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Ylenes in the M"—Si'"Y (M =Si, Ge, Sn) Coordination Mode
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Abstract: The reaction of the methima-
zolyl (mt, i.e., 2-mercapto-1-methylimi-
dazolide) substituted silane Si(mt),
with SnCl, and GeCl, in dioxane af-
fords the paddlewheel-shaped com-

related silicon compound 3 [CISi(p-
mt),SiCl] instead afforded the trisilane
[CISi(p-mt),Si—SiCl;] (3a), which pro-
vides the first crystallographic evidence
for the feasibility of oligosilanes with
adjacent hexacoordinate Si atoms. One

of the hexacoordinate Si atoms of 3a
features the unprecedented (Si,S,)Si
skeleton. Natural bonding orbital
(NBO) analyses of compounds 1, 2, 3a
(and the target compound 3) revealed
characteristics of M"—Si" (for 2 and

plexes [CISi(p-mt),MCI] (M=Sn (1)
and Ge (2), respectively). These com-
pounds represent the first crystallo-
graphically characterized hexacoordi-
nate silicon complexes comprising a Sn
or Ge atom in the Si coordination
sphere. An attempt to synthesize the

pounds -

Introduction

Silicon in oxidation state +IV represents a relatively small
and hard Lewis acid and is therefore mostly bound to hard
Lewis bases (i.e., in the coordination sphere of F and O
atoms) and other second-row atoms (N, C).!! In addition to
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3) or M'=Si" (for 3a) dative bonding
in the systems with M=Si and Ge,
whereas compound 1 exhibits a cova-
lent Sn™—Si"™ bond.

com-

the thermodynamically very stable Si—F and Si—O bonds
(and the relatively stable Si—N bonds), Si—C bonds are ki-
netically quite inert (but can be activated by Si-hypercoordi-
nation).”?! In sharp contrast, bonds between silicon and heav-
ier donor atoms such as Br, I, and S atoms are usually signif-
icantly less stable (both thermodynamically and kinetically).
Thus, Si—Br and Si—I bonds show a pronounced tendency to
jonic dissociation,”! and the construction of penta- or hexa-
coordinate silicon coordination spheres comprising the very
soft donors of the heavier Group 16 and 17 elements re-
mains challenging. Tacke etal. presented a rare example
with I and S atoms attached to a pentacoordinate silicon
atom, and only recently this group reported pentacoordi-
nate Si complexes which comprise four Se atoms or even a
Te atom attached to the silicon atom.”! In spite of these
promising pioneering results, the investigation of heavier
Group 14 lone pair donors (germylenes and stannylenes) in
the Si coordination sphere remains an open task.l! Although
the heavier ylenes GeCl, and SnCl, are isolable, and the
portfolio of isolable silylenes did enjoy a notable growth in
recent years” only carbenes were reported as Group 14
ylene ligands in the coordination sphere of hypercoordinate
Si atoms so far.®!
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Results and Discussion

Our recently discovered route of loading the Si coordination
sphere with a Pd" or Pt" atom as lone-pair donor,” ach-
ieved with the aid of the (N,S)-ambidentate buttressing
ligand methimazolide (2-mercapto-1-methylimidazolide,
mt), proved capable of forcing stannylenes and germylenes
into the Si coordination sphere (Scheme 1). From 1,4-diox-
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Scheme 1. Syntheses of paddlewheel compounds 1 and 2 comprising Sn—
Si and Ge—Si bonds, respectively, and the related trisilane 3a.

ane, the resulting complexes crystallized as solvates of the
composition [CISi(p-mt),MCl]-3(dioxane) (M =Sn, Ge), and
their molecular structures were elucidated by X-ray diffrac-
tion analyses (Figure 1).1!%

