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Abstract

The structure of 2,4-dibromo-2-dibromomethyl-3,3-dimethyl-1-selena-3-silacyclopentene-4, formed by regioselective electrophilic
addition of SeBr4 to dimethyl diethynyl silane, has been determined using X-ray analysis technique. Quantum chemistry methods were
used to study elementary stages of the reaction. It was found that the first stage consisted of SeBr4 conversion into bimolecular complex
Br2� � �SeBr2, initiated by dimethyl diethynyl silane. Possible formation of five-membered and six-membered heterocycles involves differ-
ent cyclization mechanisms. The formation of only five-membered heterocycle is explained by kinetically preferable ring closure through
four-center transition state. The conclusions obtained by calculations were confirmed by monitoring of the reaction using 1H NMR
method.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Saturated sulfur-silicon containing heterocycles [1]
including five-membered ones are known from the litera-
ture [2a,2b,2c]. Previously we have briefly reported on the
synthesis of unsaturated five-membered selenium-silicon
containing heterocycle of cyclopentene [3a] structure by
the reaction of dimethyl diethynyl silane 1 with selenium
tetrabromide. Also this reaction was studied on a series
of diethynyl silanes [3b]. But the conclusion about structure
of the heterocycle formed was made only on the basis of
1H, 13C and 77Se NMR methods and GC–MS. At the same
time this reaction may involve the cyclization not only into
five-membered 2, but also six-membered heterocycle 4

(Scheme 1). In addition we have found that along with
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the main reaction product – heterocycle 2, isolated from
the reaction mixture as a crystalline compound, the reac-
tion led to the formation of 3,6-dibromo-4,4-dimethyl-
1,4-selenasilafulvene 3 as Z- and E-isomers (Scheme 1).
These heterofulvenes were shown earlier to be the products
of the reaction of silane 1 with SeBr2 [4]. The present work
deals with the mechanism of new reaction of SeBr4 with
silane 1, which affords the heterocycle 2. We are going to
determine also if the heterofulvene 3 is an intermediate dur-
ing the formation of heterocycle 2.

2. Results and discussion

2.1. XRD analysis

The structure of the main product, formed in the reac-
tion of diethynyl silane 1 with SeBr4, was identified by X-
ray analysis of the crystalline compound obtained by slow
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Fig. 1. Molecular structure of heterocycle 2.

Table 2
Valence angles (�) in heterocycle 2

Angle x (�) Angle x (�)

C(5)–Si(1)–C(6) 111.3(3) C(4)–C(1)–Br(1) 109.5(4)
C(5)–Si(1)–C(3) 109.0(3) Si(1)–C(1)–Br(1) 107.0(3)
C(6)–Si(1)–C(3) 113.6(2) Se(1)–C(1)–Br(1) 109.8(2)
C(5)–Si(1)–C(1) 110.0(3) C(3)–C(2)–Se(1) 118.5(5)
C(6)–Si(1)–C(1) 116.3(3) C(2)–C(3)–Si(1) 118.5(4)
C(3)–Si(1)–C(1) 95.6(2) C(2)–C(3)–Br(4) 120.1(4)
C(2)–Se(1)–C(1) 93.8(3) Si(1)–C(3)–Br(4) 121.4(3)
C(4)–C(1)–Si(1) 115.5(4) C(1)–C(4)–Br(3) 113.3(4)
C(4)–C(1)–Se(1) 108.6(4) C(1)–C(4)–Br(2) 114.0(4)
Si(1)–C(1)–Se(1) 106.4(2) Br(3)–C(4)–Br(2) 110.0(3)
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crystallization from chloroform. It was shown that this
product is 2,4-dibromo-2-dibromomethyl-3,3-dimethyl-1-
selena-3-silacyclopentene-4 (2).

The principal geometrical parameters in heterocycle 2

(Fig. 1) are listed in Table 1. Although the direct compar-
ison of bond lengths in 2 is impossible since it is a first
structurally characterized compound with 1-selen-3-sila-
cyclopentene-4 fragment we can mention that lengths of
endocyclic Se–C bonds in 2 are close to literature data
for diselenium analogue [5].

