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The dynamical behavior of the coordinated H, molecule of the PtH(H,)[P(t-Bu)s],]* complex is examined by
the ONIOM-molecular dynamics (MD) method that we recently developed. The ONIOM-MD simulations
reveal that the dynamical environmental effects of the t-Bu substituents of the phosphine ligands, which
increase the magnitude of the energy fluctuations of the active part, significantly promote both rotation and
dissociation of the coordinated H, molecule. The Matsubara-RRK (M-RRK) theory proposed in this study
and Matsubara’s equation verify that the dynamical environmental effects are crucial factors to determine the

chemical reactivity.

1. Introduction

The hybrid ONIOM method we developed!~” has overcome
the restriction of the computational time, which has been one
of serious problems of the quantum chemical calculation for a
long time, and has made the quantum chemical calculation of
the large molecular system possible. The computational algo-
rithm of the ONIOM method is obviously different from the
conventional QM/MM hybrid method. The calculation accuracy
afforded for the model subsystem is maintained even for the
real system by a simple extrapolation procedure.’ The ONIOM
method is now implemented in the GAUSSIANO3 program
package® used all over the world, and is applied in a wide range
of scientific fields, including nanomaterials, biomolecules and
so on.’

However, we cannot apply the ONIOM method, which does
not take account of the thermal motion of the nuclei, as it is, to
the biomolecules such as enzymes in which the thermal
fluctuations of the entire molecule would be closely related to
their functions. On the other hand, the traditional molecular
dynamics method based on the classical mechanics, which has
been used so far, for example, for large-scale molecular
dynamics simulations of proteins, describes well the dynamic
behavior of the molecule due to the thermal motion of the nuclei,
but not the electron rearrangement of the active part caused by
a strong interaction or a reaction. The ONIOM-molecular
dynamics (MD) method that we recently developed’ successfully
solved this dilemma. The ONIOM-MD method, integrating the
ONIOM and MD methods, is a new hybrid quantum molecular
dynamics method, which allows us to simulate the reaction in
large molecular systems taking account of the effects of the
thermal motion of the nuclei. Here, the concept embodied in
the ONIOM method is retained intact. In the ONIOM-MD
method, the direct MD simulations are performed calculating
the energy and its gradient by the ONIOM method on the fly.

We have applied the ONIOM-MD method to cytidine and
cytosine deaminase,””!! which are known as enzymes playing
a key role in the activation of anticancer drugs inside the human
body, and have succeeded in a quantum molecular dynamics
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simulation of the deamination reaction at the active site of the
realistic model of enzyme in the solvent water. The contribution
of the thermal motion of the environment to the reaction is now
one of subjects of interest. We therefore especially focus on
the effect of the amino acid residues environment on the
substrate trapped in the pocket of the active site, which has not
been paid attention to up to date.

As can be easily imaged, it has been general consensus that
the trapped substrate in the pocket of the active site becomes
unstable in energy. However, this fact was never proven and
was a mere conjecture. The ONIOM-MD simulations have
verified that the surrounding amino acid residues made the
substrate trapped in the active site unstable in energy through
their thermal motion.>!! The thermal motion of the neighboring
amino acid residues environment perturbs the fluctuations in
the geometry and energy of the substrate through the steric
contact. We have also succeeded in specifying these amino acid
residues. These effects are ‘dynamical effects’ of the environ-
ment, which is a new concept of the environmental effects we
found. We have named these effects of the environment caused

by the thermal fluctuations ‘dynamical environmental effects’.!!

The dynamical environmental effects are not special ones at
the active site of enzymes. These effects would be also expected
to play an important role in the active site of other systems
surrounded by a similar environment. We have therefore applied
the ONIOM-MD method to the prototype organometallic
reaction, cis-Pt(H),[P(t-Bu);], — H, + Pt[P(t-Bu);],, to examine
in detail the dynamical effects of the environment on the
chemical reaction.'?

The activation energy to evaluate the reactivity has been
obtained from the energy profile of the entire molecule.
However, the accurate activation energy of the reaction cannot
be obtained by such a conventional manner, because the energy
change in the environment, which is independent from the
reaction, is also included in the energy profile. In the case of
the reductive elimination of the H, from cis-Pt(H),[P(t-Bu)s]»,
the essential barrier exits in the active part cis-(H),Pt(PH;),.
When this active part overcomes an energy barrier, the reaction
proceeds. Since the active part and the environment behave
independently, the reduction of the steric energy should be
separated from the energy barrier of the reaction. In fact, the
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ONIOM-MD simulations have showed that after the detachment
of the H, molecule from the Pt, the large steric repulsion
between two phosphine ligands is reduced by the increase in
the [JP—Pt—P angle along the downhill energy surface. We have
to assess the reactivity not by the energy barrier of the entire
system including the environment but by the energy barrier of
only the active part. The energy surface of the entire molecule
is different from that of the active part. This difference is
expected to enlarge when the target molecule becomes larger.

Thus, the reactivity of the chemical reaction is not quanti-
tatively evaluated in the previous manner. The division of the
entire molecule into the active and environment parts is
indispensable. The effects of the environment are then consid-
ered in the active part. The traditional environmental effects,
which are so-called static effects, are reflected in the energy
barrier of the active part. On the other hand, dynamical effects,
which we recently discovered,””!! are reflected in the energy
fluctuations of the active part. The energy fluctuations as well
as the energy barrier are one of factors to determine the
reactivity, as we have shown.!? The height of the energy barrier
calculated from the energy surface of the reaction is not
sufficient information. The reactivity has to be evaluated by the
energy fluctuations in addition to the energy barrier.

