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ABSTRACT: Generation of H, from methanol/water and hydrosilylation of CO,
catalyzed by [tris(2-pyridylthio)methyl]zinc hydride [k’-Tptm]ZnH 1 were
investigated with DFT and MP2 methods. The hydrosilylation of CO, occurs via
the CO, insertion into the Zn—H bond of 1 followed by the metathesis of a Zn—(#"-
OCOH) bond with hydrosilane to yield silyl formate and regenerate 1. The CO,
insertion easily occurs, but the metathesis is difficult because of the formation of a very
stable Zn—(>-O,CH) species before the metathesis. The AG°* value of the
metathesis with triethoxysilane is much smaller than that with phenylsilane because
electronegative methoxy groups stabilize the transition state bearing hypervalent Si
center, which is consistent with the experimental result that triethoxysilane is used in
the hydrosilylation of CO,. It is theoretically predicted here that hydrosilane with two
electronegative OEt groups or one to three F groups can be applied to this reaction. In
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the generation of H, from methanol/water by 1, the first step is the metathesis of 1 with the O—H bond of methanol/water to
produce [K*-Tptm]Zn(OMe)/[k>-Tptm]Zn(OH) and dihydrogen molecule. The next step is the metathesis of the Zn—OMe/
Zn—OH bond with hydrosilane to yield silyl ether and regenerate 1. The first metathesis is rate-determining but the second one
occurs with very small activation energy, indicating that various hydrosilanes can be applied to this reaction.

B INTRODUCTION

The limited resources of fossil fuels and the environmental
problems induced by their use demand that we look for
alternative energy resources. Such resources must be abundant,
easy to use, and induce less or no hazardous impact on the
environment. One promising candidate is dihydrogen molecule,
which can efficiently produce energy without any hazardous
byproduct." In this regard, various attempts have been made to
produce hydrogen gas from biomasses such as ethanol and
methanol.”> Unfortunately, however, the physical property of
dihydrogen molecule makes it difficult to handle, store, and
transport hydrogen gas, as is well-known. Though many efforts
have been made to safely store hydrogen gas,>~> drawbacks are
still pointed out.® To avoid the difficulty of storage, a lot of
efforts have been made for on-demand generation of hydrogen
gas. For instance, many substrates such as ammonia borane and
related compounds,7 organic heterocycles,8 formic acid,’
alcohol,”'® and organic silanes'' have been applied to the
reaction. Among them, many organometallic chemists are
interested in hydrolysis and alcoholysis of the Si—H bond of
organic silanes,'' ¢ because many transition metal complexes
are expected to be applied to these reactions. Though these
reactions are simple and thermodynamically favorable and also
various organic silanes are available nowadays, these reactions
are kir117eti2cbally slow and need a catalyst consisting of precious
metal.” "
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Another serious environmental problem arising from the use
of fossil fuels is the global warming caused by carbon dioxide
(CO,), which is a byproduct of combustion of fossil fuels.
Removal of CO, from the environment is primarily important
in the scientific community over the past two decades. One of
the desirable solutions is to convert CO, into useful chemicals,
because it is an abundant renewable carbon source. Transition
metal complexes act as an effective catalyst for CO, fixation
reaction, as is well-known.>! Among various transition-metal-
catalyzed CO, fixation reactions with such reactive substrates as
epoxides, alcohols, amines, and alkynes, the most straightfor-
ward CO, fixation is the hydrogenation of CO, to formic
acid.*' "> However, this reaction generally requires the
consumption of base to stabilize formic acid, because formic
acid is thermodynamically less stable than the sum of CO, and
H,. Alternatively, the hydrosilylation of CO, with hydrosilane
to silyl formate is thermodynamically favorable because of the
formation of the strong Si—O bond. Moreover, silyl formate
can be converted to formic acid,** formamide,®® and silicon-
based polymeric materials,** indicating that the hydrosilylation
of CO, is a promising route for the CO, fixation. However,
expensive catalysts such as rhodium,” ruthenium,
iridium®® complexes were employed. One exception is a copper
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catalyst reported by Motokura et al.*** Moreover, most of them In this work, we theoretically investigated two catalytic

require high CO, pressure to produce high yield of the product. reactions by 1, the hydrosilylation of CO, and the generation of

