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Asymmetric Catalysis with Chiral Complexes of Rhodium-~
O-Isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)-
butane. 6. On the Mechanism of Reduction of (E,Z)-a-
Acylaminocinnamic Acids with Homogeneous
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Abstract: The stereochemistry of reduction of several a-acylaminocinnamic acids was investigated, in the presence of rho-
dium-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane (DIOP) catalyst. Cis addition on the Z isomer was
demonstrated by using deuterium. Catalytic deuteration of the E isomer gives a mixture of diastereoisomers d. This result
was interpreted as an indication of some E-Z isomerization prior to reduction, allowing calculation of the actual optical yield.
Tentative mechanisms for the £-Z isomerization which do not lead to d3 species are discussed.

Asymmetric synthesis of a-amino acids was recently real-
ized with great efficiency by using Wilkinson-type catalysts
modified by chiral phosphines.!-7 Several attempts were made
to analyze the origin of the asymmetric induction with DIOP
(1) as the chiral ligand.®® Several pieces of information were
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collected®-!! but a detailed mechanism was still missing. It
would be important to know the basic features of the catalytic
cycle since a-amino acid precursors are very special substrates
bearing two polar functions, and great care must be taken if
they are to be compared with simple olefins such as cyclo-
hexene. A better understanding of the mechanism would allow
the synthesis of more efficient chiral ligands.

We examined the catalytic reduction of a-acylaminocin-
namic acids 2 in experimental conditions used for asymmetric
catalysis with Rh-DIOP catalysts, trying to demonstrate the
stereochemistry of the reaction and eventually to detect a re-
giospecificity for the first hydrogen addition on the double
bond. The catalyst was prepared as usuall in situ from
((RhCl(ethylene);); with 2 equiv of DIOP. A benzene-eth-
anol (1:3) mixture was used as solvent. Several catalytic species
can coexist, the more likely RhCIDIOP,S and (RhDIOP,S)-
*Cl,!! S being the solvent or a polar function of the substrate.
We will arbitrarily adopt the formula (RhDIOP,S)* (4) to
describe the initial species of the catalytic cycle (Scheme I)
since cationic complexes give almost the same optical yields
as the in situ catalyst.!!-!2 The routes 4 — 5 — 6and 4 — 7 —
6 are in competition; the former is preferred for the Wilkinson
catalyst!? but the latter fits better with recent results!* on
cationic rhodium complexes with chelating diphosphines.
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Scheme I. Accepted Mechanism of Reduction by Wilkinson-Type
Catalysts
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Asymmetric reduction of various E-Z isomers frequently
shows a great difference in stereospecificity.’e With a-amino
acid precursors a faster reaction and a higher optical yield were
observed for the Z isomer.® For example, with the Rh-(+)-
DIOP catalyst 2a (Z isomer) gives (S)-N-benzoylphenyl-
alanine (3a) with 70% ee, while 2a (E isomer) gives the S
configuration also, with an optical yield of 25%. This result was
taken as an argument that asymmetric induction does not occur
after the formation of alkylrhodium complex 8.° A fast equi-
librium between 8 and 6 is also excluded since it will render
unimportant the olefin stereochemistry. However, no quanti-
tative information is available on the relative rate constants
of the various elementary reactions involved in the catalysis.

The stereochemistry of hydrogen addition has been estab-
lished in several cases.!315 From these results it is usually
assumed that all other reductions are cis additions. More re-
cently cis reduction of (Z)-2a catalyzed by RhCI(PPh;); was
demonstrated by Kirby.!6 Since the Rh-DIOP system is very
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Table I. '"H NMR Data of N-Acylphenylalanines?
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chemical shifts, § ppm

coupling constants, Hz

compd NH H, HBI HBZ CH; JHBl‘HBz ‘]Hm‘Ha JHBZ‘Ha JNH-Ha
3a 8.75 4.65 318 3.05 14.17 3.84 10.84 8.0
3b 8.19 4.43 3.06 2.85 1.79 13.97 5.06 9.64 8.09

@ Spectra run in Me;SO-dg at 250 MHz, T = 298 K with Me,Si as an internal standard. The chemical shifts and the coupling constants

are calculated using the classical formulas for an ABX case.

