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Dedicated to Dr. Sakya S. Sen.

Herein, we report the synthesis of a rare bis-silylene, 1, in which
two Si'atoms are bridged by a Si¥ atom. Compound 1 contains
an unusual Si"-Si"-Si" bonding arrangement with Si"-Si" bond
distances of 2.4212(8) and 2.4157(7) A. Treatment of 1 with
Fe(CO)s afforded a dinuclear Fe® complex 2 with two unusually
long Si—Si bonds (2.4515(8) and 2.4488(10) A). We have also

Introduction

Silylenes are highly reactive compounds that contain divalent
silicon atoms and are considered to be analogs of carbenes;"
However, both species display fundamental differences in their
electronic behavior. While carbenes can exist in singlet as well
as triplet ground states, but silicon in silylenes are always
preferred singlet ground state, due to its inherent reluctance to
undergo s—p orbital hybridization. The unique ambiphilic nature
of silylenes has led to extensive research activity in this area.
The nucleophilic nature of the silylenes arises from the presence
of a non-bonding electron pair at the highest occupied
molecular orbital (HOMO) on the silicon atom and the electro-
philic nature arises due to the presence of an empty p-orbital at
the lowest unoccupied molecular orbital (LUMO). Since the first
report of N-heterocyclic silylene (NHSi) in 1994, several other
NHSi compounds have been isolated and their chemistry has
been explored in different directions.”” The most important
uses of silylenes include activation of small molecules and
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carried out a detailed computational study to understand the
nature of the Si—Si bonds in these compounds. Natural bond
orbital (NBO) and energy decomposition analysis—natural orbital
for chemical valence (EDA-NOCV) analyses reveal that the Si—Si
bonds in 1 and 2 are of an electron-sharing nature.

stabilization of metals in low oxidation states.® These proper-

ties of silylenes can be attributed to their high reactivity and
unique amphiphilic nature."™™ The chemistry of low-valent
silicon received a major boost when a heteroleptic chlorosily-
lene was stabilized by amidinate ligand" The unique bis-
silylene with a reactive Si'-Si' bond led to the development of a
plethora of silicon compounds that were thought to be
inaccessible otherwise. For example, several organo-silicon and
heterocyclic silicon compounds have been synthesized by
reacting silylenes with unsaturated alkynes, alkenes, ketones,
alcohols.!""71

Furthermore, spacer-separated bis-silylenes which generally
are synthesized by coupling two silylene molecules through a
spacer molecule, have proved to be excellent stabilizers for low-
valent main group elements, due to their strong o- donor and
partial m-accepting abilities.">'® The literature survey suggests
that the majority of compounds with low-valent silicon are
based on bis silylenes that have a Si-Si bond or they are
separated with an organic group™™® For instance, Mo et al.
showed the stabilization of disilicon(0) complex where a Si=Si
double bond is formed." In a recent report, Driess and co-
workers have shown that a N-bridged bis-silylene is stabilizing
triplet diradicals.'”” Consequently, chemistry of low-valent
silicon makes considerable contributions to modern main-group
chemistry."®2" Early examples of bis-silylene with a Si'—Si' bond
were reported by us as well as by Krogman and co-workers!""*?
However, heterovalent Si—Si bonds are very scarce in the
literature. For instance, Aldridge and co-workers have isolated
an acyclic silylene, A which contains a Si"-Si" bond with bond
distance of 2.386(1) A Rivard and co-workers®” have also
isolated a two-coordinate acyclic silylene, B stabilized by bulky
vinylic N-heterocyclic olefin ligand, in which Si'-Si¥ bond is
present possessing a bond distance of 2.4041 A. Similarly, Inoue
and co-workers reported the formation of an acyclic silylene, C
that also contains a Si'-Si¥ bond.” Sen and co-workers
synthesize PhC(NtBu),Si{Si(SiMe;),}, D that contains an unusually

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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long Si'-Si" bond of 2.4339(13) A% Since, activation of Si-Si
bond in bis-silylenes has yielded fundamentally important
compounds such as inorganic aromatic rings and stabilization
of transient species like reactive nitrenes.”” Therefore, Si'-Si"
bond activation is also expected to yield important class of
compounds leading to further development of silylene
chemistry.

