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Silicon based radicals, radical ions, diradicals
and diradicaloids

Kartik Chandra Mondal, Sudipta Roy and Herbert W. Roesky*

Radicals are an important class of species which act as intermediates in numerous chemical and biological
processes. Most of the radicals have short lifetimes. However, radicals with longer lifetimes can be isolated
and stored in a pure form. They are called stable radicals. Over the last five decades, the syntheses of several
stable radicals have been reported. Recently, highly unstable radicals have been successfully stabilized via
strong o-donation of singlet carbenes. Cyclic aklyll@amino) carbene (cAAC) is regarded as a stronger o-donor
and a better m-acceptor when compared with that of an N-heterocyclic carbene (NHC). In this article we
review preferentially the results of our group to generate stable radical centers on the carbene carbon atoms
by employing the so far hidden and unique ability of the cAACs. We focus on the development of new
synthetic routes to stable and isolable radicals containing silicon atoms. All the compounds have been well
characterized by single crystal X-ray analysis; the mono-radicals have been distinguished by EPR spectroscpy
and the ground state of the diradicals has been studied by magnetic susceptibility measurements and
theoretical calculations. Many of these compounds are studied by cyclic voltammetry and are often
converted to their corresponding radical cations or radical anions via electron abstraction or addition
processes. Some of them are stable, having long lifetimes and hence are isolated and characterized
thoroughly. Not much information has been obtained on the short lived persistent radical species.
Herein, we discuss some of the examples of such a type of species and focus on what kind of chemical
reactions are initiated by these short-lived radical species in solution. We also briefly mention the
syntheses and charaterization of the so far reported stable silicon centered radicals.

Introduction
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physicists for over a century.' The first organic radical (trityl
radical; Ph;C®) was synthesized in 1897 by the Russian scientist
Moses Gomberg and was reported in 1900.'“ Trityl radical is
the first organic radical which was produced within a glass
container in a laboratory. It was accidentally obtained in
an attempt to synthesize sterically crowded Ph;C-CPh; by
reduction of Ph;C-Cl with Zn or Ag metal. A trityl radical
(Ph;C*) mostly exists in the dimeric form and a small percentage
of the monomeric radical form is in equilibrium with its dimer.
Seven decades later the molecular structure of Ph;C® analogues
were studied and confirmed by X-ray single crystal diffraction.
The chemists then tried to understand and unlock the hidden
mystery behind the unusual stability of such open shell species.
Finally, it has been concluded that substitution with six chlorine
atoms (at the 2,6-position of each phenyl ring) is enough to make
this class of radicals to be stable in air. Radicals are mostly
stabilized by the steric effect preventing them from taking part in
further chemical processes such as dimerization and proton
abstraction. A large number of chemical®*® and biological®
procedures are functioning via radical pathways.>™ Radicals
play crucial roles in our daily biological systems to laboratory
chemical processes. A large number of radical species have
been even found in the interstellar atmosphere such as methylidyne
(*CH), ethynyl radical (*C,H), methylene diradical (**CH,), amino
radical (*NH,), formyl radical (HCO®), hydroxyl radical (*OH), and
cyanogen radical (*CN). They could not combine with each other
due to the very low density of the interstellar medium.

In general most of the radicals are short-lived species."
The lifetimes of some radicals are extremely short and thus they
cannot be even characterized by electron paramagnetic resonance
(EPR) measurements. Radicals having relatively longer lifetimes
can be studied by EPR spectroscopy at low temperatures. The
instability of the unstable radicals arises mainly from their high
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reactivity due to thermodynamic and kinetic reasons. Highly
reactive radicals are prone to undergo dimerization, polymeriza-
tion, bond activation, fragmentation or atom abstraction from
solvents, etc. The radicals are mainly divided into two categories,
viz. persistent radicals® and stable radicals. The former have
sufficiently long lifetimes and can be characterized in solution
by EPR. The persistent radicals cannot be isolated in a pure
form, while the stable radicals are isolable and storable even at
room temperature (rt)."”® Stable radicals can be structurally
characterized by X-ray single crystal diffraction.® They are
utilized in many areas of chemistry for different means. They
can catalyse polymerization reactions and hence are of huge
interest in polymer chemistry.” They have been combined with
metal salts for oxidation of alcohols to the corresponding
aldehydes.® Stable radicals have often been used for trapping
unstable radical intermediates in organic and inorganic chemical
transformations.” When radicals are combined with anisotropic
metal ions at the molecular level, the composite can act as single
molecule magnets (SMMs)'® or single chain magnets (SCMs),"*
which are promising candidates for the construction of molecule
based electronics.'> Moreover, radicals have the ability to act as
antioxidants."

Monoradical, biradical, diradical and
diradicaloid
Monoradical

An atom or a functional group or a molecule containing an
unpaired electron is called a monoradical. A free electron has a
spin quantum number S = 1/2 and further possesses an electric
charge. An electron has a magnetic momentum with magnetic
components mg = +1/2 and mg = —1/2 which are energetically
degenerate in the absence of a magnetic field. However, the
degeneracy is lifted when an external magnetic field (H) is
applied in a certain direction. The magnetic moment of an
electron can align itself either parallel (ms = —1/2, B spin) or
antiparallel (mg = +1/2, o spin) to the direction of the applied
magnetic field (Fig. 1a).

The spin multiplicity (2§ + 1) of monoradicals is two and
hence they are also called doublet species. Two fine energy
states (B and o) of a monoradical are split into well resolved
energy states (by the Zeeman effect) and their separation is
proportional to the strength of the applied magnetic field (H).
These energies (E, and Ep) are calculted by the equation of E =
mggelioH, where g, is the so-called g factor (g. = 2.0023 for a free
electron), and y. is the Bohr magnetron (9.274078 x 10~ >*J T ).
The only possible electronic transition is from f - o or f « a
(Amg = £1) for a monoradical. The separation (AE = E, — Ep)
between two Zeeman energy states (f and o) is given by AE =
ZelteH. Electron paramagnetic resonance (EPR) occurs when the
frequency (v) matches the energy AE = E, — Eg = geiteH = hu.
In principle a free electron will produce one EPR signal due
to Amg = £1 transition. An unpaired electron of an atom or
a functional group or a molecule further interacts with the
magnetic moment of the spin-active nucleus (if any) to produce

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) Zeeman effect on unpaired electrons and the EPR spectrum (Ams = +1 transition) of a free electron, (b) electron-electron interaction in a
diradical and EPR resonances (Amg = 1 and £2 transitions) and (c) effect of zfs in S = 1 ground state.

additional hyperfine line energy states. The satellites will be
observed due to the interaction of the nuclear spin with the
electron spin. When a radical electron resides on an atom
having spin-active nucleus then a number of hyperfine lines
can be given by (2nI + 1) [n = number of nucleus and I = spin of
that nucleus]. The radical electron can further interact with
neighboring nuclei via bond or space. In that case, the number
of hyperfine lines can be calculated by (2n.1; + 1)(2n,, + 1)...
and so on. A radical electron in general couples with its own
nucleus (on which it is localized) more strongly than to its

This journal is © The Royal Society of Chemistry 2015

neighboring nuclei and thus might have a higher hyperfine
coupling constant for its own nucleus than those of neighboring
nuclei. It might not be always the case. However, the magnitude
of the hyperfine coupling constants is expected to decrease with
decreasing spin density due to radical electrons (if all these
nuclei are identical). It also depends upon the spin density of
that atom as well as the particular element (isotope). EPR
coupling constants of some nuclei are frequently large due to
the high nuclear magnetic moment, not necessarily reflecting
very large spin densities. Often it occurs that the magnitudes of
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hyperfine coupling constants of different atomic nuclei are close
to each other and the hyperfine lines appear in similar regions
leading to less number of hyperfine lines than one can expect
from the above mentioned formula.

Biradical and diradical

When two unpaired electrons (radicals) of a molecule interact
with each other, the molecule is termed a biradical'** or
diradical (open-shell molecule)."*"'*? In general the shorter
the distance between two radical centers, the stronger is the
interaction. For biradicals the electron exchange interaction ()
between the two unpaired electrons is negligible or nearly
negligible (J ~ 0) due to the long distance (r) between them."*
Biradicals are like two doublets within the same molecule.
The stronger electron dipole-dipole interactions lead to two
classical situations; (1) both spins align in the same direction
(11; S=1,28 + 1 = 3; triplet) in a triplet diradical or (2) two
spins are directed opposite to each other (1];S=0,25+1=1;
singlet) in a singlet diradical (Fig. 1b). Two electrons occupy
two separate orbitals in both the ground state triplet diradical
and singlet diradical. For example, molecular oxygen (O,) has a
triplet ground state since two electrons occupy a double degen-
erated m*-orbital (1 7). The strength of the exchange interaction
is evaluated in terms of J which is positive for a triplet diradical
and negative for a single diradical. The exchange interaction
between two electrons in a (non radical) closed-shell singlet
molecule is negative and extremely high in magnitude. Both
the electrons occupy the same orbital with opposite spin in a
closed-shell singlet molecule. For example, the exchange inter-
actions between two m-electrons of an ethylene (H,C—CH,)
molecule are extremely negative and hence they eventually form
a m-bond between two p,-orbitals of each CH, group. Both the
CH, groups of ethylene are in the same plane and thus it does
not have radical character. Ethylene has a singlet ground state
(with S = 0). The radical character can be induced in an ethylene
molecule if the CH, groups are twisted around each other
making the overlap between two p, orbitals weaker. When the
twisting angle reaches 90°, the orbital overlaping between two
p.-orbitals becomes negligible and the molecule attains a
diradical ground state. Such an electronic state is not the
ground state of an ethylene molecule rather an excited state.
The through-space exchange interaction (J) between the two
radical spins can be experimentally studied by the electron
paramagnetic resonance (EPR) spectroscopic analysis using
stable radicals (Fig. 1b). For example, when the two carbon
centered radicals [R,N-C*(R;)] in a molecule are isolated or
separated from each other at a large distance, three hyperfine
line signals (2n/+1 =2 x 1 x 1+ 1 = 3) will be typically observed
from the coupling of the electron with a nitrogen nucleus
(**N; I = 1), appearing in the EPR spectrum (for biradical).
Additionally, satellites with low intensity are observed due to
coupling of the radical electron with the **C nucleus (I = 1/2).
Thus, interaction between the two spins is negligible. When the
Jvalue is large enough (J > «(**N)) due to the short distance (7),
five hyperfine line signals (2 x 21 + 1 = 5) will be observed with
additional satellites in the EPR spectrum (for a diradical).
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Diradicals can be divided into two categories; localized and
delocalized diradicals. Delocalized diradicals have been even
divided into Kekulé and non-Kekulé molecules. Antiaromatic
molecules can be regarded as delocalized diradicals.

The singlet diradicals (1 |; S =0, 25 + 1 = 1; singlet) do not
have a net magnetic moment and hence they are diamagnetic
and are EPR silent. If a molecule with a singlet diradical
character has a low lying triplet (excited state) state which can
be fractionally populated, then such a molecule can show EPR
signals. The temperature dependent intensity of the EPR signal
can be used to predict the nature of the ground state. The
intensity of the signal will decrease with decreasing temperature
due to depopulation of the low lying excited state (magnetic) and
population of the diamagnetic ground state. This is typically the
case when J is negative (antiferromagnetic exchange interaction
or dipole-dipole interaction) for a diradical. When J is positive,
the triplet (S = 1) is the ground state and hence the intensity of
the EPR signal will increase with decreasing temperature due
to the population of the S = 1 spin state. If the singlet and triplet
states of a diradical are thermally activated, a similar effect can
be studied by measuring the temperature dependent magnetic
susceptibility. The product (y7) of magnetic susceptibility (y)
and T will decrease when J is negative and will increase for
a positive J value. The value of J and AEgjngjet—triplet by fitting the
«T vs. T plot by two interacting S = 1/2 spin models. The effect
will not be clearly reflected on the yTvs. T plot if the population-
depopulation effect is negligible. The EPR is more informative
than magnetic susceptibility measurements when the electronic
interactions at the fine levels are concerned.

For a monoradical one set of EPR resonance [due to allowed
(Amg = +1) transition only (Fig. 1a)] is obtained while two sets
of EPR signals are a triplet diradical [due to both allowed
(Amg = +1; ms= —1 — 0 and 0 — +1) and forbidden (Am =
+2; mg = +1 —» —1 and ms; = —1 — +1) transitions] (Fig. 1b).
When three energy levels are degenerate under zero applied
magnetic field, two resonances (Fig. 1b) are observed for a
triplet diradical.

The dipolar coupling between two electronic spins in triplet
diradicals produces an internal magnetic field which splits the
energy level into three levels under zero applied magnetic
fields. Three resonance absorptions are obtained for triplet
states in a rigid solid state (Fig. 1c; m). Two resonances (signal-1
and signal-2; Fig. 1c) are observed due to Amg = +1 transition
while third resonance (signal-3; Fig. 1c) is originated due to
Amg = £2 transition (half-field signal). This suggests that the
three energy levels (as shown in Fig. 1c) are not energetically
degenerate even when the external magnetic field is switched off.

The features of the EPR signal are changed if zero-field
splitting (zfs) parameters D and E are introduced in the system.
The two zero-field splitting parameters are determined from
triplet EPR signals (Fig. 1c; n, p). Two allowed transitions are
expected to originate as six lines for a genuine triplet species
because of the three magnetic axes of x, y, and z (Fig. 1c; n).

The zero-field splitting is derived from the dipole-dipole
interaction and D is related to the distance r between the two
unpaired electrons. The value of D can be used to calculate the

This journal is © The Royal Society of Chemistry 2015
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average distance r between the two unpaired electrons by
the point-dipole approximation;***? D = 1.39 x 10* (G/r*). D
is given in Gauss (G), and r is in angstroms (A). The distance
(<10 A) between two spins can be determined from the above
mentioned relation and can be correlated with the experi-
mental distance. When the distance between the two spin
centers is greater than 10 A, the signal intensity corresponding
to the forbidden transition (Ams = +2) becomes extremely weak
or vanishes. The resonance signal of Amg = +2 might be absent
when the D value is small (D < 25 G). Thus, detection of the
EPR signal due to forbidden transition (Amgs = £2) can confirm
the genuine triplet state of a diradical species.

The zfs parameter E is significantly related to the symmetry
of two electrons in a triplet species. Two triplet sublevels of E,
and E, are degenerate for a molecular structure with 3-fold or
higher symmetry. Consequently, the EPR signal of the allowed
transitions (signal-1 and signal-2) will look like as shown in
Fig. 1c, p and the numerical value of D can be evaluated.