Considering these circumstances found in the CO, fixation dihydrogen molecule from methanol/water and silane. Our

and on-demand generation of hydrogen gas, we need an purposes here are to clarify the reaction mechanisms of these

efficient catalyst with abundant metal. A recently reported two catalytic reactions, uncover characteristic features of the

multifunctional catalyst of a [tris(2-pyridylthio)methyl]zinc electronic process of each elementary step, and elucidate the

hydride, [kK>-Tptm]ZnH 1,% solves these problems, because reason why triethoxysilane was used in the hydrosilylation of

abundant and cheap zinc metal is used in this eflicient catalyst. CO, but phenylsilane was employed in the on-demand

Interestingly, 1 is capable of achieving both the rapid on- generation of dihydrogen molecule from alcohol/water. Also,

demand generation of dihydrogen molecule and the hydro- we wish to propose a theoretical prediction of what hydrosilane

silylations of aldehydes, ketones, and CO, (Scheme 1). Despite can be applied to these reactions.

Scheme 1. Experimentally Reported Catalytic Cycle for H, B COMPUTATIONAL DETAILS

Generation with Methanol/Water (Left) and Hydrosilylation Geometries of all the species studied in this work were optimized by

of CO, (Right) Catalyzed by [x>-Tptm]ZnH 1 the DET method with the B3PW91 functional.”** Two kinds of basis

H, set systems, BS-I and BS-1I, were used in this work. In BS-1, 6-31G(d)

H(;I:H Me GO basis sets®® were employed for all atoms. This BS-I was employed for

’ the geometry optimization. The optimized 2%eometries are close to the

¢ | | g experimentally reported X-ray structures;” see Table SI in the

Supporting Information. Vibration frequencies of each optimized

[k3-Tptm]Zn(OR) [k3-Tptm]ZnH [k3-Tptm]Zn-(n*0:CH) species were calculated to check whether it is an equilibrium structure

TT | or a transition state. The better basis set system BS-II was used for

evaluating changes in energy and population, where the DFT/BS-I-

optimized geometries were employed. In BS-II, a (311111/22111/

HSiRs HSIR; 411) basis set was employed for Zn, where its core electrons were

RsSi-OR HCOO-SiRs replaced by the Stuttgart—Dresden—Bonn (SDD) effective core

potentials (ECPs).>" 6-311G(d) basis sets were used for H, C, N,
O, Si, and S atoms, where one set of p-polarization functions was
these interesting catalytic reactions by 1, the reaction added to the hydride (H) ligand of the catalyst 1, the H of hydrosilane,
mechanism, rate-determining step, and characteristic features and the H of hydroxyl group in methanol/water and one set of diffuse
of the transition state are unclear. Also it was reported that f““““"g‘i was added to C and O atoms of CO, —OMe, and _QCOH
triethoxysilane was used in the hydrosilylations of CO, but groups.™ The MP2/BS-II method was employed for evaluating the

/ - . . energy changes because this method provides the similar energy
phenylsilane was in the on-demand generation of dihydrogen changes to the CCSD(T)-calculated values; see page S4 and Figures

molecule from alcohol/water. Theoretical knowledge of how to S1 to S4 in the Supporting Information. The Gibbs energy was used
employ hydrosilane in these reactions is indispensible for for the discussion, where the translational entropy was corrected with
achieving further development of this catalytic system. the method developed by Whitesides et al.** The natural bond orbital
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Figure 1. Geometrical changes in the reaction of CO, with a [K*-Tptm]Zn—H 1. Bond lengths are in angstroms and bond angles in degrees.
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Figure 2. Gibbs energy changes in the hydrosilylation of CO, catalyzed by [x*-Tptm]ZnH 1. See Figure 1 for geometries. The potential energies
were calculated at the MP2 level. The thermal energy and the entropy were calculated at the DFT level.

(NBO) population analysis was carried out with the electron density at
the MP2 level. All calculations were performed with the Gaussian09
program package.**

B RESULTS AND DISCUSSION

The Catalytic Cycle of the Hydrosilylation of CO,. The
first step of the catalytic cycle is the CO, insertion into the Zn—
H bond of [*-Tptm]ZnH 1, which occurs through a transition
state TS1a to form an 5'-coordinated formate intermediate [x°*-
Tptm]Zn(n'-OCOH) P1, as shown in Figure 1. In TS1a, the C
and O atoms of CO, are approaching the hydride and Zn of 1,
respectively, from the top side; see Figure 1. The Zn—H and
C—O bonds become somewhat longer and the O'-C'-0?
angle becomes considerably smaller in TS1a than in 1. The
Zn—0' and H'-C' distances are, however, still considerably
large, suggesting that the Zn—O' and H'—C' bonds are not
completely formed yet in TS1a. The Gibbs activation energy
(AG°*) and reaction energy (AG®) are 12.5 kcal/mol and —8.3
kcal/mol, respectively, as shown in Figure 2, where a negative
AG® value represents exergonic reaction. These values indicate
that CO, is easily inserted into the Zn—H bond.