Herein, we report the synthesis and characterization of a
Si¥-separated bis-silylene (1) which contains an unusual
Si'-Si"-Si" bonding arrangement and we also show the
reactivity of 1 with Fe(CO); to form an adduct 2 ( Figure 1).

Results and Discussion

Synthesis

Amidinato-silylene chloride(LSiCl)'” and Ph,SiCl, were mixed in
a 2:1 molar ratio at —78°C and stirred for an hour. The resulting

brown-colored solution was transferred to a flask containing
4 equivalents of KC; at —78°C (Scheme 1). The solution was

Dipp

slowly brought to the room temperature and stirred overnight,
resulting in a very light green solution. After overnight stirring,
the reaction mixture was filtered and the solvent was removed
under a vacuum. The compound was dissolved in hexane and
the concentrated solution was stored in a freezer at —30°C. The
block-shaped crystals of compound 1 with 71% yield were
isolated after 15 days. Compound 1 was thoroughly character-
ized by single crystal X-ray diffraction, 'H, C, *SiNMR
spectroscopy, and mass spectrometry (Figures S1-S3 and S7 in
the Supporting Information). The aliphatic protons of tert-butyl
group appear at 1.16 ppm while aromatic protons appear in the
range of 6.6-8.2 ppm as well resolved splitting pattern. >*C NMR
also shows resonances in the expected region wherein tert-
butyl-C appears at 52.9 ppm and methyl-C appears at 31.3 ppm,
whereas, carbons from aromatic rings are observed in the range
of 125-155 ppm. *Si NMR exhibits resonances at —29.2 ppm
and 59.9 ppm which originate from the non-silylene (middle)
and silylene silicon (terminal) atoms present, respectively.
Furthermore, we envisioned studying its coordination ability
and the consequent change in electronic properties of the Si—Si
bond after silylene electron pair is coordinated to a transition

iPr
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Figure 1. Selected examples of compounds with Si"-Si" bonds.
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Scheme 1. Synthesis of 1 and 2.
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(LSiFe(CO),),-SiPh, (2)
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metal. Thus, compound 1 was reacted with Fe(CO)s in a 1:2
molar ratio at room temperature in toluene and stirred
overnight. Afterwards, the filtrate was dried and the compound
was recrystallized in hexane that produced block-shaped
crystals of compound 2 with 65% yield within a week. The
compound 2 was also characterized thoroughly with the single
crystal X-ray diffraction, 'H, *C, and *Si NMR (Figures S4-S6).
The aliphatic protons of tert-butyl group appear at 1.07 ppm
while aromatic protons appear in the range of 6.0-8.5 ppm as
well resolved splitting pattern. The *C NMR shows a resonance
at 216.7 ppm that originates from carbonyl carbon atoms, while
other resonances also appear in the expected region. *Si NMR
of 2 exhibits resonances at —29.6 ppm and 113.0 ppm which
originate from the non-silylene (middle) and silylene silicon
(terminal) atoms present, respectively. Compound 2 was also
characterized by IR spectroscopy and exhibits IR stretching
frequency for CO at 1893 cm™' (Figure S8). It is evident from the
chemical shift values that the silylene silicon gets highly
deshielded due to coordination of the electron pair, compared
to compound 1.

Figure 2. Molecular structure of 1 with anisotropic displacement parameters
at the 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths [A] and angles [°]: Si1-N2 1.8717(13), Si1-N1
1.8733(11), Si1—Si2 2.4157(7), Si2—Si3 2.4216(8), Si3—N3 1.8662(11), Si3—N4
1.8773(12), N2-Si1—N1 69.55(5), Si1—Si2—Si3 113.70(2), N3—Si3—N4 69.37(5).

