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The incompletely condensed hydroxysilsesquioxanes R7Si;Og(OH); and R7Si;Og(OH),-
OSiMePh; (R = ¢-CsHy, c-CsH11) have been used to form Lewis and Bronsted acidic boron
and gallium silsesquioxane compounds. Treatment of (c-CsHg)7Si;O9(OH); with Bls in the
presence of an amine yielded the dimeric {[(c-CsHyg);Siz012]B}, (1). Compound 1 was also
obtained when (c-CsHg);Si;O9(OH)3; was reacted with LiBH,, eliminating LiH. On the other
hand, treatment of LiBH4 with 2 equiv of (c-CsHg);Si;O9(OH),OSiMePh, gave the solvent-
free lithium borate salt {[(c-CsHyg)7Si-011(OSiMePh,)].B} {Li}* (2). Reaction of GaCl; with
(c-CsH11)7Si709(OH)3 in the presence of NEt; afforded the thermally robust amine adduct
[(c-CsH11)7Si7012]Ga-NEt; (3). A similar reaction of GaCls with 2 equiv of (c-CsHg);SizOg(OH),-
OSiMePh, gave the ammonium gallate {[(c-CsHg)7Si-011(OSiMePh,)].Ga} {EtsNH}* (4).
Attempts to obtain the corresponding Brgnsted acid of 4, as could be obtained for aluminum,
invariably failed. Nevertheless, ammonium salt 4 reacts as a masked Brgnsted acid with
the basic GaMe;s to yield the dimethyl gallium gallate [(c-CsHg);Si;01:(OSiMePh,)].Ga(GaMey)
(5). The equimolar reaction between GaMe; and R;Si;Oq(OH); selectively yielded {[R7Si;O11-
(OH)]GaMe}; (R = c-CsHg (6a), c-CsHa1 (6b)). The fact that in 6a/b gallium methyl and silanol
functionalities coexist clearly demonstrates the lower reactivity of gallium-alkyls compared
to aluminume-alkyl groups. The equimolar reaction of GaMes with the monosilylated (c-CsHo)7-
Si7Og(OH).0SiMePh; yielded {[(c-CsHg)7Si;O11(OSiMePh;)]|GaMe}. (7) as a 5:1:40 mixture
of three conformational isomers, similar to what was observed for the corresponding methyl
aluminum silsesquioxanes. The kinetic and thermodynamic stability of 7 and its chemical
isomer 5 has been investigated. Isomerization experiments show that both 5 and the main
conformer of 7 isomerize to a thermodynamic stable mixture of isomers of 7 with a 2:1:2
ratio. The dimethyl gallium silsesquioxane {[(c-CsHs);Si;O1:(0OSiMePh,)]2(GaMey)4} (8) was
formed quantitatively upon treating {[(c-CsHg);Si-Og(OH),OSiMePh, with 2 equiv of GaMes.
Likewise, reacting {[(c-CsHyg)7;SizO9(OH); with 3 equiv of GaMe; yielded the dimerc {[(c-
CsHy)7Siz012]2(GaMey)s} (9). The high tendency of gallium to obtain a tetrahedral coordination
results in a crowded structure 9 with remarkable low fluxionality. Compounds 2, 4, 5, 6b,
8, and 9 have been structurally characterized.

Introduction

Group 13 element-containing zeolites and silicates
play an important role in heterogeneous catalysis, as
either acidic catalysts or catalyst supports. A typical
example of a process catalyzed by gallium-containing
zeolites with Brgnsted acid sites forms activation and
aromatization of light gas molecules.! The heteroge-
neous nature of these systems clearly hampers detailed
studies on reactions taking place during the catalytic
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processes. Recently, an increased number of complexes
based on siloxanes? and incompletely condensed silses-
quioxanes®* have been reported that proved to be very
suitable to mimic oxidic catalyst supports® and silica-
supported catalyst systems.* It was shown that the
catalytic activity of some of the homogeneous silsesqui-
oxane-based systems resembles or even exceeds that of
the heterogeneous systems they serve as a model for.
As part of an ongoing study on the applicability of
silsesquioxane-based systems as models for alumino-
silicates and zeolitic materials, we recently reported the

(1) For example see: (a) Frash, M. V.; Kazansky, V. B.; Rigby, A.
M.; van Santen, R. A. J. Phys. Chem. 1998, 102, 2232. (b) Biscardi, J.
A.; Meitzner, G. D.; Iglesia, E. J. Catal. 1998, 179, 192. (c) Frash, M.
V.; van Santen, R. A. Phys. Chem. Chem. Phys. 2000, 2, 1085. (d) Frash,
M. V.; van Santen, R. A. J. Phys. Chem. A 2000, 104, 2468.
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Scheme 1. Synthesis of Boron-Containing Silsesquioxanes
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synthesis, stability, and reactivity of both Brgnsted and
Lewis acidic aluminosilsesquioxane species.> Two gen-
eral routes to introduce aluminum to silsesquioxanes
proved to be applicable: salt metathesis and protonoly-
sis. Depending on the synthetic method applied, various
Brgnsted and Lewis acidic, mono-, di-, and polymeric

(2) (@) Feher, F. J.; Blanski, R. L. Makromol. Chem., Macromol.
Symp. 1993, 66, 95. (b) Montero, M. L.; Voigt, A.; Teichert, M.; Uson,
l.; Roesky, H. W. Angew. Chem., Int. Ed. Engl. 1995, 34, 2504. (c)
Murugavel, R.; Voigt, A.; Walawalkar, M. G.; Roesky, H. W. Chem.
Rev. 1996, 96, 2205. (d) Veith, M.; Jarczyk, M.; Huch, V. Angew. Chem.,
Int. Ed. Engl. 1997, 36, 177. (e) Abbenhuis, H. C. L.; Vorstenbosch,
M. L. W.; van Santen, R. A.; Smeets, W. J. J.; Spek, A. L. Inorg. Chem.
1997, 36, 6431. (f) Veith, M.; Jarczyk, M.; Huch, V. Angew. Chem.,
Int. Ed. 1998, 37, 105. (g) King, L.; Sullivan, A. C. Coord. Chem. Rev.
1999, 189, 19. (h) Lorenz, V.; Fischer, A.; Giessmann, S.; Gilje, J. W.;
Gun’ko, Y.; Jacob, K.; Edelmann, F. T. Coord. Chem. Rev. 2000, 206—
207, 321. (i) Veith, M.; Vogelesang, H.; Huch, V. Organometallics 2002,
21, 380.

(3) (@) Feher, F. J.; Newman, D. A.; Walzer, J. F. 3. Am. Chem. Soc.
1989, 111, 1742. (b) Feher, F. J.; Budzichowski, T. A.; Weller, K. J. J.
Am. Chem. Soc. 1989, 111, 7288. (c) Feher, F. J.; Newman, F. J. J.
Am. Chem. Soc. 1990, 112, 1931. (d) Feher, F. J.; Weller, K. J.
Organometallics 1990, 9, 2638. (e) Feher, F. J.; Weller, K. J.; Ziller, J.
W. J. Am. Chem. Soc. 1992, 114, 9686. (f) Dijkstra, T. W.; Duchateau,
R.; van Santen, R. A,; Meetsma, A.; Yap, G. P. A. J. Am. Chem. Soc.
2002, 124, 9856.

(4) () Feher, F. J.; Blanski, R. L. J. Chem. Soc., Chem. Commun.
1990, 1614. (b) Feher, F. J.; Blanski, R. L. 3. Am. Chem. Soc. 1992,
114, 5886. (c) Feher, F. J.; Tajima, T. L. 3. Am. Chem. Soc. 1994, 116,
2145. (d) Crocker, M.; Herold, R. H. M. PCT Int. Appl. 96/05873. (e)
Abbenhuis, H. C. L.; Krijnen, S.; van Santen, R. A. Chem. Commun.
1997, 331. (f) Duchateau, R.; Abbenhuis, H. C. L.; van Santen, R. A;;
Meetsma, A.; Thiele, S. K.-H.; van Tol, M. F. H. Organometallics 1998,
17, 5663.

