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ABSTRACT: A silicon atom in the zero oxidation state
stabilized by two carbene ligands is known as siladicarbene
(silylone). There are two pairs of electrons on the silicon
atom in silylone. This was recently confirmed by both
experimental and theoretical charge density investigations.
The silylone is stable up to 195 °C in an inert atmosphere.
However, a substoichiometric amount (33 mol%) of
potassium metal triggers the activation of the unsaturated
C:Si:C backbone, leading to a selective reaction with a
tertiary C—H bond in an atom-economical approach to
form a six-membered cyclic silylene with three-coordinate
silicon atom. Cyclic voltammetry shows that this reaction
proceeds via the formation of a silylone radical anion
intermediate, which is further confirmed by EPR spec-
troscopy.

In 1994, West et al.' reported on the first N-heterocyclic
silylene (R,Si:) which is stable at room temperature
(Scheme 1a). After this breakthrough, the chemistry of low-
valent silicon was explored more rapidly by various groups.” A
silylene in general is a molecule that contains a divalent neutral
silicon atom having a lone pair of electrons at the silicon atom."
Silylenes with three-coordinate silicon are also known**“%*
(Scheme 1c—f). Some of these compounds can activate small
molecules.*

In 2009, theoretical calculations on various (NHC),Si
compounds, coined as silylones, showed that the synthesis of
this class of compounds is experimentally feasible.> Approx-
imately two decades after the first report’ of silylene (R,Si:),
the syntheses of silylones (cAAC),Si with two-coordinate
silicon were reported (cAAC = cyclic alkyl(amino) carbene,
Scheme lg).6 Later on, a cyclic silylone (bNHC)Si (Scheme
1h) was prepared by Driess et al.” Silylone features a silicon
atom in the oxidation state zero which is stabilized by two
carbene ligands. Consequently, this silicon atom contains two
pairs of electrons. The silylone (or siladicarbene) is the heavier
analogue of the carbodicarbene (carbene),C.*~'* Similarly, it
also possesses two lone pairs of electrons at the central carbon
atom, which are shown to form coordination bonds with
acceptor molecules. So far, only metal complexes of carbo-
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Scheme 1. (a—f) Representative Silylenes with Two- and
Three-Coordinate Silicon, (g) Acyclic Silylones Stabilized by
cAAC, and (h) Cyclic Silylones Stabilized by bBNHC
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dicarbene are developed in connection with their reactivity.* "'

In contrast, on the reactivity of silylones, nothing has been
known until now.

We have recently reported the synthesis of the dark blue-
colored silylone (cAAC),Si, prepared from the diradical
(cAAC),SiCl, under KCg reduction,'* and the related charge
density investigations."”> The silicon atom of a silylone
possesses one non-bonding lone pair, and the second pair of
electrons participates in a three-center, two-electron 7-bond
between two carbene carbon atoms and the central silicon atom
(C:Si:C)." Thus, Si—C bonds of silylones are very strong. This
results in an unforeseen stability of these molecules. We have
observed that crystalline silylones are stable in an inert
atmosphere for about 2 years without any decomposition.
They can be characterized by mass spectrometry (see
Supporting Information (SI)). Silylones (1) are thermally
stable up to 195 °C, at which they melt to produce a blue liquid
and decompose to a yellow liquid above 220 °C. Silylenes with
a two-coordinate silicon atom can react with molecular
hydrogen, ammonia, and carbon dioxide.>* In contrast,
(cAAC),Si does not react with any of these gases at room
temperature. Herein we report the first reactivity study of
silylones generating cyclic silylenes with a three-coordinate
silicon atom.
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Considering the fact that cAAC is both a strong o-donor and
a m-acceptor, (cAAC),Si might accept an electron at the
unsaturated C:Si:C backbone, (Cy-cAAC),Si (la, Cy-cAAC =
:C(CH,)(CMe,) (C¢H,y)N-2,6-iPr,C4H,;) was investigated by
cyclic voltammetry (CV) in 0.1 M [n-Bu,N|PF4 THF solution.
Fortunately, the CV showed a quasi-reversible reduction at E, ,
= —1.55 V (referred against Cp*,Fe/Cp*,Fe"), indicating the
formation of a radical anion 1a*". In addition, the measurement
showed three irreversible reductions (E = —1.07, —2.39, and
—2.72 V, see SI). Based on the quasi-reversible nature of the
CV we anticipated a possible rearrangement of the intermediate
radical anion and accordingly a chemical reaction was set up.
THEF was added at room temperature to a 1:1 molar solid-state
mixture of (Cy-cAAC),Si (1a) and metallic potassium via a
cannula. The resultant dark blue solution was stirred for 20 min
to obtain a dark green solution which further turned to
greenish-yellow solution within the next 1S min of additional
stirring. The solution was filtered to separate the unreacted
potassium (67 mol%), indicating 33 mol% of potassium was
consumed during the reaction. The THF solution was
concentrated and stored at —32 °C in a freezer to form bright
yellow blocks of 2a in 80% yield. The analogous compound 2b
was prepared from the precursor (Me,-cAAC),Si (1b) (see SI).
The X-ray single-crystal diffractions revealed that 2ab are
isomers of the silylones 1a,b, respectively. The transformation
of 1ab into 2a,b can be rationalized as one of the H-CMe,
groups (lab) has selectively reacted (Scheme 2) with one
Ceaac—Si bond, producing H-Czc-Si(CMe,) moiety in
products 2a,b, respectively.

