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The mechanistic studies of the asymmetric hydrogenation were
actively carried out by many groups during the last three decades.1

However, most of these works used dehydroamino acids as
substrates. We are unaware of any data relevant to the mechanism
of asymmetric hydrogenation of enamides. Usually the explana-
tions of the mechanism of stereoselection in the asymmetric
hydrogenation of dehydroamino acids regard the carboxy group
as an important stereoregulating factor.1,2 In the structure of an
enamide the carboxy group is replaced by aryl or alkyl substituent,
and the steric demand of this substituent may be different in
various substrates. In this respect the striking difference in the
stereochemical outcome of asymmetric hydrogenations of 1-acet-
amido-1-phenylethene (1) and 2-acetamido-3,3-dimethyl-1-butene
(2) reported recently by Burk et al.3 has drawn our attention. Thus,
whereas enamide1 was hydrogenated in the presence of (S,S)-
Me-DuPHOS-Rh catalyst to giveS-hydrogenation product with
>95% ee,4 the hydrogenation of2 with the same catalyst rendered
correspondingR-product with>99% ee.3 Being interested in the
mechanism of stereoselection in asymmetric hydrogenations
catalyzed by BisP*-Rh catalysts,5 we have chosen to explore the
hydrogenation of1 and 2 in the presence of (S,S)-bis(tert-
butylmethylphosphino)ethane-Rh complex (3).

Similarly to the above cited results of Burk et al., we have
found that in the presence of3 both 1 and 2 gave quantitative
yields of almost enantiomerically pure amides4 and5 (ee in both
cases was 99%), but the sense of stereoselection was opposite:
(R)-4 and (S)-5 were obtained (Scheme 1). To rationalize this
striking difference, we have studied the structure of detectable
intermediates and carried out the isotope-labeling experiments in
both cases.

When1 and2 were hydrogenated with deuterium hydride in
the presence of3, the distribution of deuterium between theR-
andâ-positions of the hydrogenation product was in both cases
unequal and opposite (Scheme 2). The ratio of the products4d1

and 4d2, with deuterium in R- and â-positions respectively,
obtained in hydrogenation of1 with HD was 1.30 ((0.05):1. On
the other hand, hydrogenation of2 with HD gave the products
5d1 and 5d2 in the ratio 1:1.20 ((0.05). Thus, the isotope
partitioning in asymmetric hydrogenations with HD evidently
correlated with the difference in stereochemical outcome of the
hydrogenations.

To check the reversibility of the migratory insertion step,6,7

we carried out catalytic hydrogenations of1 and2 with D2. In
both cases the complete absence of deuterium scrambling was

demonstrated by1H, 2H, and 13C NMR data. Therefore, the
migratory insertion step in the catalytic cycles of asymmetric
hydrogenation of1 and2 is irreversible.

Addition of 2-fold excess of enamide1 to the deuteriomethanol
solution of solvate complex6 at -20 °C resulted in immediate
formation of two diastereomers of catalyst-substrate complex7
in ratio changing from 4:1 at-90 °C to 2:1 at 0°C. No detectable
amounts of the solvate complex6 could be detected in equilibrium
with 7 within the temperature interval from-90 to +30 °C,8

and therefore the tightness of the substrate binding is comparable
to that in the catalyst-substrate complex of6 and methyl (Z)-
R-acetamidocinnamate.5

The catalyst-substrate complex8 prepared from6 and enamide
2 was notably less stable compared to7; significant equilibrium
amounts of6 were found in the whole temperature interval from
-100 to+30 °C.9 Only one isomer of8 was observed.

