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The electron diffraction pattern of Sb(CH,) recorded with an all-glass inlet system
at room temperature confirms the trigonal bipyramidal structure and yields the
bond distances Sb-C., = 214.0(5) pm and Sb—C_, =226.4(11) pm. '*C NMR spec-
tra in CD,Cl, contain only one line which remains sharp down to —90°C. The
molecule presumably undergoes Berry pseudorotation over a square pyramidal
transition state which leads to rapid exchange of axial and equatorial methyl
groups. Trigonal bipyramidal and square pyramidal models of Sb(CH,); were
optimized at the SCF MO level. Electron correlation was included with the
modified coupled pair functional (MCPF) method. The calculations at this level
suggest that the energy of the trigonal bipyramidal configuration is 7.1 kJ mol~'
below the energy of the square pyramidal configuration. Similar calculations on the
unknown compound Bi(CH,); suggest that this molecule too would have an

trigonal bipyramidal equilibrium configuration.

The molecular structures of pentaphenylphosphorus,
PPhs, and pentaphenylarsenic, AsPhs, are trigonal
bipyramidal in the crystalline phase,'? while the mole-
cular structures of the antimony and bismuth analogs,
SbPh; and BiPhs, are square pyramidal.>*

When SbPh; is crystallized with 0.5 mol cyclohexane,
the structure is trigonal bipyramidal,® and so is the
structure of crystalline penta-p-tolylantimony:® the
energy difference between the two configurations is clearly
so small that the structure adopted in the crystalline phase
is determined by intermolecular forces.

'3C NMR spectra of SbPh at room temperature show
that the rings are magnetically equivalent,” and 'H NMR
spectra of SbPh, which is fully deuterated in the meta and
para positions show only one line (due to ortho protons)
down to —142°C.” Thus NMR spectroscopy gives no
information about the equilibrium configuration in solu-
tion. If the equilibrium structure is trigonal bipyramidal,
rapid exchange of axial and equatorial ligands may
proceed by Berry pseudorotation.®

The metal atom and one of the equatorial carbon
atoms, often referred to as ‘pivotal’, remain essentially at
rest while the angle subtended by the two other equatorial

* To whom correspondence should be addressed.
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carbon atoms, £ C.,SbC,,, increases from 120 to 180°
and the angle formed by the two axial C atoms,
£ C,SbC,,, decreases from 180 to 120° in a concerted
fashion. The initial and final configurations share a
twofold symmetry axis, and two symmetry planes inter-
secting each other along the pivotal Sb—C bond. These
symmetry elements are assumed to be preserved during
the exchange process, and the transition state is assumed
to have C,, symmetry.

Conversely, if the equilibrium configuration is square
pyramidal, exchange of apical and basal carbon atoms
may proceed through a transition state of near D,
symmetry. The NMR spectra are thus consistent with the
conclusion that the energy difference between the two
configurations is small.

'H and "*C NMR spectra of penta-p-tolyl antimony
in CHFCI, solution showed that the molecule remained
fluxional down to —130°C, hence the equilibrium confor-
mation could not be established, but line shape analysis of
'H and '3C spectra yielded activation energies of 6.7 and
6.1 kJ mol ~!, respectively.’

Several derivatives of pentaphenylbismuth have been
synthesized, and eight of them have been characterized by
X-ray crystallography by Seppelt and coworkers.'®'? The
majority form square pyramids: only one is found to form
a trigonal bipyramid. The crystals with square pyramidal



molecules exhibit strong colors: electronic spectra
indicate that both configurations are present in solution.'?

Much less is known about pentaalkyl derivatives of
the Group 15 elements. The synthesis of pentamethyl-
antimony was first reported by Wittig and Torsell in
1953;' the synthesis of pentamethylarsenic by Mitschke
and Schmidbaur in 1973.'* The phosphorus and bismuth
analogs are unknown. Infrared and Raman spectra of
neat As(CH;)s and Sb(CH,;); provide strong evidence for
MC; frames of D;, symmetry.'>!6

"H NMR spectra of Sb(CH,); in CS, solution!” and of
As(CH,); in [*Hg ]-toluene'® consist of one narrow line
down to —100 and —95°C, respectively. The mechanism
of exchange of equatorial and axial methyl groups is
unknown, but it is assumed to proceed intramolecularly
via Berry pseudorotation.