Scheme 2. Conversion of Silylone with Two-Coordinate
Silicon to Silylene with Three-Coordinate Silicon
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The solutions of 2a,b are stable at 0 °C for about 2 months.
The crystals of 2a,b are stable at room temperature for more
than 1 month in an inert atmosphere. They (2a,b) melt in the
temperature range of 223-224 °C and 211-212 °C,
respectively, while the melting range of 1a,b is 194—195 °C.
Compounds 2a,b were also characterized (see SI) by mass
spectrometry (m/z (100%): 678.4(2a), 598.4(2b)). The *Si
NMR spectra of 2a,b exhibit resonances at 55.98 and 54.55
ppm, respectively, which are upfield-shifted when compared to
those of 1a,b (71.15 and 66.71 ppm). The *C NMR spectra of
2a,b show resonances at 69.4(CH)/173.5(C:) and 66.2(CH)/
172.1(C:) ppm, respectively, which are upfield-shifted when
compared to those of 1ab (210.8 and 210.9 ppm).*" The
absence of 'H nuclei directly bonded to Si of 2a is confirmed by
a slow solid-state NMR cross-polarization buildup identical to
la. A reduced CSA, however, confirms the more symmetrical
distribution of electron density around the Si in 2a than in la
(see SI). The unsymmetrical electronic environment of the *Si
center in la resulting from the lone pair creates a strong
chemical shift anisotropy (CSA, see SI). The UV—vis spectra of
yellow-colored 2ab, recorded in n-hexane, show absorption
bands at 423/420 nm (see SI), while dark blue-colored

silylones la,b exhibit bands at 575/570 and 618/611 nm,
respectively.®®

2a,b were both characterized by X-ray single-crystal
determinations. The structural aspects of 2a are described
herein (see SI for 2b). Compound 2a crystallizes in the space
group P2,/n. The silicon atom adopts a distorted trigonal
pyramidal geometry which is bound to three carbon atoms
including the central carbon atom of the former iPr substituent.
The selected bond lengths and angles are given in the caption
of Figure 1. The structure of 2a shows that one carbene carbon

Figure 1. Molecular structure of 2a. H atoms are omitted for clarity,
except the freely refined H1. Selected experimental [calculated at the
BP86/def2-SVP level for the ground state] bond lengths (A) and
angles (°): Sil—Cl 1.952(2) [1.948], Sil—C24 1.824(2) [1.809],
Si1—C23 1.961(2) [1.968], C1-N1 1.461(3) [1.465], C24—N2
1.383(3) [1.374]; C23-Si1—C1 101.77(10) [100.67], C2—C1-NI
104.55(17) [105.98], C2—C1-Sil 120.81(16) [118.55], N1-C1-Sil
111.66(15) [111.17], C23—Sil—C24 126.42(10) [127.11], C24—Sil—
C1 112.70(10) [114.30], C25—C24—Sil 122.39(15) [122.05], N2—
C24-Sil 129.72(17) [129.95], C25—C24—N2 106.16(18) [106.93],
C4-N1-C1 114.54(17) [112.91], C21-N1-C1 120.98(17)
[122.46], C24—N2—C27 113.51(18) [113.46].

