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Advances in Asymmetric Hydrogenation. Catalytic Synthesis of Optically
Active Hydroxy- and Amino-acids

E.I.KIabunovskii and E.S.Levitina

In the present review an attempt is made to follow the general relations in the formation of optical isomers and to elucidate
the optimum conditions for the reactions on the basis of an analysis of the available literature data on the catalytic synthesis
of aminoacids with reference to data on the hydrogenation of C=C and C=O bonds in optically active compounds. The
extremely interesting and promising field of asymmetric hydrogenation using dissymmetrical heterogeneous catalysts, which
requires special treatment, has been dealt with in the review only in connection with the synthesis of aminoacids.
The bibliography includes 87 references.
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I. INTRODUCTION

Asymmetric hydrogenation has always attracted the
attention of investigators as one of the methods for the
preparation of optically active compounds by the addition
of hydrogen to the multiple bonds C=C, C=O, and C=N,
in the presence of an asymmetrising agent (an optically
active group in the molecule, a dissymmetric catalyst).
Recently there has been a particular growth of interest
in asymmetric hydrogenation in connection with the appli-
cation of new methods for the synthesis of optically active
a-aminoacids.

The advances in asymmetric hydrogenation have not
yet been reflected in an adequate compilation of the
relevant studies. There are only a few obsolete
reviews1>2 in Japanese.

Asymmetric catalysis is based on the concept of the
cis-addition of hydrogen from the catalyst surface, which
has been expressed quantitatively in Balandin's multiplet
theory of catalysis and theory of hydrogenation. Accord-
ing to the multiplet theory, the addition of hydrogen to
the molecule of an unsaturated compound takes place in a
reaction sphere of minimum volume without the desorp-
tion of the intermediate semihydrogenated species from
the catalyst surface. The presence of the heterogeneous
catalyst surface gives rise to additional steric hindrance
in this process and promotes its stereospecificity.

The formation of optically active compounds in asym-
metric heterogeneous catalytic hydrogenation confirms
the mechanism of cis -addition, since otherwise, in
/raws-addition or for desorption of the semihydrogenated
species, the racemate would be formed in the bulk phase.
At the same time these data show that, under the condi-
tions investigated, the impact hydrogenation mechanism
is unlikely and it must be assumed, in accordance with
the multiplet theory, that the reaction takes place in direct
contact with the catalyst. According to Balandin's
hydrogenation theory , the activation of the compound
hydrogenated Β and hydrogen Η takes place at different
centres K' and Κ respectively, and the centre Κ may be
subdivided further into centres A which are responsible
for the separate adsorption of hydrogen atoms. Then the
stages in the attainment of adsorption equilibrium at the
two types of centre are represented by mechanisms (1)

and (2) and the rate-limiting stage of the process is
represented by mechanism (3):

Β + K' - BK'; H2 + K' - H2K'; C + K' -» CK', (1)

Β + Κ - BK; Η. + Κ - H2K -» 2 (Η · A); C + Κ -» CK , (2)

BK'+HA—XK'A; XK'A + HA—CK' + K , (3)

where C is the reaction product and X the semihydrogen-
ated species, which is not released into the bulk phase
from the catalyst surface and which undergoes all trans-
formations on the surface. The adsorption of compound Β
(to be hydrogenated) at centres K' [mechanism (1)] and the
rate-limiting stage [mechanism (3)] must take place on the
sterically least hindered side of the molecule, which deter-
mines the stereochemistry of the product.

The occurrence of asymmetric synthesis is due to the
difference between the rates of formation of the optical
isomers of the product C from the initial compound B:

B -

•(-)c

which is determined by the difference between the free
energies of activation AF* for the diastereoisomeric transi-
tion states. According to the transition state theory, the
specific rate of formation of one of the optical isomers,
for example, the (+)-isomer, is defined as follows:

kd^
kJLe-ir .

h

For two competing reactions involving the formation of
the (+)- or (-)-isomers, we have, k&/k\ = Cd/Cl and for a
transmission coefficient close to unity the ratio of the rate
constants for the formation of the (+)- and (-)-isomers is

ASf

RT

ASf AHf \
R RT I ~~

RT RT RT

where the enthalpy of activation AH* is related to the
experimentally determined activation energy Ε by the
equation
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Low values of AAS* indicate a similarity of the structures
of the diastereoisomeric transition states.

The specific rotation of the product is determined from
the expression

D = obs
where orobs is * n e observed optical rotation in a layer of
length / (in decimeters) at a concentration C (1 g per
100 ml solution). The molecular rotation [M]^ is defined
thus:

100

The optical purity (P, %), also called the optical yield or
the asymmetric yield, is defined by the ratio of [a]Dfound
for the product to the maximum specific rotation quoted in
the literature [o?]D(lit.) f° r the optically pure compound:

=

[gl.D(found) JQQ ,

The specificity Sp+, or the ratio of the fraction of one
optical isomer to the other in a given compound, determined
from the expression

So = H+)-»omer] = 100+Ρ ,
P+ [(-)-isomer] 100—ρ

varies in the range °° > Sp > 1.
Two methods are employed at present for the deter-

mination of the optical purity of the compound. The first
requires the separation of the optical isomers in a pure
form or in the form of their diastereoisomers. This
procedure includes, apart from the classical method of the
isolation of usually one optical isomer by the recrystallisa-
tion of the diastereoisomers, the method of isotope dilu-
tion4, a kinetic method5, and an enzymatic method. In
the second procedure it is sufficient to determine analyti-
cally the ratio of the diastereoisomers, for example by
gas-liquid chromatography (Weygand8, Belikov and
coworkers7) or by NMR (Raban and Mislow8'9).

The stereochemistry of the asymmetric hydrogenation
of C=C and C=O bonds, on which extensive data have
accumulated recently, provides valuable information for
the understanding of the catalytic synthesis of optically
active aminoacids.

Π. HYDROGENATION OF OPTICALLY ACTIVE UNSATU-
RATED AND CARBONYL COMPOUNDS

Arcus and coworkers 10~12 made a detailed study of the
stereochemistry of the hydrogenation of optically active
compounds on nickel using as an example optically active
3-ethylhept-3-en-2-ol10 and 3-methyl-4-phenylbut-3-en-
2-ol . The initial asymmetric centre in the molecules
is destroyed by oxidising the hydrogenation product to the
corresponding ketone by the mechanism

CH,—CH—C=CH—C,H, — CHs-CH-CH—C4H, - CH,-C-CH—C,He .
II II II I

OH C 2H 6 OH C^Hs Ο CjH6

The experimental results showed that in the hydrogena-
tion of (-)- and (+)-3-ethylhept-3-en-2-ol there is partial
asymmetric synthesis with an optical yield of 76 and 36%
of the (+)- and (-)-ketones respectively. The authors
explained this finding by postulating that the substrate
molecule is oriented with respect to the catalyst surface
predominantly in the sterically least hindered conforma-
tion. The stereochemistry of the transition state has been

examined in the hydrogenation of (-)-3-methyl-4-phenyl-
but-3-en-2-ol". In this case the product is (+)-3-methyl-
4-phenylbutan-2-ol and, after oxidation of the alcoholic
group with chromium trioxide, (-)-3-methyl-4-phenyl-
butan-2-one:

C e H 5 - C H = C — C H - C H 3 - ^ C,H 6 CH a —CH-C
I I

CH3 OH
I

CH 3 OH
(I)

>• C e H 5 C H 2 C H - C - CHS

CH, Ο

(Π)

We shall consider the structure of the transition state
on the surface of the catalyst. The molecule of tvans-Z-
methyl-4-phenylbut-3-en-2-ol can be adsorbed in con-
formations (III) or (IV) (the plane of the figure corresponds
to the catalyst surface):

(III)

CH3

HO- -Η
HCk

(iv)

CH2C6H5

(VI)

H-j-CH,
C H 5 C 6 H 5

In the hydrogenation of (ΙΠ) and (IV) hydrogen approaches
from behind the plane of the figure with formation of the
diastereoisomers (V) and (VI). It is postulated that the
adsorption of the molecule in conformation (ΙΠ) is the
most probable, since in conformation (IV) the two bulky
methyl groups are located too close to one another. Since
the specific rotation of the pure diastereoisomers (I) and
the ketones (Π) was unknown, the degree of asymmetric
synthesis (more precisely "dissymmetric synthesis") was
estimated by quantitative gas-chromatographic analysis of
the diastereoisomeric alcohols and, in two experiments,
from the hydrogenation of (-)-3-methyl-4-phenylbut-3-en-
2-ol and was found to be 22 and 17%.

The hydrogenation of racemic £rans-4-phenylpent-3-en-
2-ol a in conformations corresponding to (ΙΠ) and (IV)
gives a mixture of the four possible diastereoisomers,
which consist of two pairs of optical isomers. The degree
of dissymmetric synthesis in the two experiments proved
to be 50 and 57% respectively. The proposed method,
based on the chromatography of diastereoisomers, is
extremely promising in the study of the stereochemistry
of the reactions of various compounds, since there is no
need to determine the optical activity of the product and it
is possible to employ racemic compounds.

It was noted long ago that the stereochemistry of the
activating optically active group determines to a consider-
able degree the effectiveness of asymmetric catalysis.

In the hydrogenation of optically active esters of
j8-methylcinnamic acid on platinum black, Vavon and Yaku-
bovicz obtained, after hydrolysing the hydrogenation
products, optically active /3-phenylbutyric acid with differ-
ent degrees of optical purity:

C , H 6 - C = C H - G f — C , H 5 - C H - C H a - C ^ » — C,H6 —CH-CH a CCOH .
I X O R * | X O R |

CH, CH 3 CH,

Menthol, neomenthol, cis- and irans-carvomenthols, and
3 or- and 3/8-cholestanols were employed as the optically
active alcohols. The highest optical yield (20%) of
/3-phenylbutyric acid was obtained when menthol was
employed.

Hydrogenation of hydrocinchoninium salts of /3-methyl
and /3-(Qf'-naphthyl)cinnamic acids on platinum oxide gave
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j8-phenylbutyric acid with [df]546 = +4.5° and an optical yield
of 9% and /3-(a'-naphthyl)-^-phenylpropionic acid with
[α] 5 4 6 = -0.5°. The stereochemistry of the catalytic
hydrogenation of /3-methylcinnamic acids was examined in
detailed by Prelog 1 4 '1 Β.

