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Evidence for multiple bonding in four-coordinate, cationic,
platinum�thiosilylenes via AIM and CDA; effects of phosphine
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Abstract

Hybrid DFT/HF calculations were performed on five complexes (PH3)2(H)Pt�Si(SH)2
+, (PH3)2(H)Pt�Si(SMe)2

+,
(PMe3)2(H)Pt�Si(SMe)2

+, (PiPr3)2(H)Pt�Si(SEt)2
+, and (PCy3)2(H)Pt�Si(SEt)2

+, and analyzed using CDA and Atoms-In-Molecules.
Complexes were found to possess both Si�S and Si�Pt multiple bond character, in contrast to earlier results at lower levels of
theory. The origins of twisted geometries were determined to be primarily steric in nature. Increasing the size of aliphatic
substituents on the phosphines leads to a more balanced bonding motif, but increases steric repulsion, while changing the
substituent at silicon from hydrogen to methyl resulted in a lengthening of the Si�Pt bond. Based on these results, the use of PH3

to substitute for PMe3 and larger groups in calculations is discouraged, though methyl is an acceptable, if not electronically
identical, substitute for larger aliphatic phosphines. © 2001 Published by Elsevier Science B.V.

1. Introduction

The synthesis of planar silylenes possessing
metal�silicon double bonds has been an interesting but
difficult problem for many years [1]. The formation of
double bonds between silicon and a transition metal is
hampered by a number of factors, including diffuse
valence orbitals [2] and the electropositive nature of the
silicon. Consequently, most of the observed metal–
silylene complexes possess some stabilization of the
silicon center through donation from a Lewis base [3].
This stabilization may take one of three forms; inter-
molecular, where a strong base, such as HMPA or
THF associates through an available lone-pair on the
solvent with the vacant p-orbital on silicon, leading to
pyramidalization of the Si center and bond-lengthening
(Fig. 1(A)); intramolecular-s, where a basic functional-
ity on a ligand coordinates to the vacant orbital (Fig.
1(B)) [4], and intramolecular-p, where an atom possess-
ing a lone-pair, directly bonded to the silicon center, is
capable of forming a p-bond through a donor–acceptor
arrangement (Fig. 1(C)). Until the mid 1990s, when

Tilley and coworkers, among others, synthesized a
number of complexes possessing the intra-molecular-p
coordination [5], most of the known examples were
solvent-stabilized. Ziegler provided a solid theoretical
justification for the preference for binding a solvent
molecule versus stabilizing a multiple bond [6], which
indicated that these systems should exist as discrete
silylenes in the absence of solvent, but were significantly
stabilized by the addition of s-bound solvent
molecules. For the third type, early theoretical work-
ups of these systems using Fenske–Hall [7], indicated
that the observed bonding was primarily a p-bond
between the main-group atoms, with little or no p-inter-
action between Si and the metal [5c,8]; however, more
recent work indicated that in the case of the ruthe-
nium–thiosilylene complexes that some multiple bond-
ing may exist [9].

Despite the evidence against the existence of a metal
to silicon multiple-bond in the intramolecular-base-sta-
bilized complexes, tantalizing evidence to the contrary
exists; the systems are shown by NMR to possess
hindered rotation about the Si�Pt bond. The metal to
silicon bonds were shorter than those observed for
either M�SiR3 type bonds, or the intermolecular donor-E-mail address: f-arnold@northwestern.edu (F.P. Arnold, Jr.).
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stabilized systems, and the coordination about the
silylene fragment was strongly planar. Since the earlier
work was performed on the class of cationic, 4-coordi-
nate complexes, shown schematically in Fig. 2, it was
decided to return to these complexes to investigate the
problem of multiple bonding in metal to silylene com-
plexes possessing the capability of intramolecular p-
bonding.

2. Computational

All calculations were performed using Gaussian 98
rev A7 [10]. Complexes were optimized using the
B3LYP hybrid functional and the LANL2DZ effective
core potentials and associated valence basis set for Pt
and all atoms directly connected to Pt. This ECP/basis
set combination uses the D95 all electron basis set for
H�Ne, and ECPs on Pt, Si, P, and S. The LANL2DZ
basis set was further augmented by d-functions on the
Si, S, and P atoms and p-functions on the hydrogen.
The carbons attached to the carbons used the
LANL2DZ basis set, without augmentation. This is
referred to as basis set I [11]. For the complexes
(PR3)2(H)Pt�Si(SY)2

