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Carbon or silicon radicals with silyl substituents are important
intermediates in organometallic and organic chemistry.!]
Already in 1970, Bassindale et al. had reported the persistent
tris(trimethylsilyl)methyl radical,” (Me;Si);C;, which has
a lifetime of several days at 298 K. The groups of Ingold,"
Apeloig¥ Bravo-Zhivotovskii,?! Lee® Sekiguchi,”' and
others* have shown that the lifetime of the radicals largely
depends on the steric bulk of the substituents. In 2002,
Sekiguchi et al.”! reported the first stable silicon-centered
radical without any m conjugation. Several reports describe
the preparation of this class of radicals. The most successful
ones proceed through the photolytic or thermal cleavage of
a Si—Si bond, and R;Si—SiHCI, can be reacted with bulky
reagents, such as (rBu),MeSiLi, according to the Apeloig—
Sekiguchi method. Several radical species’® of main-group
elements, such as PN*"® P, ¥l phosphinyl radical cat-
ions,®™ HB"* [* and ketenes with biradical character,®” were
also stabilized by cyclic alkyl(amino) carbenes (cAACs). We
have observed that the chemical response of cAACs®! toward
silylenes is very different from that of N-heterocyclic carbenes
(NHCs). Recently, we have demonstrated that NHC—SiCl,
1 reacts with Me,-cAAC in a redox reaction to form the
biradical (Me,-cAAC),SiCl, 2 in a two-electron redox step.!
Consequently, we were curious to investigate the one-electron
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redox process. Therefore, we reacted cAAC—SiCl, 3 with
KGCs in an equimolar ratio in n-hexane to yield stable radicals
4, of the general formula (cAAC')-SiCls.

The highly reactive trichloromethane radical CCl;y"*! and
its congener SiCL,*® are frequently generated by flash
photolysis. These species are active radical intermediates in
many photochemical transformations.”® Recently, the chem-
ical reactivity of the TEMPO radical towards SiCl,’ and
metal ions® was explored, and the catalytic’ and fashion-
able magneticP properties of these adducts were studied.
Although handling and controlling the chemical behavior of
radicals can be very difficult, the chemistry of radicals has
always been captivating.['*!"

To the best of our knowledge, stable radicals with the SiCl;
group next to the radical center have not been reported so far.
The carbene carbon atom of an NHC is bound to two both o-
withdrawing and mt-donating nitrogen atoms. In a cAAC, one
nitrogen atom of the NHC is replaced by a o-donating
quaternary carbon atom. Theoretical calculations showed
that the HOMO-LUMO energy gap is smaller in cAACs.
Thus, cAACs are both more nucleophilic and more electro-
philic than NHCs.'**! Recently, *'P NMR analysis of a number
of carbene—phenylphosphinidene adducts revealed that
cAACs are better i acceptors than NHCs.['**! These inherent
differences may play a pivotal role in the replacement of an
NHC by a cAAC and their behavior in a reaction. The
NHC—SiCl, adduct was reduced to NHC—SiCl,, (NHC—
SiCl),, and NHC—Si=Si —NHC through the use of KCy.* In
detail, an equimolar mixture of cAAC—SiCl, 3 (1 mmol) and
KC; (1 mmol) in n-hexane (85 mL) was initially reacted at
—78°C. The resulting suspension was slowly warmed to room
temperature to obtain a clear colorless solution and an
unreacted deposit of insoluble KCg. Upon stirring for 24 h, the
color of the solution changed to a clear light yellow with the
black deposit of graphite; after filtration, the solution was
concentrated to a volume of 2-3 mL to obtain fluorescent
yellow plates/needles of the (cAAC')-SiCl, radical 4. Herein,
we report the synthesis, structural correlation, DFT calcu-
lations, and EPR studies of the two carbon-centered radicals
4a and 4b (Scheme 1).

