
C

A
m

K
D

a

A
A

K
A
T
C
e

1

e
A
i
a
e
i
(
s
t
t
c
l
a
i
a

o
p
p
t
m

I

(

1
d

Journal of Molecular Catalysis A: Chemical 324 (2010) 133–140

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

omputational catalysis

systematic study on the RuHCl–BINAP-catalyzed asymmetric hydrogenation
echanism by the global reaction route mapping method�

oichi Ohno ∗, Satoshi Maeda
epartment of Chemistry, Graduate School of Science, Tohoku University, Aramaki, Aoba-ku, Sendai 980-8578, Japan

r t i c l e i n f o

rticle history:
vailable online 6 March 2010

a b s t r a c t

Anharmonic downward distortion (ADD) of potential energy surfaces (PES) indicates the direction of reac-
tion routes, and the ADD-following on PES has made it possible to perform global reaction route mapping
eywords:
symmetric hydrogenation
ransition state structure
hirality determining step, Automated
xploration

(GRRM) of a given chemical formula. The GRRM method based on the ADD-following can be applied to
real processes of catalytic reactions to elucidate the reaction mechanisms. A systematic analysis of a
RuHCl–BINAP-catalyzed asymmetric hydrogenation reaction has given an insight into the role of impor-
tant adsorption structures and the chirality determining transition state among numerous candidates.
Computed reaction profiles for the total catalytic cycles with and without protonation demonstrated

ation
significance of the proton

. Introduction

Asymmetric hydrogenation is very powerful for producing
nantioenriched compounds without forming any wastes [1–3].
symmetric hydrogenation uses a chiral molecular catalyst which

s designed to enhance both enantioselectivity and catalytic-
ctivity. Various chiral catalysts have been synthesized and
mployed in industry [4], and further developments are undergo-
ng very actively. The selectivity is controlled at a transition state
TS) structure of the chirality determining reaction step: the high
electivity is achieved by designing the TS structure connected to
he useful enantiomer as low as possible in energy compared to
hat for the useless one. On the other hand, the catalytic-activity
hanges depending on a choice of the metallic elements, anionic
igands, and so on. These two factors determine the efficiency of
symmetric hydrogenation. It was suggested that a deep insight
nto mechanisms is indispensable for developing a truly efficient
symmetric hydrogenation [5].

To elucidate reaction mechanisms involving homogeneous
rganometallic catalysts, theoretical calculations have become a

owerful tool because of recent advances in computers and com-
utation techniques [6–11]. Development of various approaches in
he density functional theory (DFT) [12,13], the new semi-empirical

ethods [14,15], the molecular mechanics (MM) methods [16],
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and the QM/MM [17–19] and the more general ONIOM [20–22]
methods considerably improved applicability and reliability of the-
oretical calculations to complex organometallic catalytic reactions.
Development of efficient geometry optimization techniques [23] is
also very important. In these years, optimizations of TS structures
are routinely done for small model systems. Geometry optimization
studies have been performed also for asymmetric hydrogenation
reactions, and the experimental selectivity has been explained suc-
cessfully [24–27]. Although such geometry optimization studies
have considered only a few TS structures for each elementary-step,
there are numerous TS structures even for only one elementary-
step of an asymmetric hydrogenation reaction, because of the
complexity of its potential energy surface (PES). The complexity is
due to the introduction of bulky ligands in the asymmetric catalysts
for high selectivity. Hence, a systematic exploration of PES [28] is
necessary for obtaining the lowest TS structure which determines
the selectivity.

Recently, the authors [29] and Donoghue et al. [30] performed
such systematic analyses individually by using different theoretical
approaches. Donoghue et al. employed the QM-guided molecu-
lar mechanics (Q2MM) force-field [16], which was parameterized
specially for Rh-catalyzed hydrogenation [31] in Monte-Carlo sim-
ulations. They performed calculations on extensive test systems
including 11 chiral phosphino-ligands and 7 reactant/product
molecules, and demonstrated the successful rapid screening of
chiral catalysts in silico for the hydrogenation of enamides. On

the other hand, the authors explored PES of the ONIOM method
[20–22] by the global reaction route mapping (GRRM) method
[32–34]. Although only one system was studied, as many as 68
TS structures could be located for a single chirality determining
elementary-step in the QM/MM-ONIOM framework, which excel-