However, the Arrhenius’ equation contains only the energy
barrier as a factor to determine the rate constant. We therefore
newly derived Matsubara’s eq 1 on the basis of the Arrhenius’
equation to obtain the rate constant from the two factors, the
energy fluctuations o£” and the energy barrier AE9M.1

_ M AEM
k= Aexp > OSM €))

Here, the energy fluctuations o£¥ in addition to the energy
barrier AE?M are connected to the rate constant k. M is the
number of degree of freedom of the active part. This equation
tells us that the reaction becomes more facile when the
dynamical environmental effects enlarge the energy fluctuations
of the active part. In fact, it has been revealed that the energy
fluctuations of the active part enlarged by the dynamical
environmental effects due to the thermal motion of the bulky
substituents t-Bu of the phosphine ligands facilitate the H,
reductive elimination of the cis-Pt(H),[P(t-Bu);], complex.'?
This corresponds to the fact that the active part is just embedded
in a bath of the environment and heated by the thermal motion
of the environment. The dynamical environmental effects thus
dominantly contribute to the reactivity of the chemical reaction
through the energy fluctuations.

Eq 1 also teaches us that the energy fluctuations are the energy
source and driving force to overcome the energy barrier. We
therefore readily notice that the energy fluctuations can be
introduced to the RRK theory and thereby the dynamical
environmental effects are evaluated through the energy fluctua-
tions from a different aspect. In the present study, we improved
the RRK theory and applied to the dynamical behavior of the
PtH(H,)[P(t-Bu)s],* complex,'? which is one of many H,-
coordinated transition metal complexes synthesized because of
their versatile utilities for the organic syntheses.'* We also
applied Matsubara’s equation and revealed that the dynamical
environmental effects of the substituents t-Bu of the phosphine
ligands are the crucial factors to determine the reactivity of the
coordinated H, molecule.

Matsubara

2. Computational Details

We adopted three model complexes PtH(H,)(PR3)," (R =
t-Bu, Me, and H) with the different substituents of the phosphine
ligands to examine the environmental effects on the behavior
of the coordinated H, molecule. We performed the QM and
ONIOM calculations for R = H and R = t-Bu and Me,
respectively. For the ONIOM calculations, two-layered ONIOM
methodology, which divides the entire molecule into the inner
and outer layers, was used. We included the active part
PtH(H,)(P)," in the inner layer and the Me and t-Bu substituents,
which would affect the inner layer, in the outer layer. All the
cut P—C bonds were capped with the H atoms to form a
subsystem PtH(H),(PH3),™ of the inner layer.

The inner layer was treated by the quantum mechanical (QM)
method at the Hartree—Fock (HF) level of theory. We used the
basis set, referred to as BSI below, which consists of the
relativistic effective core potential (ECP) replacing the core
electrons up to 4f with the valence double & (8s,6p,3d)/[3s,3p,2d]
basis functions by Hay-Wadt for Pt,'> 6—311G** for H of the
dihydrogen molecule and hydride, and the standard STO-2G
for PH3. The outer layer was treated by the molecular mechanics
(MM) method using the MM3 force field parameters. The van
der Waals parameters reported by Rappe et al. were used for
the Pt atom.'® The torsional contributions associated with
dihedral angles involving Pt were set to zero. For the other
atoms, the standard MM3 parameters were used. The ONIOM
energy and gradients are expressed by the sum of the QM and
MM energies and gradients of the inner and outer layers as
follows.

EONIOM,real(Rinner’Router)ZEQM,inner(Rinner’Rlink) +
EMM,outer(Rouler) (2)

EMM,outer(Rouler):EMM,real(Rinner’Router) -
EMM,inner(Rinner’RIink) (3)

8EONIOM,real/allrea] =
(aEQM,inneI/ 8l{inner)'] (Rlink;Rinner’Router) + 8EMM,real/ alzreal -
(8EMM,inneljaRinner)J(RIink;Rinner’Rouler) (4)

All the QM- and ONIOM-molecular dynamics (MD) simula-
tions were performed using the HONDO-2001 program.!” In
both QM- and ONIOM-MD methods, a direct MD simulation
was performed calculating the QM or ONIOM energy and its
gradients on the fly. The time evolution of the nuclei was
performed with the Beeman algorithm.'® The simulations were
run under the constant temperature with a time step of 1 fs. A
Berendsen thermostat'® with a coupling constant of 100 fs was
used to keep the temperature constant.

The data collected every 10 fs from 5 to 100 ps were used to
calculate the average, standard deviation of the geometric
parameters, energy, and force, unless otherwise noted, because
the potential energy of the entire system as well as the
temperature becomes almost constant after 5 ps. The standard
deviation o is defined as follows.
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Figure 1. Optimized structures (A, deg) of Pt(H)(H,)(PR3)," by the QM(HF/BSI) method for R = H and by the ONIOM(HF/BSI:MM3)-MD

method for R = Me and t-Bu.

The geometry optimizations for R = Me and t-Bu were
performed by the ONIOM-MD method by solving Newton’s
equations of motion at zero Kelvin. The nuclei with the initial
velocities of zero start to move on the potential energy surface
downward. The velocities generated during movement along
the potential energy surface are always maintained extremely
small by the velocity scaling of the Berendsen thermostat set
to zero. The nuclei slowly come close to the minimum of the
potential energy surface and finally stop at the minimum with
the velocities of zero.

On the other hand, the geometry optimizations and the energy
calculations for R = H were carried out by using the GAUSS-
IANO3 program.® In addition to the HF level, the B3LYP level
of density functional theory, which consists of a hybrid Becke
+ Hartree—Fock exchange and a Lee—Yang—Parr correlation
functional with nonlocal corrections,?*?! was also used with the
basis set BSII, where LANL2DZ instead of STO-2G is used
for PH;.

