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Introduction

Silylenes are divalent silicon atom containing species that
contain silicon atoms and are considered to be silicon ana-
logues of carbenes.[1] After the first report of stable N-heter-
ocyclic silylene (NHSi) by West et al.[2] in 1994, many stable
NHSi compounds as well as other substituted silylenes have
been isolated.[1b–f, 3] Stable silylenes have been the subject of
interest in terms of both theoretical and experimental as-
pects.[4] The reactivities of NHSi compounds are to some
extent comparable with those of N-heterocyclic carbenes
(NHCs). The latter find widespread applications in different
fields of chemistry.[5,6] The reactivity of silylenes is associat-
ed with the presence of both a lone pair of electrons and a
vacant p orbital at the silicon atom. Thus, silylenes undergo
reactions with Lewis acids and bases.[4] Owing to the ambi-
philic nature of NHSi compounds, extensive research is

being carried out on insertion,[7] addition reactions,[8] and
metal complex formations.[9,10] Silylenes are highly reactive
and provide an alternative route to new, previously inacces-
sible organosilicon compounds that are difficult to prepare
by conventional methods. Furthermore, three-membered
ring compounds that possess higher-coordinated silicon at
the position adjacent to the heteroatom have attracted the
attention of chemists because of their unique structure and
their application in synthetic chemistry.[11] Three-membered
ring compounds bearing a silicon atom are interesting on ac-
count of their high strain and novel bonding arrangement
within the ring.[12] In the case of the sulfur-supported Brook
rearrangement, the transition state has been proposed as a
three-membered ring compound bearing a pentacoordinate
silicon at the position adjacent to the sulfur atom.[13] The
first structurally characterized silathiacyclopropane was re-
ported by Ando et al., obtained by the reaction of dimesityl-
silylene with 1,1,3,3-tetramethyl-2-indanethione.[14a] In 1994,
Brook et al. isolated silathiacyclopropane from the reaction
of silene with elemental sulfur.[14b] Owing to the high ring
strain of the three-membered ring, only a few silicon com-
pounds with heteroatoms have been reported so far.[1b–f]

Currently we are interested in the chemistry of silylenes.
The diverse properties of LSiCl (1; L=PhC ACHTUNGTRENNUNG(NtBu)2) and
L’Si (2 ; L’=CH ACHTUNGTRENNUNG{(C=CH2) ACHTUNGTRENNUNG(CMe)(2,6-iPr2C6H3N)2}) with or-
ganic substrates inspired us to further explore their chemis-
try. Among them, reactions with ketones are quite interest-
ing, and the choice of silylene plays a key role in the prod-
uct formation.[1b–f] We were curious to explore the reactivity
of silylenes with thioketones. Herein, we report for the first
time on the reactivity of a thioketone with stable N-hetero-
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cyclic silylenes 1 and 2, which lead to three- and five-mem-
bered rings that contain silicon and sulfur.

Results and Discussion

The reaction of equimolar amounts of 4,4’-bis(dimethylami-
no)thiobenzophenone with 1 leads to the [1+2]-cycloaddi-
tion product 3 (Scheme 1), which is similar to that of 1 with
2-adamantanone.[8c] Treatment of 2 with 4,4’-bis(dimethyla-
mino)thiobenzophenone at low temperature resulted in the
[1+4]-cycloaddition product 4 (Scheme 2).

Compound 3 is soluble in toluene and benzene. It is
stable in the solid state as well as in solution without any de-
composition under an inert gas atmosphere. The 29Si NMR
spectrum of 3 exhibits a single resonance at d=

�104.42 ppm, which is upfield-shifted relative to that of 1
(d=14.6 ppm).[3a] The tBu protons of 3 in the 1H NMR spec-
trum show a singlet that is observed at d= 1.12 ppm and is
downfield-shifted relative to that of 1 (d=1.08 ppm). In ad-
dition, compound 3 exhibits its fragment ion [M+�Cl] in the
mass spectrum at m/z 544.

The molecular structure of compound 3 was unambigu-
ously established by single-crystal X-ray structural analysis.

