66.2 in
methanol. This prediction is close to the recorded value of +57.4. Therefore, its
AC was assigned as that illustrated below. Another example is that the predicted
OR for (1R,5S,8S,95,10S)-oruwacin (24) was —193. The experimental value was
193. Therefore, it was assigned as (15,5R,8R,9R,10R) based on its OR value [4].

O Exp [a]p 193
Calcd [a]p —193

23 24 Oruwacin

The study of chiral materials is an important branch in stereochemistry. By the
reaction of a chiral molecule with a monomer, a chiral polymer can be formed. For
example, the widely used (—)-menthyl methacrylate (MnMA, 25, Eq. (1.2)) can
undergo polymerization and afford the chiral polymer P-(—)-MnMA (26) [5].

158@'T@L%9

(-)-MnMA 26 P- (-)-MnMA (1.2)



1.1 Introduction

The last but important issue is to understand the chirality selection for the for-
mation of life in prebiotic Earth. That is about the origin of life. The process leading
to its origin is extremely long. Where is the first chiral compound coming from in
the long time? Evidence comes from the presence of chiral a-methyl amino acids
27-29 in meteorites [6]. A reasonable hypothesis is that the chiral compounds
led to the formation of other chiral molecules in the prebiotic Earth, and due to
the effect of amplification reactions and other factors on the formation of chiral
compounds, finally it led to the formation of L-amino acids that form the basis of
the origin of life.

*HgN CO,~  *HgN CO,~  *HgN CO,”

Me>///’Pr Me>////'-Pr Me>///’Et

i
27 2.8% ee, (S) 28 2.8% ee, (S) 29 15.2% ee, (S)

As a general rule in organic chemistry, the formation of b- and L-amino acids
without any catalyst would be in the ratio 1: 1. This ratio, however, might not have
been strictly 1:1 in the prebiotic Earth for some unknown reasons. A mixture of
D- and L-amino acids with a tiny excess of the L-form could dissolve in water.

500 600 700 : 500 600 700 800
(a) Wavelength (nm) (b) Wavelength (nm)

CD

e
800

R- . -
0 600

500 600 700 800 50 700
(c) Wavelength (nm) (d) Wavelength (nm)
Figure 1.3 Times of ECD experiments in contains [Cu(NH3)4]2Jr (0.5 mmol), succinate
solid state for (a) light-left circularly polar- (1.5 mmol), 4,4'-bipyridine (0.5 mmol), water

ized light, (b) light-right CPL, (c) dark- (10ml), and ethanol (10 ml).)
left CPL, and (d) dark-right CPL. (Solution

7
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Because of the different solubility of L- and D- salts from the respective amino
acids, the mixing of D- and L- salts resulted in precipitation. This resulted in a
solution with concentrated L-amino acid [7]. Thus, starting with a small excess of
the L-amino acid, the final L-/D- ratio would increase.

Another example is that irradiation with right-CPL results in the possibility
growing crystals with right-handed helical structure more than with left-handed
helical structure from a [Cu(NH,),]*"-containing solution found through a sta-
tistical analysis of the Cotton effect of crystals (Figure 1.3) [8]. This might hint
that the crystal could abstract one enantiomer and enrich its enantiomer in the
solution.

In view point of chemists, a chemical procedure for choosing L-amino acids
should be much more interesting in the study of the origin of life because this
procedure is irreversible. A reversible procedure such as the deposition of salts of
racemic amino acids is too short for the formation of chiral peptides.

Recently, it was reported that there is a chirality pairing recognition reaction,
or molecular sex recognition reaction, which may enrich L-tryptophan if it has
a small excessive quantity in a mixture of D and L-tryptophan. When (R)- and
(S)-tryptophan methyl esters were used as the starting materials, L-tryptophan
methyl ester tended to react with p-tryptophan methyl ester to form L-/D- prod-
ucts instead of the L-tryptophan methyl ester (Eq. (1.3)) [7].

OMe OMe
o o) o o
NH2 --|IINH2
+ TFA
— _ (0.001 equiv.)
NH NH 1
L-30 D-31 32 L-D product, 50%

(33 D-L product, 50%)  (1.3)

Theoretically, this may disclose some secrets during the formation of life.
For example, if L-tryptophan formed with a little more excess quantity than
D-tryptophan, due to the molecule sex recognition reaction in oceanic era, the
excessive quantity of L-amino acids might have been enriched after the formation
of 32 and 33. The enriched L-tryptophan may act as a first chiral source to
promote the formation of other chiral compounds that were involved in life
formation. This is the chemical procedure. It may be a starting point of a new
chemistry: “Evolution Chemistry”.

In this book, the key points include the (i) methods used for RC and AC assign-
ment, (ii) design and synthesis of chiral catalysts, (iii) chemoselective and (iv)
regioselective reactions, (v) diastereoselective reactions, and (vi) the total synthe-
sis of bioactive natural products. Theoretical methods used in the experimental
study are introduced in each later chapter.



1.2 Tetrahedron of Carbon

1.2
Tetrahedron of Carbon

The simple chiral molecule just contains one sp>-hybridized carbon that connects
four different groups, such as the chiral molecule 1 (R # R? # R® # R%). Because
of different connections of the asymmetric centers to various atoms or groups, it
forms various chiral compounds, such as terpenoids, flavonoids, alkaloids, glyco-
sides, alkaloids, and so on. This is the basis of life evolution and survival.

1.2.1
Terpenoids

This is a large family of compounds showing various bioactivities. The basic
unit is isopentadiene (34, also called isoprene) [9]. However, isopentadiene itself
does not take part in the reaction directly in the body of plants. When it is
converted into isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP), they can form various natural terpenoids. Structurally, the
different connections, such as “head-to-head,” “tail-to-tail,” or “head-to-tail,”
are called the “isoprene rule.” Two isopentadienes can form a linear (acyclic)
monoterpenoid without a stereogenic center (35, “head-to-tail” connection)
or a cyclic monoterpene, which generally has one or more stereogenic centers,
such as L-menthol (36). Most monoterpenes with different functional groups are
also the major components of essential oils (volatile oils) and exhibit different
bioactivities.

Tail Head

A

Tail

P,

34 35 Citral

Pwy

36 L-Menthol 37 a-Phellandrene 38 a-Pinene 39 p-Pinene

The prefix a or f in the above does not refer to their stereochemistry; they are
used to show the positions of double bond: for example, a-pinene 38 and f-pinene
39. However, in some textbooks — or some journals until now — both are used to
express the configuration of a stereogenic center. One should be careful in read-
ing reports from different journals. In this book, all stereogenic centers will be
labeled as (R) or (S) except for the introduction of some structures from reports.
In addition, L- and D- are used for the AC expression of amino acids or sugars.

9
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When dealing with helical compounds, capital letters of M and P are used to show
their stereochemistry. This will be introduced in the “Other Stereogenic Centers”
section.

Some monoterpenes may contain two or more —CHO groups together so that
are close enough in space like the paederoside 40 and harpagoside 41. Both alde-
hyde groups may undergo reaction with each other and form an iridoid, which can
further react with a glucose to afford the iridoid glycoside (41). The AC of C1 may
be controlled by the C9’s AC in both structures (obeying the Cram rule).

(0]
Enol:

—--~\/4 Isolated from

o ‘ a—CHO.
N )J\ N o) /. Froma—CHO
s © HB <7 group H
{ ,»’TLCGH”OS 0-CgH1105
40 paederoside 41 Aucubin

Three isopentadiene units can form the corresponding sesquiterpenes. They are
widely distributed in nature with thousands of types. As with terpenoids, linear
and cyclic sesquiterpenes with one or more rings are found in different species.
Some representatives are the compounds 42—48.

(0]
42 Nerolidol 43 p-Caryophyllene 44 Valeranone 45 Cyperone

o 5
HO

- oy
"',,// b &
(6} O
46 1-a-Santonin 47 «-Oxo0-6-deoxyneo-anisatin 48 Qinhaosu
Strong ascarifuge Strong toxic, LDgq near 0.94 mg kg™’ Anti malaria

With the development of separation materials and technology, more and more
skeletons were found from different materials. For example, the sterostreins A
(49) and D (50) are furan-containing illudalanes, which were isolated from fungi
[10]. Its dimeric compound stereostreins A exhibited antimalarial activity with an

inhibitory concentration (ICs,) of 2.3 pgml~'.
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HO HO

49 Sterostreins D 50 Sterostreins A

Diterpenoids contain four isopentadiene units, which are classified as linear and
cyclic structures. For example, an acyclic phytol (51), widely existing in chloro-
phyll, could be used as a starting material for the synthesis of vitamins E and K.

)\/\/'\/\/k/\/K/\OH

51 Phytol

Because of the four isopentadiene units in diterpenes, their structural complex-
ity is more than that of sesquiterpenes. Many bioactive compounds have been
found, such as taxol (54), with strong antitumor activity. Some representatives
are illustrated below (52-58).

52 Ginkgolide C 53 Oridnin
Cerebrovascular drug Anti-cancer 54 Taxol, anti-cancer
(0]
A o]
E ? OR1 R1 R2
56 Stevioside glc 2 glc | gl
E 57 steviosige A glc > 9% | gic
CH,OH H evioside g a1 gl g
55 TO,R2
- 21 glc o1
Neo-andrographolide Intense sweetener 58 Stevioside D  glc 51 gle gle=' glc

*Note: glc>~! glc means that the ~OH on C2 of the first glucose connects to the

—OH on C1 of next glucose to form an ether (—-O-) structure.

New skeletons of diterpenes have been found recently, such as a macrocyclic
diterpene with a C, symmetric axis, and schaffnerine (59) [11], which has slight
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bioactivity. A smaller structure, actinoranone (60), was obtained that exhibited
significant cytotoxicity to the HCT-116 human colon cancer cells, with an LDy,
of 2.0 pg ml~! [12]. The structures here belong to diterpenoids. However, it is not
easy to find the connection model, either “head to head” or “head to tail” or “tail
to tail” at first sight.

59 Schaffnerine 60 Actinoranone

Sesterterpenoids consist of five isopentadiene units. They are not frequently
reported. A traditional sesterterpenoid 61 and a recently reported compound 62
[13] are shown below.

21

I
ol Q
\J

N

24

61 Ophiobolin A 1920 g

Triterpenoids have six isopentadiene units. They include various backbones
with different bioactivities. Some of them have been developed as medicines.
Some typical structures are illustrated below (63—67).

\

HO

Ho

e

63 Astragenol 64 Glycyrrhetinic acid 6
Anti-inflammation
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66 oleana-3p-ol 67 8,14-seco-oleana-8(26),13-dien-33-ol

In order to name a triterpene, we need to look at its precursor. For example, as
a typical triterpene, oleane-3f-ol (66) must be the precursor of 67 [14], which has
the skeleton name “oleana” inside. By analyzing the disconnected positions (C8
and C14), it can be named as 8,14-seco-oleana-8(26),13-dien-3f-ol.

Be careful that “f” here is used to name the configuration of C3. To avoid mis-
taking the same symbol with different concepts in structural study, it is suggested
that you use (R) or (S) to assign the C3’s configuration. For the example of 67, C3
has the (S) configuration.

1.2.2
Flavonoids

Flavonoids, which generally have a characteristic yellow color, are widely dis-
tributed in nature. The general skeleton contains two phenyl rings, as in 68. Most
flavonoids have no chirality. The double bond at C2 and C3 may be hydrogenated
to afford flavano or flavanone. The stereogenic centers may form in unequal
quantities if the hydrogenation happens in a chiral environment. Its basic charac-
teristic is six carbons on ring A, three carbons on ring B, and six carbons on ring
C, and it forms C6—C3-C6 unit connections. When there is a —OH on C3 in 68,
it belongs to flavanol. Once it is on C3 in 69, it is named as flavanonol.

Hydrogenation

Flavone skelton Flavano skelton
68 69 (1.4)

Many flavanonols show different but good activity in humans. For example,
(+)-catechin (70) is used as a liver protection medicine (its commercial name in
European market is Categen) its isomer 71 was also reported with similar bioac-
tivity. The study of their AC is difficult because the isomers easily convert to each
other. To report its structure with RC or racemic structures is also acceptable in
studies.

13
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OH OH
OH @[
H )
HO o © oy OH
"y
OH OH OH
OH
70 (+)-Catechin 71 (-)-Epicatechin

There are many flavanols derived from the “standard” flavano skeleton. For
example, rotenoids have a basic skeleton (72) with a fixed AC, whereas the others,
such as rotenone (73), have almost the same backbone of 72. It has strong toxicity
against fish (when the concentration of rutenone in water reaches ~0.08 ppm, it
will lead to fish stupor or death) and flies. But it is harmless to humans and animals.

Skeleton of rotenoids OMe
72 73 Rotenone

The hydroxyl group of a flavone or flavanone undergoes condensation reaction
with a sugar to form glycoside, which derivatizes with chirality. For example, the
flavone rutin is a derivative of rutinose. It can be used to assist in antihypertension

treatment.
OH OMe
Rutinose—0O O_ o ©:
OH - OH

O-Rutinose
OH O OH O

74 Rutin 75 Hesperidin

1.2.3
Alkaloids

Alkaloids are very important compounds in modern organic chemistry. Many
alkaloids have strong bioactivity; for example, ephedrine (76) is well known for
its effect in relieving cough and asthma. Others, such as morphine (78), are also
famous for their bioactivities. Alkaloids bring many benefits for modern pharma-
ceutical industry.
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76 L-ephedrine 77 Dendroprimine 78 Morphine

In many cases, alkaloids have very complex structures. For example, acutumine
(79) has five stereogenic centers; it is not usual for a Cl atom in the molecule.
Other alkaloids, such as conessine (80), which are derived from steroids, belong
to steroidal alkaloids.

79 Acutumine 80 Conessine

Alkaloids with a terpenoid skeleton are widely reported. Their structural com-
plexity is a big stumbling block for organic chemists when assigning their AC. Two
traditional structures are illustrated below.

HO OMe
MeC_) it
— i le]=>2
s H
W\,
. "OH
HOY OAc
MeO
81 Dendrobine 82 Aconitine
Sesquiterpene alkaloid Diterpene alkaloid

There are hundreds of alkaloids reported until now. Some of them are valu-
able lead compounds for the pharmaceutical study. Some alkaloid structures are
illustrated below.

HO N z
e H z
| oHo —~0 0
83 Camptothecine 84 Vincamine 85 Hasubanane

Antitumor Peripheral asodilator Anti-plasmodial

15
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MeO

G

86 Arisine 87 Securinine 88 Lycorine
Central stimulant Antitumor

1.24
Steroids

Steroids form an important kind of natural compounds with various bioactivities.
They can be mainly classified as C,, -steroids, steroidal saponin, and so on.

C,,-steroids, as the name implies, have 21 carbons in a basic skeleton of preg-
nane or its isomer. As pointed out earlier, f# was used to label the configuration of
91. If it is labeled as (R) or (S), it should be (3S,8R,9S5,10R,13R,14S,15R,17S).

H
89 Pregnane 90 3p,14p,15p-Trihydroxypregn-5-en-20-one

Other steroids, such as androstan-3-one (91), cholesterol (92), ursodeoxycholic
acid (93), mestanolone (94), formestane (95), and enicillitone (96), are listed
below [15]. These are some representatives among the huge number of steroids.

91 Androstan-3-one 92 Cholesterol 93 Ursodeoxycholic acid
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94 Mestanolone 95 Formestane 96 Penicillitone

1.25
Glycosides

When a sugar reacts with an —OH-containing compound (such as a terpenoid, a
teroid, and so on), the product is called a glycoside. Therefore, glycosides contain
two moieties; one is an aglycone (like terpene, alkaloid), and the other is a sugar
moiety. Until now, hundreds and thousands of glycosides have been found and
reported all over the world. Most of them have definite bioactivities. Because of
their interesting activities, researchers have paid much attention to this kind of
products.

The group —OH can be replaced by one —-NH, —CH, or —SH. After the replace-
ment, it forms the corresponding N-glycosides and C-glycosides, respectively,
such as crotonide (98) and isovitexin (99). It clearly shows that there are two moi-
eties: a sugar and an aglycone.

OHOH HO HO

97 Prunasin 98 Crotonide 99 iso-Vitexin
O-glycoside N-glycoside C-glycoside

The —OH is hidden for clarity in the structures in some reports (101). As one of
the most important steroidal glycosides, cardiac glycosides have been attracting
the attention of many researchers. Traditionally, the configuration of glycosides in
some positions is named as a or f. For example, naturally, most cardiac glycosides
have f configuration at C3 and C17. If C17 has f orientation, H17 will have «
orientation (100). However, a glycoside such as 101 has f orientation on H17,
which is named as 17 §-H-neriifolin.

17
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o
O
\
B
o® T H
OH
RTO" ™y OMe
100 R = differnet glucose moiety 101 17pH-neriifolin

The difficulty is to convert the a or § configuration to the corresponding (R) or
(S) at the beginning. Researchers must understand that the use of « or f is out
of tradition. With the development of organic stereochemistry, it is possible to
change traditional habits to use (R) or (S) in AC study, although it may take a lot
of time.

1.2.6
Others

There are many different chiral compounds found in nature. However, amino acids
and sugars are not included in the text. They are important organic matter. There
are some special books dealing with them.

For a quick look at the chiral compounds, their structures are illustrated below.

OH

(0] \\\©:
N ° OMe
HO o}
0 o o O | 0" YCH,OH
OH
OH OH O
102 Khellactone 103 Silymarin
Coumarinoids New lignanoids

104 Cobebin
Lignanoids 105 Castanopsinins B
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The pretty chiral materials exhibit a very colorful picture in front of chemists.
Finding newer chiral compounds and their uses is an interesting task. The assign-
ment of their AC then becomes a big challenge in modern science.

1.3
Other Stereogenic Centers

The earliest discovery of chirality is the chiral sp> C atom. It is also regarded as
C-chirality. There is another kind of chiral compounds in which the stereogenic
centers are located on the N, P, or S atom. For example, when the lone electrons
on the N atom are fixed, like quaternary ammonium salts (the substituents on N
are not equivalent) or N-O compounds, chirality of N atom is formed.

Fixed
o
N R3 /ITI “R3
~
R Mo R Moo
106 107

R! # R? # R® in the N-chirality compounds shown above. Compared to the
instability of the N-chirality in absence of some acidic reagents, sulfoxide’s
chirality (S-chirality) can exist stably at room temperature and can be used widely
in asymmetric synthesis. Other atoms, such as P, can also form the corresponding
P-chirality. Their AC nomenclature is the same as that in C-chirality compounds.

o 0 O
I
/” , pu— + /S pu— *
R ///R2 R1 /S ,,///Rz R1 \RZ R’ - S ‘R2
108 109

Among the different chiral compounds, one kind of compounds has chirality
due to the rotation restriction (limitation) of the C—C single bond [16]; the early
reported racemic 6,6’-dinitro-[1,1’-bipheyl]-2,2’-dicarboxylic acid has two ACs
in solution, which can be separated from each other. This is axis chirality or axial
chirality, and the compounds are atropisomers.

COH CO,H
O,N CO,H
HO,C
N02 N02
110 111

The widely used single-bond rotation-limited chiral compounds are derived
from [1,1'-binaphthalene]-2,2'-diol (112). The number of chiral catalysts
derived from it may be over a hundred, and some of them, such as (R)-
2'-((dimethylamino)methyl)-[1,1’-binaphthalen]-2-ol (113), exhibit very high

19
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enantioselectivity in different reactions, giving up to 90% ee in the enantioselective
addition of diethylzinc to aldehydes [17].

CC,, O e
SO CoN

(S)-112 (R)-113

The rule to name the AC for binaphthyl-containing chiral axial compounds is
almost the same as used for chiral carbon tetrahedron structures. Chiral com-
pound 112 was used as an example [18]. First, we can “concentrate” on the cor-
responding part as a point. For 112, it can be labeled as the four points as in
structure A. Then to convert it to a tetrahedron (B), obviously, the group point
a should be smaller than the group point b (a < b) and ¢ < d (Figure 1.4).

Then, we can put point a in a “rotation” circle center (D). In this case, point a is
regarded as the smallest, and the point b, which is located on the same molecular
moiety, will be regarded as the largest. Therefore, b > d > c. It forms a counter-
clockwise configuration and named as (S) for 112 (Figure 1.5).

Of course, we can regard point ¢ as the smallest one; then point d is the largest.
We can draw another “rotation circle” (F). The order is d > b > a. It is also the
counterclockwise configuration, and assigned as (S) for structure 112.

There is another method to name its AC. Compound 112 could be “seen” along
the axial direction to make sure its AC. Interested readers can find more details in

112 A B

Figure 1.4 Conversion of axial binapthanol to a tetrahedron structure.

a d b a a b
.b .b
¢ d ¢ d
C

Cc D E F

Figure 1.5 Two equal tetrahedron structure conversion.
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(S)

Figure 1.6 Diagrammatic sketch of the projection structure from 112.

Ref. [19]. Although the nomenclature is different, the final result is the same. For
example, 112 can be “seen” as in Figure 1.6.

In this rule, for example, if the starting point is a hydroxyl group a, then it needs
to go to phenyl group at point b, and then to another hydroxyl group at point c.
The final result is the same: (S)-AC.

However, practically, it may be easy to go from point a, then to ¢, and finally to
point b since the two hydroxyl groups are equal, and lead to a wrong (R)-AC. To
avoid this error, we can apply the rule mentioned above to this case. We use 112
again as an example. If point a is regarded as the biggest, then point b must be
regarded as the smallest, the second hydroxyl group c is the second largest, and
point d is the smaller one. It forms a circle with the direction from point a to point
c and finally to point d (Figure 1.7).

Substituted propadiene derivatives also have chirality. However, because of their
instability at room temperature, they are rarely studied alone. However, as a kind
of chiral compound, its academic significance cannot be ignored. Its nomencla-
ture can be illustrated as in Figure 1.8. Here, point a is regarded as the largest,
then, automatically, point b on the same atom C is the smallest, and the rotation
direction is from a to c to d. It is (R)-AC in this case.

Spiro compounds have similar nomenclature. We need to “see” the structure
from the top through spiro point. It can be found that the chiral compound 115
has (R)-AC. The largest point and the smallest point should be on the same side
(Figure 1.9).

a Largest

{ Ph+ OH:
NS _—<--’ Large
d l Ph\‘,
Small .- gmallest
(S)

Figure 1.7 Diagrammatic sketch of the projection structure from 112.
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c a

_
a c
@O

b R'sR? R3>R4 d
114 (R

Figure 1.8 Diagrammatic sketch of projection structure from 114.

Smallest Largest
b / (R)
\“\\O
Large SmaII d
115

Figure 1.9 Diagrammatic sketch of 115 to the tetrahedron structure.

d
bH H
Tosee —> —( < Tosee
Me Ph
a c
116
From left side q d From right side
b b
a a
(S)

Figure 1.10 Diagrammatic sketch of 116 to the tetrahedron structure.

Other similar chiral structures may derive from it, for example, (S)-((4-methyl
cyclohexylidene)methyl)benzene 116. In this case, Ph is larger than Me, However,
if we see it from the left, point a can be regarded as the largest and point b as
the smallest; then the rotation direction is from a to ¢ to d, and it has (S) AC
(Figure 1.10). We could see it from the right side too: then the rotation direction
is from c to a to b, and it has (S) AC. The conclusion is the same.

Other chiral molecules include planar chirality compounds (117), chiral fer-
rocenes (118), and other chiral metallic complexes. This is a very interesting area
that involves the chelation of different metallic ions with various organic ligands.
This is not a major topic in organic stereochemistry; the corresponding research
belongs to coordination chemistry.



1.4 Optical Characteristics

(@]
(CHZ)n Q)J\/
) S
@ o Fe
— <=
117 118

The final nonstandard chiral molecule is the helix structure. The study was well
reported in the 1960s. This type of chiral compound has different nomenclatures:
M or P. One needs to see it from the top. If the rotation direction is clockwise, it
is labeled as P, and if it is counterclockwise the direction is M. This kind of chiral
compound generally has large OR values. For example, the following two helix
hexahelicenes have ORs of ~3700°. The difference may be due to measurement
erTors.

119 P-(-)-Hexahelicene 120 M-(+)-Hexahelicene
[a]p — 3640° [a]p +3707°

The DNA chain is a well-known helix biopolymer; it is the most important rep-
resentative among all helical chiral compounds although it is a biopolymer. The
synthesis of the similar bioactive compounds may be an interesting but challeng-
ing task.

1.4
Optical Characteristics

In polarized light, enantiomers exhibit reversed optical characteristics. Just like
their OR, others like electronic circular dichroism (ECD), vibrational circular
dichroism (VCD), or Raman optical activity (ROA) also exhibits reversed
characteristics.

OR is one of the earliest discoveries in organic chemistry. Since its discovery,
many excellent chemists have developed this knowledge. Now, OR is one of the
very general parameters for characterizing chiral compounds in various reports
not only because of its easy measurement but also its wide catholicity. Most com-
pounds have definite OR values that can be easily recorded with reliable resolu-
tion. It is absolutely necessary to know more about these characteristics.

23
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1.4.1
Measurement of OR

Since the first separation of the left-handed enantiomer of sodium ammonium tar-
trate from the right-handed one by Louis Pasteur, many enantiomers have been
prepared. The optically pure chiral compounds provided researchers great oppor-
tunities to study the relationship between OR and the molecular configuration.
Many theories have been proposed to explain the OR phenomenon. These will
be introduced in the following chapters. The general setup for determining OR is
shown in Figure 1.11.

The change in the angle a of a beam of polarized light depends on the wavelength
of light. At the same time, its size also depends on the length of the cell and the
solution concentration when the temperature and solvent are fixed. The specific
rotatory power [a]’ is proportional the values of the measured rotation a (Eq. (1.5))
as

a
I xc
where ¢ is the concentration with unit in g per 100 ml in most cases, « is the mea-
sured rotation value, / is the length of cell (10.0cm in most OR setups), and ¢
represents the temperature. When the D line of sodium light (589.6 nm) is used
for OR determination, the specific rotatory power is written as [a]/, . In general,
the specific rotatory power is simply called OR.

The molar rotation [M]tD has the following relationship with [0:]5J :

[a]’ = (1.5)

[al,, xM
100

where M is the molecular weight.

In many asymmetric synthesis studies, “optical purity” is used to characterize
the chiral compound’s content in percentage. It needs a 100% pure chirality com-
pound as the OR standard value. For example, if one enantiomer has the OR value
of 100, and if the synthesized product has the OR value of 80, its optical purity is
80% o.p. or 80% op. This is popular in many studies. It is equal to the enantiomer
excess (ee%) theoretically. However, because of measurement errors, both values
will not be equal but very close.

Determination of OR is inexpensive and convenient. Most chiral compounds
have large enough OR values, and therefore it is more convenient to use OR for AC

[M];, = (1.6)

(sample) g
1 A\//
Cell | D
E
u é O
i ! Photolectric
Light Polarizer Analyzer transducer

Figure 1.11 General optical setup of OR.
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determination. However, some chiral molecules may have a very small OR value.
In some cases, it is too small to be examined correctly. For example, 5-ethyl 5-
propyl-undecane (121) has an extremely small OR; its absolute OR value is <0.001
between 280 and 580 nm [20].

121

When the wavelength of light is changed from that of the D line of sodium to
others, the recorded OR values under different wavelengths provide (ORD). The
used wavelengths include 578, 546, 436, and 365 nm. Different setups may use
different wavelengths for ORD determination.

The OR magnitudes may undergo a small change when one or more stereogenic
centers change in some chiral molecules with two more such centers. This leads
to difficulty in identifying the AC by comparing its experimental OR with the pre-
dicted OR. In this case, if a compound has double bonds that have UV absorption
near the stereogenic centers, it is a good way to measure its ECD and compare its
experimental ECD with the calculated ECD.

14.2
ECD and Its Definition

Left- and right-CPL may cause the phase of polarized light to change, and this
produces the OR. On the other hand, the absorption of the left-handed and right-
handed enantiomers of polarized light may be different, and this absorption dif-
ference (Aeg) can be measured as ECD.

Ae =g — ey (1.7)

In the UV -vis region, where the wavelength of polarized light extends from
180 to 800 nm, mostly from 200 to 500 nm is used for determining the ECD of
organic chiral compounds. It simply shows that the contribution to ECD is from
the electrons (excited state).

ECD is used for AC study of chiral compounds with stereogenic centers close to
functional groups, such as C=0 and C=C, that have UV absorptions. Therefore,
if a chiral molecule has no such UV-absorbing functional groups, it is extremely
difficult to use ECD to determine its AC correctly. Even if there is a double bond
in a molecule, if the stereogenic center is too far away from this double bond,
for example, 122, it is still difficult to use ECD to assign its AC for the carbon
connected to the ~-OH.

=
OH

122
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This looks like a shortcoming in AC determination. However, it may bring us
some benefits in the AC study in some cases. For example, it is possible to use
ECD to assign the AC for 123. In the normal case, the number of theoretical con-
formations may be up to (3°) 486 when the rings are assumed not to change. We
can use model 124 to study the AC of 123 in practice (Scheme 1.2). In this case,
the theoretical number may decrease to 9. This could greatly reduce the compu-
tation time.

? ?
Simplified as
——————
(0]
123 124

o}
Scheme 1.2 Simplified model for chiral compound 123 with long side chain.

143
Outline of VCD

When a molecule has no UV —vis absorption and its OR value is not large enough,
it is difficult to assign its AC if there is no assistance from VCD . As a recently
developed technique, its application is not broad enough as ECD’s. However, it
has big application potential in this area.

As mentioned above, absorption of the left- and right-handed enantiomers of
polarized light is different in a chiral environment. This absorption difference hap-
pens mostly from 500 to 8000 cm~! producing VCD. Theoretically, it can be used
for all chiral compounds’ AC assignment since all molecules have various vibra-
tions. The difference of the vibration of bonds near the stereogenic centers gives
rise to different VCD spectra due to different vibration vectors. The illustrative
diagram of a VCD setup is shown in Figure 1.12.

The vibrational modes of bonds in chiral molecules are different based on their
conformational structures in solution, including the interactions among several

Light Filter Polarizer PEM* Photoelectric
transducer

Spectro- - 1.-: ______ -

Polarized light

Locking-in i
amplifier i
i
i

and IR signal

Synchronizing VCD {
for records

* PEM: Photonelastic modelator

Figure 1.12 Diagrammatic sketch of VCD equipment.
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molecules. For example, if two or two more chiral compounds interact in a solu-
tion, it is a very good way to study their interaction conformations.

On the other hand, just because of this characteristic, it is sometimes found
that the predicted VCD does not agree well with the experimental VCD when a
chiral molecule has two or two more hydroxyl groups, especially when the two
—OH groups are close enough. The —OH may form strong H-bonds between two
molecules or among several molecules. These “dimers” or “trimers” might have a
different VCD structure from that of their monomer. This causes a disagreement
between the calculated and experimental VCD spectra. Therefore, the enriched
VCD signal is an advantage for intermolecular interaction studies, but sometimes
it is disadvantageous to understand the differences between the computed and
experimental VCD results.

144
Outline of ROA

ROA clearly states that the optical characteristics recorded in experiments involve
Raman scattering. The physical variable is the scattering cross section when polar-
ized light passes through a chiral sample in a solution or solid [21]. The formula
for computing the difference of scattering cross section is very similar to those in
ECD or VCD computations:

Frequency-doubled Nd-YAG laser beam

Polarization “scrambler”

Sample cell
/ Edge Beam-splitting
Liquid filter Cube

crystal retarder

Twin fiber optic arms

7 /]

=

Figure 1.13 Diagrammatic sketch for Hug's SCP (scattered circular polarization) backscatter-
ing ROA instrument upon which the BioTools ChiralRAMAN instrument is based. The double-
headed arrows represent lenses. Copied from Ref. [22].
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1 Chirality

AA = A, - Ay (1.8)

where A is the scattering cross section, A; and Ay, are the scattering cross sections
to the corresponding left-handed (circularly) and right-handed (circularly) polar-
ized light, respectively.

The wavelength range in ROA also is mostly 200—4000 cm™ as used in organic
chemistry. This is also depends on the requirement of measuring a sample. The
traditional instrument for ROA measurements is illustrated in Figure 1.13.

Both VCD and ROA involve vibrational transitions in molecules involving inter-
nal normal modes of vibrational motion, such as the stretching and angle-bending
of chemical bonds, and as forms of optical activity. Indeed, both VCD and ROA
are also intensity differences between left- and right- circularly polarized IR. The
quantum theory of VCD and ROA can be found in many specific references, and
comprehensive descriptions of all aspects of VOA can be found in the books by
Nafie, Barron, and Stephens, Devlin and Cheeseman. See more details in the cor-

responding chapters.
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2
Non-optical Method in Configuration Study

As one of the widely existing natural phenomena, chirality has attracted the atten-
tion of many researchers, not only because of its importance in pharmaceutical
industry and chemistry but also because of the evolution study of life’s origin,
even including astronomy. In organic chemistry, researchers now focus on the
two related fields: the identification of the absolute configuration (AC) of a spe-
cific chiral compound (including relative configuration (RC)), and the control of
the formation for a stereogenic center during the synthesis of a molecule.

The first one involves various experimental and theoretical methods used for AC
determination; the second one involves the design and synthesis of effective chiral
catalysts to control AC formation, which is a major task for organic chemists. In
this chapter, some major methods for AC and RC assignment will be discussed.

2.1
3C NMR Spectra

NMR spectra has no relationship with circularly polarized light (CPL). However,
the relative position among various atoms, like C, H, allows the determination of
RC. In some cases, this is helpful for AC assignment.

2.1.1
NMR and Atomic Structure

A nucleus has a positive charge and spin, so, in the same way as an electron, it
can have (i) a nuclear magnetic moment, (ii) spin angular momentum, and (iii) a
spin quantum number. Nuclear magnetic moment is proportional to the angular
momentum, and their vectors (—) are the same.

— —

H=7yP (2.1)
where y is the ratio of the nuclear magnetic moment to the spin angular momen-
tum. Different nuclei have different y. y is the magnetic moment, and P is the

angular momentum.

Organic Stereochemistry: Experimental and Computational Methods, First Edition. Hua-Jie Zhu.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The spin angular momentum is related to the spin quantum number as

—hy\/I(I +1)
p=—7F7—
21

where p is the spin angular momentum, / is the Planck constant (6.63 x 10734]s),
and / is the spin quantum number, which is decided by the atomic mass number
(Z) and the atomic number (A).

Any atom that has an even atomic number (A) with both even number of
protons and even number of neutrons has its spin quantum number zero, so no
nuclear magnetic resonance (NMR) signal can be recorded, for example, 12C and
160. When the mass number (Z) of a nucleus is odd, its spin quantum number is a
half-integer: for example, 'H, 1*C, and '°N have 1/2; 170 and *S have 3/2 and 5/2,
respectively. If a nucleus has an even mass number (Z) with both odd numbers of
protons and neutrons, its spin quantum number is an integer, such as 2H and *N.

It is found that the electronic cloud looks like a sphere in all nuclei with spin
quantum number 1/2. Thus, its resonance frequency has a very narrow distribu-
tion and can be easily observed. This makes the NMR equipment not too complex
and easy to use in practice. Until now, most NMR studies have focused on nuclei
with spin quantum number 1/2, such as 'H, 3C, and '°N.

The spin leads to the precession of the nucleus under an external magnetic
field. The frequency of precession is proportional to the external magnetic field
strength. When there is a transfer of the radio frequency signal to the molecule
in solution (or in solid state), and frequency of precession is the same as the fre-
quency of the radio signal, the nucleus will resonate with the absorption of the
radio signal energy. This signal absorbed by nucleus can be recorded. Different
atoms (nuclei) have different frequencies, and the same atom may have a differ-
ent frequency when it is located in a different position in a molecule. This is the
general basis that allows us to use NMR to identify molecular structure. There are
many books introducing NMR spectroscopy that can be easily found.

(2.2)

2.1.2
3C NMR Calculation

When a nucleus is located in a magnetic field, its resonance frequency caused by
precession can be estimated as
V= Y—BO (2.3)
2n
where v is the resonance frequency and B, is the magnetic field strength [T].

In a molecule, every atom has a different position in space. Therefore, the mag-
netic fields from electrons around the center of the nucleus will produce a new
magnetic field that has a direction opposite to that of the external magnetic field.
Therefore, each atom in a molecule will have a different resonance frequency:

v, = Vi By(l — o) (2.4)
2n
where v, is the frequency for atom i, and o, is its magnetic shielding constant.



2.1 13C NMR Spectra

To easily use NMR spectra, the chemical shift is introduced, given by

(BOi - BoRef )
BoRef

0. =

14

(2.5)

where §; is chemical shift for atom i, B, is the magnetic field strength, and B
is the magnetic field strength for a reference atom.

Therefore, after replacing B, using the formula v = yB/2m, the chemical shift
can be written as

5 = (oi = Vorer) (2.6)

VoRef

And then the chemical shift §; in ppm is

8,(ppm) = (Vo = Vorer) x 10° (2.7)
VoRef

For example, if chiral (R)-butan 2-ol (1, Figure 2.1) is located in a magnetic field
B, (for clarity all H atoms are hidden (right)), all *C atoms and one O atom will
produce different shift values with a new magnetic field B,. Finally, the sum of
different magnetic fields will bring every atom different shift values. Therefore,
the computation of the chemical shifts can be used to compute the corresponding
frequency, namely the magnetic shielding constant.

In NMR study, usually tetramethylsilane (TMS) is used as an internal reference,
and the signals recorded are used as the Y-axis. To conveniently discuss the NMR
spectra, signals to the left of the TMS signal is regarded as downfield and those to
the right side as upfield. The farther away the signal is from the TMS signal on the
left side, the smaller is the field. For example, a proton of —~CHj of toluene may have
shifts of 2.1-2.2 ppm. Once this CH; connects with an O, like CH;—O-, its shift
may move downfield, from 3.6 to 3.9 ppm. Before we introduce the application of
13C NMR in configuration assignment, it is important to briefly to look back at
'H NMR.

Figure 2.1 The 3D structure 1 and effect of magnetic field on its nucleus (dark sphere is O
atom, light grey is H, and grey is C).
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213
"HNMR

'H NMR can be well recorded and used for configuration assignment. This
technique is called “rotating frame Overhauser enhancement spectroscopy”
(ROESY) [1]. It is based on the technique of “nuclear Overhauser enhancement
spectroscopy” (NOESY). The major aim of ROESY or NOESY is to study the
relationship between protons that are close together in space; the distance is
generally less 5.0 A and mostly below 4.0 A. This could be used to determine the
RC, including the cis or trans configuration of >C=C< bond structures. After the
RC assignment, *C NMR can be used for further configuration study.

2.40, 2.59 ppm N
-~

H,c-p Me

H 2.67 ppm

o %

MeO OH
2 Codeine

For example, the 'H signals of codeine (2) are well isolated, especially in the
range 2.0—5.0 ppm. It was found that the signal at 2.67 ppm had crosslink with
those at 2.40 and 2.59 ppm in NOESY. The signals belong to, correspondingly, the
protons labeled using a double arrow. It shows that the protons are close in space.
Therefore, this method is used to assign the RC. However, when a chiral molecule
is very complex, especially when the 'H NMR signals overlap seriously, it is diffi-
cult to assign its configuration. Even in this case, *C NMR can be used as a tool
to assist in the assignment.

214
13C NMR Prediction and Conformational Search

Currently, gauge-independent atomic orbital (GIAO) is used for NMR compu-
tations [2]. Others such as continuous set of gauge transformations (CSGT),
localized orbitals/localized origins (LORG) [3] using Hatree—Fock (HF), density
functional theory (DFT), or MP2 methods have also been reported. Up to now,
researchers such as Bifulco [4], Forsyth [5], Autschbach [6], Besley et al. [7],
Reddy and Prakash [8], Ruud et al. [9], Oldfield [10], Frenking [11], and others [12]
have reported significant progress in this field. The basis set for NMR prediction
may be at the DFT/B3LYP/6-311++G(2d,p) level in the gas phase or in solution.

In order to correctly compute the *C NMR for a chiral molecule, one needs
to do a conformational search for this molecule first. A single bond has three
degrees of freedom in space. If a chiral compound has a long acyclic chain, it may
have a large number of stable conformations. Carrying out the '*C NMR shift
computations is not easy then. Therefore, only chiral compounds with relatively
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rigid structures are considered in practice. For example, there is almost no way to
predict the 13C NMR shifts for 3 [13]. In contrast, calculating 1*C NMR shifts for
4 is not difficult [14].

1 H 17
§ 10 N
ol o X 7 % 13W
@) o)
3 Pitiamide A 4

Conformational searches for a specific chiral compound are required before any
computations. There are many software packages available for this. The different
packages use different force fields. One developed molecular mechanical force
field is MMFF94 or its improved version MMFF94S. Other force fields can be
used in this procedure. Indeed, even if the same force field is applied for con-
formational search, the search results may have differences if a different software
package is used. For relatively rigid chiral compounds, the conformations that
can be found with relative energy from 0 to 10kcal mol~! may be limited, for
example, 10—20 conformers, thus, further optimizations are easily performed at
the B3LYP/6-311+G(d) level. However, if it is a linear chiral compound, the energy
window from 0 to 10 kcal mol~! may be too wide to be easily used for the confor-
mational search; so it must be narrowed, for example, from 0 to 5kcal mol~}, to
reduce the number of conformations. This energy window cannot be narrowed
from 0 to 1.0 kcal mol~! in conformational search, since it might lose many stable
conformers with low energy in this case, thus resulting in a wrong result in the
AC assignment. The use of energy window of 0—5 kcal mol™! for a linear chiral
compound is therefore recommended. Even if the number of the conformations
is hundreds or up to thousands for a chiral compound, it may still be necessary to
use this energy window of 0—5 kcal mol ™.

After the conformational search, the selected conformations should be further
optimized using quantum theory. If the number is too large, for example, it reaches
1000, one should use a low basis set for initial optimizations, such as the HF/6-
G(d) method, for all the selected conformations. This method is very economical
because of its short computational time and relatively accurate energy sequence.
The HF/6-31G(d)-optimized conformations with relative energy 0—2.5 kcal mol~!
should be used for optimization again at the B3LYP/6-31G(d) level at least. Of
course, if the number of conformations is limited, computation at the HF/6-31G*
level is not necessary. One can perform the computation directly at the B3LYP/6-
3114+G(d) level in optimizations.

The second step is to choose the conformations with relative energy 0—2.5 or
up to 3.0kcalmol~! (at the HF/or B3LYP/6-31G(d) level) for further optimiza-
tion. The calculation should be performed at a higher basis sets, for example,
6-311++G(2d,p) using DFT in the gas phase or in solution. Finally, these
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B3LYP/6-311++G(2d,p)-optimized geometries with relative energy 0—-2.0 (or
2.5) kcal mol~! are used for 1¥*C NMR shift calculations at, for example, the
B3LYP/6-311++G(2d,p) level. If the geometries in range of relative energy
0—-2.5kcal mol~! are too many to be considered for computations, the energy
window can be narrowed to at least 0—1.5 kcal mol~!. But be careful! Although
it is mentioned as '*C NMR computations, here the computed data are the
magnetic shielding constants and not the chemical shifts if no calculated shift
reference such as Me,Si is used.

Boltzmann statistics should be then performed after all magnetic shielding con-
stants are recorded, in an Excel file by hand at the present time. Three energy
magnitudes can be used for the statistics if frequency calculations are to be com-
puted. They are total electronic energy (TEE), zero-point energy correction (ZPE),
or Gibbs free energy (GFE). If the frequency is not to be analyzed, only TEE can
be used for the Boltzmann sum.

Notice

Be careful, the novice researcher may make a mistake. Optimization
for a molecule may be performed, for example, at the B3LYP/6-31G(d)
level, but the frequency calculation may be carried out at another basis
set, such as B3LYP/6-31+G(d). Only the computations using the same
basis sets in both optimization and frequency analysis are reliable and
acceptable.

At the present time, it is not easy for experimental chemists to treat the
computational results since the data processing is a little difficult for exper-
imentalists to handle. However, a new package will be available from our
research group soon. It can do the data processing to produce the 1*C NMR
shifts, optical rotation (OR), electronic circular dichroism (ECD), vibra-
tional circular dichroism (VCD), and Raman optical activity (ROA) using
any selected conformations using, for example, Gaussian output files. This
package just needs 5—8 min to provide high-quality computational results
even if the number of conformations is 500. It can save precious time for
all chemists.

There are three possible methods to estimate the correctness of the structure.
The first one is to convert each conformational structure’s magnetic shielding con-
stants to the corresponding chemical shifts using Me, Si as reference. The shielding
shift of SiMe, must be computed at the same level as that of the chiral molecule.
Then, the experimental 1*C NMR and the computed *C NMR can be organized
in a line graph. The slope and intercept of the least-squares correlation line are
applied for the correction of the computed 3C NMR [15] to afford a new set of 13C
NMR values for this conformation. We continue this procedure until all confor-
mational magnetic shielding constants are converted. Boltzmann statistics is now
used to compute the final chemical shifts for the whole molecule. This corrected
13C NMR shifts can be used for testing whether the chiral molecule is correct
or not.
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In the second method, Boltzmann statistics is used to produce the chemical
shifts for all conformations. After every conformational structure’s magnetic
shielding constants are converted to the corresponding chemical shifts, the
slope and intercept of least-squares correlation line are used to correct the
13C NMR shifts to afford a new set of *C NMR shifts for the whole molecule.
The new 3C NMR shifts can be used to test whether the structure is correct
or not.

The third one is to use Boltzmann statistics to compute the whole molecular
magnetic shielding constants, which can be used to form a line with the experi-
mental shifts. The line’s slope and intercept are used to produce a new set of 13C
NMR shift values. The data can be used to test whether the structure is correct or
not. This is relatively simple because it does not require the computation of the
magnetic shielding constant of Me,Si in same cases.

After all 13C NMR data are obtained, there are two methods to judge whether
the structure is correct or not. The first one is to use to maximum of the Aé values.
If the maximum of Aé is over 8.0 ppm, the structure is not reliable. If it is less
8.0 ppm, this structure is located in the reliable structure range. However, more
evidences are required for further confirmation. Another one is to compare the
coefficients of two structures. The larger the coefficient, the more reliable will be
the structure [16].

For example, chiral compound 4 was obtained with the original structure of
either 5 or 6 since no interaction signal was obtained for the first time between
the protons H5 and H8.

OH O, = OH
0 m_/
TR H
6

5

Totally 40 conformations were found using the MMFF94S force field, after
optimization at the B3LYP/6-31G(d) level, but only 7 or 8 conformations were
recorded for 5 and 6, respectively, with a relative energy of 0—2.5kcal mol™!.
The geometries were then used for magnetic shielding calculations at the
B3LYP/6-311+G(2d,p) level in the gas phase. Finally, after removing the same
conformations, all six conformations were used for the Boltzmann sum.

We select the first method to discuss structure of (1R,5R)-5. After using SiMe, as
the reference, all magnetic shielding constants were recorded as the correspond-
ing chemical shifts (Table 2.1).

For example, the experimental '*C NMR shifts in conformation 1 and the
recorded original *C NMR shifts are used to produce a line, whose slope can be
computed as 0.940 and intercept as —1.98. The correction function to compute
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Table 2.1 Experimental and computed '>C NMR and relative energy for 5.

Conformer 1 2 3
AE 0.000 0.254 2.368
(kcal mol~")

C-Number ('3C)?  Original 8 Corrected 59 Original 5 Corrected 56 Original 5 Corrected &

7 (173) 178 165.3 177.7 166.2 177.4 164.9
1(75.1) 76.3 69.7 76.5 70.1 77.3 70.6
5(78.5) 86.3 79.1 85.3 78.4 87.6 80.3
4.(37.3) 35.9 31.8 36.2 31.8 36.6 32.3
3 (146.6) 159.3 147.7 157.3 146.8 160.8 149.3
2(122.4) 143.8 133.1 138.6 129.1 142.7 132.2
13 (61.3) 67.2 61.2 67.9 61.9 67.2 61.1
8 (27.6) 43.6 39.0 43.4 38.6 42.6 37.9
9(117.2) 128 118.3 124.8 116.0 129.1 119.4
10 (136) 144.3 133.6 149.6 139.5 142.3 131.8
11 (25.8) 28.1 24.4 28.3 24.3 27.9 24.1
12 (18) 18.6 15.5 19.4 15.8 18.5 15.2
Slope (k) 0.940 — 0.950 — 0.942 —
Intercept (b) -1.98 — —-2.59 — —2.21 —
4 5 6 Final *C NMR
1.863 3.368 2.767

Original 5 Corrected5 Original 5 Corrected5 Original 5 Corrected

177.9 164.7 179.1 165.7 178.6 165.8 165.7
79.4 72.6 80.1 72.9 77.8 71.2 69.9
87.1 79.8 88.8 81.1 88.9 81.6 78.8
35.6 31.7 38.1 33.6 36.4 324 31.8
160.4 148.4 160.6 148.4 161.5 149.7 147.3
141.8 131.0 139 128.1 137.8 127.5 131.5
67.2 61.2 67 60.7 67 61.1 61.5
39.7 35.5 40.4 35.7 39.6 354 38.8
126.7 116.9 127.1 117.0 129.9 120.1 117.4
147.5 136.3 148.2 136.7 144.3 133.6 135.9
28.3 24.9 27.7 23.8 28.2 24.7 24.4
18.5 15.7 17.8 14.6 18.2 15.3 15.6
0.935 — 0.937 — 0.938 — —

-1.59 — -2.12 — -1.74 — —

a) The figures in parentheses are the experimental 1*C NMR values.
b) The original **C NMR from the computed data.
c) Corrected *C NMR for each conformer from the formula Corrected &, = k x Original &, + b.
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Table 2.2 Corrected '>C NMR and their relative errors and coefficients for structures 5
and 6.

C-Number (experimental '3C) Sfor5 6for6 Aéfor5 A for6
7 (173.0) 165.7 165.1 7.3 7.9
1(75.1) 69.9 69.6 52 55
5(78.5) 78.8 79.1 -0.3 -0.6
4(37.3) 31.8 31.6 55 5.7
3 (146.6) 147.3 147.8 -0.7 -1.2
2 (122.4) 131.5 132.6 -9.1 -10.2
13 (61.3) 61.5 61.2 -0.2 0.1
8 (27.6) 38.8 39.0 -11.2 -11.4
9 (117.2) 117.4 116.8 -0.2 0.4
10 (136) 135.9 135.7 0.1 0.3
11 (25.8) 24.4 24.5 1.4 1.3
12 (18) 15.6 15.8 2.4 2.2
Coeflicient 0.99468 0.99402 — —

the new set of corrected 1*C NMR shifts then was organized as
Corr. §; = 0.940 X orig. 6,—1.98 (2.8)

For example, if the predicted shift is 178 ppm for C7, the corrected 3C NMR
shift should be 165.3 ppm using Eq. (2.8). Similarly, a set of new 3C NMR values
for all carbons can be computed for all six conformations. Then, using Boltz-
mann statistics, the final '*C NMR values for the whole chiral compound 5 can
be obtained (Table 2.1).

Similarly, the 1*C NMR values for (15,55)-6 could be computed. The maximum
errors and coefficients are computed at the same time for clear comparison. The
results are listed in Table 2.2.

If the coefficient is used as a standard — namely the larger the coefficient, the
more reliable the structure — structure 5 would be the reliable one. However, the
coefficients are so close that it is not reliable to use them to judge the structure.
It is recommended to consider other factors, the major one being the maximum
error control principle. It is found that the maxima are —11.2 for 5 and —11.4 for 6.
Thus, both structures 5 and 6 are not the best candidates. It must be one of two
cis structures instead of the trans structures of 5 and 6.

The other two cis structures (7 and 8) were used for 3C NMR calculations. The
same methods were used in the procedure, and the predicted !*C NMR shifts and
relative shift errors are listed in Table 2.3. It is found that both structures have
small shift errors (much <8.0 ppm). At the same time, both cis structures have
larger coefficients (over 0.999) than the trans structures (<0.995). It reflects that
the cis structures are more reliable than the trans structures. However, both cis
structures have close coefficients. In this case, it could not be used for RC assign-
ment via comparing the magnitudes of the coefficients.
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Table 2.3 Predicted '3C NMR shifts for 7 and 8.

C-Number (experimental '3C) Sfor7 Sfor8 Abfor7 Abfor8
7 (173.0) 170.7 170.6 2.3 2.4
1(75.1) 77.9 77.3 —-2.8 —-2.2
5 (78.5) 76.4 76.4 2.1 2.1
4.(37.3) 37.5 37.5 -0.2 -0.2
3 (146.6) 144.4 144.3 2.2 2.3
2(122.4) 123.1 123.1 -0.7 -0.7
13 (61.3) 62.0 61.9 -0.7 -0.6
8 (27.6) 29.3 29.3 -1.7 -1.7
9(117.2) 119.4 119.4 —-2.2 —-2.2
10 (136) 138.3 138.2 -2.3 -2.2
11 (25.8) 24.8 24.8 1.0 1.0
12 (18) 15.8 15.8 2.2 2.2
Coefficient 0.99932 0.999358 — —

| j

O OH O = OH
o m_/
H%
7 8

When ORs were computed for the both cis structures, it was found that the
correct structure was cis-7. The experimental OR was —135, and the predicted
OR for 7 was —127 at the B3LYP/6-311++G(2d,p) level and its enantiomer 8 had
+127. Therefore, the correct structure is 7. Clearly, the best way is to use both the
maximum error control principle and the coefficient when judging the correctness
of a molecular structure.

Notice

Clearly, the maximum error principle must be applied for the examination
of structures. If the difference in coefficients of two structures is very small,
they cannot be used as evidence for structural evaluation. In some cases,
more evidence will be needed for further confirmation of the structures.

In practice, if the stereogenic centers are located on a chain, it is very difficult to
compute its 1*C NMR value for assignment of its configuration. The reasons are
the difficulty in carrying out the calculation as well as that of judging which con-
figuration is more reliable because the shift difference (A§) between the calculated
and experimental 1*C NMR values is not large enough to make the selection.

It must be clearly stated here that 3C NMR for configuration assignment
can be used for AC study only if a stereogenic center is known. In this case,
the other stereogenic centers can be assigned by comparing the computed and
experimental >*C NMR. For example, when structures 9 and 10 were obtained
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Table 2.4 Comparison of 3C NMR shifts of compound 9 and 10.

C-Number 9 and 10 Original A, /corrected A5, (ppm)? Experimental A5

Method AP Method B?)  Method C?  Method DY

C-12 -0.1/-0.1  +0.1/0 -0.3/-0.3 —0.2/-0.2 -0.4
C-13 -0.1/-0.1  -0.2/-0.2 -0.4/-04 -0.3/-0.3 -0.2
C-14 +0.1/40.1 0/0 +0.2/40.2  +0.1/40.1 +0.1
C-16 +1.7/41.7  +1.3/+1.3 +1.5/+1.5 +1.2/+1.3 +1.0
C-17 -0.7/-0.7 —-0.1/40.6  +0.2/4+0.2  4+0.3/4+0.4 0.0
C-20 +0.2/+1.2  +0.6/+1.1 +1.1/+1.1  +0.6/4+0.7 +0.4
C-21 -0.9/-0.8 -0.6/-0.6 —-1.0/-1.0 -0.7/-0.8 —-0.4
C-22 +0.4/4+0.5 +0.3/+0.3  +0.7/4+0.7 +0.6/0 0.0
C-23 -0.6/-0.6 —-0.9/-09 -0.7/-0.7 -0.7/-0.6 -0.6

a) A8 =5(9) — 5(10).

b) Method A: B3LYP/6-31G(d)-optimized structure was used for *C NMR computations at the
3LYP/6-31+G(d,p) level. Method B: B3LYP/6-31+G(d,p)-optimized structure was used for 1*C
NMR computations at the B3LYP/6-311+G(2d,p) level. Method C: HF/6-31G(d)-optimized
structure was used for *C NMR computations at the B3LYP/6-311+G(2d,p) level. Method D:
HF/6-31G(d)-optimized structure was used for *C NMR computations at the HF/6-31G(d)
level.

from a mixture, two sets of *C NMR results showed that they were epimers. By
computing the shift difference of *C NMR using the methods above, the AC for
C-20 was assigned [17].

Four methods were used for 1*C NMR computations for 9 and 10. Only the
differences of '*C NMR with 0.1 ppm or more are summarized. The differences
between 9 and 10 are also computed and listed in Table 2.4.

2.2
X-Ray Diffraction and Mosher Method

2.2.1
X-Ray Diffraction

X-ray experiments have provided many benefits in AC assignment for structural
identification including those of chiral compounds. Its theoretical basis is the

a1
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Figure 2.2 (a, b) Geometric figure for construction of Bragg and Laue diffraction equations.

quantum formula of the Bragg equation
2dsinf =ni, n=1,2 ... (2.9)

where d is the neighboring interplanar spacing, 6 is the angle between the
crystal plane and the incident direction of X-rays, and 4 is wavelength of X-rays
(Figure 2.2a).

It can be easily concluded from the geometric figure that the optical path dif-
ference between two photons P; and P, arriving atoms 1 and 2 (A,_,) can be
computed as

Ay, =dXsinf (2.10)

To ensure the largest scattering intensity, the angle of reflection () must be
the same as the angle of incidence. Thus, A,,_,, can be the same as d sin 6. Thus,
the total optical path difference is 2d sin 6. For two beams of light to have strong
diffraction, the optical path difference must be an integer multiple of the wave-
length (4). This is the Bragg equation. It considers the two neighboring planar
spacings.

If we consider the diffraction of two beams of photons from the same plane,
such as P, and P (Figure 2.2b), the optical path difference (A,_;) can be derived
as

A,_3=aXcosf (2.11)

Similarly, two beams of photons P,” and P,’ may have a different optical path
difference A,_; because the angle of incidence is not equal to the angle of diffrac-
tion. In this case, the total difference becomes

A=A 3+ A _5 =ax(cos+cosd)

To observe a large scattering intensity, the difference also needs to be an integer
multiple of the wavelength (4). Thus, for this one-dimensional case, we get

ax(cos+cos®)=hA, h=1,2,3... (2.12)
Similarly, for a three-dimensional crystal, two other formulas can be written as

bx (cos, + cos,’) = kA, k=1,2,3 ... (2.13)
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cX(cosy+cosy) =14 1=1,2,3 ... (2.14)

When all the conditions are satisfied in the three equations, the diffraction spots
can form well and be recorded in experiments.

It is noted that virtually all equations are the same. For example, if we regard
atoms 1 and 2 in one plane and atoms 1 and 3 in the neighboring plane, then both
the equations will change their roles.