The stereochemistry of asymmetric hydrogenation is
determined by the difference between the sizes of the sub-
stituents at the asymmetric carbon atom in the activating
alcohol. An increase of the difference between these
sizes leads to an increase of the optical yield of the reac-
tion. If L, M, and S are respectively large, medium,
and small substituents at the asymmetric carbon atom,
then the configurations of the optically active alcohol and
the optical isomer of /S-phenylbutyric acid obtained in
excess are related as shown in the scheme below [i.e.
under the conditions investigated, the (S)-configuration of
the alcohol promotes the formation of the (R)-configura-
tion of the acid]:

L

CHjCOOH

S-C-M
I

CH3—C-H

I

S-C-M

O - C - H C = C - C e H 5

OH(S) Ο CH3 C,H5(A;)

Examination of the conformation of the molecule of
/3-methylcinnamic acid shows that all the atoms, except
the substituents L, M, and S, lie in the same plane.
Hydrogen attacks the double bond from the sterically
least hindered side, i.e. from the side of the small sub-
stituent S:

?-

This should result in the formation of (-)-(i?)-^-phenyl-
butyric acid. Table 1 shows that this mechanism, based
on Prelog's rule, does indeed hold in the hydrogenation
of the menthyl and bornyl esters of /3-methylcinnamic acid.
However, in the hydrogenation of neocarvomenthyl and
3a-cholestanyl esters Prelog's rule does not hold. It may
be supposed that the rigid configuration of the molecule,
which hinders the catalytic process, has an effect in this
case. This is clearly shown, for example, in the hydro-
genation of bicyclic compounds with bridged systems.
Thus the hydrogenation of (+)- a?-pinene on Raney nickel
(W-3) in ether at 107°C and 100 atm results in the forma-
tion of almost exclusively cis-pinane, because a-pinene
is adsorbed on the catalyst in such a way that the iso-
propylidene bridge is directed away from the catalyst12:

H tf///////////

Prelog and coworkers 15 showed that the asymmetric
yield of /3-phenylbutyric acid depends also on the experi-
mental conditions. Thus, in the hydrogenation of the
ester of /3-methylcinnamic acid and t-butylmethylmethanol
on Raney nickel, Pd/C, and PtCfe in acetic acid, the
optical yield was greatest in the last case.

The degree of asymmetric synthesis is also influenced
by the location of the dissymmetric centre in the mole-
cule. The greatest asymmetrising effect of this centre
may be expected when it is adjacent to the reacting group.
Vavon13 explained the low degree of asymmetric synthesis
in the hydrogenation of optically active /3-methylcinnamic
esters by the remoteness of the optically active group
from the group of reacting atoms.

1037

The remoteness of the asymmetric centre in the ester
precludes racemisation, whereas the racemisation at
the cr-asymmetric carbon atom proceeds extremely
readily. This can account for the failure of the attempt
at asymmetric synthesis in the preparation of a furan
derivative by the hydrogenation on nickel of optically active
furylmethylmethanol, which was undertaken by Duveen
and Kenyon16 on the basis of the mechanism

CH—CH a

OH

H—CH,

The product obtained after the removal of the initial
asymmetric centre proved to be optically inactive. It is
also possible that the choice of reaction conditions was
inappropriate.

Table 1. Asymmetric hydrogenation of /3-methylcinnamic
acid esters.

Η

C,H,C=CHCOOR -• CH.cC

R

CH3

H—j-CH.,
OH

•S ( - ' i l—I—CHJJ

OH

I1" '
.9 (—) Η ' '

OH

C6H,(CH, f),

!t ( + ) H,C—J—Η

OH

R ( + ) H»C—1—Η

(-)-tf?)-mentol
(+Η·5)-ηβθΓηβηίΗο1
(+)-frans-carvomenthol
(-H/?)-cis-carvomenthol
3-a-cholestanol
3-0-cholestanol

Optical rotation of product

established in
Ref.13, deg

- 4.7

- 2.5

— 4.2

+ 7.5

+15.5

+12
- 4.9
— 1.8
- 3.2
- 3
- 2.3

sign of rotation
predicted by
Prelog's rule

( )

( - )

( - )

(+)

(+>

Η)

Optical yield of
acid, %

8.5

4.5

7.5

13

27

21
8.6
3.1
5.8
5.2
4.0

Asymmetric hydrogenation of the furan ring was
achieved by Godunova, Klabunovskii et al . 1 7 by the mech-
anism

/////////////////////////////ζ

from (-)-menthyl (VII) and (-)-bornyl (VIII) esters of
furancarboxylic acid. On the Pd(OH)2/C catalyst, the
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hydrogenation (150 atm, 20°C) takes place stereospecifi-
cally with formation of about 20% of an excess of the
(/?)-isomer. The ester of tetrahydrofurancarboxylic acid
is reduced by LiAlH4 to an alcohol, which is characterised
by a positive optical rotatory dispersion curve. Examina-
tion of the stereochemistry of the transition states (VII)
and (Vm) in accordance with Prelog's rule shows that
(-)-(i?)-menthol and (-)-(.R)-borneol lead to tetrahydro-
furyl alcohol with the same (.^-configuration as the prod-
uct.

The stereochemical concepts based on Prelog's rule
have been increasingly adopted in catalysis in recent times
but one must consider the following important factor,
which makes it necessary to employ this rule with caution.
As stated above, asymmetric catalysis is due to the differ-
ences between the free energies of activation for diastereo-
isomeric transition states. When the difference between
these quantities for the (+)- and (-)-products is large, a
sharp difference may be expected between the curves
relating the optical yields of the two optical isomers to
reaction temperature.

Pracejus 8 showed experimentally that the asymmetric
yield of methyl /3-phenylpropionate in the reaction of
methylphenylketen with methanol promoted by acetyl-
quinine as a dissymmetric catalyst increases sharply
when the reaction temperature is reduced and that at
-111° it reaches 74%, which corresponds to Sp = 6.6.
The (-)-(i?)-ester is formed almost 7 times faster than
the (+)-(S)-isomer with ΔΔ# Κ _ 8 ^ -2.8 kcal mole"1 and

AASt> g = -13 cal mole"1 deg"1. Hence it follows that

Affg of the sterically more hindered reaction leading to
the formation of the (+)-(S)-isomer is higher by about
2.8 kcal mole"1 than for the reaction with formation of the
(-)-{R)-isomer and the entropy of activation AS*< for the
(+)-(S)-isomer exceeds by 13 e.u. ASR for the (~)-(R)-iso-
mer.

These data confirm the theoretical postulates and show
that stereospecific catalysis, in which the entropy factor
plays an important role, takes place above the isokinetic
temperature1 9 where a compensation effect [simultane-
ous increase (or decrease) of AH* and AS*] is observed.

The above data show at the same time the importance
of studying the temperature variation of the asymmetric
reaction, since the change in the sign of the optical
rotation and of the optical yield of the product at an
arbitrary temperature (such as, for example, the tem-
perature at which the Grignard reaction was carried
out in Prelog's experiments) may lead to incorrect con-
clusions concerning the configurational relations. There-
fore Prelog's method for the determination of such rela-
tions is applicable only for high differences between the
free energies of activation for the diastereoisomers
investigated and for fairly high optical yields. These
limiting conditions still await experimental confirmation.

In the catalytic synthesis of optically active compounds
and in the determination of the configuration, the stereo-
chemical relations are complicated still more by the effect
of the nature of the catalyst and of adsorption on its sur-
face. This is seen from the hydrogenation of keto-com-
pounds as an example.

The catalytic hydrogenation of α-ketoacids esterified by
certain optically active alcohols was investigated by
Mitsui and coworkers2 0"2 5. They chose for investigation
benzoylformic acid, the asymmetric reduction of which
by aluminium amalgam and other agents had been studied
previously. The heterogeneous catalytic hydrogenation
of optically active esters of benzoylformic acid was

carried out on metallic catalysts (Raney nickel, PtCfe,
Pd/C, Pd/CaCO3, and Pd/BaSO4). The experimental
results showed (Table 2) that the hydrogenation of
(-)-menthyl20 and (+)-bornyl21 esters with subsequent
hydrolysis yield optically active mandelic acid:

C,H6-C-<
\)R· • C,H»—CH-C

OH
OR*

> C,H6—CH-COOH .

OH

However, it was found that the sign of the rotation of
the product is almost independent of the nature of the
catalyst employed and is wholly determined by the pres-
ence on the catalyst surface of traces of acid or alkali,
which may be inferred from the procedure employed in the
preparation of the catalyst.

When catalysts containing traces of a base (B), such as
PtO2, Raney nickel, and Pd/C-B were used, (-)-menthyl
(-)-mandelate and (+)-bornyl (+)-mandelate were obtained
respectively; after hydrolysis they yielded (-)- and
(+)-mandelic acids. On the other hand, the hydrogenation
of the above esters under the same conditions on "acidic"
catalysts (A) gave (+)- and (-)-mandelic acids. The
reduction of cholesteryl esters of benzoyl formic acids
on "acidic" and "alkaline" catalysts leads to racemic
mandelic acid21. In the hydrogenation of (-)-or-phenyl-
ethyl ester of benzoylformic acid2 2 the sign of the
rotation of mandelic acid depends on the nature of the
surface of the catalyst employed22; namely on "alkaline"
and "acidic" catalysts the (+)- and (-)-mandelic acids were
obtained (Table 2). However, the reduction of the
(-)-of-phenylethylamide of benzoylformic acid was
unaffected by the nature of the catalyst surface; the
laevorotatory hydroxyacid was obtained in both cases 22.

To elucidate the influence of substituents in the ester
molecule on the mechanism of the asymmetric reduction
of α-ketoacids under the conditions of heterogeneous
catalysis, a study was made of the hydrogenation of
(-)-menthyl esters of certain other α-ketoacids: pyruvic,
t-butylglyoxylic23, and α-naphthylglyoxylic24'25. It was
found that the ester of α-naphthylglyoxylic acid behaves
in this reaction like the ester of benzoylformic acid, i.e.
on "acidic" (platinum with added hydrochloric acid etc.)
and "alkaline" catalysts, the (+)- and (-)-a-naphthyl-
glyoxylic acids were obtained . On the other hand, the
sign of the rotation of the lactic and t-butylglyoxylic acids
was independent of the nature of the catalyst surface23.
In the reduction of (-)-menthyl esters of the corresponding
α-ketoacids, the (+)-hydroxyacids were always obtained
(Table 2).

The interpretation of the results from the standpoint
of Prelog's rule showed that the hydrogenation of
(-)-menthyl benzoylformate on "alkaline" catalysts Pre-
supposes the trans-conformation (IXa) of the group -C-C,

while on "acidic" catalysts it is necessary to postulate
the czs-conformation (IXb):

(a)

H 5 C 6 X

HO—c—r/
yCOOU

C.H,

H-|—OH (-)-D (IX)

CO OH

"
C,H5

-•\ c y Λ1 "°-t"
XCOOH COOH
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Table 2. Dependence of the configuration of the hydro-
genation product on the nature of the catalyst2 0"2 5 ' 7.

