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Automated Exploration of Adsorption Structures of an Organic Molecule on RuH,—BINAP
by the ONIOM Method and the Scaled Hypersphere Search Method
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Automated exploration of adsorption structures of a molecule;C@CH,COOCH;) on an organometallic
complex of R)-RuH,—BINAP (BINAP = 2,2-bis(diphenylphosphino)-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 th&®)-type product, which is about 30 kJ/mol more stable than the most stable
structure among precursors of ttg-fype product. This unbiased search is theoretically showing the power

of BINAP to distinguish R)-type and §-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 employed in asymmetric syntheses of many chiral molecules

Transition metal complex mediated chemical processes haveWith very high enantioselectivity®> Although the microscopic
P P role of BINAP in asymmetric hydrogenations has been exten-

e ot oo oo ey ot o 16 tidied bl expernentalyand teoretcly! 1
. - . - mechanism and the origin of such high selectivity are still

many-electron (real) systems and (2) high dimensionality of . .
potential energy surfaces (PES) in many-variable (real) systems important subjects of researthBINAP has four phenyl groups,

. ‘and steric effects between these ligands and the adsorbing
Recent developments of QM/MM (quantum mechanics/molec- : lecule can vield manv isomers of adsorotion struc-
ular mechanics) hybrid methods such as the ONf@h&thod organic molecu y y . P
have improved the former problem, and steric effects of large tures. Hence, a thorough search for such isomers may be very
ligands can directly be taken into ac’count in geometry optimiza- Interesting _for furthgr u_nderstandlng on BINAP's role as well
tions3 as for the first application of the present approach.

There have been considerable efforts of developments of
efficient tools for exploration on the PE&nd such techniques
have also been employed in transition-metal-involved systems.  Although most previous computational studies focus on
However, systematic and automatic methods have only beenreactions of BINAP-Rh(I)1112 there have been extensive
applied to empirical model potentials of very large systems; experimental studies on hydrogenation mechanisms of BINAP
hence, equilibrium structures (EQ) and transition state structuresRu(ll).1° The first step of hydrogenation reactions by BINAP
(TS) of large organometallic systems, which cannot be dealt Ru(ll) is substitution of one of the anion ligands in RuL
with by simple model potentials, have been examined by BINAP by a H atom via a reaction with Hyielding RuHL—
geometry optimizations starting from limited numbers of initial BINAP and HL, where OCOC}] Cl, Br, |, etc. are used as
guesses based on intuitions or experiences of researchers. anion ligands of L. The second step is coordination of the

Recently, we proposed the anharmonic downward distortion reactant molecule onto the catalysis of RUHRINAP, which
(ADD) following by the scaled hypersphere search (SHS) is the main topic of this paper.
method for efficient exploration on quantum chemical PES. In this study, coordination of C}£OCHCOOCH; onto
Although there has been no general method to follow reaction RuH,—BINAP is considered, where & H is chosen as the
pathways starting from an EQ toward the TSs, the SHS methodsimplest case. Enantioselectivity of BINARu(ll) strongly
made it possible. The full ADD (FADD) following enables us depends on the choice of anion ligaflsn the case of the
to obtain the global reaction route map (GRRM) on the PES, asymmetric hydrogenation reaction of g€OCHCOOCH,3
while lower energy parts of the PES connected via low-barrier Ru(OCOCH),—BINAP results in very low optical yield,
pathways can be explored very quickly by the large ADD whereas RuGHBINAP shows very high selectivity of more
(LADD) following.” In this paper, we demonstrate that structures than 99% ee. Hence, a series of studies using different L may
of organometallic systems can be explored systematically andbe required for systematic understanding on the role of L; we
automatically by a combination of the ONIOM method and the start from the simplest case of= H in this first application of
LADD following by the SHS method. the ONIOM—SHS combination approach.

The BINAP (2,2-bis(diphenylphosphino)-1'7binaphthyl)
transition metal complex developed by Noyori et al. has been 3, Method

2. Model System
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ONIOM—SHS Investigation of Ruit+-BINAP
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Figure 1. Schematic illustrations of (a) end-coordination<O: —

Ru) complex denoted as (end=@)-type, (b)y?-coordination complex

(a precursor of Q)-type product) denoted ag%R)-type, and (c)y?
coordination complex (a precursor @{type product) denoted ag%
9-type, where Me and R indicate methyl group and . CBOCH;
group, respectively. The square in (a) shows atoms treated by QM
(DFT) calculations in the ONIOM method.

toward TSs or dissociation channels (DCgince typical
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Figure 2. Relative free energies (at 373.15 K) of (a) 78 (ernek©)-

reaction paths always change their curvatures from concave totype structures, (b) 46n{-R)-type structures, and (c) 6%9-type
convex on going to a TS or a DC, slopes should always decline Structures. See Figure 1 for definition of each type.

their inclinations downward from a respective harmonic curve

DC. The SHS method follows such an anharmonic effect, i.e.,

(C=0: — Ru) obtained by geometry optimization. All 285

EQ toward a TS or a DC. Directions containing the maximal

LADD following by the SHS method, nine ADDs were detected

hypersurface of harmonic potential. Although this hypersurface adsorption structures were automatically located by the SHS

is a hyperellipsoid when usual normal coordinatgs are

method in application to the ONIOM PES. Then, these structures

employed, it can be transformed into a simple hypersphere by Were reoptimized using the 6-31#G** basis set for H, C,

using the scaled normal coordinatgs where all normal
coordinates); are scaled by corresponding eigenvaldieass;
= L2Q;. 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