+, (R=Me, H, iPr, Y=H, Me)
minima were confirmed by vibrational analysis. For
(R=Cy, Y=Et), this complex was too large to com-
plete such an analysis, and so instead small perturba-
tions to the structure were made, and the structure
allowed to relax to the minima. Variations of less than
0.0001 Hartree total energy and displacements of less
than 0.005 A, , all confined to the movements of hydro-
gens, led to the conclusion that it was also close enough
to the global minimum to be considered optimized for
the purposes of this study. Charge density analysis was

carried out using CDA 2.1 [12], with the systems parti-
tioned into the fragments (PR3)2(H)Pt+ and Si(SY)2 to
describe the Pt�Si bonding, and into the fragments
(PR3)2 and (H)Pt�Si(SY)2

+ to describe the phosphine to
metal bonding [13]. The CDA analysis employed basis
set I, at the optimized geometries [14]. Bond energies
from the CDA method are simply the energy of the
complex minus the energies of the fragments. They are
therefore not the same as the true bond energy, which
would allow the fragments to relax to their isolated
lowest energy structure. Single point calculations at the
minimum geometries were performed using the Huzi-
naga (432222/4222/423/3) basis set for platinum [15],
with the outermost s, p, and d functions uncontracted,
and augmented by two p-type polarization functions
[16], yielding a (4322211/42211+ +/42111/3) contrac-
tion, and the 6-311+ +G for the main-group elements
in order to obtain wavefunction files for AIM analysis
(basis set II). AIM analysis was performed using EX-
TREME (ext94b) to locate and characterize the critical
points, and PROAIMV 94b [17] to calculate the
charges. AIM2000 from Biegler-König’s group was
used to trace the bond-paths [18]. Charges were calcu-
lated using the PROAIM algorithm for the R=H, Me
systems, and PROMEGA for R= iPr, due to the com-
plex topology of the electron density of the system.
Charges and properties were not determined for the
complex R=Cy due to size and problems caused by
the complex topology of the electron density. See the
text for further details.

Effects of correlation on the Si�Pt bond distance
were determined using Basis set I on the minimal
complex with R=H, Y=H, and the functionals BLYP
and B3LYP, as well as the more traditional MP2
method. The bond distance increases steadily from
2.338 A, (MP2) to 2.368 A, (B3LYP) to 2.384 A, (BLYP),
a total increase of 0.046 A, , or approximately 2%. The
Pt�Si distance from the MP2 calculation is still 0.068 A,
longer than the experimentally determined distance of
2.270 A, , indicating that the observed discrepancy be-
tween the model complex and the experimentally char-
acterized complex is due to the nature of the ligands,
and not the level of theory employed.

3. Results and discussion

In Table 1 are seen selected geometrical parameters
of the five complexes. The model with R=H has the
longest bond distance, which shortens as hydrogen is
replaced by methyl on the phosphine. Substituting
methylthiol (MeS) for thiol (HS) results in a slight bond
lengthening (Pt�Si) of 0.02 A, , and a shortening of the
Si�S bond, by approximately the same amount. This
indicates that the observed Pt�Si bond distance, and
hence degree of p-character, is largely determined by

Fig. 1. Schematic diagram of modes of base-stabilization in metal to
main-group complexes: (A) intermolecular, (B) intramolecular s, (C)
intramolecular p.

Fig. 2. Geometry of a cationic, planar, four-coordinate, metal
silylene. In the limiting case, the S�Si�S plane is perpendicular to the
P�Pt�P plane. Distortions from this geometry are steric in nature.
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Table 1
Selected geometrical parameters for (PR3)2(H)Pt�Si(SY)2

+

R rPtSiY rPtP rSiS Dihedral

2.368 2.337H 2.103H 0.0
2.380 2.331 2.092H 0.0Me
2.319 2.373Me 2.101Me 0.0

EtiPr 2.309 2.403 2.108 7.6
EtCy 2.306 2.401 2.112 9.1

2.270 2.298 2.081Et* 13.9Cy*

Table 3
AIM charges for Pt, Si, S, P, and H (bonded to Pt)

Y PtR Si H(Pt)S P

−0.001H −0.145H 1.819−0.5571.456
Me −0.001 1.452H −0.628 1.816 −0.155

−0.646 1.718Me Me −0.007 −0.2061.453
−0.1831.218−0.6771.469iPr −0.099Et
––Cy Et – – –

Y=Et), the possible stable configurations become
fewer in nature, and an approximately 10° twist is
observed. This configuration is the result of the rotation
of the cyclohexyl groups with respect to each other and
to the ethyl groups in order to minimize the steric
interactions. The final configuration, which mimics well
the crystal structure, shows a groove in which the ethyl
group sits, minimizing interactions between it and the
phosphines, and slightly twisted from perpendicular.

