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The new bond between Pt atom and hypervalent six-coordinate Si species in platinum-
silatrane reported recently was theoretically investigated mainly with DFT method and in
part with MP2 method. The DFT method with B3PW91 and MO6 functionals reproduces
well the Pt-Si, Pt-Cl and Si-N bond distances. Though the Si-Cl distance is overestimated
by all functionals employed here when one d polarization function is added to each of Si
and Cl, the MO6-optimized Si—Cl distance is close to the experimental value when two d po-
larization functions are added to each of Si and Cl, suggesting that the functional and basis
sets must be carefully employed in theoretical calculation of hypervalnet six-coordinate Si
species. Population analysis clearly indicates that the Pt-Si bond is formed by the charge-
transfer (CT) from the occupied d orbital of Pt to the empty p orbital of Si, which enhances
the CT from the S atoms and CI ligand to the Pt center. Besides platinum- and palladium-
silatranes, no metallasilatrane has been reported so far. Based on the knowledge of bonding
nature, we presented theoretical prediction that iridium(I) can form a similar metalla-
silatrane. Actually, the DFT calculation indicates that iridium-silatrane has essentially the
same equilibrium geometry and bonding nature as those of platinum-silatrane.

Keywords: Density functional calculations; Silicon; Transition metals; Hypervalent com-
pounds.

The transition-metal complexes bearing hypervalent species is of consider-
able interests in modern inorganic and organic chemistry and also physical
chemistry!. This is because new bonding features are expected between
transition-metal element and hypervalent species unlike the usual coordi-
nate bond. Such transition-metal complexes were first reported in pioneer-
ing works by Akiba, Yamamoto and their coworkers about 10 years ago®™.
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They synthesized groups 62, 8% and 9* transition-metal complexes inter-
acting with five-coordinate Sb and P hypervalent species at the equatorial
position. Also, the bonding interaction of the transition metal and hyper-
valent Si species was experimentally and theoretically suggested in the
tungsten-silicon species, Cp(CO),W[SiH,(C=CH)]®, in which the Si center
interacts with the W center, two H and two C atoms. Recently, new type of
compounds, metallasilatranes of platinum and palladium, have been exper-
imentally reported® (see Fig. 1A for platinum-silatrane). In these com-
pounds, the transition metal element interacts with six-coordinate Si

Cl2 CI2 2.635

FiG. 1
Optmized geometries of platinum-silatrane (A), Cl-silatrane (B) and iridium-silatrane (D), and
geometry of Pt-ClIS, fragment (C; this geometry was taken to be the same as the optimized ge-
ometry of the corresponding moiety of platinum-silatrane). Bond lengths are given in A
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species, interestingly. The Si center is considered to take +IV oxidation state
and the metal moiety participates in the M-Si bond as one ligand of the Si
center. Such Pt-Si bond was discussed in terms of the dative bond from the
metal center to the Si(IV) center®. Also, DFT study was reported recently on
this type of platinum-metallasilatrane’, in which the Si NMR chemical shift
and the bonding nature were discussed in comparison with other usual Si
species.

As mentioned above, one can expect new and interesting features in the
bonding interaction between transition-metal element and hypervalent
species. Actually, there are many important issues to be theoretically inves-
tigated; e.g., it is of considerable interest to clarify the electronic structure
of the Pt center as well as the Si one, to show what influences the Si center
induces on the Pt one, to present theoretical prediction of new metalla-
silatrane of transition-metal element, and to make comparison between
these matallasilatranes and transition-metal complexes with five-coordinate
Sb and P species. Also, it is important to know what computational method
is useful for theoretical study of this type of new compound.

As the first step of comprehensive theoretical study, we wish to present
our preliminary report about the theoretical study of metallasilatrane of
platinum(Il) and iridium(I). Our main purposes here are to show what com-
putational method can be applied to this type of compound, to present the-
oretical understanding of the electronic structure of the Pt moiety, and to
present theoretical prediction of new metallasilatrane®.

COMPUTATIONAL DETAILS

The DFT method was mainly employed with B3PW91°, LC-BLYP 1911
MO06 '2 and M06-2X 12, Core electrons of transition-metal elements were re-
placed with effective core potentials of LANL2DZ '3 and their valence elec-
trons were represented with (541/541/111/1) basis sets'3-15, We name this
basis set HW-Dz for brevity, hereafter. In some calculations, we employed
cc-pVDZ-pp ¢ for Pt to examine the basis set effects. For other atoms, we
employed 6-31G(d) '/, 6-311G(d) and 6-311G(2d) basis sets'®, where one
diffuse function was added to CI because this atom is anion-like.