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

reaction route mapping on a quantum chemical PES can be GRRM prograrfi”in which energy, gradient, and Hessian based
performed in an automatic way when all possible reaction ©n the ONIOM method were calculated by the GAUSSIANO3
pathways leading ADDs are followed starting from all obtained Programs:
EQs in a processAlthough this FADD following has success-
fully been applied to small systems with-42 atom<4 its
application to larger systems including more than 20 atoms may  As a result, 135 adsorption structures (potential minima) have
not be straightforward because of the high-dimensionality been obtained. Among these 135 structures, most of them can
problem. Therefore, we recently introduced some simplifications be assigned to one of three types illustrated in Figurecla

to quickly explore low-energy parts of the PES connected via Figure 1a shows an illustration of the end-coordination structures

4. Results and Discussion

low-barrier pathwayg.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

(C=0: — Ru) via a lone-pair of an O atom, and 76 structures
among the 135 are of this (end=€C) type. Figure 1, parts b
and c, shows illustrations af?-coordination structures via the

7 orbital of the carbonyl. Such?-coordination structures can

ab initio PESs of H-bond cluster systems have been successfufurther be classified into two types of (Figure 1b) a precursor

to reproduce recent experimental observafiorss well as
extensive Monte Carlo simulations based on model poteritials.
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

of the (R)-type product denoted ag¥R)-type or (Figure 1c) a
precursor of the9)-type product denoted ag¥9)-type, because
hydrogen atoms on the Ru atom can approach only from one
side of the carbonyl. Among 135 structures, 46 afeR)-type
and 6 are if>-9-type.

Figure 2 depicts free energy distributions of (Figure 2a) (end-

which will be hydrogenated, the Ru atom, H atoms bonded to O=C)-type structures, (Figure 2by%R)-type structures, and
the Ru atom, and P atoms were dealt with QM, as the simplest (Figure 2c) {2-S)-type structures. As can be seen from Figure
model, and C atoms bonded to these QM atoms were replaced?, most low-lying structures are;3-R)-type; in contrast, 1>

by a H atom in QM calculations (see Figure 1a for illustration 9S-type structures are in the high-energy region, which is
of the QM part). The MM part was treated by the universal demonstrating the power oRJ-RuH,—BINAP to distinguish
force field® where partial charges on each atom were estimated (72-R)-type and §2-S)-type. This result has been obtained by
by the QEq method at separately optimized geometries of an unbiased search starting from one of the (ereSptype
RuH;—BINAP and the reactant molecule. The QM part was structures. Herez€-R)-type and 42-S)-type are not connected
treated by the density functional theory based on the B3LYP by a direct reaction route but connected by pathways via (end-
functionall® where the 6-31G basis set was employed for H, O=C)-type. The LADD following by the SHS method prefers
C, and O atoms, and the LANL2DZ basis set and its effective to go through low-barrier pathways involving large ADD, and
core potential was applied to Ru and P atoms. The search bytherefore the present results are indicating that there are lots of
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EQI (n*-R) EQ2 (n>-R) EQ3 (n*-R)
AE = 0.4 kJ/mol AE = 0.0 kI/mol AE =17.6 kJ/mol
AG = 0.0 kJ/mol AG =4.8 kJ/mol AG=7.0 kl/mol

EQ4 (n*-R) EQS5 (end-0=C) EQ6 (n*-R)
AE = 5.1 kl/mol AE = 14.4 kJ/mol AE = 6.2 kJ/mol
AG = 17.3 kl/mol AG = 10.6 kJ/mol AG = 10.8 kJ/mol

EQ7 (end-O=C) EQ8 (nZ-R) EQ9 (end-0=C)
AE = 14.0 kJ/mol AE = 6.1 kl/mol AE=13.6 kI/mol
AG=11.5 kJ/mol AG =11.7 kJ/mol AG=12.5 kJ/mol

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 parenthédesand AG show potential energy value and free energy (at 373.15 K)
value, respectively, relative to the lowest ones.

low-barrier pathways from (end-€C)-type to {?-R)-type but an arrangement is minimizing steric repulsion betweens-CH
few pathways tox2-S)-type. It follows that the smaller number COCHCOOCH; and R)-RuH,—BINAP. In short, these struc-
of (7?-9-type structures in the present results is also due to the tures can be regarded to be the “lock-and-key” motif whBje (
characteristic of R)-RuH,—BINAP to prefer {?-R)-type. RuH,—BINAP is a lock and CHCOCH,COOCH; is a key.

To look into the reason whyR)-RuH,—BINAP prefers §2- Figure 4 shows the most stable structure amongih&)-type,
R)-type, we discuss the obtained structures in detail. Figure 3 which is the 94th lowest (in terms of free energy at 373.15 K)
shows the nine lowest structures (in terms of free energy at among all 135 structures. In thig%9-type structure, the bulky
373.15 K) including six §?-R)-type structures and three (end- CH,COOCH; group is interacting with a phenyl group project-
O=C)-type ones. In most of the stablg?(R)-type structures, ing forward, and this stronger steric repulsion makes tjfe (
one phenyl group projecting forward is interacting with a less S-type structure unstable relative t9?R)-type ones. In the
bulky methyl group and a bulky GIE€OOCH group is present search, steric effects have successfully been taken into
interacting with another phenyl group lying backward, and such account by the ONIOM method, and the special stability8f
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2-S)
AE =27.6 klJ/mol
AG = 28.8 kJ/mol

Figure 4. Lowest energy adsorption structure (in terms of free energy
at 373.15 K) amongi-S)-type structures.

R)-type structures due to the “lock-and-key” motif could
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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 theg)-type product. The present result is in line
with the very high enantioexcess of tH){type product in the
corresponding experiment and theoretically shows the power
of BINAP to distinguish R)-type and §)-type at the adsorption
state. The present ONIOMSHS 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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