Figure 1. ORTEP diagrams (30 % probability ellipsoids) of 1 in the crys-
tal structure of [CISi(p-mt),SnCl]-3(dioxane) (left) and 3a in 3a-(toluene)
(right).'”! Hydrogen atoms and solvent molecules are omitted. The mo-
lecular shape of 2 (not depicted) is similar to that of 1. Selected bond
lengths [A] for 1: Sn1—CI1 2.370(1), Sn1-S1 2.664(1), Sn1-Sil 2.598(1),
Sil—-CI2 2.158(1), Sil-N1 1.912(1); 2: Gel—CI1 2.235(1), Gel-S1
2.522(1), Gel—=Sil 2.474(1), Si1—CI2 2.164(2), Sil—-N1 1.892(2). Selected
bond lengths [A] and angles [°] for 3a: Sil—Cll 2.209(1), Sil-Si2
2.387(1), Si2—Si3 2.349(1), Si2—S1 2.479(1), Si2—S2 2.410(1), Si2—S3
2.377(1), Si2—S4 2.441(1), Sil-N1 1.910(2), Si1-N3 1.918(2), Sil-N5
1.914(2), Si1-N7 1.899(2); Cl1-Sil-Si2 178.52(4), Sil-Si2-Si3 173.09(3),
S1-Si2-S3 177.98(3), S2-Si2-S4 178.52(3), N1-Sil-N5 178.9(1), N3-Sil-N7
178.7(1).

In general, their molecular architectures are related to
those of the previously reported paddlewheel-shaped com-
plexes [CISi(u-mt),MCl] (M=Pd, Pt), which we have called
metallasilatranes because of their metalla-to-sila-site trans-
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annular dative bond.”! The Si—Sn and Si—Ge bond lengths
(Figure 1), which are only slightly longer than those of
Ph;Sn(SiMe,)SnPh, (2.57 Ayt and  Me,SiGePh,
(2.38 A),'"™ respectively, are in the same range as the Si—-M
bonds of their analogues for M=Pd (2.569(1) A) and Pt
(2.469(2) A). A remarkable difference is manifested in the
pronounced tilt angle of the opposing methimazolide moiet-
ies (1: 73.5(1)°, 2: 74.3(1)°), whereas in the above-mentioned
Pd and Pt compounds these angles range between 50° and
55°. For compound 1, this pronounced tilt results in a nota-
ble out-of-plane position of Sn with respect to the S, square
(0.158(1) A), whereas the Si atom remains closer within the
N, square. For compound 2, the out-of-plane position of Ge
is less pronounced because of the shorter Si—Ge bond. An-
other notable difference between 1 and 2 and their related
Group 10 transition-metal analogues is the presence of sig-
nificantly longer M—S bonds to the main group atoms (Snl—
S1 2.664(1), Gel-S1 2.522(1) A; Pd—S and Pt=S ca. 2.33 A),
whereas the Sn—Cl (2.370(1)A) or Ge—Cl bonds
(2.235(1) A) are notably shorter than the Pd—Cl or Pt—Cl
bonds in the related systems (where they range between
2.60 and 2.79 A). This pronounced formation of two short
bonds (Si—M and M—CI) already hints at retention of the in-
itial divalency of SnCl, and GeCl, in 1 and 2, which will be
elucidated in the following.

The synthesis of a disilane analogue 3 would have provid-
ed an extension of this series for systematic comparison of
the development of coordination properties of the heavier
congeners of carbon (i.e., from Si via Ge to Sn). The reac-
tion of mt-SiMe,!"” with hexachlorodisilane, however, failed
to produce complex 3. Instead, a trisilane 3a containing the
[CISi(p-mt),MR] (M=Si, R=SiCl;) building pattern was
obtained as a crystalline compound (Figure 1).!'") Although
we cannot tell whether trisilane formation took place prior
to or after formation of Si—N bonds, that is, under release of
dichlorosilylene or methimazolyl-substituted silylenes, re-
spectively, the well-known disproportionation of hexachloro-
disilane™ provides a plausible explanation for the genera-
tion of this Si; skeleton (Scheme 1 bottom). Whereas com-
pound 3a accounts for the trisilane formed, *’Si NMR sig-
nals characteristic of Cl,Si(mt), and CISi(mt),"! were detect-
ed in the toluene mother liquor at 6 =—42.6 and —51.0 ppm,
thus pointing at the formation of monosilanes and the con-
sumption of further mt-SiMe;. Nonetheless, compound 3a
serves our purpose in the expected fashion as it provides a
cage architecture related to those of 1 and 2. Furthermore,
it provides the first example of a structurally characterized
oligosilane bearing two neighboring hexacoordinate Si
atoms," and it represents the first crystallographically evi-
denced hexacoordinate Si compound where the coordina-
tion sphere comprises more than two chalcogen atoms heav-
ier than oxygen.™ As found for 1 and 2, the effect of
merely limited Sil—M bond lengthening upon Sil hexacoor-
dination is encountered in 3a: the Sil—Si2 bond is only
0.04 A longer than the Si2—Si3 bond.