It also has been established that, at short distances or in
delocalized systems, the validity of the point-dipole approxi-
mation is not good enough for correlating the D value with the
inter spin-spin distance (r)."**/ When the two electronic spins
have a large separation with a small D value, the half-field
signal (Amg = £2) might not be observed. Thus, it is not easy
to unambiguously distinguish between triplet and doublet
signals using continuous-wave (cw) EPR spectroscopy. In that
case measurement of the two-dimensional electron spin tran-
sient nutation (2D-ESTN) utilizing a pulsed EPR spectrometer is
a powerful tool for the determination of the spin multiplicity of
high-spin molecules. The nutation frequency (wyr) depends on
the spin-quantum number S by the equation wyr = [S(S + 1) —
mg(ms—)]""*w,, where @, is the strength of the magnetic field of
the microwave irradiation field."*¢

Other than EPR, negative-ion photoelectron spectroscopy
(NIPES) is a useful method for studying the physical properties
of highly reactive intermediates. A beam of mass-selected
negative ions (R—) is intersected with an intense laser beam
in gas-phase experiments. When a photodetachement of an
electron occurs, a neutral reactive intermediate is generated.
The plot of the number of photodetached electrons as a function
of electron binding energy gives the electron affinity and energies
of the electronic states of the neutral intermediate. Additional
quantum chemical calculations combined with experimental
results gives important information on the structure and electronic
configuration of the intermediate species. The photoelectron
spectrum of the negative anion of an open-shell molecule provides
valuable information on the Egngettriplec €N€rgy gap. A radical
anion yields both singlet and triplet states of the neutral open-
shell molecules in the photoelectron spectrum and hence the
Eginglet—triplet €NEIgy gap can be experimentally obtained.'""

Diradicaloid

When the electronic interactions between two radical centers
within a molecule are very strong they are called diradicals. Singlet
diradicals generally exhibit a relatively small energy gap between
their lowest energy singlet and triplet states. The stability of
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diradicals is increased with the increasing HOMO-LUMO
energy gap which leads to a larger singlet-triplet separation.
When the value of occupation of the LUMO of the molecule
reaches zero, they are rationalized as closed-shell molecules. Thus
they are not referred to as diradicals or diradicaloids. However,
the occupation of the LUMO is not negligible for diradicaloids'*
due to the small HOMO-LUMO energy gap. Diradicaloids are
comparatively more reactive than closed-shell molecules.¥
There are several theoretical methods"® for computational
studies of radicals, diradicals and diradicaloids. The Egingiet—triplet
can be also theoretically calculated. There are some limitations
of different levels of theories. However, they are extremely help-
ful to study bond and spin density distribution of these species.
In this review, we will first discuss the effect of bulky organic
ligands on the stabilization of several silicon centered stable
radicals and radical ions and then we will focus on how
n-accepting cyclic alkyl(amino) carbenes (cAACs) can be utilized
as neutral mono-dentate ligands for the stabilization of radicals,
radical ions, diradicals, and diradicaloid species. We will also
highlight some of the radicals and radical ions which have been
stabilized by o-donating N-heterocyclic carbenes (NHCs). The
stability and bonding of those compounds will also be discussed.

Results and discussion

Silicon being the sister element of carbon has attracted huge
research interest for the past four decades. The syntheses and
characterization of several silicon containing compounds have
been reported so far.'>° However, radicals containing the
silicon functional group are limited in number.*® Silicon centered
radicals known as silyl radicals are the open shell species bearing
an unpaired electron on the silicon atom. They act as reactive
intermediates in numerous organometallic transformations and
their existence have long been speculated through spectroscopic
characterization.®" Although, persistent silyl radicals stabilized
by bulky groups®> have been reported almost three and a half
decades ago, it was only in 2001 when stable and isolable silyl
radicals were successfully synthesized for the first time by
Sekiguchi et al.®* (Scheme 1, top). In their report, initially the
precursor cyclotetrasilenylium cation (1*) was synthesized
by reacting tetrakis[di-tert-butyl-(methyl)silyl]cyclotrisilene with
[Et;Si(benzene)| "TPFPB~ (TPFPB~ = tetrakis(pentafluorophenyl)
borate).** The successive one electron reduction of 1* at room
temperature (rt) with a bulky trialkylsilylsodium reagent ‘Bu;SiNa
in diethyl ether resulted in the formation of the first stable
cyclotetrasilenyl radical (1°) in 67% yield.*?

The same product is also obtained by using KCg as the
reducing agent with a much increased yield of 83%. X-ray single
crystal analysis of 1° reveals that the four-membered ring in 1°
is nearly planar with a very small dihedral angle of 4.7° between
the Si1-Si2-Si3 and Si1-Si4-Si3 planes. This is in marked con-
trast with the cationic precursor 1" which has a large corres-
ponding dihedral angle of 46.6°. Although 1° is best represented
as an allyl type radical, the Si1, Si2, and Si3 atoms in it are not
exactly symmetrical. While Si1 and Si2 have a planar geometry,

Chem. Soc. Rev.


http://dx.doi.org/10.1039/c5cs00739a

Published on 20 November 2015. Downloaded by University of Goettingen on 23/11/2015 10:51:22.

Review Article

R R ROR
R\“S. / ¢ X Si
I~g; BuSiNa or KCg 1,/ \ 3
\ 2N R1—Si\\\\ /fSi—R1
,I“_\) . Et O \\\.,’/
R1—Si= S~ 2 2Si
R
R =1Bu 1.
R!= SiMe'Bu
R1
gt i—
. BrCH,CH,Br " R
. _—
p
heptane, rt 4S_i Si‘\‘“R
1 =
R Br Br

Scheme 1 Synthesis and reactivity of the cyclotetrasilenyl radical (1°)
(top) and its reaction with BrCH,CH,Br (bottom).

the Si3 atom has slightly pyramidal geometry. A similar trend is
also observed in the case of the bond lengths. Si1-Si2 [2.226(1) A]
is found to be slightly shorter than Si2-Si3 [2.263(1) A] and are
in-between the Si—Si double bond [2.174(4) A] and the Si-Si
single bond [2.349(4)-2.450(4) A] found in the previously reported
four-membered ring of hexakis-(tert-butyldimethylsilyl)cyclo-
tetrasilene.’® The inter-atomic distance between Si1 and Si3
is found to be [3.225(2) A] indicating the absence of any
1,3-orbital interaction. The radical character of 1° is confirmed
by the EPR resonances observed both in the solid state and in a
dilute n-heptane solution of 1°. The crystalline sample of 1°
exhibits an intense EPR signal with a comparable g value of
2.0058 found in the case of the typical tris(trialkylsilyl)silyl
radicals (2.0053-2.0063).>"*? The typical allylic nature of the
cyclotetrasilenyl radical is concluded by assigning the larger
hyperfine coupling constants (at 40.7 and 37.4 G) to the
coupling of the radical electron with the terminal *°Si1 and
29513 nuclei and the relatively smaller hyperfine coupling constant
(at 15.5 G) to the coupling with the central **Si2 nucleus. This in
turn supports the typical delocalization of the unpaired electron
in the allylic radical 1° over the two terminal silicon atoms. The
reactivity of this unprecedented silyl radical is also studied by
treating 1°* with 1,2-dibromoethane. The tribrominated product of
1° is obtained in 79% yield (Scheme 1, bottom).

Soon after the synthesis report of the first silyl radical
stabilized by delocalization, the first air stable silyl radical
without any m-conjugation is prepared by the same research
group.®® It is the first example of an air stable silyl radical. The
straightforward synthesis of this air stable silyl radical follows
three consecutive steps. In the first step bis[di-tert-butyl-(methyl)-
silyl]ldibromosilane is reacted with di-ter¢-butyl(methyl)silylsodium
in di-ethyl ether at room temperature to in situ generate the
corresponding intermediate carbene species [(R"),Si:]. This upon
treatment with another equiv. of the reducing agent produces the
corresponding sodium salt of tris[di-tert-butyl(methyl)silyl]silyl
anion 2”Na'. The one electron oxidation of the in situ generated
anion 2~ with germanium(u)dichloride-dioxane complex at room
temperature results in the formation of the stable tris[di-tert-
butyl(methyl)silylJsilyl radical 2* (Scheme 2) in 44% yield.*®
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Scheme 2 Synthesis of the tris[di-tert-butyl(methylsilylsilyl radical (2°).

The single crystal X-ray analysis of 2° reveals that Si1 adopts
planar geometry and is surrounded by three bulky electroposi-
tive per-silyl substituents (Scheme 2, bottom). The presence of
the bulky and electropositive substituents leads to the lowering
of the inversion barrier at the Sil radical center resulting in
a planar geometry. All the methyl groups present at Si1-Si4
are found to be arranged in a ‘“‘gear”-type fashion where the
Cpe atoms are located in the same plane of Si1-Si2-Si3-Si4
(Scheme 2 and Fig. 2) which could effectively minimize the
steric strain of the molecule. This special arrangement without
any doubt contributed extra stability by the delocalization of
the radical electron over the o* orbitals of the planar Si-C
bonds. The EPR spectroscopy reveals that this specific planar
arrangement of radical 2° is also present in solution.*® The EPR
spectrum of an n-hexane solution of 2° at room temperature
exhibits a strong signal with the g value of 2.0056 which is
comparable to that of a typical persilyl-substituted Si-centered
radical (2.0050-2.0063).> The two pairs of satellites observed in
the EPR spectrum can be attributed to the coupling of the
radical electron with the two different sets of >°Si nuclei (I = 1/2).
The satellites with a larger value of the hyperfine coupling
constant [«(*°Si) = 58.0 G] could be assigned to the coupling of

Fig. 2 Molecular structure of the tris[di-tert-butyl(methylsilylsilyl radical (2°).
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the radical electron with the central Si1 nucleus, and the
satellites with a much smaller hyperfine coupling constant
[(>°Si) = 7.9 G] could be assigned to that with the Si atoms of
the three substituents (Si2, Si3, and Si4). The small value of the
hyperfine coupling constants observed for 2° signifies that the
radical electron resides in an orbital with a higher degree of
p-character, predominantly indicating a planar sp> hybridized
Si-centered n-radical. The highly reactive tris[di-tert-butyl(methyl)-
silyl]silyl radical (2°) produces the corresponding halogenated
products in almost quantitative yields upon treatment with
carbon tetrachloride, 1,2-dibromoethane, and benzyl bromide.*®

The para- and meta-quinodimethane derivatives are well
known in the literature as the carbon centered radicals, where
the para-isomer possesses a singlet ground state with a closed-
shell quinoid form®” and the meta-isomer possesses a triplet
ground state.*® The syntheses of the higher analogues of these
group 14 compounds with two or more radical centers has been
elusive until Sekiguchi et al. reported the syntheses and charac-
terization of the isomeric para- and meta-disilaquinodimethanes
in 2011 (Scheme 3).*°

When the 1,4-bis(bromosilyl)benzene derivative (3-Br,) is
treated with two equiv. of KCg in THF at —78 °C a dark purple
solution of 3,6-bis[bis(di-tert-butylmethylsilyl)silylidene]cyclohexa-
1,4-diene (3) is produced (Scheme 3) in 23% yield.

The X-ray single crystal diffraction shows that the Si1
center of 3 adopts a trigonal planar geometry (Fig. 3, top).
The co-planarity of the 3p orbital of Si and the 2p orbital C
atom of the six-membered aromatic ring suggests an effective
n-conjugation between these two orbitals ensuring a closed-
shell quinoid structure. The Si1-C1 bond [1.8174(14) A] is
found to be shorter than the typical Si-Cgp. single bond
(1.879 A), but longer than the Si=C bonds (1.702-1.775 A).
The *°Si NMR spectrum of 3 shows the resonances at 91.1 ppm.
The bond parameters suggest that 3 features two silicon-
carbon double bonds. Compound 3 has a 1,4-quinoid structure
with a smaller contribution of a singlet bis(silyl radical) character.
The UV-vis absorption band is of 3 observed at 555 nm.

Similarly, when the 1,3-bis(iodosilyl)benzene derivative (4-I,)
is treated with two equiv. of KCg under the comparable reaction
condition as employed for the para-analogue, light yellow crystals
of 1,3-bis[bis(di-tert-butylmethylsilyl)silyl]benzene-1’,1"-diyl (4) are

R R 2KCq R R
R'/SiOsg\R — 2 /Si:<:>1:3i1
Br Br THF R R

o 3 2
3-Br2 -78°Ctort 3
R ! R ||a $
e io 2KC 2c: 1 1
R’S'\O/S"R B R’S-'\©§S-"R
THF 3

4_|2 -78°Ctort 4

R = SiMe’Bu,

Scheme 3 Synthesis route of disilaquinodimethane (3) and bis (silyl
radical) (4).
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Fig. 3 Molecular structures of the diradicaloid (3) (top) and the diradical
(4) (bottom).

obtained (Scheme 3) in 29% yield. The UV-vis absorption bands
are observed at 433 and 413 nm. The single crystal X-ray diffrac-
tion of 4 reveals that although the Si1 and Si2 centers attain a
near trigonal planar geometry, the Si-3p and C,y,-2p orbitals are
orthogonal to each other, hence preventing their overlap. The
Si1-C2 and Si2-C2’ bond lengths are found to be 1.9108(19) A,
showing a normal Si-C single bond. The C-C bond distances
within the six-membered ring also indicate a typical aromatic ring
structure. According to these experimentally obtained bond para-
meters and the theoretically obtained results, it can be easily
concluded that 4 is a meta-phenylene bridged bis(silyl radical)
(Fig. 3, bottom). Computational studies reveal that the triplet
ground state is energetically more favourable than the singlet
state by 20 kcal mol™" energy. The EPR spectrum of a solution
of 4 in 3-methylpentane at 80 K exhibits the characteristic signal
with six hyperfine lines at 3352 G (g = 2.0034) due to allowed
(Amg = £1) transition. The zero field splitting parameters are
found to be D = 6.4 x 10 em " (at 138 G) and E = 0.80 x
1072 em™! (at 17.2 G). Considering the point dipole approximation,
the calculated distance between the unpaired electrons in 4 is found
to be 5.89 A, which is close to the value (5.72 A) obtained from the
Xray crystal structure. These values prove that the two unpaired
electrons in 4 reside mainly on the two silicon atoms. Another weak
signal which appears exactly at the half field 1674 G confirms the
triplet diradical ground state of 4 due to forbidden (Ams = +2)
transition.

These major structural differences in 3 and 4 are also reflected
in their reactivity patterns (Scheme 4). While 3 reacts with both
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Scheme 4 Reactivity of para- and meta-[('Bu,MeSi),Sil,CsH4 (3 and 4)
towards MeOH and 1,4-cyclohexadiene.

MeOH, and 1,4-cyclohexadiene to produce quantitatively the
desired 1,6-adduct 3-MeOH and the hydrogen-abstraction product
3-H,, respectively; 4 fails to react with MeOH which is known as a
typical reagent for silence. However, 4 reacts quantitatively with the
hydrogen donor 1,4-cyclohexadiene to produce the m-bis(hydrosilyl)-
benzene 4-H, indicating its bis(silyl radical) nature.

Disilene and disilyne radical anions

In 2004, Sekiguchi et al. reported the synthesis and character-
ization of a red colored disilene radical anion 5° in the form
of its lithium salt via the one-electron reduction of the dark
blue colored tetrakis(di-tert-butylmethylsilyl)disilene 5 by ‘BulLi
(1.2 equiv.) in THF (Scheme 5).%%¢

The X-ray crystal structure analysis of 5°  reveals a near
orthogonal arrangement along the Si1-Si2 bond. The EPR
spectrum of a solution of 5°  in 2-methyltetrahydrofuran is
measured at room temperature which exhibits a strong signal
(g = 2.0061). Additionally, the pair of satellites observed is
corroborated to the coupling of the unpaired electron with the
?%Si nuclei having the hyperfine coupling constant of «(*°Si) =
24.5 G. This value is half of that observed in the case of the
tris(di-tert-butylmethylsilyl)silyl radical (58.0 G).>* Based on
these observations, it is assumed that a rapid spin exchange
occurs between Sil and Si2 atoms in the solution. The EPR
spectrum measured in the solid state at 120 K exhibits a pair of
satellites with a coupling constant of 45 G indicating the
suppression of the spin exchange at lower temperature,**?

