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Abstract: RGa {R=HC[C(Me)N(2,6-iPr,C,H;)],} reacts with
Sb(NMe,); with insertion into the Sb—N bond and elimination
of RGa(NMe,), (2), yielding the Ga-substituted distibene
R(Me,N)GaSb=SbGa(NMe,)R (1). Thermolysis of 1 pro-
ceeded with elimination of RGa and 2 and subsequent
formation of the bicyclo[1.1.0]butane analogue [R-
(Me,N)Ga],Sb, (3).

M ono-valent Group 13 compounds [RM], (M = Al, Ga, In,
TI) and metalloid clusters [R,M,] (x < y) have been intensely
studied over the last decades."! Early studies focused on the
structural characterization of these fascinating compounds
including giant Al,; and Gag, clusters or an unusual Ing
chain,® while their chemical reactivity has been investigated
in recent years.!) Cp*M® and RM (R =HC[C(Me)N(2,6-
iPr,CeH3) ;' M=Al, Ga, In) were found to react with
unsaturated organic functional groups, such as olefins and
azides, small molecules, such as O,, Sg, P,, and others, as well
as with Lewis acidic main-group-metal and late transition-
metal complexes.*®! The redox activity of mono-valent
Group 13 diyls RM plays a crucial role in small-molecule
activation and in reactions with main-group-metal com-
pounds. Insertion reactions were observed with GaX; (X=
Cl, Me),”! Me,PbCl, Pb(OSO,CF;),, and Hg(SC,F;),," while
intermetallic clusters [Sn,{Ga(CI)(R)},] and [Sn,,{Ga(Cl)-
(R)},] were formed in reactions with SnCL."Y) Reactions of
RGa with Bi(OR"); occurred with reduction of the Bi atoms
and formation of dibismuthenes [RGa(OR")Bi], (R” = C¢Fs,
SO,CF;)," and reactions of base-stabilized GeCl, with RGa
and RGa/KCy yielded Ge,(GaR), and Gey(GaR),, respec-
tively."" These reactions illustrate the promising potential of
RGa to serve as selective reducing agents for the synthesis of
intermetallic compounds, but the reaction mechanism and the
factors which determine if simple insertion or more complex
reduction reactions occur, are not fully understood.
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Owing to our interest in the chemistry of Group 13 diyls
RM (M=Al, Ga, In) we studied reactions of RGa with
Et;Bi,"* Et,E, (E = Sb, Bi),l*"! iPr,Te, and Ph,Te,,l”) which
proceeded with insertion of RM into the Bi-C, E-E, Te-C,
and Te-Te bond, respectively. We now report on reactions of
RGa with EX; (E=Sb, Bi; X=Et, NMe,) and solid-state
structures of R(Me,N)GaSb=SbGa(NMe,)R (1), a Ga-stabi-
lized distibene with a Sb=Sb double bond, and the first Sb
analogue of bicyclo[1.1.0]butane, [R(Me,N)Gal,Sb, (3), with
a butterfly-type Sb, unit.

RGa was treated in different molar ratios (1:1, 2:1) at
different temperatures (25-110°C) with Et;Sb, but in contrast
to the insertion reaction with BiEt;, which proceeded at 80°C
with formation of R(Et)GaBiEt,, and with Et,E,, yielding
RGa(EEt,), at ambient temperature,'" no reaction was
observed. SbEt; is less reactive than Et;Bi owing to the
somewhat stronger Sb—C bond and the reduction potential of
RGa is too low. It should be noted, that the reaction of
Sb(nBu); with the stronger reducing agent Cp*,Sm gave the
[Cp*,Sm]5(u-n?m*m'-Sb;) containing a Zintl-type Sbs*
anion.'®! We therefore reacted RGa with Sb(NMe,); contain-
ing weaker Sb—N bonds in a 2:1 molar ratio at 75 °C, yielding
R(Me,N)GaSb=SbGa(NMe,)R (1) and RGa(NMe,), (2) in
good yields (Scheme 1). The insertion into the Sb—N bond
occurred even at room temperature, but a month is needed
for the formation of reasonable amounts of 1 and 2.
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Ar = 2,6-iPr,CeHs

Scheme 1. Synthesis of 1 and 2.

Compound 1 readily decomposes under aerobic condi-
tions but is stable in solution and in the solid state at ambient
temperature under argon atmosphere. It is slightly soluble in
benzene and toluene at ambient temperature, but dissolves
well upon heating. The 'H NMR spectrum of 1 shows two
singlets (6 =3.09, 2.67 ppm) for the NMe, group and two
septets (6 =3.62, 2.90 ppm) and four doublets (& =1.35, 1.29,
1.02, 1.00 ppm) for the magnetically inequivalent iPr groups
of the B-diketiminate ligand, while the y-CH and two methyl
groups of the C;N,M ring are in the non-crystallographic
mirror plane and exhibit only singlets (6 =4.75, 1.61 ppm).
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The reaction of RGa with Bi(NMe,); differs significantly
from those of Sb(NMe,); and BiEt;. While the reaction with
BiEt; gave the insertion product R(Et)GaBiEt, at 80°C, the
reaction with Bi(NMe,); gave Bi metal and 2 even at ambient
temperature. At low temperatures (—80°C), the reaction
progress is visible by a gradual color change of the solution
from orange to dark red. Monitoring the reaction by in situ
"H NMR spectroscopy at —80°C gave a few signals which
could not be assigned to any known species. These signals
diminished with increasing temperature and only the signals
for 2 and Bi(NMe,); were observed above —30°C (Figure S9
in the Supporting Information). Even though no reaction
intermediate could be isolated, we speculate that the reaction
mechanism is identical to that observed with BiEt;. However,
the initially formed insertion product R(NMe,)GaBi(NMe,),
is less stable toward disproportionation into RGa(NMe,), (2),
Bi(NMe,); (Figure S10), and Bi metal than its counterpart
R(Et)GaBiEt,. The formation of 2 was independently veri-
fied in both reactions of RGa with E(NMe,); (E = Sb, Bi) and
2 was fully characterized by 'H, *C NMR, IR spectroscopy,
and single-crystal X-ray diffraction.

