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One of the methods for the enantioselective synthesis of amino acids is the reduction of azlactones of
a-acylamidoacrylic acids in the presence of chiral catalysts [L]. In the presence of Pd on silk the azlactone
of acetamidocinnamic acid (I) is reduced to R(+)-phenylalanine with a total yield of 16% and an optical purity
of p =35.6% [2]. The use of catalysts based on Pd and Ni and obtained by reducing complexes of them with S~
tyrosine in this reaction produced S-phenylalanine with a 5-30% yield and p = 30-60% [3]. Rhodium — phosphine
catalysts, which have been successfully used for the enantioselective hydrogenation of acylamidocinnamic acids
[4, 5], were found to be inactive in the case of the hydrogenation of the corresponding azlactone 4], The low
yields in the case of the reduction of azlactones are apparently attributable to the resistance of the system of
double bonds in the azlactone ring to reduction. Recalling the high reactivity of azlactones with respect to
conversiong involving the opening of the ring, we would expeci some facilitation of the hydrogenation of azlac-
tones in the presence of nucleophilic reagents. In fact, the reduction of azlactones was carried out in [6] in
ethanol containing ammonia in the presence of Raney nickel, and the reaction resulted in the formation of
amides of benzoylamido acids with 80-100% yields.

We previously showed that the reductive aminolysis of I by S{—)-a-phenylethylamine (I) in the presence
of a Pd catalyst is stereoselective and produces N-(a'-phenylethyl)-o-acetamidohydrocinnamamide with an SS
configuration, whose hydrolysis yields optically pure S-phenylalanine and S(—)-a~-phenylethylamine, the latter
being capable of being used again in the reaction [7]. The present investigation is devoted to a more detailed
study of this reaction.

The reaction of I with II and hydrogen in aprotonic solvents was carried out in the presence of a Pd
catalyst, which was obtained by the reduction of PdCl; by hydrogen (see the scheme):
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The reaction products, which contained N~(o '-phenylethyl)-a-acetamidohydrocinnamamide (II) and N-(a '~
phenylethyl)-a-acetamidocinnamamide (IV), were analyzed by PMR, the relative amounts of 88-III, RS-III, and
IV being determined. Figure 1 presents the PMR spectrum of a mixture of the protons of the CHy group, the
weak-field signals corresponding to the SS diastereosiomer. The assignment was made on the basis of the
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Fig. 1, Proton magnetic reéonance spectrum
of a mixture of the diastereoisomers of N-{a '~
phenylethyl)-a-acetamidohydrocinnamamide.

-TABLE 1, Effect of the Ratio between the Azlactone of Acetamido-
cinnamic Acid () and S(—)-a~Phenylethylamine (II) with Various Ini-

tial Concentrations in DME on the Nature of the Reductive Aminolysis
(PdCL=0.2 mmole, 20°C)

Initial concentra- Reaction prod- Ratio of di-
Exper-! tion, mole/liter ucts, % astereojso- |Exc.
iment ayym | e mers cf I, |s,T
nume- min %, SS: RS o
ber (M an (1 av)
1 0,07 0,07 1,0 15 80 - 59144 18
2 0,07 0,105 1,50 22 75 10,5 69,5 : 30,5 39
3 0,07 0,135 1,93 42 88 12,0 71,5:28,5 43
4 0,07 0,206 2,95 48 63,5 28,0 70,5:29,5 41
5 0,07 0,25 3,57 . 60 38,5 68:32 36
6 0,08 0,10 1,25 39 72 7 66,6 : 33,4 33,2
7 0,05 0,10 2,00 46 72 12 71:29 42
8 0,033 0,10 3,0 36 85 3.3 65,5 : 34,5 31
9 0,025 0,10 4,0 39 72 7 66,6 : 33,4 33,2

*The reaction time was 5 h.
TExcess of the S enantiomer

hydrolysis of that diastereoisomer, which yielded S-phenylalanine. The production of optically pure S-phenyl-
alanine and IT as a result of the hydrolysis indicates that there is no racemization of either chiral center.