The radical cation 5°" is obtained via abstraction of one
electron from compound 5 by trityl cation (Ph;C") in toluene
(Scheme 5, bottom). The disilene radical cation 5°* is isolated
as air and moisture sensitive borate [(CeF5),B™] salt in 65%
yield.** It has been characterized by X-ray single crystal diffrac-
tion (Fig. 4). The central Si-Si bond length and its twisting angle
of neutral 5 are 2.2598(18) A and 54.5°, respectively while the
corresponding values of cation 5°* are 2.307(2) A and 64.9°,
respectively. This suggests that the Si-Si bond distance increases
after one-electron oxidation. The geometry around the Si1 and
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Scheme 5 Synthesis strategy of the tetrakis(di-tert-butylmethylsilyl)disilene
radical anion (5°7) (top) and cation (5°*) (bottom).

Fig. 4 Molecular structure of the disilene radical anion [5°* “][LI(OTHF)4]*.

Si1’ atoms of 5°* is nearly planar. This is in significant contrast
with the disilene radical anion 5°~ with a twisting angle of 88°
and the Si-Si bond distance of 2.341(5) A. The unpaired electron
and negative charge in 5° cause the bond rotation around the
central Si-Si bond (Scheme 4).

The EPR spectrum of 5°* measured®® in the range of 298 to
200 K in fluorobenzene exhibited a resonance at g = 2.0049,
having a pair of satellite signals (23.0 G) due to coupling of the
unpaired electron with the central *>°Si nuclei. This coupling
constant is less than half that of the similar (‘Bu,MeSi);Si* (58.0 G),
suggesting the radical electron is delocalized over two silicon
centers. In contrast, the radical electron of 5°~*°“ shows a rapid
spin exchange between the two central Si atoms on the EPR
time scale, featuring a sp*-silyl anion and a sp>-silyl radical.

Following a comparable synthesis strategy to that of 5°~, the
disilyne radical anion 6°~ with the potassium counter cation®*?
is prepared and characterized by X-ray crystallography and EPR
measurements in 2007 (Scheme 6 and Fig. 5).
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Scheme 6 Synthesis strategy of the disilyne radical anion (6°7).

Crystallized from DME

/

Fig. 5 Molecular structure of the disilyne radical anion [6° ]1[K(DME),4]*.
The cation [K(DME)4]* is omitted for clarity.

The reaction of disilyne 6°°” containing two bulky sub-

stituents, Si'Pr[CH(SiMej;),], groups at the triply bonded silicon
atoms with one equiv. of KCg in THF at —78 °C results in the
formation of the corresponding disilyne radical anion 6°. It is
crystallized from pentane and 1,2-dimethoxyethane (DME) as
dark brown crystals in 63% yield. The EPR spectrum of 6°~
exhibits a triplet resonance with two pairs of satellites arising
from the coupling with >°Si. The experimentally obtained g
value (g = 1.99962) is found to be the smallest for any reported
silicon centered radicals till now.*'?

Silylene radical anions and radical
cations

Since early 1970s, the radical ions of carbenes and their
analogues have been suggested as the reactive intermediates
in redox reactions of diazo compounds both in the liquid and
in the gas phases.*’ In recent years, the heavier group 14
analogues of carbenes known as the metallylenes and their
corresponding radical ions have attracted huge interest of the
scientific community. The isolation and structural character-
ization of the metallylene radical ions are highly challenging
due to their very high reactivity. Although the existence of several
group 14 element-centered radical anions R,E:*~ (E = Ge, Sn)
have been long ago synthesized and characterized by EPR
spectroscopy.’” The characterization of silylene radical anions
in solution has not been reported until Kira et al. published the
synthesis of persistent dialkylsilylene radical anion 7°~ via the
one electron reduction of 1,2-dilithiodisilane 7 using two equiv.
of KCg in THF at 213 K (Scheme 7).** The EPR spectrum of the
in situ generated radical anion is recorded at 213 K which reveals
its unique structural characteristics. Radical anion 7°” is stable
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Scheme 8 Generation of the persistent dialkylsilylene radical anion (8°7).

at —70 °C in DME but decomposes rapidly at room temperature
with a half-life time of 20 min.*?

The first isolable silylene radical anion (8°7) is reported in
2007** by reacting disilene 5 (dark blue) with 2.2 equiv. of lithium
naphthalenide in THF at —78 °C and treating the resultant dark
red solution with 4.3 equiv. of 12-crown-4 (Scheme 8).

The air and moisture sensitive red crystals of bis(di-tert-
butylmethylsilyl) silylene radical anion 8°~ are isolated as the
corresponding lithium salt in 56% yield (Scheme 8). Mechan-
istically, the reaction is proposed to proceed via the initial
formation of the 1,2-dianionic species (‘Bu,MeSi),Si(Li)-Si(Li)-
(SiMe'Bu,), upon reduction which undergoes dissociation upon
further treatment with the crown ether to produce the corres-
ponding radical anion 8°~.** The formation of the 1,2-dianionic
species can be also established by NMR spectroscopy. The
structure of 8° Li" in the solid state is characterized by X-ray
single crystal diffraction. The EPR spectrum of a dilute solution
of 8 Li" in THF shows signals (g = 2.0074) with two sets of
satellites due to the coupling with *°Si nuclei. No hyperfine
coupling with the lithium atom was observed suggesting the
formation of a metal-free silylene radical anion. However, the
EPR spectrum of the sodium salt of the radical anion (8° Na') in
toluene at rt exhibits a well resolved quartet (g = 2.0074) which
could be attributed to the coupling with >*Na nucleus (I = 3/2)
with a hyperfine coupling constant of «(**Na) = 1.9 G. This
indicates the presence of a Si-Na bond in the case of 8° Na".
The two sets of satellite signals observed are due to coupling
with the 2°Si nuclei. When the EPR spectrum of 8° Na' is
recorded in polar solvents like THF, the quartet signal disappears.
This indicates that a shift from the contact ion pair structure to
the solvent separated ion-pair structure has occurred due to the
polarity of the particular solvent. Detection of a radical cation
(diphenylcarbene radical cation) in solution by EPR spectroscopy
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was first accomplished in 1993.% Both the radical anions 7°~ and
8°" are not characterized by X-ray single crystal diffraction due to
short lifetimes of former and poor crystalline nature of the later.

The silylene radical cations are rarely characterized. Silylene
radical cation H,Si*"---H, can be considered as a hydrogen
complex of the parent H,Si** species.*® It is generated under
neon matrix deposition at 4 K by the photoionization of SiH,.

In 2012 Sekiguchi et al. reported the synthesis of NHC stabilized
silylene radical cation [(‘BusSi),Si « “**NHC]**(Ar,B) (9**)(Ar,B)~
(Scheme 9).*” The dibromosilane (‘Bu,Si),SiBr, is treated with two
equiv. of KCg in the presence of M*NHC in THF. The orange
crystals of the silyl substituted silylene-NHC complex (‘Bu;Si),Si: «
ME2NHC (9) is obtained in 43% yield. When a mixture of 9 and one
equiv. of Ph;C'Ar,B~ (AryB~ = tetrakis[4-(tert-butyldimethylsilyl)-
2,3,5,6-tetrafluorophenyl]-borate) have been reacted stable radical
cation 9°* is formed in 83% yield.

Cation 9** is structurally characterized by the single crystal
X-ray analysis (Fig. 6). The central silicon atom of 9** adopts a
planar three coordinate geometry. The five-membered NHC
ring and the Si2-Si1-Si3 plane are found to be nearly perpendicular
to each other. The Si1-Cyc bond length in 9°* is 1.915(3) A which
is slightly shorter than that in precursor 9 [1.933(4) A]. This
indicates an increase in the s character of the Si1-Cyyc bond
resulting from the change in hybridization of the central silicon
atom. The comparatively larger Si1-Si2 and Si1-Si3 bond lengths
in 9°* [2.4664(11) and 2.4659(10) A, respectively] than those in 9
[2.4542(15) and 2.4419(14) A, respectively] can be explained by
the steric repulsion between the two extremely bulky ‘Bu,Si
groups which suppress any bond shortening. The NBO analysis
at the level of (U)B3LYP/6-31G(d) for compounds 9 and 9°*
suggests that an electron is removed from the lone pair of
silylene 9 upon oxidation resulting in a change in geometry
from the pyramidal to a planar structure in 9°**. This also shows
that the spin density in 9°* is mainly located on the tricoordinate
silicon atom. The EPR spectrum of a benzene solution of 9°**
recorded at room temperature exhibits a quintet with a g value of
2.00466. The nature of this spectrum can easily be attributed to
the coupling of the radical electron with two "N nuclei (I = 1) of
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Fig. 6 Molecular structure of [('BusSi),Si(ME2NHC)I* *B(Ar),~. H-atoms and
the B(Ar)4~ group are omitted for clarity.

the NHC with a hyperfine coupling constant of «(**N) = 2.6 G.
The satellite signals with a hyperfine coupling constant of «(*°Si) =
71.6 G are observed due to the coupling of the radical electron
with the central Si1 nucleus.

Diradicaloids

The organic diradicals are very often too unstable to be isolated.*®%
However, there are some examples of stable organic diradicals.*®
Although the heavier congeners of the group 14 element
centered diradicals are reported by Lappert* and Power®® in
2004, the syntheses of the analogous silicon compounds
remain challenging until 2011. The dark purple colored singlet
diradicaloid species RSi(j--NAr),SiR (10) was first synthesized in
58% yield when the disilyne 6 slowly reacts with trans-3,3’,5,5'-
tetramethylazobenzene in THF at room temperature under
light-shielded conditions. The reaction is faster (complete in
5 min) and the same compound is isolated when 6 is reacted
with c¢is-3,3',5,5"-tetramethylazobenzene. The chemical shift
value of the skeletal silicon has been observed at 19.4 ppm.
The UV-vis absorption band at 529 nm in n-hexane corresponds
to its blue color (HOMO—-1 — LUMO, HOMO — LUMO).
Compound 10 possesses a perfectly planar centrosymmetric
four-membered Si,N, ring with both the silicon atoms having a
pyramidal geometry (Fig. 7, top). The Si-Si bond length of the
Si,N, ring is 2.6380(9) A which is significantly longer than a
normal Si-Si single bond length (2.341 A). Theoretical calcula-
tions show that compound 10 has a singlet diradicaloid spin
ground state. The singlet-triplet energy gap is 12.8 kcal mol .
The calculated frontier orbitals of 10 include the four n-orbitals
with six m-electrons in the cyclic Si,N, ring corresponding to
6n-aromatic character. The HOMO is generated by a non-
bonding combination of silicon centered radical electrons. The
HOMO-1 and LUMO correspond to the bonding and antibond-
ing m-orbitals, respectively of the four-membered Si,N, ring.
Carbon tetrachloride is well known as a silyl radical scavenger.
Compound 10 also reacts with CCl, to give the colorless dichlori-
nated trans-product 10-Cl, in 55% yield. 10 also reacts with
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Fig. 7 Molecular structures of diradicaloid 10 (top) and LSi{u-C(N-Dipp)},SiL
(11) (bottom).

methanol to produce the corresponding cis-product 10-MeOH
in 65% yield (Scheme 10). Both of these reactions confirmed
the 1,3-diradical character of 10.*

The bis-silylene LSi-Sil, [L = PhC(N-‘Bu),] reacts with
Dipp-N=N-Dipp [Dipp = 2,6-diisopropylphenyl] to produce the
yellow-brown crystals of diradical LSi{u-C(N-Dipp)},SiL (11) in
25.7% yield (Scheme 11 and Fig. 7, top).

/|\r /I\r
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Scheme 10 Synthesis routes of diradicaloid 10 and its reaction with CCly
and MeOH.
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The resonance of >°Si NMR is observed as a singlet at —39.9 ppm.

Theoretical calculations show that the singlet is the ground state of
LSi{u-C(N-Dipp)},SiL. (11) while the triplet state is 30.1 kcal mol *
higher in energy. The radical electrons are delocalized in the
four-membered Si,C, ring (Fig. 7, bottom) and additionally
conjugated with two central exo-cyclic C—=N double bonds.
The Si-Si bond length is 2.553(2) A which is significantly larger
than that of the precursor LSi-SiL (2.413(2) A).*?

cAAC-silicon compounds

Stable singlet N-heterocyclic carbene (NHC)*® has been synthe-
sized and isolated as a storable crystalline solid in 1991. The
strong c-donor ability of NHCs as ligands was slowly realized by
the chemists. The low coordinate (Si),Cl, and Si, species have
been successfully trapped by two "NHCs ["NHC = :C{N(2,6-
iPr,CeH3)(CH)},].>” ""NHC can also stabilize dichlorosilylene
(SiCl,) in the form of ("?NHC)SiCl,.>® NHCs are employed as
ligands for the stabilization of several unusual main group species
in different oxidation states. Over the last two decades NHCs are
utilized as efficient ligands in different areas of chemistry.*

Bertrand et al. have isolated cyclic alkyl(amino) carbenes
(cAACs) in 2005.>® The carbene carbon atom of NHC is bound
to two o-withdrawing and two n-donating N-atoms while one
N-atom is replaced by one c-donating quaternary C-atom in a
cAAC. The HOMO of cAAC is little higher in energy and and the
LUMO of cAACs is slightly lower in energy than those of NHCs.
The HOMO-LUMO energy gap is smaller in cAAC when com-
pared with that of NHC (Fig. 8).>* As a result cAACs are stronger
o-donors and better n-acceptors than those of NHCs. This has
been experimentally established by **PNMR chemical shifts®®
of carbene-phosphinidene adducts. cAACs are different in certain
respects and thus can activate very strong bonds (e.g., H-H,
H-NH,, etc.) which are not achievable when NHCs are employed
instead of cAACs.>® The cAAC has been utilized for the stabili-
zation of several radical species of main group elements."¥

The unstable species dichlorosilylene (SiCl,)'** is usually
generated under the elimination of HCI from trichlorosilane
(HSiCly) in the presence of a base (such as R3N). It is stable in
the monomeric form at low temperatures (< —50 °C). However,
SiCl, cannot be isolated and stored at room temperature in its
monomeric form, since it undergoes polymerization to produce
polychlorosilane on increasing the temperature of the solution.
PNHC [""NHC = :C{N(2,6-'Pr,C¢H;)(CH)},] behaves as a strong
o-donor ligand and a base as well. "NHC reacts with HSiCl; in
a 1:1 molar ratio to generate SiCl, species under the elimina-
tion of "NHC-HCI. The light yellow crystalline powder of "NHC
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anchored ("PNHC)SiCl,*® (Scheme 12) is isolated as the air and

moisture sensitive compound in 75% yield if the reaction of

PNHC and HSiCl; is carried out in a 2: 1 molar ratio in toluene.
("PNHC)SiCl, is completely soluble in toluene but partially
soluble in n-hexane and tetrahydrofuran (THF).