Single crystals of 1 and 2 were obtained from a saturated
toluene solution at ambient temperature (1) and at —30°C (2)
after storage for 24 h. Compound 1 crystallizes in the triclinic
space group P1 and 2 in the monoclinic space group P2,/n.["")

The structure of 1 consists of a centrosymmetric distibene
(Sb,) unit substituted by two R(NMe,)Ga moieties, resulting
in a trans-bent orientation of the almost planar Ga-Sb=Sb-Ga
unit (Figure 1). The Ga atoms have distorted tetrahedral
coordination spheres. The Sb—Sb bond (2.6477(4) A) is
shorter than Sb—Sb single bonds in distibines L,Sb—SbL,,*!
but comparable to that of distibenes ArSb=SbAr (Ar=24,6-
[CH(SiMe;),]sCeH,,  2.642(1) A% CH;-2,6-Trip,, 2.668-
(2) A1 CH;-2,6-Mes,, 2.6558(5) A1) 1,2-bis(ferrocenyl),
2.6700(7) A;1] 2,6-[CH(SiMe;),],-4-[C(SiMes);]-CH,,

Figure 1. Molecular structure of R(Me,N)GaSb=SbGa(NMe,)R (1). H-
atoms have been omitted for clarity and displacement ellipsoids are
set at 30% probability. The non-labeled part was generated by
inversion. Selected bond lengths [A] and angles [*]: Sb1-Sb1a 2.6477-
(4), Gal-Sb1 2.6200(4), Gal-N1 1.9894(13), Gal-N2 1.9826(13),
Gal-N3 1.8558(13); Gal-Sb1-Sb1a 94.71(1), N1-Ga1-N2 93.16(5), N1
Gal-N3 107.79(6), N2-Ga1-N3 106.27(6), N1-Gal-Sb1 112.66(4), N2-
Gal-Sb1 117.88(4), N3-Gal-Sb1 116.37(4).
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2.7037(6) A™®¥). The Sb-Sb-Ga bond angle (94.71(1)°)
agrees well with the Sb-Sb-H angle calculated for HSb=SbH
(93.0°)2 and values reported for ArSb=SbAr."”! The Ga
atom in C;N,Ga ring is out of plane (deviation from best
plane of the ligand backbone 0.6468(17) A) and the Ga—Sb
bond length of 2.6200(4) is comparable to the sum of the
covalent radii (Ga=1.24 A; Sb=1.40 A)? and values
reported for Ga—Sb o-bonded compounds, such as
[Me,GaSbR’,]; (R’ =SiMe;, 2.6773(5)-2.7144(5) A;?* Me,
2.666(1)-2.682(1) A;?®! Pr, 2.669(1)-2.694(1) AP*)) and
[(dmap)Et,GaSb(SiMe;),] (2.648(1) A; dmap = 4-dimethyla-
mino pyridine).” The structure of 2 (Figure S12) is similar to
that of RGa(NH,),.” The Ga atom adopts a distorted
tetrahedral geometry and the Gal—N1/N2 bonds (1.9719(10),
1.9731(10) A) are longer than the Ga—NMe, bonds (Gal—N3,
1.8531(11) A; Gal-N4, 1.8668(11) A).

Compound 1 was heated in [Dg]toluene for 24 h at 120°C
to investigate its thermal stability and the reaction progress
was investigated by in situ NMR spectroscopy. The '"H NMR
spectra showed a steady decrease in the intensity of the
resonances of 1, while resonances arising from the formation
of RGa, 2, and [R(Me,N)Ga],Sb, (3) in 1:1:2 integral ratio
appeared (Figure S11), possibly via formation of digallane
R(NMe,)Ga—Ga(NMe,)R, which disproportionates into
RGa and 2 (Scheme2).” As was observed for 1, the
'HNMR spectrum of 3 shows two singlets (&=2.80,

Ar NMez Mezlr Ar
Sb Touene, 20°c N Ga\ /Ga lllll N
Oluene,
2 / \Sb/ Troa-z C/N{ B 5P \NQ
2 Ar S‘b/ A
NMe2 Ar Sb
1 3

Ar = 2,6-iPryCgHs

Scheme 2. Synthesis of 3.

2.70 ppm) for the NMe, group, two septets (6=3.35,
3.15 ppm), and four doublets (6 =1.44, 1.33, 1.23, 1.05 ppm)
for the magnetically inequivalent iPr groups as well as singlets
(6=4.64, 1.50 ppm) of the y-CH and both methyl groups of
the B-diketiminate ligand. The formation of insoluble (met-
allic) material was not observed under these harsh conditions.
Storage of the solution at 0°C for 12 h gave orange crystals of
[R(Me,N)Gal,Sb, 3.0