The results of the experiments in which the temperature, ratio between the components, and the solvent
were varied are given in Tables 1 and 2, The investigation of the influence of the ratio between the reactants
for various initial concentrations on the nature of the process (see Table 1) showed that when the concentration
of the amine is increased, the reaction is slowed, and the relative concentration of the unsaturated amide (IV)
in the catalysate increases (experiments 1-5). In addition, the stereospecificity increases as the amine
:azlactone mole ratio is increased from 1 to 1.5 (experiments 1, 2, and 6). A further increase in this ratio to
3 has no effect on the stereospecificity, At the same time, changes in the concentration of T with a constant
concentration of II have little effect on the process, although dilution lowers the stereospecificity to a slight
extent (experiments 4 and 8)., Thus, the optimal concentrations of I are 0.07-0.08, and those of II are 0.10-0,14
mole/liter. A comparison of three solvents [dimethoxyethane (DME), dioxane (DO), and THF] revealed that
with respect to the reaction rate and stereospecificity DME has definite advantages over THF and DO (see
Table 2). Increasing the temperature from 10 to 35°C causes an increase in the relative concentration of IV
in the reaction mixture, whereas the stereospecificity drops sharply in dioxane. No significant changes in the
course of the reaction are observed in the 10-20°C temperature range. Reduction of the amount of catalyst
from 0,035 to 0,020 g has little effect on the reaction, causing only a slight decrease in the rate and stereo-
specificity.

Considering the step-by-step mechanism for the reductive aminolyiss of azlactones, we can draw the
following paths for this reaction (see the scheme).
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TABLE 2. Effect of the Temperature and the Solvent on the Reduc-
tive Aminolysis of the Azlactone of Acetamidocinnamic Acid {) by
S(—)-a~-Phenylethylamine (iI), 1 mmole of I, 1,5 mmole of 1I, 0.18
mmole of PdCl,, and 15 ml of solvent

Reaction Ratio of diaster~
products, % eo?ne;f:;f oL, |Exc. s,
Solvent| T, °¢ Ly, 5 SS :RS %
min }
(I1T) (1)
DME 11 21 98 2 70: 30 40
L 20 22 97 3 69 : 31 38
DO 1 41 97 3 63:37 26
- 20 45 100 — 59:41 18
* 33 42 69 23 51:49 2
THF 11 15 96 4 58 :42 16

TABLE 3. Hydrogenation of S(+)-N{x'-Phenylethyl)-e-acetamido-
cinnamamide (IV) (0,18 mmole of PdCl,, 1 mmole of IV, 15 ml of

solvent)
tent of Ratjo of di-
errxllgl\ér:t of E’%,{},egsion gs%t?ﬁeo%ners Exc. R,
; o into 2y, s Tos
Solvent Amine r{g)le/ mole f Y7o mlizn B35 %o
DO - - 106 19 6238 24
THF - - 100 14 66 : 34 32
DME = - 97 9 60: 40 20
" TEA 0,72 89 54 5842 16
- . 41,60 66 54 60 : 40 20
L RS-(I1) 0,67 100 19 56 : 44 12
- RS-(IT) 1,33 65 * 53 : 47 6
" R-(11) 0,67 100 36 . 5644 12
- R-(II) 2,4 No reaction
b S-(1I) 0,67 100 | 9 | 70:30 | 40
- S-(11) 2,0 No reaction

*The reaction time was 160 min.

1. Synchronous interaction of the azlactone with hydrogen and the amine on the catalyst surface, which
results in the formation of (IlI). In this case, the source of the asymmetric induction is a catalyst with a
chiral amine adsorbed on its surface. This path presupposes the simultaneous occurrence of oxidation — re~
duction and acid —base steps on the surface of the catalyst. These steps are separate in the pathways con-
sidered below,

2. Aminolysis of the azlactone to form chiral IV followed by its hydrogenation to III. The asymmetric
induction in this case is due to the asymmetric center already present in the substrate molecule (diastereo-
selective hydrogenation). The presence of a chiral amine can result in the modification of the Pd surface and
thereby determines the contribution of the chiral catalyst to the overall stereoselectivity of the reaction.