The syntheses of 3a and 3b are described in the
Supporting Information. The melting points of compounds
3a, 3b, 4a, and 4b range from 105°C to 118°C. The color of
compounds 4a and 4b is a fluorescent yellow, whereas 3a and
3b are colorless, as expected. Compounds 4a and 4b are
soluble in toluene, benzene, and THF, whereas 3a is only
soluble in THF, and 3b is only sparingly soluble in this
solvent. Compounds 3a, 3b, 4a, and 4b are stable in inert
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Scheme 1. Syntheses of compounds 4a and 4b from 3a and 3b,
respectively through KCq reduction. Dip =2,6-diisopropylphenyl.

atmosphere for more than three months in both the solid state
and in solution. Both the mono-radical compounds 4a (m/z =
420.1 [M"]) and 4b (m/z =462.1 [M*]) were characterized by
electron ionization mass spectrometry.

All compounds were characterized by single-crystal X-ray
diffraction with the exception of 3b because of its poor
solubility (see the Supporting Information). The UV/Vis
spectra of 4a and 4b, which were recorded in n-hexane, show
a similar signature between 400 nm and 200 nm (see the
Supporting Information). Compounds 4a and 4b exhibit
absorption bands at 260, 300, and 335 nm, with a hump of low
intensity at 405 nm (see the Supporting Information).

There are no absorption bands above 500 nm for 4a and
4b, whereas for the biradical (Me,-cAAC),SiCl, 2 and
biradicaloid siladicarbene (Me,cAAC),Si 5 absorptions were
detected at higher values: 569 nm for 288l and 569 nm and
611 nm for 5.% The one-electron paramagnetic bulk radical
properties of 4a and 4b were confirmed by magnetic
susceptibility measurements (see the Supporting Informa-
tion). The room-temperature value of y T is 0.37 cm®*Kmol ™!
for both 4a and 4b, which is in excellent agreement with the
value expected for one unpaired electron. The y T versus T
plots of 4a and 4b show that the y T values remain constant at
0.37 cm®’Kmol™' from room temperature to 25K, below
which they slightly decrease because of weak intermolecular
antiferromagnetic interactions (see the packing diagrams in
the Supporting Information).

The #Si and *C NMR spectra of 3a exhibit resonances at
—103.5 and 206.1 ppm, respectively. The corresponding “C
resonance is shifted upfield compared with that of Me,-cAAC
(304.2 ppm), but shifted slightly downfield relative to that of
the Me,cAACH'OTf™ salt (192.2 ppm). The NHC—SiCl,
adduct exhibits™® a resonance in its *Si NMR spectrum at
—108.9 ppm, which is close to that of 3a at —103.5 ppm.
Comparable resonances were not observed for compounds 4a
and 4b, owing to their radical nature, whereas their 'H NMR
spectra showed broad signals.

X-ray single crystal diffraction was performed at 100 K.
The adduct 3a crystallizes both with and without THF as the
lattice solvent. 3a and 3a-THF crystallize in the orthorhombic
and monoclinic space groups P2,2,2, and P2,/c, respectively.
The crystal structure of 3a reveals that the silicon atom adopts
a distorted trigonal bipyramidal geometry and is surrounded
by four chlorine atoms and the carbene carbon atom of
Me,-cAAC. The Si—C bond distances are 194.4(2) pm (3a)
and 192.9(2) pm (3a-THF), which are close to the reported
value of 192.8(2) pm for NHC—SiCl,, thus suggesting a coor-
dinate bond between the carbene carbon of Me,-cAAC and
SiCl,. The Si—Cl bond lengths range from 205.81(9) pm to

Angew. Chem. 2013, 125, 12020 —12023

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gngewandte
Ch

(Nn n

L )—=SiCly =—— /(:3—>SiCI4
N I}IG)

Dip

Dip
n=0;3a n=0;3a'
n=23;3b n=3;3b’'

Scheme 2. Zwitterionic resonance structures 3a’ and 3b’ of the
adducts 3a and 3b.

219.64(10) pm for 3a and from 206.59(10) pm to
221.30(10) pm for 3a-THF. The C(carbene)—N bond lengths
are 130.40(2) pm (3a) and 130.6(3) pm (3a-THF), which are
close to those values (ca. 131.5 pm) found for the analogous
free carbene or Pd—carbene adducts® but slightly shorter
than that of (Me,-cAAC"),SiCl, 2 (139.94(19) pm).©¢!