(5) (@) Duchateau, R.; Harmsen, R. J.; Abbenhuis, H. C. L.; van
Santen, R. A;; Meetsma, A.; Thiele, S. K.-H.; Kranenburg, M. Chem.
Eur. J. 1999, 5, 3130. (b) Skowronska-Ptasinska, M. D.; Duchateau,
R.; van Santen, R. A.; Yap, G. P. A. Eur. J. Inorg. Chem. 2001, 133.

structures have been obtained. For Lewis acidic alumi-
num silsesquioxanes simply changing the silyl hydro-
carbon substituents from cyclohexyl to cyclopentyl
proved to have a pronounced influence on the final
structure (dimeric vs polymeric) of the product.52

This contribution deals with the further development
of silsesquioxane compounds containing group 13 ele-
ments that serve as model systems facilitating detailed
mechanistic analysis of reactions taking place in the
corresponding group 13 element-containing zeolites and
silicates. Salt metathesis and protonolysis reactions
between boron and gallium precursors and both cyclo-
hexyl- and cyclopentyl-substituted silsesquioxanes will
be discussed and compared with the chemistry of
aluminum.

Results and Discussion

Boron-containing silsesquioxane species are rare. The
only well-defined compound known to date is {[(c-
CeH11)7Si701,]B} 2, reported by Feher.6Reacting the cy-
clopentyl-substituted silsesquioxane (c-CsHg)7Si7Og-
(OH)3 with Bl3 in the presence of an amine yielded the
similar boron silsesquioxane {[(c-CsHg);Siz012]B}2 (1,
Scheme 1). Unlike the striking difference between the
dimeric cyclohexyl-substituted {[(c-CsH11)7Si7O12]Al} 230
and the polymeric cyclopentyl-substituted aluminosil-
sesquioxane {[(c-CsHg)7SizO12]Al}n,%* both cyclohexyl-

(6) Feher, F, J.; Budzichowski, T. A.; Ziller, J. W. Inorg. Chem. 1992,
31, 5100.
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and cyclopentyl-substituted boron silsesquioxanes are
dimeric and virtually identical. This might be due to
the lower Lewis acidity of boron compared to aluminum,
which leads to a lower tendency to reach a higher
coordination number. A strong difference between bo-
ranes and allanes or gallanes is that alkylboranes are
not readily protonolyzed. For example, (c-CsHg)7Si7Og-
(OH)3; does not react with BR3 (R = H, Me), whereas
AlMej; reacts violently with (c-CsHg)7SizO9(OH)s3 to yield
{[(c-CsHg)7SizO12]Al} . Lithium tetrahydroborate is much
more basic than BH3 and therefore inclined to undergo
protonolysis. Indeed, in THF LiBH4 reacts with (c-
CsHg)7Si709(OH);3 selectively affording compound 1.
Unlike aluminum and gallium silsesquioxanes, for
which stable anionic structures have been isolated (vide
infra), the anionic silsesquioxane hydroborate {[(c-
CeH11)7Si7012]BH} {Li-THF.} * readily loses LiH under
formation of 1 (Scheme 1). In contrast, when the
disilanol (c-CsHg);Si;Og(OH),0SiMePh, was reacted
with LiBHjy, the stable anionic borate {[(c-CsHg);Si7O11-
(OSiMePh,)].B} {Li}* (2) was selectively formed (Scheme
1). In this compound the lithium cation is stabilized
solely by coordination of silyl ether and Si—O—-Ga
oxygen functionalities of the silsesquioxane framework,
whereas the corresponding lithium aluminate, formed
by treating (c-CsHg)7Si7O9(OH),0OSiMe; with LiAlH,,
was isolated as either a bis(THF) or a TMEDA adduct,
{[(c-C5Hg)7Si7011(0SiMe3)]Al} _{Li‘L2}+ (L = THF, 1,
TMEDA).52 Attempts to protolyze 2 to yield the cor-
responding Brgnsted acid {[(c-CsHg)7Si;O11(OSiMe-
Phy)]2B} {H} " invariably resulted in decomposition of
the product and formation of the free ligand, (c-CsHg)7-
Si709(OH),0SiMePh,. Reaction of the disilanol (c-CsHy)7-
Si709(OH),0SiMePh, with Bls under basic conditions
did not result in well-defined species such as the
Brgnsted acid or its ammonium salt {[(c-CsHg)7Si7011-
(OSiMePhy)]2B} {X}* (X = H, HNR3) either.

The X-ray crystal structure of 2 is shown in Figure
1. Four siloxy units tetrahedrally surround the boron
atom. Interestingly, the lithium cation is tightly incor-
porated in the silsesquioxane framework structure
without coordination of additional solvent molecules,
which results in a distorted tetrahedrally coordinated
lithium. This peculiar structure nicely shows how
cations can be stabilized in a zeolite. As a consequence
of the negative charge on boron, the average B—O
distance (1.480(5) A) of this anionic borate is 0.13 A
longer than the B—O bond distances in the neutral
trigonal-planar boron silsesquioxane {[(c-C¢H11)7Si7-
012]B}> (B—0a = 1.351(23) A)® and for example the
boron siloxanes [PhBO(Ph,Si0O),] (B—O0, 1.3696(20) A),
[PhBO(Ph,Si0)3] (B—0, 1.359(6) A), and [(t-Bu,SiOy)-
BPh], (B—0 = 1.350(5) A).” The coordination of 012 and
013 to lithium results in further elongation of the
boron—oxygen bonds B—012 (1.517(5) A) and B—013
(1.516(5) A) compared to the noncoordinating boron—
siloxy bonds (B—010, 1.435(5) A; B—014, 1.453(5) A).
The presence of both an electron-rich and an electron-
poor element in the structure also effects the Si—O bond
distances. For example, the electron-rich Si—O bonds
(av 1.610(3) A) of the Si—O—B units are slightly shorter

(7) (a) Mazzah, A.; Haoudi-Mazzah, A.; Noltemeyer, M.; Roesky, H.
W.; Z. Anorg. Allg. Chem. 1991, 604, 93. (b) Foucher, D. A.; Lough, I.;
Manners, 1. J. Organomet. Chem. 1991, 414, C1. (c) Foucher, D. A;;
Lough, I.; Manners, I. Inorg. Chem. 1992, 31, 3034.
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Figure 1. Molecular structure of [(c-CsHyg)7Si;O11(OSiMe-
Ph,)].BLi (2). For clarity reasons, only the a-carbons of the
silicon substituents are shown. Selected bond distances
(A): B—010, 1.435(5); B—014, 1.453(5); B—012, 1.517(5);
B—013, 1.516(5); Li—012, 1.876(7); Li—013, 1.925(8); Li—
021, 2.153(8); Li—024, 2.177(7); Si6—010, 1.605(3); Si8—
012, 1.614(3); Si9—013, 1.623(3); Si11—-014, 1.598(3); Sil—
01, 1.621(3); Si16—024, 1.663(3); Si2—01, 1.618(4); Sil5—
024, 1.638(3); Si15—021, 1.639(3); Si—0ay, 1.624(3). Selected
bond angles (deg): ©010—B—-012, 111.5(3); 010—B—-013,
110.1(3); ©10—B—014, 112.9(3); 012—B—013, 101.5(3);
012—-B—-014, 109.6(3); 013—B—014, 110.8(3); B—012—Li,
90.5(3); B—013—L.i, 88.7(3); 012—Li013, 76.3(3); O12—Li—
021, 143.3(5); 013—Li—021, 107.0(3); 012—Li—024, 135.9-
(4); O13—Li—024, 130.6(4); 021—-Li—024, 70.1(2); Sil—
01-Si2, 164.8(3); Si1l5—024—Si16, 146.15(18); Si—O—Si,y,
148.8 (2).

compared to the average Si—O distances of the silses-
quioxane framework (1.624(3) A). Likewise, the lower
electron density in the silyl ether bonds coordinated to
lithium is reflected in longer Si15—024 (1.638(3) A) and
Si16—024 (1.663(4) A) bonds compared to the noncoor-
dinated silyl ether functionalities (Si1—01, 1.621(3) A;
Si2—01, 1.618(4) A). Other silyl oxygen distances and
Si—O—-Si angles are normal within the wide range
known for silsesquioxane complexes. The NMR spectra
(*H, 13C, 2°Si) of 2 show one single resonance for the
two SiMePh, substituents and seven distinct resonances
for the silsesquioxane methine carbon and framework
silicon atoms, indicating fast fluxional behavior in
solution at room temperature.

