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Abstract: An experimental and theoretical study of the base-
stabilized disilene 1 is reported, which forms at low temper-
atures in the disproportionation reaction of Si,Cls or neo-
SisCl,, with equimolar amounts of NMe,Et. Single-crystal X-
ray diffraction and quantum-chemical bonding analysis dis-
close an unprecedented structure in silicon chemistry featuring
a dative Si—Si single bond between two silylene moieties,
Me,EtN —SiCL,—Si(SiCl;),. The central ambiphilic SiCl,
group is linked by dative bonds to the amine donor and the
bis(trichlorosilyl)silylene acceptor, which leads to push—pull
stabilization. Based on experimental and theoretical examina-
tions a formation mechanism is presented that involves an
autocatalytic reaction of the intermediately formed anion
Si(SiCly);~ with neo-SisCly, to yield 1.

Ever since the seminal work of West et al.,l!! substantial
research efforts have been devoted to the preparation of
isolable silylenes and disilenes stabilized by intramolecular
electronic effects and/or steric protection.”! More recently the
strongly stabilizing properties of N-heterocyclic carbene
(NHC) ligands”®! have most successfully been exploited to
intercept and characterize an impressive variety of com-
pounds with silicon in unusual oxidation states or coordina-
tion environments.! Remarkable examples include transient
species such as SiX, (X =Cl, Br, I).’! Coordination of the
strongly o-donating NHC ligands suppresses the high electro-
philicity of the ambiphilic dihalosilylenes. The resulting
adducts exhibit an enhanced nucleophilic character that
enables further donor—acceptor chemistry with Lewis acidic
partners (LA). Such adducts have been identified as interest-
ing synthetic building blocks,*® exemplified by the crystallo-
graphically characterized series NHC —SiCl, —LA 17
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The role of dichlorosilylene as key intermediate in base-
induced disproportionation reactions of Si,Cly has long been
postulated,® but evidence was only recently provided upon
trapping of an SiCl,NHC adduct™ and in situ NMR detection
of an SiCl,-NMe,Et adduct in the course of the amine-induced
formation of neo-SisCl,,.'% The latter reaction represents one
of the few preparatively simple routes for the selective
synthesis of higher perchlorosilanes.™!! Aiming at more
comprehensive mechanistic insight we revisited the amine-
induced disproportionation of Si,Cl; to identify further
reactive key species. Herein, we report the synthesis and
characterization of compound 1 (Scheme 1) in high isolated
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Scheme 1. Preparation of neo-SisCl,, and 1 from Si,Clg and NMe,Et.

yields, which represents a base-stabilized perchlorodisilene.
The strongly bent structural motif, unprecedented in silicon
chemistry, arises from distinctively different donor—acceptor
properties of two silylene building blocks, which are linked by
a dative Si—Si single bond. A mechanistic scenario for the
selective formation of 1 is presented that is in line with all
experimental observations.

In contrast to the use of catalytic amounts of NMe,FEt,
neo-SisCl;, was not observed upon reaction of Si,Cls with
equimolar amounts of the amine. Instead, monitoring the
reaction in [Dg]toluene at —50°C by *Si{'"H} NMR spectros-
copy reveals exclusively three previously unobserved reso-
nances at 43.7, 27.9, and —155.6ppm besides SiCl,
(—18.5 ppm). Warming to room temperature results in rapid
decay, accompanied by the formation of a red oil that escaped
identification so far. However, quick freeze-quench of the
reaction in benzene enables the isolation of the transient
intermediate 1 as colorless, analytically pure crystals. This
compound is stable in the solid state at —30°C over several
weeks, while decomposition in benzene or toluene at ambient

Angew. Chem. Int. Ed. 2016, 55, 1782-1786


http://dx.doi.org/10.1002/ange.201510477
http://dx.doi.org/10.1002/anie.201510477
http://dx.doi.org/10.1002/anie.201510477
http://dx.doi.org/10.1002/anie.201510477

GDCh
~~

temperatures also gives a red oil. ¥Si CP/MAS NMR
spectroscopy of isolated 1 fully reproduces the solution
NMR spectrum. Furthermore, CP buildup experiments con-
firmed the absence of directly bonded protons for all Si sites.
Solution 'H-*Si HMBC NMR spectroscopy of an isolated
sample demonstrates the presence of an amine ligand bound
to the silicon site resonating at & *Si =43.7 ppm.