To treat the data recorded in the experiments is a big challenge. There are several
different methods to handle the data. It should be noted that the determination of
the position of protons using an X-ray study is not accurate because it is difficult
to record useful information. So, the positions of H atoms are mostly estimated
by general bond lengths.

Cu and Mo radiations are used in an X-ray diffraction equipment. In stere-
ochemistry study, an equipment with Mo radiation can give the RC structure,
while Cu radiation can predict the AC structure. For example, a bioactive alka-
loid, brevianamide M (9), was assigned as (2R,13R) or (25,13S) using Mo radiation
[18]. Although its AC was assigned as (25,13S) by its hydrolysis to afford (S)-
phenylalanine, its real AC is (2R,13R). This will be discussed in Chapter 6.

L2 NH

N “,

HO H
9 Brevianamide M

A heavy atom could be led into a chiral molecule for assignment of AC, [19a,b]
heavy atoms, such as S, Br, Cu atoms, could are relatively to the light atoms C, O.N
et al. Hydrogen atom is directly called as hydrogen atom. The difficulty is using
X-ray for AC study is due to the difficulty in the preparation of suitable crystals
for experiments. There are many methods that can be cited. Here we list three
methods that are frequently used in organic chemistries [19c].

In most cases, we dissolve the sample in alcohol (or in a mixture of solvents) in
a small container like a clean tube and cover it with a plastic paper with a tiny hole
for slow evaporation of the solvent. This is inexpensive and convenient. However,
it may not work.

The first one is the temperature gradient method. Selecting a solvent that can
dissolve the sample at room temperature is not good enough. Then smallest quan-
tity of solvent is used to dissolve the sample under a high temperature, for example,
40-50°C, until the solid sample dissolved completely by adding a small quan-
tity of the solvent. Then, the solution is stored under N, at room temperature
(Figure 2.3a). If this procedure cannot produce crystals within 1 week, place itin a
cold environment, such as in a refrigerator at 3—6 °C. If this temperature cannot
produce crystals in 1-2 weeks, still lower temperature (like —15 to —20 °C) could
be selected for some time, or another solvent should be selected for this procedure.
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Figure 2.3 Schematic diagrams (a) for temperature gradient method and (b) for vapor dif-
fusion method.

The second one is the vapor diffusion method (Figure 2.3b). If S1 is a good sol-
vent and S2 is not one for an organic compound, the sample is dissolved in S1 in a
small vessel and then it is put into a larger vessel that contains solvent S2, as illus-
trated above, after covering with a plastic paper (or other paper). The vapor of S2
would diffuse into S1, and vice versa. The ratio of S2 in S1 solution will increase
very slowly until the crystals are formed.

The final one is a chemical method. For some compounds with free hydroxyl
groups, such as 10, they can be converted into the corresponding acetates. Many
methods were tried for the preparation of the crystals of 10. However, all failed.
After conversion into acetate (—-OH on C-20) using pyridine and acetic anhydride
at room temperature overnight, the acetate dissolved in methanol and this was
stored under room temperature until the crystals were obtained [20].

10 Micrandilactone D

Preparation of a high-quality crystal is a big challenge in organic chemistry.
The methods introduced above are the usually the used ones. One should look
for other used methods in this field.

2.2.2
Mosher Method

The Mosher ester has become a widely used method in organic chemistry. Its con-
struction shows the great talent of organic chemists in this area. It is a type of NMR
method for the determination of the AC of secondary alcohols or amines. It was
introduced by Mislow [21], and further developed by Mosher and other chemists
[22, 23]. Even now, it still plays an important role in AC assignment.
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(b) (S)-Mosher ester (R)-Mosher ester

Figure 2.4 (a) Mosher esters and their assumed MTPA plane. (b) Newman projection struc-
tures for the observation of the effect of micro-magnetic field produced by the phenyl ring
on R (b).

A typical Mosher ester preparation needs the sample to react with the (R)- and
(S)-Mosher acid, a-methoxyl-trifluoromethylphenyl acetic acid (MTPA). Then 'H
NMR spectra are measured for the two Mosher esters. The difference (Ad) in
'H NMR shifts of the (R)- and (S)-Mosher esters would show regular changes,
which can be used for AC assignment.

In the existing protocol, predicting AC requires the following two conditions:
(i) atoms H1, C1, O1, C2, 02, C3, and C4 should be in the same plane (MTPA
plane) as illustrated below, for example, 11 in Figure 2.4, and (ii) H1 and O2
must be at the same side (direction) of the major conformer so that the phenyl
ring has a proper effect on the electronic-current-induced proton resonance.
These are the general condition for the correct use of the Mosher method in
AC determinations.

For the (S)-Mosher ester in 11, the 'H NMR differences are defined as the shift
of the (S)-Mosher ester subtracted from that of the (R)-Mosher ester, namely
6 = 65 — 65. If a group has protons with Aé < 0, it should be located on the left
side of the MPTA plane, and the group with Aé > 0 should be on the right side.
After both groups are located, its AC can be identified based on the sub-
stituent size.

As an example, we can use modern computational methods to find out the evi-
dence that an MTPA plane exists in a linear chiral alcohol and the reason why the
Mosher method works. Compound 11 (R! = Me, R? = Et) is used as an example.
To correctly predict the AC for 11 to be either (R) or (S), it first needs to react with
(R)- and (S)-Mosher acids, respectively. For example, if it has current AC (R), the
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major conformer should be (R)-11al and the minor one is (R)-11a2. Once it reacts
with (S)-Mosher acid to afford (S)-Mosher 11b, the major conformer predicted
by the Mosher method should be (S)-Mosher 11b1. By comparing the difference
in 'H NMR shifts between (R)-Mosher 11a and (S)-Mosher 11b, its AC can be
identified [24].

el o OMe

K "1/ CF
7, Me” O™ gy 3
FsC @ MeO @
(R)-Mosher 11a1 (R)-Mosher 11a2 (S)-Mosher 11b1 (S)-Mosher 11b2
N J N J
Y Y
(R)-Mosher 11a (S)-Mosher 11b

The 6-31G(d) basis set is a very general set used in geometry optimizations
when B3LYP theory is used. This theory cannot correctly predict the lowest
energy conformation structure in some cases. For this example, the major
conformation for (R)-Mosher ester (11a) was not correctly predicted. But it
was correct in predicting the (S)-Mosher ester (11b) irrespective of whether
TEE or GFE was used (Table 2.5, italic data, AE; and AG;,). Both TEE and GFE
(AE, and AG,) could predict the major and minor conformations well. When
B3LYP/6-311+G(d) was used, a higher computation level, such as B3LYP/6-
311++G(2d,p), also predicted it well. However, this is also expensive. Therefore,
the B3LYP/6-311+G(d) method is suggested for the lowest energy conformation
calculations.

Its applications have been widely reported. Some assignments may involve
organic conversion, as in the case of, for example, Saccopetrin A (12) [25]. Its
RC was well established using ROESY experiment. However, its AC needed to

Table 2.5 The predicted percentages for the four conformers using DFT methods.

(R)-Mosher 11a1 (R)-Mosher 11a2 (S)-Mosher 11b1 (S)-Mosher 11b2
AE; (%) 0.279 (38%) 0.000 (62%) 0.000 (68%) 0.443 (32%)
AE, (%) 0.000 (59%) 0.211 (41%) 0.000 (71%) 0.518 (29%)
AE; (%) 0.000 (70%) 0.488 (30%) 0.000 (75%) 0.650 (25%)
AG, (%) 0.193 (42%) 0.000 (58%) 0.236 (40%) 0.000 (60%)
AG, (%) 0.000 (68%) 0.442 (32%) 0.000 (84%) 0.975 (16%)
AG, (%) 0.000 (69%) 0.468 (31%) 0.711 (23%) 0.000 (77%)

AE, and AG, were obtained at the B3LYP/6-31G(d) level. AE, and AG, were obtained at the
B3LYP/6-311+G(d) level. AE, and AG, were obtained at the B3LYP/6-311++G(2d,p)
level.
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be assigned. Clearly, once the AC of C-24 was determined, the whole molecular
stereochemistry could be identified.

=
O 5 .\\\\W (1) MeI/Agzo M/W
O 24 8 (2) NaOH (1%), b

hydrolysis

HY
25CH20H (3) CHyN, CH,OMe

12 Saccopetrin A

. b \M/H\/

Mosher acid

CHzoMe

14 R* = (R)-MTPA
15 R* = (S)-MTPA

Compound 13 was converted to 14 and 15, respectively; both were tested using
I'H NMR. The 'H NMR differences (AS) between the (S)- and (R)-Mosher esters
were computed (Table 2.6). Based on the principles that the substituent (R!) with
A < 0should be located on the left side of MPTA plane, and the group (R?) with
A > 0 should be the right side, it could be concluded that the group with C-2 and
C-23 would be on the left side and the group that contains C-25 and C-25-OMe
will be on the right side. This orientation is illustrated as the Newman structure
16. Obviously, the AC for C-24 was assigned as (S). Therefore, AC for C-2 was
assigned as (R).

(C-23,C-2 R’ R2 (C-25 containing)
and so on containing)
A5<0 OR AS>0
H
16

Table 2.6 The "H NMR shift differences between the (S)- and (R)-Mosher esters.

Proton &5 (ppm) Sg (ppm) Ad (ppm)
H-2 2.25 2.44 -0.19
H-23a 1.84 1.88 —0.04
H-23b 1.68 1.77 —0.09
H-25 3.48 3.41 +0.07

H-25-OMe 3.35 3.24 +0.11
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There have been many successful predictions using the Mosher method [26].
Examples such as the di-Mosher ester structure 17 [27], the macro-lactone
structure 18 [28], the poly-ring structure 19 [29], the and side-chain alcohol 20
[30] are selected from recent reports and listed below (R* =(S)- and (R)-MTPA,
respectively).

H +0.05

+0.10, 0.08
+021 ~ -0.02, 0.05

-0.02, -0.02
-0.21

OH 008 : -0413

17 18

+002  OH 4,

-0.03
+0.11

-0.04 +030  pue

-0.22
-0.15 OR* +0.37 +0.03 +0.04

19 20

In 3P NMR (R)-Mosher measurement, the reaction of (R)-21 and (S)-21 with
one (R)-Mosher acid was used to form two isomers and the A§ values were deter-
mined [31]. This is different from the general method used. In the traditional
method, one substrate reacts with (R)- and (S)-Mosher acids, respectively.

o}
0~
- _P-OFPr (S)-21 (R)-21 AS=65-5g
RW Oi-Pr
OR* R = Br— As 1359 12.95 0.64
R* = (R)-MTPA R=BrCH,~ As 13.01 12.39 0.62
2 R=CICH,” As 13.35 1274 0.61

The Mosher method can be used for secondary amines [32]. Tertiary alcohols
and amines were also used for extending the use of Mosher methods. Generally, a
known chiral analog should be used as a standard model first when it is used for
the same kind of chiral molecular AC assignment.

When chiral compounds are available only in very limited quantity, the use of
Mosher method is not easy. In this case, a single Mosher ester with either (R)-
or (§)-methoxyphenyl acetic ester derivative (MPA) is recommended. 'H NMR
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spectra were determined at two different temperatures. At low temperature, the
relative population of the most stable conformer (major) increased, as well as
the effect from the phenyl ring, so the increased micro-magnetic field from the
phenyl ring led the protons on the left side of MPA plane upfield. At the same
time, those protons under the shielding cone in the less populated conformer
(minor) shifted downfield. It could be established by comparing the difference
of the 'TH NMR (67172 = 671 — §72) spectra both at room temperature and low
temperatures [33].

For example, (R)-MPA of diacetone D-glucose (22) was determined at three dif-
ferent temperatures 303, 223, and 193 K in a mixture of CS,/CH,Cl, (4:1). The
recorded 'H NMR spectrum is illustrated in Figure 2.5. The shifts of protons (such
as H-1’, H-2') on the left of (R)-MPA plane moved downfield (67%7% < 0), and the
shifts of H-4' and H-5' moved upfield (67172 > 0). Obviously, once (S)-MPA is
used, all the results should be reversed.

ffix

Indeed, if the size of a phenyl group in the Mosher acid is not large, its
electronic effect on 'H NMR shift changes is not large enough to cause rea-
sonable 'H NMR differences in experiments in some cases. Improved Mosher
acids such as 9-anthranylmethoxyacetic acid (9-ATMA) 23 [34], axial acid
2-(2’-methyoxy-1,1’-naphthyl)-3,5-di-chlorobenzoic acid (MNCB) 24 [35], and
1,5-di-E2,6-di-NO,-benzene 25 [36] are now used. Mosher acids with a large

H(1) H(3) C.H
CS,/CD,Cl, l

N L
Il

5.5 5.0 4.5

Figure 2.5 Partial NMR spectra of the (R)-MPA ester of diacetone D-glucose (22) at (a)
303K, (b) 223K, and (c) 193 K.

a9



50| 2 Non-optical Method in Configuration Study

aromatic ring system, such as 23, have big shielding effects on 'H NMR, and
those effects can be recorded well.

I
Cl

COLH
MeO~T>CO,H O ON
H

Cl F
23 24 25

For example, (—)-methanol can react with 23 to afford (R)- and (S)-Mosher
esters 26. The recorded Aé magnitudes are illustrated. In contrast, the A val-
ues recorded using MTPA are recorded and summarized below. Clearly, use of
9-ATMA brought about large shift differences.

10 R*=(R)-and (S)- R*=(R)-and (S)-
MTPA 9-ATMA
5 3 Cc-1:  -0.25 -0.42
Cc-6:  -0.02,-0.03 -0.26, -0.23
7 YO'R c7: 024 -1.81
/Z\ C-3:  +0.13, +0.06 +0.51, +0.50
8 0 C-4:  +0.04 +0.04
26 C-10:  +0.03 +0.19

If one uses the axial compound 24 as a Mosher acid, it will afford an achiral ester
like 27; it needs to make a model such as 28 below to orient the groups at both
sides of the MNCB plane.

MNCB plane
+0.10 S
Hb + | Ha

O-MNCB* Do

+0.05 ' !

-0.02, -0.03 -0.39, -0.16 N

-0.04 s
-0.06 -0.10, -0.05

27 28

It needs to react with a “standard” chiral amine or other chiral compounds that
play the role of Mosher acids when 25 is used as an auxiliary. For example, when
it was used to assign the AC of the chiral alcohol 29, (R)- or (S)-phenylethyl amine
(PEA, 30) was used as the role Mosher acid.
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HO. R (R)- or (S)- PEA
Y used as a
R? “standard” chirality
HN . « Chiral alcohol needs to
be assigned
30 PEA

However, the Mosher method is an empirical method and has its own range of
use. For example, when there is a big group close to a stereogenic center, the dis-
tribution of positive A§ or negative A5 of 'H NMR may have no regular changes.
For example, in compounds such as 32 and 33, the appearance of +Aé and —Aé
has random distribution around the chiral centers [37].

R* = (R)-or(S)-Mosher ester moiety, the number labelled near atom
is the AS value.

Most of ~-OH, —OS, and —NH,-containing chiral compounds can form the cor-
responding Mosher esters or amides. If the structures of the major and minor
conformation are not the ones that the Mosher method requires, the prediction
may be wrong. The most reliable way is to use chiral compounds whose struc-
tures are close to the model compounds tested in Mosher methods. Or, one can
compute the distribution of (R)- or (S)-Mosher esters (amide) using the B3LYP/6-
3114+G(d) method after conformational searches.

23
Transition State Energy and Chirality Selectivity

In a specific reaction, such as enantioselective additions or reductions, the
different transition state (TS) energy barriers decide the formation of the (R) or
(S)-products. This procedure generally is more complex than experimentalists
expected.

In this procedure, theoretical predictions of the energy barrier are necessary.
First of all, the construction of a reasonable TS geometry is the key step. For
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example, in a normal reduction of the hydride of sodium borohydride to a carbon,
the selections of all atoms of NaBH, and ketone substrate are necessary (TS-1). If
this procedure is simplified as the hydride attacking the carbon (TS-2), the pre-
diction may not give a good result.

o-—Na 9
i 'BH i
R1\\ —~ é 2 R1 /k:':?_'O
rf " R2
TS-1 TS-2 (simplified TS model)

In an enantioselective reduction, the catalyst should be added to the TS struc-
ture (TS-3). Different (R) or (S) AC TS structures should be analyzed.

_,.Naqa - Naqa
o™ o N
R’ \C ~~~~~ H ,.——’E”HZ R2 \L H _,,——?Hz
R? Cat* R’ “Cat*
TS-3 TS-4

Second, the effect of the conformation of R! and R? on the TS barrier magni-
tudes must be investigated. After all the geometries are studied, the lowest TS
barriers could be concluded.

The A(AE) obtained from AE ) and AE ), which are the barriers to the (S)-
isomer and (R)-isomer, respectively, could be used for the prediction of the mag-
nitude of the enantiomeric excess (ee) using the following formula. The percentage
of R isomer (R%) can be computed using formula [15].

—A[(AE)R_g)]
e r 671.69X(AE)(R_S)
Rl = —* gy X 100% = g X 100% (2.15)
l4e @

where R is the gas constant and T is the temperature in kelvin.
Thus, the ee for the (S) isomer is

26~ 169X(AE)z 5
Seel=(1-2XR)x100% = |1 - —————— | X 100%

1 4 e~ 169y,

1 — - LOIAAE) g )

= PRy x 100% (2.16)

Theoretically, for example, when A(AE) changes from 0.2 to 2.0 kcal mol~}, the

predicted ee may increase from 28 to 94%. However, the predicted energy differ-

ence may be overestimated in calculations, and the real ee may be lower than the
prediction. Anyway, the more the difference, the larger the ee in experiments.
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24
Separation of Chiral Compounds

Separation of the (R)- from the (S)-enantiomer is an important task. In many
cases, researchers need to use a racemic mixture as the starting material. If it can
form a crystal, then a small quantity of (R)- or (S)-crystals can be added into the
solution. First, the (R)- or (S)-enantiomer may crystallize from the solution. After
filtration or translation, the overconcentrated (S)- or (R)-enantiomer solution may
crystallize the (S)- or (R)-enantiomer later. With this procedure, the (R)- and (S)-
enantiomers could be separated from each other. However, this is an ideal case.
In many cases, one has to use different methods to separate the (R)-enantiomer
from the (S)-enantiomer. Some cases are described below [38].

241
Chiral Organic Bases

It is usual to use chiral organic bases to react with the organic acids to afford
the corresponding salts. For example, the usually used organic bases include (—)-
strychnine, (—)-quinine, and (—)-brucine. The salt could form in crystalline form
from the solution.

H
34 (-)-Strychnine 35 (—)-Quinine 36 (-)-Brucine

24.2
Chiral Organic Acids

The often used organic acids are D-(+)-tartaric acid, (S)-(—) malic acid, and others.
Similarly, the salt would form as crystals and deposit.

o O
") o HOu )
HO - OH
S OH
o HO H le}
37 (D)-(+)-Tataric acid 38 (S)-(—)-Malic acid

243
Chiral Organic Alcohols

The use of menthyl isocyanate, tartaric acid mono-anilide, or other chiral
compounds to react with the corresponding chiral alcohols could afford different
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esters, and they can be isolated and finally hydrolyzed to the corresponding
alcohols.

39 Menthyl isocyanate 40 Tartaric acid mono-anilide

244
Others

Hydrazine derivatives, such as that of tartaric amide or menthyl hydrazine, can
be used to separate compounds containing aldehyde or ketone groups. The C=0
group can easily react with the -NH, group of hydrazine and form different
stereoisomers which can be easily isolated from each other. After isolation, their
hydrolysis can afford the corresponding ketone or aldehyde.

Ho, H O
HoN—HN NH,

[N o H' oM
/N 42 (2R,3R)-4-hydrazinyl-2,3-
41 Menthyl hydrazine dihydroxy-4-oxobutanamide

As a useful example, the separation of Binol catalysts is elaborated here.
2-Amino-2’-hydroxy-1,1'-binaphthyl (NOBIN) 43 is one of the useful mother
structures for the synthesis of other axial catalysts. The separation of the
(S)- from the (R)-enantiomer can be performed efficiently using (15)-(+)-10-
camphorsulfonic acid (44) [39]. The procedure is illustrated below.

0
NH, NHz----- 0-S
o I
SOgH 02
o ™
43 Racemic Racemic salts

(0]

Il

CT Vo, v O L o
recrystallization ICI)
o DO

>99% ee, (S)-(-)-43 salt
>73% yield Low solubility leading to precipitate
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The separation of different chiral materials has become very popular. This is a
very active area. Generally, high-performance liquid chromatography (HPLC) is
used for this. The widely used commercial materials include modified silica gel,
whose surface is covered with a layer of chiral material, like a sugar molecule. Or,
directly, an organic reaction is used to form a layer of chiral material on the silica

surface.

This is a very interesting area. There are many commercial columns available
for the separation of different chiral compounds. To know more about this, the
reader may consult the corresponding specialized references.
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3
Optical Rotation (Rotatory Dispersion, ORD)

3.1
Introduction

Optical rotation (OR) and optical rotatory dispersion (ORD) are widely used in
chirality study. As an early representative empirical method, the Brewster model
attracted wide attention in the 1960s and many studies were carried out [1]. The
Brewster model predicted the OR using a screw pattern of electron polarizability.
It hypothesized that the magnitude of specific rotation is related to the refractions
of the atoms and depends on different conformations of the atoms/substituents.
Before the 1990s, many other methods were also explored, including some quan-
tum methods [2].

Since the1990s, quantum theory developed well. For example, Hatree—Fock
(HF) calculations were reported by Polavarapu [3]. The first application of den-
sity functional theory (DFT) in OR calculations was reported in Ref. [4]. Then,
static-limit OR calculations [5] as well as coupled-cluster (CC) [6] and coupled-
cluster single doubles (CCSD) methods [7] were reported from different research
groups. Many researchers in this area explored several computational approaches
in OR calculations [8]. At the same time, some OR computation programs, such as
Gaussian, were developed [9]. Recent developments in OR calculations have made
the AC assignment of acyclic chiral compounds relatively easy [10]. All these trials
bring a colorful world in OR study. By the way, OR computation results accompany
NMR calculation in the Gaussian program.

3.2
Quantum Theory

Quantum mechanical calculations relate OR to a molecular parameter A(v),
which is concerned with the frequency-dependent electronic dipole-magnetic
polarizability tensor f, 4, [11]. Computations of §, ; at the HF level of theory
were introduced by Amos for the static limit (v = 0) [12] and by Helgaker for any
frequency v [13]. This method can simply be described as follows:
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28800 12N, V>
v E T ar Vs [BWM]g (3.1)
where N, is the Avogadro number, M is the molecular weight, ¢ is the speed of
light in vacuum, and y is the correction for the solvent, which is either neglected
(y = 1) or approximated by the equation y = (n> + 2)/3 [14]. Thus, the value of
[a], is proportional to magnitude of the tensor f(v).

OR calculation is very useful for AC assignment. This procedure uses the corre-
sponding program. There are many different computational methods in the same
program, for example, in the Gaussian software, different methods lead to differ-
ent OR values for the same chiral molecule. Therefore, for understandable reasons,
one needs to use several different methods for OR calculations when dealing with
the same chiral compound. For example, if the optimization for all low-energy
conformations are carried out at the B3LYP/6-3114+G(d) level in the gas phase,
the computations of OR may be performed at the B3LYP/6-3114++G(2d,p) level.
The predicted OR values must be close to the experimental results.

When a chiral molecule has OR values between —57.8 and +57.8, the relia-
bility may decrease using current DFT methods [15]. However, this conclusion
was reached on the basis of limited samples. More samples for the statistics are
required for reaching more reliable conclusions. Anyway, this result hints at the
fact that it is not easy to predict a chiral compound’s AC correctly when it has a
small OR value.

One method to increase reliability is to look for a known chiral molecule that
has a structure similar to that of the target molecule as a model molecule. Then,
one can compute the OR values for both the chiral target molecule and the model
compound. If the predicted AC for the known chiral compound is correct, the
same method should be relatively reliable to predict the OR magnitudes for AC
prediction for the target molecule.

For example, benzopyrenomycin (1) has an OR of +38 (CHClI,), which is close
to the OR value of (2R,3S5)-2 (+50 in CHCI,). Empirically, (+)-1 may also have
the (2R,3S) configuration [16] because the two compounds are similar. However,
their predicted OR sign predicted reversed when using DFT methods [17]. The
predicted OR values were from +22 to +88 for 2, so the predicted OR and its sign
matched the experiments well. It could be the model compound. At the same time,
the same methods were used to predict the ORs for (2R,35)-1; they were from —28
to —50. The OR sign is opposite to that in the experiments. This gave the hint that
(4)-1 should be (2S,3R).

[a ]

1 Benzopyrenomycin (2R,3S)-2 Rubiginone A,



3.2 Quantum Theory

As is well known, the OR values are very sensitive to the molecular geometry.
For a non-chiral molecule such as 3, there are four conformations a—d theoreti-
cally. Conformer b may not exist because of the large repulsive force between C1
and C4. Conformations a and b have a symmetric plane, therefore their OR equals
zero. Conformation ¢ has no symmetric element, so its OR will be nonzero, and
so for d also. Since ¢ and d are mirror-symmetric, their relative energy will be the
same, their OR magnitudes will be same, but the OR signs will be reversed. Thus
the net OR value from c and d is zero. This analysis could be confirmed. The cal-
culated OR for ¢ was —2.61 at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level, and
the OR for d was +2.58 recorded at the same level and their relative energetics
were almost the same. Considering computation errors, the calculated OR values
of —2.61 and +2.58 could be regarded as the same in absolute terms. The net OR
from c and d conformations is zero. Therefore, the total OR for 3 will be zero.

H H H H
%, %, H,/ H H, H
1772 4 /</ //QQ\\“\\
a b [ d
3

Considering the a chiral compound 4, for example, it could be predicted that the
OR sign for ¢ and d would be reversed and their relative energy would be close.
Thus, the major contribution to OR will be from the conformation a. This con-
clusion can be confirmed by OR computation at the B3LYP/6-31G(d)//B3LYP/6-
31G(d) level in the gas phase. The results are listed in Table 3.1.

H
H/<C'/ H Ci H Cl
4 %, 2
a b c d
4

As predicted above, conformer c has a relative energy of 0.838 kcal mol~! and
OR of +24.36; for conformation d the corresponding values are 0.506 kcal mol~!
and —17.9. The net OR is only —1.7 after the Boltzmann sum. The total OR cal-
culated for (R)-4 is —30. The major contribution is absolutely from geometry a
(48.26/(48.26 + 1.7) = 96.6%). The net OR contribution from c to d is only 3.4%.

Table 3.1 The predicted relative energy, [a]y, and net OR from pairs of conformers.

4a 4c 4d
E (a.u.) —618.057082 —618.055746 —618.056275
AE (kcal mol~1) 0.000 0.838 0.506
Fraction 1.000 0.242 0.425
[a]y —48.26 24.36 —-17.90
Fraction of [a]}, —48.26 5.9 -7.6

Net OR —48.26 -1.7

61



62 | 3 Optical Rotation (Rotatory Dispersion, ORD)

A chiral compound with a longer side chain, such as (R)-2-chloropentane (5),
was tested. Because of the rotation of the single bonds C2—C3 and C3—-C4, totally
nine conformations were found.

H//,,, Cl H, ,Cl H ,C & H ,C H//’" Cl
a b c d .
5
NA f g h i

5

It can be seen that side chains of b and f, c and g, d and h, and e and i are mirror
images. The 3D structures for each pair of conformations are superimposed when
the C1-C2 bond is fixed (Figure 3.1). The net OR for each pair of conformers could
be calculated, and they are summarized behind the 3D structures.

The net ORs from the pairs b—d and c—f are very large. However, their OR signs
are reversed. For example, the net OR from the b-d pair of conformers is +15.6,
it is —28.8 from the c—f pair. Once all pairs of conformers were used for Boltz-
mann sum, the total net OR decreased to —14.5. The whole molecule has an OR
value of —47.7. Therefore, the contribution from 5a is 85.8% and from the pair of
conformers is only 14.2%. Indeed, when the length increases, it may not be easy
to obtain the most reliable conformation for the side chain using the B3LYP/6-
31G(d) method, which causes computational errors. If higher basis sets are used,
such as B3LYP/6-311+G(d), the averaged computational time for a single opti-
mization job increases almost 10 times that using the B3LYP/6-31G(d) method.
Once a higher basis set is used, such as B3LYP/6-311++G(2d,p), which is more
popular in modern computations, the computational time for the OR calculation
job becomes almost 20 times that of the B3LYP/6-31G(d) method. Therefore, the
computation of an acyclic chiral compound’s OR is a big challenge when it has a
long chain. The ORs of 5 using the B3LYP/6-311++G(2d,p)//B3LYP/6-311+G(d)

€-g
-1.4

Total Net OR : -14.5

Figure 3.1 The 3D structures for each pair of conformers (similar with mirror image) and
their net OR values.
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Table 3.2 The net OR values for the four pair of conformers at the B3LYP/6-
311++G(2d,p)//B3LYP/6-311+G(d) level.

Pairs b-d c—f e-g h-i
AE/AE 0.933/0.591 0.667/2.710 1.549/3.385 3.250/3.00
lalp/lalp 44.8/20.7 —-131.6/-27.5 42.3/14.6 114.0/—44.9
Net OR? 8.5 -15.6 1.6 0.09
Total net OR —5.4

a) Using Boltzmann statistics.

method are summarized in Table 3.2. The total net OR is —5.4. The final OR for
(R)-5 is —51.0. It is seen that the total net OR decreases from —14.5 to —5.4 when
a higher level of the basis set is used. In this case, it is found that the net ORs of a
pair of conformers b—d or c—f are very large (up to 8.5 and —15.6, respectively).
However, the net OR values for the two pairs decreased to —7.1.

The absolute OR of —48.3 of 4a is much larger than the value (—30.0) after Boltz-
mann statistics. Thus, if only conformer 4a is used in the OR calculation, the errors
will be very large. The OR of —87.4 for 5a is also much larger than the OR of —47.7
after the Boltzmann sum it could be found that the projection along the direction
of C1 to C3 to C5 should be overlapped. Its projection size is the same as a —C,H:.

It could be expected that the number of pairs of conformations increases
quickly when the length of the chain increases. The sum of the OR contribution
from the pairs should not be large. The key OR contribution comes from geome-
tries such as a in chiral compounds 4 and 5. However, the weight fraction must
be considered to decrease the OR values. The current situation is that not all the
most stable conformations with relatively low energy can be found using a single
conformational search software. Two or more software packages should be used
in the study, and sometimes it may have to be done manually. More powerful
methods should be developed.

New methods may comprehensively consider all the factors in OR computa-
tions. We have to catch the major contradictions and put the minor contradiction
behind. At the same time, energy computations should be avoided.

33
Matrix Model

As mentioned above, quantum methods have provided many benefits in AC
assignment for relatively rigid chiral compounds. However, when dealing with
acyclic chiral compounds, current quantum methods using wave functions
are difficult to be used for the AC assignment since there exist many stable
conformations with low energy (e.g., from 0 to 2.0 kcal mol™!). The number of
conformations is proportional to N3, where N is the number of single bonds
that can rotate freely in an acyclic compound. Obviously, the longer the acyclic
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chain, the more stable the conformations and, consequently, the much longer the
computational time. Indeed, light shows wave—particle duality. Current quantum
theory considers wave functions in OR calculations, and has achieved great
successes. As mentioned above, new methods without consideration of energy
should be developed. The particle function does not consider the molecular
energy; this is the new method’s characteristic.

The movement of the substituent around its stereogenic center looks like a mass
of cloud. For example, the chiral acyclic compound 6 has 189 stable conformations
after conformational searches using the MMFF94S force field. If C-1 and C-2 are
fixed for superimposing all conformations, it can be found that there is a small
area that looks extremely tight in the projections of the —C,H,; group (Figure 3.2,
the large white circle section). In contrast, the projection of the Me group looks
very fixed (Figure 3.2, small white circle).

The core area exists in all geometries with low energy to high energy based on
statistics. It will have the key contribution to the OR values. This is very close to
the conclusion from the OR computations of (R)-4 and (R)-5.

Absolutely, OR must involve the electron’s behavior. However, we can think of
this behavior from different viewpoints. For example, an atom contains neutron(s)
and proton(s), plus electron(s) circling around the core. When we discuss molec-
ular characteristics, we may not consider the electronic behavior. Once we discuss
a tissue, we may ignore the molecule’s behavior and electronic characteristics.
When we face a man’s behavior, we may not consider the electrons’ characteristics,
yet our structure consists of various chemical bonds. The example here shows that,
to some degree, even if universe is formed of different kinds of electron combina-
tions (different chemical bond plus H-bond), we may ignore the electron’s own
characteristics when we face questions at different levels, such as at the electronic
level, the molecular level, the tissue level, or the organ level.

On the other hand, when facing the OR phenomenon, we can see that
the molecule in a solution is always moving but its movement rate is slow
(0.2-0.5cms™!), and its quantum effect is very small. Thus, we can regard a
molecule as a small particle. At the same time, a photon is still a kind of particle.
When the both particles meet, it can be found that reflection and refractions can
be observed from the chiral molecule. This has been well elaborated. Similarly,
a beam of circularly polarized light (CPL) rotates through a definite angle after

6 (S)-nonan-2-ol

Figure 3.2 Structure of (S)-nonan-2-ol and movement projection of all conformations of
(S)-nonan-2-ol around C1-C2 found using the MMFF94S force field.
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Table 3.3 Quantum effect on different particles.

Item Mass (g) Velocity, Specifying Uncertainty AVIV
V (cm/s) accurate of velocity, (%)
position, AV (cm/s)
Ax (cm)
Electron 9.1x107%8 108 10°8 10° >1000
Atom (vibration) 1.67x10723 10° 1078 10° ~100
Molecule 1.7x107%2 0.2 1073 4x1072 ~20
Nanoparticle 10721 0.1 1073 1073 1
Microparticle 10712 1 1073 1071 0

passing a chiral molecule, and this process is possible when we consider two-
particle interactions. Quantum effect on this molecule may be ignored, and the
loss due to the quantum effect may be compensated in other ways. The different
situations are calculated according to the uncertainty principle (Ax X Ap = h)
and summarized in Table 3.3. The molecule’s movement is in between the two
cases: that is, considering the quantum effect (100%) and not considering it
(<1%).

Therefore, it is possible to consider the OR of a chiral molecule in another way.
In the new method, it is not necessary to compute molecule’s energy. This is the
advantages in the OR calculations of acyclic chiral compounds. This conclusion is
almost the same as reached from the relationship study for the OR contributions
for the chiral compounds 4 and 5 above.

3.3.1
Matrix Basis

A typical flexible chiral molecule 7 was selected that contains one stereogenic cen-
ter to illustrate the deduction of the matrix model. However, this method can be
extended to molecules with two or more stereogenic centers.

R4

I

R1 /C\-'/// RS
R2
7

The four independent factors that affect the specific OR of 7 are as follows:

1) The comprehensive mass (1) of the substituents (depends on the conforma-
tions). The value of m changes with different conformations;

2) The radius (r) of the substituents (depends on conformations);

3) The electronegativity () of the atom connected with the stereogenic center;

4) The symmetry (s) of the substituents. This is a new factor that has not been
considered in the previous methods.
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This model considers external factors, such as the solvent, temperature, wave-
length of light, and internal factors, of a chiral molecule. External factors are those
that can be changed by external actions, such as the concentration of solution and
the wavelengths and temperatures employed. Their contribution to the OR can be
written as a set of functions f, f5, f5, and f,.

fi = aymy +a,r] + asy; +a,8,
f, = aymy, + a,ry + asx, + a,s,
f3 = aymg + a,rs + as)s + a,8,

fo = aymy, +a,r, +asy, +a,s,

Here, a, to a, (where a, # a, # a, # a,) are the weighting factors for each of the
matrix elements, and represent the magnitudes of the effects exerted by the mass,
radius, electronegativity, and symmetry of the substituents, respectively, on the
functions f| —f,. Each coefficient’s value is different and a constant, but they are
unknown at the present time.

When photons of light with a frequency (v) interact with each of the four sub-
stituents of the chiral molecule, the function F, is generated:

Flzf(v)f2 (3.2)

This matrix function expresses the interaction of the photons with the four
characteristics (elements) of all four substituents simultaneously. Similarly, the
functions F, for the specific solvent employed, F; for the temperature, and others
can be written in the same form as Eq. (3.2).

h h
F, =f(s) 2 and F; = f(t) 2
fa fa

The overall function that describes the interaction of light with the chiral
molecule for this conformation can be described as F.

F=F +F+F+---

where

h h h

F=f(v) ;z +f(s) Jffj +f(®) 2 4+

4 f4 4
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When the solvent, temperature, and other determined conditions are fixed, the
functions f(s) and f(¢) and others will be constant, and then

fi fi [ fi
—x |2 S Ly
F=k, I3 + K . +k, ¥ +
4 4 /i

where k, k, and k, are constants. Therefore, the expression for F becomes

m o S|4
m, r s, ||a
F=i|™ " X2 S|4
m; 713 X3 S3|[d3
my 7y Xy S4

where k is the sum of all the constants (e.g., k, + &k, + k, +---).

However, F contains a matrix within the function, so it is not a scalar number.
Thus, we define [a] = |F|. Also, the sodium D line is used to obtain the OR. Then,
one conformation has

[alp = kX a, X ay, X as X a, X det(D)
=k, X det(D)

where

m, o S
det(D) = my, 7 X S
mg 73 X3 S3
my 7y Xy Sy

Obviously, det(D) represents the molecule’s characteristics in this matrix model.
It has nothing to do with external factors such as the solution concentration, the
wavelength of light, the temperature, and so on. This shows that the OR is propor-
tional to the det(D) value.

A special case needs to be discussed. The groups R}, R?, R?, and R* are con-
sidered to be perfect point masses (e.g., single atoms). The chiral molecule can
be placed in a three-dimensional coordinate system with the chiral center at the
origin and the smallest group R* along the Z-axis. Thus, the corresponding coordi-
nates can be written as: C, (%1, ¥1, 27), Cy(X5, ¥y, 25), C5(%3, ¥3, 23), Cy(Xy, V4 24)-
Next, three new determinants det(D, ), det(Dy), and det(D,) are formed by project-
ing the matrix elements from det(D) onto the X, Y, and Z-axes. From the projected
values, det(D,), det(Dy), and det(D,) are obtained. Since substituent R* is located
at the origin (x, = y, = 0), all the projected values for the elements of R* on the
X and Y axes are zero. This implies that the contributions to the OR can also be
represented with det(D,), the determinant of the elements of substituents RY, R?,
R3, and R* which is projected on the Z-axis. Obviously, when there are four dif-
ferent atoms connected to the stereogenic center, this molecule does not have a
standard tetrahedral geometry. Thus, det(D,) can accurately reflect the character-
istics of the molecular OR. However, if the four connected groups are complex
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substituents, the use of det(D,) may result in larger errors than for det(D) due to
the second processing of data.

3.3.2
Explanation of General OR Characteristics

When two or more of the substituents are identical, the corresponding values of
r, m, y, and s will be the same. Then the value of det(D) must be equal to zero. In
this case, the molecule has no dissymmetry. Hence its specific rotation is zero.

mern xn %
detpy=|"2 2 M B
ms T3 X3 S3

My Ty Xa Sy

When the positions of any two substituents (e.g., R! and R?) are changed, then
the following determinant results:

my Iy X2 S my N S
m, r s m, T. s
det(D) = "™ N A1 St _ (M2 T2 X2 S| _ —det(D)
ms r3 X3 S3 ms T3 X3 S3
My Ty Xa Sa My Ty Xa S4

The specific rotation’s direction is now reversed. Thus, in a racemate, the specific
rotation will be zero.

When a molecule has two or more stereogenic carbons, the det(D) values of each
different stereogenic center would be calculated. If a compound has # stereogenic
centers, then its net OR will be the sum of the OR of each stereogenic center:

det(D,) + det(D,) + - - -det(D,) = )" det(D,)

As the bond angles change, the values of the groups R!, R?, and R> along the
Z-axis change. Thus, the determinant det(D,) changes when R!, R?, R3, and R*
are considered to be perfect point masses. That means the magnitude of OR for a
chiral molecule would change when the bond angles about the stereogenic atom
changes.

3.3.2.1 Sample Calculations

It is crucial to provide accurate values for the variables (elements) to compute
OR. If the variables cannot have suitable magnitudes, no matter how reasonable
the deduction is, this model will fail. Therefore, reasonable quantitation of the
variables and letting the four variables work well in the matrix model becomes
an arduous and important task. The definitions for the four variables and their
magnitude computations are described below.

Comprehensive Mass m The use of mass has a long history in OR computations
[18]. Atoms in different positions within the substituents have different degrees of
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contribution to the specific rotation. If the atom is directly connected to the stere-
ogenic center, its coefficient is ;. Coefficients of the other atoms that are further
removed are b,, b;, and so on. Thus, the comprehensive mass of the substituent
group becomes:

m=b1m1+Zb2m2+2b3m3+2b4m4+--~

Here, m,; is the mass of atom 1, which is directly connected to the stereogenic
center, and m, is the mass of atom 2, which is directly bound to atom 1. Since
more than one atom can be bonded to atom 1, the summation is used to indicate
that the contributions of all these atoms must be included. This is also true for each
of the substituent atoms that are one step further removed from the stereogenic
center. The term b, is the coefficient for m,, b, is the coefficient for m,, and b, is
the coefficient for m,,.

The calculation of each b, value is now shown for the n-propyl group as a simple
example (Figure 3.3). In this model, the coefficients of the masses are related to
the reciprocal volume. The values of b, are defined as proportional to the recip-
rocal of the volume swept out by that specific mass. Atoms attached further from
the stereogenic center sweep out larger net volumes about that stereogenic center.
Hence, the value of b; will decrease when an atom is farther away from the stere-
ogenic center since the reciprocal of the volume decreases. C1 is directly bonded
to the stereogenic atom (Figure 3.3), and is at the center of the sphere.

The average unit volume of the C1 atom is

1 1 3

-1 —=05232(A7)
v @4n)/3  (4x3.14x0.77)

where r, is the radius of an sp3-hybridized carbon.

C2 and C3 also sweep out volumes around the C1 center during rotations of
both the bond connecting C1 to the stereogenic atom and the C1-C2 bond. Their
average unit volumes can be calculated, respectively, as

1 1 3 =0.06538 (A™%)

vy (4wrd)/3  (4x3.14 % 1.54%)

Figure 3.3 n-Propyl model used for the calculation of its b; value. Plot (b) is the amplified
and simplified geometry for calculating the distance from C1 to C3.
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and

1__ 1 _ 3 = 001516 (A%
V3 (4nr3)/3 (4% 3.14%x2.51%)

where r; is the distant AC in Figure 3.3.

ry = \/(1.542 +1.54% = 2 X 1.54 X 1.54 X cos 108.5) = 2.51 (A)

The b, values are defined as proportional to the respective calculated reciprocal
volumes, that is, 1/v,.

by : by :by= s : 1 : 1 = 0.5232 : 0.06538 : 0.01516 =1 : 0.125 : 0.029

ViV, Vg

Therefore, the mass contributions of C2 and C3 to the specific rotation are 0.125
and 0.029 times that of C1, respectively. This calculation for a carbon bonded to
C3 (e.g., C4) results in a value of b, that is only 0.008 that of b, . Different elements
have different values of b;, and the same elements will have different b, values when
they are in different states of hybridization. The values of b; also change with differ-
ent conformations. A few example b, values are calculated and listed in Table 3.3.
For example, the comprehensive mass of the CO,H group is estimated, as shown
below, keeping in mind the two oxygen atoms (C=0, C—OH) have to be treated
separately. The specific data is summarized in Table 3.4.

m=12x1+0.156 X16 X2+ 0.114 X 16 = 18.7

Some comprehensive masses of simple groups, calculated in the simple man-
ner described above, are summarized in Table 3.5. There are many ways in which
the reciprocal volumes for any given function can be determined. Whatever the
method selected, that procedure should be applied consistently to each molecule
considered.

Radius r The radius is defined as the smallest contact radius of the substituent
when that substituent is in a stable conformation. We use the traditional method
to obtain their magnitudes. The substituent’s 7 value can be estimated by its geom-
etry, or it can be set equal to its Van der Waal’s radius. Some example cases are
now discussed.

Table 3.4 Sample b; values calculated for substituents (b, = 1.0).

Substituent b, Substituent b,

-n-CgH, by =0.125, by = 0.029 -CHj, C-H:b, =0.33
~Phenyl b, =0.125, by = 0.024, b, = 0.0156 ~C(sp®)-C=C— b, = 0.152, b, = 0.0135
-CO,H C=0:b, =0.156, C-0: b, = 0.114 —C(sp®)-O-C(sp?) b, = 0.162, by = 0.033
~C(sp®)-N< b, =0.144 for N —C(sp®)-OH b, = 0.166
~C(sp?)=N- b, =0.137 for N ~C(sp®)-S- by =0.077
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Table 3.5 Values of m, r, and s for some selected substituents.

R m r (R) X s
—CH,4 13.0 2.0 2.5 0.44
—C2H5 14.0 2.2 2.5 0
—-n-Pr 14.6 2.2 2.5 0
—n-Bu 14.7 2.2 2.5 0
-n-C.H,, 14.9 2.9 2.5 0
¢-C¢Hy, 16.4 2.4 2.5 0
—i-Pr 15.6 2.3 2.5 0
—CMe, 16.9 2.8 2.5 0.44
—i-Bu 14.9 2.0 2.5 0
-OH 16.3 1.4 3.5 0
—-OMe 17.3 2.3 3.5 0
-OAc 19.9 2.9 3.5 0
-NH, 14.7 1.5 3.0 0
-C=C 16.5 1.5 3.0 0.25
-NCO 17.7 1.5 3.5 0
-CN 17.8 1.45 3.2 0.25
-CH,Cl 15.6 1.8 2.5 0
—-CH,OH 15.2 2.1 2.6 0
—CHzBr 17.7 1.95 2.5 0
-CH,CN 18.1 29 2.5 0
—NHMe 15.6 2.2 3.0 0
—NMe, 16.6 2.3 3.0 0
—NH3+ 15.0 15 3.8 0.44
-CO,H 18.7 17 2.7 0
-CO,Me 19.2 27 2.8 0
—CONH2 18.5 1.6 2.7 0
2-Furyl 18.1 1.7 2.7 0
—Ph 18.9 1.7 2.7 0.25
4-Cl-Ph 19.0 1.8 2.7 0.25
4-Me—-Ph 18.9 1.7 2.7 0
2-Br-Ph 20.1 1.95 2.7 0
1-Naph 20.0 1.7 2.7 0
2-Naph 19.2 1.7 2.7 0
3-Py 18.8 1.7 2.7 0-0.25
4-Py 19.0 1.7 2.7 0.25
PhCHZZCH— 15.7 2.0 2.8 0
PhCH,CH,— 14.7 3.6 2.5 0
~H,PO, 45.9 2.4 2.1 0

-1 127 2.5 2.5 1
—Br 80.0 1.95 2.8 1
-Cl 35.5 1.8 3.0 1
-F 19.0 1.35 4.0 1
-H 1.0 1.2 2.1 1
-D 2.0 1.2 2.1 1
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1) The methyl group’s r value is taken as that group’s Van der Waal’s radius
(e.g., 2.0A) [19]. The radius r of an ethyl group is also the group’s Van der
Waal’s radius. This is approximated as the distance from the center of the ethyl
group’s carbon—carbon single bond to a methyl hydrogen plus an additional
0.8 A." For other alkyl groups, the Van der Waal’s radii may be estimated by
the distance between the group’s center of mass and the outer hydrogen plus
0.8A.

2) The Van der Waal’s radii of simple aromatic rings, such as phenyl or furan
rings, are approximated as 1.7 A.

3) Ifaheavyatom islinked to one or two light atoms, such as in —-OH and —-NH,,
the radius used is simply regarded as the large atom’s Van der Waal’s radius.
For complex substituents, the value of r can be calculated by its actual geom-
etry. The radii for selected substituents were calculated and are summarized
in Table 3.5.

The effect of a solvent on each substituent is different. Furthermore, the radius of
aspecific group can change in a different solvent. Chiral molecules, with very small
rotation values, may undergo a change in the direction of rotation from positive to
negative (or the reverse) as a result of small changes in the value of the substituents’
radii. Nevertheless, most chiral compounds have large enough specific rotation
values that these small errors are negligible. Thus, it is possible to use either the
calculated radii or Van der Waals radii in this matrix model. Polar compounds
can have strong intermolecular interactions with each other as their concentration
increases, which may induce small changes in the values of the substituents’ radii.
Thus, the direction of the specific rotation may change if the original value of the
rotation was close to zero. In the matrix model, the effects of the solvent, temper-
ature, and concentration are mostly due to changes in the size of the substituents
in solution. Holding the solvent and temperature constant eliminates these effects
when predicting specific rotations for a series of molecules.

Electronegativity y The effect of electronegativity on the specific rotation is large.
In the matrix model, Pauling electronegativities are used throughout unless stated
otherwise. The atom’s or group’s electronegativity [20] has been used. When the
stereogenic atom is carbon, carbon’s electronegativity value is used directly. When
the stereogenic atom is not carbon, the calculated det(D) should be multiplied by
the ratio y /x,, where y is carbon’s electronegativity and y, is the stereogenic
atom’s electronegativity.

Symmetry s The symmetry factor s represents the space group operation that is
widely used to analyze the molecular structure and chirality. Early studies used the
term “atomic asymmetry” to calculate and understand OR [1]. Here we quantitate
this term “symmetry” and use these values in our model. If one substituent has the

1) Generally, the van der Waal's radius of any atom is about 0.8 A larger than the same atom’s valence
radius. We use the average value 0.8 A as the plus value in the calculation of radius of the sub-
stituents.
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highest symmetry operation number N, and this symmetric axis passes through
the atom that is connected to the stereogenic atom, then the symmetry factor Eq.
(3.3) for that substituent is

2
s= [(N_ 1)] (3.3)

N

The values of s for selected substituents are listed in Table 3.5.

This model needs a chiral molecule having at least one symmetric group for its
OR computation, such as a single atom (e.g., H, Cl) or a group (e.g., -CHj, —Ph,
—CCly). If there is no symmetric group connected to the stereogenic center in a
chiral molecule, this model would predict its OR values as zero. For example, 5-
ethyl 5-propyl-undecane and some glycerides [1] have asymmetric centers. How-
ever, their OR values are close to zero. An example may exist in which a chiral
molecule has no symmetric group connected to the stereogenic center but has a
definite OR value. Therefore, one should be careful to use this model to predict
these chiral molecules’ ORs.

If the matrix model represents a reasonable method to predict the magnitude
and direction of specific rotation, then the value of k, should be approximately
constant when obtained for different chiral compounds with similar structures
in the same solvent (and at the same temperature and light wavelength). This
will demonstrate that the value of det(D) is proportional to the magnitude of the
specific rotation. The deviation of such k, values represents a measure of how
well the model works. This premise is tested in Table 3.6, where the calculated
values of det(D), the experimental values of specific rotation (using the sodium
D line), the solvent, and the calculated k, values of series of molecules are
summarized.

3.3.2.2 Calculated Values in Same Series of Compounds

Experimental ORs were obtained for eight alcohols (8—15) (Table 3.5) and the
values of det(D) were calculated. The values of k, were determined from the
calculated values of det(D) and the experimental values of [a],. These values
(0.59, 0.87, 0.40, 0.35, 0.48, 0.78, 0.64, and 0.76, with the average value of 0.61)
are remarkably similar considering the many assumptions used in the model
and the use of only four elements (substituent characteristics) as well as the
fact that all the experimental [a], values were reported by different research
groups. The k, values of compounds 16-19 measured in methanol are 6.60,
5.73, 5.20, and 6.04, respectively. The k, values for the structurally similar
series 20—22 are very close to 4.1 (4.20, 4.14, and 3.96). For chiral compounds
23-26 with an extremely small OR, the predicted results are also close to the
experimental results except for 23. The k, values for the P-containing chiral
compounds 27-29 and dual chiral compounds such as 30-33 are also nearly
constants. Among the computed ~100 chiral compounds, compound 25 has a
different k, value (—0.45) than the others (positive magnitudes). The reason is
unknown.
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Table 3.6 Calculated values of det(D), experimental specific rotation, and the values of k,

from [aly/det(D) for selected example molecules.

Structure number Structure det(D) [a], (experimental) k,
8 H OH +16.16 +9.57 (neat) 0.59
Et” “Me
9 OH +14.98 +13 (neat) 0.87
AL
n-Pr Me
10 H OH -12.10 ~4.9 (neat) 0.40
Me— Me
Me
11 L OH -27.18 -9.5 (neat) 0.35
Me” “n-CgHqo
12 OH -11.57 —5.6 (neat) 0.48
H///.,
)
13 L OH -31.43 —24.6 (neat) 0.78
n,,
Ph/k'/Me
Me
14 L OH +31.23 +20 (neat) 0.64
/u,
Ph Me
Me
15 H OH —14.46 —11 (neat) 0.77
16 -8.81 —55 (EtOH) 6.24
—59 (MeOH) 6.60
17 -7.01 —40.2 (MeOH) 5.73
18 —8.27 —43 (MeOH) 5.20
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Table 3.6 (Continued)
Structure number Structure det(D) [a], (experimental) ko
19 H/, NMe, +8.31 +50.2 (MeOH) 6.04
Meb
20 H Ph +6.57 +27.6 4.20
Et Me
21 H Ph +6.18 +25.6 4.14
n-Pr Me
22 +6.08 +24.1 3.96
H Ph
n-Bu/'LMe
23 H Br -0.65 +0.0035 -0.05
Ph D
24 H Ph +0.93 +0.0068 0.07
Me/LD
25 H Me -0.21 +0.0095 —-0.45
Et/<D
26 H OH +1.86 +1.58 (c-CH,0)  0.85
Ph /<D
H NH,
27 o —53.48 (s, = 0) -4.8 (H,0) 0.090
N Me
HO- & ~54.51 (s, = 0.44) 0.088
OH
28 H, NH> ~96.02 (s, =0)  —165 (1N NaOH) 0.17
SpE
HO "oy —96.67 (s, = 0.44) 0.17
H NH,
29 e} %, —159.5 —25.0 (NaOH) 0.097
P -CsH,
HO"\
OH
HO
30 wH —-7.61x2=-15.32 —13 (neat) 0.85
Me ) M
HO H

(continued overleaf)
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Table 3.6 (Continued)

Structure number Structure det(D) [a],, (experimental) k,
31 COzH +7.27X2=14.54 124 (H,0) 057
HO H
H OH
CO,H
32 H Me det(D;) =-21.37 —34.0 (H,0) 2.86
., det(D,)=+9.5
’l_k""/NHMe 2
HO Ph H Zdet(D) =-11.87
(1R,2S)
33 H Me det(D,) =+21.37 +61.0 (H,0) 1.98

\/ ( det(D,)=+9.5
HQOm, L1y, 2
Ph H'NHMe >det(D) = +30.87

(15,25)

Some chiral compounds with similar structures have no close k, constants in
det(D) computations. The reason is unknown. However, the range for det(D)
values is 0.3-7.0. Some det(D) magnitudes reach 10 or more. The current
structures are of the type >C*H—. For example, when a chiral molecule has a
positive det(D) value for (R)-AC, the determined OR is negative, and the obtained
ko will be negative. Then it can be judged that the real AC for the specific chiral
molecule will be (S)-AC.

Once the H atom of > C*H— is replaced by a Me group or a phenyl ring, the rule
to use k;, values to judge AC will be different. If a chiral molecule has a positive
det(D) value for (R)-AC, the determined OR is negative, and the obtained k, will
be negative. Then, the chiral molecule should be of (R)-AC instead of (S)-AC. This
will be discussed in Section 3.5. These results show that this is a simple and reliable
way to make AC assignment for chiral compounds with small OR. This will be
discussed later.

This model cannot be used for the AC assignment of a chiral compound that has
four groups without any symmetric factor since, once symmetry factor s is equal to
zero, its det(D) equals zero, too. Indeed, if four substituents have no symmetry, the
molecular OR is very small, or too small to be detectable. When all conformations
are used in the statistics in the matrix, to select one conformation with asymmetric
structure is incorrect. However, for a specific conformational OR, the specific data
should be used in a matrix; for example, its radius must be a little different from
other conformations; and this surely will cause an OR changes.

If there are strong H-bonds in a molecule, it may affect its predictions. This is
similar to the other methods. It is still in its infancy, and more tests should be
performed.
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Figure 3.4 Comparison of the calculated ORD of (5)-34 with the experimental ORD.

34
ORD

As mentioned in Section 3.2, the OR value is the function of the frequency of
polarized light. Generally, the wavelength of 589.3 nm of the Na line is used for
OR measurements. Determination of a series of OR values across the scanning
wavelengths gives the so-called ORD spectrum, which is suitable for those com-
pounds that have no chromophores in the UV —vis region [21, 22]. The advance in
quantum mechanical methods in recent years has brought about a renaissance of
OR (ORD) in structural elucidation [23—27]. The other usually used wavelengths
include 578, 546, 436, and 365 nm. ORD is not as widely used as OR. However, its
application is still important in organic stereochemistry.

One example is given here. The chiral levetiracetam 34 [28] obtained marketing
authorization from the U.S. Food and Drug Administration (FDA) as an anticon-
vulsant medication to treat epilepsy and neuropathic pain [29]. Its AC was not
determined until a recent ORD study. The predicted ORD was in agreement with
experimental data, so the only chiral carbon was assigned as the (S) configuration
(Figure 3.4).

3.5
Application

Many methods have been developed, such as DFT, CC, CCSD, and others, as
mentioned above, and used for OR computations. Some economical methods are
introduced here for experimental chemists’ use. At the same time, with the devel-
opment of supercomputer technology, high basis sets can be used for OR com-
putations. Currently, DFT is widely used. The general way to use this method is
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to optimize the geometries at a relatively high basis sets, such as the 6-311+G(d)
level, using different theories, such as B3LYP or B3PW91 and other options set
in the Gaussian program. Sometimes, the effect from a solvent may be investi-
gated using the polarizable continuum model (PCM) model or other models such
as self-consistent isodensity polarized model (SCI-PCM) or integral equation for-
malism of polarizable continuum model (IEFPCM). The conformations with lower
energy (0—2.0 kcal mol™?) are used for OR calculations at a high level. For example,
it could be at the 6-311++G(2d,p) level; or, the 2p orbital should be used rather
than just 1p orbital in OR calculations. Solvent effect can also be considered again
even if it was investigated in the optimization procedure.

