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Treatment of the tetrahedral, tetranuclear gallium() cluster compound Ga,[C(SiMe;);], (5) with a mixture of All;
and ICl afforded in 58% yield the yellowish dinuclear digallium(ir) compound Ga,I,[C(SiMe;);], (6), an X-ray
crystallographic study of which has shown it to contain a nonplanar (symmetry C,) Ga,l,C, skeleton and two three-
coordinate gallium(ir) atoms linked by a single gallium—gallium bond. DFT calculations on 6 and related compounds
with alternative structures and the molecular structure of the organogallium(i) iodide, Ga,I,[C(SiMe,);], (7) are also

described and discussed.

Introduction

The tetrahedral tetraindium(i) cluster compound In,[C-
(SiMe;);l,* (1) is a facile starting material for the synthesis
of organoelement subhalides of indium, which still have some
direct In—In interactions and possess the indium atoms in
unusual oxidation states.** Hexachloroethane or a mixture
of Br, and AlBr; gave the oxidation of all indium atoms from
+1to +1 accompanied by the formation of In—In single bonds
(2, Scheme 1).> The overall tetrahedral arrangement of four
indium atoms was retained upon the reaction of 1 with 1,2-
dibromoethane (3, Scheme 1), however, the In-In distances
along the edges of the p,-bridged face of the cluster became
rather long indicating no significant bonding interactions.”> A
chain of three indium atoms connected by In—In single bonds
(4, Scheme 1) was obtained by the treatment of 1 with I,/All,.}
Beside the fascinating structural variety of these organoindium
subhalides their real importance may lie in their application in
secondary reactions and in the generation of products contain-
ing indium atoms in unusual oxidation states by salt elimin-
ation. Up to now, a similar reactivity with the corresponding
tetragallium cluster Ga,[C(SiMe;);], 5 has not been observed,*
and only inseparable mixtures of unknown products were
formed when we treated 5 with halogens or halogen donors
under conditions similar to those applied for the synthesis of
compounds 2 to 4. Here we report on the first successful
experiment for the synthesis of an organogallium subhalide by
the oxidation of 5.
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Results and discussion

Experimental work

Treatment of the tetragallium(1) compound Ga,[C(SiMe;),], 1
with elemental iodine in a molar ratio of 1 to 2 in boiling
n-hexane resulted in the formation of a mixture of com-
pounds, from which after repeated recrystallization from
toluene two products (6 and 7) were isolated in a pure form in
small yields below 20%. In particular the work-up procedure
proved to be quite difficult, and in some cases no pure product
was isolated at all. Both compounds were characterized by
crystal structure determinations (see below) and identified as
Ga,l,[C(SiMe,),], 6 and [I,Ga-C(SiMe;),], 7 (Scheme 2). 6
is the product of an oxidation of the gallium atoms from
an oxidation state of +1 of 5 to +2 and possesses a Ga—Ga
single bond, while the complete oxidation to +3 occurred
with the formation of 7. With respect to the application of
compound 6 for secondary reactions its synthesis according
to that procedure clearly is insufficient. In a series of experi-
ments with different halogen donors we found that iodine
monochloride in the presence of aluminum triiodide is suit-
able as an oxidant for the reproducible generation of the
digallium derivative 6 in reasonable yields above 50%. A gray
amorphous solid of unknown composition precipitated as a
by-product. The reaction mechanism leading to the formation
of 6 is unclear. All; may be required for the polarization of
the interhalogen compound to enhance the selectivity of
its attack on the cluster. That point has been discussed before
in conjunction with the synthesis of the organoindium
subhalides 2 to 4.>* Furthermore, the aluminum compound
may act as an iodine transfer reagent, because by elemental
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analysis chlorine has been detected in the product in trace
amounts only.

