Conformational control by halogen substitution and by
crystallisation: a study of the molecular structures of
CH(SiMe,H), and CH(SiMe,Br); by gas-phase electron
diffraction, and ab initio molecular orbital calculations T
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The molecular structures of CH(SiMe,H), and CH(SiMe,Br), have been determined by gas-phase
electron diffraction, ab initio calculations, and, for CH(SiMe,Br),, X-ray diffraction. In each case, 11
distinct conformations, with energies lying within a range of 8.5 kJ mol ™! for CH(SiMe,H), and 26 kJ
mol ! for CH(SiMe,Br);, were calculated and thus many conformers for both compounds are likely to
exist in the gas phase. The structures are compared with those of related alkylsilanes to assess the changes
in molecular geometry resulting from crowding at the carbon centre.

Introduction

The compounds described in this work, CH(SiMe,H); 1 and
CH(SiMe,Br); 2, are precursors for a remarkable series of
organometallic compounds of the general type MC(SiMe,X),
(X =OMe, NMe,, PPh, or CH,PPh,, M = alkali metal or, for
X =NMe,, M = Mgl), in which the organosilyl ligand is bound
to the metal through both the central carbanionic site and the
lone pairs of the group X. These compounds adopt a range
of molecular or chain structures. For example, LiC(SiMe,-
CH,PPh), 3! and MgIC(SiMe,NMe,), 42 are monomeric with
quite strong (3) or no (4) normal M- - - C bonds, [LiC(SiMe,-
OMe),], 5 is dimeric,® whereas [LiC(SiMe,NMe,),], 6* or
[KC(SiMe,NMe,),],, * are polymeric.

The range of different structures found in the solid state can
be attributed in part to constraints in the metal co-ordination
sphere, e.g. from size, valency and electronegativity, but in com-
pounds containing very crowded ligands intra- as well as inter-
ligand interactions can be important. For example, it has been
suggested® that different intra-ligand Me - - - Me interactions
may be important in accounting for the fact that 5 is oligomeric
and 6 polymeric. It is thus of considerable interest to compare
gas phase and solid state structures in order to determine more
precisely the origin of the observed conformational effects and
to distinguish those that are inherent within the ligand, from
‘crystal packing forces’ that are intermolecular.

The complexity of the intramolecular conformational effects
is well illustrated by our previous gas-phase study of the com-
pound SiH,C(SiMe,H);;® the vapour of which was surprisingly
found to comprise a total of eleven structurally distinct con-
formers lying at points on the potential energy surface within
a range of only ca. 3 kJ mol™!. In compounds of the type
ZA(XY,);” or A(XY,),° 1,3-interactions between atoms or
groups Y cause the XY, groups to twist away from perfectly

T Electronic supplementary information (ESI) available: gas phase
electron diffraction (GED) results and rotatable pdb files for con-
formers. See http://www.rsc.org/suppdata/dt/b0/b004733n/
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staggered conformations, usually by 15-20°. All three or four
branches must twist in the same sense. For SiH;C(SiMe,H);,
therefore, to within a close approximation only three different
values of the branch H;Si-C-Si-H torsional angles were
observed, ca. 160° (labelled type ‘a’), 40° (type ‘b’) and —80°
(type ‘¢’). The conformers are shown in Fig. 1. Three, labelled
‘aaa’, ‘bbb’ and ‘cec’, have C; symmetry and eight, arising from
all other possible combinations of the three different branch
types, have C; symmetry. Whilst it is possible that mirror images
of these branch dihedrals exist (i.e. —a, —b and —c) it is unlikely
that combinations of these branch types with those found
would give rise to additional minima. The differences between
thevalues of the dihedral angles are of the order of 120°, giving rise

DOI: 10.1039/b004733n

This journal is © The Royal Society of Chemistry 2000



S

Fig.1 Molecular structures of the eleven conformers of CH(SiMe,X),
(X=H 1 or Br 2). The hydrogen atom attached to the central carbon
[denoted H(2) in the text] is not shown. Torsional angles H(2)-C(1)-Si-
H are denoted ‘a’ ca. 160°, ‘b’ ca. 40° and ‘¢’ ca. —80°.

to branches that are closely interlocked. Introducing a branch
of opposite sign would reduce this angular separation, leading
to increased steric crowding in the molecule.

In order to relate the data on SiH,C(SiMe,H); to those on
compounds of the type MC(SiMe,X), we chose to study the
precursors 1 and 2 in some detail and found that the
conformational effects were of considerable complexity. Here
we present an account of the gas-phase structures and com-
pare the data for 1 with those for related compounds. We
determined the crystal structure of 2 in 1997® but withheld
publication until we had the full electron diffraction data.
Meanwhile, an independent account of the solid state struc-
ture of 2 has appeared.’ Although our study gave bond lengths
and angles with lower e.s.d.s we have not included the detailed
results here.

Results
ADb initio molecular orbital calculations

A search of the potential energy surfaces of CH(SiMe,H); 1
and CH(SiMe,Br); 2 showed eleven different local minima for
each compound, corresponding to those found for SiH,C-
(SiMe,H);. The minima for the hydride were found to lie within
a range of ca. 8.5 kJ mol™! on the potential energy surface
(6-31G*/MP2), and indicated that nine of the eleven con-
formers would exist in significant proportions in the gas phase
at the temperature of the GED experiment, and so should be
modelled in the GED refinement. In contrast, the minima
located for the bromide extended over a range of 26 kJ mol ™
(6-31G*/HF). Geometry optimisations at the computationally
demanding 6-31G*/MP2 level were therefore only undertaken
for the three lowest conformers of the bromo derivative.
Partial geometries, obtained from the highest level calcu-
lations only, are given in Tables 1 and 2. [A full set of Brook-
haven (pdb) coordinate files is available as ESI{] The absolute

Fig. 2 Atom numbering scheme adopted for CH(SiMe,X), (X=H 1
or Br 2). The hydrogen atom H(2) attached to the central carbon is not
shown.

energies obtained in the 6-31G*/HF and 6-31G*/MP2 sets of
calculations are listed in Table 3.