P1 isomerizes to a more stable 7*-coordinated formate
complex P2 through a transition state TSp;/p,. The optimized
geometry of P2 agrees with the experimentally reported X-ray
structure;”” see Table S1 in the Supporting Information. In the
transition state, only the Zn—O'-C?>-—H' dihedral angle
considerably increases. Because the dihedral angle easily
changes without a large energy change in general, the AG®*
is small (0.3 keal/mol).>> The AG® is very negative (—9.9 keal/
mol relative to P1) because P2 is stabilized by two Zn—O
bonding interactions. In P2, the Zn—O? bond is considerably
longer than the Zn—0O" bond. This is because the alkyl group
with large trans influence exists at the position trans to the Zn—
O? bond. Because P2 is very stable, it is considered to be a
resting state, as discussed in the experimental work.”’

Also, P2 can be directly formed starting from 1 through a
transition state TS1b, in which CO, approaches 1 from the side
direction; see Figure SSA in the Supporting Information. The
AG®°* value (19.3 keal/mol) is much larger than in the reaction
via TS1a. Hence, this reaction course is ruled out. We will not
discuss further this pathway.

The next step is the reaction between P2 and hydrosilane.
However, the structure of P2 is unfavorable for this reaction
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because the five-coordinated Zn center in P2 does not have
enough space for an incoming hydrosilane. It is likely that the
next reaction with hydrosilane starts from P1 because P1 has an
unoccupied coordination site; the IRC calculation certified it.
This means that P2 isomerizes back to P1 and then P1 reacts
with HSi(OEt), through a transition state TS2a to afford a silyl
formate HCOOSi(OEt); P3a and regenerate 1; see Figure 1. In
TS2a, the Zn and O' atoms of the Zn—(5'-OCOH) moiety
approach the H' and Si atoms of HSi(OFt)s, respectively; see
Figure 1. It should be noted that the Si atom has a distorted
trigonal bipyramidal structure. This is similar to the geometry
of the hypervalent Si species. In TS2a, three OEt groups are
bound with the Si center, which is favorable for stabilizing
TS2a; remember that electronegative groups are found in
general in the hypervalent Si compounds. The AG°* is 14.1
kcal/mol and the AG® is 6.4 kcal/mol relative to P2, indicating
that this process is not difficult. The somewhat large AG°*
value calculated here is consistent with the rather high reaction
temperature (100 °C).>’

We also investigated the metathesis between P1 and PhSiH;
to compare reactivity between PhSiH; and HSi(OEt);. The
geometry changes are similar between HSi(OEt); and PhSiH;;
see Figure SSB in the Supporting Information. On the other
hand, the AG®* (26.5 kcal/mol) is considerably large and the
AG® (9.2 kcal/mol) is considerably more positive in the
metathesis with PhSiH;, indicating that this metathesis is
difficult; see Figure 2. In a transition state TS2b, the Si atom
has a hypervalent trigonal bipyramidal structure too. However,
this structure is not favorable for the hypervalent Si species,
because no electronegative group is bound with the Si center.
Actually, the H'SiH? angle (165°) of TS2b is smaller than the
H'SiO® angle (171°) of TS2a, indicating that TS2a is close to
the typical hypervalent structure but TS2b somewhat deviates;
remember that those angles are 180° in the typical trigonal
bipyramidal structure. These geometrical features relate to the
higher activation energy for TS2b than for TS2a, which will be
discussed below in more detail.

As shown in Figure 2, the final product, 1 + silyl formate P3,
is more unstable than the most stable intermediate P2 in both
cases of HSi(OEt); and PhSiH;. However, the exergonic nature
of subsequent steps can compensate for this. To verify that, we
examined the second cycle. As shown in Figure 2, the catalytic
reaction must proceed from P2 in the first cycle to P2 in the

dx.doi.org/10.1021/ic501058; | Inorg. Chem. 2014, 53, 8485—8493



Inorganic Chemistry

1

PSa
MeOSi(OEt)s3

ZHISiO?=174
Z01Si0*=119

TS5a

Intla

o HI-H?= 0.967
. s 2'_Ol'= _Ol=
wgud | 00968 .}— ot i A L Groies
H?-01=0.976 H2®O H2-O'=1.271 Zn-C?=2.065
H : * WH? H2-O'= 1.144 f ZC*Zn0'=148
ot — \ ; %Z“‘H‘=l.987
ml \ Zn-0'=1.931
S
Zn-H'=1.570 (MeOH),