The solid-state *’Si NMR shifts of 1, 2, and 3a" (ca.
—170 ppm for the silicon atom in the CIN,SiM (M =Sn, Ge,
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Si) coordination mode, Table 1), are typical for hexacoordi-
nate Si atoms, although shifted to lower field relative to the
related paddlewheel complexes with a CIN,SiPd

Table 1. '”Sn and *Si NMR shifts (6/ppm, relative to SnMe, and SiMe,,
respectively) of 1, 2, and 3a, determined by CP/MAS NMR experiments
(exp) and by quantum-chemical calculations (calcd).

1 (Sn) 1(®si) 2 (¥Si) 3a (¥Si)
exp ~190 ~169.9 ~168.5 ~170.7, 1072, —2.7
caled —157 ~171.3 ~168.7 —168.8, —100.8, —3.6

(—183 ppm) and CIN,SiPt (—218 ppm) pattern.”’] Further-
more, trisilane 3a exhibits a resonance at 0=-2.7 ppm,
characteristic of tetracoordinate Si atoms (-SiCl;), and a res-
onance at 0 =—107.2 ppm, which is at the “low-field boun-
dary” of hexacoordinate Si atoms. *Si NMR shifts like the
latter were reported for systems with less shielded Si atoms
as result of alkyl substituents and five-membered chelate
rings.'”! The Si NMR shifts (for details see the Supporting
Information) of 1, 2, and 3a could be reproduced by quan-
tum-chemical calculations (see Table 1), which thus confirm
the accordance of the spectra of the gross products with the
molecular structures determined from single crystals.
Whereas for Si2 in 3a the ?Si NMR shift hints at special
bonding properties, the ''*Sn NMR shift (0 =—190 ppm) and
the 'Jg s, coupling (4074 and 3894 Hz for ""Sn and '""Sn, re-
spectively) serve that purpose for 1. (Note: The computa-
tional analysis of the NMR data of 1 also predicts a coupling
of notable magnitude 'J(*Si,'"Sn)=3131 Hz). For stannylsi-
lanes such as I (Scheme 2), 'Jg g, coupling constants of ap-

F0P=0
Me3Sn-SiMeCl, MeN 8 sivecl,  SiPhs
518 Hz Me,N NMe, EtO—/P=(:)
| 1467 Hz Et0 708 Hz

Scheme 2. Examples for compounds with a Sn—Si bond and their
1J(*Si,""Sn) coupling constants.

proximately 500 Hz were reported.®! The presence of lone-
pair donors at the Sn atoms was already found to enhance
this coupling, for example, in Sn"¥ compounds such as II,
and Sn" compounds such as III, although the 5s-level of the
latter should exert particular influence on the lone pair
rather than on the covalent bonds.'"” The extraordinarily
pronounced coupling in 1, attributed to the hitherto unpre-
cedented existence of a o-bond between hexacoordinate Si
and Sn atoms, hints at pronounced s-orbital contributions to
the Si—Sn bond. The noticeably down-field shifted '"®Sn res-
onance with respect to other hexacoordinate Sn compounds
(with a coordination sphere composed of third-row element
atoms, for example, [SnCL]*~ 0=-732ppm, (x*-S,S-
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Ph,PS,),SnCl, 6=-796 ppm, (>-S,S’-Et,NCS,),Sn(SCsHj;),
0 =—649 ppm),” confirms poor shielding of a nucleus at
this special coordination site once again, as the same was
found for the related Si atom in 3a.

For a closer examination of the Si-M (M=Sn, Ge, Si)
bonding properties in 1, 2, 3, and 3a, an analysis with the
natural bonding orbitals (NBO) model was performed (for
details see the Supporting Information). Scheme 3 shows se-
lected natural charges (NCs), and Tables 2 and 3 list selected
NBO contributions.