Application of OR in organic stereochemistry has been well investigated. From
the small, simple chiral compounds, such as 35 and 36 [30], to the complex natural
product 37 [31], it plays an important role. The OR for 37 was recorded as —378,
and the calculated OR for (175,18S,19S) was +339 at the B3LYP/6-311++G(2d,p)
level using the B3LYP/6-31+G(d,p)-optimized geometries. Its AC was assigned as
(17R,18R,19R).

OH OH

5 : 3 HSCO 2
H3;CO™ 6 ' ;
(+)-35 (-)-36

This method is valid for AC assignment for chiral compounds with single chiral
center and a small OR value. For example, a Michal addition product 40 (Eq. (3.4)),
had an OR value of only —5.7 (about 0.71, methanol) with ee of 80%. The calculated
OR for (R)-AC was —9.4 at the B3LYP/6-311++G(2d,2p) level using the IEFPCM
model (B3LYP/6-3114++G(2d,2p)/IEFPCM) for solvent correction when the
MO06-2X/6-311++G(2d,2p)/IEFPCM-optimized geometries were used [20]. Its
AC was assigned as (R).

Cat.*
fi O‘O =0

40 (3.4)
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3.5.1
AC Assignment for Mono-Stereogenic Center Compounds

Chiral compounds with a single stereogenic center are the simplest. Their AC
assignment is simple using computational methods. For example, the chiral con-
centricolide 41 was assigned as (S) [32]. B3LYP/aug-cc-pVDZ//B3LYP/6-31+G(d)
(method A) and B3LYP/aug-cc-pVDZ/MP2/6-311+G(d) (method B) were used
for it OR computations. Their OR values were —43.7 and —66.1, respectively,
using methods A and B. The experimental OR for this structure was —59.2.
Similar structures, such as 42, 43 [33], with negative OR values could be
predicted as (S)-AC, too. The conclusion was further confirmed by B3LYP/6-
31+G(d,p)/PCM//B3LYP/6-31+G(d,p) (method C) and PCM/B3LYP/6-31++
G(d,p)//B3LYP/6-31+G(d,p) (method D).

41 Concentricolide

[elpexp:  —59.2 -98.8 -64.6
Method A —43.7 -102.0  Method C -97.5
Method B —66.1 -120.8  Method D -85.6

The AC assignment for the simple cyclic chiral compounds can utilize quantum
methods. Only two possible choices exist for this type of compounds, either
(R) or (S). For some cyclic chiral compounds, if the side chain is not long
enough, quantum methods are also used for OR computations. For example,
(—)-cephalosol (44) has an OR of —96.2, and the predicted OR for (R) was 78.9
using DFT theory at the B3LYP/aug-cc-pVDZ/B3LYP/6-31G(d) level. Its AC
was assigned as (S) [34]. Other two spiral chiral examples 45 and 46 were well
assigned using DFT theory [35]. The OR for (+)-45 was +352, and the predicted
OR for the current AC was +285 at the B3LYP/6-31G(d) level. OR of —150 for 46
was measured, whereas the calculated OR for the current AC was —327 at the
B3LYP/6-31G(d) level or —365 at the B3LYP/aug-cc-pVDZ level.

SMe
o0 OMe /N:(
%, _2S
Jesos g
Me N
OMe o] H
44 (—)-Cephalosol 45 (+)-Griseofulvine 46 (—)-Spirobrassinin

lalp exp -96.2, [a]p calca. —78.9
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3.5.2
Matrix Model Application

Acyclic chiral compounds are very important in organic stereochemistry study.
As mentioned above, because of the huge number of stable conformations, to
predict OR using quantum theory is extremely difficult in reality. Matrix model
provides another viewpoint to understand it: for example, two phenylpropanoids,
tatarinoids A (47) and B (48), and a trinorlignan, tatarinoid C (49), from the
rhizome of Acorus tatarinowii [36]. Their ORs were recorded as —6.85, —4.77,
and —10.16, respectively, in CHClI,.

47 48 49

The calculated det(D) value for (R)-47 was —8.96. The experimental OR was
—6.85 in CHCl,. The calculated k, value was +0.76 (= —6.85/(—8.96)), indicat-
ing an (R)-AC for C-8. (R)-47 was further optimized at the B3LYP/6-31+G(d)
level after approximately 40 stable conformations with relative energies from 0 to
2.5 kcal mol~! were found. To reduce the computational time, a total of 22 geome-
tries with relative energy of 0—2.0 kcal mol~! were used for the computation of the
specific rotation at the B3LYP/aug-cc-pVDZ level. The predicted specific rotation
value was —24.2 when the B3LYP/6-31+G(d)-optimized energy was used. An OR
of —23.1 was achieved when single-point energy (SPE) at the B3LYP/aug-ccpVDZ
level was used for OR simulations. The sign of the computed OR is negative, which
agrees with the sign of there recorded result.

Similarly, the calculated det(D) value for (R)-48 was —6.89. The computed &,
was +0.69, which was close to that of 47(+0.76), indicating that the AC of 48 was
(R). The calculated det(D) value for the (R)-49 was —20.80, and the measured value
was —10.16 in CHCI,. The computed &, was +0.50. The k, value is also close to
the value for 47(+0.76) and 48(+0.69).

The atoxic amino acid 2-amino-4-hydroxy-5-hexynoic acid (50) was obtained
from the mushroom Trogia venenata [37]. The AC for 50 was determined
as (2R4S) by both matrix and OR computations. The calculated det(D) for
C2(det(D,)) was —13.32 when it had (R) configuration, and that for C4 was
+24.21 when it had (S) configuration. Thus, the sum of the det(D) for (2R,4S) was
—10.89, and k,, was obtained as 1.21 by division of the observed OR values (—13.2)
by the sum of det(D). If it had the (2R,4R) configuration, the sum of det(D) would
have been —37.53, and k; should be 0.35. This k, is quite small, although this is
located in the reasonable range 0.3—6. However, it is more likely to have (2R,4S)
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Figure 3.5 (5)-52 (a) and its X-ray structure (b).

AC since its k, was 1.21, which lies in a more reasonable range. This result was
further confirmed by total synthesis.

o}
\/\)J\ Et, ,OH
. . OH n-Pr
H  NH,
50 51
When the smallest group is a phenyl ring instead of a proton, like the chiral
tertiary alcohol 51 [38], the AC for 51 was well determined by converting 51 to
52 that has a standard stereogenic center (natural chiral amino acid) and can be
assigned by X-rays. The determinant det(D) for (S)-51 was —0.42. The k, value
was —27.6. The k,, value is negative. This is different from the rule used for the
AC assignment of chiral secondary alcohols or amines. For tertiary alcohols or
amines, such as 52 (Figure 3.5), a phenyl ring is used to replace the proton; if the
predicted sign of k,, is positive, the real AC should be the enantiomer’s AC. Only
when the k; is negative, the AC that is used for det(D) calculations should be the
same as the real AC for the chiral compound.

Olin
Z

When a phenyl ring is replaced by a methyl group, the conclusion is the same:
for example, 53—55 [39]. The smallest group became —Me. Their ORs were mea-
sured as +4.4, +8.2, and +5.8, respectively, in chloroform. The predicted det(D) for
(R)-53, (R)-54, and (R)-55 were +9.48, +11.21, and +22.97, and the corresponding
computed k,, values were 0.46, 0.65, and 0.47, respectively. As mentioned above,
if k, value for a tertiary alcohol is positive, the real AC should be the predicted
enantiomer’s AC. In this case, (R)-AC was used, thus, the real AC for C7 in com-
pounds 53-55 should have (S)-AC. Here, it is found that for a similar series of
chiral compounds, their k; values should be nearly a constant. In this series, it
tends to a value of 0.53.

RO
- o OH HO
HO ‘ g )
OH HO CO,H
53 R=Me;54 R=H 55
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353
AC Assignment for Poly-Stereogenic Center Compounds

In this topic, one case is where the relative configuration (RC) is well established
by 2D NMR, or X-ray study via Mo-radiation. Thus, the way to assign its AC is
just to compute the OR values for any enantiomer of this structure. When the
computed OR has the same sign as the experimental one, one can predict that the
AC for the target molecule is the same as that used for OR computations. The OR
of griseusin F (56) [40] was computed as —145.1 at the B3LYP/6-311++G(2d,p)
level. The recorded OR for 56 was +109.0, which is close to the computed value
(—145.1). However, the OR signs (negative vs positive) opposite. The proposed
structure of 56 must therefore have the AC of (2R,2aS$,8aS,9R,10R,3'R,4'S,6'R).

56 57a

However, not every chiral compound’s RC can be well assigned. In this
case, different methods should be used for excluding some possible structures.
For example, flueggedine (57) is a highly symmetrical [2+2] cycloaddition
indolizidine alkaloid dimer [41]. NMR experiments showed that it had three
possible structures 57a—57c. Structure 57a should be excluded because of the
great relative chemical shift error (up to 10.2 ppm) at C-15 (C-15") by computing
its 13C NMR. The OR values of 57b and 57c were then calculated using the
corresponding lower energy conformations at the B3LYP/6-311++G(2d,p) level
in the gas phase. The OR value calculated for 55¢ was —38.8, which is close to
the recorded OR of —33.5. In contrast, the calculated OR magnitude for 57b was
+62.5, which is far away from the experimental result; especially, the opposite
OR sign predicted for 57b allowed the exclusion of this structure. Thus, the
structure of 57 was determined as 57c. Its AC is (2(2")S, 7(7")R, 9(9')R, 14(14/)S,
and 15(15")S).




3.5 Application

Table 3.7 Computed OR values for (2R,75,20S,215)-58 with four wavelengths and their final
Boltzmann sum.

lalp [als7g [alsy6 [al436
LI +42.75 +45.58 +55.41 +137.33
(@] pexp- +21.63 +23.95 +28.33 +73.40

Table 3.8 Calculated ORD for (4R,105)-60 and (4R,10R)-60 using DFT methods.

Wavelength (nm) [a]exp.a’ I

(4R,10S)-60 (4R,10R)-60
589 —40.4 -36.3 —260.7
546 -52.0 —-50.4 —341.6
435 —227.6 —198.6 —-980.9
405 —453.2 —394.0 —1616.6

a) ORs recorded in Et,O (~0.25g100 ml™!).
b) ORs obtained as Boltzmann averages calculated at the B3LYP/aug-cc-pVDZ level employing
the Et,O implicit IEFPCM solvation model.

354
Using ORD Method

ORD is still a useful method for AC assignment. In some cases, the RCs are
known using 2D NMR methods or X-rays (using Mo radiation). For example,
the OR magnitudes for schizozygine (58) were calculated at the B3LYP/aug-
cc-pVDZ//B3PW91/TZ2P at different wavelengths [42]. Obviously, its AC is
assigned as (4R,10S) based on the ORD data. The OR values calculated with
different wavelengths are summarized in Table 3.7.

(2R,7S,20S,21S)
58 Schizozygine

Another example is the AC identification of agarsenone (60), a new cadinane
sesquiterpenoid [43]. Its AC could be (4R,10S) or (4R,10R). By ORD calculations
using DFT methods, its AC was assigned as (4R,10S) (Table 3.8).

83



84| 3 Optical Rotation (Rotatory Dispersion, ORD)

References

1.

(a) Brewster, J.H. (1961) Tetrahedron,
13, 106; (b) Brewster, J.H. (1959) J. Am.
Chem. Soc., 81, 5475; (c) Brewster, J.H.
(1959) J. Am. Chem. Soc., 81, 5483; (d)
Brewster, J.H. (1959) J. Am. Chem. Soc.,
81, 5493.

. (a) Lowry, T.M. (1937) Optical Rotatory

Power, Dover, New York, pp. 1-24. (b)
Frankland, P.P. (1897) J. Chem. Soc.,

71, 683-743; (c) Tinoco, L. Jr., and
Woody, R.W. (1963) J. Chem. Phys.,

40, 160; (d) Satyanarayana, B.K. and
Stevens, E.S. (1987) J. Org. Chem., 52,
3170; (e) Gould, R.R. and Hoffmann,

R. (1970) J. Am. Chem. Soc., 92,

1813.

. Polavarapu, PL. (1997) Mol. Phys., 91,

551-554.

. Yabana, K. and Bertsch, G.F. (1999) Phys.

Rev. A, 60, 1271-1279.

. Cheeseman, J.R., Frisch, M.]., Delvin, EJ.,

and Stephens, P.J. (2000) J. Phys. Chem.
A, 104, 1039.

. Ruud, K. and Helgaker, T. (2002) Chem.

Phys. Lett., 352, 533-539.

. Crawford, T.D. and Schaefer, H.F. (2000)

in Review in Computational Chemistry,
vol. 14, Chapter 2 (eds K.B. Lipkowitz
and D.B. Boyd), VCH Publisher, New
York, pp. 33-136.

. (a) Kondru, R.K., Wipf, P.,, and Beratan,

D.N. (1998) J. Am. Chem. Soc., 120,
2204; (b) Grimme, S., Furche, F.,, and
Ahlrichs, R. (2002) Chem. Phys. Lett.,
361, 321; (c) Kongsted, J., Pedersen,
T.B., Strange, M., Osted, A., Hansen,
A.E., Mikkelsen, K.V., Pawlowski, F.,
Jorgensen, P, and Hittig, C. (2005) /.
Chem. Phys., 401, 385-392; (d) Giorgio,
E., Viglione, R.G., Zanasi, R., and Rosini,
C. (2004) J. Am. Chem. Soc., 126,

12968 -12976; (e) Freedman, T.B., Cao,
X., Dukor, R.K., and Nafie, L.A. (2003)
Chirality, 15, 743; (f) Wiberg, K.B.,
Wang, Y.G., Vaccaro, PH., Cheeseman,
J.R., and Luderer, M.R. (2005) J. Phys.
Chem. A, 109, 3405-3410; (g) Helgaker,
T., Ruden, T.A,, Jorgensen, P, Olsen, J.,
and Klopper, W. (2004) J. Phys. Org.
Chem., 17, 913; (h) Mrchesan, D.,
Coriani, S., Forzato, C., Nitti, P,, and
Pitacco, G. (2005) J. Phys. Chem. A, 109,

20.

21.

22.

23.

24,

1449-1453; (i) Rinderspacher, B.C. and
Schreiner, P.R. (2004) J. Phys. Chem. A,
108, 2867 -2870; (j) Krykunov, M. and
Autschbach, J. (2005) J. Chem. Phys.,
123, 114103.

. Gaussian http://www.gaussian.com

(accessed 27 December 2014).

. Zhu, HJ., Ren, J., and Pittman, C.U. Jr.,

(2007) Tetrahedron, 63, 2292—-2314.

. (a) Condon, E.U.,, Alter, W., and Eyring,

H. (1937) J. Chem. Phys., 5, 753; (b)
Rosenfield, L. (1928) Z. Phys., 52, 161;
(c) Inamoto, N. and Masuda, S. (1982)
Chem. Lett., 1003.

. Amos, R.D. (1982) Chem. Phys. Lett., 87,

23.

. Helgaker, T., Ruud, K., Bak, K.L.,

Jorgensen, P, and Olsen, J. (1994)
Faraday Discuss., 99, 165.

. Condon, E.U. (1937) Rev. Mod. Phys.,

9, 4.

. Stephens, PJ., Mccann, D.M.,

Cheeseman, J.R., and Frisch, M.]. (2005)
Chirality, 17, 52—64.

. (a) Huang, X., He, J., Niu, X., Menzel,

K.D., Dahse, H.M., Grabley, S., Fiedler,
H.P, Sattler, L., and Hertweck, C. (2008)
Angew. Chem. Int. Ed., 47, 3995—-3998;
(b) Pezzuto, ].M., Lea, M.A., and Yang,
C.S. (1976) Cancer Res., 36, 3647 —3653.

. Li, QM.,, Ren, J., Shen, L., Bai, B., Li,

Q.M,, Liu, X.C., Wen, M.L., and Zhu,
H.J. (2013) Tetrahedron, 69, 3067 —3074.

. (a) Brown, C. (1890) Proc. R. Soc. Edinb.,

17, 181; (b) Eliel, E.L., Wilen, S.H., and
Mander, L.N. (1994) Stereochemistry of
Organic Compounds, John Wiley & Sons,
Inc., New York, pp. 126—144.

. Xie, Y.C. and Shao, M.C. (1979) Struc-

tural Chemistry, Advantage Education
Publisher (Book B), p. 205.

Wysocki, J., Kwit, M., and Gawronski, J.
(2012) Chirality, 24, 833—-839.
McCann, D.M. and Stephens, PJ. (2004)
J. Org. Chem., 69, 8709.

Kong, L.Y. and Wang, P. (2013) Chin. J.
Nat. Med., 11, 193.

Mazzeo, G., Giorgio, E., Zanasi, R.,
Berova, N., and Rosini, C. (2010) J. Org.
Chem., 75, 4600.

Lattanzi, A., Scettri, A., and Zanasi, R.
(2010) J. Org. Chem., 75, 2179.


http://www.gaussian.com

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Polavarapu, PL., Scalmani, G., Hawkins,
E.K,, Rizzo, C., Jeirath, N., Ibnusaud, I.,
Habel, D., Nair, D.S., and Haleema, S.
(2011) J. Nat. Prod., 74, 321.

Li, X.N., Zhang, Y., Cai, X.H., Feng, T,,
Liu, Y.P, Li, Y., Ren, J., Zhu, H.J., and
Luo, X.D. (2011) Org. Lett., 13, 5896.
Fu, G., Doerksen, R.J., and Xu, P. (2011)
J. Mol. Struct., 987, 166.

Li, L. and Si, Y.K. (2011) J. Pharm.
Biomed. Anal., 56, 465.

Patsalos, P.N. (2000) Pharmacol. Ther.,
85, 77.

Benedetta, M., Michele, C., Antonio, E.,
and Carlo, R. (2007) J. Org. Chem., 72,
6680—-6691.

Ding, Z.G., Li, M.G,, Ren, ], Zhao, ].Y.,
Huang, R., Wang, Q.Z., Cui, X.L., Zhu,
H.J., and Wen, M.L. (2011) Org Biomol.
Chem., 9, 2771 -2776.

Ren, ], Jiang, ].X., Li, L.B., Liao, T.G.,
Tian, R.R., Chen, X.L,, Jiang, S.P,
Pittman, C.U. Jr., and Zhu, H.J. (2009)
Eur. . Org. Chem., 23, 3987.

Li, L. and Si, Y.K. (2012) Chirality, 24,
987.

Huang, W.Y., Chen, J.R., Yan, W.Z,, Xie,
D.Q., and Tan, R.X. (2008) Chem. Eur. J.,
14, 10670-10674.

(a) For 45; (2001) The Merck Index.
13th ed. Whitehouse Station NJ: Merck
and Co Inc; p 290 and 810; For 46: (b)
Suchy, M., Kutschy, P, Monde, K., Goto,
H., Harada, N., Takasugi, M., Dzurilla,

36.

37.

38.

39.

40.

41.

42.

43.

References

M., and Balentova, E. (2001) J. Org.
Chem., 66, 3940—3947.

Tong, X.G., Wu, G.S., Huang, C.G., Lu,
Q., Wang, Y.H,, Long, C.L., Luo, HR,,
Zhu, H.J., and Cheng, Y.X. (2010) J. Nat.
Prod., 73, 1160-1163.

Zhou, Z.Y., Shi, G.Q., Fontaine, R.,

Wei, K., Feng, T., Wang, F.,, Wang, G.Q,,
Qu, Y, Li, Z.H., Dong, Z.]J., Dong, Z.].,
Yang, Z.L., Zeng, G., and Liu, J.K. (2012)
Angew. Chem. Int. Ed., 51, 2368.

Liao, T.G,, Ren, J., Fan, H.F, Xie, M.],,
and Zhu, H.J. (2008) Tetrahedron: Asym-
metry, 19, 808—815.

Lu, Z.Y., Zhu, HJ,, Fu, P, Wang, Y.,
Zhang, Z.H., Lin, H.P, Liu, PP, Zhuang,
Y.B., Hong, K., and Zhu, W.M. (2010) J.
Nat. Prod., 73, 911-914.

Ding, Z.G., Zhao, ].Y,, Li, M.G., Huang,
R., Li, QM., Cui, X.L., Zhu, H.J., and
Wen, M.L. (2012) J. Nat. Prod., 75, 1994.
Zhao, B.X., Wang, Y., Li, C., Wang,
G.C,, Huang, X.J., Fan, C.L,, Li,

Q.M., Zhu, H.J., Chen, W.M., and Ye,
W.C. (2013) Tetrahedron Lett., 54,
4708.

Stephens, PJ., Pan, ].J., and Devlin,

EJ. (2007) J. Org. Chem., 72 (20),

2508 -2524.

Stefano, S., Stefano, S., Federica, M.,
Ernesto, S., Ornelio, R., Claudio, S., and
Carla Marcotullio, M. (2013) J. Nat.
Prod., 76, 1254—1259.

85






4
Electronic Circular Dichroism

Theoretically, the absorption of circularly polarized light (CPL) by the (R)- and
(S)-enantiomer is different, and this difference (A¢) can be defined as electronic
circular dichroism (ECD), as shown below:

Ae =€ — &, (4.1)

For organic compounds, the wavelength of CPL used is 190—800 nm in ECD
determination. This method has been widely used since the first commercial ECD
equipment was brought out in about 1960s. In the early days, the use of ECD was
mostly focused on comparison of the unknown product’s ECD spectrum with that
a known compound to assign the absolute configuration (AC) of the unknown
product.

Before the use of quantum theory in ECD study, circular dichroism (CD) exciton
chirality analysis was applied for the AC assignment of various chiral compounds
[1], in particular for the AC assignment of chiral diols. An additional compound
that has a suitable chromophore needs to be attached to the target molecule. The
UV —vis (or UV) absorption region of the chromophore should be different from
that of the target chiral molecule.

After the introduction of the quantum methods, many theories have been
applied for the AC assignment for chiral compounds by comparing the experi-
mental ECD with the theoretical value. This has brought modern chemists great
benefits in stereochemistry studies.

4.1
Exciton Chirality CD

Exciton chirality CD is based on the UV absorption difference between two aro-
matic rings in ECD measurement [1, 2]. This is also called as exciton chirality
circular dichroism (ECCD) [3]. As a traditional example, this can be explained
using 1,2-diol dibenzoate. The two phenyl rings that have two strong absorption
of 7 —z* are located near the two stereogenic centers. The direction of the electron
transition dipole moment of the two chromophores can be counterclockwise or
clockwise. The counterclockwise direction can lead to a negative chirality and the
clockwise direction would produce a positive chirality (Figure 4.1).

Organic Stereochemistry: Experimental and Computational Methods, First Edition. Hua-Jie Zhu.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Negative chirality Positive chirality
Counter-clockwise Clockwise

Figure 4.1 The diagrammatic sketch of the chirality of 1,2-diol-dibenzoate.

The chromophore of the 7 —7z* electronic transition is called an exciton, and
interaction between the two chromophores of 7 —z* is called exciton coupling.
The energy of the excited states from the same two phenyl rings should be differ-
ent because of the coupling. This is the Davydov (energy) spitting. The difference
between the two spit energy levels is denoted A4 (Figure 4.2), and it leads to two
ECD Cotton effects with reversed signs (+ or —).

The strength of optical rotatory dispersion (ORD), ECD, and UV observed
should be the sum of the strengths of those variables from the two phenyl rings
when a CPL passes through chiral matter. Because of the different directions
(+ or —) in ORD and ECD, the sum of the strengths of both ORD and ECD should
be different via the wavelength in nanometers (Figure 4.2, up and middle).

There are three signals in the observed ORD curves, whereas generally only two
signals exist in ECD corresponding to the two exciton couplings in the system
(Figure 4.2 up and middle). This is the direct relationship between the ORD and
ECD found in the early studies in stereochemistry.

The relationship between the negative chirality and its Cotton effect in ECD
spectra is summarized in Table 4.1. In positive chirality, the clockwise rotation
vector of the electron transition dipole moment leads to a positive Cotton effect
at long wavelengths (the first Cotton effect) and a negative Cotton effect in short
wavelengths (the second Cotton effect). The counterclockwise rotation vector of
electron transition dipole moment would cause a positive Cotton effect at short
wavelengths and a negative Cotton effect at long wavelengths (Table 4.1). Based on
this rule, it is possible to assign the AC for 1,2-diols after they are converted into
the corresponding dibenzoates. This method could be used for the AC assignment
of other chiral compounds.
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Figure 4.2 The diagrammatic sketch for simulated ORD, ECD, and UV curves for 1,2-diol
dibenzoate. The dashed lines are the ORD, ECD, and UV signals from each phenyl ring; the
grey lines are the sum of both signals from the two phenyl rings.

Other analogs of benzoic acid, such as 4-dimethyl amino benzoic acid, 4-Cl-
benzoic acid, and 4-MeO-benzoic acid, could be used as chromophores in AC
assignment for some chiral compounds. Among the analogs, 4-dimethyl amino
benzoic acid (2) is used widely. Other aromatic reagents such as 3 and 4 are also

developed for AC assignments [4].

T e

2 UV: 360 nm (31 000)

The key point to correctly use this method for AC assignment is to correctly
judge the vector directions of the electron transition dipole moment of the two
chromophores. For example, there are two transition dipole moments in the

3 UV: 382 nm (27 000) 4 UV: 358 nm (48 300)
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Table 4.1 Relationship between positive or negative chirality and their Cotton effects.

Chirality Rule Long wavelength Short wavelength
Positive (+) BzO The first positive Cotton effect The second negative Cotton effect
BzO
Negative (—) OBz The first negative Cotton effect The second positive Cotton effect
OBz
! 40
+
o_o
+20
Long axis
diploe moment 0
N
Me”~ ~Me
- -20
Short axis

dipole momoent

4t
5 i uv
=
2
N 200 300 400
(a) 5 (b) Wavelength (nm)

Figure 4.3 The long- and short-axis dipole moments and their vector directions for
4-dimethyl amino benzoic acid (a) and its use as excitons for AC assignment of 5 (b).

derivative of 4-dimethyl amino benzoic acid. The first one is the dipole moment
in the long axis, and it has a 4,,, of 309 nm with an € value of 30 400. The second
one is the short-axis moment with a 4., of 229 nm and an ¢ value of 7200. The
first one easily forms exciton coupling between two similar excitons while the
second one does not easily. Therefore, the long-axis dipole moment should be
selected as the vector of the dipole moment in practice (Figure 4.3). For example,
the dibenzoate 5 had a negative Cotton effect at about 320nm and a positive
Cotton effect near 290 nm. This agrees with its 3,4-diol configuration. It takes an

anticlockwise direction.
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Therefore, to determine the long-axis dipole moment is the key step in the use
of exciton chirality method. If this step is wrong, the AC assignment may not
be correct. Two frequently used substituents and their long-axis dipole moment
directions are listed below.

o 0]

O
n n=123,.

For example, the experimental ECD for the chiral acetate of 7-oxocholest-5-
en-3f-ol (6) is illustrated in Figure 4.4. After transferring it to the corresponding
benzoic acid ester, the examined ECD for 7 is superimposed together.

98H17

gH17

C

HO o} Cl

6 7

Based on the conclusion listed in Table 4.1, the exciton chirality of C3 is positive
(Figure 4.4). The first Cotton effect at long wavelength is positive. Therefore, the
prediction agrees well with the experimental results.

Axial chirality can be discussed using exciton chirality. A bisignate ECD Cotton
effect couplet centered near 275 nm comes from the exciton coupling between two
extended asymmetric aromatic chromophores [5]. They directly correlate with
their helical twist. For example, diaporthemin A (8) was obtained from Diaporthe
melonis [6]. Its ECD was measured, which is illustrated in Figure 4.5. It has a

Exp ECD for 7 @
Oé

0
U e
-5
7m\/' Exp ECD for 6 H
—-15} v
H H
200 300

H
Wavelength (nm) Cafhi

Figure 4.4 Comparison of the ECD spectra for 6 and its benzoic acid ester 7 including the
exciton dipole moment direction.
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OH O OH

L 257 nm

273 nm

250 350 450 550
Wavelength (nm)

Figure 4.5 Experimental ECD spectra for the axial compound 8.

positive Cotton effect at shorter wavelength (almost 257 nm) and a negative one at
around 273 nm. The data suggested an anticlockwise helical twist. Therefore, the
axial chirality is assigned as (aS).

4.2
ECD Characteristics for Chiral Metallic Compounds

The advantages of using exciton chirality methods are not needed to compute
the corresponding ECD. This is useful for AC assignment in coordination chem-
istry because it is not easy to compute ECD spectra for metallic ion-containing
compounds. Research involving metallic ions generally is outside the realm of
organic stereochemistry. However, a brief introduction on this important topic is
necessary. Readers who are interested in this area can refer to the corresponding
textbooks or references from various journals for more details [7].

Different from that of organic chiral compounds, the ECD of chiral metallic
compounds contains the contribution from the electron transitions from orbitals
of d—d, f-f, including = — z*, and charge-transfer transitions [8].

Chiral metallic stereogenic compound 9 could be synthesized directly from the
(S)-2-phenylbutanoic acid (PBA) and 3-(bromomethyl) isoquinoline. ECD values
for both (S)-and (R)-9 were determined (Figure 4.6) [9]. Based on the general rule
mentioned above, this is positive chirality, which means that a positive Cotton
effect should appear at long wavelength and a negative Cotton effect at short wave-
length.

With the fast developments in solid-state chemistry, chiroptical spectroscopy
recorded in the solid state can provide important information for the AC
assignment for chiral compounds. In some cases, it can provide evidences that
cannot be obtained under measurements in the liquid state with the assistance
of other methods recorded in the solid state. The available methods include
microcrystalline ECD in KX (X =Cl, Br) disks, liquid suspension ECD in nujol



4.2 ECD Characteristics for Chiral Metallic Compounds

(S)-PBA-
containing

AN
o
o

/

/

z
7

(R)-PBA-
containing

Z 2

215 225 235 245 255 265
9 Wavelength (nm)

Figure 4.6 The exciton chirality model for the (S)-PBA-containing Cu complex and the ECD
for the (R)-and (S)-PBA-containing Cu complex.

mull or fluorolube, film ECD on quartz substrates or dispersed in polymer or
microfluidic channels, single-crystal ECD of cubic and uniaxial crystals, diffuse
reflectance ECD, DRCD (by inserting an integrating sphere in the optical path of
the instrument), and so on [10].

Effect of sample concentration on the ECD spectra has been recorded and
well studied in solid state ECD investigation (such as microcrystalline disk and
film method). An inappropriate concentration may afford an unreliable ECD
spectrum, which finally will lead to a wrong conclusion. Therefore, investiga-
tion of sample concentration is necessary, and the reliable ECD results could
be achieved based on the concentration gradient measurements for a chiral
compound [11].

Racemic metal complexes with high charge could be resolved using some
neutral chiral organic compounds as resolving agents. This procedure may
produce some new species of chiral-only-at-metal coordination compounds.
For example, efficient optical resolution were used to separate the racemic
(MeyN),[Fe,L¢] complex using a simple neutral (S)-1,1'-bi-2-naphthol (11) in
1:1 water-methanol solution. The separated cage structure exhibited the reversed
ECD signals due to different AC of the related cage (Figure 4.7) [12a]. The #—z*
transitions in the phenyl moiety of the achiral ligands gave rise to an typical
negative/positive exciton couplet at 283 nm, from which the chiral-only-at-metal
configurations can be assigned to the A/A (or P/M) form at each metal center
[12b,c,d].

OO "':,O H

OH

10 T cage 11 (S)-BINOL
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300 400 500 600 700
Wavelength (nm)

Figure 4.7 (D spectra of enantio-enriched AAAA-T (grey line) and AAAA-T (dash line)
using resolving agent (S)-BINOL (11).

Notice

It must be pointed out that the phenyl ring (or other aromatic group)
must be connected more or less rigidly. In most cases, the diol structures
or others should be cyclic. Only in this case can the two excitons from
the chromophores make correct couplings in ECD experiments. Another
important issue involves the directions of the long-axis dipole moment.
If the direction used in the procedure is wrong, the final conclusion will be
not be correct.

Exciton chirality is very important and has been well used in organic stereo-
chemistry. Experience is important in using exciton chirality to assign the AC for
various chiral compounds. However, the requirement of two or more appropri-
ate UV chromophores located at proper orientations limits its application for AC
assignment of more chiral compounds.

4.3
Quantum Theory Basis

Although the definition of ECD is simple as pointed out previously (Eq. (4.1)),
simulation of an ECD spectrum is not an easy topic. In the viewpoint of quantum
chemists, to compute an ECD spectrum one needs to know a molecular parameter
f, which is concerned with the frequency-dependent electronic dipole-magnetic
polarizability [13]. This is similar to the optical rotation (OR) calculations. The
velocity rotatory strength (R,) is directly related to f and can be computed. Many
methods can be used for its computation. In the Gaussian09 package, the function
R; can be calculated as follows:

A
R, =2.296 x 107 / BeMy, (4.2)
1%

The unit of R, is 107 erg-esu-cm per Gauss. This equation is related to each of the
specific excitation energies. The obtained curve is not an ECD curve. To simulate
the specific ECD curve, a Harada—Nakanishi function is applied [14]:
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V—V;\2
Ae(v) = ey exp [—( - ) ] (4.3)
where A&(v)) is the absorption difference for the jth conformation; o is the stan-
dard deviation (in cm™!), which is defined as width at the peak height of 1/e (some
reports call it the half-width, but this is not the width of the half-peak (1/2)); v; is
the calculated ith excited state wavelength in electronvolts; and v is the wavelength
near v; used for the simulation of a Gaussian distribution.

Finally, the ECD simulation function is obtained for the jth conformation at the
ith excited state as

Ae(v) R, X v, [ v—v, 2] (4.4)
e(v;) = exp —< ) .
72296 %107\ /no o

Theoretically, after the ECD data for all conformations are obtained, the whole
ECD simulations can be done using Boltzmann statistics. It plots Ae(v) versus
the excitation energies in nanometers, but ¢ is in electronvolts. The default
value for o should be 0.4eV in the Gaussian package. However, it depends
on each specific case. The smaller the value of o, the sharper and higher the
predicted single ECD peak (absorption difference). Therefore, if the value of
0.4 eV is not suitable, it can be decreased to 0.2 eV or increased to a maximum of
0.8eV.

Some researchers do report plots with the excitation energies in electronvolts
directly. The conversion from energy data in electronvolts to wavelength in
nanometers can be effected as
_1239.84
B al

Val (nm) (eV) (4.5)

where Val (nm) is the wavelength value in nanometers, which is the corresponding
value of the state energy in electronvolts.

For example, if an excited state is located at 3.7514 €V, its corresponding wave-
length can be calculated as 330.5 nm.

4.4
Principle Using ECD

ECD is used for chiral compounds with stereogenic centers close to functional
groups (chromophore) such as C=0 and C=C that have UV -vis absorptions.
Therefore, if a chiral molecule has no such UV —vis absorbing functional groups,
it is difficult to use ECD data to determine its AC easily. If a stereogenic center is
too far away from this double bond (chromophore) in a molecule, it is still difficult
to use ECD for AC assignment.

Thus, it cannot be used directly for a chiral compound that has no chromophore.
In this case, one possible way is to react a molecule with a suitable chromophore,
such as Ph(C=0)-, near the stereogenic center. It is possible to remeasure its ECD
to study its AC.
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Another way is to convert it to another chiral compound that can use the ECCD
method. In this method, the important step is to nicely select a suitable com-
pound having a chromophore whose the UV range does not overlap with the
target chiral molecular ECD area, in case the recorded ECD is too complex to
be analyzed.

One should be careful that, in some cases, the recorded ECD curves show only
small changes when the stereogenic center changes from (R) to (S). One needs to
investigate all possible situations before arriving at a conclusion. If possible, other
methods should be used for further confirmation of the AC.

As mentioned in Chapter 1, ECD is very sensitive to the chromophore. Thus,
if there is a long aliphatic group, it may be simplified as a short group. This can
greatly reduce the computational time.

With the development of novel ECD technologies that can measure the absorp-
tion difference from 180 to 210 nm, some structures without any chromophore
may be identified using ECD. However, until now, the most used ECD wavelength
range is 210—800 nm. Therefore, a chiral compound without any chromophore is
difficult to be used in ECD study using an old type of ECD machine that cannot
cover the 180—-210 nm range well.

Indeed, there are hundreds of chiral compounds’ AC are identified using ECD
methods. The great achievements greatly encouraged the application of ECD for
the AC assignment in various natural products. Some interesting examples (12 to
16) [16] are illustrated below.

I
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I
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4.5
Application

45.1
Procedure to Do ECD

As mentioned in Chapters 2 and 3, '>*CNMR and OR computations are needed
to do a conformational search. To predict an ECD spectrum, conformational
searches for any specific chiral compound are also required. After the confor-
mational search, the selected conformations should be further optimized using
quantum theory, such as at the B3LYP/6-31G(d) level, at least. The B3LYP/6-
31G(d)-optimized conformers can be used for ECD calculations at a higher level
such as B3LYP/6-311+G(d) or B3LYP/6-311++G(2d,p).

The B3LYP/6-31G(d)-optimized conformers can be used for further optimiza-
tion at the BBLYP/6-3114+G(d) or higher level again for more accurate geometries;
these geometries, in turn, can be used for more accurate ECD spectral predictions.
Total electronic energy (TEE), Gibbs free energy (GFE), or the zero-point energy
(ZPE) can be used in ECD simulations; this is almost the same as in *C nuclear
magnetic resonance (NMR) and OR computations.

45.2
ECD Application

Since the first use of an ECD equipment in the 1960s, there have been many
reports involving AC assignment for various chiral compounds, especially for
bioactive compounds from nature. For example, the quaternary ammonium salt
17 (betaine) was obtained from the Mediterranean sponge Axinella polypoides
[16a], whose structure elucidated assisted by spectroscopic methods. Its AC
was assigned by comparing its computed ECD with the experimental ECD
(Figure 4.8).

Diincarvilones (18, 19) were isolated from Incarvillea arguta [16b]. The
biological activity of the substances was screened that exhibited their effects
on intracellular Ca?* influx, nitric oxide (NO) production, and human cancer.
The concentration was 10 uM (in Hanks Balanced Salt Solution (HBSS) buffer).

Exp ECD
w
: A
4 O - - AL NS
-00C AN
LA z 4 — Calcd ECD
¥
& 220 240 260 280 300
17 Wavelength (nm)

Figure 4.8 Theoretical ECD of (5)-17 versus experimental curve of (—)-17.
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Diincarvilone A caused a persistent increase in cytoplasmic calcium levels in
A549 cells. The ECD of (95,10R,13R,16R,19R,20S)-18 was computed using the
B3LYP/6-311++G(2d,p)//B3LYP/6-31+G(d) method. The comparison of the
predicted ECD with the recorded ECD is illustrated below.

Both predicted and experimental ECDs agreed well except for a red shift
in whole ECD for 18 (Figure 4.9). Therefore, the AC of 18 was assigned as
(9S,10R,13R,16R,19R,20S). Similarly, the same computation methods were
applied for the ECD calculation of 19, which had a chirality loss of C16. It was
found that both ECD spectra showed strong positive Cotton effect at around
280 nm and negative Cotton effect at 250 nm. Accordingly, the AC of 19 was
determined as (9S,10R,13R,19R,20S).

Spiro curcasone (20) was isolated from the root barks of Jatropha cur-
cas, a plant extensively cultivated throughout the world [18]. All the chiral
centers are close to the C=C bonds and located on the ring. Its stereo-
chemistry could be well characterized by ECD after its relative configuration
(RC) was established by 2D NMR. It appears that exciton chirality can be
used because there are two a,f-unsaturated ketone units near C10. Indeed,
since C8, C9, and Cl14 are located near C=C, the recorded ECD must be
affected by the stereogenic centers. In this case, its computed ECD must be
reliable for its AC assignment. The AC was assigned as (85,9R,10S,14R) by

~~ Exp
200 300 400 200 300 400
(a) Wavelength (nm) (b) Wavelength (nm)

Figure 4.9 The computed and recorded ECDs for 18 (a) and 19 (b).
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Figure 4.10 (a) Experimental and calculated ECD of spirocurcasone (20). (b) Calculated and
experimental ECD spectra of (—)-discorhabdin Z (21).

comparing the computed ECD of (85,9R,10S,14R)-20 with experimental results
(Figure 4.10a).

The natural (—)-discorhabdin Z (21) possesses an unusual hemiaminal group
among the discorhabdin alkaloids [19]. It exhibits moderate to significant cyto-
toxicity, antibacterial activity, and inhibitory activity against sortase A. The ECD
of (1R,2R,3R,6R,8R)-21 was calculated at the B3LYP/6-31G(d,p) level in the gas
phase. The predicted and experimental ECD spectra matched well, and the results
are illustrated in Figure 4.10b.

A trimeric pyrroloindoline derivative, psychotripine (22), has an unprece-
dented hendecacyclic system that bears a hexahydro-1,3,5-triazine unit [20].
The structure was elucidated on the basis of spectroscopic measurements and
quantum theory. The ECD for (3aR,8aR,3a’R,8a'R,3a" 5,8a” R) was investigated
at the B3LYP/6-311++G(2d,p) level using B3LYP/6-31+G(d)-optimized geome-
tries. The half-width of 0.2 eV was used in the ECD simulations. Both ECDs had
good agreement (Figure 4.11).

Compared to rigid chiral compounds, for a linear chiral compound it is difficult
to do an AC assignment due to a large number of stable conformations that are
needed to be computed. If the chiral center is close to a chromophore, ECD can be
used to assign its AC, but this may require more computational time. Mandassion
A (23) and mandassion B (24) have two stereogenic centers, and one of them is
on a long side chain [21]. Both centers are close to an a,f-unsaturated ketone,

929
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Figure 4.11 Experimental and computed ECD for 22.
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Figure 4.12 Experimental and calculated ECD of (a) mandassion A (23) and (b) mandassion
B (24).

and both compounds’ ACs could be determined by ECD. Structures (6Z,4S,7S)-
23 and (6Z,4S,7R)-24 were used for ECD calculations, and the predicted ECD for
the two geometries 23 and 24 agreed well with the experimental results. Clearly,
(62,45,75)-23 and (6Z,4S,7R)-24 have the desired stereochemistry (Figure 4.12).

The example above is one case where the C=C is out of the ring. This double
bond can be on the ring. In this case, it does not affect the results. For example,
in the chiral compound 25, the side chain has a chirality on C11 [17]. The (R) or
(S) AC can affect the observed ECD (Figure 4.13), and based on their matching
degrees, it could be predicted that C11 has (S) AC.
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Figure 4.13 Computed and recorded ECDs for 25 with (115) (a) and (11R) (b) configuration.

Streptocarbazole A (26) was isolated from the marine-derived actinomycetes
strain Streptomyces sp. FMA [22]. Its RC structure was established by spectro-
scopic methods. It was cytotoxic to HL-60 and A-549 cell lines since it could arrest
the cell cycle of HeLa cells at the G2/M phase. Its experimental ECD and predicted
ECD were compared (Figure 4.14), and the AC was identified as (1'R,3'S).

Bioassay-guided study is a useful method to find bioactive compounds. This pro-
cedure is not complex. If a rough extraction exhibits some bioactivity on a certain
model, such as the anti-HL-60 cell model, then it can be separated into several new
fractions (e.g., 10 fractions). Then the same bioactivity method is used for the study
of the 10 fractions. Possibly, similar or higher activity may be found in two or three
fractions, and this is a good sign. After combining two or three fractions together,

"X Calcd for (1'S,3'R)

200 250 300 350 400
Vavelength (nm)

Figure 4.14 Measured and calculated ECD spectra for 26.
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the combined new fraction is used for further separation and affords some new
fractions again. Bioactivity scanning for these fractions can be performed again
to select the new bioactive fraction, and these fractions can be used for next cycle
study. The procedure is repeated until the bioactive compounds are found.

For example, based on the above principle, natural streptosetin A (27) was
obtained from one of the active strains identified through yeast assay [23]. After
its planar structure was identified using 1D and 2D NMR experiments, and its RC
was determined based on X-ray analysis. The simulation of ECD spectra using
density functional theory (DFT) methods confirmed its AC as (4R,5R,9R,10S,13R)
(Figure 4.15).

Notice

The same scale should be used at the X-axis when comparing experimental
and theoretical ECD’s. The best way is to place the experimental and theo-
retical ECD in the same plot. The experimental ECD spectra here covered
the range of 220—400 nm instead of the computed range of 170—350 nm;
this is not frequently used in reports.

453
UV Correction

The examples mentioned above, especially example 27, bring another academic
question: the calculated spectra curve may appear red-shifted or UV-shifted in
practice. If the signal with the largest Ae value moves to the long-wave direction,
it is then called the ECD red shift. If it moves to shorter values, this is a UV shift.
The shift range may be from 10 to 30 nm in most cases. Because the accuracy is
not high enough in computations using DFT methods, the energy of the excited
state may not match with the experimental results well. In example 27, the pre-
dicted ECD has a strong UV shift of almost 40 nm with a negative Cotton effect in
experiments. It reduces to about 30 nm with a positive Cotton effect near 310 nm.
This could be compensated using the UV correction method [24]. The procedure
for UV correction is illustrated below.

4S,55,9S5,10R,13S

/

220 300 400 170 250 350
Wavelength (nm) Wavelength (nm)

Figure 4.15 Experimental and calculated ECD spectra for 27.
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1) UV spectral simulation is required while simulating of its ECD spectra. The
UV absorption spectra from oscillator or dipole strength can be simulated
using the formula

D; X v, V—v\2
e(v) = exp —( ) (4.6)
4x2.296 X 10 /nc o

where D is the dipole strength of the ith excited state of the conformer, and o
is the half-width at €, /e. The default is 0.4 eV in the Gaussview Program.

max

In the Gaussian output file, the computed data are the oscillator strengths
instead of dipole strengths. Thus, the following conversion formula is used:

8n2,mc
= e D &7
or
.= J > (4.8)
4.701755608 x 10% x v,
If v, is in electronvolts, the predicted D, should be
.= J (4.9)
3.79222203232 X 1033 X v,
If v; is in nanometers, the predicted D, should be
. X V.
) Jix v (4.10)

4701755608 x 10%
where f; is the oscillator strength and v, is the value of the ith excited state.

Similar to the simulation of ECD introduced above, the simulation can be per-
formed under the same methods. After the UV simulation, the following steps is
carried out:

1) Measure the difference of the extremum value of UV between the
two experimental and theoretical UV spectra, for example, this is A4
(A4 = Aeyp = Acarca)s it could be in nanometers or in electronvolts.

2) Convert A4 in nanometers to the corresponding value (Av) in electronvolts
if nanometers was used in the UV spectra.

3) Insert this value (in electronvolts) into the calculation equation of ECD (Ag)
below.

Ae(v) = (4.11)

R; X (v; + Av) . (v—(vi+Av))2
xp|—| ————=

2.296 X 107 \/nc o

The value of Av could be positive or negative. Thus, when it is added to the
formula of ECD (Ag), the new ECD curve should move to the corresponding
direction.

4) Simulate the corresponding ECD curves using the Boltzmann sum.

This procedure is complex. In practice, there is another simple way to perform
UV corrections. The first two steps are the same.
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Figure 4.16 A diagrammatic sketch for UV a value of A4, the new ECD curve (the lower
corrections used in the simulation of ECD. line labelled as ‘corr ECD’) can match the

In this proposed case, this UV appears red- experimental ECD well generally. The differ-
shifted. After moving the ECD to the short ence of A(AJ) is unavoidable, and, some-
wavelength direction (UV-shift direction) with times, this is still a large value.

1) Simulate the UV spectra.

2) Measure the difference of the extremum value of the Cotton effect (A4 =
Aexp — Acalca)» Namely, the point with largest & value between the predicted
UV and experimental UV.

3) Translate the predicted ECD with a step of A4; the new ECD should closer to
the experimental ECD.

A diagrammatic sketch is given in Figure 4.16. Indeed, even if the new ECD
curves are translated with a value of A/ to the opposite direction, the corrected
ECD has still a small difference A(A4). This is normal. In many cases, this value is
acceptable.

For example, the derivative 28 is the analog 29, which has strong bioactivity [25].
The total synthesis of 28 provides a chance to study its stereochemistry [26]. The
ECD prediction was performed at the B3LYP/6-3114++4G(2d,p) level by using the
conformations obtained at the B3LYP/6-311++G(2d,p) level. GFE and ZPE were
used in ECD simulations.

(2R,3S)-28 29 Rubiginone A,
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Figure 4.17 The simulated ECD for (2R,35)-28 using zero-point energy and Gibbs free
energy without UV corrections (a) and with UV corrections (b).

The predicted ECD had a large red shift compared to the experimental ECD
(Figure 4.17a). In UV simulations, it was found that the computed UV had about
7 nm red shift. Both methods were used for ECD simulations again. It was found
that both methods gave nearly the same conclusion: the corrected ECD needed to
move to shorter wavelength by about 7 nm (Figure 4.17b). The ECD curves before
and after UV corrections are illustrated below.

Obviously, after the UV correction, the new simulated ECD can be matched
with the experimental ECD better. It is worth carrying out this step. However, in
many cases, it is usual to compare the ECD shapes between the predicted ECD
and calculated ECD without UV correction; this is absolutely acceptable.
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5
Vibrational Circular Dichroism and Raman Optical Activity

Optical rotation (OR), optical rotatory dispersion (ORD), and electronic circular
dichroism (ECD) have been widely used in absolute configuration (AC) assign-
ment for chiral compounds, while vibrational circular dichroism (VCD) was still
under application promotion in the year 2000. Now, its application has become
popular not only for obtaining abundant structural information on various bond
vibrations in a chiral molecule itself but also information on the interaction
between two or more chiral compounds. The vibration caused by atom oscillators
forms the fundamental basis of AC assignment.

Different absorption of the left- and right-handed circularly polarized infrared
(IR) radiation forms the basis of VCD. Its definition is the same as that of ECD.
However, the range of wavelengths involved is different. In ECD spectral studies,
UV and the corresponding circularly polarized UV in the range 200—800 nm is
used in most cases. Because the energy of UV radiation is very large, the time
taken for ECD determination is short. In VCD, IR and polarized IR in the range
200-8000 cm ™! is generally used, but in particular from 500 to 4000 cm™?, or just
from 1000 to 2000 cm™! for many chiral organic compounds. Since the IR energy
is much lower than that of UV, the determination time of VCD is much longer
than for ECD measurements. Normally, it may need 10 h or more.

Similarly, Raman scattering spectra and the corresponding Raman optical
activity (ROA) provide other information for different structures. ROA involves
a physical variable: that is, the scattering cross section when polarized light
passes through a chiral sample in solution or in solid [1]. It is also the intensity
differences between left- and right- circularly polarized radiation. The form of
the formula is very similar to the ECD formula:

A=A, — Ay (5.1)

where A is the scattering cross section and A; and Ay are the scattering cross
sections to the corresponding left- and right-handed circularly polarized light
(CPL), respectively.

The wavelength range in ROA is mostly from 200 to 4000 cm™ when used in
organic stereochemistry. This also depends on the requirement of measuring a

chiral sample. In some cases, the window just covers 200—2000 cm™!.

Organic Stereochemistry: Experimental and Computational Methods, First Edition. Hua-Jie Zhu.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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5.1
Exciton Chirality

Exciton chirality can be used for AC assignment using VCD. This is tentatively
called the VCD exciton chirality method. It relies on bisignate VCD couplets that
have a sign that reflects the relative spatial orientations of two IR chromophores
(vibrational frequencies). It is the same as that appeared in the ECD study; the
positive dihedral angle of two chromophores, such as carbonyl groups, generates
a positive—negative couplet from lower to higher frequencies, and the negative
angle gives a negative—positive couplet. Until now, the method has been tested
using known chiral compounds. In this case, the chiral compounds must have
two >C=0 groups because of their strong, sharp, and isolated absorption around
1650—1800 cm™!. On the other hand, the >C=0 group can be introduced into
a molecule by esterification or other reactions, which is convenient when using
VCD exciton couplet methods in AC assignments.

For example, (S)-3-hydroxydihydrofuran-2(3H)-one (1) and its derivatives
(S)-2 have very weak VCD signals from 1720 to 1820 cm™!. However, if they are
converted to the acetyl ester (S)-3 [2], strong VCD signals in this area are obtained
as a result of the exciton coupling from the two >C=0 groups: a positive signal at
1790 cm™! and a negative signal near 1750 cm™" (grey line labelled as ‘Exp VCD
for (S)-3’ in Figure 5.1). It looks like they are negative—positive couplets from the
low wavelength to the high wavelength, namely, from the high frequency to the
low frequency direction. Once (R)-3 was used, almost a mirror image of the VCD
curve was obtained from low wavelength to high wavelength (dash line labelled as
‘Exp VCD for (R)-3’ in Figure 5.1). The VCD signal exhibits the positive—negative
coupling signals.

o}
" 1R=0OH
R//a,&/o 2R =0Me
3R=0Ac
B
It is different from the exciton chirality method in ECD study, because one needs
to do conformational searches to obtain the most stable conformation for the
relative orientation of the two >C=0 groups. This procedure is the same as what
we did for conformational searches in Chapter 3. By using the MMFF94S force
field or any other molecular mechanics force field, a series of low-energy confor-
mations can be recorded for further optimization at the B3LYP/6-311+G(d,p)
level. The DFT (density functional theory)-level optimized geometry with the
lowest energy is used for the determination of the dihedral angle of the two
>C=0 groups. If the angle is positive (0° < # < +180°), it hints of a clockwise
twist, and it will have a positive—negative VCD signal. When it is a negative
angle (counterclockwise, —180° < 6 < 0°), a negative—positive signal should be
predicted.
In the VCD exciton chirality study, a conformational search is necessary.
However, it reduces the steps of VCD computations. This has the advantage
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Figure 5.1 The VCD spectra for (5)-1-(S)-3 and (R)-3, including the dihedral angle “direc-
tion” of the two C=0 groups based on the DFT-optimized geometry (the VCD signals for
(5)-1 and (5)-2 are very weak).

of economy. However, it must have the corresponding C=0O groups at suitable
positions, or introduced acetyl groups in the chiral molecule by esterification.
That means this method has limited uses in AC determinations, although it has
some advantages when a C=0 group can be introduced for increasing the VCD
signal strength near 1650—1850 cm™!. If either of these conditions cannot be
satisfied, this method cannot be used in AC assignment.

5.2
Quantum Theory Basis

5.2.1
VCD and IR

VCD and ROA are the two fundamental forms of vibrational optical activity
(VOA). Both involve vibrational transitions in molecules involving internal
normal modes of vibrational motion, such as the stretching and angle-bending
of bonds. The quantum theory of VCD can be found in many specific references,
including comprehensive descriptions of all aspects of VOA [1, 3]. The discover-
ies of VCD and ROA have been reported in the many pioneering works by, for
example, Stephens et al., [4] Barron et al., [5] Holzwarth and Chabay, [6] and
Nafie et al. [7]. These study have opened the field of VOA and made possible
today’s technology for the assignment of AC in chiral molecules.

VCD is a measure of the difference in left versus right circularly polarized
infrared (IR) radiation. An important advance for VCD was the development of
Fourier transform (FT) VCD measurement [7d] and its subsequent commercial
availability by BioTools in 1997 that made VCD widely accessible to for example
organic chemists. The intensity of VCD is proportional to the vibrational rota-
tional strength, and this is related to vibrational (1) electric and (2) magnetic
dipole transition moments. The former two are related to the harmonic force
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field and atomic polar tensor, and the latter is concerned with the harmonic force
field and the atomic axial tensor. Currently, DFT methods can give sufficiently
good prediction for IR vibrational absorption intensities, as the dipole strength,
D, and for VCD intensities as the rotational strength, R.

In modern calculations, the computations can be performed on either personal
computers with sufficient memory and speed or on larger mainframes such as
a super-computer-system. From the viewpoint of experimental chemists, the
important aspect of a VCD calculation is how to treat the obtained numerical
VCD and IR intensities for each normal mode of vibration. In Gaussian 09
software, once the rotational strength and dipole moment values are obtained for
each vibrational frequency in a particular optimized molecular conformation, the
following formulas can be used for IR and VCD simulation with the frequency as
X-axis [8]. For the i frequency, it gives

for IR :
_ Y
=3.4651907x10°%.v-D, —* 5.2
e(v) VD A (52)
for VCD :
_ 4
A =4x34651907x107%.v.R, —— 5.3
e(v) VR T (5.3)

where D; is the dipole strength for the ith frequency with the unit of
107 esu?cm?, R; is the rotational strength in 107 esu?cm?, and y is the
half-width of the Lorentzian band at one-half of the peak height (in cm™!) (4 cm™!
is used as default). All of them are used in the Gaussian software. For more details
of specific deduction procedure for calculations of D; and R;, one should read the
corresponding materials from Gaussian.

After the IR and VCD intensities for all vibrational frequencies are calculated
using Egs. (5.2) and (5.3), the complete IR and VCD spectra can be simulated
by adding all calculated intensities, each centered at its vibrational transition
frequency for a particular optimized molecular conformation. Once all sufficient
low-energy conformations are investigated, the conformer population-weighted
IR and VCD spectra can be simulated using Boltzmann statistics. The final
Boltzmann-averaged IR and VCD spectra are compared with the corresponding
experimentally measured IR and VCD spectra. Comparison of the signs of the
measured and calculated VCD spectra allow for the assignment of AC of the
molecule. If the signs agree, the AC of the calculated molecule is the same as the
AC of the measured molecule, and if they are opposite in sign, then the AC of
measured sample molecule is opposite to the one chosen for the calculation.

5.2.2
ROA and Raman Scattering

ROA studies the behavior of with circularly polarized Raman scattering light in
chiral matter. Prior to the discovery of ROA, it was speculated that the princi-
ples optical activity in the UV and IR could be extended to Raman scattering
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and that ROA could be determined under suitable experimental conditions.
This assumption was confirmed by Barron and coworkers in 1973 by using
a-phenylethanol and other chiral compounds [9]. The commercial development
of ROA equipment by BioTools in 2004 provided the opportunity for organic
chemists to complement the assignment of AC by VCD and thereby further
extend the determination of AC assignment for all classes of chiral compounds.

ROA is a kind of scattering phenomenon, with three different geometries,
namely right-angle scattering (90°), backscattering (180°), and forward scattering
(0°). The intensity of ROA is determined by the three generalized polarizabilities.
The major conclusions will be presented here.