P4

HSi(OE#);
(Si-H!=1.481)

TS3

Si-H'=1.472
Si-0'=2.806
Si-04=1.677
Si-0?=1.644
Zn-H'=3.373
Zn-O'=1.852
ZHISi0?=115
Z01Si0*=172

> Si-H'=1.585
Si-0'=1.798
Si-04=1.708

3 Si-02=1.700
O Zn-H'=2.065
Zn-0'=1.998
ZH!Si0*=166 <
£01'Si0*=129

TS4a

Figure 3. Geometry changes in the generation of dihydrogen molecule from methanol catalyzed by [<*-Tptm]ZnH 1. Bond lengths are in angstroms

and bond angles in degrees.

next cycle to complete the catalytic cycle. The most stable
species is P2, and the highest transition state is TS1a in both
hydrosilanes. Hence, the AG°¥ value to complete a catalytic
cycle corresponds to the energy difference between P2 in the
first cycle and TS1a in the second cycle. As shown in Figure 2,
the AG°¥ value is 23.1 kcal mol™! in the case of HSi(OEt) 3 but
30.5 kcal mol™ in the case of PhSiH,. These results are
consistent with the experimental fact that not PhSiH; but
HSi(OEt); was used in this reaction.

The Catalytic Cycle of the Generation of H, from
Methanol/Water. In the H, generation reaction, 1 reacts with
methanol to afford a dihydrogen molecule and a zinc methoxide
complex [K>-Tptm]Zn(OMe) P4 through a transition state
TS3, as shown in Figure 3. As moving to TS3 from the
reactants, the Zn—H' bond length considerably increases but
the O'—H? bond length of methanol moderately increases. The
Zn—0' bond is only 10% longer in TS3 than in P4, while the
H'—H? bond length is considerably longer in TS3 than in free
dihydrogen molecule (the optimized value is 0.741 A). These
geometrical features indicate that the Zn—H' bond breaking
and Zn—0' bond formation occur prior to the O'—H?* bond
breaking and the H!—H? bond formation, suggesting that the
approach of MeOH to Zn and the O—H bond elongation are
the origin of the activation energy. It should be noted that two
MeOH molecules participate in the reaction to form a proton
chain with the six-member ring in TS3. The AG°* and AG®
values are 10.6 kcal/mol and —8.1 kcal/mol,*® respectively,
indicating that this step is not difficult; see Figure 4. If only one
MeOH participates in the reaction, the AG® value is 17.1 kcal/
mol; see Figure S8 in the Supporting Information for geometry
changes.>”

In the next step, P4 reacts with hydrosilane to reproduce the
catalyst 1. As seen in Figure 3, the Si and H atoms of

15.0 ———H,0 =—=PhSiH;

= MeOH === HSIi(OEt)3

—-
e
o

1+MeOH PhSiHs T_‘SS41b
(1+H,0) g

Gibbs Energy (kcal mol?)

Figure 4. Gibbs energy changes in the generation of H, catalyzed by 1.
See Figure 3 for geometries. The potential energies were calculated at
the MP2 level. The thermal energy and the entropy were calculated at
the DFT level.

HSi(OEt), approach the O' and Zn atoms of P4, respectively,
to afford an intermediate Intla through a transition state TS4a.
In TS4a, the Si—H' bond is elongated a little and the Zn—H'
and Si—O' distances are still very large. These geometrical
features suggest that TS4a is reactant-like in which the Zn—H'
and Si—O' bonds are not formed at all. The Si center has a
distorted trigonal bipyramidal structure, in which the Si—O'
distance is considerably longer than the Si—O* distance; in
other words, a pure hypervalent Si species is not formed in
TS4a. In Intla, the Si—O' distance considerably decreases and
becomes similar to the Si—O” distance. The H'SiO* angle is
166°, which is close to 180°. These features clearly indicate that
the Si center takes a five-coordinate trigonal bipyramidal
structure in which the H' and O? atoms exist on the axial
positions. This is a typical hypervalent Si structure. The Zn—H"
distance considerably decreases in Intla, but it is still
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considerably larger than in 1, indicating that the Zn—H"' bond
formation is not completed yet. The AG°* value is very small
and AG® is —6.5 kcal/mol, indicating that this step occurs very
easily (Figure 4).