We failed to detect a monohydride intermediate in the case of
enamide1; hydrogenation of7 at -100 °C gave directly the
product4.10 On the other hand, hydrogenation of the equilibrium
mixture of 2, 6, and 8 for 5 min at -100 °C followed by
immediate placement of the sample in the probe of NMR
spectrometer precooled to-100 °C led to the obsevation of a
monohydride intermediate10 (Scheme 3). A second diastereomer
of 10 was observed in1H- and 31P NMR (the ratio of diastere-
omers is 100:7).11 Monohydride10 is stable below-85 °C; at
higher temperatures it decomposes rapidly affording6 and the
hydrogenation product5. The optical yields and the sense of
stereoselection of the hydrogenation products obtained in the
NMR experiments were always the same as in the catalytic
hydrogenations of either1 or 2.
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Scheme 1.Hydrogenation of1 and2 with H2

Scheme 2.Hydrogenation of1 and2 with HD
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In the hydride region of the1H NMR spectrum10 gives a
multiplet at-21.2 ppm. It correlates with two doublets at 53.2
and 86.7 ppm in the31P NMR spectrum (2JPP is less than 5 Hz).
The chemical shift of the low-field signal in the31P NMR is
considerably different from those of the known monohydride
intermediates,5,12,13and is consistent with the presence of a weakly
bound solvent molecule in thetrans-site. This fact suggests that
the amide carbonyl is not chelated in10. In accord with this
conclusion, the carbonyl signal in the13C NMR spectrum of10
is not split and is only slightly low-field shifted with respect to
the carbonyl signals of2 and5 (δ ) 176; compare withδ ) 185
of the chelated carbonyl in8, which is split in double doublet).
The signal of the carbon bound to acetamido group in10 resonates
as a broadened singlet atδ ) 61.7. This signal becomes a doublet
in the gated-decoupled spectrum, indicating that it belongs to a
methyne carbon.14

On the basis of presented evidence we conclude that10 has
the structure shown in Scheme 3. This conclusion corresponds
to the results of HD hydrogenation. We have shown recently that
upon hydrogenation of solvate complex6 with HD, the isotopomer
9d1 with apical disposition of deuterium forms predominantly with
the factor 1.3 ((0.1): 1.5 Therefore, if the consequence of substrate
coordination and migratory insertion is faster than the intercon-
version of isotopomers,15 the partitioning of deuterium in the
products indicates the fashion of the substrate coordination during
the migratory insertion step. Predominance of theR-deuterated
product corresponds to coordination of typeA and transfer of
the equatorial hydride to the CH2-group of enamide yielding
monohydride intermediateC with Rh bound to Ctert (Scheme 4).
The coordination of typeB provokes transfer of equatorial hydride
to Ctert, yielding monohydride intrmediateD, that results in
predominance ofâ-deuterated product (Scheme 4).16

The mode of the binding of the substrate in7, the sense of
stereoselection, as well as the sense and the order of deuterium
distribution in hydrogenation with HD observed for the phenyl-
substituted enamide1 are exactly the same as those determined
previously for methyl (Z)-R-acetamidocinnamate.5 Therefore, the

mechanism of stereoselection in the case of1 is apparently the
same, and the main stereoregulating factor is minimization of the
repulsion between the chelate ring made by the substrate and the
alkyl groups of the catalyst in the transition state of the migratory
insertion step.5

Apparently, much more pronounced steric demand of enamide
2 makes the formation of a similar chelate cycle extremely
unfavorable, and it chooses an alternative mode of coordination
with the dihydride, in which itst-Bu group is much further
distanced from the alkyl groups of the catalyst. Figure 1 shows
that the minimization of the repulsion between thet-Bu group
from the enamide and the alykyl group from the catalyst results
in formation of (S)-5.

In conclusion, our isotope labeling and NMR data suggest that
the striking difference in the stereochemical outcome of the
asymmetric hydrogenations of1 and2 can be explained by the
different mode of the coordination of the substrate at the migratory
insertion step of the catalytic cycle.
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Scheme 3.Formation of Monohydride Intermediate10

Figure 1. Mechanism of stereoselection in the catalytic hydrogenation
of 2.

Scheme 4.Proposed Mechanism of the Reactions of1 and2
with Major Isomer of Solvate Dihydride9d1
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