Table II. Rotamer Populations (P) of N-Acylphenylalanines (Con-
formers I, I1, and 11 of Figure 1)

compd Py Pu P
3a 0.11 0.75 0.14
3b 0.22 0.64 0.14
henylalanine in D,O!7 0.24 0.48 0.28
pheny
@ /NHCOR
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H
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different from the Wilkinson catalyst, it was interesting to
elucidate the behavior of a E~Z pair of olefins such as 2 which
is representative of useful prochiral precursors in the asym-
metric synthesis of a-amino acids. For that purpose we used
D, instead of H; and determined the structure of deuterated
products.

NMR Analysis of N-Acylphenylalanine. The determination
of the stereochemistry of N-acylphenylalanine-d; diastereo-
mers 10 and 12 necessitates the assignment of the signals of
@ protons in N-acylphenylalanine (3). This unequivocal as-
signment and the fractional populations for all three rotamers
can be obtained either by specific labeling of amino acids!” or
by using vicinal 13C-H coupling constants between 'Hz and
3COOH, in conjunction with '"H-1H coupling constants as
was shown by Feeney et al.!8:19 We chose this latter method
to obtain the assignments and the populations of the preferred
rotamers I-III of V-acylphenylalanine (Figure 1). 'H spectra
of N-benzoylphenylalanine (3a) (Figure 3) and N-acetyl-
phenylalanine (3b) were registered in Me,SO-dg at 250 MHz.
A complete analysis of the ABX system was carried out, giving
the chemical shifts and coupling constants of protons « and 8.
The results are listed in Table I. In accordance with the method
of Feeney et al., the sum of the vicinal coupling constants
13COOH-'Hj was measured. The values are 3.2 + 0.8 and
4.7 £ 0.3 Hz for 3a and 3b, respectively. These values permit
us to calculate?® the rotamer populations given in Table II
where we have made the usual?!-22 and acceptable2® assump-
tion that /g = 2.56 Hz and J, = 13.6 Hzin all of the three ro-
tamers. These results are consistent with studies of the con-
formation of phenylalanine itself in D>O?3 which shows a

Ph Ph Ph
Hqg COo,H RCONH gm HoicgZ NHCOR
H H
HO; B Hh B sz HO[
NHCOR coH H

Figure 1. Rotamer population of 3.

predominance of conformation II in which the phenyl ring and
the carboxylic function are in a trans conformation. Mono-
deuterated or monotritiated aromatic amino acids labeled
stereoselectively at Cg have been prepared previously.16:24-26
Tritiated phenylalanine or tyrosine at C, and Cg had also been
stereospecifically synthesized.?” Agreement is good between
our conclusions and those obtained from previous experiments.
For example, Kirby!¢ obtained one diastereoisomer of di-
N-benzoylphenylalanine-d, (monodeuteration at Cg) which
shows an AX spectrum (spectra run in alkaline solution) with
Jax = 4.8 Hz. The relative configuration was established by
degradation to threo-monodeuterioaspartic acid. This means
that the remaining hydrogen is Hg,, which is characterized by
a small J o x coupling constant as we found for 3a and 3b (Table
I). Both the optically active diastereoisomers of N-acetyl-
phenylalanine-d; (deuterium at Cg) were recently synthetized
by an enzymatic method which allows the deduction of the
absolute configuration at each center.?* The mixture of the
same d diastereomers was obtained by asymmetric deutera-
tion followed by epimerization at C,® without NMR assign-
ments of the Hg signals. The method described here is quite
direct and needs neither enzymatic nor degradative reac-
tions.

