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Transition States of Binap—Rhodium(I)-Catalyzed Asymmetric
Hydrogenation: Theoretical Studies on the Origin of the Enantioselectivity

Seiji Mori,**" Thom Vreven,™ ‘! and Keiji Morokuma*!"!

Abstract: By using the hybrid IMOMM(B3LYP:MM3) method, we examined the
binap-Rh'-catalyzed oxidative-addition and insertion steps of the asymmetric hy-

drogenation of the enamide 2-acetylamino-3-phenylacrylic acid. We report a path
that is energetically more favorable for the major enantiomer than for the minor
enantiomer. This path follows the “lock-and-key” motif and leads to the major en-
antiomeric product via an energetically favorable binap—-dihydride-Rh™—enamide
complex. Our theoretical results are consistent with the mechanism that takes
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place via Rh™ dihydride formation, that is, oxidative addition of H, followed by

enamide insertion.

Introduction

The catalytic asymmetric hydrogenation of alkenes is one of
the most successful methods in asymmetric synthesis; its dis-
coverers were awarded the 2001 Nobel prize in chemis-
try.'! The ligand-Rh'-catalyzed reactions of a-acetamido-
cinnamic acid and its derivatives are highly enantioselective,
as shown in Equation (1) for a number of chiral ligands.”’ In
particular, Noyori and co-workers reported excellent enan-
tioselectivity (>90% ee, S) with an (R)-binap ligand.”!
Despite numerous efforts to elucidate the high enantiose-
lectivity, the reaction mechanisms and the origin of the ste-
reoselectivity are still important subjects of research.’! Two
mechanisms have been proposed in the literature. First, the
unsaturated (Path A in Scheme 1) or Halpern-Landis—
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Ligand-Rh(I) (1 mol%)

R2 Hy (3-4 atm) R
— _ (1)
RS NHCOR' EtOH R®  NHCOR'
1 2

R' = Ph, R? = COOH, R® = Ph, Ligand = (R)-binap
R" = Ph, R? = COOH, R® = Ph, Ligand = (S)-binap
R' = Me, R? = COOH, R® = Ph, Ligand = (S)-binap

100% ee (S)
96% ee (R)
84% ee (R)

Brown mechanism involves an initial chelate formation be-
tween a chiral Rh catalyst and the enamide, followed by the
oxidative addition of H,.""'¥ Second, in the dihydride mech-
anism, a rhodium dihydride is formed, followed by coordina-
tion of the alkene in a bidentate phosphine molecule.!"

The unsaturated mechanism is strongly supported by X-
ray crystal structures,'*" CD analyses," and kinetic and
binding constants between the Rh catalyst and enamide
from NMR and UV/Vis spectroscopy.> ' The hydrogena-
tion reaction mechanisms of enamides with a Me-duphos
ligand have been examined both experimentally”! and theo-
retically.'*?*! The “anti-lock-and-key” motif was proposed,
in which the major enantiomer is produced through the less-
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Scheme 1. Conventional mechanisms of Rh(I)-catalyzed hydrogenation.

stable of two diastereomeric catalyst-enamide complexes
followed by the more-stable diastereomeric transition states
of the oxidative-addition or insertion steps.[!*1820-2230 Sever.
al potential pathways (Paths 1-4 in Scheme 2) in the unsatu-
rated mechanism have been identified by Landis and
Feldgus in the reaction of CH,=CR*NHCHO) (R*=CN,
tBu) with a Me-duphos catalyst through careful ONIOM-
(B3LYP:UFF) analyses,”>*! followed by recent B3LYP
studies on the reaction of CH,=CR*NHCHO) (R?=CN)
with a BisP* catalyst.’>! However, in their studies, the 3-
phenyl and carboxy groups at the enamide were substituted
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by H and CN, respectively. As shown in Scheme 2, Path 1 in-
volves the formation of the weakly bound five-coordinated
molecular-hydrogen complex 4 from a four-coordinated
complex 3, followed by oxidative addition to give the six-co-
ordinated Rh™ dihydride complex 5§ and subsequent Rh—H
insertion to give a Rh™ a-alkyl hydride intermediate 6. The
coordination geometry of the nearly square planar 3 is simi-
lar to the crystal structure of the [Rh(chiraphos)(ethyl (Z)-
a-acetamidocinnamate)] complex, in which the phosphine
ligand occupies a position trans to the amide carbonyl
moiety of the enamide.'>?! In 5, one hydride occupies the
trans position relative to the C=C bond. Path 2 involves the
formation of the six-coordinated Rh dihydride complex 8
through the weakly bound five-coordinated molecular-hy-
drogen complex 7. In 7, the hydrogen molecule occupies a
position trans to the amide carbonyl moiety. According to
Landis and Feldgus, it is highly unlikely that the reaction
proceeds by Path 2 because of the high barrier of formation
of 7.7 The interconversion between diastereomeric precur-
sor complexes or the isomerization between precursors 4
and 7 for oxidative addition in Paths 1 and 2 is possible ac-
cording to previous experimental®! and computational stud-
ies. The regioisomeric pathways Paths 3 and 4 were also pre-
viously examined. In Path 4, the six-coordinated Rh dihy-
dride intermediate 14 is reached through a channel (3—
13—-14).

