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Summary: Treatment of Ar*ECI (Ar# = CgH3-2,6-Mesy;
E = Ge or Sn) with 1 equiv of the reducing agent KCg or
‘Gal’ led to the isolation and characterization of the two
new main group clusters Gey{Sn(X)Ar"}s, 1, and Gay-
{Ge(X)Ar#}s, 2 (X = CI or CI/I), which have trigonal
bypyramidal Ge,Sn; or Ga,Ges frameworks. Cluster 1
is a singlet biradicaloid, whereas 2 is a very rare heavier
group 13714 element cluster, and the first with a Ga/
Ge framework.

The synthesis of homonuclear clusters of the heavier
main group 13 and 14 elements, i.e., [MRn]*~, n > m,
x =0, 1, 2, etc., which contain atoms unsubstituted by
organic or other groups, is a topic of considerable current
interest. An impressive number of heavier group 13
metal complexes with up to 84 metal atoms is known.!
In contrast, the corresponding group 14 element clusters
are not as well studied.? In pioneering work, Sita and
co-workers synthesized the compounds SnsArg® and
SnsArg 4 (Ar = CgH3-2,6-Ety) in the early 1990s, and
although the number of organic substituents exceeds the
number of tin atoms, the compounds contain at least
two unsubstituted tins. In addition a similar compound,
Sns{ C¢H3-2,6-(0'Pr),)} 6, has been reported recently by
Drost and co-workers.® The tin compounds are of further
interest in that they are non-Kekulé species with
biradical character.®” Other neutral heavier group 14
element clusters with unsubstituted atoms include the
tin clusters Sng{(SiMej3)s}¢® and Sng(CeH3-2,6-Mes;)4°
and the germanium species Geg{ N(SiMe3).}° as well
as the octahedral Ges(GeAr'); and Sns(GeAr’),; (Ar' =
CeH3-2,6-Dipp2, Dipp = CgH3-2,6-IPr,).11 The latter is
the first well-characterized cluster with two different
heavier group 14 elements in its framework. Mixed
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element clusters with two different heavier main group
elements are of interest since it is probable that they
will have interesting electronic properties.'? Such clus-
ters are relatively common for group 13 /15 element
species,!® but are quite scarce for groups 14/14 and
group 13/14 combinations.*'> Here we report two new
structurally related clusters having heterobicyclopen-
tane frameworks that are composed of the element pairs
Ge/Sn and Ga/Ge.

The clusters Gey{Sn(Cl)Ar#}s, 1, and Gay{Ge(Cl/I)-
(Ar)}s, 2, were synthesized!® by the reduction of an
Ar*SnCl/GeCl, mixture with KCg or by the reaction of
Ar*GeCl (Arf = CgH3-2,6-Mes;) with a suspension of
‘Gal’ in toluene.’” Unsuccessful attempts were also
made to prepare the corresponding Ge/Ge and Ga/Sn
clusters. Our investigation of the synthesis of 1 arose
from studies of the above-mentioned mixed octahedral
cluster Sny(GeAr'),, ! which featured four unsubstituted
tins. We wished to prepare the analogous species,
Gey4(SnAr'),, for comparison. Investigation of a variety
of synthetic conditions and aryl groups led only to the
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Figure 1. Thermal ellipsoid plot (30%) of 1. H atoms are
not shown for clarity. Selected bond distances (A) and
angles (deg): Sn(1)—Ge(1l) = 2.7400(6), Sn(1)—C(1) =
2.141(5), Sn(1)—CI(1) = 2.379(2), Ge(1)- - -Ge(la) = 3.363(1),
C(1)-Sn(1)—ClI(1) = 103.8(2), C(1)—Sn(1)—Ge(1) = 126.90(9),
Cl(1)—Sn(1)—Ge(1) = 109.41(3), Sn(1)—Ge(1)—Sn(1A) =
84.29(2), Ge(1)—Sn(1)—Ge(1A) = 78.42(3).

isolation of the almost black, crystalline 1 in good yield.
It was characterized by H, 13C, and 11°Sn NMR spec-
troscopy (0 = 456 ppm) and by X-ray crystallography.®
Compound 1 crystallizes in a trigonal space group as
well-separated molecules that have a trigonal bi-
pyramidal, bicyclo[1.1.1]pentane Ge,Sn3 structure in
which the bridgehead (or axial) germaniums carry no
substituent and the equatorial tins are each bonded to
Cl and Ar* groups. The molecule is characterized by
a 3-fold axis of symmetry along the Ge—Ge vector
(Ge- -Ge separation = 3.363(7) A). The Ge—Sn, Sn—C,
and Sn—ClI bond lengths are 2.7400(6), 2.141(5), and
2.379(2) A, respectively, and the Shn—Ge—Sn and Ge—
Sn—Ge angles are 82.29(2)° and 78.42(3)°. The Sn--Sn
separation is 3.677(1) A.

The reaction of ‘Gal’ and Ar#GeCl in toluene afforded
orange crystals of 2 in moderate yield. The crystals were
found to be isomorphous to those of 1 with almost equal
unit cell parameters. The structures are very similar
and there is a 3-fold axis of symmetry along the
Ga- -Ga vector (Ga—Ga separation = 3.078(1) A). The
Ga—Ge and Ge—C bond lengths are 2.4934(6) and
1.974(4) A, with a Ge- -Ge separation of 3.398(2) A. The
halide site at each germanium has a mixed occupancy
composed of 81% chlorine and 19% iodine, which prob-
ably arises from exchange of the Ge—CI moiety with the
‘Gal'. The Ge—Ga—Ge and Ga—Ge—Ga angles are
85.90(2)° and 76.23(3)°.