In this article we report the determination of the
molecular structure of Sb(CH,); by gas electron diffrac-
tion. We also report the '*C NMR spectrum of Sb(CH )
down to —90°C, and discuss the structure and bonding
based on the results of MO calculations at different levels.
Finally we report the results of similar calculations on
Bi(CH,)s which indicate that the equilibrium configura-
tion is trigonal bipyramidal like Sb(CH)s;.

Experimental

Synthesis. (CH,),SbCl, was synthesized from Sb(CH ),
and Cl,."® Reaction with stoichiometric amounts of
LiCH,; in ether yielded Sb(CH;)s, which was purified by
distillation.'"* The yield with respect to Sb(CH,); was
75-80%.

3C-NMR spectra. Spectra were recorded at 75.429 MHz
in CD,Cl, solution at 20, 0 and —90°C. All spectra
exhibited one peak for the methyl C atoms. The frequency
changed slightly with temperature: 14.85 ppm at 20°C,
1420 ppm at 0°C and 1343 ppm at —90°C. The
linewidth at —90°C was only 1.6 Hz, compared with
6.3 Hz at 0°C and 8.2 Hz at 20°C.

Gas electron diffraction. A few years ago we attempted to
record the gas electron diffraction pattern of Sb(CH;)s
with a stainless-steel inlet system, but found the sample to
undergo partial decomposition, presumably to Sb(CH ),
and ethane. This time we used an all-glass inlet system to
a Balzers Eldigraph KDG2'® with the nozzle at 20 + 3°C.
Exposures were made with nozzle-to-plate distances of
about 50 and 25 cm. Optical densities of were recorded
on our Snoopy densitometer and processed by standard
procedures.”® Atomic scattering factors were taken
from Ref. 21. Backgrounds were drawn as fourth-degree
(50 cm) and sixth-degree (25cm) polynomials to the
difference between total experimental and calculated
molecular intensity curves. Comparison of modified mole-
cular intensity curves obtained from single photographic
plates showed that while the curves obtained from 50 cm
plates were consistent, the curves obtained from 25 cm
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Fig. 1. Calculated (full line) and experimental (-) modified
molecular intensity curves for Sb(CH;)g with difference
curves below.

plates appeared to be plagued by an unusually high noise
level. The experiment was repeated, but the quality of the
25 cm data was not improved. This study is based on the
best six plates obtained for each nozzle-to-plate distance.
The final modified molecular intensity curves extending
from s=13.75 to 145.00 nm ~' with increment 1.25 nm !
(50 cm) and from s=35.00 to 200.00 nm ~' with incre-
ment 2.50 nm~' (25 cm) are displayed in Fig. 1.

Calculations

Normal coordinate analysis. Calculations were based on
the molecular model shown in Fig. 2. The SbC, frame was
assumed to have D, symmetry, and methyl groups were
assumed to be isostructural and to have C,, symmetry
with the symmetry axes along the Sb—C bonds; the orien-
tations are indicated in the figure. A symmetry force field
was constructed from the valence force field of the SbCj
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Fig. 2. Molecular model of Sb(CH,)5 with trigonal bipyra-
midal configuration. The molecular symmetry (equatorial H
atoms excluded) is Dg,.
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frame listed in Ref. 22 and the force constants of the
methyl groups in (CH,),Sn,S¢.2 Root-mean-square
vibrational amplitudes, /, and the vibrational correction
parameters, D =r,, —r,;, calculated from this symmetry
force field, are listed in Table 1.2