Besides 3, its coordination isomer 16, in which two phos-
phorus, the olefinic carbon, and the Rh atoms lie in the
same plane, was examined herein for the first time. The con-
version of 16 into the five-coordinated complex 17 has not
yet been considered by theory. Complex 17 leads to either 8
or 14 through Path 2’ or 4', respectively (Scheme 2).

The alternative dihydride mechanism (PathB in
Scheme 1) was proposed based on recent kinetics and NMR
spectroscopic measurements, specifically with [2.2]phane-
phos, miniphos—Rh', and BisP*-Rh' catalysts (phanephos=
4,12-bis(diphenylphosphino)-[2.2]-paracyclophane, mini-
phos = 1,2-bis(alkylmethylphosphino)methane).”**! A sol-
vated Rh dihydride complex [RhH,(BisP*)] was observed,
which leads to the hydrogenation product after the addition
of enamides.

It is clear that only one of two possible diastereomers of
the Rh'-binap complex with enamide is formed, according
to *'P NMR spectroscopic studies (see above).’ There have
hardly been any detailed kinetic studies on Rh'-binap-cata-
lyzed hydrogenation, whereas such studies with Ru"-binap
were recently reported.®® Recent studies showed that the
kinetically controlled diastereoselectivity of H, addition to
[Ir(cod)]* complexes (cod=1,5-cyclooctadiene) with some
ligands (chiraphos and norphos; norphos=>5,6-bis(diphenyl-
phosphino)-2-norbornene) does not relate to high enantiose-
lectivity of asymmetric hydrogenation of enamides with
[Rh(diphosphine)]t complexes. On the other hand, the
binap-Ir' or binap(Me-duphos)-Ir' complexes demonstrate
high diastereoselectivity in oxidative addition, and the selec-
tivity does not change with temperatures as with the BisP*
ligand.®**! Hence, the mechanisms of the hydrogenation re-
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3-alkyl group (R®in Scheme 1) of (E)-enamide is omitted.
3-alkyl group = H; R = H; R* =CN; P = PH,""

3-alkyl group = H; R" = H; R? = CN, Bu; P, = Me-duphos*!
3-alkyl group = H; R! = H; R? = CN; P, = BisP*?%

3-alkyl group = H; R" = H; R? = COOH;P = PH; (small model system, present work)
3-alkyl group = Ph; R"=Me; R? = COOH; P, = binap (real model system, present work)

Scheme 2. Reaction pathways for Rh(I)-catalyzed hydrogenation reactions of enamides.

actions with a binap-Rh' catalyst are still controversial:
1) Which step determines the stereoselectivity in the multi-
step hydrogenation reaction? 2) Does the “lock-and-key” or
the “anti-lock-and-key” motif apply to the hydrogenation
reaction of [Rh(binap)]* with enamides? 3) Does the hydro-
genation follow the unsaturated or dihydride mechanism?
Herein we present for the first time the origin of enantio-
selectivity of the binap—Rh'-catalyzed asymmetric hydroge-
nation of enamides, focusing on the transition states for the
pathways of the unsaturated mechanism (Paths 1-4,
Scheme 2) as well as the new pathways Paths 2’ and 4. We
used [Rh(PH;),]* with 2-formylaminoacrylic acid as a small
model system for preliminary studies, then switched to [Rh-
(binap)]* with a B-phenyl-substituted enamide, 2-acetylami-
no-3-phenylacrylic acid, as a real model system. The coordi-
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nation isomers involving the oxidative-addition and inser-
tion steps are shown in Scheme 2.7*3%1 We focused on pro-
cesses after the formation of the Rh™ dihydride/enamide
complexes. In the structures of precursor complexes 4, 7, 10,
13, and 17 for oxidative addition, the Rh atom was found to
be chelated due to the coordination ability of the COOH
group and the lack of a solvent molecule.