The above NMR analysis shows unambiguously that the
diastereotopic protons Hg, and Hg, resonate at low field and
high field, respectively (Table I). When dideuteration, cata-
lyzed by the DIOP-Rh catalyst, is effected on (Z)-2b the
spectrum is modified (Figure 2); Hg, completely disappears,
which demonstrates the stereospecific formation of the dia-
stereomer 10b. The same result is obtained with (Z)-2a; 10a

o] o] R
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is the only product. In both cases the diastereomer 10 has
predominantly (S.S) stereochemistry,2® as shown by the sign
of its optical rotation. The (S.S) stereochemistry for 10 indi-
cates that (Z)-2 reacts exclusively by a cis addition as de-
scribed in 9. This conclusion is in agreement with various re-
sults in the literature for the Wilkinson catalyst especially on
some (Z)-acylaminocinnamic acids.!6 When a 1:1 mixture of
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Figure 2. NMR spectra (see footnote of Table 1) of N-acetylphenylalanine
(3b) prepared by reductionof (Z)-2b: (2) in EtOH with Hy; (b) in EtOH
with HD; superposition of the AB and the AX system of a 1:1 mixture of
15 and 3 (D at C,); (¢) in EtOH with D; (d) in EtOD with D,.

(E)- and (Z)-2a is reduced two singlets are observed (Hg, and
Hp, protons) in the NMR spectrum of 3a-d, (Figure 3c). This
is indicative of the simultaneous presence of diastereoisomers
(S.S or R,R)-10a and (R.S or S,R)-12a. Taking into account
the fact that (Z)-2a gives only one signal at 3.05 ppm (Figure
3b) under the same conditions, it can be estimated that pure
(E)-2a should give rise to a 1:1 mixture of 10a and 12a, We
previously demonstrated?8 that (£)-2a is reduced into 3a with
S configuration at C,. The presence of 10a would mean that
a 50% reduction of (£)-2a would result in a trans addition.?®
We prefer an alternate explanation with the formation of 10a
by a partial isomerization of (E)-2a into (Z)-2a during the
reduction.3® This seems reasonable in view of the slow reduc-
tion rate of (E£)-2a compared to (Z)-2a (initial uptake rate of
hydrogen in the ratio of 1:13). We can now compute the actual
optical yield when (E)-2a is reduced (with cis addition). The
observed value is 25% ee S. Since 50% of the N-benzoyl-
phenylalanine came from cis addition on (Z)-2a with 70% ee
S, it turns out that the remaining part is the result of a cis ad-
dition on (E)-2a with 20% ee R.

The absolute configurations are opposite, as is often observed
in asymmetric reduction of £E-Z pairs.” However, a major
difficulty has to be overcome to adopt this hypothesis. The
mechanism of £ -— Z isomerization must involve the rho-
dium-DIOP complex. The migration of a double bond during
reduction of an olefin catalyzed by the Wilkinson catalyst is
the result of a reversibility at the first step of hydrogen trans-
fer3' We can expect, t00, a mechanism where addition of
deuterium and rhodium(III) on (E)-2 will be reversible
(Scheme II): if the rhodium atom binds to C, and D to Cg the
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Figure 3. NMR spectra of N-benzoylphenylalanine (3a) prepared by re-
duction of (a) (Z)-2a in EtOH with Hy; (b) (Z)-2a in EtOH with Dy; (c)
1:1 mixture of (E)- and (Z)-2a in EtOH with D,.

reverse cis elimination (after rotation around the central bond)
will produce {£)-2 with one deuterium atom at Cg. Deuteration
of this d species will necessarily give an amino acid-d3, which
is not the case. Mass spectrometry and NMR analysis of the
crude product demonstrate the absence of significant amounts
of d3 species. To gain some insight into the E — Z isomeriza-
tion mechanism we did some control experiments under ni-
trogen, in the solvent system (benzene-EtOH, 1:3) of the re-
action, on a mixture of (E)- and (Z)-2a (53:47). In the absence
of the Rh-DIOP catalyst the E/Z ratio remains unchanged,
even after 15 h. The same is true if 0.2% DIOP (with respect
to 2a) is added in absence of the catalyst. Addition of a benzene
solution of the prehydrogenated catalyst does not affect the
E/Z composition. A partial reduction of the previous E/Z
mixture of 2a confirms the high reaction rate of the Z isomer.?