The Gex{Sn(Cl)Ar#}; species 1 is only the second
example of a cluster with a framework of two different
heavier group 14 elements (cf. Sns(GeAr'),).11 It bears
a structural resemblance to the corresponding all tin
SnsArg? cluster of Sita. Remarkably, the distance be-
tween the bridgehead germaniums, 3.363(2) A, is simi-
lar to that between the bridgehead tins in SnsArg
(3.361(1) A) and the related Sn-Arg (3.348(1) A), even
though the Ge—Sn bond in 1 is ca. 0.1 A shorter than
the corresponding Sn—Sn bonds in SnsAre.2 The longer
bridgehead distance in 1 is accompanied by a narrower
angle (by ca. 5°) at the bridgehead Ge atom and a wider
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Figure 2. Thermal ellipsoid plot (30%) of 2. H atoms and
Cl occupancy are not shown for clarity. Selected bond
distances (A) and angles (deg): Ge(1)—Ga(1) = 2.4934(6),
Ge(1)—C(1) = 1.974(4), Ge(1)—ClI(1) = 2.200(3), Ge(1)—1(1)
2.597(3), Ga(1)- -Ga(1A) = 3.078(1), C(1)—Ge(1)—-CI(1) =
106.5(2), C(1)—Ge(1)—Ga(1) = 127.82(8), Cl(1)—Ge(1)—
Ga(1l) =107.41(9), Ga(1)—Ge(1)—Ga(la) = 76.23(3), Ge(1)—
Ga(1)—Ge(1A) = 85.90(2).

(by ca. 6°) Ge—Sn—Ge angle. Such differences can be
partly explained on the basis of the electronegative ClI
substituent on tin. Thus, despite the large Ar* substitu-
ent, the C—Sn—Cl angle in 1 (103.8(2)°) is less than the
average C—Sn—C angle in SnsAre. This finding is in
accordance with the Walsh/Bent rule.'® The narrowing
of the angle between the tin substituents leads in turn
to a wider GeSnGe angle and thus a greater Ge—Ge
separation. The lengthened Sn—Sn bridgehead separa-
tion (3.423(1) A, C—Sn—C = 104.62° (av)) reported in
Sng{ CsH3-2,6-(0O'Pr)2}e,* which has more electron-
withdrawing substituents than SnsArsg, is also in accord
with these arguments. These structural data appear to
confirm that the distance between bridgehead atoms,
and therefore the amount of biradical character, can be
systematically varied by changing the constituent atoms
of the cluster and their substituents, as demonstrated
recently by Bertrand and co-workers for boron—phos-
phorus diradicaloids. 2° Compound 1 has an intense
color which arises from an orbitally allowed HOMO—
LUMO transition. The chemical shift of the 11Sn NMR
signal is in the same region observed for SnsArg (350.0
ppm) and Sns{C¢Hs-2,6(0OPri),}6° (328.4 ppm) and is
shifted approximately 100 ppm downfield due to the
deshielding effect of the halide substituent.

The Ga/Ge compound 2 is a very rare example of a
cluster with a framework of heavier group 13 and 14
elements. Although there are several heavier group 13
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clusters with peripheral silyl or germyl substituents,!
only two heavier group 13/14 clusters have been struc-
turally characterized: the anion [{GaSi(SiMej3)s}s-
(GaSiMe,)(SiSiMe3)]” 4 and the neutral SiAlys(s°-
CsMes)e.t> Compound 2 is the first structurally charac-
terized group 13/14 cluster with a Ga—Ge framework.
The overall structural motif of 2 is very similar to that
of 1. The Ga—Ge distance (2.4934(6) A) is marginally
longer than the sum of the covalent radii?* and is
consistent with single bonding. This is in agreement
with the fact that the number of available framework
electrons remains sufficient to form six two center-
electron bonds between the Ga and Ge atoms. The
trigonal pyramidal geometry at formally trivalent gal-
lium is unusual (Ga---Ga = 3.078(1) A). However
pyramidal gallium geometry, in which gallium is bound
to three, four, or five neighboring atoms, has been
observed in the numerous clusters of Schndckel, Linti,
and co-workers.! The appearance of 2 differs consider-
ably from that of 1 in that it has an orange color. This
difference is more likely due to the fact that the
framework of 2 has two electrons less than 1 and that
the HOMO—-LUMO energy difference as reflected in the
Ge,SnzHg and Ga,GesHg models shows the chromophore
is quite different in each molecule. Calculations?? on 1
and 2 reproduce the Ge—Sn (2.743 A) and Ge—Ga (2.476
A) distances quite accurately. The calculated distances
between the bridgehead atoms Ge—Ge = 3.282 A in 1
and Ga—Ga = 2.675 A are significantly (0.2—0.4 A)
shorter than the experimentally observed values. How-
ever, such differences are probably due to the electronic
properties of the ligands in 1 and 2, which, as already
discussed, have longer bridgehead distances than in
previously reported species for electronic reasons.
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