Compound 3 crystallizes in the monoclinic space group
P2,/m." Tts central structural motif is the butterfly-shaped
Sb, unit, which is substituted by two Ga(NMe,)R ligands
(Figure 2). The Sb—Sb bonds (2.7920(5)-2.8298(4) A) are
significantly elongated compared to that in 1 but comparable
to values reported for Sb—Sb single bonds in distibines
R,Sb,!"®and cyclostibines (RSb),.*"! Unfortunately, structural
data of the Sb, cluster, which is the most stable species in the
gas phase up to 1050 K,””! are not available because Sb, is
thermodynamically unstable forming amorphous Sb in the
solid state. However, Sb, clusters were discovered by STM in
vapor-phase deposited Sb thin films™! and the Sb—Sb bond
length (2.87 A) in the Sb, tetrahedron was determined by high
level CI calculations,™ which is slightly elongated compared
to values observed in 3. The Ga—Sb bond in 3 (2.5975(5) A) is
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Figure 2. Molecular structure of [R(Me,N)Ga],Sb, (3). H-atoms have
been omitted for clarity and displacement ellipsoids are set at 20%
probability. The non-labeled part was generated by mirror symmetry
#1: x,—y+1/2,z. Selected bond lengths [A] and angles [°]: Sb1-Gal
2.5975(5), Sb1-Sb3 2.8139(4), Sb1-Sb2 2.8298(4), Sb2-Sb3 2.7920(5),
Gal-N1 1.985(3), Gal-N2 1.989(3), Ga1-N3 1.851(3); Gal1-Sb1-Sb3
105.770(14), Ga1-Sb1-Sb2 101.704(14), Sb3-Sb1-Sb2 59.300(13), Sb3-
Sb2-Sb1 60.065(11), Sb3-Sb2-Sb1a 60.065(11), Sb1-Sb2-Sb1a 75.084-
(14), Sb2-Sb3-Sb1 60.635(11), Sb2-Sb3-Sb1a 60.636(11), Sb1-Sb3-Sb1a
75.585(14), N3-Gal-N1 109.95(15), N3-Ga1-N2 105.60(14), N1-Gal-
N2 93.05(13), N3-Gal-Sb1 124.64(11), N1-Gal-Sb1 104.49(10), N2-
Gal-Sb1 114.49(9).

slightly shorter than in 1 (2.6200(4) A), while the structure
parameters of the R ligand are almost identical to those
observed for 1 and 2.

Neutral Group 15 analogues (P,, As,) of bicyclo-
[1.1.0]butane are well known since the first synthesis of
[(Me;Si),N],P, and Mes,P,.”*3! which was formed together
with diphosphene Mes,P, in the reaction of MesLi with P,
and are typically synthesized by activation reactions of
elemental P, and As, with main-group and transition-metal
complexes.’? In addition, complexes with intact P, and As,
ligands were recently reported.® In contrast, analogous Sb,
complexes are unknown, to date, while several neutral
cyclotetrastibines R,Sb,*! and compounds containing the
planar [Sb,]>~ dianion were structurally characterized.[*”!
Weigand etal. recently thermolyzed [(Me;P),Sb,]*" and
speculated on the formation of a [(Me;P),Sb,]*" intermedi-
ate.’ Analogous dicationic compounds of the lighter homo-
logues P and As, such as [(Ph;E),P,]*" (E=P, As) and the
bicyclic phosphinophosphonium monocationic [Mes*,P,Cl]",
as well as the Lewis acid-stabilized version of the RP, anion
have also recently been structurally characterized.®”™
[(Me;P),Sb,]*" was initially formed by the thermolysis
reaction of [Sb(PMe;),]*" via reductive elimination of
[Me;PPMe;,]*" and generation of [Sb(PMe,)]", which stepwise
dimerizes to [(Me;P),Sb,]** and finally [(Me;P),Sb,]**.1*! To
our knowledge, Mes*,P,Sb, is the only structurally charac-
terized Sb-containing bicyclo[1.1.0]butane derivative.*!! Tt
was formed by reaction of Cp*SbCl, with Mes*P(SiMe;)Li,
through the formation of stibaphosphene Cp*Sb=PMes* as
an intermediate, which undergoes Cp*—Sb bond cleavage and
formation of a radical, which further reacts under Sb—Sb bond
formation. The Sb—Sb bond length of Mes*,P,Sb, (2.723-
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(1) A), which in contrast to 3 adopts a exolendo form, is
shorter than that observed in 3 (2.7920(5) A), while the fold
angle (103.2°) is significantly larger than that in 3 (89.359-
(10)°). Note that the attempted synthesis of an NHC
stabilized Sb, complex by reduction of an NHC-SbCl,
adduct failed,*”! which clearly illustrates the high synthetic
potential of the insertion-reduction method using monova-
lent RGa compared to the widely established coordination-
reduction approach by use of NHCs.

In summary, the first Sb analogue of bicyclo[1.1.0]butane,
[R(Me,N)Gal,Sb, (3), was obtained in a controlled reaction
in good yield by thermal treatment of the distibene R-
(Me,N)GaSb=SbGa(NMe,)R (1), which was synthesized by
reaction of RGa with Sb(NMe,); containing rather weak Sb—
N bonds. The general applicability of the proposed reaction
mechanism for the formation of other main-group metalloid
clusters as well as initial studies on the chemical reactivity of
both 1 and 3 are under investigation.

Acknowledgements

We gratefully acknowledge financial support from the Uni-
versity of Duisburg-Essen.

Keywords: Group 13 elements - main-group elements - metal—
metal interactions - multiple bonding

How to cite: Angew. Chem. Int. Ed. 2015, 54, 10657-10661
Angew. Chem. 2015, 127, 10803-10807

[1] a) G. Linti, H. Schnockel, Coord. Chem. Rev. 2000, 206—207,

285-319; b) A. Schnepf, H. Schnockel, Angew. Chem. Int. Ed.

2002, 41,3532 -3554; Angew. Chem. 2002, 114,3682-3704; c) H.

Schnockel, Dalton Trans. 2005, 3131-3136; d) H. Schnockel,

Dalton Trans. 2008, 4344 —4362.

a) A. Ecker, E. Weckert, H. Schnockel, Nature 1997, 387, 379 -

381; b) A. Schnepf, H. Schnockel, Angew. Chem. Int. Ed. 2001,

40, 711-715; Angew. Chem. 2001, 113, 733-737; ¢) M. S. Hill,

P. B. Hitchcock, R. Pongtavornpinyo, Science 2006, 371, 1904 —

1907.

[3] a) C. Dohmeier, D. Loos, H. Schnockel, Angew. Chem. Int. Ed.
Engl. 1996, 35, 129-149; Angew. Chem. 1996, 108, 141-161,
b) M. N. S. Rao, H. W. Roesky, G. Anantharaman, J. Organomet.
Chem. 2002, 646, 4—14; c) H. W. Roesky, S.S. Kumar, Chem.
Commun. 2005, 4027-4038; d) P. W. Roesky, Dalton Trans.
2009, 1887-1893; e) M. Asay, C. Jones, M. Driess, Chem. Rev.
2011, 711, 354-396; f) Y.-C. Tsai, Coord. Chem. Rev. 2012, 256,
722-758.