Scheme II. Mechanism of £ — Z Isomerization of 2a Involving
Deuterium Incorporation
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Scheme III. Suggested Mechanisms of E — Z Isomerization of 2
without Incorporation of Deuterium (Equilibria Not Represented)
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After 57% reaction completion the remaining 2a has an £/Z
composition of 39:4.

In order to detect some E — Z isomerization during the
course of deuteration of (Z)-2 several experiments were
stopped at half reaction, and products and olefins analyzed for
their deuterium content. No (E)-2 was formed; (Z)-2a or
(Z)-2b as well as 3a and 3b were treated by diazomethane and
recovered by preparative thin layer chromatography. At the
accuracy of our mass spectral measurement (<5%) it was not
possible to detect deuteration in recovered (Z)-2 nor d species
in the reduced products. The same set of experiments was re-
peated on (Z) + (E)-2a.

Additional experiments were performed in order to see if the
reduced product is capable of undergoing an exchange reaction
at the C, or Cg position. Optically pure N-acetylphenylalanine
was kept in contact for several days with deuterium gas in the
conditions of reduction (benzene-EtOH (1:3), 0.01 equiv of
RhCIDIOP). We did not observe deuterium incorporation or
decrease in the specific rotation of the amino acid.

Several conclusions can now be drawn: (1) The cis deuter-
ation of (Z)-2 does not involve a H/D exchange reaction at the
vinylic position or Z — E isomerization. (2) The Z isomer is
reduced much faster than the E isomer, even in a mixture of
both. (3) There is no H/D exchange at C, or Cg in the V-
acylamino acid 3 which is produced. (4) Some E — Z isom-
erization occurs when (E)-2a is reduced. The Rh-DIOP cat-
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alyst is responsible for this isomerization which is not accom-
panied by deuterium incorporation at the vinylic position.
Mechanism of E — Z Isomerization. The mechanism out-
lined in Scheme II has to be ruled out. Several alternatives can
be proposed involving participation of a rhodium complex.
Mechanism a in Scheme III is based on the hypothesis of an
ortho metalation of the benzene ring; this is not unrealistic
when an aromatic ring is part of a ligand.32 An internal hydride
addition will lead to a metallocycle. The reverse reactions,
which are 8-eliminations, will take place with different rates
because of the diastereotopic character of the two hydrogens.
Z and E isomers free of deuterium will then be formed. The
large amounts of a pathway through reduction of (Z)-2 when
(E)-2 is the starting material could be explained by a preferred
decomposition of 14 into (Z)-2 and by its higher reactivity
compared to (E)-2. The ortho-metalation mechanism is in
competition with the direct reduction. It is then predicted that
increasing the hydrogen pressure will decrease the £ — Z
isomerization. In order to accommodate all the experimental
data it is necessary to assume that there is no H/D exchange
in 13 since no deuterium is incorporated on the vinylic and
ortho positions of (E)-2 and (Z)-2 recovered after partial re-
action; though it is known!3d that cationic hydridorhodium
complexes can reversibly loose a proton, this phenomenom
seems to be very slow in this case. Another alternative is pre-
sented in Scheme IIIb. As in the mechanism of Scheme II there
is addition of deuterium at Cg and rhodium at C,. After in-
ternal rotation and reductive elimination the deuterated olefin
is formed. The key hypothesis is that the complex stays on the
same face of the double bond which will receive H and D (for
a similar hypothesis in hydroformylation see ref 33). The
rhodium atom is regioselectively fixed at C, if an isotope effect
favors the formation of 12 over 15 (because H will be trans-
ferred first). The formation of d species is then avoided. This
mechanism seems less probable than the previous one because
an appreciable amount of 15 should accumulate but was not
detected. To evaluate the relative amounts of 12 and 15 when