The silicon atom Si(1) is characterized by slightly dis-
torted tetrahedral configuration with the decrease of endo-
cyclic C(1)Si(1)C(3) angle to 95.6(2)� (Table 2). The five-
membered ring is characterized by envelope conformation
with the deviation of C(1) atom from the plane of Si(1),
Se(1), C(2) and C(3) atoms by 0.54 Å. The analysis of crys-
tal packing has revealed that molecules in crystal are
assembled into centrosymmetric dimers by means of sec-
ondary Br(1)� � �Br(4) 0 (�x, 1 � y, 1 � z) (3.544 Å) interac-
tions (Fig. 2). Taking into account the specific
directionality of this contact (angle C(1)Br(1)� � �Br(4 0) is
equal to 170.3�) as well as elongation of C(1)–Br(1) bond
Table 1
Bond lengths (Å) in heterocycle 2

Atom(1)–Atom(2) Å Atom(1)–Atom(2) Å

Si(1)–C(5) 1.834(6) Br(1)–C(1) 1.971(5)
Si(1)–C(6) 1.841(5) Br(2)–C(4) 1.946(6)
Si(1)–C(3) 1.870(6) Br(3)–C(4) 1.924(6)
Si(1)–C(1) 1.917(5) Br(4)–C(3) 1.903(6)
Se(1)–C(2) 1.909(6) C(1)–C(4) 1.501(7)
Se(1)–C(1) 1.960(5) C(2)–C(3) 1.302(7)
up to 1.971(5) Å we can assume that this contact corre-
sponds to the charge transfer from the electron lone pair
(n) of Br(4) atom to antibonding orbital (r*) of C(1)–
Br(1) bond, i.e. n–r* interaction.

2.2. Computational results

To elucidate the reaction mechanism and to explain the
formation of only five-membered heterocycle 2 we have
carried out quantum chemical computation of possible
Fig. 2. The centrosymmetric dimers in crystal of 2 (H atoms omitted for
clarity).
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routes of the SeBr4 interaction with dimethyl diethynyl
silane 1.

As is seen from the potential energy surface (PES) anal-
ysis, the first stage of the reaction involves conversion of
SeBr4 into a complex containing molecular bromine and
SeBr2 (Scheme 2). The participation of dimethyl diethynyl
silane 1 in this process bears evidence of the pronounced
catalytic effect. The computations show that in isolated
state SeBr4 is thermodynamically less stable than the bimo-
lecular complex Br2� � �SeBr2 (DH = 8.7 kJ/mol, Fig. 3,
Table 3). It is known that in nonaqueous solvents SeBr4
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(TS1) of the conversion SeBr4! Br2� � �SeBr2, according to B3LYP/LANL2DZ
exists as an equilibrium mixture of SeBr2 and Br2 [6]. The
elimination of Br2 proceeds through the transition state
TS1 (Fig. 3, Table 3) with overcoming of 123.1 kJ/mol acti-
vation barrier. During the reaction of SeBr4 with diethynyl
silane 1 the formation of stable states of the pre-reaction
bimolecular complex (SeBr4� � �1) may occur due to different
intermolecular interactions of bromine atoms with protons
or p-bonds of acetylene moieties of silane 1. Three lowest
states are found on the potential energy surface (Table 3,
Fig. 4, structures (SeBr4 + 1)a–c). The differences in their
thermodynamic stability taking into account zero-point
vibrations error (ZPVE) are insignificant (Table 3). The
values of the interconversion activation energy do not
exceed 18 kJ/mol. In every identified state (a–c) the silane
molecule 1 initiates the decomposition of SeBr4 into Br2

and SeBr2, converting the pre-reaction complex (SeBr4 + 1)
into more thermodynamically (DH = 5–20 kJ/mol, Table
3) stable state (Br2� � �SeBr2 + 1)a–c (Fig. 4). Activation
barriers of these transitions as compared to the gas-phase
one (TS1) decrease drastically. Their values do not exceed
40 kJ/mol, which is indicative of considerable impact of
the silane 1 on elimination of Br2 from SeBr4. In Fig. 4,
is shown the structure of the transition state (TS2) of the
Br
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´
, valence angles in grad.