Figure 3. Molecular structure of 2 with anisotropic displacement parameters
at the 50% probability level. Hydrogen atoms and minor positions of
disordered groups and the cocrystallized solvent are omitted for clarity.
Selected bond lengths [A] and angles [°]: Si1-N2 1.8630(13), Si1—N1
1.8440(13), Si1-Si2 2.4515(8), Fe2—Si3 2.3053(13), Si2—Si3 2.4488(10), Si3—N4
1.8492(13), Si3—N3 1.8573(14), N1-Si1—N2 70.82(6), Fe1-Si1-Si2 131.79(3),
Si3—Si2—Si1 127.75(3), N4—Si3—N3 70.97(6), Fe2—Si3—Si2 133.19(3).
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Structural description

The molecular structures of 1 and 2 were confirmed by single-
crystal X-ray diffraction studies. Compound 1 crystallizes in the
monoclinic space group P2,/c with one molecule in the
asymmetric unit (Figure 2). The crystal structure of 1 reveals a
three-membered silicon chain with Si—Si bond lengths of
2.4153(7) A and 2.4212(8) A, and a Si—Si-Si angle of 113.71(2)°
(Tables S1 and S2). Each terminal silicon atom also coordinates
the bidentate amidinato ligand and the central silicon atom is
also coordinated to two phenyl groups in a tetrahedral environ-
ment.

Compound 2 crystallizes in the triclinic space group P1 with
one molecule and the co-crystallized solvent toluene in the
asymmetric unit (Figure 3). Compared to compound 1, each
terminal silicon atom additionally compounds with a tetracar-
bonyl iron in a tetrahedral environment. The silicon-silicon
bonds (2.4488(10) A and 2.4515(8) A) and the Si-Si—Si angle
(127.75(3)°) are larger compared to bond lengths and angels of
compound 1 (Tables S1 and S3).

Computational calculations

We optimized the geometries of compounds (LSi),—SiPh, (1),
and (LSiFe(CO),),—SiPh, (2) at the BP86-D3(BJ)/Def2TZVPP level
of theory (Figure 4).”53" The computational method description
is given in Supporting Information. The calculations predict
stable singlet ground state geometries for both compounds 1,
and 2. Compound 2 shows (Figure 4) shorter Si—Si bond
lengths (2.409 A) and wider /Si,—Si-Si, bond angle (127.3°)
compared to compound 1 (2.426 A, 116.4°), which can be due
to the siphoning of electron density by coordinated Fe(CO),
units from Si, atoms and steric repulsion. The computed Si,—Si
bond lengths in compound 1 (Figure 4) are slightly longer than
the experimental results (Figure 2) by 0.005-0.011 A. However,
they are slightly shorter (Figure 4) than the experimental Si,—Si
bond lengths (Figure 3) by 0.036-0.042 A in compound 2. The
substantial increase in positive charge at both terminal Si, atom
(from 1.282 in 1 to 1.529 in 2) indicates significant electron
transfer from Si to Fe. Furthermore, the negative charge
increases on Fe atom from —1.292 in free Fe(CO), to —2.468 on
Fe atom of compound 2 (Table 1). This corroborates the
significant electron transfer from Si to Fe. The Wiberg bond
indices (WBI) of 0.83-0.85 indicate a Si,—Si (L=Iligand) single
bond character. Moreover, the Si,—Si bond is slightly more
polarized, or in other words, the electron density is concen-
trated at the central Si (Table 1). The molecular orbital analysis
of 1 shows that the HOMO demonstrates a ¢ type Si.—Si bond
interaction, whereas in 2 the HOMO-4 indicates the same
(Figure 5). HOMO-1 of compound 1 represents a lone pair on
the Si_ atoms, whereas HOMO to HOMO-3 of 2 designates filled
d-orbitals of the Fe atoms (Figure 5).

