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Abstract: Reactions of silylenes with heavier chalcogens
(E) typically result in Si=E double bonds or their m-addition
products. In contrast, the oxidation of a silylene-function-
alized unsaturated silicon cluster (siliconoid) with Group
16 elements selectively yields cluster expanded siliconoids
Si,E (E=S, Se, Te) fully preserving the unsaturated nature
of the cluster scaffold as evident from the NMR signatures
of the products. Mechanistic considerations by DFT calcu-
lations suggest the intermediacy of a Sis siliconoid with
exohedral Si=E functionality. The reaction thus may serve
as model system for the oxidation of surface-bonded sily-
lenes at Si(100) by chalcogens and their diffusion into the
silicon bulk.
_/

The synthesis of unsaturated silicon clusters (siliconoids)™ as
well as the corresponding hetero derivatives® draws increasing
attention due to their role as presumed intermediates during
chemical vapor deposition™ or heterogeneous catalysis.” In
addition, the unsubstituted vertices share important features
of native silicon surfaces, in particular the presence of free va-
lencies, the so-called “dangling bonds”."’

A variety of neutral and anionic stable siliconoids has been
reported during the last decades.”®’"'¥ The manipulation of
stable representatives under retention of the unsaturated char-
acter is mostly limited to the shell of stabilizing ligands. A no-
table exception is the deliberate core expansion from Sig via Si,
and Sig using silicocene SiCp*, as a source of atomic silicon.
In general, reactions of siliconoids with oxidizing reagents
result in the saturation of the free valencies and thus the loss
of siliconoid character according to the definition."” More par-
ticularly, while saturated silicon clusters are well-known to un-
dergo cluster expansion with chalcogens*'¥ the related
chemistry of neutral siliconoids is completely unexplored, pre-
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sumably due to the facile oxidation of the “naked” vertices. In
view of the tremendous importance of chalcogen-containing
silicon materials,"” including sub-valent varieties such as the
famous “silicon monoxide”,”” we contemplated the possibility
of the incorporation of Group 16 elements as heteroatoms
into the cluster core without compromising the siliconoid char-
acteristics. A large variety of molecular model systems for sili-
con subchalcogenides has been described in recent years,
which are strictly electron-precise without exception and thus
do not reflect the widely accepted assumption of nanoscalar
cluster domains in these composite materials."®< N-heterocy-
clic silylenes, for instance, are well-known to readily undergo
oxidation to the corresponding silanones and heavier versions
thereof.2"-24

We therefore envisaged that chalcogens may initially attack
the pending silylene center of our recently reported siliconoid/
silylene hybrid species'*® instead of the unsubstituted vertices
of the Sig scaffold. In the same communication we had shown
that the Fe(CO), fragment coordinates to the silylene moiety
exclusively.*? We now report that this strategy indeed leaves
the “naked” vertices untouched in the reaction with chalco-
gens as well, while the pronounced electrophilicity of the plau-
sibly formed Si=E moiety (E=S, Se, Te) expands the cluster
core to incorporate two additional vertices: a pentacoordinate
silicon and the heavier chalcogen.

Simple stirring of a benzene suspension of the silylene-func-
tionalized siliconoid 1 with an excess of the chalcogen at room
temperature (2a: E=S, 2.5equiv, 4 h; 2b: E=Se, 2.5 equiv,
16 h; 2c: E=Te, 7 equiv, 72 h) results in the uniform conver-
sion to the chalcogen-expanded siliconoids 2a-c (Scheme 1).

The longest wavelength absorptions in the UV/Vis spectra
are at A,,,=394 nm (2a), 396 nm (2b), 404 nm (2¢) and thus
within the range observed for previously reported siliconoids
(Amox =364 to 477 nm)."**¥ The chalcogen-expanded ESi, silico-
noids 2a-c exhibit a high thermal stability, showing almost no
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Scheme 1. Synthesis of chalcogen-expanded Si, siliconoids 2a-c (2a: E=S,
2b:E=Se, 2c: E=Te).
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decomposition at their melting points up to 380°C. In the
solid state, crystals can be exposed to air for a few minutes
without apparent decomposition. This is remarkably reminis-
cent of the stability of selenium and other heavier chalcogens
bonded to silicon surfaces, which require temperatures of up
to 1000 K for desorption.”??