The molecular structure of 6 is depicted in Fig. 1. The mole-
cules are located on twofold crystallographic rotation axes
which are perpendicular to the Ga-Ga single bonds. Each
gallium atom is bonded to an iodine atom, the inner carbon
atom of the tris(trimethylsilyl)methyl group and the second
gallium. The iodine atoms do not occupy bridging positions
between two digallium moieties, instead the dinuclear mole-
cules remain monomeric even in the solid state with coordin-
atively and electronically unsaturated gallium atoms possessing
an electron sextet only. Thus, that compound behaves different
to the corresponding dialkyldiindium dihalides (2), which were
discussed above and gave dimeric tetranuclear products via
bridging halogen atoms possessing In,X, cages (X = Cl, Br)
and coordination numbers of four at the indium atoms. The
formation of similar cages was also observed for the gallium
compounds Ga,X,[Si(SiMe;);], (X = Cl, Br) and Ga,Cl,[Si-
(CMe,)s),,° which were synthesized on other routes not starting
with the corresponding cluster derivatives. Dinuclear mono-
mers were obtained by adduct formation with halide anions in
the compounds [R,Ga,X,]*” [R = Si(SiMe;),, X = Br or I].* Two
further monomeric digallium compounds similar to 6 contain-
ing three-coordinate gallium atoms are known with very bulky
aryl groups [C¢Hy(CMe,); or CyHy(C¢H,iPry),] attached to
gallium.” As a remarkable difference to 6 they have planar
molecular centers with the inner atoms Ga,C,Cl, lying in the
molecular plane. Obviously, the effective steric shielding by the
very bulky substituents causes the stabilization of these unusual
molecules. As expected, the Ga—Ga distance in 6 (240.1 pm) is
much shortened compared to the starting Ga, cluster with a
delocalized bonding situation (268 pm*). It is also shorter than
in tetraalkyl or tetraaryl digallium derivatives (>250 pm)® or in
the tetranuclear halides cited above (250 pm on average). Com-
pounds of the type Ga,l,2L° (L = donor ligands) have Ga-Ga
bond lengths of 240 to 250 pm. The short Ga-Ga bond in 6
compared to those of other organoelement derivatives may be
caused by the lower coordination numbers of the gallium atoms
in 6 and the presence of the sterically less demanding iodine
atoms. The Ga-I distance (258.7 pm) is in the characteristic
range of terminal Ga-I bonds with tetracoordinated gallium
atoms in an oxidation state of +2;’ a Ga-I distance of 255 pm
was detected in the compound I-Ga(Aryl), [Aryl = C¢H;-
(C¢Hs),] ™ with an unsaturated, tricoordinated gallium atom.
The Ga-I bonds of 6 stand almost ideally perpendicular to the
Ga-Ga bond with Ga—-Ga-I angles of 91.5°. Furthermore, they
are almost perpendicular to one another with a torsion angle
across the Ga—Ga bond (I-Ga-Ga-I) of 93.3°. That particular
conformation may be favored by steric and electronic repulsion
and by some contributions of hyperconjugative interaction

Fig. 1 Molecular structure of 6. The thermal ellipsoids are drawn at
the 40% probability level. Methyl groups are omitted for clarity.
Important bond lengths (A) and angles (°): Ga-Ga' 2.401(1), Ga-1
2.5867(8), Ga-C(1) 1.962(5); C(1)-Ga-Ga' 146.6(2), C(1)-Ga-I1
121.0(2), I-Ga-Ga’ 91.45(3); Ga’' generated by —x, y, —z + 1/2.

which may result from the transfer of electron density from
the Ga-I bond into the empty p-orbitals of the neighboring
gallium atom (see below). Such an interaction across an
element-element single bond has been verified before with the
anion [R,Al(Br)-AIR,]” [R = CH(SiMe;),], in which the Al-Br
bond is parallel to the empty p-orbital of the neighboring,
coordinatively unsaturated aluminum atom.!! In that case, the
hyperconjugation strongly weakens the Al-Br bond and causes
a very long Al-Br distance. Owing to the particular conform-
ation of 6 the bulky substituents come into close contact. Large
Ga—-Ga-C angles (146.6°) result in order to minimize the steric
repulsion.

The gallium(tr) compound 1,Ga—C(SiMe;),; 7 was isolated in
small quantities only by the reaction of 5 with elemental iodine.
Some data of its characterization are given in the Experimental.
Crystal structure determination revealed a dimeric formula unit
with a central Ga,l, heterocycle located on a crystallographic
inversion center and one iodine atom and one alkyl group
terminally attached to each gallium atom (Fig. 2). As
expected, differing Ga-I distances (253.8 and 275.8 pm) were
observed, the longer ones belong to the bridging groups. Simi-
lar observations were reported many times before for related
organogallium dihalides [e.g. (Cp*Gal,),].!?