The binding energy (BE) of the H, with the PtH(PH3),"
fragment was calculated as a sum of the interaction energy (INT)
and deformation energy (DEF) as follows.

BE = INT + DEF (6)

The INT and DEF energies are defined as,

INT = E[H,](d) + E[PtH(PR5); ](d) — E[PtH(H,)(PR,), ]
@)

DEF = E[H,] — E[H,](d) + E[PtH(PR,); ] —

E[PtH(PR3);1(d) (8)

Here, E(d) means the energy required to deform the structure
for the interaction.

3. Results and Discussion

3.1. Optimized Structures and Binding and Rotational
Energies of the H, Molecule of the PtH(H),(PR3)," (R = H,
Me, and t-Bu) Complexes. The optimized structures of
PtH(H),(PR3),™ (R = H, Me, and t-Bu) are presented in Figure
1. The H, molecule is weakly bound at the Pt, and its H—H
distance is hardly stretched compared to that of the free H,

SCHEME 1
i ( ) y
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electron electron
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molecule. This is consistent with the previous computational
results.’”> This weak coordination of the H, molecule is
understood by the charge transfer interactions between the H,
and the PtH(PR3)," fragment displayed in Scheme 1. The
electron donation from the H, o orbital to the vacant dspo orbital
of the Pt strongly occurs because of the existence of the HT
ligand in trans. On the other hand, the electron back-donation
from the occupied dsr orbital of the Pt to the H, o* orbital is
weak because the dsr orbital of the Pt is not destabilized in
energy to easily interact with H, o* orbital due to the large
P—Pt—P angle of around 170°.

It is obvious that the environmental effects of the substituents
of the ligands affect some geometric parameters of the inner
part. The loosely bound H, is drawn toward to the Pt by the
steric effect of the congested t-Bu as shown by the Pt1—H6
distance shortened to 1.915 A. The Pt1—H4 distance is also
slightly shortened. The bulky substitiuent t-Bu restricts the space
of the inner part, and then the coordinated H, and hydrido
ligands are confined in a smaller space. The Pt1—H6 distance
decreases according to the order in the bulkiness of the
substituents, H > Me > t-Bu. On the other hand, the Pt—P
distances are lengthened by 0.035 A in the case of R = t-Bu
compared to the case of R = H, while there is no significant
difference in the angle OP2—Pt1—P3 among R = H, Me, and
t-Bu.

The t-Bu environment also affects the orientation of the
coordinated H, molecule. Although the H, axis is parallel to
the P2—Pt1—P3 axis in the case of R = H and Me, it deviates
from the P2—Pt1—P3 axis by 50.3° in the case of R = t-Bu as
shown by the dihedral angle JH5—H6—Pt1—P2. In the case
of R = H, the basis set also affects the orientation of the
coordinated H, (Table 1).

The rotation energies of the H, molecule for R = H at the
HF/BSI and B3LYP/BSII levels are similar. These small rotation
energies of around 1 kcal/mol are in good agreement with the
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TABLE 1: Interaction (INT), Binding (BE), and Rotation
Energies (kcal/mol) of the H, of PtH(H,)(PH;)," at Various
Levels

level orientation of the H¥ INT BE’ rotation energy
HE/BSI parallel 102 8.9 0.8
HE/BSII perpendicular 70 63 0.5
B3LYP/BSII perpendicular 12.8 11.1 1.2

“The orientation of the H, axis on the P—Pt—P axis. ” BE = INT
+ DEF. See the text for the details.

TABLE 2: Interaction (INT) and Binding (BE) Energies
(kcal/mol) of the H, of PtH(H,)(PR;)," (R = Me and t-Bu) at
the ONIOM(HF/BSI:MM3) Level

INT BE“
R QM energy ONIOM energy QM energy ONIOM energy
Me 9.7 10.0 8.4 8.7
t-Bu 8.9 7.1 9.0 1.8

¢BE = INT + DEF. See the text for the details.

experimental values of 0.5—2.0 kcal/mol reported for the other
complexes.?? On the other hand, the INT is a little larger at the
B3LYP/BSII level than at the HF/BSI level. Since the HF/BSI
level thus gives good results, we adopted the HF/BSI level for
the molecular dynamics (MD) simulations saving the compu-
tational time. The binding energy (BE) is smaller only by 1—2
kcal/mol than the INT in each level, which indicates that the
deformation energy (DEF) of the H, and PtH(PR3)," required
for the interaction between them is very small.

Both INT of 10.0 kcal/mol and BE of 8.7 kcal/mol of the
coordinated H, molecule in the ONIOM energy for R = Me
(Table 2) are nearly the same as those for R = H. On the other
hand, the INT in the ONIOM energy for R = t-Bu is reduced
to 7.1 kcal/mol because of the steric effect of the t-Bu
substituents. This value is similar to the activation energy of
11 kcal/mol experimentally reported for the H, dissociation of
the PtH(H),[P(t-Bu);],* complex.'? It should be noted that in
the ONIOM energy for R = t-Bu the BE of 1.8 kcal/mol is
much smaller compared to the INT of 7.1 kcal/mol because the
DEF is large in the case of the sterically congested t-Bu. The
DEEF is much larger for the outer layer than for the inner layer,
as shown by the fact that both INT and BE are nearly the same
in the QM energy of the inner layer.