The definition of ROA in computations was developed in 1971 by Barron and
Buckingham [10], who introduced the dimensionless circular intensity difference
(CID) (A).

— M (5.4)
(R +1V)
where IR and I" are the scattered intensities in for right- and left-circularly polar-
ized incident light, respectively. The specific relationship can be written as shown
below [1-4, 11]:

— )4
R4+l %[45%2 +75] (5.5)
[1-e (-5))
—v.)4
Fofto—Yn W 1pp g (5.6)

where a? and g7 are the Raman invariants, and 2 and f are the ROA invariants.
They are all related to the electric dipole—electric dipole molecular polarizability
tensor (a,;) and the electric dipole—magnetic dipole and electric dipole—electric
quadrupole optical activity tensors (G',;) and (A4,;,). These polarizablity tensors
can be computed using a program such as the Gaussian package. v,, and v, are
the incident light frequency (in cm™!) and vibrational frequency mode (in cm™1),
respectively, for the ith conformation.

In the Gaussian computation program, the complex tensors are simplified using
Raman X; and ROA X, which refer to the intensity values (sum or difference) for
each normal mode i for three different types of experiments, and CID X; is the
quotient ROA X;/Raman X, which is also reported in the Gaussian output (note
that the ROA intensity values in the Gaussian output are already multiplied by
10%). It can simulate the corresponding ROA, Raman, and CID spectra, respec-
tively, for the ith mode (frequency in cm™') by using the following Lorentzian line
shape function:

Raman spectra :

1 4
([R + IL)(V) = (Vl-n - Vi)4 RamanXiE m (5.7)
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ROA spectra :
4 _ 4 1 /4
(IR - IL)(V) X 10* = (Vin - Vi) ROA Xl; (V—\/lTyz (58)
CID spectra :
Iy — I)(v) x 10*
DWW XA opy 1 v (59)
Ux + 1)) T (v—v)?+y?

where v,, is the incident (laser) frequency and y is the half-width of the Lorentzian
band at one-half of the peak’s height (in cm™!). The default value is 4 cm™! in the
Gaussian program.

For each frequency mode, the intensity can be simulated to a Gaussian distri-
bution (normal distribution), if desired, using the formulas above by changing the
v values. After summing all the modes’ Raman, ROA, or CID, it will give the cor-
responding Raman, ROA, and CID spectra, respectively, for the ith conformer.
By Boltzmann statistics using different energy data, such as TEE (total electronic
energy), GFE (Gibbs free energy), or ZPE (zero-point energy ), whole Raman,
ROA, or CID spectra can be obtained using the vibrational frequency mode as
the X-axis (in cm™!).

The relationship between the Raman X; and ROA X, is listed in Table 5.1. In the
far-from resonance (FFR) approximation, the incident circular polarization (ICP)
and scattered circular polarization (SCP) forms lead to the same result; that is why
the boxes contain “ICP = SCP.”

“DCP,” (dural circular polarization) is the in-phase dual circular polarization
form. In the FFR approximation

DCP;-ROA (180°) =ICP;-ROA (180°) = SCP;-ROA (180°), but
DCP;-Raman (180°) < ICP;-Raman (180°) = SCP;-Raman (180°).

The angles in parentheses indicate whether they are the intensities for backscat-
tering (180°) or right-angle scattering (90°) experiments.

The wavelength for the static limit is 532 nm used in the Gaussian package
(which is the laser frequency of the BioTools instrument), so the frequency
v, is 18796.99cm™! in this case. The ROA instrument that have been con-
structed include the right-angle, forward scattering, and backscattering ICP
ROA setups as well as ICP, SCP and DCPI and DCPII backscattering ROA, and,

Table 5.1 Relationship between the Raman X; and ROA X,.

iofX; Raman X ROAX

1 ICP;(180°) = SCP;(180°) ICP;(180°) = SCP;(180°)
ICP,(90°) = SCP,(90°) ICP(90°) = SCP,(90°)

3 DCP,(180°) DCP,;(180°)

The subscripts “U” and “D” refer to use of unpolarized incident radiation or depolarized ROA (a
polarization analyzer is placed in the scattered beam parallel to the scattering plane), respectively.
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currently, available commercial ROA instruments from BioTool include the SCP
backscattering and simultaeous backscatering for all four forms of ROA [12].

Currently, it is difficult to measure the absolute Raman/ROA cross section,
which could be related to the calculated intensities on a per molecule (mole)
basis just like IR/VCD for epsilon and delta epsilon. So, the Raman/ROA counts
or Raman/ROA intensity is plotted on an arbitrary scale for the comparison of
measured and calculated Raman/ROA spectra, respectively.

5.3
Principles Using VCD and ROA

Computation of VCD just needs the investigation of molecular geometries at the
ground state instead of excited state like ECD; thus, the computational basis sets
have no big effect on the VCD spectra. The basis set at B3LYP/6-31G(d) in many
cases is reasonable for the prediction of a simple chiral molecular VCD spectra.
However, for a relatively complex chiral compound, to obtain a reasonable geom-
etry that matches a real case, a 6-311+G(d) set may be perfect, especially in energy
data predictions [13].

Because of the existence of the C—H bond in all organic compounds, to reduce
the interfering signals of C—H from the solvent, solvents such as CDCl;, CD;0D,
and CCl, must be used in VCD measurements. The effect of the solvent on VCD
needs to be removed from the whole spectra. After the deduction, it can give
important information on the C—H bond or other H- connected bonds.

As mentioned above, the VCD signals are very sensitive to the structure, includ-
ing the relative positions between different chiral molecules. Also, because of this
characteristic, sometimes the predicted VCD will not agree well with the experi-
mental VCD when a chiral molecule has two or two more hydroxyl groups inside
(other groups like -NH, have the same effects), especially when the two —OH
groups are close enough.

A VCD study to determine the orientations of four axial compounds 4 in solu-
tion was performed [14]. Compound 4 has two ways in which to connect the
H-bond, a and b, respectively (Figure 5.2). The energy difference between the
two H-bond schemes is not high, as seen from the potential energy scan (PES)
searches. The VCD results confirmed that the full connection is aaab, as illustrated
below. Their orientations were well predicted. This is an interesting and successful
example in the orientation study of four chiral molecules.
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Figure 5.2 Experimental and theoretical IR and VCD spectra for 4.

This example suggests that the interaction between the different molecules
should be frequent. This not only provides us with much information on the
structures but also points the difficulty in structural study. For instance, the
example listed above can be estimated on the basis of the X-ray structures of their
(R)-isomer. However, if there is no crystal structure to be used as a reference, then
arriving at a conclusion on the number of molecules in computation becomes a
challenge. If the number is more than three, how do we construct their relative
orientations (relative positions) in optimizations? These are the fundamental
questions in VCD study.

So, the best candidate molecule used in VCD study should contain either the
—OH, -NH,, or —-CO,H group. If there are two or two more these groups, they
should not connect closely, like 1,2-diol structures. If one of the groups appears
in a chiral molecule, the VCD signals may not be good enough for comparison of
the theoretical result with the experimental one. Of course, if the polar groups do
not interact strongly among different molecules in solution or in solid, it is still a
useful way to use VCD for AC study. The cases discussed for VCD study may exist
in experiments with ROA as well.

Contrary to the cases mentioned above, if a chiral molecule has no —OH or
other active-proton-free groups, then VCD spectra of generally high resolution
and quality can be obtained. They generally agree well with the predictions.

When a chiral molecule has no UV absorption, it is impossible to use ECD for
AC determinations; or a chiral molecule may have a small OR value that cannot
be well predicted using quantum methods. In the both cases, it is a good choice
to use VCD for AC study.

In VCD study, the corresponding IR spectra must be measured simultaneously.
It should provide reliable results after comparing the predicted VCD and IR with
the experimental VCD and IR. This point must be emphasized.



5.4 Application

In ROA studies, it is found that the Raman spectral intensities are sensitive to
the fuse augmentation of the basis set. For example, the minimum of 3-21++G
basis set has been recommended [15].

As expected, because of the characteristics of the scattering of light, the “shape”
of a molecular geometry has an effect on its scattering spectra. It appears that
because of the strong interaction between two chiral molecules, or among several
different chiral molecules, the “shape” of a “dimer” or “trimer” may be different
from its monomer structure, so their Raman, ROA, and CID spectra may be differ-
ent from the corresponding monomer spectra. This is similar to the VCD spectra.

It is different from the IR/VCD spectra, which give the absolute values for the
absorption difference when right- and left-CPL pass through the chiral sample. It
is possible, with careful calibration, to measure the absolute Raman/ROA cross
section, which could be related to the calculated intensities on a per molecule
(mole) basis just like IR/VCD for epsilon and delta epsilon. However, it is really
very hard to achieve experimentally, so the Raman/ROA counts or Raman/ROA
intensity is plotted on an arbitrary scale.

54
Application

5.4.1
VCD Application

VCD can be widely used in AC determinations. The use of different basis sets will
clearly affect the VCD spectra in many cases. Discussion of the effect is useful. As
an example, a,f-unsaturated ketone represents a typical structure existing widely
in synthetic and natural products chemistry, like 5. Because only one >C=0 exists
in molecule 5, one expects no VCD signals near 1700—1800 cm™!. The major
VCD signals will appear from 1000 to 1400 cm™! caused by various stretching
vibrations. Thus, the VCD of monoterpene (1R)-5 was studied using B3LYP
theory with the basis sets 6-31G(d,p), 6-31+G(d,p), 6-311+G(d,p). DGDZVP, and
B3PW91/DGTZVP, respectively [16].

All calculation results provided a good balance between computation cost and
VCD spectral accuracy. The DGDZVP basis set just needed about a quarter of
the time taken by the 6-311+G(d,p) basis set. (—)-Myrtenal 5 has AC of (1R) by
comparison of its calculated VCD and experimental VCD (Figure 5.3).
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Figure 5.3 Calculated VCD spectra at the (a) 6-31G(d), (b) 6-31+G(d,p), (c) 6-311+G(d,p),
(d) DGDZVP, and (e) B3PW91/DGTZVP level. Experimental VCD (f) of (—)-myrtenal (5) is also
illustrated. The IR spectra are omitted here.

It was found that the higher basis sets in VCD calculation have no big effect on
the VCD spectra. This is highly advantageous in AC assignment. A reasonable
basis set, such as 6-31+G(d), may be good enough for VCD predictions for many
chiral compounds. This is highly beneficial for researchers who do not have
enough computational sources in their hands, because in this case a general PC
can do the VCD calculations using the recommended basis sets.

An atropisomer is an important kind of chiral compound, such as 6 [17] isolated
from the marine sponge Didiscusaceratus, whose AC was assigned as the (S)-(+)-
curcuphenol dimer using the VCD method (Figure 5.4).

Chiral sulfoxide is a valid intermediate in organic and pharmaceuti-
cal chemistry, and can be synthesized quickly and measured using VCD.
Perdeuteriophenyl-phenyl-sulfoxide (7) was used for VCD and IR predictions
using B3LYP/TZ2P and B3PW91/TZ2P methods, respectively [18]. For this
simple chiral compound, only one dominant conformer was found. The VCD
and IR spectra simulated using B3LYP/TZ2P are more accurate than those using
B3PW91/TZ2P methods (Figure 5.5). The predicted and experimental VCD and
IR matched well except for the frequency difference near 1450—1500 cm™.

O D
S D
L
D
7
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Figure 5.5 (a) Comparison of the IR spectra of 7 at the B3LYP/TZ2P and B3PW91/TZ2P
level to the experimental IR spectrum. (b) Comparison of the VCD spectra of (R)-7 and (5)-7
at the B3LYP/TZ2P and B3PW91/TZ2P level to the experimental VCD spectrum of (+)-7.

Usually, for sulfoxide-containing molecules, the agreement between the
experimental and calculated VCD spectra is not very good when 6-31G(d) basis
sets are used because of a lower accuracy frequency simulation for the S=O
stretching mode. Among the larger basis sets, it was found that B3LYP/TZ2P is
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Figure 5.6 Experimental and calculated IR and VCD for 8.

a better method for calculating the geometry and VCD for sulfoxide-containing
molecules.

The hydroxyl-containing endo-borneol 8 is conformationally rigid [19]. Three
thermally accessible stable conformations were found for this molecule. These
geometries were used for VCD and IR analysis using DFT methods. Comparison
of IR and VCD spectra to the experimental spectra unambiguously confirmed its
AC as listed in the structure was correct (Figure 5.6).

(1R,2S,4R)-8

The phenolic compound 9 is a very potent aromatase inhibitor with IC,,
0.6 nM, comparable to letrozole. This structure contains the groups —OH, —CN,
and triazole. It is a polar chiral acyclic compound. This structure does not
easily form a dimer, trimer, or tetramer in solution. The (R) AC was chosen for
calculations of VCD at the B3LYP/6-31G(d) level [20]. Eight conformations were
optimized, and the GFE values were utilized in Boltzmann statistics to simulate
the corresponding VCD spectra (Figure 5.7).

It is valuable to compare the differences of VCD and IR for the same series of
chiral natural products. This offers a chance for us to see the effect of different
substituents on vibrational modes (VCD). The VCD curve is extremely sensitive
to the changes of substituents. For example, three peperomin-type secolig-
nans (10-12) from Peperomiablanda (Piperaceae) were used for VCD study
using B3LYP/6-31G(d) methods [21]. It was found that the three VCD spectra
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Figure 5.7 VCD and IR spectra for the phenolic compound 9.

were totally different. This demonstrates the use of VCD obtained through
computations for AC assignment (Figure 5.8). This is different from the ECD
method. In ECD study, if the substituents located far away from stereogenic
center change, the ECD curve may change only very little.

(2R,3S,55)-10 (28,35,55)-11 (2R,3S,55)-12

A chemical conversion to seco-oxacassane diterpenes 13 was obtained with
conformational restriction [22]. It was assigned an AC of (5S,8R,9R,10S), which
was studied by VCD at the B3PW91/DGDZVP2 level. Again, the active-proton-
free compound showed good agreement between the experimental and theoreti-
cal VCD spectra (Figure 5.9).

Preussidone (14) [23], an uncommon 2,5-diarylcyclopentenone compound, was
obtained from Preussia opharum. This structure can be converted to an anion
structure 15 below a pH value of 12. This is accompanied by a fresh red color
formation (it is dark grey color in the b/w figure). Its RA structure was established
by NMR, while the AC of 14 was assigned by the VCD technique (Figure 5.10).

The agreement between experimental and theoretical VCD clearly shows that
VCD is a good tool to investigate real cases in the microscopic world. This also
allows theoretical chemists to study the stereochemistry of chiral compounds
just by means of the VCD method, for example, the stereochemistry of the helical
compounds 16—23. The relative energies show that the M atropisomer is more

119



120 | 5 Vibrational Circular Dichroism and Raman Optical Activity

— Calcd VCD for 10

N ? —— Calcd VCD for 11 125
o

x % _Aﬂ—‘v'ﬂ""ww 0
< 4 {25

o5l Exp VCD for 11 %

0 _N_—_MW ;

4

_25 B
o " i Y L I N L L L L

Calcd IR {800 —— Calcd IR 1800

—Exp IR 0

400 — Exp IR
w w
r 200
200 - i
r i i i i O 3 3 " M M 4
1800 1600 1400 1200 1000 1800 1600 1400 1200 1000
(a) Wavelength (cm™) (b) Wavelength (cm™)
Caled VCD ]
I for12 50
o
% 0
W
< -50
___ExpVvCD )
80| for 12 i
o
0 %
-80 | 3
Calcd IR 1800
200 |
1800 1600 1400 1200 1000
(c) Wavelength (cm™")
Figure 5.8 Comparison of the VCD and B3LYP/6-31G(d) method was used for

IR spectra of the measured (—)-10 with the VCD and IR calculations for (2R,35)-10 and
predicted (2R,35)-10, (+)-11 with (25,3S,55)- (25,35,55)-11, and B3PW91/TZVP was used for
11, and (—)-12 with (2R,35,55)-12. The the VCD and IR calculations for (2R,3S,55)-12.
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Experimental and calculated VCD spectra at the B3PW91/DGDZVP2 level.

Figure 5.10 Comparison of the calculated VCD for 14 and the experimental VCD.

stable than the P atropisomer for both the helicenes, with or without the cam-
phanate group. The order of the relative energy for different isomers (in kcal/mol)
is M-16 = P-20, M-17 (0.00) < P-21 (0.02), M-18 (0.00) < P-22 (1.67), and M-19
(0.00) < P-22 (1.38). As expected, M-16 and P-20, and M-17 and P-21 are
enantiomers, so their VCD almost exhibited mirror-image-like curves. M-18 and
P-22, and M-19 and P-23 are not enantiomers since there is a chiral camphanate
group, so their VCD spectra showed large differences (Figure 5.11) [24].
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P-21

It is understandable that AM-16 and P-20 should have almost the same energy
since they are enantiomers. However, M-17 has 0.02 kcal mol~! lower energy than
P-17. On removing the tert-butyl group in calculations, both M and P structures
exhibited the same energy. It may hint that M-17 and P-21 are not mirror images
in energy computations as in some original reports. For example, the tertiary
butyl group should have two stable conformations in M and P structures, respec-
tively, as illustrated below. For M-17, the geometry M-17a was lower in energy
by 0.0196 kcal mol~! than M-17b at the B3LYP/6-31G(d) level in the gas phase.
When the total mirror-image-like geometries M-17a and P-21a were used in
the calculations, they both exhibited almost the same energy (<107 kcal mol™).
To conclude that M-17 has a lower energy of 0.02kcalmol~! than P-21 may
use the energetics of M-17a and P-21b in the calculations. The small energy
difference did not affect the VCD simulation greatly. However, to conclude that
two enantiomers do not have the same energy may mislead other researcher’s
conclusion. For example, in study of the origin of life, this 0.02 kcal mol™! energy
difference is absolutely a big data, which would lead the enantiomeric excess
values to reach 1.6% in almost racemic compound formation. If this M structure
were more stable than the P structure, it means it would have a natural 1.6% ee.
This natural 1.6% ee may play a key role in the evolution process in the origin of
life. This is absolutely a big discovery that may change the theory of the origin of
life. Owing to some asymmetric force effect, the formation of enantiomers might
exist with a tiny enantiomeric excess, such as 107> —~107%%. Therefore, the 1.6%
ee is absolutely a big value in nature. This clearly hints that, when the relative
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Figure 5.11 Comparison of VCD and IR for four pairs of helical compounds 15-22.

energies are to be compared, the most basic and fundamental step.is to use the
correct geometry.

M-17a M-17b P-21a P-21b
AM1  0.0000(00) 0.0120(54) 0.0000(00) 0.0120(16)
B3LYP/ 4.0000(00) 0.0196(09) 0.0000(00) 0.0196(09)

6-31G(d)

The organocatalytic Michael addition is an important reaction to form a new
C-C bond with various enantioselectivities. The addition of malonate (24) to the
symmetric unsaturated 1,4-diketone (25) afforded the product 26 with up to 93%
ee catalyzed by thiourea and squaramide derivatives with Cinchona alkaloids [25].
The AC of the product was suggested from a comparison of the experimental
and calculated VCD spectra of the reaction product 26. DFT calculations at the
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Figure 5.12 Calculated and experimental IR and VCD spectra of compound (R)-25.

B3PW91/6-311G(d,p) level were performed for (R)-26. VCD was simulated by
Boltzmann distribution using GFE (Figure 5.12). Good agreement between the
calculated and experimental spectra directly allowed the assignment of the AC of
26 as the (R)-enantiomer. By the way, in this example, the exciton coupling phe-
nomenon from the neighboring C=0 groups was observed at the vibrational fre-
quency near 1750 cm™!. Readers who are interested in analyzing the relationship
can do the conformational searches first and then to conclude the AC assignment.

o O
Cat* 10 mol% EtO/U\)I\OEt
T DCEr Ph
0
0=\ pp
24 25 26

54.2
ROA Application

After the first ROA spectrum was reported in 1973, it was soon established as
a valid tool in AC study for chiral molecules. Apart from its achievements, the
stereochemistry of biological systems, such as proteins [26] and nucleic acids [27],
can be conveniently measured in an aqueous environment. Because of the useful
information recorded in ROA signals, its usage is becoming wider and wider in
AC assignment for small chiral compounds. For example, two enantiomers of
methyloxirane (27) were used for an ROA study [28]. Methyloxirane has a very
low boiling point (33 °C), which allowed the ROA measurement to be performed
relatively easily. However, it took much time for accumulation. In contrast, the
larger concentration in the neat liquid (14.3 M) provided the spectra much faster
(minutes) and with smaller noise (Figure 5.13).

)

27
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Figure 5.13 (a) Raman spectra (from top arbitrarily by a common factor according
to bottom) calculated (B3LYP/aug-cc-pVTZ, to the experiment. (b) ROA spectra of the
Lorentzian profiles used only) harmonic methyloxirane enantiomers, measured
and vibrational configuration interaction with vapor (top), simulated with the scaled
(VCl) anharmonic Raman spectra and the B3LYP/aug-cc-pVTZ calculation (middle, fre-

experimental spectrum of (S)-methyloxirane  quencies scaled), and neat liquid (bottom).
vapor. The calculated intensities were scaled  The y-axis is arbitrary.

ROA calculations were performed at different levels, and the backscattered
intensities were generated by convolution with Lorentzian bands of 5 cm™~! width.
The predicted ROA spectra agreed well with the experimental ones (Figure 5.13).

Traditionally, in protein structure study, an important assumption is that
relatively simple general principles determine the shapes of all peptides and
proteins by the preferred and forbidden values of the torsional angles ¢ and y
[29]. Now, the ROA technique can be used to study the conformation for a chiral
compound. For example, a dipeptide 28, because of the rotation of the dihedral
angles y and @, theoretically, can form several stable conformations [30]. By PES
via changing y and ¢ using theoretical free-energy surfaces at the PMF/ff03 and
mPWPLYPD/6-311++G(d,p)/SMD, respectively, two stable conformers (28a and
28b) were found.

o9 > '*."
¥ ‘

- - o
\g/w Ly H xs);r/ \Gk-;— i,’, )L-‘

N
(-]

28a 28b

Comparison of the theoretical and experimental spectra is illustrated in
Figure 5.14. Also, spectra of the two highest populated conformers, 28a and
28b, are compared with the whole grid fit and experiments. It could confirm
the multicomponent (multiconformational) character of the dipeptide’s ROA
response instead of the two major conformers. For example, more conformers
are needed to reproduce the double-negative ROA signal at 348/399 cm™! or the
couplet centered around 1300 cm™!.
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6
Combinational Use of Different Methods

For complex chiral compounds, it is not easy to identify their absolute configu-
ration (AC) in a short time experimentally and theoretically. Earlier, for example,
before the 1960s, most researchers identified the decomposed fractions from the
target molecules and then reconnected the decomposed molecules and recovered
the target molecules’ structure including their stereochemistry. With the applica-
tion of the X-ray method, and some empirical methods, such as optical rotation
(OR) studies in which an unknown chiral compound’s OR sign is compared with
that of a similar known chiral compound, more and more complex ACs of chiral
compounds have been identified. However, with the development of various sepa-
ration methods, such as high-performance liquid chromatography (HPLC), many
new compounds are obtained in very limited quantities, such as 1 -4 mg, and some
of them cannot be either crystallized for X-ray studies or converted into Mosher
esters. These difficulties lead to a big puzzle in AC assignment.

With the development of computational technology, especially supercomputer
technology, quantum theoretical studies go before experimental work, after the
former stayed behind the scene for a long time. The maturing of different soft-
ware packages, such as the Gaussian package, has brought big benefits not only
for theoretical but also for experimental chemists. Currently, computation of 3C
nuclear magnetic resonance (NMR), OR, electronic circular dichroism (ECD),
vibrational circular dichroism (VCD), and Raman optical activity (ROA) have all
been well applied in AC identification of complex chiral compounds involved in
natural products chemistry and organic synthetic chemistry, as well as extended
to polymer and other corresponding researches.

At the same time, because of the fact that every method has its usage range or
drawbacks, the combined use two or two more methods should be encouraged in
AC assignment for complex chiral compounds.

6.1
Tactics to Select Methods

Before a method is selected for AC or RC (relative configuration) assignment, it
is necessary to know the usage range of that method. If we work outside of this

Organic Stereochemistry: Experimental and Computational Methods, First Edition. Hua-Jie Zhu.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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usage window;, it may lead to wrong prediction. Here, the usage window of differ-
ent methods and their characteristics are summarized.

6.1.1
3C NMR Methods

A comparison of the computed 1*C NMR spectrum of a compound with the exper-
imental data is a good way to test whether its structure is correct or not in many
cases. The predicted configurations are relative instead of absolute by the use of
13C NMR. However, if one stereocenter is known, other chiral centers’ AC can be
identified by comparison with the stereogenic centers with known ACs.

In many reports, the coefficients are used to judge whether the proposed struc-
ture is correct or not. This is generally correct in many cases. Indeed, some cases
need to be discussed here. First, assume there are two structures whose coeffi-
cients have different values. If the maximum error is >8.0 ppm, both structures
should not be reliable no matter what the coefficients are. Second, if the maximum
error is <8.0 ppm, the structure may be corrected by comparing the magnitudes of
the coefficients, but further confirmation should be obtained using more exper-
imental or theoretical evidences. The third case is when the difference between
two coefficients is very small. It can lead to a dangerous conclusion if the struc-
ture with the larger coefficient is selected. An example was discussed in Chapter 2,
but it is repeated here for easy recapitulation. The predicted coefficients using *C
NMR, maximum error, and OR values are summarized in Table 6.1 for the four
structures 1-4. As discussed above, the correct natural structure is 3.

Yy 4
SN oH © oH Oy = OH
H H
3

2

A\

T,

4

This is a typical example, which clearly shows that the coefficient and maximum
error control used as principles are necessary for the prediction of RC or AC in
any study.

Table 6.1 Summary of coefficient constant, maximum errors, and ORs for 1-4.

1 2 3 4
Coefficient constant 0.99468 0.99402 0.99932 0.999358
Maximum error (ppm) -11.2 -11.4 -2.8 2.4

OR (°) +110.5 -110.5 -127.4 +127.4




6.1 Tactics to Select Methods

When aromatic compounds are used in 3C NMR computations, the maximum
of 8.0ppm is too large to be used. The recommended maximum generally is
4.0 ppm.

For a linear chiral compound, because of the fact that a single bond, such as
C-C, can rotate freely, the computed 3C NMR shift errors may be less than
8.0 ppm. If the largest coefficient constant is used for structure determination, a
wrong conclusion may result. It is suggested not to use the computed 1*C NMR
of linear chiral compounds for structure identification.

6.1.2
OR and ORD

OR and optical rotatory dispersion (ORD) are important characteristics of chiral
compounds. In most cases, chiral compounds have large OR or ORD values, which
can be used for their AC assignment.

It was reported that, only when the OR value is above 57°, the predicted OR
may be reliable. Once the experimental OR magnitudes are less than this value, the
computed OR may not have a high reliability. However, if there is a similar chiral
analog used as a standard, the same methods may be applied for the unknown
structure’s OR calculations even if its OR is not large enough, such as ~10°.

Notice

In natural products chemistry study, one may find that a recorded OR
value for a pure chiral compound is much smaller than the predicted value.
In this case, do not come to the conclusion that theoretical methods are
not suitable for OR calculation for this chiral compound. The reason may
be that the obtained chiral compound is a mixture of two enantiomers
with unequal amounts. A plant body (or any other living body) is a “chiral
pool,” which may lead to the formation of two enantiomers without an
equal molar ratio. When this happens, one should be careful to select a
chiral column for the enantiomer separation. Then one can obtain two
chiral compounds and carefully study their ACs.

It is clear that the larger the OR values, the more reliable will the predictions
be using quantum theory. Thus, helical chiral compounds and axial chiral com-
pounds are good examples to be used for AC assignment since they generally have
large OR magnitudes.

It should be noted that, when two chiral molecules form a very stable “dimer”
in a solution via strong H-bonds, this may cause a change in the OR values. There
are many examples reported. This case will be discussed later.

Linear chiral compounds generally have small OR values, mostly 1-50, in dif-
ferent solvents. At the same time, they have many stable conformations with low
energy. It is difficult to predict their AC by comparing their experimental ORs with
the computed values.
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6.1.3
Matrix

This model is constructed for acyclic chiral compounds’ AC determination. It is
suitable for the AC assignment of chiral compounds with small OR values. For
example, in the case of (S)-(+)-5 and (S)-(+)-6, their OR values are +0.0068 and
+0.0095, respectively. Their determinants are computed and illustrated below. The
computed k, values are 0.07 and 0.095, respectively [1], which are very close.

189 17 25 025

Ph B
H/( deD)= | 20 12 21 10 | - ko=lo]/det(D)
Me -p 130 20 25 025 _0.07
5 10 12 21 10
130 20 25 025
H Me 12 21 10 ko = [a]p/det(D)
%/ detp)= | 20 =+0.10
Et D 141 22 25 0.0 =0.095
6 10 12 21 10

It is useful for the AC determination of long-chain chiral compounds, as well as
for linear chiral compounds with two stereogenic centers when the substituents on
stereogenic centers do not interact with each other. However, if a chiral compound
has two or more stereogenic centers with one located on a ring, it is difficult to use
it now.

6.1.4
ECD

This method can be widely used for chiral compounds with strong chromophore
groups. Even if there is no such large chromophore group, it is possible to
introduce a UV —vis group, such as 4-NO,PhCO-, in which case exciton chirality
methods could be used.

Notice

In some cases, the chiral molecular RC is well assigned using 2D NMR.
When one or two stereogenic centers are located near the C=C or other
chromophore groups, use of ECD is possible for AC determination. This
requires that the RC be correct! If one of the stereogenic centers was
wrongly assigned, the AC assignment would be wrong when using the
ECD method. If a chiral center is far away from a chromophore, even if (R)
or (S) configuration was used in ECD computations, the ECD spectra will
not show clear differences that can be used for AC assignment. Thus, using
ECD for these chiral compounds’ AC determination may be dangerous,
especially for complex natural products since their RC is not easy to be
identified correctly using 2D NMR because of serious overlap of the 'H
NMR signals.



6.2 Examples and Discussion

In some structures, the changes of configuration (R) to (S) cannot cause a large
change in the ECD spectra. In this case, other evidences, such as *C NMR, for
RC assignment are helpful for AC assignment economically. Other methods like
OR may also be valid if the recorded OR is over at least 20°.

6.1.5
VCD Method

VCD is a very powerful method used in AC studies; it could be also used to study
the interaction between two chiral molecules or the relationship between three
or more chiral compounds since it records all signals of the circularly polarized
infrared (IR) light passing through chiral compounds. For example, strong
H-bonds will affect the vibrational spectrum, and especially when H-bonds are
located near the stereogenic centers, this may affect the VCD spectral structure
also. Thus, if a chiral molecule such as a ketone, an ester, or a lactone with
a-hydroxyl or amido group is used in a VCD study, one should be careful while
handling their VCD spectra. Since the structure easily forms a “dimer,” “trimer,”
or even “tetramer” via intermolecular H-bonds, these different structures may
produce different VCD signals.

Therefore, the best candidates for VCD measurement should have no —OH,
—NH,, or similar groups, or just contain any one of such polar groups, or two or
more polar groups that are far away from each other. Chiral compounds without
any polar group such as —OH can avoid the intermolecular interaction and pro-
duce good VCD spectra in many cases. The use of CDClI; to dissolve the sample
can provide much better VCD spectra than when CD;0D, DMSO-dj, or D, O is
used.

6.2
Examples and Discussion

Terpenes are widely distributed in nature. Because of their “head-to-head,”
“head-to-tail,” or “tail-to-tail” connections, their planar structure exhibits regular
changes. A dihydronaphthalene-2,6-dione derivative from Phoma sp. LN-16, an
endophytic fungus, was identified by spectroscopic data as a previously reported
compound, botryosphaeridione [2]. Theoretically, it has two pairs of enantiomers
(four isomers). Thus, only two isomers (5R,65)-7 and (5S,6S5)-8 were analyzed.
The real AC could be either 7 or 8, or one of their two enantiomers. Its AC was
assigned by using ECD spectra at the B3LYP/aug-cc-pVDZ level. The predicted
ECD for (5R,6S5)-7 was close to the experimental result, and this clearly showed
that its AC should be (5R,6S) (Figure 6.1). It was also established by means of
X-ray diffraction.

Other chiral terpenoids, such as endo-borneol 9 [3], perilladehyde 10 [4], and
carvone 11 [5], were well established for their ACs using VCD methods. As a
powerful method, it should be carefully introduced. The details will not be pre-
sented here.
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Figure 6.1 Experimental and calculated CD spectra for 7 and 8.

10 11

Density functional theory (DFT) calculations of VCD, ECD, and ORD to deter-
mine ACs of the isoschizozygane alkaloids, isoschizogaline and isochizogamine
[6], whose ACs had not been determined previously, have been performed
(Figure 6.2—6.4). The ACs of naturally occurring (2)-isoschizogaline (12) was
determined as (2R, 7R, 20S, 21S).

200 B3LYP/TZ2P

2004 B3PW91/TZ2P

l' | M >
A I i e A
200 '
1 ExpVCD
0 W
1800 1600 1400 1200 1000 800
(2R,7R,208,215)-12 Wavenumber (cm™)

Figure 6.2 Comparison of the experimental and theoretical VCD using B3LYP/TZ2P and
B3PW91/TZ2P methods for isoschizogaline 12.
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Figure 6.4 Comparison of experimental and calculated specific rotations of isoschizoga-
line 12.

As mentioned in Chapter 4, the AC of the trimeric pyrroloindoline deriva-
tive psychotripine (13) was assigned based on ECD [7]. Indeed, its RC was
identified by NMR and then tested by comparing its 3C NMR obtained at the
B3LYP/6-3114++G (2d,p)//B3LYP/6-31+G(d) level with the experimental data.
The relative errors between the predicted '*C NMR and experiments were
computed. The small relative error (<4.0 ppm) supported the RC deduced by
rotating-frame Overhauser enhancement spectroscopy (ROSEY) experiments
(Figure 6.5). Its OR was also computed at the same level. The predicted OR
for (3aR,8aR,3a’R,8a'R,3a"S,8a""R)-13 was —97.2, which is very close to the
experimental OR value of —84.2. Clearly, its AC was well determined on the basis
of the three major chiroptical spectroscopies.

Discussion of the solution behavior of compounds 14 and 15 is valid. The OR
signs of 14 and 15 were not the same though both have the same AC. The OR for
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N-Me N-Me

Figure 6.5 A6 values obtained by experimental and theoretical '3*C NMR.

(R)-14 is —21, while that of (R)-15 is +36. The AC for 14 and 15 are well established
by VCD [8]. The VCD spectra for (R)-14 and (R)-15 were almost the same as the
experimental results. All evidences showed that the traditional empirical method,
which compares the OR sign to assign AC for a series of chiral analogs, is not
suitable for the AC assignment for the two examples.

OH OH
\\\\“fOLO \\\\“mo
14 15
[o]p =21 [o]p = +36

Why do the two chiral compounds have different OR signs? Can quantum the-
ory give the answer?

Unfortunately, the predicted OR for (R)-14 was +0.89 by the B3LYP/6-31+G(d)
method in the gas phase. There is a large difference from the reported OR and
the OR sign. If the 6-311++G(2d,p)-optimized geometries were used in OR cal-
culations, the predicted OR was —1.84 at the 6-311++G(2d,p) level. The OR signs
are different while using different methods. However, the OR calculated at a high
level has the same sign (—) as the experimental OR. The calculated OR for (R)-
15 was +73.4 at the B3LYP/6-31+G(d)//B3LYP/6-31+G(d) level in the gas phase,
whereas its OR became +81.78 at the 6-311++G(2d,p) level. The OR values for
(R)-15 are larger than the experimental OR, but the OR signs are the same (H.J.
Zhu, unpublished results).

Possibly, chiral compounds 14 and 15 may form “dimers” 16 and 17, respec-
tively, after overcoming the intramolecular H-bond barrier by the formation of
two new strong H-bonds in solution, as illustrated below:
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The computed OR for “dimer” 16 was —34.7 at the B3LYP/6-31+G(d)//B3LYP/
6-31+G(d) level in the gas phase, while it is —42.7 at the B3LYP/6-311++G(2d,p)//
B3LYP/6-311++G(2d,p) level. It was initially thought that the predicted OR was
close to the experimental OR of —21. It at least showed the formation of some
“dimer” 16, and the “dimer” had a major contribution to the observed OR values
and OR sign for (R)-14.

The VCD calculation for (R)-16 was done using the B3LYP/6-311++G(2d,p)//
B3LYP/6-311++G(2d,p) methods. The predicted VCDs were almost the same
as those while using (R)-14 in the VCD calculations (Figure 6.6). Especially,
the details near 1050cm™! were closer to the experimental results than the

3
Ae

- .

Exp VCD for (-)-14 L AP ;
r Exp VCD for (+)-15 *--~

o | ExpIR o | ExpIR

1600 1400 1200 1000 1600 1400 1200 1000
(a) Wavenumber (cm™") Wavenumber (cm™")

Ae

Calcd for (R)-14

VCD

VCD [ Calcd for (R)-16

: Calcd IR
3 Calcd IR

1600 1400 1200 1000 1600 1400 1200 1000
(b) Wavenumber (cm~') Wavenumber (cm™)

Figure 6.6 (a) Experimental VCD for (-)-14 and (+)-15. (b) Predicted VCD for (R)-14 and its
“dimer” (R)-16.
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Figure 6.7 (a) Predicted VCD spectra for (R)-15 and (b) its “dimer” (R)-17.

monomer’s VCD. Both the OR and VCD results clearly showed that the partial
“dimer” 16 was formed in the solution.

Similarly, the same methods were used for VCD calculations for (R)-15. The
predicted VCD was also almost the same as that of (R)-15. The VCD spectra are
illustrated in Figure 6.7.

Similarly, (R)-17 was investigated using the same methods under optimization.
The calculated OR for (R)-17 was +95.1 at the B3LYP/6-31+G(d)//B3LYP/6-
31+G(d) level in the gas phase. This value decreased to +79.3 at the
B3LYP/6-3114++G(2d,p)//B3LYP/6-3114++G(2d,p) level. Until now, the predicted
OR data are much larger than the experimental OR data. More importantly,
the predicted VCD spectrum had obvious differences from the experimental
spectrum (Figure 6.7), while the calculated VCD of monomer (R)-15 was in good
agreement with the experimental results (dash-line circle sections). Both results
prove that the “dimer” formation from (R)-15 is not favorable.

Based on the OR data and VCD spectra, it could be found that some “dimer”
16 was formed from (R)-14, and relatively very little “dimer” 17 was formed from
(R)-15. This shows that VCD should be carefully used when similar structures are
involved.

6.3
Revised Structures

Because of various limitations of experimental and theoretical methods used
in AC assignment, the wrong identification of chiral compounds is absolutely
unavoidable, especially in the identification of natural products. This is not the
duty of this researcher. As mentioned by Nicolaou in 2005, “over the course of
the past half century, the structural elucidation of unknown natural products
has undergone a tremendous revolution. Before World War II, a chemist would
have relied almost exclusively on the art of chemical synthesis, primarily in the
form of degradation and derivatization reactions, to develop and test structural
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hypotheses in a process that often took years to complete when grams of material
were available. Today, a battery of advanced spectroscopic methods, such as
multidimensional NMR spectroscopy and high-resolution mass spectrometry,
not to mention X-ray crystallography, exist for the expeditious assignment of
structures to highly complex molecules isolated from nature in milligram or
sub-milligram quantities. In fact, it could be argued that the characterization of
natural products has become a routine task, one which no longer even requires a
reaction flask!” [9].

Absolutely, “imaginative detective work and chemical synthesis still have impor-
tant roles to play in the process of solving nature’s most intriguing molecular
puzzles” [9]. However, the cost of revising a structure is also expensive using syn-
thesis. A total 51 structures have wrong planar structures including wrong AC
determination, and 10 chiral compounds have wrong AC assignment. The revised
structures from the wrong AC assignment selected from the review are illustrated
in Table 6.2.

Theoretical methods are developing very fast now, and they have provided
many benefits for structural evaluations, including AC assignment. The following
examples are selected from published reports. The possible reasons that led to
the wrong assignment are analyzed for some examples.

6.3.1
ORD Method

The ORD method is valid and used in AC assignment. For example, epimer (39)
was assigned as (4S,5S) [10]. OR computations for 39 with consideration of sol-
vent effect in acetonitrile using the polarizable continuum model (PCM) model
were carried out. The ORs were then compared with the experimental OR data
taken at four different wavelengths (Figure 6.8). The comparison clearly showed
that the previously proposed AC for 39 was incorrect and that the correct AC was
(4R,5R) [11].

—e— Exp (in acetonitrile)

200 ~

.. PCM/BBLYP/6-311++G(2d,2p)//
PCM/BHandHLYP/6-311++G(2d,2p)

PCM/B3LYP/6-311++G(2d,2p)//
PCM/PBEO/6-311++G(2d,2p)

-
e
_— =

»
pm===c========
—-200 7 PCM/B3LYP/6-311++G(2d,2p)//
I
7 PCM/BP86/6-311++G(2d,2p)
_,_ POM/B3LYP/6-311++G(2d,2p)//
PCM/B3LYP/6-311++G(2d,2p)
T

T T T
(+)-18 400 450 500 550
Wavelength (nm)

MeO

Figure 6.8 Experimental and theoretical ORD spectra of (+)-18.
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6.3.2
Combinational Use of OR and ECD

This could be a powerful tool in the assignment for complex natural products. It is
found that some errors happen by the misuse of empirical methods in AC determi-
nations. For example, one of the widely used methods is to compare the ORs two
similar compounds to figure out the AC of one of them. Another is the Mosher
method, which can lead to wrong conclusions by using it on a wrong molecule.
For example, 40 was assigned as having the same AC of (2R,3S) as the reported
analogs of 41 based on the fact that 40 has 438 in CHCl; and 41 has +50 in chlo-
roform [12].

40 Bezopyrenomycin 41 Rubiginone A,
Exp [o]p: +38 in CHCl3 Exp [o]p: +50 in CHCl3

Benzopyrenomycin (40) has relatively strong cytotoxic activity. For instance,
benzopyrenomycin exhibited a Gly, of 3.2 and 4.2 pgml™! for L-929 and K562
cell lines, respectively. Meanwhile, the AC of 40 was the same as that of 41 based
on the 'H NMR shift differences of the synthesized (R)- or (S)-Mosher ester of
42, whose structure was eventually converted to 40 [13]. However, when using
Mosher ester to determine the AC of 42 analogs, wrong predictions could be made
because it has a bulky group near the C3 atom [14]. An example is 43, which has
a bulky group near the chiral center, and the wrong sign of the A values was
recorded, and the data are illustrated in its structure.

R* = (R)- or (S)-Mosher ester moiety, the
number labelled near atom is the Aé value.

Different methods were used for OR calculation for 40 and 41. Compound
(2R,35)-40 has OR values between —28° and —86°, mostly ranging from —28°
to —50°, using total electronic energy (TEE). The OR values are also negative
and most of them in the range —16° to —32° using zero-point energy (ZPE).
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Table 6.3 Computed OR values using different methods.

(2R,35)-40 (2R,35)-41
(@] exp +38 +50
Method 12 —50.4/—16.2") /+9.59 +48.7/+47.7") |+87.29)
Method 29 —44.1 +18.7
Method 3¢ —27.8/—26.8" /—28.4°) +33.4/+72.6") /+104.79
Method 49 —40.5 +34.1
Method 5 —28.9 +32.4
Method 69 —86.1 +2.12
Method 7% -49.2/-28.6" /-14.09 (CHCl,) +38.4/+61.4P) /+87.89)
Method 89 -12.2 +13.5

a) B3LYP/6-311++G(2d,p)//B3LYP/6-31G(d), total electronic energetics were used in OR
computations.

b) Vibration corrections were performed in OR computations.

c) Free energy data were used in OR computations.

d) Single-point energy at the BBLYP/aug-cc-pVDZ level in chloroform via PCM model was used
in OR computations.

e) B3LYP/6-311++G(2d,p)//B3LYP/6-31+G(d,p).

f) B3LYP/6-311++G(2d,p)//PCM(CHCI,)/B3LYP/6-311+G(d).

g) PCM(CHCL,)/B3LYP/6-311++G(2d,p)//PCM(CHCI,)/B3LYP/6-311+G(d).

h) B3LYP/6-311++G(2d,p)//B3LYP/6-311++G(2d,p).

Meanwhile, the predicted OR values for (2R,3S)-41 are mostly in the range +2.1°
to +104° using TEE, ZPE, and GFE (Gibbs free energy) data, respectively, mostly
from +32° to +87°, which are in good agreement with the experimental results
(+50). Relatively, it predicted low OR values by using the single-point energy
(SPE) in solutions (method 8, Table 6.3).

Similarly, the predicted ECD simulations for (2R,35)-40 and (2R,3S)-41 were
computed and simulated using TEE, ZPE, and GFE data in Boltzmann statistics.
ECDs for both 40 and 41 looked as though they were reversed stereostructures
(Figure 6.9a—c). Especially, the ECD simulated using GFE had large differences
between 40 and 41. The ECD spectra indicate that the two compounds have
different ACs at C2 and C3. This independent evidence supported the conclusion
from OR data.

Based on the calculated ECD and OR results and the fact that the RC of 40
was well established, it was proposed that the AC of (+)-41 is (2S,3R), namely,
(+)-(25,3R)-41.

Indeed, 40 and 41 can form helical structures, which generally produce large OR
values. Thus, the sign of OR (positive or negative) depends on the OR magnitude of
the most stable helical conformation instead of the chirality of the carbon tetrahe-
dron. As expected, the two helical geometries that are the most and second most
stable conformations have shown opposite OR signs. For example, two pairs of
B3LYP/6-311++G(2d,p)-optimized helical conformations have almost the same
absolute OR values but opposite signs for 40, and they make over 70% contribution
to the total OR values. Similarly, four conformations make about 80% contribu-
tions to the total OR of 41. The results are summarized in Figure 6.10.
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6.3.3

VCD and ECD

VCD and ECD are powerful tools used in AC assignments. For example, the AC of
the bioactive natural product (+)-schizandrin was assigned as (7S,8S) using NMR
and was also confirmed by experiments. However, its AC is wrong. Conforma-
tional searches for (75,85)-44 were performed first using the MMFF94S force field.
Totally 63 conformations were found. All B3LYP/6-31G(d)-optimized geometries
were used for VCD computations at the same level using the Gaussian 09 package.
The predicted VCD and IR spectra for (7S,8S)-44 are illustrated in Figure 6.11. The

VCD was measured in CDCl, at room temperature.

44 (+)-Schizandrin
[a]p +86 to +92

45 (+)-Schizandrin
[a]p +81 to +91

400
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Figure 6.10 OR, relative energy, and contribution to the total OR of two pairs of stable
conformation.

From the bond vibrational modes (e.g., stretching and swing), the corresponding
window viewer can be seen, for example, the Gaussview from the frequency com-
putation results. It was found that the frequency near 1400—1500cm™! in VCD
mainly corresponded to the different stretching vibrations of the bonds near the
stereogenic centers C7 and C8. The different VCD structures in this range may
hint at different ACs for (+)-44. Therefore, compound 45 with (7S,8R) AC was
considered for further VCD study.

The predicted VCD and IR spectra for (7S,8R)-45 look extremely similar to the
experimental results. They are superimposed in Figure 6.12. It clearly shows that
the earlier reported structure (+)-(75,8S)-schizandrin 44 has the wrong AC. The
correct AC structure should be (7S,8R)-45.

Compared to the VCD results, those of ECD could not arrive at the same con-
clusion. For example, (75,85)-44 and (75,8R)-45 were used for ECD calculations.
From plot A in Figure 6.13, one cannot conclude that the real AC is (7R,8R) since
both look like mirror images. However, once the (7S,8R) ECD was computed and
simulated, it was found that its AC should be (7S,8R). Therefore, it was not possible
to arrive at a decision just by ECD results alone for this example.

6.3.4
Comprehensive Use of OR, ECD, and VCD

The combined use of OR, ECD, and VCD constitutes a very powerful method
in AC assignments. Recently, a novel bioactive alkaloid, brevianamide M (46),
was reported [15]. The RC of 46 was established as (2R,13R) or (25,13S) by X-ray
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Figure 6.11 Calculated IR and VCD for (75,85)-44 and comparison of both VCDs. The mea-
surement of VCD was done at room temperature with a concentration of 50 mgml~".

crystallography using Mo radiation. This compound can be hydrolyzed in acidic
aqueous solution at 100 °C to afford L-phenylalanine, which strongly implied that
C13 should have an (S) AC. Therefore, the AC of 46 was assigned as (25,13S5).
This procedure for AC assignment is normally definitive and cogent. However,
this misassignment of AC is the most extreme case uncovered to date in our the-
oretical studies. It demonstrates that, given the power of current computational
chemistry using DFT, chemists should now reexamine AC assignments based
in part on indirect chemical evidence, such as the acid hydrolysis mentioned
above.

46 Brevianamide M 47

The first evidence is from its OR data. The experimental OR is —147 in CHClI,.
However, (25,135)-46 had positive OR values (Table 6.4) both in the gas phase and
in chloroform using DFT methods. All OR values are summarized in Table 6.4.
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Figure 6.12 Comparison of experimental and computed VCDs and IRs for 44 and 45.
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Figure 6.13 Predicted ECD for (a) (75,85)-44, (b) (75,8R)-45, and their comparison with
experimental ECD.

All OR predictions for (25,135)-46 are positive, ranging from about +210
to +600. The absolute values of OR are much larger than the experimental
OR (—147), which is typical for DFT-level calculations. Since the RC was well
established using X-ray, the positive OR values from +210 to +600 suggest that
(—)-46 should have the AC of (2R,13R).

Considering that the computation of OR values is based on the determination
of electronic transitions in the inaccessible UV region, it is not easy to calcu-
late it with definite reliability. By contrast, the RC of the structure of (2R,13R) or
(25,135)-46 was well established by X-ray, and its AC was confirmed by the hydrol-
ysis of 46 to afford the L-amino acid. Thus, are the DFT methods not suitable for
prediction of OR for this example?

The second evidence is the ECD of (2R,13R)-46. The simulated ECD using GFE
for (2R,13R)-46 was in good agreement with the experimental value (Figure 6.14).
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Table 6.4 OR values for (25,135)-46 from four methods.

Method 12 Method 22 Method 39 Method 49
[a]D +510.5 +532.9 +519.5 +600.7
[a]De) +209.8 +222.4 +217.0 +354.0

a) B3LYP/6-311++G(2d,p)//B3LYP/6-31G(d).

b) B3LYP/6-311++G(2d,p)//B3LYP/6-31+G(d,p).

c) B3LYP/6-3114++G(2d,p)//B3LYP/6-311++G(2d,p).

d) B3LYP/6-3114++G(2d,p)//PCM/B3LYP/6-311++G(2d,p).

e) Single-point energy at the B3LYP/aug-cc-pVDZ level in chloroform using PCM model was
used in OR computations.

_» Exp ECD

!
f X
Calcd for (R,R)

200 300 400 Figure 6.14 Comparison of the computed ECD with
Wavelength (nm) the experimental ECD.

Ae

The theoretical prediction of positive and negative Cotton effect matched very well
with the experiments. Both OR and ECD provided evidences that the previously
assigned AC (—)-(25,135)-46 may not be correct.

Why did the early experiments provide the wrong predictions? The major rea-
son must be the low barriers of isomerization from (2R,13R)-46 to (2R,135)-47.
Theoretically, four transition state (TS) structures were plausible for the formation
of (2R,135)-46. However, only TS-1, TS-2, and TS-4 were found in the calcula-
tions; TS-3 was not found using the reported methods [16].

. 1 -CI- Sl
LI L HX Q TN
H+ H+ [ i N
o H ol *H-0 H A o M N ol H Hi\-\\
iy wh il o i
T \ IS \ b RETIIA
10 10 — "
HN N HN. N N— N_/
H%= \ HY%: \ = \
HO N HO N NG N
TS-1 TS-2 TS-3 TS-4

In the absence of H* catalysis (TS-1), a 33.4 kcal mol~! barrier was obtained
at the B3LYP/6-311++G(2d,p) level in the gas phase using TEE. It was
32.9 kcal mol™! using GFE and 31.5 kcal mol™! using ZPE. Here, all the barriers
are quite high, and it is difficult to get conversion via TS-1. The energy barrier
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Table 6.5 TS activation energy magnitudes for the four different procedures computed at
the B3LYP/6-311++G(2d,p) level in the gas phase or in water.

AE? AGP AEY AED
TS-1 31.5 32.9 33.4 25.1
TS-2 26.8 28.6 28.2 16.5
TS-4 21.5 23.3 23.1 17.9
TS-5 25.4 26.7 27.7 21.3

a) Using zero-point energy correction.

b) Using Gibbs free energy.

c) Using total electronic energy.

d) Using single-point energy obtained in water via PCM model.

TS-5
TS-4
= \
i HCI+H* 1 \ I’ ‘\
o 1] \ [ \
e II \ / |‘
T | +(2R,13R)-46 J Intermediate \ v
X — Y L,
> | ! ' AG =0.80
9 \\ II AG = AG = | —
o i Complex of ! [)
& \ ; 23.3 26.7 )
\ (2R13R)-46 | (2R,135)-47
\ +HCI+H* /

Figure 6.15 3D structures of TS-4 and TS-5, and the coordinates for the conversion from
(2R,3R)-46 to (2R,35)-47.

decreased to 25.1kcal mol™! at the B3LYP/6-3114++G(2d,p) level in water with
the PCM model using SPE data. However, in the presence of another H*, for
example, TS-2 and TS-4, the conversion benefits from a lower TS barrier of
23.1 kcal mol~! (TS-4) in the gas phase in TEE or 17.9 kcal mol~! in SPE in water
(Table 6.5). If the reaction involves TS-2, the barriers in the gas phase would be
higher by 5.1-5.3 kcal mol~! than those in TS-4. However, the barrier via TS-2
decreased to 16.5kcal mol~! in water and was about 1.4kcal mol~! lower than
TS-4. Both barriers are low enough for isomerization. The procedure involved
HCI again. This energy barrier is only 25.4kcal mol™! in ZPE, 26.7 kcal mol~!
in GFE, and 27.7 kcal mol™! in TEE. The barrier decreased to 21.3 kcal mol~! in
water using the PCM model. The reaction coordinate for the whole procedure
is illustrated in Figure 6.15. Compound (2R,135)-46 finally decomposed into
L-phenylalanine, as reported previously.

Finally, X-ray diffraction data was obtained using a Cu-radiation source. The
X-ray experiments confirmed that the theoretical predictions were correct. The
structure (—)-46 should be (2R,13R).
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Notice

Experimental results are always the final proof for different theories. How-
ever, if the interpretation of the experimental results is not correct, the
conclusions reached will be affected. With this idea in mind, the example
analyzed here carries a high level of significance for both experimental
and theoretical chemists. All sources of evidence need to be considered
carefully, and computational methods should be used, where possible,
to confirm conclusions that were arrived at based only on chemical
reasoning.

There is one other example that used VCD and DFT calculations for AC
reassignment of two chromanes from Peperomia obtusifolia (Piperaceae) [17].
Previous analysis of the ECD spectra of two prenylated benzopyrans by means
of the helicity rule for the chromane chromophore resulted in the incorrect
assignment of their AC (48) instead of (R) for (+)-enantiomers. After the appli-
cation of VCD study using DFT methods (B3LYP/6-31G(d)), and comparison of
the experimental and calculated VCD and IR spectra, AC of (+)-48 and (+)-49
was reassigned directly in solution as (R). Moreover, time-dependent (TD)-DFT
(B3LYP/6-311++G(2d,2p)//B3LYP/6-31G(d)) calculations of the ECD spectra
confirmed this conclusion (Figure 6.16).

OH

48R=H
49 R = CO,H

As the final example, we discuss the AC for chiral compounds from enan-
tioselective hydrosilylation of C=N with HSiCl;, which has been proven to
be a powerful method for producing chiral amines [18]. The addition product
of (=)-N-(1-phenylethyl) aniline (52) from 50 was assigned as (R) in recent
reports [19].

/R2 ) . R2
HSiClg, Cat* (20 mol%) HN
)|\ CHCly, 1t }\
R’ R!
50 R' = Ph, R = Ph 52 R'=Ph, R2=Ph
51 R' = 4-NO,-Ph, R? = Ph 53 R' = 4-NO,-Ph, R? = Ph 6.1)

Compound 52 has an OR of —13.5 in methanol, while 53 has OR values of
+16.5 obtained in the additions. Therefore, their AC should be (R) and (S),
respectively, based on recent reports. Because an asymmetric-axis-supported
chiral catalyst 54 was used and high enentiometric excess values were achieved
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Figure 6.16 Comparison of the VCD and IR spectra of the measured (+)-49 with the calcu-
lated VCD and IR spectra of the Boltzmann average of the four lowest energy conformers of
the corresponding (R)-49.

in the reaction, the study of its mechanism using HF (Hatree—Fock) and DFT
theory should be valid for examination. However, it showed that 52 and 53 should
have (S) and (R) AC, respectively, instead of (R) and (S) based on the TS barrier
magnitudes [20].

The AC of 52 was investigated using the matrix method since it is an acyclic
chiral compound. The predicted det(D) for (S)-52 was —9.76 and the recorded
OR was —13.5 in CH;OH. The k, value was +1.38 (=—13.5/—9.76). This proves
that its AC should be (S) instead of (R).

The ECD for (S)-52 was computed at the B3LYP/6-311++G(2d,p)//B3LYP/6-
311++G(2d,p) level and simulated using GFE (Figure 6.17). After UV corrections,
the experimental and predicted ECDs were superimposed, and both ECD curves
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Exp IR for (-)-52

Oow

4001 calcd IR for (S)-52

Ae

Calcd for (S)-config

200
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. . 0|
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Figure 6.17 Predicted and experimental (a) ECD, (b) IR, and (c) VCD for 52.

looked similar. At the same time, the VCD for (S)-52 was performed at the
B3LYP/6-311++G(2d,p)//B3LYP/6-311++G(2d,p) level, and the predicted VCD
for (S)-52 looked almost the same as the experimental VCD. Therefore, (—)-52
should have (S) AC.