Structure refinement. The molecular model in Fig. 2 is
described by four independent parameters, e.g. the bond
distances Sb-C,,,Sb-C., and C-H and the valence
angle / Sb—C-H. These structure parameters and ten
vibrational amplitudes were refined by least-squares
calculations on the molecular intensity curves under the
constraints of a geometrically consistent r,-structure.
Non-refined amplitudes were fixed at the values cal-
culated from the molecular force field. The refinements
converged to the best values listed in Table 1. Since the
refinements were carried out with a diagonal weight

Table 1. Interatomic distances, r,, root-mean-square vibra-
tional amplitudes, /, obtained by gas electron diffraction
(ED), and vibrational amplitudes and vibrational correction
terms, D, calculated from a molecular symmetry force field
(FF). When appropriate, distance multiplicities (n,x) are
indicated in parentheses. Non-refined parameters are in
square brackets.

r.(ED)/ /(ED)/ /(FF)/ D(FF)/
pm pm pm pm
Bond distances
Sb-C,, 214.0(5) [5.4] 54 -03
Sb-C,, 226.4(11) [6.1] 6.1 —-0.8
Ceq—H (3x) 110.4(6)° 10.3(7)* 7.8 —6.5
Ceq—H (6x) 110.4(6)* 10.3(7)% 7.8 -7
C..—H 110.4(6)* 10.3(7)® 78 -31
Nonbonded distances
Sb-H,, (3x) 271(3) 13.4(15)° 126 -23
Sb-H,, (6x) 271(3) 13.4(15)¢ 126 —29
Sb-H,, 282(4) 13.7(15)¢ 129 -1.7
Cax—Ceq 310.9(7) 11.3(18) 145 —-0.2
ea—Ceq 370.0(9) 23(10) 10.6 0.0
ax—Cax 451.3(22) 12(9) 85 0.0
Cax—Heq 292(4) 16(20)¢ 276 -0.7
ax—Heq 351(3) 27(20)° 285 0.3
ax—Heq 404(2) 17(7)¢ 195 -16
Coo—Ha (12x)  321(4) 34(26) 23.7 0.0
Coq—Hax (6x) 409(2) 14(7)¢ 155 -11
Ceq—Heq (3%) 369(3) [19.4] 194 —-1.1
Coq—Heq (6x) 392(3) 30(46) 225 -0.7
Ceq—Heq (6x) 436(2) [15.0] 20.5 -0.9
Coq—Heq (3%) 457(2) [13.1] 131 -1.5
ax—H ax 498(5) 14(9) 16.1 -0.3
Valence angles
£, aSb-C-H/° 110.5(22)*

£ aC,y-Sb-C,y/° [120]
LaC,,-Sb-C_/° [90]

R-factors” 0.032 (50 cm) 0.116 (25cm) 0.057 (total)

? Mean value. ? Assumed equal. “* Refined with constant
differences' {R = {[2 w (/obs - /calc)z]/‘[z w Iobsz] }1 /2'
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Table 2. Structure parameters obtained by optimizing Dj,
and C,, models of Sb(CH ;) at all-electron SCF level and of
Bi(CHj)s at SCF/ECP level.

Trigonal bipyramid Square pyramid

M_Cax/ M_Ceq/ M’“cap/ M'Cb/
pm pm pm pm L Cap '\/cha/o
Sb-C 224 219 216 223 103
[exp] [226]° [214])° [212]% [225]° [102]*
Bi-C 232 231 229 232 102
[exp] [239]° [218]° [2211¢ [233]¢ [102]“

* This work.  SbPhg(cr).®
°Bi(m-CgH,4Me)s(0-CoH4F)2(cr)."® ? BiPhg(cr).*

matrix, the estimated standard deviations listed in the
table have been multiplied by a factor of 3.0 to include the
uncertainty induced by data correlation®® and non-refined
amplitudes, and then expanded tc include an estimated
scale uncertainty of 0.1%. The molecular intensities
calculated for the best model are good agreement with
the experimental intensities obtained from the 50 cm
plates (Fig. 1). The difference between calculated inten-
sities and the experimental counterparts obtained from
25 cm plates is of the order expected from the noise level
of the latter.