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Fig. 1. Common features of potential energy curves for chemical reactions on going
from an equilibrium structure (EQ) toward a dissociation channel (DC) or another

′

34 K. Ohno, S. Maeda / Journal of Molecula

ently reproduced the experimental enantio-excess (%ee) value.
echanistic reasons of the selectivity could be explained based on

he accurate TS structures for the future catalyst design. One advan-
age of the ONIOM–GRRM approach is that applications to different
ystems are straightforward, since no system-specific reparame-
erization is required. This is especially important in studies on
he catalytic-activity, because replacements of metallic elements,
nionic ligands, and so on can change electronic structures as well
s reactivity significantly.

Here, the GRRM method has made it possible to perform an
utomated global exploration for all reaction pathways on quan-
um chemical PES of a given chemical formula [32–34]. The most
fficient way of quantum chemical samplings on PES can be made,
f samplings are confined around reaction pathways. The numbers
f equilibrium (EQ) and TS structures are finite, and their connec-
ions are also in the limited area along the reaction coordinates
ith essentially one-dimensional nature which can be described by

mall numbers of sampling points. Downhill walks from TS toward
Q or dissociation channel (DC) along reaction pathways on PES
an easily be made by conventional methods, such as the steep-
st decent method or its modifications [23,28]. Whereas for uphill
alks from EQ toward TS or DC along reaction pathways on PES, no

lgorithm has been reported before the anharmonic downward dis-
ortion (ADD) following proposed by the authors [32]. The common
eature of reaction channels from an EQ point can be summarized
s ADD, as indicated by arrows in Fig. 1. On going toward DC, the
otential energy curve becomes flattened over the long distance.
he presence of another EQ (EQ′) around an EQ leads to a saddle (TS).
uch propensities due to the existence of another DC or EQ affect
he local properties of potentials around an EQ. It follows that ADD

round an EQ point can be considered as an indicator (or a compass)
f the chemical reaction [32–34]. By noting ADD, a new method for
nding reaction paths around EQ has been established as an uphill
alking method for GRRM. The GRRM method based on the ADD-

ollowing has been applied to relatively small molecules [32–47]

Fig. 2. The catalytic cycle and the chiralit
equilibrium structure (EQ ) via a transition structure (TS). Anharmonic downward
distortion (ADD, denoted by thick solid arrow) of the real potential from the har-
monic potential (shown by dotted line) indicates the direction of the chemical
reactions toward DC or TS.

including photochemical reactions [48,49], atomic and molecular
clusters [50–55], organometallic catalytic reactions [29,56–59], and
large systems [60].

The RuX2–BINAP-catalyzed asymmetric hydrogenation of �-
keto esters in alcoholic solvent is highly enantioselective and
shows very high catalytic-activities [61,62], where BINAP is
(2,2′-bis(diphenylphosphino)-1,1′-binaphthyl) and X-atoms are
halogens such as Cl, Br, and I. In this reaction, protonation of the
reactant esters is shown to be a key point to improve the catalytic-
activity [5,63]. Fig. 2 shows the catalytic cycle [5]. In this cycle, the
RuHCl compound is the actual catalyst, which is produced in a lig-
and exchange reaction (RuCl2-BINAP + H2 → RuHCl–BINAP + HCl).
In the step (I), the reactant molecule is adsorbed on the catalyst to
form the �-type chelate complex 3. The protonation of 3 increases

the electrophilicity of the carbonyl carbon, and converts the geom-
etry from � to �, and assists the hydride transfer from the metal
to the carbonyl in the step (II). Then, detachment of the product
5 followed by a reaction of 6 with H2 regenerates the catalyst 1.

y determining TS structure (inset).
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Fig. 3. The eight-lowest adsorption (local minimum) structures 3 (in terms of
�G#,0(373.15 K) from 3-MIN1) among 82 structures located in this study. Boltzmann
distribution of each structure normalized in 3 are shown in parentheses.

Fig. 4. The eight-lowest protonated TS structures 7 (in terms of �G#,0(373.15 K)
from 7-TS1) among 68 TSs located in this study. Boltzmann distribution of each
structure normalized in 7 are shown in parentheses.