Gas-phase electron diffraction (GED)

Conformer weightings. The relative weightings of the con-
formers found for CH(SiMe,H); and CH(SiMe,Br); were
derived by a consideration of the Boltzmann distribution of
population states relative to the lowest energy conformer ‘ccc’
(see Table 3) and including the effects of multiplicity. In order
to predict the energies of the minima at the temperatures of the
GED data collection a thermal energy correction (calculated
at 6-31G*/HF level, scale factor 0.9135]) was applied to the
absolute energies obtained at the 6-31G*/MP2 level. Changes
in entropy (corrections also derived at 6-31G*/HF, scaled
0.91357%) were found to be appreciable, and so relative abun-
dances were derived from AG, not AH, values. On this basis,
nine of the eleven conformers for CH(SiMe,H); and three for
CH(SiMe,Br); were found to exist in sufficient quantity in the
gas phase to be modelled in the GED refinements.

GED models. Full details of the mathematical models used to
describe the nine conformers of CH(SiMe,H); and the three
conformers of CH(SiMe,Br), predicted ab initio to exist in
significant proportions in the gas phase can be found in the
ESI,t and Tables 4 and 5. The atom numbering scheme is
shown in Fig. 2.

GED refinements. (a) CH(SiMe,H); 1. On the basis of the
ab initio calculations detailed above, nine different conformers
were modelled in the GED data collected for CH(SiMe,H),,
with the relative weightings fixed at computed values, given in
the final column of Table 3.

The presence of large numbers of similar interatomic dis-
tances and of many distances of low multiplicity involving
hydrogen (which is a poor scatter of electrons) prevented a
complete structure determination for CH(SiMe,H); by use of
expeimental data only, even with local symmetry approxim-
ations incorporated into the model. In such cases it is our
practice to use the SARACEN method ! which incorporates
information obtained theoretically, and hence allows all param-
eters to be refined. The essential feature of this method is that
data calculated ab initio are introduced into the refinement as
additional observations (or restraints), the weight of any obser-
vation being assigned according to the level of convergence
achieved in a series of graded ab initio calculations. By employ-
ing the SARACEN method in the present work it has been
possible to refine the values of all structural parameters and all
significant amplitudes of vibration. The final refinement is then
the best fit to all available information, both experimental and

i Raw frequencies calculated at the Hartree-Fock level are known to
contain systematic errors due to the neglect of electron correlation,
resulting in overestimates of about 10-12%. It is therefore usual prac-
tice to scale zero-point energies and thermal energy corrections at the
HF/6-31G* level by a scale factor of 0.9135.1°
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Table 1 Partial geometries of the eleven conformers of CH(SiMe,H), 1¢ calculated ab initio at 6-31G*/MP2 (r/A, Z/°). Branch types ‘a’, ‘b’ and ‘¢’
denote branch torsional angles H-C(1)-Si—H of ca. 160, 40 and —80°, respectively