3. Hydrogenation of azlactone Itothe azlactone ofacetylphenylalanine (V) followed by the aminolysis of the
latter to 111, In this case either enantioselective hydrogenation with the formation of chiral V followed by amino~
lysis or the stereoselective aminolysis of racemic azlactone V under the effects of chiral II can take place.

For a number of azlactones the rate of racemization is greater than the rate of aminolysis {8], and the ob-
served stereospecificity of the reaction of some racemic azlactones with chiral aminic esters is attributed to
the fact that one of the enantiomers of the azlactone reacts with the chiral nucleophile with a greater rate
than the other, which is in equilibrium with it [9].

In order to ascertain which of the paths is realized in the process under study, we undertook an investi-
gation of the hydrogenation of unsaturated amide IV and azlactone I in the absence of S(—)-a~phenylethylamine
and the aminolysis of azlactone V by S(—)-a-phenylethylamine with and without a catalyst.

- The data on the hydrogenation of IV in different solvents in the presence and absence of an amine in dif-
ferent amounts and of varying chirality (Table 3) show that in all cases the hydrogenation of IV resuits in the
preferential synthesis of RS-III, rather than SS-III, which is obtained in the case of the reductive aminolysis
of 1. In the absence of an amine the rate of the hydrogenation of IV exceeds the rate of reductive aminolysis,
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TABLE 4. Hydrogenation of the Azlactone of Acetamido-
 cinnamic Acid {@)* (0.18 mmole of PdCl,, 1.0 mole of I,
15 ml of solvent)

Reaction products, %
Solvent | Amine ta

min AACA AcPhe )
DO — . 45 45 -
" TEA 70 - 53 47
" (In 45 - - -
DME - i 44 4 . -
L) TEA 37 - 69 3
. (10 22 - - -

*The reaction time was 150 min,
tThe reaction time was 160 min,

The introduction of achiral triethylamine (TEA) results in a decrease in the rate of hydrogenation and has no
influence on the stereospecificity of the process. The hydrogenation of IV in the presence of racemic II also
takes place with a decrease in the reaction rate; however, the stereospecificity then also decreases, A
similar effect is produced by R(+)-II. In the presence of S(—)-II the reaction proceeds with the same rate as
in the absence of an amine and with a higher stereospecificity. We note that an increase in the amount of
amine causes the activity of the catalyst to decrease down to complete deactivation when there are 2 moles of
II for every mole of IV. The reductive aminolysis takes place with a considerable rate under similar condi-
tions (see Table 1). The changes in the rate and stereospecificity as a function of the chirality of I (experi-
ments 8 and 10) suggest that a dissymmetric catalyst makes a contribution to the asymmetric synthesis (dia-
stereo- and enantioselective hydrogenation).

The formation of III during the hydrogenation of IV with a configuration which differs from that in the
case of the reductive aminolysis suggests that the second path, i.e., through unsaturated amide IV, is not the
main path for the reductive aminolysis reaction, despite the presence of IV in the reaction mixture and the
high rates of its hydrogenation. The presence of azlactone I in the reaction mixture apparently prevents the
adsorption and hydrogenation of the IV which forms.