Like boron silsesquioxanes, gallium silsesquioxanes
are rare, and only a few well-defined structures, formed
either by salt elimination or protonolysis, have been
reported.® (c-CgH11)7SizO9(OH)3 was reported to react
with GaCls in the presence of “Proton Sponge” to form
the ionic {[(C-C6H11)7Si7012]GaX} 7{ C14H19N2}+ (X = Cl,
1), which, upon refluxing in THF, yielded the dimeric
{[(c-CsH11)7Si7012]Ga} 2 (Scheme 2). This dimeric struc-
ture could readily be split by PhsP=0 to form the
neutral Lewis base adduct [(c-Ce¢H11)7Si701,2]Ga-O=
PPhs. Using similar conditions Feher reported for the
synthesis of { [(c-CeH11)78i7012]GaCI} _{ Cl4H19N2} +and
{[(c-CeH11)7Si7012]Ga},, we isolated a triethylamine-
stabilized monomeric gallium silsesquioxane, [(c-CeH11)7-
Si;012]Ga-NEt; (3, Scheme 2), instead. The 3:3:1 ratio

(8) Feher, F. J.; Budzichowski, T. A.; Ziller, J. W. Inorg. Chem. 1997,
36, 4082.
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Scheme 2. Synthesis of Gallium Silsesquioxanes, Based on R;SizOg(OH)3; (R = c-CsHyg, c-CgH11)
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of the silsesquioxane methine carbon and silicon atoms,
typical for a Cs-symmetric silsesquioxane structure,
supported the monomeric nature of 3, and the 13C NMR
spectrum of the crude reaction mixture showed that
3 was the major (~ 80%) silsesquioxane-containing
product. Interestingly, the Lewis acidic gallium site
prefers to coordinate the sterically hindered triethy-
lamine rather than THF, which based on frontier- and
back-strain is a better coordinating Lewis base.® The
bulky triethylamine binds surprisingly strongly to the
gallium, as attempts to form {[(c-CsH11)7Si7012]Ga} » by
heating 3 in toluene failed.

Salt metathesis between the monosilylated disilanol
(c-CsHg)7Si70O9(OH),0SiMePh, and half an equivalent
of GaCls in the presence of triethylamine yielded the
ammonium gallate {[(c-CsHo)7Si;011(0SiMePhy)].Ga} -
{EtsNH}* (4, Scheme 3), similar to what was obtained
when the disilanol was reacted with AICIl; in the
presence of triethylamine.>10 The seven equi-intense
resonances in the 3C (methine-C) and 2°Si (silsesqui-
oxane framework-Si) NMR spectra indicate that 4 is
symmetric at room temperature in solution.

As can be seen from its molecular structure (Figure
2), 4 forms a contact ion pair in the solid state in which
the ammonium fragment is hydrogen bonded to one of
the Ga—O-—Si oxygens. The same feature was also
observed for the cyclopentyl-substituted {[(c-CsHg)7-
Si;011(0SiR'3)Al} {EtsNH}* (SiR'3s = SiMes, SiMe-
Phy),> while the sterically more crowded cyclohexyl-
substituted analogue {[(c-CsH11)7Siz011(0SiMe3)]-

(9) Inorganic Chemistry, 3rd ed.; Huheey, J. E., Ed.; Harper and
Row: New York, 1983.

(10) Edelmann, F. T.; Gun'ko, Y. K.; Giessmann, S.; Olbrich, F.
Inorg. Chem. 1999, 38, 210.

Figure 2. Molecular structure of {[(c-CsHg);Si;O11(OSi-
MePhy)].Ga} H{ EtsNH} ~ (4). For clarity reasons, only the
a-carbons of the silicon substituents are shown. Selected
bond distances (A): Ga—010, 1.802(4); Ga—012, 1.830(4);
Ga—013, 1.790(4); Ga—014, 1.841(4); Si6—010, 1.588(4);
Si8—012, 1.584(4); Si9—013, 1.590(4); Si1l1-014, 1.604-
(4); Si—0,, 1.618(4); N---O14, 2.862(6). Selected bond
angles (deg): Ga—010-Si6, 137.4(2); Ga—012-Si8, 134.9-
(3); Ga—013-Si9, 143.7(3); Ga—014-Sil1, 134.0(2); 010—
Ga—012, 109.15(17); 010—Ga—013, 111.84(19); 010—Ga—
014, 106,26(17); 012—Ga—013, 112.22(18); 012—Ga—014,
101.55(17); 013—Ga—014, 115.15(17); Si—01-Si2, 175.9-
(3); Si15—024-Si16, 149.0(3); Si—0O—Siay, 148.8(3).

Al}{Et;NH} " was isolated as a separated ion pair.10
The coordination of the ammonium ion is accompanied
by elongation of the Ga—014 (1.841(4) A) bond com-
pared to the other three Ga—O (average: 1.807(4) A)
bonds. The average length of the four Ga—0O bonds (Ga—
Oav 1.816(5) A) in the ammonium salt 4 is comparable
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Scheme 3. Synthesis of Gallium Silsesquioxanes, Based on (C-C5Hg)7Si7Og(OH)2OSiMephz
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to the Ga—O0O bond distances in the chloro-gallate {[(c-
C6H11)7Si7012]GaCI}‘{C14H19N2}+ (Ga—Oav = 1806(5)
A) and are slightly elongated compared to the average
Ga—0,, distances in the neutral [(c-C¢H11)7Si-012]Ga-
O=PPh3 (Ga—0,, = 1.795(3) A).8 Although the Si—O
bond distances and Si—O—Si bond angles span a wide
range, they are not exceptional for (metalla)silsesqui-
oxane compounds.

Attempts to prepare the corresponding Brgnsted acid
of 4 by controlled protonolysis failed. Nevertheless,
compound 4 is a masked form of the Brgnsted acid and
reacts with various Brgnsted bases. For example when
treated with another equivalent of GaMejs, 4 is readily
deprotonated to afford free triethylamine and the di-
methyl gallium gallate [(c-CsHg)7SizO11(OSiMePh,)],Ga-
(GaMey) (5, Scheme 3), the molecular structure of which
is shown in Figure 3. Compound 5 strongly resembles
its aluminum analogue [(c-CsHg)7Si7011(0OSiMePh,)],-
Al(AIMey) reported earlier.’* Taking the difference in
ionic radii of AI3* and Ga3* into account (A = 0.08 A),°
most of the bond distances in 5 are very similar to those
in the aluminum analogue. Only the Gal—C1 is shorter
and the Gal—O1 is longer than in its aluminum
counterpart, emphasizing the lower oxophilicity of gal-
lium compared to aluminum. The various bond angles
in the aluminum and gallium species differ only slightly.

Protonolysis of the trialkyl gallium Ga(CH,SiMes);
with (c-CgH11)7Si709(OH)3 has been reported to yield ill-

(11) Skowronska-Ptasinska, M. D.; Duchateau, R.; van Santen, R.
A.; Yap, G. P. A. Organometallics 2001, 20, 3519.

Figure 3. Molecular structure of [(c-CsHg);Si;01:(OSiMe-
Phy)].Ga(GaMe,) (5). For clarity reasons, only the o-carbons
of the silicon substituents are shown. Selected bond
distances (A): Gal—C1, 1.918(5); Gal—01, 1.990(3); Ga2—
01, 1.887(3); Ga2—04, 1.770(3); Si1—01, 1.636(3); Si2—
04, 1.598(3); Si—0a,y, 1.617(3). Selected bond angles (deg):
Cl1-Gal—C1',132.1(5); C1—-Gal—01, 107.7(2); C1—Gal—
01',108.7(3); 01-Gal—-01', 79.5(2); C1-Gal—Gaz2, 113.9-
(2); 0O1-Ga2—-01', 84.8(2); O4—Ga2—04', 117.9(2); O4—
Ga2—-01, 121.1(1); 04—-Ga2—01',113.2(1).
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Figure 4. Molecular structure of {[(c-C¢H11)7Si;011(OH)]-
GaMe}, (6b). For clarity reasons, only the a-carbons of the
silicon substituents are shown. Selected bond distances
(A): Ga—C1, 1.898(8); Ga—01, 1.930(6); Ga—01', 1.924-
(5); Ga—02, 1.790(6); Si1—01, 1.667(5); Si2—02, 1.628(6);
Si—0,y, 1.620(6); 02:--:012, 2.85(2). Selected bond angles
(deg): C1-Ga—01, 117.0(4); C1-Ga—01’, 118.2(3); C1—
Ga—02, 124.4(4); 01-Ga0O1', 81.9(2); O1-Ga—02, 103.1-
(2); O1'-Ga-02, 103.6(2); Ga—01-Ga’, 98.1(2); Ga—01—
Sil, 121.7(3); Ga'—01-Si1, 139.0(3); Ga—02-Si2, 129.6(3).

defined products that upon controlled hydrolysis re-
sulted in a cluster compound {[(c-CsH11)7Si7012]2[Ga(CH2-
SiMes)(u-OH)]s} .2 Although trialkyl gallium compounds
are very reactive, after substitution of one of the alkyls
by a heteroatom, the thus formed gallium dialkyls are
considerably more stable than corresponding aluminum
dialkyl species. Whereas protonolysis of the second
gallium carbon bond is still relatively easy, protonolysis
of the final alkyl is known to be quite difficult.1?2 This
phenomenon was nicely illustrated by the reaction of
R7Si70g(OH)3 (R = ¢-CsHg, c-CgH11) with an equimolar
amount of GaMejs, which cleanly afforded {[R7Si7O11-
(OH)]GaMe}; (R = c-CsHq (6a), c-CsH11(6b), Scheme 2),
in which gallium alkyl and silanol functionalities co-
exist.