A square pyramidal model with a SbC; framework
of C,, symmetry is described by an apical Sb—C bond
distance, four identical basal Sb—C bond distances, the
valence angle ~ C,,-Sb-C,, and the mean C-H bond
distance and ~ Sb—C-H valence angle. Exploratory
least-squares refinements on this model yielded R-factors
above 0.12 as compared with 0.057 for the best model, and
failed to converge. When refinements were carried out
on models of C,, symmetry, calculations with start
parameters corresponding to near-C,, symmetry con-
verged to models of near-D,;, symmetry. We conclude
that models of C,, symmetry are incompatible with the
gas electron diffraction data.

SCF molecular orbital calculations. All SCF calculations
were performed with the MOLECULE SWEDEN
program package.?

Table 3. Electronic energy, AE, of M(CH;)5;, M =Sb or Bi,
in the square pyramidal, C,,. configuration relative to the
more stable trigonal bipyramidal, D5,, configuration.

AE/kJ mol

Sb(CH3)s

SCF 121
SCF/ECP 11.3
SCF/ECP/MCPF 71
Bi(CH3) s

SCF/ECP 134
SCF/ECP/MCPF 105




For Sb we used an all-electron basis set of (15,11,8)
primitive Gaussians®” supplemented by two diffuse
d-functions with exponents 0.20 and 0.05 representing the
5d orbitals, contracted to <6,5,3>. For C and H we used
a (7,3) basis® contracted to ¢3,2) and a (3) basis®
contracted to {2, respectively.

The C-H bond distances and / Sb—C-H angles were
fixed at the electron diffraction values, and the axial and
equatorial Sb—C bond distances of a trigonal bipyramidal
model (Fig. 2) optimized at the HF level. The optimal
bond distances are listed in Table 2. Similar optimization
of the apical and basal Sb—C bond distances and the
valence angle ,C,,-Sb-C,, for a square pyramidal
model yielded an optimal energy which was AE=
12.1 kJ mol ! higher. The optimal structure parameters
are listed in Table 2. Unfortunately our computational
resources did not allow dermination of the molecular
force field.

Relativistic effects were included by the use of
relativistic effective core potentials (RECP) based on
relativistic no-pair atomic calculations.®® The method is
described in Ref. 31 and references therein. The valence
shell (n=5) and the sub-valence shell (»=4) orbitals
were described by a primitive (7,6,6) basis contracted to
{3,3,3). Three of these contracted orbitals represent the
4s, 4p and 4d orbitals, respectively; the Ss, 5p and 5d
orbitals were described at the double-zeta level.

The energy difference between C,, and D, configura-
tions was obtained by one-point SCF ECP calculations
on the two optimal models (Table 3). Finally, electron
correlation was included by calculations with the
modified coupled pair functional (MCPF ) method.* This
method is size-consistent, and it was possible to correlate
all 40 valence electrons.

The large number of electrons precluded all-electron
calculations on Bi(CH,)s, and only RECP calculations
were carried out. The atomic reference calculations
were carried out with a (19,16,8,5) primitive basis.>® The
RECP calculations were carried out with the 6s, 6p and
6d orbitals described at the double-zeta and the Ss, 5p, 5d
and 4f orbitals at the single-zeta level by a primitive
(7,6,6,1) basis contracted to <3,3,3,1)>. Optimization of
D, and C,, models yielded the structure parameters
listed in Table 2 and the energy differences listed in
Table 3. Finally, electron correlation was estimated by
MCPF calculations on all valence electrons.

Results and discussion

While attempts to record GED data for Sb(CH ;)5 with an
inlet system made from metal have been unsuccessful
owing to partial decomposition of the sample, experiments
with an all-glass inlet system proceeded without difficulty.
The data thus obtained are incompatible with molecular
models of C,, or near C,, symmetry, and in good agree-
ment with trigonal bipyramidal models where the SbCjs
frame has D+, symmetry. Our investigation thus confirms
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Table 4. Axial and equatorial bond distances in some
trigonal bipyramidal Sb(V) compounds.