Moreover, the N-C(carbene)-C angle is slightly wider
than that of 2 (see the Supporting Information). Thus, the
lone pair of electrons on the nitrogen atom is more
delocalized on the vacant p-orbital of the carbene carbon of
3a/3a-THF. However, experimental data and ab initio calcu-
lations have established that the C=N bond distances of alkyl-
substituted imines are ca. 130 pm."! Thus 3a/3a-THF and 3b
can be regarded as zwitterionic adducts (3a’ and 3b’), as
shown in Scheme 2. The salt Cy-cAACH*OTf™ 6 (Cy=cy-
clohexyl, OTf = trifluoromethanesulfonate) was also investi-
gated by single-crystal X-ray diffraction to further character-
ize the flexible nature of the C=N bond (128.03(15)/
128.58(15) pm; see the Supporting Information).

Compound 4a crystallizes in the orthorhombic space
group Pbca. Interestingly, 4b shows polymorphism and
crystallizes in two different space groups, although both
solid state forms were formed from the n-hexane solutions.
Polymorph I of 4b, which crystallized at 0°C, appeared as
yellow needles after one week. Polymorph II of 4b crystal-
lized as yellow plates from a concentrated solution at room
temperature within one to two hours. Polymorphs I and II
crystallize in the monoclinic (P2,/n) and triclinic (P1) space
groups, respectively. According to Ostwald’s rule of stages,
polymorph II of 4b is less stable because it crystallizes first.
Thus, the monoclinic form is the most stable polymorph of 4b.

Both 4a and 4b contain one tetra-coordinate silicon atom,
which is bound to three chlorine atoms and one carbene
carbon atom. The silicon atom adopts a distorted tetrahedral
geometry (Figure 1). The Si—C1 bond distances are in the
expected range of 203.96(4)-206.48(4)pm (4a) and
203.45(3)-205.91(3) pm (4b). The high precision (low stan-
dard uncertainties) of these bond distances were achieved by
“invariom” aspherical-atom refinements.” Similar bond
distances are found in 2. The Si—C(carbene) distances in
4a and 4b are 181.52(12) pm and 181.93(8) pm, respectively.
A similar Si—C bond length was reported for the biradical
para-3,6-bis|[bis(di-tert-butylmethylsilyl)silylidene]-cyclo-
hexa-1,4-diene (181.74(14) pm), which has a closed-shell
partially quinoidal form with some contributions from the
singlet bis(silyl radical) character.""? The Si—C(carbene)
bond lengths in 4a and 4b are even shorter than those of
the covalent Si—C bond of 2 (184.55(16) pm and
184.82(17) pm).[*! However, the Si—C distances in 4a and
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Figure 1. ORTEP view of the molecular structures of compound 4a
(left) and polymorph Il of 4b (right). Selected bond lengths [pm] and
angles [°] (calculated values at the M05-2X/SVP level of theory are
given in square brackets): 4a/4b; C1-Si1 181.52(12)[182.07)/
181.93(8)[182.26], C1-N1 137.79(14)[138.04]/138.27(10)[138.08], Si1-
CI1 203.96(4)[206.86]/203.45 (5)[206.41], Si1-Cl2 204.12(4)[206.31]/
205.91(3)[208.66], Si1-Cl3 206.46(4)[208.64]/204.05 (3)[206.96]; C1-Sil-
CI1 111.64(5) [171.29)/114.34(3)[114.98], C1-Si1-Cl2 116.21(4)[115.36]/
113.31(3) [112.06], C1-Si1-CI3 112.23(5)[112.15]/112.37(3)[112.26], CI1-
Si1-Cl2 106.37(2)[706.79]/104.659(13)[105.64], CI1-Si1-CI3 105.34(2)
[105.60]/105.838(13)[105.78], C2-Si1-CI3 104.19(2)[105.54]/
105.528(13)[705.35], N1-C1-C2 109.99(11)[170.52]/110.55(6)[170.71].

