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The molecular structure and conformation of tetraphenylsilane have been investigated by gas-phase electron
diffraction and ab initio/DFT and molecular mechanics calculations. The structure of the free molecule is
consistent with arg, symmetry conformation; the calculations indicate that the twist andletween the

plane of the phenyl group and the plane defined by theCSbond and thé&, axis is about 48 Analysis of

the low-frequency modes indicates that the four phenyl groups undergo large-amplitude torsional and bending
vibrations about the respective-ST bonds. The electron diffraction intensities from a previous studikj@sa

E.; Shishkov, I. F.; Rozsondai, B.; Hargittai,J. Mol. Struct.199Q 239, 291] have been reanalyzed, using
constraints from the calculations. A dynamical model accounting for the large-amplitude bending motion of
the phenyl groups was used in the refinement. The new analysis yields accurate values for the twist angle of
the phenyl groupz = 40 + 2°, and the Si-Ph bond lengthry = 1.881+ 0.004 A. The Si-Ph bond in
tetraphenylsilane is marginally longer than the-Bie bond in tetramethylsilaney = 1.8774 0.004 A from

the analysis of electron diffraction data taken with the same apparatus. This contrasts with chemical expectation,
which would suggest a difference of 0.03 A in the opposite sense, based on the covalent radiPo&i{sp
C(sp). A delicate balance of subtle stereoelectronic effects, involving electron delocalization int%-the
(Si—C) and 3d(Si) orbitals, appears to be responsible for the nearly equal length ofteb®nds in the

two molecules. Other bond lengths from the present electron diffraction study,éCe-C)= 1.401+

0.003 A andfy(C—H)[= 1.102+ 0.003 A. The ipso ring angle of the phenyl groups is 117&m the DFT
calculations, in close agreement with solid-state results.

Introduction of the molecular structure of tetraphenylsilane, based on electron
diffraction intensities from a previous stutignd augmented

by molecular orbital (MO) and molecular mechanics (MM)
calculations. The use of important constraints from the theoreti-
cal calculations has substantially improved the accuracy of the
experimental study.

The length of the SiC bond in organosilicon compounds is
sensitive to the chemical environmérur experimental and
computational studies of the molecular structures of phenyltri-
methylsilané andp-bis(trimethylsilyl)benzernehave shown that

the difference in the lengths of the-Sile and Si-Ph bonds is ) ) ) )
surprisingly small, a few thousandths of an &ngstrom at most. The conformation of tetraphenylsilane was studied extensively

This is in contrast with chemical expectation, which would PY empirical calculations. Kitaigorodsky and co-workeused
suggest a difference of about 0.03 A, based on the covalent&tom-atom potentials to determine the conformation of the
radii of C(sp) and C(sp).4 molecule in the gaseous phase and in the crystal; Mislow and
To obtain conclusive evidence on this point we need accurate C0-Worker$ investigated the free molecule by force-field
gas-phase electron diffraction studies of molecules containing c@lculations. These studies have shown that the free molecule
only one type of SFC bond, and, preferably, based on hasS, symmetry, with a twist angle (defined as the dihedral
experimental data from the same laboratory to minimize @ngle between the plane of the benzene ring and the plane
systematic errors. We have recently investigated the gas-phasdomed by the SiC bond and theS, axis) close to 40

structure of tetramethylsilarfehere we report a detailed study "€ crystal structure of tetraphenylsilane has been studied
repeatedly?~12the molecule ha$, crystallographic symmetry,

* Corresponding authors. with a twist angler close to 5%, the value anticipated by
TFax: 39-0862-433753. E-mail: aldo.domenicano@aquila.infn.it. Kitaigorodsky’s calculation$.
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TABLE 1: Equilibrium Molecular Geometry of
Tetraphenylsilane (S, Symmetry) from MO Calculations