The Si,—Si bonds of (LSi),—SiPh, (1) and (LSiFe(CO),), SiPh,
(2) were further investigated using the energy decomposition
analysis coupled with natural orbitals for chemical valence
analysis (EDA-NOCV) to shed some light on the effect of the
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Figure 4. Optimized geometries of (LSi),—SiPh, (1) and (LSiFe(CO),),—SiPh, (2) at the BP86-D3(BJ)/Def2TZVPP level.

Table 1. NBO results of the Si—Si bonds of (LSi),—SiPh, (1) and (LSiFe(CO),),—SiPh, (2) compound at the BP86-D3(BJ)/def2-TZVPP level of theory. Occupation

number ON, polarization and hybridization of the Si—Si bonds and partial charges g. WBI=Wiberg bond index. Si(L) =ligand-bound Si and Si(C) =Central Si.

Compound Bond ON Polarization and hybridization [%] WBI Gsiwyre Gsio

1 Si—Si 1.83 Si: 42.7 Si: 57.3 0.85 0.641 0.697
5(12.0), p(87.2), d(0.8) s(24.4), p(75.6)

2 Si—Si 1.87 Si.: 45.3 Si: 54.7 0.83 1.529 0.679
s(31.7), p(68.0), d(0.3) s(25.3), p(74.2),d(0.5)

Sii—Fe 1.65 Siy: 47.6 Fe: 52.4 0.74 —2.468

5(54.3), p(45.7) 5(26.4), p(51.2),d(22.4)

HOMO-2 (-5.25 eV)

HOMO-3 (-5.26 V)

Figure 5. Molecular orbital pictures of a) 1 and b) 2 at the BP86-D3(BJ)/def2-TZVPP level of theory.
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HOMO-4 (-5.83 V)
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Fe(CO); coordinated silylene atom to the Sii atoms. Three
different bonding options were considered by tweaking the
charge and multiplicity of the fragments to find the best
description to the bonding (dative, electron sharing and dative
plus electron sharing; Table2). They are neutral (LSi),/
(LSiFe(CO),), fragments and SiPh, fragments in singlet and
triplet electronic states, forming either dative or electron
sharing bonds and singly charged, doublet state (LSi),/(LSiFe-
CO,), (=) and SiPh, (+) fragments forming a combination of
dative and electron-sharing bonds (Table 2). The bonding
description which gives the smallest change in orbital inter-
actions (AE,,) between the fragments is considered the best
bonding possibility.?*>* The results from Table 2 indicate that
the electron-sharing interaction between the Si,—Si atoms with
(LSi),/(LSiFe(CO,)), and SiPh, fragments in electronic triplet
states is the best bonding scenario for both compounds 1 and
2. Additionally, we have explored similar bonding scenarios by
interchanging the charge of the interacting fragments of
compound 1 (Table 2). However, the additional possibilities did
not change the best bonding scenario discussed earlier due to
higher orbital energies (AE,,). Similar results are expected for
compound 2.

The calculations suggest that the Si,—Si bonds of compound
1 have roughly equivalent contributions of orbital (covalent)
and electrostatic contributions (Table 3), however, with a
slightly dominant orbital contribution (46.5%). But, from
Table 3, we can designate the Si.—Si bonds of compound 2 as
more electrostatic due to its higher contribution (51.9%). This
increase in 2 can be attributed to the flow of electron density
from the Si, atoms toward the Fe atoms, which is in tune with
the bond lengths increase and the NBO analysis. The dispersion
interactions also contribute significantly to stabilizing the Si—Si
bonds in both compounds by contributing 9.8 (1) to 10.2% (2)
to the total attractive contributions. The breaking down of total
orbital interactions into pairwise interactions sheds more light
on the nature of the Si,—Si bonds. The two c-electron-sharing
interactions, as illustrated by the deformation density pictures
(Figures 6 and 7), contribute around 85% of the total orbital
interactions in both compounds 1 and 2. Besides, compound 1
shows a minor (Si),—SiPh ¢ e~ donation (3.3 %).

The oxidation states of the silicon atoms were calculated by
LOBA method (localized orbital bonding analysis)®? using
Multiwfn.®*! The terminal two silicon atoms (Si,) in 1 display the
+2 oxidation state, while the central silicon displays +4
oxidation state.

