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ABSTRACT: The mechanism of asymmetric hydrogenation
of five representative β-dehydroamino acids catalyzed by
rhodium complexes of (R)-(tert-butylmethylphosphino)(di-
tert-butylphosphino)methane (trichickenfootphos, TCFP) and
(R,R)-1,2-bis(tert-butylmethylphosphino)benzene (BenzP*)
was studied through a combination of extensive NMR
experiments and state-of-the-art DFT computations in order
to reveal the crucial factors governing the sense and order of
enantioselectivity in this industrially important reaction. The
binding mode of the substrate with a Rh(I) catalyst was found
to be highly dependent on the nature of the rhodium complex
and the substrate. Thus, no substrate binding was detected for [Rh((R,R)-BenzP*)S2]

+SbF6
− (5) and (E)-3-acetylamino-2-

butenoate (2a) even at 173 K. [Rh((R)-TCFP) S2]
+BF4

− (3) exhibited weak reversible binding with 2a in the temperature
interval 173−253 K with the formation of complex 4a, whereas at ambient temperature, slow isomerization of 2a to (Z)-3-
acetylamino-2-butenoate (2b) took place. The investigations with a total of 10 combinations of the catalysts and substrates
demonstrated various binding modes that did not affect significantly the enantioselectivities observed in corresponding catalytic
reactions and in low temperature hydrogenations of the catalyst−substrate complexes. The monohydride intermediate 10 formed
quantitatively when the equilibrium mixture of 2a, 3, and 4a was hydrogenated at 173 K. Its molecular structure including relative
stereochemistry was determined by NMR experiments. These results together with the stereochemichal outcome of the low-
temperature hydrogenation (99.2% ee, R) and DFT calculations led to the reasonable reaction pathway of the asymmetric
hydrogenation of 2a catalyzed by 3. The conceivable catalytic pathways were computed for five combinations of the BenzP*-Rh
catalyst and prochiral β-dehydroamino acids 2a,b and 21−23. In most cases, it was found that the pathways involving the
hydrogenation of Rh(I) square planar chelate complexes are usually higher in free energy than the pathways with the hydrogen
activation prior to the chelate formation. Computed differences in the free energies of the transition states for the double bond
coordination stage of the R and S pathways reasonably well reproduce the optical yields observed experimentally in the
corresponding catalytic reactions and in the low temperature hydrogenation experiments. To explain extremely high ee’s (>99%
ee) in some of the hydrogenations, it is necessary to analyze in more detail the participation of the solvent in the
enantiodetermining step.
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■ INTRODUCTION

Although chiral β-amino acids are present in many natural
products, they are much less common than α-amino acids.
However, the synthesis of enantiopure β-amino acids is an
important goal that received much attention recently since they
are the building blocks for pharmaceutically important
compounds, such as β-peptides or β-lactam antibiotics.1

Catalytic asymmetric hydrogenation of prochiral β-dehy-
droamino acids is the most straightforward and one of the most
convenient synthetic methods to provide chiral β-amino acids,
and hence it has been extensively studied.2 Although high
selectivities can be achieved using Ru or Ir catalysts,3 the Rh-

catalyzed asymmetric hydrogenation of β-dehydroamino acids
is known to operate with higher S/C ratios and was studied for
a wider range of substrates.4

A well-known synthetic limitation in the Rh-catalyzed
asymmetric hydrogenation is the universally lower reaction
rates and optical yields obtained in the hydrogenations of more
available Z isomers of β-dehydroamino acids.4−6 Besides, if the
practically indefinite increase of the S/C ratio is possible in the
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case of E isomers, the increase of the S/C ratio in the case of Z
isomers often results in a rapid decrease of the optical yield and
reduced rate of the reaction. Several studies were aiming to
overcome this problem by looking for more effective Rh
catalysts,5 using other metals,6 or preparing previously
unavailable (E)-β-dehydroamino acids.4c However, mechanistic
understanding of the reactivity difference between (E)- and
(Z)-β-dehydroamino acids is lacking.
On the other hand, we have been continuously interested in

the mechanism of enantioselection in the Rh-catalyzed
asymmetric hydrogenation,7 since the high orders of selectivity
that are often observed in this reaction are comparable to the
effectiveness of natural enzymes, and hence there is a hope of
significant breakthrough in the conscious catalyst design if the
intrinsic mechanism of stereoselection would be properly
understood. Recent extensive experimental and computational
investigations of the mechanism of Rh-catalyzed asymmetric
hydrogenation of various substrates with either di-8 or
monophosphine9 Rh complexes provided sufficient evidence
to believe that the stereoselection takes place in octahedral
Rh(III) complexes rather than in square planar Rh(I)
complexes. Thus, the enantioselection-determining step is
most probably the coordination of the prochiral C−C double
bond to the nonchelating Rh(III) dihydride−catalyst−substrate
complex. This process must involve the displacement of the
coordinated solvent molecule from the coordination sphere of a
metal that is not easy to account for computationally.
In this work, we report a large-scale experimental and

computational study of the asymmetric hydrogenation of β-
dehydroamino acids catalyzed by Rh complexes of (R)-
trichickenfootphos and (R,R)-BenzP*. A comparative study of
a wide range of high-performing reactions is beneficial for the
reliable mechanistic conclusions.

■ RESULTS AND DISCUSSION
Outline of the Results and Discussion. A large amount

of experimental and computational data summarized in this
paper makes expedient preceding explanation of the logic of
our research and the following presentation and discussion.
Experimentally, we have studied the formation of catalyst−

substrate complexes between two catalysts, 3 and 5, and five
substrates, 2a, 2b, 21, 22, and 23.

The catalysts were chosen on the basis of their extremely
high activities and enantioselectivities known for the asym-
metric hydrogenation of esters of β-dehydroamino acids. On
the other hand, it was interesting to check how the difference in

their structure affects their binding abilities and stability of
various intermediates of the catalytic cycle.