Substrate

(b) (+M.S)-bornyl

(c) cholesteryl

(d) (-)-D-a-phenylethyl

(e) sugar derivatives

CH.,
4H»4-.o—

Reaction product

configuration, sign of rotation,
optical yield (%), and most

ective catalyst

mandelic
acid

"acidic"

5%
d/C-B
+HCI

(-)-!)•; 7.2%
5 %Pd/C+

+HC1

0 %

(-)-D; 2.4%
Pd/C-A

(+)-L; 24.1
5% Pd/C—A

()L;
20-3%

5% Pd/C-A

Ο J.H,

Η' C H 3

mandelic
acid

(+HL-lactic
acid

(+M-butyl
glycolic acid

naphthyl-
giycolic acid

(+)-L; 9.4%
5% Pd/C-A

( ) ;
12.8%

5% Pd/C-A

( ) D ;
10.8%

Pd black

( ) L ;
22%

Pd/C—A

( + ) ; 17%
Pd/C-A

;
16.5%
Pd,

Pd(OH)s/C

"alkaline"

(H
21.7%
PtO,

22.9%
PtO2

o %

3.6%, Ni

Raney Ni

( ) D ;
36.7%

Raney Ni

W-D;
19.9%

Ν Raney Ni

( ) D ;
14.0

S Raney Ni

(-)-D;
25.0

Ni

(-)-L;
33%
PtO a

(+); 41%
PtO,

(-)-L;
54.6%

PtO 2

The formation of this energetically less favourable
ces-conformation can be accounted for by the presence of
a hydrogen bond between the carbonyl groups:

H.

pc-c
OH

Z3

V O R *

/

c-c.
R'O R OR*

1 Γ
X O R *

In the reduction of the (-)-ar-phenylethylamide of
benzoylformic acid the configuration of the reaction prod-
uct is independent of the nature of the catalyst; the
laevorotatory mandelic acid was always obtained. Conse-
quently the optically active acid amide reacts preferential-
ly in the «s-conformation (Kb) in the presence of both
"acidic" and "alkaline" catalysts. Harada and Matsu-
moto2 6, who investigated the hydrogenation on Pd/C of the
amide derivatives of benzoylformic acid with the general

y R

formula CeH5-C-CNH-CH , confirmed the hypo-
^ o \ COOR

theses of Mitsui and coworkers22. According to the
authors' postulate, the cis-conformation of the molecule
is stabilised by the formation of a five-membered cyclic
complex with the catalyst:

/COOR

On the other hand, the (-)-menthyl esters of pyruvic
and t-butylglyoxylic acids probably react predominantly
in the transoid conformation (IXa)

Kawana and Emoto27 used certain monosaccharide
derivatives as asymmetrising agents. The hydrogenation
of the corresponding esters of benzoylformic acid on
Pd/C-A, Pd/C-B and Raney nickel gave the optically
active hydroxyacids after hydrolysis. Under the condi-
tions of "alkaline" catalysts (Pd/C-B, Raney nickel),
(-)-D-mandelic acid is the product, while the use of an
"acidic" catalyst Pd/C-A gives (+)-L-mandelic acid.
These and other results discussed above are compiled in
Table 2, which shows that the configuration of the hydroxy-
acid formed depends on the nature of the surface of the
catalyst employed and on the conformation in which the
substrate is preferentially adsorbed on the catalyst sur-
face.

The optical purity of the product is influenced by other
factors, such as, for example, the chemical nature of the
catalyst employed, the solvent, the duration of hydrogena-
tion, and the time during which the solution is kept before
hydrogenation. The use of a series of different catalysts
showed that the most effective of the "acidic" catalysts is
5% Pd/C-A with added hydrochloric acid—ihe optical yield
then reaches ρ = 24%, while with "alkaline" catalysts the
maxim um asymmetric yield was obtained on the PtO2
catalyst: ρ = 54.6%, which exceeds by a factor of 8-10
the asymmetric yield found in the presence of homogene-
ous catalysts of this reaction. Since the addition of acid
or alkali to the catalyst leads to a change of the optical
purity of the isomer formed in excess, it would be
extremely important to investigate the effect of the pH of
the medium on the stereospecificity of the process.

An interesting variation of the asymmetric yield with
the solvent employed has been noted (Table 3).

If the solution tested is kept for several hours before
hydrogenation, the optically active acid obtained is more
laevorotatory than the acid formed by the hydrogenation of
the solution without preliminary standing. These results
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can be accounted by the mutarotation of the benzoylformic
acid esters. Indeed Glazer and Turner2 8, who investi-
gated the mutarotation of the above esters, showed that the
equilibrium optical rotation of the esters decreases with
decrease of the dielectric constant of the solvent empolyed
(Table 4).

Akabori and coworkers3 0 '3 1 obtained L-phenylalanine
with [a]j) = -34.0° by the hydrogenation over platinum
oxide of the mixed anhydride of dehydrophenylalanine and
L-isovaline (X). The asymmetrising agent (L-iso-
valine) was then eliminated in the hydrolysis of the dia-
stereoisomer (XI) formed:

Table 3. Optical rotation of mandelic acid obtained in the
hydrogenation of (-)-menthyl benzoylformate in various
solvents.

Catalyst

Alkaline PtO2

Acidic 5% Pd/C-A

Solvent

methanol

—18.8
+ 8.3

ethanol

- 4 . 3

+4.2

1-propanol

- 4 5 . 4
+17.0

2-proptnol

-42.5
+ 8.3

ether

- 3 7 . 0

+ 5.6

benzene

- 4 7 . 2

+ 6.0

(X)

/CH2C6H,

Χ Χ
\JH—CCK X H

(XI)

H 2 N X ( / C H f C 6 H 5

Maeda32, who employed (+)-D-a-amino-O!-phenyl-
propionic acid instead of isovaline, carried out a similar
asymmetric synthesis and obtained L-tyrosine in 35%,
optical yield:

/CO
C

H
C=CH-C6H4OCH3

HOOCX N i

Evidently the observed sequence (with certain excep-
tions) is the reverse of that presented in Table 3. This
indicates a possible relation between the effectiveness of
the catalytic asymmetric synthesis of mandelic acid and
the degree of mutarotation of menthyl phenylglyoxylate in
the corresponding solvent; the greater the degree of muta-
rotation, the lower the purity of the product. Conse-
quently, an increase of the polarity of the solvent lowers
in this case the effectiveness of the asymmetric synthesis.

Bergman and Tietzmann33 reduced the optically active
dioxopiperazine formed by iV-acetyldehydrophenylalanyl-
L-proline (XII) over palladium black and obtained a 50%
yield of the cyclic dimer of JV-acetyl-L-phenylalanyl-
L-proline (ΧΠΙ) with [α]ζ = +202.6° and after its hydroly-
sis L-phenylalanine with [afo = -33.9°:

CHC,H5

c-co

\ . /
-.0—CH

CH
(XII)

CH2C6h,

H2/Pd
CH,CO

CH2C6H:

*CH—CO OH

NH,

(XIII)

Table 4. Variation of the specific rotation of (-)-menthyl
benzoylformate with the solvent28.

Initial
Equilibrium

Δ

Solvent

methanol

—54
—75

21

ethanol

- 5 4
- 6 0

8

1-propanol

- 5 4
- 6 1

7

2-propanol

—52
- 5 2

0

The same relation in the synthesis of aminoacids was
observed by Harada and Matsumoto29 (for a more detailed
description, see p. 1044). So far the results presented
in Table 2 do not allow definite conclusions concerning the.
correlation between the configurations of the asymmetric
alcohol and the hydroxyacid formed. The results require
further revision and in particular a study of the dependence
of asymmetric yield on temperature, pH, and the solvent.

ΙΠ. CATALYTIC ASYMMETRIC SYNTHESIS OF
a-AMINOACIDS

1. Hydrogenation of C=C Bonds in Optically Active Com-
pounds

Optically active α -aminoacids may be obtained by the
catalytic reduction of the C=C bond in dehydro-α-amino-
acids in the presence of an asymmetrising agent The
number of examples of such asymmetric syntheses in the
literature is fairly large3 0"3 5.

Pedrazzolli34 achieved an asymmetric synthesis involv-
ing the catalytic dehydrogenation of the C=C bond over
Pd/Al2O3 by reducing the (-)-menthyl ester of a-benz-
amido-/>-nitrocinnamic acid and obtained a mixture of
diastereoisomers. The separation of the latter showed
that the (Sii)-diastereoisomer is present in excess, with
{SR): (RR) = 68 : 32. After the hydrolysis of the hydro-
genation products to />-aminophenylalanine, it was found
that the degree of asymmetric synthesis is p = 34%.
When the bornyl ester was employed, the final product
proved to be optically inactive:

Sheehan and Chandler35 carried out the asymmetric
synthesis of valine and phenylalanine by the catalytic
hydrogenation on Raney nickel of the optically active
alkylamides of o?-acetamido-/9-methylcrotonic and a-benz-
amidocinnamic acids. Optically active a-phenylethyl-
amine was employed as an asymmetrising agent. In
accordance with Prelog's rule, when (-)-phenylethylamine
is employed [provided one adopts for the (-)-amine the
configuration indicated in the scheme], the products are
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(-)-D-valine and (+)-D-phenylalanine, while the use of
(+)-phenylethylamine leads to their optical isomers:

a fairly simple mechanism for the transfer of the amino-
group from an aminoacid to a ketoacid catalysed by pyri-
doxal in the presence of certain complex-forming metals:

R3CONH

H---C'

H-J

1) R1 = CH,
# 2 = CH,

(-)-D; Ρ =

Κ
\

= 18%

Γ _

2) Κ, = CH,

/?, = CH,

(-)-D;

ρ = 3 9 %

COOH

H-f-NH,

CH

3) /?! = C,H

R, = C,H

(+H>;

Ρ = 6 %

The first data on the asymmetric reduction of /9-methyl-
cinnamic acid by hydrogen transfer were quoted by Lipkin
and Stewart36'3'; the use of Raney nickel in the presence
of D-glucose led to β-phenylbutyric acid with aj) = 0.42°
(P = 5%):

C,H6C=CHCOOH - C,H5CH-CH2COOH .

CH,
I

CH,

By reducing acetamido- and benzamido-cinnamic acids
on Raney nickel in the presence of glucose, Nakazaki38

obtained phenylalanine in a very low optical yield (Table 5):

C,H5CH=C-COOR' -» C,H6CH2-CH-COOR' .

NHR NHR

Table 5. Reduction of acylaminocinnamic acids on nickel
in the presence of glucose.

R

CH3CO
CH3CO
C,H5CO

Acid, g

4.1
3.9
4.0

Glucose, g

7.9
7.7
5.9

Ni,g

0.8
1.0
1.0

Reaction
temp., °C

30
24
28

Phenylalanine

aD. 12

-0.02
+0.03
+0.02

[«ID

-2.22
+3.26
+1.96

The author interpreted the results as asymmetric reduc-
tion with hydrogen transfer, in which glucose is a hydrogen
donor and the nickel catalyst an activator and hydrogen-
transferring agent. However, the reliability of the data
obtained is extremely doubtful, since the observed rota-
tions are within the limits of the error of the measure-
ment.