3.2. QM- and ONIOM-Molecular Dynamics (MD) simu-
lations of PtH(H),(PR3),” (R = H, Me, and t-Bu). The
molecular dynamics (MD) simulations of PtH(H),(PR3),™ (R
= H, Me, and t-Bu) were performed at 200 K, since the behavior
of the coordinated H, of PtH(H),[P(t-Bu)s;],™ has been examined
at around this temperature in experiment.!*> The average and
the standard deviation of the selected geometric parameters in
the MD simulations of PtH(H)»(PR3)," (R = H, Me, and t-Bu)
are presented in Table 3. We can find some tendencies in the
bond distances among the substituents R, although there is no
significant difference in the P2—Pt1—P3 angle. The average of
the Pt1 —P2 distance becomes large in the order t-Bu > Me > H
with the increase in the steric effect of the substituent. The steric
effect of the substituents is more obviously reflected in the
Pt1—H4 and Pt1—HS5 distances. The averages of the Pt1—H4
and Pt1—HS5 distances are the smallest for R = t-Bu, since both
hydride and coordinated H, are confined in the restricted space
of the inner layer by the sterically congested t-Bu substituents,
as mentioned earlier. However, the average of the Ptl1—HS
distance is stretched by 0.040 A compared to the optimized one
even for R = t-Bu because the weak interaction of the H, with
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Pt is strongly affected by the thermal motion. On the other hand,
the average of the Pt1—P2 distance is the largest for R = t-Bu.
The standard deviation for the Pt—H4, Pt1—HS5, and Pt1—P2
distances is also large for R = t-Bu because the vibration of
these bonds is strongly perturbed by the thermal motion of the
bulky t-Bu. To the contrary, the distance of the rigid H5—H6
bond is hardly affected by the thermal motion even for R =
t-Bu, as shown by the small standard deviation and the average
similar to the optimized one.

It has been one of issues whether the oxidative addition and
reductive elimination of the coordinated H, occurs as follows,
which is not clearly proven in experiment yet.

P"H(H,)[P(t-Bu),]; = Pt"V(H),[P(t-Bu);]l;  (9)

To get an answer to this question, we examined the maximum
and minimum of the Pt—H, and H—H distances in the MD
simulations at 200 K (Table 4). Two H of the coordinated H,
behave similarly on the Pt atom so that the Pt1—HS and Pt1—H6
distances change in the same manner. In the case of R = t-Bu,
both Pt1—HS5 and Ptl1—H6 distances are shortened to 1.68 A,
which are similar to those for the normal hydrides. Nevertheless,
the H5—HG6 distance is always less than 1.0 A. These results
show that the oxidative addition of the H, does not take place.
The weak electron back-donation from an occupied dzr orbital
of the Pt to the H, o* orbital mentioned earlier would not allow
the complete H—H cleavage. On the other hand, the Pt1—HS5
and Pt1—H6 distances are stretched up to 2.62 A, although the
H, does not go away from the Pt completely. This would support
the experimental result that the coordination and dissociation
of the H, is reversible.!?

Pt"H(H,)[P(t-Bu),]; = Pt"H[P(t-Bu),], + H, (10)

3.3. Rotation of the H, Molecule on the Pt of
PtH(H),(PR3)," (R = H, Me, and t-Bu). The rotation of the
coordinated H, molecule on the Pt was observed for the
PtH(H,)[P(t-Bu)3],* complex in the MD simulations at 200 K.
Although this H, rotation of the PtH(H,)[P(t-Bu);],* complex
has not been experimentally confirmed, the same H, rotation
has been experimentally reported for other H,-coordinated
complexes.” The change in the dihedral angle TH5—H6—Pt1 —P2
for R = H, Me, and t-Bu are presented in Figure 2. The
magnitude of the dihedral angle JH5—H6—Pt1 —P2 remarkably
oscillates in the case of R = t-Bu, which shows that the
coordinated H, rotates again and again. The number of times
of H, rotation is much reduced in the case of R = Me, although
the H, still rotates frequently. On the other hand, the H, hardly
rotates in the case of R = H. The other simulations for R = H
showed no rotation of the H, during 100 ps (Figure SI,
Supporting Information). This difference in the rotation of the
H,isreflected in the ratio of the dihedral angle JH5—H6—Pt1 —P2
as presented in Table 5. The ratio of the dihedral angle
OH5—H6—Pt1 —P2, being more than 150° and less than 30°,
is obviously small for R = t-Bu, because the H, axis largely
deviates from the P2—Pt1 —P3 axis for a long time because of
its rotation. This ratio becomes larger for R = Me where number
of times of H, rotation decreases.

The force added to the inner layer from the environment of
the outer layer, which is important as a driving force of an action
in the inner layer as reported previously,'?> was examined. The
force added to the H, and hydride of the inner layer from the
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TABLE 3: Average and Standard Deviation of the Selected Geometric Parameters (A, deg) of PtH(H,)(PR;)," in the QM(HF/
BSI)-MD (R = H) and ONIOM(HF/BSI:MM3)-MD (R = Me and t-Bu) Simulations at 200 K Together with Their Optimized
Values®

d(Pt1—H4) d(Pt1—HS) d(H5—H6) d(Pt1—P2) O(P2—Pt1—P3)
R optimized average standard optimized average standard optimized average standard optimized average standard optimized average standard
deviation deviation deviation deviation deviation
H 1.521  1.519 0.015 1.966  1.980 0.058 0.763  0.764  0.025 2389 2388 0.030 168.9  169.5 2.2
Me 1.522  1.520 0.027 1.952  1.999 0.091 0.763  0.763  0.021 2389 2395 0.033 169.0  169.5 2.8
t-Bu 1.517 1.513 0.028 1.915 1955 0.092 0.765 0.764 0.021 2424 2430 0.036 168.5 168.7 2.7

“Data of runs 1 and 2 were used for R = H, Me, and R = t-Bu, respectively.