Fig. 2 Molecular structure of 7. The thermal ellipsoids are drawn at
the 40% probability level. Only the major occupied positions of the
disordered molecule are shown. Methyl groups are omitted for clarity.
Important bond lengths (A) and angles (°) (figures of the disordered
molecule with the smaller occupation factors in square brackets):
Ga(1)-I(1) 2.7578(8) [2.736(2)], Ga(l)-I(1)" 2.7163(8) [2.752(2)],
Ga(1)-1(2) 2.5380(9) [2.520(2)], Ga(1)-C(1) 1.979(5) [1.964(5)]; I(1)-
Ga(1)-C(1) 118.3(1) [119.9(1)], I(1)'-Ga(1)-C(1) 120.6(1) [119.7(2)],
1(2)-Ga(1)-C(1) 119.8(1) [120.0(2)], I(1)-Ga(1)-I(1)" 87.92(2)
[87.65(4)], I(1)-Ga(1)-1(2) 103.07(3) [104.55(6)], I(1)'-Ga(1)-1(2)
101.36(3) [99.00(5)], Ga(1)-1(1)-Ga(1)" 92.08(2) [92.35(4)]; Ga(1)’ and
I(1)" generated by 1 — x, —y, 1 — z.

Theoretical calculations

We carried out quantum chemical DFT calculations of 6 and
some model compounds in order to find out if the rather
acute Ga—Ga-I angle of 91.5° is caused by hyperconjugative
interactions across the Ga—Ga bond. Table 1 gives the most
important results of the calculations.

We first optimized the geometries of the dihalogen parent
molecules Ga,X,H, (X = F-I) with enforced planarity of the
trans structure (C; symmetry) in order to estimate the strength
of the X—Ga n donation. The NBO analysis of the planar
species shows that the donation of the lone-pair © orbitals of X
into the empty gallium p(n) AO increases from 0.049 ¢ (X = F)
to 0.115e (X =1) (Table 1). The increase of the © donor strength
of the halogens F < Cl < Br < I has been found before."® The
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geometry optimization of Ga,X,H, without symmetry con-
straints led to equilibrium structures with C, symmetry where
the GaHX groups are orthogonal to each other. Table 1 shows
that the energy differences between the C; structures and the C,
symmetric energy minima are very small, i.e. between 0.2 kcal
mol™' (X = F) and 0.6 kcal mol™' (X = I). The small energy
preference may be attributed to weak hyperconjugative inter-
actions in Ga,X,H, which increases from X = F to 1. This
interpretation concurs with the shortening of the Ga—Ga bond
length in the orthogonal equilibrium structures which exhibit
the trend F < Cl < Br < I (Table 1). However, the bond shorten-
ing and the slightly lower energy of the C, structures may also
be explained with the steric repulsion between the vicinal
hydrogen and halogen atoms of the two GaHX groups which
becomes reduced in the orthogonal structures. Note that the
bond angle X-Ga—Ga in the planar and orthogonal geometries
is always much smaller than the H-Ga—Ga angle. This can be
explained with Bent’s rule which states that atomic s character
concentrates in orbitals directed towards electropositive substi-
tuents.”” The Ga-X should therefore have a higher % p char-
acter at gallium which leads to more acute bond angles. Table 1
shows that the bond angle X-Ga—Ga of planar and orthogonal
Ga,X,H, increases when the halogens are less electronegative
which is in agreement with Bent’s rule. We want to point out
that, in the perpendicular structures, the X~Ga—Ga bond angle
is only slightly smaller and the Ga—Ga bond is a bit shorter
than in the planar form. Thus, the study of the parent systems
Ga,X,H, suggests that the hyperconjugative stabilization in the
C, equilibrium structures is small if it exists at all.'*

We also optimized the planar and perpendicular forms of
Ga,l,H, with a frozen bond angle [-Ga-Ga = 91.45° which is
the experimental value of 6. Table 1 shows that the energy
which is necessary to enforce the acute bond angle in the
C, form is much less (4.5 kcal mol™") compared with the C,
structure (10.9 kcal mol™"). This can also be explained with
the increase of the Pauli repulsion between the vicinal substi-
tuents of the planar form and alternatively with enhanced
hyperconjugation in the C, form.

The population analysis of Ga,X,H, does not lead to definite
information about the extent of hyperconjugation in the per-
pendicular form because there is no mirror plane in the C,
structures. Therefore it is not possible to compare e.g the popu-
lation of the Ga p(m) AO in the planar and orthogonal forms.
We calculated the planar (D,,) and perpendicular (D,4) struc-
tures of Ga,l, in order to address the question if the Ga—I bond
is a potential hyperconjugative donor. Table 1 shows that the
~ D,4 equilibrium geometry is 0.9 kcal mol™! lower in energy than
g the Dy, form. The latter form has a shorter Ga-Ga bond (2.539
- A) than the former (2.557 A) but the [-Ga—Ga bond angles in
= both forms (121.0 and 121.2°, respectively) are in the range of a
i normal bond angle of an sp’-hybridized gallium atom. The
most important result comes from the population analysis.
Table 1 shows that the gallium atoms of the planar structure of
Ga,l, have a p(m) population of 0.232 e. The perpendicular
e e e e = o = form has nearly the same p(n) population at Ga (0.230 e) which
STTTTTTTS S aQddd means that the p(r) AO does not receive additional charge via
hyperconjugative donation. This is yet another indication that
the hyperconjugation of the Ga—I bond is negligibly weak.