Tables 2 and 3 summarize the AIM calculations,
presenting the character of the (3,-1) Si�Pt critical
point, the Si�S critical points, and the atomic charges.
The silicon is highly charged in all of the complexes,
but the phosphorus atoms possess a greater charge, as
a result of not being associated with a strong Lewis
base. The hydrogen atoms directly attached to the P or
S groups have a charge of approximately −0.5, while
the hydrogen attached to the platinum possesses a
charge of −0.15 to −0.20. The integrated charge of
the hydrogens attached to the aliphatic ligands on the
phosphine are approximately 0.05, which is essentially
neutral, and contrasts with the charge of −0.51 when
directly connected to the phosphorous in PH3. As the
substituents on P and S increase in size, the charges of
the heavy atoms become less positive. This causes a
shift in the charge of the phosphine ligand to go from
approximately +0.5 in PH3 to 0.0 in PMe3, which
means that if unperturbed by the SiY2

+ group, the Pt
exists in a d0 state. The charges of the two fragments,
the platinum and silylene, are over all a fairly consistent
+0.5, +0.5. While surprising at first, this is a
byproduct of the high positive charge of the phospho-
rus centers, and the strong negative charge of the thiols.

the nature of the phosphine rather than by the sub-
stituents at silicon. This subtle interplay between the
charges and electron densities of the various atoms,
(which may be seen in Tables 2 and 3), nicely balances
the trans-effect as the ligand set at platinum is varied.
In the small models, there does not exist sufficient
electron donating ability on the phosphine, and hence
on the metal, to overcome the effect of a hydridic
hydrogen trans to a weakly electronegative element
such as silicon. As the s-donor nature of the phosphine
is strengthened, the platinum gains electron density,
which strengthens the Pt�Si back-bond, thereby weak-
ening the relative magnitude of the hydrogen’s influ-
ence, and causing the Pt�Si bond to contract. For the
model complex with the same ligands as the experimen-
tally determined parent molecule it is seen that the
Si�Pt bond distance is very close (2.306 vs. 2.270 A, ,
0.036 A, difference) to the experimental value, and the
Pt�P distance is long by approximately 0.1 A, . The
calculated bond lengths of the highly substituted com-
plexes are in good agreement with the experimentally
determined structures, with the discrepancies in bond-
length consistent with that expected due to lack of
explicit inclusion of relativistic effects [19].

The geometries are also noteworthy in that the exper-
imentally observed twisting of the silylene group with
respect to the metal–phosphine fragment seems to be
sterically derived [20]. When the substituents are rela-
tively small, such as in the ( R=Me, Y=Me) case, the
complex prefers to adopt a structure of approximately
Cs symmetry, with no twist between the two planes. On
the other hand, as steric bulk is added, (Fig. 3, R=Cy,

Table 2
(3,-1) selected properties of the Pt�Si and Si�S bond critical points a

Y Pt�SiR Si�S

H(r) r o 92r H(r)r o 92r

−0.06750.1590.159−0.03230.078H H 0.086 0.1050.149
H Me −0.06800.084 0.1760.143 0.1760.106−0.03150.072

Me 0.092 0.146 0.060 −0.0391 0.105 0.168 0.168 −0.0665Me
0.092 0.151 0.056iPr −0.0404Et 0.104 0.150 0.150 −0.0656

Cy –Et – – – – – – –

a Units are: r (e/a0
3), 92r ( e/a0

5), H(r) (Hartree/a0
3).
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Fig. 3. Relaxed eye stereoplot of (PCy3)2(H)PtSi(SEt)2
+, looking down the Si�Pt axis. Note how the steric interactions of the cyclohexyl groups

creates a narrow, and off-perpendicular channel, into which the ethyl groups may nestle. This off-axis twist disappears with decreasing steric bulk.
Key: silicon, phosphorus, sulfur: as labeled, C: grey circles. Pt is obscured by Si in this view, hydrogens have been omitted for clarity.

So, while the charges of the individual atoms may be
high, the charge of the fragments are such that overall
the positive charge on the system is distributed fairly
evenly over the two fragments, but localized on the
silicon and phosphorus atoms. This is somewhat visible
in Fig. 6, where it may be seen that the atomic basins
around Si and P show little charge accumulation, with
most of it being polarized towards the atoms which
they are bonded to. The sudden reduction in charge at
phosphorus upon changing from PMe3 to PiPr3 may be
explained by the replacements of two of the methyl
hydrogens with methyl groups. This causes a decrease
in charge at the carbon bonded to the phosphorus from
−0.58 when it’s a methyl carbon, to −0.40, when it’s
the central carbon of an isopropyl. This would lead one
to conclude that to appropriately model the electronic
or charge effects of larger phosphines, that the 1-4
connectivity of the phosphine substituent (M�P�R�R%,
Fig. 4) is more important than the specific phosphine,
i.e. while trimethylphosphine is probably a good substi-
tute for triethylphosphine or tri-n-butylphosphine (car-
bon bonded to phosphorus, possessing one carbon and
two hydrogen substituents), it would be better to model
triisobutylphosphine, in which the carbon connected to
the phosphorus has two carbon and one hydrogen
substituent, with triisopropylphosphine.