2. Preparation of Aminoacids by the Reduction of the
C=N Bond

A large number of facts indicate a significant role of
the C=N bond in biochemical processes. Although many
details of enzymatic reactions are still not clear, certain
simplest enzyme systems with a C=N group have been
thoroughly investigated. Snell and coworkers 3 9 proposed

R-CH-Cf
I X O "

NH,
+
CHO

CH,

R-CH-C ^ R—C

A / =
CH Μ + Η +

Ο _Η+ « χ " + Η +

" CH Μ _ϊί
^ HOCH2V Λ /

Η

(XIV)

VCH.,

(XV)

CHjNH,

+H+ M » + + R - C - C O O - + HOCH2X y l .OH

^ - - 11 1 1
- H + Ο

Η
(XVIII)

+H +

HOCH2

R-C-C^

(XVII)

The reverse transfer by the reaction of pyridoxamine
(XVin) with the ketoacid is possible via the intermediate
states (XVn) — (XVI) — (XV); as a result pyridoxal (XIV)
is regenerated.

The catalytic methods for the synthesis of optically
active aminoacids by the hydrogenation of compounds con-
taining the azomethine group C=N can be divided into three
types: (1) enzyme-catalysed transamination of optically
inactive aminoacids and ketoacids; (2) transamination of
ketoacids and optically active aminoacids; (3) reductive
transamination of ketoacids in the presence of optically
active amines.

In reactions of the first type the enzyme plays the role
of an asymmetrising agent, which probably forms inter-
mediate complexes analogous to (XV) ^ (XVI) ^ (XVII).
For example, L-alanine and a-oxoglutaric acid react in
the presence of muscle tissue enzymes, forming pyruvic
and L-glutamic acids 4 0 ' 4 1. The reaction between pyruvic
and L-glutamic acid catalysed by pyridoxal phosphate and
an enzyme leads to the formation of L-alanine42:

CH,-C-COOH + HOOC-CHjCHjCH-CCO- ^t
II I

Ο ΝΗ,

+
t- HOOCCHjCHj-C-COOH + CH,-CH-COO- .

An aminoacid in an optically active form can have a
similar asymmetrising effect in the reaction; however,
the degree of asymmetric activation is usually low. Thus
the reaction of L-alanine or L-phenylalanine with
α-oxoglutaric acid catalysed by copper-pyridoxal phos-
phate gives rise to glutamic acid ** in which the ratio of
the L- and D-isomers is 55 :45. In this case the asym-
metric synthesis takes place as a result of the formation
of dissymmetric intermediate chelates, which may be
protonated stereospecifically.

The third type of asymmetric synthesis of aminoacids
is achieved when an optically active aminoacid or amine is
employed as the asymmetrising agent. Thus the hydro-
genation on PtOi of a mixture of L-arginine and pyruvic
acid in aqueous solution gives octopine {[af]f) = +22.3°}. 4 4 > 4 5
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It is suggested that the mechanism of this reaction consists
in the reduction of an intermediate Schiff base 4 β:

CH
S
-C=O + H

a
N—CH— (

I I
COOH COOH

s —NH-C—NH,
II
NH

- CH
a
-C=N—CH- (CHj), -NH-C—NH, — — —

COOH COOH NH

- CH,-CH-NH-CH- (CH,)
S
 -C-NH, .

I I II
COOH COOH NH

The hydrogenation on Pd/C of the Schiff base obtained
from acetophenone and α-phenylethylamine {[α]& = -40.5°}
results in the formation of an almost pure optically active
product (p = 97.5%) and not a mixture of the optical isomer
and the meso-form 4 7:

C,H5-CH—N=C-
10% Pd/C

CJHJ-CH—NH-CH-C,H5 .
I I
CH8 CHa

CH3 CH,

This result can be explained by the fact that in the initial
compound, which is an equilibrium mixture of two syn-
and awft-isomers,

CH : i

the less stable s;yw-isomer is hydrogenated at a higher
rate, which leads to the optically active amine.

A method based on the reduction of the azomethine bond
in the system C=N-N- with subsequent dissociation of the
N-N bond was employed by Akabori48'49 and Kost et a l . 5 0

When ar-ethoxycarbonylethylidene-iV-aminoanabasine
(formed from pyruvic acid and iV-aminoanabasine) is
reduced with zinc in alcoholic hydrochloric acid, D-alanine
is formed in an optical yield of 40%:

H3C—C-^COOH
Ml

An exceptionally high optical yield was obtained by
McCaully , who achieved a new synthesis from an
optically active hydrazone-lactone (obtained from optically
active l-amino-2-hydroxymethylindoline and a ketoacid),
the hydrolysis of which gives alanine (R = CH3; p = 82%)
and α-aminobutyric acid (R = C2H5, p = 98%), the initial
l-amino-2-hydroxymethylindoline being regenerated:

Η RCOCOOGjH;

CH2OH

NH,

R-N / N H ,

^ NCH2OH HS N x ) O H .
Η

The high stereospecificity of the reaction in the stage
involving the reduction by aluminium amalgam can be
explained κ by the cis-disposition of the five- and seven-
membered rings in the molecule, which forces hydrogen
to approach predominantly from one side.

Harada5 3 '5 4 employed as an asymmetrising agent
optically active phenylglycine, the sodium salt of which

was found to undergo readily hydrogenolysis on Pd/C at
the C-N bond, giving ammonia and phenylacetic acid.

On the basis of this property, it proved possible to
synthesise optically active alaniiie and o-aminobutyric,
glutamic, and aspartic acids from the corresponding keto-
acids and optically active phenylglycine according to the
mechanism

R-C-COONa R—C-COONa
II II

Ο Ν
-H.0 f

C,H5-CH-COONa

NH,

C,H5-C-COONa

Η
(XIX)

R-CH-COONa

NH

C,H5-C-COONa

Η

_* R-CH—COONa+ C,H,—CHjCOONa .

NH,

The asymmetric yield of α-aminoacids reaches 40 to
To avoid an alteration of the optical yield during

the isolation and purification of the product, measurements
were made of the optical activities of the corresponding
2,4-dinitrophenyl derivatives of the aminoacids, which
were separated chromatographically on Celite . The
mechanism proposed for this reaction consists in the
asymmetric reduction of the intermediate Schiff base (XIX).
Examination of the conformations of compound (XIX) led
to the conclusion M that the hydrogenation of both possible
isomers [the syn-isomer (XlXb) and the anii-isomer
(XlXa)] leads to the same configuration of compound (XX):

COO" R

(anti-)

(XlXa)

I

C 6 H 5

C6H5 COO"

H—C—NH—C—Η -

| ( S ) | (S)

COO" R

(XX)

COOH

• H2N—C—Η

R «

(XlXb)

According to this mechanism, the use of (S)-phenyl
glycinate as the asymmetrising agent should give the
aminoacid with the (S)-configuration and the use of
(i?)-phenylglycinate should give the corresponding
(/2)-amino acid. The results showed that these hypotheses
are quite valid. It is interesting that the asymmetric
yield changes little with increase in the size of the alkyl
group at the a-carbon atom of ketoacids.

Hiskey and Northrop56 obtained optically active amino-
acids by hydrogenating the azomethine derivatives of
α-ketoacids and (-)- and (+)-or-phenylethylamine on Pd/C,
PtO2, and Pd(OH)2/C catalysts according to the mechanism

R—C—COOH

NH2 "

H3C-|-H

Cr,H,

R—C—COOH

Ν

H3C—1—Η

(XXI)

R—C—CQOH

~ ~ NH ~ *
H3C—J—Η

C 6 H 5

R—CH—COOH
1
N H 2

Compound (XXI) (a Schiff base) was not isolated or iden-
tified, being immediately subjected to catalytic hydro-
genation and hydrogenolysis with formation of the amino-
acid. The results of these experiments are presented in
Table 6, which shows that the configuration of the amino-
acid formed depends on that of the a-phenylethylamine
employed: the (+)-amine promotes the formation of the
D-aminoacid. The optical yield of the aminoacid varies
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with the hydrogenation catalyst employed. The maximum
optical yield was observed on 10% Pd/C. The addition of
acid or alkali does not influence the course and the degree
of asymmetric synthesis, in contrast to the asymmetric
hydrogenation of ketoacids 22~24. The size of the alkyl
group in the α-ketoacid has a powerful influence on the
degree of asymmetric synthesis. Thus, whereas the
optical yield of D-alanine (R = CH3) was 85%, under the
same conditions phenylalanine (R = C6H5CH2) was obtained
with an optical yield of 56% and the optical yield of leucine
[R = (CHafeCHCHz] was zero.

Table 6. Asymmetric yield of aminoacids obtained by the
transamination of α-ketoacids RCOCOOH with optically
active a-phenylethylamine.

α-ketoacid, R

CH3

CH3

CH3CH2

0H3CH2
3H3CH2
(CHS)2CH
(CH3)3

C,H6CH2

C,H5CH2

Catalyst

10% Pd/C
10% Pd/C
10% Pd/C
Pd(OH),/C
PtO2

10% Pd/C
Pd(OH)2/C
10% Pd/C
10% Pd/C

Configuration
of amine

(+)
(-)
(-)
(+)
(+)
(+)
(+)
(+)
(-)

Yield of
aminoacid, '·
%

47.9
43.1
84.9
71.7
59.2
15.7
0.0

53.8
65.0

Configuration, sign
of rotation, optical
yield of aminoacid,
%

£>, (—); 85.2
L, (+); 90.7
L. (+); 81.4
D, (-); 71.7
D, (—); 56.3
D, (-); 64.2

—
D, (+); 56.4
L, (-); 56.0

The asymmetric synthesis of aminoacids by the hydro-
genation of the C=N bond was also investigated by Harada
and Matsumoto26'58. The oximes of the (-)-menthyl esters
of pyruvic, α-oxobutyric, and phenylglyoxylic acids and
also the Schiff bases of these esters with benzylamine and
optically active α-ethyl-a-methylbenzylamines were
employed as the starting materials:

R—CH—COOH ,

NH,

where R = CHs, C2H5, or C6H5 and R' = OH,
C6H5CH(CH3), or C6H5CH(C2H5).