Figure 1. 31P NMR spectra (162 MHz, CD3OD): (a) Of the solvate
complex 3, −100 °C; (b) after addition of 1.5 equiv of 2a, −100 °C;
(c) after raising the temperature to −70 °C; (d) after raising the
temperature to −30 °C; (e) after raising the temperature to 0 °C; (f)
after raising the temperature to 25 °C; (g) after recooling to −30 °C;
(h) after recooling to −100 °C.

Scheme 1. Formation of the Catalyst−Substrate Complex 4a

Scheme 2. Lack of Binding between the Catalyst 5 and the
Substrate 2a
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The most commonly used methyl-substituted β-dehydroa-
mino acid esters 2a and 2b were complemented with three aryl-
substituted β-dehydroamino acid esters 21−23 with different
electronic properties. In particular, the substrate 23 was

interesting, because it is known to give notably lower optical

yields in asymmetric hydrogenations with Rh diphosphine

catalysts.

Figure 2. 2D 1H−31P HMBC spectrum (600 MHz, CD3OD, 178 K) of the catalyst−substrate complex 4a in equilibrium with 3 and 2a (signals of 3,
2a, and deuteriomethanol are marked with an asterisk).

Figure 3. Phase-sensitive 2D 1H−1H ROESY spectrum (600 MHz, CD3OD, 178 K) of the catalyst−substrate complex 4a in equilibrium with 3 and
2a (signals of 3, 2a, and deuteriomethanol are marked with an asterisk). The most characteristic are ROEs of the high-field But group with CH and
CH3O groups, which are impossible in the structure 4b. Optimized structures of 4a and 4b are shown for reference.
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It turned out that only 3 exhibited weak chelate binding with

2a at decreased temperatures, whereas no binding of 5 with 2a

was detected. At ambient temperature, 3 catalyzed the

isomerization of 2a to 2b with the formation of the

corresponding chelate complexes 6a,b. This isomerization was

studied experimentally and computationally.

Since 2b exhibited stronger binding with 3, we hoped to
detect some binding with this substrate and 5. Indeed, the
chelate complex 9 was characterized at decreased temperatures.
The combination of the catalyst 3 and substrate 2a was found

to give quantitatively upon low-temperature hydrogenation a
monohydride intermediate 10 which was stable enough to be
explicitly characterized at decreased temperatures. This was not

Scheme 3. Equilibria of the Square Planar Rh(I) Complexes and Computed Relative Energies of Various Speciesa

aThe numbers are relative Gibbs free energies at 298 K of intermediates (red) and transition states (blue) in kcal mol−1 and relative entalpies
(green) computed at the B3LYP/SDD(Rh)/6-31G**(C, H, N, O, P)/CPCM(MeOH) level of theory.
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the case for any other combination catalyst−substrate; hence
we used the combination 3−2a for a computational study of
the possible reaction pathways leading to the experimentally
observed enantiomer of the product.
These results opened the door for the computational study

of the sense and order of enantioselection. However, it was
more convenient to use the catalyst 5 in these computations,
because unlike 3 it has C2 symmetry that halves the number of
possible isomers for any intermediate or transition state. Hence,
we computed four possible pathways for each combination of 5
with five substrates and used these data for the discussion of the
mechanism of enantioselection. Simultaneously, the data on the
binding, catalytic hydrogenation, and low-temperature stoichio-
metric hydrogenation experiments were collected and sum-
marized in Table 1.
Reaction of the Rh-Catalyst with (E)-3-Acetylamino-2-

butenoate. Solvate complex 3 was generated by the
hydrogenation of the catalyst precursor [Rh((R)-TCFP)-
(cod)]+ BF4

− (1) in deuteriomethanol. The addition of 1.5
equiv of (E)-3-acetylamino-2-butenoate (2a) to a precooled
solution of the solvate complex 3 in deuteriomethanol resulted
in a reversible formation of the catalyst−substrate complex 4a
(Figure 1, Scheme 1). At 173 K, the concentrations of 3 and 4a
were approximately equal (Figure 1b). Raising the temperature
to 203 K dramatically decreased the equilibrium concentration
of 4a (Figure 1c), and at ambient temperature 4a was not
detected in the 1H or 31P NMR spectra (e.g., Figure 1f). These
spectral changes were reversible: recooling of the sample
brought back the spectrum shown in Figure 1a (Figure 1g,h).
The structure of the catalyst−substrate complex 4a was

elucidated from the 2D correlation experiments carried out at
193 K to compromise between the concentration and
adjustable resolution (Figures 2 and 3). The chemical shift of

the olefinic proton in the coordinated substrate resonated at δ
3.30 that attested to the coordinated double bond. It correlated
via trans-3JHP with the phosphorus atom having two But groups,
and hence the double bond in 4a is coordinated near the
stereogenic phosphorus atom. The positions of the three
nonequivalent But groups in the 1H NMR spectrum of 4a were
also found from the 1H−31P HMBC spectrum (Figure 2). The
carbon atoms of the coordinated double bond resonated at δ
83.1 (quartenary) and 47.5 (CH, overlapped with the signal
of deuteriomethanol, located by the HMQC cross-peak). The
mode of the coordination of the double bond was established
from the ROESY data (Figure 3).
Thermodynamics of the binding of 2a with 3 is well

reproduced by the computation data (Scheme 3). Formation of
complexes 4a,b is mildly endothermic. The complex 4a is 0.5
kcal mol−1 more stable on the enthalpy scale, which is in accord
with its selective formation at 173 K; at ambient temperature,
4b becomes slightly more stable (Scheme 3). The complexes
4c,d (with the double bond coordinated nearby the non-
stereogenic phosphorus atom) are significantly less stable,
similarly to the case of α-dehydroamino acids.7l These
complexes were not further considered as important
intermediates.

Scheme 4. Catalytic Isomerization of 2a and 2b

Figure 4. Kinetic curves illustrating two experiments on the catalytic
isomerization starting from 2a (squares) and from 2b (dots) at 338 K
(methanol-d4, 3 mol % of 3).