TABLE 4: Maximum and Minimum Values of the Selected Geometric Parameters (A) of PtH(H,)(PR;)," in the QM(HF/
BSI)-MD (R = H) and ONIOM(HF/BSI:MM3)-MD (R = Me and t-Bu) Simulations at 200 K

d(Pt1—H4) d(Pt1—HS5) d(Pt1—H6) d(H5—H6)
R maximum minimum maximum minimum maximum minimum maximum minimum

Run 1¢

H 1.558 1.486 2.210 1.809 2.214 1.793 0.822 0.713
Me 1.586 1.457 2.355 1.732 2.378 1.750 0.829 0.714
t-Bu

Run 2

H 1.556 1.483 2.266 1.800 2.232 1.785 0.815 0.717
Me 1.583 1.462 2.343 1.744 2.317 1.750 0.834 0.708
t-Bu 1.604 1.436 2.474 1.700 2.455 1.695 0.833 0.703
Run 3

H 1.549 1.487 2.203 1.804 2.191 1.821 0.811 0.717
Me 1.592 1.454 2.426 1.732 2.442 1.747 0.832 0.703
t-Bu 1.586 1.438 2.615 1.678 2.617 1.679 0.835 0.712

“ The results for R = t-Bu are not presented because the H, dissociated during the MD simulation.

TABLE 5: Ratio (%) of the Dihedral Angle [lH5—H6—Pt1—P2 That Is More than 150° and Less than 30° in the QM(HF/
BSD)-MD (R = H) and ONIOM(HF/BSI:MM3)-MD (R = Me and t-Bu) Simulations of PtH(H,)(PR3)," at 200 K

run 1¢ run 2 run 3
R >150° <30° total >150° <30° total >150° <30° total
H 0.1 79.0 79.1 0.1 69.2 69.3 0.0 83.0 83.0
Me 13.1 44.0 57.1 13.0 45.0 58.0 32.2 239 56.1
t-Bu 10.3 9.3 19.6 9.3 10.4 19.7

“ The results for R = t-Bu are not presented because the H, dissociated during the MD simulation.

substituents R of the outer layer is presented in Figure 3. When
R is t-Bu, the H, (HS, H6) of the inner layer feels a large force
from the environment. It should be noted that a large force is
also added to the hydride (H4). This would significantly affect
the action of the H, through the trans influence. As shown in
Figure 3B, as a matter of course, the force added to the H, (HS,
H6) becomes zero after the H, disociates from the Pt at 41.9
ps. The force added to the hydride (H4) also becomes smaller

after the H, dissociation because the entire molecule is sterically
relaxed. In the case of less congested substituent of Me, these
forces added to the H, (HS5, H6) and hydride (H4) are quite
small as shown in Figure 3C.

The forces added to the H4, H5, and H6 atoms from the
substituents R was analyzed in more detail (Table 6). In the
case of R = t-Bu, the average of the added force is about two
times larger on the H4 than on the H5 and H6, although the
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Figure 2. Changes in the dihedral angle JH5—H6—Ptl1 —P2 of PtH(H,)(PR3)," in the QM(HF/BSI)-MD simulation for R = H and ONIOM(HF/
BSI:MM3)-MD simulations for R = Me and t-Bu at 200 K. A: R = t-Bu, B: R = Me, C: R = H.
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Figure 3. Changes in the forces added to the H4, H5, and H6 atoms of the inner layer from the substituents R of the outer layer in PtH(H,)(PR3),"
(R = Me and t-Bu) during the ONIOM(HF/BSI:MM3)-MD simulations at 200 K. A: R = t-Bu, B: R = t-Bu with the H, dissociation at 41.9 ps,
C: R = Me. In A, B, and C, red: H5, blue: H6, and black: H4.

TABLE 6: Average and Standard Deviation of the Forces (kcal/mol-f&) Added to the H4, HS, and H6 Atoms of the Inner
Layer from the Substituents R of the Outer Layer and Number of Times Exceeding 5 and 10 kcal/mol-A in the ONIOMHF/
BSI:MM3)-MD Simulations of PtH(H,)(PR3)," (R = Me and t-Bu) at 200 K

H4 H5 H6

R average standard deviation  >5 >10 average standard deviation = >5  >10 average standard deviation >5  >10
Run 1¢
Me 0.448 0.332 0 0 0463 0.444 0 0 0468 0.453 0 0
t-Bu  7.804 2.641 4.304 2.386 4.330 2.369
Run 2
Me 0.478 0.368 0 0 0459 0.453 2 0 0451 0.433 1 0
t-Bu  7.789 2.676 8768 1910  4.372 2.384 3328 273 4.294 2.348 3128 255
Run 3
Me 0.452 0.340 0 0 0457 0.477 3 0 0455 0.482 0 0
t-Bu  7.818 2431 9023 1682  4.211 2.246 3025 200 4.221 2.286 3090 218

“For R = t-Bu, the data collected from 5 to 40 ps was used because the H, dissociated at 41.9 ps. The number of times that 5 and 10 kcal/

mol-A is exceeded is omitted.

standard deviation is similar among them. The number of times
that 10 kcal/mol- A is exceeded is also about eight times larger
on the H4 than on the H5 and H6. These results suggest that
the force on the H4 as well as those on the HS and H6 is
important as a driving force and significantly contributes to the
action of the H, through the trans influence.