Finally we calculated the real molecule Ga,I,[C(SiMe;),], (6)
with enforced planar arrangement of the Ga,l,C, core atoms
and with full geometry optimization. Table 1 shows that the
planar form of 6 has a rather long Ga—Ga bond (2.703 A) and
that the p(n) population at Ga (0.149 e) is higher than in planar
Ga,l,H, (0.115 e) which comes from the hyperconjugation of
the C-Si bonds in 6. Note that the I-Ga-Ga bond angle in
planar 6 is still smaller (108.5°) than in planar Ga,l,H, (115.3°)
which can be explained with the steric repulsion of the large
C(SiMe,), groups. The perpendicular equilibrium structure of 6
has a significantly shorter Ga—Ga bond (2.530 A) and a clearly
more acute [-Ga—Ga bond angle (98.5°) than the planar form.

3.9

AE

Pop. p(n) Ga

0.049
0.082
0.098
0.115
0.122
0.232
0.230
0.149

 (X-Ga-Ga-X)
180.0
—118.4
180.0
—111.1
180.0
~109.3
180.0
~107.9
180.0
978
180.0
90.0
180.0
-937
—92.0

a (R-Ga-Ga)
135.1
135.7
132.8
133.7
131.5
132.7
130.6
132.2
146.6
148.0
140.0
140.3
146.2

a (X-Ga-Ga)

111.6
111.0
113.8
112.9
114.6
1134
115.3
113.6

91.5

91.5
121.0
108.5

98.5

91.5

H, C(SiMe;);) molecules. Population of the p(m) AO at Ga and relative energies AE (kcal mol™") of the
121.2

r (Ga-R)
1.574
1.575
1.573
1.574
1.575
1.576
1.576
1.577
1.568
1.569
2.070
2.039
2.033

halogen; X =

r (Ga-X)
1.805
1.805
2.220
2.221
2.356
2.357
2.563
2.565
2.640
2.617
2.535
2.538
2.643
2.646
2.672

r(Ga-Ga)
2.547
2.541
2.536
2.536
2.534
2.525
2.557
2.539
2.546
2.530

2.477

1(23icm™)
1(6icm™)

Symmetry i

91.59
91.5°)
91.59

(constraint angle [-Ga-Ga
(constraint angle [-Ga-Ga

Ga,l, planar

(constraint angle [-Ga-Ga
Ga,l, perp.

Ga,H,I, perp.

Table 1 Calculated bond lengths r (A), bond angles a (°) and torsion angles 7 (°) of Ga,X,R, (X

planar and perpendicular forms of the compounds

“ Number of imaginary frequencies.

Ga,I,[C(SiMe;);], planar [(6)]
Ga,L,[C(SiMe3);], perp. [(6)]
Ga,1,[C(SiMe;);], perp. [(6)]

Ga,H,F, planar
Ga,H,F, perp.
Ga,H,Cl, planar
Ga,H,Cl, perp.
Ga,H,Br, planar
Ga,H,Br, perp.
Ga,H,l, planar
Ga,H,, perp.
Ga,H,l, planar

Molecule
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The driving force for these changes in geometry may partly
come from hyperconjugative interaction in the energy minimum
structure.* The results which have been obtained from the
calculation of the model compounds suggest, however, that the
steric repulsion of the C(SiMe,); groups and the hybridization
in the Ga-I bond are the major driving forces for the acute
I-Ga-Ga bond angles of 6. This statement is made with some
caution because there are significant differences between the
calculated and experimental bond lengths and bond angles. The
theoretical Ga—Ga, Ga-1 and Ga-C bond lengths are 0.07-
0.13 A larger than the experimental values and the calculated
[-Ga—Ga angle is 7° bigger than experimentally found. On the
other hand the calculated C-Ga—Ga bond angle and the tor-
sion angle across the Ga—Ga bond is in excellent agreement
with experiment.

Experimental

All procedures were carried out under purified argon. n-Hexane
was dried over LiAlH,, pentafluorobenzene over molecular
sieves. Ga,[C(SiMe;);], (5) was obtained according to a liter-
ature procedure.* Commercially available All; was sublimed
prior to use; ICl was distilled in vacuum for purification.