parameter HF/6-31G* B3LYP/6-31G*
Bond Distances (A)
r(Si—C1) 1.896 1.894
r(C1-C2) 1.396 1.406
r(C2-C3) 1.386 1.396
r(C3—C4) 1.384 1.395
r(C4—C5) 1.386 1.396
r(C5—C6) 1.384 1.396
r(C1-C6) 1.398 1.408
m(C—C)O0 1.389 1.399
r(C2—H2) 1.074 1.08%
r(C3—H3) 1.075 1.08%
r(C4—H4) 1.075 1.08%
r(C5—H5) 1.07% 1.08%
r(C6—H®6) 1.076 1.08%
Angles (degrees)
OC1A-Si—Ci1B 108.% 108.6
0OC1A-Si—Ci1C 110.3 109.8
gsi—C1-C2 121.9 121.5
0Si—C1-C6 120.7 120.9
dc2-C1-Cé6 117.3 117.5
0c1-c2-C3 121.4 121.3
gc2-Cc3-Cc4 120.9 120.G
0C3-C4-C5 119.6 119.6
0JC4-C5-C6 119.9 120.Q
Figure 1. Numbering of atoms in tetraphenylsilane. 0C1-C6-C5 121.% 121.3
0JC1-C2—H2 119.8 119.6
Theoretical Calculations gggig%::g ﬂg:g ﬂg:g
The free molecule was assumed to h&symmetry. Models 0CA4-C3-H3 120.9 120.G
of Doq symmetry, with the phenyl groups either perpendicular &3~ G4~ H4 120.% 120.15
2d Symmetry, phenyt group T Perp 0C5—C4—H4 120.% 120.%
to or lying in the plane defined by the respective-Bh bond 0C4—C5—H5 120.1 120.%
and theS; axis, were also considered. They correspond to first- gce—c5-H5 119.9 119.8
order saddle points on the potential energy surface. 0C5—-C6—H6 118.6 118.8
Ab initio/DFT calculations were carried out using the [C1-C6-H6 119.8 119.%
Gaussian 9%ackagé? The geometry of the molecule was first Torsion Angles (degrees)
optimized* at the Hartree-Fock (HF) level with the 6-31G* C2A-C1A-Si—-C1B —140.3 —142.2
basis set® The stationary points were then characterized by C6A-ClA-Si—C1B 40.9 39.7
harmonic normal-mode analysis. Further geometry optimizations ggﬁ:giﬁ:g::gig _116%93 _fébgo
were carried out with Becke’s three-parameter hybrid HF/DFT coa—cia—Si—C1D 993 97.6
method!® using Lee-Yang—Parr's correlational functional C6A—C1A—Si—C1D -795 —80.6
(B3LYP).X” Apart from the symmetry constraints, geometry Displacements (A) from the Least-Squares Plane
optimization was otherwise complete. The optimized equilibrium through the C Atoms of the Phenyl Group
geometry of tetraphenylsilane is reported in Table 1; the C1A —0.003 —0.003
numbering of atoms is shown in Figure 1. The relative energies C2A .001 .001
of the equilibriums, and theDzq conformations of the molecule S22 oo o
are reported in Table 2. CBA '000 000
The MM calculations were carried out with the MM3 force  cga 002 002
field.'® They provided vibrational frequencies and energy Si —0.048 —0.065
differences between th® and D,y conformations and vibra- CiB 1.104 1.040
tional amplitudes for the electron diffraction least-squares C€1C 524 -550
refinement. S%R —1.(8)%; _1'%1?
Calculated low-frequency mode$ (< 160 cnr?) for the H3A 006 007
equilibrium conformation of the molecule are identified in Table  H4A .000 .000
3. Their analysis shows that the four phenyl groups are not only HS5A .004 .004
involved in torsional motions but also undergo large-amplitude HB6A 017 019
bending motions from the respective-& bonds. Dihedral Angles (degrees) between the Least-Squares Plane
Al calculations were run on an Alpha AXP-3000/500 cluster P}hrout%h thehC Atoms of Phenyl Group A and the 8i—-C Planes
. . « . ” ane tnrou
at the University of Rome “La Sapienza”. CIA Si, ClgB 40.4 38.9
Electron Diffraction Study giﬁ g: gig ég:i gi:g

The analysis was based on the electron diffraction intensities
from the previous study (nozzle temperature of 573 Khe The least-squares method was applied to molecular intensities
data used had 2.009 s < 13.500 A (50 cm camera distance) ~ according to our normal procedut®using a modified version
and 9.25< s < 35.50 A1 (19 cm camera distance), with data of the program by Seip and co-workétsThe inelastic and
intervals of 0.125 and 0.25 A, respectively. elastic scattering functions were taken from refs 22 and 23,
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TABLE 2: Relative Energies of the S, and Dyqy
Conformations of Tetraphenylsilane from Theoretical
Calculations

relative energy (kJ mat)

conformation MM3 HF/6-31G* B3LYP/6-31G*
S, (equilibrium) 0.0 0.0 0.0
Dyg (r = 0°)2 44.8 50.5 -
Dag (r = 90°)2 4.4 10.2 8.1

a Dihedral angle between the plane of the benzene ring and the plane

defined by the S+C bond and the&s, axis.