The structures of siliconoids Si,E 2a-c in the solid state were
determined by X-ray diffraction on bright yellow crystals ob-
tained in 74% (2a), 70% (2b) and 75% (2c¢) yield, respectively
(Figure 1). The cluster cores resemble that of the aforemen-
tioned Si,Tip;Cp* siliconoid and its expansion to SigTip;Cp*.'*¥
As in Si;TipsCp*, the Si1, Si2 and Si5 vertices are arranged as a
central isosceles triangle, although only the two vertices of the
base (Si1 and Si2) show hemispheroidal coordination environ-
ments'? (2a: @Si1)=+1.3628 A, ¢(Si2)=1.2919 &, #(Si5)=
—0.2267 A;  2b:  @(Si1)= 413603 A,  H(Si2)= +1.2850 A,
¢(Si5)=—0.2120 A; 2c: ¢(Si1)= +1.3616 A, $(Si2)= +1.2758 A,
¢(Si5)=—0.2356 A). The Si,E cluster is formally derived from
the Sis propellane motif distorted by the twofold interconnec-
tion of the “propeller blades”. This distortion results in a
seesaw-type coordination environment at Si5 with a quasi-
linear arrangement towards Si6 and Si5 (Si4-Si5-Si6 162.705(4)°
(2a); 161.951(2)° (2b); 158.951(3)° (2¢) vs. 173.77° for
Si,TipsCp*"*¥). The SiTip,-bridge between Si5 and the former
N-heterocyclic silylene moiety Si7 is extended by the insertion
of the chalcogen atom. Together with the two nitrogen centers
and the two adjacent “naked” silicon vertices pentacoordina-
tion of Si7 is attained. The distance between the unsubstituted
silicon atoms in 2a-c (Si1—Si2 2a: 2.6583(5) A, 2b: 2.6483(7) A,
2c: 2.611(7) A, Table 1) are comparable with those of the
Si,TipsCp* (2.648 A)."*¥ The Si2—Si7 bonds are markedly longer
(2a: 2.4967(5) A, 2b: 2.4904(7), 2¢c: 2.5017(7) A) than all re-
maining Si—Si bonds of the cluster core. The Si6—E bonds of

Figure 1. Representative molecular structure of siliconoid 2a in the solid
state. Hydrogen atoms omitted for clarity. Thermal ellipsoids at 50%. For
structure of 2b,c see Supporting Information. Selected bond length [A] and
angles [°]: 2a: Si1—Si7 2.4967(5), Si1—Si2 2.6583(5), Si4—Si5 2.4067(5), Si6—S
2.2044(5), Si7—S 2.1438(5), Si7—N1 1.852(1), Si7—N2 1.909(1); 2b: Si2—Si7
2.4904(7), Si1-Si2 2.6483(7), Si4—Si5 2.4101(8), Se—Si7 2.2923(6), Se—Si6
2.3474(6), Si7—N21.860(2), Si7—N1 1.924(2); 2 c: Si2—Si7 2.5017(7), Si1-Si2
2.6411(7), Si4—Si5 2.4249(7), Te—Si7 2.5120(5), Te—Si6 2.5764(5), Si7—N1
1.862(2), Si7—N2 1.928(2).
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Table 1. Selected analytical data of Group 16 core-expanded siliconoids
2a-c.
0%Si5  6¥Si1/2 [ppm]  Si1-Si2 Si7-E Si6-E Amax
[ppm] fAl [A] [A] [nm]
2a —109.7 —251.1 2.6583(5) 2.1438(5) 2.2044(5) 395
(E=S) —314.9
2b —1004 —-251.5 2.6483(7) 2.2923(6) 2.3474(6) 397
(E=Se) —309.3
2c¢ —86.7 —250.2 2.611(7)  2.5120(5) 2.5764(5) 405
(E=Te) —299.3

2a-c (2a: 2.2044(5) A, 2b: 2.3474(6) A, 2c: 2.5764(5) A) are sig-
nificantly longer than Si7—E (2a: 2.1438(5) A, 2b: 2.2923(6) A,
2c: 2.5120(5) A) and hence in the range of typical Si—E single
bonds as, for example, in dichalcogenatrisilabicyclopentanes
(Si—S: 2.198 A; Si—Se: 2.339 A; Si-Te: 2.561 A).”® The difference
in Si—E bond lengths may be interpreted as manifestation of
some residual double bond character of Si7—E and consequen-
tially a somewhat weaker interaction Si6—E, possibly with a cer-
tain donor-acceptor character.

At first glance, the typical wide dispersion of *Si NMR sig-
nals of siliconoids is not retained in 2a-c. While two of signals
for the unsubstituted silicon atoms Si1 and Si2 are observed in
the characteristic region between about —250 and —300 ppm,
a third strongly shielded signal at —109.7 ppm (2a),
—100.4 ppm (2b) and —86.7 ppm (2¢) without a cross-peak in
the 2D **Si/'H correlation NMR spectra is indicative of the pres-
ence of the additional silicon vertex Si5 without substituent,
similar to the observations in the hetero-atom-free Si, silico-
noid."* The resonances at 33.5 (2a), 26.6 (2b) and 2.3 ppm
(2¢) are assigned to the silicon vertex of the former N-hetero-
cyclic silylene moiety. While siliconoids Si,TipsCp~ and
SigTipsCp*"*¥ still exhibit a similarly wide 2°Si NMR shift distri-
bution as the Sis benzpolarenes, ! the chemical shifts of 2a-
c for Si7 may seem quite ordinary at first, but are in fact extra-
ordinarily deshielded considering the pentacoordination of Si7.
Pentacoordinate silicon atoms containing the same amidinato
ligand typically give rise to signals between —124.9 and
—82.9 ppm.” All other signals are observed at unremarkable
chemical shifts and are assigned to either SiTip, or SiTip verti-
ces on the basis of the number of cross-peaks to aryl hydro-
gens in the 2D #Si/'"H NMR correlation spectra (see Supporting
Information). The occurrence of two sets of signals in the
'HNMR of 2c suggests the presence of rotational isomers.
Indeed, a VT-NMR study in toluene solution revealed an in-
crease in intensity of the second set of signals with tempera-
ture although the barrier proved to be too high to accurately
determine the coalescence temperature (>343 K). The low sol-
ubility of 2a-c hindered the acquisition of °Si NMR with suffi-
cient signal-to-noise ratio and thus prevented the detection of
the second set of signals for 2c. The '*Te spectrum of 2c,
however, reveals a major signal at —93.72 ppm and a second
less intense signal at —22.84 ppm. The ”’Se spectrum of 2b
shows one sharp signal at 53.9 ppm.