Figure 5. Optimized structures of the rate-limiting TS2 for the
isomerization of 4a to 6a and of the intermediate 8. In 8, the double
bond is only slightly distorted from planarity, but the mode of
coordination is changed via the rotation around the MeC−NH bond.
In TS2, the CH carbon atom approaches tetrahedral configuration.
The chelate binding is conserved through the reaction.
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It is important to note that under the normal catalytic
conditions no binding of the substrate is observed in the NMR
experiments. Accordingly, the resting state of the catalytic cycle
is a mixture of solvate 3 and substrate 2a.
The same is valid for the catalytic system BenzP*−Rh−2a.

We have found that the addition of a 2-fold or 5-fold excess of
2a to a deuteriomethanol solution of [Rh(BenzP*)S2]

+ (5) did
not lead to the formation of any detectable complex in the
temperature interval from 173 to 303 K (Scheme 2). At 173 K,
the adducts were additionally sought by prolonged acquisition
of a 1H−31P HMBC spectrum, which is extremely sensitive for
low concentrated species. However, no signals attributable to
any analogue of 4a were detected.
Isomerization of (E)- and (Z)-3-Acetylamino-2-bute-

noates. Storage of the sample containing 3 and 2a in a 1:1.5
ratio in deuteriomethanol overnight at ambient temperature
resulted in the formation of two new catalyst−substrate
complexes 6a,b (Scheme 3). Besides, the signals of the (Z)-
3-acetylamino-2-butenoate (2b) were found in the 1H and 13C
NMR spectra together with the signals of 2a. (E)-3-
Acetylamino-2-butenoate 2a does not bind with 3 at ambient
temperature (see Figure 1 and the discussion above), hence no
signals of 4a were detected at 298 K. If the temperature of the
sample was decreased to 173 K, the signals of 4a were seen in a
concentration depending on the remaining amount of 2a.
Because of the stronger binding of 2b to 3 compared to the
binding of 2a to 3, a sample containing only 2b, 6a, and 6b
could be obtained through 2 h of heating at 308 K. The

isomerization could be avoided for several days if a sample
containing 3 and 2a was kept in a freezer at 255 K.
The addition of 2b to the solution of 3 in deuteriomethanol

produced the identical complexes 6a,b. Hence, we concluded

that the isomerization of 2a to 2b took place, presumably
catalyzed by 3. Indeed, we have found that an equilibrium
mixture of 2a and 2b is produced upon heating of either 2a or
2b in the presence of the catalytic amounts of 3 (Scheme 4,
Figure 4).
The equilibrium ratio 2a/2b is approximately 1:6, but the

catalyst−substrate complexes 6a,b are notably more stable than
4a,b. No traces of 2b were detected after 40 h of heating of a
deuteriomethanol solution of 2a at the same temperature in a
blank experiment without the catalyst.
The isomerization of 2a to 2b did not take place when 2

equiv of 2a was added to the solvate complex 5 and stored for 2
days at ambient temperature. However, prolonged heating at
328 K yielded the equilibrium mixture of 2a and 2b. Less facile

Figure 6. Section plots of phase-sensitive 2D 1H−1H ROESY spectrum (600 MHz, CD3OD, −20 °C, τm 0.5 s) of equilibrium mixture of 3, 2b, 6a,
and 6b: left, exchange cross-peaks of the CH protons; right, ROE cross-peaks of CH protons with the alkyl groups. Below: optimized structures
of 6a and 6b (B3LYP/SDD(Rh)/6-31G(d,p)/CPCM(methanol)) and interatomic distances important for the structural assignment.

Scheme 5. Formation of the Catalyst−Substrate Complex 9
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isomerization in that case is in line with the importance of the
substrate binding for this isomerization that is weaker in the
case of 2a and 5.
Computational analysis of the isomerization pathway

afforded the transition state (Figure 5). The Intrinsic Reaction
Coordinate (IRC) analysis showed that 6a is directly connected
to the rate-limiting TS2, however the intermediate 8 was found
between TS2 and 4a (Scheme 3). The high activation barrier of
the isomerization attests for its irrelevance to the catalytic
asymmetric hydrogenation that is very fast at ambient
temperature.
Structure and Interconversion of the Catalyst−

Substrate Complexes 6a,b. The catalyst−substrate com-
plexes 6a,b exist in a solution of deuteriomethanol in a fast

equilibrium with the mixture of 3 and 2b (Scheme 3, Figure 6).
Intramolecular exchange of 6a and 6b does not occur, since
only the exchange cross-peaks of their signals with those of 2b
in the EXSY spectrum (Figure 6) were observed at decreased
temperatures. It is noteworthy that in the case of α-
dehydroamino acids the intramolecular exchange of the
diastereomeric catalyst−substrate complexes is usually faster
than the intermolecular exchange due to the stability of the
corresponding nonchelating catalyst−substrate complexes.7a,l

Our computations show that the corresponding nonchelate
complexes 7c,d are strongly destabilized; the same is valid for
the nonchelating complexes 7a,b in the case of the (E)-
substrate 2a (Scheme 3). Thus, we concluded that unlike the
relatively stable nonchelating complexes in the case of α-

Figure 7. Section plot of 2D 1H−13C HMQC spectrum (600 MHz, CD3OD, 203 K) of monohydride complex 10a. Spectrum shows cross-peaks of
CHN and CH(CO2Me) carbons.

Figure 8. Section plots of phase sensitive 2D 1H−1H ROESY spectrum (600 MHz, CD3OD, 203 K) of monohydride complexes 10a,b. The
nonevident NOEs defining the structure are shown with arches. Chemical exchange between 10a and 10b manifests itself through green colored
negative cross-peaks.
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dehydroamino acids, nonchelating square planar catalyst−
substrate complexes are not important intermediates in the
asymmetric hydrogenation of either (E)- or (Z)-β-dehydroa-
mino acids.
The equilibrium ratio 6a/6b changes from 1.5:1 at 298 K to

2.4:1 at 173 K. The double bond in the catalyst−substrate
complexes 6a and 6b uses opposite prochiral planes for the
coordination with Rh as follows from the NOE data (Figure 6).
Interaction of the Solvate Complex 5 with (Z)-3-

Acetylamino-2-butenoate (2b). The addition of a 2-fold
excess of (Z)-3-acetylamino-2-butenoate (2b) to a solution of
[Rh(BenzP*)S2]

+ SbF6
− (5) in deuteriomethanol at −100 °C

resulted in the reversible formation of a single isomer of the
catalyst−substrate complex 9 (Scheme 5) that could be

observed only at decreased temperatures, whereas at the
temperatures above −30 °C the equilibrium was completely
shifted to the 2b + 5 and no traces of the substrate binding
could be found in the NMR spectra.
The structure of the catalyst−substrate complex 9 was

elucidated from the phase-sensitive 2D 1H−1H ROESY
experiment that attested for comparable ROE’s of the CH
proton with the Me and But groups attached to the same
phosphorus atom that is characteristic for the mode of
coordination of the double bond similar to 2b (see the SI for
details of the ROESY experiment for 9).