If this argument seems familiar, it is because the
results discussed thus far (geometric and charge-density
derived) are consistent with that which would be ex-
pected based upon the Tolman electronic parameter n

[21]. In Fig. 5(A) and (B) are shown the plots of the
Si�Pt bond distance, and the electron density at the
bond critical point, against the experimental
n(phosphine) and the computed n(silylene). In Fig. 5(A)
it may be seen that while there is the aforementioned
slight lengthening of the Si�Pt bond when the Y group
is methyl while the phosphine substituent is hydrogen,
the major change in the bond length occurs with the
substitution of the phosphine hydrogen for methyl,
indicating that the bond length, and therefore indirectly
the strength of the Si�Pt bond, is influenced more by

the choice of phosphine than by the silylene. Fig. 5(B)
reinforces this view, with the density increasing by
approximately 0.01 e/a0

3. This graph nicely shows the
interplay between the two ligands, since substituting
only the silylene results in a decrease in density, due to
a greater polarization of the electrons towards the
silylene fragment. However, this effect is small, and
somewhat exaggerated by the scale of the graph [22]. It
does suggest, though, that the choice of phosphine is
the most important in the design of these complexes, as
it will determine the degree to which the metal center
may engage in back-bonding with the silylene.

It it therefore demonstrated that that PMe3, PiPr3,
and PCy3, while not identical, are similar in nature,
while PH3, which is commonly used a theoretical model
for aliphatic phosphines, is more closely related to
P(OTolyl)3 or P(OMe)3 [23]. For the purposes of mod-
eling these complexes, therefore, we may extrapolate
the results of the trihydrophosphine complex to postu-
lated alkoxy or aryloxy phosphine metal silylenes,
within the limitation that this is a purely electronic
substitution, and does not, of course, account for steric
differences. Furthermore, it means that when one is
modeling these complexes, truncating the complex pre-
maturely, such as using PH3 to replace PCy3, is a grave
mistake, unless the groups that are being replaced are
the aforementioned alkoxy or aryloxy. In order to

Fig. 4. Diagram of the 1-4 interaction, which determines the electron
density, and hence the back-donation ability, of the platinum center.
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Fig. 5. (A) Plot of Pt�Si bond length against the Tolman electronic
parameters for phosphine (experimental) and silylene (theoretical).
Note that changing the substituent at silicon causes a minor perturba-
tion of the bond distance, while changing the phosphine causes a
marked shortening of the bond, until the cyclohexyl complex is
reached. The change from phosphine to tricyclohexyl phosphine is
worth approximately 0.1 A, , or roughly 5% of the bond distance,
though most of this change has been recovered by the time H has
been replaced by isopropyl. (B) Plot of the electron density at the
Pt�Si bond critical point versus the Tolman parameters. Here it may
be seen that substituting methyl for hydrogen at the silylene causes a
slight distortion of the density, but that a much larger increase is seen
when changing from phosphine to trimethyl phosphine. Once again,
this indicates that the properties of the Pt�Si bond are determined
primarily by the character of the substituents at phosphine, rather
than by the characteristics of the silylene.

0.15 in all cases, although it decreases slightly when
R=PH3 and Y=Me, indicating the improved p-donor
ability of the methylthiol group, and associated de-
crease of the Pt�Si p-bonding. It is therefore indicated
that the bonding is more complicated than suspected
previously, and that there are several resonance struc-
tures contributing to the overall bonding of the system
which result in significant Si�M multiple bond charac-
ter. The nature of the different bonding modes in the
complex may be visualized more easily by viewing Fig.
6, the laplacian of the density of the complex
(PH3)2(H)PtSi(SH)2

+. Fig. 6(A) shows the plot of the
laplacian of the electron density in the P�Pt�P plane,
while Fig. 6(B) shows the density in the plane of the
thiosilylene. In Fig. 6(A), it is apparent that there is a
covalent interaction between the phosphorus and asso-
ciated hydrogen, and an accumulation of electron den-
sity on the side of the phosphorus facing the metal,
corresponding to a lone-pair being donated to the metal
center. In a similar manner, there is a broad accumula-
tion, similar to what would be expected of a bond
containing p-character on the side of the silicon facing
the metal. However, despite the accumulation of den-
sity at those points, the electron density remains con-
centrated in the spherical wells around the platinum
and the silicon, which is consistent with a closed-shell