‘aaa’ ‘bbb’ ‘cec’ ‘aab’ ‘aac’ ‘bba’ ‘bbe’ ‘cca’ ‘cch’ ‘abc’ ‘ach’
Bond distances
rC(1)-H(2) 1.102 1.104 1.103 1.102 1.102 1.104 1.104 1.103 1.103 1.103 1.103
rC(1)-Si(3) 1.893 1.890 1.888 1.890 1.894 1.891 1.887 1.888 1.888 1.894 1.892
rC(1)-Si(13) — — — 1.893 1.887 1.892 1.892 1.890 1.888 1.888 1.891
rC(1)-Si(23) — — — 1.892 1.893 1.891 1.891 1.893 1.892 1.894 1.888
rSi(3)-H(4) 1.496 1.496 1.498 1.496 1.496 1.496 1.496 1.496 1.495 1.497 1.497
Si(3)-C(5) 1.889 1.889 1.886 1.889 1.886 1.888 1.888 1.887 1.890 1.889 1.889
rSi(3)-C(6) 1.888 1.888 1.887 1.888 1.889 1.888 1.889 1.891 1.887 1.887 1.886
rSi(13)-H(14) — — — 1.496 1.496 1.496 1.495 1.498 1.498 1.497 1.496
rSi(13)-C(15) — — — 1.889 1.888 1.889 1.888 1.888 1.888 1.891 1.887
Si(13)-C(16) — — — 1.888 1.891 1.888 1.888 1.887 1.887 1.889 1.887
rSi(23)-H(24) — — — 1.495 1.497 1.497 1.497 1.496 1.497 1.495 1.496
Si(23)-C(25) — — — 1.887 1.886 1.889 1.887 1.887 1.888 1.891 1.889
rSi(23)-C(26) — — — 1.888 1.887 1.889 1.889 1.886 1.886 1.889 1.888
Bond angles
ZH(2)-C(1)-Si(3) 107.1 104.3 105.1 105.9 106.6 105.5 104.5 105.8 104.8 105.4 105.6
ZH(2)-C(1)-Si(13) — — — 106.6 106.4 104.8 104.5 105.9 105.1 105.9 105.7
ZH(2)-C(1)-Si(23) — — — 106.4 106.6 105.7 104.9 105.7 104.9 105.5 105.3
ZSi(3)-C(1)-Si(13) 111.7 114.2 113.4 114.5 114.2 113.1 114.2 114.9 116.8 114.8 110.8
Z£Si(3)-C(1)-Si(23) — — — 111.6 108.1 114.1 116.4 112.2 111.5 109.4 112.7
/Si(13)-C(1)-Si(23) — — — 111.2 114.4 112.6 110.9 111.6 112.5 114.9 115.7
ZC(1)-Si(3)-H(4) 108.0 108.0 109.3 108.8 107.7 108.1 107.9 108.5 107.4 108.3 108.1
ZC(1)-Si(3)-C(5) 114.6 112.9 109.9 112.7 109.7 112.4 113.0 110.7 112.9 112.8 113.0
ZC(1)-Si(3)-C(6) 110.6 111.7 112.4 111.0 115.2 108.1 112.3 113.1 112.3 111.0 110.5
/H(4)-Si(3)-C(5) 107.3 107.7 107.9 108.1 109.0 108.3 107.7 109.1 107.1 107.0 108.3
ZH(4)-Si(3)-C(6) 109.6 107.2 107.5 109.3 107.1 107.0 106.7 108.3 107.9 107.2 109.2
ZC(5)-Si(3)-C(6) 106.6 109.0 109.7 106.9 108.1 107.8 108.9 106.9 109.1 110.2 107.6
ZC(1)-Si(13)-H(14) — — — 108.2 108.7 107.8 107.5 108.9 108.6 108.7 108.7
ZC(1)-Si(13)-C(15) — — — 115.1 110.9 112.8 112.2 112.5 113.1 113.3 110.9
ZC(1)-Si(13)-C(16) — — — 110.0 113.6 111.9 112.3 110.9 110.9 111.5 113.0
/H(14)-Si(13)-C(15) — — — 106.9 109.4 108.0 107.9 107.0 107.0 108.4 107.2
ZH(14)-Si(13)-C(16) — — — 108.8 108.0 107.2 107.6 107.0 107.1 109.2 106.6
ZC(15)-Si(13)-C(16) — — — 107.6 106.1 108.9 109.2 110.3 109.8 105.6 110.1
ZC(1)-Si(23)-H(24) — — — 108.5 108.4 108.5 108.3 109.6 109.0 107.4 107.8
ZC(1)-Si(23)-C(25) — — — 111.2 111.7 113.0 111.0 111.9 112.3 113.9 112.6
ZC(1)-Si(23)-C(26) — — — 112.6 111.7 111.4 113.1 110.3 110.1 111.7 112.5
/H(24)-Si(23)-C(25) — — — 108.8 107.1 108.3 107.4 107.2 107.5 107.2 106.7
ZH(24)-Si(23)-C(26) — — — 106.9 106.8 109.2 107.0 107.7 108.2 108.6 108.1
ZC(25)-Si(23)-C(26) — — — 108.8 111.0 106.4 109.7 110.2 109.6 107.8 108.9
Torsional angles
tH(2)-C(1)-Si(3)-H(4) 157.0 45.7 -81.9 163.3 152.9 46.2 47.5 167.7 46.2 —-82.4 162.4
tH(2)-C(1)-Si(13)-H(14) — — — 147.3 163.0 48.5 44.6 —-832 —82.1 163.8 —-834
tH(2)-C(1)-Si(23)-H(24) — — — 50.0 -79.1 159.1 —83.7 -79.6 —832 45.9 48.7

“ Conformers (in bold) included in the GED refinement.

theoretical, and represents the most probable structure, avoid-
ing subjective preference for one particular type of data. The
values of all additional observations used in the refinement can
be found in Table 4, together with their respective uncertainties.

The results from the SARACEN refinement, based on GED
data supplemented with ab initio-based restraints, are given in
Table 4, together with the computed values.§ In general geo-
metric parameters refined to values in good agreement with
those calculated ab initio. Most notably the freely refining
(i.e. unrestrained) parameters, which define the key features on
the radial distribution curve [Fig. 3(a)], refined to values within
acceptable ranges of calculated values. The average C—H dis-
tance (p;) makes an unusually large contribution to the radial
distribution curve and refined to 1.105(4) A, compared with the
ab initio value of 1.095 A. The average Si-C distance (p,, the

§ For large, floppy molecules, such as those described here, it is not
realistic to expect to obtain reliable r, structures based on harmonic
rectilinear (parallel and perpendicular) vibrational corrections. In
particular, the perpendicular corrections are very poorly calculated,
and introduce errors greater than those they are meant to solve.
The structures presented in this paper are therefore of type r,.
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second peak in the radial distribution curve) refined to 1.879(1)
A, compared with the average calculated value of 1.889 A. The
Si—C-H (methyl) angle (p,), which in conjunction with p; and p,
defines the position of the third peak on the radial distribution
curve [labelled rH(Me) - - - Si], refined to 110.7(5)°. It thus falls
near the middle of the range of values calculated for this angle
(110.0-112.0°).

The branch angle C(1)-Si—C ( pg), which along with p; defines
the positions of the C---C distances under the fourth peak,
refined to 113.5(5)°, compared with the calculated range of
angles 108.1-115.2°. The H(2)-C(1)-Si and average Si(branch)—
C(1)-Si(branch) angles, ps and p,y, along with the Si-C dis-
tances, primarily define the location of the Si---Si distances
under the fourth peak. Both angles refined to values within
about two standard deviations of the calculated values.

The remaining parameters did not refine to realistic values
when unrestrained, because they refer either to subtle geometry
differences between correlated bond distances or angles (i.e
parameters 2, 4, 12 and 13) or to parameters involving hydro-
gen (parameters 5, 9, 10 and 14-38). These parameters were
assigned ab initio-based restraints to aid their refinement. All
restrained parameters returned values in the least-squares
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Table4 Structural parameters for CH(SiMe,H), obtained by gas-phase electron diffraction and ab initio calculations (+/A, Z/°)

Parameter*

GED
(restrained
results) (r,)?