Table 7 shows that (-)-D-aminoacids are formed with
a higher asymmetric yield in the hydrogenation of the
oximes than in the hydrogenation of the corresponding
Schiff bases with benzylamine. The stereochemistry of
the reaction is consistent with Prelog's rule. On the other
hand, the hydrogenation of Schiff bases with optically
active amines showed that the asymmetric atom of the
amine has a more marked influence on the stereospecific
addition of hydrogen, namely when the (-)-(i?)-amine was
employed, the product was the (+)-L-aminoacid with a
19-24% optical yield. But when the steric effects of both
asymmetric atoms are concerted, the yield of the amino-
acid increases sharply and reaches 60%. Table 7 also
shows that an increase in the size of the alkyl group at
the asymmetric atom of the amine lowers the optical
purity of the aminoacid formed. To account for these
results, the following stereochemical reaction pathway
was suggested26'58:

COOH H 5 C, N

—*-—·-H—f-NH,

Kanai and Mitsui59, who applied the method of Hiskey
and Northrop 5 6 ' 5 7, obtained optically active phenylglycine
by the hydrogenation of benzoylformic acid and its ethyl
ester in the presence of optically active (S)-phenylethyl-
amine on various catalysts [PtO2, Raney nickel, Pd/Cb,
Pd/C a, Pd(OH)2/C]. It was established that the hydro-
genation of ethyl benzoylformate on all the catalysts gives
(/2)-phenylglycine, while the hydrogenation of the acid
itself under the same conditions leads to (S)-phenylglycine:

C,H5-C—COOH +2H 2 N-CH-C,H 6 -»
II I

Ο CH3 (S)

- C,HS—C-COO- H.N-CH (CH») (C,H6) - C.HjCHCOOH ,

11 1
N-CH (CH3) (C,H5) NHj (S)

(XXII)

C,H6-C—C-OQH5 +2HaNCH—C,H5 —

Ο Ο

•C,H5-C—CONH-CH (CH3) (C,H6)
II

N—CH (CHS) (C,HS)

(XXIII)

CH,(S)

C,H6-CH-COOH .

NH2 (R)

Table 7. Asymmetric synthesis of aminoacids by the
hydrogenation of oximes and Schiff bases of (-)-menthyl
esters of ketoacids.

R'in initial
compound Catalyst Yield, %

Optical purity of
DNP-aminoacids*,

(-)-Menthyl pyruvate

OH
OH
CeH5CH2

C,H5CH2

( - ) C,H,CH(CH3)
( - ) C,H5CH(CH3)
( - ) CeH5CH(C2Hs)
( + ) C,H5CH(CH3)
( + ) C,HSCH(CH3)
( + ) C,H5CH(C2H5)

C,H6CH2

C,H5CH2

OH
OH

OH
OH

5% Pd/C
Pd(OH)2/C
5% Pd/C
Pd(OH)2/C
5% Pd/C
Pd(OH)2/C
Pd(OH)2/C
5% Pd/C
Pd(OH)2/C
Pd(OH)2/C

67
70
79
77
62
57
56
67
61
55

D-(-) , 24.6
D-(—), 24.5

DL-{±), 0
D-(—), 16.3
L-(±), 24.0
L-(-\-), 19 1

S-(+), 15
D-(—), 65.8
£>-(—), 59.6
R-(-), 36

(-)-Menthyl a-oxobutyrate

5% Pd/C

Pd(OH)2/C
5% Pd/C
Pd (OH)2/C

74

69
64
62

DL-(±), 0

£>-(-), 7.6
£>-(—), 20.5
D-(-), 20.7

(-)-Menthyl phenylglyoxylate

5% Pd/C
Pd(OH)2/C

88
84

D-(-), 49.1
£>-(—), 44.2

alanine
ditto

a-aminobutyric
acid

ditto

phenylglycine
ditto

*DNP-aminoacid = dinitrophenyl derivative of aminoacid
(Ed. of Translation).

The optical yield of phenylglycine did not exceed 2-3%
with the exception of the hydrogenation of compound (XXII)
on the highly stereospecific catalyst Pd(OH)2, where the
optical yield reached 73%. The authors suggested the
following mechanism for the hydrogenation of compound
(ΧΧΠ):

Η ί°«\ ,'COO"
< S ) A H

—CH, (S)?"""0 1 '

Η'

«XII)

To account for the experimental data, it is necessary
to postulate that compound (ΧΧΙΠ) reacts preferentially
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in the conformation where the imino- and amido-groups
are in the Irans-positions:

H \ (S)/C«H5 H \ (S)/C6H5

HN''
H,C,\ /COOH

(XXIII)

An attempt was made 2 6 to investigate the mechanism of
the asymmetric synthesis of α-aminoacids by the hydro-
genation of the C=N bond. The hydrogenation was carried
out on a Pd(OH)2/C catalyst at room temperature. Three
types of reactions were investigated: (1) hydrogenation of
the Schiff bases of α-ketoacids with (-)-(S)- and (+)-(R)-a-
methylbenzylamines and (-)-(S)- and (+)-(R)- a-ethyl-
benzylamines; (2) hydrogenation of the oximes of
(-)-(S)-N- and (+)-(i?)-a-methylbenzylbenzoylformamide
and {-)-(S)-N- and (+)-(fl)-A-a-ethylbenzylbenzoylform-
amide; (3) hydrogenation of the Schiff bases of (-)-menthyl
pyruvate with (-)-(S)- and (+)-(i?)-a-methylbenzylamines
and (-)-(S)- and (+)-(R)- α-ethylbenzylamines (Table 8);
(4) hydrogenation of the Schiff bases of the isobutyl ester
of pyruvoyl-(+)-(S)-alanine and the isobutyl esters of
pyruvoyl-(+)-(£)- and -(-)-(R)-valines with benzylamine
(Table 12).

Table 8. Hydrogenation of the
and optically active a-methyl-

Substrate
R—C—COH

II II
Ο Ο
R =

CH3

C 2H 6

C,HS

C,H6CH2

CH2CH2COOH

Sign of rotation

ofo-R-benzyl-
amine

CH3 (-)
C2H5 (-)
CH, (+)
CoHj (+)
CH, (-)
CjHe ( )
CH3 (+)
C2HS (+)
CH, (-)
/"· TJ / \

CH,6 (+)
C2H5 (+)
CH, (-)
CjH, (-)
CH, (+)
CjH6 ( + )
CH, ( - )
C,HS (—)

Yield, %

78
76
76
72
72
69
70
68
73
70
73
69
73
70
71
71
74
75

Schiff bases of α-ketoacids
and a-ethylbenzylamines.

Aminoacid

Configuration,
sign of rotation

S, (+)
•s, (+)
R, (-)

si (+)
S, (+)
R, (-)
R, (-
S, (+)
s, (+)
R, (-)
R, (-)
S, (-)
S, (-)
R, (+)R, (+)
S, (+)
S, (+)

Optical purity,

63
52
77
39
37
36
38
39
28
25
29
24
12

5
13

5
13

2

DNP-amino-
acid

Optical purity

67
52
65
51
39
33
37
36
30
24
31
26
14
10
14
11
12

6

and the optical yield should be higher when a-ethylbenzyl-
amine is employed. Therefore it is necessary to put
forward another mechanism for reactions of type 1:

(S)
Η,Ν-4-Η

H5<y

COOH

H-4-NH,

Η

According to the experimental data, the structure
(XXIV) is tentative but the increase in the size of the alkyl
substituents both in the ketoacid and in the amine hinders
the approach of hydrogen to the molecule, which lowers
the optical purity of the product. This mechanism
accounts satisfactorily for the experimental results and
is consistent with the mechanism proposed by Hiskey and
Northrop M .

In reactions of type 2 optically active phenylglycine is
obtained by the hydrogenation of the corresponding
oxime. The results are given in Table 9.

Table 9. Hydrogenation of the oximes of optically active
α-methyl- and a-ethyl-benzylbenzoylformamides.

Configuration of
amine

CH3, (-)-(S)
C2H5) (-MS)
CH3, (+ΜΛ)
C2H5, (+ΜΛ)

Aminoacid

yield, %

56
52
53
48

configuration,
sign of rotation

R, (-)
s, (+)
s, (+)
*. (-)

Optical purity,
%

1.5
1.4
0.8
2.1

DNP-aminoacid

Optical purity,
%

5.5
8.8
4.9

10.0

When (S)- or (R)- α-methylbenzylamines were employed,
the products were (R)- and (S)-phenylglycines respectively,
in agreement with Prelog's rule. However, the use of
(S)- and tR)-a-ethylbenzylamines yielded (S)- and
CR)-phenylglycines. To account for these results, it is
necessary to postulate that both structures (XXV) and
(XXVI) react in the cisoid conformation, as shown in the
scheme below:

\ / N H \ R \ . 'C,H 5

C S H S

(PdL

COOH

H — | — N H ,

R

COOH

H 2 N—[—Η

R

The reaction of type 1 was investigated to test the mech-
anism proposed by Kanai and Mitsui . Table 8 shows
that the optical purity of the aminoacids formed depends
on the bulk of the alkyl group in the α-ketoacid; namely
the optical purity falls in the series CH3 > C2H5 > CeH5 >
> CHaCeHs > CH2CH2COOH. The use of a-methylbenzyl-
amine leads in all cases to a higher optical purity than is
obtained with a-ethylbenzylamine. The data quoted
contradict the mechanism proposed by Kanai and Mitsui59.
If the conformations of molecules (XXII) and (ΧΧΠΙ) which
they proposed are correct, the optical purity of the amino-
acids should be independent of the size of the alkyl group

However, when the methyl group of the optically active
amine is replaced by the ethyl group, the molecule should
probably react more readily in conformation (XXVI) and
give rise to the (S)-aminoacid. The carbonyl and azo-
methine groups can interact with the catalyst (Pd/C)
forming coordinate bonds and giving rise to a five-mem-
bered cyclic complex. This stabilises the cis-conforma-
tion of the substrate molecule. The possibility of the
formation of such complexes for compounds with C=O and
C=N bonds was discussed by Hartung and coworkers60.

The study of the hydrogenation of optically active azo-
methine derivatives in various solvents showed that an



Russian Chemical Reviews, 39 (12), 1970 1045

increase in the polarity of the solvent leads to a decrease
of the optical density of the aminoacid formed (alanine,
phenylalanine, phenylglycine) and even to a change in the
sign of the rotation (glutamic acid) (Table 10) 2 9.

Table 10. Effect of solvents on the configuration and
optical yields of aminoacids.