The cyclic alkyl amino carbene (cAAC) is expected to sub-
stitute "NHC from (""NHC)SiCl, since cAAC is a slightly stronger
o-donor and considerably a better m-acceptor. A dark blue
solution is obtained on addition of THF to the 1:1 molar
mixture of cAAC and ("'NHC)SiCl, at rt. The X-ray single crystal

diffraction on the dark blue blocks, reveals the composition of
the compound as (cAAC®),SiCl, (Scheme 13).>” The yield of

(cAAC®),SiCl, is increased from 35% to 78% and 91% when
the molar ratio of cAAC and ("*NHC)SiCl, is increased to 2: 1 and
3:1, respectively. The third equivalent of cAAC is required to
form (cAACH)(""NHC) carbene as a side product under C-H
functionalization of the five-membered ring of ""NHC.
(Me,-cAAC*),SiCl, exists in two polymorphs (-I and -II). The
polymorph-II is experimentally found to be the major conformer.®”
Both the polymorphs are characterized by X-ray structural
analysis and showed only small differences (Fig. 9, bottom).
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Scheme 13 Synthesis routes of (CAAC®),SiCl, and (cAAC),Si. [cAAC =
Me,-cAAC and Cy-cAAC].

The central silicon atom of (Me,-cAAC*),SiCl, is bound to two
chlorine atoms and two carbene carbon atoms to adopt a near
tetrahedral coordination geometry (Fig. 9).>” In contrast, the
silicon atom of (""NHC)SiCl, features trigonal pyramidal geo-
metry at the three-fold coordinate silicon atom.>® The silicon
atom of ("P"NHC)SiCl, possesses a lone pair of electrons which is

Fig. 9 Molecular structure of polymorph-I of (Me,-cAACw),SICl, (top). An
overlap picture (bottom) of polymorph-I and polymorph-Il. Reproduced
from ref. 57 with permission of John Wiley and Sons. Color version
courtesy of Prof. G. Frenking.
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available for the coordination to acceptors.'®® The Ccaac—Si
bond lengths (~1.8455(16)-184.82(17) A) in (Me,-cAAC®),SiCl,
are shorter by 0.14 A when compared to that of (""NHC)SiCl,
(1.985(4) A).>® The Si-C bonds in (Me,-cAAC),SiCl, are even
shorter than Si-C,,; single bonds (1.879 A)*® but slightly longer
than Si-C bonds (1.8174(14) A) of 3,6-bis[bis(di-tert-butyl-
methylsilyl)silylidene]cyclohexa-1,4-diene and much longer
than Si=C double bonds (1.702-1.775 A).%* The Ccaac-N bond
distances are 1.3994(19) and 1.395(2) A, respectively and larger
than those found in the similar free carbenes (~1.315 A).”*
Combined valence bond electron count and coordination geo-
metry of the central silicon atom of (cAAC®),SiCl, leads to
an initial impression that it might be a diradical with one
unpaired electron on each carbene carbon atom of cAAC.

Theoretical calculations show that the distributions of spin
density of the unpaired electrons are mainly located at the
Ceaac 0f Me,-cAAC ligands and to a minor extent at the nitrogen
atoms and to a negligible extent at the central silicon atom. The
bonding situations in (Me,-cAAC*),SiCL,*” and ("PNHC)SiCl,*®
are quite different. The C—Si bond in the NHC complex
("PNHC)SiCl, comes from the donation of the carbene lone-pair
orbital into the vacant acceptor orbital of SiCl, (Scheme 14). In
contrast, the C-Si bonds in (Me,-cAAC®),SiCl, are electron-
sharing bonds between the triplet states of SiCl, and the ligands
Me,-cAAC where the unpaired electrons in the singly occupied o
orbitals of the carbene carbon atoms couple with the unpaired
electrons of SiCl, (Scheme 14).°” There remains one unpaired
electron at each of the carbene carbon atoms of the ligand
Me,-cAAC, which couples with the nitrogen lone pair orbital. This
explains why there is some spin density at nitrogen as well.”’”

The singlet-triplet energy difference in (Me,-cAAC®),SiCl,
has been computed to be different in magnitude and is
dependent on the level of theory employed. It is approximately
2.5 to 4.5 kecal mol™'. The singlet diradical ground state of
(Me,-cAAC*),SiCl, is more stable than the triplet diradical state.
The optimized geometry of (Me,-cAAC®),SiCl, in the singlet
state at the CASSCF(2,2)/SVP level and the wave function shows
that the compound is an open-shell singlet species (Fig. 10).
The coefficients for the three singlet components are 0.80 (2/0),
—0.60 (1/1), and 0.0 (0.2). The preference for singlet diradical
ground state suggests that the interactions between the two
radical electrons of (Me,-cAAC*®),SiCl, through bond/space is
slightly dominant over each other (through-bond and through-
space communication).””

Dipp Cl\ /CI
[N & Si
| C @ D Si wCl @ Q
//
0 c iBﬁb 0?@
Dipp “Dipp  Dipp”

(IPR-NHC)SiCl, (Me,-cAAC),SiCl,

Scheme 14 Schematic representation of donor-acceptor bonding in the
precursor (PNHC)SICL, (left) and electron-sharing bonding in the product
(Me,-cAAC®),SiCl, (right).
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Fig. 10 Calculated (M05-2x/SVP) spin density of (Me,-cAAC*®),SIiCl,.
Reproduced from ref. 57 with permission of John Wiley and Sons. Color
version courtesy of Prof. G. Frenking.

The magnetic susceptibility measurements on a polymorph-I rich
solid sample of (Me,-cAAC®),SiCl, show ~16% of paramagnetic
contribution and remaining 84% is diamagnetic polymorph-IL.>/

The origin of the EPR signal of polymorph-II of (Me,-cAAC®),SiCl,
is expected from a small percentage of polymorph-I as a minor
component, since diamagnetic polymorph-II must be EPR silent.
However, a diluted C¢Ds solution of (Me,-cAAC*),SiCl, shows six
hyperfine lines at room temperature.”” This pattern suggests
that the splitting is due to the coupling with two "N nuclei (7 = 1)
via a dipole-dipole interaction of two coupled radicals and their
hyperfine interaction with the closest N neighbour nuclei,
respectively. The data of the EPR spectrum of polymorph I of
(Me,-cAAC*®),SiCl, given in Fig. 11 is fitted with the use of the
Easy Spin simulation package considering two different models.
Firstly, the EPR spectrum could be simulated as two weakly
coupled electrons (two Segr = 1/2); each electron interacts with the
closest '*N nucleus. Secondly, the effective electronic spin Seg = 1
(2 coupled electrons) interacts with two N nuclei. The half field
Amg = +2 forbidden transition is not observed either in the solid
state or in solution of polymorph-I of (Me,-cAAC*®),SiCl,, which
excludes a genuine triplet state of polymorph-I which might be
due to weak magnetic interactions. Roques et al. reported*®” the
exchange in silole-bridged diradicals and most of the compounds

a*N)=5.7G a®N)=5.7G
T T
g =2.0035 g =2.0035
Sim
Exp.
L1
3300 3320 3340 3360 3380 3400 3300 3320 3340 3360 3380 3400
Field/G Field/G

Fig. 11 Experimental EPR spectra (black lines) of CgDe solution of
polymorph-| of (Me,-cAAC®),SiCl,. Simulated spectra (red lines); models
with two Segr = 1/2; (left) and Sees = 1 (right). Reproduced from ref. 57 with
permission of John Wiley and Sons.
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showed Amg = +2 forbidden transitions (characteristic of the
triplet). The half-field signal is not observed for the two diradicals
of their report even when large signal amplification and high
concentrations are used. The magnetic susceptibility measure-
ments showed that more than 50% of molecules®®” of those
diradicals are in their singlet ground states. A similar situation
is faced for polymorph I of (Me,-cAAC®),SiCl,.””

*9Si NMR of (Me,-cAAC*®),SiCl, appears in very low intensity
and shows a resonance at 4.13 ppm which is shifted to a high
field, when compared with that of the precursor (YNHC)SiCl,
(19.06 ppm).*”

The crystalline powders of polymorph-II are isolated in
98.5% yield with a small content of polymorph-I (~1.5%).”” It
is concluded from the X-ray single crystal diffractions on several
batches of the crystals of polymorph-I of (Me,-cAAC®),SiCl,. Blue
powders of (Me,cAAC®),SiCl, are stable for more than two years
under an inert atmosphere without any decomposition. We have
observed that (Me,cAAC®),SiCl, retains its color even when
dipping the crystalline powder in a base bath or water for
several days. The surface of blue blocks of (Me,cAAC*),SiCl,
slowly turns to colorless after 3—4 days and needs more than a week
to completely lose the blue color. Similarly, the (Cy-cAAC*),SiCl,
compound with comparable bonding and stability has been
prepared.®®

Having (cAAC®),SiCl, in hand we envisioned that it could
be converted to the corresponding dechlorinated analogue, a
siladicarbene (cAAC),Si. Previously, theoretical calculations on
various (NHC),Si compounds, coined as silylones, suggested
that the synthesis of this class of compounds is experimentally
feasible. (cAAC®),SiCl, is reduced with two equiv. of KCg in THF
to obtain a dark blue solution of (cAAC),Si (Scheme 13) which
separated out from the mixture of KCl and (cAAC),Si by extrac-
tion with n-hexane in 95% yield.”® When (cAAC*),SiCl, is treated
with two equiv. of R-Li (R = Ph, ‘Bu) in THF, (cAAC),Si is isolated
instead of the functionalized hypothetical product (cAAC®),SiPh,
under the reductive elimination of Ph-Ph. (cAAC®),SiPh,
(Scheme 15)°° is believed to be the intermediate species.
(Me,-cAAC),Si has a singlet spin ground state which has been
confirmed by magnetic susceptibility and EPR measurements.

<L
2R-Li ><_k
T *sm/}‘
78°Ctort
-2RR
R = Ph, tBu

(cAAC-),SICl, cAAC)ZS|

sy

(cAAC"),SiPh,

Scheme 15 Synthesis route of (cAAC),Si from (cAAC*®),SiCl, [cAAC =
Me,-cAAC and Cy-cAAC] with R-Li.
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Fig. 12 Molecular structure of (Me,-cAAC),Si.

The >°Si NMR spectrum of (Me,-cAAC),Si exhibits a singlet at
66.71 ppm which is downfield shifted when compared with that
of the precursor (Me,-cAAC®),SiCl, (4.13 ppm). The physical
appearance of (CAAC®),SiCl, (A, = 569 nm) and (cAAC),Si
(Zap = 570, 611 nm) is similar from the point of view of their
color. The latter one is darker blue in color while the former
is bright blue.

The molecular structure of (Me,-cAAC),Si consists of a two
coordinate silicon atom (Fig. 12) at the center.”® It is bound to
two carbene carbon atoms of the two Me,-cAAC ligands. The
central silicon atom adopts a two coordinate bent geometry.
The Ccaac—Si-Ceanc bond angles of the two symmetry indepen-
dent molecules are more acute by ~5° compared with that of
(Me,-cAAC*),SiCl,.>°

The sum of angles around the Cesac of (Me,-cAAC),Si*>° are
on average 357.7° (358.1°, (Me,-cAAC®),SiCl,) suggesting slight
deviation from the trigonal planar geometry. The C.aac—Si bond
distances of (Me,-cAAC),Si are 1.8411(18) A and 1.8417(17) A
which are very close to those of (Me,-cAAC*®),SiCl, (1.8455(16)
and 1.8482(17) A).%’

The optimized geometry of (Me,-cAAC),Si is in very good
agreement with the experimental one rather than that of the
triplet state. The triplet state is between 17.2-17.6 kcal mol *
higher in energy than the singlet state. The HOMO—1 is a &
lone-pair orbital at the Si atom, while the HOMO is a n-type
orbital which has the largest extension at the Si but exhibits
significant Si-C = bonding (Fig. 13). This is the typical feature
of a silylone.>

The NBO analysis of (Me,-cAAC),Si shows that the central
silicon atom possesses two pairs of electrons. One ¢ lone-pair
orbital resides on the silicon atom and the second pair of
electrons forms a three-center C-Si-C n-bond. The numerical
values for the distribution of the second pair of electrons are
40% at Si and 30% at each of the C.yac. Theoretically calculated
first and second proton affinities are (PAs) 272.2 kcal mol ™"
and 186.7 kcal mol ™", respectively. The very large value for the
second proton affinity clearly supports the assignment that
(Me,-cAAC),Si is genuinely a silylone.

This journal is © The Royal Society of Chemistry 2015
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Fig. 13 Plots of the HOMO (left) and HOMO-1 (right) of (Me,-cAAC),Si.
Reproduced from ref. 59 with permission of John Wiley and Sons. Color
version courtesy of Prof. G. Frenking.

Further calculations reveal that it has a 54% of singlet
diradical character. The calculation gives coefficients of 0.96
for the closed-shell 2,0 configuration, —0.28 for the 1,1 configu-
ration and 0.0 for the 0,2 configuration. The closed-shell singlet
configuration of (Me,-cAAC),Si has a non-negligible contribu-
tion from the singly excited state which possesses some dir-
adicaloid character (as shown in Scheme 13) and low electronic
excitation energy.>®

The experimental charge density calculations have con-
firmed that there are two pairs of electrons on the silicon atom
in silylone. NBO calculations show accumulation of the positive
partial charge at Si which agrees with the electronegativities of
silicon and carbon. This indicates that the Si — Ccaac m-back
donation is larger than the Si « Ccaac 0-donation. This typical
bonding scenario results in the reasonably stronger Si-Ccaac
bonds in silylone which is crucial for such a high stability of
this compound. The dark blue crystals of (cAAC),Si are found to
be stable over two years at room temperature in an inert
atmosphere without any decomposition.®® (cAAC),Si is also
characterized by EI mass spectrometry. (cAAC),Si is thermally
stable up to 195 °C and decomposes above 220 °C to a yellow
liquid. NMR studies show that (cAAC),Si is chemically inert
when it is reacted with molecular hydrogen, ammonia, and
carbon dioxide at room temperature. The cyclic voltammetry
(CV) studies on (cAAC),Si in 0.1 M [n-Bu,N|PFs THF solution
suggest that (cAAC),Si is quasi-reversibly reduced to its corres-
ponding radical anion (cAAC),Si*~ at Ey;, = —1.55 V (against the
reference Cp*,Fe/Cp*,Fe’) (Fig. 14).°° The radical anion inter-
mediate (cAAC),Si®~ has been further confirmed by the EPR
spectroscopy. The reaction mixture of (Me,-CAAC),Si is stirred

——50mvs”
——100 mvs™

-1.8 -1‘.7 -1‘.6 -1‘.5 -1.4
Potential vs. Cp'zFeICp'zFe+ ™M

Fig. 14 Cyclic voltammogram (CV) of (Cy-cAAC),Si in THF solution (0.1 M
[n-Bu4NI]PFg) at indicated scan rates (potential versus Cp*,Fe/Cp*,Fe*).
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Fig. 15 X-band EPR spectrum of in situ generated (Me,-cAAC),Si®™ in
THF at 298 K (left). Formation of (cAAC),Si* ™ from of (cAAC),Si (right). [CAAC =
Me,-cAAC and Cy-cAAC]. Reproduced with permission from ref. 60.

a(“N)=5.89G

in the presence of potassium metal for 30 min to iz situ generate
the radical anion (Me,-CAAC),Si*~ in THF at 298 K.®® The EPR
spectrum (Fig. 15) of (Me,-CAAC),Si*~ produces five hyperfine
lines at g = 2.0058 due to the coupling of a radical electron with
two nitrogen nuclei («(**N) = 5.89 G; I = 1). Two satellites ((**C) =
40 G; I = 1/2) are originated due to coupling with Ceaac atoms
suggesting that the radical electron is delocalized in the C-Si-C
back bone of (Me,-CAAC),Si* . The radical electron resides on the
p orbitals of the carbene carbon atoms (see the LUMO (Fig. 16) of
(cAAC),Si and SOMO ((cAAC),Si)* ).*° The Mulliken spin density
plot of the radical anion shows that the unpaired electron is
delocalized (Fig. 17) between the two carbene carbon atoms via
the vacant d-orbital of the silicon atom.

