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Automated exploration of adsorption structures of a molecule (CH3COCH2COOCH3) on an organometallic
complex of (R)-RuH2-BINAP (BINAP ) 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl) has been performed
by a combination of the ONIOM method and the scaled hypersphere search (SHS) method. As many as 135
potential minima have been obtained as candidates of adsorption structures. The most stable structure among
the 135 is a precursor of the (R)-type product, which is about 30 kJ/mol more stable than the most stable
structure among precursors of the (S)-type product. This unbiased search is theoretically showing the power
of BINAP to distinguish (R)-type and (S)-type at the adsorption state. This result is in line with very high
optical yield of the (R)-type product in the corresponding experiment.

1. Introduction

Transition metal complex mediated chemical processes have
been studied by using small model systems,1 because of (1)
huge computation demands for potential energy calculations of
many-electron (real) systems and (2) high dimensionality of
potential energy surfaces (PES) in many-variable (real) systems.
Recent developments of QM/MM (quantum mechanics/molec-
ular mechanics) hybrid methods such as the ONIOM2 method
have improved the former problem, and steric effects of large
ligands can directly be taken into account in geometry optimiza-
tions.3

There have been considerable efforts of developments of
efficient tools for exploration on the PES,4 and such techniques
have also been employed in transition-metal-involved systems.5

However, systematic and automatic methods have only been
applied to empirical model potentials of very large systems;
hence, equilibrium structures (EQ) and transition state structures
(TS) of large organometallic systems, which cannot be dealt
with by simple model potentials, have been examined by
geometry optimizations starting from limited numbers of initial
guesses based on intuitions or experiences of researchers.

Recently, we proposed the anharmonic downward distortion
(ADD) following by the scaled hypersphere search (SHS)
method for efficient exploration on quantum chemical PES.6

Although there has been no general method to follow reaction
pathways starting from an EQ toward the TSs, the SHS method
made it possible. The full ADD (FADD) following enables us
to obtain the global reaction route map (GRRM) on the PES,6

while lower energy parts of the PES connected via low-barrier
pathways can be explored very quickly by the large ADD
(LADD) following.7 In this paper, we demonstrate that structures
of organometallic systems can be explored systematically and
automatically by a combination of the ONIOM method and the
LADD following by the SHS method.

The BINAP (2,2′-bis(diphenylphosphino)-1,1′-binaphthyl)
transition metal complex developed by Noyori et al. has been

employed in asymmetric syntheses of many chiral molecules
with very high enantioselectivity.8,9 Although the microscopic
role of BINAP in asymmetric hydrogenations has been exten-
sively studied both experimentally10 and theoretically,11 its
mechanism and the origin of such high selectivity are still
important subjects of research.12 BINAP has four phenyl groups,
and steric effects between these ligands and the adsorbing
organic molecule can yield many isomers of adsorption struc-
tures. Hence, a thorough search for such isomers may be very
interesting for further understanding on BINAP’s role as well
as for the first application of the present approach.

2. Model System

Although most previous computational studies focus on
reactions of BINAP-Rh(I),11,12 there have been extensive
experimental studies on hydrogenation mechanisms of BINAP-
Ru(II).10 The first step of hydrogenation reactions by BINAP-
Ru(II) is substitution of one of the anion ligands in RuL2-
BINAP by a H atom via a reaction with H2 yielding RuHL-
BINAP and HL, where OCOCH3, Cl, Br, I, etc. are used as
anion ligands of L. The second step is coordination of the
reactant molecule onto the catalysis of RuHL-BINAP, which
is the main topic of this paper.

In this study, coordination of CH3COCH2COOCH3 onto
RuH2-BINAP is considered, where L) H is chosen as the
simplest case. Enantioselectivity of BINAP-Ru(II) strongly
depends on the choice of anion ligands.10 In the case of the
asymmetric hydrogenation reaction of CH3COCH2COOCH3,13

Ru(OCOCH3)2-BINAP results in very low optical yield,
whereas RuCl2-BINAP shows very high selectivity of more
than 99% ee. Hence, a series of studies using different L may
be required for systematic understanding on the role of L; we
start from the simplest case of L) H in this first application of
the ONIOM-SHS combination approach.

3. Method

3.A. Scaled Hypersphere Search Method.The SHS method
is an uphill walking technique on a PES starting from an EQ
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toward TSs or dissociation channels (DC).6 Since typical
reaction paths always change their curvatures from concave to
convex on going to a TS or a DC, slopes should always decline
their inclinations downward from a respective harmonic curve
because of energy-lowering interactions leading to a TS or a
DC. The SHS method follows such an anharmonic effect, i.e.,
ADD, as a symptom of a chemical reaction starting from an
EQ toward a TS or a DC. Directions containing the maximal
ADD can be detected as energy minima on the isoenergy
hypersurface of harmonic potential. Although this hypersurface
is a hyperellipsoid when usual normal coordinatesQi are
employed, it can be transformed into a simple hypersphere by
using the scaled normal coordinatesqi, where all normal
coordinatesQi are scaled by corresponding eigenvaluesλi asqi

) λi
1/2Qi. This transformation reduces an algorithm of ADD

following to energy minimizations on a series of different sizes
of scaled hyperspheres with expanding their radii.