[4] M=Al: a) C. Dohmeier, C. Robl, M. Tacke, H. Schnockel,
Angew. Chem. Int. Ed. Engl. 1991, 30, 564 -565; Angew. Chem.
1991, 703, 594-595; b) S. Schulz, H. W. Roesky, H.-J. Koch,
G. M. Sheldrick, D. Stalke, A. Kuhn, Angew. Chem. Int. Ed.
Engl. 1993, 32,1729 -1731; Angew. Chem. 1993, 105, 1828 -1830;
c) C. Ganesamoorthy, S. Loerke, C. Gemel, P. Jerabek, M.
Winter, G. Frenking, R. A. Fischer, Chem. Commun. 2013, 49,
2858 -2860; M = Ga: d) P. Jutzi, L. O. Schebaum, J. Organomet.
Chem. 2002, 654, 176-179; M =1In: e) O. T. Beachley Jr., M. R.
Churchill, J. C. Fettinger, J. C. Pazik, L. Victoriano, J. Am. Chem.
Soc. 1986, 108, 4666 —4668.

[S] M=Al: a) C. Cui, H. W. Roesky, H.-G. Schmidt, M. Nolte-
meyer, H. Hao, F. Cimpoesu, Angew. Chem. Int. Ed. 2000, 39,
4274-4276; Angew. Chem. 2000, 112, 4444-4446; M =Ga:

[2

—_—

www.angewandte.org

die

Chemie

10659


http://dx.doi.org/10.1016/S0010-8545(00)00339-8
http://dx.doi.org/10.1016/S0010-8545(00)00339-8
http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3C3532::AID-ANIE3532%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3C3532::AID-ANIE3532%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3682::AID-ANGE3682%3E3.0.CO;2-6
http://dx.doi.org/10.1039/b507002n
http://dx.doi.org/10.1039/b718784j
http://dx.doi.org/10.1038/387379a0
http://dx.doi.org/10.1038/387379a0
http://dx.doi.org/10.1002/1521-3773(20010216)40:4%3C711::AID-ANIE7110%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20010216)40:4%3C711::AID-ANIE7110%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20010216)113:4%3C733::AID-ANGE7330%3E3.0.CO;2-G
http://dx.doi.org/10.1126/science.1123945
http://dx.doi.org/10.1126/science.1123945
http://dx.doi.org/10.1002/anie.199601291
http://dx.doi.org/10.1002/anie.199601291
http://dx.doi.org/10.1002/ange.19961080204
http://dx.doi.org/10.1039/b505307b
http://dx.doi.org/10.1039/b505307b
http://dx.doi.org/10.1039/b816377d
http://dx.doi.org/10.1039/b816377d
http://dx.doi.org/10.1021/cr100216y
http://dx.doi.org/10.1021/cr100216y
http://dx.doi.org/10.1016/j.ccr.2011.12.012
http://dx.doi.org/10.1016/j.ccr.2011.12.012
http://dx.doi.org/10.1002/anie.199105641
http://dx.doi.org/10.1002/ange.19911030527
http://dx.doi.org/10.1002/ange.19911030527
http://dx.doi.org/10.1002/anie.199317291
http://dx.doi.org/10.1002/anie.199317291
http://dx.doi.org/10.1002/ange.19931051233
http://dx.doi.org/10.1039/c3cc38584a
http://dx.doi.org/10.1039/c3cc38584a
http://dx.doi.org/10.1016/S0022-328X(02)01429-8
http://dx.doi.org/10.1016/S0022-328X(02)01429-8
http://dx.doi.org/10.1021/ja00275a077
http://dx.doi.org/10.1021/ja00275a077
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4274::AID-ANIE4274%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4274::AID-ANIE4274%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4444::AID-ANGE4444%3E3.0.CO;2-U
http://www.angewandte.org

10660 www.angewandte.org

Angewandte

Communications

b) N. J. Hardman, B. E. Eichler, P. P. Power, Chem. Commun.
2000, 1991-1992; M =1In: ¢) M. S. Hill, P. B. Hitchcock, Chem.
Commun. 2004, 1818 -1819.

a) C. Cui, H. W. Roesky, H.-G. Schmidt, M. Noltemeyer, Angew.

Chem. Int. Ed. 2000, 39, 4531-4533; Angew. Chem. 2000, 112,

4705-4707; b) N. J. Hardman, C. Cui, H. W. Roesky, W. H. Fink,

P. P. Power, Angew. Chem. Int. Ed. 2001, 40,2172 -2174; Angew.

Chem. 2001, 113, 2230-2232; c) N.J. Hardman, P. P. Power,

Inorg. Chem. 2001, 40, 2474 -2475; d) Y. Peng, H. Fan, H. Zhu,

H. W. Roesky, J. Magull, C. E. Hughes, Angew. Chem. Int. Ed.

2004, 43,3443 -3445; Angew. Chem. 2004, 116,3525-3527;¢) Y.

Peng, H. Fan, V. Jancik, H. W. Roesky, R. Herbst-Irmer, Angew.

Chem. Int. Ed. 2004, 43, 6190-6192; Angew. Chem. 2004, 116,

6316-6318; f) H. Zhu, J. Chai, V. Jancik, H. W. Roesky, W. A.

Merrill, P. P. Power, J. Am. Chem. Soc. 2005, 127, 10170-10171;

¢) H. Zhu, J. Chai, H. Fan, H. W. Roesky, C. He, V. Jancik, H.-G.

Schmidt, M. Noltemeyer, W. A. Merill, P. P. Power, Angew.

Chem. Int. Ed. 2005, 44, 5090-5093; Angew. Chem. 2005, 117,

5220-5223; h) H. Zhu, R. B. Oswald, H. Fan, H. W. Roesky, Q.

Ma, Z. Yang, H.-G. Schmidt, M. Noltemeyer, K. Starke, N. S.