For the small model system, we used the B3LYP density
functional method. The B3LYP functional is reliable for in-
vestigations of Rh complexes.™ *! However, the stereoelec-
tronic effects of the phosphine ligands may not be properly
described by PHj; (instead of PPh,R) in the case of Rh-cata-
lyzed hydroformylation,* but the real model system to be
examined is too costly with full B3LYP density functional
calculations (especially normal mode analyses, which takes
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five days with 16 CPUs on the NEC TX-7 computer).
Therefore, we used the integrated molecular orbital and mo-
lecular mechanics (IMOMM) method, which constitutes a
molecular orbital (MO) and a molecular mechanics (MM)
part (MM3; Figure 1).* The IMOMM method has been
used for the investigation of many organometallic reac-
tions,”! and was later generalized to the ONIOM method,
which can combine up to three levels of MO methods as
well as an MM. Although the ONIOM method is an im-
provement over IMOMM in most respects, the MM3 force
field™®! used herein is not implemented in the current ver-
sion of the Gaussian 03 package. As to the reliability of the
IMOMM method, a previous study showed that in the reac-
tion with H,, the diastereomer of [Rh(chiraphos)(PhCH=C-
(NHC(=0)Me)COOH)]* that led to the minor enantiomer
was 11.1 kimol ™ lower in energy than the other diastereo-
mer that led to the major enantiomer at the IMOMM-
(B3LYP/1:MM3(92)) level. This result was consistent with
previous experimental studies (see Supporting Information).
The IMOMM-optimized structure is also similar to the X-
ray crystallographic and SHAKE/CHARMM-optimized
structures  of  [Rh(chiraphos)(PhCH=C(NHC(=0)Me)-
COOEt)]+.[12’l4’24]

Small model system

COOH COOH

— + Hy + [Rh(PPhg),]"
H  NHCOH PH

Real model system

COOH
/:< + H, + [Rh(binap)]* COOH

P NHCOMe pl

NHCOMe

IMOMM-A

(inside)

@ set3

Figure 1. Definition of small and real model systems and sets of atoms in the two IMOMM partitions A and B.

(R)-binap is shown in the system.

Results and Discussion
Reaction of the Small Model System

First, several reaction pathways (Scheme 2) were examined
for the small model system ([Rh(PH;),]*+CH,=C-
(NHCHO)COOH). The structures of the two four-coordi-
nate substrate complexes 3s and 16s (s denotes small) are
shown in Figure 2. The two complexes are mutually coordi-
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3s 16s

Figure 2. Structures of precursor complexes at the B3LYP/II level. Bond
lengths are in A, bond angles (italics) in degrees.

natively isomeric. In 3s, the rhodium atom has a nearly
square arrangement that is common to Rh' complexes, as
known from previous X-ray crystallographicl>? and
NMR spectroscopic studies™ of related Rh complexes. The
isomeric complex 16s has a nearly tetrahedral arrangement
and is less stable than 3s by 120 kJmol ™.

The transition states (TSs) (TShls, TSh2s, TSh2's, TSh3s,
TShds, TSh4's) for the formation of the five-coordinated di-
hydrogen complexes (4s, 7s,
10s, 135, 17s), the TSs (TSols,
TSo2s, TSo2's, TSo3s, TSods,
TSod's) for the oxidative addi-
tion, its resultant intermediates
(5s, 8s, 11s, 14s), the TSs
(TSils-TSids) for the alkene
insertion into the Rh—H bond,
and the resultant rhodium(III)
hydride intermediates (6s, 9s,
12s, 15s) for Paths1-4
(Scheme 2) are shown in Fig-
ures 3-6. The energetics of the
reaction pathways are shown
in Figure 7. Paths 1, 2, and 2’
involve a nucleophilic attack
of a hydride ion at the less-hin-
dered sp? carbon of CH,=C-
(NHCHO)COOH, whereas re-
gioisomeric Paths 3, 4, and 4
involve attack at the other dis-
ubstituted sp® carbon.