Single-crystal X-ray diffraction analysis revealed the
molecular structure of compound 1 (Figure 1), which is in
full agreement with all spectroscopic characteristics. The
structure features Sil and Si2 in unusual coordination
environments, in analogy to the recently reported germanium
compound (NHC)GeCl,Ge(GeCl),."”! The coordination
polyhedron about Si2 indicates the presence of a stereochem-
ically active electron lone pair. All three Si—Si bond lengths in
this molecule (2.324(2)—2.310(2) A) are very close to those in
neo-SisCl,, (2.338(3) A)'" and even to the longest Si=Si bond
reported for a disilene (2.2890(13) A)."!

b

Figure 1. Molecular structure of 1 (thermal ellipsoids displayed at 50%
probability level; hydrogen atoms and C4D; solvent molecule not
shown). Selected bond lengths [A] and angles [°]: N1-Si1 1.894(5),
Si1-Si2 2.324(2), Si2-Si3 2.310(2), Si2-Si4 2.317(2); N1-Si1-Si2
107.14(15), Si1-Si2-Si3 96.90(8), Si1-Si2-Si4 96.93(8), Si3-Si2-Si4
97.46(8).

Spectroscopic features and bonding were evaluated by
density functional theory (DFT) computations.!"* Spin-orbit
relativistic ?Si NMR chemical shift calculations™™ on 1 are in
good agreement with the observed signatures and confirm the
assignment from 2D '"H-’Si NMR spectroscopy (cf. Support-
ing Information). Natural bond orbital (NBO) analysis
reveals a natural localized molecular orbital (NLMO, Fig-
ure 2a) that represents an electron lone pair at Si2 with
predominant s-character. Two further NLMOs correspond to
localized 2e-2c single bonds between N1-Sil and Sil-Si2,
both significantly polarized. Accordingly, natural population
analysis (NPA) of 1 indicates a substantial net electron
transfer between the respective donor—acceptor fragments
(0.24 e for N—Si and 0.69¢ for Si—Si; Figure 2b).

Topological analysis of the computed electron density of
1 by means of Bader’s quantum theory of atoms in molecules
(QTAIM)"" yields a molecular graph that encloses bond
paths for N1-Sil and Sil-Si2 (Figure 2¢). According to the
customary bond classification within QTAIM the NI1-Sil
bond is characterized as a strongly polar covalent interaction
by a marked shift of the bond-critical point (bcp) towards the
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Figure 2. Bonding analysis of 1. a) NLMOs representing the N1-Si1
and Si1-Si2 bonds and the electron lone pair at Si2. b) Orbital
interaction scheme with net electron transfer according to NPA. c) 2D
plot of \/%0(r); charge concentration (blue) and depletion (red), bond
paths (black lines), zero-flux surfaces (grey lines), and bcps (blue
dots) with characteristic properties and distances to linked atoms.

d) 1D Laplacian profiles along the N1=Si1 (left) and Si1—Si2 (right)
bond paths. e) Deformation densities Ap from EDA-NOCV of

1 (charge flow from red to blue): N1—SiT (left) and Si1—Si2 (right)
o donor interactions. Charge eigenvalues v quantify the charge transfer
between donor and acceptor fragments (in e).

more electropositive Sil site, a relatively large electron
density py, and a positive Laplacian 1/’0y,."”! However, in
polar bonding situations commonly discussed as dative bonds,
the bep usually resides close to a nodal surface in the
Laplacian distribution," so that the sign of 5’0y, alone is
inconclusive for a bond classification.