In the CP-MAS #Si NMR, very similar chemical shifts are ob-
served proving the identity of the cluster in the solid state and

© 2020 The Authors. Published by Wiley-VCH GmbH
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the major rotational isomer in solution. The CP/MAS NMR
chemical shifts of the heavier chalcogen atoms in 2b and 2c
depend slightly on the rotation frequency of the rotors, a com-
monly observed phenomenon due to the heating of the
sample induced by fast spinning of the rotor.®” This effect is
more pronounced in case of the '*Te signals of 2¢ with a
downfield shift of A =9.1 ppm upon increasing the frequency
from 5 to 15 KHz. In comparison, the "’Se signals of 2b are
only shifted by Ad=3.2 ppm under identical conditions. The
same phenomenon, albeit significantly less pronounced, is ob-
served for the #Si CP/MAS NMR chemical shifts of 2b,c (Sup-
porting Information) with downfield-shifts A between 0.2 and
0.9 ppm with increasing rotation frequency from 5 to 15 KHz.

The mechanism of chalcogen-expansion of the cluster is of
particular relevance in view of the considerable interest in
chalcogen and chalcogenide diffusion through silicon materials
spurred by applications in micro- and optoelectronics as well
as batteries.""™? The formation of heterosiliconoids 2a-c is
readily understood by an initial oxidation of the pending sily-
lene center by the chalcogen leading to the formation of an in-
termediate siliconoid [1-Int] with Si=E functionality in ligato-
position. Such a pathway may well correspond to the an initial
step of the sorption of chalcogens to the deconstructed
Si(100)(1x 1) surface with its surface-bonded silylene centers.
After rotation about the Si—Si bond between silylene and sili-
conoid core, the strongly polar Si=E moiety of [1-Int]’ would
be predisposed to attack the privo-vertex (which typically
hosts major contributions to the LUMO of functionalized benz-
polarene siliconoids)!"* with its negatively polarized chalcogen
end. In this scenario, the silicon end with its partial positive
charge would accept electron density from one of the nudo-
vertices in concert with the cleavage of the bond between the
nudo- and the privo-silicon atoms (Scheme 2). We speculate
that similar pathways may be active during the process of
chalcogen diffusion from the silicon surface into the bulk.*®"!

In order to support our mechanistic proposal, optimization
of the electronic structures of the sulfur-expanded siliconoid
2a and the proposed intermediates [1-Int] and [1-Int]’ with
E=S were carried out at the BP86-D3(BJ)/def2-SVP level of
theory (Supporting Information). Compared to [1-Int], the final
product 2a is favored by AAG=—9.26 kcalmol™" in free en-

Scheme 2. Mechanistic considerations regarding the formation of chalco-
gen-expanded Si;E siliconoids 2 a-c.
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thalpy, which is in line with the fast and spontaneous forma-
tion of 2a (see Supporting Information). According to the
Hammond postulate,”” an approximate idea about the activa-
tion barrier for this process can be deduced from the free en-
thalpy of [1-Int]’ as necessary intermediate, which is by AAG=
+4.71 kcalmol—1 higher in free enthalpy than [1-Int]. The
shape of the frontier orbitals of [1-Int] adds further support for
this scenario. The HOMO and HOMO-1 represent the lone pairs
at the sulfur atom, while the LUMO exhibits a major contribu-
tion at the privo-vertex as commonly found for hexasilabenz-
polarene structures (Figure 2). The intramolecular in phase-
overlap of HOMO and LUMO upon rotation of the Si=E moiety
towards the privo-vertex as in [1-Int]" would plausibly result in
relaxation to 2a with a small barrier (Scheme 2).

In conclusion, we reported the expansion of the core struc-
ture of neutral silylene-functionalized siliconoids with chalco-
gens in the backbone. The heterosiliconoids of type Si;E (E=S,
Se, Te) feature three unsubstituted vertices and are shown to
be thermally extremely robust. The former silylene moiety is
now pentacoordinate, yet shows a chemical shift at unusually
low field presumably due to the characteristic deshielding
effect of the cluster current. The mechanistic scenario for clus-
ter expansion may serve as inspiration for the consideration of
alternative pathways in surface and bulk interactions of chalco-
gens with silicon.

HOMO
-4.32eV

HOMO-1
-4.50eV

LUmMo
-2.60 eV

Figure 2. Selected Molecular orbitals of [1-Int]’ at the BP86-D3(BJ)/def2-SVP
level of theory (isocontour value at 0.051840).
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