Compound 6b (Figure 4) consists of a dimeric struc-
ture in which both gallium atoms are linked by two
bridging siloxy functionalities. The siloxy groups that
are o-bonded to the gallium atoms also form hydrogen
bonds with the adjacent silanol functionalities (O2---
012 = 2.85(2) A). Unlike observed in 4, the hydrogen
bonding in 6b has no notable effect on the Ga—02 and
Si2—02 bond distances. The IR (Nujol) OH stretching
vibrations (6a, voy = 3317 cm~%; 6b, vony = 3289 cm™1)
are shifted to higher frequency compared to that of the
strongly hydrogen bonded silanol in {[(c-CsHg);Si7O11-
(OSiMes)Al} {H} ™ (v = 3150 cm™1) and resemble that
of the silanols in the Brgnsted acid {[(c-CsHyg);Si7O11-
(OSiMePhy)2Al} {H}* (von = 3366 cm™1). Furthermore,
the 'H NMR spectra of 6a/b show sharp resonances (6a,
0 5.79 ppm; 6b, 6 5.82 ppm) for the hydroxyl groups,
suggesting that the hydrogen bonding is essentially

(12) Tuck, D. G. In Comprehensive Organometallic Chemistry;
Williamson, G., Stone, F. G. A, Abel, E. W., Eds.; Pergamon Press:
Oxford 1982; Vol. 1, Chapter 7.
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nonexistent in solution.>13 Heating NMR tubes with
benzene-dg solutions of 6a/b did not result in protonoly-
sis of the final gallium methyl substituent and formation
of {[R7Siv012]Ga} 2, emphasizing the remarkable thermal
stability of 6a/b. The structure of 6b gives insight into
the protonolysis reactions of the trisilanol R7SizO9(OH)3
(R = c-CsHo, c-CgH11). A similar structure is feasible as
an intermediate during the synthesis of {[(c-CsH11)7-
Si7012]A|}2 and {[(C-C5H9)7Si7012]A|}n, respectively.5a
Intra- or intermolecular protonolysis of the final Al—
Me in the putative intermediate {[R7Si7O011(OH)]JAIMe},
then determines whether a dimeric or a polymeric
structure is formed.

When, instead of (c-CsHg)7SizOg9(OH)s3, the mono-
silylated disilanol (c-CsHyg)7SizOg(OH),OSiMePh, was
treated with an equimolar amount of GaMes;, the
silylated analogue of 6a, {[(c-CsHg)7Si7011(0OSiMePh,)]-
GaMe}; (7, Scheme 3), was formed. As was observed for
the corresponding methyl aluminum silsesquioxane
species {[(c-CsHg)7Si;011(0OSiMePhy)]JAIMe} 1t 7 con-
sists of three conformational structures. Purification by
fractional crystallization yielded one of the conformers
in 85% purity (remaining 15% consist of a 5:1 ratio of
the other two conformers). As for the corresponding
aluminum isomers, two of the gallium isomers show a
single GaCHjs resonance, while the third isomer shows
two equi-intense singlets for the GaCHgz.!! The 13C and
29Si NMR spectra of the major isomer were also consis-
tent with the analogous methyl aluminum silsesqui-
oxane and the proposed structure with the gallium
methyl group trans to each other. While the ratio of the
three isomers upon isolation directly after the reaction
was found to be approximately 5:1:40, after heating for
3 h at 90 °C, this ratio changed to the thermodynamic
stable equilibrium of 2:1:2. These gallium conformers
isomerize in a fashion similar to what was observed for
the corresponding methyl aluminum silsesquioxane
system.!! However, the fact that isomerization of 7 was
completed after only 3 h at 90 °C compared to the 400
h at 76 °C for the analogous methyl aluminum silses-
quioxanes indicates that the methyl gallium silsesqui-
oxane system shows a significantly higher fluxional
behavior than the aluminum system. Further proof for
the analogy between methyl aluminum and methyl
gallium silsesquioxane species was provided by the
thermolysis of the chemical isomer of 7, [(c-CsHg)7Si-
011(0OSiMePhy)],Ga(GaMe,) (5). Heating a benzene-ds
solution of 5 for 1100 h at 60 °C resulted in complete
conversion of 5 in a 2:1:2 ratio of the three isomers of
7. The rate constant for this isomerization of kggec =
4.7 x 1077 s71 corresponds well with the rate constant
of keee.c = 6.9 x 1077 s~ for the isomerization of the
analogous dimethylaluminum aluminate [(c-CsHyg)7Si-
011(0SiMePhy),AlI(AIMe,) to its methyl aluminum sil-
sesquioxane isomers { [(c-CsHg)7Si7011(0SiMePh,)]AlMe} ».
Hence, isomerization of 5 to 7 is considerably more
difficult than for the isomers 7 to reach their thermo-
dynamic equilibrium.

From the existence of 6a/b it is clear that the methyl
functionality in (=SiO),GaMe is considerably less reac-
tive than the corresponding methyl group in (=SiO),-
AlMe. In analogy, dimethyl gallium siloxane species of

(13) Koller, H.; Engelhardt, G.; van Santen, R. A. Top. Catal. 1999,
9, 163.
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Figure 5. Molecular structure of {[(c-CsHg);Si;O11(OSi-
MePhy)].(GaMey)s} (8). For clarity reasons, only the o-car-
bons of the silicon substituents are shown. Selected bond
distances (A): Gal—C1, 1.932(3); Gal—C2, 1.951(3); Gal—
01, 1.985(2); Gal—06', 1.985(2); Ga2—C3, 1.949(3); Ga2—
C4, 1.957(3); Ga2—01, 1.961(2); Ga2—06', 1.964(2); Sil—
01, 1.622(2); Si3'—06', 1.628(2); Si—Oay, 1.619(2). Selected
bond angles (deg): C1-Gal—C2, 127.18(14), C1-Gal-01,
111.30(11); C2—Gal—01, 107.01(11); C1—Gal—0¢6', 110.57-
(11); C2—Gal-06', 110.57(11); O1-Gal—-06', 80.28(7);
Cl1—-Gal—Gaz2, 124.55(10); C2—Gal—Gaz2, 108.23(10); O1—
Gal—Gaz2, 40.55(4); 06'-Gal-Ga2, 40.65(5); C3—Ga2—C4,
124.22(13); C3—Ga2—01, 111.86(10); C4—Ga2—01, 110.07-
(11); C3—Ga2—-06', 116.42(10); C4—Ga2—06, 104.67(10);
01-Ga2—-06', 81.38(7), C3—Ga2—Gal, 129.42(9); C4—
Ga2—Gal, 106.35(10); O1-Ga2—Gal, 41.16(5); O6'-Gaz2-
Gal, 41.16(5); Si1—01—Gal, 123.14(9); Sil—-01-Ga2,
138.37(10); Si3'—06'-Gal, 133.12(10); Si3'—06'-Ga2, 128.63-
(20).

the type =SiOGaMe, are expected to be considerably
more stable than their aluminum congeners in =SiO-
AlMe,. When (c-CsHg)7Si7O9(OH),0SiMePh, was treated
with 2 equiv of GaMegs, {[(c-CsHg)7Si7011(0SiMePh,)],-
(GaMey)4} (8, Scheme 3) was formed nearly quantita-
tively (NMR) and was isolated in good yield. Due to the
high reactivity of its remaining alkyl substituents, the
corresponding aluminum silsesquioxane {[(c-CsHg)-
Si;011(0SiMePhy)]2(AlMe,),} 1t formed after an equimo-
lar reaction between (c-CsHog)7Si7Og(OH),OSiMePh, and
AlMejs, could be isolated only as a side product in low
yield. Treating the trisilanol (c-CsHg)7Si;Og(OH)3 with
3 equiv of GaMej afforded an interesting hexa(dimeth-
ylgallium) product, {[(c-CsHg)7Si7012]2(GaMes)s} (9), in
moderate isolated yield (Scheme 2).