R—CO—COOR'

R=CH,
R'=H

R—CH3
R'=CH,C,H,

Configuration of
amine, R in

.(-H5)-CH3

(-)-(«-C2H5

(+M#)-naphthyl

(-)-(S)-CH3

THF
C2H6OH
Η 2Ο + pyridine
NaOH + H,0
CoH5OH
C2H6OH + H2O -1- NaOH
C H 3 O H : H 2 O = 1 : 4 + N a O H
CH5OH

! c ;H 5 OH+H 3 O+NaOH
hexane

I ethyl acetate
isopropyl alcohol
dime thylform amide
CH3OH
dioxan: H 2O = 45:55
CH 3 OH:H 2 O=2:1 **
C H 3 O H : H , O = 1 : 2 * *
CH'OHrtO i 4 * *

Aminoacid
R-CHNH.COOH

yield, configu-
rational

j (+MA)-CH3
(+)-(/?)-C2H5

! (+M/O-naphthyl

R = C e H 5 (-)-(S)-CH3

R ' - H

R=CH,COOH,
R'=H i

R = (CH2),COOH j (-MS)-CH3

R'=H

(-)-(S)-C2H5

H.,0 **
dioxan

: hexane**
jhexane**
' ethyl acetate
C

2
H

5
OH

H
2
O + NaOH

C
2
H

5
OH + H

3
O + NaOH

isopiopyl alcohol + tri-
ethylamine

C2H5OH
CH3OH + triethylamine
dioxan: H 2O = 2:8 + tri-
ethylamine

C H 3 O H : H 2 O = l : 2 + N a O H
H 2O + pyridine
C2H5OH
H2O :CH 3 OH=2:1 + NaOHJ

33
78
78
69
76
65
75
76
65
75
49
56
47
61
71
75
63
76
45
72
66
31
31
73
60

38
11

82
74
78

(+MS)
(+MS)
(+MS)
(+MS)
(+)-(«
(-ΜΛ)
(-)-(/?)
(+HS)
(+HS)

( M S )
(+HS)

(+)-<«
(-ΜΛ)
(-ΗΛ)
(-)-(/?)
(-ΜΛ)
(+MS)
(+HS)

(+M«
(-HR)

(+)-№)
(+MS)

(-HR)
(-)-(Λ)
(-)-(Λ)
(-)-(K)

66
67
40
33
52
37
31
83
73
72
60
46
50
38
29
35
39
29
41
58
74
86
78
30
24

58

45

14
12
5

19
27
27
6
30

•The optical purity was calculated from the optical rota-

tion of the dinitrophenyl derivatives of the aminoacids.

**The reaction mixture was not homogeneous.

The results suggest that the reactive conformation of
the molecule changes under the influence of the solvent
according to the mechanism

(XXVll) in non-polar
solvent

COOH

(S) H2N-4-H

R

COOH

H-4—NH2 -

V
H5C, > C H ,

(XXIX) in polar
solvent

In a non-polar solvent the structure (XXVII) is more
favourable, since the electrostatic attraction between the
catalyst and the substrate is greater than under conditions
where polar solvents are employed; the weak solvation of
the substrate molecules in non-polar solvents promotes
a more ready formation of the intermediate complex with
the catalyst. In polar solvents the non-chelate structure

(XXIX), which can be converted into the non-chelate
structure (XXVIII) with decrease of the polarity of the
medium, is more likely.

A study of the hydrogenation of oxaloacetic acid in the
presence of various amines was undertaken to obtain
optically active aspartic acid6 1. It was found that,
depending on the amine and the solvent employed, either
a mixture of alanine and aspartic acid or alanine alone are
obtained (Table 11). The hydrogenation of the Schiff base
with benzylamine in alcoholic solution gives racemic
alanine. A similar result is also obtained with optically
active α-methyl- and α-ethyl-benzylamines. On the other
hand, when (+)-(S)- and (-J-CRj-phenylglycines were used,
mixtures of (+)-(S)-alanine and (+)-(S)-aspartic acid and of
(-)-(i?)-alanine and (-)-(R)-aspartic acid were obtained:

COOH
I + NHJ-OH-CJHJ-

R
CHj

C=O

COOH

COOH

• ι
CH2 R

I I
C=N—CH—C,H6

COOH
-004

CH3

I R
I I

C=N-CH—C,H 6

COOH

COOH

CH2

CH—NH2

COOH

CH3

I

CH—NH2

COOH

Table 11. The formation of optically active alanine and
aspartic acid from oxaloacetic acid and a-alkylbenzyl-
amines.

Configuration of
amine

(-)-(5)-CH3

(_)-(,S).CH3

(-MS)-C2H5

(-)-(SK:2H5

(+)-(fl)-naphthyl
(+)-CRj-naphthyl

(+)-0S)-COOH

(-HR)-COOH

Solvent

Q H 5 O H
HoO, CH5OH
(!":!) + NaOH
C«H5OH
H;O, C 2 H 5 OH
(1:1) + NaOH

CjH.OH
H,O'. C,H5OH
(1:1) + NaOH
H»O, NaOH

H2O, NaOH

Yield, %

78
«0

75

56

75

65
40

38

Configuration of
aminoacid

(+MS)-alanine
f (+MS)-alanine
I (-H^)-aspartic acid

(+MS)-alanine

ί (+)-(S)-alanine
I (-)-y?)-aspartic acid

(-MK)-alanine

(-)-(R)-alanine
( (+MS)-alanine
\ (+MS)-aspartic acid
( (-M/?)-alanine
\ (-ΜΛ (-aspartic acid

Optical yield of
DNPh-aminoacid,
%

69
51
45
52

37
25
83

73
60
53
62
53

The above reaction mechanism presupposes that the
Schiff base of oxaloacetic acid formed can be readily
decarboxylated with formation of the corresponding Schiff
base of pyruvic acid, the hydrogenation and subsequent
hydrogenolysis of which give alanine.

The mechanism of the asymmetric hydrogenation of
azomethine derivatives of a-ketoacids proposed above 2 6

consists in the formation of an intermediate complex (XXV,
(XXVI) of the compound with the Pd catalyst and the sub-
sequent adsorption of the substrate molecule on the cata-
lyst surface and the addition of hydrogen to the C=N bond.
This mechanism is proved by the results of an investiga-
tion of similar reactions in media of different polarity2 9

and also the study of asymmetric hydrogenation of com-
pounds with a peptide bond57'62. Hiskey and Northrop 57

achieved the asymmetric synthesis of peptides in the
following experiments:

(a) reduction of Λ-pyruvoylglycine with optically active
o-methylbenzylamine;
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(b) reduction of JV-pyruvoyl-L-alanine with optically
active a-methylbenzylamine;

(c) reduction of JV-pyruvoyl-L-alanine with benzyl-
amine.

The experimental results showed that in the hydrogena-
tion of the Schiff bases of pyruvoylglycine with (-)- and
(+)- cu-methylbenzylamines the optical yield of alanyl-
glycine (30-60%) is lower than in the reduction of pyruvic
acid under the same conditions (cf. Table 6). This can
be accounted for by the unfavourable interaction between
the keto- and carboxy-groups,

CH8-O

SCH

X C = O

/NH

Ο" Ο
I II

CHS—C—C
| X N H

X C - C H 2

II
ο

and also by an increase of steric hindrance due to the
bulky substituent (glycine) at the carboxy- group of the
ketoacid. Steric correlations in accordance with Prelog's
rule hold in the reaction: when the (-)-amine is employed,
the L-peptide is obtained and the (+)-amine gives rise to
the D-peptide. The hydrogenation of iV-pyruvoyl-L-
alanine under the same conditions showed that the asym-
metric atom of L-alanine does not play the main role ia
the formation of the new asymmetric centre: when the
D-amine was employed, the product contained an excess
of the D-L-isomer of the dipeptide, while in the presence
of the L-amine, the L-L-isomer was obtained in excess.
The hydrogenation of iV-pyruvoyl-L-alanine in the pres-
ence of optically inactive benzylamine was carried out to
elucidate the asymmetrising effect of the L-alanyl part of
the molecule. Contrary to expectation, the D-L-dipeptide
was found to be in an excess, although Prelog's rule
predicts the formation of the L-L-dipeptide.

It is noteworthy that the dipeptides were obtained in
these reactions in low yields (up to 30%). Possibly this is
because JV-pyruvoylalanine is reduced to lactic acid at a
higher rate than that of the formation of the Schiff base;
indeed lactic acid was found in the reaction mixture in a
yield greater than 80%.

Harada and Matsumoto62 achieved similarly the asym-
metric synthesis of certain alanyl dipeptides and found
that, in the hydrogenation of the Schiff bases of the iso-
butyl and methyl esters of Λ-pyruvoyl- (S)-alanine with
benzylamine, the newly formed asymmetric atom has the
(R)-configuration, i.e. the results are consistent with those
of Hiskey and Northrop57. But, when the esters of
optically active valine, leucine, phenylalanine, phenyl-
glycine, and aspartic and α-aminobutyric acids were
employed as the asymmetrising agents, the (S, S)-alanyl
dipeptide was formed preferentially.

The authors proposed the following stereochemical
mechanism for the reaction:

C,H5CH2—Ν. Ο

(XXX)

3 \ H2 ' \ / Ν / ' . '

-C—C MH (<S) itn-c Η —r*-H.,N—C—C. C-»COO-1SO-C.H, .
jY >x yNti. ν·3'^lso^L-jii^ cat. / ^. \ i s ·

C,H,CH,—Ν Ο C—COO-iso-C,H, Η (S) Χ) Η

Pd

(XXXI)

When the alkyl substituent at the asymmetric carbon
atom is R = CH3, the substrate molecule reacts preferen-
tially in conformation (XXX), but when the R group is

larger than methyl, in all other reactions hydrogenation
takes place preferentially with the substrate in conforma-
tion (XXXI). In both conformation (XXX) and (XXXI) the
C=N and C=O groups are in the cis-positions stabilised
by the formation of a complex with the catalyst. If the
asymmetrising agent has the (S)-configuration, the hydro-
genation of the molecule in conformation (XXX) leads to the
formation of (/2)-alanine, while conformation (XXXI)
induces the formation of (S)-alanine. The hydrogenation
of the Schiff bases and oximes of α-oxobutyric acid
activated by various optically active aminoacids showed
that in this case the reaction takes place preferentially in
conformation (XXXI) (Table 13).

Table 12. Asymmetric synthesis of alanyl dipeptides
. H, . .

CH,-C—CONH CH-COOR' -» CH.CH00-HNCHCOOR'
N-CH,-C,H, R N H ,

Asymmetrising agent

R

CHS

CH3

CjHs
(CHS)2CH
(CH,)SCH
(CH3)2CH
(CH3)2CHCH2

(CH3)2CHCH2

(CH,)2CHCH2OOCCH2

C,H5

R'

CH3CH(CH3)2

CH,
CH2CH(CH,)2

CH2CH(CH3)2

CH2CH(CH3)a

CH3

CH2CH(CH3)2

CHS

CH2CH(CH3)a

CH2CH(CH,)2

CH,CH(CH3)2

Configur-
ation

S
S
S
S
R
S
S
S
S'

s
R

R

Configuration of
alanine formed,
optical yield, %

R, 64
R, 52
S, 41
S, 32
R, 32
S, 17
S, 35
S, 18
S, 25
S, 25

0

Table 13. Asymmetric synthesis of a-aminobutyric
acid.