Ab initio
(6-31G*/MP2) (r,)¢

Independent parameters

)2 rC-H (Me + central)

D2 A rC-H (Me — central)

Ds av. rSi—C (middle + branch)
Da A rSi—C (middle — branch)

Ds rSi-H

De ZH(2)-C(1)-Si (branch)

2 £Si-C-H (Me)

Ds £C(1)-Si—C (branch)

Do ZC(1)-Si—H (branch)

Pio /H-Si-C

Pu ZSi-C(1)-Si (‘W + ‘m’ + ‘n’)
P2 A £Si-C(1)-Si ['W — av. (m’ + ‘n’)]
D1z A £Si-C(1)-Si (‘'m’ — ‘n’)

Dia ‘cec’ TH(2)-C(1)-Si-H

Dis ‘cca’ TH(2)-C(1)-Si(3)-H(4)
Dis ‘cca’ TH(2)-C(1)-Si(3)-H(14)
y25 ‘cca’ TH(2)-C(1)-Si(3)-H(24)
Dis ‘ecb’ TH(2)-C(1)-Si(3)-H(4)
y2 ‘ccb’ TH(2)-C(1)-Si(3)-H(14)
Do ‘ecb’ TH(2)-C(1)-Si(3)-H(24)
P2 ‘bba’ tH(2)-C(1)-Si(3)-H(4)
2% ‘bba’ TH(2)-C(1)-Si(13)-H(14)
D ‘bba’ tH(2)-C(1)-Si(23)-H(24)
D ‘bbe’” TH(2)-C(1)-Si(3)-H(4)
Das ‘bbe’ tH(2)-C(1)-Si(13)-H(14)
D ‘bbe’” TH(2)-C(1)-Si(23)-H(24)
D ‘aac’ TH(2)-C(1)-Si(3)-H(4)
Das aac’ tTH(2)-C(1)-Si(13)-H(14)
Do aac’ TH(2)-C(1)-Si(23)-H(24)
Do aab’ TH(2)-C(1)-Si(3)-H(4)

Pan ‘aab’ tH(2)-C(1)-Si(3)-H(14)

Py aab’ TH(2)-C(1)-Si(3)-H(24)
P ach’ tH(2)-C(1)-Si(3)-H(4)
D ach’ tH(2)-C(1)-Si(3)-H(14)
Pis ‘ach’ tH(2)-C(1)-Si(3)-H(24)
D ‘abe’ tH(2)-C(1)-Si(3)-H(4)
Par ‘abe’ tH(2)-C(1)-Si(13)-H(14)
Das ‘abe’ tH(2)-C(1)-Si(23)-H(24)

Dependent parameters

rSi—C (middle)
rSi—C (branch)
rC(1)-H(2)
rC-H(Me)
ZSi-C(1)-Si (‘w’)
£Si—C(1)-Si (‘m”)
£Si-C(1)-Si (‘n’)

1.105(4) av. 1.095
0.010(1) 0.010(1)
1.879(1) av. 1.889
0.003(1) 0.003(1)
1.496(2) 1.496(2)
104.9(3) av. 105.5
110.7(5) range 110.0-112.0
113.5(5) range 108.1-115.2
109.0(8) 108.3(10)
108.7(6) 107.8(10)
113.5(7) av. 112.1

3.3(5) 3.2(5)
1.3(5) 1.3(5)

—81.2(17) —81.9(20)
~79.2(18) ~79.6(20)
—83.0(18) —83.2(20)
168.3(18) 167.7(20)
—82.8(18) —83.2(20)

—81.9(18) —82.1(20)

47.0(18) 46.2(20)
46.4(18) 46.2(20)
48.8(18) 48.5(20)
159.2(18) 159.1(20)
47.8(18) 47.5(20)
44.8(18) 44.6(20)

—83.5(18) —83.7(20)
153.1(18) 152.9(20)
163.1(18) 163.0(20)

—78.8(18) —79.1(20)
163.3(18) 163.3(20)
147.3(18) 147.3(20)

50.3(18) 50.0(20)
49.0(18) 48.7(20)

—83.3(18) —83.4(20)
162.2(18) 162.4(20)

—82.1(18) —82.4(20)
164.0(18) 163.8(20)

46.1(18) 45.9(20)
1.880(1) av. 1.891
1.878(1) av. 1.888
1.110(4) av. 1.10

1.100(4) av. 1.09

115.7(7) av. 114.0
113.1(8) av. 112.0
111.8(8) av. 110.0

¢ See ESI for model description. Note: ‘middle’ = rSi(3,13 or 23)-C(1) and ‘branch’ = rSi-C(Me) distances (see Fig. 2 for atom numbering scheme).
Abbreviations used: r = bond distance, £ = angle, 7 = dihedral angle, Me = methyl, av. = average, A = difference, ‘a,b,c’ = branch types, ‘w,m,n’ = wide,
middle, narrow; see the ESI and Fig. 2 for details. ® Estimated standard deviations (e.s.d.s) obtained in the least-squares refinement are given in
parentheses. ¢ Some ab initio data are quoted with values in parentheses. These are the uncertainties derived from the series of calculations that
determine the weights given to the restraints. 4b initio values quoted as averages are derived from values calculated for each given parameter averaged

over all the conformers.

analysis in agreement with their imposed restraints to within
one esd.

In addition to all 38 geometric parameters, five amplitudes of
vibration, corresponding to groups of similar distances under
the four most prominent peaks on the radial distribution curve,
were also refined. The groups chosen correspond to all C-H
distances for the nine conformers under peak 1, the Si—C dis-
tances under peak 2, rH(Me)---Si (peak 3) and the Si---Si
distances under peak 4. All amplitudes refined to reasonable
values, in good agreement with those calculated ab initio.

The final Ry factor recorded for this nine-conformer refine-
ment is 0.095, indicating that a satisfactory fit between model
and experiment has been obtained. The final experimental and
difference radial distribution curves and molecular scattering
curves are shown in Figs. 3(a) and 1(a) of the ESI, T respectively.

Selected tables are available in the ESI, comprising a full set of
coordinates (Table 1), a listing of bond distances and ampli-
tudes of vibration common to all nine conformers (Table 2),
and the final correlation matrix (Table 3).