The molecular structure of 8 as shown in Figure 5
corresponds well with the solid-state structure of the
analogous aluminum compound, though small differ-
ences are notable. Taking the effective radii of a
tetrahedral Ga3* (0.61 A) and AR (0.53 A) into ac-
count,® the average Ga—O bond length in 8 of 1.974(2)
A is virtually identical to the average Al—O distance of
1.868(2) A in the corresponding aluminum species, while
the effective Ga—C,, distances (1.947(3) A) in 8 is
approximately 0.08 A shorter than the AI-C bond
length (av: 1.946(4) A) in {[(c-CsHg)7Siz011(OSiMePhy)]-
(AlMe3)4}. In Lewis acidic metallasilsesquioxane com-
plexes, the distance between the silicon and the oxygen
bonded to the Lewis acidic metal site often gives a
qualitative indication of the oxophilicity of the metal
center.4"511 Hence, the shorter Si1—01 (1.622(2) A) and

Gerritsen et al.

Figure 6. Molecular structure of {[(c-CsHo);Si;O12],-
(GaMey)e} (9). For clarity reasons, only the o-carbons of
the silicon substituents are shown. Selected bond distances
(A): Gal—C1, 1.959(5); Gal—C2, 1.913(5); Gal—010,
2.074(3); Gal—013, 2.082(3); Ga2—C3, 1.971(5); Ga2—C4,
2.017(6); Ga2—010, 1.892(3); Ga2—013, 1.892(3); Ga—C,y,
1.957(6); Ga—O0ay, 1.99(3); Si—0O4y, 1.618(3). Selected bond
angles (deg): C1-Gal—-C2,129.5(3); C1—-Gal-010, 111.8-
(2); C2—Gal—-010, 106.8(2); C1-Gal—013, 114.0(2); C2—
Gal—013, 105.6(2); 010—Gal—013, 76.4(1); C1-Gal—
Ga2, 131.9(2); C2—Gal—Ga2, 98.6(2); 010—Gal—Gaz2,
39.85(8); 013—Gal—Gaz2, 39.75(8); C3—Ga2—C4, 120.8(2);
C3—-Ga2—-010, 109.7(2); C4—Ga2—010, 111.6(2); C3—Ga2—
013, 110.7(2); C4—Ga2—-013, 113.1(2); 010—Ga2—-013,
85.4(1); C3—Ga2—Gal, 103.6(2); C4—Ga2—Gal, 135.5(2);
010—Ga2—-Gal, 44.5(1); O13—Ga2—Gal, 44.72(9); Si3—
010—-Gal, 122.6(2); Si3—010—Ga2, 141.7(2); Si10—013—
Gal, 120.8(2); Si1l0—013—Ga2, 143.7(2).

Si3'—06' (1.628(2) A) distances in 8 compared to the
same Si—O bond lengths (1.641(2), 1.646(2) A) in the
corresponding aluminum compound support the higher
oxophilicity of aluminum compared to gallium.

The solid-state structure of 9 is shown in Figure 6.
In each of the three [u-(=SiO)GaMe;], fragments, one
of the two gallium atoms forms considerably shorter
Ga—C and longer Ga—O bonds (Gal, Ga3, Ga5) than
the other gallium atoms (Ga2, Ga4, Ga6). The deviations
in the Ga—C (Aga—c = 0.160 A) and Ga—0 (Aca—0 =
0.209 A) bond distances are quite dramatic. Further-
more, the tetrahedral geometry of the Gal, Ga3, and
Gab5 is also more distorted than of the other gallium
atoms, which is most probably caused by the large steric
strain within the molecule. The structure of 9 shows
four inequivalent methyl groups per gallium center.
Three of the total of 12 methyl groups are pointing into
the cavity formed by the silsesquioxane structures (C1,
C5, C9), while the other nine point outward. On the
basis of a fluxional C3 symmetric structure one would
expect two or even only one gallium methyl resonance.
However, the 'H and 3C NMR spectra show four
distinct resonances corresponding to four inequivalent
methyl groups. This indicates that this molecule is
rather crowded, which dramatically limits its fluxional
behavior. The methyl groups that are pointing into the
cavity of the silsesquioxane structure give relative low-
field resonances in the 1H (0 1.04 ppm) and 13C (6 5.99
ppm) NMR. The other methyl groups show normal high-
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field resonances (*H, 6 0.47, 0.41, 0.28 ppm; 13C, 6 —1.99,
—2.75, —3.47 ppm). Two of the high-field methyl reso-
nances coalescent at 95 °C in benzene-dg, corresponding
with a Gibbs free energy of rotation of AG¥, = 78 kJ.14
At even higher temperatures, 9 gradually starts to
thermolyze. Consequently, coalescence of other gallium
methyl resonances could not be observed.1®

Concluding Remarks

The boron and gallium species described here show
many similarities with the corresponding aluminum
silsesquioxane compounds, although compounds formed
by salt metathesis show some peculiar differences as
well. Compound 1 is dimeric with trigonal planar boron
centers, whereas the corresponding aluminum silses-
quioxane forms a dimer (cyclohexyl substituted) or
polymer (cyclopentyl substituted) with tetrahedrally
coordinated aluminum centers. Under identical condi-
tions the gallium silsesquioxane was isolated as the
monomeric triethylamine adduct 3, although it has to
be noted that the corner-capped gallium silsesquioxane
has also been isolated as a Lewis base-free dimeric
species with tetrahedrally coordinated gallium centers,
isomorphic to its aluminum congener. For B, Al, and
Ga anionic species of the type {[c-CsHgSi7O11(OSiMe-
Phy)]2M} ~{X}* are known, either as ammonium (M =
Al, Ga), lithium (M = B, Al), or MMe,t (M, M' = Al,
Ga) salts. Only for aluminum is the corresponding
Brensted acid {[c-CsHgSiz011(OSiR'3)],Al} ~{H} * stable
enough to be isolated. Due to the much lower tendency
of boranes to undergo protonolysis, deprotonation reac-
tions of silsesquioxanes with boranes are not possible.
On the other hand, both AlMe; and GaMe; readily
undergo protonolysis with incompletely condensed sil-
sesquioxanes, and their chemistry is qualitatively simi-
lar albeit that the reactivity observed for gallium is
considerably milder and more selective than for alumi-
num. Hence, the mild chemistry of gallium alkyl species
provides insight into the analogous but more violent
reactivity of aluminum alkyl species. Not surprisingly,
both aluminum and gallium tend to form stable tetra-
hedrally surrounded metal centers, which in the case
of 9 results in a very crowded species.

Experimental Section

General Comments. All manipulations were performed
under an argon atmosphere using glovebox (Braun MB-150
Gl) and Schlenk techniques. Solvents were distilled from Na
(toluene) or Na/K alloy (hexanes) and stored under argon.
NMR solvents were dried over Na/K alloy (benzene-dg) or 4 A
molecular sieves (CDCls, toluene-ds). NMR spectra were
recorded on a Varian Mercury 400 (*H, ¥C NMR, 25 °C) and
Varian Indigo 500 (**Si NMR, 25 °C) spectrometers. Chemical
shifts are reported in ppm and referenced to residual solvent
resonances (*H, 13C NMR) or external standards (?°Si: SiMe,
= 0 ppm). Elemental analyses were carried out at the Analyti-
cal Departments of the University of Groningen (The Neth-

(14) T, = 368 K, Av = 38.4 Hz, AG*; = —RT, In(wAvh/2k,T,):
Kessler, H. Angew. Chem. 1970, 82, 237.