CHi-C-CONH-CH-COOCH^HiCH,), . H,

catalyst
CH.CH.CHCOOH

1
NH,

Asymmetrising agent

R

C.H5

CeHjCH2

C,H5CH2

(CHj)2CHCH2OOCCH2

R'

OH

OH"
C H 2 C J H 5

Configur-
ation

R
S
S
S

Configuration of

a-aminobutyric
acid formed,
optical yield, %

0
S, 12
S, 9
S, 28

That the reaction proceeds via the formation of a com-
plex of the substrate with the catalyst is proved to some
extent by the study of the asymmetric synthesis of
mandelic acid6 2 (Table 14). Assuming that the molecule
(for example in the synthesis of mandelic acid) forms
with the catalyst a complex via two C=O bonds,

C—C. C—Η

°x 5>too-C4H,

the authors concluded that the steric hindrance in the
adsorption of keto-compounds is lower than for the azo-
methine derivatives (oximes and Schiff bases). The
substituent at the C=N bond in the azomethines (OH or
CH2C6H5) increases the steric hindrance between the
substrate and the catalyst and therefore the use of
(S)-alanine alone (R = CH3) leads to the (^-configuration
of the new asymmetric atom, i.e. the molecule reacts in
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conformation (XXX). In the hydrogenation of the keto-
group the use of esters of (S)-alanine (R = CH3) and
(S)-leucine [R = (C.HafeCHCIL·] yields (tf)-mandelic acid
and only the use of (S)-valine [R = (CH3)2CH] gives rise
to (S)-mandelic acid. Consequently in the first two reac-
tions the substrate molecule reacts in conformation (XXX)
and in the last case the preferred conformation is (XXXI).

Table 14. Asymmetric synthesis of mandelic acid
C.H.COCON H—CH—COOR'

H,
, C.H.CHCCOH

icatalyst

Asymmetrising agent

R

CH 3

CH 3

CH 3

(CH3)2CHCH,
(CH3)2CH

R'

CH 3

CH2CH(CH3).,
CH2CH(CH3)3

CH2CH(CH3)2

CH,CH(CH3)2

Configur-
ation

S
S
R
S
S

Configuration of mandelic
acid, optical yield, %

R, 3
R, 14
S, 13
R, H
S, 2

The numerous examples quoted above demonstrate a
significant effect of the substituent at the reacting bond on
the effectiveness of asymmetric catalysis. Formally this
phenomenon may be described by the correlation equation
derived by Ugi
of the form

65
for asymmetric hydrogenation, which is

100 — ρ

where κ is the "chirality parameter" determined from κ =
(λι - λ2)(λ.2 - λ3)(λ3 - λ.ι) (λ1, λ2, and λ3 are constants
characterising the groups linked to the asymmetric atom
in the ligands) and r and δρ are empirical constants.

Table 15. Calculation of the stereospecificities Sp from
Ugi's equation for the hydrogenation of /3-methylcinnamic
acid esters.

R

(CH3)3C
C,H6

2,4,6-(CH3)3C,H2

1-C1OH7

2,4,6-(C eH1 1)3C eH2

- 0 . 7 3 0
—0.283

0.918
—0.375

2.303

- 1
1

1
\

1

Sp

(forr = 0.110)

calc.

54.6
52.0
55.8
52.5
64.3

found

54.3
52.3
56.5
53.8
63.5

XR constant
for group R

1.49
1.23
1.58
1.29
2.10

For the hydrogenation of a number of optically active
esters of β-methylcinnamic acid in acetic acid on plati-
num at 20°C, the calculated values of Sp agree well with
experiment (Table 15).

* H,/Pt

C6H5— C-C=CH-COOCH-R -*

CH 3

I
CH 3

C e H 5 CH-CH2COOCH-R

CH 3

I
CH 3

IV. CATALYTIC SYNTHESIS OF OPTICALLY ACTIVE
AMINOACIDS ON DISSYMMETRIC CATALYSTS

The first unsuccessful attempts at the asymmetric
hydrogenation of acetophenone on nickel in the presence
of cholic acid or sodium deoxychelate may be regarded as

attempts at modifying the catalyst surface by adding an
optically active compound to produce a dissymmetric cata-
lyst **. Thus the asymmetric reduction by hydrogen
transfer3 6"3 8 could also be interpreted as involving inter-
action to some extent between the hydrogen donor
(glucose) and the surface of the metal catalyst whereby the
latter is specifically modified.

Isoda and coworkers65 showed for the first time that
the catalyst obtained by the reduction of the Pd-L-tyrosine
complex is capable of promoting the asymmetric hydro-
genation of compounds (XXXII) and (XXXIII) with formation
of (-)-D-glutamic acid and (+)-D-phenylalanine:

C2H5OOC—CH.2CH2—C—COOQH5

N-OOCCH 3

(XXXII)

C e H 5 - C H = C - C = O -» C e H 5 CH 2 CH-CO

Ν

HOOCCH2CH2CH—COOH; p = 1 5 % |

NH2 · HC1

I II
Ν Ο

CH3

(XXXIII)

Ο

CH3

C,H5—CH2; p = 6 6 % ·

RjN—CHCOOH

Partial optical activation of the aminoacids formed is
observed also in the hydrogenation of compounds (XXXII)
and (ΧΧΧΠΙ) on Raney nickel treated with (-)-tyrosine,
(-)-leucine, (-)-phenylalanine, or (-)-arginine. Treat-
ment with (-)-methionine does not lead to optically active
products. At the same time modification of the Pd/C
catalyst with methionine can be achieved and the hydro-
genation of a-acetamidocinnamic acid (XXXIV) on such a
catalyst leads to the formation of L-phenylalanine66.

Isoda and coworkers 6 5 were guided by the statements
of Akabori and coworkers67"99, who obtained a dissym-
metric catalyst by reducing PdCl2 (33 wt. %) deposited on
silk fibres at 50°C and 80 atm: In their first communica-
tions, Akabori and coworkers stated that such a catalyst
is capable of promoting the asymmetric synthesis of
aminoacids by the hydrogenation of (XXXII), (XXXIII), and
(XXXIV) with an appreciable asymmetric yield—39, 38,
and 26% respectively:

C 0 H i CH.. ! -C-COOC 2 H 5 - C6HSCH2CHCOOH .

NOOCCH3
(XXXIV)

NH,

However, it is difficult to reproduce these resul ts 7 0 '7 1.
The studies of the effect of disymmetric nickel catalysts
modified by optically active compounds were developed
further in a number of investigations by Izumi, Akabori,
and c o w o r k e r s 7 0 " 7 3 , mainly in the hydrogenation of the
carbonyl group on the catalyst modified with (+)-tartaric
a c i d 7 4 and aminoacids.

Klabunovskii and P e t r o v 7 5 ' 7 6 extended the study of
modified nickel catalysts to the hydrogenation of the C=N
bond. Thus the hydrogenation of acetophenoxime takes
place asymmetrical ly (p = 2.6%), which suggests that there
is a possibility of the application of these catalysts in the
synthesis of optically active aminoacids. This method has
an undoubted advantage over others, since there is no need
to introduce an asymmetris ing group into the initial
molecule.

There a r e so far few data on the mechanism of the
asymmetris ing effect of modified catalysts but already
certain conclusions may be made 7 5 ' 7 7. Probably asym-
metr ic hydrogenation takes place only with formation of a
fairly stable intermediate complex via the mechanism

Κ + Μ — Κ—Μ •

where S is the substrate, Μ the optically active modifying
agent, and Κ the catalyst.
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The formation of such a complex fixes the conformation
of the reacting molecule in a particular way. The M-K,
K-S, and S-M interactions in the complex may be
examined in succession.

The M-K bond is responsible for the modification of the
catalyst and the formation of a surface nickel complex with
the modifying substance (hydroxy- or amino-compound).
Such complexes are centres for asymmetric hydrogenation
and the maximum asymmetric effect will be observed for
the optimum stability of the complex. Approximate data
on the stability of the M-K bond may be obtained from the
stability constants As of nickel complexes of hydroxy- or
amino-acids. Comparison of the literature data for the
stability constants of the nickel complexes of certain
aminoacids and the stereospecificities Sp shows that Sp
passes through a maximum as Ks increases, i.e. an unduly
high stability of the complex has an unfavourable effect on
asymmetric catalysis—a situation analogous to the energy
correspondence (the equality of the adsorption potential of
the optimum catalyst to half the sum of the energies of the
reacting bonds in the molecule) considered in the multiplet
theory of catalysis. Klabunovskii showed77 that there is
an approximately linear relation between the logarithm
of the stereospecificity Sp and the change in the enthalpy
AH of the catalyst modifying agent employed in the hydro-
genation of methyl acetoacetate on nickel modified with
tartaric, malic, and mandelic acids, alanine, and leucine:

RT In Sp -=--: Δ// .

The K-S bond is altered under the influence of the
modification of the catalyst and therefore the bonding
energy Q between the atoms in the reacting molecule and
the catalyst QK-S w iU differ from the value (?K'-S f° r the
unmodified catalyst K'.

The experimental data 7 0 " 7 3 ' 7 8 " 8 0 show that, since fairly
stable complexes are formed on chemisorption of C=O,
C-OH, and C=N groups in the reacting molecule, the
asymmetrising property of the catalyst is shown only in
relation to C=O and C=N but not C=C bonds.

It is so far difficult to make a quantitative assessment
of the S-M bond and therefore the only measure of the
interaction between the molecules of the substrate and
the modifying agent is the stereospecificity of the reaction.

Qualitative data may be obtained about the nature of the
K-S and K-M bonds by means of the energy calculations
of the multiplet theory of catalysis. The energies of the
bonds of nickel with oxygen and nitrogen (57.7 and
29.3 kcal) greatly exceed the values for palladium and
platinum (44.1 and 25.1 kcal; 34.3 and 24.4 kcal) and
therefore nickel is readily modified by compounds contain-
ing free amino- and hydroxy-groups and forms more
readily reactive complexes with substrates containing
C=O and C=N bonds. At the same time the energy of the
bond with hydrogen decreases in the series Qpt-H >
> QPd-H > *?Ni-H> which facilitates the adsorption of the
reacting compound on nickel and the oriented adsorption
of the substrate molecule becomes rate-limiting.

However, these theoretical concepts still require a
detailed experimental and quantitative development.

The validity of the hypothesis that asymmetric catalysis
takes place via the formation of intermediate complexes
is apparently confirmed by the known cases of the asym-
metric synthesis of aminoacids 8 1 ' 8 2 and asymmetric
reactions under the influence of disymmetric catalysts83"87.

REFERENCES

1. S. Mitsui, J. Soc.Org. Synth. Chem. Japan, 21, 182
(1963).

2. S. Mitsui, J. Soc.Org. Synth. Chem. Japan, 17, 640
(1958).

3. A. A.Balandin, "Mul'tipletnaya Teoriya Kataliza"
(The Multiplet Theory of Catalysis), *Izd. Moskov. Gos.
Univ., Moscow, 1963-1970, Parts I-III.

4. E.L.Eliel, "Stereochemistry of Carbon Compounds"
(Translated into Russian), Izd. Mir., Moscow, 1965.

5. J. P. Guette and A. Horeau, Tetrahedron Letters,
3049 (1965).

6. F.Weygand, Angew.Chem. Internat. Ed., 2, 183(1963).
7. S.V.Vitt, M. B. Saporovskaya, and V. M. Belikov,

Izv. Akad. Nauk SSSR, Ser.Khim., 2771 (1966);
Tetrahedron Letters, 2575 (1965).