Compound 3 crystallizes in the triclinic space group P1̄, and
the molecular structure is shown in Figure 1. We suggest
that the reaction of 1 with 4,4’-bis(dimethylamino)thioben-
zophenone followed the [1+2]-cycloaddition reaction. Here
the new three-membered ring is formed; it comprises
carbon, sulfur, and silicon atoms. The silicon atom shows a
distorted trigonal-bipyramidal (TBP) coordination geome-
try, which is made up of two nitrogen atoms, a sulfur atom,
a carbon atom, and a chlorine atom. The structural index t,
which defines the extent of deviation from trigonal-bipyra-
midal to square-pyramidal geometry (t= 1 for perfect trigo-
nal-bipyramidal; t=0 for a perfect square-based pyramid)[15]

is 0.60, thus indicating a deviation from the regular TBP
geometry. There is little change in the N-Si-N bite angle
at the silicon atom with the backbone amidinate ligand. In
3 it is 70.53(12)8, whereas in 1 it is 71.15(7)8. There is a
shortening of the Si�Cl bond length (2.0855(15) �) in 3
relative to that of 1 (Si�Cl of 1 is 2.156(1) �). The angles
of the newly formed SSiC three-membered ring are S-Si-
C (55.55(12)8), Si-C-S (70.58(13)8), and C-S-Si
(53.86(12)8). Correspondingly, the bond lengths within the
three-membered ring are Si�S (2.1781(19) �), S�C
(1.905(3) �), and Si�C (1.865(4) �). These values are
comparable with the SSiC three-membered ring reported

in the literature.[14]

The reaction of 4,4’-bis(dime-
thylamino)thiobenzophenone
with 2 at low temperature af-
forded the [1+4]-cycloaddition
product 4. Compound 4 is solu-
ble in n-hexane, n-pentane, tol-
uene, and benzene. In addition,
it is stable both in the solid
state as well as in solution. The
29Si NMR spectrum of 4 shows
a single resonance (d=

2.88 ppm), which is shifted up-
field relative to that of 2 (d=

88.4 ppm).[3c] The g-CH proton
for compound 4 in the 1H NMR
spectrum is observed at d=

5.51 ppm. The NCCH2 protons
in 4 exhibit sharp singlets at d=

3.49 and 4.04 ppm (d= for 2 is
3.32 and 3.91 ppm). The dear-

omatized product has been clearly established by using
1H NMR spectroscopy. A considerable shift is observed for
the hydrogen atom (d=6.31–6.35 ppm) present in the
former benzene ring. The dearomatized ring shows further
multiplets centered at d=5.74 (1 H), 6.52 (1H), and
7.00 ppm (2H), respectively, in its 1H NMR spectrum. These
values support the dearomatization of the benzene ring,
which is in agreement with those reported in the literatur-
e.[8a,b] Compound 2 exhibits its molecular ion in the mass
spectrum at m/z 728.4. In contrast, the room-temperature
reaction of 4,4’-bis(dimethylamino)thiobenzophenone with 2
resulted in two products that were evidenced by 29Si NMR

Scheme 1. Synthesis of 3.

Scheme 2. Synthesis of 4 and 5.
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spectroscopy. The 29Si NMR spectrum of the room-tempera-
ture reaction shows two sharp singlets at d=2.88 (4) and
�4.18 ppm (5). We surmised that the reaction proceeds like
2 with benzophenone,[8e] and the resonance at d=

�4.18 ppm corresponds to product 5, whereas that at d=

2.88 ppm is assigned to 4 (Scheme 2). Unfortunately, we
were not able to isolate and characterize the pure product 5,
even when the reaction was performed at slightly elevated
temperatures.