Paths 1 and 3 start with a
side-on approach of a hydro-
gen molecule to different sides
of the square-planar structure
of the lower-energy Rh complex 3s, giving the transition
states for the formation of the five-coordinate dihydrogen
complexes, TShls and TSh3s, respectively. The energy of
TShis is higher than that of the reactant 3s by 9.1 kJmol™/,
whereas the energy of TSh3s is lower than that of 3s by
3.3 kJmol ™' (thus suggesting the existence of an unimportant
small energy minimum between 3s and TSh3s). The end-on
approach of a hydrogen molecule to 3s gives directly (with-

+ Hy + [RN(PPhg),]"

+ H, + [Rh(binap)]

Chem. Asian J. 2006, 1, 391 -403
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TSils 6s
vi=7428icm™

TSris
vt =834.9icm™

Figure 3. Structures of intermediates and transition states in Path 1 of the
small model system at the B3LYP/II level. Bond lengths are in A, bond
angles (italics) in degrees. v* refers to an imaginary frequency.

out barrier) the dihydrogen complexes 7s and 13s, respec-
tively. Optimization of the transition states for formation of
five-coordinated dihydrogen complexes for the higher-
energy Rh complex 16s from different directions (Paths 2’
and 4) gives a single structure TSh2's/TSh4’s. The coordina-
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tion geometry of this transition state TSh2's is similar to
that of 16s, which is reflected by the small energy difference
of 3.2kJmol™!. TSh2's/TSh4's gives 17s, during which the
dissociating H-H bond is stretched to 0.83 A; 17s is
39.8 kJmol™' less stable than 3s. The reactant 3s and these
weakly bound dihydrogen complexes are connected with
low or no barriers and are likely to be in equilibrium.

For the oxidative-addition reaction that maintains the m
coordination between the rhodium atom and the alkene of
the enamide, we found six TSs corresponding to six dihydro-
gen complexes. TSols in Path1 is 16 kJmol™' lower in
energy than TSo2's in Path 2'. For Path 2’, TSe2's from the
less-stable 17s is lower in energy by 27 kImol™' than TSo2s
from the more-stable 8s. Intrinsic reaction path (IRC) calcu-
lations showed that both TSo2s and TSo02's lead to 8s. Simi-
larly for Paths3 and 4, TSe3s is more stable by
14.4kJmol™! than TSo4's from less-stable 17s in Path4’;
TSo4's is in turn 23.8 kImol™' lower in energy than TSods
from the more-stable 13s. Both TSo4s and TSo4's lead to
14s.

In the enamide insertion step, TSils is higher in energy
than TSi2s by as much as 36.3kJmol™'. The activation
energy of the insertion step (8s to TSi2s in Path2) of
2.6 kJmol ' is small and is comparable to the 0.9 kJmol * in
the insertion to CH,=C(NHCHO)CN.' The transition
state in Path3 (TSi3s) of 98.4kJmol™' is very high in
energy. The insertion transition states TSils, TSi2s, TSi3s,
and TSids lead to alkylrhodium intermediates 6s, 9s, 12s,
and 15s, respectively. The agostic interactions have been ob-
served both experimentally and theoretically in 6s and
9s.°2% In the isomerization pathways from 6s or 9s with
agostic interactions to the intermediates 18s or 19s, we were
only able to locate the transition state in Path 2 (TSag2s);
the optimization of the TS (TSagls) in Path 1 failed. The ac-
tivation energy from 9s to TSag2s is 114.2kJmol!
(Figure 7). The energy of the transition state of reductive
elimination, TSr2s, is also high. Although we did not follow
this step of the reaction carefully, solvent effects of metha-
nol may have lowered the barrier and facilitated the path-
way.

Overall, Paths 1 and 2 are favorable over regioisomeric
Paths 3 and 4, respectively. The formation of the weakly
bound Rh—H, complex 17s from 16s is highly unfavorable.

Isomerization Process between Paths 1 and 2

The transition states for the dihydride isomerization process
that connects Paths 1 and 2 in the [Rh'(PH,),]* complex
with o-acetamidoacrylonitrile were previously examined.?!!
The rate-determining TS for isomerization (TS12s) between
Rh™ dihydride complexes 5s and 8s was optimized for the
present model, and is shown in Figure 8. TS12s is higher in
energy than the TS for dihydrogen oxidative addition for
Path 1, TSols, but is slightly lower in energy than TSo2s and
TSo2's in Path 2. Hence, this isomerization of the small
model system may occur as well as a rapid equilibrium be-
tween the Rh'™ dihydride complexes and the reactant. In
the real model system, with bulky chiral ligands and solvent
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TSo2s 7s

TSh2's/TShd's
vE=980icm™

TSo2's
vF=956.8/cm™’

TSi2s 9s

TSag2s 19s
vF=2307icm™

TSr2s
V=887.3icm™!

Figure 4. Structures of intermediates and transition states in Path 2 of the small model system at the B3LYP/II level. Bond lengths are in A, bond angles

(italics) in degrees.

molecules, such an isomerization would not be possible and
will be excluded from explicit consideration.