Compound 53 has positive OR values. Logically, it should have (R) AC. Further-
more, the product (S)-53 was selected for det(D) and ECD computations first.
The AC for (+)-53 was predicted to be (R) using the matrix method. The pre-
dicted ECD for (S)-53 at the B3LYP/6-311++G(2d,p)//B3LYP/6-311++G(2d,p)
level looked like a mirror image of the experimental ECD of (+)-53 after UV
corrections (Figure 6.18). It confirmed that (+)-53 should be (R) AC too. The pre-
dicted VCD for (S)-53 at the B3LYP/6-311++G(2d,p)//B3LYP/6-311++G(2d,p)
level looked like a mirror image of the experimental VCD of (+)-53. This con-
firmed again that (+)-53 should be (R)-AC.

Amazingly, some earlier reports of this compound had found that the AC
of (—)-52 was (S) [21]. Landor and coworkers confirmed that phenylation of
(S)-(—)-1-phenylethylamine afforded (—)-N-(1-phenylethyl) aniline (—)-52. It is
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Figure 6.18 Predicted and experimental (a) ECD, (b) IR, and VCD for 53.

unclear why the reports that appeared near 1997 or earlier assigned the (R)-AC
for (—)-52.

Other structures reassigned using chiroptical spectroscopies and NMR meth-
ods are given in Table 6.6. The procedure for the reassignment is not analyzed
here. Readers may consult the corresponding literature for details.

Table 6.6 Reassigned structures.

Entry Original structure and methods used Corrected structure and methods for
for AC identification assignment of AC
1 Chromanes (55, 56) from Using the following models 57 and 58 in
Peperomia obtusifolia [22] [23], VCD study [17]. Reassigned AC as (R)
empirical ECD
OH
R! OH Model

;
55R'=H 57R'=H
56 R' = COOH 58 R' = COOH

(continued overleaf)
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Table 6.6

(Continued)

Entry

Original structure and methods used
for AC identification

Corrected structure and methods for
assignment of AC

Isoepitaondiol from Stypopodium
flabelliforme [24], NMR

Rosmaridiphenol from
Rosmarinus officinalis L. [26].
NMR, empirical ECD

oHO  OH

61

H3 receptor antagonist GT-2331
[28]. X-ray result

7

H o,
o H
~I
HN
\;N
(1R, 2R)-63

Iridoids plumericin and
isoplumericin [30], X-ray,
semiempirical ECD

X-ray and VCD [25]

Reassigned by VCD [29]

H o, H
~I
HN
—N
(1S, 25)-64

VCD, ORD in the range 365-589 nm [31]

(1S, 5R, 8R, 9R, 10R)-65

(1R, 5S, 85, 9S, 10S)-66
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Table 6.6 (Continued)
Entry Original structure and methods used Corrected structure and methods for
for AC identification assignment of AC

(1S, 5R, 8R, 9R, 10R)-67 (1R, 5S, 8S, 95,10S)-68
Oruwacin from Morinda lucida The naturally occurring oruwacin and
[32]. Comparison with a known plumericin have opposite ACs [33]

compound plumericin

O.__OCH, O__OCH,

(1S, 5S, 8S, 9S, 10S5)-69 (1S, 5S, 85, 9S, 10S)-70

Elatenyne isolated from the marine NMR computations, total synthesis [35]
alga Laurencia elata [34]. NMR

Aquatolide [36]

H o)
H
Ay
o
o)
73

(continued overleaf)
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Table 6.6 (Continued)

Entry  Original structure and methods used Corrected structure and methods for
for AC identification assignment of AC

9 Nobilisitine A, from Clivia nobilis Computed 'H and 13C chemical shifts
[37] [38]

10 Plakotenin from a Plakortis
marine sponge [39]

11 Hexacyclinol from the fungus Calculated NMR, synthesis, and crystal
Panus rudis [40] [41]

o HO
(6}
oo
H
H,CO
80
12 Vannusal B from the marine ciliate 13C chemical shifts and coupling

Euplotes vannus [42] constants [43, 44]
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Table 6.6 (Continued)

Entry Original structure and methods used Corrected structure and methods for
for AC identification assignment of AC

13 Griseusins ferment solution of OR and ECD using QM [45]
Nocardiopsis sp. NMR empirical
ECD

14

15

16

QM: quantum mechanics.
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7
Enantioselective Reaction

An enantioselective reaction is the simplest stereoselective reaction. It just
involves (R)- or (S)-product formation catalyzed by chiral catalysts or auxiliaries.
Many outstanding results have been achieved in this area.

Enantioselective reaction includes three major reaction types: one is addition
and another is reduction, or in some reactions, it is hydrosilylation; the third one is
oxidation, or more specifically Sharpless epoxidation. All are important reactions.

To control one stereogenic center formation in reactions, it is a key step to
design and synthesize suitable chiral catalysts or auxiliaries used in reactions. The
catalytic procedure would form an asymmetric space during reaction, which leads
to various transition state (TS) barriers and sequentially brings different quanti-
ties of (R) or (S) enantiomers. The ee value of the product can be measured by
optical rotation (OR), high-performance liquid chromatography (HPLC), or gas
chromatography (GC). The more the TS barrier difference, the larger will be the
ee value.

7.1
Enantioselective Addition

7.1.1
Organic Zn- or Zn-Ti Reagent

The use of diethylzinc was reported very early by Frankland, in 1849 [1]. However,
because of its low reactivity, diethylzinc has been of limited use until it was suc-
cessfully used in addition to aldehydes in the presence of chiral catalysts [2]. The
enantioselective diethylzinc addition to aldehydes has been well studied during
the 1990s, and many excellent results have been achieved, including its applica-
tion for the total synthesis of natural products [3]. The typical reaction equation
is illustrated below (Eq. (7.1)).

OH

(0]
JJ\ + ZnEt, Cat*
R™ "H R (7.1)

Organic Stereochemistry: Experimental and Computational Methods, First Edition. Hua-Jie Zhu.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.

165



166|

/
/
HZO -

: ‘Z" \l/ HO : H
h N

L i T
2 4 Ph

Etzzn

PhCHO

7 Enantioselective Reaction

Et Et
/ Q\/CX Zn(OH),

—CoHs +

Et 1 R= -CH2 -t-Bu CH3CH,

+

5

Figure 7.1 The plausible TS structure for addition of diethylzinc to benzaldehyde 4.

In this addition procedure, a traditional chiral catalyst is f-amino alcohol. It
can chelate with the Zn** to form a Zn complex first, based on early reports
(Figure 7.1), and then this complex would catalyze asymmetric synthesis [4]. For
example, the chiral f-amino alcohol catalyst 1, which was derived from natural
alkaloid abrine, can afford about 99% ee in the addition [5]. According to the mech-
anistic study results, this f-amino alcohol would react with one molecule of Et,Zn
to form complex 2, and this would react with another molecule of ZeEt, and a ben-
zaldehyde to form a TS state structure 3. It is a 5/4/4 ring system. After the negative
carbon of the ethyl group is transferred to the carbonyl group, it would decom-
pose into an intermediate 4 and complex 2. Intermediate 4 can be converted into
the addition product by hydrolysis after the reaction is finished. A typical catalytic
procedure is illustrated in Figure 7.1.

In this catalytic procedure, the quantity of ZnEt, should be at least twice that
of the aldehydes. Experimental results have confirmed this assumption. Thus, in
a traditional addition of diethylzinc to aldehyde, the mole quantity of Et,Zn is
double that of the aldehydes. Under basic condition, the catalyst can exhibit its
enantioselective ability. For example, chiral ligand 6 can catalyze the addition with
high ee values (Eq. (7.1) and Table 7.1) [6].

oo
Et 2

OH ‘\\\\OH
\ MeN
NN
Hi 7 NR, = N(CH,),

6 8 NR, = N[(CH,),0(CH,),]
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Table 7.1 Addition of diethylzinc to aldehyde using ligand 6.

Entry Aldehyde Yield (%) op% ee Configuration
1 4-MeOPh 90 92 R
2 4-ChPh 99 94 R
3 4-MePh 90 91 R
4 2-Naph 99 100 R
5 c-Hexyl 65 65 R

Table 7.2 Addition of diethylzinc to aldehydes using ligand 7 and 8.

Entry R Catalyzed by 7 Catalyzed by 8
Yield (%) ee (%) Yield (%) ee (%)

1 Ph 89 942) — —

2 4-MeOPh 97 94b) 97 98°)

3 2-CIPh 97 939 95 96>
4-MePh — — 97 97b)

4 3-CIPh 95 96Y) 95 924

5 4-CIPh 97 992) 97 95¢)

6 1-Naph 92 96) — —

7 2-Naph 95 96 98 97b)

8 Hexyl 9 949 94 66°)

9 c-Hexyl 89 98f) 97 689

10 (E)-Ph—CH=CH 95 86> 93 750 (S)

11 Ph-C=C 97 76 — —

12 TIPS-C=C 84 92h) 72 85) (R)

a) Determined by chiral GC (Chiraldex G-Ta Column).

b) Determined by chiral HPLC (Chiralcel OD).

¢) Determined by HPLC (Chiralcel OJ).

d) Determined by chiral HPLC [(R,R)-Welk-O1].

e) Determined by HPLC (Chiralcel OB-H).

f) Determined by chiral GC (Chiraldex G-TA) of the corresponding acetate derivatives.

g) Determined by HPLC (Chiralcel AD-H).

h) Determined by !°F nuclear magnetic resonance (NMR) of the corresponding (R)-MTPA ester
derivative.

i) Determined by 'H NMR of the corresponding (R)-MTRPA ester derivatives.

Many excellent reports are available on the design and synthesis of various
chiral catalysts, such as the axial catalysts 7 and 8; both promoted the addition
of diethylzinc to aldehydes in high enantioselectivities in diethylzinc to various
aldehydes (Table 7.2) [7].

The chiral axial catalyst 9 was also reported with a high 94% ee [8]. The active
section (1,4-diol structure) near the center of the axis provides a big wall-like
space exclusion for asymmetric addition. Indeed, smaller groups are still capable
of catalyzing the addition with high ee values. For example, ligand 10 gives almost
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90-99% ee for most aromatic aldehydes except for aldehydes with a triple bond,
such as Ph—C=C-CHO (76% ee). This could be improved if the readily available
ligand 1,1'-bi-2,2 -naphthol (BINOL) (S)-11 was used [9]. It could afford up to
99% ee for a series of aldehyde addition with terminal alkynes using diethylzinc

(Eq. (7.2), Table 7.3).

Ph—==—H + RCHO

- QT O

(1) EtyZn

(R)-10

OH

@ (SH1TIOHP, =

*

R

(S)-11

(7.2)

In the catalytic reaction (Eq. (7.2)), the ee values obtained are very high (up to
99% ee) in both aromatic and aliphatic aldehydes. Ti(Oi-Pr), is needed for the

Table 7.3 Reactions of terminal alkynes with various aldehydes.

Entry R Yield (%) ee (%) Entry R Yield (%) ee (%)

1 Ph 77 96 139 n-CgH,, 96 91

2 4-FPh 74 96 14 n-C,H, 5 70 93

3 4-NO,Ph 79 97 15 n-C,H, 91 93

4 4-CIPh 81 92 16 i-Pr 84 97

5 3-CIPh 79 92 17 Et 60 94

6 2-CIPh 9594 92 18 c-Hexyl 58 95

799 4-MePh 93 97 19 PhCH,CH, 99 93

8 2-MeOPh 73 93 20°) PhCH, 93 91

99 2-Furyl 72 92 21 Ve CHO 92 96

10 1-Naph 71P) 92 22 93 96
4/>70Ho

11 2-Naph 77 98 23 (E)-PhCH=CH 89 97

120 Ph 75 92 2 ,)—CHO 9 99

a) Redistilled aldehyde was used, 2 ml of toluene was used in the first step.

b) Determined by 'H NMR.

c) Phenylacetylene: Et,Zn: Ti(Oi-Pr),:BINOL:aldehyde =4:4:1:0.4: 1.

d) Previously unpublished result.

e) Aldehyde was added dropwise.

f) Triisopropylsilylacetylene was used in place of phenylacetylene.
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catalysis. ZnEt, here is used as a moderate base instead of an addition reagent. It
can remove the proton from the terminal alkyne to form an anion of Ph—C=C-.
This anion can attack the carbonyl carbon of aldehydes to afford the corresponding
alcohols in the additions.

ZnPh, is also used in the additions. However, it is not as widely used as Et,Zn.
When it is used in the addition to aromatic aldehydes catalyzed by 9, the pheny-
lation cannot be performed if ZnEt, is not used. Only in the presence of ZnEt,,
the phenylation can be achieved with up to 80—90% ee at room temperature or
at —30°C (Eq. (7.3)). In this case, ZnEt, acts as a promoter instead of an addition
reagent.

OH

*

9
H +PhyZn —
z Et,Zn Ph

MeO MeO (7.3)

7.1.2
Organic Cu-Zn, Cu-Li Reagent

Organic Cu-promoted conjugate additions are well known; the recorded ee values
can be up to 95% or higher [10]. The combined use of a Cu salt with an organic Zn
reagent can promotel,4-additions efficiently. About 1 mol% of chiral ligand used
in the addition could afford good enantioselectivities (up to 90% ee). A Cu salt,
such as Cu(OTf),, is required in this catalytic procedure.

Conjugate additions of dialkyzinc reagents with Cu salts can be achieved
directly. For example, the chiral ligand 12 induced excellent enantioselectivities
in the additions of ZnR, to acyclic oxazolidinones (Eq. (7.4) and Table 7.4) [11].
A quantity of 1 mol% of the (CuOTf),—C¢Hy is enough to promote the addition
with 92% ee selectivity. A 1% mole is also the minimum quantity for this addition.
Once it is reduced to 0.5%, the ee values decreased greatly to 76% ee (Table 7.4,

entry 3).
O, s
\ >—— O ><
o P~ N SP-N
NHBu o}

o I

)---n
O AN

14

12 (2.4-6 mol%)

R 0 O
/\)J\ ? CuOTf)z—CeHe ©O525maf%) — AN . ?
(7.4)

Derivatives of BINOL have been widely used in different catalytic processes.
They showed good enantioselectivities in the enantioselective 1,4-additions of
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Table 7.4 Cu-catalyzed additions of alkyl zinc reagents to unsaturated oxazolidinones using
catalyst 12.

Entry R R mol%  mol%Cu Yield (%) ee (%)
1 Me Et 2.4 1.0 95 95
2 Me i-Pr(CH,), 5.0 1.0 61 93
3 Me i-Pr 2.4 0.5 95 76
4 n-Pr Et 2.4 1.0 86 9%
5 n-Pr i-Pr(CH,), 2.4 1.0 89 95
6 —(CH,);OTBS Et 2.4 1.0 95 >98
7 i-Pr Et 2.4 1.0 88 92

a) Isolated yields. All reactions proceeded to at least 95% conversion (GLC analysis).
b) Determined by GLC (B-DEX column for entries 1-5 and 7, CDGTA column for entry 6).

Table 7.5 Diethylzinc conjugate additions to nitropropene acetals.

Entry Substrate Ligand Product Yield (%)  ee (%)
1 —0 13 —0 Et 279 87

2 14 7 289 93

—O>—\ NO, —o& NO,
3 (e} 13 (6] Et 70 76
4 14 * 72 91
OWNOZ O>_&N02

5 ><:O 13 ><:O Et 74 79

6 >_\_ 14 >_<; 79 92

7 Ph

Phi o>_\\—No2 Ph o>_*§~No2

a) Isolated yield.

b) Determined by chiral GC.

¢) Nonoptimized conditions.

d) Determined by chiral HPLC.

diethylzinc to acyclic nitroalkenes (Eq. (7.5)) [12]. Ligand (aS,R,R)-14 produced a
very good enantioselectivity (up to 93% ee) in diethylzinc conjugate additions to

nitroalkenes. Table 7.5 presents the details of the reactions using ligands 13 and
14.

R0>x 13-14, Cu(OTf), (1 mol%) RO FEt
RO” N NO,  ZnEty, toluene , -45 °C RO>_&N02 (7.5)
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Table 7.6 Enantioselective 1,4-conjugate additions of ZnEt, to acyclic enones using 15.

Entry R R? Yield (%)? ee (%)) Configuration®
1 Ph Ph 82 97 S
2 4-CIC(H, Ph 76 97 +9
3 4-MeCH, Ph 86 97 +9
4 4-MeOCH, Ph 80 97 s
5 Ph 4-CIC4H, 75 95 -4
6 Ph 4-MeCgH, 71 89 +9
7 Ph 4-MeOC.H, 31 74 -9
8 Ph Me 48 589 S
9 Ph Me 64 909 S

a) Isolated yield.

b) Determined by HPLC (Chiralpak-AD).

c) Absolute configuration was assigned by comparison of optical rotation with reported data.
d) Sign of the optical rotation of addition product.

e) Determined by GC (Gamma-DEX-225).

f) Reaction was carried out with 15 as the ligand.

In acyclic conjugate additions (Eq. (7.6)), a PN,O-containing ligand 15, which
is also derived from binaphthanol [13], showed good catalytic effects. Table 7.6
lists the results of addition of ethyl functions to the substituted aromatic acyclic
enones employing diethylzinc in the presence of [Cu(CH;CN),]BE,. Up to 97% ee
was achieved. The catalysts contained two axial ligand sections, and exhibited big
space exclusion in catalytic procedure and showed excellent enantioselectivities.

R
0 o
I o) T P00
o ) NaW
(aS,aS)-15 R = Me O Q
) asamr =)

(aS,aS)-16 R=H

9] [Cu(CH5CN),]BF, Et

o]
+ Etzzn : *
R! /\)J\Rg 15,12 h R /K/“\RQ

(7.6)

If the size of the substituent R of catalyst 15 is decreased, such as 16, only a
54% ee was achieved in this addition; its another derivative (aS,aR)-17 induced
the lowest ee of 26% under the same conditions. This result is different from the
reported results using catalyst 68, in which the smaller group exhibited good
enantioselectivities in 1,2-addition of diethylzinc to aldehydes. Obviously, big
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space exclusion is necessary in chiral catalyst design. However, it is not enough;
other suitable conditions are also required.

SO P e
/Q Bt Ef iPr o ipr

The chiral P-containing ligand 18 can efficiently promote the dialkylzinc
addition to N-diphenylphosphinoylimines [14]. In experiments, (R,R)-18 was
determined to be a good chiral catalyst in the presence of Cu(OTf), with 5 mol%
(Table 7.7, Eq. (7.7)).

Op-Ph R
Sp- Cu(OT),, 0°C, 48 h b _Ph
N° Ph (RR)-18 (5 mol%) H)N\/ “Ph
)l\ ~
R2,Zn, (2 equiv), toluene
R H 2Zn, (2 equiv) R R2 (7.7)

In this example, when the methyl group was changed to an ethyl group (19),
the induced ee decreased sharply from 93 to 38%. When it was isopropyl (20),
no enantioselectivity was observed and the yield also decreased to 10% only. The
substituent effect is very great. Currently, it looks as if there is no regular rule to
design an effective chiral catalyst. This is a fact. It is also the hot point that attracts
researchers’ attention in methodology study. Possibly, it may require good space
matching between the catalyst, substrates, and/or other auxiliary.

Table 7.7 Addition of ZnEt, to N-diphenylphosphinoylimines using 18.

Entry R! R? Yield (%) ee (%)?
1 Ph Et 94 9
2 4-MeC(H, Et 91 95
3 4-CIC(H, Et 95 90
4 4-BrC,H, Et 9 92
5 4-MeOC¢H, Et 74 95
6 <01©/ Et 81 95
o)
7 1-Naph Et 93 92
8 2-Furyl Et 97 89
9 c-Pr Et 82 85
10 Ph MeP) 51 90
11 Ph Bu 71 91

a) Determined by HPLC on chiral stationary phase.
b) (CuOTf),-C,H,CH, was used.
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Michael additions of organo-lithium or magnesium reagents to enones could be
catalyzed by Cu and Co salts, respectively. Without the participation of Cu ion, it
is hard to achieve good ee values. The reported Michael additions exhibited quite
good ee magnitudes using alkyl Cu—Li reagents under the promotion of the ligand
14. The ee values for the 1,4-additions of o,p-unsaturated cyclohexanone could
high, up to 98% [15], except for isopropylation. The results are illustrated below.

14 >98% ee >98% ee 94% ee >98% ee

7.1.3
Organo-Fe Complexes

Among the various chiral catalysts, ferrocene ligands have also been well studied
in conjugate additions. For example, the chiral catalysts 21 and 22 [16] could afford
up to 90% ee with yields over 89% in the addition of diethylzinc to a,f-unsaturated
aromatic ketones. The copper salt [CuOTf],—C,H was used in this reaction.

0 o}

Fe ;
T 21 Iﬁ

Indeed, ferrocene-containing ligands are large chiral catalysts that have been
well used in different catalytic reactions. Their combinations with Pd, Cr, and
other ions have been frequently used in various reactions [17]. In the addition of
diethylzinc to aldehydes (Eq. (7.1)), the ligands 23 -25 afforded up to 95% ee [18],
while the catalysts 26 and 27 induced 97 and 99% ee, respectively, with almost
100% conversions.

R! R?
B R3 HO.
N \L
HO, H OH \R4 S
@%/NRE o Ph o/?'""é @Pth
- — |
h H N OH Fe
] Cb PPh,
ey 26 R'=R3=Me, R*=H Fe  ppPh %
- e 27 R'=Me, R? = H, <d>>

24R=Bu oV OH
25 R = —(CHj),- R%R"=~(CHo)s~ 28 29

&
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Table 7.8 Phenyl transfer from PhB(OH), to various aldehydes using 28.

Entry Ar Yield (%)? ee (%)?
1 4-CIPh 95 92
2 4-PhPh 93 95
3 4-MePh 88 90
4 Ferrocenyl 33 94
5 2-MeOPh 79 90

a) Isolated yield.
b) Determined by HPLC using chiral stationary phase.

An enantioselective phenylation was achieved in the presence of an aryl alde-
hyde PhB(OH), and a threefold excess of diethylzinc at 60°C for 12h prior to
adding 10 mol% of 28 at 10 °C with optically active diaryl methanols, providing
very high enantioselectivity (Eq. (7.8), Table 7.8) [19].

PhB(OH); (1) toluene, 60 °C, 28, 12 h

: or

(2) ArCHO, (10 mol%), i
ZnEty 10°C, 12 h Ar”Ph (7.8)

An asymmetric substitution of the acetate derivatives was derived from a,f-
unsaturated enol (Eq. (7.9)) using Pd complex of ligand 29, which could be gen-
erated by mixing [Pd(z-allyl)Cl], and 29. The —OAc could be replaced in high
enantioselectivities (92—-96% ee) (Table 7.9).

OAc 1) [Pd(r-allyl)Cl],, 29 MeO,C~. ~CO-Me
+ CH,(CO,Me) AI
o\ Ay ORACO: 2) BAS, KOAc, CH,.Cl, ™ \"~pp,

(7.9)

The chiral ferrocene derivatives 30— 33, used as nucleophilic ligands, could cat-
alyze the addition of enolates to aldehydes (i.e., aldol reaction) in the absence of

Table 7.9 Asymmetric allylic alkylation catalyzed by chiral Pd complex 29.

Entry Base T(°Q) t (min) Yield (%) ee (%) Configuration®
1 NaH 20 10 >99 92.3 S-(-)
2 BSA 20 5 >99 94.2 S-(-)
3 BSA 0 5 >99 95.5 S-(-)
4 BSA -30 360 >98 96.39 S-(-)
5¢) BSA 0 150 >98 95.1 S-(-)

a) Isolated yield.

b) Determined by HPLC (Chiralpak AD).

c) Confirmed by comparing the specific rotation with the literature [20].

d) [a], —19.6 (c, 1.4 EtOH).

e) The reaction was carried out in the presence of 0.2 mol% of a Pd catalyst.
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Table 7.10 Catalytic enantioselective intermolecular C-acylation of silyl ketene acetals.

Entry R R! ee (%)? Yield (%)?
1 Me Ph 90 80
2 Me 4-MeOPh 95 78
3 H 4-CF,Ph 90 84
4 Me o-Tolyl 95 89
5 Me 1-Naph 99 82
6 Me 2-Thienyl 76 84
7 H 3-Thienyl 80 73
8 Me 3-(N-Me-indolyl) 94 92

a) Average of two runs.

other metallic ions. Ligand 33 induced high (up to 90%) ee in this intramolecu-
lar C-acylation. This catalytic nucleophilic intermolecular C-acylation was used
to give high (up 92%) ee for other substrates (Eq. (7.10), Table 7.10) [21].

RoN
@ 30R'=Me  NR, = dimethylamino
—N—— 31 R'=Me pyrrolidino
R f® R 32R'=Me dimethylamino
R d> R' 33R'=Ph pyrrolidino
R
OSiMe,
)(J)\ )OL . Rl ~ o 33 (5mol%)
Me O Me R Et,O/CH,Cl, rt

7.1.4
Other Organo-Metallic Complexes

The chiral ligand (S)-BINAP (2,2-bis(diphenylphosphino)-1,1’-binaphthyl) (34),
after being chelated with Ag, was an efficient catalyst for promoting the allyla-
tion of aromatic aldehydes with allyltributyltin. High (up to 97%) ee was recorded
(Table 7.11, entry 3) in THF at —20 °C. In the presence of AgOTf, ligand 34 could
catalyze the reaction to produce 96% ee with yields up to 88%. In contrast, while
AgClO, afforded only a 26% ee with only 1% yield in the addition of allyltributyltin
to benzaldehyde (Eq. (7.11)) [22], the silver salt AgOTf led to high (up to 98%)
ee. Unfortunately, other ligands, such as (R,R)-35, (S,5)-36, and (S,S)-37, afforded
only 2, 48, and 3% ee, respectively, even when AgOTf was used.
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Table 7.11 Allylations of aldehydes with allyltributyltin catalyzed by 34-AgOTf complex.

Entry R Yield (%)? ee (%)
1 Ph 88 96
20) (E)-PhCH=CH 83 88
39 1-Naph 89 97
49 2-Furayl 94 93
59 (E)-n-C3H,=CH 72 930
6 2-Me—Ph 85 97
7 4-MeO-Ph 59 97
8 4-Br-Ph 95 9
99 PhCH,CH, 47 88
a) Isolated yield.

b) Determined by HPLC (Chiralcel OD-H, AD, or OJ).

<)
d)
e)
f)

3 equiv of allyltributyltin and 0.15 equiv of (S)-BINAP-AgOTf were used.

4 equiv of allyltributyltin and 0.2 equiv of (S)-BINAP-AgOTf were used.

The reaction was started using 2 equiv of allyltributyltin and 0.1 equiv of the catalyst for 4 h.
Determined by HPLC (Chiralcel AD) of the benzoate ester of the product.

P~
. OO
PPh,
_— P
PPh, \( «\/>
W PPh, ‘

N
R
34 (R,R)-35 (S,5)-36, R = Me
(5,9)-37, R=Et
34, AgOTf, OH
/\/ I
RCHO + BusSn THF, —20°C R N o)

The element Pd has an enormous number of catalytic uses in organic synthe-
ses [23]. For example, the novel chiral sulfinyl imine/Pd complexes were used in
asymmetric allylic alkylations [24]. A 93% ee was observed in this aldol addition
when the ligand (R)-38 was used and the Pd source was [Pd(allyl)Cl],. This ligand
afforded very high enantioselectivities (up to 96% ee) in the reaction in Eq. (7.11).

PS.
P
|

-o0-Tol
o-Tol
(R)-38
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Enantioselective nucleophilic addition to imines was performed and catalyzed
by 20 mol% Yb—binaphthanol complexes, as shown in Eq. (7.12) [25]. The highest
ee was 91% in this addition reaction.

O O,N
Il . \ O

PN N/F’th Yb/K/Binaphthol = 1/1/3, H I

Ph 20 mol%, _~n-PPh
+ Ph” TN7 T2
toluene, —40 °C H
CH3NO,
79% yield, 91% ee (7.12)

The addition of MeNO, to aldehydes (Henry reaction) has been well investi-
gated [26]. Chiral products from Henry reactions can be transformed into many
valuable chiral blocks by addition to aldehydes, such as nitro alkenes, amino alco-
hols, amino acids, and so on [27]. These intermediates can be further used for the
synthesis of natural products such as amino alcohols [28]. Various types of chi-
ral metallic and organo-catalytic catalysts have been developed [29]. Most chiral
metallic catalysts developed contain copper [30] because of its excellent ability to
chelate with various chiral ligands. Other metallic ions such as Zn(II) [31], Co(II)
[32], and Pd(II) [33] have also been developed.

The addition of diethylzinc to aldehydes could be a good way to synthesize
some chiral bioactive compounds. For example, it is reported that concentricol-
ide (39) has some definite anti-HIV activity; the synthesis of its analogs 40 and
41 could be performed using chiral catalysts 1 and 6, respectively. An ee value
of 99% was recorded after reaction optimization [34]. Bioactivity studies showed
that the product (40) with (R)-AC had better activity than the corresponding (S)-
AC compounds. Formation of byproducts A and B was unavoidable. For example,
at LiCl/Et,Zn/substrate/ligand = 1/1.1/1/0.05 (mole ratio), no compound 40 was
obtained, A was obtained in 87% yield and B in 13% at —10 to —15 °C (Eq. (7.13)).

-5
L

1R= CHztBu
1% (1) Et,Zn
H 1 or 6 (5 mol%)
OMe ( ) HO /
O NH,CI

(7.13)

177

OMe Et
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7.1.5
Organo-Si Reagents

Organo-Si reagents, such as CH,=CH-CH,SiCl;, are good addition reagents used
in addition to aldehydes, which so far has been one of the most efficient meth-
ods to form homoallylic alcohols using allyltrialkylsilanes [35]. Chiral Lewis or
Bronsted acids [36], especially some binaphthyl derivatives, were used as chiral
catalysts. Chiral axial 2,2’-bipyridine N,N’-dioxides were effective as catalysts for
the asymmetric allylation [37]. The typical reaction is illustrated in Eq. (7.14).

o Cat* i-PrNEt OH

. SiClg
RJ\H i 80 °C, 16 h, CH,Cl, R}*\/\ (7.14)

For example, a chiral formamide 42 could catalyze the addition reaction of allyl-
trialkylsilane to benzaldehyde with almost 98% ee value when 20—40 mol% of
catalyst was used [38]. In contrast, chiral 2,2-bipyridine N,N’-dioxides (43) can
catalyze the additions with up to 98% ee in the presence of 0.1 mol% of catalyst
[39]. A chiral ligand (44) derived from L-tryptophan exhibited high enantioselec-
tivity in the additions, and the results are included in Table 7.12 [40]. Only 1 mol%
of catalyst was required for the catalytic procedure. It showed a high selectivity
for aliphatic aldehydes (Table 7.12).

HO OH

H 0] —
Y \ 7 7
N N* N+
B Ph O~ O Ph
0.1 mol% used

20—-40 mol% used up to 98% ee
98% ee recorded recorded
42 43 (R)-44

The possible mechanism for the addition can be illustrated as in Figure 7.2.
The Si atom can form six coordination bonds in TS structure. Cleavage of
Si—-CH,CH=CH, would happen when the C=C double bond approaches the
carbonyl of aldehyde; at the same time, a pair of electrons of C=0 would be
transferred to the Si atom to form one Si—O bond. This intermediate would
decompose into the (S)-AC product and the catalyst itself. The catalyst would
take part in another catalytic cycle.

7.2
Enantioselective Reduction

Enantioselective reductions of compounds containing >C=C<, >C=0, >C=N-
groups can provide a new chiral center in a molecule under catalysis. In this
methodology study, acetophenones were used as a model molecule, just like the



Table 7.12  Asymmetric allylation to aldehydes catalyzed by (R)-(+)-44.2)

7.2 Enantioselective Reduction

Entry R Yield (%) ee (%) Configuration?
1 Ph 88 95 (S)
2 4-MeO-Ph 75 99 (S)
3 3-Cl-Ph 74 97 S)
4 4-F-Ph 76 97 (S)
5 4-Me-Ph 74 95 (S)
6 2-Thiophenyl 83 97 S)
7 1-Naph 82 9% )
8 PhCH=CH, 90 91 )
9 PhCH,CH, 73 92 (R)
10 ¢-C4Hy; 53 97 (8)?

a) Reaction condition: aldehyde (0.5 mmol), allyltrichlorosilane (0.6 mmol), (+)-44 (1 mol%).

b) Isolated yield. Some products are fairly volatile.

c) Determined by HPLC using chiral column.

d) Determined by comparing OR data and retention times using HPLC.
e) Determined after converting to 3,5-dinitrobenzoate ester.

Figure 7.2 The proposed TS mechanism for allylation.
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model molecule benzaldehyde used in enantioselective diethylzinc addition. The
H,/MeOH system, formic acids/triethylamine, silanes, or boranes could be used
as hydrogen sources.

Chiral ruthenium catalysts were generally used for the hydrogenation of
>C=C< bonds [19]. Ruthenium complexes could be prepared containing
P-stereogenic ligands. Examples include chiral ligand 45-49.

or PPhy Me, PPha
| PR12 O
Fe
45R = Me, R' = Ph 47 R = Me, R' = Ph
46 R = Me, R' = Xyl 48 R = Me, R' = Xyl 49

Three different substrates were tested using the Rh-ferrocene complex as
catalysts. High ee values were recorded in the hydrogenations of a- and/or
B-substituted unsaturated esters (Eq. (7.15)) [41]. Table 7.13 summarizes the
effect of different ligands (45—-49) on the ee values.

H,, MeOH/toluene
R' R!

]\ Rh(ndb),BH, (1 mol%) j\

R2" RS Cat* (1 mol%) R RS (7.15)

Another metal Ru has a wide range of oxidation states (from —2 to +8), which
can form many coordination geometries; this provides it with a unique oppor-
tunity to participate in various catalyses. Ruthenium has now been involved in
transfer hydrogenation and direct hydrogenations [42].

Table 7.13 Asymmetric hydrogenation of different substrates using chiral rhodium
catalysts.

Entry R R? R3 Catalyst t(h) ee (%)?
1 Ph NHAc CO,Me 45 1.5 99(S)
2 Ph NHAc CO,Me 46 1.5 99(S)
3 Ph NHAc CO,Me 47 2 94(S)
4 Ph NHAc CO,Me 48 1.5 92(S)
5 Ph NHAc CO,Me 49 0.5 95(R)
6 H CH,CO,Me CO,Me 45 0.5 98(R)
7 H CH,CO,Me CO,Me 46 1 90(R)
8 H CH,CO,Me CO,Me 47 25 95(R)
9 H CH,CO,Me CO,Me 48 14 91()

a) Entries 1-5, ee (%) values were determined by means of chiral GC (Chirasil-L-Val), entries
6—15, by HPLC (Daicel Chiralcel OD-H), entries 1620, by chiral GC (Chirasil-L-Val), or
HPLC (Daicel Chiralcel OD-H).



7.2 Enantioselective Reduction

7.2.1
Green Chemistry

Green chemistry focuses on environment-friendly reagents and reactions. The
water-soluble chiral ligands are one kind of important catalysts. For example, a
vicinal diamine, 50, was found to promote the hydrogenation of ketones to the
corresponding chiral alcohols with very good enantioselectivity in the presence
of [RuCl, (p-cymene)], in aqueous media (Eq. (7.16)) [43]. A phase-transfer cata-
lyst (PTC) needs to be used. Table 7.14 lists the reduction results using ligand 50.
Formic acid/triethylamine was used here as the hydrogen source.

OH
(R,R)-53
H,0, HCO,Na, PTC :

(7.16)
Table 7.14 Asymmetric hydrogenation of acetophenone in aqueous media.
Entry Metal complexes? HCO,Na (equiv)  Conv. (%) ee (%) Configuration®)
1 [RuCl, (p-Cy)l, 5 >99 95 R
29 [RuCl, (p-Cy)], 5 >99 93 R
39 [RuCl, (p-Cy)], 5 34 89 R
40 [RuCl, (p-Cy)], 5 61 94 R
5f).8) [RuCl, (p-Cy)], 5 95 93 R
6M [RuCl, (p-Cy)], 5 <1 ND R
7 [RuCl, (p-Cy)], 2 47 90 R
8 [RuCl, (p-Cy)], 10 >99(75) 94(94)" R
9 [RuCl, (p-Cy)], HCO,NH, (5) 3 7 R
10 [RuCl, (p-Cy)], HCO,NH,(10) 5 29 R
11 [RuCl, (p-Cy)], 5 17 94 R
12 [RuCl, (PhH)], 5 66 71 R

a) Cy=cymene.

b) The conversion and ee (%) values were determined by GLC (CPcyclodex B-236 M).
c) Configuration was determined by the sign of rotation of the isolated product.

d) 15-Crown-5 was added as phase-transfer catalyst.

e) The reaction was conducted without PTC or surfactant.

f) S/C =200.

g) The reaction time was 48 h.

h) S/C=100.

i) The data in parentheses obtained from the second recycling.

j) The reaction was carried out at 28 °C.
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The distance from hetero atom to the metallic center would affect the catalyst
activity. For example, Ru-chelating diphosphine complexes, such as 51, give poor
enantioselectivities (16.6% ee) in hydrogenations of methyl benzoylformate. (R)-
Mandelate is formed in the procedure [44]. In contrast, the chiral Ru complex 52
could afford over 99% ee. The shorter distance between the two P atoms in 51
resulted the strong repulsions in TS structure. This steric repulsion was avoided
in the TS structure by using 52 as a ligand.

OO0 e /
~p R/ Ph,P
E OMe RO* 2 =N
P

: F
> OMe F Y xx e
X=Cl,I
51 52 53

Many chiral ferrocenyl ligands have been synthesized and used in hydrogena-
tion reactions. The use of 1-2.5mol% of [RhCl(cod)], and 2—6 mol% of catalyst
53 is made in the enantioselective reactions of acetophenone (Eq. (7.17)). High
(up 98%) ee was achieved in the presence of Si derivatives used as the hydrogen
source [45]. Table 7.15 gives the details of the reductions.

(1) [Rh(cod)Cl], (1.0%) oH
53 (2.4 mol%), rt THF

(2) Hydrolysis R'" "R (7.17)

o
R1J\R2 + MesPhSiH,

Enantioselective hydrosilylation of >C=N- with HSiCl; has proven to be a pow-
erful method for producing chiral amines (Eq. (7.18)) [46]. Some effective chiral
organocatalysts have been developed, such as N-formyl derivative (54) [47], picol-
inamide analog (55) [46d, 48], and pyridyl-oxazoline (56) [49].

Table 7.15 Catalytic asymmetric hydrosilylation of aryl ketones4.

Entry R! RZ ee(%)? yield (%)? Entry R R2 ee(%)? yield (%)
1 Ph Me 98(94) 6 2,4,6-triMePh Me 98(99)

2 4-MeOPh Me 97(97) 7  Tetralone 98(95)

3 4-CF,Ph  Me 96(88) 8 Ph Et 98(96)

4 1-Naph  Me 99(97) 9 Ph D 95b) (74

5 2,4-diMePh Me 95(97) — — — —

a) Average of two runs.
b) (R)-[a-D]-Benzyl alcohol is generated preferentially.
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SN
“OH 7
54 55 56

An asymmetric-axle-supported chiral N-O amide (57) was synthesized and
used in the catalytic enantioselective hydrosilylation of N-aryl ketoimine with
HSiCl, at room temperature (Eq. (7.18)) [50]. High conversion yield and high
enantioselectivity up to 96% were achieved. The results are summarized in
Table 7.16.

2 2
N " N
HSICl,, Cat*
| o
1)\ 3 R1A\R3
R'" R (7.18)

Table 7.16 Enantioselective reductions of ketoimine catalyzed by 20 mol% of 57.

Entry R', R?,R3 Yield (%) ee (%) OR

1 Ph, Ph, Me 95 93 -13.5
2 4-F—Ph, Ph, Me 98 95 -17.1
3 4-Cl-Ph, Ph, Me 97 94 -12.1
4 4-Br—Ph, Ph, Me 9 93 -17.1
5 4-F,C-Ph, Ph, Me 95 84 —40.0
6 4-NO,-Ph, Ph, Me 95 78 +16.5
7 4-Br—-Ph,PMP ,Me 98 76 +11.7
8 4-MeO-Ph,Ph,Me 94 77 -13.9
9 Ph, PMP, Me 97 9 —2.09
10 Ph, 4-EtO—Ph,Me 95 94 -18.2
11 Ph, 4-Me—Ph,Me 95 93 +5.7

12 Ph, 4-Et—Ph,Me 95 89 —-1.74
13 Ph, 4-Br—Ph,Me 98 75 +26.6
14 Ph, Ph, Et 95 94 +40

a) Isolated yield.

b) Determined using HPLC.

c) The sign of OR was not very stable during measurement due to resolution limitation of the
polarimeter.

d) Unless specified, reactions were carried out with 2 equiv of HSiCl, and 20% of 57 in 2 ml of
CHCl, at room temperature for 4 h.

OH

Ph
~N Br ﬁ/\ ~0O- Active moiety
7 N
o | | Oy
SN N
o) ]/Q
Ph
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7.3
Enantioselective Oxidation

Enantioselective oxidation generally happens in Sharpless oxidation. Normal alco-
hol oxidation cannot afford any enantiomer since this procedure converts an sp®
carbon into an sp? carbon. However, oxidation of >C=C< should form at least one
stereogenic center. Thus, a catalytic oxidation of >C=C< could generate enantios-
elective products under the catalytic conditions. The general reaction is illustrated
in Eq. (7.19). Sharpless oxidations frequently are applied in total organic synthe-
sis.
Cat* 0
RS P g (7.19)

One of the widely used catalysts is chiral tartaric acid derivatives. For
example, (—)-diethyl tartrate ((—)-DET, 58) was used in the oxidation of (E)-3,7-
dimethylocta-2,6-dien-1-ol (geraniol) to the corresponding epoxy alcohol with
91% ee (Eq. (7.20)) [51]. This was used in the total synthesis of N-Boc-(2R,3R)-
3-methyl-3-hydroxypipecolic acid. Indeed, many examples reported employed
epoxyl alcohols, which were used as intermediates for the total synthesis of
various natural products.

(-)-DET 58 o
_ | OH Ti(O-i-Pr),, t-BuOOH _ OH
CH,Cl,, —10t0 20 °C
91%ee (7.20)

Another example is the use of (—)-DET (58) to promote the oxidation of an
intermediate, as illustrated below during synthesis of the C31-C40/C43-C52 unit
of amphidinol [52].

H (D)-(-)-DET,
Ti(O-i-Pr),,

e )
| TBHP, 4A MS o,
PMBO\/\/ACO:LR CHyClp, 20°C  "MBO~ N\ aco

- ¥ oen R=5Yy"oen

OAc OAc (7.21)

wnQ
Q)
T

In the preparation of epoxyl from allylic alcohol, (+)-DET (59) was used as a
catalyst; this procedure could afford the product with a diasteriomeric ratio (dr) of
97 :3 [53]. It is almost the enantioselective Sharpless oxidation reaction, although
this allylic alcohol had two chiral enters.

)-DET (5
\/'\/'\/\/ T| O -i-Pr),
TBHP

89% yield, dr. 97 : 3 (7.22)
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Zhou’s modified Sharpless asymmetric oxidation condition is as follows:
Ti(Oi-Pr),, L-(+)-diisopropyl tartaric acid (diisopropyl tartaric acid (DIPT), 60),
t-BuO,H, CaH,, SiO,, CH,Cl,, —25°C, 4 days [54]. This modification could
increase the yields. For example, in the following epoxyl preparation, the rough
product had 85% ee with 95% yield (Eq. (7.23)) [55]. The enantiomeric excess
increased to 99% after recrystallization.

n-Cy4H -
2 Tiiproy,, MGtz
| _L-(+)-DIPT (60) _ O, >99% ee, 65% yield
t-BuO,H, CaH, after recrystallization

There are many valuable reports on sharpless epoxidations. Interested readers
may refer to the corresponding literature.

74
Prediction of ee Using Calculations

Until now, predicting the selectivity for a specific asymmetric reaction has been
a big challenge; successful examples are not many. Theoretically, computation of
the corresponding TS barriers can predict the selectivity for a reaction. This needs
a clear reaction mechanism, and the computation can be performed at a rela-
tively high quantum level. A good example is mechanistic study of the addition
of diethylzinc to aldehyde. The mechanism is shown in Figure 7.1 [4].

An early reported combinational method is applied for study of the enantios-
elective addition of diethylzinc to benzaldehyde by use of quantum mechanics
(QM)/molecular mechanics (MM) [56]. The calculations were carried out using
Gaussian92/density functional theory (DFT) and MM3(92). The TS activation
energies of each of the three TS structures were analyzed. Correct predictions of
enantioselectivity in these diethylzinc additions catalyzed by (R)-2-piperidine-
1,1,2-triphenylethanol, 61, were achieved. The calculated ee (after Boltzmann
assumption) and the experimental ee were found to be 97.9 and 98%, respectively.

()
Mh
Ph Ph
HO

61

As a typical example, the procedure of catalytic reductions using catalyst
57 is analyzed carefully in this section. In solution, catalyst 57 exists in two
conformations, namely 57 and 62 (epi-57). The difference between the two
conformations is that the lower indole moiety is front in 57 and at the back in 62.
The moiety without the N-O bond acts as a big wall to block the other groups

185
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H-bonds
lower
TS energy

Figure 7.3 TS structure in reductions using 57.

from approaching. Thus, the reduction of HSiCl, to the C=N bond can take place
in a limited space. Both TS structures using 57 and 62 were considered in the TS
calculation [57]. Since the ring system is quite large, it is important to construct
the TS geometry for obtaining the right TS barriers. To this aim, the H-bonds
in the TS must be fixed, since H-bond formation can decrease the molecular
energy (Figure 7.3). Then, by changing the position of aldehyde in TS, reasonable
TS structures using GaussView could be constructed. On the other hand, it
is necessary to investigate the population of 57 and 62, since both can form
the corresponding TS structures and have contributions to the ee. The starting
material (E)-N-(1-phenylethylidene)aniline was used in TS constructions; its
reduction product is N-(1-phenylethyl)aniline. The ee value is 93% catalyzed by
57 (Table 7.16, entry 1).

Three basic TS types are plausible based on the analysis above and the posi-
tion of H on Si: type A (inside), type B (up), and type C (front). They could
be obtained by rotating the corresponding dihedral angles O1-C2-N3-C4,
C2-N3-C4-C5,and C3-C4—-C5-06, changing the position of Ph of aldehydes,
and orienting H on the Si atom (Figure 7.4).

Notice

To compute such a big TS system at a very high level, such as at the
B3LYP/6-311+G(d) level, the first time is not a good idea. It is suggested
that the computations be performed at a low level first, such as at the
HF/3-21G(d) level. Once the TS structure is obtained with a correct imag-
inary frequency, this TS structure could be used as a new structure for
computation at a higher basis set, such as B3LYP/6-31G(d). All possible TS
structures should be investigated for looking for the lowest TS geometry
and its barrier. In this example, HF and B3LYP theories were used.

HF/6-31G(d) theory, which is useful in predicting barrier sequences in proton-
transfer reactions, such as in reductions using sodium borohydride [58], was used
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Figure 7.4 Three possible TS types involved in the hydrosilylations (only the key sections
are illustrated here, others are omitted for clarity).

Table 7.17 The relative TS barriers that are found in types A-C.

Type AE AE, AG
A (TS-1) 3.606 4.354 4.837
A (TS-2) 0.000 0.000 0.373
A (TS-3) 0.292 0.952 0.879
A (TS-4) 1.028 1.239 0.000
B 24.865 24.633 22.577
B 19.023 —2) —2)

B 19.168 19.126 17.447
C 23.320 23.372 20.900
C 16.715 16.632 16.469
C 19.383 —b) —b)

a) The Gibbs free energy and zero-point energy were not computed since the barriers using total
electronic energy are very high.

b) Since the TS barrier energy were much higher, their frequency was not computed. The
eigenvalues were used to test their TS structures.

for TS computations for all possible structures that can be found. All the barri-
ers are summarized in Table 7.17. The energy unit is kilocalories per mole for all
barriers.

The barriers in type A were much smaller than those in types B and C. There-
fore, only type A was selected for further TS computations. Two TSs with low
barriers from 0 to 4 kcal mol™! using 57 or 62 were found via type A, respec-
tively. In total four TS geometries were found. The total electronic energy (TEE),
zero-point energy (ZPE), and Gibbs free energy (GFE) data were used in barrier
computations.

DEFT theory was also used for the barrier computations using the corresponding
TS geometries obtained from HF theory. The barriers computed at the B3LYP/6-
31G(d) level are listed in Table 7.18. At the same time, since the percentage of 57
and 62 will affect the ee values, it is necessary to consider them in ee calculations.
After conformational searches, optimizations at the B3LYP/6-31G(d) level in the
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Table 7.18 The relative barriers and predicted ee (%) values.

AE AE, AG

DFT? HEFY DFT HF DFT HF
TS-1 2.688 3.606 3.285 4.354 3.555 4.837
TS-2 0.000 0.000 0.000 0.000 0.000 0.373
TS-3 0.653 0.292 1.264 0.952 1.034 0.879
TS-4 0.559 1.028 0.762 1.239 0.201 0.000
AC S S S S S S
ee (%) 16 34 82 70 81 76
ee (%)9 80 84 97 88 97 95

a) The full materials were used in TS computations at the B3LYP/6-31G(d) level in the gas
phase.

b) The full materials were used in TS computations at the HF/6-31G(d) level in the gas
phase.

c) The ee (%) was predicted just using the relative energy data.

d) The ee (%) was predicted using the relative barrier energy and the quantity of catalyst 57 and
62.

gas phase for all geometries were carried out. The conformations with relative
energy 0—1.5 kcal mol~! were further computed at the B3LYP/6-311+G(d) level.
It was found that conformation 57 had 87% in the gas phase and its epimer (62)
had 13% based on B3LYP/6-311+G(d)-optimized geometry energy. This percent-
age was used for the ee computations in both HF and DFT methods. The TEE,
ZPE, and GFE data are selected in ee calculations. Their ee values using the two
theories are summarized in Table 7.18. The energy unit is kilocalories per mole for
all barriers.

When the quantities of catalyst 57 and 62 were not used in ee calculations,
the predicted ee values were smaller than the experimental data (93%, Table 7.16,
entry 1). The closest result is 82% using ZPE. Using GFE could predict 81% ee.
The bad prediction is to use TEE data; only 16% ee was predicted. However, if the
distributions of 57 (87%) and 62 (13%) were used in the computations, all meth-
ods predicted quite well. The closest prediction (95% ee) was when HF/6-31G(d,p)
method and GFE data were used.

In another example, when Ph,Zn and Et,Zn were both added into the addition
reaction, the addition product is the phenylation product, as mentioned earlier
(Eq. (7.3)). By theoretical investigation of the TS study (favorite structure is the
anti-trans configuration), it was found that the barrier for phenylation was about
30-40kJ/mol lower in energy than ethylation by using DFT theory (Eq. (7.24))
[59]. This is due to the overlap with the z-system of transferring phenyl, which
significantly lowers the barrier to the bending of the C~Zn bond out of the plane
of the phenyl group. On the other hand, in the presence of Et,Zn in the sys-
tem, its selectivity can be improved since the ethyl group takes part in the TS
procedure.
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Y OH
%N ! 0 ZnPh, (0.65 equiv),
OH i Xy>Ph
| oh @)‘\H ZnEt, (1.3 equiv) |

Fe
Ph |// 63 (10mol%)  RF
> R Tol
63 ouene >98% ee

(7.24)

Another methods instead of TS barrier calculation, a grid-based QSAR (quan-
titative structure activity relationship) approach, quantitative structure selectivity
relationship (QSSR) approach, was reported using diethylzinc to benzaldehyde
(Eq. (7.1)) [60]. To arrive at a reasonable result, a total of 18 known -amino alco-
hol catalysts with similar reactivities and encompassing a wide enantioselectivity
range were used to construct the relationship between the obtained AGg, (com-
puted from the ee magnitudes in the experiments) and the calculated AG_,. By
using this relationship, prediction of the ee becomes possible.

7.5
Catalyst Types

Catalysts can be divided into several classes. Generally, it could be homogeneous
or heterogeneous catalyst based on its solubility, such as a polymer-supported
chiral catalyst. Homogeneous catalysts includes amino alcohol, N-O-containing
catalysts, chiral ferrocene derivatives, and metallic complexes according to their
functional group characteristics. It could be axial catalysts, helical catalysts, and
asymmetric-axle-supported chiral catalysts on the basis of their structural charac-
teristics. Each structurally different chiral catalyst may contain different functional
groups.

751
Amino Alcohols

Amino alcohols became popular chiral catalysts after f-amino alcohols were used
in the catalytic addition of diethylzinc to benzaldehyde. Many chiral catalysts have
been reported. In addition to the p-amino alcohols mentioned above, such as 1
and 6, y-amino alcohol 10 was also used. Also, diol ligands 9 and 11 are important
catalysts. Some chiral compounds containing N, P, S, or O were also reported with
good enantioselectivity [61]. The chiral amino alcohols 64 and 65 could afford high
(up to 99%) ee in diethylzinc addition to aldehydes [62].

Ly O,

NHTs

_U
\\:7
o0
T :
i
—Z

Ph
(1R,1'R,2'S)- NHTs
64 R = Ph (SR)-65
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In the absence of Cu salts, ligands 66—68 can catalyze diethylzinc to N-
diphenylphosphinoyl benzalimine to take part in 1,4-addition reactions with high
ee values (>90% ee) [63].

Fh Ph  Ph
N OH
Ph  Ph \ NH  OH
Bn—N OH
MeO
66 67 68
7.5.2

Chiral Ligands Containing N-O Group

Chiral ligands containing the N-O group is an important chiral catalysts. After
the first reports, N,N’-dioxide chiral ligands have been used widely in different
reactions [37a]. Several kinds of N-oxide derivatives from pyridines and tertiary
amines have been synthesized and used for asymmetric allylation [64]. These cat-
alysts exhibit good enantioselectivity in many reactions, such as in additions or
reductions. For example, (R)-69 can promote the addition of allyltrichlorosilane
to aldehyde in a relatively high enantioselectivity efficiently (mostly 85—-93% ee)
while (R)-70 can catalyze the reduction of ketoimines to the corresponding amines
in good ee values (70-85% ee) [65]. Another chiral catalyst, 71, can promote the
enantioselective Henry reactions with very high ee values (up to 98 and 99% yield)
[26]. This catalyst can form metallic complexes of Cu(Il) to promote ene/Prins
cyclization reaction with a high ee values [66] including dr magnitudes.

(R)-69 (R)-70 71
Other chiral N-O catalysts, such as 72-74, also exhibited good enantioselec-
tivity in different reactions [39, 67-69].

(R)-74 R = PhOMe
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753
Chiral Axial Catalysts

Chiral axial catalysts are other important ligands used in various reactions. Some
catalysts containing an S atom, such as ligands 75—-77, exhibited very high enan-
tioselectivity in the addition of diethylzinc to o,3-unsaturated ketones (Eq. (7.25))
[70]. Among the three ligands, catalyst 75 gave no enantioselectivity in the addi-
tion reaction (Table 7.19).

TSR
75n=1,R=Me
OH

76 n=2,R=Me

o
SR 77n=2,R=tBu

n

Cu salt (0.02 equiv), ligand (0.024 equiv)
Substrate Product
Et,Zn (3.0 equiv), solvent (0.1 M), 0 °C, 2 h (7.25)

Table 7.19 Cu-catalyzed conjugated addition of Et,Zn to various enones.

Entry? Substrate Ligand Cu salt Yield (%)?)  ee(%)  Configuration
1 o) 76 Cu(OTf), 95 85¢) R
2 76  Cu(OAc), 86 229 R
3 76  Cu(acac), 58 89 R
4 77 Cu(OTf), 93 77°) R
5 77  Cu(OAc), 49 139 R
6 o] 76  Cu(OTf), 96 819 R9
7 76  Cu(OAc), 23 219 R9
8 77  Cu(OTf), 86 769 R9
9 77  Cu(OAc), 10 449 RY
10 0 76 Cu((OTf))2 22 172 R
11 76  Cu(OAc), 53 44 N
12 Ph/\)J\Ph 76  Cu(acac), 2 409 s
13 77  Cu(OTf), 72 920 S
14 77  Cu(OAc), 91 960-8) S
150 77  Cu(OAc), 85 961):8) S

a) Solvent: Methyl ¢-butyl ether (MTBE), Et,Zn: 3.0 equiv.

b) Solvent: toluene, Et,Zn: 3.0 equiv.

c) Isolated yield.

d) Determined by GC analysis of the chiral acetal derived from (2R,4R)-(—)-pentanediol
(HP-EEAP).

e) Determined by GC analysis (CP-Cyclodextrin-B-2,3,6-M-19).

f) Absolute configuration was determined by comparison of the specific rotation with the
literature value [70b,c].

g) Determined by HPLC (Chiralcel OD-H).

h) The reaction was carried out at —10 °C for 2 h.
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Under the catalysis of 7880, the imines can be reduced to amines with high
ee values (Eq. (7.26)) [71]. The reduction reagent used here is not the frequently
used HSiCl;, but was diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate.
Among the three catalysts, ligand 80 afforded the best efficiency; in Eq. (7.26),
when R = Et, the highest ee can be reached (up to 96% ee) with a conversion of

99%.

OMe  EtO,C CO,Et
[ ]
e K

| H

Ph)\COZR 5 mol% Cat*, 50 °C

78 R = 2-Naph 79

754
Solid-Supported Chiral Compounds

(7.26)

Solid-supported chiral compounds can provide economical and convenient cata-
lysts. Separation of the products from the catalyst is very easy, just by filtration.
This convenience has attracted many researchers’ attention in their study. For
example, chiral ligands 81—83, which connect three kinds of small chiral catalysts
to the polymer support, have been reported. Ligand 82 exhibited quite high enan-
tioselectivity (up to 97% ee) in diethylzinc addition to aromatic aldehydes [72].
Catalyst 83 afforded about 80—-93% ee in the same addition, mostly ~85% ee [73].

o Polymer

HO
Ph
Ph

81 82

O
7 N\
A
HN
Ph
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Fixing a chiral catalyst on surface of SiO, (MCM-41, or SBA-15) is another way
to produce the corresponding solid-supported catalysts. E xamples include 84 and
85. Ligand 85 provided 81% ee in diethylzinc to benzaldehyde addition in the pres-
ence of Ti (Oi-Pr),. The ee decreased by about 3% in the additions if the recovered
catalyst 85 was used [74].

)

N O
IO GOy g oo
OH OCH3 OH OH OCH3 OH
OH OH oTMS OH
“\on 99 orws

84 85
85 connected to ™MMCM-41, 86 connected to "™MSBA-15
It is possible to synthesize a polymer chiral catalyst that has good solubility in
definite solvents, such as BINO-polymerized chiral ligand 86; its enantioselec-
tivity can reach up to 95% in the addition of diethylzinc to benzaldehyde in the
presence of Ti(Oi-Pr), [75].