Low-Temperature Hydrogenation of the Catalyst−
Substrate Complex 4a. Elucidation of the Catalytic
Pathway. Hydrogenation of the equilibrium mixture of 2a, 3,

Scheme 6. Dihydride Reaction Pathway for the Formation of Monohydride Intermediate 10 and the Reaction Product 16(R)a

aThe numbers are relative free energies at 298 K of intermediates (red) and transition states (blue) in kcal mol−1 computed at the B3LYP/
SDD(Rh)/6-31G**(C, H, N, O, P)/CPCM(MeOH) level of theory.

Scheme 7. Unsaturated Pathway for the Formation of the Product 16(R)a

aThe numbers are relative free energies at 298 K of intermediates (red) and transition states (blue) in kcal mol−1 computed at the B3LYP/
SDD(Rh)/6-31G**(C, H, N, O, P)/CPCM(MeOH) level of theory.
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and 4a smoothly occurred at 173 K yielding quantitatively two
monohydride intermediates 10a,b in a ratio of 18:1. After a
work-up of the sample, the hydrogenation product was of
99.2% ee (R).
The chemical shift of the hydride signal of 10a (δ = −18.59)

and its couplings with Rh and phosphorus (14, 22, and 30 Hz)
attested for the axially oriented hydride in the trans position to
the electronegative substituent. The coupling sequence
(MeO2C)CH−CH(CH3)−NH observed in the COSY spec-
trum confirmed the assignment of 10a as β-monohydride with
the Rh atom connected to the CH(CO2Me) carbon atom.
Assignment of the separate resonances for three different t-Bu
groups in the 1H NMR spectrum was possible from the 1H−13P
HMBC spectrum, and it became clear from this spectrum that
the CH group bound to Rh is located trans to the phosphorus
atom with two But substituents, since the coupling constant of
this CH proton is much larger with this phosphorus atom. The
carbon atom bound to Rh resonated at δ = 33.56 with
characteristic couplings 2JC−P = 68 Hz and 1JC−Rh = 18 Hz
(Figure 7). The remaining stereochemical issues were resolved
by the ROEs observed in the phase sensitive 2D 1H−1H
ROESY spectrum (Figure 8). From the section plots shown in
Figure 8, it is also clear that 10b has a structure very similar to
that of 10a and is in a rapid chemical exchange with the latter.
Moreover, 10b cannot have opposite configuration of the
MeCHNH carbon atom compared to that of 10a, since in that
case the ee of the product recovered from that sample should
be lower. Hence, most probably 10b is a rotamer of 10a with a
different conformation of the carboxymethyl group in which
rotation is hindered at decreased temperatures.
Quantitative formation of 10 and elucidation of its structure

allowed us to follow confidently the pathway of its formation
(Scheme 6). Evidently, 10 appeared after very facile (computed

ΔG298
‡ 3.0 kcal mol−1) migratory insertion in the dihydride

intermediate 15. The latter cannot form by a direct oxidative
addition of hydrogen to a chelating catalyst−substrate complex
4b, because the previous studies have shown that the addition
of molecular hydrogen yielding a μ-H2 complex with the
appropriate configuration is precluded by high activation
barriers.10 Also in our hands the only detectable pathways for
oxidative addition to either 4a or 4b led only to the dihydride
intermediates with the double bond below the chelate plane
(e.g., 19, Scheme 7). The transition state for the oxidative
addition in 18 (TS9) is 5.5 kcal mol−1 higher in energy than the
transition state for the coordination of the double bond in 14
(TS5). Besides, when comparing the relative energies for
molecular hydrides 12 and 18, one can conclude that the
concentration of the chelate species containing hydrogen in the
pre-equilibrium would be negligible. In other words, in the
presence of hydrogen, the equilibrium concentration of the
complexes containing bound substrate decreases.
Thus, the combination of experimental and computational

data allowed us to conclude reliably that the stereoselective
formation of 16(R) occurs via the dihydride pathway outlined
in Scheme 6. The reaction step that determines the
stereoselectivity is evidently the coordination of the double
bond in 14 leading to 15.
Although we were unable to detect any monohydride

intermediate in the low-temperature NMR experiments
involving hydrogenation of a 2:1 mixture of the BenzP*
catalyst 5 and 2a in deuteriomethanol at 173 K, the
hydrogenation was complete within 10−15 min, and the
product recovered from the sample was of 94.7% ee (R).
Reaction pathways with relative free energies very similar to
those shown in the Schemes 6 and 7 were computed for the
hydrogenation of 2a with 5 (Figure 9). On the basis of these

Table 1. Positions of Equlibria in the Samples Prepared by the Addition of 2 Equivalents of 2a and (Z)-β-Dehydroamino Acids
2b, 21−23 to Deuteriomethanol Solutions of Solvate Complexes 3 and 5

aIn all cases, the mode of the coordination of the double bond for the isomers “a” and “b” was the same as in 6a and 6b, respectively. bThe isomer
25b formed as a kinetic product when 21 was added to 5 at −100 °C; the equilibrium mixture of 25a and 25b formed upon raising the temperature
to −30 °C. cBoth isomers exhibit hindered rotation of the 3,4-dimethoxyphenyl substituent at decreased temperatures.
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results, we have performed most of the further computations
for the asymmetric hydrogenations catalyzed by 5, since the C1
symmetry of 3 doubles the number of conceivable
intermediates that unreasonably increases the necessary
computational efforts.
Low-Temperature Hydrogenation of the Catalyst−