TABLE 3: Low-Frequency Vibrational Modes (v < 160
cm™1) for the Equilibrium Conformation of
Tetraphenylsilane (S, Symmetry) from Theoretical
Calculations

wavenumber (crmt)

symmetry B3LYP/6-31G* MM3 IR intensiy
A 32.2 29.0 inactive
E 32.3 28.6 VW
B 38.7 36.7 VW
B 54.6 59.8 VW
A 54.6 54.5 inactive
E 57.2 58.9 VW
B 65.4 62.0 VW

aThe far IR spectrum in benzene solution is repoftéal be free of
bands between 20 and 150 ¢in
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Figure 3. Radial distribution curves (E, experimental; T, theoretical).
They were calculated using an artificial damping factor exp00%?);
theoretical values were used in the 080 < 1.75 A% region. The
positions of the most important conformation-independent distances
are marked with vertical bars, whose heights are proportional to the
relative weights of the atom pairs. The region where contributions from
conformation-dependent -€C distances occur is indicated by a
horizontal line. Also shown is the difference curve {ET).

values within a one-degree range in either direction was tested
and found to have no appreciable effect on the other molecular
parameters, with the exception of the twist anglewhich
decreases by°3wvhenJC1A—Si—C1B is increased by°1

The three different bond distances and four different angles
of the benzene ring (Figure 2) are linked by two equations of
geometrical constraint, expressing the conditions of planarity
and ring closuré® Thus only five independent parameters are
required to define the ring geometry. The differenees b
andb — c are too small to be determined accurately by electron
diffraction and were assumed from the B3LYP calculations. The
anglep was assumed to be linearly relatedatpaccording to
the empirical relationship = —0.6052A0. — 0.084 (where

Figure 2. Lettering of bond distances and angles in a monosubstituted Ao and Aj are deviations from 129,26

benzene ring ofC,, symmetry.

respectively. The initial background lines were modified repeat-
edly in the course of the analysis.

The molecule was assumed to adopt a conformatio®,of
symmetry; the @Hs—Si fragments were impose@,, local
symmetry. The &H bonds were represented by a mean length,
and each was assumed to bisect the correspondinG-€C

angle, as in our previous studies of monosubstituted benzen

derivatives’* Under these constraints the geometry of the
molecule is described by nine independent parameters, whic

were chosen as follows (see Figures 1 and 2): (i) three bond.

distancesr(Si—C1),r(C1—-Cz2), andm(C—H)Cl (ii) two differ-
ences between bond distancAg(C—C) = r(C1-C2) — r(C2—
C3)=a— bandAyC—-C)=r(C2—-C3)— r(C3—-C4)=b —
c; (iii) three bond angles. JC1A—-Si—C1B, 0C2—C1-C6 =
o, anddC1-C2—C3= 3; and (iv) the twist angle of the phenyl

group, 7, defined as the dihedral angle between the plane of

the ring and the plane defined by the-&i1 bond and thé&,
axis.

The lowering of symmetry at the Si atom frofg to &, due
to the Cy, local symmetry of the phenyl groups, causes the six
tetrahedral € Si—C angles to split into two groups. MM and
MO calculations consistently indicate that the angle €5k
C1B (where C1A and C1B are related by the 2-fold axis
contained inS;) is up to two degrees smaller thaltC1A—Si—

The large-amplitude bending motions of the phenyl groups
are expected to cause an apparent shortening of -alCSand
Si---H distances, resulting in a systematic distortion of the
geometry of the molecule. This effect was treated by allowing
the four phenyl groups to bend from the respective@&lL bonds
by equal amounts, with the plane through Si, C1, and C4
remaining perpendicular to the plane of the ring. A shrinkage

gharametep, defined as the effective bending angle of the Si

C1 bond from the C%-C4 line, was refined as an independent

hvariable.

Ten mean amplitudes of vibratioh, were also refined as
independent variables. They were coupled in groups to other
amplitudes with constrained differenced, These differences
and other fixed amplitudes were taken from spectroscopic
calculations based on the MM3 force fiefd.