7.5.5
Spiral Chiral Compounds

Spiral chiral compounds were developed for use as chiral catalysts in various reac-
tions. Its structure contains the spiral atom and forms an asymmetric space. For
example, in reductive coupling of diene with aldehyde, the spiral chiral catalyst 87
could provide high (up to 90—96%) ee. The major product was the cis product (up
to 98—99%) with high enantioselectivity [76]. The specific reaction is listed in Eq.
(7.27) and partial experimental results are summarized in Table 7.20. Other sim-
ilar spiral chiral catalysts such as 88 were developed in enantioselective copper-
catalyzed B-H bond insertion reaction with high ee values (Eq. (7.28)) [77].
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Table 7.20 Enantioselective reductive coupling additions of diene with aldehydes catalyzed

by (R)-87.
Entry Ar Yield (%) ee (%)?
1 Ph 99 96
2 2-MePh 95 93
3 2-MeOPh 98 91
4 4-Me,NPh 85 96
5 4-CIPh 92 920
6 4-CF,Ph 98 85
7 2-Naph 96 86
8 2-Furyl 96 92
9 2-Thiophyl 98 91
a) The recoded ee (%) are for trans isomers. The cis isomer just occupied about 1—2%.
5 mol% Ni(acac), OH
Ph A~ ph + AcHO 5 MOI% (R)-87 Ph SN,
Et,Zn, 25 °C Ph
(7.27)
N 5 mol% Cu(MeCN)4PF6 X
2 6 mol% (R,,S,S)-88 BH,
Ph)J\H/OR + X BH,4 OR
6 mol% NaBArF Ph ¥
) CH,Cl,, 25 °C
2ve ¢ (7.28)

In this insertion reaction, when R = 2,6—Cl,—Ph, X = Me, PH, the ee could reach
up to 92%. In most cases, the ee greatly depended upon the size of R. When X was
Me,PH and R was a methyl, the ee was 61%, and when R was a fert-Bu, its ee was

77%.

7.5.6

Asymmetric-Axle-Supported Chiral Catalyst

Asymmetric-axle-supported chiral catalysts, such as 57, can be used efficiently.
Their design principle is illustrated below. Two planar molecules form a perpen-

dicular base via a single bond,

such as a C—C bond. The active moiety connects

to one side or both sides (only one side is illustrated in Figure 7.5). The big pla-
nar structures may allow big substrates to take reactions near the active centers in

high enantioselectivity.
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Active center

Molecular plane

Chiral active
moiety for.
TS geometry

C—Chbondaxis ___|
or other single
bond

Figure 7.5 The diagrammatic sketch for design of asymmetric-axle-supported chiral cata-
lysts.

7.5.7
Chiral Shiff-Base Ligands

Chiral Shiff-base ligands are important chiral ligands that have been used effi-
ciently in reactions. Two special Shiff-base structures, 89 and 90, which have been
identified by X-ray, exhibited high ee values in diethylzinc to aldehydes addition
(up to 90%) [78]. Shiff bases 91 and 92 showed a high enantioselectivity in the
reduction of F-substituted ketones (Eq. (7.29)) [79] in the presence of the reduc-
tion reagent LiBH, and auxiliary EtOH or (tetrahydrofuran-2-yl) methanol. The
highest ee can reach up to 97% under 1 mol% of catalyst 91.

s \’ @ﬂ

{ Co
R? HO

(Sp,S)-89 R' = Cy, (Sp.,S)-90 R' = 91R'=
R? = Me R? Me
F O
LiBH,4, 92
F
96% ee (7.29)

Asymmetric oxyamination of azlactone and oxaziridines could afford high ee
values values under the catalysis with the Shiff-base ligand 92 (Eq. (7.30)) [80].
This reaction was accompanied by cis and trans product selection. In most cases,
the cis product was the major one (Table 7.21).
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Table 7.21 Substrate scope of A for asymmetric oxyamination of azlactone with
oxaziridines.

Entry R R? cis:trans ee (%) of A ee (%) of B
1 4-MeCH, C¢H, 95:5 84 95
2 C.H, C(H, 94:6 80 93
3 4-CIC4H, CeH; 94:6 80 90
4 4-NO, CH, C.H, 85:15 43 98
5 4-MeCcH, 2-MeC¢H, >95:5 83 87
6 4-MeC H, 3-FCH, 95:5 80 98
7 4-MeC¢H, 3-Furyl 95:5 85 85
8 4-MeCcH, 1-Naph 95:5 82 85
9 4-MeCgH, Bn 90:10 71 82
10 4-MeCcH, Et 95:5 88 82
SO,R’
T SO,R!
SO,R! Bn N 91-HBArF, 0_N__.R v o2
ll\l N \;7/ (2.5 mol%) A + LN
4, .
o 0o 4AMS,-78°C  Bn=t © o0
R2 o BzNH R
A B
(7.30)
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Some Asymmetric Lewis Acids

Some asymmetric Lewis acids could catalyze Diels—Alder reaction, which is an
important tool for constructing large, new cyclic compounds. Cu-containing com-
plexes play an important role. For example, use of the Cu-bisoxazoline catalyst 93,
which is easily derived from 94 in the Diels— Alder reaction of a-sulfenylacrylates
with the cyclopentadiene, gave a high product yield with high enantioselectivity
(Eq. (7.31)) [81]. Table 7.22 provides the details using the ligand 93.

o Ph> /PhO
ST
0
N_N HN_N
[ ¢ c'\<\N &
H X0O
92 HX Cy = cyclohexyl 93

1 93, CuBr, (20 mol%),
RS_ CO,R . 7 SR
\W AgSbFg, CH,Cl,, —78 °C, 2 h

COR' (731)
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Table 7.22 Diels-Alder reactions of a-sulfenylacrylates with the cyclopentadiene catalyzed
by 93.

Entry R R! Cu-salt (Y)? Time(h) T(°C) exo:endo?  ee(%)°
1 Et Me Cu(OTf), 6 —40  1:24 40
2 Me Ph Cu(OTY), 6 -40  1:37 84
3 Et Ph Cu(OTf), 6 —-40  1:4 80
4 Et Ph Cu(OTf), 9 -78  1:7 >95
5 Et Ph  CuBr,/AgSbF ¥ 1 -78  1:15 >95
6 i-Pr Ph Cu(OTf), 4 —-40  1:23 85
7 i-Pr Ph  CuBr,/AgSbF¥ 2.5 -78 1:5 81
8 t-Bu Ph Cu(OTf), 5.5 0 1:25 26
9 CH,CE, Ph  CuBr,/AgSbE9 2 -78 1:13 >95

a) 20 mol% of Cu(OTf),, 30 mol% ligand 95, 1 equiv of dienophole and 4 equiv of cyclopentadiene.

b) Determined by NMR integration of crude reaction mixtures.

c) Determined by NMR integration in presence of Pirkle’ reagent,
(R)-(—)-2,2,2-trifluoro-1-(9-anthryl)ethanol.

d) 10mol% of CuBr,/AgSbF,. 10 mol% bisoxazoline 95, 1 equiv dienophile and 4 equiv
cyclopentadiene.

759
Organic P-Containing Ligands

Organic P-containing ligands are important type of catalysts in methodology
study. The typical ligands listed above included 13-20, 34-38, 51-52, 78-80,
and 87. Some of them are monodentate phosphorus ligands, such as 87. Mon-
odentate hosphoramidite (DpenPhos) catalysts have been developed [82], such
as catalyst 95. Its synthesis could be from the corresponding diphenol reaction
with P(NMe,); or P(NEt,), in high yields (75-95%) as illustrated below (Eq.
(7.32)) [82c]. Its Rh(I) complex could catalyze the enantioselective hydrogenation
of dehydro-a-amino acid methyl esters with very high ee values (up to 99.9%, Eq.
(7.33)). Excellent ee values up to 99.7% were recorded.

R R
N P(NMe,) ;
OH 2)3 N 0 /
= on oY e
! el
R R
(7.32)

CO,Me

R/\/Cone [Rh(cod),]BF /95, 1 mol%

NHAc H,, 20 atom, CH,Cl, NHAc (7.33)
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Ph
/
g ]
(6] >P-N
=y ;O \
Ph

95 DpenPhos

7.6
Three Phenomena

During study of diethylzinc addition to aldehydes, three phenomena were noted
with interest. They are chirality amplification (nonlinear effect), auto-self catalysis,
and odd —even carbon effect.

7.6.1
Chirality Amplification (Nonlinear Effect)

When camphor derivatives catalyze diethylzinc to benzaldehyde addition, it was
found that the ee values of the addition product could change with the ee values
of the catalysts. When the ee value of camphor catalyst was small, the addition
product’s ee value was larger than the catalyst’s ee [83]. This looks like the phe-
nomenon in electronics where a triode can amplify electronic signals. The results
are summarized in Figure 7.6.

However, this amplification does not happen frequently. In some cases, the ee
values of the addition product are smaller than the catalysts’ ee values. This is
not amplification. Therefore, some researchers call both cases as nonlinear effects
(Figure 7.7). For example, the ee values on line b (under line a) should be smaller

100
NH, 80
OH 60
96 (-) DAIB 40
 0.42M Et,Zn, 0.42M PhCHO 20
0.34 mM (-) DAIB in toluene
> 0.47M Me,Zn, 0.49M PhCHO, 20 40 60 80 100

0.47mM (-) DAIB in -toluene-dg ce((-)-DAIB) %

Figure 7.6 Chirality amplification (nonlinear effect).
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0

-
o

0 20 . 49 60 80 Figure 7.7 The chirality amplification area in
Chiral ligand (ee%) enantioselective addition.

than the catalyst’s ee. Only the ee values on line ¢ (above the line a) are larger
(amplification).

7.6.2
Auto-Self Catalysis

In the addition of diisopropylzinc to some aldehydes, such as the pyrimidine-5-
carbaldehyde derivative, the product formed by the catalysis could catalyze the
addition reaction again. Thus, after the reaction happens for a while, more and
more of the product is formed, which means the catalyst becomes more and more
active and the catalytic process gets speeded up. This is auto-self catalysis [84]. A
typical example is listed below (Eq. (7.34)).

o}
NYJ\H i-ProZn N X" "OH
RJ\N/ RO
)’\'i D “OH
RN (7.34)

The catalytic process is illustrated in Figure 7.8.

7.6.3
Odd-Even Carbon Effect

During the study of the addition of diethylzinc to benzaldehyde, it was found
that the ee values of the addition product showed a regular change; for example,
when catalyzed by 98 - 101 and 102 - 105, the addition product’s ee values showed
regular changes if the substituent R was changed from —Me,—Et, n-Pr to n-Bu
(Figure 7.9) [85].
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. O
i-PryZn +
N H
I -~
R)\N
+ “,
H_> l\ll A "OH
RN
Catalyst (S)-97
Product, (S)
Figure 7.8 Catalytic procedure of auto-self catalysis.
100 —
*r @/@\@\@
102-105
® 60 —
2 sk @\8/8/@98—101
20 [~
0 | | | |
1 2 3 4 Figure 7.9 Value of ee changing with the
Length of carbon chain length of the side chain on C3.
R R
98 R = Me OH 102R=Me
99 R = Et \ N 103 R = Et
100 R = n-Pr N~ ~Me 104 R = n-Pr
' H
101 R=n-B H R 105 R =n-Bu
e NiPr

Indeed, other types of chiral catalyst have been tested. Different chiral ligands
lead to similar results as mentioned above. This phenomenon may provide some
clues in designing chiral catalysts.

This odd—even carbon effect was discovered from the addition of diethylzinc
to aldehydes. However, a similar effect has been observed in other reactions. For
example, in the reduction of sodium borohydride to aliphatic esters, with the same
length of the carbon chain of the starting material, the initial reaction tempera-
ture (onset temperature) is very sensitive to the chain length (R') when changed
from Me to n-Bu. In another reduction using phenyl esters, the same results were
seen when R? changed from Me to n-Bu. The relationship between the onset tem-
perature and the length of chain is illustrated in Figure 7.10a [86]. An interesting
discovery was that the length of linear alcohols, such as from MeOH to n-BuOH,



Onset temperature (°C)

(a)

O O
R1)J\OCH3 RZJJ\

Methyl ester

]

OCH,Ph
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o
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T
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o
T
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Length of carbon chain (R' and R?)
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Solvent, =30 °C
100
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(b)

MeOH EtOH n-PrOH n-BuOH
Length of chain of alcohol solvent

Figure 7.10 The relationship between the onset temperature and length of carbon chain
(a) and that between ee and the length of linear alcohol solvent (b).

had a strong effect on the enantioselectivity in Henry additions (Figure 7.10b) [87].
The results cannot be explained using traditional theory.

Whether in the design of chiral catalyst or in other reactions, the length of the
carbon chain plays an important role. Therefore, paying much more attention to
this area may bring us some valid benefits that are different from the traditional
results. This may have some relevance when studying an animal’s structure.
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8
Chemoselective Reaction

It would appear that chemoselective reaction has little relationship with organic
stereochemistry. Indeed, when put on a platform of total organic synthesis, it is
very much concerned with the stereochemistry accompanying asymmetric tech-
nology. It is necessary to combine a chemoselective reaction with asymmetric
synthesis to present a full and valid method in front of the modern readers.

Generally, chemoselective reactions include chemoselective addition, reduc-
tion, and oxidation, including some named reactions, which are useful in organic
stereochemistry study.

8.1
Chemoselective Additions

If there are two or more functional groups such as >C=0 in a molecule, an added
reagent just reacts with one of them and affords a new product; this is chemose-
lective addition action. Compared to chemoselective reductions, chemoselective
addition is not very common. Compounds with the functional groups aldehyde
or ketone (-CHO, >C=0), ester (-CO,R), amide (-CONHR), acid (-CO,H), and
acid anhydride (-C=0(0O)C=0-), containing >C=C< bonds, could be potential
substrates to be used in a chemoselective reaction. A ketone or an aldehyde could
easily take part in chemoselective additions. Compared to this, the addition to an
acid or acid anhydride is relatively difficult.

8.1.1
Addition to C=0 or C=C Groups

Recently, the addition of dialkylzinc to acid hydride has been developed [1]. When
there is a stereogenic center, this reaction does not change the existing AC of the
chiral center. This is suitable for application for further reactions. It needs the pres-
ence of elements such as Ni or Rh to react with dialkylzinc or zinc salt (Eq. (8.1)).
Experimental results have shown that this reaction gives high yields and chemos-
electivity. Some results are listed in Table 8.1 [2].

Organic Stereochemistry: Experimental and Computational Methods, First Edition. Hua-Jie Zhu.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Table 8.1 Addition of diethylzinc to acid anhydrides with five-membered ring under the
presence of Ni salt.

Entry? Anhydride Product Yield (%)

H O o)

1 95,9
2 909
3 619
4 91b).9)
5 719
6 619

a) Reaction was performed using Ni(COD), (5 mol%), bpy (6 mol%), 4-F-sty (10 mol%), and
Et,Zn (1.2 equiv) at 0 °C unless noted otherwise.

b) Reaction was performed using Ni(COD), (10 mol%), bpy (12 mol%), and 4-F-sty (20 mol%).

c) 4-CF,-sty was used as promoter.

d) Isolated methyl ester.

Ni(COD),(5 mol%) H O
bpy(6 mol%) =
Et,Zn(1.2 equiv) }

4-F-sty(10 mol%) R“E~CO,H
THF,0°C,3-12h H

(8.1)

When faced with an anhydride with a six-membered ring, this addition could
lead to the same chemoselectivity. This is illustrated in Eq. (8.2). Only one major
product was obtained from the reaction. In all reactions, the stereogenic centers
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do not change.

O Ni(COD),(10 mol%) o
pyphos(12 mol%)
R O Et,Zn(1.2 equiv) R Et
4-F-sty(10 mol%) CO,H
O THF,0°C,3-12h 2 (8.2)

An addition—cyclization reaction could take place and be catalyzed by a base
(Eq. (8.3)). In this example, the a-H of —CN could be removed by a base, and this
carbon anion could attack the carbonyl carbon to afford a new ring structure. For-
mation of —-OH was achieved first as an intermediate, and then loss of —-OH forms
a new double bond [3].

R. O _CN s OH cN R CN
m +-BuOK +-BUOK é
n n n

This is a way to synthesize o,p-unsaturated nitrile, which could be further con-
verted into the corresponding amides or esters by hydrolysis. Some typical results
are listed in Table 8.2.

(8.3)

Table 8.2 Addition product of cyano-ketones under t-BuOK catalysis.

Entry Substrate Product Yield (%)
CN
CN
B S S =~ S
CN
2 Ph iO jCN Ph 66
CN
4 61
O
/ \)/\CN o CN
5 N o NS 62
(0]
CN
6 O CN - 60
N N
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A chemoselective addition was carried out using Me,Zn and Et;B after
the condensation reaction of the aldehyde with primary amine is completed
(Scheme 8.1) [4]. When Me,Zn was used in the mixed solution, the major
product was a condensation—addition product. However, once reagent Et;B was
used, the major compound was the addition product of THF to benzaldehyde.

OMe MeZZn rt E /©/
o™
HoN

o °
+ 74% 0%
Ph *H
@ " 16h
10% 75%

Scheme 8.1 Chemoselective additions using either Me,Zn or Et;B.

In a nucleophilic addition/Birch reaction, some widely used amides containing
the N-O group could be smoothly converted into the corresponding ketones
[5]. The reaction is shown in Eq. (8.4). This procedure involved the carbon
anion attacking carbonyl carbon first to form the addition intermediate A under
the interaction of ammonia electronic solution (Li—-NH,(liquid)) and loss of
Li(-N(Me)-OMe) group to give the corresponding ketone. The experimental
results are summarized in Table 8.3.

Table 8.3 Nucleophilic addition/Birch reduction of >CON-OMe to ketone.

Entry Substrate Product Yield (%)

OBn O
1 WI\ _OMe OH 0 72
N
| Bu

oBn O
3 /UJ\ 58
/‘\)‘\ u
59 /N i i 92
/}\/\)‘\Bu
7 K/\)‘\ ~OMe U "

a) t-BuOH was not used.
b) Tr=Ph,C-.
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@
o_-Li

OR? O (1)yn-Buli, THE | B° 3 ()Li,NHg()  OH ©

R1

Bu _ >
RMN/OMG -78°C RMN’OMe THF/t-BuOH RM
n \ ~78 °C, 5min

R | R
A

209

Bu

(8.4)

In the different chemoselective reactions, the key factor is the magnitude of their
transition state (TS) barrier. The smaller the barrier, the stronger the competition
ability, and the more the major product that is formed. For example, in addition
reactions of an epoxy compound with amine, the aliphatic amine would quickly
react with the epoxy derivative to afford the major product (Eq. (8.5)) [6]. The
major product has the anti structure.

NHPh O
C o N
3h
OH OH

0% 100% (8.5)

In addition to aldehyde using chloride, a new stereogenic center is formed.
Because of the reaction of Li with O atom to afford enol-Li structure (Scheme 8.2),
and then Li chelating with the S atom, the anti/syn ratio could reach 13:1 with a
yield of 88% [7].

O—Li 0 0
o o i @H OH
i i : > SPh
HKCI PhSLi Hksph PhSLi {\sw
| | SPh " SPh
88% yield

anti :syn=13:1
Scheme 8.2 Addition of Li-S complex to benzaldehyde.

Apart from the addition to >C=0O, there are many other chemoselec-
tive additions to different C=C bonds. Asymmetric [3+2] annulation of
Morita—Baylis—Hillman carbonates of Isatins with propargyl sulfones could
afford spirocyclic 2-oxindoles with an unusual cyclopentadiene moiety (Eq. (8.6))
[8]. This addition could be catalyzed by a chiral catalyst 1, resulting in outstanding
ee values (up to >99%).

OCH,OMe
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BocO CO,Me _ ,SOPh 4 (10% mol)
=
R2- | e} + 1L m-Xylene
XN SO,Ph 4AMS

(8.6)

The effect of different substituents on the reactivity was investigated. When R?
was 5-OMe, the ee value was over 99%. A strong electron-withdrawing group such
as F on C5 and C7 made the ee values to decrease to 95 and 91%, respectively.

The reaction proceeds via formal dipolar cycloaddition of in situ generated
allylic N-ylide and allenyl sulfone followed by a C=C bond isomerization
sequence, giving an efficient protocol to construct spirocyclic 2-oxindoles
incorporating an unusual cyclopentadiene moiety. The plausible mechanism is
illustrated in Scheme 8.3. Two ways were possible in the procedure, but only
approach b via [3 + 2] cycloaddition could afford the correct product.

@ N -
BocO W _co,Me MeO,C N Nu_»~co,Me
+ t-BuO” —» *
0 -Co2 —+-BuOH o
\ N,
PG Approach a PG
_+-BuOH Electrophlllc
Approach b
N/
N/
Meo,c. @
R /\/EWG
—_—
[3+2]
\
PG
Nucleophilic

Scheme 8.3 Plausible mechanism for tertiary amine-catalyzed asymmetric transformations
of Morita-Baylis-Hillman (MBH) products, the densely functionalized p-hydroxyl a-methylene
carbonyl compounds. carbonates derived from Isatins.

8.2
Chemoselective Reduction

Any unsaturated functional groups could be a potential starting material used
in reductions, such as ketone, imine, >C=C<, -NO,, and others. The reduction
reagents include H,, hydride, and other proton resources such as HSiCl,. In many
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cases, various metals or metallic salts are required as catalysts. When there are two
or more functional groups in a compound, one functional group could be reduced
chemoselectively using suitable reagents.

Specifically, hydrogenation using H, is very general; it requires the participation
of transition metals such as Pt, Pd, Ni, and Rh. The metals are adsorbed on the
surface of a support such as active C, or they are prepared in a very small particle
size to increase the surface area. H, could reduce many unsaturated compounds.
In some cases, H, is replaced by hydrazine, ammonium formate, or cyclohexene
in reductions [9].

Hydrides can exist in many forms. The frequently used reagents include LiAIH,
and NaBH,. The latter has many advantages that LiAlH, does not have. For
example, NaBH, can be used in a water system or in a basic solution. Alcohol or
ether system has also been investigated as hydrogen sources [10]. In many cases,
both reductants are treated with various alcohols to replace one or more hydrides
to decrease their activity [11]. In the case of NaBH,, Na can be also replaced by
K, Ca, or Li; one to three hydrides can be replaced by an alkoxyl group [12].

Chemoselective reductions can be achieved by using catalysts or other reaction
conditions [13, 14]. For example, hydrides from Si-containing compounds can be
activated by chelating with transition-metal coordinates, F~, or Lewis acids; they
can afford a proton anion (hydride) in the reductions. Hydrides from silicane can
reduce the aldehyde or ketone group to form the corresponding alcohol after it
chelates with Li salt in many cases [15].

When two functional groups have very different activities, it is easy to carry out
chemoselective reductions. For example, when a molecule contains an aldehyde
and a ketone group, the reduction of aldehyde can be easily carried out, but the
ketone carbonyl group cannot be reduced even by selecting a suitable condition.
There are many reports on chemoselective reactions [16]. A typical reduction used
Zn(BH,), to reduce the aldehyde group, but the ketone was not reduced [17] (Eq.
(8.7)). This reduction gave a high yield of up to ~90%.

1) o)
/\ﬁ/ Zn(BH4)2 /Uﬁ/\
C
-10°
CHO OH

Among the various >C=O-containing compounds, aldehydes can be
easily reduced using many reductants. For op-unsaturated aldehydes,
their reductions generally afford the corresponding alcohols by using
B,,H,,/CeCl;-7H,O/pyrrolidine. Only the aldehyde group could be reduced.
Other groups, such as -NO, and >C=Cx, could not be reduced [18]. Table 8.4
summarizes some typical results.

Different orientation of the same functional group in a molecule, such as >C=0,
would lead to different activity. Chemoselectivity can be used to reduce one of
them. For example, a >C=0 that is not on the ring is readily reduced using Al pow-
der in an aqueous NaOH solution (Eq. (8.8)) to afford the corresponding alcohol
with a yield of 76%. It is to be noted that it could not happen if no water was used.

(8.7)
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Table 8.4 Chemoselective reduction of aldehydes using B,,H,,/CeCl;-7H,O/pyrrolidine.

Entry Substrate Product t(h) Yield (%)
OH

1 é 4 92
OH

2 \©£‘\ Br\d\ >4 9
OH
OH

3 ©/\)‘\ @/\)\ 5 98

5@“@”

NS}

92

o 9 Al (5 equiv)
N NaOH (2.5 equiv) N
O O‘ MeOH : H,0=2: 1 O ‘ (8.8)

Under promotion of a chiral catalyst, >C=0 could be reduced with a definite
enantioselectivity. In the reduction-coupling reaction of 1-(4-acetylphenyl)
propan-1-one catalyzed by the chiral ligand 2, it afforded A and B in the ratio
18:1 (Eq. (8.9)). The chemoselective reduction coupling took place on the acetyl
carbon.

10 mol% Cat*

p-anisidine +
Et HEH, 40 °C Et Et

0 5AMS,72h o) NHAr
A B (8.9)
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Iodotrichlorosilane (ITCS) reagents can be obtained from the reaction of
SiCl, with Nal, which can reduce the C=C bond of o,p-unsaturated ketones
to afford the corresponding carbonyl compounds at room temperature in
acetonitrile in 1h (Eq. (8.10)). No byproduct was formed [19]. Other reagents
such as Co,(CO)g—H,O can also chemoselectively reduce the C=C bonds of
a,B-unsaturated aldehydes or ketones with high yield (Eq. (8.11)) [20].

Ph Ph
/' "O  ITCS, CHCN 0
o) rt, 30 min 0
N N
CHs CHg (8.10)
Co,(CO)g (1 equiv)
©\/\ H,0 (20 equiv) ©\/\
CHO™ pME, reflux, 2 h goor, CHO (8.11)

The difficulty to reduce a >C=0 to the corresponding —CH,— remained for
a long time. A valid method used for this reduction is Clemmensen reduction
or Huang Min-lon reduction. Use of a hydride to reduce >C=0 is difficult
unless the —OH formed in the first step is easily removed. If there is a strong
electron-donating group on the aromatic ring, this reduction can happen. Under
trifluoroacetic acid (TFA) interaction, >C=0 could be reduced into —CH,— by
NaBH, (Eq. (8.12)) with a yield of 90% [21].

NaBH
e oo M /" Yoo

oy o) CH_|2_|C:)|A2, SN
<= (8.12)

The carbonyl carbon of esters could not be easily reduced because of its inert-
ness. In many cases, if the ester could be reduced, other functional groups may be
reduced as well. To chemoselectively reduce >CO,R is possible in organic synthe-
sis. The reduction system LiBH,~MeOH-EtOH could selectively reduce >CO,R
in the presence of -NO,, —Cl, —-CO,H, and -CONHR with high yields (90 —100%,
Table 8.5).

The reagent BOP-NaBH, could reduce acids to the corresponding alcohols;
groups such as -NO,, —CO,R, —CN, and —N; would not be affected in these
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Table 8.5 Chemoselective reduction of esters.

Entry Substrates (A + B) Products C (yield in %)2  Recovered B (%))

A
1 Et0204<i>7mo2 - HOHZC—Q—NOZ (90) _

2 Et020—©—CI - HOHQC—Q—CI (°0) -
3 PhCO, Et PhCO,NH, PhCH, OH (100) 89
4 PhCO,Me n-CoH,,CO,H PhCH,OH (92) 98

a) Yield in percent.
b) Recovered material B in percent.

reductions (Egs. (8.13) and (8.14)) [22]. Use of the reagent NaBH,—I, could
reduce an acid to the corresponding alcohols (Eq. (8.15)) [23].

COOCH
/©/ BOP reagent OH
NaBH4 THF  O,N

99% (8.13)
A COOH  gop reagent A OH
_—
©/\/ NaBH,, THF
90% (8.14)
COOMe
©:COOM9 NaBH,/l,, THF
_—
COOH 0-25°C CH,OH
82% (8.15)

The reagent NaBH, -1, could reduce —CO,H of amino acids without any effect
of the ¢-butoxycarbonyl (Boc) group on the N atom [24]. It is a safe and valid reduc-
tant, especially for the synthesis of chiral amino alcohols on a large scale.

Generally, there are two or more carboxy groups in a natural compound. To
chemoselectively reduce one of them is a valid trial. However, it is not readily avail-
able to directly study the chemoselective reduction of natural products. The use
of models is relatively reliable and simple. For example, the following models were
used for the study [25].

O
PN

OMe
R = —-CH,OH R=-CH,NHMe R=-CH,CH=CH, R=-CH,CI
R =-CH(Me)OH R =-CHMe, R =-Ph R =—-CH,Br
R = —CH,NH, R=-H R =-CH,Ph

R=-CH(Me)NH, R=-CH=CH, R=-CH,F
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X Na
H ., _\3 y HN—BH
R ~ — 3
H:B--(Hﬁ‘ OMe CBAAHTT O,
G OMe X=0, or NH H \H OMe Na
TS-1 TS-2 TS-3
—~0
_/ + H - /X N x+, O
SB-/A A O-Na~ O:] B O
H OMe H OMe o)
X=0, or NH X=0, or NH
TS-4 TS-5

Figure 8.1 Possible TS structures used in TS calculations.

Considering the complexity of natural products and their large molecular
weight, TS barrier computation using density function theory (DFT)/6-
311 + G(d,p) is very difficult. The Hatree—Fock (HF) theory at the 6-31G(d,p)
level is a reasonable choice. The TS structures TS-1-TS-5 were used for all
possible TS barrier computations (Figure 8.1). The intrinsic reaction coordinate
(IRC) was calculated for checking whether the TS structure computed was
correct or not.

All TS structures were investigated, and the computed TS barriers are listed in
Table 8.6. During TS barrier calculations for halogenated esters (R = CH,F, CH, Cl,
CH,Br, respectively), it was necessary to consider the interaction of the halide with
the cation Na* in TS structure. There are three possible TS structures (I, II, and
111, Figure 8.2). The calculated barriers were 21.8, 20.0, and 19.2 kcal mol !, respec-
tively, for the three esters (Table 8.7, entries 12—14). The activation energy clearly
shows that strong interaction takes place between the halide and the cation Na*.
The barriers via TS general structures II and III have larger activation energies
than that via the TS structure I.

In traditional organic theory, the F atom has the largest electronegativity among
F, Cl, and Br atoms. This leads to the carbon connected to the F atom having
most positive charge among those connected to Br, Cl or I atom. Therefore, that
a hydride attacking the carbon connected to F would have the smallest activation
energy in sodium borohydride reductions, generally.

However, an interesting discovery is that the barrier predicted for the o-F ester
has the highest activation energy in the gas phase. The second highest barrier is
for the a-Cl ester, and the smallest barrier happens in reduction of a-Br ester with
sodium borohydride. When solvent effect was considered in barrier calculations,
it was found that the highest activation energy was still for the reduction of the a-F
ester with sodium borohydride. The results are listed in Table 8.7. This conclusion
is in conflict with the traditional organic theory analyzed above using electroneg-
ativity data.
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Table 8.7 Chemoselective reduction of nitrines by Fe/NiCl,6H,0-THF reductant.

Entry Substrates Products t (min) Yield (%)

1 H3COC@ H,COC @—NHZ 50 80

50 85

CI@NHz
3 02N4<;>7N3 OZN@NHZ 30 85
H;@O@— H,

30 90

o CHoNg - CH2NH,
5 ©/\/ 50 78

O Na Na

N Me

|,Na Me O “4_-Me o o~
X1 o Hy—0 X\

f Oy  H < H
H H.._| X H.!_H H H.._ 4 _H
H By H B oo

H H H

Figure 8.2 Three possible TS structures considering interaction of halide with Na* anion.

An experimental study of the onset temperature for the same compounds was
performed in diglyme using sodium borohydride. The measured onset tempera-
tures were —15 °C (a-F ester),—23 °C (a-Cl ester), and —26 °C (a-Br ester). This
sequence is the same as that of barriers predicted in the gas phase.

After analyzing the relationship between the onset reaction temperatures and
the barriers predicted at the HF/6-31G(d) level for the nine reductions, a linear
relationship could be concluded as in Eq. (8.16) and illustrated in Figure 8.3.

Apt 113830

_ 2 __
A T +666 (R =0975) (8.16)

Therefore, it is possible to use this formula to predict the onset temperature for
the selected carboxyl group after its barrier is obtained using the same methods
(HF/6-31G(d,p)). If the predicted onset temperatures are large enough for two car-
boxyl groups, such as above 15 °C, the chemoselective reduction for the carboxyl
at the lower onset temperature should be possible by carefully raising experimen-
tal temperature and checking with TLC tests.

Historically, the different chemoselectivity observed in the reductions of pri-
mary amides, secondary amides, and tertiary amides with sodium borohydride
has been a phenomenon. Namely, a primary amide reacted with NaBH, to afford
nitrile instead of amine; the secondary amide did not react with NaBH,; and only



218

8 Chemoselective Reaction

AET¢ (Kcal mol™)

1 1 1 1 1 P

1
25 29 33 37 441
1/T (x109)

Figure 8.3 The relationship between the onset temperature and barriers predicted by
HF/6-31G(d,p) method.

the tertiary amide could be reduced to the corresponding amines (Scheme 8.4).
Although this is an old question in chemistry, it is still important and basic to
most experimental chemists. NaBH, reductions are so widely used that an under-
standing of the specific mechanisms that operate during each type of functional
group reaction clearly represents an important goal.

NaBH,

R2=R3=H: » Product R'——N
0 . '
J\ Re R? = H, R® = aliphatic, or NaBH, No reaction
R N’ aromatic groups - =
‘R3S R? = R® = aliphatic, or NaBH, )
aromatic groups s Product R'— CH,NH,

Scheme 8.4 Different chemoselectivities recorded in amide reduction with NaBH,,.

This study of different chemoselectivities in amide reductions was performed
using models via quantum theory. Calculations were performed both at the
B3LYP/6-31G(d,p) and HF/6-31G(d,p) levels of theory, and single-point energy
was computed at the B3LYP/6-31++G(d,p) level for energy computations. The
calculation results clearly revealed the secrets [27].

In the reduction of NaBH, with acetamide, it would form a complex a. To reduce
a to the corresponding amine, it needs to overcome a barrier of 38.8 kcal mol~!.
However, 1 mol of H, formed just needed to overcome a barrier of 31.3 kcal mol™!
via TS-1. This is different from Newman’s study, in which 2 mol of hydrogen was
proposed to be formed per 1 mol of primary amide [28]. Because the formation
of H, is irreversible, the followed procedures must have two cases: intermediate
b should be reduced into the corresponding compound, or it should stay at this
stage. This will depend on the corresponding TS activation energy. This is illus-
trated in Scheme 8.5.

Intermediate b could undergo tautomerization to ¢ via TS-2, or could be
reduced to an amine. The barrier of isomerization is high, up to 46.0 kcal mol™!,
but to form an amine needs to overcome an energy barrier of 48.5 kcal mol~!.
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(@)
l(! /Na/BH4 —H2 Na*
o TS 1
HiC” “NH, I )J\ BH,
. o3 > /C\ 27 2 N Ve
-16. HsC NH, (31.3) H
NaBH, (-16.9) a b
TS-2 H—O-» Na* TS-3 + H gﬁ
- - —_— _~N = 4 -
46.1 e 174 7 HC 7SNy, “Na
(46.0) HsC ~BH; (14.8) 8
[ d
CHyC =N CH,C =N
TS-4 =N T =
S — +
35.3 H\ TS-5

Na
(8.1)

Scheme 8.5 Procedure to form nitrile from acetamide.

Thus, it would form the intermediate ¢, and then it quickly forms the nitrile via
TS-3 and TS-4, respectively, since the barriers after the isomerization are very
small. The tautomerization should have the lowest rate. In the experiments, to
finish the reaction it took ~2 h at ~154-°C (boiling point of diglyme).

Similarly, N-methylacetamide would undergo the same reaction to afford a
molecule of H, and the intermediate b’. However, the formed b’ has a methyl
group on the N atom. It is almost impossible to convert it into another inter-
mediate ¢/, as illustrated below. Thus, it has to wait for reduction to afford an
amine. Since there is a methyl on the N atom, it would require that the TS barrier
must be higher than 48.5kcal mol~!, which is the barrier to reduce b into the
corresponding amine. It is very difficult to convert b’ to ¢’ using a solvent such as
diglyme (Eq. (8.17)). A solvent with a much higher boiling point, such as triglyme,
may have to be chosen for the reductions.

.
)()l\/Na ) -5 _Na*
_BHg
N Diglyme )\
| b.p. 154 °C
b’ (8.17)

A tertiary amide structure has no proton on the N atom, so it cannot react with
NaBH, to afford H,. Therefore, the hydride would directly attack the carboxyl
carbon. If the energy barrier is not high enough, the amide should be reduced
into amine; however, if the barrier is too high to be overcome in the reduction,
the amide will not be reduced. Thus, N,N-dimethylformamide was used as a
model in TS calculations, and the predicted reduction activation energy was
36.3 kcal mol~!. When N,N-dimethylacetamide was used in calculation, it had a



220 | 8 Chemoselective Reaction

barrier of 42.4 kcal mol~!. Since the barrier of 46.0 kcal mol~! for isomerization
of b to c could be overcome in diglyme, the two barriers are not high enough for
their reduction in diglyme to afford the corresponding amines. The results are as
expected and agree with the experiments.

Because of the difficulty in the reduction of amides under mild conditions, more
reductants were searched. NaBH,—TFA reagents could effectively reduce amides
or lactams to the corresponding amines [29]. Like the synthesis of the side chain
of delphinium and aconitum, NaBH, could be used to cleave the N-C bond of
CF;CONH- (Eq. (8.18)) [30].

OMe O NHCOCFs; 4 pce, DMAP, OMeP i,
EtN —— X > EiN

2, NaBH,, EtOH
83% (8.18)

The reagent Ph,SiH, with catalytic amount of RhH(CO)(PPh,); could selec-
tively reduce lactams without any effect on the ester groups. This is an effective
way for the reduction of a new amino acid, and the yield could reach up to 94%
[31] (Scheme 8.6).

R1
COR?  Ph,SiH CO,RZ  Hy/Pd(OH),
N 2 2P 002R2
o pmp  RBHCOXPPR; N

Scheme 8.6 Two reaction steps to the new amino acids.

Reduction of pyrimidine could be well used in the synthesis of f-amino acids.
However, the use of reductants LiAlH, or DIBAL-H afforded the corresponding
products with only a yield of 40% [32]. The use of BH;—THF could increase the
reaction yield up to 87% (Eq. (8.19)) [33].

o 0
Ph)\N JJ\NH (1) BHg-THF(5 equiv), rt J\ L
K/g (2) ag. NH,CI Ph bNH

o)

For a lactam with N-Boc, the reductant LiEt;BH/Et,;SiH/Et,O-BF, is a good
choice; the lactam carbonyl carbon could be chemoselectively reduced. However,
the groups like ester, >C=C<, —CN would not be affected (Eq. (8.20)) [34].
Another reductant NaBH,/I, could also chemoselectively reduce the lactam but
did not reduce the ester group under reflux in THF [35].

87% (8.19)

\

OZ\N~~COMe BHs-THF N~ ~COzMe
Boc Il?>oc
64% (8.20)
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Indole-containing derivatives could be reduced into the corresponding indo-
line analogs under an acidic reaction condition (TFA or AcOH) [36]. However, an
exceptional case is the chemoselective reduction of the >C=C< bond of tetrahy-
dropyridine instead of the C=C of indole. NaBH,/AcOH could not reduce the
halide or —-NO, on the ring of indole (Eq. (8.21)) [37].

g (1) NaBHyTHF Rl
Q@ (2) RCOOH 9
HN.2—{ N-R® (3) HClhydrolysis  HN_/ N-R®
(8.21)

Reduction of nitrines could afford the corresponding amines [38]. There
are many efficient methods for asymmetric or regioselective synthesis [39].
The chemoselective reduction of nitrines is focused on B-containing reagents
because LiAlH, has low chemoselectivity in the reductions [40]. Reductants
BHCI,-SMe,, BH;-SMe,, and BF;—OEt, were well investigated [41]. Reductant
BHCIl,—SMe, could selectively reduce the nitrine group without any effect on
the ketone, ester, or —-NO, structures. On the other hand, Fe/NiCl,-6H,O-THF
could reduce aromatic nitrine with a yield of 80—90% (Table 8.7) [42].

Nitrine could be converted into N-formamide derivatives by using Pd/C and
HCOONH, via phase-transfer catalysis refluxed in acetonitrile. The reaction
could be performed under mild conditions with high yield (Eq. (8.22)) [43].

o Pd/C 0
>—©7N3 HCOONH, >—©—NHCHO
HCO — = h,cO

MeCN, reflux
95% (8.22)

The reductant InCl;/NaBH, could selectively reduce >C=C< bonds; but the
carbonyl groups of ester or ketone or —~CN could not be reduced (Eq. (8.23))
[44]. Reagents NaBH,/BiCl, could reduce >C=C< of o,p-unsaturated ester [45]
or amides [46], while other >C=C< bonds were not be affected. The reaction
condition is quite mild (Eq. (8.24)).

Ph CN Ph CN

_ NaBH,/InCl5(Cat)
>_<002Et MeCN, 1t >_<002Et

(8.23)

o NaBH,/BiCl, o

—_—
/\)I\NHPh EtOH, rt A~ Amen (8.24)

It is possible to chemoselectively synthesize the (R)- or (S)-enantiomer in the
presence of a chiral catalyst or chiral auxiliary in some reductions. For example,
Et,Zn could be used as a reducing reagent in the reduction of sulfones. The C=C
bonds could be chemoselectively reduced to form a new stereogenic center with
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98% ee when catalyst 3 was used (Eq. (8.25)) [47].

),

«PPh, O\\S/Py 5 mol% 3 O\S/Py
£ Yo  (CuOTf),-Tol (2.5 mol%) 0
Et,Zn, solvent /\
Ph H 2400 Ph Et
8 (8.25)

A frequently used model reduction for C=C bonds in an a,B-unsaturated com-
pound involves o,-unsaturated ketones (Eq. (8.26)). In the reduction, it was found
that NaCO,H could serve as a proton donor.

o Catalyst o OH
_— +
phNAph Solvent Ph/\)J\Ph Ph/\)\Ph

A B (8.26)

A catalyst could be fixed on a polymer (8.4). This conversion is dependent on
the reaction temperature and time. Water is a good hydrogen donor. Under opti-
mized reaction conditions of 12h at 100 °C, the ratio of A :B could reach from
97:3t099:1 (Eq. (8.26)) [48]. It could be extended to other substrates, and high
conversion (up to 99%) and chemoselectivity (83:17—-100:0) were recorded.

o

AcO— Pd OAc

-

N °N
/

4 PS-Pd-NHC

Reduction of nitro-containing compounds could form the corresponding
aromatic amines. This is an important organic conversion. After investiga-
tion of porphyrin/NaBH, and metallic porphyrin/NaBH,, it was found that
phthalocyanatoiron(II)/NaBH, (PcFe(II)/NaBH,) had the ability to chemoselec-
tively reduce —NO, of 4-substituted nitrobenzene. By addition of 2-Br ethanol,
the yield could be increased. Other functional groups such as —CN, >CON-, or
ether were not affected (Eq. (8.27)) [14].

NO2  peFe(ily/NaBH,/ NHz
2'BrCH20H2OH
R R
R = -CO,Me 75%
B 81%
—CH,CN 98%

~OCH,Ph 67% (8.27)
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In Rh/C, Ni(NO,),-6H,0, or Fe(OAc), catalytic systems, aromatic nitro com-
pounds could be reduced into the corresponding amine without the reduction
of ether or halide [49]. In a methanol solution, Me;N-BH,, Pd(OH),/C could
chemoselectively catalyze the reduction of aromatic nitro compounds with high
yield (99%) (Eq. (8.28)) [50].

MesN'BH3, Pd(OH)z/C
Meozc@ NO, MeO,C @—NHz
MeOH (8.28)

A novel core—shell AgNPs—CeO, nanocomposite was designed that consisted
of core AgNPs (10 nm in diameter) and a shell assembled with spherical CeO, NPs
(3-5nm in diameter). The shell had nano-sized spaces between the CeO, NPs,
which permitted the access of the reactants to the active center of the AgNPs.

Table 8.8 Chemoselective reduction of nitro compounds bearing >C=C< bonds catalyzed
by AgNPs-CeO,.?)

Entry Substrate Product t (h) Yield ®
(%)

N

6 98
=

w )/ e
N

’\5
g\

L

H
/
o oy
39 Q 7 O ®u v
O,N H,
Ty
N 24 95
H

49

Iz _

X
Q / Q 12 96

(E:Z=3:1)

24 95

38

ST X

a) Reaction conditions for reduction of -NO,: AgNPs—CeO, (25 mg), substrate (0.5 mmol),
dodecane (5ml), H, (6atm), 110°C.

b) Determined by GC and LC using an internal standard.

c¢) Determined by GC and LC using an internal standard.
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The catalyst could completely promote the conversion of both nitrostyrenes to
aminostyrenes (Table 8.9, entries 1—4) and epoxides to alkenes (entries 5—7) using
H,. However, the >C=C< bond was not reduced [51]. Table 8.8 summarizes the
results.

There are several works involving the reduction of triple bonds to (E) or (Z)
alkene structures. The reagent [Cp Ru(MeCN),]PF, could catalyze compounds
with triple bonds to afford (E)-alkenes in the presence of Cul (Scheme 8.7). It does
not affect the functional groups R! or R?,which could be an ester, ketone, halide,
or other groups [52].

" _(opRuieon R, R e L

CH,Cly, 0°C, rt Si(OEY;

R

Cul, TBAF
—_— R1 / R2
THF
()

Scheme 8.7 Conversion of alkynes to the corresponding (E)-alkenes.

Reduction of imines (C=N) that were derived from the corresponding amine
and aldehyde (or ketone) has been well investigated. This C=N could be easily
reduced. Therefore, methods to chemoselectively reduce this group are also read-
ily available. The use of Zn(BH,), (Eq. (8.29)) [53] or NaBH,/BiCl,; (Eq. (8.30))
[54] could well afford the corresponding amines with high yields (80—90%). Sub-
stituents R, R!, and R? could be aliphatic or aromatic groups.

2
0 (1) R®NH,, SiO, HN-T
A
R/\)J\Fﬂ (2) Zn(BH,),, DME R/\)\R‘ (8.29)
: R
PhMN/R M Ph/\/\u/
THF 80-85% (8.30)

The reduction of sulfoxides to the corresponding sulfoethers is a standard
reaction. Many reductions have been tested for the sulfoxides. However, because
of serious side reactions, low yields, or low chemoselectivity, the methods are
limited in their applications [55]. A series of studies showed that the com-
plex Mo(VI)O, might catalyze sulfoxides to the corresponding sulfides [56].
For example, MoO,Cl, was found to be effective in reductions [57]. Now,
PhSiH;/MoO,Cl, could effect chemoselective reductions of sulfoxides, but the
functional groups >C=Cx, ester, and halide in a molecule could not be reduced
(Table 8.9).
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Table 8.9 Reduction of sulfoxides to sulfoethers by the complex PhSiH;/MoO,Cl,.

Entry Substrates Products t(h) Yield (%)
~ S\
O S

S
o, - s
Cl Cl
" o
©/S\)J\o/ ©/S\)j\o/
3 2.5 96
S~ SN
e sadian

In the synthesis of the alkaloid peripentadenia, Ni/Al alloy could reduce the
—CN group in a basic ethanol solution [58]. This reaction afforded an unsta-
ble amine with a yield of 94% (Scheme 8.8). When other reductants such as
BH,;—SMe, or LiAlH, were used, only unseparated mixtures were obtained.

Q
P

0 0 o}

CNMAF '\’l\ll/(/;l_;!:)OyH NAI. RCOCI, NEt, wAr
al
L_CN K/\NH2 "\~ NHcoR

Scheme 8.8 The chemoselective reduction of nitrile to amine in basic ethanol solution.

The reductant #-Bu,SnIH could chemoselectively reduce >C=C< in a
molecule, but the aldehyde group could be preserved. This procedure is
illustrated below (Scheme 8.9) [59].

8.3
Chemoselective Oxidation

Apart from inorganic reagents such as Cr,0O;, SeO,, and MnO,, organic oxidants
are well investigated in organic reactions. For example, the Swern reaction is a
well-used reaction [60]. However, its low chemoselectivity has limited its wide
application. Another factor is that it forms the byproduct sulfoether, so it is not
easy in a workup. Another one is the Dess—Martin reaction [61], which has
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t
CHO
CHO n-Bu,SniH t Ph
- . X —_—
7 THF, rt, 5 h
o) n-Bu,ISn~
| t H
--O\ I,BU Ph
~ “Bu H3*O H
O
OH

Scheme 8.9 Procedure of chemoselective reduction of a,-unsaturated ketone.

been widely used. Some cheap oxidants include H,O,, -BuOOH (TBHP), and
m-chloroperoxybenzoic acid (m-CPBA).

Complexes of Cr(III) with an organic molecule, such as Salen, could be applied
for different alcohol oxidations; the oxidant is PhI(OAc), (BAIB) [62]. The reac-
tion can be performed at 20 °C in CH,Cl,. The quantity of PhI(OAc), should be
about 1.2 equiv of the alcohol, and 10% of the complex is used. Partial results are
summarized in Table 8.10.

The use of 1,3,5-trichloro-1,3,5-triazinane-2,4,6-trione (TCTATO, 5) and
2,2,6,6-tetramethyl-piperidine 1-oxyl (TEMPO, 6) could afford quite good
chemoselectivity in oxidation reactions [63]. The reaction could be performed
under mild conditions. The conversion may reach 90% or higher. The quantity
of TCTATO should be the same as the alcohol (in moles), but only 0.01 mol% of
TEMPO was used. Partial results are listed in Table 8.11.

Table 8.10 Chemoselective oxidation of secondary alcohol to ketone using Phl(OAc),.

Entry Substrates Products t (h) Conversion (%) Yield (%)
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Table 8.11 Chemoselective oxidation of alcohols to the corresponding aldehydes or
ketones.

Entry Substrates Products Conversion (%)
\"oH N0
1 90
2 =a i 99
4
HO O
N N
~ - x
. Cbz” " OH Cbz” N0 95
OH OH
5 >_©_\ ) < > \ 98
HO OH HO (0]

Cl
T
(@) N (6] .
T ;
oligd \"/ ~ClI

O
5 TATCTO 6 TEMPO

The oxidants used here could chemoselectively oxidize the primary alcohol to
an aldehyde. However, the secondary alcohol could not be oxidized (Table 8.12,
entries 4 and 5). Other groups such as >C=C< could not also be oxidized.

The combined use of BAIB and TEMPO could oxidize the primary alcohol to
the corresponding acid, but the secondary alcohol could not be converted into
ketone. This reaction can be used for the synthesis of some lactones (Eq. (8.31))
[64].

TEMPO (10-20 mol%)
BAIB (5 equiv) rt
R OH ~OH R o} O

CH2C|2 (8.31)

In this oxidation, TEMPO is used as the catalyst. The reaction could be com-
pleted in 20 h with a high yield (Table 8.12).

The Dess—Martin periodinane (DMP) reagent is 1,1,1-triacetoxy-1,1-dihydro-
1,2-benziodoxol-3(8.1H)-one (8.7). It is also a derivative of iodine. Its usage is very
wide in organic synthesis. Generally, the reactions mentioned above could be per-
formed using DMP. The extent of its reactions shows its wide usage range. For
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Table 8.12 Combinational use of BAIB-TEMPO for the oxidation of 1,5-diols to lactones.

Entry Substrate Product t(h) Yield (%)
1 R=TBDPSO-CH, - R=TBDPSO-CH, - 20 94
R=PMBO-CH,— R=PMBO-CH, - 16 77
3 R=BnO-CH, - R=BnO-CH, - 1.5 96
4 3.5 87
O o \\O B
5 TBDPSO/\I\L TBDPSO/\II 4 78
OH ~OH 0" o
6 3.5 85

“OH “OH

example, oxidative cyclization of aldehydes to pyrrolo[1,2-a]quinoxalines could
be easily performed in the presence of DMP, although it is structurally specific
in synthesis (Eq. (8.32)) [65]. In this reaction, if R = Ph, the reaction cannot be
performed. The general yields are 36—81%.

o
o) O//Q
\'\/O>/,/
0

7

oW

O o
m DMP (4 equiv or N
©: H more) / CH,Cl, ©:
H -
N~ rt N

R R
R = CH»,=CH—(CH,),~CO—; (8.32)

Attempts to synthesize acyl azides from aldehydes were made using DMP and
sodium azide. The reaction condition is mild, efficient, and general [66]. This
method is readily applicable for the synthesis of aromatic or aliphatic acyl azides
(Eq. (8.33), Table 8.13). The functional groups -NO,, ~-OMe, or >C=C< were
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Table 8.13 Synthesis of acyl azides from aldehydes and sodium azide.

Entry R t (h) Yield (%) @
1 Ph 1.5 89

2 4-OMe 1 95b)
3 2-Cl 2.5 91

4 2-Naph 1 90

5 3-Py 3 86

6 CH,4(CH,),CHO 4 88>

7 CHO 1 95P)

a) Isolated yield.
b) The acyl azides (neat) decompose upon standing in air.

preserved.

e} O

DMP/CH,Cl, J\
—_—
R H NaNjg, 0 °C R N

3 (8.33)

Notice
Azido compounds are dangerous (explode) when being concentrated under
vacuum or stored neat. Operations in hood and safety shield are required.

A chemoselective oxidative cyclization to 1,3,4-oxadiazoles could be performed
using DMP at room temperature [67]. One example is illustrated in Eq. (8.34).

i DMP NN
N_ _Ph R
Ph N - NS EEE— )\
Il-l r CHCly, t Ph/ko Fh

92% (8.34)

Sulfoether is an important intermediate in the pharmaceutical industry. In the
oxidation of sulfoether, the cheap reagent H,O, and inorganic salts could be used.
Inorganic salts are used as catalysts to promote the oxidations. The major prod-
uct is sulfoxide (A), and the side product is sulfone (B) (Eq. (8.35)) [68]. Partial
experimental results are listed in Table 8.14.

S H,0,, 20 mol% So(0T; o . oL
R CH,Cl, /10 % EtOH R-S~g2  R"YOR2
A B (8.35)

N-t-Bu N-chlorocyanamide could be used to oxidize sulfoethers to the corre-
sponding sulfoxides in a mixture of acetonitrile and water. Good chemoselectivity
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Table 8.14 Oxidation of four substrates.

Entry Substrates H,0, (equiv) t(h) Yield (%)
A B
S

N
1 O/ \/Y 1.2 5 95 3

S\
2 1.2 5.5 94 2

Br
s\
3 1.2 2.3 98 2
MeO
S\

4 ©/ 1.2 6 97 2

a) Aqueous H,0, (60%) solution was used.
b) Determined by 'H NMR.

Table 8.15 Oxidation of sulfoethers to sulfoxides using N-(tert-butyl)-N-chlorocyanamide.

Entry Substrate Product Yield (%)
T
1 S S 94
Ph-""~Me Ph-"" >Me
i
2 S S 95
4CI-Ph~" “Me 4CI-Ph~" " >Me
i
3 s S 94
i-Pr="Ni-Pr i-Pr=" NPy
i
4 S S 95
Et~ ~CO,Me Et—~ “CO,Me
i
5 S S 94
HOH,CH,C~~ Et HOH,CH,C~~ Et

was achieved (Eq. (8.36) and Table 8.15) [69].

R1/S\R2

N/CN
~Cl

B

MeCN : H,O(1 : 1)

0]

I
R1/S\R2

(8.36)
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8.4
Other Chemoselective Reactions

A way to change the reaction condition is to carry out different chemoselective
additions. This is convenient in lab experiments. Basic or acidic solution may
change the experimental results. For example, the following additions could
form different addition products under acidic or basic conditions (Scheme 8.10)
[70].

Micro-
o wave ; 74 \
Ar
Acidic N SN
condition \
Ph
; \ + Ar A
N NH; k\o Micro- Al
||3h wave Vi \
Basic N/ =N \
condition N
Ph Ar
B

Scheme 8.10 Different reaction pathways for the condensation of 5-aminopyrazoles, alde-
hydes, and cyclic ketones.

This chemoselective condensation reaction could take place at about 80°C.
Under acidic condition, when all starting materials were mixed ina 1:1:1 ratio
in acetic acid, the major product obtained was A with a yield range of 80—90%.
When the ratio of cyclohexanone to aldehyde is 2:1, and 3-methyl-1-phenyl-
1H-pyrazol-5-amine is in the same mole ratio with the aldehyde, the reaction
under acidic condition would afford product B, and product A was isolated as a
byproduct. If the condition changed to basic, only B was obtained. For example,
when Ar was 4-Cl-Ph, the product A was obtained with 79% yield in acetic acid
in 15 min. Once a base was used, product B was isolated with a yield of 86% using
0.2 equiv at 120 °C in N,N-dimethyl formamide (DMF).

The formation of >C=C< double bonds in reactions often leads to the (E) struc-
ture due to its lower molecular energy than (Z)-structure. However, it is possible
to obtain (Z)-structure by use of catalysts, for example, Ru-catalyzed Z-selective
olefin metathesis could afford the cis product using catalyst 8. For example, the
Ru-containing ligand catalyzes the formation of the (Z) product (Eq. (8.37)) [71];
the results are summarized in Table 8.16.
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Table 8.16 Scope of cross-metathesis with trans-1,4-hexadiene.

Entry R Yield (%)? Z (%)P
1 -CH,Ph 639 >95
2 ~(CH,)3CHO 70 >95
3 —(CH,),CO,Me 49 >95
4 —(CH,),CO,Me 82 >95
5 —~CH,NHPh 68 >95
6 —CH,NHBoc 54 >95
7 —-CH,0CO,Me 79 >95
8 ~CH,BPin 65 >95

a) Yield of isolated product.

b) Determined by 'H NMR analysis.

c) Yield determined by 'H NMR analysis with 1,3,5-trimethoxybenzene
as an external standard.

M/

M
1 mol of 1 R

THF, t5h (8.37)

Wittig reaction is an important reaction in the synthesis of various compounds
with a new C=C bond. They generally happen between two molecules. An
intramolecular Wittig reaction could provide another way to afford various
complex molecules. For example, the formation of indole alkaloids could be
accomplished in high yields ranging from 70 to 89% (Scheme 8.11) [72] Partial
results are summarized in Table 8.17.