atom (C1) contains one proton, and the silicon atom is
additionally bonded to the CMe, group (C23) of one of the
former isopropyl groups (CHMe,; C23—Sil = 1.961(2) A).
This result shows that one of the Me,(Ar)C—H groups
selectively reacted across one of the C_y5c—Si bonds. The C1—
Sil and C1-N1 bonds are elongated from 1.8404(11) to
1.952(2) A and from 1.3827(15) to 1.461(3) A, respectively,
while the C24(C.yzc)—Sil and C24—N2 bond distances
remain very close to the values (Caac—Si = 1.8535(12) A,
C24—N2 = 1.3724(14) A) of silylone la. Finally, a new six-
membered ring containing two heteroatoms (shown in purple
color in Figure 1) has been formed. The C1—-Si1—C23 bond
angle of 2a is 101.77(10)°, while the C1—Sil—C24 angle has
changed from 118.16(5)° to 112.70(10)° when compared with
that of precursor la.

The Sil atom is 0.48 A above the C1—C23—C24 plane, while
C24 is located only 0.12 A above the Sil—C25—N2 plane. All
the bond parameters suggest that 2a might be a singlet diradical
(as shown in SI Figure S12) containing one radical each on Sil
and C24 atoms (Sil—C24 = 1.824(2) A). Similar Si—C bond
distances are observed in the monoradical (Cy-cAAC*®)SiCly
(181.93(8))" and diradical (Cy-cAAC®),SiCl, (1.854(2),
1.843(2) A). The Csc—N bond distance of 2a is 1.38 A,
close to that of monoradical (Cy-cAAC®)SiCly (138.27(10)
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A)" and slightly smaller than those of SiCly-bridged singlet
diradical (Cy-cAAC®),SiCl, (1.400(2), 1.403(2) A).®°

The stronger 7-acceptor property™> " of cAAC over NHC
(N-heterocyclic carbene) is the reason why cAAC transfers the
electron density from the silicon atom of cAAC-SiCl, to the
carbene carbon atom producing a singlet 1,2-diradical (SI
Scheme Sla) which dimerizes to form a stable singlet 1,4-
diradical (cAAC*®),Si,Cl, (SI Scheme S1b).' In contrast, the
NHC analogue (NHC)SiCl, is a singlet non-radical species2e
which is stable and isolable in the monomeric form. Based on
our previous results and present comparisons, it can be argued
that cAAC may destabilize the lone pair of electrons of 2a,b on
the silicon atom in the oxidation state 2. Hence, it is intriguing
whether 2a,b possess singlet 1,2-diradical ground states (SI
Figure S12).

We have performed DFT calculations at the U/R-M06-2X/
SVP level of theory (see SI) to illustrate the electronic structure
and bonding of 2a. The closed-shell singlet electronic state is
lower in energy by 16.8 kcal/mol (AG,®, at U/R-M06-2X/
TZVP//U/R-M06-2X/SVP level) than its triplet form.
Geometry optimization with broken symmetry formalism
reveals that the diradical singlet state again is higher in energy
than the closed-shell singlet state by 14.5 kcal/mol (AG>).
The optimized geometrical parameters of the singlet state are in
much better agreement to the crystal structure of 2a than its
diradical singlet or triplet states (see SI Figure S12 and Table
S3). Moreover for further validation, CASSCF(2,2)/SVP
calculation was performed at the MO06-2X/SVP optimized
geometry. The coeflicient values are 0.96, 0.0, and —0.29 for the
corresponding electronic configurations of (2,0), (1,1), and
(0,2), respectively. Additionally the diagonal elements of the
final one-electron symbolic density matrix are 1.8 and 0.2,
confirming the closed-shell singlet state to be the ground state
of 2a. The Sil—C24 bond is significantly shorter (1.81 A) than
its (cAAC),Si isomer, 1a (1.85 A) due to the stronger z-bond
character (HOMO(1a), SI Figure S13a). This z-bond is
polarized toward Sil (Sil, 39%; C24, 21%; N2, 15%) due to the
sharing of the lone pair of electrons from N2 to C24 (NPA
charge, qn; = —0.527 ¢, gy, = —0.498 ¢, SI Table S4). Unlike
the silylone ((cAAC),Si),°"?® no lone pair is found on either
Sil or C24 in 2a. The bonding scenario of the Sil=C24 bond
in 2a was further elucidated by QTAIM calculations.'” The
important topological parameters at the (3,—1) bond critical
points (BCPs) are given in SI Table S3. The covalent nature of
the Sil=C24 bond is characterized with electron density
[p(r)] of 0.11 and Laplacian [V?p(r)] of +0.42 at the respective
BCP (for details see SI). Furthermore, the high ellipticity value
(¢ = 0.51) suggests a significant double bond character,
supporting the NBO calculations discussed before. The
delocalization index (DI) value of 0.99 is close to the value
(1.17) of the Si=C double bond in H,Si=CH,,'"® which
indicates the presence of a strengthened Sil=C24 7-bond,*
pointing toward a stronger Si—C back-donation in 2a
compared to (cAAC),Si. The Si—C bond distances of 2a,b
are between single and double silicon-carbon bonds. Therefore
2a,b can also be considered as silenes, when only reflected on
the Si—C bond length.