4b are longer than Si=C double bonds (170.2-177.5 pm).l!
The C(carbene)—N bond lengths are 137.79(14) pm (4a) and
138.27(10) pm (4b), which are close to those (139.94(19) pm)
obtained for the biradical (Me,-cAAC"),SiCl, (2).5%¢!

The X-band EPR spectra of (Me,-cAAC')-SiCl; (4a) and
(Cy-cAAC)-SiCl; (4b) (in a C¢Dg solution) were recorded at
room temperature. The spectrum of 4b is shown (Figure 2,
top). The spectra of 4a and 4b are very similar, with partially
resolved hyperfine lines centered at g=2.00544 (4a) and
2.00529 (4b).

In agreement with DFT calculations, including spin-
density determination (Figure 2; see also the Supporting
Information, Figures S17-S19) and computed hyperfine cou-
pling constants (Tables S11 and S12), the simulation of the
best-resolved experimental EPR spectrum (Figure 2) reveals
a “N coupling constant (I=1) of 6.4 Gauss, and smaller
couplings of about 3.4 Gauss (1 Cl) and 2.7 G (2 Cl), with
three Cl atoms (I = 3/2, nat. abundance of *Cl: 75.77 %, *’Cl:
24.23%; gyromagnetic ratio=1.20). The relatively intense
outermost lines suggest the non-equivalence of the chlorine
couplings and thus a (partially) hindered rotation of the SiCl;
group. In Figure 2, we have included the best simulation with
non-equivalent Cl atoms (1 Cl 3.4 Gauss, 2 Cl 2.7 Gauss, each
for *Cl) without the inclusion of any 'H hyperfine splitting
constants (hfsc). Hyperfine coupling from protons on the
substituents are negligible with respect to line width
(< 1.5 Gauss) because of their distance from the carbon
radical center, whereas the coupling from “C (I="/,) and *Si
(I=")) is not observed owing to the low natural abundance
(<5%) of these isotopes.

DFT optimization of 4a and 4b was performed for the
doublet states at the UM05-2X/SVP level of theory (see the
Supporting Information). The optimized structures show
strong resemblance to the X-ray crystal structures, as seen
from the alignments and superpositions of the respective
structures. The calculations (Figure 2, bottom) reveal that the
unpaired electron is primarily located on the carbene carbon
(ca. 52%), with a comparatively lower contribution from the
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Figure 2. Experimental and simulated X-band EPR spectra (top) of
a solution of 4b in C;Dg at 298 K (v, =9.4387 GHz, B,,,q=0.5 G at
100 kHz) ; the complete set of the simulation parameters is provided
in the Supporting Information. The KS-SOMO (bottom) of a) 4a and
b) 4b at the UM05-2X/TZVP//UMO05-2X/SVP level of theory.

N1 atom (23 %) present in the cAAC fragment. The remain-
ing 25 % of the electron density is scattered over the Dip and
cAAC units and one of the Clatoms. Calculations also
revealed a slight charge transfer of 0.405e and 0.358e,
respectively, from the SiCl; unit to the cAAC fragment for
4a and 4b. This may be due to the presence of the more
electronegative carbene carbon atom, whose electron-with-
drawing capability is further increased by the neighboring
N1 atom. The Mulliken spin—density plots and values for 4a
and 4b at the UMO05-2X/TZVP//UMO05-2X/SVP level are
shown in Figures S17 and S18. The calculated spin densities
show that the unpaired electron is located on the carbene
carbon atom for both 4a and 4b, with a minor amount on the
neighboring N1 atom. Furthermore, the spin density at silicon
is negligible, which is in accordance with the previous
calculations on the (Me,-cAAC"),SiCl, system.*®