The formation of dearomatized compound 4 was unam-
biguously identified by single-crystal X-ray structural analy-
sis. Compound 4 crystallizes in the monoclinic space group
P21/c ; the molecular structure is shown in Figure 2. The sili-
con atom, which is part of the C3N2Si six-membered ring,
acts as a reaction center to form a new C3SSi silicon/sulfur-
bridged five-membered ring with the 4,4’-bis(dimethylami-
no)thiobenzophenone keeping the six-membered ring intact
and leading to the spirocyclic compound 4. In 4, the six- and
five-membered rings are fused together by the silicon atom,
and the resulting rings are arranged nearly orthogonal to
each other. The dihedral angle between the planes of the
six- and five-membered rings is 90.58. Furthermore, the
dearomatized benzene ring is not planar, which is similar to
those observed in the reaction of 2 with benzophenone[8e]

and with diphenylhydrazone.[8b] The silicon atom of 4 is in a
distorted tetrahedral geometry that consists of two nitrogen
atoms from a chelating ligand, a carbon atom, and a sulfur
atom. The silicon atom is shifted out of the plane defined by
N2, C1, C2, C3, and N3 significantly (by 0.4253(30) �). A
slight variation of bonds can be observed between the sili-
con atom and the nitrogen atoms of the supporting ligand.
The bond length between Si�Nav in 4 is 1.726(2) �, whereas

in 2 it is 1.7345(10) �. In addition, there is an appreciable
change in the N-Si-N bite angle at the silicon atom with the
backbone ligand. In 4 it is 104.53(12)8, whereas in 2 it is
99.317(54)8. The bond lengths of Si1�S1 and Si1�C36 are
2.1292(13) and 1.858(3) �, thus indicating single-bond char-
acter. The bond lengths between adjacent carbon atoms in
the dearomatized six-membered benzene ring (C31, C32,
C33, C34, C35, C36) of compound 4 possess both single-
and double-bond character. The bond lengths between C31�
C32, C33�C34, C35�C36, and C31�C36 are 1.449(4),
1.461(4), 1.499(4), and 1.511(4) �, respectively, thus indicat-
ing C�C single bonds. The bond lengths between C32=C33
and C34=C35 are 1.344(4) and 1.345(4) �, thereby repre-
senting C=C double bonds. The bond length between C4=

C31 is 1.354(4) �, which reflects a C=C double bond.[16]

To complement the experimental findings, theoretical cal-
culations were carried out on the systems under study. The
structures of compounds 3–5 together with the correspond-
ing precursor molecules were optimized at the BP86/def2-
SVP level of theory, including DFT-D2 dispersion correc-
tions.[17] The free energy of reaction DGxACHTUNGTRENNUNG(298.15 K) for each
of the products (x=3–5) was computed by adding thermal
and zero-point energy corrections (BP86-D2/def2-SVP) and
recomputing the electronic energy at the DF-SCS-MP2/cc-
pVTZ level of theory.[18] All DFT calculations were carried
out with the ORCA program package,[17e] and the MP2 cal-

Figure 1. Molecular structure of 3. The anisotropic displacement parame-
ters are depicted at the 50 % probability level. Hydrogen atoms are omit-
ted for clarity. Selected experimental bond lengths [�] and angles [8]
(theoretical BP86-D2/def2-SVP values are given in square brackets):
Si1�N2 1.916(3) [1.9751], Si1�N1 1.802(3) [1.8363], Si1�Cl1 2.0855(15)
[2.1209], S1�C16 1.905(3) [1.9525], Si1�C16 1.865(4) [1.8913], S1�Si1
2.1781(19) [2.1826]; C16-S1-Si1 53.86(12) [54.06], S1-C16-Si1 70.58(13)
[69.18], N1-Si1-C16 126.03(15) [116.71], N1-Si1-N2 70.53(12) [69.29],
C16-Si1-N2 108.87(15) [103.46], N1-Si1-Cl1 110.21(12) [113.63], C16-Si1-
Cl1 123.34(11) [129.64], N2-Si1-Cl1 94.52(10) [95.06], N1-Si1-S1
109.59(11) [106.81], C16-Si1-S1 55.55(12) [56.73], N2-Si1-S1 161.82(9)
[156.75], Cl1-Si1-S1 102.15(8) [107.06].