Potassium metal is an electro-positive metal and it has a
high tendency to donate electrons to the low lying antibonding
orbitals. Potassium metal is chosen as an electron donor and
THF as the preferred solvent due to its high polarity and
electron transport ability. Accordingly, we set up a reaction by
adding THF to a 1:1 molar mixture of (cAAC),Si and metallic
potassium.®® The resultant dark blue color of the reaction
solution is changed to a greenish yellow color after 35 min of

Fig. 16 LUMO of (Cy-cAAC),Si. Reproduced with permission from ref. 60.
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Fig. 17 Mulliken spin density plot (left) and SUMO (right) of (Cy-cAAC),Si®~
Reproduced with permission from ref. 60.
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Scheme 16 Conversion of (cAAC),Si with two coordinate silicon to
(cAAC)SI(CMeLAr)(cAAC'H) with three coordinate silicon [cAAC = Mes-
cAAC and Cy-cAAC].

vigorous stirring. Afterwards the solution was filtered to sepa-
rate out the unreacted potassium metal. The concentrated THF
solution is stored at —32 °C in a freezer to form yellow blocks of
(cAAC)Si(CMe,Ar)(cAAC'H) (Scheme 16) in reasonable (Me,-cAAC)
to high yields (Cy-cAAC).*°

X-ray single crystal diffraction reveals the formation of a
six-membered cyclic silylene (cAAC)Si(CMe,Ar)(cAAC'H) with a three
coordinate silicon atom in the center (Scheme 16 and Fig. 18).%°

The recovery of the 67% of unreacted potassium metal
reveals that 33% of the metal had been consumed during the
reaction course (Scheme 16). This means that only a sub-
stoichiometric amount of the metal atom can successfully
induce the reaction of the apparently unreactive silylone
(cAAC),Si to its structural isomer (cAAC)Si(CMe,Ar)(cAAC'H) in
an atom economical fashion. In this respect it is important to
mention that stirring of the reaction solution for a longer time
leads to the further rearrangement of (cAAC)Si(CMe,Ar)(cAAC'H)
to different products which could not be isolated. The crystals of
(cAAC)Si(CMe,Ar)(cAAC'H) are stable at room temperature for
more than one month in an inert atmosphere and they melt
above 211 °C. (cAAC)Si(CMe,Ar)(cAAC'H) is stable enough to be
further characterized by EI mass spectrometry.®® The *°Si NMR
spectrum of (cAAC)Si(CMe,Ar)(cAAC'H) exhibits resonances at
55.98 (cAAC = Cy-cAAC) and 54.55 ppm (cAAC = Me,-cAAC),
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Fig. 18 Molecular structure of (Me,-cAAC),Si (top) and (Cy-cAAC)SI(CMeAr)-
(Cy-cAAC’H) (bottom). Reproduced with permission from ref. 60.

which are upfield-shifted when compared to those of (cAAC),Si
(71.15 and 66.71 ppm, respectively). The *C NMR spectrum
of (cAAC)Si(CMe,Ar)(cAAC’'H) shows 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 (CAAC)Si(CMe,Ar)(cAAC’)
(210.8 and 210.9 ppm, respectively).

A detailed investigation of the reaction mechanism reveals
that the formation of (cAAC)Si(CMe,Ar)(cAAC'H) from (cAAC),Si
could be rationalized as the activation of the C-H bond of one of
the two CHMe, groups of (cAAC),Si which has selectively reacted
(Scheme 16) with one Ccpac-Si bond, producing the H-Cepac—
Si(CMe,) moiety in (cAAC)Si(CMe,Ar)(cAAC'H).

The formation of the silylone radical anion intermediate
(cAAC),Si* ™ is assumed to be the key step for the activation of
the very strong C-H bond. This could finally help to overcome
the challenge behind the so far elusive reactivity of the highly
stable silylone (cAAC),Si to produce the corresponding six-
membered silylene (cAAC)Si(CMe,Ar)(cAAC').*°

The closed-shell singlet electronic state of (Cy-cAAC)Si-
(CMe,Ar)(Cy-cAAC’) is lower in energy by 16.8 kcal mol ™" than
its triplet form. Geometry optimization with broken symmetry
formalism reveals that the diradical singlet state again is higher

This journal is © The Royal Society of Chemistry 2015
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Fig. 19 Calculated energy values of the (a) singlet (left), (b) singlet 1,2-
diradical (middle) and (c) triplet 1,2-diradical (right) species implying the
preference for the singlet ground state (left) of (CAAC)Si(CMe,Ar)(cAAC').

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 X-ray crystal structure
of (Cy-cAAC)Si(CMe,Ar)(Cy-cAAC’) than its diradical singlet or
triplet states (Fig. 19).%°

The detail structural investigations (Fig. 18) of (Cy-cAAC)Si-
(CMe,Ar)(Cy-cAAC'H) show that one carbene carbon atom
(Ceaac) contains one proton and the silicon atom is further
bound to the CMe, group (C23) of one of the former isopropyl
groups (CHMe,; C23-Si1 = 1.961(2) A).°® The Ceaac-Si and
Ccanc-N bonds of (Cy-cAAC)Si(CMe,Ar)(Cy-cAAC'H) are elon-
gated from 1.8404(11) to 1.952(2) and 1.3827(15) to 1.461(3) A,
respectively. The C24(Ccaac)-Sil and C24-N2 bond distances
are very close to the values (Ceanc—Si = 1.8535(12) A, C24-N2 =
1.3724(14) A) of silylone (Cy-cAAC),Si. A newly formed six-
membered ring containing two heteroatoms is shown in purple
color in Fig. 18.%°

Unlike carbon, silicon has vacant d orbitals and hence silicon
can form higher coordinate compounds via the mixing of s and p
with d orbitals. As a result, a five coordinate (cAAC)SiCl, adduct
(Scheme 17) is formed in high yield (97-98%) when cAAC is
reacted with SiCl, in a 1:1 molar ratio in THF.®' (cAAC)SiCl, is
very polar in nature and soluble in polar solvent THF. The >°Si
chemical shift value of (Me,-cAAC)SiCl, is —103.5 ppm. It is also
partially soluble in non-polar solvents like n-hexane, benzene
and toluene. The colorless crystals of (cAAC)SiCl, decompose
above 123 °C. They are also prone to decomposition in THF if the
solution of (cAAC)SiCl, is stored for a longer time (several days).
This simple looking higher coordinate adduct (cAAC)SiCl, has
been eventually found to be a very important precursor for the
syntheses of several low coordinate cAAC-silicon compounds.
(cAAC)SiCl, is believed to have zwitterionic character based on
bond parameters. The bond between a carbene carbon atom
(Ceaac) and a silicon atom is a coordinate bond (Ceaac — Si;
1.944(2) A), while the Ceaac-N has a partial double bond

.
il
L

ﬂ*sl/(}l <—>><_k—>SI/CI
cl 1h rt

/l\
%ij“ i “@4 %@
(CAAC)SICI,

Scheme 17 Synthesis of (CAAC)SICly. [CAAC = Me,-cAAC and Cy-cAAC].
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character (1.3040(2) A) which is close to that of a free carbene
(1.315 A).*

The LUMO of the cAAC is lower lying when compared with
that of NHC. The LUMO of the carbene is located at me_n» of
CAAC. It can be argued that both the HOMO and LUMO of cAAC
are further lower due to donation of electron pairs on the
carbene carbon atom to the silicon atom of (cAAC)SiCl,. Thus,
reducing agents, like KCg are very much effective to eliminate
the chlorine atoms from (cAAC)SiCl,. We have observed that
the reduction of (cAAC)SiCl, with KCg even starts at very low
temperature (<—78 °C) in polar solvents, like THF. Non-polar
solvents like n-hexane are effective for the selective reduction of
(cAAC)SICl, to (cAAC®)SiCl; at room temperature. The tempera-
ture of the reaction must be kept very low (<—78 °C) for the
controlled reduction of (cAAC)SiCl, to (cAAC®)SiCl; in THF. The
electron transfer from KCg to (cAAC)SiCl, is very slow in non-
polar solvents. The electron transfer from KCs to (cAAC)SiCl,
possibly occurs via THF solvated electron transport and hence
the kinetics of the reduction is very fast.®*

We believe that KCg donates the electron to the LUMO of
(me_n* of cAAC) of (cAAC)SiCl, to form a radical anion inter-
mediate [(CAAC)SiCl,]*~ which then eliminates a chloride anion
with the formation of KCI and (cAAC*)SiCl; (Scheme 18).°* The
bond parameters obtained from the X-ray single crystal diffrac-
tion of (cAAC®)SiCl; lead to the conclusion that the bond
between a carbene carbon atom (Ceaac) and a silicon atom is
an electron sharing covalent single bond (CcAAC Si; 1.8152(12) A)
with an elongated C.sac-N bond (137.79(14) A). The synthesis of
a carbene centered stable radical via the transformation of a
Ceaac — Si coordinate bond to an electron sharing covalent
single bond Ccaac-Si is unique.®*

The fluorescent yellow plates/needles of (cAAC®)SiCl; are iso-
lated either at room temperature from a concentrated solution or a
dilute solution at 0 °C from a refrigerator. They are highly soluble
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Scheme 18 Reduction of (cAAC)SICl, to (cAAC®)SICls by KCg. [cAAC =
Me,-cAAC and Cy-cAAC].
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Fig. 20 Molecular structures of (Me,-cAAC),SiCly.

in both polar and non-polar solvents. They melt at around 115 °C.
They can be characterized by electron ionization (EI) mass spectro-
metry. They are stable for more than a year under an inert
atmosphere at room temperature.®*

The silicon atom in the (Me,-cAAC)SiCl, adduct adopts a
trigonal bipyramidal coordination geometry. The important
structural feature of (Me,-cAAC)SiCl, is that the axial Si-Cl
bond distances (~2.18 A) are significantly longer than those
of equatorial Si-Cl bonds (~2.04 A) (Fig. 20). The Cearpenc=Si
and Ccarpene—N bond distances are 1.944(2) A and 1.3040(2) A,
respectively.®'

The silicon atom of compound (cAAC®)SiCl; [cAAC = Me,-cAAC
and Cy-cAAC] is bound to three chlorine atoms and one carbene
carbon atom. The silicon atom adopts a near-tetrahedral geometry
(Fig. 21).°" The Cambene=Si bond distances in (Me,-cAAC*)SiCl; and
(Cy-cAAC®)SiCl; are 1.8152(12) and 1.8193(8) A, respectively. The
Cearbene—Si bond distance in (cAAC®)SiCl; is slightly shorter than
that of the electron sharing Si-C single bond distances of
(cAAC®),SiCl, (1.8455(16) and 1.8482(17) A) but significantly
shorter than that of the precursor (cAAC)SiCl, (1.944(2) A). The
Cearbene—N bond lengths are 1.3779(14)-138.27(10) A which
are close to those (1.3994(19)-1.400(2) A)®*’ obtained for the
diradical (cAAC*),SiCl, but it is shorter by 0.07 A when com-
pared with that of the precursor (cAAC)SiCl, (1.3040(2) A). All
the bond parameters of (CAAC®)SiCl; suggest that Ccarpene—Si is
an electron sharing Si-C single bond while the same one is a
Ceanc — Si coordinate o-bond in (cAAC)SiCl,.*"

DFT calculations concerning the bonding and electron
density distribution have been carried out on (cAAC®)SiCl;.%"
The calculations show that the unpaired electron (Fig. 23) is

Fig. 21 Molecular structure of (Me,-cAAC*)SiCls (left) and (Cy-cAAC®)SiCls
(right).
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Fig. 22 Experimental and simulated X-band EPR spectrum of a CgDg

solution of (Cy-cAAC*®)SiCls at 298 K. Reproduced from ref. 61 with
permission of John Wiley and Sons. Color version courtesy of Dr D. Koley.

mainly located on the carbene carbon of cAAC (ca. 52%), with a
smaller contribution from the N1 atom (23%) and the remain-
ing 25% of the electron density is scattered over the Dipp/cAAC
units and one of the Cl atoms (oriented parallel to the p, orbital
of Ceaac atom). The EPR spectrum of (cAAC®)SiCl; [cAAC =
Me,-cAAC and Cy-cAAC] is recorded in C¢Dg which shows multi-
ple hyperfine lines. The EPR spectrum of (Cy-cAAC®)SiCl; is
better resolved than that of (Me,-cAAC*)SiCl;. The simulation
considering the electronic coupling of one radical electron with
one N (I = 1) and one ***’Cl (I = 3/2) nuclei does not reproduce
the experimental pattern suggesting that the free rotation of
the SiCl; group around the carbon-silicon bond (Ccsac—Si) might
be possible.®*

The simulation of the experimental EPR spectrum (Fig. 22)
of (Cy-cAAC®)SiCl; reveals a N coupling constant (I = 1) of
6.4 G, and smaller couplings of about 3.4 G (1 Cl) and 2.7 G
(2 Cl), with three Cl atoms (I = 3/2, gyromagnetic ratio = 1.20).
The relatively intensified outermost lines suggest the non-
equivalence of the chlorine couplings. This also suggests a
partially hindered rotation of the SiCl; group.®*

It is important to mention that highly reactive trichloro-
silane radical *SiCl; is frequently generated by flash photolysis.
It is an active radical intermediate in many photochemical
transformations such as chemical vapour deposition (CVD)
and is a product in chlorine plasma etching of silicon. The
(cAAC®)SiCl; can be considered as the cAAC stabilized stable
radical of *SiCl,.°*

When three equivalents of PhLi is added drop by drop to the
fluorescent yellow colored solution of (Cy-cAAC®)SiCl; in THF
at —78 °C and the temperature of the reaction solution is
slowly increased to rt, a dark red solution of (Cy-cAAC®)SiPh;
(Scheme 19) is obtained in 90% yield.®> The crystals (Cy-cAAC®)SiPh;,
melt in the temperature range of 148-149 °C. The compound
(Cy-cAAC®)SiPh; is further characterized by EI mass spectrometry
like its precursor.®*

The molecular structure of (Cy-cAAC®)SiPh; is unambigu-
ously established (Fig. 24) by the X-ray single crystal structure
determination. This reveals that the central silicon atom is bound
to three phenyl groups and one carbon atom of the Cy-cAAC
ligand with a coordination number of four. The silicon atom

This journal is © The Royal Society of Chemistry 2015
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Fig. 23 The KS-SOMO (a) (Me,-cAAC®)SiCls and (b) (Cy-cAAC®)SiCls at
the UMO05-2X/TZVP//UMO5-2X/SVP level. Reproduced from ref. 61 with
permission of John Wiley and Sons. Color version courtesy of Dr D. Koley.