Table 1
Structural data for selected valence variables (see Scheme 1) and key distances ı1 and ı2 in 3-MIN1–8.a.

R1 R2 R3 R4 �1 �2 �3 �4 �5 ı1
b ı2

c

3-MIN1 3.144 2.190 5.560 5.536 −5.8 −147.8 −166.0 −6.3 44.4 5.419 4.564
3-MIN2 3.135 2.184 5.690 5.660 −3.2 −172.9 −82.4 58.4 44.7 5.713 5.385
3-MIN3 3.154 2.189 5.815 5.470 −4.0 −174.1 153.5 −4.8 44.2 5.362 4.518
3-MIN4 3.106 2.176 4.293 4.280 −3.0 −80.4 −27.9 56.2 45.9 3.861 2.574
3-MIN5 3.154 2.193 4.178 3.944 5.5 −75.5 144.0 −3.4 43.1 3.382 2.692
3-MIN6 3.165 2.178 6.112 5.639 174.0 −117.7 99.0 −6.3 43.6 4.214 3.938
3-MIN7 3.178 2.186 5.916 4.718 −166.0 74.1 31.4 −6.1 47.6 3.397 2.640
3-MIN8 3.118 2.183 4.312 4.194 3.1 −84.0 152.4 44.5 46.0 3.663 2.619

a R and � are in Å and degree, respectively.
b Distance in Å between a pair of the nearest heavy atoms in Ph groups in BINAP and COOCH3 in the reactant.
c Distance in Å between a pair of the nearest atoms (including H) in Ph groups in BINAP and COOCH3 in the reactant.
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Scheme 1. Selected valence variables R1–4 and �1–5.
ere, 7 is the TS of the chirality determining step, which was sys-
ematically explored by the GRRM method in the previous study:
systematic search was made for conformers of 7 for the case that
is methyl-3-oxobutanoate (R = CH3) [29]. In the present study,

ig. 5. The eight-lowest protonated TS structures 8 (in terms of �G#,0(373.15 K)
rom 8-TS1) among 44 TSs located in this study. Boltzmann distribution of each
tructure normalized in 8 are shown in parentheses.
lysis A: Chemical 324 (2010) 133–140

the entire reaction cycle of the same reaction was theoretically
analyzed for both protonated and non-protonated systems.

2. The GRRM method

2.1. Fundamental GRRM procedures

Since details of the GRRM method were reported in the previous
papers [32–35], only outlines of the fundamental procedures are
described here:

(1) At first, normal coordinates are determined at an EQ point.
(2) Around the EQ, PES is expanded in terms of scaled normal

coordinates defined by qi = �1/2
i

Qi, where Qi is a normal coor-
dinate with a respective eigenvalue �i.

(3) Reaction path points are determined as energy minima on a
scaled hypersphere with a center at the EQ.

(4) Using several sizes of hypersphere, one can obtain series of
points for the reaction pathways around the EQ.

(5) Indication of a TS region can be recognized from first order
derivatives along the reaction path points. Location of each TS
can be determined precisely by a conventional technique in
the TS region [64,65].

(6) Asymptotic behavior separating a fragment from the remain-
ing part indicates a DC.

(7) After arriving at TS, a conventional downhill technique, i.e.,
intrinsic reaction coordinate (IRC) technique [66–69], is used
to reach an EQ or DC (or return to the current EQ). During this
procedure, the IRC is determined (confirmed) from each TS
toward both sides.

(8) Structures of newly found TS, DC, and EQ are compared with
those of already found ones.

(9) After those procedures (1)–(8) starting from the current EQ
are finished, normal coordinate calculations corresponding to
the process (1) are performed for the next EQ. Then, sub-
sequent processes from (2) to (8) are repeated around the
new current EQ to discover successively TS, EQ, or DC. These
cyclic procedures should be repeated for every new EQ, until
no unprocessed EQ remains. All reaction channels via TS are
confirmed as IRC during the above cyclic procedures.

(10) Entire reaction path connections are discovered one after
another in a systematic way by the above procedures to yield
a global reaction route map for a given chemical composi-
tion automatically (examples of such maps are found in Refs.
[32–35,39,40,43–45].