Substrate Complexes 6a,b and 9. The equilibrium mixture
of 3, 2b, 6a, and 6b was hydrogenated at 173 K with
monitoring by 1H and 31P NMR. It took 18 min to hydrogenate
completely 0.1 mmol of 2b. The ee of the product recovered
from this sample was 79.1% (R); i.e., unlike the (E)-substrate
2a, the low-temperature hydrogenation of the (Z)-substrate 2b
was significantly less selective than its catalytic hydrogenation.
Formation of extremely unstable monohydride intermediate
was detected, however it was decomposing rapidly and no
concentration high enough for its characterization could be
acquired. The exchange between 6a and 6b is slow at 173 K.
Hence, the observed relative consumption rates for 6a and 6b
do not directly correspond to the irreversible stereoselective
oxidative addition, because in that case the 5-fold difference in
the hydrogenation rate would result in an ee of the product of

about 60%. Rather, the different rates of the consumption of 6a
and 6b in the low-temperature hydrogenation experiment may
be explained via their different rates of dissociation to 3, which
is further hydrogenated to dihydride 13, which in turn is rapidly
consumed in the reaction with 2b (Schemes 6 and 8); both
possibilities may also interfere (vide infra).
The equilibrium mixture of 5, 2b, and 9 was also rapidly

hydrogenated at 173 K. Only very unstable monohydride has
been noticed at the early stage of hydrogenation. The ee of the
hydrogenation product 16 recovered from this sample was
71.5% ee (R). Since direct hydrogenation of 9 would provide
perfect enantioselection, the significant decrease of the optical
yield at 173 K attests to the indirect hydrogenation via solvate
dihydride.

Interaction of the Solvate Complexes 3 and 5 with
(Z)-β-Dehydroamino Acids 21−23 and Low-Temper-
ature Hydrogenation Experiments. The results of similar
experiments as described in the previous section carried out for
the solvate complexes 3 and 5 and esters of (Z)-β-
dehydroamino acids 21−23 are summarized in Table 1.

Figure 9. Potential free energy profile for two catalytic pathways leading to 16(R) in the asymmetric hydrogenation of 2a catalyzed with BenzP*-Rh
catalyst 5 computed at the B3LYP/SDD(Rh)/6-31G**(C, H, N, O, P)/CPCM(MeOH) level of theory. The numbers of compounds and transition
states correspond to those in the Schemes 6 and 7, while α denotes the system 2a−5.

Scheme 8. Processes Taking Place in the Low-Temperature Hydrogenation of the Catalyst-Substarte Complexes 6a and 6b
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The structures of all observable catalyst−substrate complexes
were established via similar NMR experiments as it was

described above for 4a, 6a,b, and 9. In the case when the aryl-
substituted β-dehydroamino acids were the substrates, the

Scheme 9. Four Pathways for the Formation of the Products 16(R) and 16(S) in Hydrogenation of 2a Catalyzed by 5a

aThe numbers are relative free energies at 298 K of intermediates (red) and transition states (blue) in kcal mol−1 computed at the B3LYP/
SDD(Rh)/6-31G**(C, H, N, O, P)/CPCM(MeOH) level of theory.
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mode of coordination in a catalyst−substrate complex could be
easily deduced from the significant high-field shift of the
corresponding alkyl group shielded by the adjacent arene.
Nevertheless, all assignments were also verified by NOESY or
ROESY experiments.
From the data collected in Table 1, one can conclude that 3

exhibits stronger binding with all studied substrates than does
5. This effect can be attributed to the fact that in the five-
membered chelate cycle of 5 the bulky substituents on the
phosphorus atoms hinder the space in front of the rhodium
atom stronger than the same substituents of the four-
membered chelate ring in 3. The same hindrance probably
retards the rotation of the 3,4-dimethoxyphenyl substituent in
27a,b, whereas it is absent in 26a,b.
Low-temperature hydrogenation experiments were carried

out for all other combinations catalyst-substrate studied in this
work. Unstable monohydride intermediates were observed in
some cases, but unfortunately no quantitative formation like in
the case of 10 could be confirmed in other cases. The optical
yields of the reaction products obtained in these experiments
compared to the ee’s of the corresponding catalytic reactions
are shown in Table 1. Interestingly, the significant decrease of
the optical yield in the low-temperature hydrogenation
experiments was observed in the case of 2b with both catalysts,
whereas for the hydrogenation of 23 catalyzed by 5 a notable
increase of the optical yield was observed in the low-
temperature hydrogenation. For all other substrate−catalyst
combinations, very similar ee’s were obtained in catalytic
hydrogenations and at decreased temperatures (Table 1).
Computations of the Enantioselective Stage for

Different Catalyst−Substrate Combinations. We have
computed four competing pathways for each combination of
the catalyst 5 with the substrates 2a, 2b, and 21−23. Two of
them correspond to the dihydride and unsaturated pathways
described above in Schemes 6 and 7 and Figure 9. The other
two pathways provide the opposite (S)-enantiomers via the
same mechanisms (e.g., Scheme 9, Figure 10). From Figure 10,
one can see that there are three characteristic values that

determine the enantioselectivity of the catalytic reaction: ΔG1,
the difference in the stabilities of the transition states for the
double bond recoordination (TS5α and TS12α in the case of
the hydrogenation of 2a catalyzed by 5); ΔG2, the difference in
the stabilities of the transition states for the oxidative addition
of H2 to the catalyst−substrate complexes 4a and 4b or 6a and
6b; and ΔG3, the difference in the stabilities of the
stereodetermining transition states for dihydride and unsatu-
rated mechanisms.
The computed values of ΔG1, ΔG2, and ΔG3 for the

hydrogenation of five different substrates catalyzed by 5 are
collected in Table 2 together with expected values ΔGexp