Fig. 6. (A) Plot of the laplacian of the electron density of
(PH3)2(H)Pt�Si(SH)2

+. Scale is 15 a.u. per side. (A) is in the Si�Pt�P
plane, (B) is rotated 90° about the Pt�Si bond, and is in the plane of
the thiosilylene. Dashed contours indicate an accumulation of elec-
tron density, while solid contours indicate a depletion. The boundry
between the two defines the molecular reactive surface. Bond critical
points are indicated as black squares. The accumulation of density in
the Si�Pt�P plane versus the lesser accumulation in the perpendicular
direction (B) nicely demonstrates the expected difference due to the
presence of a p-bond. Note how (and in (B)) the system essentially
splits into five components, all bound together through closed-shell
interactions: the silylene fragment, two phosphines, the hydride, and
the platinum. (B) Plot of the laplacian of the electron density in the
plane of the thiosilylene (view is rotated 90° about the Pt�Si axis with
respect to (A). Scale is 15 a.u. per side, dashed contours indicate an
accumulation of electron density, while solid contours indicate a
depletion. Despite the polarization of the electron density in the Si�S
region, the interaction here remains closed-shell, or primarily ionic.
Note the accumulation of density on the side of the silicon facing the
platinum, but heavily polarized towards the silylene fragment.

obtain a good description of an aliphatic phosphine, it
may be necessary to explicitly include methyl, ethyl, or
even isopropyl groups in order to have the requisite
electron density available to the metal, through the
aforementioned 1-4 interaction.

Further properties from the AIM analysis bear men-
tioning. The ellipticity of the charge density about the
critical point of the Pt�Si bonds is curious, with the
Pt�Si bond showing an average ellipticity (0.15) which
is similar in magnitude to that of the Si�S bonds (0.16),
which an earlier investigation indicated should possess
significant p-character. The ellipticity is much greater
than should be possessed by a system with only a single
bond. In the latter, limiting case, the charge density
about the Pt�Si bond should be cylindrical, and the
resulting ellipticity near 0.0 [24]. Instead, with a value
of greater than 0.1, it indicates significant deviation
from the cylindrical ideal, and is strongly indicative of
some degree of p-character. This measure of the degree
of the Pt�Si p-bond is seemingly unperturbed by the
character of the phosphines, remaining very close to
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Fig. 7. Relaxed eye stereoplot of the bond paths (black lines) and
bond critical points (black squares) in (PMe3)2(H)PtSi(SMe)2

+. In the
absence of steric congestion, the topology of the density remains
simple and follows the anticipated paths based upon simple Lewis
arguments, as opposed to the more complex topology shown in Fig.
8.

C�S interaction and the closed-shell nature, and hence
largely ionic, Si�S bond.

The character of the bonds is somewhat ambiguous,
in that the two properties most commonly used to
indicate the presence of a covalent, or closed-shell
interaction, are somewhat at odds. In Table 2 it may be
seen that the laplacian of the density is slightly positive
for all of the systems, which indicates a weakly closed-
shell interaction, while the energy density, H(r), which
is the sum of the kinetic and potential energies at the
critical point [27], is slightly negative, indicating a bond
that is weakly covalent. On the balance, this is probably
indicative of the presence of several resonance forms of
the bond existing, which leads to a mostly closed-shell
description with some covalent character. This is simi-
lar to the picture derived in the earlier work on ruthe-
nium silylenes [9], in which the value of the ruthenium
to thiosilylene bond was a slightly higher −0.0434
(Hartree/a.u.3). In contrast, Frenking and coworkers
have reported energy densities in the range of −0.02 to
−0.15 (Hartree/a.u.3), in tungsten carbenes [28], and
−0.03 to −0.07 (Hartree/a.u.3) [29] in coinage metal
silylenes and carbenes [30] which are approximately
factor of two higher than those reported here in the
case of the carbenes, and very similar for the silylenes.
This demonstrates the less covalent nature of the plat-
inum to thiosilylene bond versus the tungsten to car-
bene bond, and indicates that while evidence exists that
the N-heterocyclic stabilized silylenes and carbenes re-
act in a manner similar to the electron-rich phosphazi-
nes, in the end they are not significantly different from
the demonstrably electron deficient thiosilylenes of this
study [31].