Table 2. EDA-NOCV results of Si—Si bonds of (LSi),—SiPh, (1) and (LSiFe(CO,),—SiPh, (2) with two different sets of fragments with varying charges and
electronic states (S=singlet, D=doublet, T=triplet) and associated bond types at the BP86-D3(BJ)/TZ2P level. Energies are in kcalmol™'. The best type of
fragmentation and bond are given by the smallest AE,,, value written in bold. D=dative and E=electron sharing bond.

Molecule Bond type® Fragments AE, AEp, i AE at AEg, AE,
(LSi),~SiPh, (1) D (LSi), (S)+SiPh, (S) —-216.0 365.6 —261.8 —423 —277.5
E (LSi), (T)+SiPh, (T) —-151.5 280.3 —188.7 —423 —200.7
D+E (LSi)", (D) +(SiPh,)* (D) —286.8 249.8 —211.1 —423 —283.1
D+E (LS, (D)+(SiPh,)~ (D) —232.5 361.1 —302.2 —423 —243.2
D (LSi)**;, (D) + (SiPh,)*™ (D) —471.4 4127 —507.3 —423 —334.5
D (LSi)*~, (D) + (SiPh,)** (D) —623.1 3174 —415.1 —423 —483.1
(LSiFe(CO,),— D (LSiFe(CO,), (S) +SiPh, (S) —2363 388.9 —276.2 —56.9 —292.2
SiPh, (2) E (LSiFe(CO,), (T) +SiPh, (T) —173.0 288.0 —193.6 —56.9 —210.5
D+E (LSiFe(CO,))~, (D) +(SiPhy)* (D) —306.1 33238 —269.5 —56.9 —312.5

Table 3. The EDA-NOCV results at the BP86-D3(BJ)/TZ2P level of Si,—Si bonds of (LSi),—SiPh, (1) and (LSiFe(CO,)),—SiPh, (2) compound using (LSi),,
(LSiFe(CO,), and SiPh, in the electronic triplet (T) states as interacting fragments. Energies are in kcalmol™".

Energy Interaction (LSi), (T) + SiPh, (T) (LSiFe(CO,)), (T)+ SiPh, (T)
AEy —151.5 —173.0

ABpyi 280.3 288.0

AE " —423(9.8%) —56.9 (10.2%)

AE it —188.7(43.7 %) —288.0 (51.9%)

AE, —200.7 (46.5 %) —210.5 (37.9%)

AE g™ (Si),~SiPh ¢ e sharing —89.6 (44.6 %) —91.2 (43.3%)

A o)™ (Si),—SiPh ¢ e sharing —81.5 (40.6 %) —86.7 (41.2%)

AE o™ (Si),—SiPh o e~ donation —6.6 (3.3%)

A presty” ~23(11.5%) ~326 (15.5%)

[a] The values in the parentheses show the contribution to the total attractive interaction AE,+ ALy,  AEy; [b] The values in parentheses show the

contribution to the total orbital interaction AE,.
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Ap, (LSi)2-SiPh2 (1)

(LSi)2(T) SiPhz (T)

AEorb(3)= -6.6;

Viavag| = 0.11/0.12

SOMO (e =-2.82¢eV)

HOMO-2 (e=-5.40eV)

SOMO-1 (e =-5.53 eV)

SOMO (e =-3.46 eV)

LUMO+3 (e =-1.01 eV)

Figure 6. The shape of the deformation densities Ap 3 that correspond to AE, .3, and the associated MOs of (LSi),—SiPh, (1) and the fragments orbitals of
neutral SiPh, and (LSi), in the doublet state at the BP86-D3(BJ)/TZ2P level. Isosurface values are 0.001 au for Ap; 5 and 0.0001 for Ap. The eigenvalues |v, |
give the size of the charge migration in e. The direction of the charge flow of the deformation densities is red—blue.