derived from the optical yields obtained experimentally in
catalytic hydrogenation at ambient temperature and in low-
temperature hydrogenations (Table 2). Thus, in the case of the
hydrogenation of 2a, the transition state for the oxidative
addition of H2 in the unsaturated pathway was computed to be
7.2 kcal mol−1 less stable than the transition state of the double
bond recoordination. This value only slightly decreases at 173
K, hence the unsaturated pathway is not interfering with the
dihydride route in this case at any temperature. Hence, the
optical yield of the catalytic hydrogenation of 2a catalyzed by 5
is determined solely by the value of ΔG1, which was computed
to be virtually the same at 298 K and at 173 K. Although the
ΔGexp in this case is notably higher than the computed ΔG1,
the computations reliably reproduce the R-enantioselective
reaction with an optical yield of about 96% ee, which is not
affected by the temperature changes.
On the other hand, the computed ΔG3, free energy gap

between dihydride and unsaturated mechanisms, is notably
smaller for the hydrogenation of 2b (Table 2). At 173 K, it is
less than 3 kcal mol−1, and the interference of the non-
stereoselective unsaturated pathway cannot be neglected. Since,
the unsaturated pathway is slightly S-stereoselective in this case,
these computational results may explain the dramatic decrease
of the ee observed in the low-temperature hydrogenation of 2b
compared to the catalytic reaction at ambient temperature.
Furthermore, these results can also explain the uniformly

lower optical yields and S/C ratios obtained for the
hydrogenation of 2b with various catalysts when compared
with the results of hydrogenation of 2a with the same catalysts.
At ambient temperature, 2b exhibits a strong chelate binding
with 3 yielding the catalyst−substrate complexes 6a,b.
Nevertheless, the free catalyst 3 is kinetically available via
direct dissociation of 6a,b, and the dihydride mechanism
persists as the main catalytic pathway because the transition
state for the double bond coordination within this mechanism
is more stable than the transition state for the oxidative addition
within unsaturated mechanism. However, the concentration of
3 can be dramatically reduced by shifting the equilibrium
toward 6a,b either by decreasing the temperature or by
increasing the concentration of 2b. In the former case, the
effect of the temperature on the equilibrium is enhanced by the
smaller free energy gap ΔG3, and the significant decrease of the
optical yield is observed in the low-temperature hydro-
genations. On the other hand, under the catalytic conditions
the substrate 2b is at least 100 times more concentrated than
catalyst 3, which can significantly affect the equilibrium and the
order of selectivity.11 A further increase of the S/C ratio
promotes the relative importance of the S-stereoselective
unsaturated pathway. Moreover, the rate of the reaction
decreases since the more facile dihydride pathway cannot
operate effectively due to the low concentration of the free

Figure 10. Sections of profiles of free energy for the enantioselective
stages of the four different catalytic pathways in hydrogenation of 2a
catalyzed by 5.
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catalyst. In the case of the (E)-substrate 2a, the binding of the
catalyst is negligible at ambient temperature, which makes it
possible to increase the S/C ratio almost indefinitely without a
decrease of the optical yield.
It is also worth mentioning that, evidently enough, the

relative concentration of the complexes with opposite mode of
the coordination of the double bond does not play any
significant role in these effects. Thus, in the case of catalyst 3,
both catalyst−substrate complexes with 2b are present in
comparable concentrations, whereas only complex 9 which
would provide the R-enantiomer upon direct oxidative addition
was detected in equilibrium with 2b and 5 at decreased
temperatures. Nevertheless, both catalytic systems exhibit a
very similar drop of ee in the low-temperature hydrogenation,
which is even more pronounced in the latter case (Table 2).
Similar analysis of the other data collected in Table 2 shows

that the experimental data are nicely reproduced computation-
ally for the substrate 21. Although the unsaturated mechanism
in this case is just moderately R-stereoselective, it probably only
marginally interferes with the dihydride mechanism either at
298 or 173 K and the order of enantioselection is mostly
determined by the ΔG1 values, which are quite close to the
corresponding ΔGexp.
The structures of the rate- and stereodetermining transition

states TS5γ and TS12γ are compared in Figure 11 (γ denotes
the system 21−5). Both transition states are characterized by
relatively low absolute values of the imaginary frequencies
normal for the intramolecular movement. In both cases, the
largest displacement vectors correspond to the approach of the
CHC unit to the H−Rh−H plane. In the case of TS5γ, the
formation of the chelate cycle occurs in the nonhindered
quadrant. In the case of TS12γ the But substituent hinders the
formation of the chelate cycle that results in a transition state
destabilized for 2.8 kcal mol−1.
The computed values of ΔG1 for the hydrogenation of 22

(1.5 and 1.8 kcal mol−1 at 298 and 173 K, respectively) are
somewhat lower than the corresponding ΔGexp, which are 2.3
and 2,5 kcal mol−1. Nevertheless, the enantioselectivity is
correctly predicted. The unsaturated pathway is notably S-
stereoselective in this case but is not competing with the
dihydride pathway, since ΔG3 values are quite high (6.5 kcal
mol−1 at 298 K and 5.4 kcal mol−1 at 173 K).
A notably lower optical yield was observed in the catalytic

hydrogenation of 23 with BenzP*-Rh catalyst 5 compared to
other substrates.7n The ΔGexp at 298 K is only 1.1 kcal mol−1 in
reasonable agreement with the computed value of ΔG1, 1.5 kcal
mol−1. The unsaturated pathway was computed to be still less

enantioselective (ΔG2, 0.7 kcal mol−1), but it is unlikely to
interfere in view of the reasonably high value of ΔG3 (4.0 kcal
mol−1 at 298 K). Moreover, the experimentally observed
increase of the ee in the low temperature hydrogenation is in
agreement with the computed values of ΔG1 at two different
temperatures (Table 2).
In total, we can conclude that the delicate process of

enantioselection in the asymmetric hydrogenation of β-
dehydroamino acids can be roughly described as being
determined by the mode of coordination of the double bond
of the substrate in octahedral Rh(III) intermediates. The
enantioselectivity could be correctly predicted for all studied
cases if only the dihyride pathway is considered. The order of

Table 2. Computed Values of the Free Energy Differences between Corresponding Transition States in the Catalytic Pathways
of Hydrogenation of Various Substrates Catalyzed by BenzP*-Rh Complex 5 and Expected Values Derived from the
Experimental ee Values (See Text for Details)

substrate temperature, K ΔG1, kcal mol−1 ΔG2, kcal mol−1 ΔG3, kcal mol−1 ΔGexp, kcal mol−1