The proposed mechanism for the transformation of 1a,b to
2a,b is shown in Scheme 3. CV of 1a,b suggests the formation
of very reactive radical anion intermediates, (1a,b)*~, via one-
electron transfer from potassium to 1a,b. The formation of the
radical anion (1b°*”) was further confirmed by ESR spectros-
copy (see SI). The radical electron of (1ab)*~ resides on one

Scheme 3. Proposed Mechanistic Pathway for the Formation
of 2a from la
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of the carbene carbon atoms and abstracts one H®* from the H-
CMe, group of a cAAC, producing (IM;)—C(*)Me,, which
further reacts with the central silicon atom to form IM,, which
leaves the electron at the end of the cycle to form the products
2a,b. Formation of the radical anion intermediates (1a,b)*~ is
the key step for the activation of the very strong C—H bond. In
comparison, low-valent transition metals often activate C—H
bonds via donation of electron density from their filled d-
orbitals to a o*orbital of the C—H bond. We have explored the
probable mechanism on the basis of a DFT study. The chemical
transformation la — 2a (SI Table S5) is initiated by the
reduction of 1a in the presence of metallic potassium, leading
to the stable radical anion, (1a)*~ (AG,% = —13.2 kcal/mol).
The radical electron is accommodated in the p orbitals of the
carbene carbon atoms (see the LUMO (1a) and SOMO (1a)*~
in SI Figure S14a). The Mulliken spin density plot of the radical
anion shows that the unpaired electron is delocalized (Figure 2)

(1a)- M, M,

Figure 2. Computed (a) KS-MO and (b) Mulliken spin density plot of
selective intermediates (isosurface = 0.006 au) at U/R-M06-2X/
TZVP//U/R-M06-2X/SVP level. Hydrogen atoms are omitted for
clarity.

between two carbene carbon atoms (C1 and C24) via the
vacant d-orbital of the silicon atom (SI Figure S14b). The
(1a)*” — IM; transformation is highly endergonic (AG,® =
17.9 keal/mol) since the unpaired electron is shifted to the
—CMe, of the Dip group (IMj, SI Figure S14b).

The extra stability of the (1a)®” system is due to the
delocalization of the unpaired electron and is quantified by
model study shown in SI Scheme S2. The next step IM; — IM,
is now exergonic (AG.® = —23.3 kcal/mol) because the radical
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electron resides in the p orbital of the carbene carbon atom
(C24) bonded to the silicon atom (see Mulliken spin density in
IM,, SI Figure S14b). Finally, IM, is oxidized to the product 2b
along with simultaneous reduction of another 1a species (AG,®
—2.6 keal/mol) (SI Table $5).%°

In conclusion, we have shown that a substoichiometric
amount (33 mol%) of potassium triggers the activation of the
unsaturated C_,pene:Si:Coypene Dackbone of very stable silylones
la,b, leading to a selective reaction with one intramolecular
tertiary C—H bond in an atom-economical approach to form
the isomers 2a,b with a three-coordinate silicon atom. This is
the first report on the reactivity studies of silylones. CV
suggests that silylone can quasi-reversibly accept an electron to
form a very reactive radical anion intermediate, (1a,b)*~, which
rationalizes the reaction of one of the C—H bonds across
Ceabene==51 even at room temperature. The energetics of the
reaction is computed to be favorable under the given reaction
condition, which is important for activation of strong bonds by
zero-valent group 14 elements. The electronic structure and
bonding properties of the product containing a three-
coordinate silicon atom were studied by theoretical calculations,
which revealed that it possesses a closed-shell singlet ground
state.
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Syntheses of 2a,b; UV—vis, crystal structure determination, CV,
EPR, and theoretical details. This material is available free of
charge via the Internet at http://pubs.acs.org.
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