The ADD following by the SHS method can be used for
finding many reaction pathways around an EQ, and global
reaction route mapping on a quantum chemical PES can be
performed in an automatic way when all possible reaction
pathways leading ADDs are followed starting from all obtained
EQs in a process.6 Although this FADD following has success-
fully been applied to small systems with 4-12 atoms,6,14 its
application to larger systems including more than 20 atoms may
not be straightforward because of the high-dimensionality
problem. Therefore, we recently introduced some simplifications
to quickly explore low-energy parts of the PES connected via
low-barrier pathways.7 The most important point in the sim-
plification is use of LADD following in which only large ADDs
are followed as important pathways leading to lower energy
EQ via a low barrier. Applications of this LADD following to
ab initio PESs of H-bond cluster systems have been successful
to reproduce recent experimental observations15 as well as
extensive Monte Carlo simulations based on model potentials.7

In this study, we combined this LADD following with the
ONIOM method to automatically explore adsorption structures
of an organic molecule on an organometallic complex.

3.B. Computations.In the ONIOM calculation, the carbonyl
which will be hydrogenated, the Ru atom, H atoms bonded to
the Ru atom, and P atoms were dealt with QM, as the simplest
model, and C atoms bonded to these QM atoms were replaced
by a H atom in QM calculations (see Figure 1a for illustration
of the QM part). The MM part was treated by the universal
force field,16 where partial charges on each atom were estimated
by the QEq method17 at separately optimized geometries of
RuH2-BINAP and the reactant molecule. The QM part was
treated by the density functional theory based on the B3LYP
functional,18 where the 6-31G basis set was employed for H,
C, and O atoms, and the LANL2DZ basis set and its effective
core potential was applied to Ru and P atoms. The search by

the SHS method was started from an end-coordination structure
(CdO: f Ru) obtained by geometry optimization. All 285
vibrational freedoms were considered in the search. In the
LADD following by the SHS method, nine ADDs were detected
around each EQ to follow the largest three ADDs. In total, 175
adsorption structures were automatically located by the SHS
method in application to the ONIOM PES. Then, these structures
were reoptimized using the 6-311++G** basis set for H, C,
O, and P atoms, and 135 structures were confirmed to be
independent potential energy minima on the PES. Zero-point
energy and free energy correction at 373.15 K were estimated
by harmonic approximation of the PES in the gas phase. The
Boltzmann distribution of each structure was further estimated
by using the free energy values for qualitative discussions. All
calculations were made by using a developing version of the
GRRM program6,7 in which energy, gradient, and Hessian based
on the ONIOM method were calculated by the GAUSSIAN03
programs.19

4. Results and Discussion

As a result, 135 adsorption structures (potential minima) have
been obtained. Among these 135 structures, most of them can
be assigned to one of three types illustrated in Figure 1a-c.
Figure 1a shows an illustration of the end-coordination structures
(CdO: f Ru) via a lone-pair of an O atom, and 76 structures
among the 135 are of this (end-OdC) type. Figure 1, parts b
and c, shows illustrations ofη2-coordination structures via the
π orbital of the carbonyl. Suchη2-coordination structures can
further be classified into two types of (Figure 1b) a precursor
of the (R)-type product denoted as (η2-R)-type or (Figure 1c) a
precursor of the (S)-type product denoted as (η2-S)-type, because
hydrogen atoms on the Ru atom can approach only from one
side of the carbonyl. Among 135 structures, 46 are (η2-R)-type
and 6 are (η2-S)-type.

Figure 2 depicts free energy distributions of (Figure 2a) (end-
OdC)-type structures, (Figure 2b) (η2-R)-type structures, and
(Figure 2c) (η2-S)-type structures. As can be seen from Figure
2, most low-lying structures are (η2-R)-type; in contrast, (η2-
S)-type structures are in the high-energy region, which is
demonstrating the power of (R)-RuH2-BINAP to distinguish
(η2-R)-type and (η2-S)-type. This result has been obtained by
an unbiased search starting from one of the (end-OdC)-type
structures. Here, (η2-R)-type and (η2-S)-type are not connected
by a direct reaction route but connected by pathways via (end-
OdC)-type. The LADD following by the SHS method prefers
to go through low-barrier pathways involving large ADD, and
therefore the present results are indicating that there are lots of

Figure 1. Schematic illustrations of (a) end-coordination (CdO: f
Ru) complex denoted as (end-OdC)-type, (b)η2-coordination complex
(a precursor of (R)-type product) denoted as (η2-R)-type, and (c)η2-
coordination complex (a precursor of (S)-type product) denoted as (η2-
S)-type, where Me and R indicate methyl group and CH2COOCH3

group, respectively. The square in (a) shows atoms treated by QM
(DFT) calculations in the ONIOM method.