Reaction of the Real Model System

With the above results in mind, we now employed the
IMOMM method to examine the effects of bulky substitu-
ents in the real model system on various transition states.
The ligation of a binap-Rh' catalyst to enamide gives four
diastereomers of four-coordinate Rh' complexes, 3M, 3m,
16M, and 16 m. M is used for stationary points on the path-
way that lead to a major product enantiomer, and m for
those on the pathway that leads to a minor enantiomer. The
complex leading to the major product 3M is 15.8 kJmol™
more stable than the complex leading to the minor product
3m at the IMOMM-BII level with IMOMM-AI-optimized
geometries (3.0 kImol ' more stable at the B3LYP/II level;
Figure 9). The energetics of the COOH group rotamers do
not change very much. The fact that the major 3M is slightly

396 www.chemasianj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lower in energy the minor 3m complex is opposite to the
cases of duphos and chiraphos.*¥ The optimized structures
of 16M and 16 m at the IMOMM-ALI level have very high
energy, and reoptimization of these structures at the
IMOMM-BII level converged to 3M and 3m. We can con-
clude that 16M and 16m are high in energy if they exist. We
also obtained five-coordinate dihydrogen complexes 7M
and 7m, but could not find any complex 4 corresponding to
the approach of dihydrogen from the other direction.

Paths 1, 2, and 2'

We first studied the transition states in Path 1 (Figure 10).
The TS of oxidative addition of dihydrogen in the major
pathway, TSo1M, is 6.4 kImol™' lower in energy than that in
the minor pathway, TSolm. The transition state of alkene
insertion to give the major enantiomer, TSilM, is also more
stable than the minor TS, TSilm, by 4.6 kJmol . Thus, the
energetics of both oxidative addition and alkene insertion in
Path 1 are consistent with the experimental enantioselectivi-

Chem. Asian J. 2006, 1, 391 -403
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TSh3s
vi=60.6icm™

21
30 . 2.28 222
@)

TSo3s 11s

TSi3s 12s
v = 666.0icm™!

Figure 5. Structures of intermediates and transition states in Path 3 of the
small model system at the B3LYP/II level. Bond lengths are in A, bond
angles (italics) in degrees.

ty (84 % ee, corresponding to the Gibbs energy difference of
4.5 kJmol™ at 298 K). If the enantioselective hydrogenation
occurs through Path 1, the oxidative-addition step (with
higher TS energy than the insertion step) should be rate-de-
termining and is likely to make a larger contribution to the
enantioselectivity than the insertion step (with the m-M
energy difference of 6.4 kJmol™' at the oxidative-addition
vs. 4.6kImol™' at the insertion TS), although the m-M
energy difference is too small for quantitative comparison.
To clarify the origin of the enantioselectivity, the
IMOMM-BII energy differences between the major and
minor TSs were divided into the B3LYP quantum energy of
the small model part and the MM energy. With the electro-
static contribution ignored in the MM3 force field, the MM
energy here consists solely of the van der Waals interaction,

Chem. Asian J. 2006, 1, 391 -403
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159
g (RhH) o

TSo4d's 14s
vi=7275icm™

TSids 15s
vF=651.0icm™

Figure 6. Structures of intermediates and transition states in Path 4 of the
small model system at the B3LYP/BAS-II level. Bond lengths are in A,
bond angles (italics) in degrees.

a long-range weak attraction, and the short-range steric re-
pulsion. The MM contribution is further divided into the
pairwise contributions between substituent groups; we call
the Set1 atoms in Figure 1 partition B as group 1, and the
phenyl and naphthyl groups on the binap moiety as
groups 2-7 (Figure 10).*”" For the oxidative-addition TSs,
which have IMOMM differences of 6.4 kITmol™', 3.3 kI mol™’
comes from the difference in the QM energy and
3.1 kJmol™" comes from the MM energy; both the QM and
MM energies contribute nearly equally to the preference of
TSolM. For the insertion TSs, the IMOMM difference of
4.6kJmol ™" is attributed to —1.5kJmol™! of QM and
6.1 kImol™! of MM energy, which is mainly steric repulsion.
The QM energy favors the minor TS TSilm, whereas the
MM steric repulsion makes the decisive contribution that
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Figure 7. Energetics of the small model system optimized at the B3LYP/II level in a) Paths 1 and 3 and b) Paths 2, 2, 4, and 4'. Energies are shown in

kI mol ! relative to 3s+H,. R>=

TS12s
vF = 53.4 cm™!