(b) CH(SiMe,Br); 2. Obtaining a satisfactory fit to the
experimental data for the bromo derivative proved to be harder
than for the hydride. There are several reasons for this. First, the
compound is more reactive chemically and so two attempts
were required to obtain a satisfactory data set. Secondly, as
the compound contains many heavy atoms that are strong
scatterers of electrons the choice of starting geometry in the
least-squares refinement procedure proved to be of paramount
importance. Thirdly, on the basis of the ab initio calculations,
the gaseous sample was expected to be a three-component mix-
ture, comprising 76% of ‘ccc’, 9% of ‘aab’ and 15% of ‘bba’ (see
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Fig. 3 Experimental and difference (experimental — theoretical)
radial distribution curves for the multi-conformer analyses of (a)
CH(SiMe,H); and (b) CH(SiMe,Br),. Before Fourier inversion the data
were multiplied by s-exp(—0.0025)/(Zs; = fs)(Zcior By — Jcior Br)-

Table 3). However, all attempts to refine the three-conformer
mixture fixed in these proportions resulted in an unsatisfactory
fit to the experimental data (Rg > 0.16). It was found that a
satisfactory fit could be obtained only by reducing the abun-
dance of the ‘ccc’ conformer to about 33%, with the same
weighting for conformers ‘aab’ and ‘bba’. It is impossible to
confirm the exact proportions of the gas phase mixture on the
basis of electron diffraction data alone, as varying the propor-
tions of the three-component mixture by up to 20% from equal
weightings did not result in any appreciable deterioration in the
fit. It is also impossible to rule out the possibility that other
conformers may be present in the gaseous mixture. What is
clear, however, is that the gas is not largely composed of just
one conformer, as suggested by the ab initio calculations.

Once values for the abundances of the three conformers that
gave reasonable agreement with experimental data had been
obtained, the refinement proceeded smoothly to completion. As
the bromo derivative contains three heavy atoms, fewer par-
ameter restraints were required than for the hydride. The only
parameters that required restraint were the H-C(1)-Si angle,
De» the torsion angles involving hydrogen (p,s;,) and those
parameters describing subtle differences between correlated
distances (pi, P4 Pot0s P12z and pisie). The results from the
refinement are given in Table 5, together with values derived
computationally.

The key features on the radial distribution curve [Fig. 3(b)]
were defined by freely refining parameters, which in general
gave acceptable agreement with the calculated values. The first
three peaks are attributed to rC-H, rC-Si (two distances) and
rSi-Br, which all refined to values within 0.02 A of the average
calculated values. The low intensity distance at 2.47 A, giving
rise to the slight shoulder on the third peak, allowed the refine-
ment of pg, the Si—-C-H (methyl) angle, to near exact agreement
with the calculated value. The fourth peak (from 3-4.5 A),
comprising a peak and three shoulders, conceals a plethora
of mostly rC/Si---Br distances. Their positions are largely

4318 J. Chem. Soc., Dalton Trans., 2000, 4312-4322

dictated by the heavy-atom angles pg ,;, several of which refined
to values 2-5° narrower than those calculated (see Table 5).
The intense contributions from long-range Br - - - Br distances
all fell under the peak at 5.5-6.0 A, with the exception
of rBr(13)---Br(23) in conformer ‘aab’, which at 3.69(12) A
(¢f. 4.01 A calculated) fell under the fourth peak. It is possible
that some of the differences between experiment and theory can
be attributed to a shrinkage effect in the experimental data,
arising from the fact that vibrational averaging gives rise to
long-range distances appearing to be shorter than the sum of
their constituent bonding distances. Such an effect should be
quite small, however, and to a certain extent the low symmetry
model should make allowances for this. A more likely source of
error is in the level of calculations performed, with a double-
zeta quality basis set for bromine probably not adequate to give
completely reliable geometries.

In addition to all 30 geometric parameters, ten amplitudes of
vibration, corresponding to groups of similar distances under
the six prominent peaks on the radial distribution curve, were
also refined. With reference to Fig. 3(b) they were chosen as the
C-H distances (peak 1), the Si-C distances (peak 2), rSi-—Br
(peak 3), rC+-+Br (ca. 325 A), rBr---Si (3.6-3.7 A),
rBr---Si (4.0-4.1 A) and rBr---Si (4.3-4.35 A) (all peak 4),
rSi+ -+ Br (5.0-5.2 A, peak 5), rBr- - C (5.3-5.45 A, also peak
5) and finally Br- - - Br (5.6-5.9 A, peak 6).

The final Rg factor recorded for this three-conformer refine-
ment is 0.097, indicating that a satisfactory fit between model
and experiment has been obtained. The final radial distribution
and molecular scattering curves (experimental and difference)
are shown in Fig. 3(b) and Fig. 1(b) of the ESI, respectively.
The remaining experimental information (a full set of coordin-
ates, a listing of distances and amplitudes of vibration refined
in the analysis, and the final correlation matrix) is deposited in
the ESI in Tables 4-6, respectively.

Discussion
Molecular conformations

For all three compounds, CH(SiMe,H); 1, CH(SiMe,Br); 2,
and SiH,C(SiMe,H); 7.° ab initio calculations predict the ‘ccc’
conformation, in which the three atoms of X (H or Br) are as
far apart as possible, to be the most stable. The fact that this
arrangement is the most stable both for compound 1 containing
the SiMe,H and for compound 2 containing the SiMe,Br group
indicates that crowding between methyl groups as well as
between bromine atoms is important. Intramolecular Me- - -
Me interactions are minimised in the ‘ccc’ arrangement since
the six methyl groups are separated into two groups of three,
whereas in the ‘aaa’ and ‘bbb’ arrangements all six methyl
groups are crowded together.