2.2. Large ADD-following (l-ADDF)

The fundamental GRRM procedures include the full ADD-
following (f-ADDF), which is rather too heavy when only the lower
energy structures play key roles. Most chemical reactions in ther-
mal conditions are the cases where low-barrier pathways are
decisively important. Here, one may note the Bell–Evans–Polanyi
(BEP) principle that a location of a TS leading to a lower energy EQ is
much closer to the current EQ than that connected with the higher
energy EQs [70,71].

Based on the BEP principle, a criterion can be introduced to
reduce a number of ADDs to be followed that L largest ADDs are
selected as important reaction paths leading to the lower energy
EQs, because the larger stabilization interactions causing the lower

energy EQ should have the larger influence around the current
EQ to deform its harmonic potential downward. The efficiency of
the ADD-following can be increased with the aid of the iterative
optimization elimination (IOE) technique [33]. At the initial hyper-
sphere, 3L ADDs are searched by the IOE technique. Among these,
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Table 2
Structural data for selected valence variables (see Scheme 1) and key distances ı1 and ı2 in 7-TS1–8.a.

R1 R2 R3 R4 �1 �2 �3 �4 �5 ı1
b ı2

c

7-TS1 2.149 2.231 2.240 4.256 106.5 −61.7 167.8 65.7 48.8 3.146 2.951
7-TS2 2.184 2.362 2.220 4.250 −106.7 61.1 −165.9 −37.9 55.6 3.038 2.854
7-TS3 2.185 2.208 4.130 5.241 101.7 36.8 145.5 67.9 43.2 4.857 4.857
7-TS4 2.262 2.255 4.065 5.116 −118.8 161.0 −174.1 69.7 36.4 3.354 2.531
7-TS5 2.270 2.248 4.995 5.493 −117.1 −65.4 166.0 69.1 36.1 4.302 4.290
7-TS6 2.149 2.224 4.325 2.308 107.7 −58.7 −8.0 65.8 47.5 3.317 2.600
7-TS7 2.183 2.189 4.436 5.572 −121.8 −38.4 −138.0 69.7 44.1 3.613 3.613
7-TS8 2.188 2.216 5.346 4.217 102.3 51.6 −62.3 68.1 43.6 4.842 4.842
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a R and � are in Å and degree, respectively.
b Distance in Å between a pair of the nearest heavy atoms in Ph groups in BINAP
c Distance in Å between a pair of the nearest atoms (including H) in Ph groups in

arger 2L are followed on the subsequent hyperspheres. When L
eaction paths reach the neighboring potential well, the large ADD-
ollowing (l-ADDF) procedures are stopped. This l-ADDF technique
52] considerably reduces computational demands. After arriving
t new potential wells, geometry optimizations are performed to
btain the structures of new EQs. During these procedures, TSs may
lso be determined if they are required. In this way, lower EQ and
ower TS can be efficiently searched around an EQ point by the
-ADDF method.

.3. Double-ended ADD-following (d-ADDF)

In the fundamental GRRM method, the ADD-following is pro-
essed with the expansion of hyperspheres. In the double-ended
DD-following (d-ADDF) method, the sphere contraction mode is
mployed to search intermediate structures very efficiently [38,50].
hen a couple of EQs, EQa and EQb, are known, one can introduce
hypersphere so that EQa is located at the center and that EQb

s on the surface. In this situation, the radius of the hypersphere
s just the distance between EQa and EQb. When the size of the
ypersphere is contracted keeping the center at the same position,

mportant structures between EQa and EQb will be located on the
inima of the hypersphere. This double-ended search is very effi-

ient, because only one path is followed from the outside toward
nside.