Table 3
Total energies (Etot, a.e.)a, zero-point vibration energies (ZPVE, a.e.), relative energies (DE, kJ/mol), lowest harmonic frequencies (x1, cm�1) and dipole
moments (l, D) of the initial compounds SeBr4 and 1, complex Br2� � �SeBr2, the most stable states (a–c) of bimolecular (SeBr4 + 1) and trimolecular
(Br2� � �SeBr2 + 1) complexes and transition states TS1 b TS2, according to B3LYP/LANL2DZ data

Structure �Etot ZPVE DE x1, l,

SeBr4 61.85975 0.00234 8.7 39 0.00
SeBr2� � �Br2 61.86313 0.00242 0.0 14 0.90
SeBr4! SeBr2� � �Br2 TS1 61.81230 0.00182 131.8 i224 1.72
1 237.21061 0.11420 – 95 0.62
(SeBr4 + 1)a 299.07065 0.11675 215.8b 6 0.68
(SeBr4 + 1)b 299.07048 0.11674 216.3 3 0.78
(SeBr4 + 1)c 299.07087 0.11684 215.5 4 0.32
(Br2� � �SeBr2 +1)a 299.07687 0.11711 200.5 12 4.42
(Br2� � �SeBr2 + 1)b 299.07274 0.11735 211.9 11 3.02
(Br2� � �SeBr2 + 1)c 299.07878 0.11698 195.1 18 4.19
(SeBr4+ 1)c! (Br2� � �SeBr2+ 1)c TS2 299.05619 0.11651 253.1 i127 2.46

a 1a.e. = 2622.9897 kJ/mol.
b Reference point – critical point on PES, corresponding to steady state of the structure 4 (Table 4).
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rearrangement (SeBr4 + 1)c! TS2! (Br2� � �SeBr2 + 1)c.
Activation energy of this process is 37.6 kJ/mol (Table 3).
Charge separation degree in the transition states and to a
greater extent in the obtained complexes (Br2� � �Se-
Br2 + 1)a–c as compared to the starting states
(SeBr4 + 1)a–c (judging by the values of dipole moments,
Table 3) increases sharply. This means that on transition
from gas phase to condensed media of various polarity
the probability of the transition SeBr4 + 1! Br2

� � �SeBr2 + 1 should increase, both thermodynamically
and kinetically. The search for gradient reaction routes
related to the direct attack of SeBr4 molecule on p-bond
of the silane 1, by interatomic distance Br–C„C scanning,
has failed. In the distance range Br–C„C from 3.6 to 3.1 Å
occurs barrierless transition of the complex into one of the
steady states (Br2� � �SeBr2 + 1)a–c. Theoretically the initial
elementary stage of the reaction in the trimolecular com-
plex (Br2� � �SeBr2 + 1) (Scheme 2) may proceed via three
routes: the starting attack of Br2 or SeBr2 at acetylene frag-
ment of the silane 1 (Scheme 3, 1 and 2, respectively) or
one-stage process connected with synchronic attack of
the reagents aforementioned on two acetylene moieties of
the silane 1 (Scheme 3, route 3).

Analysis of gradient routes on the PES of the reactions 1

and 2 unambiguously speaks in favor of the mechanism
related to diethynyl silane 1 bromination. The heat of tran-
sition (Br2� � �SeBr2 + 1)c! 5 + SeBr2 is equal to 107.1 kJ/
mol, while activation energy for the transition state (TS3)
is 58.0 kJ/mol (Table 4, Figs. 5,6). The reaction route 2,
associated with the initial attack of selenium dibromide
on acetylenic fragment of silane 1, is less advantageous
(thermodynamically by 23.6 kJ/mol, and kinetically by
43.9 kJ/mol). Activation energy of one-stage mechanism 3

has even higher value (159.2 kJ/mol). The bimolecular
complex 5 + SeBr2 with activation barrier of 126.2 kJ/mol
(TS3, Fig. 5, Table 4) transforms to the intermediate 6. Exo-
thermic addition of SeBr2 results in the increase of the reac-
tion heat balance by 73.2 kJ/mol (Table 4, Fig. 6). In the
intermediate 6 the chain of heavy atoms of the molecule
Se1–C2@C3–Si4–C5@C6 central skeleton is equiprobably
curled into left or right spiral, which torsion angles 1–2–
3–4, 2–3–4–5 and 3–4–5–6 are ±5.4�, ±48.3� and
b ± 29.1�, respectively. This leads to the formation of the
five-membered enantiomeric heterocycle 2 with chiral cen-
ter C5.