3.4. Dissociation of the H, from the Pt of PtH(H),(PR;),"
(R = H, Me, and t-Bu). In the case of R = t-Bu, the H, is
eliminated from the Pt at 200 K during 100 ps in some
trajectories, although not in the case of R = Me as far as we
tried. The changes in the selected geometric parameters for a
trajectory in the case of R = t-Bu where the H, is eliminated is
presented in Figure 4. One can readily find a correlation between
the vibration of the Pt—H4 bond and those of the Pt—HS and
H5—H6 bonds. When the oscillation of the Pt—H4 distance
increases, the oscillation of both Pt—H5 and H5—HG6 distances
also increase. This would be understood by a trans influence of
the hydride H4. For example, when the Pt—H4 bond is stretched,
the electron donation from the H, o orbital to an unoccupied

dspo orbital of the Pt is weakened so that the Pt—H, distance
increases. The H4 is thus considered to function as an initiator
of the H, dissociation. The thermal fluctuations of the H4
enlarged by the force from the environment mentioned earlier
induce the H, dissociation. The Pt—H, interaction weakened
by the motion of the H4 is finally broken by the force added to
the H, from the environment. As we previously reported for
the reaction, cis-Pt(H),[P(t-Bu);], — H, + Pt[P(t-Bu)s],, the
attack of some terminal H of the t-Bu to the Pt also enhances
the vibration of the Pt—H, and promotes the H, dissociation
(see Figure S2, Supporting Information). Without the sufficient
motion of the H4, no H, dissociation occurs as shown in Figure
S3, Supporting Information. For example, in run 3, the H, never
dissociates, although the Pt—H, distance is stretched to more
than 2.5 A at 82.5 ps. The P2—Pt1—P3 angle increases after
the H, dissociation because of the sterical relaxation of the entire
molecule. This shows that an action of the H, is achieved when
the inner layer overcomes its own energy barrier, as we
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Figure 4. Changes in the selected geometric parameters in the reaction, PtH(H,)[P(t-Bu);],™ — H, + Pt(H)[P(t-Bus),]*, during the ONIOM(HF/
BSI:MM3)-MD simulation at 200 K. Bond distances; black: d(Pt1—HS5), red: d(Ptl—H4), blue: d(H5S—H6). Bond angle; black: (JP2—Pt1—P3. A,

B, and C have different time scales.

previously reported.'? The real energy barrier of the reaction
exists in the inner layer of the active part.

When the temperature is increased to 250 K, the H, was
readily released from the Pt (see Figure S4, Supporting
Information). All the trajectories showed the detachment of the
H, from the Pt in the initial stage of the MD simulations. Here,
also an increase in the vibration of the Pt—H4 bond was found
just before the H, dissociation.

As presented in Figures S5 and S6, Supporting Information,
there exists no significant change in the oscillation of the Pt—H4
distance for both R = H and Me. This is due to the small
dynamical environmental effects of the less bulky substituents.
On the other hand, although the Pt—H, distance remarkably
oscillates by the thermal motion even in the case of R = Me,
which is similar to the case of R = t-Bu (see Table 3), the H,
never dissociates without the support of the H4 (Figure S5). In
the case of R = H, the thermal oscillation of the Pt—H, distance
is also small (Figure S6), because the little force is added from
the H environment.

When the temperature is increased to 300 K, the H,
dissociates in some trajectories for R = Me (see Figure S7,
Supporting Information). However, there is no longer distinct
correlation between the oscillations of the Pt1—H4 and Pt1—H5
distances. It is thought that a sufficient energy required to
eliminate the H, can be provided at 300 K and the support of
the H4 is not necessary. For R = H, the H, still does not
dissociate even at 300 K.

3.5. Evaluation of the Reactivity of the H, Rotation of
PtH(H)»(PR3)," (R = H, Me, and t-Bu) by the Matsubara-
RRK Theory. Now, the next subject to understand is how the
actions of the H, molecule, the rotation and dissociation,
mentioned earlier take place with the energy fluctuations.
Although we have revealed that the energy fluctuations are the
energy source and driving force of the chemical reaction by
Matsubara’s equation in the previous study,'? we are just at the
initial stage on the understanding how the reaction proceeds.

In this section, we apply the concept of the energy fluctuations
to the RRK theory, which is one of well-known theories of
chemical reactions. Because the energy required to overcome a
barrier is provided from the energy fluctuations,'? this application
would be quite reasonable.

Let us assume that a molecule A consists of oscillators s with
the quanta j and all these oscillators s have a same frequency
v. The number of ways to distribute j quanta into s oscillators,
wj, is written as follows.

_(Gt+s—D!
L= 11
T TG = ) an
On the other hand, in the case that m quanta out of j are

distributed to one oscillator, the number of ways to distribute
the remaining j — m quanta into s — 1 oscillators is

_—m+s—1)!
Pian =G = m)l(s — D!

12)

Therefore, the probability that a particular oscillator contains
at least m quanta for the reaction is expressed as

_ O _ (G —m+ s — D!
P T miG s - ! (13)

Here, if we use the Stirling’s approximation n! ~ (27tn)"?(n/e)"
(n >>0), eq 13 is written as follows,

_ Gmmts— 1y
G—my™"G+s—1y"!

(14)
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If we assume j — m> s — 1, eq 14 is
(15)

When the critical energy for the reaction is AE = mhv, eq 15
is written with the total energy of ¢ = jhv of the molecule A as

(16)

This is the probability of a reaction of the molecule A derived
on the basis of the RRK theory. Here, the total energy ¢ of the
molecule A should be replaced by the energy fluctuations as
follows because the energy required to overcome the energy
barrier is in fact provided from the energy fluctuations as
mentioned earlier.

M\ QM1
p| AEQM
2022

A7)

Here, o2M, AEM, and fM are the standard deviation of the
energy, the activation energy, and the number of degree of
freedom of the active part, respectively. The static and dynamical
effects of the environment are reflected through the energy
barrier AE?M and the standard deviation of the energy o™ of
the active part. This modified RRK theory is referred to as the
Matsubara-RRK (M-RRK) theory.