Figure 2. Molecular structure of 4. The anisotropic displacement parame-
ters are depicted at the 50 % probability level. Hydrogen atoms and dii-
sopropylphenyl (dipp) groups are omitted for clarity, except for H36,
which was refined freely from the Fo�Fc map. Diisopropylphenyl protec-
tion groups at N2 and N3 have also been omitted for clarity. Selected ex-
perimental bond lengths [�] and angles [8] (theoretical BP86-D2/def2-
SVP values are given in square brackets): N2�Si1 1.737(2) [1.7533], N3�
Si1 1.715(2) [1.7627], S1�Si1 2.1292(13) [2.1759], C4�S1 1.794(3)
[1.8083], C36�Si1 1.858(3) [1.8855], C4�C31 1.354(4) [1.3821], C31�C32
1.449(4) [1.4497], C31�C36 1.511(4) [1.5184], C32�C33 1.344(4) [1.3693],
C33�C34 1.461(4) [1.4697], C34�C35 1.345(4) [1.3736], C35�C36
1.499(4) [1.5032]; N3-Si1-N2 104.53(12) [103.38], C36-Si1-S1 95.83(10)
[95.10], C4-C31-C32 126.1(3) [124.76], C4-C31-C36 119.7(3) [119.58],
C35-C36-Si1 118.8(2) [117.07], C31-C36-Si1 109.6(2) [108.63], C4-S1-Si1
94.18(10) [92.99], N3-Si1-C36 119.78(13) [118.57], N2-Si1-C36 110.33(12)
[112.73], N3-Si1-S1 111.03(9) [112.34].
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culations were carried out with the Molpro2010.1 pack-
age.[18d]

The computed values are DG1 =�18.5, DG2 =�20.9, and
DG3 =�51.1 kcal mol�1, which show that the reactions that
lead to compounds 3 and 4 are almost isoenergetic. Relative
to the reactions shown in Scheme 2, we find that compound
5 should be the thermodynamic product. The difference of
30.2 kcal mol�1 (at 298.15 K) in the computed free energies
is quite significant. Given the experimental observation that
4 is formed preferably, it should correspond to the kinetic
product with a lower activation barrier. The formation of 5
in solution has been observed when the temperature in-
creases, which again suggests that the latter corresponds to
the thermodynamic product.

The difficulty found in crystallizing compound 5 can also
be explained on the basis of our computational results. The
crystal structure of 4 reveals close intermolecular contacts
between 1,3-diisopropyl groups. This contact is allowed be-
cause the 4-dimethylaminophenyl group stretches along the
plane of the five-membered ring, thereby allowing for an
unhindered contact. The proton migration in 5, however,
generates an sp3 carbon at this connection, thus leading to a
bend in the 4-dimethylaminophenyl moiety (Figure 3). The

latter builds an intermolecular contact with one of the diiso-
propyl groups, effectively shielding it from intermolecular
interactions. We have also computed the interaction energy
between two diisopropyl groups at the DF-SCS-MP2/cc-
pVTZ level of theory on the basis of the crystal-structure
coordinates. Each contact should stabilize the crystal by
about 4.6 kcal mol�1.

Having considered products 4 and 5 for the reaction of 2,
one could also question the possibility of forming a three-
membered ring, in analogy to compound 3. One indeed ob-
tains a stable minimum with a free reaction energy of
�12.5 kcal mol�1. This is somewhat higher than DG2 =

�20.9 kcal mol�1 and explains why such a byproduct has not

been observed. Further details about the calculations can be
found in the Supporting Information.

Conclusion

In summary, we report for the first time that the reaction of
stable N-heterocyclic silylenes LSiCl and L’Si with thioke-
tone 4,4’-bis(dimethylamino)thiobenzophenone leads to
CSiS three- and C3SiS five-membered rings. The CSiS three-
membered ring is stable at room temperature under an inert
atmosphere. The reaction of L’Si results in temperature-de-
pendent product formation. At low temperature, the dear-
omatized C3SiS five-membered ring is formed, whereas at
room temperature an additional migration of a proton from
the aromatic to the nonaromatic carbon occurred to yield a
mixture of compounds of 4 and 5. The experimental results
are supported by DFT calculations.