Hosmane, J. Am. Chem. Soc. 2006, 128, 5100-5108; i) X. Li, X.

Cheng, H. Song, C. Cui, Organometallics 2007, 26, 1039-1043;

j) G. Prabusankar, A. Doddi, C. Gemel, M. Winter, R. A.

Fischer, Inorg. Chem. 2010, 49, 7976-7980; k) J. Li, X. Li, W.

Huang, H. Hu, J. Zhang, C. Cui, Chem. Eur. J. 2012, 18, 15263 -

15266.

a) J. D. Gorden, A. Voigt, C. L. B. Macdonald, J. S. Silverman,

A.H. Cowley, J. Am. Chem. Soc. 2000, 122, 950-951; b) J. D.

Gorden, C. L. B. Macdonald, A. H. Cowley, Chem. Commun.

2001, 75-76; c)N.J. Hardman, P.P. Power, J. D. Gorden,

C.L.B. Macdonald, A.H. Cowley, Chem. Commun. 2001,

1866—-1867; d) Z. Yang, X. Ma, R. B. Oswald, H. W. Roesky,

H. Zhu, C. Schulzke, K. Starke, M. Baldus, H.-G. Schmidt, M.

Noltemeyer, Angew. Chem. Int. Ed. 2005, 44, 7072-7074;

Angew. Chem. 2005, 117, 7234-7236; ¢) J. D. Gorden, C. L. B.

Macdonald, A. H. Cowley, Main Group Chem. 2005, 4, 33-38;

f) S. Schulz, A. Kuczkowski, D. Schuchmann, U. Florke, M.

Nieger, Organometallics 2006, 25, 5487 —5491.

[8] a) R. A. Fischer, J. WeiB3, Angew. Chem. Int. Ed. 1999, 38, 2830 —
2850; Angew. Chem. 1999, 111, 3002-3022; b) C. Gemel, T.
Steinke, M. Cokoja, A. Kempter, R. A. Fischer, Eur. J. Inorg.
Chem. 2004, 4161-4176; c) A. Kempter, C. Gemel, T. Caden-
bach, R. A. Fischer, Inorg. Chem. 2007, 46, 9481-9487; d) S.
Gonzilez-Gallardo, T. Bollermann, R. A. Fischer, R. Muruga-
vel, Chem. Rev. 2012, 112,3136-3170; e) M. Molon, K. Dilchert,
C. Gemel, R. W. Seidel, J. Schaumann, R. A. Fischer, Inorg.
Chem. 2013, 52, 14275 -14283; f) C. Ganesamoorthy, J. WeBing,
C. Kroll, R. W. Seidel, C. Gemel, R. A. Fischer, Angew. Chem.
Int. Ed. 2014, 53, 7943 -7947; Angew. Chem. 2014, 126, 8077 —
8081; g) M. Molon, C. Gemel, R. A. Fischer, Dalton Trans. 2014,
43, 3114-3120.

[9] A. Kempter, C. Gemel, R. A. Fischer, Inorg. Chem. 2008, 47,
7279-17285.

[10] G. Prabusankar, C. Gemel, M. Winter, R. W. Seidel, R. A.
Fischer, Chem. Eur. J. 2010, 16, 6041 —-6047.

[11] G. Prabusankar, A. Kempter, C. Gemel, M.-K. Schréter, R. A.
Fischer, Angew. Chem. Int. Ed. 2008, 47, 7234 -7237; Angew.
Chem. 2008, 120, 7344 -7347.

[12] G. Prabusankar, C. Gemel, P. Parameswaran, C. Flener, G.
Frenking, R. A. Fischer, Angew. Chem. Int. Ed. 2009, 48, 5526 —
5529; Angew. Chem. 2009, 121, 5634 —5637.

[13] A. Doddi, C. Gemel, M. Winter, R. A. Fischer, C. Goedecke,
H. S. Rzepa, G. Frenking, Angew. Chem. Int. Ed. 2013, 52, 450 —
454; Angew. Chem. 2013, 125, 468 —472.

[14] a) C. Ganesamoorthy, D. Bléser, C. Wolper, S. Schulz, Chem.
Commun. 2014, 50, 12382-12384; b) C. Ganesamoorthy, D.

6

[}

[7

[

—_

Blaser, C. Walper, S. Schulz, Angew. Chem. Int. Ed. 2014, 53,
11587-11591; Angew. Chem. 2014, 126, 11771 -11775.

[15] C. Ganesamoorthy, G. Bendt, D. Bliser, C. Wolper, S. Schulz,

Dalton Trans. 2015, 44, 5153 -5159.

[16] W. . Evans, S. L. Gonzales, J. W. Ziller, Chem. Commun. 1992,

1138-1139.