Important molecular parameters from the final refinement are
reported in Table 4, showing also the coupling of the vibrational
amplitudes’” Experimental and calculated radial distributions
are shown in Figure 3. Total experimental intensities are
collected in Table 1S (Supporting Information; see the support-
ing information paragraph at the end of the paper).

Results and Discussion

The geometrical parameters of tetraphenylsilane from the
present electron diffraction study are compared with those from

C1C. This small difference makes the bond angles at Si hardthe previous studyand the B3LYP MO calculations in Table

to determine accurately by electron diffraction. We eventually
found appropriate to assum&C1A—Si—C1B at its calculated
(B3LYP) value, 108.8°. The assumption of slightly different

5.
Molecular Conformation. The present experimental and
theoretical studies consistently indicate that free tetraphenylsi-
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TABLE 4: Molecular Parameters of Tetraphenylsilane from TABLE 5: Molecular Geometry 2 of Tetraphenylsilane:
Electron Diffraction 2 Comparison of Experimental and Theoretical Results
| couplin electron diffractiof B3LYP/6-31G*
atom pair multiplicity la exp. calct schem parameter referencé 6  this worke calculation$
Distances and Mean Amplitudes of Vibratfo@) r(Si—C) 1.871+ 0.004 1.881 0.004 1.894
Cl-C2 8 1.4073(1) 0.0488(2) 0.047 i [(C—C)O 1.403+ 0.003 1.40H- 0.003 1.400
C2-C3 8 1.3955(19 0.0488 0.047 i r(C1—C2) 1.3999 1.409 1.408
C3-C4 8 1.3953(19 0.0488 0.047 i r(C2—C3) 1.4049 1.397 1.396
Si—C1 4 1.8783(7) 0.0644(7) 0.059 i r(C3—C4) 1.4049 1.397 1.396
[C—HD 20 1.097(1)  0.076(1) 0.077 i m(C—H)d 1.087+ 0.004 1.102+ 0.003 1.087
Cl---C3 8 2.4443(2) 0.0627(3) 0.063 v OC1A-Si—C1B  112.3(4) 1086 108.6
Cl--CA 4 2.8240(2) 0.0771(6) 0.072 v OC1A-Si-C1C  108.1(2) 109.9 109.9
C2--Ca 8 2.4155(2) 0.0627  0.063 v 0C2-C1-C6 (@) 1182+0.4 1175 117.5
C2---C6 4 2.4067(3 0.0637 0.064 v [1C2-C3-C4 () 1206 119.9 1200
C3--C5 4 2.4152(® 0.0627  0.063 v [C3-C4—C5 (8) 119'2(29 1199 1197
Si+++C2 8 2.8671(6) 0.0981  0.093 v z could motbe 404 2° 389
Si+++C3 8 4.171(19 0.095(1) 0.089 i q ined :
Si--C4 4 4.690(19 0.091(2) 0.085  vii etermine
Cl+-H2 8 2.166(19 0.104(1) 0.102  vii reliably
Cl---H3 8 3.434(19 0.103 0.101 vii aBond distances are given in A, angles in degré®ond distances
Cl--H4 4 3.921(1) 0.104 0102 vii arerq values.c Bond distances ane values. Whenever necessary, bond
gg:i g 3411%83 8'183 8185 z::: distances and angles have been averaged to be consistent with the
CoweH5 8 3.882(19 0.104 0102  vii symmetry constraints adop_ted in the e_Ie(_:tron diffraction studies.
C2--H6 8 3'404(19 0103 0101  vii d Estimated total errors are given as error limits; least-squares standard
C3-H2 8 2-156(1‘) 0.103 0.101  viii deviations are given in parentheses as units in the last @ifidtal
C3--H4 8 2.164(19 0.104 0102  viii errors are given as error I|m|ts._They were estimatedas [20.s? +
C3++H5 8 3410(13 0103 0101 vii (0.002) + (A/2)7] " (for bond distances) angr = [2015” + (A/2)°]
C3-H6 8 3.882(1y 0.104 0.102  viii (for angles), wheres is the least-squares standard deviation, Afftl
Cd+-H2 8 3.405(19 0.103 0.101  viii is the effect of the constraints adopted in the refinemd&ntThe
C4+-H3 ) 2.164(19 0.104 0.102  viii differencer(C1—C2) — r(C2—C3) was refined as an independent
Si-+-H2 8 2.9879(6) 0.166 0.166 variable; the difference(C2—C3) — r(C3—C4) was set equal to 0.
Si---H3 8 5.025(19 0.134 0.134 9 Calculated from the structural parameters given in Table 2, column
Si---H4 4 5.785(% 0.112 0.112 5, of ref 6." The differences(C1-C2) — r(C2—C3) andr(C2—C3)
ClA---C1B 2 3.051(1) 0.113(4) 0.128  ix — r(C3—-C4) have been assumed from the B3LYP calculations.
ClA---C2B 4 4.267(6) 0.181 0.196  ix i Assumed from the B3LYP calculationsDerived parametek As-
C1A---C6B 4 3.407(7 0.201 0216  ix sumed. Dihedral angle between the plane of the benzene ring and the
ClA:--C1C 4 3.075(1) 0.129(4) 0.125  «x plane defined by the SiC bond and the, axis.
C1lA---C2C 4 3.975(% 0.298 0.294 X
C1A---C6C 4 3.797(1¢) 0.227 0.223 X 60 -
C1A---C2D 4 3.335(8 0.212 0.208 X
C1A---C6D 4 4.371(3) 0.136 0.132 X E (kJ/mol)
Angles (degrees) 50
0C2-C1-C6 (o) 117.54
0C1-C2-C3 () 121.4F
0C2-C3—-C4 (y) 119.88 40
0C3-C4-C5 (5) 119.88
OC1A-Si—C1B 108.64
OC1A-Si—C1C 109.89
o 39.6(10) 307
o 8.4(5)
Differences between Bond Distances (A) 20 4
A4(C—C) 0.0118
A(C—C) 0.0002
a | east-squares standard deviations are given in parentheses as units 10 4
in the last digit. They should be considered merely as indicators of
internal consistency, and are sometimes unrealistically small due to < (®)
the constraints employed in the refinemetito economize on space, 04 : . > , . , . .