The hydrogenation of azlactone I (Table 4) in the absence of a base proceeds to only about a 50% extent
of conversion, This ig attributed, on the one hand, to the stability of the system of double bonds and, on the
other hand, to the reactivity of the azlactone ring with respect to reactions involving the opening of the ring’
followed by polymerization, which results indeactivationof the catalyst. The original azlactone is not found
in the case of practically all catalysts of incomplete hydrogenation. The reaction mixture consists of acetyl-
phenylalanine (AcPhe) and acetamidocinnamic acid (AACA), the hydrolysis products of I, and V. In the pres-
ence of TEA, which is not capable of forming an amide, the hydrogenation process is facilitated, but the rate
of the reaction is somewhat lower than in the case of reductive aminolysis., The reaction yields a mixture of
AcPhe and its azlactone (V), which was identified according to its PMR spectrum [6, ppm, 1.98 {d, CHs,
JCH;,H = 2 Ha)] and its IR spectrum @C =0 1820 cm™) [10]. It seemed of interest to establish whether azlac-
tone V is present in the reaction mixture as a possible intermediate product of the reductive aminolysis in the
initial steps of this reaction. For this purpose, samples of the reaction mixture were analyzed by IR spec-
troscopy. The presence of azlactone V was evaluated from the change in the ratio of the optical density of the
reaction product at v¢ =0 = 1805 cm~! (1in DME) to the optical density atvc =0 =1820cm~! (VinDME), The reac-
tion is accompanied by a decrease in this ratio (Table 5), which indicates the presence of V in the reaction
mixture, since none of the products of the reductive aminolysis has an absorption band in that region. It was
still necessary to ascertain the stereospecificity with which the aminolysis of V by S(—)-a~phenylethylamine
takes place and the role of the catalyst in this process. Table 6 presents the results of two series of investi-
gations on the aminolysis of V. The reaction rate was evaluated from the change in the optical density at v =
1820 em™!. According to Table 6, the aminolysis process is stereospecific and results in the predominant
formation of SS-III, and the catalyst increases both the rate of aminolysis and the stereospecificity of the re-
action, This again points to the dissymmetric nature of the catalyst. Thus, path 3 is a very likely mechanism
for the reductive aminolysis of azlactones, although these data do not rule out the first path, viz., the synchro-
nous interaction of the azlactone with hydrogen and a nucleophile on the surface of the catalyst.

The dissymetric nature of the catalyst was displayed especially clearly in the case of the reduction of
azlactone I in the presence of S(—)-II in methanol, In this case the main reaction product was optically active
methyl R-o-acetamidohydrocinnamate with an optical purity of 24.2%.
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TABLE 5. Investigation of the Initial TABLE 6. Investigation of the

Step in the Reductive Aminolysis of Aminolysis of the Azlactone of
the Azlactone of Acetamidocinnamic Racemic Acetylphenylalanine (V)
Acid (I) in DME under Standard Con- by S(—)-a-Phenylethylamine in
ditions by IR Spectroscopy DME by IR Spectroscopy ([V] =
Obrect of - Optical demstty D - 0.07 mole/liter, 0.18 mmole of
vestigation (I =0,183)* af 8 PdCly, 15 ml of DME)
ssosem-1] ggggem- & Reaction ng.‘?%% ie&s 1“ 3?;111)820
time, -
. : thout ith a
I, Cp=0,07 mole/liter 0,35 0,065 54 min gz:ta?)‘r;t ¢ ::valltalyst
I, Co=0.024 mole/]éli:ter 0,47 0,031 53 -
Reaction mixture after 0,32 0,097 33 0.0 0.33 0.3
e | dE |
: , 0,097
Same after 30 n::m 0,20 9,068 2,9 0 0.0 0.0
*Here [ is the optical path. Note, In the experiment without

a catalyst III was obtained with a
30% excess of the diastereomer

with the SS configuration, and in
the experiment with the catalyst

the excess was 44%.

EXPERIMENTAL

The PMR spectra were recorded on a Varian 60 radiospectrometer, and the internal reference was
TMS. The IR spectra were recorded on a UR-20 spectrometer, and the spectropolarimetric measurements
were carried out on a Spectropol-1 spectropolarimeter.

The PdCl, was pure-grade, the azlactone of acetamidocinnamic acid (I) had mp 150°C (from acetone}),
and the S{—)-a-phenylethylamine (II) had [o]p = —40.4°,