ém 3 LiPh
l._-Cl TH /Ph
SI\ R
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(Cy-cAAC-)SiCl, (Cy-cAAC-)SiPhg
Scheme 19 Synthesis of (Cy-cAAC*®)SiPhs from (Cy-cAAC®)SiCls.

Fig. 24 The molecular structure of compound (Cy-cAAC*®)SiPhs.

adopts a slightly distorted geometry due to the asymmetric steric
crowding around it.®>

The Si-Ceanc bond length (1.8704(17) A)** of (Cy-cAAC®)SiPhs
is slightly longer than that of its precursor (Cy-cAAC®)SiCls
(1.8193(8) A).°* This is possibly due to the substitution of all
the three electron-withdrawing chlorine atoms by electron-
donating phenyl groups at silicon. Theoretical calculations
(Fig. 25) on (Cy-cAAC®)SiPh; show that 55% of the electron
density (unpaired) is primarily located on Ccpsc with 21%
contribution from the adjacent nitrogen atom. The remaining
24% of the electron density is delocalized over the Dipp group
of the cAAC unit and the Cjps, atom in one of the phenyl
groups.®

This journal is © The Royal Society of Chemistry 2015
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Fig. 25 The KS-HOMO (left) and KS-LUMO (right) of (Cy-cAAC*®)SiPhsz at
the UMOQ5-2X/TZVP//UM05-2X/SVP level. Reproduced with permission
from ref. 62.
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Fig. 26 Experimental and simulated X-band EPR spectra of CgDg solution
of (Cy-cAAC*®)SiPhs. Reproduced with permission from ref. 62.

The X-band EPR spectrum (Fig. 26) of (Cy-cAAC®)SiPhj
exhibits three hyperfine lines at g = 2.0019 due to the coupling
(5.4 G) with one N (I = 1) nucleus. The satellites from >°Si
(8.0 G; *°Si: I = 1/2, 4.7% natural abundance), and three carbon
atoms (25 G), are tentatively identified through simulation
of the EPR spectrum and theoretically calculated hyperfine
coupling constants. Two y carbons at the cyclohexyl ring of
Cy-cAAC ligand transfer spin via hyperconjugation. One carbon
atom from a Si-phenyl group (38.0 G) causes the broadening of
hyperfine lines. Thus, (Cy-cAAC®)SiPh; is identified as the
predominantly spin-bearing carbene carbon centered p radical.
The hyperfine coupling constants of 'H are calculated to be very
small and are not observed experimentally.®?

It has been mentioned before that (""NHC)SiCl, is exclu-
sively obtained from the reaction of HSiCl; with two equiv. of
NHC under the elimination of NHC-HCL'®® Alternatively,
("PNHC)SICl, is also prepared via the reduction of the ("NHC)-
SiCl; adduct with two equiv. of KCg under the elimination
of KCI (Scheme 12). Both the NHC and cAAC stabilized (L)ECI,
(L = NHC, for E = Si, Ge, Sn; L = cAAC for Ge, Sn) have been
reported.®®'”

The dechlorination reaction is regarded to be an important
technical process, due to the formation of SiCl, as a side product
during the reduction of HSiCl; to Si with hydrogen gas. It has
been observed that dichlorosilylene (SiCl,) is generated from
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Scheme 20 Calculated dimerization energies and bond parameters of Si,Cly.

trichlorosilane (HSiCl;) in the presence of a base. It can be
trapped as (NHC)SiCl, by NHC."***® In the presence of triethyl-
amine, the dimer Si,Cls produces SiCl, and SisCl;,. The exact
mechanism has not been established yet. Hexachlorodisilane
(SixClg) undergoes disproportionation to produce SiCl, and
SiCl,, both of which have been trapped by NHC too.'*® SiCl,
could also be generated from Si;Clg in the presence of tertiary
amine. Gaseous SiCl, is known for a long time but it condenses
to polymeric (SiCl,),."** The stabilization of the dimer (Si,Cly) of
SiCl, has not been even suggested previously before our report.
In 2003, Boganov et al. suggested that the dimerization of
2SiCl, — Si,Cl, is energetically favorable over complexation
between SiCl, and molecular N,.®** This has been concluded
from the quantum chemical calculations and experiments at
low temperature by an argon-nitrogen matrix isolation of the
pyrolysis product (N,-SiCl,) from Si,Clg. The Si,Cl, is predicted
to exist in two forms (trans-olefin and bridged structure;
Scheme 20). The calculated dimerization energy (2SiCl, — Si,Cl,)
is evaluated to be —8.6 kcal mol ™" for the trans-olefin structure
and —1.2 keal mol " for the bridged structure.®®

Having (cAAC®)SiCl; in hand,* the possibility of studying
the dimerization of (cAAC),SiCl, seems to be elusive.®* The
NHC analogue (NHC®)SiCl; is still not isolated. Note that
("PNHC)SiCl, is stable in the monomeric form at room tem-
perature for months under an inert atmosphere and does not
undergo any sort of dimerization/polymerization.?® cAAC reacts
with (NHC)SiCl, to exclusively produce (cAAC*®),SiCl,.>” To
attempt the synthesis of Si,Cly, stabilized by carbenes, com-
pound (Cy-cAAC®)SiCl; has been chosen as the precursor
instead of (NHC)SiCl,, because treatment of the latter with
CAAC resulted exclusively in the formation of (cAAC*),SiCl,.>”

(Cy-cAAC®)SiCl; is thus treated with one equiv. of KCg
in THF at low temperature to generate the desired species
(Cy-cAAC),Si,Cl, (Scheme 21).** Green crystals of (Cy-cAAC®),Si,Cl,
are isolated from a concentrated solution stored at —32 °C in
a freezer in 85% yield. The same product is obtained when
the (cAAC)SiCl, adduct is reduced with two equiv. of KCg
(Scheme 21). The green crystals of (Cy-cAAC*®),Si,Cl, decom-
pose above 93 °C and are stable at —32 °C for several months
but slowly decompose at higher temperature. The *°Si chemical
shift value of (Cy-cAAC®),Si,Cl, is 3.3 ppm.**

Both the silicon atoms of (Cy-cAAC®),Si,Cl, adopt a near-
tetrahedral geometry and each of them is bound to one carbene
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Scheme 21 Synthesis route of (Cy-cAAC*®),Si>Cly.

Fig. 27 The molecular structure of (Cy-cAAC®),Si>Cly.

carbon atom, two chlorines and one silicon atom (Fig. 27).
The bond parameters are in good agreement with those of the
previously calculated values for a ¢rans-olefin structure of the
optimized discrete Si,Cl,; molecule (Scheme 20).°*°* The Si,Cl,
unit of (Cy-cAAC®),Si,Cl, adopts a trans-olefin like configu-
ration as predicted by Swihart et al. and Boganov et al.®® The
Si-Si bond distance in (Cy-cAAC®),Si,Cl, is 2.454(3) A which is
close to that of the hypothetical Si,Cl, (2.446 A, Scheme 20).
The average Si-Si single bond distances are close to the value of
2.35 A. The Si-Si single bond distance of 2.424(8) A has been
reported for the polymeric perchloropolysilane (SiCl,),.*> The
carbenes of (Cy-cAAC®),Si,Cl, are oriented in a trans-position
with respect to the central Si,Cl, unit with a C-Si-Si-C torsion
angle of 180°. Hence, (Cy-cAAC*),Si,Cl, can be considered as a
Si,Cl, bridged carbon centered 1,4-diradical.®*

Theoretical calculations using the broken symmetry formalism
reveals that the diradical singlet state is 2.8 kcal mol ' lower
in energy than the triplet state. The CASSCF(2,2)/SVP method
has been employed for the optimization of the geometry of
(Cy-cAAC®),Si,Cl, in the singlet state. The coefficient values for
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Fig. 28 Computed Mulliken spin density plots (isosurface = 0.006 au) of
(Cy-cAAC*),Si>Cly in the diradical singlet (left) and triplet state (right).
Reproduced with permission from ref. 64.

the three singlet components are 0.80(2/0), —0.60(0/2), and
0.0(1/1) and the diagonal elements of the final one electron
symbolic density matrix are 1.3 and 0.7, respectively, suggesting
that the singlet form of (Cy-cAAC®),Si,Cl, possesses two unpaired
electrons with an opposite sign.®* The unpaired electrons are
stabilized by coupling with the neighboring lone-pairs of the
nitrogen atoms in cAAC.

The Mulliken spin density distribution plot of the singlet
diradical and the triplet (Fig. 28) form entails that the two
unpaired electrons are localized at the Ceaac Of the Cy-cAAC.%*
It has been concluded from the theoretical investigations that
the radical intermediate (Cy-cAAC*)Si(*)Cl, formed®* from the
reaction of (Cy-cAAC®)SiCl; and KCg depicted in Scheme 21
possesses a singlet ground state (Cy-cAAC® 1)Si(°® | )Cl,. Dimeriza-
tion of two such species to form the 1,4-diradical (Cy-cAAC®),Si,Cl,
is found to be favorable with an exothermicity of —30.9 keal mol ™"
(AGyog = —14.7 keal mol ™, Fig. 27, Scheme 21).%

The dark green solution of (cAAC®),Si,Cl, is reduced with
two equiv. of KCg with the goal of isolation of the hypothetical
1,2,3,4-tetra radical (cAAC®),Si(*),Cl,. A dark green solution of
composition (cAAC),Si,Cl, is obtained. The molecular structure
has been confirmed by X-ray single crystal diffraction (Fig. 29).
The >°Si NMR spectrum of (Me,-cAAC),Si,Cl, exhibits®® a singlet
at 25.62 ppm which is downfield shifted when compared to
that of (Me,-cAAC)SiCl, (—103.5 ppm). The same compound
(Me,-cAAC),Si,Cl, can be directly synthesized from the reduction
of the (Me,-cAAC)SiCl, adduct with three equiv. of KCg in THF
(Scheme 22).%¢

The Ceaac—Si bond distances of (Me,-cAAC),Si,Cl, (1.823(3)-
1.826(3) A) are slightly shorter when compared with that of
(Cy-cAAC®),Si,Cl, (1.846(5) A). The Si-Si bond distances of
(Me,-cAAC),Si,Cl,*° and (Cy-cAAC®),Si,Cl1,** are 2.3058(13) A
and 2.454(3) A, respectively, suggesting significant shortening
of the Si-Si bond length in the former species.

However, the theoretical calculation reveals®® that four
electrons of (Me,-cAAC),Si,Cl, are involved in weak n-bonding
and hence it should be termed a 1,4-diarylamino-2,3-disiladichloro-
butadiene (Caac=Si(Cl)-Si(Cl}=Ccpac) derivative (Scheme 22
and Fig. 29)° rather than a hypothetical 1,2,3,4-tetra radical
(cAAC®),Si(*),Cl,. The Ceanc-Si and Si-Si bonds are shorter due
to delocalized m-bonding which is extended to the delocalized
C-Si-Si-C backbone. It has a singlet ground state which is stable
by 27.9 keal mol !, when compared with that of the triplet state.®®
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Scheme 22 Synthesis strategy of (cAAC®),Si>Cls, (cAAC),Si>Cl,, and
(cAAC),Si, from (cAAC)SICly with KCg [cAAC = Me,-cAAC and Cy-cAAC].

The 2,3-disiladicarbene (cAAC),Si, is isolated in 47-48%
yield when (cAAC)SiCl, is reduced with four equiv. of KCg in
THF (Scheme 22). Compound (cAAC),Si,*” is isolated as dark
purple needles. They are stable for months under an inert
atmosphere without any decomposition. (Cy-cAAC),Si, melts
in the range of 188-190 °C and has been further characterized
by EI mass spectrometry. The **Si NMR spectrum of (Cy-cAAC),Si,
shows a singlet resonance at 249.1 ppm in C¢Dq.%”

X-ray single crystal diffraction exhibits that each silicon
atom is bound to one Cy-cAAC ligand and one silicon atom
(Fig. 30). The Ccaac—Si bond lengths of (Cy-cAAC),Si, are 1.849(4)
to 1.876(4) A

The cyclic voltammogram of (Cy-cAAC),Si, has been studied
in THF containing 0.1 M n-BuyNPF¢ as an electrolyte. The CV
shows a quasi-reversible reduction at E;, = —1.40 V versus
Cp*,Fe/Cp*,Fe" indicating the possible formation of a radical
anion (Cy-cAAC),Si,*~ (Fig. 31).%”

The purple color of the THF solution gradually changes to
red when (Cy-cAAC),Si, is treated with metallic potassium at
room temperature for 16 h.®” The formation of a pale yellow
colored solution is easily visible around the surface of the piece
of potassium. Pale yellow rods are isolated when the concen-
trated THF solution of the reaction mixture is stored at —32 °C.
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Fig. 30 The molecular structures of (Cy-cAAC),Si, (top) and its rear-
ranged product R':Si-SiHR?, (bottom).

X-ray single crystal diffraction reveals a rearranged structure of
R';Si-SiHR?, which is shown in Scheme 23. Compound R';Si-
SiHR?, (Fig. 30) can be considered as an isomer of (Cy-cAAC),Si,.
After the separation of (Cy-cAAC),Si, some red rods of [R?,Si-
Si(Cy-cAAC)(K)(THF)], are isolated (Fig. 32).®”

X-ray single crystal diffraction (Fig. 30) reveals that R';Si-
SiHR?, underwent multiple structural rearrangements when
compared with (Cy-cAAC),Si,.°” Both the silicon atoms of
R';Si-SiHR?, (Fig. 30) maintain a slightly distorted tetrahedral
geometry in the formal oxidation state four. The Si1A center is
bound to three carbons (C1, C3, C22C) and one silicon (Si1B)
atom. The second silicon atom (Si1B) is bound to two carbons
(C1C, C13C), one hydrogen (H22C) and one silicon (Si1A) atom.
All the four Si-C/H bonds are electron sharing covalent single
bonds. The structural features of R';Si-SiHR?, are unique. It
possesses one exo-cyclic (C1-N2) and one endo-cyclic (C1C-N2C)
double bonds with two five-membered spiro rings (Fig. 30).®”

The CV suggests the formation of the radical anion
(Cy-cAAC),Si,* ™~ (Fig. 31)*” via a quasi-reversible electron transfer
process between (Cy-cAAC),Si, and metallic potassium. Intermediate
(Cy-cAAC),Si,* ~ might not be stable enough as indicated by CV, it
undergoes numerous bond activations followed by rearrangements.
Theoretical calculation shows that (Cy-cAAC),Si,*” can take two
pathways (path-I and path-II) and both of them are energetically
favorable (Scheme 24). The path-I is suggested to proceed via the
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permission from ref. 67.
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intermediates IM1, IM2, and IM3 finally giving rise to the rearranged
product R';Si-SiHR?,. The path-II involves the coordination of the
lone pair of electrons to potassium ions to produce (Cy-
CAAC),Si,(K)(THF)*~ which loses an isopropyl radical to give a
THF coordinated dimeric [R?,Si-Si(Cy-cAAC)(K)(THF)], salt.®”” In
general, several stable radical anions or radical cations are often
generated for the isolation and characterization via electron addition
or electron snatching processes from some compounds if those
species have long life-time. Scheme 23 shows a classic example that
illustrates what might be possibly occur if a radical intermediate is
not stable enough.”’