2a 298.15 2.7 5.0 7.2 3.8
173.15 2.6 4.8 5.6 3.8

2b 298.15 1.9 −0.6 3.7 2.6
173.15 2.2 −0.6 2.9 1.1

21 298.15 2.8 0.9 4.9 2.5
173.15 2.5 0.8 3.9 2.3

22 298.15 1.5 −1.6 6.5 2.3
173.15 1.8 −1.6 5.4 2.5

23 298.15 1.5 0.7 4.0 1.1
173.15 1.9 0.3 3.1 1.7

Figure 11. Optimized structures of TS5γ (top) and TS12γ (bottom).
The larger dihedral angle is observed in TS12γ, because the forming
chelating cycle avoids close approach to the But group.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs400767e | ACS Catal. 2014, 4, 203−219215



enantioselection in each particular case can be affected either by
the entropic effect on the activation barrier for the double bond
recoordination specific for each substrate or by the interference
of other catalytic pathways, e.g., the unsaturated route, which
has been computed to be more energetically demanding and
significantly less stereoselective in the case of (Z)-β-
dehydroamino acids. Evidently, the interplay of different
pathways must be taken into account also when rationalizing
the pressure effects on the ee.12

Role of the Solvent in the Mechanism of Stereo-
selection. In the computations summarized in the previous
section, the role of solvent was accounted for by carrying out
optimizations by placing the solute in a cavity within the
solvent reaction field as it is implied in the CPCM model.
However, it is evident that the solvent must play a more
important role in the stereodetermining step, since the
recoordination of the double bond implies the replacement of
the solvent molecule(s) coordinated at the vacant sites of
rhodium.
Recently, we have shown that introducing a molecule of

methanol into the molecule of a nonchelating Rh diphosphine
complex of an α-dehydroamino acid leads to very clear
discrimination between R- and S-enantioselective pathways

during double bond coordination.7o Initially, the methanol
molecule was considered to occupy the vacant coordination site
on the Rh atom and to be hydrogen bonded to the
methoxycarbonyl group of the substrate.7o In the case of β-
dehydroamino acids, the position of the methoxycarbonyl
group of the substrate is substantially different, and one
methanol molecule is not enough to link it with the Rh. Hence,
we have attempted to model this process by including methanol
clusters in the computations (Scheme 10, Figure 11). The
linear cluster containing three methanol molecules linked the
methoxycarbonyl group and Rh atom. An additional methanol
molecule was connected by a hydrogen bond to the NH group
to prevent its eventual binding of a methanol molecule from the
cluster (Scheme 10).
By scanning the relative energies on the pathways

approaching the double bond to the Rh atom we have
discovered that the movement of the methanol cluster occurs
from the lower left nonhindered quadrant to the upper right
nonhindered quadrant in the transformation of 13α·4MeOH to
14α·4MeOH. On the contrary, the conversion of 30α·4MeOH
to 31α·4MeOH requires continuous movement of the
methanol cluster within the hindered quadrants. Accordingly,
the energy scans look out quite differently (Figure 12). The

Scheme 10. Modeling the Re-Coordination of the Double Bond with Four Methanol Molecules
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scan of the former conversion can be roughly described as a
potential energy profile of a single elementary step, whereas in
the latter case the energy rises sharply when the C−Rh distance
reaches about 5 Å and remains constantly high until 3 Å.
As a result, taking into account that all previous steps are

reversible, most of the molecules with the CH atom being
4.5 Å far away from Rh or closer will have conformation
ultimately leading to 14α·4MeOH. More precisely, the relative
concentrations of such molecules preceding 14α·4MeOH and
preceding 31α·4MeOH will be determined by Boltzmann
distribution for the energy difference of approximately 5 kcal
mol−1 (Figure 11). And this value will specify the predicted
order of enantioselectivity for the dihydride pathway, rather
than ∼2 kcal mol−1, which would be derived by optimizing the
transition states from the highest points of the corresponding
scans.
Unfortunately, such an approach can be hardly expected to

be accurately quantified, but it demonstrates the effectiveness of
this mechanism of stereoselection. In other words, the
extremely high ee’s that can be achieved in the hydrogenation
of 2a are not the result of a “fair competition” between the rates
of similar elementary stages but the result of the effectively
blocked approach to this elementary stage leading to one of the
enantiomers. Remarkably, the effectiveness of this approach is
not expected to depend significantly on the temperature.
Hence, the uniformly high ee’s in catalytic hydrogenations and
low temperature experiments (as in the case of 2a hydro-
genated with 3 or 5) can be considered as evidence of a purely
dihydride mechanism. Significant changes of the optical yields
with the temperature (in any direction) are explained by the
admixture of competing mechanisms through natural temper-

ature variation of the rate constants in R- and S-enantioselective
pathways.

■ CONCLUSIONS
The combined experimental and computational study of the
Rh-catalyzed asymmetric hydrogenation of a representative
series of (E)- and (Z)-β-dehydroamino acids revealed the
sophisticated mechanism of enantioselection in this industrially
important catalytic reaction. In the case of the (E)-β-
dehydroamino acid 2a, the single catalytic pathway is viable
in the wide temperature range. This pathway does not involve
the chelate substrate binding until the very late irreversible
migratory insertion step that fixes the results of the
enantioselective double bond coordination in the octahedral
Rh(III) dihydride. Accordingly, the strong substrate binding to
the catalyst is unnecessary, moreover, it can spoil the
enantioselectivity by interference of another mechanism and
reduce the rate of the reaction by decreasing the concentration
of the free catalyst.
In the case of (Z)-β-dehydroamino acids, the free energy gap

between two computed pathways becomes smaller, which
makes possible the interference of the unsaturated mechanism,
especially with increasing of the S/C ratio. Since the
unsaturated mechanism was computed to be much less
stereoselective, this explains the uniformly lower ee’s obtained
for these substrates and the difficulties in achieving their
enantioselective hydrogenations with high S/C ratios.