-0.49 (|:| 081

+1.63 Si— N

-0.49 CI -0.53 CI

-0.82 [ —-0.80
+1.79 Si—N +1.71 Si—N

051 €l o o0
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0.27 | -020
-045 Cl
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0.21

- -0.18
-0.53 Cl -0.46 ClI +1.10 Si

~0.40 Cl }3'0'3
1 2 3 3a
Scheme 3. Natural charges (NCs) next to the respective atoms of 1, 2, 3,
and 3a. For the N and S atoms of 3 and 3a, the NCs are average values
from four independent atoms each. The mt ligand is simplified for the
sake of clarity.

Table 2. Occupancies and hybrids of the M—Si bond obtained by NBO
analyses of 1, 2, 3, and 3a (M =Sn, Ge, Si, Si, respectively).

Ocle % Si % M Si Hybrid!" M Hybrid™
% s/p/d % s/p/d
1 1.34 50.05 49.95 22/53/25 30/45/25
2 1.40 38.7 61.3 20/53/27 35/43/22
3 1.49 44.7 55.3 26/51/23 32/47/21
3a 1.50 40.7 59.3 23/52/25 34/45/21

[a] Electronic occupancy of the NBO. [b] Contributions to the electronic
occupancy arise from s and p orbitals only, see Table 3.

Table 3. Electronic valence configurations obtained by NBO analyses of
1,2, 3, and 3a (M=Sn, Ge, Si, Si, respectively).

Config Si®*! s/p Config M slp
1 35(0.75), 3p(1.54) 0.49 5s(1.16), 5p(1.46) 0.79
2 35(0.69), 3p(1.44) 0.48 45(1.33), 4p(1.75) 0.76
3 35(0.77), 3p(1.45) 0.53 35(1.13), 3p(1.98) 0.57
3a 35(0.71), 3p(1.44) 0.49 36(1.20), 3p(2.33) 0.52

[a] Occupancies of other non-core orbital levels are equal to or less than
0.06 e.

The relatively similar NCs of the CINj-coordinated Si
atoms are typical for hexacoordinate Si atoms in the formal
oxidation state +IV, for example, between those calculated
for HSiMeCl,(4-methylpyridine), (+1.46)?"! and a Si com-
pound with an O,N,F,Si skeleton (42.27).”? Compound 1,
however, reveals some distinct differences to the others (2,
3, and 3a). Whereas for 1 similar NCs were calculated, for
Si and Sn (the one of Sn being slightly lower (0.31¢)), a
clear divergence is found for 2 (0.95¢), 3 (0.92¢), and 3a
(1.39e), in favor of the S,-coordinated Group-14-element
atom having the notably lower charge. In compound 1 the
soft—soft Sn—S and Sn—Cl interactions can be considered as
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one important contribution to the pronounced positive
charge of the Sn atom, since the sum of these five donor
atoms’ NCs is 0.36 e more negative than in the related Ge
compound 2. The Sn—Si bond, however, also contributes to
the positive NC at Sn as it appears as a rather covalent
bond (concluded from the equal contributions to the consti-
tuting NBO) and renders the NC of the CIN,-coordinated Si
atom less positive than in 2, 3, and 3a. The NC at the Sn
site in 1 is notably less positive than, for example, the NC
reported by Jurkschat et al. for pentacoordinate Sn'" com-
pounds (ca. +2.5),*! and the one reported for Sn'v in a
structurally related Pd"—Sn" system (4+2.31).%* Instead, it
is close to the NC of +1.48 reported by Schoeller et al. for a
bis(amidinate)Sn" complex.*!

The '*Sn Mossbauer spectrum® 27 of 1 (Figure 2) shows a
single signal at an isomer shift of =2.00(1) mms™', subject
to significant quadrupole splitting of 1.75(1) mms'. The ex-

relative transmission / %

velocity / mm s-1

Figure 2. Experimental and simulated ""”Sn Mossbauer spectrum of 1.

perimental line width of 0.83(1) mms™' is in the usual range

observed for tin compounds. The isomer shift is between the
values usually observed for Sn" (around 4 mms™') and Sn'
(around 0 mms™') compounds and thus points to Sn'™, simi-
lar to the mixed-valent complex [{(RSn'),(u-S),};Sn',S4] 2%
the thiophenolato-bridged Sn™ complex [LFeSnFeL]"+ )
or to the Zintl phases A;SnTe; (A=K, Rb, Cs).’’! The
course of the isomer shift in 1 nicely fits into the shift sys-
tematic for various tin compounds given by Lippens.’!! The
large quadrupole splitting parameter is in accord with the
molecular structure of 1 and expresses the notable electric
field gradient at the Sn site due to a strong deviation from
cubic symmetry. Finally, we need to comment on the asym-
metry of the spectrum. This is most likely due to the
Gol’danskii-Karyagin effect, (anisotropy of atomic vibra-
tions) similar to the case in Ni;Sn,S,,? [H;Pt(SnCl;)s]3
(CoHgN,),P* and EuRuSn;.