HD is the reagent, HD was used for catalytic reduction of
(Z)-2b. Almost 50% of both isomers (D at C, or Cg) was ob-
tained (Figure 2b). Until now we only envisaged attachment
of rhodium at the C, position in the first step of the reaction.
Another tentative mechanism to explain the E — Z isomer-
ization would place rhodium and deuterium at Cg and C,,
respectively. A reversible o-7 rearrangement involving the
aromatic ring3* could give geometrical isomerization and
subsequent formation of nondeuterated Z isomer. So does
formation of an immonium intermediate (Scheme Illc). Of
the four aforementioned mechanisms we can reject mechanism
b (Scheme III); more experiments are needed to decide if
mechanism a or ¢ (Scheme III) are the actual routes to the
observed deuterium-free geometrical isomerization.
Deuteration in Presence of Ethanol. When the standard
experiments of deuteration of (Z)-2b were performed in ben-
zene-ethanol (1:3), a small but reproducible signal at 4.42 ppm
(doublet of doublets) which corresponds to a C, proton was
always observed (Figure 2c¢). This signal, which is only 6% of
the Hg, signal, disappeared if ethanol-d; replaced ethanol in
the solvent (Figure 2d). The two coupling constants are very
similar (Figure 4) and close to 9 Hz. They correspond to
3Jup,~H, and 3Juy,-H, and not to 3Jy,,-H, (see Table I).
This means that formally there was a cis addition of a deute-
rium atom at Cgand of a H atom at C,. The same results were
obtained when starting from (Z)-2a (Figure 3b) or (£)-2a.
It is possible to assume that some HD is formed by exchange
reaction between ethanol and D; generally this exchange is
slow33 with respect to reduction.3¢ This hypothesis cannot be
retained since it would imply that HD is regiospecifically added
(with deuterium at Cg). We demonstrated (vide supra) that
in HD addition the distribution of D is statistical on the two
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Figure 4. NMR spectra of 3a in H, region by reduction of (Z)-2a in EtOH
with Da.

Scheme IV. Tentative Mechanisms of H—D Exchange by Rhodium
Complexes®s
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olefinic carbon atoms. Another explanation of the formation
of a small amount of d; species could be a cis deuteration fol-
lowed by a stereospecific replacement of D, by a hydrogen
atom in the final product 3. We did control experiments which
show that there is no significant and reproducible H/D ex-
change at C, of N-acylamino acids under the condition of the
reaction or during the workup (vide supra). The presence of
the dy species seems related to an exchange reaction occurring
during one step of the catalytic cycle. This suggests the par-
ticipation of ethanol at the second stage of the deuterium ad-
dition (Scheme I, 8 in which D is taken in place of H) by the
exchange mechanisms proposed3® (Scheme IV). A Rh-H bond
is formed and leads to stereospecific introduction of hydrogen
at the C, position. If this interpretation is correct it gives an
important piece of information; the rhodium is specifically
bound at C, in the intermediate 8 (at least for the pathway
involving H/D exchange and formation of the N-acylamino
acid-d). A minute amount of 3b-d; where deuterium is at C,
was also detected and identified by its 2J coupling constant
(<2% of the Hg, signal). It must be emphasized that to obtain
a complete picture and full interpretation of the asymmetric
reduction of a dissymmetric double bond we need to know the
structure of the alkylrhodium intermediate 8. This problem
was recently discussed in asymmetric hydroformylation3” of
styrene-d;. Consequently detailed studies need to be made on
F and Z isomers since is not obvious that rhodium atom will
be fixed in the same position in both cases.>8

Experimental Section

Starting materials, reduction procedure, and workup of the products
are essentially those described previously.!®

The experiment with HD was run by filling the reaction vessel with
gas obtained by the careful addition of a THF solution of LiAlH, in
a mixture of D,O and THF.