In such cases it is more instructive to consider the one-
dimensional %0 profile along the bond path,'” which
emphasizes valence shell charge concentrations (VSCCs)
originating from two overlapping atomic valence shells. The
profile along N1-Sil exhibits a single pronounced VSCC
minimum in the vicinity of the electronegative nitrogen atom
and a weak shoulder, corresponding to the second VSCC near
Sil, both belonging to the N1 atomic basin (Figure 2d).
Importantly, similar characteristics are found for the Sil-Si2
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interaction: the bep is shifted towards Si2 and both VSCC
minima reside within the atomic basin of Sil.

Thus both, NBO and QTAIM analyses disclose strong
similarities in the nature of the N1-Sil and the Sil-Si2
bonding interactions. Further characterization of both bonds
is possible by energy decomposition analysis with natural
orbitals for chemical valency (EDA-NOCV)."! With refer-
ence to neutral closed-shell interacting fragments, which were
chosen upon application of the minimum orbital-term energy
criterion as advocated by Frenking and co-workers,”! a single
dominant orbital interaction results for either bond (cf. the
Supporting Information for a detailed discussion). The
resulting deformation densities shown in Figure 2e illustrate
the dative nature of these interactions with the direction of
charge flow clearly identifying the respective donor and
acceptor moieties for both the N1—Sil and Si1—Si2 bonds.
This assignment finds further support by evaluation of
Haaland’s definition of dative bonds:*!! Heterolytic bond
cleavage into NMe,Et and the disilene CL,Si=Si(SiCl), (2) is
distinctively favored over homolysis into [NMe,Et] ™ and [2]™
(AG™ =42 and 83 kcalmol™', respectively). Analogously,
heterolysis of 1 into Me,EtN-SiCl, and Si(SiCl;), is favored
by far over homolysis into [Me,EtN-SiClL,]** and [Si(SiCl;),]
(AG?® =36 vs. 88 kcalmol ™).

We note in passing that 1 represents a molecular mani-
festation of reactive (“buckled”) dimer sites discussed for
clean silicon surfaces.” Interestingly, while the computed
base-free disilene 2 assumes the expected trans-bent struc-
ture, it retains the almost perpendicular arrangement of the
Si(SiCly), group towards the Si1-Si2 single bond in 1 (bent-
angle 6 =79.1° and 6 ="78.1° in 1 and 2, respectively).’®) NBO
analysis reveals, however, the presence of a 0 and a & bond
between Sil and Si2 in 2 (Figure 3). While the o bond is
slightly polarized only, the mbond is strongly polarized
towards Si2. Correspondingly, the Wiberg bond index of
1.30 suggests the presence of a partial double bond in 2
(compared to 1.03 for the Sil-Si2 single bond in 1). This is in

b)
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Figure 3. Bonding analysis of 2. a) NLMOs representing the Si1—Si2
o (top) and 7 bonds (bottom). b) Schematic representation of domi-
nant donor—acceptor orbital interactions. c) Deformation densities Ap
from EDA-NOCV of 2 (charge flow from red to blue): Si1—Si2
interaction (top) and Si1«Si2 interaction (bottom). Charge eigenval-
ues v quantify the charge transfer between donor and acceptor
fragments (in e).
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tune with the EDA-NOCYV results, which disclose two major
orbital contributions associated with strongly stabilizing Sil —
Si2 o donation and significantly less efficient Sil«Si2
7 backdonation  (AE;=—71kcalmol™', AE,=—34kcal
mol !, Figure 3).

Turning to the formation mechanism the question arises
whether 1 results from Si,Cl; by 1) mere association of the
comprising silylenes present as intermediates in the reaction
mixture or 2) whether neo-SisCly, is initially formed, as with
catalytic amounts of amine,® followed by immediate decom-
position to 1. In fact, under comparable conditions, neo-
SisCly, also reacts with equimolar amounts of NMe,Et in
toluene to 1 and SiCl,, which supports hypothesis (2).
Furthermore, when conducting this reaction strictly below
—70°C three additional signals (6=30.9, —68.8 and
—143.1 ppm) were detected by *Si{'H} NMR spectroscopy.
Based on the results of spin-orbit relativistic *Si NMR
calculations these signals can be assigned to the Si*(Si°Cl;);~
anion (Si*: —137.0 Si": 34.2 ppm) and the (Me,EtN),SiCl,"
cation (calculated for (Me;N),SiCl;": —67.7 ppm). Impor-
tantly, quantum-chemical evaluation of the formation mech-
anism of 1 fully supports this assignment (Scheme 2): Initial
interaction between NMe; as model base and neo-SisCly,
results in slightly exergonic formation of mono-adduct A.
From here, the energetically most favored route to
(Me;N)SiCLSi(SiCl;), (1') commences with a low-barrier
heterolysis of A with a second amine to the contact ion-pair