■ EXPERIMENTAL SECTION
General Procedures. All reactions and manipulations were

performed under a dry argon atmosphere using standard
Schlenk-type techniques. NMR experiments were carried out
on JEOL ESX 400, Bruker Avance 500, Jeol ESX 600, and
Bruker Avance 700 spectrometers. Methanol-d4 of the grade
“100%” (99.6% D) packed in sealed ampules was purchased
from Cambridge Isotope Laboratories, Inc. Hydrogen of
99.9999% (Tanuma Sanso) was used for the mechanistic
studies.

Solvate Complex 3. A solution of catalytic precursor 1 (20−
40 mg) in 0.5 mL of CD3OD was prepared in a 5 mm NMR
tube under argon. Then, the sample was degassed by three
consequent cycles of freezing, pumping, and warming. The
sample was cooled to −20 °C, and 2 atm of H2 was admitted,
and the temperature was raised to ambient. The sample was
intensively shaken manually during the hydrogenation at
ambient temperature. The progress of hydrogenation was
monitored by 31P NMR; complete hydrogenation of the
coordinated COD required 60−90 min at room temperature.
After completion of the reaction, the excessive hydrogen was
removed by several consequent cycles of freezing, pumping,
and warming. The thus-prepared solution of solvate complex 3
in deuteriomethanol was stable at ambient temperature.

Figure 12. Scans of the relative energy changes during the approach of
the CH carbon atom to Rh. Red: from 13α·4MeOH to 14α·
4MeOH. Black: from 30α·4MeOH to 31α·4MeOH.

Table 3. Chemical Shifts (δ) and Coupling Constants (Hz) in the 31P NMR Spectra (243 MHz, CD3OD) of the Catalyst−
Substrate Complexes Made by the Catalyst 3 with Various Substrates

3 + 2bc 3 + 21 3 + 22 3 + 23

compounda 3 + 2ab re si re si re si re si

δP−1 (
1JRhP) −12.77(135) −14.64(140) −16.33(132) −14.90(141) −17.44(146) −14.61(142) −17.40(130) −16.34 (135) −17.70 (125)

δP−2 (
1JRhP) −2.57(138) −2.44(138) −2.51(141) −2.06(148) −1.09(147) −2.03(142) −1.09(140) −2.70 (138) −1.22 (135)

2JPP 81 75 90 76 89 75 86 85 85

aFor these complexes, re and si are indicated at the carbon atom attached to the acetylamino group. bAt 183 K. cAt 273 K.
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Catalyst−Substrate Complexes. Two equivalents of a
prochiral substrate were added to a sample containing a
solution of 3 or 5 in deuteriomethanol precooled to 173 K.
Then, the sample was transferred to the probe of a NMR
spectrometer precooled to 173 K. The 31P NMR spectra of the
catalyst−substrate complexes are listed in the Tables 3 and 4.
The listings of the 1H and 13C NMR spectra can be found in
the Supporting Information (Tables S1−S4).
Hydrogenation Experiments. The temperature of the

cooling bath was maintained at −100 °C (liquid nitrogen +
ether), the sample connected to the rubber balloon with
dihydrogen was manually kept inside the bath throughout the
whole hydrogenation process. To provide the necessary mass
transfer, the sample has been intensively shaken manually.
Monohydride Intermediate 10a. 1H NMR (600 MHz,

CD3OD, 203 K): δ −18.59 (ddd, 1H, Rh−H, 1JRhH, 2JPH = 11,
21, 31 Hz), 1.15 (d, 3H, CH3,

3JHH = 6 Hz), 1.21 (d, 9H,
C(CH3)3,

3JHP = 16 Hz), 1.34 (d, 9H, C(CH3)3,
3JHP = 14 Hz),

1.49 (d, 9H, C(CH3)3,
3JHP = 14 Hz), 1.56 (d, 3H, CH3,

2JHP =
8 Hz), 2.14 (s, 3H, CH3CONH), 2.54 (dd, 1H, CHRh,

2JRhH ≈
3JHH = 8 Hz), 2.85 (m, 1H of PCH2P), 3.34 (m, 1H, CHCH3),
3.38 (m, 1H of PCH2P), 3,54 (s, 3H, OCH3).

31P NMR (243
MHz, CD3OD, 203 K): δ 13.07 (dd, 1JPRh = 82 Hz, 2JPP = 46
Hz), 28.4 (dd, 1JPRh = 130 Hz, 2JPP = 46 Hz). 13C NMR (150
MHz, CD3OD, 203 K): δ 6.55 (d, CH3P,

1JCP = 22 Hz), 18.97
(d, CH3CH,

4JCP = 9 Hz), 21.16 (CH3CONH), 24.73
((CH3)3C), 28.71 ((CH3)3C), 28.93((CH3)3C), 29.19 (m,
CH2), 33.56 (dd, CRh, 2JCP = 68 Hz, 1JCRh = 18 Hz), 34.30 (d,
(CH3)3C,

1JCP = 34 Hz), 34.87 ((CH3)3C), 35.46 ((CH3)3C),
45.96 (CHNH), 50.07 (OCH3), 171.55 (NHCO), 181.73
(CH3OC).
Computational Details. All computations were carried out

using the hybrid Becke functional (B3)13 for electron exchange
and the correlation functional of Lee, Yang, and Parr (LYP),14

as implemented in the Gaussian 09 software package.15 For
rhodium, the SDD basis set with the associated effective core
potential was employed.16 All other atoms were modeled at the
6-31G(d,p) level of theory.17 The following additional diffuse
function was applied for the phosphorus atom:

P 0
D 1 1.0
0.55 0.100D+01

Geometry optimizations were performed with the account of
the solvent effects (CPCM, methanol) without applying any
geometry constraints (C1 symmetry).
Starting geometries for the transition state search were

located either by QST2 or by QST3 procedures, or by the
guess based on the structure of the previously found TS. The
transition states were subsequently fully optimized as saddle

points of first order, employing the Berny algorithm. Frequency
calculations were carried out to confirm the nature of the
stationary points, yielding zero imaginary frequencies for all Rh
complexes and one imaginary frequency for all transition states,
which represented the vector for the appropriate bond
formation.
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