Figure 8. Structure of TS12s at the B3LYP/II level. Arrows are for the
vibrational mode of the imaginary frequency.

favors the major TS TSilM, thus overshadowing the QM
contribution. Of the MM steric-repulsion contributions, the
interaction between group 3 (a phenyl group on a phospho-
rus atom of binap) and group 5 (a naphthyl group on the
other phosphorus atom of binap) makes the largest contri-
bution of 3.9 kJmol™!, followed by many other pairs, includ-
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COOH. The 3-alkyl group on (E)-enamide is omitted for clarity.

ing the groups6 and 7 (two phenyl groups on the same
phosphorus) pair of 2.4 kJmol ™! and the groups 1 (the atoms
in the small model system in partition B) and 7 pair of
2.3 kJmol™". TSilm has more steric repulsion than TSi1M.
Let us now examine Paths 2 and 2'. There could be two
dihydrogen oxidative-addition TSs for each of TSo2 and
TSo2' in the model system. We found that in the real model
system both TS02M and TSo2m are much higher in energy
than TSo2’M and TSo2'm, respectively (Figure 11). This
trend in the real system is stronger than that in the model
system. Therefore, in the real model system, we consider
only two diastereomeric TSs, TSo2’M and TSo2'm, in
Path 2'. TSo2'M is 3.2 kImol ! lower in energy than TSo2'm.
In the next step, the alkene insertion, we also found two dia-
stereomeric TSs, TSi2M and TSi2’m, with TSi2M lying
4.0 kJmol™" lower in energy than TSi2m. Thus, the energet-
ics of both the oxidative-addition and alkene-insertion TSs
in Paths 2 and 2’ are consistent with the experimental enan-
tioselectivity. If the enantioselective hydrogenation occurs
through Path 2, the oxidative-addition step (with higher TS
energy than the insertion step) should be rate-determining,
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Figure 9. Energetics of the real model system at the IMOMM-BII/
IMOMM-ALI level. Energies are shown in kJ mol ™! relative to 3M.

but both steps can contribute significantly to the enantiose-
lectivity (with a small m-M energy difference of 3.2 kJmol™!
for oxidative addition and 4.0 kJmol™" for insertion). The
oxidative-addition TS TSo2’M is 44.7 kJmol™' higher in
energy than the insertion TS TSi2M. TSo2'M is favored
over TSo2'm mainly because of the favorable MM contribu-
tion; the steric repulsion is smaller in TSo2’M than in
TSo02'm. On the other hand, TSi2'M is favored over TSi2'm
mainly because of the favorable QM contribution; the QM
part is less distorted in TSi2'M than in TSi2'm.

Opverall, the lowest transition state in Paths 2 and 2’ seems
to be favored over that in Path 1 in both the oxidation and
the insertion step. It is, however, more likely that the reac-
tion would proceed through Path 1 if there were no equilib-
rium between precursor complexes. To take the low-energy
Path 2’ (through TS02'M or TS02'm), the reaction has to go
through a very high-energy precursor dihydrogen complex
17. Path 2 (through TSo2M or TSo2m), from the low-energy
dihydrogen complex 7, involves a very high barrier at
TSo02M (or m). As discussed earlier and in previous theoret-
ical studies,* a rapid equilibrium between Paths 1, 2, and 2’
through Rh dihydride complexes is likely to take place.
Therefore, Paths 2 and 2’ cannot be ruled out.

Paths 3 and 4

Let us now examine the regioisomeric pathways. The bulki-
ness of a phenyl group in an enamide will affect the energy
difference between regioisomeric pathways. In Path 3,
TSo03M is 22.2 kJmol ™ lower in energy than TSi3m, thus
strongly favoring the major product, in agreement with ex-
periment. On the other hand, TSi3M is 14.5 kImol™" higher
in energy than TSi3m, thus showing the opposite sense of
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Figure 10. Structures of transition states of oxidative addition and inser-
tion in Path 1 for the real model system at the IMOMM-ALI level, with
bond lengths in A and bond angles (italics) in degrees. The IMOMM-BII
energy differences between the major and minor TSs are divided into the
B3LYP quantum energy of the model part and the MM energy. The MM
energy is further divided into the contributions between particular
groups (in parentheses).

experimental enantioselectivity (Figure 12). The situation is
similar in Path 4. TSo4'M is 12.3 kJmol™! lower in energy
than TSo4'm, thus strongly favoring the major product,
whereas TSi4'M is 3.6 kI mol ™' higher in energy than TSi4'm
(Figure 13). The high energies of Paths 3 and 4 compared
with Paths 1 or 2 suggest that these regioisomeric pathways
are not favorable.