Synthesis of compound 6

A solution of iodine monochloride (55 mg, 0.339 mmol) in 5 ml
of n-hexane was slowly added to a solution of 73 mg (0.179
mmol) of All; in 25 mL of n-hexane at room temperature. The
mixture was stirred for 45 min. A solution of tetraalkyltetra-
gallane(4), 5 (360 mg, 0.299 mmol), in 60 ml of n-hexane was
added dropwise. The mixture was heated under reflux in a pre-
warmed oil-bath (85 °C) for 1.5 h. The color changed from
violet to yellow. After filtration the solvent was removed in
vacuum. The yellow residue was dissolved in n-hexane. Yellow-
ish crystals of compound 6 precipitated upon cooling to
—70 °C for 2 d. Yield: 297 mg (58% based on 5). Dec. (argon,
sealed capillary): 162 °C. Anal. Calcd for C,yHs,SigGa,l,
(856.41): C, 28.1; H, 6.4; Ga, 16.3; 1, 29.6. Anal. Found: C, 28.4;
H, 6.3; Ga, 16.0; 1, 28.8; Cl, 0.16%. "H NMR (C¢Dy, 300 MHz):
6 =0.41 (SiMe;). *C NMR (C4Dy, 125.8 MHz): § = 25.5 (InC),
5.8 (SiMe;). IR (CsBr plates, paraffin, cm™!): 1303 vw, 1264 s,
1252 s 0CHs; 1161 vw, 1042 vw; 852 vs, 717 m pCH,4(Si); 676 m,
658 m v, SiC; 642 w, 620 vw v SiC. UV/vis (n-hexane): Ay, (nm)
(log &) =280 (3.6), 325 (sh, 3.2), 345 (sh, 3.1).

Characterization of compound 7

Dec. (argon, sealed capillary): 174 °C. 'H NMR (C¢Ds, 200
MHz): § = 0.33 (SiMe;). *C NMR (C,D,, 75 MHz): § = 5.7
(SiMe;), InC not detected. IR (CsBr plates, paraffin, cm™'):
1309 vw, 1262 m 0CHs;; 854 vs, 722 s pCH,(Si); 674 m, 660 m
V,:31C; 640 vw, 620 vw v SiC.

Crystal structure determinations of 6 and 7

Single crystals of 6 and 7 were obtained on cooling of saturated
solutions in pentafluorobenzene to 0 °C. The crystallographic
data were collected with a CAD-4 diffractometer. The struc-
tures were solved by direct methods and refined with the
program SHELXL-97" by a full-matrix least-squares method
based on F?2. Crystal data, data collection parameters and
structure refinement details are given in Table 2. With the excep-
tion of the atoms I1 and C1 the whole molecule of 7 showed a
disorder which could clearly be resolved. The atoms of the dis-
ordered part of the molecule were refined on split positions
with occupation factors of 0.66 and 0.34. The carbon atoms
of the disordered methyl groups were refined with isotropic
displacement parameters.

CCDC reference numbers 199310 (6) and 199311 (7).

See http://www.rsc.org/suppdata/dt/b2/b212144c/ for crystal-
lographic data in CIF or other electronic format.

Table 2 Crystal data, data collection parameters, and structure
refinement details for 6 and 7

6 7
Formula C,Hs,Ga,1,Sig C,,H,,Gal,Si;
Crystal system monoclinic orthorhombic
Space group C2/c (No. 15)* Pbca (No. 61)*
Z 4 8
alA 9.308(1) 13.4567(9)
blA 15.405(2) 11.788(1)
clA 25.564(3) 24.308(2)
pr 96.95(1) 90
V1107 m? 3638.7(7) 3855.9(5)
T/IK 193(2) 193(2)
/mm™! 3.384 4.797
Unique rflns (Ry,,) 3069 (0.0410) 3773 (0.0594)
R, (reflns I >24(1)) 0.0456 0.0441
WR, (all data) 0.1163 0.1292

Quantum chemical calculations

The geometries of the molecules have been optimized according
to gradient corrected density functional theory (DFT) using
Becke’s three-parameter hybrid method B3LYP.?® For all atoms
except hydrogen and iodine we used a quasi-relativistic ECPs
with valence basis sets (31/31/1).*! A quasi-relativistic ECP but
with a slightly larger valence basis set (31/311/1) was employed
for iodine?! while a (31) valence basis set was used for H.22 The
nature of the stationary points on the PES was investigated by
calculation of the Hessian matrices. The calculations have been
carried out using GAUSSIAN 982
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