Conclusions

In conclusion, we have expanded the family of bis-silylene with
the addition of a Si"-separated bis-silylene, 1, that possesses an
unusual Si"-Si"-Si" bonding arrangement with an average
Si'-Si¥ bond distance of 2.4184(8) A. Furthermore, upon treat-
ment with Fe(CO)s, bis-silylene 1 produces a dinuclear Fe°
complex, 2, that contains unusually long Si-Si bonds
(2.4501(9) A). The bond lengths in 2 are elongated due to the
shift of electron density towards iron upon coordination with
silylene atoms. NBO and EDA-NOCV calculations for 1 and 2
revealed that the Si—Si bonds present are electron sharing in
nature. Activation of the Si—Si bond in 1 is expected to yield a
variety of unusual compounds.

Experimental Section

Crystal data: The datasets were collected on a Bruker D8 three
circle diffractometer, equipped with a SMART APEX Il CCD detector
and an INCOATEC microfocus source (Moy, radiation) with
INCOATEC Quazar mirror optics. The data were integrated with
SAINT® and a multiscan absorption correction was applied using

Chem. Eur. J. 2024, €202303113 (6 of 8)

SADABS.E” The structures were solved by SHELXT®® and refined on
F? using SHELXL®” in the graphical user interface ShelXle.*”

Crystal data for 1 at 100(2) K: C,HseN,Si;, M,=701.17 gmol™',
0.364-0.247-0.202 mm, monoclinic, P2,/c, a=21.893(4)A, b=
10.375(2) A, ¢=20.118(3) A, B=116.58(3)°, V=4086.6(16) A°, Z=4,
#(Moy,) =0.149 mm™', 0,,.,,=26.549°, 196495 reflections measured,
8478 independent (R,,,=0.0425), R, =0.0321 [I> 20()], wR,=0.0845
(all data), APma/ADmin=0.958/—0.244 ¢ A3,

Crystal data for 2 at 1002) K: CsoHseFe,N,OqSi;,CHg, M,=
1129.09 gmol~’, 0.231-0.217-0.14 mm, triclinic, PT, a=10.630(2) A,
b=15.932(3) A, c=18202(4) A, a=90.47(2)°, f=106.97(4)°, y=
103.70(3)°, V=2854.6(12) A’, Z=2, u(Moy,)=0.627 mm~", 6. =
26.391°, 104068 reflections measured, 11643 independent (R,,=
0.0439), R, =0.0283 [I>20())], wR,=0.0685 (all data), ADma/Almin=
0.373/-0.348 e A,

Deposition Numbers 2292818 (for 1), and 2292819 (for 2) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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Ap, (LSiFe(CO)4)2 -SiPh2 (2)

Apy

(LSiFe(CO)a)2 (T)

SOMO (e =-3.95¢eV)

SOMO (e =-3.45¢eV)

Apy
AE 2= -86.7; [VaoVip| = 0.61/0.50

Figure 7. The shape of the deformation densities Ap, that correspond to AE, ). and the associated MOs of (LSiFe(CO,)),—SiPh, (2) and the fragments
orbitals of neutral LSiFe(CO,) and SiPh, in the doublet state at the BP86-D3(BJ)/TZ2P level. Isosurface values are 0.001 au for Ap,, . The eigenvalues |v, | give
the size of the charge migration in e. The direction of the charge flow of the deformation densities is red—blue.
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RESEARCH ARTICLE

Sharing bonds: This article reports a
rare bis-silylene, [LSi),—SiPh,, L=
(PhC(NtBu),] (1), in which a Si" atom
bridges two silylene atoms.
Compound 1 contains an unusual
Si'—Si"—Si" bonding arrangement with
Si'—Si" bond lengths of 2.4212(8) and
2.4157(7) A. Treatment of 1 with
Fe(CO); afforded a dinuclear Fe°
complex 2 with two unusually long
Si—Si bonds (2.4515(8) and

2.4488(10) A). NBO and EDA-NOCV
analyses reveal that the Si—Si bonds in
1 and 2 are of an electron-sharing
nature.
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