Carbene centered radicals and radical
anions bearing a unique diphenyl-
phosphino-dichlorosilane group

NHCs favor the formation of the NHC — PCl; adduct with

trichlorophosphine (PCl;).°®* NHC — PCl; has been reduced to
bisphosphinedene (NHC — P), by six equiv. of KCg. The cAAC
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Fig. 32 The monomeric (top) and dimeric (bottom) views of [R*,Si-Si(Cy-
CAAC)(K)N(THF)I,.

analogue of (NHC — P), is suggested to have a C.aac=—P double
bond in (cAAC=P), rather than a coordinate single bond like in
(NHC — P),. So far, the comparative carbene affinity of silicon
and phosphorus centers when present in the same compound is
only rarely studied. Two decades ago du Mont et al. developed the
first synthesis route of phosphine substituted chlorosilanes.®® We
realized that the chemistry of carbene/phosphino-chlorosilane
follows a significantly diverse path when compared to that of
carbene/SiCl, and carbene/PCl;.”°

An attempt is made to synthesize a hypothetical stable
radical species incorporating two different neutral compounds,
viz. cAAC and phosphinochlorosilane. Initially, the intermediate
species SiCl, is in situ generated by reacting HSiCl; with Et;N in
toluene in the 1:1.1 molar ratio below —80 °C and subsequently
reacted with Ph,PCl and Tip-PCl, [Tip = 2,4-6-triisopropylphenyl]
in 1:1 and 2:1 molar ratios, respectively (Scheme 25).

A one pot reaction of Ph,P-SiCl;, cAAC and KCginthe1:1:1
molar ratio in THF always resulted in the formation of the
yellow blocks of [(cAAC)PPh,]'Cl~ as the major product.

To avoid the formation of [(cAAC)PPh,]'Cl™, a 1:1 molar
mixture of cAAC and KCg and one equiv. of Ph,P-SiCl; are
placed separately in two different Schlenk flasks. Both the
flasks are cooled utilizing liquid nitrogen baths.”® Pre-cooled
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Scheme 25 Synthesis strategy of Ph,P-SiClz and Tip-P(SiClz),.

THF (~—100 °C) is added to the flask containing Ph,P-SiCl,
through a canula. The solution of Ph,P-SiCl; is then passed
into the other flask containing cAAC and KCg (~—105 °C) with
continuing stirring for 5 min at the same temperature. The
temperature of the reaction solution is slowly increased to
produce a greenish-red solution.

The red needles of compound (cAAC®)Si(Cl,)(PPh,) [cAAC =
Me,-cAAC, Et,-cAAC] (Scheme 26) are isolated in 22-25% yield.”®
For comparison, when a similar reaction is carried out with an
equivalent amount of NHC instead of cAAC, NHC — SiCl,*® is
isolated instead of (NHC)Si(Cl,)(PPh,).

The above mentioned protocol is mandatory for the synthe-
sis and isolation of the compound (cAAC®)Si(CL,)(PPh,) in a
pure form.”° If the reaction is initiated at —78 °C using a frozen
solvent bath and the temperature of the reaction slurry is slowly
increased, a dark blue solution of the previously reported
(cAAC®),SiCl, is obtained as the major product with a much
decreased amount of the desired (cAAC®)Si(CL,)(PPh,).”® This
suggests that further cleavage of the Si-PPh, bond of (cAAC®)Si-
(CL)(PPhy) occurs in the absence of proper temperature control
followed by the anchoring of another cAAC which leads to the
formation of the undesired compound (cAAC®),SiCl,. The iso-
lation of (cAAC®)Si(Cl,)(PPh,) from this mixture via partial
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Scheme 26 Synthesis strategy of (CAAC®)Si(Cl,)(PPh,) [cAAC = Me,-cAAC
and Et,-cAAC].

crystallization is not fruitful since the presence of (cAAC®),SiCl,
hinders the crystallization of (cAAC®)Si(Cl,)(PPh,) in its pure
form. The previously mentioned protocol minimizes the formation
of (cAAC®),SiCl, and increases the yield of (cAAC®)Si(Cl,)(PPh,) to
a large extent.”®

The central silicon atom in (cAAC®)Si(Cl,)(PPh,) adopts a
near-tetrahedral coordination geometry and is bound to one
phosphorus, one carbene carbon, and two chlorine atoms
(Fig. 33). The Si-Ccaac bond distance in (cAAC®)Si(Cl,)(PPh,)
[cAAC = Me,-cAAC and Et,-cAAC] is 1.826(3)-1.839(2) A which is
longer (~0.12 A) than the Ceac — Si coordinate bond of
(cAAC)SiCl, but close to the covalent electron sharing Si-C
single bond of (cAAC®)SiCl;. One chlorine atom tries to orient
perpendicular to the C2C1N1 plane (the angle between C2C1N1
and C1Si1CI2 is 66.85°).”°

As mentioned previously that the compound [(Me,-cAAC)-
PPh,]'Cl™ is obtained as a major product when Ph,P-SiCl; is
directly reacted with Me,-cAAC in 1:1 molar ratio suggesting
that Me,-cAAC prefers to bind at the phosphorus center with
the elimination of SiCl,. The reaction of Ph,P-SiCl; with KCg is
very slow in THF at room temperature and thus the unreacted
Ph,P-SiCl; is recovered from the reaction mixture even after
two days suggesting that the formation of Ph,P-Si(*)Cl, is not
facile. Based on the experimental observations a possible
mechanism for the formation of (Me,-cAAC®)Si(Cl,)(PPh,) is
proposed in Scheme 27 and the energetics are calculated for
(Me,-cAAC®)Si(CL,)(PPh,). The in situ formation of a carbene
radical anion (cAAC® ) intermediate is favorable since Me,-cAAC
has a lower lying LUMO. cAAC* K" knocks out one chloride from
Ph,P-SiCl; to produce (Me,-cAAC®)Si(CL)(PPh,) with the formation
of KCl. All the steps of the reaction are energetically favorable.
Theoretical calculations further suggest that (Me,-cAAC®)Si-
(CL)(PPhy,) (carbene centered radical form) is more stable by an
energy of —37.8 kecal mol™" than (Me,-cAAC)Si(CL,)(*PPh,) (phos-
phorus centered radical form). The formation of (Me,-cAAC®),SiCl,
from the reaction of (Me,-cAAC)Si(CL,)(* PPh,) with Me,-cAAC/KCy is
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Fig. 33 Molecular structures of (Me,-cAAC®)Si(Cl,)(PPh,) (top) and
(Et,-cAAC®)SI(CLo)(PPh,) (bottom). H-atoms and isopropyl groups from
Dipp are omitted for clarity.

energetically preferred. This might be the reason why the tempera-
ture of the reaction has to be controlled so minutely to minimize the
formation of (cAAC®),SiCl, and maximize the yield of (cAAC®)Si-
(CL)(PPh,). We also have observed that the undesired product
(cAAC*),SiCl, is produced in good yield if a mixture of Ph,P-SiCls,
cAAC, and KCg is reacted in the 1:2:2 molar ratio at —78 °C to
room temperature in THF for 2-3 h.”°

Importantly, the C.aac atom has contributed ~73% electron
density to the Ceaac—Si bond indicating polar character.”® The
calculated Mulliken spin density plots, for Me,-cAAC and Et,-cAAC
analogues shown in Fig. 34 (top), suggest that the unpaired
electron is mostly located on the carbene carbon (75-76%), with
a comparatively lower contribution from the N1 atom (18-20%)
present in the cAAC fragment. Moreover, the unpaired electron
exhibits some finite occupancy over one chlorine atom (1%) and
the phosphorus (~3%) atom.

The EPR spectra of (Me,-cAAC*®)Si(Cl,)(PPh,) and (Et,-cAAC®)Si-
(CL,)(PPh,) are recorded in toluene (Fig. 35 and 36). Compound
(Me,-cAAC®)Si(CL,)(PPh,) exhibits a partially resolved EPR spec-
trum which could be simulated with data according to the DFT
calculated hyperfine coupling: a(*'P) 15.6 G (calc. 20.5 G), a(*'N)
6.5 G (calc. 4.2 G), a(**Cl) 4.1 G (calc. 3.1 G).

The spin density is mostly concentrated at the carbene
carbon atom (ca. 75%), and the adjacent nitrogen atom (19%).

This journal is © The Royal Society of Chemistry 2015
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Scheme 27 (a) The proposed mechanism for the formation of (CAAC*®)Si-
(CLL)(PPhy), (b) energetics for hypothetical reaction of (CAAC)SI(Cl,)(P-Ph) to
(cAAC)SI(CL)(*PPhy) and (cAAC*®)SI(CL,)(PPhy) and (c) (cAAC®)SI(CL)(PPhy) to
(cAAC®),SiClo. AE in kcal mol™. [cAAC = Me,-cAACI.

(Me,-CAAC"),SiCl,

¢

Fig. 34 KS-MO (frontier MO; SUMO (left) and LUMO (right)) for (CAAC®)Si-
(CLL)(PPhy) [cAAC = Me,-cAAC (top) and Et,-cAAC (bottom)], (isodensity =
0.03 electron bohr~3). Reproduced with permission from ref. 70.

Accordingly, the g factors for both (Me,-cAAC®)Si(CL,)(PPh,) (2.0027)
and (Et,-cAAC®)Si(CL,)(PPhy) (2.0024) are very close to that of the free
electron (2.0023). The heteroatom *'P and one of the chlorine atoms
in the PB-position exhibit detectable hyperfine coupling despite
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Fig. 35 Experimental and simulated EPR spectra of (Me,-cAAC*)Si(CL,)(PPh,)
at 298 K (top) and experimental EPR of (Et,-cAAC®)Si(Cl,)(PPhy) at 299 K
(bottom). Reproduced with permission from ref. 70.

rather small spin densities <5%. A >°Si satellite coupling
(4.7% nat. abundance, I = 1/2) could be observed for (Et,-cAAC*)-
Si(Cl,)(PPh,) at about 10 G (calc. 13.4 G; 3.6% spin density).”°

The ethyl substituents of Et,-cAAC at (Et,-cAAC®)Si(Cl,)(PPh,)
are labile. The Si(Cl,)(PPh,) group can rotate around the Si-Ccaac
bond depending upon the substitutions at the C2 atom which is
clearly observed when the molecules in (Me,-cAAC®)Si(Cl,)(PPh,)
and (Et,-cAAC®)Si(Cl,)(PPh,) are viewed along the Si-Ccaac bond
(Fig. 33). Moreover, the five-membered rings of the carbene
part adopt different conformations. One chlorine atom Cl2 of
(Me,-cAAC®)Si(Cl,)(PPh,) and Cl1A of (Et,-cAAC®)Si(Cl,)(PPh,)
is differently oriented with respect to the p,-orbital of carbene
carbon atoms which exerts hyperfine interaction of different
strengths in (Me,-cAAC®)Si(CL,)(PPh,) and (Et,-cAAC®)Si(CL,)(PPhy).
It is noteworthy that there are two molecules present in the
asymmetric unit of (Et,-cAAC®)Si(Cl,)(PPh,) with slightly different
bond parameters. This leads to the superposition of EPR
signals from the two conformers (Fig. 35 and 36) leading to
a complicated EPR signal, the signature of which changes
dramatically when the temperature is varied (Fig. 36). As a
consequence, the temperature dependent EPR spectra between
183 and 340 K show variable line widths. Thus simulation could
not be achieved within the accessible temperature range for
(Et,-cAAC®)Si(Cl,)(PPh,).”°

The redox property is also investigated for (cAAC®)Si(CL,)(PPh,) by
cyclic voltammetry measurements [Fig. 37; (Me,-cAAC®)Si(CL,)(PPhy,)]
in THF solution. The CV shows one electron quasi-reversible process
at Ey;, = —0.86 V against Cp*,Fe/Cp*,Fe", suggesting the formation
of the anion (cAAC®)Si(CL)(PPh,) .
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Fig. 36 Experimental EPR spectra of (Et,-cAAC®)Si(Cly)(PPh,) at 340 K
(left) and 183 K (right). Reproduced with permission from ref. 70.

In analogy with (cAAC®),SiCl,,>” we hypothesized the syn-
thesis of a novel carbene (cAAC)/phosphinidine (P-Ar, Ar = 2,4,6-
triisopropylphenyl) stabilized dichlorosilylene (cAAC®)SiCl,(*P-Ar)
as a stable diradical (Scheme 28). When a precooled THF is added
at —78 °C to a 2:1:2 molar mixture of cAAC, Tip-P(SiCl;),, and
KCg, an immediate color change is observed from colorless to
green and then to dark blue. The dark blue blocks of (cAAC)-
(SiCl,)(P-Tip) are obtained in 45% yield (Scheme 28).”" When
PNHC [:C{N(2,6-iPr,C¢H3)(CH)},] is employed instead of cAAC,
the analogous compound (""NHC)(SiCl,)(P-Tip) is obtained as a
bright red crystalline solid in 90% yield.

The ?°Si NMR spectra of (Cy-cAAC)(SiCl,)(P-Tip), ("NHC)-
(SiCL,)(P-Tip) exhibit doublets at —6.56 (Jsi-p = 198.4 Hz), and
—19.12 (Jsi_p = 197.7 Hz) ppm, respectively, which are upfield
shifted when compared with that of (Me,-cAAC®),SiCl,
(+4.13 ppm).”* The "*C NMR resonances of (Cy-cAAC)(SiCl,)(P-Tip),
and ("NHC)(SiCl,)(P-Tip) (for Cearbenc) are observed at 208.05, and
211.44 ppm, respectively which are again upfield shifted when
compared with that of the free carbene (309.4 ppm for Cy-cAAC)
but close to that of Cy-cAAC — SiCl, (207.0 ppm), and (cAAC),Si
(210 ppm). The UV-vis spectrum of (Cy-cAAC)(SiCl,)(P-Tip) is
recorded in THF which shows a broad (500-900 nm) absorption
band at 665 nm, while the corresponding (400-600 nm) value for
compound (**NHC)(SiCl,)(P-Tip) is observed at 475 nm.”"