Experimental Section

All manipulations were carried out in an inert atmosphere of dinitrogen
using standard Schlenk techniques and in a dinitrogen-filled glovebox.
Solvents were purified using an MBRAUN SPS-800 solvent purification
system. All chemicals were purchased from Aldrich and used without fur-
ther purification. LSiCl[3b] and L’Si[3c] were prepared as reported in the
literature. 1H and 29Si NMR spectra were recorded using a Bruker
Avance DRX 500 spectrometer with C6D6 as solvent. Chemical shifts (d)
are given relative to SiMe4. EIMS spectra were obtained using a Finnigan
MAT 8230 instrument. Elemental analyses were performed by the Insti-
tut f�r Anorganische Chemie, Universit�t Gçttingen.

Synthesis of 3 : Toluene (60 mL) was added to a 100 mL Schlenk flask
that contained LSiCl (1; 0.29 g, 0.98 mmol) and 4,4’-bis(dimethylamino)-
thiobenzophenone (0.29 g, 1.02 mmol). The reaction mixture was stirred
at room temperature for 12 h. The solvent was reduced under vacuum to
about 20 mL and stored at �32 8C in a freezer for 5 d to obtain single
crystals of 3 (0.42 g, 74%). For elemental analysis, 3·0.25 toluene was
treated under vacuum for six hours to remove the toluene molecules.
1H NMR (500 MHz, C6D6, 25 8C): d= 1.12 (s, 18 H; C ACHTUNGTRENNUNG(CH3)3), 2.58 (s,
12H; NCH3), 6.71–6.93 ppm (m; ArH); 29Si{1H} NMR (99.36 MHz, C6D6,
25 8C): d=�104.42 ppm; EIMS: m/z : 544.0 [M+�Cl]; elemental analysis
calcd (%) for C32H43ClN4SSi (579.31): C 66.34, H 7.48, N 9.67; found: C
66.24, H 7.45, N 9.58.

Synthesis of 4 : A solution of L’Si (2 ; 0.24 g, 0.54 mmol) in n-hexane
(20 mL) at �78 8C was added to a cooled solution of 4,4’-bis(dimethyl-
amino)thiobenzophenone (0.16 g, 0.56 mmol) in n-hexane (20 mL) at
�78 8C. After the addition, the reaction mixture was allowed to warm
slowly to 0 8C and stirring was continued for a further 6 h at 0 8C. The sol-
vent was reduced and stored in a freezer at �32 8C for 12 h to obtain
yellow single crystals of 4 (0.26 g, 66 %). For elemental analysis, 4·hexane
was treated under vacuum for 6 h to remove the hexane molecules.
1H NMR (500 MHz, C6D6, 25 8C): d=1.28 (d, J=7 Hz, 6 H; CH ACHTUNGTRENNUNG(CH3)2),
1.31 (d, J =7 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.39 (d, J=7 Hz, 3H; CH ACHTUNGTRENNUNG(CH3)2), 1.44
(d, J =7 Hz, 6 H; CH ACHTUNGTRENNUNG(CH3)2), 1.45 (s, 3 H; NCCH3), 1.57 (d, J =7 Hz, 3 H;
CH ACHTUNGTRENNUNG(CH3)2), 2.35 (s, 9H; NCH3), 2.38 (s, 3 H; NCH3), 3.49 (s, 1 H;
NCCH2), 3.54 (m, 1H; CH ACHTUNGTRENNUNG(CH3)2), 3.60 (m, 1 H; CH ACHTUNGTRENNUNG(CH3)2), 3.85 (m,
2H; CH ACHTUNGTRENNUNG(CH3)2), 4.04 (s, 1 H; NCCH2), 5.52 (s, 1 H; g-CH), 5.74 (m, 1 H;
CH), 6.25 (m, 2H; CH), 6.52 (m, 1H; CH), 6.99–7.01 (m; ArH), 7.10–
7.22 ppm (m; ArH); 29Si{1H} NMR (99.36 MHz, C6D6, 25 8C): d=

2.88 ppm; EIMS: m/z : 728.4 [M+]; elemental analysis calcd (%) for
C46H60N4SSi (729.15): C 75.77, H 8.29, N 7.68; found: C 75.85, H 8.18, N
7.64.