8. M. Raban and K. Mislow, Tetrahedron Letters, 4249
(1965); 3961 (1966).

9. M. Raban, Diss.Abs., 22, 111 (1967).
10. C.L.Arcus and D.G.Smyth, J.Chem.Soc, 34(1955).
11. C.L.Arcus, L.A.Cort, T.J.Howard, and Le Ba Loc,

J.Chem.Soc, 1195 (1960).
12. C.L.Arcus and T.J.Howard, J.Chem.Soc, 670

(1961).
13. G. Vavon and B. Yakubovicz, Bull. Soc chim. France,

53, 1111 (1933).
14. V.Prelog, Bull. Soc. chim. France, 987(1965).
15. V. Prelog and H. Scherrer, Helv. Chim. Acta, 42,

2227 (1959).
16. D. J. Duveen and J. Kenyon, Compt.rend., 206, 1974

(1938).
17. E.I. Klabunovskii, L. F. Godun ova, R. A. Krakhanov,

E. Yu. Beilinson, and T. G. Rybina, Izv. Akad. Nauk
SSSR, Ser.Khim., 298, 303 (1969).

18. H.Pracejus, Ann., 634, 23 (1930); Chem.Ber., 90,
854 (1963).

19. J.E.Leffler, J. Org.Chem., 20, 1202(1955).
20. S. Mitsui, I. Kamaishi, S.Imaizumi, and I. Takamura,

J.Chem.Soc. Japan, 83, 1115(1962).
21. I.Kamaishi and S. Mitsui, J.Chem. Soc. Japan, 86,

623 (1965).
22. S. Mitsui and A. Kanai, J. Chem. Soc. Japan, 86, 627

(1965).
23. S. Mitsui and A. Kanai, J. Chem. Soc. Japan, 87, 179

(1966).
24. S. Mitsui and Y.Imai, J. Chem. Soc. Japan, 88, 86

(1967).
25. Y. Imai and S. Mitsui, J. Chem. Soc. Japan, 88, 105

(1967).
26. K. Harada and K. Matsumoto, J. Org.Chem., 32,

1794 (1967).
27. M. Kawana and E. Emoto, Bull. Chem. Soc. Japan, 41,

259 (1968).
28. J.Glazer and E.E, Turner, J.Chem.Soc, 169(1949).
29. K. Harada and K. Matsumoto, J. Org. Chem., 33, 4467

(1968); Bull. Chem. Soc Japan, 43, 921(1970); Chem.
Comm., 1071 (1970).

30. S.Akabori, T.Ikenaka, and K. Matsumoto, Proc.
Jap.Acad., 27, 7 (1951).

31. S.Akabori, T.Ikenaka, and K. Matsumoto, J. Chem.
Soc Japan, 73, 112(1952); Chem.Abs., 47, 9938
(1953).

32. J. Maeda, J. Chem. Soc. Japan, 77, 1011 (1956); Ref.
Zhur.Khim., 8157 (1958).

33. M. Bergman and J. E. Tietzmann, J. Biol. Chem., 155,
535 (1944).

34. A.Pedrazzolli, Helv. Chim. Acta, 40, 80(1957).
35. I. C. Sheehan and R. E. Chandler, J. Amer. Chem. Soc,

83, 4795 (1961).
36. D. Lipkin and T. D. Stewart, J. Amer. Chem. Soc,

61, 3295 (1939).



Russian Chemical Reviews, 3 9 ( 1 2 ) , 1 9 7 0 1 0 4 9

37. T.D.Stewart and D.Lipkin, J. Amer.Chem. Soc, 61,
3297 (1939).

38. M. Nakazaki, J. Chem. Soc. Japan, 75, 831 (1954).
39. D.E.Metzler, M.Ikawa, and E.E. Snell, J.Amer.

Chem. Soc, 76, 648(1954).
40. A. E. Braunstein and M. G. Kritsman, Nature, 140,

503 (1937).
41. M. G. Kritsman, Biokhimiya, 2, 242 (1937).
42. P.P.Cohen, 'The Enzymes", Acad. Press, 1951,

Vol.1, p. 1040.
43. J. B. Longenecker and Ε. Ε. Snell, Proc. Nat. Acad.

Sci. U.S.A., 42, 221 (1956).
44. F.Knopp and C. Martius, Z.physiol. Chem., 254, 1

(1938).
45. F.Knoop and C. Martius, Z.physiol. Chem., 258, 238

(1939).
46. R.M.Herbst and E. A. Swart, J.Org. Chem., 11, 368

(1946).
47. C. G. Overberger, N. P. Marullo, and R. G. Hiskey,

J.Amer. Chem. Soc, 83, 1374 (1961).
48. S. Akobori, Y. Izumi, S. Sakurai, and Y. Fujii, J.

Chem. Soc. Japan, 77, 1374(1956).
49. S. Akabori and S. Sakurai, J. Chem. Soc. Japan, 78,

1629 (1957).
50. A.N. Kost, R. F.Sagitullin, and M. A. Yurovskaya,

Khim.Prirod.Soed., 36(1967).
51. J. J. McCaully, Diss.Abs., 26, 1919(1965); J.Amer.

Chem. Soc, 92, 2476 (1970).
52. J. Mathieu and J. Weill-Raynal, Bull. Soc. chim.

France, 1211 (1968).
53. K. Harada, J.Org. Chem., 32, 1790(1967).
54. K. Harada, Nature, 212, 1571 (1966).
55. K.R.Rao and H. A. Sober, J.Amer. Chem. Soc, 76,

1328 (1954).
56. R.G. Hiskey and R.C. Northrop, J.Amer. Chem. Soc,

83, 4798 (1961).
57. R. G. Hiskey and R. C. Northrop, J. Amer. Chem. Soc,

87, 1753 (1965).
58. K. Matsumoto and K. Harada, J.Org. Chem., 31, 1956

(1966).
59. A. Kanai and S. Mitsui, J. Chem. Soc. Japan, 87, 183

(1966).
60. R.L.Beamer, J. D. Smith, J. Andrako, and

W.H. Hartung, J.Org. Chem., 25, 798(1960).
61. K. Matsumoto and K. Harada, J.Org. Chem., 33, 4526

(1968).
62. K. Harada and K. Matsumoto, Presented at the 1st

Amer. Peptide Symposium at Yale University, 1968.
63. I. Ugi, Naturforsch., 20b, 405(1965); Chimia.

(Switz.), 19, 89 (1965).
64. C.C.Reid and J.M.Sturtevant, J.Amer. Chem. Soc,

65, 125 (1943).
65. T.Isoda, A.Ishikawa, and T. Shimamoto, Reports

Sci. Res. Inst. (Japan), 34, 134, 143(1958); Chem.
Abs., 54, 287 (1960).

66. S. Senoh, S. Ouchi, and K. Tsunoda, Japanese P. 13307
(6.9.1962); Chem. Abs., 60, 3092h (1964).

67. S. Akabori, S. Sakurai, Y. Izumi, and Y. Fujii, J.
Chem. Soc Japan, 77, 1374(1956); 78, 168(1957).

68. S. Akabori, Nature, 178, 323 (1956).

69. S. Akabori, Biokhimiya, 22, 154 (1957).
70. Y. Izumi, M. Imaida, H. Fukawa, and S. Akabori,

Bull. Chem. Soc. Japan, 36, 21 (1963).
71. Y. Izumi, M. Imaida, H. Fukawa, and S. Akabori,

Bull. Chem. Soc. Japan, 36, 155(1963).
72. S.Tatsumi, M. Imaida, Y. Fukawa, and S. Akabori,

Bull. Chem. Soc. Japan, 37, 846(1964).
73. Y. Izumi, S. Akabori, H. Fukuda, S. Tatnumi,

M. Imaida, T. Fukuda, and S. Komatsu, "Proceedings
of the Third International Congress on Catalysis,
Amsterdam", 1965, Vol. 2, p. 1364.

74. A.C.A.D., Belg. P. 613 541 (1962); Chem. Abs., 57,
10572 (1962).

75. E. I. Klabunovskii and Yu. I. Petrov, Dokl. Akad. Nauk
SSSR, 173, 1125 (1967).

76. Yu. I. Petrov, E. I. Klabunovskii, and A. A. Balandin,
"Kataliticheskie Reaktsii ν Zhidkoi Faze. Trudy 2-i
Vsesoyuznoi Konferentsii" (Liquid-phase Catalytic
Hydrogenation. Proceedings of the Second Con-
ference), Izd. Nauka, Kazakh. SSR, Alma-Ata, 1967,
p.222.

77. E.I. Klabunovskii, Dokl. Akad. Nauk SSSR, 173, 1378
(1967).

78. Yu. I. Petrov, E.I. Klabunovskii, and A. A. Balandin,
Kinetika i Kataliz, 8, 814 (1967).

79. E.I. Klabunovskii, Ε. Ν. Komarova, and Yu.I. Petrov,
"Mezhdunarodnyi Simpozium po Mekhanizmu
Geterogennykh Kataliticheskikh Reakstii i Svoistvam
Katalizatorov, Sofiya, 2-7 okt. 1967. Ref. Dokladov"
(International Symposium on the Mechanism of
Heterogeneous Catalytic Reactions and the Proper-
ties of Catalysts, Sofia, 2nd-7th October, 1967,
Abstracts of Reports), p. 29.

80. E.I. Klabunovskii, "Stereospetsificheskii Kataliz ν
Oblasti Opticheski Aktivnykh Polimerov, Dissim-
metricheskie Katalizatory" (Stereospecific Catalysis
in the Field of Optically Active Polymers. Dissym-
metric Catalysts), TsNIITE-neftekhim, Moscow,
1968.

81. M. Murakami and K. Takahashi, Bull. Chem. Soc.
Japan, 32, 308(1959); Chem. Abs., 57, 13894a
(1962); 60, 15 978b (1964).

82. P.G.Asperger, Diss.Abs., 26, 6338 (1966).
83. N. K. Rischtmeyer and C. S. Hudson, J. Amer. Chem.

Soc, 58, 2540 (1936).
84. Y. Shibata and Y. Tsuchida, Bull. Chem. Soc. Japan,

4, 142 (1929); 6, 210 (1931).
85. G. Losse, A. Barth, and W. Langenbeck, Chem.Ber.,

94, 2271 (1961).
86. V.A.Pavlov, E.I. Klabunovskii, E. G.Rukhadze,

A. A. Balandin, and A. P. Terent'ev, Dokl. Akad. Nauk
SSSR, 178, 368 (1968).

87. E.I.Klabunovskii, "Stereospetsificheskii Kataliz"
(Stereospecific Catalysis), Izd. Nauka, Moscow,
1968.

Zelinskii Institute of Organic
Chemistry, USSR Academy
of Sciences, Moscow