Intla is converted to the catalyst 1 with the release of
triethoxymethoxysilane through a transition state TSSa; see
Figure 3. In TSSa, the Si—H' and Zn—O' bonds become
considerably longer and the Zn—H' and the Si—O' distances
become substantially shorter, indicating that the Zn—H' and
Si—O' bonds are almost formed and the Si—H' and Zn—0O'
bonds are almost broken. The AG°* value is nearly zero and
the AG® is —6.8 kcal/mol, indicating that this step occurs very
easily (Figure 4).>°

The reaction of P4 with PhSiH; occurs via TS4b, Intlb, and
TSSb to regenerate 1. The geometry changes are similar to
those of the reaction with HSi(OEt); see Figure S6 and page
S14 in the Supporting Information. One important difference is
found between Intla and Intlb: in Intlb, the Si center has a
hypervalent trigonal bipyramidal structure in which two H
atoms exist on the axial positions but the Ph group exists on the
equatorial position. This geometry is not favorable for the
hypervalent species, because no electronegative group is bound
with the Si center. As a result, Int1b is less stable than Intla, as
shown in Figure 4. Also, (MeO)SiPhH, P5b is less stable than
(MeO)Si(OEt); PSa. The AG®* value is larger and the AG® is
less negative in the reaction with PhSiH; than with HSi(OEt),.
However, the AG°¥ value is still small enough and the total
AG° is negative enough, indicating that the reaction easily
occurs even in the case of PhSiH;.

Based on these energy changes, it should be concluded that
the generation of dihydrogen molecule is rate-determining but
the metathesis of the Zn—OMe bond with hydrosilane occurs
very easily. These results indicate that various hydrosilanes
including less reactive PhSiH; can be applied to the generation
of H,.

We investigated the on-demand production of dihydrogen
molecule from water, but we wish to skip the discussion of the
geometry changes, because the geometry changes are similar to
those of the reaction with methanol; see Figures S7A and S7B
in the Supporting Information for the geometry changes. The
energy changes are similar to those of the reaction with MeOH,
as shown in Figure 4.

Electronic Processes in the CO, Insertion into the Zn—
H Bond of 1 and the Metathesis of the Zn—H Bond with
Methanol/Water. In the CO, insertion going from 1 to P1,
the Zn atomic population substantially decreases; see Figure SA
and also Table S5 in the Supporting Information for details.
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The 4s and 4p orbital populations of Zn substantially decrease,
while the 3d orbital population of Zn changes little; see Table
SS in the Supporting Information. This is because Zn(1I) has a
stable 3d'® electron configuration. The H' atomic population
only marginally decreases when going from 1 to TSla but
considerably when going from TS1a to P1. This is consistent
with the moderate elongation of the Zn—H bond in TS1a but
the considerable elongation in P1. In TS1a, the C! and O!
atomic populations increase to a similar extent, while the Zn
atomic population decreases much more than the H' atomic
population. These changes suggest that the polarization of the
Zn—0' bond occurs so as to decrease the Zn atomic
population and increase the H' atomic population; note that
if the polarization does not occur and only the CT occurs from
the Zn to O', the O' atomic population increases more than the
H' population. It should be noted that the electron population
of the CO, moiety considerably increases and its increase is
similar to the sum of the decreases in the Zn and H' atomic
populations. Based on these results, it is concluded that charge
transfer (CT) occurs from the Zn—H' moiety to the CO,
moiety concomitantly with the polarization of the Zn—H'
bond, as shown in the left side of Scheme 2. This significantly

Scheme 2. Similarity in Population Changes between the
CO, Insertion into the Zn—H Bond (Left Side) and the
Metathesis of the Zn—H with MeOH (Right Side)

Me

3- 3
\O—H

+

0-c-0 !
. :.‘ ,6CT i ) E%CT
O+in—H - ! O_+_Z'n—I-'I

=

Polarization Polarization

large CT is one of the important characteristic features of the
CO, insertion reaction, as was reported previously.”” The
electron population of the k*Tptm ligand changes little,
suggesting that the rk’-Tptm ligand participates in the
population changes little.