As mentioned earlier, it was pointed out by the ONIOM-
MD method that the coordinated H, molecule rotates on the Pt
atom in the PtH(H,)[P(t-Bu);],™ complex. It would be quite
reasonable to apply the M-RRK theory to this behavior of the
H, because the fluctuations in the energy of the active part
become the energy source to overcome the energy barrier of
the H, rotation. Unlike the conventional RRK theory, the
M-RRK theory can give an insight into the dynamic behavior
of the molecule, taking account of the dynamical environmental
effects through the energy fluctuations. We calculated the ratio
of the probability of the H, rotation of the different systems, a
and b, as follows.

AE|E!
1 _ a
P, 209"
P ape "
1 —
Zang

Here, the rotation energies of the H, at the various levels
presented in Table 1 were used as the energy barriers AEM,
As oM, the standard deviation of the inner layer (active part)
at the HF/BSI level presented in Table 7, was used. The number
of degrees of freedom of the active part /@ is 30 for R = H
and 12 for R = Me and t-Bu. As shown in Table 8, the
probability of the H, rotation is about 7 times larger for R =
t-Bu than for R = Me at the HF/BSI level because the energy
fluctuations 208 is 1.7 times larger for R = t-Bu due to the
large dynamical environmental effects. On the other hand, in
the case of R = H without the dynamical environmental effects,
the probability of the H, rotation is much reduced compared to

Matsubara

the case of R = Me and t-Bu. These tendencies do not change
in the other calculation levels.

If we do not consider the dynamical environmental effects
in the active part, the energy fluctuations of the active part are
in principle calculated as follows.!?

M
O,gM,theorem = RT fQT (19)

Here, R is the gas constant. The probability of the H, rotation
without the dynamical environmental effects is thence calculated
as

M\ QM-
AER ) 0)

P = (1 o 2 O_gM,theorem

As shown in Table 8, it is obvious that the probability is
significantly reduced without the dynamical environmental
effects. For example, in the case of R = t-Bu, it is reduced to
about one twenty-fourth. In the case of R = H, the probability
increases when we use o2Mheerem cajculated by eq 19, because
the theoretical energy fluctuation ggMteem jg Jarger than that
obtained from the MD simulation. Matsubara’s eq 1 also gives
a similar tendency in the reactivity of the H, rotation, which
increases in the order t-Bu > Me > H.

3.6. Evaluation of the Reactivity of the H, Dissociation
from PtH(H),(PR;),” (R = H, Me, and t-Bu) by Matsubara’s
Equation. Matsubara’s eq 1 shows that the reaction becomes
more facile when the magnitude of the energy fluctuations of
the active part is enlarged by the dynamical effects of the
environment. The dynamical environmental effects are the
driving force of the reaction. Using Matsubara’s equation, we
examined the reactivity of the H, dissociation from the
PtH(H),(PR;)," (R = H, Me, and t-Bu) complexes, taking
account of the dynamical environmental effects. The average
potential energies and standard deviation of the potential
energies of PtH(H,)(PR3),™ at 200 K is presented in Table 7.
The average energies are quite similar to those calculated by
eq 21 according to the principle of equipartition of energy (see
Table S1, Supporting Information) because the potential energy
is enhanced by the kinetic energy.

EO= %/‘RT 1)

The standard deviation of the QM potential energy of the inner
layer increases in the order, t-Bu > Me > H, with the increase
in the dynamical environmental effects. It was shown by eq
22!2 that the temperature of the inner layer rises to 411 K in
the case of R = t-Bu.

oM
2 Og

e

The magnitude of the oscillation of the QM potential energy
also increases in the same order as shown in Table S2,
Supporting Information. We used the E(gap) presented in Table
S2 as the energy fluctuation oM of Matsubara’s equation
because the energy obtained from the standard deviation cannot
exceed the energy required for the H, dissociation. The change

T (22)
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TABLE 7: Average and Standard Deviation of the Potential Energies (kcal/mol) of PtH(H,)(PR;)," in the QM(HF/BSI)-MD (R
= H) and ONIOMHF/BSI:MM3)-MD (R = Me and t-Bu) Simulations at 200 K*

E(QM,inner) E(MM,outer) E(ONIOM,entire)
R average standard deviation relative average energy” average standard deviation average standard deviation

Run 1¢
H 4.2 0.7 0.0
Me 4.1 1.2 1.7 12.1 1.9 16.2 2.0
t-Bu 32 2.1 8.1 45.7 3.8 48.9 34
Run 2
H 39 0.6 0.0
Me 43 1.2 22 11.6 2.0 16.0 22
t-Bu 33 2.0 8.4 45.7 3.7 49.0 35
Run 3
H 4.0 0.7 0.0
Me 4.6 1.2 2.4 11.5 1.9 16.1 2.1
t-Bu 33 1.9 8.4 45.7 3.7 49.0 35

@ The average energy is relative to the energy at 0 K (the energy of the optimized structure) for each R = H, Me, and t-Bu. » The relative
average energy is the average energy relative to the average energy for R = H. “ For R = t-Bu, the data collected from 5 to 40 ps were used,

because the H, dissociated at 41.9 ps.

TABLE 8: Probability and Its Ratio and the Ratio of the Rate Constant of the H, Rotation of PtH(H,)(PR3)," (R = H, Me, and
t-Bu) Calculated by Eqs 17 and 20 of the Matsubara-RRK Theory and Matsubara’s Equation 1 at 200 K*

eq 17 eq 20 eq /

R probability ratio probability ratio ratio
HF/BSI
H 2.13 x 1071 248 x 10710 1.24 x 107* 342 x 1072 3.18 x 1072
Me 1.15 x 1072 1.34 x 107! 3.62 x 1072 1.00 5.20 x 107!
t-Bu 8.58 x 1072 1.00 3.62 x 1072 1.00 1.00
HF/BSII
H 2.72 x 107° 1.18 x 1073 5.05 x 107* 1.19 x 107! 1.16 x 107!
Me 7.65 x 1072 332 x 107! 422 x 1072 1.00 6.64 x 107!
t-Bu 2.30 x 107! 1.00 422 x 1072 1.00 1.00
B3LYP/BSII
H 3.10 x 107% 1.57 x 107% 3.68 x 1077 8.78 x 107* 5.68 x 107?
Me 4.88 x 107* 2.46 x 1072 4.19 x 107° 1.00 3.75 x 107!
t-Bu 1.97 x 1072 1.00 4.19 x 107° 1.00 1.00

@ The rotation energies of the H, at the various levels presented in Table 1 were used as the energy barrier AE? in egs 17, 20, and 1.

in the potential energy for PtH(H),[P(t-Bu)s],* (Figure S8,
Supporting Information) also shows that the H, dissociation
occurs when the potential energy of the inner layer reaches a
maximum.