The geometry optimization was carried out by the DFT method with the
above-mentioned functionals. MP2 calculations were also carried out to ex-
amine several important geometrical parameters. These calculations were
carried out with Gaussian 09 '® and GAMESS-US 7 program packages.
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RESULTS AND DISCUSSION

Geometry of Platinum-Silatrane

The characteristic features of the geometry will be mentioned first. As
shown in Fig. 1A, the Si center takes a six-coordinate structure in which the
Si center coordinates with four N atoms, one Cl1 ligand and one Pt center
(see Fig. 1A for CI1 and Cl2). These geometrical features indicate that the Si
center is understood to take six-coordinate hypervalency. Also, the Pt cen-
ter takes a six-coordinate structure, in which four S atoms, one CI2 ligand
and one Si center coordinate with the Pt center. This six-coordinate struc-
ture is interesting because the Pt center takes +II oxidation state bearing d®
electron configuration in this compound, as will be discussed below in de-
tail; remember that the d® metal tends to form a four-coordinate planar
complex. In this regard, the Pt-Si and Pt—Cl2 bonds must be examined care-
fully in theoretical study of platinum-silatrane as well as the Si—Cl1 and
Si-N bonds. We mainly checked these bond distances in the geometry opti-
mization.

We investigated first the basis sets effect on the geometry, as shown in
Table I. The use of cc-pVDZ-pp instead of HW-Dz for Pt little changes the
Pt-Si and Pt-S distances. The use of cc-pVDZ-pp moderately decreases the
Pt-Cl distance by 0.018 A, which leads to larger deviation from the experi-
mental value; note that the Pt-Cl distance is underestimated by these calcu-
lations. This means that HW-Dz is useful to calculate this type of com-
pound. The use of 6-311G(d) instead of 6-31G(d) for other atoms also little
changes the bond distances.

On the other hand, the effects of functional on the geometry are signifi-
cantly large. The Pt-Si bond, which is an important geometrical parameter
here, is underestimated by the LC-BLYP and M06-2X, while it is well repro-
duced by the B3PW91 and MO06. The Pt-Cl2 bond, which is also an impor-
tant geometrical parameter here, is considerably underestimated by
B3PW91, LC-BLYP and M06-2X, but it is reproduced well by the M06 func-
tional. The Pt-Si bond is reproduced well by the B3PW91 and M06. The
S-N bond is expected to be optimized well because this is not a coordinate
bond but a usual covalent bond. The B3PW91, however, provides some-
what longer Si-N bond, while the M06 provides moderately longer Si-N
bond and the LC-BLYP and MO06-2X functionals reproduce well this bond
distance. Unexpectedly, considerably longer Si-Cl2 bond than the experi-
mental value is presented by all functionals employed here when one d po-
larization function was added to each of Si and Cl, though this bond does
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not contain transition-metal element. Because the hypervalent bond is un-
derstood to contain strong electrostatic interaction (ionic interaction), it is
likely that the long-range correction of the Hartree-Fock exchange term
provides the good bond distance. However, the LC-BLYP presents a consid-
erably longer Si—Cl1 distance, too. We examined this Si-Cl1 bond distance
with the MP2 method, as shown in Table I. However, the Si—-Cl1 bond is
calculated to be longer than the experimental value, too. Though we could
not employ basis sets of triple-zeta quality in MP2 calculations due to the
limit of computational facility, it is concluded that the MP2 method overes-
timates this bond distance because the basis sets of double-zeta quality tend
to provide shorter distance. Finally, we employed 6-311G(2d) for Si and Cl,
where one diffuse function was also added to Cl. DFT(MO06) calculation
with these basis sets provides the best Si—CI1 bond distance here; though it
is still moderately longer than the experimental value, the deviation of
0.074 A is not very large, considering that this is hypervalent bond. This
result clearly shows that two d polarization functions should be added
to each of Si and Cl to present correct description of hypervalent six-
coordinate Si—-Cl1 bond.

Hereafter, we will employ the M06 functional, where the HW-Dz and
6-311G(d) basis sets were employed for Pt and other atoms, respectively,
except for Cl and Si for which 6-311G(2d) basis sets were used with one dif-
fuse function added to Cl.

Electron Distribution and Bonding Nature

NPA and NBO populations of platinum-silatrane are shown in Table II, in
comparison with those of Cl-silatrane and the Pt-CIS, fragment; note that
substitution of Pt-CI2 moiety for CI2 in platinum-silatrane leads to the for-
mation of Cl-silatrane, as shown in Fig. 1B, and removing the Si-Cl1 moi-
ety from platinum-silatrane leads to the formation of the Pt-ClS, fragment,
as shown in Fig. 1C.

The electron distribution of the Pt-ClS, fragment is discussed first. The
dy2_y2 orbital population is 1.362 e and the d,2 orbital population is
1. 927 A, as shown in Table II. These results 1nd1cate that only the d,2_,2 or-
bital participates in the coordinate bonds with the S atoms and the d,2 or-
bital little participates in the coordinate bond. Hence, it is concluded that
the Pt center takes +II oxidation state bearing d® electron configuration. To-
tal d orbital population is 9.019 e, which is much larger than 8.0 e. How-
ever, this is not unreasonable because the d,2_2 orbital receives electron
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population from four S ligands through the charge-transfer (CT) interac-
tion.