(15) When the same reaction was carried out with AlMe;s instead, a
much more complex reaction pattern was observed in which not only
protonolysis of the Al—C bonds but also Si—O and Al—C bond breaking
accompanied by Si—C and AI-O bond formation was observed.
Although the 'H, 13C, and ?°Si NMR of the thus formed reaction product
are characteristic for a single aluminosilsesquioxane species, the exact
structure is as yet unknown.
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erlands) and the Eindhoven University of Technology (The
Netherlands). To reduce the often-observed silicon carbide
formation, in some cases V,Os was added to improve the
combustion. Silsesquioxanes (c-CsHg)7SizOg(OH)s, (c-CsH11)7-
Si7Og(OH)3 and (C-C5Hg)7Si7Og(OH)zoSiR'3 (SiR'3 = SiMe3,
SiMePh,) were prepared following literature procedures.3°

{[(C-C5H9)7Si7012]B}2 (1) To a solution of (C-C5H9)7Si709-
(OH)3 (1.68 g, 1.92 mmol) in THF (20 mL) was added LiBH4
(0.96 mL, 2 M in THF, 1.92 mmol) at 0 °C. The solution was
allowed to warm to room temperature and was stirred over-
night. All volatiles were evaporated, and the product was
redissolved in THF (10 mL) and filtered. Slow cooling of a hot,
saturated THF solution yielded colorless crystals of 1 (1.09 g,
1.23 mmol, 64%). 'H NMR (CDClg, ¢): 1.75 (m, 28H, CH.-
CsHy), 1.61 (m, 28H, CH,-CsHjg), 1.51 (m, 56H, CH»-CsHy), 0.90
(m, 14H, CH-CsHg). 3C{H} NMR (CDCls, ¢): 27.80, 27.65,
27.49, 2738, 27.30, 27.10, 26.93, 26.83 (s, CH>-CsHg), 23.60,
22.98, 22.79, 22.34, 22.29 (s, CH-CsHy, 2:2:1:1:1 ratio). Anal.
Calcd for (C3sHs3B0O12Siv7)2: C, 47.59; H, 7.19. Found: C, 47.34;
H, 7.03.

{[(c-CsHy)7Si7011(0SiMePh,)].B} {Li}" (2). To a cooled
(=80 °C) solution of (c-CsHyg)7SizO9(OH).0OSiMePh, (2.10 g, 2.0
mmol) in THF (20 mL) was added LiBH, (0.49 mL, 2 M in
THF, 0.98 mmol). The reaction mixture was allowed to reach
room temperature, upon which hydrogen started to evolve. The
mixture was heated to reflux for 5 min and left overnight at
room temperature. After evaporation of the volatiles, the
residue was crystallized from hexane to give 2 as microcrys-
talline material (1.56 g, 0.72 mmol, 74%). Single crystals of
2-hexane, suitable for X-ray diffraction, were obtained by
recrystallization from hexane (0.26 g, 0.116 mmol, 12%). *H
NMR (CDCls, d): 7.15—7.50 (m, 10H, Ph), 1.50 (m, 56H, CH,-
CsHy), 0.95 (m, 7H, CH-CsHo), 0.70 (s, 3H, Si-Me). BC{*H}
NMR (CDCls;, 0): 136.62, 135.84, 134.59, 134.25, 129.71,
129.68, 127.58, 127.56 (Ph), 28.39, 28.31, 28.18, 27.79, 27.65,
27.61, 27.58, 27.50, 27.40, 27.37, 27.33, 27,25, 27.19, 27.09,
27.05, 27.03, 27.00, 26.93, 26.90, 26.81, 26.71 (CH>-CsHo),
24.59, 24.04, 23.92, 23.62, 22.89, 22.51 (CH-CsHy, 1:1:1:1:1:2
ratio), —0.07 (Si(CHas)s). »°Si{*H} NMR (CDCl;, 9): —7.05
(SiMePh,), —61.37, —63.40, —63.61, —64.68, —64.88, —66.15,
—67.32 ((EO)3SICSH9) Anal. Calcd for CgeHlszBLi024Si15: C,
53.45; H, 7.10. Found: C, 52.98; H, 7.38.

[(c-CesH11)7Si7012]Ga-NEt; (3). Gallium trichloride (1.33 g,
7.55 mmol) was carefully suspended in cooled (—80 °C) THF
(30 mL), and at room temperature (c-CgH11)7Si7O9(OH)3 (7.36
g, 7.56 mmol) and triethylamine (3.05 g, 30 mmol, 4 equiv)
were added. The brown suspension was stirred at 60 °C for 5
h. The mixture was filtered, and the filtrate was evaporated.
Traces of toluene were removed by adding hexane (5 mL) to
the residue, which was subsequently evaporated. Chloroform
(40 mL) was added, and the solution was filtered over Celite.
The filtrate was evaporated to half its original volume, and
hexane (20 mL) was added to give a precipitate. Heating
redissolved the precipitate, and solid 3 (3.28 g, 2.87 mmol, 38%)
was obtained by cooling to —30 °C. Crystals, suitable for X-ray
diffraction, were obtained by recrystallization from chloroben-
zene. 'H NMR (CDCls, 8): 2.94 (q, 6H, N-CH,-CHa, 33y =
7.3 Hz), 1.73 (m, 35H, CH,-CeH11), 1.26 (t+m, 44H, N-CH,-
CHj; + CHj-CgH11), 0.78 (m, 7H, CH-CgH11). *C{*H} NMR
(CDCls, 0): 48.77 (NCH,CHz3), 28.09, 27.94, 27.89, 27.62, 27.45,
27.32,27.11, 27.04 (CH2-CeH11), 24.58, 23.91, 23.69 (3:3:1, CH-
CeHi11), 9.65 (NCH,CHj3). 2°Si{*H} NMR (CDCl;, 9): —64.32,
—68.60, —70.08 (3:1:3). Anal. Calcd for C4sHg,Si;012,GaN: C,
50.50; H, 8.12; N, 1.23. Found: C, 50.67; H, 7.92; N, 1.24.