'H NMR spectra were run on a 250-MHz Cameca spectrometer
in Me,SO-dg as solvent; 13C data were obtained on a Bruker HX90
apparatus with gated decoupling.

Samples for mass spectral measurements were obtained by treating
the crude products with diazomethane and purified by preparative
layer chromatography on silica gel with a 1:1 mixture of methylene
chloride and hexane to separate 2a from 3a and chloroform to separate
2b from 3b.

Mass spectra were run on a CH-5 Varian MAT apparatus at 70
eV (source temperature 150 °C) with slow recording.
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Abstract: Treatment of (E)- and (Z)-a-benzamidocinnamic acids with deuterium in the presence of various Rh(I) catalysts
gives (R,R)- and (S.S)-N-benzoyl-2,3-dideuterio-3-phenylalanine from the Z isomer and the corresponding R,S and S,R
products from the E isomer. Since these products are diastereomeric, the degree of isomerization during hydrogenation can
be measured by NMR, Isomerization was indeed observed in many cases in this study, and the mechanistic implications are

discussed.

In the last 10 years, asymmetric induction has burgeoned
as a technique for the synthesis of optically active compounds,
especially in the area of catalytic asymmetric hydrogenations.?
By using optically active rhodium catalysts, enantiomeric ex-
cesses as high as 96% have been observed for the hydrogenation
of a-acetyl- or a-benzoylaminocinnamic acids.? Many studies
have been conducted altering substituents on both the catalyst
and the substrate to obtain an optimum fit and to gain an in-
sight into the mechanism of reduction.?-8 Even though it was
well known that geometric isomers have a profound effect? on
the rate and the induction observed, no conclusive study has
been done because of the inability to measure the amount of
isomerization prior to hydrogenation. In this paper, a technique
is described to measure this isomerization and obtain exact
induction data for both isomers with various chiral catalysts
and solvent systems.?

Results

In order to assess the stereochemistry of the hydrogenation
of (E)- and (Z)-a-benzamidocinnamic acids, any possible
isomerization between the reactants must be accurately de-
termined. This task is difficult since identical products are
obtained from each isomer. The first approach was to stop the
reaction prior to completion and examine the unreacted
starting materials. This was done for diphos (1), BBDP (2),
and (R,R)-diPAMP (3) in 100% ethanol (Figure 1) and in
each case none of the opposite isomer was observed by NMR,

These results indicate that either no isomerization is oc-
curring or that the rate of hydrogenation of one of the isomers
is much faster than the isomerization. These two alternatives
can be differentiated by using deuterium instead of hydrogen
(Scheme I).

Since Wilkinson-type catalysts are known to hydrogenate
via a cis addition,'? the Z isomer will give only R,R and/or S.S
products, whereas the E isomer will give R,S and/or S.R
compounds. Since these two sets of products are diastereo-
meric, they can be differentiated by NMR. When a 50/50
mixture of (E)- and (Z)-a-benzamidocinnamic acids is re-
duced by diphos (1), two singlets are observed for the benzylic
proton in a 35/65 ratio of diastereoisomers; hence, approxi-
mately 30% isomerization has occurred (Figure 2).

Pure E and Z isomers were then reduced separately under
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identical conditions, and the results agreed exactly with the
mixed experiment: E gave a diastereomeric ratio of 72:28,
while the Z isomer gave a ratio of 0:100. Hence, by reducing
pure E and Z isomers, the amount of isomerization prior to
hydrogenation can easily be detected within 3-5% error.
Table I lists some representative results using 100% ethanol
as the solvent. As can be seen, all the ligands give some degree
of isomérization with (R,R)-diPAMP (3) and (R)-CAMP (5)
being the smallest. Even though diphos (1) and (R.R)-di-
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