The Mossbauer spectra and NBO analysis support a bond-
ing model for 1 that comprises contributions from the can-
onical formulas A, B, and C with particular emphasis on
form A (Scheme 4). This model and the notable s contribu-
tions involved provide an explanation for the intense g,
coupling in 1. In contrast, NBO analyses for 2, 3, and 3a
show that their Ge—Si and Si2—Sil bonds are clearly de-
scribed by NBOs with pronounced contributions from Ge or
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Scheme 4. Selected canonical formulas that might be considered as con-
tributing to the bonding in 1, 2, 3, and 3a.

Si2 (ca. 60 %), whereas the CIN,-coordinated Si atom con-
tributes to a lesser extent (ca. 40 %), a situation which indi-
cates a polar bond. Since Si and Ge have similar electrone-
gativities, an explanation for this polar bonding situation is
provided by the model of a M —Si donor-acceptor bond, as
indicated by the canonical formulas B (ylene form) and C
(yliumylidene form) in Scheme 4, whereas contributions of
form A (ideal covalent M—Si bond) should play a less pro-
nounced role. Contributions of forms B and C, thus assign-
ing the formal oxidation states Ge"—Si" (2), Si"—Si"V (3),
(CLSi"™)Si'—Si"v (3a), are nicely reflected by the systematic
decrease of the NCs from Si'V (+1.71, 4+1.79) via Si™"
(+1.10) via Ge" (40.84) and Si" (+0.78) to Si' (+0.38).

Conclusion

In addition to the first crystallographic evidence for com-
plexes comprising a hexacoordinate Si atom adjacent to an-
other hexacoordinate Group-14-element atom (Si, Ge, Sn),
we presented the first Si compound with four S atoms in its
octahedral coordination sphere. These novel compounds
were shown to comprise covalent (M™-Si'™) and dative
(M"—-Si") bonding features in their Si-M bonds, with pro-
nounced characteristics of type M"—Si" for M =Si and Ge.
Whereas examples for heavier main group elements (in
lower oxidation state) acting as lone-pair donors towards a
light element Lewis acid of the same main group are already
known for Group 13 (Scheme 5),**) compound 2 (Ge"—Si'V
pattern) represents the first extension of the principle to-
wards Group 14 elements.

TE oA G i)

(C6F5) B(Cer)s

B(Cer B(CeF5)3

Scheme 5. Selected examples for formal E'—B™ dative bonding with E=
a heavier Group 13 element (R =2,6-diisopropylphenyl).!

Experimental Section

Synthesis of Si(mt),: The synthesis of Si(mt), (as chloroform solvate) is
described in reference [9]. The herein presented alternative approach de-
livers Si(mt), free of solvent in good yield: A solution of Me;Si(mt)!"?!
(7.50 g, 40.3 mmol) and SiCl, (1.75 g, 10.3 mmol) in o-dichlorobenzene
(25 mL) was stirred at room temperature (for ca. 5min) followed by
heating to 140°C (oil bath temperature) and stirring the mixture at this

Chem. Eur. J. 2010, 16, 13429 -13434


www.chemeurj.org

Group 14 Ylene Ligands

temperature for 4 h, whereupon the mixture was allowed to adjust to
room temperature. After 1 h the white precipitate of Si(mt), was filtered
off, washed with o-dichlorobenzene (4 mL), washed with n-pentane
(12 mL), and dried in vacuum. Yield: 4.0 g (8.3 mmol, 82%). 'H, 1*C, and
»Si NMR data correspond to those reported in reference [9]. C/H/N/S
microanalysis caled (%) for C;¢H,NgS,Si: C 39.98, H 4.19, N 23.31, S
26.68; found: C 39.79, H 4.13, N 22.91, 26.75.