In the metathesis of the H, generation reaction going from 1
to P4, the Zn atomic population substantially decreases too; see
Figure 5B and Table S6 in the Supporting Information. The 3d
orbital population of Zn changes little, but the 4s and 4p orbital
populations of Zn considerably decrease. These are essentially
the same as the CO, insertion into the Zn—H bond of 1.
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However, the H' atomic population somewhat increases when
going from 1 to TS3 but then moderately decreases when going
from TS3 to P4 unlike in the CO, insertion. The H? atomic
population of MeOH somewhat increases in TS3 and then
substantially increases when going from TS3 to P4. The
electron population of the O'Me moiety does not change very
much because it has already enough electron population in
MeOH. These results are reasonably understood, as follows: (i)
The elongation of the Zn—H' bond decreases the donation
from the H' (hydride) to the Zn, which leads to an increase in
the H' atomic population and a decrease in the Zn atomic
population. This corresponds to the polarization of the Zn—H
bond. Simultaneously, (ii) the CT occurs from the H' to the H?
because the H' obtains more electron density from the Zn
center and the H? is originally proton-like (electron-deficient)
in MeOH, as shown in the right side of Scheme 2.

Though the CO, insertion into the Zn—H bond is
completely different from the metathesis of the Zn—H with
methanol, the similar population changes are found interesting.
The similarity in population changes can be easily understood
by Scheme 2. In the CO, insertion, the negatively charged O
atom approaches the Zn and the positively charged C atom
approaches the H (hydride). In the metathesis, the negatively
charge OMe group approaches the Zn and the positively
charged H of MeOH approaches the H (hydride). Hence, the
population changes are similar between these two reactions. It
is noted that the Zn atom plays an important role in supplying
electron population to the substrate in both the CO, insertion
and the metathesis with methanol.

Electronic Processes in the Metatheses of [x>-Tptm]-
Zn(;'-OCOH) P1 and [x3-Tptm]Zn(OMe) P4 with Hydro-
silane. In the reaction of P1 with HSi(OEt),, the most
important feature is that the Si moiety becomes the hypervalent
species in TS2a, as was seen in Figure 1. Consistent with the
formation of the hypervalent Si species, the Si atomic
population substantially decreases, because the Si center is
positively charged in the hypervalent Si species in general; see
Figure S9 and the discussion on page S20 in the Supporting
Information for details of population changes.

In TS2b of the reaction of P1 with PhSiH,, the Si center has
a more distorted trigonal bipyramidal structure than in TS2a,
indicating that the hypervalent character in TS2b is less than in
TS2a. Consistent with this difference, the electron population
changes are somewhat different from those in the reaction with
HSi(OEt);. When going from P1 to TS2b/TS2a, the Si atomic
population decreases less in the reaction with PhSiH; than in
that with HSi(OEt);; see Figure S9 in the Supporting
Information. This difference suggests that the electronic
structure of the reaction system changes less easily in the
case of PhSiH; than in the case of HSi(OEt);, which is
consistent with the larger AG°¥ value of the reaction with
PhSiH; than with HSi(OEt),. Hence, it is of considerable
importance to elucidate the reason why HSi(OEt); leads to the
formation of larger hypervalency in TS2a than does PhSiH; in
TS2b.

To understand difference in reactivity between HSi(OEt),
and PhSiH;, we inspected the transition states TS2a and TS2b
in the reactions of P1 with HSi(OEt); and PhSiH,, respectively.
In TS2a, three electronegative OEt groups are bound with the
Si center. In TS2b, on the other hand, no electronegative group
is bound with the Si center. Because the hypervalent species
wants to have the electronegative group(s), TS2a is more stable
than TS2b. This is also the reason why HSi(OEt); much more
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easily induces the electron population changes than does
PhSiH;. Based on these results, it is concluded that the larger
stability of the hypervalent silicon species in TS2a is
responsible for the larger reactivity of HSi(OEt), than PhSiH;.

To evaluate how much the stability of the hypervalent species
depends on the substituents on the Si center in TS2a and
TS2b, the formation of hypervalent silicon species was
investigated, as shown in Scheme 3. In this evaluation, the

Scheme 3. Formation Reaction of Hypervalent Si Species

EtO OEt 7
OEt E
S 4OEt 0 3
H_S;‘/ + ocoH! H—Si—OEt (1a)
AN
OFt OCOH
Hen ]
\\\HH - E
h—s” + ocoH! > H—Si—H (1b)
\Ph |
OCOH
EtOOEt |
SJOE 3
s + OMe H—si—ort  (10)
AN
OEt Ome
Hph 7
\\\HH - E
h—s”?  + oMl > H—si—H  (1d)
\ |
Ph OMe

axial and equatorial substituents were taken to be the same as
those in TS2a and TS2b and then the geometries of the
corresponding hypervalent silicon species were optimized at the
MP2/6-31G(d,p) level;** see Figure S10 in the Supporting
Information for optimized geometries. As seen in Table 1, the
formation of a hypervalent silicon species [HSi-
(OEt);(OCOH)]™ from HSi(OEt); provides a much larger
stabilization energy (AEy) than the formation of [PhSi-
H;(OCOH)]~ from PhSiHj; see also eqs 1a and 1b in Scheme
3. This difference (about 15 kcal mol™') in AE is not very
different from that in the AG** value between TS2a and TS2b.