The ratio of the rate constant of the different systems, a and
b, was calculated by Matsubara’s equation as follows.

[£ AE
expl —

a Ea

L (23)
b R AE
P\TN T jam

Eb

Here, it is assumed that the frequency factors A for two different
systems are the same. As shown in Table 9, by the replacement
of t-Bu by the less bulky Me, the energy fluctuation oM
decreases by 2.1 kcal/mol at 200 K by the decrease in the
dynamical environmental effects. On the other hand, the energy
barrier increases only by 0.8 kcal/mol by the decrease in the
static environmental effects. As a result, the rate constant of
the H, dissociation is reduced to one-seventh because the change
in the energy fluctuations is significantly reflected. This is in
good agreement with the results of the ONIOM-MD simulations

TABLE 9: Ratio of the Rate Constant of the H,
Dissociation of PtH(H,)(PR3)," (R = H, Me, and t-Bu)
Calculated by Eq 23 of Matsubara’s equation at 200 and 300
K

R oM (kcal/mol) AEM (kcal/mol)” ratio

200 K

H 2.45 10.2 9.41 x 107*
2.45 8.9¢ 345 x 1073
6.75¢ 10.2 6.23 x 107!

Me 4.65 9.7 1.52 x 107!

t-Bu 6.75 8.9 1.00

300 K

Me 6.45 9.7 6.35 x 107!

“Half of E(gap) presented in Table S2 was used as the energy
fluctuation oPM. * The interaction energies (INT) of the H, of
PtH(H,)(PR3)," presented in Tables 1 and 2 were used as the
energy barriers of the H, dissociation AEM. ¢ AE?M for R = t-Bu
was used to artificially take account of the static environmental
effects. “ oM for R = t-Bu was used to artificially take account of
the dynamical environmental effects.

at 200 K that the H, dissociation takes place for R = t-Bu while
not for R = Me. However, when the temperature is increased
to 300 K, the rate constant increases to the similar value because
the magnitude of the energy fluctuations for R = Me becomes
nearly the same as that for R = t-Bu. This also coincides with
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the ONIOM-MD simulations that the H, dissociation takes place
even for R = Me at 300 K (Figure S7, Supporting Information).
In the case of R = H without the environmental effects, the
rate constant is reduced to about one-thousandth compared to
the case of R = t-Bu. When we take account of the static
environmental effects by artificially decreasing the energy barrier
AE®, the rate constant becomes only 4 times larger. On the
other hand, when we take account of the dynamical environ-
mental effects by artificially increasing the energy fluctuations
oM, the rate constant becomes 662 times larger. This shows
that the dynamical environmental effects contribute much more
to the reaction compared to the static environmental effects.

4. Concluding Remarks

The reactivity of the chemical reaction has been evaluated
by the energy barrier obtained from the energy surface of the
reaction. However, by this conventional manner, we cannot
know how the reaction exceeds the energy barrier and what is
the driving force of the reaction, which would be the next
subjects to understand in the chemical reaction. In the present
study, ‘the energy fluctuations’ afforded one of the clues to
answer these questions. As we have recently discovered, the
energy fluctuations are much more important factors than the
energy barrier to determine the reactivity of the chemical
reaction.

To evaluate the reactivity of the chemical reaction, the entire
system has to be divided into the active part and the environ-
ment. This would become more important with the increase in
the scale of the molecular system. The essential barrier of the
chemical reaction exits in the active part. When the active part
overcomes a barrier, the reaction proceeds. The increase in the
magnitude of the energy fluctuations of the active part by the
dynamical environmental effects, which corresponds to the
increase in the temperature of the active part, facilitates the
chemical reaction. The dynamical environmental effects are the
significant driving force of the chemical reaction. Although the
conventional static environmental effects affect the energy
barrier, the dynamical environmental effects affect the energy
fluctuations. Not the static effects but the dynamic effects of
the environment are the dominant factors that determine the
reactivity of the chemical reaction. These were indicated in this
study for the reaction of the PtH(H,)[P(t-Bu);],* complex.

We applied the ONIOM-molecular dynamics (MD) method
to the PtH(H,)[P(t-Bu)s],* complex and examined the dynamical
environmental effects of the substituents t-Bu of the ligands on
the reactivity of the coordinated H, molecule. The ONIOM-
MD simulations showed that the dynamical environmental
effects of the t-Bu increase the magnitude of the energy
fluctuations of the active part. Both rotation and the dissociation
of the coordinated H, molecule are significantly promoted by
the increase in the magnitude of the energy fluctuations of the
active part. These were verified by the Matsubara-RRK (M-
RRK) theory proposed in this study and Matsubara’s equation.
Thus, it was found that the dynamical environmental effects,
which affect the energy fluctuations of the active part, are
dominant factors to determine the reactivity of the coordinated
H, molecule. The reactivity of the chemical reaction would be
predicted with a higher accuracy by considering the dynamical
environmental effects through the energy fluctuations as new
factors.
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