Compound Sb-C,,/pm Sb-C,./pm Ref.
Sb(CH3)s(g) 226.4(10) 214.0(8) This work
SbPhg 1/2 (c-CeHyo)(cr) 224 214 5
Sb(CCCH,)s(cr) 215 206 34
Sb(CCCH,),(CH3)5(cr) 223° 214* 35
Sb-X,,
SbCl,(CH3)4(g) 246.0(6) 210.7(6) 36
SbF,(CH,),(cr) 200 209 37
Sb-Cl,,
SbCls(g) 233.8(7) 227.7(5) 38

2 Propynyl. © Methyl.

the conclusion reached in the earlier investigation by
vibrational spectroscopy.’®

In Table 4 we compare axial and equatorial Sb-C
bond distances with bond distances in related Sb(V)
compounds. The observed variation of axial and equa-
torial bond distances, axial Sb—C from 226 to 215 pm,
equatorial Sb—C from 214 to 206 pm, may be discussed
in terms of a bonding radius of C, which depends on
the hybridization, and in terms of a bonding radius
of Sb, which depends on the number of electronegative
substituents. The bond distances in the table indicate
that the former effect is less important than the latter.
The three equatorial Sb—-C bonds in Sb(CH,)s, in
SbPh; crystallized with 0.5 mol of cyclohexane or in
dipropynyl(trimethyl)antimony are indistinguishable.
The axial Sb—C bonds in SbPhy 1/2(c-C¢H,,) and
dipropynyl(trimethyl)antimony are only 2-3 pm shorter
than in Sb(CH,);. If the difference is real, it may be

Fig. 3. Calculated (full line) and experimental (-) radial
distribution curves for Sb(CH;)s;. The artificial damping
constant k = 30 pm?2. The most important peaks are indicated
by bars of height approximately equal to the weight of the
distance in the theoretical intensity curve. The difference
curve is shown below.
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rationalized by assuming that the bonding radii of sp® or
sp hybridized C are smaller than the bonding radius of sp*
hybridized.

When two methyl groups in Sb(CH,;); are replaced by
more electronegative groups such as propynyl, or by Cl
or F atoms, these occupy axial positions as expected.
Introduction of two axial propinyl groups does not seem
to affect the equatorial Sb—C bond distances, but intro-
duction of two axial halogen atoms leads to progressive
shortening of equatorial Sb—C bond distances from
214 pm in Sb(CH;)s to 211 pm in SbCl,(CH,),; and
209 pm in SbF,(CH;);.

Finally we consider the effect of electronegative sub-
stituents in equatorial positions on axial bond distances.
Replacement of the three equatorial methyl groups in
SbCl,(CH,), by three Cl atoms shortens the axial Sb—-Cl
bonds from 246 to 234 pm, and introduction of three
equatorial propenyl groups in Sb(CCCH,),(CH;),
shortens the axial Sb-C (propynyl) bonds from 223 to
215 pm.

We conclude that the axial bonds are more sensitive to
substitution in the equatorial position than vice versa.

BC-NMR spectra of Sb(CH,)< in CD,Cl, contained
only one peak, which became sharper with decreasing
temperature to —90°C. The inverse line-broadening is
probably due to quadrupole effects. The spectra thus
provide no information on the barrier to exchange of axial
and equatorial methyl groups, except that it must be
small.