Conclusions

According to the current IMOMM results for the hydroge-
nation of enamides with a binap-Rh' catalyst, the energy
differences in Path 1 between the transition states for major
and minor products for both the oxidative-addition and in-
sertion steps are consistent with the experimental enantiose-
lectivity, thus suggesting that both steps can determine the
enantioselectivity when the reaction takes place by Path 1
(Scheme 2). There the oxidative addition (with higher TS
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Figure 11. Structures and energies of transition states of oxidative addi-

tion and insertion in Path 2 for the real model system at the IMOMM-
BII/IMOMM-ALI level. See Figure 10 for details.

energy than the insertion step) should be rate-determining
and is likely to make a larger contribution to enantioselec-
tivity than the insertion step (with an m-M energy difference
of 6.4 kJmol™ for the oxidative-addition vs. 4.6 kJmol™" for
the insertion TS), although the m-M energy difference is too
small for quantitative comparison. For the oxidative-addi-
tion TSs, both the QM and MM energies contribute nearly
equally to the preference of TSo1M. For the insertion TSs,
the preference of the major TS TSilM is dominated by the
MM energy, in particular, steric energy; the steric repulsion
between the naphthyl group on one of the phosphorus
atoms and the phenyl group on the other phosphorus atom
in the TS makes the largest contribution.

For Paths2 and 2', a similar sense of enantioselectivity
that is consistent with experiment is found.

If there is a rapid equilibrium between precursor dihydro-
gen complexes, a high barrier can be avoided, and Path 2
may become more favorable than Path 1. According to the
recent experimental studies on rapid equilibria between
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Figure 12. Structures and energies of transition states of oxidative addi-
tion and insertion in Path 3 of the real model system at the IMOMM-
BII//IMOMMS-ATI level. See Figure 10 for details.

rhodium(IIl) dihydride intermediates,*! the insertion step
can determine the enantioselectivity because the latter de-
pends on H, pressure, as found in the case of 1,2-bis[(o-
methoxyphenyl)phenylphosphino]ethane (dipamp).”  Al-
though the conformation of the observed dihydride inter-
mediates can be proposed as 8 in Path 2 (Scheme 2) by par-
ahydrogen-induced polarization NMR spectroscopy,? >
Path 1 would be unobservable. With the present binap
ligand, there also exists the possibility of an equilibrium be-
tween dihydrides, which is a subject for future study.
Notably, we found that the “lock-and-key” motif, in which
the more-stable intermediate corresponds to the more-
stable TS, is followed in the binap-Rh'-catalyzed hydrogena-
tion reaction as in many enzymatic reactions,® whereas the
“anti-lock-and-key” motif is observed in the Me-duphos—
Rh'-catalyzed reaction.'”! Hydrogenation of a-acylamino-
acrylates in the presence of [Rh((S,S)-dipamp)]* follows the
“lock-and-key” motif®! The present calculation suggests
that both motifs may be realized, and that in the end the
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Figure 13. Structures and energies of transition states of oxidative
addition and insertion in Path 4 of the real model system at the
IMOMM-BII//IMOMMS-ALI level. See Figure 10 for details.

issue of the “lock-and-key” or “anti-lock-and-key”
motif may not be very important in the step that de-
termines the enantioselectivity.

The higher stability of 3M over 3m can be ex-
plained by a quadrant diagram proposed by Knowles
(Figure 14).1°) Whereas the 3-phenyl group in 2-ace-
tylamino-3-phenylacrylic acid is far from the equatori-
al phenyl group on the binap ligand in 3M, it is closer
to the equatorial phenyl group in 3m. Note that a hy-
drogen atom is modeled instead of the 3-phenyl
group in the previous studies by Landis and
Feldgus.’? In the case of the Rh'-chiraphos catalyst,
the minor complex (3em) is more stable than the
major (3¢M). The 3-phenyl group of the enamide in
the minor complex is tilted more into an unhindered
quadrant in the chiraphos case. The steric repulsion
between an equatorial phenyl group on the binap
ligand and the 3-phenyl group is decreased in the
minor complex relative to 3m in the Rh'-binap
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system. The methyl group of the acetylamino group in the
less stable 3m is in a hindered quadrant. This suggests that a
bulkier group such as phenyl may give higher enantioselec-
tivity as shown by experiment ([Eq. (1)]; 84% ee for R'=
Me to 96 % ee for R' =Ph).

Further experiments as well as theoretical studies may be
needed for a better understanding of the relationship be-
tween the conformations of the intermediate complexes and
transition states that determine the stereoselectivity.