The bond paths, which are the line of maximal
density connecting the nuclear attractors with the bond
critical points, are shown in Fig. 7 for
(PH3)2(H)Pt�Si(SH)2

+ and (PiPr3)2(H)Pt�Si(SEt)2
+ (Fig.

8, detail). While the former possesses a topology func-
tionally identical to that predicted on the basis of
traditional Lewis models, with straight bond paths con-
necting the nuclei with their associated bond critical
points, the latter is more complex. We observe several
features: first, there exist bond paths between hydro-
gens on the isopropyl groups and both the silicon and
the sulfur centers. There is also a bond path between
isopropyl hydrogens and the hydride ligand connected
to the platinum, as well as some strongly curved bond
paths between hydrogens on adjacted isopropyl groups
within the phosphines. These features, while somewhat
surprising, are independent of both basis set and inte-
gration parameters [32], and are therefore considered to
be real properties of the electron density of the system,
not artifacts of the analysis. They may be seen more
clearly in Fig. 8, which is a view down the H�Pt�Si axis
showing only the most important atoms, critical points,
and bond paths.

Fig. 8. Simplified view down the H�Pt�Si axis of some of the
dihydrogen bonds, and their associated bond critical points (black
squares) and ring critical points (white circles). Hydrogens are labeled
to show how the path originates at a hydrogen, curves through the
bond point to another nucleus, and has a closely associated ring
critical point (indicated by the arrows in the diagram). A minor
perturbation of the structure would cause some of these ring points to
merge with their associated bond points, thereby annihilating each
other, and breaking the bond. Extraneous atoms, critical points, and
bonds removed for clarity.

interaction, such as our postulated donor–acceptor
model. In passing we also note the broad region of
density depletion parallel to the Si�Pt bond axis, which
is in keeping with the strongly electrophilic nature of
planar silylenes, and a visual demonstration of the
reason for their tendency to bind Lewis bases. In Fig.
6(B) may be seen the silicon�sulfur bonding region, in
which the density is somewhat more accumulated in the
internuclear region than before, but still concentrated
primarily in the atomic basins. The shape of the accu-
mulation in the plane perpendicular to the Si�Pt�P
plane is seen to be narrower in extent that the in-plane
accumulation. This nicely shows the anticipated differ-
ence in the density between the perpendicular and
parallel planes that one would expect from a p-bond.
This picture is very similar to that shown by MacDou-
gall and Hall [25] and Gillespie and coworkers [26] in
their respective analyses of metal carbonyls and simple
oxychlorides of the first row. For comparison, the sign
and value of the laplacian of the S�C critical point in
(PMe3)2(H)PtSi(SMe)2

+ is −0.202 (e/a0
5), versus 0.110

(e/a0
5) for the Si�S, indicating the covalent nature of the
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Table 4
Hydrogen bond CPs for (PiPr3)2(H)Pt�Si(SEt)2

+ a

A A�BB

r o 92r rA�B

0.007 1.867Si 0.016H16 2.976
Si H17 0.006 8.836 0.014 3.098
Pt H33 0.011 0.982 0.032 2.895

0.010 3.670H38 0.031Pt 2.931
H24H(Pt) 0.007 0.856 0.018 2.437

0.003 0.254S 0.014H45 3.265
0.006 0.620H19 0.018H31 2.415

H19H30 0.010 0.090 0.031 2.061
H45 0.003H33 0.254 0.011 3.265

a Units are: r (e/a0
3), 92r ( e/a0

5), H(r) (Hartree/a0
3).

charge separation, with his AIM study of H3BNH3

dimers [34]. Given the strongly electron deficient nature
of the silicon, the electron rich nature of the sulfurs, the
charge differences between the hydride coordinated to
metal versus the isopropyl protons on the ligands, and
the sterically congested structure, it should not be con-
sidered surprising that these features are found to arise
in this system. It is important to note that these interac-
tions are not seen in the less sterically crowded com-
plexes with trimethylphosphine, or phosphine as
ligands, and so they may be considered to be ‘interac-
tions of opportunity’, which contribute to overall stabi-
lization of the structure, but are not vital to its
existence. In the real world, these are features that
would probably be observed primarily under low-den-
sity gas phase conditions, or in the solid state, where
molecular motion is strongly hindered, rather than in
solution where solvent interactions would tend to dis-
rupt these bonds. It is also important to realize that the
definition of a bond within the AIM framework is an
expression of the curvature of the electron density
between two centers, and does not necessarily imply
any certain number of electrons being shared. Most of
these non-traditional bonds that we are discussing here
are strongly curved, which has been observed previ-
ously within the context of electron deficient bonding,
such as in boranes [35]. The properties of these bonds
are shown in Table 4, where it is observed that while
the values of the electron density at the critical points is
lower than seen in the other bonds, it is consistent with
previously reported values for hydrogen bonds, and
should therefore be considered to arise from real, albeit
weak, interactions [36].