. ONIOM–GRRM computations

All structures and energies were calculated in the ONIOM
B3LYP:UFF) framework, where all carbon and hydrogen atoms in
INAP were treated by UFF. In geometry optimization and har-
onic vibrational analysis, the LANL2ZD basis with an extra set of

-functions [72] (LANL2DZ+f) was employed for Ru, and the 6-31G*

et was used for others (BS1). Structure of 7 are taken from Ref.
9, where the 6-311++G** basis set was used for some important
toms directly involved in the hydride transfer reaction (BS1′). To
llustrate the entire reaction profile based on the present (BS1) and
revious (BS1′) geometries, single-point energy calculations were

able 3
tructural data for selected valence variables (see Scheme 1) and key distances ı1 and ı2

R1 R2 R3 R4 �1

8-TS1 2.265 2.131 2.223 4.249 99.6
8-TS2 2.270 2.120 4.330 2.318 100.6
8-TS3 2.300 2.162 2.208 4.249 99.0
8-TS4 2.319 2.110 4.346 5.402 −117.7
8-TS5 2.333 2.105 4.093 4.687 103.9
8-TS6 2.362 2.103 4.348 5.400 107.8
8-TS7 2.307 2.149 4.335 2.302 100.1
8-TS8 2.322 2.118 5.653 4.287 −120.1

a R and � are in Å and degree, respectively.
b Distance in Å between a pair of the nearest heavy atoms in Ph groups in BINAP and C
c Distance in Å between a pair of the nearest atoms (including H) in Ph groups in BINAP
OOCH3 in the reactant.
and COOCH3 in the reactant.

performed for all geometries using the LANL2DZ+f and 6-311++G**
basis sets (BS2). All the energetics shown below are based on
ONIOM (B3LYP/BS2:UFF) single-point energies. Zero-point-energy
(ZPE) values were estimated by Harmonic vibrational analyses.
Standard state free-energy of activation at 100 ◦C �G#,0(373.15 K)
were estimated assuming the Harmonic and rigid-rotor approxi-
mations for vibrational and rotational energy-levels, respectively,
where the normal mode analysis was done with the basis set
employed in the corresponding geometry optimization. Energy,
gradient, and Hessian of the ONIOM method were computed by
the Gaussian 03 programs [73], whereas all geometry movements
were treated by the GRRM program [32–34].

4. Results and discussions

4.1. Adsorption structures

The adsorption structure 3 has three types: (1) the chelate �-
type complex, (2) the �-type complex, and (3) the single �-type
complex. Furthermore, there are numerous conformers of these
three types. Therefore, structures of 3 were systematically explored
by the GRRM/l-ADDF method [52]. Here, the initial automated
search was done with a very small basis set, LANL2ZD for Ru, 6-31G*
for P and Cl, and 6-31G for others, and all the obtained structures
were reoptimized with the BS1. The search found 82 indepen-
dent local minima, where all the 82 structures have the carbonyl
oxygen coordination. Fig. 3 shows the eight-lowest structures in
terms of �G#,0(373.15 K) from 3-MIN1. Structural data for impor-
tant valence variables (defined in Scheme 1) and interfragment
distances between a Ph group in BINAP and COOCH3 in the reac-
tant in these structures are listed in Table 1. As seen in Fig. 3, all the
lowest lying structures are the single �-type without coordination

of another oxygen atom. In spite of many chelate �-type complexes
in the database, the lowest chelate �-type complex is the 44th
lowest. The product chirality is determined at 3 if the chelate com-
plex is very stable, because exchange of two coordination bonds in
O–Ru–O is difficult in general. Fig. 3 shows Boltzmann distribution

in 8-TS1–8.a.

�2 �3 �4 �5 ı1
b ı2

c

−46.8 157.2 64.3 45.5 3.151 3.151
−37.3 −35.8 63.3 44.9 3.250 2.882
−45.7 156.4 62.2 −37.1 3.093 3.093
165.7 177.4 62.5 44.2 3.456 2.629

−147.3 156.1 −29.6 49.6 3.552 3.076
−170.8 −166.2 60.0 43.8 3.492 2.620
−36.3 −35.6 61.3 −37.0 3.180 2.767