When going from the Pt-CIS, fragment to platinum-silatrane, the Pt-Si
bond is formed. In this process, the Pt atomic population considerably de-
creases, as shown in Table II. This decrease in the Pt atomic population
arises from the considerably large decrease in the Pt d,2 orbital population;
the d,2 orbital population decreases to 1.640 e from about 2.0 e when going
from the Pt-CIS, fragment to platinume-silatrane. This decrease in popula-
tion clearly indicates that the CT occurs from the Pt d,2 orbital to the Si
center. The same CT interaction was proposed in the experimental work®.
Also, this CT was clearly disclosed by the NBO and energy decomposition
analyses in the recent theoretical work’; this analysis indicates that the or-

TasLE 11
Electron populations® of metallasilatranes and important species

SI-CIN, b PE=CIS, c Pt-silatrane Ir-silatrane Cl-silatrane
fragment fragment
Pt or Ir
S - 0.493 0.641 0.561 -
P - 0.730 1.110 1.035 -
d - 9.019 8.942 8.490 -
dyryr - 1.170 1.362 1.158 -
d, - 1.927 1.640 1.462 -
Cl2 17.782 17.536 17.582 17.253
Si
S 0.755 - 0.767 0.797 0.726
P 1.069 - 1.294 1.234 1.323
p, 0.470 - 0.596 0.598 0.526
S 16.278 16.088 15.851 15.886 16.352
N 7.779 7.465 7.719 7.710 7.736
Cl1 17.552 - 17.505 17.638 17.585

4 NBO population analysis was employed. ” This is the Si species formed by removing the
Pt-Cl2 moiety from platinum-silatrane. ¢ This is the Pt species formed from platinum-
silatrane by removing the Si-Cl1 moiety (see Fig. 1C). 4 This Cl-silatrane is formed from
platinum-silatrane by substituting the Pt-Cl2 moiety for Cl2. Its geometry was not fully op-
timized, where only the Si-Cl2 bond was optimized with other geometrical parameters fixed
(see Fig. 1B).
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bital relaxation induces energy stabilization of 60 kcal/mol to which the CT
from the metal d,2 to the Si center mainly contributes.

We will discuss here the formal oxidation state of the Pt center. The d,2
orbital population of 1.640 e is considerably larger than the d,2_,2 orbital
population. If the Pt center took +IV oxidation state, the Pt d,z orbital was
empty in a formal sense and hence the considerably strong CT must occur
from the CI2 ligand and the Si center to the Pt center to present such large Pt
d,2 orbital population. But, the Cl2 ligand possesses 17.505 e in platinum-
silatrane, suggesting that the Cl2 ligand donates about 0.5 e to the Pt center
at the most, which is about one-third of the Pt d,2 orbital population. This
means that the considerably large CT must occur from the Si center to the
Pt center. However, the Si center is considered to take +IV oxidation state
in a formal sense, indicating that such large CT from the Si center to the Pt
center is unlikely. Thus, it is concluded that the Pt center takes +II oxida-
tion state and the strong CT occurs from the d,2 orbital of Pt to the Si cen-
ter. In other words, the Si species acts as a c-electron withdrawing ligand.
The similar interaction was reported for the interaction between transition-
metal and n!-C coordinated CO, species by previous theoretical studies?!. It
is of considerable interest that essentially the same bonding nature is found
in platinum-silatrane and very different n!-C coordinated CO, complexes.
Because of this CT from the Pt d,2 orbital to the Si center, the CI2 anion
stronger coordinates with the Pt center in platinum-silatrane than in the
Pt-ClIS, fragment because the d,2 orbital is a perfect doubly-occupied orbital
in the Pt-CIS, fragment but not in platinum-silatrane. Actually, the S and
Cl2 atomic populations considerably decrease, as shown in Table II, when
going from the Pt-CIS, fragment to platinum-silatrane. These results clearly
indicate that the CT from the Pt d,2 to the Si p, enhances the CTs from the
S atoms and the CI2 ligand to the Pt center.