Table 5 shows the CDA results for the fragments
Si(SY)2 and (H)Pt(PR3)2

+. CDA presumes the molecule
to be describable in terms of the Dewar–Chatt–Dun-
canson ‘donor–acceptor’ model [37], that is, interac-
tions between closed-shell fragments. Surprisingly, a
high degree of back-donation from metal to thiosilylene
is seen in all cases, which indicates that despite the
strong S�Si interaction, there also exists a Si�M p
interaction. The degree of donation and back-donation
increases from 0.52d (0.23a) to 0.54d (0.39a), with the
back-donation increasing more rapidly, leading to a
decrease in the d/a ratio, from 2.4 to approximately

Details of the bond critical points for these bonds
paths are shown in Table 4. In all cases the density at
the critical point is low, the laplacian is slightly positive,
and the ellipticity is high, with the H�S bond and the
close (2.061 A, ) H30–H19 contact having ellipticities of
0.254 and 0.098, respectively. These latter two values
are still high when compared with the expected value
for a s-type interaction, which would be zero. As may
be seen in Fig. 8, all of these bond critical points have
a closely associated ring critical point, which, along
with the high ellipticities, indicates that the bond is
unstable and subject to fission with only minor struc-
tural distortions. This is consistent with these points
representing hydrogen�hydrogen bonds which stabilize
the structure in the minimal conformation, but which
would be easily disrupted by molecular vibrations and
solvent–solute interactions under normal, synthetic
conditions.

In the case of the Si···H, S···H, and hydride···H
interactions, these may be explained as arising from
charge separations between the hydrogen and adjacted
atoms. Crabtree and coworkers have noted from a
study of structures in the Cambridge Crystallographic
Database that many metal complexes possess hydro-
gen�hydrogen Hydrogen bonds (called dihydrogen
bonds by Crabtree, et al.), of the general form
D�H···H�A, where D is an electron rich center, and A
is an electron deficient [33]. Popelier has further shown
that this is a general property of systems possessing

Table 5
CDA of Y2Si···Pt(H)(PR3)2

+

Y Donate BackR d/a Binding a (kcal/mol) Residual Repulsion

H 0.517 0.215H 2.40 50.92 0.015 −0.227
0.205 2.68 56.70 0.007 −0.208MeH 0.550

Me 0.525 0.268Me 1.96 51.74 0.015 −0.300
0.549 −0.4090.01050.201.55Et 0.354iPr

Et 0.541 0.351 1.53 49.89 0.007Cy −0.413

a Binding energy in the context of CDA is energy of the total system−the energy of the fragments. See text for elaboration.
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Table 6
CDA analysis of (PR3)2···(H)PtSi(SY)2

+

Donate Back d/a Binding (kcal/mol) Residual RepulsionR Y

0.381 0.132 2.89H 72.05H 0.004 −0.213
H Me 0.370 0.136 2.72 69.89 0.010 −0.219
Me Me 0.234 0.089 2.63 99.84 0.040 0.027

0.333 0.099 3.36Et 100.45iPr 0.015 −0.138
0.374 0.113 3.31 100.07 −0.027Cy −0.227Et

1.55. This results in a bond that is less polarized in the
more substituted systems (R= iPr, Cy) than in the more
open ones (R=H, Me). It also creates a charge redistri-
bution which creates a slight positive charge on the
silylene fragment, which decreases as the donating abil-
ity of the phosphorus ligand set increases.

Despite the increased interaction between the frag-
ments, and the decrease in the bond-polarization, The
E(snap) values remain constant. This arises from the
increased repulsion term, which indicates that while the
interaction between the Si and Pt fragments grows
stronger, the greater bulk of the ligands increases the
steric interactions, and serve to destabilize the molecule
by a similar amount. Thermodynamically, therefore,
there is no advantage in using a phosphine larger than
methyl, since it results in destabilization of the bond
due to steric congestion, though it does allow tuning of
the strength of the p-character, which may be impor-
tant synthetically.