the table includes only a few of the 57 independent inter-ringC@ '
pairs. Their distances range from 3.05 to 7.90 A, and their amplitudes 0 10 20 30 40 50 60 70 80 930
(which were refined in two large blocks with constrained differences) Figure 4. Plot of the potential energy of tetraphenylsilane, calculated
from 0.113 to 0.592 A. Also excluded are the 90 independent inter- at the HF/6-31G* level assumir§ symmetry, against the twist angle
ring C---H pairs.¢ From MM calculations (MM3 force field)? The of the phenyl groups.?® The conformations witlr = 0° andz = 90°
roman numerals indicate the groups within which the amplitudes were haveD,q symmetry.
refined with constant differences between théiependent parameter.
"Assumed from the MM3 calulation8 Assumed from the B3LYP  empirical calculation&8 The potential energy of a tetraphenyl-
S the plane defined by the. 0 bond and 1, axe. Ercive | Slane molecule of symmetry, calculated at the HF/6-31G*

. i i ; in Ei 29
bending angle of the SiC1 bond from the C%-C4 line, in a plane level, is plottgd "?‘ga'r.‘St the ths.t angiein Figure 4= The
perpendicular to the plane of the ririghy(C—C) = r(C1—C2) — r(C2— molecule attains its hlghegt possible symmemﬁ, whent =
C3).XAx(C—C) = r(C2—C3) — r(C3—C4). 0° or 9C°. These conformations correspond to first-order saddle

points, separating two equivalent energy minima. The saddle

lane has a minimum-energy conformatiorSgsymmetry, with point atz = 0° lies about 50 kJ mott higher in energy than
a twist angler of about 40. This confirms the results of  the minimum, due to particularly short contacts between the
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Figure 5. Plot of the shortest inter-ring +tH distances in tetraphe-
nylsilane, calculated at the HF/6-31G* level assum&gymmetry,
against the twist angle of the phenyl group?

TABLE 6: Length of the Si—C Bond (A) in
Tetramethylsilane and Tetraphenylsilane: Experimental and
MO Results

technique SiMgt SiPhp
electron diffractiofi 1.877+ 0.004 1.88H 0.004
HF/6-31G* 1.894 1.897
calculationg
B3LYP/6-31G* 1.895 1.894
calculation8

2 Reference 5° This work.¢Bond distances arg, values.d Bond
distances are. values.

ortho hydrogens. The saddle pointrat 90° is much lower in
energy and is rather flat. The rationale for the conformation
adopted by free tetraphenylsilane is apparent from Figure 5,
where the shortest inter-ring-HH distances are plotted against
the twist angler. In the solid state, the molecule h&
crystallographic symmetry with = 52.4 (calculated from the
atomic and unit-cell parameters given in the literatdré)!?