The unsymmetrical configurations, which are shown by the
calculations to have only slightly higher energies than the ‘ccc’
arrangement, are obtained by exchanging Me groups for X by
rotation about Si—C bonds so that the Me groups are distrib-
uted over the surface of the molecule. For SiH,C(SiMe,H), 7,
which is roughly spherical, the relative energies fall in a narrow
range (ca. 3 kJ mol™") but for the less symmetrical, more oblate
CH(SiMe,H); 1 a wider variety of methyl group environments
is possible and the energy range spanned by the various con-
formers greater. Nevertheless it is still necessary to take account
of nine of these in modelling the electron diffraction data.

Crowding is significantly increased by replacing Si-H by Si—
Br bonds, so that in CH(SiMe,Br), the range of conformers
spans an energy range of 26 kJ mol™! and only three, viz. ‘ccc’,
‘bba’ and ‘aab’, are predicted ab initio to be present in appre-
ciable quantities in the gaseous phase. This result cannot be
explained simply in terms of minimising Br - - - Br interactions.
The symmetrical conformer has the longest mean Br - - - Br dis-
tance and the ‘bba’ conformer the next longest, but several



Table 5 Structural parameters for CH(SiMe,Br), obtained by gas-phase electron diffraction and ab initio calculations (+/A, Z/°)

Parameter*

GED
(restrained
results) (r,)®

Ab initio
(6-31G*/MP2) (r,)¢

Independent parameters

)2 rC-H (Me + central) 1.084(8) av. 1.095
D2 A rC-H (Me — central) 0.010(7) 0.010(5)
Ds av. rSi—C (middle + branch) 1.898(2) av. 1.879
Da A rSi—C (middle — branch) 0.024(6) 0.024(5)
Ds rSi-Br 2.283(8) av. 2.260
De ZH(2)-C(1)-Si (branch) 104.6(7) av. 104.6
i £Si-C-H (Me) 109.4(13) av. 109.0
Ds av. ZC(1)-Si-C (branch) (‘w’ + ‘m’ + ‘n’) 109.1(9) av. 114.2
Do A ZC(1)-Si-C (branch) ['w’ — av. (‘m’ + ‘n’)] 3.7(13) 5.0(10)
Pio A ZC(1)-Si-C (‘'m’ — ‘n’) 2.8(14) 3.0(10)
Pu ZC(1)-Si-Br (‘w’ + ‘m’ + ‘n’) 105.6(10) av. 109.4
Pz A ZC(1)-Si-Br ['W — av. (‘m’ + ‘n’)] 1.1(13) 2.8(10)
J28 A ZC(1)-Si-Br (‘m’ — ‘n’) 1.0(14) 1.0(10)
Pua av. ZBr-Si-C (‘w’ + ‘m’ + ‘n’) 102.5(13) av. 105.5
Dis A ZBr-Si-C ['w’ — av. (‘'m’ + ‘n’)] 3.3(13) 3.0(10)
Dis A ZBr-Si-C (‘m’ — ‘n’) 1.5(14) 2.0(10)
)20 ‘cec” £Si—-C-Si distortion] 1.1(7) 1.0(5)
Dis ‘cec’ £Si-C-Si distortion2 -0.9(7) —1.0(5)
Do £Si-C-Si ‘aa’ 119(3) 115.2
§2 £Si—C-Si ‘bb’ 110(3) 112.2
P2 £8i-C-Si ‘ba’ 115.2(12) av. 113.0
Pn ‘cec’ 7C(1)-Si(2)-Si-H (average) —78(3) —83.1
D23 ‘cec” A tC(1)-Si(2)-Si-H 5.0(7) 5.0(5)
Das ‘cec” A tC(1)-Si(2)-Si-H 2.4(7) 2.5(5)
Das ‘aab’ TH(2)-C(1)-Si(13)-H(4) 40(3) 40(2)
)2 ‘aab’ TH(2)-C(1)-Si(23)-H(14) 157(3) 160(2)
D27 ‘aab’ TH(2)-C(1)-Si(3)-H(24) 160(3) 160(2)
Das ‘bba’ TH(2)-C(1)-Si(13)-H(4) 36(3) 38(2)
Do ‘bba’ TH(2)-C(1)-Si(23)-H(14) 48(3) 49(2)
Do ‘bba’ TH(2)-C(1)-Si(3)-H(24) 155(3) 157(2)
D3 weight ‘ccc’ 0.3333 0.76
§25 weight ‘bba’ 0.3333 0.15
Dependent parameters
rSi—C (middle) 1.914(5) av. 1.893
rSi—C (branch) 1.889(5) av. 1.873
rC(1)-H(2) 1.089(10) av. 1.10
rC-H(methyl) 1.079(7) av. 1.09
ZC-Si-Br (‘w’) 106.3(9) av. 109.3
ZC-Si-Br (‘m’) 105.7(14) av. 107.0
ZC-Si-Br (‘n’) 104.7(15) av. 106.0
ZBr-Si-C (‘w’) 104.7(18) av. 107.5
Z/Br-Si-C (‘m’) 102.2(16) av. 105.5
£Br-Si-C (‘n’) 100.6(13) av. 103.5
ZC(1)-Si-C (‘w’) 111.6(14) av. 117.5
ZC(1)-Si-C (‘m’) 109.2(10) av. 114.0
ZC(1)-Si-C (‘n’) 106.5(12) av. 111.0
‘cec” £Si(3)-C(1)-Si(13) 112.8(8) 113.8
‘cee” £8Si(13)-C(1)-Si(23) 114.6(9) 113.8
‘cec” £8Si(23)-C(1)-Si(3) 114.1(11) 113.8
weight ‘aab’ 0.3333 0.09

“See ESI for model description. Note: ‘middle’ = rSi(3, 13 or 23)-C(1) and ‘branch’ = rSi-C(methyl) distances (see Fig. 2 for atom numbering
scheme). Abbreviations used: r =bond distance, £ = angle, v = dihedral angle, Me = methyl, av. = average, A = difference, ‘a,b,c’ = branch types,
‘w,m,n’ = wide, middle, narrow; see the ESI and Fig. 2 for details. ® Estimated standard deviations (e.s.d.s) obtained in the least-squares refinement
are given in parentheses. ¢ Some ab initio data are quoted with values in parentheses. These are the uncertainties derived from the series of
calculations that determine the weights given to the restraints. 4b initio values quoted as averages are derived from values calculated for each given

parameter averaged over all the conformers.

other conformations have higher mean Br---Br distances
than those of the ‘aab’ conformer (see Fig. 1). The presence of
this conformer, with two upward pointing Br atoms, in the gas
phase suggests that Me--+Me interactions are of similar
importance to Br- - - Br interactions in determining the overall
conformational stability and is in accord with the fact that Me
and Br have been assigned similar van der Waals radii.'? It is
not possible to deduce from the gas-phase data why the ‘aab’
conformer is found in the crystal.