When the N atom of an amide is replaced by an O atom, the reaction could
afford benzofuran derivatives with high yield; the products have the same molec-
ular skeletons as their indole analogs.

Chemoselective exchange reaction is a useful reaction, such as the exchange
reaction of glyceride with methanol to give the corresponding methyl ester and
glycerol. Generally, it could be easily accomplished when the relative energy of
the final product is lower than that of the starting material, or the final product
could be removed from the reaction system such as by distillation. However, it is
not easy to perform this procedure even if the final products’ energy is lower than
that of the starting material. For example, in the exchange reaction of acetamide
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Scheme 8.11 Formation of indole derivatives via intramolecular Wittig reactions.

Table 8.17 Indole derivatives formed via intramolecular Wittig reactions.?

Entry R R2 t(h) Yield (%)
1 Ph Boc 1.5 80
2 Ph Cbz 2 82
3 Ph TS 8 81
4 4-MeOPh Boc 1.5 77
5 2-BrPh Boc 3 67
6 Me Boc 3 75
7 i-Pr Boc 5 80
8 CO,Et Boc 2 70

)
=

Reactions were performed with starting material (0.5 mmol), chloride
(1.1 equiv), Bu,yP (1.2 equiv), and Et;N (1.3 equiv) in dried THF (1 ml)
under nitrogen.

b) Isolated yield.

(CH;CONH,) with methanol to form methyl acetate and ammonia, the relative
energy of final products (CH;CO,Me+NH,) is lower by 6.28 kcalmol™! than
the starting materials’ (CH;CONH, + MeOH) at the B3LYP/6-31G(d) level in
the gas phase. However, the exchange reaction is difficult under the catalysis of
HCl-methanol.

The situation changed when the SOCIl,—~MeOH system was used for the con-
versions. The primary amide could be converted into the corresponding methyl
ester (Eq. (8.38)) [73].

o NH, o NH,
P oy (1) SOCIL/MeOH, 0°C T on
HQN)J\/\I( (2)55°C, 6 h MeO)W
o 0
92% (8.38)

As mentioned above, experiments have shown that it is not easy to catalyze by
HCI produced from SOCI, in methanol since the addition of HCl in the reaction
cannot be carried out. Obviously, this is an exchange reaction involving a series of
intermediates of SOCI, in methanol. Scheme 8.12 illustrates the whole procedure.
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TS-1 (0] TS-2 (0]

SOCl, + MeOH =~ —/—> g —_— I
Cl—S—OMe  -MeOH MeO—-S~OMe
SM A B
(¢} ¢}
I TS-4 °
e - B —
H’S\OMG )J\OMG
(o} Product

Scheme 8.12 Plausible mechanism for exchange reaction of primary amide to the corre-
sponding methyl ester.
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Figure 8.4 The predicted three TS structures and their barriers in methanol.

The study of the mechanism was conducted using MeCONH, as a model. Cal-
culations were performed at the B3LYP/6-31++G(d,p) level. The TS barriers for
the first three procedures were computed. The predicted TS structures for TS-1
to TS-3 and their barriers are summarized below their 3D structure in Figure 8.4.

Computational results showed that the intermediate A would form quickly in
methanol. A and B coexisted in methanol. At the same time, intermediate A would
react with amide to form the intermediate C, which would have four possible TS
structures (I-1V) to form the final product.

o CI _H*
RJJ g R TS 0 " HP
““N R\Jw---N \y"--N\"_S/ R —"’N”S
O\s O—H H—
he) O\S\o Me”~ H O‘Me Me—O~H O*Me
| ] n v

The predicted four TS structures (TS-4-1 to TS-4-IV) are illustrated below.
The calculation results showed that the barrier via TS-4-I1 was the lowest
with 21.6kcal mol™'. The second lowest was via TS-4-IV with a barrier of
24.7 kcal mol ™! (Figure 8.5). It looks like the reaction would go through TS-4-IL

To further confirm which TS structure is preferred, more calculations need to
be investigated. Logically, if one TS is close to the true one, when the substrate is
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Figure 8.5 Four possible TS models and their TS barriers in methanol.
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Figure 8.6 The 3D TS structures for models Il and IV using benzamide and formamide in

TS calculation and their TS barriers.
|
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Scheme 8.13  Exchange reactions of (4-iodophenyl)methanol in presence of Bu,ZnLi,.
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changed to other, the TS barrier will change a little; however, this change should
not be large. A benzamide was used in the calculations. The predicted barrier
via model II is high up to 37.9 kcal mol™! (TS-4-1I'), which is higher in energy
by 16.3 kcal mol~! than that in acetamide reduction via using model II. However,
when model IV was used, the predicted TS barrier was only 26.4 kcal mol™! (TS-
4-IV'), which is only higher in energy by 1.7 kcal mol~! than in acetamide using
model IV. Obviously, the six-membered ring TS structure is reliable. The predicted
TS structures for both amides are illustrated in Figure 8.6.

In this exchange reaction, because of the formation of the ester, the equilibrium
must be broken and, finally, the new equilibrium will form when the reaction fin-
ished, namely, most of the starting material would be converted to the methyl
ester.

Unfortunately, the secondary and tertiary amides could not be converted into
the esters in the presence of SOCl,—MeOH solution.

Use of a halide in reaction is useful. For example, elemental iodine has strong
reactivity, so it could be used in exchange reactions. Organic zinc reagents could
be used to afford various derivatives [74]. Scheme 8.13 summarizes the results.

Traditional Schmidt reaction generally forms a mixture of two products using
HN, catalyzed by H,SO, (Eq. (8.39)). An improved and effective conversion
from aldehydes to the corresponding nitriles is to use NaN; (Eq. (8.40)). This
chemoselective Schmidt reaction could be performed under TFA catalysis in

Table 8.18 Substrate scope for Schmidt reaction.

Entry R Yield (%) Entry R Yield (%)
1 Ph 82 13 <O©. 99
(0]

2 4-MePh 71

3 4-MeOPh 97

4 3,4-diMeOPh 97 14 N"No @ 99
5 3,4,5-triMeOPh 97

O
6 4-OHPh 99 15 55
(6]
7 4-BnOPh 88
8 3-PhOPh 71
\ °

9 4-(N,N-diMe)Ph 98 16 ©/\/ 98
10 4-PhPh 85

11 4-CIPh 73 17 @\ 60

12 2-BrPh 93
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near-quantitative yields and tolerates a variety of electron-withdrawing and
electron-donating substituents on the substrates [75]. Only nitrile was obtained

in this reaction.

Mixture

O Nan,

R)J\H TFA

(8.39)

_N
R// (only one product)

(8.40)

Only the aldehyde group could take part in the reaction in a molecule; others
like ~OH or —CO,H will not be affected. Other groups are also not affected. Its
application scope is summarized in Table 8.18.
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9
Stereoselective Reaction

Stereoselective reaction is a key research area. To perform a highly controlled
stereoselective reaction, a chiral catalyst is necessary in the procedure. Similar
to enantioselective reactions, the diastreomeric excess (de in percent) is used to
express the excess quantity between two stereoisomers. When de is 100%, it is the
so-called stereospecific reaction. This case mostly happens under enzyme cataly-
sis. In organic synthesis, the values of de may be as high as 98%. Generally, if the
de is >95%, this can be considered excellent diastereoselectivity.

Another term, the diastereomeric ratio (dr), is used to show the excessive
quantity of one stereoisomer; it means the ratio between the two stereoisomers.
Its calculation is similar to the ee calculations. For a mixture of de value 95%, the
computed ratio is 97.5:2.5. To simplify the description, “stereoselective reaction”
is used to represent stereospecific reaction, diastereoselective reaction, and
others in this chapter.

Regioselective reactions may happen without any change in the stereogenic
center. It depends on the position of the regioselective reaction in a molecule. In
many cases, regioselective reactions accompany diastereoselective reactions.

9.1
Conformational Study

Originally, all reactions must have a correct “molecular posture” to “collide” and
form a formal bond. A correct “posture” means a suitable geometry or conforma-
tion in solution. In other words, many collisions among different molecules are not
effective. Transition state (TS) study is to investigate the collision with the correct
gesture between two molecules or among different molecules. On the other hand,
a free conformation distribution has a big effect on optical rotation (OR), optical
rotatory dispersion (ORD), electronic circular dichroism (ECD), and vibrational
circular dichroism (VCD), including nuclear magnetic resonance (NMR) spec-
tra. Thus, conformational study is extremely important not only in asymmetric
synthesis but also in chiroptical spectroscopy study.

The simplest example, ethane (1), has three stable conformations due to rota-
tion about the C—C single bond (Figure 9.1). For example, if H, has to rotate to

Organic Stereochemistry: Experimental and Computational Methods, First Edition. Hua-Jie Zhu.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 9.1 Energy changes of three conformations of ethane during C-C bond rotation.

the position H, and then to H,, H, should overcome three energy barriers. If the
rotation energy barrier is very low, it is impossible to separate the three conforma-
tions at room temperature. Every single C—C bond has three degrees of freedom;
therefore, if a linear aliphatic alkane has # single bonds (no double bond inside),
theoretically it would have (z — 1) geometries. Indeed, the real number of con-
formations is smaller than the the theoretical number. If there are double bonds or
heteroatoms in a molecule, the conformations should be much smaller than the-
oretical estimates. Anyway, the more the number of single bonds, the more the
number of stable conformations, and the more difficult it is to completely search
out all stable conformations.

Historically, the well-known conformational study involves cyclohexane (2) and
its derivatives. For example, there are two conformations possible for a cyclohex-
ane molecule: one is the so-called chair conformation, and another is the boat
conformation. The boat conformation can convert to another chair conformation.
The boat conformation has a higher energy than the chair conformation and there-
fore it has a small distribution in solution. At room temperature, the two chair
conformations convert so quickly that it is impossible to record their difference
in 'H NMR. The chemical shifts of protons (H, and H,) on bonds a and e are dif-
ferent. The recorded 'H NMR at room temperature is the averaged values of the
two chair conformations (1.44 ppm). However, when the measurement tempera-
ture is decreased to —110 °C, the difference between the two 'H NMR would be
recorded. Figure 9.2 illustrates the difference [1].

H e bond signal a bond signals
a 1.64ppm 1.15 ppm
He m'/He’ e
2 Hy
3 2 1 0
ppm

Figure 9.2 Exchange of two chair conformations and two proton "H NMR signals at
-110°C.
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Table 9.1 Experimental and theoretical distribution for methyl hexane in solution.

Item Me at e bond Me ata bond
Experimental distribution (%) 95 5
Relative energy by experiments (kcal mol™!) 0.00 1.77
Predicted distribution (%) 98 2
Relative energy by calculation (kcal mol™!) 0.00 2.30

In derivative of hexane, such as 1-methylhexane (3), the methyl mainly takes up
the e orientation and occupies about 95%; only about 5% is located on a orienta-
tion [2]. This case can be simulated using quantum theory. For example, when the
B3LYP/6-31+G(d) basis set was used, the predicted distribution for e orientation
goes up to 98% (Table 9.1).

Ha

A T

3 Me

The two examples are very typical. It is difficult to find all stable conformations
for a real couple compounds, especially a nonrigid compound. Conformational
study is the most basic but one of the important tasks in modern stereochemistry.

The use of NMR and HPLC (high-performance liquid chromatography) tech-
niques, especially NMR measured at different temperatures, have provided much
progress in conformational studies, for example, the dynamics of the phenyl
ring rotation in compound 4 [3]. The most stable conformation is the apical
cofacial geometry, that is, a face-to-face conformation. Since the rotation of the
(3'-methyl) phenyl ring (in broken circle) is very fast at room temperature, the
atropisomers interconvert rapidly at ambient temperature, and no difference can
be recorded between the chemical shifts of C1 and C5. The fast interconversion
shows that its TS barrier is very low. The predicted TS barrier for rotation in the
atropisomer conversion is only about 10.8 kcal mol~!, which is very low.

However, if temperature is decreased to —60°C, the sharp signals would
become broad (Figure 9.3). When the temperature is decreased to —63 °C, the
difference between the signals of the two carbons can be recorded. When tem-
perature is decreased to —75 °C, the two signals get completely separated from
each other. Once the temperature is decreased to —96 °C, the two signals become
very sharp since the rotation speed of the 4-methoxy-phenyl becomes very low.
This leads to observation of 3C NMR signals for the corresponding pairs of ortho
and meta carbons. It shows that the rotation of the (3’-methyl) phenyl ring is very
slow. Indeed, with the decrease of temperature in measurement of '*C NMR, the
chemical shift difference between the two carbons (ortho and meta) on 4-MeOPh
could be recorded as that while 3-MePh rotated.

Other than the C-C single bond restriction leading to axial chirality forma-
tion, any restriction of bond rotation would produce atropoisomers. For example,
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|
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T (°C) k(s
21 >10%

)

-96 <0

=FPr

(b) 30.8 30.2  Simulated '3C NMR

Figure 9.3 Experimental (a) and computed (b) variable NMR spectra (75.45 MHz in CD,Cl,)
of the carbons in 1,5-positions of the nonane moiety in derivative 4 under different temper-
atures.

the C—P bond restriction gave rise to the chirality (5) that could be separated
by HPLC under a low temperature of —65°C [4]. Obviously, as the decrease in
temperature can directly “freeze” a molecular behavior, it is easy to determine
NMR signals under various temperatures [5]; the low temperature could lower
the molecular internal energy and that could slow the rate of the single-bond free
rotation. In other words, if the energy barrier is large enough, the difference in
the physical characteristics of the molecule can be observed at a high tempera-
ture. This gives rise to a large family of chiral compounds, including axial chiral
compounds, such as those mentioned in Chapters 2 and 7. Some of them could be
used as chiral catalysts in asymmetric synthesis. Similar studies have been widely
reported [6].

o O
1 ACO z ..un\\\C)-\--mu<OH OH
H—p- H OH Me
Me

OH (0] H OH
Me

i

“OAc oH
5 6 7

There is another methods to be used in conformational and configurational
study involving ring-opening and ring-closing changes. This is a frequently used
method to study the conformational distribution for natural products. The NMR
data of compound 6 exhibited different values in different solvents; it looked
as if two compounds existed with different ratios [7]. For example, the ratio of
compound 6 in methanol, chloroform, and acetone is 7.8:1, 1.7:1, and 4.5:1,
respectively. The higher the polarity, the larger the ratio. Since the compound can
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crystallize from water rather than from organic solvents, its structure was well
established by X-ray.

It is difficult to compute the conformational distributions using the whole
molecule. To use a model is a possible way. This molecule is simplified as 7. It is
possible to use the methyl group to represent the diterpene moiety; the isopropyl
group could be also another choice.

The model compound can form various isomers such as 8 — 11 via ring-opening
and ring-closing reactions (Eq. (9.1)); each of them can have several conforma-
tions. They (9—11) can exist in equilibrium in solution (Egs. (9.2) and (9.3)).

HO HO
OH y
o) OH - .
\&me O O HOH
OH H
OH OH
7 8 9 (9.1)
H H
M \e Q oH
W Ho
Me
OH OH
7 10 (9.2)
HO
H
O JoH
0-7—OH
H HO On
OH
9 1 (9.3)

Because of the single-bond rotation (bold bond in 7, 9-11), each one would
form three conformations. For 7 and 10, they form conformations a, b, and ¢, and
for 9 and 11 they form d, e, and f (Figure 9.4).

First, optimizations were performed at the B3LYP/6-31G (d) level for the relative
energy predictions. It was found that 9e, 10a, 10b, and 10c had energy magnitudes
o0f14.2,10.2,12.3, and 18.2 kcal mol~! (Table 9.2, entries 2 and 3), respectively. The
energy data are so large that their contribution in solution can be ignored.

Only the conformations with relative energy below 10 kcal mol~! were used in
further optimization; they are 7a—7c, 9d, 9f, and 11d-11f. Different methods
were used for further computations. One economical method could give reason-
ably good predictions. For example, all B3LYP/6-31G(d)-optimized geometries
were used for single-point energy (SPE) computations using B3LPY and MP2 the-
ory using the 6-31++G(d,p) basis of sets in methanol, acetone, and chloroform,
respectively. The ratios of the two configuration isomers (7 versus 9 and 11) were
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OH OH OH
Me Me HO Me Me \é@iOH
HO O/ HO O/ HO\/ O/
OH Me Me
(a) (b) (c)
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-0 on ° oH ° OH
OH Me Me
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Figure 9.4 Six Newman projects for compounds 7 and 10 (a-c) and 9 and 11 (d-f).

Table 9.2 Relative energy for all conformations at the B3LYP/6-31G(d) level (kcal mol~").

Entry Compound Conformations and relative energy

a b c d e f
1 7 5.186 4.637 1.992 — — —
2 9 — — — 4.839 14.227 4.158
3 10 10.227 12.336 18.223 — — —
4 11 — — — 1.206 3.547 0.000

Table 9.3 Relative SPEs using B3LPY and MP2 theories at the basis sets of 6-31++G(d,p)
using B3LYP/6-31G(d)-optimized geometries in three solvents (with energy in kcal mol™).

Entry Conform AE (MeOH) AE (CHCl,) AE (acetone)
B3LYP MP2 B3LYP MP2 B3LYP MP2
1 7a 2.348 3.012 2.698 3.338 2.127 2.791
2 7b 3.009 3.428 3.022 3.452 2.700 3.117
3 7c 0.000 0.000 0.000 0.000 0.000 0.000
4 9d 2.554 3.362 2.723 3.533 2.474 3.289
5 9of 3.657 4.458 2.936 3.720 3.223 4.022
6 11d 2.415 2.156 1.878 1.604 2.474 2.219
7 11e 2.623 2.716 2.606 2.693 2.527 0.618
8 11f 1.205 1.085 0.313 0.153 1.106 0.984
9 7:(9+11) 52:1.0 5.0:1.0 1.5:1.0 1.2:1.0 51:1.0 4.4:1

1.5:1,5.1:1, and 5.2:1 using the B3LYP/6-311++G(d,p) method when the sol-
vent was changed from chloroform to acetone to methanol, respectively (Table 9.3,
entry 9). The ratios were 1.2:1, 4.4:1, and 5.0: 1, respectively, using the MP2/6-
3114++G (d,p) method in the above case. It shows that the higher the polarity of
solvent, the higher the fraction of 7 in the solvent.
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MP2/6-314+G(d)-optimized geometries that were used for SPE computation at
the B3LYP/6-311++G(d,p) level did not give good predictions. Even when all con-
formations were optimized in the three solutions respectively, they could not give
good predictions. The use isopropyl in place of methyl in the model might improve
the results.

9.2
Effect of Conformation on Reactions

The relationship between conformation and reaction activity was reported as early
as in the 1940s [8]. However, this did not become a key point in asymmetric syn-
thesis. The reason may be very complex. The major one may be that it is not easy to
find out the correct conformation population, including the most and second most
stable conformations (it also appears in the absolute configuration (AC) assign-
ment study).

The quantity of a chiral catalyst used in reactions is generally <30 mol%. How-
ever, the axially chiral auxiliary should react with at least the same mole as those of
substrate and form a new compound. The stereogenic center in the new molecule
could control the chirality formation in the next reaction. For example, in a remote
chirality control reaction [9], the aldehyde could react with the auxiliary ester of
crotonic acid ((E)-but-2-enoic acid) of 12, which was derived from 13 and cro-
tonic acid (Eq. (9.4)). In this reaction, the chirality from the restricted rotation of
the C-Cbond controlled the new stereogenic center formation in the new lactone.

Moiety of ,-_
ji-Pr. | crotonic ester A pr\
~N 0 ) R'CHO, Sml,
o ; THF R0
\"/\/ t-BuOH (1.2 equiv),
i —20°Cto-15°C

14 (9.4)

In the reactions, the substrate 12 played two roles: one as a substrate, and the
other as a catalyst. Partial experimental results are given in Table 9.4.

In asymmetric synthesis, use of chiral catalysts provides researchers with a good
tool to control different chirality formations. It is used to compute TS barriers to
understand the experimental results. In many cases, because of the complexity of
chiral catalyst, it is possible to use a simplified model in TS barrier calculations.
The method has been widely used in various research areas. For example, some
simplified models were used to explain the experimental results, and the calcula-
tions agreed well with experiments. However, this is not always possible. When
used to explain experimental results using a series of chiral catalysts, one can-
not use the simplified model. An example was given in Chapter 7: the odd—even
carbon effect. The relationship between the free ligand conformations and final
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Table 9.4 Effect of different axial chiralities on enantioselectivity.

Entry Catalyst R ee (%; cis,trans) @ cis [al,, ® AC
1 (-)-(aR)- n-Bu >99, 96 +80.8, (3RAR)
2 (+)-(aS)- n-Bu >99, 95 —

3 (+)-(aS)- i-Pr >99, 75 —

4 (+)-(aS)- t-Bu 96, 61 -

5 (-)-(aR)- Cy 80 +46.5

a) Determined by GC; Cyclosil B (30 m X 0.25 mm i.d. and 0.25 pm).
b) In MeOH (about 0.20-0.65). Reported [10]: (3R,4R)-, +73.8 (94% ee); (3S,4S)-, —74.3 (96% ee);
(+)-, +55.7 (96% ee); (—)-, —56.8 (97% ee).

A

100 -

80 | m
Q 19-22
& 60
@
© 4ok @\8/@/@ 15-18

20 —

0 | | | | o Figure 9.5 Two series of chiral catalyst structures

1 2 3 4 and their ee values in the addition of diethylzinc
Length of side chain on C3 to benzaldehyde.

ee values was constructed. It was found that when substituent of chiral ligands
changed from Me and Et to #-Pr and #-Bu, the recorded ee values of the addition
product 24 exhibited regular changes (Figure 9.5, Eq. (9.5)) [11]. Obviously, the use
of a simple model cannot explain the relationship between the catalyst structure
changes and their ee values [11].

R R 15R = Me
4 OH 16R=Et
> -
Q,\T\\;/\g\j-Bu 17 R=n-Pr
H  n-Pr 18 R =n-Bu

R R 19 R = Me
N N-Me 21 R=n-Pr

H Nipr 22 R=n-Bu

Cat.* *
H EtZn Et
_—
Toluene

23 24 (9.5)



9.2 Effect of Conformation on Reactions

No doubt, the changes must be related to their TS barrier magnitudes. In this
catalytic procedure (TS-1), there are many freely rotating single bonds, and this
leads to the formation of a large number of TS structures.

TS-1

In this case, even if the most unreasonable structures were removed, the number
of TSs needed to be investigated should be in hundreds. If the TS calculations are
performed at the (Hatree—Fock) HF/6-31G(d,p) level, the computation will take
an enormous time. Such capacity is not readily available at the present time.

It was assumed that the distribution of free ligands in solution would affect
the percentage of TS structures, and this effect finally turned into selectivity in
reactions. Therefore, it may be possible to find the relationship between the dis-
tribution of free ligands and their ee values. The catalysts contain a N atom, which
can overturn in the molecule. Because of the overturn, the catalyst contains cis and
trans conformations. Possibly, the energy difference (AE,qs_ ) in kcal mol™)
between the cis and trans conformations corresponds to the different TS geome-
try distributions, which is related to the recorded ee values. Because of the large
molecular structure, the HF/6-31G(d,p) method was selected for the computation
of energy. Other series of chiral catalysts (25-28, 29-32) had similar catalytic
effect. The computed energy differences predicted at the HF/6-31G(d,p) level are
listed in Table 9.5 using the catalysts.

. R 25 R = Me, 100% A R 29 R = Me, 69.1%
OH 26 R=Et, 69.5% P o 30R=Et 89.4%
I Ne 27 R = n-Pr, 87.6% | N—{2 31R=n-Pr,72.0%
N~ Y Me N~ Me' 3
H Ph 28 R =n-Bu, 67.8% H 32 R =n-Bu, 71.3%

The relationship between the energy difference and the R% content is con-
structed on the basis of the experimental and theoretical analysis. The predicted
AE and the R% are illustrated in Figure 9.6.

It was found that the conformational distribution has a large effect on various
reactions. This study is extremely valid and important. However, to do the confor-
mational search study is not easy even today. Many types of software have been
developed. Some of them were used to test their function in the lab. Some of them
may be easily used, but their function is limited. The major problem is that they
cannot search find the stable conformation with low energy. Sometimes, it is the
lowest conformation.
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Table 9.5 The predicted energy differences between the different conformations.

Entry R AE?) R (%) Entry R AE?) R (%)
1 15 (Me) —1.02 67.5 9 25 (Me) —4.27 79.2
2 16 (Et) —-0.37 61.5 10 26 (Et) —1.44 77.9
3 17 (n-Pr) 0.43 65.8 11 27 (n-Pr) -1.89 72.6
4 18 (n-Bu) -1.72 71.2 12 28 (n-Bu) +3.98 72.0
5 19 (Me) 0.57 85.8 13 29 (Me)P 0.08 51.7
6 20 (Et) 2.46 92.6 14 30 (Et) 2.57 80.9
7 21 (n-Pr) —0.35 90.9 15 31 (n-Pr) 0.55 50.6
8 22 (n-Bu) —0.51 82.9 16 32 (n-Bu) 1.33 64.4

R-isomer (%)

R-isomer (%)

Positive AE means the trans isomer is more stable than the cis isomer. It is the difference of

trans and cis isomer from 15 to 27 (AE

(cis-trans) )

Weighted average of AE values of two trans geometries from 29 to 32. See ref. [11], for details.

80
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i \O\O\O\O
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| | | |
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0.0 1.0 2.0

AE (kcal mol™)

Figure 9.6 The relationship between the energy differences and R percentages.

Notice

It is suggested to use two or three different conformational search software
for a same work. After the low-energy conformations are obtained, it is
valuable to further optimize them using an economical quantum method,
such as HF/6-31G(d). Then, by comparing all HF/6-31G(d)-optimized
geometries using the different software, duplicate geometries can be
removed, and all the conformations can be used for other purposes, such
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as optimization at the B3LYP/6-311+G(d) level for looking for the lowest
energy conformations and the second lowest conformation for Mosher
ester tests. Or they may be used for OR, ECD, VCD, and/or ROA (Raman
optical activity) calculations.

9.3
Regioselective Reactions

When a molecule has different functional groups, the more active group may take
part in the reaction while the other groups are preserved under the same reaction
conditions. The regioselective reaction may accompany other reactions such
as enantioselective reactions. This will greatly help organic synthetic chemists
in different methodology study. For example, under the catalysis of ligand
33, the ketone ester could react with dialkyne (reduction-coupling reaction).
In this procedure, different R! groups can lead to form different products
(Eq. (9.6)) [12].

Cl

MeO l PAr,
MeO ‘\-\“\PAr2
Cl

(R)-33

Ph
Cat* (5 mol%)

Rh(COD),0Tf R

+ HW)J\ORz (5 mol%) W \/\/“\
H,, (1 tam)
DCE (0.3 M)

On-
Oln

R1
34 35 36 37

(9.6)

When the ligand (R)-33 was used in the reduction-coupling reactions, different
chemoselectivity of formation of 36 and 37 was obtained. The results are sum-
marized in Table 9.6. With changes in the reaction conditions, the ratio of 36:37
showed different selectivity.

Regioselective reaction does not need assistance of a chiral ligand since the reac-
tion does not involve the formation of new chirality centers. Because of the spatial
interactions of various groups, different substrates have different advanced con-
formations. In reactions, the advanced (major) conformations have a large effect
on the formation of products.
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Table 9.6 Regioselective reaction results of reduction-coupling reaction.

Entry R R? T(°C) 36:37 Yield (%)
1 Ph Et 25 (45) 1:1 83
2 Me Et 25 3.3:1 78
3 Me t-Bu 25 3:1 52
4 t-Bu Et 40 >99:1 78
5 TMS Et 25 1:>99 74
6 TMS Et 40 1:>99 84

Not only addition reaction could produce regioselective products; reductive
hydration of alkynes could also form regioselective compounds [13]. The different
procedures led to two different products using catalysts 38, 39, and 40, respec-
tively. Catalysts 38 and 39 were used for hydration catalysis, and 40 was used for
transferring the hydrogenation procedure.

Ph
L= oc'co oc CO

(IPr)AuCI-AgSbFg [CpRUL,(CH3ZCN)]PFg

IPr=

Pt —  iPr /%\ k
©:N\“/N Ph2P A \Ru

i-Pr i-Pr

38 39 40

The two reaction routes are illustrated in Scheme 9.1.

H,0O (28 equiv) H,O (17 equiv)
HO 39 (4 mol%) H 39 (1 mol%)
2 40 (2 mol%) | | 40 (1 mol%) OH
. i-PrOH, 70 °C, 48 h L i-PrOH,70°C,48h R
42 M 43

Scheme 9.1 Two reaction routes to form the regioselective products.

When the reaction condition in Scheme 9.1 is relatively mild, its use may
bring big convenience in conversion of alkyne to alcohols. Its scope of
application involves different substrates and exhibits very good regioselec-
tivities (Table 9.7). In this procedure, if a molecule has a C=C bond, this
double bond cannot be reduced while the alkyne is converted into the corre-
sponding functional groups (Table 9.7, entries 7 and 8) with high yields and
regioselectivities.
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Table 9.7 The selected substrates and their two regioselective products® .
Entry substrate Product 42 (yield, %) 43 (yield,43:42)°
o o C
F F 96% ©\)\
F 90%, 58:1
P Pz OH OH
nHex—> n-Hex ~ " gge
n-Hex 81%, 53:1
3 O _ (0] O  OoH
( T é Z ( Ié OH (j::é
NHS/ N N{_/)i\
0 o 85% O 93%,45:1
4 % é HOW;\/OH m
4
80% 4

81%, 100:1°¢

90%, 30:1

a) 0.5-1.0mmol scale, 0.5 M of substrates in isopropanol solution.

b) Determined by 'H NMR of unpurified product mixtures.

c) 0.2mmol substrate, 85 equiv of H,O, 5mol% Au(IPr)Cl, 5 mol% AgO,CCF,, and 5 mol% 40 in
2ml 2-propanol, 1:1 dr (:*C NMR).

Characteristics of a chiral molecule itself would affect the formation of the reac-
tion products, such as the Cram rule found in reductions or additions. Another
example is the use of a molecule with two (E)- or (Z)-double bonds to control the
product’s stereochemistry in cycloadditions [14]. The catalytic [5 + 2 + 1] cycload-
dition has more advantages than the [5+ 2] reaction (Scheme 9.2) based on the
predicted TS barriers listed in the scheme [14].

The experimental results confirmed the theoretical predictions. For example,
the final products were all products formed via [5+ 2 + 1] cycloaddition, and the
stereochemistry of the products obtained had good agreement with the contents
of double bond of (E)- or (Z)-structure in starting materials. Partial results are
listed in Scheme 9.3.

Ring-enlargement reaction is a good protocol to synthesize different substi-
tuted ring-containing derivatives. Cycloisomerization of cyclopropenyl ketones
could afford two furan derivatives under the catalysis of metallic salts (Eq. (9.7)).
The effect of the salt on the derivative reactions is conclusive in many cases. The
results are summarized in Table 9.8.
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sp® L %
/\/ [Rh(CO),CI] ) R ’ 3
X 2vi2 o 5P Barriers X
AN X 25-30
14 L kcal mol™! [5+ 2] product
X = C(CO,Me), 45
or NTs

Activation energy
13-14 kcal mol™’

(0]
sp® L, *

\
Rh_ O .
~sp? Barriers X
X 23-24
kcal mol™
= [5 + 2 + 1] product
46

Scheme 9.2 The competition reaction between [5+ 2+ 1] and [5 + 2] catalyzed by Rh(l).

(0]
/ H
/\/ 5 mol%[Rh(CO),Cll,
02atomCO+08atmN2 X
dioxane, 0.05 M, 80 °C
H
X =C( COZMZ 49 (2~ 50 (E)-
48 (E/Z=1:3) 53% 17%
Scheme 9.3 Stereochemistry of products in [5+ 2+ 1] reactions.
CO,Et CO,Et
Et0,C 2 C4Hq 2
MXn (5 mol%) ]\ + 7\
CaHs T T CHg o o
52 53
(9.7)

It was found that FeCl; could promote the formation of 52 and 53 with a ratio
0f 99:1 (entry 4), while Cul led to the ratio of 1:99. The chemoselectivity is highly
obvious. Other salts such as PdCl,(CMe;CN), could also afford high yields of
98%. A plausible mechanism was proposed on the basis of experimental results
(Scheme 9.4).

Cyclopropenyl ketone 51 would form the intermediate int-2 via path a (cycle
A), and then undergo f-decarbopalladation to produce int-3. Subsequently, it
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Entry MXn Solvent/T (°C) b 52:539 Yield (%)%
1 Non Acetone/reflux 19 — 0
2 CoCl, Acetone/reflux 24 65:35 7
3 NiBr, Acetone/reflux 24 20:80 20
4 FeCl, Acetone/reflux 12 99:1 25
5 RuCl,;-3H,0 Acetone/reflux 14 98:2 61
6 PdCl, Acetone/reflux 11 94:6 60
7 PdBr,(PhCN), Acetone/reflux 17 94:6 53
8 Pdl, Acetone/reflux 12 Trace —
9 PdCl,(CH4CN), CH;CN/80 17 88:12 25
10 CuCl, Acetone/reflux 12 12:88 75
11 Cul CH,CN/80 9 <1:99 919
a) Reaction was carried out using 51 (0.5 mmol), catalyst (5 mol%) in solvent (2.0 ml).
b) Unit in hours.
c) The ratio was determined by 'H NMR using reaction mixture.
d) Unless otherwise specified, isolated yields of two isomers.
e) Isolated yield of the major isomer.
JoTTTTTTTTT T M
2 ! 1
PdCl R 52 ! Q 53 cuR' R
i R? |
1 \ J»Pdol ! R cul \
R 0 R3 2 . i Cu | g3
cl ! 51 ; ©
Int3 Sommmmmmemmmmmmor Int 6
Path a Path b Cycle B
Cycle A v
R? (0] e}
R3 R2 R2
TN - R3
R._|¢ Pd: o ny, N
1
o ¢ RS PdCI R Cu !

Int 2 Int 1 Int 4

Int5

Scheme 9.4 The plausible catalytic routes leading to two products 52 and 53 in experi-
ments.

could form the final int-4, and form 52 via a f-halide elimination. In path b (cycle
B), a f-decarbocupration would form delocalized int-4, which would lead to
an intromular endo-mode insertion of the C=C bond into the oxygen—copper
bond of int-5, subsequently to int-6, and finally to afford 53 via g-halide
elimination.
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Cyclization reaction can be used to construct novel poly-ring-containing
compounds, such as regioselective aerobic oxidative cyclization of aromatic,
heteroaromatic, and alkenyl acids with alkynes [15]. This cyclization can be
performed in the presence of catalytic amounts of [{RuCl,(p-cymene)},], AgSbF
and Cu(OAc),-H,O. It affords the corresponding isocoumarin derivatives (Eq.
(9.8)). The reaction exhibited good regioselectivity in the formation of the
corresponding lactones.

RuCl,(p-cymene)]
0 [RuCl >
(2 mol%) Q 2
OH + OO o + O
u(OAc),—H, _ =
B
Br Ph (20 mol%) Br Ph Br L
54 55 DCE, 100°C,12h 56 65% 57 12%
(9.8)

The enantioselective Friedel - Crafts alkylation of indoles with @,f-unsaturated
aldehydes and ketones is an important approach for the synthesis of biologically
active indole alkaloids. A regioselective and enantioselective 1,2- and 1,4-addition
reaction was reported (Scheme 9.5) [16]. This reaction leads to formation of two
chiral products with high ee values but different AC when chiral catalysts 58 and

58 R = Ph, X = H
59 R =2,3,4,5,6-FsCq, X =H

o
/
N N N
_ 58/InF 53 59/InBry 7

HO

(0]

0

S -— - .
AN OMe  1,2-addition o -additi OMe
Ph/\>\,|/ iti OMe 1,4-addition PH
o] Ph- o]
O
62 61 63
58/InF;, 62:63 =1:30 59/InBr;, 62:63 > 30:1
87% yield, 93% ee for 62 98% yield, 97% ee for 63

Scheme 9.5 Regioselective and enantioselective 1,2- and 1,4-addition reactions using
catalysts 58 and 59.



9.3 Regioselective Reactions | 257

59 were used, respectively. The difference of the two catalysts is in the use of salts.
InF; was used to convert the reaction to 62, while InBr; was used to transfer it
to 63.

The reaction condition is relatively mild; for example, 60 (0.10 mmol), 61
(0.12 mmol), and 62 (10 mol%) with Lewis acid (10 mol%) were mixed together
and heated to 70 °C after molecular sieves were added (4 A, 20 mg). The yields
could be high, up to 99% but mostly 85-90%.

A infrequently used starting material, allene (propa-1,2-diene) derivative, was
selected in additions under catalysis of a Rh-containing reagent. This reaction
exhibited good regioselectivity when the substituent at the a-position of ketone
was either an alkyl or a carbonyl group (~COR) (Scheme 9.6). When the sub-
stituent is alkyl group, the addition product is 66 [17]. Once it is a group such
as —COR!, the product should be 67 [18].

In the decarboxylative addition of f-ketoacids to allenes, the choice of the
right organic auxiliary is a key step. The favorite one is the so-called DPPF
(68). The catalyst [Rh(cod)Cl], was used in the addition (Eq. (9.9)). Several
samples are illustrated below. Moderate yields were achieved in the additions.
In addition to the singly substituted 65, disubstituted allene 69 could be used in
the additions; similar results were achieved, and the products are summarized

below.
R 1mol% [Rh(cod)Cll,  _,
o o 2 mol% DPPF R 2
HO R2 DCE, 0.4 M, rt5 h . ©O
-CO, 9.9
70 65 71 ©9)
) . 0.5 mmole scal
1.5 equiv 1.0 equiv
Ph
@\ Ph (6] Ph
Fe PPhy = Boc [¢)
_PPh, o N
Ph = Ts” =
68 DPPF _
Yield 88% 83% 74%
"""""""" Products %r'dr{{t}fs'éﬁbéiuidé&'éﬁéﬁéé'éé'""""""'h"'"""""""

Yield 78% 77% 68% 81%
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Rl _O
0 R = alkyl ( \[]/\RZ
R2 - x ©
0 \)J\o 66

R1
R2
R1/\\_/ L >
64 65 R = COR? e

via loss of CO, 67

Scheme 9.6 Regioselective decarboxylative addition of f-ketoacids to terminal allenes.

Friedel - Crafts alkylation of benzene derivatives is an important protocol to
afford the corresponding poly-ring-containing compounds. Metallic salts, such
as AICl,, are necessary. FeCl; is not a frequently used salt in these reactions.
However, it could play an unexpected role in some cases [19]. When sulfonamide
72 and disubstituted alkynes 73 were mixed together, FeCl; was found to be an
effective catalyst to promote the Friedel - Crafts cyclization, while ZnCl,, CuCl,,
Pd(OAc),, AICl;, or Bi,(SO,), did not exhibit valid catalysis (Eq. (9.10)).

o - Ph
FeClg (10 mol%) ,
+ - R
NHTs || CH4CN, 80 °C OQ
H R1 R1
72 73 74 (9.10)

Generally, if R? is electron-withdrawing groups its position in product should
be oriented as the illustrated in Eq. 9.10. Partial experimental results are listed
in Table 9.9. This is a traditional Friedel - Crafts alkylation via cleavage of the sp?
carbon—nitrogen bond to generate benzyl cation intermediates.

Zinc carbenoids from diethylzinc reaction with Mel can be used for the
synthesis of complex natural products. In this procedure, different reaction condi-
tions lead to similar ring enlargement reactions but different products (Simmons —
Smith reaction). For example, the following reaction gave regioselective products
(Eq. (9.11)) [20].

(a) EtoZn + CHyl, (5 equiv) 1) 0]

o (b) Et,Zn (2.5 equiv) O)K/_‘ko

RO O/ (c) CHal, (2.5 equiv) RO 'mU
. (d) I, (14 equiv),

(e) DBU

76 46%
(9.11)
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Table 9.9 FeCl;-catalyzed regioselective synthesis of indene derivatives from sulfonamide
and disubstituted alkynes?.

Entry R R2 Time (h) Yield® (%)
1 Ph Ph 12 66
2 4-MeOCH, Ph 5 75
3 Ph 4-NO,C/H, 24 53
4 Ph n-Pr 10 60
5 Ph COOEt 24 74
6 Ph COPh 24 66
7 SPh Ph 3 43
8 SePh Ph 6 58
9 Br n-Bu 24 61

)

) Reaction conditions: sulfonamide 70 (0.20 mmol), alkyne 71 (0.24 mmol), FeCl, (10 mol%),
nitromethane (2.0 ml), 80°C.
b) Isolated yields.

An interesting regioselective deprotonation to afford head-to-tail-type oligoth-
iophenes 7981 from 3-substituted thiophene 77 is introduced using TMPMgCl-
LiCl (82) and 2,2,6,6-tetramethylpiperidine (TMPH) as a base [21]. Scheme 9.7
summarizes the relevant results. No other isomer such as 83 or 84 formed during
the procedure.

78 Hex 60 OC,
Hex Hex 7\ Hex Hex 78

82 s Br 20h
[§ w=old |——e 3 7Y —
3h S Ni(cod),+2SiPr S S 1 mol TMP
77 (2 mol%), 79 1.5 mol EtMgCI

(1) 82 (1.8 equiv)

/S\ /S\ /S\ Ni(cod), + 2SiPr

) (2 mol%),
80 90% yield 81 65%

Scheme 9.7 Formation of head-to-tail-type oligothiophenes.

Hex Hex  Hex Hex  Hex
\ A\/AA\ A\ A\ /A
MgCI-LiCl S S S S S

82 83 84
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9.4
Diastereoselective Reactions

As an important reaction in organic stereochemistry, diastereoselective reac-
tions occupy a unique position. By use of various chiral catalysts, or by the
molecular characteristics themseves, this reaction could afford different chiral
compounds used widely in chemistry, pharmaceutical studies, and similar
areas.

9.4.1
Diastereoselective Additions

The ring-enlargement reaction is a useful method to afford various chiral cyclic
compounds promoted by chiral catalysts. Imides with the a-cyclopropane
structure could react with an aldehyde to form the corresponding lactams using
Sc(OTf), (Eq. (9.12)) [22]. The dr values can reach up to 94:6; the results are
listed in Table 9.10. In this example, no catalyst was used. Therefore, no ee values
are reported. The obtained diastereomer is the mixture of two isomers.

1) Sc(OTs); (10 mol%)

)J\ TMSCI (1.6 equiv)
Nal (2.0 equiv)
/ﬂ2§: w/ﬂ\ mhcb °C, 48 h

2) EtzN,/HC

(9.12)

Chiral ligand 88 is a kind of B-containing catalyst that is widely used in asym-
metric synthesis. The lactone 89 was converted into the iridoid 90 by the reaction
with vinyl lithium. Addition of 90 to «,f-unsaturated ketone afforded a new alde-
hyde 91 under the catalysis of 88. It could be further transformed to ketone 92
(Scheme 9.8).

Table 9.10 Diastereoselective synthesis of chiral lactams.

Entry R R’ Yield (%) dr

1 Me Ph 97 89:11
2 Me 4-Cl-Ph 87 88:12
3 Me 2-Furyl 70 83:17
4 Me (E)-PhCH=CH 78 81:19
5 Me c-CoH,, 87 87:13
6 Me (Z)-1-hex-3-enyl 90 90:10
7 Allyl Ph 82 83:17
8 H Ph 84 94:6
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. ¥
(1) CH, = CHLI 88 (10 mol%)
Et,0, -78 °C CH,Cly, — 25 °C
0Xp (2) SOCIl,, NMe, 0"~ MeCH=C(Me)CHO
89 90 62%

(1) MeMgBr, Et,0,

0°C
H* “y, 0 W _0
AL f BroAl" B
(2) TPAP/NMO, o Tol
CH,Cl,, 23 °C
91 64% 22 92 88% 88

Scheme 9.8 Formation of a new ketone catalyzed by the B-containing catalyst 88.

Metallic reagents, such as Zn reagents, could play a good role in the ring for-
mation. In absence of chiral catalysts, similar addition of derivative of allylzinc
bromide to a-substituted ketone such as 94, which could be obtained from 93 with
72% yield, could produce a new ring system with high diastereoselectivity (Scheme
9.9). The diastereoselectivtiy could reach up to 99:1 with a yield of 90% [23].

(1) Zn (3 equiv) X e 9
LiCl (2.5 equiv) é/ | WOH
_—
THF, rt V4 ~
Ph  (2) centrifugation ph THF,-78°C,1h = Ph
93 94 72% 96 90%; dr: 99: -1

X = OP(O)(OEt),
Scheme 9.9 Diastereoselective addition of a metallic Zn reagent to cyclic ketone.

Synthesis of a three-membered ring is a big challenge in organic synthesis. One
method is to use the Kulinkovich reaction: that is to use EtMgCI to react with
an ester functional group, such as in the procedure to synthesize (S)-cleonin (99,
Scheme 9.10) [24]. However, this method has no diastereoselectivity.

NH,
CbzN. EtMgCl CbzN S on
= B ——————— ~

()

MeO - Ti(0i-Pr),/ELO  HO : — X\H/
\H/\/ B X\/
o
o}

97 98 64% 99 (S)-cleonin

Scheme 9.10 Kulinkovich reaction used in (S)-cleonin synthesis.

To form products with a three-membered ring and different diastereoselectiv-
ity, use of zinc carbenoids is an effective protocol [25]. Its formation is similar
to the synthesis of the C carbenoid from CH,CIl, under a base condition. By
using chiral catalysts, such as (—)-MIB (100), this method can be used for the
construction of three-membered rings (Scheme 9.11). Groups R! to R* could be
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3
7 mazR, R®  OznR! "4
) .
R L (2 equv) PN (1) CF5CH,0ZnCHl ,qél/q/'\F‘1
| (0100 R R' |(2)H,0 Re
4 o,
R Re (4 mol%) R? dr:>20:1;
ee: 91-99%
101 102
| (1) R'CHO
OH
(1) HBEt, ZnEt (2) EtZnCH,l /d/k
‘ ‘ (2) ZnEt, /_/ (5 equiv) R4 R
— _— >
— 3)H
(O)-100 md (8) H20 dr:>20:1:
R* ee: 87-99%
103 104

Scheme 9.11 Zn carbenoid and its diastereoselective addition to aldehyde to afford three-
membered ring compounds.

either alkyl or aromatic, or other substituents. High diastereoselectivity up to
91% (dr > 20:1) could be achieved.

Qo g fomt T

N @® n-Pr
XN
OH |
=
(-)-100 MIB 108 109

The formation of the zinc carbenoid and the possible reaction procedure of its
addition to olefin or alkyne is proposed and illustrated in Scheme 9.12. Substances
with different substituents were used in the Simmons—Smith reactions.

To construct two rings in a molecule is a valid way in diastereoselective
reactions. A double diastereoselective aldol reaction could afford this target using
the catalyst 108 and the nucleophile reagent 109 [26]. One lactonization example
is listed in Eq. (9.13). Its dr value is 1: >19 for 111 and 112. However, the yield is

not high (23%).
HO. _© . TBSO TBSO
108 (3 equiv) le) )
TBSO " 109 (10 mol%) . 7
i-Pr,NEt (4 equiv) O tie)
CH,Cl,, 23 °C

110 11 112 (9.13)
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HO
—Etl BnO
EtZnl + CHgl ——s= 1ZnCHl, 1) I,
a “uy,
Etznl l—EtI (2) H0 ¥ '
______________ - _ [
1106 /ZE | HO 107
: i | BnO R | R=Me, Et i-Pr, tBu
1 1 ’ 3y il il
HO | 1zn | \ Ph
BnOU—R _ I : HY “H dr>95:5
— (58-91% vyields)
105 i ZnEt |

Scheme 9.12 Formation of dizinc carbenoids and their diastereoselective transfer to benzyl
(2)-allyl ethers.

The spiroketal moiety is an important motif in natural products. Its construction
contains cyclic enol ether in some examples. In the presence of a chiral catalyst, the
formation of the spiroketal moiety could be achieved in high diastereoselectivities
and high yields. An example is shown in Eq. (9.14). Under the catalysis of 116 [27],
high diastereoselectivity was achieved. For example, when (S)-116 was used, the
dr value was 9: 1 with a yield of 86%; the dr value (114 :115) became 13: 87 when
(R)-116 was used, and 88% yield was recorded. If the methyl on the side chain in
113 did not exist, the dr value increased to 95 : 5 using (S)-116; however, the ratio
decreased to 23:77 when (R)-116 was used.

116 R = 2,4,6-i-PryCqH,

RO
RO
RO ° RO RO o
AcO = _16 | RroO 0 . ACO
4AMS AcO 0
HO rt 0
H R = -CMe; =
113 114 115

(9.14)
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In addition to zinc carbenoid, Et,Zn is also used in the olefin cyclization accom-
panying Pd(0) catalysis. This method was used to synthesize the alkaloid (—)-kainic
acid (120) [28]. The formation of intermediate 119 was obtained with almost 100%
yield (Scheme 9.13).

(a) Pd©), ZnEt,
)g/\N oTes ®) 2

PhO,S  gn 55%
117 _// —l _// ~—COLH

2 s,

[V oms == [
N N CO,H
! H

Bn
119 120 (-)-Kainic acid

A 91%
Ji (a) Pd©), ZnEt,

|
Bn

Cl

Scheme 9.13 Synthesis of the key intermediate 119 for (—)-kainic acid using diastereose-
lective addition.

Olefins can be converted into diorganozinc reagents [29]. Its diastereoselective
conversion to the corresponding compounds was achieved with high diastereos-
electivity [30]. CuCN-2LiCl was necessary in the procedure. The electrophilic
reagent reacts with this organo-Cu intermediate to afford the final products.
Scheme 9.14 provides more details in the conversions.

Construction of ring-containing compounds is one of the important targets
in organic synthesis. At the same time, it can also be applied to produce linear
chiral compounds and has been widely investigated. In rhodium-catalyzed cross-
aldol reaction, it was found that the diastereoselective addition of aldehyde with
allyloxyboranes resulted in a high selectivity (Eq. (9.15)) [31]. The major product
formed in the addition was the syn compound. The results are listed in Table 9.11.

[{Rh(cod)Cl},]
o (1.25 mol%) OH o
+ =% dippf (2.5 mol%)
__ o)s ~ R H
RJ\H ( NN )3 1 4-dioxane, rt
127 128 120°R" (9.15)

Inorganic ZnBr, can be used in organic reactions. Scheme 9.15 shows the trans-
formations. The alkyne moiety becomes a 1,2-diene structure after the conversion,
which is highly active in various reactions [32].
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R . R n=1,R=2-BrPh
( n L, trans:syn = >99:<1

(9,
n=tor2  ( " “P(0)Ph,
121 123
R n=1,R=Ph
(1) l(Q) @), (@) @’ trans:syn = 95:5
(Y%,
R Br
124
(Y-, < @), (4) R n=1,R=Ph R'=Bu
Zni-Pr Ty @’ trans:syn =95:5
122 (I o n=2R=Ph R'=Me
SnR';
trans:syn = >99: <1
125
3 , 6 R n= 1, R =Ph
B ), trans:syn = 94:6
, n=2,R=Ph
SMe trans:syn = >99:<1
126

Scheme 9.14 The conversion plot for cyclic  0.5h; (4) CIPPh, (4 equiv), 25 °C, 4days, and
olefins under different conditions: (1) Et,BH then 30% H,O,; (5) R13SnCI (3 equiv), —40°C,
(3equiv), 50°C, 16 h; (2) Zn(i-Pr), (3 equiv), 16 h; (6) MeSSO,Me (3 equiv), —40°C, 16 h;
25°C, 5h; (3) CuCN-2LiCl (1 equiv), —78°C, (7) BrCl,CCCl,Br (3 equiv), —40°C, 16 h.

The diastereoselective additions of metallated propargylic amines to aldehy-
des can be performed at a low temperature with high yields. High dr values
were recorded in this addition (Eq. (9.16)). Table 9.12 summarizes the partial
results.

PaNNES
Ph">N""ph Ph“>N"ph PhNN"Ph
RCHO R R
(slow addition) /'\/ + /\(
MesSi THF, -80 °C Z OH “~Z OH
Me;Si Me;Si
ZnBr .
anti syn
133 134 135

(9.16)

The salt of RZnBr is applied for its uses as an organic reagent, and can be
used in syntheses. One preparation example is illustrated in Scheme 9.16.
This is a typical method. Salt 138 could be used in addition to various alde-
hydes.

Its addition to aldehydes (139) formed two products, anti and syn geometries;
the diastereoselectivities recorded in the addition (Eq. (9.17)) are summarized in
Table 9.13. Catalysts 142 and 143 were used in the procedure.

265
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Table 9.11

triallyloxyboranes.

Rh-catalyzed isomerization/cross-aldol reaction sequence with

Entry R R’ Time (h) syn/anti® Yield (%))
1 2-BrPh H 23 9%:6 99
2 3-BrPh H 36 93:7 72
3 4-BrPh H 36 93:7 83
4 3-CIPh H 36 91:9 95
5 4-FPh H 36 93:7 87
6 4-NO,Ph H 36 9%:6 90
7 2,6-diCIPh H 36 >95:5 85
8 2,4-diMeOPh H 36 90:10 78
9 Ph H 36 90:10 81
10 2-Naph H 36 90:10 75
11 2-Furyl H 36 94:6 60
12 Ph Me® 24 90:10 93
13 Ph (E)-, Et 48 88:12 57
14 Ph (2)-, Et 12 87:13 84
15 Ph (2)-, Et 12 86:14 89
16 n-Pent H 27 85:15 73
17 PhCH,CH,- H 36 84:16 90
18 c-Hex H 32 74:26 62
19 Et Me 24 75:25 719

a)
b)

c)
d)

Me,Si

Determined by 'H NMR analysis of the crude reaction mixture.
Yield of isolated product was determined after conversion into either the dimethylacetal with

catalyst PPTS/MeOH or the 1,3-diol with NaBH,, and purification by silica gel column

chromatography.

It is a mixture of E- and Z-isomers in reaction.
Yield of the isolated f-hydroxy aldehyde form after careful purification by silica gel column
chromatography. PPTS = pyridinium para-toluenesulfonate.

Ph/\N /\Ph

Metallation

Z

130

Me;Si
131

Scheme 9.15 Metallation of alkyne with metallic salts.

OR O 138
H Cat”
139

OR OH

syn

141

OTBS

Ph

(9.17)
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1 ) CC
\N 1
| oH

=
142 (1R, 2S) O‘]

143 (1S, 2R)

Catalytic enantioselective and diastereoselective aldol reactions using the din-

uclear Zn complex 144 were investigated [33]. This Zn—Zn-linked binol complex

Table 9.12 Additions of Zn derivatives to aldehydes.

Entry R dr? Yield (%) Entry R drd Yield (%)
1 t-Bu >95/5 81 5 i-Pr 93/7 88
2 c-Hex >95/5 81 6 Ph 68/32 79
3 n-Hex 85/15 81 7 Propenyl 88/12 83
4 i-Pr9 90/10 86 8 Heptynyl  76/249 85

a) Determined by 'H NMR of the crude product.
b) Isolated product.

c) Fast addition of the aldehyde.

d) Inseparable mixture.

| Li

t-BuLi znBr, BrZ
OTBS oTBS OTBS

136 137 138

Scheme 9.16 Preparation of Zn salt from n-BuLi and corresponding idiom derivative.

Table 9.13 Addition of organic Zn reagent to aldehydes with (S)-AC.

Entry R Catalyst Yield (%) anti:syn?
1 TBS None 74 45:55
2 TBS 142 70 >90:10
3 TBS 143 70 <10:90
4 Bn None 77 75:25
5 Bn 142 68 95:5
6 Bn 143 70 75:25

a) 'H NMR integration.
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afforded a practical synthesis of a,f-dihydroxyl ketones from different aldehydes
even when only 1 mol% of the catalyst was used. The syn/anti ratio could reach
97 : 3 and the ee value 99% (Eq. (9.18)).

O OMe RCHO (=)H o0 OMe
(S,5)-149 (1 mol%) RE
OH OH
145 dr (syn/anti) = 97/3

146 (9.18)

The use of chiral Ru complex, such as derivatives of diamine (S,S)-147
(Ts =SO,C¢H,-p-CH,) [34], afforded hydrobenoins 149 from benzil 148 in
over 99% ee with diastereoselectivities from 90.4:9.6 to 98.6:1.4. The reaction
temperature could vary from 30 to 60 °C.

“OTf
o
Ts N
| S OH 2 N
CGHS N NP Q MeO \ /
NN Ar R_Ar
,RU\ Ar | Ar'R
CeHs™ "N Yy 0 OH “&
147 148 149 153

The addition of allylic nucleophiles to imines can be used for the synthesis of
chiral homoallylic amines, which are important precursors to numerous organic
compounds. One example is the synthesis of cis-a,#-diamino acids using the imine
(150) and a-substituted nitro ester (151) (Eq. (9.19)) [35]. With the use of struc-
turally complex aromatic chiral catalysts, such as 153, which was found to have
good conversion ability and high diastereoselectivity including enantioselectivity,
high de values (up to 95%) could be achieved for the products.

Boc\NH
/BOC R2__COAr
2 o .
)\ Y _ S mol% Cat” - COLAr
NO, Toluene, 78 °C R2
151 152 (9.19)

When Ar was a small group, such as Et, the dr and ee values were not high, but
once it was a large group, the selectivity in the additions increased to about 98%.
The experimental results are listed in Table 9.14 when Ar was 2,6-di(i-Pr),Ph.

In some cases, a diastereoselective reaction may accompany enantioselective
reactions (Scheme 9.13). It was found that a regio- and diastereoselective allylic
alkylation with an acyclic a-heteroatom-substituted ketone (154) furnished the
secondary allylic alkylation adducts (155:156) in excellent yield, favoring 155
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Table 9.14 Different selectivity in addition of a-substituted nitro ester to imines catalyzed
by 153.

Entry R R? dr ee (%) Yield (%)
1 4-Cl-Ph Et >20:1 98 83
2 4-MeS-Ph Et 13:1 — 81
3 4-PhS-Ph Et 10:1 98 59
4 4-Me-Ph Et >20:1 96 61
5 4-MeO-Ph Et 12:1 96 73
6 2-Furyl Et 5:1 95 86
7 4-Cl-Ph Me 12:1 94 82
8 4-Cl-Ph n-Pr 15:1 99 82
9 4-Cl-Ph n-Bu 16:1 97 88

(Eq. (9.20)) [36]. When R? was changed with different substituents with R! as -
CH,Ph, the dr values recorded were from 9:1 to 53: 1. Most of them were near
20:1.