S(+)-N~ (o '-Phenylethyl)-a-acetamidocinnamamide (IV). A 1.5-g portion of I and 0.8 ml of II in 35 ml of
DME were left to stand for several hours, and the precipitate formed was filtered and washed with DME.
This provided IV with a 50% yield, An additional amount of IV was obtained upon evaporation of the mother
liquid, mp 195-197°C (from abs. ethanol). UV spectrum [ethanol, Amax, nm (g)]: 217 sh (21,100), 278 sh
(20,800), IR spectrilm (KBr, v, cm™1): 3430 (val, free NH), 3230 (val, bound NH), 1650, 1630 (first amide bond),
1530 (second amide bond). PMR spectrum (CD,OD 5, ppm): 1.49 (d, CH;CH), 2.08 (s, CH;CO), 7.01 (s, CH=C),
7.15-7,40 (m, CgHy). [o]p+43°, +51° (546 nm), +115° (436 nm), +302° (365 nm) (¢ 1.39, ethanol),

Azlactone of RS-Acetylphenylalanine (V). Compound V was obtained according to [11] in the form of an
oil, IR spectrum (in a thin layer, v, cm™); vc =0 1820, vc =N 1680. PMR spectrum (CDCl;, 6, ppm): 1,98
d, CHs, JCH;H = 2 Hz), 3.07 (g, CH,), 4.33 (m, CH), 7.18 (CgHj). :

Experimental Procedure. The reductive aminolysis was carried out in a thermostated reactor with
magnetic stirring under an excess hydrogen pressure of 0.2-0.3 atm, which was maintained with the aid of a
cylinder filled with purified Hy. A reactor with 0,035 g of PdCl,, 5 ml of DME, and 0.2 m! of S(—)-II was
blown through with H,, and then the stirring was switched on. After the catalyst was reduced, the reactor
wasg connected to a gasometric burette. After the establishment of a steady state in the reactor, a solution of
0.2g of Iin 10 ml of DME was introduced from a syringe. The rate of the hydrogenation of azlactone I was
evaluated from the rate of the absorption of Hy. At the conclusion of the reaction the catalyst was removed
by centrifugation, 1-2 ml of water were added to the catalysate, and the latter was acidified with 6 N HCI to
pH 1-2 and passed through a column with the cation exchanger Dowex 50 X 8 (in the H* form) in order to remove
the excess of amine II, The column was washed with aqueous methanol, and the solution obtained was evap -~
orated in a vacuum to dryness, According to the data from the PMR spectrum, the product was a mixture of
the diastereomers of N-(«'-phenylethyl)~a~acetamidohydrocinnamamide (III) with a 40% excess of the SS
diastereomer and IV (5-10%). This product was crystallized from ethyl acetate with hexane., This yielded
pure SS-III, mp 216°C. PMR spectrum (CD;OD, 6, ppm): 1.39 d, CH,CH), 1.91 (s, CH,CO), 2.90 (q, CH,),
7.13 (m, CgHs). [alp —46.8°, —52.7° (546 nm), —100° (436 nm), —177° (365am) (¢ 1.06, ethanol), The IR and
UV spectra were identical to the spectra of the mixture of the diastereomers of III obtained by the back synthe-
sis from racemic acetylphenylalanine and a-phenylethylamine under the action of dicyclohexylcarbodiimide
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[L2]. UV spectrum [ethanol, Amax, nm (g)]: 208 (19,800), 217 (9300), 257 (370). IR spectrum (KBr, v, cm-1):
3310, 3270 (NH), 1650 (first amide bond), 1560 (second amide bond). PMR spectrum (CD,OD, 6, ppm); 1,22
(d), 1.39 (d), 1.88 (s), 1.91 (s).

Hydrolysis of SS-III. A mixture of 0,28 g of SS-III and 3 ml of 6 N HCl was boiled on an oil bath in a
current of N, for 7 h. The hydrolysate was evaporated to dryness in a vacuum, 2 N NaOH was added, and
S-11 - HC1 was extracted with ether, mp 171°, [a];;, —28.4°, [alzey —39.0° (c 2, ethanol). The solution was
acidified to a clearly acidic reaction and introduced into a column with Dowex 50 X 8 (in the H* form), the
column was washed with water, and S(—)-phenylalanine was eluted by 2 N NH,OH. The eluate was evaporated
to dryness, Optically pure S(—)-phenylalanine was obtained with a 76% yield and [¢]p —33.4° (c 1.33, H,0}.