[17] The crystals were mounted on nylon loops in inert oil. Data were

collected on a Bruker AXS D8 Kappa diffractometer with
APEX2 detector (mono-chromated Moy, radiation, 1=
0.71073 A). The structures were solved by Direct Methods
(SHELXS-97; G. M. Sheldrick, Acta Crystallogr. Sect. A 1990,
46, 467-473) and refined anisotropically by full-matrix least-
squares on F* (SHELXL-2014; G. M. Sheldrick, Acta Crystal-
logr. Sect. A 2008, 64, 112-122 and shelXle, C. B. Hiibschle,
G. M. Sheldrick, B. Dittrich, J. Appl. Crystallogr. 2011, 44,1281 —
1284). Absorption corrections were performed semi-empirically
from equivalent reflections on basis of multi-scans (Bruker AXS
APEX?2). Hydrogen atoms were refined using a riding model or
rigid methyl groups. 1: [C¢,HyGa,NgSb,|, M =653.18, yellow
crystal, (0.250 x 0.150 x 0.050 mm); triclinic, space group P1; a=
10.5847(8), b=12.3245(9), c¢=14.0735(16) A; a=107.375(5),
B=102.880(5), y=109.836(3)°, V=153692) A% Z=1; u=
1778 mm™';  poa=1.411gem™>; 36923 reflexes (Opu=
33.387°), 11311 unique (R;, =0.0262); 337 parameters; largest
max./min in the final difference Fourier synthesis 0.989 e A
—0.504 e A; max./min. transmission 0.63/0.75; R, =0.0267 (1>
20(1)), wR,=0.0659 (all data). 2: [C;;Hs;GaN,], M =575.51,
colourless crystal, (0.420 x 0.370 x 0.330 mm); monoclinic, space
group P2,/n; a=8.9066(3), b =21.1155(7), c =17.7985(6) A; a =
90, B=104.4130(10), y =90°, V=3241.96(19) A*; Z=4; u=
0.875mm™"; pa=1179g:cm™>; 79665 reflexes (Opux =
28.812°), 8407 unique (R, =0.0261); 357 parameters; largest
max./min in the final difference Fourier synthesis 0.680 ¢ A~/
—0.445 ¢ A=*; max./min. transmission 0.64/0.75; R, =0.0278 (I >
20(I)), wR,=0.0735 (all data). 3: [CgxH;sGa,NgSby], M=
1636.04, pale orange crystal, (0.135x0.102 x 0.068 mm); mono-
clinic, space group P2,/m; a=10.6160(5), b =30.1197(14), c=
11.9994(6) A; a =90, f=108.513(2), y =90°, V=3638.3(3) A%
Z=2; u=2234mm"; pga=1493gecm>; 37799 reflexes
(Omax = 30.543°), 10874 unique (R;, =0.0242); 405 parameters;
largest max./min in the final difference Fourier synthesis
3.766 e A—1.422 e A; max./min. transmission 0.62/0.75;
R, =0.0464 (I>20(I)), wR,=0.1093 (all data). The ADPs of
the hexane molecule suggest disorder which could not be
modeled satisfactorily. RIGU and SADI restraints were applied
to improve the model. CCDC 1054882 (1), 1054883 (2) and
1054884 (3) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

24 distibines L,Sb-SbL, were found in the Cambridge Structural
Database (Version 5.36, see also: F. H. Allen, Acta Crystallogr.
Sect. B 2002, 58, 380-388.) with Sb—Sb bond lengths ranging
from 2.827 to 3.030 A.

a) N. Tokitoh, Y. Arai, T. Sasamori, R. Okazaki, S. Nagase, H.
Uekusa, Y. Ohashi, J. Am. Chem. Soc. 1998, 120, 433-434; b) B.
Twamley, C.D. Sofield, M. M. Olmstead, P. P. Power, J. Am.
Chem. Soc. 1999, 121, 3357 -3367; ¢) M. Sakagami, T. Sasamori,
H. Sakai, Y. Furukawa, N. Tokitoh, Chem. Asian J. 2013, 8, 690 —
693; d)T. Sasamori, Y. Arai, N. Takeda, R. Okazaki, Y.
Furukawa, M. Kimura, S. Nagase, N. Tokitoh, Bull. Chem. Soc.
Jpn. 2002, 75, 661-675.

S. Nagase, S. Suzuki, T. Kurakake, Cherm. Commun. 1990, 1724 —
1726.

[21] P. Pyykko, M. Atsumi, Chem. Eur. J. 2009, 15, 186-197.
[22] a) S. Schulz, M. Nieger, J. Organomet. Chem. 1998, 570, 275—

278; b) A. Kuczkowski, S. Fahrenholz, S. Schulz, M. Nieger,
Organometallics 2004, 23, 3615-3621.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 1065710661