Figure 3. Superimposed structures of 4 (gray) and 5 (black). Hydrogen
atoms have been removed for clarity. Upon proton migration, the 4-di-
methylaminophenyl moiety bends towards the top of the plane formed
by the five-membered ring.
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Synthesis of 4 and 5 : n-Hexane (60 mL) was added to a 100 mL Schlenk
flask that contained L’Si (0.30 g, 0.67 mmol) and 4,4’-bis(dimethylamino)-
thiobenzophenone (0.19 g, 0.67 mmol). The reaction mixture was stirred
at room temperature for 12 h. The solvent was reduced under vacuum to
obtain the mixture of compounds 4 and 5. 29Si{1H} NMR (99.36 MHz,
C6D6, 25 8C): d= 2.88, �4.18 ppm.

Crystal structure determination : Suitable single crystals for X-ray struc-
tural analysis of 3 and 4 were mounted at low temperature in inert oil
under an argon atmosphere by using an X-Temp2 device.[19] The data
were collected using a Bruker D8 three-circle diffractometer equipped
with a SMART APEX II CCD detector and an INCOATEC Mo micro-
focus source with INCOATEC Quazar mirror optics.[20] The data were in-
tegrated with SAINT[21] and a semiempirical absorption correction with
SADABS[22] was applied. The structures were solved by direct methods
(SHELXS-97) and refined against all data by full-matrix least-squares
methods on F2 (SHELXL-97).[23] All non-hydrogen atoms were refined
with anisotropic displacement parameters. The hydrogen atoms were re-
fined isotropically on calculated positions using a riding model with their
Uiso values constrained to 1.5 Ueq of their pivot atoms for terminal sp3-
carbon atoms and 1.2 times for all other carbon atoms. In 4, H36 (attach-
ed to C36) was refined freely. The severely disordered solvent molecules
and the disorder of the CH2/CH3 groups on the CH ACHTUNGTRENNUNG{(C=CH2) ACHTUNGTRENNUNG(CMe)(2,6-
iPr2C6H3N)2} ligand were refined using restraints on the distances and the
anisotropic displacement parameters.

Compound 3 : Mr = 625.37 g mol�1; triclinic, space group P1̄; a=11.073(5),
b=12.294(6), c =13.696 �; a =97.98(1), b= 93.88(2), g=112.96(9)8 ; V=

1684.9(13) �3; Z= 2; mACHTUNGTRENNUNG(MoKa)=0.242 mm�1; T =100(2) K; 24098 reflec-
tions measured; 4840 unique reflections; Rint =0.0565, 425 parameters re-
fined, R1 (all data) =0.0845, R1 (I>2s(I)) =0.0462, wR2 (all data) =

0.1065, wR2 (I>2s(I))= 0.0926; GOF= 1.024; largest difference peak
and hole 0.296 and �0.299 e ��3.

Compound 4 : Mr = 772.22 g mol�1; monoclinic, space group P21/c ; a=

15.696(8), b =16.291(6), c= 18.109 �; b=102.05(2)8 ; V =4529(4) �3; Z=

4; m ACHTUNGTRENNUNG(MoKa)= 0.135 mm�1; T =100(2) K; 63 635 reflections measured, 6532
unique reflections, Rint =0.0509, 554 parameters refined, R1 (all data) =

0.0749, R1 (I>2s(I))=0.0520, wR2 (all data) =0.1403, wR2 (I>2s(I))=

0.1290; GOF =1.062; largest difference peak and hole 0.620 and
�0.358 e ��3.

CCDC-889037 (3) and 889038 (4) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
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Cycloaddition
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Reaction of N-Heterocyclic Silylenes
with Thioketone: Formation of
Silicon–Sulfur Three- (Si-C-S) and
Five- (Si-C-C-C-S) Membered Ring
Systems

Rings ’n’ things : Three- and five-mem-
bered rings (see figure) bearing the
(Si-C-S) and (Si-C-C-C-S) units have
been synthesized by the reactions of
LSiCl (L=PhC ACHTUNGTRENNUNG(NtBu)2) and L’Si
(L’= CH ACHTUNGTRENNUNG{(C=CH2)ACHTUNGTRENNUNG(CMe)(2,6-
iPr2C6H3N)2}) with the thioketone 4,4’-
bis(dimethylamino)thiobenzophenone.
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