The Silicon—Carbon Bond Length. The length of the St
Ph bond in tetraphenylsilangg = 1.881 &+ 0.004 A3 is
accurately determined from electron diffraction. Comparison
with the length of the SitMe bond in tetramethylsilaney =
1.877 4 0.004 A based on electron diffraction experimental
data from the same apparabiadicates that the two bonds have
nearly equal length, in agreement with the theoretical calcula-
tions (see Table 6). This contrasts with chemical expectation,
which would suggest(Si—Me) to exceed (Si—Ph) by about
0.03 A, based on the covalent radii of C{s9.77 A, and C(s),

0.74 A?

It should of course be considered that a-Sibond is weaker
than a C-C bond. This is witnessed by the lower bond energy,
ca. 300 vs 350 kJ mot,3L and smaller stretching force constant,
2.7-3.0 vs 4.5 mdyn AL3233Thus, the length of a SiC bond

J. Phys. Chem. A, Vol. 105, No. 24, 2008937

The nearly equal length of the -SC bonds in tetramethyl-
silane and tetraphenylsilane is likely to arise from a delicate
balance of subtle stereoelectronic effects. The fully staggered
conformation of tetramethylsilahgives rise ® a W arrangement
of bonds that favors the interaction of the bondir{@—H) and
o(Si—C) orbitals with the emptyo*(Si—C) and o*(C—H)
orbitals, respectively* Natural bond orbital analysisshows
that theo(C—H)—0*(Si—C) delocalization is more pronounced
than theo(Si—C)—0¢*(C—H) delocalization, a consequence of
the favorable polarity of the*(Si—C) orbital. Nevertheless,
the o(Si—C)—0*(C—H) interaction is instrumental in removing
excess negative charge from the Si atom. Because ofthe
symmetry of the molecule there are @4>¢* interactions, i.e.,
six interactions per SiC bond. The resulting delocalization
builds somer-bond character into the SC bonds, making them
slightly shorter and stronger than one would expect for purely
single bonds. On the other hand, population of #€Si—C)
orbitals is expected to make the-&& bonds longer and weaker.
Here the empty 3¢, 3d,,, and 3¢, orbitals of silicon play an
important role®® Partially superimposed upon the(Si—C)
orbitals, they enhance the acceptor function of the Si atom and
thes-bond character of the SIC bonds without increasing the
antibonding character of thigC—H)—0*(Si—C) delocalization.
Indeed, the length of the SIC bond in tetramethylsilane
increases by 0.015 A in going from the fully staggered to the
fully eclipsed conformation of the molecule, according to our
MO calculations at the HF/6-31G*, MP2(fc)/6-31G*, and
B3LYP/6-31G* levels

In tetraphenylsilane, the equilibrium conformation of the
molecule (see Figure 1) is such that thesystem on one side
of ring A is in close proximity of the largest lobe of the polar
0*(Si—C1D) orbital. The torsion angle C6AC1A—Si—C1D,
about—80°, favors a strong interaction. On the other side of
ring A, the m-system interacts less strongly with th&(Si—
C1B) orbital (the torsion angle C6AC1A—Si—C1B is close
to 4C°). No appreciable interaction occurs with ##Si—C1C)
orbital, because the torsion angle C681A—Si—C1C is about
160°. Rings B, C, and D behave in the same way, due to the
symmetry of the molecule. Natural bond orbital anafrstows
that thex—o* delocalization, or negative hyperconjugati¥n,
is quite pronounced in tetraphenylsilane. It has, again, a complex
effect on the Si-C bonds, which are made shorter and stronger
by the enhanced-bond character, while tending to become
longer and weaker because of the population ofat(&i—C)
orbitals. Delocalization of the ring orbitals into the empty 3d
orbitals of silicon is again possible. However, the absence of
hydrogen atoms on C1A precludes thé€Si—C)—o*(C—H)
delocalization that occurs in tetramethylsilane. Thus, the
increased electron density at Si is not relieved, causing the
covalent radius of Si to increase slightly. This apparently
compensates for the shorter covalent radius of ¢ (epC(sp),
making the lengths of the SPh and Si-Me bonds about the
same.