Synthesis of Methyl R-Acetamidohydrocinnamate. The reaction was carried out in an analogous manner
in abs. CH;0H. The product obtained following the removal of II and evaporation was an oil containing 70%
methyl acetamidohydrocinnamate, 20% III and IV, and 10% acetylphenylalanine. The oil was treated with
aqueous methanol, amides ITT (RS:SS =1:1) and IV were separated, and the remaining product was crystal-
lized form isopropyl ether, Methyl acetamidohydrocinnamate was obtained with mp 62-64°C. . The IR spec~
trum was identical to the spectrum of a known sample; [¢lp —4.6°, —54° (546 nm), —104° (436 nm), —17.8°
(365 nm) (c 2, CH;0H); p =24.2%, [¢]p +19° {c 2, CH;OH) 13],

We thank A. S. Shashkov, E. P. Prokof'ev, and E. D. Lubuzh for recording and discussing the PMR
and IR spectra.

CONCLUSIONS

1. The reaction of the azlactone of acetamidocinnamic acid with S(—)-a-phenylethylamine and hydrogen
on the surface of a Pd catalyst in aprotonic solvents results in the formation of N-(a '-phenylethyl)-a-acetamido-
hydrocinnamamide predominantly of the SS conﬁgurahon, whose hydrolysis yields optically pure S(—)=-phenyl-
alanine and S(—)-a-phenylethylamine,

2. The reduction of S(+}-N-(a'-phenylethyl)~a-acetamidocinnamamide on the Pd catalyst is stereo-
specific and results in the formation of N-(a '-phenylethyl)-a-acetamidohydrocinnamamide predominantly of
the RS configuration.

3. The aminolysis of the azlactone of RS-acetylphenylalanine by S(—)-a-phenylethylamine yields N-(a'-
phenylethyl)-a ~acetamidohydrocinnamamide predominantly of the SS configuration.

4, The reduction of the azlactone of acetamidocinnamic acid in the presence of S(—)-a~phenylethylamine
on the Pd catalyst in methanol yields methyl R-acetylphenylalanine with an optical purity of 24,2%.

5. The reduction of PdCl, in the presence of S(—)-a-phenylethylamine results in the formation of a dis-
symmetric catalyst for the hydrogenation of unsaturated perchiral precursors of amino acids,

LITERATURE CITED

1, Y. Izumi, in: T. Kaneko, Y. Izumi, I. Chibata, and T. Itoh (editors), Synthetic Production and Utiliza-
tion of Amino Acids, Halsted Press (1974), p. 53.

2. S. Akabori, S. Sakurai, Y. Izumi, and Y. Fugii, Nature, 178, 323 (1956).

3. T. Isoda, A, Ichikawa, and T. Shimamoto, Reports Sci. Res. Inst. Tokyo, 34, 134, 143 (1958).

4., H. Kaganand T. P. Dang, J. Am, Chem. Soc., 94, 6429 (1972),

5. W. S, Knowles, M. 1. Sabacky, and B. D. Vineyard, Chem. Technol., 37, 590 (1972).

6. A, Badshah, N. H, Khan, and A. R. Kidawai, J. Org. Chem., 37, 2916 (1972),

7. E. 1. Karpeiskaya, L. F. Godunova, E. S. Neupokoeva, and E. I. Klabunovskii, Izv. Akad. Nauk SSSR,

. Ser. Khim., 1443 (1974).

8. M. Goodman and L. Levine, J. Am. Chem. Soc., 86, 2918 (1964).

9. F.Weygand, W. Steglich, and X. Barocio de la Lama, Tetrahedron Suppl., No. 8, 9 (1966).
10, 1. Z. Siemion and G. Baran, Bull. Acad. Pol. Sci. Sér, Sci. Chim,, 23, 317 (1975).
11, 1, Z. Siemion and A, Dzugay, Rocz. Chem., 40, 1699 (1966).
12, A. J. Cornish-Bowden, P. Greenwell, and J. R, Knowles, Biochem. J., 113, 369 (1969).
13, H. T. Huang and C, Niemann, J. Am. Chem, Soc., 13, 475 (1951).