http://dx.doi.org/10.1039/b005686n
http://dx.doi.org/10.1039/b005686n
http://dx.doi.org/10.1039/b406017b
http://dx.doi.org/10.1039/b406017b
http://dx.doi.org/10.1002/1521-3773(20001215)39:24%3C4531::AID-ANIE4531%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20001215)39:24%3C4531::AID-ANIE4531%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20001215)112:24%3C4705::AID-ANGE4705%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20001215)112:24%3C4705::AID-ANGE4705%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2172::AID-ANIE2172%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2230::AID-ANGE2230%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2230::AID-ANGE2230%3E3.0.CO;2-N
http://dx.doi.org/10.1021/ic015506c
http://dx.doi.org/10.1002/anie.200353406
http://dx.doi.org/10.1002/anie.200353406
http://dx.doi.org/10.1002/ange.200353406
http://dx.doi.org/10.1002/anie.200461209
http://dx.doi.org/10.1002/anie.200461209
http://dx.doi.org/10.1002/ange.200461209
http://dx.doi.org/10.1002/ange.200461209
http://dx.doi.org/10.1021/ja052400y
http://dx.doi.org/10.1002/anie.200500899
http://dx.doi.org/10.1002/anie.200500899
http://dx.doi.org/10.1002/ange.200500899
http://dx.doi.org/10.1002/ange.200500899
http://dx.doi.org/10.1021/ja057731p
http://dx.doi.org/10.1021/om061107j
http://dx.doi.org/10.1021/ic1010743
http://dx.doi.org/10.1002/chem.201203298
http://dx.doi.org/10.1002/chem.201203298
http://dx.doi.org/10.1021/ja993537p
http://dx.doi.org/10.1039/b007341p
http://dx.doi.org/10.1039/b007341p
http://dx.doi.org/10.1039/b106599h
http://dx.doi.org/10.1039/b106599h
http://dx.doi.org/10.1002/anie.200502251
http://dx.doi.org/10.1002/ange.200502251
http://dx.doi.org/10.1080/10241220500046018
http://dx.doi.org/10.1021/om0606946
http://dx.doi.org/10.1002/(SICI)1521-3773(19991004)38:19%3C2830::AID-ANIE2830%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3773(19991004)38:19%3C2830::AID-ANIE2830%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3757(19991004)111:19%3C3002::AID-ANGE3002%3E3.0.CO;2-B
http://dx.doi.org/10.1002/ejic.200400569
http://dx.doi.org/10.1002/ejic.200400569
http://dx.doi.org/10.1021/ic7013804
http://dx.doi.org/10.1021/cr2001146
http://dx.doi.org/10.1021/ic4022189
http://dx.doi.org/10.1021/ic4022189
http://dx.doi.org/10.1002/anie.201402149
http://dx.doi.org/10.1002/anie.201402149
http://dx.doi.org/10.1002/ange.201402149
http://dx.doi.org/10.1002/ange.201402149
http://dx.doi.org/10.1039/C3DT53003E
http://dx.doi.org/10.1039/C3DT53003E
http://dx.doi.org/10.1021/ic800690z
http://dx.doi.org/10.1021/ic800690z
http://dx.doi.org/10.1002/chem.200903330
http://dx.doi.org/10.1002/anie.200802470
http://dx.doi.org/10.1002/ange.200802470
http://dx.doi.org/10.1002/ange.200802470
http://dx.doi.org/10.1002/anie.200902172
http://dx.doi.org/10.1002/anie.200902172
http://dx.doi.org/10.1002/ange.200902172
http://dx.doi.org/10.1002/anie.201204440
http://dx.doi.org/10.1002/anie.201204440
http://dx.doi.org/10.1002/ange.201204440
http://dx.doi.org/10.1039/C4CC05028B
http://dx.doi.org/10.1039/C4CC05028B
http://dx.doi.org/10.1002/anie.201406304
http://dx.doi.org/10.1002/anie.201406304
http://dx.doi.org/10.1002/ange.201406304
http://dx.doi.org/10.1039/C5DT00172B
http://dx.doi.org/10.1039/c39920001138
http://dx.doi.org/10.1039/c39920001138
http://dx.doi.org/10.1107/S0108767390000277
http://dx.doi.org/10.1107/S0108767390000277
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0021889811043202
http://dx.doi.org/10.1107/S0021889811043202
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/201502827
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://dx.doi.org/10.1107/S0108768102003890
http://dx.doi.org/10.1107/S0108768102003890
http://dx.doi.org/10.1021/ja973295y
http://dx.doi.org/10.1021/ja983999n
http://dx.doi.org/10.1021/ja983999n
http://dx.doi.org/10.1002/asia.201201227
http://dx.doi.org/10.1002/asia.201201227
http://dx.doi.org/10.1246/bcsj.75.661
http://dx.doi.org/10.1246/bcsj.75.661
http://dx.doi.org/10.1039/c39900001724
http://dx.doi.org/10.1039/c39900001724
http://dx.doi.org/10.1002/chem.200800987
http://dx.doi.org/10.1016/S0022-328X(98)00801-8
http://dx.doi.org/10.1016/S0022-328X(98)00801-8
http://dx.doi.org/10.1021/om049746m
http://www.angewandte.org

[23] F. Thomas, S. Schulz, M. Nieger, Eur. J. Inorg. Chem. 2001, 161 -
166.

[24] V. Jancik, L. W. Pineda, A. C. Stiickl, H. W. Roesky, R. Herbst-
Irmer, Organometallics 2005, 24, 1511 -1515.

[25] The reaction was repeatedly (5 x) performed, 3 could be isolated
in high yields ranging from 80 to 84 %. Insitu NMR studies
showed the formation of RGa and RGa(NMe,), 2 as side
products as well as very small amounts of so far unknown
species, which are most likely formed by decomposition reaction
of the proposed digallane intermediate.

[26] 26 cyclostibines (RSb), (x=3, 4, 5, 6) were found in the
Cambridge Structural Database!™®! with Sb—Sb bond lengths
ranging from 2.810 to 2.887 A.

[27] J. Miihlbach, P. Pfau, E. Recknagel, K. Sattler, Surf Sci. 1981,
106, 18-26.

[28] T.M. Bernhardt, B. Stegemann, B. Kaiser, K. Rademann,
Angew. Chem. Int. Ed. 2003, 42, 199-202; Angew. Chem. 2003,
115,209-212.

[29] H. Zhang, K. Balasubraminian, J. Chem. Phys. 1992, 97, 3437 -
3444,

[30] E.Niecke, R. Riiger, B. Krebs, Angew. Chem. Int. Ed. Engl. 1982,
21, 544-545; Angew. Chem. 1982, 94, 553 —554.

[31] R. Riedel, H.-D. Hausen, E. Fluck, Angew. Chem. Int. Ed. Engl.
1985, 24, 1056 —1057; Angew. Chem. 1985, 97, 1050 -1050.

[32] a) M. Caporali, L. Gonsalvi, A. Rossin, M. Peruzzini, Chem. Rev.

2010, 770, 4178-4235; b) B.M. Cossairt, N. A. Piro, C.C.

Cummins, Chem. Rev. 2010, 110, 4164—-4177; c) C. Schwarzma-

ier, A.Y. Timoshkin, G. Baldzs, M. Scheer, Angew. Chem. Int.

Ed. 2014, 53, 9077 -9081; Angew. Chem. 2014, 126, 9223 -9227,

d) S. Heinl, S. Reisinger, C. Schwarzmaier, M. Bodensteiner, M.

Scheer, Angew. Chem. Int. Ed. 2014, 53, 7639-7642; Angew.

Chem. 2014, 126, 7769-7773; ¢) S. Pelties, D. Herrmann, B.

de Bruin, F. Hartl, R. Wolf, Chem. Commun. 2014, 50, 7014 -

7016.

a) F. Spitzer, M. Sierka, M. Latronico, P. Mastrorilli, A. V.

Virovets, M. Scheer, Angew. Chem. Int. Ed. 2015, 54, 4392 -

(33]

Ang

Internatic

4396; Angew. Chem. 2015, 127, 4467-4472; b) S. Heinl, E. V.
Peresypkina, A.Y. Timoshkin, P. Mastrorilli, V. Gallo, M.
Scheer, Angew. Chem. Int. Ed. 2013, 52, 10887 —-10891; Angew.
Chem. 2013, 125, 11087-11091; c) C. Schwarzmaier, A.Y.