To investigate how much the Pt-Si bond formation influences the elec-
tronic structure of the Si center, we constructed the Si-CIN, fragment by
removing the Pt-Cl2 moiety from platinum-silatrane without any other ge-
ometry change; the geometry of the Si-CIN, fragment is not presented here
to save page space. When going from the Si-CIN, fragment to platinum-
silatrane, the Pt-Si and four Pt-S bonds are formed. Consistent with the
considerable decrease in Pt d,2 orbital population when going from the
Pt-ClS, fragment to platinum-silatrane, the p, orbital population of the
Si center considerably increases by 0.126 e when going from the Si-CIN,
fragment to platinum-silatrane, as shown in Table II. Also, the S atomic po-
pulation considerably decreases when going from the Si-CIN, fragment to
platinum-silatrane. This decrease in the S atomic population results from
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the formation of Pt-S coordinate bonds in platinum-silatrane. Summarizing
above results, the electron re-distribution of platinum-silatrane is under-
stood in terms of the CT from the d,2 orbital of the Pt center to the p, or-
bital of the Si center and the CTs from the S atoms and the Cl ligand to
the Pt center.

It is also of considerable interest to compare the platinum-silatrane with
non-transition-metal-silatrane. We calculated Cl-silatrane as a model of
non-transition-metal-silatrane, in which the Pt-Cl2 moiety is substituted
for one Cl2, as shown in Fig. 1B. In Cl-silatrane, only the Si-Cl2 distance
was optimized to be 1.903 A without any other geometry change. The p, or-
bital population of the Si center is somewhat smaller in the Cl-silatrane
than in the platinum-silatrane, indicating that the Pt-Cl2 moiety forms
stronger CT interaction with the Si center than does the Cl anion.

Theoretical Prediction of New Metallasilatrane of Ir(I)

As discussed above, the presence of doubly occupied d, orbital is crucial to
form this type of metallasilatrane. Because Ir(I) takes d® electron configura-
tion like Pt(II), one can expect that Ir(I) can form a metallasilatrane. Actually,
the optimized geometry of iridium-silatrane is essentially the same as that
of platinum-silatrane, as shown in Fig. 1D. However, several interesting dif-
ferences are found between them, as follows: The Ir-Si distance is consider-
ably shorter than the Pt-Si distance, suggesting that the Ir analogue is more
stable than platinum-silatrane. The Si—Cl1 distance of the iridium-silatrane
is, on the other hand, much longer than that of platinum-silatrane and the
[r-Cl2 distance is somewhat longer than the Pt-CI2 distance. These results
suggest that the strong Ir-Si bond leads to elongations of the Ir-Cl2 and
Si-Cl1 bonds. The other geometrical parameters such as the M-S and Si-N
bond distances are little different between platinum- and iridium-silatranes.

Consistent with the geometrical features, the Ir atomic population is con-
siderably smaller than the Pt atomic population, which results from the
smaller d,z orbital population of the Ir center than that of the Pt center.
The Cl1 atomic population is larger than that in platinum-silatrane. How-
ever, the Si atomic and its p, orbital populations are similar to those of
platinum-silatrane. These results indicate that the Ir center forms stronger
CT with the Si center than does the Pt center, which induces the weakening
of the Ir-CI2 bond and accumulation of negative charge on the Cl1 atom
without significant change of the Si p, orbital population.

In general, the d orbital energy becomes lower when going from the left-
hand side to the right-hand side in periodic table. Thus, the d orbital of the
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Ir(I) exists at higher energy than that of the Pt(II), which is favorable for the
CT interaction from the Ir center to the Si center. It is likely to expect that
group 9 transition-metal elements bearing doubly occupied d; orbital can
be utilized for formation of stable metallasilatrane because their d orbitals
exist at higher energy than that of Pt.

CONCLUSIONS

Platinum-silatrane which contains a new bond between transition-metal
and hypervalent six-coordinate Si species was theoretically investigated
mainly with DFT method. Though LC-BLYP and MO06-2X functionals do
not reproduce well the experimental geometry, the B3PW91 and MO06
functionals provide good Pt-Si, Pt-CI2 and Si-N distances, except for the
Si-Cl1 distance. The hypervalent Si-Cl1 bond distance was represented well
by the use of M0O6 with the addition of two d polarization functions to each
of Si and Cl atoms. The Pt-Si bond is formed by the charge transfer from
the doubly-occupied d,2 orbital of Pt to the empty p, orbital of Si, which
enhances the CTs from the S atom and the CI2 ligand to the Pt center. The
knowledge of this bonding nature suggests us that a transition-metal ele-
ment bearing doubly-occupied d, orbital can form metallasilatrane. We ex-
amined if the Ir(I) bearing d® electron configuration can form a similar
metallasilatrane and found that iridium-silatrane is in equilibrium geome-
try and its geometry and bonding nature resemble well those of platinum-
silatrane. Theoretical calculation suggests that the Ir-Si bond is stronger
than that of the platinum analogue.

This work was financially supported by Grand-in-Aids for Specially Promoted Science and
Technology (No. 2200009) and Grand Challenge Project (IMS, Okazaki, Japan) from the Ministry of
Education, Culture, Sports, Science and Technology. Some of theoretical calculations were performed
with SGI workstations of Institute for Molecular Science (Okazaki, Japan) and some of them were
carried out with PC cluster computers in our laboratory.
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