NMe;
a)
Clim,, Y NMes 7+
GrwSi—cl
NMes s| NMes Clu SiCla)sSi]
_Si oy " Si—Cl | [(Si i
neo-SisClyy ————— CISS\/ \"_SICIa o i [(SiCl3)sSi]
0.0) SiCl |
NMe;
A (-3.9) B (-3.8)
b) . neo-SisCly,
C|3Si/s'('"3ic|3
SiCl
(0.0)
L SiCly TF sicl; %
:Tu-}s}c@ (l:l e
R-2-§i---NMes R—Si-----8i
2, AN
el SiCly
TS3 (9.3
// ©3) MesN. T$1(6.0)
NMe3 \‘
! . Sit—> Si
.g..\\&qa & ; '/
/7 sicly D o SiChy
R—SiCl, 5 lo $pSCh
1(-35) R—Si—Si
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TS2(13.4) D-(10.3)

Scheme 2. Computed reaction mechanism. a) Formation of the contact
jon-pair B. b) Autocatalytic cycle for the formation of 1/, R=Si(SiCl;);
(AG*® in kcal mol™'; SMD-MO06-2X/6-311 + +G(2d,2p)//6-31 + G (d,p);
solvent toluene).
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[(MesN),SiCL]*[Si(SiCls)s]~ (B) in an overall thermoneutral
step. Once formed, the anion Si(SiCl;);~ can add to neo-
SisCly, yielding silicate C~ with a minute barrier. After
a sequence of low-barrier isomerization steps, akin to related
elementary steps identified in earlier work'™® (see the
Supporting Information), thermoneutral elimination of SiCl,
leads to intermediate E~. This species can undergo an Sy2
type reaction with one equivalent of free amine base to yield
1’ and restore the Si(SiCly);~ anion. The catalytic cycle
computed for the (exergonic) formation of 1’ depicted in
Scheme 2b shows an overall effective barrier of 16 kcalmol ™,
in agreement with a reaction taking place at —70°C.

In conclusion, our investigation of the amine-induced
disproportionation of Si,Cl; led to the characterization of
compound 1. Based on experimental and computational
results, we propose a formation mechanism which emphasizes
the role of Si—Si bond heterolysis as opposed to silylene
extrusion prevalently assumed for the base-induced dispro-
portionation of perchlorosilanes. Among the resonance
structures that appear immediately valid for a phenomeno-
logical Lewis representation of 1 (Scheme 3), 1a is the best

Me EtN MeEtN MeEtN
o Vo .o
CI"}S' =—>Si"’ - CI“)Si:Si' - CI"}S'—SL
cl 7siCls cl 7siCly c l SiCly
SiCly SiCl, SiCl3
1a 1b 1c

Scheme 3. Plausible Lewis structure representations of 1.

illustration of our quantum-chemical bonding analysis.** Tt
highlights the picture of a central ambiphilic SiCl, fragment
stabilized by push—pull interactions with the amine donor and
the Si(SiCly), moiety serving as LA. To the best of our
knowledge 1 thereby features the first structurally charac-
terized dative Si—Si single bond. As such, 1 can be viewed as
a base-stabilized SiCl, tetramer, in line with Rivard’s inter-
pretation of his analogous germanium species.!'””! At the same
time, theory shows that the base-free disilene 2 retains the
unusually bent arrangement of the Si(SiCl;), group, so that
1 rightly qualifies as a disilene base-adduct as well (1b and 1¢
in Scheme 3).”! The presence of an electron lone pair at Si2
opens ways and means for further donor—acceptor reactivity
to higher oligomers. We are currently exploring this hypoth-
esis in our laboratories.
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