Timoshkin, M. Scheer, Angew. Chem. Int. Ed. 2013, 52, 7600 —

7603; Angew. Chem. 2013, 125, 7751 -7755; d) C. Schwarzmaier,

M. Sierka, M. Scheer, Angew. Chem. Int. Ed. 2013, 52, 858 —-861;

Angew. Chem. 2013, 125, 891 -894.

a) H. J. Breunig, R. Résler, Chem. Soc. Rev. 2000, 29, 403 -410;

b) L. Baldzs, H. J. Breunig, Coord. Chem. Rev. 2004, 248, 603 -

621; c) G. He, O. Shynkaruk, M. W. Lui, E. Rivard, Chem. Rev.

2014, 114, 7815-7880.

[35] S. C. Critchlow, J. D. Corbett, Inorg. Chem. 1984, 23, 770-774.

[36] S.S. Chitnis, A. P. M. Robertson, N. Burford, J. J. Weigand, R.
Fischer, Chem. Sci. 2015, 6, 2559 -2574.

[37] M. Donath, E. Conrad, P. Jerabek, G. Frenking, R. Frohlich, N.
Burford, J. J. Weigand, Angew. Chem. Int. Ed. 2012, 51, 2964 —
2967; Angew. Chem. 2012, 124, 3018 -3021.

[38] J. Bresien, K. Faust, A. Schulz, A. Villinger, Angew. Chem. Int.
Ed. 2015, 54, 6926 —6930; Angew. Chem. 2015, 127, 7030 -7034.

[39] J. E. Borger, A. W. Ehlers, M. Lutz, J. C. Slootweg, K. Lam-
mertsma, Angew. Chem. Int. Ed. 2014, 53, 12836 —12839; Angew.
Chem. 2014, 126, 13050-13053.

[40] S.S. Chitnis, Y.-Y. Carpenter, N. Burford, R. McDonald, M. J.
Ferguson, Angew. Chem. Int. Ed. 2013, 52, 4863 —-4866; Angew.
Chem. 2013, 125, 4963 —4966.

[41] P. Jutzi, U. Meyer, S. Opiela, M. M. Olmstead, P. P. Power,
Organometallics 1990, 9, 1459 —1463.

[42] A. Sidiropoulos, B. Osborne, A. N. Simonov, D. Dange, A. M.
Bond, A. Stasch, C. Jones, Dalton Trans. 2014, 43, 14858 —14864.

(34]

Received: March 27, 2015
Revised: May 6, 2015
Published online: August 6, 2015

Angew. Chem. Int. Ed. 2015, 54, 10657 -10661

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

die

Chemie

10661


http://dx.doi.org/10.1002/1099-0682(20011)2001:1%3C161::AID-EJIC161%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1099-0682(20011)2001:1%3C161::AID-EJIC161%3E3.0.CO;2-Q
http://dx.doi.org/10.1021/om049304a
http://dx.doi.org/10.1016/0039-6028(81)90176-X
http://dx.doi.org/10.1016/0039-6028(81)90176-X
http://dx.doi.org/10.1002/anie.200390077
http://dx.doi.org/10.1002/ange.200390045
http://dx.doi.org/10.1002/ange.200390045
http://dx.doi.org/10.1063/1.462979
http://dx.doi.org/10.1063/1.462979
http://dx.doi.org/10.1002/anie.198205442
http://dx.doi.org/10.1002/anie.198205442
http://dx.doi.org/10.1002/anie.198510561
http://dx.doi.org/10.1002/anie.198510561
http://dx.doi.org/10.1002/ange.19850971211
http://dx.doi.org/10.1021/cr900349u
http://dx.doi.org/10.1021/cr900349u
http://dx.doi.org/10.1021/cr9003709
http://dx.doi.org/10.1002/anie.201404653
http://dx.doi.org/10.1002/anie.201404653
http://dx.doi.org/10.1002/ange.201404653
http://dx.doi.org/10.1002/anie.201403295
http://dx.doi.org/10.1002/ange.201403295
http://dx.doi.org/10.1002/ange.201403295
http://dx.doi.org/10.1039/C4CC02601B
http://dx.doi.org/10.1039/C4CC02601B
http://dx.doi.org/10.1002/anie.201411451
http://dx.doi.org/10.1002/anie.201411451
http://dx.doi.org/10.1002/ange.201411451
http://dx.doi.org/10.1002/anie.201305315
http://dx.doi.org/10.1002/ange.201305315
http://dx.doi.org/10.1002/ange.201305315
http://dx.doi.org/10.1002/anie.201302882
http://dx.doi.org/10.1002/anie.201302882
http://dx.doi.org/10.1002/ange.201302882
http://dx.doi.org/10.1002/anie.201208226
http://dx.doi.org/10.1002/ange.201208226
http://dx.doi.org/10.1039/a908785k
http://dx.doi.org/10.1016/j.ccr.2003.12.001
http://dx.doi.org/10.1016/j.ccr.2003.12.001
http://dx.doi.org/10.1021/cr400547x
http://dx.doi.org/10.1021/cr400547x
http://dx.doi.org/10.1021/ic00174a026
http://dx.doi.org/10.1039/C4SC03939D
http://dx.doi.org/10.1002/anie.201109010
http://dx.doi.org/10.1002/anie.201109010
http://dx.doi.org/10.1002/ange.201109010
http://dx.doi.org/10.1002/anie.201500892
http://dx.doi.org/10.1002/anie.201500892
http://dx.doi.org/10.1002/ange.201500892
http://dx.doi.org/10.1002/anie.201405879
http://dx.doi.org/10.1002/ange.201405879
http://dx.doi.org/10.1002/ange.201405879
http://dx.doi.org/10.1002/anie.201210012
http://dx.doi.org/10.1002/ange.201210012
http://dx.doi.org/10.1002/ange.201210012
http://dx.doi.org/10.1021/om00119a016
http://dx.doi.org/10.1039/C4DT02074J
http://www.angewandte.org