Synthesis of 1-3(dioxane): At 40°C a colorless clear solution of
SnCl,-dioxanel (0.46 g, 1.65 mmol) in dioxane (20 mL) was added to a
colorless clear solution of Si(mt), (0.80 g, 1.7 mmol) in dioxane (40 mL),
whereupon the color changed to light greenish-yellow. Upon storage at
room temperature some cloudy precipitate formed, which was removed
by filtration after one day. Upon further storage at room temperature
(for six weeks) light yellow crystals of 1-3(dioxane) formed, which were
separated from the supernatant by decantation, washed with dioxane
(2mL), and briefly dried in vacuum. Yield: 0.52 g (0.56 mmol, 34 %). C/
H/N/S microanalysis caled (%) for C,gH,CLINgO,S,SiSn: C 35.98, H 4.74,
N 11.99, S 13.72; found: C 35.43, H 4.61, N 12.11, 13.56. For *Si CP/MAS
NMR and '"’Sn MAS NMR data see Figure SIS, SI6, and SI9 in the Sup-
porting Information.

Synthesis of 2-3(dioxane): At 40°C a colorless clear solution of commer-
cially available (Aldrich) GeCl,-dioxane (0.15 g, 0.65 mmol) in dioxane
(3mL) was added to a colorless clear solution of Si(mt), (0.30g,
0.63 mmol) in dioxane (15 mL), whereupon the color changed only mar-
ginally to light yellow. Upon storage at room temperature some cloudy
precipitate formed, which was removed by filtration after 6 h. Upon fur-
ther storage at room temperature (for four days) light yellow (almost col-
orless) crystals of 2-3(dioxane) formed, which were separated from the
supernatant by decantation, washed with dioxane (2 mL), and only brief-
ly dried in vacuum. Yield: 0.28 g (0.32 mmol, 51 % ). C/H/N/S microanaly-
sis indicates loss of dioxane from the crystals upon sample preparation:
The original contents found (C 34.04, H 4.47, N 13.04, S 14.48) match the
composition 2-2.25(dioxane) when scaled by a factor of 1.07: found***
(%): C 36.44, H 4.78, N 13.95, S 15.49; caled for C,sH;CLNO,sS,SiGe:
C 36.51, H 4.66, N 13.62, S 15.59. The scaling factor applied (1.07) ap-
pears reasonable for predominant loss of dioxane upon sample prepara-
tion, as it matches the expected mass loss {M[2-3(dioxane)]/M[2-2.25-
(dioxane)] =888.53/822.45=1.08} very well. For *Si CP/MAS NMR spec-
troscopic data see Figure SI7 in the Supporting Information.

Synthesis of 3a-(toluene): To a solution of Me;Si(mt) (3.00 g, 16.1 mmol)
in toluene (20 mL) at room temperature was added hexachlorodisilane
(1.10 g, 4.09 mmol) under vigorous stirring. Within one day some white
precipitate had formed on the wall of the Schlenk tube, which was sepa-
rated by decantation. The clear solution thus obtained was stored at
room temperature for three weeks to yield colorless crystals of 3a-(tolu-
ene), which were separated by decantation, washed with toluene (3 mL),
and briefly dried in vacuum. Yield: 0.80 g (1.04 mmol, 51 % taking into
consideration that two molecules of CL;SiSiCl; are required for the for-
mation of one molecule of 3a, acoompanied by the formation of
Me,SiCl, CLSi(mt),, CISi(mt);). C/H/N/S microanalysis calcd (%) for
C,3HasCLNGS,Siy: C 35.84, H 3.66, N 14.54, S 16.64; found (%): C 35.88,
H 3.72, N 14.73, 16.39. For ¥Si CP/MAS NMR spectroscopic data see
Figure SI8 in the Supporting Information.

[1] For reviews on higher-coordinate silicon compounds, see, for exam-
ple: a) D. Kost, I. Kalikhman, Acc. Chem. Res. 2009, 42, 303-314;
b) D. Kost, I. Kalikhman, Adv. Organomet. Chem. 2004, 50, 1-106;
¢) R. Tacke, M. Piilm, B. Wagner, Adv. Organomet. Chem. 1999, 44,
221-273; d) C. Chuit, R.J. P. Corriu, C. Reye, J. C. Young, Chem.
Rev. 1993, 93, 1371-1448.
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