{[(C-C5H9)7Si7C)1l(C)Si|\/|e|:)hz)]2(3a}7{Etg,NH}+ 4). To a
solution of GaCl; (0.38 g, 2.18 mmol) and (c-CsHg)7Si;Og(OH),-
OSiMePh; (4.40 g, 4.10 mmol) in toluene (40 mL) was added
EtsN (0.89 g, 8.80 mmol) at room temperature. The mixture
gradually gave a precipitate of EtzNHCI. After stirring over-
night at 65 °C, the reaction mixture was filtered. The filtrate
was evaporated, and traces of toluene were removed by
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dissolving the product in hexane (10 mL) followed by evapora-
tion of the volatiles. Pure product was obtained by recrystal-
lization from hexane (40 mL) at —30 °C, yielding 4 as colorless
crystals (2.23 g, 0.96 mmol, 47%), containing hexane in the
lattice. 1H NMR (CDCls, 6): 9.38 (s, 1H, NH), 7.64 (dd, 4H,
Ph), 7.56 (dd, 4H, Ph) 7.40 (m, 12H, Ph), 2.56 (dm, 6H, HN-
(CH2CH3)s, 3Jpn = 58 Hz), 1.50 (M, 112H, CH,-CsHo), 0.90 (m,
14H, CH-C5H9) 0.80 (t, HN(CHZCH3)3, Jun = 7.2 HZ) 0.66 (S,
6H, Si-CHjs). ¥C{*H} NMR ([D]chloroform): 6 137.88, 137.38,
134.17, 134.10, 129.50, 127.71, 127.64 (Ph), 45.25 (NCH,CH),
28.34, 28.06, 27.85, 27.80, 27.64, 27.61, 27.52, 27.46, 27.34,
27.21, 27.14, 27.09, 26.99, 26.93, 26.86, 26.80, 26.70 (CH,-
CsHo), 25.54, 24.95, 24.34, 23.98, 23.82, 22.80, 22.40 (1:1:1:1:
1:1:1 CH-CsHo), 8.58 (NCH,CHg3), —0.02 (Si-CH3). 2Si{H}
NMR (CDCls, 6): —12.83 (SiMePh,), —63.93, —63.59, —64.42,
—65.08, —65.79, —67.34, —67.8 (1:1:1:1:1:1:1). Anal. Calcd for
ClozH]_GgOg4SileGaN: C, 5300, H, 733, N, 0.61. Found: C,
53.24; H, 7.62; N, 0.63.
[(c-CsHy)7Si-011(0SiMePh,)].Ga(GaMe;) (5). To a cooled
(—80 °C) solution of 3 (1.08 g, 0.45 mmol) in toluene (10 mL)
was added GaMe;s (0.90 mL, 0.5 M in toluene, 0.45 mmol). The
mixture was allowed to warm to room temperature and was
heated to reflux for 5 min. The mixture was pumped to
dryness, and by adding hexane (5 mL) and subsequently
evaporating the volatiles, final traces of toluene were removed.
The dry residue was dissolved in hot hexane (10 mL) and
cooled to —30 °C to give crystalline 5 (0.23 g, 0.10 mmol, 22%).
'H NMR (CDCls, 9): 7.63 (m, 8H, Ph), 7.35 (m, 12H, Ph), 1.55
(m, 112H, CH>-CsHg), 0.90 (m, 14H, CH-CsHg), 0.65 (s, 6H,
Si-CH3), —0.22 (s, 6H, GaMey). *C{*H} NMR (CDCls, 0):
138.13, 137.64, 134.51, 134.43, 129.39, 129.32, 127.85, 127.52
(Ph), 28.89, 28.39, 28.26, 27.94, 27.82, 27.73, 27.69, 27.56,
27.37, 27.34, 27.31, 27.27, 27.15, 27.10, 27.00, 26.93, 26.66
(CH2-CsHo), 25.32, 24.79, 23.99, 23.17, 22.78, 22.73, 22.65
(CsHo, 1:1:1:1:1:1:1 ratio), 0.01 (Si-CHs) —2.44 (Ga-CHa). 2°Si-
{*H} NMR (CDClg, 9): —11.91 (SiMePh;), —61.19, —61.93,
—65.12, —65.78, —66.21, —67.83, —68.07 ((=0)3SiCsHo, 1:1:1:
1:1:1:1 ratio). Variable-temperature *H NMR experiments of
7 were carried out in toluene-ds. Anal. Calcd for CogH155Ga,024-
Sie: C, 50.97; H, 6.90. Found: C, 50.82; H, 7.01.
{[R7Si70110H]GaMe}2 (R = ¢c-CsHg (63), c-CeHi11 (Gb))
6a: To a cooled (—80 °C) suspension of (c-CsHg)7SizOg(OH)3
(0.88 g, 1.0 mmol) in toluene (35 mL) was added GaMe; (2.0
mL, 0.5 M in toluene, 1.0 mmol). The mixture was allowed to
warm to room temperature and turned clear after standing
for 5 days. After evaporation of the volatiles, hexane (ca 5 mL)
was added to the residue. Evaporation of the hexane gave 6a
as the only silsesquioxane-containing product. Recrystalliza-
tion from hot hexanes (40 mL) gave 0.47 g (0.25 mmol, 49%),
and 0.13 g (0.068 mmol, 14%) as a second crop after concentra-
tion of the mother liquor. *H NMR (CDCls, 6): 5.79 (sharp s,
2H, OH), 1.70 (m, 112H, CH-CsHg), 1.02 (m, 14H, CH-CsHo),
0.31 (s, 6H, GaMe). *C{*H} NMR (CDCls, 0): 28.04, 27.65,
27.49, 27.42, 27.36, 27.30, 27.28, 27.24, 27.19, 27.06, 27.04,
26.98, 26.92, 26.87 (CH,—CsHy), 23.91, 22.78, 22.50, 22.37,
22.19 (CH-CsHy, 1:2:1:2:1 ratio), —6.99 (Ga-CHs). 2°Si{1H}
NMR (CDCls, 0): —56.42, —57.95, —60.56, —65.65, —65.85,
—65.97, —69.12. IR (CCly): v = 3317 cm™* (br). Anal. Calcd
for C72H134024Si14G32: C, 4512, H, 7.05. Found: C, 4531, H,
6.65. 6b: The general procedure as for 6a was used starting
from (c-CgH11)7Si709(OH)3 (0.98 g, 1.0 mmol) and GaMes (2.0
mL, 0.5 M in toluene, 1.0 mmol), crystals of 6b-CsH14 (0.41 g,
0.19 mmol, 37%) formed upon cooling a saturated hexane
solution. A second crop (0.25 g, 0.11 mmol, 23%) was obtained
at —30 °C after evaporating half of the volume of the mother
liguor. Crystals suitable for diffraction were obtained by
recrystallization from hexane. *H NMR (CDCls, 6): 5.82 (sharp
s, 2H, OH), 1.76 (m, 70H, CH,-C¢H11), 1.30 (m, 70H, CH>-
CeHi1), 0.93 (M, 14H, CH-Cg¢H11), 0.27 (s, 6H, GaMe). 13C{*H}
NMR (CDCls, 0): 27.77,27.74, 27.53, 27.51, 27.46, 27.40, 27.05,
26.89, 26.83, 26.67, 26.60, 26.11, 25.98 (CH,-CeH11), 24.95,
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23.81, 23.67, 22.31, 22.26, 23.11, 23.06 (CH-CgHy,, 1:1:1:1:1:
1:1 ratio), —6.61 (Ga-CHs). 2°Si{*H} NMR (CDCls, 9): —58.52,
—59.94, —62.82, —67.70, —67.86, —68.14, —71.28. IR (CCly):
y = 3289 cm? (br) Anal. Calcd for CgsH162024Si14Gaye
(CeHia)os: C, 51.02; H, 8.26. Found: C, 51.09; H, 8.23 (about
0.2 equiv of the lattice hexane was evaporated).
{[(c-CsHy)7Si;01:(OSiMePh;)]GaMe}, (7). To a cooled
(—80 °C) toluene solution (20 mL) of (c-CsHg)7Si7Og(OH),-
OSiMePh; (2.14 g, 2.0 mmol) was added GaMe; (4.0 mL, 0.5
M in toluene, 2.0 mmol). The mixture was warmed to room
temperature and refluxed overnight. The volatiles were evapo-
rated, and the crude product was dissolved in hexane (70 mL).
After filtering traces of impurities, the clear solution was
concentrated (30 mL), and slow cooling of a saturated, hot
solution gave 7 as microcrystalline material (0.46 g, 0.2 mmol,
20%). The product consisted of a mixture of three conformers
of 7 in a 5:1:40 ratio. Major isomer (85% pure). *H NMR
(CDCl3, 8): 7.58 (m, 4H, Ph), 7.30 (m, 6H, Ph), 1.78 (m, 14H,
CH-CsHy), 1.47 (m, 42H, CH,-CsHjg), 0.90 (m, 7H, CH-CsHy),
0.64 (s, 3H, SiCHg3), —0.30 (s, 3H, GaCHjs). **C NMR (CDCls,
0): 137.29 (ipso-C, Ph), 134.14 (Ph), 129.29 (Ph), 127.42 (Ph),
28.15, 28.09, 28.04, 27.30. 27.20, 27.06, 27.03, 26.98, 26.92,
26.87 (CH,-CsHo), 24.52, 24.48, 23.72, 22.98, 22.84, 22.42, 22.31
(CH-CsHg, 1:1:1:1:1:1:1 ratio), —0.44 (SiCHg3), —6.70 (GaCHy3).
Anal. Calcd for (CagH79Ga012Sis),: C, 50.97; H, 6.90. Found:
C, 50.67; H, 6.64. Variable-temperature *H NMR experiments
of 7 were carried out in toluene-ds.
{[(C-C5H9)7Si7Oll(OSiMeth)]z(GaMez)4} (8) To a cooled
(—80 °C) solution of (c-CsHy);SizO¢(OH),0SiMePh; (2.14 g, 2.0
mmol) in toluene (20 mL) was added GaMe; (8.0 mL, 0.5 M in
toluene, 4.0 mmol). The mixture was allowed to warm to room
temperature, upon which evolution of gas was visible. After
stirring for 30 min, the mixture was gently heated and, when
gas evolution ceased, heated to reflux for 1 min. After evapora-
tion of the volatiles, traces of toluene were removed by
dissolving the product in hexane (5 mL) and subsequent
evaporation of the volatiles. Pure 8 was obtained as a white
powder. Recrystallization from hot hexane (40 mL) afforded
air-stable, hexane-containing crystals suitable for diffraction
(1.87 g, 0.71 mmol, 72%). *H NMR (CDCls, 9): 7.63 (d, 8H,
Ph), 7.38 (m, 12H, Ph), 1.45 (m, 112H, CH»-CsHy + CHy-
hexane), 0.85 (t, 20H, Jun = 5.2 Hz, CH3-hexane + m, CH-
CsHog), 0.60 (s, 6H, Si-CHg), —0.20 (s, 24H, GaMey). 3C{H}
NMR (CDCls, 9): 137.51, 134.52, 129.63, 127.74 (Ph), 28.25,
28.07, 28.00, 27.91, 27.86, 27.82, 27.52, 27.14, 27.00, 26.95,
26.71 (CH,-CsHo), 25.53, 25.38, 24.30, 24.24, 22.90 (CH-CsH,,
1:2:2:1:1 ratio), 1.21 (Si-CHg), —1.91 (Ga-CHjg). 2°Si{*H} NMR
(CDCls, 9): —11.84 (SiMePh,), —61.65, —66.86, —67.37, —68.16
((EO)3siC5H9, 2:3:1:1 ratio). Anal. Calcd for C104H1760248i15-
GasCeHia: C, 50.33; H, 7.30. Found: C, 50.23; H, 7.12.
{[(c-CsHy)7Si7012]2(GaMes)s} (9). To a cooled (—80 °C)
suspension of (c-CsHg)7SizOg(OH)3 (1.75 g, 2.0 mmol) in toluene
(20 mL) was added GaMe; (12.0 mL, 0.5 M in toluene, 6.0
mmol). The mixture was allowed to warm to room tempera-
ture, upon which the mixture turned clear and gas evolved.
After gas evolution ceased, the mixture was heated to reflux
for ca. 1 min. Pure 9 (1.20 g, 0.49 mmol, 49%) was obtained
by crystallization from a concentrated reaction mixture as
toluene-containing crystals. Recrystallization from a minimum
amount of toluene at room temperature afforded toluene-
containing crystals, suitable for diffraction. *H NMR (CDCls,
0): 1.50 (m, 112H, CH,-CsHg), 0.87 (m, 14H, CH-CsHy), 0.58
(s, 9H, GaMe), —0.04 (s, 9H, GaMe), —0.19 (s, 9H, GaMe),
—0.23 (s, 9H, GaMe). 13C{*H} NMR (CDCls, 8): 27.77, 27.65,
27.55, 27.42, 27.28, 27.24, 26.99, 26.90, 26.88, 26.80 (CH.-
CsHy), 25.43, 24.12, 22.51 (3:3:1, CH-CsHo), 5.99, —1.99, —2.75,
—3.47 (1:1:1:1, Ga-CHs). ?°Si{*H} NMR (CDCls, ¢): —62.17,
—67.09, —68.13 (3:1:3). Anal. Calcd for CgyH162024Si14Gas: C,
42.02; H, 6.97. Found: C, 41.60; H, 6.90. Variable-temperature
'H NMR (benzene-dg) of 9 was carried out. The two most
upfield GaCHjs singlets (A = 0.13 ppm) coalesce at 95 °C.
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Table 1. Details of the X-ray Structure Determination of {[(c-CsHy)7Si;01:(OSiMePh)].B} {Li}* (2), {[(c-CsHq);Si;011(OSiMePh,)].Ga} { HNEts} * (4),