The conformers of 2 are interconverting rapidly on the NMR
timescale in toluene-dg at —90 °C.° The failure of the calcu-
lations on the bromo derivative to predict the correct relative

populations of the different conformers is probably an artefact
of the quality of the calculations, with a larger basis set than
that of 6-31G* being required for bromine. Unfortunately cal-
culations of this magnitude are not possible with our current
computational resources.

Structure of CH(SiMe,Br), 2

Results from X-ray and electron diffraction and from ab initio
calculations are given in Table 6. The Si-Br and C-Si distances
obtained by electron diffraction appear to be longer than those
from X-ray diffraction but experimental uncertainties are such
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Fig. 4 Molecular structures of related crowded silanes determined by microwave spectroscopy or electron diffraction. References: [8]: R. W. Kilb
and L. Pierce, J. Chem. Phys., 1957, 27, 108. [9]: A. Almenningen, H. M. Seip and R. Seip, Acta Chem. Scand., 1970, 24, 1697. [10]: H. Schmidbaur,
J. Zech, D. W. H. Rankin and H. E. Robertson, Chem. Ber., 1991, 124, 1953. [11]: R. Hager, O. Steigelmann, G. Miiller, H. Schmidbaur, H. E.

Robertson and D. W. H. Rankin, Angew. Chem., Int. Ed. Engl., 1990, 29, 201. [12]: A. C. Bond and L. O. Brockway, J. Am. Chem. Soc.,

1954, 76,

3312.[13]: L. Pierce and D. H. Petterson, J. Chem. Phys., 1960, 33, 907. [1]: This work. [7]: C. A. Morrison, D. W. H. Rankin, H. E. Robertson, P. D.
Lickiss and P. C. Masangane, J. Chem. Soc., Dalton Trans., 1999, 2293. [14]: B. Beagley, J. J. Monaghan and T. G. Hewitt, J. Mol. Struct., 1971, 8, 401.
[15]: T. Fjeidberg, R. Seip, M. F. Lappert and A. J. Thorne, J. Mol. Struct., 1983, 99, 295. [16]: B. Beagley and R. G. Pritchard, J. Mol. Struct., 1982,
84, 129. [17]: B. Beagley, R. G. Pritchard and J. O. Titiloye, J. Mol. Struct., 1988, 176, 81. Note that all Si—C distances have been converted to r, with
the exception of [12], for which no mention of the structural type was reported in the literature.

Table 6 Comparison of electron diffraction and X-ray data for
CH(SiMe,Br); 2. Bond lengths/A, angles/. E.sd.s of individual
measurements in parentheses

ab initio
X-Ray* GED (6-31G*/MP2)
rSi-Br 2.251(3)-2.263(3) 2.283(8) 2.250
rC(1)-Si 1.883(5)-1.885(7) 1.914(5) 1.892
rSi-Me 1.846(9)-1.871(10) 1.889(5) 1.874
£Si—C-Si 114.4(4)-115.9(4) 113.8(10) 113.8
ZC(1)-Si-Me 112.4(4)-115.6(4) 111.6(14) 114.2
ZC(1)-Si-Br 106.6(3)-108.3(3) 106.3(9) 107.4

“Ref. 9. More accurate data are found in ref. 8.

that it is not clear whether the differences in values from the two
techniques are significant. No significant differences are appar-
ent in the values of the bond angles derived by the various
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techniques. Few crystallographic data for bonds between brom-
ine and four-coordinate silicon have appeared in the literature.
The Si-Br bond length in 2 [2.257(2) A] is longer than those in
the bromosilanes SiMe,Br, _, [2.175(1)-2.235(2) A], BrSiH,-
CH,CH,SiH,Br [2.2362(12) A]" and 1-bromo-3,5,7-trimethyl-
1,3,5,7-tetrasilaadamantane (2.197 A)," but a little shorter
than those [2.284(5), 2.283(1) A] in two sterically encumbered
polysilanes.’

Molecular structures of crowded alkylsilanes

The molecular structures of a number of alkylsilanes 7-17 have
been studied over the last 50 years by electron diffraction and
microwave spectroscopy and some of the structural parameters
obtained (all reduced to a common r, structure) are shown in
Fig. 4. In the least sterically crowded silane MeSiH, 8 the C-Si
bond length is 1.8657(5) A and the H-C-Si angle 109.5(20)°,
the same as that in a perfect tetrahedron. Substitution of the
three hydrogen atoms bound to silicon by more bulky methyl



Table 7 GED data analysis parameters

Weighting functions /A~
Camera Correlation Scale Electron
Compound distance/mm As Smin SWy SW, Smax parameter factor, k“ wavelength */pm
CH(SiMe,H), 257.03 0.2 3.0 4.0 13.0 15.2 0.4567 0.756(7) 0.06016
97.75 0.4 12.0 12.8 30.5 35.6 0.1469 0.808(26) 0.06016
CH(SiMe,Br);  257.08 0.2 2.0 4.0 9.6 10.0 0.3783 0.794(24) 0.06016
97.85 0.4 9.6 10.0 26.0 28.4 —0.2802 1.67(13) 0.06016

“ Figures in parentheses are the estimated standard deviations. ® Determined by reference to the scattering patterns of benzene vapour.

groups (12—14) results in a barely significant change in the
C-Si bond length and no significant change in the H-C-Si
angle. The effect of substitution of the hydrogen atoms of the
methyl group by more bulky SiH; groups, shown in the series
911, likewise gives only a small change in the C-Si bond
length. Crowding at the carbon centre is shown by a significant
decrease in the H-C-Si angle to 107.8(2) in the trisilane
CH(SiH;); 10 but the C-Si bond length is essentially unchanged
in the tetrasilane 11, in which the configuration at the central
carbon is forced by symmetry to be exactly tetrahedral.