The trends in the binding by phosphine from CDA
analysis are shown in Table 6. As would be expected,
the aliphatic phosphines all have poor p-acceptor na-
tures, as shown by the high donation to acceptance
(d/a) ratios of 2.64 to 3.36. As was seen in the case of
the earlier fragment analysis, the system has essentially
stabilized from an electronic point of view by the time
that R= isopropyl. There exists a discontinuity in the
d/a trend when the substituent on phosphorus is
methyl, since the unsubstituted methyl groups are suffi-
ciently electronegative to compete successfully with the
platinum–silylene unit for electron density. When two
of the methyl protons are replaced with further methyl
groups, the charge at the phosphorus decreases, which
improves its ability to act as an electron donor, leading
the number of electrons donated to converge to approx-
imately 0.33. These trends should be viewed as primar-
ily qualitative, since the parent diphosphine fragment is
capable of P–P interactions which perturb the final
results, but provide a useful guide for choosing a partic-
ular model phosphine over other candidates.

It has recently been suggested that the bonding in
heavy main-group to metal complexes would be better
classified in terms of donor–acceptor character and
ionic nature, rather than in the language of single,
double, and triple bonds.[38] While this position has

merit, the balanced donor–acceptor character of these
model systems, with d/a ratios near 1.0, and the single
p-type orbital available on silicon, leads to the conclu-
sion that it is still appropriate to speak of ‘double bond
character’ in the case of these complexes. It is, however,
a matter that should be taken under consideration in
other, less clear-cut, situations.

4. Conclusion

Cationic, 4-coordinate, platinum thiosilylenes possess
significant Pt�Si multiple bond character, as well as
Si�S multiple bond character. The system may be
thought of as possessing several, nearly balanced, reso-
nance structures, in which Si�S p-interactions are suffi-
cient to protect the silicon against attack by solvent
Lewis bases, and decrease the acceptor ability of the Si
fragment. It should therefore be possible to exploit the
Pt�Si double bond using conventional synthetic tech-
niques. The four-coordinate design, while successful for
carbenes, is less so for silicon due to the strong suscep-
tibility of the electropositive silylene fragment to the
trans effect. Further investigations in this area are in
progress.
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563. (b) J. Li, G. Schreckenbach, T. Ziegler, Inorg. Chem. 34
(1995) 3245. (c) M. Pepper, B.E. Bursten, Chem. Rev. 91 (1991)
719. (d) T.M. Gilbert, T. Ziegler, J. Phys. Chem. A 103 (1999)

7535. (e) R. Stranger, G.A. Medley, J.E. McGrady, J.M. Gar-
rett, T.G. Appleton, Inorg. Chem. 35 (1996) 2268.

[20] It has been pointed out by one reviewer that in the case of
octahedral carbenes and silylenes, there exists no rotational
barrier due to effectively cylindrical symmetry of the dxz/dyz

orbitals, which is correct. However, in the case of square planar
16 electron complexes, there exists a rotational barrier. Exam-
ples, calculated at the same level of theory as this paper:
(PMe3)2(H)PtSiMe2

+ possesses a rotational barrier of almost 9
kcal/mol (uncorrected for zero-point energy and entropy).
Strengthening of the Pt�Si p-bond, or increasing the steric bulk,
would increase this value.

[21] C.A. Tolman, Chem. Rev. 77 (1977) 313, Appendix A.
[22] The densities at the bond midpoint in ethylene and silylethylene

(H2C�SiH2) are 0.344 and 0.147, with values of 92r at the
critical point of −1.03 and 0.527, indicating the first to be a
covalent bond, while the second possesses a large degree of
closed-shell, donor–acceptor character. Arnold, F.P., unpub-
lished results.

[23] The author regrets that computer time/space constraints pre-
cluded including results from calculations involving alkoxy lig-
ands on phosphorus. That subject will be dealt with in a
subsequent paper, currently in preparation. F.P. Arnold, D.M.
Potts, in preparation.

[24] For comparison, the ellipticity of the heavy-atom bond in the
case of ethylene and silylethylene (H2C�SiH2) is 0.332 and 0.486,
respectively, with the latter value reflecting the non-planar nature
of the Si�C bond. F.P. Arnold, unpublished results.

[25] P.J. MacDougall, M.B. Hall, Transact. Am. Cryst. Assoc. 26
(1990) 105.

[26] R.J. Gillespie, I. Bytheway, T.-H. Tang, R.F.W. Bader, Inorg
Chem. 35 (1996) 3954.

[27] D. Cremer, E. Kraka, Angew. Chem. Int. Ed. Engl. 23 (1984)
627.

[28] (a) U. Pidun, G. Frenking, Organometallics 14 (1995) 5325. (b)
G. Frenking, U. Pidun, J. Chem. Soc. Dalton Trans. (1997)
1653.

[29] Presuming a conversion of 1 a.u.3=0.14818462 A, 3.
[30] C. Boehme, G. Frenking, Organometallics 17 (1998) 5801.
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