The compounds (carbene)(SiCl,)(P-Tip) are characterized by
single crystal X-ray structure determinations. The molecular
structure of (Cy-cAAC)(SiCL,)(P-Tip) shows (Fig. 38) that the
central SiCl, unit is bound to one carbene (Cy-cAAC) and one
phosphorus atom of the P-Tip group. The silicon atom adopts a
distorted tetrahedral geometry while the phosphorus atom

Compound 2a ?lp C|\ /C|

N SI\ /Ph
HAN

Ph

-e ||t €

——10 mV/s
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~——500 mVis Si Ph

N ~g
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E vs Cp, Fe/Cp,Fe' [V]

Fig. 37 Cyclic voltammogram of a THF solution of (Me,-cAAC*®)Si(Cl,)(PPhy)
at indicated scan rates (potential versus Cp*,Fe/Cp*,Fe*), containing 0.1 M
[n-BusNIClO4 as an electrolyte (left) suggesting that (CAAC®)SI(CL,)(P-Phy)
converts to (CAAC)SI(CL)(PPh,)~. Reproduced with permission from ref. 70.
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Scheme 28 Synthesis strategy of (CAAC)SI(CLo)(P-Tip) [CAAC = Me,-cAAC,
Et,-cAAC and Cy-cAAC].

attends a bent geometry. The phosphorus atom is bound to
one silicon (Si1-P1 2.1225(9) A) and one carbon atom (P1-C24
1.874(2) A) of the Tip group. The Cepac—Si and Ceasc-N bond
distances were found to be 1.945(2) and 1.308(3) A, respectively,
which are close to those values (1.944(2) and 1.303(2) A), found
in Me,-cAAC— SiCl,. The aforementioned bond parameters
of (Cy-cAAC)(SiCL)(P-Tip) suggest that the bond between the
carbene carbon atom and the silicon atom is a coordinate bond
(C — Si) rather than an electron sharing single bond (which is
supposed to be ~1.84 A). To elucidate the exact bonding situa-
tions in the compounds cAAC — SiCl, — P-Tip, and "NHC —
SiCl, — P-Tip, detailed theoretical calculations have been carried
out on the model compounds 2M, and 3M, respectively, where the
Dipp groups at the cAAC and NHC donor moieties and the iPr
groups at P-Tip are replaced by the methyl groups. NBO analysis
reveals that the bonding scenario of these molecules could be
best represented in terms of the donor-acceptor interactions
D — SiCl, — P-Tip (D = cAAC, NHC). As a result, we can say
that the DSiCl, moiety as a whole forms a coordinate bond
(DCLSi — P) with the phosphorus atom of the P-Tip group
leaving two pairs of electrons on the phosphorus atom with o

Fig. 38 Molecular structure of (Cy-cAAC)(SiCl,)(P-Tip). All H-atoms and
iPR groups of Dipp are omitted for clarity.
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and m symmetry where the latter is engaged in some n-
backdonation to the Si. Hence, in reality there is no diradical
character found in the dark blue colored cAAC — SiCl, — P-Tip
as hypothesized previously in comparison with (cAAC®),SiCl,.
The HOMO of cAAC — SiCl, — P-Tip is located on the ngi—p
bond while the LUMO is located on the carbene moiety (cAAC
or NHC). The characteristic dark blue color of cAAC — SiCl, —
P-Tip is originated from the strong intramolecular charge
transfer transition (ICT) from Tigi—p — T*carbene- The dramatic
change in color from red (-NHC — SiCl, — P-Tip) to blue
(cAAC — SiCl, — P-Tip) is attributed to the lower lying LUMO
of cAAC.”*

We have seen before that (Cy-cAAC®)SiCl, has a singlet
diradical spin ground state [(Cy-cAAC®)Si(*)Cl,] and as a con-
sequence, dimeric 1,4-diradical (Cy-cAAC®),Si,C1,** is even-
tually isolated (Scheme 21). Thus, it has been intriguing what
might be the electronic structure of the dechlorinated product
of (Cy-cAAC — SiCl, — P-Tip). The employment of KCg as the
reducing agent for this purpose has not been successful.
However, (Cy-cAAC — SiCl, — P-Tip) is successfully reduced
with two equiv. of sodium napthalenide (NaC,,Hg) in THF at
room temperature to obtain the dark purple colored monomeric
compound (Cy-cAAC)Si(P-Tip) (Scheme 29).”> It is stable for
several hours at room temperature. The 2°Si and *'P chemical
shift values of (Cy-cAAC)Si(P-Tip) are observed at 288.3 ppm and
309.6 ppm ( Jsip = 163 Hz), respectively. Theoretical calculation
concerning the nature of the ground state reveals that (Cy-cAAC)-
Si(P-Tip) does not possess a singlet diradical ground state.
ceaac-Si and Si-P are found to be the donor acceptor type partial
double bond (Ceaac — Si) and the double bond (Si=P), respec-
tively. The Si—P double bond becomes weak due to the donation
of one lone pair of electrons on the silicon atom to the n* of the
Si=P double bond. Thus, this monomer undergoes dimerization
to produce the thermodynamically more stable (—50.7 kcal mol )
and isolable compound [(Cy-cAAC)Si(P-Tip)], (Scheme 29)"* 1t is
characterized by X-ray single crystal diffraction. In [(Cy-cAAC)Si-
(P-Tip)], each phosphorus atom is bound to a Tip group and each
silicon atom to a carbene (Cy-cAAC). The P-Tip groups are oriented
in cis conformation with respect to the Si,P, ring. The aromatic
rings of Tip groups are arranged perpendicular to the Si,P, ring,

S
ey

[(Cy-cAAC)Si(P-Tip)l,

Scheme 29 Synthesis strategy of monomeric (Cy-cAAC)Si(P-Tip) and
dimeric [(Cy-cAAC)Si(P-Tip)l,.
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Fig. 39 Cyclic voltammogram of THF solution of [(Cy-cAAC)Si(P-Tip)l>,
containing 0.1 M [n-BuyNIClO, as the electrolyte (potential versus Cp*,Fe/
Cp*,Fe™). Reproduced with permission from ref. 72.

while the five-membered carbene rings of Cy-cAAC are parallel to
the average plane of the Si,P, ring.”>

The *'P NMR spectrum of [(Cy-cAAC)Si(P-Tip)], in THF-dg
solution exhibits a singlet at —113.4 ppm, flanked by a pair of
?95i satellites (Jsip = 44 Hz).”” It is downfield shifted when
compared with that of the precursor (Cy-cAAC)(SiCl,)(P-Tip)
(—123.0 ppmy; Jsip = 198 Hz). A triplet signal at 37.1 ppm with
the same coupling constant (/s p = 44 Hz) is observed in the *°Si
NMR spectrum. Theoretical calculations on an optimized geo-
metry of both the singlet and triplet states of [(Cy-cAAC)Si(P-Tip)],
shows that the former is the electronic ground state with an
energy difference (AEs_ 1) of 14.2 keal mol "

The diamagnetic spin ground state of [(Cy-cAAC)Si(P-Tip)],
is confirmed by magnetic susceptibility measurements.”> The
CV shows a one electron quasi-reversible process at E;;, = —0.87 V
against Cp*,Fe/Cp*,Fe’, suggesting the formation of the radical
anion [(Cy-cAAC)Si(P-Tip),*~ (Fig. 39).”> [(Cy-cAAC)Si(P-Tip)],*
could not be isolated. However, it is characterized by EPR
spectroscopy and its bonding and electron density distribution
are studied by theoretical calculations. The X-band EPR spec-
trum of the in situ generated radical anion (a typical S = 1/2
species) in toluene solution at 285 K consists of twelve well-
resolved lines of equal intensity (Fig. 40).”> The splitting pattern
is reproduced by simulation (Fig. 40, top), which shows a
doublet of doublets, where each component splits further into
three equidistant lines. The latter splitting is assigned to the
coupling of electron spin with one N nucleus (I = 1) at 5.9 G.
This value is in the range of values reported for cAAC centered
radicals. The two larger doublet hyperfine splittings at 44.1 and
20.6 G are attributed to two inequivalent *'P nuclei (I = 1/2).”>
EPR coupling constants of *'P are frequently large due to the
high nuclear magnetic moment, not necessarily reflecting very
large spin densities. The inequivalence of the two *'P nuclei in
the EPR experiment is in good agreement with the calculated
difference in orientation of the P-involving bonds with respect
to the mainly spin-bearing p(z) orbital at the carbene carbon
center. Accordingly, a >°Si satellite isotope coupling (I = 1/2,
4.7% nat. abundance) with a typical value of about 11 G is
also observed.
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Fig. 40 Simulated and experimental EPR spectra of the radical anion
[(Cy-cAAC)SI(P-Tip)l,*~ in toluene at 285 K. Reproduced with permission
from ref. 72.

One electron reduction of [(Cy-cAAC)Si(P-Tip)], results in an
increase of the electron density in its LUMO. Consequently, the
C-N bond distances are elongated in [(Cy-cAAC)Si(P-Tip)],*~
(1.365/1.364 in [(Cy-cAAC)Si(P-Tip)], vs. 1.405/1.413 in [(Cy-cAAC)-
Si(P-Tip)],* ~).”> The Caac=Si bond lengths become unsymmetrical
(1.778/1.896) in [(Cy-cAAC)Si(P-Tip)L,* , as the radical resides on
the Ceanc atom in o-HOMO (Fig. 41). The calculated spin density
points unambiguously the position of the unpaired electron at the
carbene carbon (Ccaac), with a minor contribution from neighbor-
ing N and Si atoms of the other side.”

However, one electron oxidation is observed for monomeric
compound (**NHC)Si(P-Mes*)”® at —0.053 V suggesting forma-
tion of the corresponding radical cation which has neither been
isolated nor characterized by EPR measurement.

Untill now, we have mostly discussed on the radicals and
diradicals of cAAC-silicon chemistry. However, the group of G.
Bertrand and others also have developed novel synthetic routes
to the carbene (both cAAC and NHC) stabilized radicals and
radical ions of main group elements.”*®® The number of
reports on cAAC stabilized radicals are higher than those of
NHC due to the fact that cAAC is a better m-acceptor. Thus
CAACs are comparatively more suitable for anchoring the
radical species. It is important to mention that cAACs not only
stabilize the radicals and radical-ions of main group elements,
they also stabilize transition metals with two coordinate geometry,

Fig. 41 KS-MOs [a(HOMO) left; and a(LUMO); middle] of [(Cy-cAAC)Si-
(P-Tip)l>*~. Reproduced with permission from ref. 72.
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having radical electrons spanning over two carbene carbon atoms
of (CAAC),M [M = Au, Cu, Mn, Zn].”>"*

Conclusions

In conclusion, we have summarized the syntheses and char-
acterization of stable silyl radicals and silyl radical ions via the
reduction or oxidation of suitable precursors under highly
controlled synthesis conditions. Some of the synthesis routes
are found to be unique. In a few cases the steric bulk of the
adjacent ligands has played a significant role for the prepara-
tion of some of these species in unusual directions. The radical
species are isolated and characterized by X-ray single crystal
diffraction and studied by EPR. Similarly, disilene radical
anions and cations are stabilized by bulky ligands. The struc-
tural and bonding aspects are illustrated by X-ray single crystal
structure determination and theoretical calculations. The fine
electronic interactions of these radicals with adjacent nuclei are
investigated by EPR measurements. The silylene radical anion
is characterized only in solution at low temperature while the
carbene coordinated silylene radical cation is isolated in a
stable form. The disilyne radical anion is also synthesized,
isolated and characterized by X-ray single crystal diffraction
and EPR measurements. The singlet 1,3-diradicaloid with
a cyclic four-membered ring is synthesized by reaction of the
Ar-N=—N-Ar compound with silyne or bis-silylene. All these
radicals, radical ions, diradicals, and diradicaloids are stabi-
lized mostly by the steric effect of the ligands. The radical
centers are well protected and prevented from undergoing dimer-
ization or polymerization. However, it is found that the radical
intermediates can also be stabilized by strong o-donation of
carbene. The NHC carbene is a poor m-acceptor and hence
stabilizes the radical intermediate by o-donation. The cAAC
ligand is a significantly better m-acceptor and a strong c-donor.
cAAC can switch its nature of bonding with the bound silicon
atom depending upon the accumulation of electron density
around it. The mono radicals of *SiCl; and °SiPh; are stabilized
by cAAC with the formation of the C.aac—Si single bond having the
radical electron on the carbene carbon atom. The diradical of
SiCl, is stabilized by two cAACs [(cAAC®),SiCl,] while singlet SiCl,
species is stabilized by one NHC in a non-radical monomeric form
(NHC)SiCl,. The cAAC analogue of the latter one undergoes
dimerization to produce 1,4-diradical (cAAC®),Si,Cl, with a
Si,Cl; unit in the middle. Further two electrons reduction of
(cAAC*),Si,Cl, does not produce a hypothetical tetra radical
(cAAC®),Si(*),Cl, rather it can be termed 1,4-diamino-2,3-
disilabutadiene derivative (cAAC),Si,Cl, with the Coaac=—Si(Cl)-
Si(ClJ=Ccaac unit in the center of the molecule. A disiladicarbene
(cAAC),Si, is obtained from the reduction of (cAAC)SiCly,
(cAAC®),Si,Cl;, and (cAAC®),Si,Cl, with the required equiv.
amounts of KCg. Furthermore, diradical (cAAC®),SiCl, is reduced
to silylone (cAAC),Si which possesses significant singlet diradical-
oid character due to the small HOMO-LUMO energy gap. More-
over, the CV of (cAAC),Si and (cAAC),Si, show that both of them
can form radical anion intermediates in a quasi-reversible process.
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These radical anions are very reactive and hence undergo one
electron induced multiple bond activations leading to unforeseen
intra molecular rearrangements.

The synthesis route for the stable carbene centered radical
with silicon-phosphine functionalities are little different. The
sequence of addition of reactants should be properly adjusted
along with the temperature of reduction. Monoradical
(cAAC®)SiCl,(PPhy,) is isolated and characterized by X-ray single
crystal diffraction. The experimental and simulated EPR spectra
show that the hyperfine coupling of the radical electron with
chlorine and phosphorus nuclei depends upon their relative
orientations with respect to the p, orbital of the carbene carbon
atom. The rotation of the SiCl,(PPh,) group around the Ceaac—Si
bond of (cAAC®)SiCl,(PPh,) is comparatively more restricted than
that of SiCl; in (CAAC®)SiCl,. The analysis of bonding and optical
properties of the blue colored compound (cAAC)(SiCl,)(P-TiP)
show that it is not like an open shell blue colored diradical
species (CAAC*),SiCl,. (cAAC)(SiCl,)(P-TiP) has a singlet ground
state with (cAAC:) — (Cl,Si:) — (P-TiP) type donation of electron
pairs. The blue color originates from the intra molecular charge
transfer from the silicon-phosphorus n-type orbital to the
LUMO of the carbene. (cAAC)(SiCl,)(P-TiP) is further converted
to the diamagnetic monomeric (cAAC)Si(P-TiP) and dimeric
[(cAAC)Si(P-TiP)], species having a low HOMO-LUMO energy
gap. The later species is quasi-reversibly converted to its radical
anion [(cAAC)Si(P-TiP)],*~ which has been characterized by EPR
measurements. All of these compounds are further studied by
theoretical calculations which show that cAAC can display a wide
range of bonding interactions such as the C.aac — Si coordinate
c-bond, electron sharing covalent single bond C.aac—Si, donor
acceptor partial double bond. The nature of these bonds has a
measureable effect on the C.aac—N bond lengths.
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