All these computational results indicate that the hypervalent
silicon species are more stable in TS2a than in TS2b, and hence
TS2a is more stable than TS2b. The higher stability of the
hypervalent silicon species in TS2a than in TS2b arises from
the presence of three electronegative OEt groups in HSi(OEt),
and the absence of such electronegative group in PhSiH;.

On the basis of the above results, it should be concluded that
HSi(OEt); is more favorable for the reactions with P2 than
PhSiH;. Hence, only reactive HSi(OEt); can be applied to the
hydrosilylation of CO, because the AG®¥ value is intrinsically
large in the reaction of P2 with hydrosilane, which is a rate-
determining step. On the other hand, less reactive PhSiH; can
be used in the H, generation reaction because the AG®* value
is intrinsically small in the reaction of P4 with hydrosilane,
which is not a rate-determining step.

In the metathesis of P4 with hydrosilane, a similar discussion
can be presented.41 In this reaction, not TS4a/TS4b but Intla/

dx.doi.org/10.1021/ic501058; | Inorg. Chem. 2014, 53, 8485—8493



Inorganic Chemistry

Table 1. Gibbs Activation Barrier (AG°¥) for the
Regeneration of 1 from P1 and P4 with Hydrosilane
Calculated at the MP2 Level, the Stabilization Energy (AEg,)
of Hypervalent Silicon Species Calculated at the MP2/6-
311+G(d,p) Level, and Theoretically Predicted AG°* To
Complete the Catalytic Cycle”

Reaction of P1 with

Hydrosilane
AGH# AE” AG®* for full catalytic cycle®
HSi(OEt), 42 -173 23.1
H,Si(OEt), 119 -14.3 259
H,Si(OEt) 148 -102 27.4
HSIF, ~04 325 224
H,SiF, 69 —24.1 250
H,SiF 10.5 —16.5 258.5
PhSiH, 16.6 —24 30.5
Reaction of P4 and Hydrosilane

silane AG* AG° AEg,

HSi(OEt), 0.4 —6.5 —SL5

PhSiH, 3.0 0.1 —39.4

“Values are presented in kcal mol ™. “The stabilization energy in eqs
la to 1d. “The energy difference between TS1 in the second cycle and
P2 in the first cycle. “This value is —0.8 kcal/mol; this negative value
arises from the computational procedure in which the small BS-I
system was used for geometry optimization and the BS-II was
employed for evaluation of energy changes.

Int1b have a hypervalent Si center. The difference in AE value
between eqs 1c and 1d is not very different from that in AG®°
between Intla and Intlb, as shown in Table 1, indicating that
the larger hypervalency in Intla is responsible for the larger
exergonicity and thereby smaller activation energy of the
reaction with HSi(OEt)s.

Theoretical Prediction of Hydrosilane Which Can Be
Applied to Hydrosilylation of CO,. It is of considerable
interest to predict theoretically what hydrosilane can be used in
the hydrosilylation of CO,. The AG°* to complete the full
catalytic cycle corresponds to the energy difference between P2
of the first cycle and TS1 in the second cycle, as was discussed
above; see Figure 2. To reach TS1 in the second cycle, we must
start the reaction with 1 + 2CO, + HSiR;. The energy of TS1
in the second cycle contains one molecule of HCOOSIR,
because it is produced in the first cycle. The energy of P2 in the
first cycle contains those of CO, and HSiR; because only one
CO, molecule is consumed when P2 is formed from 1. Hence,

AG®* = AG°(TS1 + HCOOSIR,)
— AG°(P2 + CO, + HSiR;) (2)

Because TS1 is more unstable than 1 by 12.5 kcal/mol and P2
is more stable than 1 by 18.2 kcal/mol in the Gibbs energy, the
AG¥ is given below:

AG** = AG°(1 + 12.5 + HCOOSIR,)
— AG°(1 — 182 + CO, + HSiR,)
12.5 — (—=18.2) + [AG°(HCOOSIR,)

— AG°(CO, + HSiR,)]