−177.6 −47.3 61.1 44.6 3.378 2.498

OOCH3 in the reactant.
and COOCH3 in the reactant.
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ig. 6. Catalytic reaction cycles for (A) the protonated system and (B) the non-proto
nergy values including harmonic ZPE corrections (in kJ/mol), whereas �G#,0(373.1
inor product. In the protonated part, the (computed) proton affinity of CH3OH (748

enter geometries for structures in (A) and (B) are listed in (C), where covalent and

f each structure at 100 ◦C. Many conformers with different valence
ariables have non-negligible populations suggesting that the reac-
ant molecule does not have a specific form at 3. It follows that the
roduct chirality is not determined at 3. Among the 82 structures,
he lowest �-type complex is very unstable as suggested previously
5], where its �G#,0(373.15 K) from 3-MIN1 is 67.5 kJ/mol.
.2. TS structures of the chirality determining step in the
rotonated system

The conformers for 7 were systematically searched by the
RRM/l-ADDF method [52]. Here, the structure of reaction cen-
system. Relative energy values shown in regular characters correspond to potential
alues are shown in (red) italic characters. Dashed lines show profiles leading to the
mol) is added assuming that the proton comes from the alcoholic solvents. Reaction
ination bonds rearranging at TS structures are shown in (red) thin lines.

ter (P2RuHCl–O C) was fixed at an optimized TS structure, and
UFF was used in the conformation sampling. All TS candidates
were reoptimized to true TSs in full dimension at the ONIOM
(B3LYP/BS1′:UFF) level. Fig. 4 lists the eight-lowest TS structures
among 68 TSs in terms of �G#,0(373.15 K) from 7-TS1[29]. Struc-
tural data for important valence variables (defined in Scheme 1)
and interfragment distances between a Ph group in BINAP and

COOCH3 in the reactant in these structures are listed in Table 2.
All of 68 TSs are for the hydride transfer reaction from the metal
to the carbonyl. Here, structures with positive �1 value correspond
to TSs leading to the product with the R-type chirality, whereas
those for the S-type product have a negative �1 value. The low-
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Table 4
The five-lowest harmonic frequencies (in cm−1) in 3-MIN1–8, 7-TS1–8, and 8-TS1–8.

ω1 ω2 ω3 ω4 ω5

3-MIN1 6.3 13.8 16.4 23.6 25.4
3-MIN2 8.2 13.1 18.6 22.0 35.0
3-MIN3 10.9 15.0 16.8 24.0 29.7
3-MIN4 7.5 13.7 28.8 29.3 38.3
3-MIN5 13.5 16.3 28.1 34.0 38.0
3-MIN6 9.1 12.7 15.9 23.3 28.3
3-MIN7 14.4 22.7 25.8 29.7 32.1
3-MIN8 9.0 27.9 29.7 34.5 37.3
7-TS1 −650.9 16.7 34.7 41.6 47.7
7-TS2 −611.8 16.8 33.8 43.2 44.8
7-TS3 −699.8 13.0 22.1 31.8 37.9
7-TS4 −487.8 19.6 26.7 33.9 42.5
7-TS5 −411.9 14.0 15.8 30.3 35.6
7-TS6 −613.4 19.6 34.5 41.8 42.8
7-TS7 −671.3 13.5 17.8 34.5 36.4
7-TS8 −699.5 14.1 28.5 32.7 35.2
8-TS1 −490.2 17.2 33.0 38.0 42.7
8-TS2 −462.2 19.3 36.1 41.4 43.6
8-TS3 −499.2 17.5 37.6 44.7 47.1
8-TS4 −469.9 15.3 21.1 34.2 38.1
8-TS5 −421.1 20.4 24.6 37.4 39.3
K. Ohno, S. Maeda / Journal of Molecula

st 7-TS1 leads to the R-type product, while the lowest TS for the
-type (7-TS2) is 15.8 kJ mol−1 higher. A comparison between the
owest TSs for each product type clearly shows that the R-type is
he main product in agreement with the experiment [61,62]. Boltz-

ann distribution shows that relative population of 7-TS1 vs. 7-TS2
s 164:1, which is also in line with the experimental enantio-excess
alue of >99%ee qualitatively. Although coordination manners in
-TS1 and 7-TS2 are very similar, 7-TS1 is more stable than 7-TS2
ecause of the closer distance between one of phenyl groups in
INAP and the COOCH3 group in 7-TS2, where the interfragment
istances between the Ph and COOCH3 groups in 7-TS1 and 7-TS2
re 2.951 and 2.854 Å, respectively. The shorter distance in 7-TS2
s caused by a restriction that the carbonyl group must coordi-
ate along the Ru–H bond to take the hydride ligand from the Ru
tom.