The data for CH(SiMe,H); 1 given in the present work,
together with those for SiH;C(SiMe,H); 7 reported previously,®
make it possible to assess the effects of replacing the hydrogens
of the methyl group in the MeSiH; skeleton with SiMe,H
groups. The increase in C-Si from 1.867(2) A in CH,SiMe,H 13
to 1.880(1) A in CH(SiMe,H), 1 and 1.893(2) A in SiH,C-
(SiMe,H); 7 is significant. However, the crowding of the
SiMe,H substituents is partly offset by contraction of the H-C—
Si angle (which is a little greater than the tetrahedral value in
13) to 104.8(3)° in 1 and partly by changes in the H-C-Si-H
torsion angles from the values of 160, 40 and —80° imposed by
near tetrahedral symmetry in SiH,(SiMe,H),. Similar trends are
observed in the series from CH,SiMe; 14 to C(SiMe,), 17.
There is considerable narrowing of the H-C-Si angle in the
triorganosilyl derivative CH(SiMe;); and the C-Si bond,
though longer than that in SiMe,, is significantly shorter than
the central bond in the very crowded C(SiMe;),. Crowding is
markedly increased as the hydrogen atoms attached to silicon in
1 and 7 are replaced by methyl groups, as shown by the length-
ening of the Si-C bonds and, for the compounds 1 and 16, a
decrease in the H-C-Si angle. Changing the central H atom for
the more bulky SiH; or SiMe; substituent has little effect on the
Si-C bond length when the remaining branches are not bulky
(10—11), but when they are the X—C-Si angle widens by more
than 2° and the C-Si bond length increases by more than 0.01 A
to accommodate the bigger central group (1—7). If tetrahedral
symmetry is enforced the C-Si bond lengthens by more than
0.04 A to reduce molecular crowding (16—>17).

Conclusion

The work described here on compounds 1 and 2 provides a nice
example of the use of the SARACEN technique to facilitate the
refinement of intractable structures based on electron diffrac-
tion data. It shows that with these complex sterically crowded
molecules a number of conformations have similar absolute
energies and therefore may be present in appreciable concen-
trations at quite low temperatures (350400 K). Crowding
between methyl groups as well as bromine atoms is important.
The work also shows the limitations of information on crowd-
ing provided by X-ray diffraction alone; the conformation in
the crystal is only one of those present in the gas. The range of
structures found for the molecules 1 and 2 is reminiscent of the
wide range of configurations of the C(SiMe,Ph); fragment
observed in previous crystallographic studies.’® Though it is not
possible to explain these in detail, the conformational variety is
not now surprising in view of the complexity shown by the
simpler CH(SiMe,H); and CH(SiMe,Br); derivatives.

Experimental
Synthesis

The compounds 1 and 2 were made as described in the liter-
ature and spectroscopic data agreed with those previously
reported."”

ADb initio molecular orbital calculations

Calculations were performed on a DEC Alpha APX 1000A
workstation using the GAUSSIAN9S program,'® with the
larger calculations run on a DEC 8400 superscalar cluster
equipped with 10 fast processors, 6 GB of memory and 150 GB
disk (resource of the UK Computational Chemistry Facility).

Geometry optimisations

Extensive searches of the potential energy surfaces for
CH(SiMe,H),; and CH(SiMe,Br); were undertaken at the
3-21G*/HF level in order to locate all structurally stable
conformers. In total eleven minima were found for both com-
pounds, corresponding to three structures with C; symmetry
and eight with C; (Fig. 1). Further geometry optimisations were
then undertaken for all minima with the 6-31G* basis set at the
HF level of theory, and for all energetically significant minima
at the higher level 6-31G*/MP2.

Frequency calculations

Vibrational frequencies were calculated from analytic second
derivatives at the 3-21G*/HF and 6-31G*/HF levels to confirm
that all stationary points found were local minima on the poten-
tial energy surface. The force constants obtained from the
6-31G*/HF calculations were subsequently used to construct
harmonic force fields using the ASYM40 program.’ As no fully
assigned vibrational spectra are available for these compounds
to scale the force fields, a scaling factor of 0.9 was applied to all
symmetry coordinates, as the neglect of electron correlation in
a vibrational frequency calculation is known to overestimate
vibrational frequencies by about 10%.!° The scaled harmonic
force fields were then used to provide estimates of amplitudes
of vibration () for use in the GED refinements.

Gas-phase electron diffraction

Electron scattering intensities were recorded on Kodak
Electron Image photographic plates using the Edinburgh gas-
phase electron diffraction apparatus,® operating at ca. 40 kV.
Five plates (three from the long camera distance and two from
the short distance) were obtained for C(SiMe,H);H and four
plates (two long and two short) for CH(SiMe,Br);. Data from
all plates were converted into digital format using a computer-
controlled PDS microdensitometer employing a 200 micron
pixel size at the Royal Greenwich Observatory, Cambridge.!
The sample and nozzle temperatures were maintained at ca.
343 K and 390 K during the exposure periods for the hydride
and bromide, respectively. Standard programs and scattering
factors® were used for the data reduction.”® Nozzle-to-plate
distances, weighting functions used to set up the off-diagonal
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weight matrices, correlation parameters, final scale factors and
electron wavelengths for the measurements are given in Table 7.
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