[(‘c-CsHo)7Si-011(0SiMePhy)].Ga(GaMey) (5), {[(c-CeHi1)7Siz011(OH)]GaMe}, (6b), {[(c-CsH);Si-011(0SiMePhy)],(GaMe;)4} (8), and

{[(c-CsHo)7Siz012]2(GaMez)e} (9)

2

4

5

6b

8

9

formula

fw

cryst syst
space group, no.
a, A

b, A

c, A

a, deg

B, deg

y, deg

Vv, A3

Decalc, g'cm’3
Z

F(000), electrons
u(Mo, Ka)), cm~?
cryst size, mm
T, K

6 range, deg: min., max.

(Mo, Ka), A
monochromator
index ranges

total no. of data
no. of unique data
WR(F?)

R(F)

GooF

largest diff peak hole, e/A3

C102H166BL1024Si16

2243.54
triclinic

P1
17.054(3)
18.506(4)
21.499(6)
91.804(18)
102.076(14)
113.823(18)
6019(2)
1.238

2

2404

2.33

0.1 x0.1x0.1
203(2)
0.98, 28.28
0.71073
graphite

h: —22—21
k: —23—23
I: 0—28

34 649

24 834
0.1717
0.0677
1.032
0.888, —0.536

C108H180GaN0O24Si16

2395.69
monoclinic
P21/n
24.9079(16)
19.0745(12)
28.6507(18)

111.5890(10)

12657.2(14)
1.257

4
5128

4.33

0.1 x 0.1 x0.2
203(2)

1.36, 23.26
0.71073
graphite

h: —27—25

k: 0—21

I: 0—31

99 146

18 163

0.1612

0.0658

1.048

0.913, —0.893

CogH158Ga2024Si16

2309.12
monoclinic
C2lc
34.125(3)
12.7336(10)
27.676(2)

105.2320(10)

11603.6(16)
1.322

4

4896

6.96

0.1 x 0.1 x 0.05
203(2)

1.24, 26.37
0.71073
graphite

h: —42—41

k: 0—15

I: 0—34

101 348

11 836
0.1023
0.0487

1.016

0.456, —0.547

Co2H176Ga2024Si14

2199.03
triclinic
P1
14.275(7)
15.077(7)
15.909(8)
97.374(9)
99.935(9)
112.552(8)
3043(3)
1.200

1

1178

6.40
02x01x0.1
203(2)
1.33,20.82
0.71073
graphite
h: —14—13
k: —15—14
I: 0—15
27 012
6369
0.1839
0.0795
1.044
0.722, —0.543

C110H100Ga4024Si16

2624.94
monoclinic
P21/n
14.1074(15)
20.841(2)
22.718(2)

96.813(2)

6632.1(12)
1.314

2

2780

10.11

0.4 x 0.2 x 0.1
203(2)

1.33, 28.66
0.71073
graphite

h: —18—17

k: 0—28

I: 0—30

51 429
15722
0.1143
0.0399

1.036

0.855, —0.495

CgoH170Ga5024Si14

2435.83
monoclinic
P21/C
18.165(3)
24.870(4)
26.031(4)

100.971(3)

11545(3)
1.401

4
5112

15.89

0.3 x0.3x0.3
203(2)
1.14,28.71
0.71073
graphite

h: —23—23

k: 0—33

I: 0—34

89 433

27 277

0.1561

0.0559

1.027

0.926, —0.953
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X-ray Structure Determination of 2, 4, 5, 6b, 8, and 9.
Suitable crystals were selected, mounted on a thin, glass fiber
using paraffin oil, and cooled to the data collection tempera-
ture. Data were collected on a Bruker AX SMART 1k CCD
diffractometer using 0.3° w-scans at 0°, 90°, and 180° in ¢.
Unit-cell parameters were determined from 60 data frames
collected at different sections of the Ewald sphere. Semiem-
pirical absorption corrections based on equivalent reflections
were applied.'® The raw data were routinely processed with
XPREP, which flags unit cells with possible higher symmetry
settings or super lattices. The space group assignment was
unique to the observed unit cells and systematic absences. No
symmetry higher than triclinic was observed for 2 and 6b.
Systematic absences in the diffraction data were consistent
with Cc and C2/c for 5 and, uniquely, for the reported space
groups for 4, 8, and 9. Solution in the centric options yielded
chemically reasonable and computationally stable results of
refinement. The structures were solved by direct methods,
completed with difference Fourier syntheses, and refined with
full-matrix least-squares procedures based on F2. The com-
pound molecules in 6b and 8 were located at inversion centers.
The compound molecule in 5 is located at a 2-fold axis. The
gallium atoms in 9 were found disordered in two chemically
equivalent positions with a 70/30 site occupancy. Two cyclo-
pentyl, one cyclopentyl, and one cyclohexyl ring were found
disordered in roughly 50/50 site occupancy distributions for
2, 5, and 6b. Hexane molecules were found cocrystallized in

(16) Blessing, R. Acta Crystallogr. 1995, A51, 33.
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the asymmetric units of 2 (one molecule), 4 (one molecule),
6b (one-half molecule on inversion center), and 8 (one-half
molecule on inversion center). A toluene molecule was found
cocrystallized in the asymmetric unit of 9. The crystal struc-
ture of 6b suffers from its R-value as a result of a high degree
of mosaicity. Thus the data quality was not as good as the
others, and the maximum angle of diffraction was also lower
than the other compounds. All non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydro-
gen atoms were treated as idealized contributions. All scat-
tering factors and anomalous dispersion factors are contained
in the SHEXTL 5.10 program library.'” Detailed data are listed
in Table 1.
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