.3. TS structures of the chirality determining step in the
on-protonated system

A similar search was performed for the non-protonated TS
. Fig. 5 shows the eight-lowest TS structures among 44 TSs in
erms of �G#,0(373.15 K) from 8-TS1. Structural data for impor-
ant valence variables (defined in Scheme 1) and interfragment
istances between a Ph group in BINAP and COOCH3 in the reac-
ant in these structures are listed in Table 3. All of the 44 TSs are
or the metal-to-carbonyl hydride transfer reaction. The lowest 8-
S1 again leads to the R-type product, and the fourth lowest 8-TS4
as the lowest S-type TS with the 11.5 kJ mol−1 higher energy. The

-type is the main product also without the protonation. Boltz-
ann distribution shows that relative population of the R-type vs.

he S-type is 42:1, which is rather worse than the computational
alue for the protonated system. One reason is the C–Ru distance
t the TSs, which are 2.149, 2.184, 2.265, and 2.319 Å in 7-TS1, 7-
S2, 8-TS1, and 8-TS4, respectively. Elongation of the C–Ru distance
eakens the steric interactions between the reactant molecule and
INAP, and consequently, lowers the selectivity. The longer C–Ru
istances in 8-TS1 and 8-TS4 are due to the lower electrophilicity
f the C atom in the non-protonated system. Although the lower
lectrophilicity affects on the catalytic-activity as suggested previ-
usly [5] and shown below, it has a significant effect also on the
nantioselectivity.

.4. Entire mechanism of the catalytic cycle

Finally, the entire catalytic cycles is shown in Fig. 6 for both (A)
rotonated and (B) non-protonated systems. Energy values shown

n Fig. 6 are relative potential energy including the ZPE correction.
ashed lines show profiles leading to the minor S-type product.

n the protonated part, the computed proton affinity (B3LYP/6-
11++G**//6-31G*) of CH3OH (748.2 kJ/mol) is added assuming
hat the proton comes from the alcoholic solvents. Reaction cen-
er geometries of the QM atoms for structures in (A) and (B) are
isted in (C). In this search, TSs were located by the GRRM/d-ADDF

ethod [38,50] for assumed connections in Fig. 2.
In both systems, the initial step is the reactant coordination,

ainly generating 3-MIN1. The proton attached to the carbonyl
xygen in 3-MIN1 moves automatically (without any barrier) to the
l ligand generating 9-MIN3 with an HCl moiety. A similar barrier-

ess proton transfer occurs from the lowest chelate �-type complex.
nly a �-type complex can keep the proton at the carbonyl oxygen

ite in 11. Since 11 is just a metastable intermediate between 9 and

, 11 likely collapses into 9 before going to 4. The reaction step from
to 4 can be regarded to be one step with overall �G#,0(373.15 K)
f 63.9 kJ/mol (7-TS1–9-MIN2) because of the very short life of 11.
ere, this is the chirality determining step and the dashed line for

he S-type product is always higher than the R-type.
8-TS6 −521.1 12.2 23.6 34.9 38.9
8-TS7 −467.5 18.3 39.5 44.8 46.8
8-TS8 −481.4 10.5 19.4 35.4 37.1

Although the detachment of the product 5 is the next step in the
proposed mechanism in Fig. 2, such a simple elimination requires
very high energy of 166.7 kJ/mol (simultaneous adsorption of the
solvent CH3OH may lower the value). This barrier can be lowered
to 111.4 kJ/mol if H2 adsorption (4–12) occurs beforehand. The
proton transfer from 13 to CH3OH (14 + 5 → 1 + 5) again requires
a high energy of 133.0 kJ/mol. Here, an energetically better route is
12 → 14 → 15 → 1 + 5H+ generating the catalyst 1 and protonated
5H+. This is because 5 has much higher proton affinity than CH3OH,
and consequently, the route to 5H+ is much more exothermic than
the route to 5. The proton on 5 may be removed either in a long
dynamics in solution or in the solvent evaporation step in experi-
ments.