©)

This means that the reaction energy of eq 4, the activation
barrier of the CO, insertion, and the stability of P2 determine
the AG°¥ of this catalytic reaction.
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CO, + HSiR, - HCOOSIR, )

Hydrosilane participates only in eq 4, indicating that one can
predict the dependence of AG°* on hydrosilane by evaluating
the reaction energy of eq 4.*> As shown in Table 1, the reaction
energy increases in the order HSiF; < HSi(OEt); < H,SiF, <
H,SiF ~ H,Si(OEt), < H,Si(OEt). The AG°¥ is 25.9 kcal/mol
for H,Si(OEt), and 25.5 kcal/mol for H;SiF, which are not
very different from the AG°¥ (23.1 kcal/mol) of HSi(OEt);.
Based on these results, we wish to present theoretical
prediction that hydrosilane bearing three electronegative
groups is the best and the hydrosilane bearing two to three
OEt groups or one to three F groups can be applied to the
hydrosilylation of CO,; in other words, not only HSi(OEt); but
also H,Si(OEt),, HSiF;, H,SiF,, and H,SiF are useful in the
hydrosilylation of CO,.

B CONCLUDING REMARKS

In the hydrosilylation of CO,, the C=0O double bond of CO,
is inserted into the Zn—H bond of 1 to afford an #'-
coordinated formate intermediate P1 with a moderate AG°*
value (12.5 kcal mol™") and somewhat large exergonicity (AG®
= —83 kcal mol™). P1 isomerizes to a more stable 7>
coordinated formate complex P2 through a very small
activation barrier. Also, 1 easily reacts with methanol/water
to produce [K*-Tptm]Zn(OMe)/[<*-Tptm]Zn(OH) P4 and a
dihydrogen molecule with somewhat large AG* value (17.1
kcal mol™") and somewhat large exothermicity (AG® = —8.1
kcal mol™"). In these reactions, the CT largely occurs from the
Zn—H moiety to substrate (CO, and MeOH) concomitantly
with the polarization of the Zn—H bond.

The most interesting feature of the hydrosilylation of CO, is
that the regeneration of 1 from P2 significantly depends on the
kind of hydrosilane. When HSi(OEt); is used, the Si center
takes a hypervalant trigonal bipyramidal structure in TS2a,
where three OEt groups are bound with the Si atom. This
geometry is favorable for the hypervalent silicon species, which
is the reason for the smaller activation barrier. When PhSiH; is
used, on the other hand, the activation barrier is substantially
large, because the hypervalent Si species cannot be stabilized
well due to the absence of an electronegative group. This is
consistent with the experimental fact that HSi(OEt); was
succ2e755fully used in the CO, hydrosilylation but PhSiH; was
not.

On the contrary, the H, _/generation reaction can be
performed well with PhSiH;>” This is because the rate-
determining step is the metathesis of 1 with methanol/water
and the reaction of P4 with hydrosilane easily occurs with
nearly no barrier in both HSi(OEt); and PhSiH;.

It is important to propose what hydrosilane can be applied to
the hydrosilylation of CO,. The AG°* value to complete the
catalytic cycle depends on the energy of reaction between CO,
and hydrosilane. Hence, the reaction energy, which we can
easily calculate, provides some idea how to select hydrosilane;
for instance, the hydrosilanes with two or three OEt groups or
one to three F groups are expected to be useful for the catalytic
hydrosilylation of CO,.
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The optimized geometrical parameters of various important
complexes, assessment of different levels of theory, the changes
in Gibbs energy by CO, hydrosilylation, geometry changes for
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the CO, insertion into Zn—H bond (pathB), the reaction of P1
with PhSiH;, the reaction of P4 with PhSiH;, and the H,
generation reaction with water by 1. The changes in Gibbs
energy by the H, generation reaction with methanol. The ZPE,
thermal energy, and entropy correction terms for Intl and TS3.
Population changes in the CO, hydrosilylation reaction, the H,
generation reaction with methanol/water, the regeneration of
catalyst 1 from P1 and silane, and that of catalyst 1 from P4
and silane. The optimized geometry of hypervalent silicon
species and the assessment of different levels of theory for
stabilization energy of hypervalent species. Geometry changes
in metatheses of P1 with H;Si(OEt) and H;SiF. Complete ref
34. This material is available free of charge via the Internet at
http://pubs.acs.org.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on the Web on July 30, 2014, with
minor errors in Figure 3. The corrected version was reposted
on July 31, 2014.
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