0CO,Me
i RN 162 ° ¥ 17
)W + =
Ph)\ ——> pp ; Ph)k('\/
OR! Rh&EEERS)S OR! OR!
154 155 156 (9.20)

A change in the AC of a chiral catalyst can make product’s AC change in most
cases. It appears to be a general rule in the reactions. However, this may not be
the case when different substrates or reaction conditions are used (not catalyst
factor). Addition of the imine analog 157 could be performed by Zn-mediated
allylation (Scheme 9.17). This reaction had two directions under different condi-
tions [37]. One is the formation of 158 using THF and In(OTf)s; the other is the
formation of 159 by the use of HMPA (hexamethylphosphoramide) and water at
room temperature.

o) o B
‘S anl /\/BI’ Zn /\é---ué /\/ ' Zn ‘\S --lllé
HN” -— l\f . HN/
In(OTf)g, THF, rt J\/\ HMPA, H,0, 1t :
R/'\/\ 3 R N R/\/\
158 157 159

Scheme 9.17 Diastereoselective allylation to (R)-N-tert-butanesulfinyl aldimines with two
different reaction systems.
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Table 9.15 Diastereoselectivity in allylation of imines under two reaction systems.

Entry R THF system HMPA system
Yield (%) dr Yield (%) dr

1 Ph 93 98:2 97 1:99
2 4-FPh 98 98:2 97 1:99
3 4-CIPh 98 98:2 96 3:97
4 4-MeOPh 91 95:5 81 2:98
5 2-MePh 95 98:2 89 3:97
6 3-BrPh 98 98:2 929 2:98
7 2-Naph 81 95:5 86 3:97
8 c-Pr 98 86:14 97 4:96
9 c-Hex 99 97:3 94 3:97
10 Et 93 88:12 92 5:95
11 i-Pr 96 94:6 94 2:98
12 Phenethyl 92 90:10 93 4:96
13 Phenylethenyl 83 91:9 87 6:94

This allylation exhibited very high diastereoselectivities using various sub-
strates. Table 9.15 summarizes the results. This reaction led to very high dr
values, such as 98:2 ((15)-158: (1R)-159) in THF solution, or 1:99 in aqueous
HMPA solution (Table 9.15, entry 1). The yields for almost cases were high (up to
98%). All reactions could be performed at room temperature.

9.4.2
Other Diastereoselective Reactions

The introduction above was on diastereoselective addition, which is the major
reaction type. The other reactions include diastereoselective reductions, re-
arrangement, and so on.

Birch reduction followed by alkylation is a reaction type used in diastereoselec-
tive reactions. This reaction can afford relatively high yields if isoprene is added.
For example, when 160 was used as a material, addition of isoprene could increase
the yield from 36 to 61% when RX was allyl bromide [38]. Other alkyl halides
could take part in the reaction with medium yields. However, EtI or 2-iodopropane
could not react with 160. The reaction time is about 40 min to 1.5h. Scheme 9.18
summarizes some experimental results.

When diastereoselective oxidative carbon—carbon bond formation via silyl
bis-enol ethers was performed, high diastereoselectivity up to 20: 1 was recorded
(Eq. (9.21)).
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" NoTBS “"NoTBS
~ N 61%
i I R -Me 70%
160 Li, NHy(Liq) 163 —Ph 53%
THF, -78 °C H
O W 1 min, then 0 .
“"SOTBS isoprene J ~>0oTBS
B —
then RX, ~78 °C 2N 62%
(6] 161 o) R 164 —Me 73%
(@)
oy
\OTBS
52%
(6] -M 38%
162 © 165 ° |

Scheme 9.18 Birch reduction-alkylation of bicyclic f-alkoxy-a,f-unsaturated carbonyl
compounds.

FPr_i-Pr CAN (2.2 equiv)

NaHCOj; (4.4 equiv)

o'~o
R R DMSO (2 equiv)
=<
SN / MeCN:ECN (6:1)
210°C

This diastereoselective oxidation-coupling reaction looks like a dimerization
reaction of i-Pr,Si-enol ethers [39]. The two substituents (R) could be different,
and the highest dr values can reach up to 20: 1. Partial experimental results are
illustrated in Table 9.16. This method provides a good tool to synthesize 1,4-diketo
derivatives, which are important intermediates.

In some cases of Claisen rearrangement, researchers have artfully and success-
fully used the differences in size and orientation of the substituents in a stereose-
lective reaction (Eq. (9.22)) [40].

169 ITI
R >(N)< O R R R
o) R2 2
RO/\"/ \)ﬁ/ )W )‘\)\K
5 )
168 170

167 (9.21)

3 Claisen OH Rt
rearrangement
171

(9.22)
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Table 9.16 Diastereoselectivity in oxidation-coupling reaction via silyl bis-enol ethers.

n=1,45%,dr, 7:1
n=2,50%; dr, 14:1

82%; dr, 2:1

n=1,63%;dr, 16:1
n=2,58%;dr, 15;1

F~
61%; dr, 5:1

In this reaction, different cis or trans isomers as starting materials afforded var-
ious products with different stereogenic centers and different ratios. Table 9.17
summarizes the results.

Notice

Indeed, hundreds of studies involving diastereoselective reactions have
been reported, and many experimental results have shown very promising
application ability. This is an important research area, and also an active
field in current organic synthesis. Readers who have interests in this area
can easily find many references from various journals and books. Only
typical examples and representative methods are cited in this book, as also
only the corresponding references directly involved in this study. Others
are not cited in this book to save space.

9.5
Calculation Using Theoretical Protocol

Before 2000, it was quite a stereotyped viewpoint of most experimental chemists
that the theoretical method is a tool of the theoretical chemist instead of a use-
ful protocol for the experimental chemist. Most experimental chemists did not
pay much attention to the use of theoretical methods in their study. The reasons
may include the following: (i) Supercomputers were not as popular before 2000
as they are today. Except for the experts in United States and a few countries in
Europe, thousands of experimental chemists in other areas had no chance to use
theoretical protocols to handle their academic questions in their daily study. On
the other hand, many theoretical studies published in various journals were gen-
erally using their own models instead of the real experimental molecules, which
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Table 9.17 Effect of molecule with (E)- or (Z)-geometries on the ratio 170 : 171.

Entry Substituent 168 Method Yield (%) dr,170:171
tButhsuo/\"/ \/I/
1 (E:Z=2:98) A 86 95:5
B 80 3:97
tBuPhQSIO/\"/ \/I
2 (E:Z= 3 97) A 85 95:5
B 80 4:96
tBuPh28|O/\"/ \/\k/
3 (E:Z=2:98) A 93 96: 4
B 85 3:97
O,
t-BUPh,SI0” ) N
0 B
4 (E:Z<1:99) A 94 94:6
B 81 4:96
tBuPh28|O/\"/ \)ﬁ
5 (E: 2<1 99) A 86 94:6
B 80 1:99

Method A: Starting material 168 was put into the mixture of lithium
2,2,6,6-tetramethylpiperidin-1-ide (LTMP) and over chlorotrimethylsilane (TMSCI) at —100°C,
and then slowly warmed to room temperature for 4 h. Method B: Starting material 168 was put
into the solution of THF —hexamethylphosphoramide (HMPA) (4:1) at —100 °C; then TMSCI was
added to the solution for reaction, the mixture was then warmed up to room temperature.

might have been due to the computation limitation at that time. This affected the
experimentalist’s interests. (ii) There were not many researchers who are good at
both computations and experiments. For example, when a person wants to do a
TS study, he must keep two things in mind. The first one involves the stereochem-
istry of a specific reaction. All possible reaction TS geometries must be considered
and constructed in mind at the first sight. This process is boring and ineffective
sometimes. The second one is to correctly analyze the output results during the
computations. Not every TS geometry that is used as input file in the calculation
can afford a reasonable result. Thus, carefully analyzing the intermediate structure
can provide many useful pieces of information to adjust the TS coordinate be used
in further computations until a reliable result is produced. Another example is the
AC assignment for complex chiral compounds. The current theoretical methods
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such as OR and ECD can provide many benefits in the study. Unfortunately, some
experimental researchers ignore their usage range for many reasons, and finally
the computational results easily lead to wrong conclusions.

However, with the development of supercomputer technology and the maturity
of the corresponding software, a big opportunity has appeared for experimental
chemists. Although theoretical methods may be questionable in their application
for various targets, their accurate results in most cases can provide many new
experimental insights. As the examples we listed in Chapter 6, the AC reassign-
ment of bioactive natural products (+)-schizandrin and brevianamide M are the
two extreme examples. Another example was presented in the discussion of the
AC of (—)-N-(1-phenylethyl) aniline in the addition of enantioselective hydrosily-
lation of C=N with HSiCl,. The AC of (—)-N-(1-phenylethyl)aniline was assigned
as (S) in an early study. However, around 1997, its AC is reported as (R) in many
experimental reports. Indeed, this change is wrong, which was established by our
TS barrier calculations first, and then its AC was discussed using det(D), ECD,
and VCD methods, respectively.

Therefore, the use theoretical methods in experiments is an important chal-
lenge. The introduction of some examples may break the ice and result in wide
application. In diastereoselective reactions, it is an interesting topic to construct
the relationship between the observed de values and the structure. Of course, this
is related to its TS barriers as we mentioned many times. However, it is not easy to
search out all reliable TS structures and their barriers. Thus, the construction of
some useful relationship may provide experimental chemists more help in chiral
catalyst design or in other studies. In this small section, the focus is on understand-
ing the de, ee, magnitudes, and mechanisms for conversion in different reactions.

In the reduction of diketones to the corresponding alcohols catalyzed by
catalysts 178180, the relationship between the observed de and ee was inves-
tigated (Scheme 9.19) [41]. This observation is based on the experimental data.

Ph
a " 178R=H o OH
O 179R=Me Ph)J\M/\ Ph)\(\ﬁa/\
N-B 3
L 180R=OMe 181 182

If ee, is defined as the enantioselectivity of the first step (formation of interme-
diate ketol, 173 and 174) and de, as the diastereoselectivities of the second step
(assumed identical), then dey ..., the preference for the formation of the homochi-
ral versus meso diastereomer is simply the product of ee; and de, as illustrated
below:

ee;de, = dey, .0 (9.23)
When ee; = de,, it becomes

ee;” = dep, o (9.24)
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OH OH
OH O Ph 3 Ph
- (S,5)-175
2
O O Ph o 1373 Ph OH O
Ph)J\'"/r:.;u\Ph ey Ph/'\"/‘/:\
OH O 3 Ph
172 Meso-176
Ph 3 “Ph dep
(R)-174 oH oH
Ph” 5 > ph
(R,R)-177

Scheme 9.19 Reduction routes and their different isomers.

Reduction of diketone 172 by enantiopure catalysts 178—-180 afforded the
chiral diol mixture of 173-175 in very high ee (close to 99%). At the same time,
when ketone 182 was selected as a model for the study of the enantioselectivity of
the monoreduction of 172, the recorded ee was near 90%. The diastereoselectivity
depomo s very good, and the relationship between de,,,, and ee, ., is described
below:

€Chomo = 2(dehomo)l/z/(1 + dehomo) (925)

Based on the assumption ee; = de,, racemic catalysts were also used. The results
were calculated, and they are listed in Table 9.18. It can be found that it is possible
to evaluate the enantioselectivity of racemic catalysts without equal mole ratio in
reactions in some specialized cases.

The best method is to calculate the TS barriers for prediction of ee values. One
successful example is the explanation of ee values observed in adol condensation
reaction using catalyst 183 (Eq. (9.26)) [42]. Although the quantity of the cata-
lyst was high (up to 20% mol), the highest ee was observed as 98% when R was
the c-hexyl group. Most ee values recorded were over 95%. Prediction was made
using HF/6-31G(d) method, and SPE correction was performed at the B3LYP/6-
31G(d,p) level.

le) Ph
N/S.””Ph
NH HO

183

j\ , O 183(20mol%) OH o
- .
R H )J\ -20°C R J\/U\

184 185 186 (9.26)
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Table 9.18 Values of de and ee in reductions of 1-phenylhexanone, 172, in THF.

Entry Catalyst* de, 0 (%) ee,?) (%) (ee% of 182)7
19 (R)-178 87 93(82)

2d) (R)-178 86 93(79)

39 Racemic 178 56 75(82)

49 Racemic 178 86 93(79)

5¢) (5)-179 81 90(87)

69 (5)-179 72 85(83)

79 Racemic 179 83 91(83)

8¢ (R)-180 89 94(—)°)

9¢) Racemic 180 82 91(-)°

a) Measured by chiral supercritical fluid chromatography (SEC) (Chiralcel OD-H). (R)-OAB
catalysts give (S,S)-diol.

b) Calculated from the equation eel2 = de,,,, (when ee, =de, in Formula (9.2)).

c) 0°C.

d) 66°C.

e) Not measured.

TS-1 TS-2
0.0 (0.0) kcal mol~ 2.4 (3.0) kcal mol™!

Figure 9.7 Two TS structures obtained using HF/6-31G(d) theory.

In the TS geometry, acetone forms a Shiff base first with the pyrrolidine
moiety of 183, and the —CH,—- in the intermediate would attack carbonyl
carbon of benzaldehyde to form the corresponding addition product 183.
The experimental ee value was 83%, and the predicted one was 96%. Both
matched well. The predicted results are illustrated below the TS structure
(Figure 9.7).

Obviously, product via TS-1 should be the major one. The minor product via
TS-2, based on the relative energy of 2.4 or 3.0 kcal mol~!, occupied about 1.7%.
Therefore, its predicted ee value should be about 96%.
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10
Total Organic Synthesis

10.1
Introduction

The history of organic synthesis shows the power of organic synthesis in early
structure elucidation of natural products and the ability to make natural products.
Milestones in early structural determination include the assignment of D-glucose
(1891), morphine (1925), aspidospermine (1959), and patchouli alcohol (1962) [1].
Some important landmarks achieved in total synthesis are those of urea (1828),
acetic acid (1845), a-terpineol (1904), quinine (1944), strychnie (1954), mor-
phine (1956), penicillin V (1957), vitamin B12 (1978), and taxol (1994). The great
achievements in total organic synthesis have made big contributions to the current
pharmaceutical industry in the world, in addition to the organic chemistry part.

Total synthesis is an art. It requires the researchers to be familiar with most
popular reactions and their usage ranges, especially some specific reactions
that lead to abnormal results. The well-known reactions include hundreds of
named reactions, such as Hofmann degradation (1851), Claisen condensation
(1887), Diels—Alder reaction (1893), Pictet—Spenglar reaction (1911), Birch
reduction (1944), and Sharpless epoxidation (1980). Many reaction types such
as aldol reaction (1838) and olefin metathesis cross-coupling reaction (1967) [1]
are frequently used in total synthesis. Because of the various reactions, organic
synthesis has shown great ability in the preparation of a large number of organic
compounds, including many natural products.

Discussion of total organic synthesis in this chapter should focus on solution
synthesis. Solid-phase syntheses, such as polypeptide synthesis, combinatorial
synthesis, and bioactive catalytic synthesis, are not discussed here. Interested
readers may consult the corresponding references.

10.2
Retrosynthesis Strategies

The core question in total synthesis is the retrosynthetic study. The “art” of syn-
thesis lies in this step. It is already half success when a complex compound can be

Organic Stereochemistry: Experimental and Computational Methods, First Edition. Hua-Jie Zhu.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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disconnected into several small fractions that can be obtained easily in practice.
Different separation methods (disconnection, retrosynthesis) bring various syn-
thetic routes.

The general strategy of retrosynthesis is to simply disconnect (fractionalize) a
molecule into several sections (molecules) first, and then keep dividing them into
different parts of much smaller sections, until the final sections, namely, synthons,
are the ones that cannot be disconnected again and also be readily available.

During the procedure, the first job is to master the conversion reactions of the
functional groups, such as C=C, which can be seen as the Wittig reagent reaction
product of >C=0. In this case, >C=0 is the equivalent functional group of C=C.
Or it could be a product of two C=C bonds via a metathesis reaction. It could also
be the result of loss of a water of one hydroxyl group of >CH-C(OH)H™. Some
frequently used transformations are illustrated in Scheme 10.1 [1].

Other useful conversions include ring formation methods, such as the
Diels—Alder reaction, Pictet—Spengler cyclization, [4+ 1] annulation (high
temperature), [2 + 3] (low temperature) annulation for heterocyclic compounds,
and [2 + 3] (low temperature) for carbocyclic compounds. Some named reactions
are important for special structure synthesis.

In a retrosynthesis procedure, the manner of disconnecting a target molecule
(TM) can be based on the molecule’s skeletal characteristics or its major functional
groups. Today, with the development of computer skills, the retrosynthesis of a
compound can be carried out by means of the appropriate software. For example,
Syngen, which focuses on skeleton analysis rather than functional analysis, can
cut a molecule into several fractions reasonably [2]. A Chiron then follows the
retrosynthetic approach [2c]. No matter what the computer does for the retrosyn-
thesis in the procedure, to optimize the computed synthetic route, more human
intelligence is necessary.

There are other strategies such as pattern recognition [3]. It is different from
the traditional disconnection methods based on the TM skeleton or major func-
tional groups. It focuses on the similarity between a partial TM structure and a
known structure. For example, in the retrosynthesis of the partial taxol structure
of baccatin III [4], the key point is to look for a suitable pattern molecule as the
starting material (SM). From its structure, the associated SM A [5] can afford the
corresponding TM baccatin III (Scheme 10.2) via several steps.

In retrosynthesis analysis of eleutherobin [6], monoterpene B was selected
as the pattern molecule in its total synthesis. By the reaction of B with
2,2-dichloroethenone, it afforded the intermediate which can undergo oxi-
dation ring-opening and addition reactions to produce the TM eleutherobin
(Scheme 10.3).

In the study of natural products, it is found that there are many structurally
similar compounds isolated from the same species of plants or fungi or any other
sources, such as animals; or several analogs could be found in different species. To
produce the structural diversity in synthesis is interesting and valuable. This is the
way to generate molecular shape diversity [7]. This procedure is visually illustrated
in Figure 10.1.
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Ring conversion
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Scheme 10.1 Some conversions frequently used in total synthesis.
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Scheme 10.1 (Continued)
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(16) To use ketone to connect a substituent at its a-position
If stereochemistry is definite, the products should be definite based on Cram rule
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Scheme 10.1 (Continued)
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Scheme 10.2 Pattern recognition strategies used in synthesis of baccatin IIl.
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Scheme 10.3 Strategies for eleuthero biosynthesis using pattern recognition.
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Diversity oriented synthesis Target-oriented synthesis (TOS)

(DOS) : Aa
o O: % O-Q [Xg Dﬁ@
Q Diversity total synthesis (DTS)
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~E>E>%> <>Cl
NeZe

Y

Figure 10.1 Comparison of three synthetic strategies: DOS, TOS, and DTS (the ball, trian-
gle, quadrilateral, pentagon, circle. X and Y represent different molecules or molecular frag-
ments).

The procedure of diversity-oriented synthesis (DOS) is different; it can be used
in forward synthetic analysis. Target-oriented synthesis (TOS) is a convergent pro-
cedure and may be suitable for retrosynthetic analysis. This is a frequently used
model in practice. It can start from two or two more compounds as SMs, and
afford one key intermediate that can be used for further synthesis of TM. Its struc-
ture can be confirmed by spectroscopic methods or X-rays. The diversity total
synthesis (DTS) procedure is convergent at the first, and then it becomes diver-
gent. This procedure is similar to the TOS before one key intermediate is obtained:
it is convergent. However, after the key intermediate is obtained, it could be used
for the synthesis of two or more compounds. This is the divergent procedure.
This could be used for the synthesis of series of natural products with structural
similarity.

Although the theoretical analysis for total synthesis of compounds looks sim-
ple, it is very difficult when facing a specific TM. Success or failure in a synthesis
directly depends on the reasonability of the synthetic route, which is related to
the having enough reactions and conversions in mind. One example is illustrated
below (Scheme 10.4) to show the structural diversity of compounds in synthesis.

Details of total synthesis using pattern recognition or generation of molecular
shape diversity using DOS or DTS will not be given in this chapter. It is one of the
special examples in TOS where only one SM is used in the synthetic route. Interested
readers may refer to the corresponding materials.

In synthetic procedure, oxidations, reductions, additions, and group protec-
tions may be involved for various transformations. High efficiency in each conver-
sion is the key issue when attempting synthesis of a TM via 20 or more reaction
steps.

All methods that were introduced in earlier chapters may be involved in total
synthesis, such as enantioselective control using chiral catalyst or chemoselective
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Scheme 10.4 Synthesis of privileged scaffolds from readily available 2-aminophenols and
anilines.

reaction in some synthetic steps. The determination of chiral centers may be by
means of various methods introduced in the earlier chapters.

As introduced in Chapter 1, there are different kinds of natural products with
various bioactivities, like terpenoids, alkaloids, flavonoids, and others; their total
organic synthesis would involve most types of natural products in practice as men-
tioned above. Until now, many hundreds of natural products have been synthe-
sized. It is a big challenge to select them as examples from the reports. Many
excellent works cannot be used here. The examples listed here are structurally
both the simple and complex, or based on the reaction diversity in the synthetic
procedure. It is not introduced as terpenoids or alkaloids or in a similar manner.

10.3
Examples in Synthesis

The structures listed in this chapter have been well determined by spectroscopic
or X-ray studies. The corresponding nuclear magnetic resonance (NMR) data are
the same as those reported in most cases except for the structure reassignment in
these examples. This information will not be mentioned at the end of each example
synthesis.

10.3.1
(+)-Hirsutene

The first example listed here, (+)-hirsutene (1) synthesis, uses a single SM for the
synthesis. It is not a complex natural product and obtained from the metabolism
of fungi [8], and it is relatively easy to carry out its total synthesis. This structure is
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used as a precursor of several antitumor compounds and brought its importance
in synthesis. It has a five-membered ring in its neighbored. Its retrosynthesis is
illustrated in Scheme 10.5. The first fragment molecule is 2, which can afford 1
by a Wittig reaction; molecule 2 can be synthesized from 3 via a condensation
reaction to give the o,p-unsaturated ketone structure in 2. Further decomposition
of 3 leads to the intermediates 4 and 5, as illustrated in Scheme 10.5.

h

H
1 (+)- Hirsutene

o]

.0
= EtOZC\/MCOZEt: HO . o

4 5

Scheme 10.5 Retrosynthesis strategy for 1.

Clearly, compound 5 can be used as an SM. By reduction with BHj, it forms
a diol structure and then can be oxidized into dialdehyde using Swern oxida-
tion. The aldehyde can undergo condensation reaction with Ph,P=CHCOMe to
afford molecule 4. This intermediate can undergo intramolecular condensation
reaction to produce 6 with almost the same mole ratio of cis/trans (about 1.1:1).
Hydrolysis under the base KOH gives the corresponding acid 7. This diacid struc-
ture can be converted into an intermediate that can react with TMS-CHN, to
produce the key intermediate 8. Under catalysis of a Ru-containing ligand, an
intramolecular cyclization takes place to form 9. The formation of 9 generally indi-
cates the successful synthesis of 1, since its hydrogenation can lead to 10, which
can undergo the intramolecular condensation reaction to the intermediate a,f-
unsaturated ketone 11. Under strong base interaction, it can react with Mel to
afford compound 12, which can lead to the final product 1 via a Wittig reaction in
a yield of 87% (Scheme 10.6).

Different viewpoints may lead to different synthetic routes. For the total synthe-
sis of (+)-hirsutene (1), one may go through other ways to afford the key interme-
diate 13 [9], which can go through a cyclization to target 1. One-step cyclization
forms three circles (Eq. (10.1)).

5
H

H
13 (+)- Hirsutene 1 (10.1)



10.3  Examples in Synthesis | 287
(1) BH;-THF, 0 °C
% & 0 (2) Swern oxidation N
< EtO CMCO Et
HO OH (3) PhgP = CHCO,Et NS ~ 2
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Scheme 10.6 Total synthesis of (+)-hirsutene (1).

10.3.2
(2R,3S)-Rubiginone A, and Its Analog

Rubiginone A, (14), also named as Fujianmycins B or SNA-8073-A [10], exhibits
anti-HIV or platelet aggregation inhibition bioactivity [11]. This has attracted
the attention of organic chemists. Its total synthesis has been reported [12].
The routes listed here involve the preparation of two SMs. Its retrosynthesis
route is illustrated in Scheme 10.7. The synthetic route looks quite simple in the
procedure. The key step is to obtain the SM 19 and the Diels—Alder reaction
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MeO

14 Fujianmycin B, or
Rubiginone A2
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X o)
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16 17 18 19

Scheme 10.7 Retrosynthesis analysis for the product preparation of 14.

using 16 and 17 [13]. After the formation of the intermediate 15, an oxidation
reaction under light irradiation can convert it into TM 14. This procedure needs
two different SMs, 18 and 19.

It is possible to use a natural product that has a similar stereogenic center for
the preparation of 19. The best candidate is the commercially available (2R,5R)-
(+)-dihydrocarvone 20 as the enantiopure SM. It can be converted into 19 in a
one-pot reaction in steps with a yield of 42% (Scheme 10.8). The yield can be
improved up to 70%. It can react with an I, - Py mixture at room temperature to
afford the intermediate 21 in about 70% yield. Its reaction with vinyl magnesium
bromide catalyzed by ZnBr, and Pd(PPh;), forms the intermediate 22, which can
be reduced to 17 by sodium borohydride.

(1) O3/ MeOH 78 °C

0 o]
. % Iy, rt
(2) Cu(OAC),—H,0, —20 °C 2 |
Pyridine
H (3) FeSO,4~7H,0,-20 °C DCM
P
(2R, 5R)-20 19 429, 2167%
ZnBra/ THE 1 NaBH,/MeOH
Pd(PPhg), N rVePR
CeCly~7H,0, rt "OH
CH, = CHMgBr, rt g2 _
22 68% 17 62%

Scheme 10.8 Synthesis of intermediate 17 from the natural material (2R,5R)-(+)-
dihydrocarvone.

Synthesis of the intermediate 16 is from SM 18 (Scheme 10.9). By esterifi-
cation of 18, the acetate 23 was obtained in 81% yield. Further reaction with
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OH OAc O
Ac,O/pyridine NBS Br
OO Acetone, rt OO Ac,O /H,O 1:1 60 °C O‘
OH AcO AcO O
18 23 81% 16 76%

Scheme 10.9 Preparation of the intermediate 16 using naphthalene-1,5-diol.

N-bromosuccinimide (N-bromobutanimide) (NBS) produced the intermediate
16 using a mixture of acetic anhydride and water as the solvent under 60 °C [14].

Diels— Alder reaction can form the large aromatic ring system (Scheme 10.10).
The first step is to protect the hydroxyl group in 17 using the methoxymethyl
(MOM) group to afford 24, and then to convert the —OAcof 16 to —OMe group
to give 25. Then compounds 24 and 25 are put together in toluene and heated
to 90 °C for at least 1 h. Enough K,CO; in methanol is added into the solution
at room temperature after the reaction is finished (checked by TLC). It is then
warmed to reflux. This procedure produces the intermediate 26. By light oxida-
tion, 26 can be converted to the last intermediate 27, which can be hydrolyzed
into the Fujianmycins B (14).

(1) MOMCI, DCM, rt

. ., A
“OH  (2) DIPEA,DMAP “0">0"
Z 17 Z 24 77% (1);I'o|uene
_ 90°C
O o (2) K,COq
Br (1) 10N AICl;, DCM, 1t B | et
O‘ (2) Ag,0/Mel, CH,CN, O‘ reflux
Reflux <
AcO O /O (0]
16 25 51%
3N HCI

,,,,/O/\O hv/ O,
! EtOAc, rt

_0 o) /O ¢}
26 41% 27 78%

EtOH,
reflux

Scheme 10.10 Synthesis of rubiginone A, (Fujianmycins B) .

The hydrolysis of 14 can afford Fujianmycins A, which has no methyl group on
—OH at C7. The acidic condition is 10 N HCl instead of 3 N HCL

This example needs two kinds of SMs. Several parallel routes can afford two key
intermediates and then they are combined together for the final product synthesis.
This method is also frequently used statistics.

| 289
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10.3.3
(+)-Brefeldin A

(+)-Brefeldin A (28) was reported early [15]. It has more than 30 total organic
synthesis routes. Indeed, it is still attractive to use a novel method for its synthesis.
For example, by use of an aldol condensation reaction, a different synthetic route
becomes available [16]. In this molecule, there is one 5-memebred ring and one
13-membered ring structure. The synthesis difficulty lies in the construction of the
big ring. It has two —OH groups; the —OH on C7 could be result of the reduction
of a ketone, and the disconnection of C8a—C9 may lead to a B-reagent such as
30. In the first step, cutting it into 29 and 30 are reasonably easy (Scheme 10.11).
Keeping disconnection of 29 and 30 may involve the fraction molecules 31 and
32. The key intermediate is fraction molecule 31. It could be disconnected into
smaller fractions such as 33 and 34. At the same time, fraction 30 can also be
separated into 35 and 36.

HQm

oTBS OR OBn

A |
EQ/\IL +RO/B |
OBn

T

il
wnl T

J\/-\/\ " BnO/_\—CHO

OBn

\_Q

Scheme 10.11 Retrosynthesis of (+)-brefeldin A (28).

O R | |
n

B
33 34 35 36

This procedure contains two major intermediate syntheses and two SMs
together for final TM synthesis. This procedure has a higher efficiency. First, an
alkynol 37 was used as the SM to synthesize 29 (Scheme 10.12). By reduction with
DIBAL-H in tetrahydrofuran (THF) solution and then with I,, SM 37 afforded
the cis intermediate 38, which could be oxidized into the acid 39. The interme-
diate 39 could react with (S)-4-benzyloxazolidine-2-thione and afford 40, which
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Scheme 10.12 Synthesis of the intermediate 29.

could undergo aldol reaction with (E)-4-(benzyloxy)but-2-enal to produce the key
intermediate 31. After protection of the —OH of 31, the exchange-cyclization of 41
formed 42. By the isolation of the C=C double bond, 42 gave the intermediate 29.

It was found that the exchange-cyclization from 41 to 42 is a key step. An
effective way to carry out this conversion is to use t-BuLi instead of n-BuLi.
The second key was to transfer 42 to 29. If the oxidant is 2-Iodobenzoic acid
(IBX/DMSO) dimethyl sulfoxide, this reaction could not be performed. It was
possible only by using pyridinium chlorochromate (PCC)/p-TsOH, PCC/SiO,, or
PCC/4 A MS (Scheme 10.12).

Then SMs 34 and 35 were used for the synthesis of 30. This procedure was
relatively simple. Under the base (#-LiBu) interaction, the terminal proton of the
triple bonds could be removed and the anion would attack the carbon of propylene
epoxide and lead to opening of the three-membered ring. Scheme 10.13 illustrates
the whole procedure.

It is time to construct the TM (28) using intermediates 29 and 30. The connec-
tion of 29 and 30 formed a ketone-containing compound (46) (Scheme 10.14),
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Scheme 10.13 Synthesis of the intermediate 30.

which can be further reduced by DIBAL-H to afford two isomers with a-OH or
B-OH orientations. The ratios of a-OH to f-OH were almost the same as those
reported earlier. However, in this study, the ratio could reach up to 5: 1. Therefore,
the intermediate with a-OH structure (47) was used in further reactions.

The a-hydroxyl in 48 could be protected by ¢-butyldimethylsilyl (TBS) group
and afford 49, this intermediate could be hydrolyzed by metal Li in naphathene
to remove protection group —Bn but keep TBS protection group to produce
50 (Scheme 10.14), it can take chemoselectively oxidation to 51 which has
one —CO,H group and one —OH group. Under the condensation reagents
2-Methyl-6-nitrobenzoic anhydride, mixed with DMAP and used as a dehydrant
(MNBA) and 4-Dimethylaminopyridine (DMAP), it can form the lactone 52.
After hydrolysis under weak acidic solution condition (2 N HCl in THF), it would
produce the expected TM 28.

10.3.4
Malyngamide U and Its AC Reassignment

Malyngamides were reported to possess wide bioactivities such as antitumor or
anti-HIV activity [17]. For example, after malyngamide U (53) was reported, its
structure attracted researchers’ interests in its total synthesis [18]. It was found
that its AC was not corrected in the original reports after its total organic syn-
thesis; the stereochemistry was corrected [19]. The structure of this compound is
not complex compared to that of Taxol. However, its total synthesis involved some
important reaction types that are useful for other syntheses as well.

N
\O 0 o)

n-CgH, 1/\/\/\)1\

~0

\9 o
N n-CsHs7 N

HO™

Reported 53 Corrected 53

Relatively, its retrosynthesis is not complex based on its structure. It could be
disconnected as two fragmental molecules 54 and 55. If (+)-56 or (—)-56 was
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Scheme 10.14 Synthesis of TM (+)-brefeldin A (28).

used as SM, it could provide two different products, and one of them must be the
natural product. Scheme 10.15 summarizes the retrosynthesis routes.

Because of the earlier reported AC at C1 was (S), clearly, (S)-(+)-56 was used as
the SM (Scheme 10.16). By addition of CHO to the ring under lithium diisopropy-
lamide (LDA) promotion, a —CH, OH was successfully introduced on the ring with
(S) AC (57). It could be easily converted to 59 by reduction using sodium boro-
hydride and CeCl;. Epoxidation of 59 led to the formation of 60, which could be
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n-CsHy i
55 56

Scheme 10.15 Retrosynthetic analysis of malyngamide U (53).
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Scheme 10.16 Synthesis of the key intermediate (+)-65.

further oxidized by OsO, and NalO, to give 61. This intermediate could be con-
verted into 62 by using Zn powder via an elimination reaction. After deprotection
of the corresponding TBS from —CHOTBS in 63, its derivative 64 could undergo
a Swern oxidation to afford the key intermediate 65.

By the use of two different chiral catalysts (+)- and (—)-69, the addition product
of 65 by MeNO, could afford two isomers 66 and 68, respectively (Scheme 10.17).



10.3  Examples in Synthesis | 295
OH OPMP |\ 1o H OPMP  MeNOy QH OPMP
5 :
O:N N (-)-69 10) (+)-69 O,N =
H -
Cu(OAc o Cu(OAc), .
TBSO” W02 TBSO “H,0 TBSO
66 37% conv (+)-65 68
68%
J DDQ (TTTTTTTTTTTT T s
OH 0 i -
O,N : J :
r : !
TBSO™ 5 (-)-69 ;
67 65% e '

Scheme 10.17 Two stereoisomers in addition of MeNO, to (+)-65 using chiral catalyst (+)-
and (—)-69, respectively.

Therefore, the two isomers 66 and 68 could be used to react with fraction
molecule 54, and then the two compounds would have different ACs. The product
derived from 66 should be the reported structure. The connection of 54 and 66
is illustrated in Scheme 10.18.

~0 OPMP
O,N .
MeOTf = 7% (1) NaBH,, NiCl,-6H,0
DTBMP TBSO\\\‘“' (2) 54, DCC, HOBt, NMM
70 67%
"o O SO OPMP
/§\/\/\)1\ DDQ
n-CsHy4 \ H i
TBSO™
71 83%
\9 (0] ~0 0
n-CSHH/\/\/\)]\H%/ TFA 53
TBSO™"

72 85%

Scheme 10.18 Synthesis of the reported structure 53.

Unfortunately, the evidences from spectroscopies such as NMR for the syn-
thesized 53 did not agree with the original results. This suggests that the original
structure might have given wrong results, especially in its AC assignment.
Therefore, (R)-(—)-56 was used as SM again for the synthesis of its another
stereoisomer (corrected 53 structure). The obtained new stereoisomer had the
almost same spectroscopic data. Now it could be concluded that the original
reported structure of 53 was not correct. The corrected natural product should
have the new AC.
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10.3.5
Taxol Derivatives

Taxol (73), which was reported in the 1970s [20], is a famous star molecule.
Its total synthesis includes its skeleton and side-chain syntheses. There are
many reports about its synthesis [21]. Pattern recognition was used for its similar
skeleton synthesis of baccatin III (74) introduced above. Synthesis of its side chain
mainly involves the formation of the two stereogenic centers using various chiral
catalysts.

73 73a

As mentioned before, natural products are valuable lead compounds for
medicines. Based on the natural product structures, some more active or
important compounds can be discovered and become promising medicines.
Taxol analogs are good examples used to illustrate this point. During the
structure—activity relationship (SAR) study, an interesting discovery was
that taxol had a T-conformation (73a) when it exhibited its strong activ-
ity [22].

Based on further investigation of the derivatives of taxol T-geometry, the
analogs 75 and 76 were synthesized [22a]. It was found that compound
75 had much stronger cytotoxicity against A2780 tumor cells; for example,
it was approximately 20 times more potent than taxol and about 300-fold
more potent than its structurally similar analog 77. The structures with
strong activity illustrated here exhibited very similar T-conformation of
taxol.

AcO O OH

74 Baccatin lll
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AcO O OH AcO O OH

77

Total organic syntheses of taxol have been reported widely, and the references
can be easily found. The examples listed here involve the synthesis of the
derivatives 75 and 76. As a special case, the retrosynthesis of the derivatives is not
illustrated here. The synthesis contains two major steps. The first one is synthesis
of the intermediates 84—87. Scheme 10.19 illustrates the simplified procedure.

CHO (1) p-MeOC4H,NH,, MgSO,, CH,Cl, , ©
X~ (2) CH,COOCH,COCI, Et;N, 78 °C to rt, 12 h
(3) Lipase (Amano PS), pH 7.2, CH;CN, 24 h W

78 X = CH, PP
79 X = OCH, 80 84%
(1) 1M KOH, THF, 0 °C, TIPSQ 81 R=H, X=CH,
(2) TIPSCI, imidazole, DMF Q\ 82 R=H,X= OCH,
(3) CAN, CH4CN, -5 °C o7 N 83 R=COPh, X = CH,
(4) PhCOCI, Et;N, DMAP, CH,Cl,, R \I 84 R =COPh, X = OCH,

Scheme 10.19 Strategy for the synthesis of the key intermediates 81-84.

Therefore, based on the analogue of taxol (85), the intermediate 89 was designed
and synthesized. In the procedure, once acryloyl chloride reacted with —OH on
C4, cleavage of —SiMe, from 89 by using HF—Py in THF was necessary for acety-
lation of —OH on C10. Then, connection of —SiMe,; on C7 afforded the key inter-
mediate 89. Scheme 10.20 illustrates the procedure.

For example, the intermediate 83 could be used in the reaction to connect
the both sections together. It formed the diene structure, which could undergo
metathesis reaction to give 75. It is illustrated in Scheme 10.21.

Similarly, the same reaction conditions were used for the synthesis of 76. The
reduction of both 75 and 76 could afford products with double bonds in high
(up to 99%) yield. The reduction could be performed using H, as reductant and
catalyzed by Pd/C(10%) under the 35 psi pressure for about 2.5 h. Both reduced
products showed strong cytotoxicity against PC3 and A2780 tumor cell lines,
respectively.
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Scheme 10.20 Synthetic route to the intermediate 89.

o 83 NaH, THF o)
0°Ctort O)\N

90 R’ = Si(i-Pr)3, R? = SiEtg

(1) (HaIMes)(PCys)(Cl),Ru = CHPh,
CH,Cl,, 3 h

(2) HF-pyridine, 12 h

75 64%

Scheme 10.21 Metathesis reaction to afford product 75.

10.3.6
Amphidinolide T2 and Its Derivatives

Many antibiotics have been developed, and one of them is macrolides. The
difficulty in their total synthesis is how to efficiently increase the yield of the
ring-closing reaction [23]. Its concise total synthesis represents a new study direc-
tion in synthetic methodology. Amphidinolides, such as amphidinolide T2(91),
form a large family macrolides obtained from symbiotic marine dinoflagellates
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Amphidinium sp. Its congeners have five structurally related 19-membered
macrolides [24]. Cytotoxicity was reported for amphidinolide T analogs, with
IC;, values of 7-18 pg ml™" against murine lymphoma L1210 [25]. Compared to
T2, structures of T1, T3—T5 have no stereogenic center at C21, and the side chain
just has three carbons. Other differences are that they have different stereogenic
centers at C12 and C13, while C=0 at C13 becomes a hydroxyl group. The total
syntheses of T1 and T3—T5 have been reported [26]. The retrosynthesis for 91
is illustrated in Scheme 10.22 [27]. First, it could be cut down between O1 and
C18; then the second section could be between C12 and C13. This disconnection
forms two fractions 92 and 93.

R1:
= O OH O OH
X : — y 2 f—
94 OTBDPS 95 OTBDPS
""""""""""" no
OTBDPS E T
; 98
RO\/\/\
OH

101
H +
XN opuB :

HO,C~ OH
100 98

Scheme 10.22 Retrosynthesis of amphidinolide T2.

The group >C=CH, in intermediate 92 could derive from >C=0 (94), and the
fragment molecule could be separated into 96 and 97. Fragment 97 could derive
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from (S)-2-hydroxypropanoic acid (98). Another intermediate 93 could be from
99, which can be further disconnected into the small diol derivative 101 and frag-
ment 98.

The synthesis of fragment 92 started from the methyl (S)-lactate 102, which has
natural chirality, obtained via esterification of 98 (Scheme 10.23). After protection
of its —OH by the ¢-Butyldiphenylsilyl (TBDPS) group, it was reduced by BH; in
refluxing THE. The newly formed —OH could be replaced by element I using a
mixture of I,, PPh;, and imidazole in the ratio 4:2:4 in refluxing THF to form
the intermediate 103. Under catalysis of the chiral catalyst RuBr,[(R)-BINAP]
2,2'-Bis(diphenylphosphino)-1,1’-binaphthalene, this key chiral fraction molecule
could undergo a coupling reaction with methyl acetoacetate (96) to form a new
(3R,65)-methyl 3,6-dihydroxyheptanoate, which could be reduced by DIBAL-H
to produce the aldehyde 104. Before its further reaction, it is necessary to con-
vert 107 to 108 via two major steps: the first is to use p-toluenesulfonyl chloride

0

)J\/ (1) TBDPSCI, imidazole, THF, rt, 2 h, N
MeO™ (2) (a) BH3,SMey, THF, reflux, 2 h; - OTBDPS
OH (b) 1,/PPhs/imidazole (4:2:4), THF, reflux, 1 h
102 103
(1) 96, NaH, n-BuLi, THF/HMPA (3:1), 0°C; 9 h, rt, 4 h, o OTES
(2) [RuBr,{(R)-BINAP}], MeOH, 60 °C, 6 h > 3 6
(3) TESOTH, 2,6-lutidine,CH,Cly, 0 °C, 0.5 h
(4) DIBAL-H, CH,Cl,, 78 °C, 1 h 104
_ - 0o OTES L)
(1) 108, t-BuLi, pentane H H 0
/Et,0 (3:2), =78 to 20 °C WJ\/\/\/ Brzn” SZnBr
(2) Dess-Martin OTBDPS k J
105 Zn
NaHCO;3, rt, 2 h
109
- OTES z
109, TICl/ \/-\)J\/E\/\/ Meo - on
THE. X : \n/\/
_ E fe)
reflux, 0.5 h OTBDPS 107
106 |
TFA/H,0/ Y
(124 \/g\)J\/gi/\/ :
1:4:100 2 2 H
; X Y \/\/l
25h, 92 OTBDPS 108

Scheme 10.23 Synthesis of the intermediate 92.
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reacting with —OH and then reduce its >COMe to aldehyde by DIBAL-H. Lil is
then used to replace p-toluenesulfonyl in ether to form intermediate 108.

The reaction of 104 and 108 could afford the key intermediate 105 in two
steps. It could react with 109, which could provide a CH,- group like Wittig
reagent to convert >CHO to the corresponding >C=CH,, to afford 106. It
could be hydrolyzed to 92 in the mixture THF/H,O under the catalysis of
1% TFA.

Synthesis of 93 requires the intermediate 117. Therefore, key intermediate 117
was prepared first. In this procedure, SM 107 was used (Scheme 10.24). There
are two routes for its synthesis. One is from butane-1,4-diol (112) (in dotted line
frame), and the other is from 107 via 111.

26b OH Ref.26¢ :
OHC/A\V/OPMB - Md%C/A\// — |//\V/OPMB
110 107 111
[TToTTTTTT e v DMP (T v (1) PPhg,
L RO~y ' RO CHO |
; OHINaHCO, | > " |  MeNO, | (2)KHMDS,
--------------------- - 115 99% l
{ 2 140°C, | THF,0°C
12R=H TBDPSCI ~ 7T then 115
_ imidazole MW,2 h ’
113R_TBDP8:| (55%) 0°C.2h
MsCLEtsN J,
Nal

(1) PPhyMeNO, | TBDPPSO
"""""""""""" v reflux
TBDPSO._~_~, .~ . _~_ _OPMB

(2) KHMDS, THF,

114 84% oC- 116 79% from 112;
------------------------ ; 0°C; 110 or 86% from 111
~ (1) Pd/C,H,,EtOH (3) DMPNaHCO
= a
: 2) TBAF,THF ’ 8
OQ//\\//\V/A\V/OPMB @

117 80% for 3 steps

Scheme 10.24 Synthesis of the key intermediate 117.

A Sml,-mediated enantioselective reductive coupling reaction of 117 with
(1S,2R)-N-methylephedrine-derived crotonate 118 afforded the desired cis-3,4-
disubstituted y-butyrolactone 119 with 97.1:2.9 dr. Further reduction provided
the hemiacetal structure 120. It reacted with allyltrimethylsilane to afford the
corresponding intermediate 124, which could undergo oxidation reaction with
pyridinium dichromate (PDC) to form the product 93 (Scheme 10.25).

The intermediates 92 and 93 would react with each other under the catalysis of
the condensation reagent DM AP to afford the key intermediate 122, which could
be used as an SM for metathesis reactions catalyzed by catalyst 123. This catalyst
could afford (E)-124 and (Z)-124 in about 2.7 : 1 ratio (Scheme 10.26).
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P 117, Sml OPMB
/'\‘/O o e
Y mcan
Ph O
118 119 about 50% yield
DIBAL-H Ho,, -© : OPMB  CH, = CHCH,SiMe;
- BF;—OEt,, CH,CI
CH,Cl,, —78 °C s vETE
-78°C,2h
120
X, O on PDC,
4 DMF—HZO
rt, overmght
121 91% for 2 steps 93 91% for 2 steps

Scheme 10.25 Synthesis of the intermediate 93.

123 (5 mol%)
OTBDPS  &yy o)

Reflux, 4 h,

92 EDCI, DMAP,

+ rt, 16 h,

93

(6] Ru—
122 91% cr i Npy
PCyS

123

OTBDPS
o
(E)-124 63% (2)-124 23%

-

Scheme 10.26 Synthesis of the cyclic intermediate 124 with (E) and (2)-structures (here
Mes = 2,4,6-trimethylphenyl).

The next challenge is the oxidation of C=C bond in (E)- and (Z)-124 to form
two hydroxyl groups in correct orientations. Experimental investigation of (E)-
and (Z)-124 in further experiments were performed (Scheme 10.27). It was
found that only (E)-124 could form the corresponding product with the same
stereochemistry as 91. Scheme 10.27 illustrates the procedure. In the procedure,
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OH
HO
2.5 mol% K,0sO,(OH),,
10 mol% (DHQD),AQN
E)-124 >
(E) K,CO5, KaFe(CN), OTBDPS
MeSOZNHz,
t-BUOH/H,0 (1:1),
0°C,7h
125 C12 === OH, C13 = ...10OH, 59%
126 C12=..110H,C13 = < OH, 13%
OH
TBSO -~
TBSOTH, TBDPS ' DMP, NaHCOj,
125 2,6-lutidine, [e) rt,3h 91
CHQE)IZ, HF-pyridine,
—78°C,1h MeCN, rt, 16 h,

12777% O

Scheme 10.27 Reaction routes to TM 91.

2.5mol% K,0s0,(OH), was used for the oxidation reactions of >C=C<, and
59% yield of 125 was obtained. By protection of its —OH at C12, oxidation of
—OH on C13 afforded the final TM 91. Total yield from the whole procedure
was about 8%. This is an excellent yield for a 16-step total organic synthetic
route.

10.3.7
(+)-Vindoline

Indole alkaloids constitute a big family, and many of them have strong bioac-
tivity. Because of their structural variances in nature, they are found in many
folk medicines of various plants, and their structures have attracted the
interests of organic synthetic chemists. Total synthesis of different indole
alkaloids has been reported since 1950s; many of them have been obtained,
for example, (+)-vindoline (128) [28], which belongs to the highly function-
alized Aspidosperma alkaloid. It is found that this structure has a definite
relationship with the indole-containing precursor. Its retrosynthetic analysis
will not be described here. Different synthetic routes are introduced in this
section.

(+)-Vindoline 128 was isolated in Cantharanthus roseus (L.) G. Don in trace
quantities [29]. Its first total synthesis in 1975 used the tryptamine derivative 129
as a key intermediate [30]. It could undergo [4 + 2] cyclization reaction under BF,
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solution at 90 °C to form an intermediate with loss of the acetyl group on N atom
and afforded 130, which by Michal aldol condensation reaction with acrylalde-
hyde gave the skeleton molecule 131; this intermediate could then be converted
to 128 easily (Scheme 10.28).

N
et N BF3
MeO OAc MeO \ 90 °C
NI [""co,Me N

| H oH |
128 (+)- Vindoline 129
NH N
No /
— > _ 128
9] O —> MeO o — =
N
| I H
130 131

Scheme 10.28 Outline of the synthesis of vindoline.

A key intermediate 132 was also used in vindoline total synthesis [31]. Qua-
ternary ammonium salt (132) could be cleaved at the C3 position into the corre-
sponding compounds by cyanide (CN™) attacking C3, and then CN could connect
to C3 at the same time to give 133, which could be used to react with Mel under
the catalysis of mercuric acetate. This intermediate could form 134 and serve as
another key intermediate to afford 128 (Scheme 10.29).

—OMs—
MeO N
MeO Mel,
KCN | gt HI(OAc),
E— —_—
N MeOH
CN
N
wo ()
W//Et T K = — .
N
H
CO2Me H CO2Me

134

Scheme 10.29 Outline of the synthesis of vindoline128 using quaternary salt.
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‘\\\OH
K2 OH N)
NH Cl "
\ (S)-137 O ‘ Cl —>
N
N
H COs;Me H
CO,Me COzMe
136 138
OH
N
A Diels—Alder
—Cl l Et cycloaddition Et — ——»128
g N —— R
H CO,Me
CO,Me
140 141

Scheme 10.30 Outline of the synthesis of skeleton of 128.

Historically, indoloazepine (136) was used as a key intermediate for the syn-
thesis of 128 (Scheme 10.30). This procedure required the use of a chiral lactol
137, which was derived from (S)-epichlorohydrin. The bridged compound 138
could convert to 139, which would undergo tautomerization to 140 via loss of a
Cl anion [32]. By [4 + 2] cycloaddition to form tabersonin 141, the TM 128 could

be obtained.

The intermediate 142 derived from tryptamine was used for the synthesis of 128

too (Scheme 10.31). The strategy is to use cycloaddition cascade reactions [28].

0]

—N
| CO,Me
142

CO,Me

144

Scheme 10.31

OBn

Et [4+2]
e

Synthetic strategy of TM 128.

0O
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n O
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OBn
CO,Me
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1,3,4-Oxadiazoles were used in the procedure via sequential [4+ 2] and [3 + 2]
cyclizations. (Z)-isomer of enol ether 142 could form the bridged ether 143 by
heating in o-dichlorobenzene. This could generate the oxonium ylide 144. This
intermediate afforded bridged ether 145, which could further undergo a series of
reactions to give 128.

An improved method to form 128 was reported using a similar method. The
amide 146 (Scheme 10.32) in the new method was different from 142 listed in
Scheme 10.31 [33].

OR —
0 Et
N X
[4 +2]
\ )\N OBn
(0] | (0]
| CO,Me

146

[3+2]

CO,Me
148 _

Scheme 10.32 Different synthetic strategies of TM 128.

10.4
Calculation in Total Synthesis

Transition state (TS) calculations for total organic synthesis are rarely reported.
This is expected. Since computation of TS in total synthesis is absolutely complex
and time consuming, it may be out of the capacity of the computers in early time,
although this is an aim of theoretical and experimental chemists. The second rea-
son may be that no suitable TM is found yet. On the other hand, if there is any
error in the calculation procedure, the whole procedure would fail. Other factors
may involve the reliability of the quantum methods selected in TS calculations.
However, to design a suitable theoretical total synthetic route is a big challenge.
In this procedure, every reaction should be carefully studied to examine its TS
barriers if the reaction has two or more routes. The energy barrier sizes should
tell us which route is favorable. Based on the route, the next possible reaction
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1 2\
m R-1
o P

R-2 m4
T \ R-7
0 S /
e e (o] =[P

Figure 10.2 Diagrammatic sketch for selec- R-2 is lowest to the product m4 (the square)
tive reactions via different routes (the signs ~ from (m1+ m2); the barrier via R-5 is lower
in this figure represent different molecules than m7 (oval); finally via R-8 is lowest to

in reactions). In this sketch, the TS barrier via m10 (oblong).

m9

should be investigated by calculating its TS activation energy. This process should
be repeated until the whole reactions are definite. If this procedure is divergent, the
TS geometry investigation will be difficult because the number of TS structures
may be more than the estimations. If it has reasonable TS geometry numbers, the
TS barrier calculation is possible.

In many cases, TS barrier calculations involve chemoselective reduction or
addition. Obviously, it is important to be familiar with various reductions and/or
addition TS constructions. The whole procedure is illustrated in Figure 10.2.

The procedure is divergent theoretically at every step. However, only one or
two procedures give low TS barriers. These barriers can be calculated for each
step. After every TS barrier is predicted, the final product should be definite
theoretically.

Apart from theoretical total synthesis, it could be used to determine reaction
directions for some key series of reactions. In this way, the calculations are rela-
tively easy. This is possible to be used in the study of biogenetic routes.

The strong cytotoxic product 150 was introduced through a biogenetic route, as
illustrated in Scheme 10.33 [34]. The a-C would attack the carbonyl carbon under
acidic condition, and then the intermediate would convert to the corresponding
natural product. This enzyme-catalyzed biogenetic procedure is possible. How-
ever, discussion of possible organic synthetic routes is important from the view-
point of theoretical chemistry and organic synthetic chemistry.

In viewpoint of theoretical chemists and organic synthetic chemists, the attack
of a-C of 2-oxosuccinic acid of carbonyl carbon generally happens under a base
catalysis instead of acidic conditions. The base would draw a proton from a-C
and this would lead to a-C having one negative charge. This negative carbon can
easily attach the positive carbonyl group. Secondly, chemists may want to know
why a-C chemoselectively attacks C12 instead of C6 (both are carbonyl carbon),
as illustrated in Scheme 10.33.

The first question was investigated by density functional theory (DFT) using the
Gaussian package. Chemoselective addition of a-C to C6 or C12 in Scheme 10.33
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150 Bezopyrenomycin 151 153
Exp. [a]p: +38 in CHCI3
O
pose o X
—> oy —— “y,
OH OH
OR O MeO 0
154 150

Scheme 10.33 Proposed biogenetic route for the formation of 150 from 151 in the origi-
nal report.

is the key procedure. Only that the relative barrier in the addition of a-C to C12 is
lower than that to C6, which could guarantee the next reaction leading to the iso-
lated natural product. Because of a very flexible O—C bond in 2-oxosuccinic acid,
the TS numbers would be more than computed value (H.]. Zhu, et al., unpub-
lished results). To reduce computational time, 155, which is a reasonable model
simplified from 2-oxosuccinic acid, was used in TS computations. Under base con-
ditions, a proton on a-C was removed. The negative a-C of 155 could attack the
C12 or C6 of 151 via the front or the back, respectively (Table 10.1). The effect of
the position of substituents such as ~-CHO and —MeO was investigated in TS bar-
rier calculations. Total TS geometries were investigated at the B3LYP/6-31G(d)
level. The TS geometries with lower barrier in each case were further computed
at the B3LYP/6-311+G(d,p) level.

(0]
(0]
155 From front
H)\\—)\H of paper
From back @ RN

of paper

MeO O

C - attacks C-12 C - attacks C-6
TS-1 TS-2

151

In this investigation, an enzyme effect was considered. However, it does not
mean this enzyme would lead to the formation of a high-energy product. In this
section, the normal effect is just considered from an enzyme. The enzyme may
affect the barrier sequence. Since the exact enzyme is unknown, use of a solvent
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Table 10.1 Predicted TS barriers for TS-1 and TS-2.

Entry Item TS-1 TS-2
1 AG? 0.98 0.00
2 AED) 2.09 0.00
3 AG, 1.64 0.00
4 AEY 1.99 0.00

a) The free energy difference obtained at the B3LYP/6-31G(d) level.

b) Mimic enzyme catalyst energy difference.

c) The free energy difference obtained at the B3LYP/6-3114+G(d,p) level.

d) Zero-point energy correction difference at the B3LYP/6-311+G(d,p) level.

that has a dielectric constant (¢) close to that in the interior of enzyme (e = 4.0) to
represent an enzyme should be considered in TS barrier corrections. In this study,
a neutral solvent, chloroform (¢ = 4.9), was selected for the simulations of the
effect of the enzyme on the barriers. The TS structures and energy barriers for the
additions that were obtained at different levels are illustrated above. In addition,
the zero-point energy (ZPE) correction data (AE,) at the B3LYP/6-311+G(d,p)
level were also used in the comparison of the relative energy differences.
Unfortunately, the computed barrier in procedure of a-C attacking C6 (TS-2)
is lower by 0.98 kcal mol~! in free energy than those in attacking C12 (TS-1) at
the B3LYP/6-31G(d) level. Under the mimic enzyme catalysis, the energy differ-
ence between the two TSs became 2.09 kcal mol™ at the B3LYP/aug-cc-pVDZ
level using PCM model in chloroform. The lower energy barrier is still in TS-2.
When calculations were performed at the B3BLYP/6-311+G(d,p) level, the barrier
difference between TS-1 and TS-2 increased from 0.98 to 1.64 kcal mol~! in free
energy. The barrier difference became 1.99 kcal mol™! after ZPE correction. Thus,
route from 151 to 150 is unlikely in organic synthesis via similar chemical proce-
dure of a-C of 152 attacking C12 in 151. This may suggest that other SMs could
be used in the total organic synthesis, from the viewpoint of organic chemistry.
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