As discussed above, the �-type complexes are not very stable in
the non-protonated system, where generation of the precursor of
the hydride transfer 3-MIN57 requires at least �G#,0(373.15 K) of
67.5 kJ/mol. Moreover, there is no �-type precursor for the S-type
product because it is too unstable to form a local minimum on the
PES. Furthermore, the product of the hydride transfer 16 is just a
metastable structure which can immediately go back to 3 before the
H2 coordination in the next step. It follows that the unstable 16 is
another reason of the low catalytic-activity in the non-protonated
system. The H2 cleavage process at 18 is not very difficult with
�G#,0(373.15 K) of 17.6 kJ/mol if 16 exists with sufficient amount.
Total exothermicity of the non-protonated cycle is only 46.6 kJ/mol.
Three reasons for the low catalytic-activity in the non-protonated
system can thus be suggested: (1) the unstable �-type complex 3-
MIN57, (2) the metastable hydride transfer product 16, and (3) the
low exothermicity in the non-protonated system.

In this study, the harmonic approximation was employed to
estimate the ZPE and �G#,0(373.15 K) values. Some errors may be
involved because of very low harmonic frequencies as shown in
Table 4. The errors can be assumed to be vanishing in the relative
energies among similar structures in Fig. 4. Especially, the key struc-
tures (7-TS1 and 7-TS2) have very close frequencies. Hence, the low
frequency issue is not very important in the discussions on selec-

tivity in Fig. 4, whereas the energy profile in Fig. 6 might change
because of different frequencies in structures of different steps.
There is another problem to use �G#,0(373.15 K) for bimolecular
(AB → A + B) reactions (i.e., 4 → 6 + 5, 12 → 13 + 5, and 15 → 1 + 5H+

in Fig. 6), because �G#,0(373.15 K) is assuming the standard
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tate. Hence, the latter half of the profile (i.e., after the chiral-
ty determining step) may change depending on the experimental
oncentration. Another important factor which was not taken into
ccount is solvation effects. Although it can change the profile sig-
ificantly, it is also not very important for discussions on selectivity
i.e., relative energy of 7-TS1 and 7-TS2), because its effects can
e negligible due to the similar chemical interactions in the two
tructures with only a slight difference in the steric repulsion.

. Concluding remarks and perspectives

An automated exploration of reaction channels on potential
nergy surfaces has become possible by the GRRM method, in
hich the anharmonic downward distortion (ADD) of the poten-

ial indicates the direction of the chemical reaction route. ADD can
e used as a ‘compass’ to discover unknown chemistry [32–35].
ssociated techniques of the GRRM method, l-ADDF [52] and d-
DDF [38,50], have made it possible to elucidate catalytic reaction
echanisms for large systems, such as a Ru-BINAP complex for

symmetric hydrogenation.
In the present application to a RuHCl–BINAP-catalyzed asym-

etric hydrogenation reaction, its high enantioselectivity was
xplained by comparing the stability of TS structures for each opti-
al isomer obtained by an extensive sampling of their conformers.
ntire reaction profiles were illustrated for the catalytic cycles
ith and without protonation. Four kinds of effects of the pro-

onation were discussed: (1) the shortening of the C–Ru distance
n the chirality determining TS to improve enantioselectivity, (2)
he increased stability of �-type adsorption complexes, (3) the sta-
ilization of the hydride transfer reaction products, and (4) the
nhancement of the exothermicity of the catalytic cycle.

We performed three types of analyses to elucidate the
ull reaction mechanism of the RuHCl-catalyzed asymmetric
ydrogenation: (1) the adsorption structure sampling by the
RRM/l-ADDF method [52], (2) the conformation sampling at

he chirality determining TS by the GRRM/l-ADDF method [52],
nd (3) the reaction path search by the GRRM/d-ADDF method
38,50]. These calculations as a whole are expected to yield a
ull reaction mechanism as shown above. Although the third step
equires guesses of connections in the d-ADDF calculations, this
tep will also be automated by using the microiteration-ADD-
ollowing (�-ADDF) method which was developed very recently
y a combination of the microiteration technique [74,75] and the
DD-following method [60]. The present approach based on the
RRM method is promising to explore unknown mechanisms of
symmetric hydrogenation reactions.
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