Figure 2. Relative free energies (at 373.15 K) of (a) 78 (end-OdC)-
type structures, (b) 46 (η2-R)-type structures, and (c) 6 (η2-S)-type
structures. See Figure 1 for definition of each type.
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low-barrier pathways from (end-OdC)-type to (η2-R)-type but
few pathways to (η2-S)-type. It follows that the smaller number
of (η2-S)-type structures in the present results is also due to the
characteristic of (R)-RuH2-BINAP to prefer (η2-R)-type.

To look into the reason why (R)-RuH2-BINAP prefers (η2-
R)-type, we discuss the obtained structures in detail. Figure 3
shows the nine lowest structures (in terms of free energy at
373.15 K) including six (η2-R)-type structures and three (end-
OdC)-type ones. In most of the stable (η2-R)-type structures,
one phenyl group projecting forward is interacting with a less
bulky methyl group and a bulky CH2COOCH3 group is
interacting with another phenyl group lying backward, and such

an arrangement is minimizing steric repulsion between CH3-
COCH2COOCH3 and (R)-RuH2-BINAP. In short, these struc-
tures can be regarded to be the “lock-and-key” motif where (R)-
RuH2-BINAP is a lock and CH3COCH2COOCH3 is a key.
Figure 4 shows the most stable structure among the (η2-S)-type,
which is the 94th lowest (in terms of free energy at 373.15 K)
among all 135 structures. In this (η2-S)-type structure, the bulky
CH2COOCH3 group is interacting with a phenyl group project-
ing forward, and this stronger steric repulsion makes the (η2-
S)-type structure unstable relative to (η2-R)-type ones. In the
present search, steric effects have successfully been taken into
account by the ONIOM method, and the special stability of (η2-

Figure 3. Nine lowest energy structures (in terms of free energy at 373.15 K) among 135 structures obtained by the present search. Coordination
types according to the definition in Figure 1 are shown in parentheses.∆E and ∆G show potential energy value and free energy (at 373.15 K)
value, respectively, relative to the lowest ones.
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R)-type structures due to the “lock-and-key” motif could
automatically be discovered by the SHS method. It should be
noted that the present search is including coordination bond
rearrangement events of isomerization among (η2-R), (end-Od
C), and (η2-S) types, which is difficult to describe by pure MM
approaches. Hence, the present ONIOM-SHS combination
rather than MM-SHS combination may be of great significance
for proper understanding on adsorption structures of this system.

The ratio of Boltzmann distributions at 373.15 K of (η2-R)-
type structures and (η2-S)-type ones is estimated as 1.00:0.00,
which indicates that enantioselectivity of this reaction may be
100% ee when instantaneous equilibration is assumed in the
adsorption state. This value will change depending on the choice
of anion ligands10 and/or adsorbing molecule,13 and systematic
applications of the present approach to different sets of anion
ligands and adsorbing molecule may be a next interest. Of
course, other points such as reaction barriers should also be
very important for microscopic understanding on the role of
asymmetric hydrogenation catalysis,12,20and applications of the
ONIOM-SHS combination to such processes are in progress.

We finally note about the computation costs of the present
calculations. The present calculations required about 105 times
ONIOM force calculations, which have taken about 1 month
by using two cores in only one CPU (Xeon, 3.00 GHz). It
follows that the present ONIOM-SHS combination can rou-
tinely be applied to similar systems, and it may be promising
for systematic understanding on adsorption structures of an
organic molecule onto an organometallic complex with large
ligands.

5. Conclusions

This paper shows the first application of the ONIOM-SHS
combination approach to an organometallic system. The ONI-
OM-SHS method gave as many as 135 potential minima as
candidates of adsorption structures of CH3COCH2COOCH3 on
(R)-RuH2-BINAP. The most stable structure among the 135
is anη2-coordination complex which can be regarded to be a
precursor of the (R)-type product. The special stability of this

structure can be explained by the “lock-and-key” motif, and it
is 28.8 kJ/mol more stable than the most stable structure among
precursors of the (S)-type product. The present result is in line
with the very high enantioexcess of the (R)-type product in the
corresponding experiment and theoretically shows the power
of BINAP to distinguish (R)-type and (S)-type at the adsorption
state. The present ONIOM-SHS combination approach may
be promising for systematic understanding on adsorption
structures of an organic molecule onto an organometallic
complex with large ligands.
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