X-ray photoelectron spectra give a clear indication thaio*

is more prone to be affected by changes in chemical environmentdelocalization is important in tetraphenylsilane. The ionization

than that of a €C bond.

It can be ruled out, however, that steric hindrance in the
equilibrium conformation of tetraphenylsilane may lengthen the
Si—C bond by as much as 0.03 A. The MO calculations indicate
that changing the twist angle from the equilibrium value
(40.£) to O° causes the SiPh bond to lengthen only 0.009 A,

energies of the core electrons are a measure of the ability of a
molecule to accept positive or negative charge at specific sites
and are thus directly related to electronegativities and bond
strengths. The binding energy of the Si¢gpcore electrons of
tetramethylsilane is 105.820106.04 eV from accurate gas-phase
studies®®4> The corresponding binding energy for tetraphe-

notwithstanding the substantial increase in repulsive interactionsnylsilane is 100.5102.4 eV, from less accurate solid-state

between phenyl groups (the shortest inter-ring-H contact
becomes 1.92 A when = 0°, see Figure 5).

studies®®46 The difference is consistent with a building up of
negative charge on the Si atom of tetraphenylsilane as compared
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with tetramethylsilané? If the four methyl groups are replaced  (and hencélC1A—M—C1C) whenr(M—C) = 2.0 A. Thus,

by fluorines, the Si(2g;,) binding energy increases to 11146  the tetrahedral core of these molecules is slightly elongated along
111.70 e\B8:39.4244.48(ye to withdrawal of negative charge from theS; axis when M= C, Si, Ge, and slightly compressed when
the central atom by the strongly electronegative substituents.M = Sn, Pb. This has been attributed to an interplay of repulsive

Evidence forz-delocalization across the -SPh bond in P and attractive interactions between adjacent phenyl groups,
SiX compounds has recently been obtained by comparing thesubject to the length of the MC bond>*

Si(1s) and Si(2p) core excitation spectra of various3?k and The Benzene RingThe mean length of the ring-€C bonds
MesSiX species’? in tetraphenylsilanefiy(C—C)C= 1.4014 0.003 A, is accurately

Valence band photoelectron spectra from gas-phase studiesletermined from electron diffraction and is virtually the same
also point tar—o* delocalization in tetraphenylsilane. The peak as in phenylsilane, 1.40% 0.003 A24 and phenyltrimethylsi-
at lowest ionization potential of tetramethylsilane, 16-398.45 lane, 1.4024 0.003 A2 The deformation of the benzene ring
eV5052 is assigned to a triply degenerate silieararbon caused by silicon substitution emerges from the MO calculations,
bonding orbital, &, composed mainly of C(2p) and Si(3p) see Tables 1 and 5. The calculated ring angles agree with those
atomic orbitals. The corresponding orbital of tetraphenylsilane reported by Gruhnert et & for crystalline tetraphenylsilane,
appears as a well-resolved peak at 10.17%€Vhe difference o = 117.6(2y and = 121.3-121.4(3}. These geometrical
in ionization potential is consistent with a slightly less polar changes are similar to those reported for free phenylsitamel
Si—C bond in tetraphenylsilane as compared with tetrameth- phenyltrimethylsilané.