The experimental and computational studies on the ef-
fects of chiral ligands will be very useful for chiral technolo-
gy. Although the schematic quadrant diagram is frequently
used to explain the stereoselectivity, the transition states of
oxidative addition and/or insertion should be used for more
quantitative prediction. Investigations of the potential-
energy surface of all the steps of the Rh'-binap-catalyzed re-
action'® and the stereoelectronic effects of chiral ligands
are currently in progress.

Computational Methods

Calculations were performed with our own IMOMM code, which com-
bined the MM3(92) program! with Gaussian 98.1! The B3LYP density
functional method was used for the MO part. The basis set I consisted of
LANL2DZ basis functions, which included a double-zeta valence basis
set (8 s5p5d)/[3s3p2d] with the Hay and Wadt effective core potential
(ECP)“" replacing core electrons up to 3p for the Rh atom and the Huzi-
naga-Dunning valence double-zeta quality basis set*! for the remaining
atoms, supplemented with a set of d functions (a=0.387)"*! for the phos-

repulsion

repulsion

3m

3cM 3cm

Figure 14. Quadrant diagrams of a) Rh'-(R)-binap and b) Rh'-(S,S)-chiraphos
complexes with 2-acetylamino-3-phenylacrylic acid at the IMOMM-ALI level. Hin-
dered quadrants are shown shaded.
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phorus atom. Although the effects of the d functions were significant in
the Rh—P bond lengths, d and p functions for the H, C, N, and O atoms
did not have large effects on structures and energetics. We also used
basis set II, which consisted of basis set I for Rh and P atoms and the
D95* basis set for C, H, N, and O atoms. The optimized structures for
[RhH,(PH;),] and CH,=C(NHCHO)COOH were found to be essential-
ly the same for B3LYP/I and /II calculations.

For Paths 1-4, we focused on the transition states of the hydrogen mole-
cule oxidative-addition and enamide insertion steps of the reaction of 1
by using the two IMOMM partitions as shown in Figure 1. In partition A
(IMOMM-A), Set 1 atoms were included in the model system, and Set 3
atoms were replaced by hydrogen atoms in the small model system. Set 1
and 3 atoms were handled with the B3LYP method. Set 4 atoms were in-
cluded only in the real model system that was handled at the MM level.
In partition B (IMOMM-B), the phenyl and methyl groups in 2-acetyl-
amino-3-phenylacrylic acid and the seven-membered ring (Figure 1) of
the binap ligand were included in the model part to investigate their elec-
tronic effects, whereas in partition A, they were considered in the real
part only. The optimization was mostly performed without symmetry con-
straints by using IMOMM-A(B3LYP/I:MM3) (further abbreviated as
IMOMM-AI). The energy was improved with IMOMM-B(B3LYP/
I1:MM3) (abbreviated as IMOMM-BII); even in this case in which the
geometry of the quantum mechanics (QM) part was frozen, the MM part
was reoptimized. The nature of stationary points was characterized based
on the normal coordinate analysis of the small model part, and the eigen-
vector corresponding to the only negative eigenvalue of every transition
state was visually checked to confirm its connectivity with the reactant
and product of the step. The fixed linked bond lengths were r(P—H)=
1.42 A, r(C(olefin)—C(phenyl))=1.51 A, r(P-Ar)=1.84 A, r(C(olefin)—
H)=1.096 A, r(C(amide)-H)=1.02 A, r(C(amide)-Me)=1.51 A, and
r(P-Ar)=1.84 A. IMOMM-BII optimized geometries were found to be
very similar to the IMOMM-ALI geometries, although their energies were
somewhat different in some cases (see Supporting Information for more
details of IMOMM-BII vs. IMOMM-AI).

The MM3(92) force field was used for the MM part of the remaining
system (Figure 1). The MM3 force field is widely used for organometallic
systems and exhibits smaller average errors than UFF (Universal Force
Field).’*>! Pariser—Parr—Pople type SCF (self-consistent field) correc-
tions were applied to the MM3 force field, because the delocalization ef-
fects of the binap moiety should be considered." The UFF van der
Waals parameters by Rappé et al.**! were used for the Rh atom, while all
other MM contributions involving the metal atom were set to zero; this
is not a bad approximation, since the metal MM parameter was used
only for the interaction of the QM and MM parts, which are mutually
separated by at least one extra atom and are quite far away for any sig-
nificant MM interaction to take place. The electronic effects of the
(bulky) MM substituents were neglected in the IMOMM treatment.
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