Optimization of a molecular model of Sb(CH,); of D,
symmetry by all-electron SCF calculations yielded axial
and equatorial Sb—C bond distances that were 2 pm
shorter and 5 pm longer than the experimental values.
Optimization of a square pyramidal, C,, model yielded
apical and basal Sb-C bond distances and a valence angle
L C,p—Sb-C,, close to the mean values in crystalline
SbPh; (Table 2). The trigonal bipyramidal configuration
was calculated to be more stable than the square
pyramidal by 12.1 kJ mol ~! at the all-electron SCF level
and 7.1 kJ mol ! at the relativistic ECP/MCPF level. The
latter energy is very similar to the observed barrier to
exchange of ligands in pentatolylantimony, about
6.4 kJmol ~'°

Some Mulliken population parameters are listed in
Table 5. The gross atomic populations suggest that the
net atomic charge on the metal atom in Sb(CH3)s in the
equilibrium configuration is about +0.8 at the highest
computational level (MCPF), and that the negative
charge on the axial methyl groups is greater than the
negative charge on the equatorial. The charge distribution
is thus consistent with the known predilection for the
more electronegative substituent to occupy axial
positions.

The total 5d orbital population, defined as the total
orbital population minus 20, is 0.68 at the highest
computational level, while the 5d.. population, defined
as the total d_. population minus 4, is 0.43. Thus the 5d..
orbital population is about two thirds of the total hyper-
valent 5d orbital population.

The three equatorial Sb—C bonds in Sb(CH ) may be
described in terms of two-center two-electron bonds
formed from sp? hybrids on Sb. Bonding between Sb and
the two axial C atoms may be described in terms of two-
center two-electron bonds formed from two p.d_. hybrids
on Sb, or in terms of a three-center four electron system
involving the Sp. orbital only.” The first description
implies a 5d.. population of about one electron, the
second that the 5d.. orbital remains unoccupied. For what
they are worth, the population parameters suggest that
the description in terms of a three-center four-electron
system may be the more appropriate, though the role of
the 5d. orbital is not negligible.

We had hoped that the calculations on the square
pyramidal model should yield higher hypervalent d
orbital populations than calculations on the trigonal
prismatic model, thus providing support for our proposal
that the square pyramidal structure observed for
Ta(CH,)s is due to greater d orbital contributions to the
bonding.*® This hope was, however, not fulfilled.

Bi(CH,);s appears to be unknown. Since the stability
of the square pyramidal configuration relative to the
trigonal bipyramidal increases from PPh; to BiPhg, we
nevertheless thought it worth while to carry out optimiza-
tion of the two structures at the ECP level and to calculate
the energy difference at the ECP/MCPF level. The
difference between the calculated bond distances and the

Table 5. Mulliken population parameters for M(CH3;)s M = Sb or Bi, with molecular symmetries = D5, or C,, obtained at

different computational levels. Me = CH .

Central atom, M Sb Sb Sb Sb Sb Sb Bi Bi Bi Bi
Point group Dy, D, D, Cav Ca Cay D, D3y, Ca Cav
Computational level AE-SCF ECP-SCF MCPF AE-SCF ECP-SCF MCPF ECP-SCF MCPF ECP-SCF MCPF
Total hypervalent d orbital

population 0.62 0.63 0.68 0.62 0.63 0.68 0.91 0.95 0.92 0.97
(5d for Cd, 6d for Bi)

Hypervalent d 2 orbital

population for Dy,; 0.32 0.45 043 0.32 0.36 0.33 0.65 0.63 0.54 0.52
d,».,2 population for C,,

Net charge: Sb viz. Bi +141  +1.17 +0.83 +1.42 +1.05 +0.71 +1.42 +1.08 +1.47 +1.12
Net charge: Me,, viz. Me,, —0.34 —0.30 -0.21 -0.25 —-0.16 —-0.10 -0.33 —-0.26 -027 -0.20
Net charge: Me, viz. Me,, —0.25 —0.19 -0.13 -0.29 -0.22 -015 -0.25 -0.19 -0.30 —-0.23
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bond distances found in crystalline substituted penta-
phenyls is larger than for Sb(CH,)s (Table 2). The energy
of the square pyramidal configuration is calculated
to be 10.5kJ mol~! above the energy of the trigonal
bipyramidal. Thus our calculations suggest that the
equilibrium configuration of Bi(CH;); would be trigonal
bipyramidal like Sb(CH,;);.
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