ylsilane. Replacing the four methyl groups with fluorines raises At variance with many other benzene derivatives studied in
the ionization potential of 3 to 17.4 eV5° due to the high  our laboratories, the present molecule has proved unamenable
polarity of the Si-F bonds. to an accurate determination of the ring anglé&rom electron
Additional evidence for a build up of negative charge on the diffraction. This appears to be a consequence of the high-
central atom of tetraphenylsilane, as compared with tetrameth-amplitude bending motions of the phenyl groups. Ignoring these
ylsilane, comes from NMR spectroscopy measurements. Themotions leads to an unacceptably high value.o©n the other
293i NMR signal of tetraphenylsilane is shifted upfield by 13.98 hand, simultaneously refining the angbe and the bending
ppm with respect to the corresponding signal of tetramethylsi- parameterd has proved unfeasible, due to high correlation
lane; this shielding has been explained byre-o* charge between these parameters. We have found that the experimental
transfer? data could be approximated equally well by assuming different
The importance of negative hyperconjugation in stabilizing values for the angle,, and allowingd to refine. In view of the
organosilicon compounds is also seen in the molecular structuresevidence for a pronounced bending motion of the phenyl groups
of phenyltrimethylsilane, MgSi—Ph2 and vinyltrimethylsilane, provided by our spectroscopic calculations, we have eventually
MesSi—CH=CH,.55 These molecules have a minimum energy assumed the angteat its calculated (B3LYP) value. This leads
conformation in which one of the methyl groups eclipses the to avalue ofd of 8.4+ 0.8, consistent with the large-amplitude
benzene ring or the=C bond, thus favoring—o¢*(Si—C) and motion of the phenyl groups.
m—3d(Si) interactions on both sides of the phenyl or vinyl plane.
The length of the SiC bond in crystalline tetraphenylsilane  Conclusions
has been determined repeatedly by room-temperature X-ray . .
crystallography:22 The majority of these studies, however, are ~ We draw the following conclusions.
of rather poor quality by today’s standards. The most accurate (1) The twist angle of the phenyl group in free tetraphenyl-
study is that by Gruhnert et @ ,who used only high-order  Silane ofS symmetry ist = 40 £ 2° from gas-phase electron
data (sing/. > 0.48 AY) in their refinement. This procedure diffraction, in agreement with MO results and earlier empirical
reduces the asphericity shifts caused by the nonsphericalcalculations’?
distribution of valence electrons and makes the X-ray diffraction  (2) The length of the SiC bond in tetraphenylsilane ig =
bond distance reasonably close to the distance between averagé.881+ 0.004 A from gas-phase electron diffraction. The length
nuclear positions;,. The length of the SiC bond obtained by  of the corresponding bond in tetramethylsilanegis= 1.877+
Gruhnert et al'2 1.878(2) A, compares well with the value 0.004 A from electron diffraction data taken with the same
from the present study, 1.88% 0.004 A. The distance in, apparatu$.A nearly equal length of the SiC bond in the two
representation is supposed to be slightly shorter than that inmolecules is also indicated by ab initio/DFT calculations. This
rg_56 cannot be attributed to steric hindrance in tetraphenylsilane;
The Bond Angles at Silicon.The MO calculations indicate ~ rather, it is due to a delicate balance of subtle stereoelectronic
that the angle C1ASi—C1B is one to two degrees smaller than  €ffects, involving electron delocalization intg(Si—C) and 3d-
C1A-Si—CI1C, see Table 1, in agreement with our MM3 (Si) orbitals. Evidence for—o* delocalization in tetraphenyl-
calculations[ JC1A—Si—C1B = 108.5 and IC1A—Si—C1C silane comes from X-ray and valence band photoelectron
= 110.0, and earlier MM2 calculation®. The difference being ~ Spectroscopy ané’Si NMR spectroscopy.
so small hinders the determination of these angles by electron (3) The ipso ring angle of the phenyl group is 1T7ffom
diffraction alone. This is why now we ignore the findings of the B3LYP calculations, in agreement with solid-state results.
the previous analysiswith regard to these angles (Table 5), The effect of the crystal environment on the molecular structure
but find comforting that the X-ray diffraction study by Gruhnert of tetraphenylsilane appears to consist merely of an increase of

et all? yields JC1A—Si—C1B = 108.3(1y and JC1A—Si— the twist angler by about 12, with no measurable change in
C1C= 110.0(1}. the other geometrical parameters.

Comparison with the other tetraphenyl derivatives of group
IV elements, MPHh all havingS, crystallographic symmetry in Acknowledgment. This work has been supported by the

the solid state, indicates a regular variation of the distorted Italian Ministry for University and Scientific Research (MURST)
tetrahedral angles at M:>*The C1IA-M—C1B angle increases  and by the Hungarian National Scientific Research Foundation
gradually withr(M—C); it equals the regular tetrahedral angle (OTKA, grant No. 030053).
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geometrieg? at least for those derivatives where pronounced mesomeric
interactions are absent between the ring and the substituent (Campanelli,
A. R.; Domenicano, A.; Ramondo, F., to be published).

(27) The correlation matrix has only three elements with an absolute

is available free of charge via the Internet at http://pubs.acs.org.value greater than 0.40, namelgi—C), 0 (0.52);|(C—C), S (0.77); and
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