In conclusion, we have systematically studied the chem-
ical behavior of a cAAC carbene toward SiCl,. We found that
the cAAC carbene forms zwitterionic adducts cAAC—SiCl,,
as exemplified with 3a’ and 3b’ (Scheme 2), which we
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concluded from X-ray diffraction analysis. The zwitterionic
nature of these adducts is responsible for their poor solubility
in nonpolar solvents. The adducts are converted into stable
and isolable trichlorosilylcarbene radicals (cAAC)—SiCl; 4a
and 4b through KGC; reduction. As a consequence, the bond
between the silicon atom and the carbene carbon atom
dramatically changes its nature from a coordinate bond in 3a
and 3b to a covalent bond in 4a and 4b. Such behavior of
cAACs has no precedence in NHCs. Thus, the adjustable
bonding nature between the electron-donating cAAC and the
acceptor opens up another route toward the generation of
a radical center just next to an acceptor with the general
formula (cAAC),-EX,, [(E =metal or metalloid; n=0, 1, 2,
3, m=1, 2, 3, etc.; X=halide, R, etc.), which will find
important chemical applications in the future. Moreover,
compound 4b was characterized in two polymorphic solid
state forms. Compounds 4a and 4b are mono radicals, as
confirmed by bulk magnetic susceptibility measurements in
the solid state, EPR spectroscopy, and DFT calculations.

Experimental Section

(Me,-cAAC)-SiCl; 4a: The solvent, n-hexane (85 mL), was added to
a mixture of Me,-cAAC—SiCl, 3a 1 mmol) and KCs (1 mmol) at
—78°C. The suspension was slowly warmed to room temperature to
give a clear colorless solution and unreacted starting material. Upon
stirring for 24 h, the color of the solution changed to a clear light
yellow, and the black solid (graphite) was separated by filtration. The
n-hexane solution was reduced to a volume of 1-2 mL, and stored at
0°C in a refrigerator to form fluorescent yellow plates of 4a in 48 %
yield. Melting range 114-116°C. UV/Vis absorption bands at 215, 262,
300, 337, and 405 (weak) nm.

(Cy-cAAC)-SiCl; 4b: A similar procedure to that for 4a was
followed, but Cy-cAAC—SiCl, 3b (1 mmol) was used instead of Me,-
cAAC—SiCl, 3a. The volume of the n-hexane solution was reduced
to 2-3 mL, and the solution was stored at room temperature to form
yellow plates of 4b (polymorph II); however, storing the solution at
0°C in a refrigerator yielded long yellow needles of 4b (polymorph
I). The yield was 52% for polymorph II. Melting range 115-118°C.
UV/Vis absorption bands at 215, 263, 304, 337, and 405 (weak) nm.

(Me,-cAAC)-SiICl; 4a  (Me,-cAAC=:C(CH,)(CMe,),N-2,6-
iPr,CgH;): M =419.90 gmol~!, orthorhombic, space group Phca, a=
1613.03(4) pm, b=1616.69(4) pm, ¢=1732.81(4) pm, a=F=y=
90.0°, V=4.51877(19) nm’, Z=8, u(Mo-K,)=419mm™!, T=
100(2) K, 57818 reflections measured, 4402 unique reflections,
R;,,=0.0380, 257 parameters refined, R1 (all data)=0.037, R1 [I>
20(1)] =0.0250, wR2 (all data)=0.024, wR2 [I>20(I)]=0.024,
GOF =2.81, largest diff. peak and hole 0.353x10° and —0.193 x
10° enm™>,

Polymorph II of (Cy-cAAC)-SiCl; 4b (Cy-cAAC=:C(CH,)-
(CMe,)(CsH,y)N-2,6-iPr,CsH;): M =459.96 gmol~!, triclinic, space
group P1, a=852.90(2) pm, b=908.51(2) pm, c=1621.98(4) pm,
a="77.3711(10)°, £=79.6798(11)°, y =84.3915(12)°, V=
1.20433(5) nm®, Z=2, u(Mo-K,)=3.98 mm', T=100(2) K, 23763
reflections measured, 4277 unique reflections, R;,=0.022, 288
parameters refined, R1 (all data)=0.0200, R1 [I>20(I)]=0.0170,
wR2 (all data)=0.022, wR2 [I>20(I)] =0.022, GOF =2.94, largest
diff. peak and hole 0.36 x 10* and —0.177 x 10* enm~>.
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