As a main structural constituent of the reaction coordi-
nate for cyclization of the intermediate 6 into five- or six-
membered heterocycle may act either dissociation of the
Se–Br bond (followed by 1,6- or 1,5-sigmatropic shift of
bromine atom in the ion pair) (Scheme 4a), or interatomic
contact Se – p-bond C5@C6 (with a formation of four-cen-
ter transient state) (Scheme 4b).

The computations show that according to both ther-
modynamic and kinetic parameters the six-membered
heterocycle 4 is most likely to be formed through the
reaction route a. Thermodynamic preference of 4 as
compared to 2 (judging from total energy values and
taking into account ZPVE) is 11.9 kJ/mol (Table 4).
The cyclization activation energy 6! 4 (TS6) equals to
257.9 kJ/mol (Fig. 6) that is 27.3 kJ/mol lower than
the activation barrier of cyclization 6! 2 proceeding
by analogous mechanism. Molecular structure of the
transition state (TS6) and the product 4 are given in
Fig. 7. The study on gradient route of the cyclization
b related to the scanning of interatomic distance Se–
C5@C6 has made it possible to localize only one four-
center transition state TS5 that led to the formation of
five-membered heterocycle 2 (Fig. 7). Steric restrictions
on the molecule skeleton deformation prevented localiza-
tion of the gradient route of four-center mechanism of
the transition 6! 4 (from localization). The cyclization
activation energy 6! TS5! 2 is equal to 141.2 kJ/mol
(Table 4, Fig. 6) that is almost half as less than that
of TS6. Obviously, the differences in the mechanisms
of cyclization of 6 into 2 or 4 and, hence high
differences between the activation parameters are the
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Table 4
Total energies (Etot, a.e.), zero-point vibration energies (ZPVE, a.e.), relative e
cm�1) and dipole moments (l, D) of heterocycles 2,4 and transition states (TS

Structure �Etot Z

5 263.57202 0
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5 + SeBr2 299.12267 0
5 + SeBr2! 6 TS4 299.07683 0
6 299.15333 0
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6! 4 TS6 299.05870 0
4 299.15910 0

Fig. 5. Basic structural parameters of the transition states (TS3 and TS4) and
LANL2DZ) of the reaction routes (Br2� � �SeBr2 + 1)c! 5 + SeBr2 and 5 + Se
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prime cause of absolute shift of the products yield
towards the heterocycle 2.

2.3. Monitoring of the reaction by 1H NMR spectroscopy

Along with the computational methods used for the
determination of the reaction mechanism, we also moni-
tored the reaction by 1H NMR technique at ambient
temperature.
nergies (DE, kJ/mol), virtual and the lowest harmonic frequencies (ix/x1,
3–TS6) connecting them, according to B3LYP/LANL2DZ data

PVE DE ix/x1 l

.11831 – 32 2.79

.12286 230.5 i975 4.81

.12004 88.0 3 3.04

.12231 214.2 i856 5.23

.12278 14.8 11 2.68

.12258 156.0 i407 5.52

.12384 11.9 26 2.15

.12268 272.7 i317 6.97

.12291 0.00 17 2.19

the reaction products (5 + SeBr2 and 6) obtained on modeling (B3LYP/
Br2! 6 correspondingly.
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The monitoring has been carried out in CDCl3 at
room temperature. 1H NMR spectra were recorded every
5 min during first hour, every 15 min during second hour,
every 30 min during the following 1.5 h and every hour
during 15 h. Then the monitoring was continued for
48 h with interval of several hours. In the first 15 min
NMR spectra of the reaction mixture show wide singlet
signals at d 7.99, 7.90 and 7.40 ppm. (Fig. 8) of low
intensities which are probably due to the intermediate
compounds 5 and 6 formed immediately after the
reagents mixing. The formation of cyclopentene heterocy-
cle 2, which is characterized by olefin and dibromomethyl
proton signals at d 7.42 and 6.47 ppm [3a], is observed in
15 min after the reaction beginning. While the relative
intensity of cyclopentene 2 signals increases, the intensi-
ties of signals at d 7.99, 7.90 and 7.40 ppm drop, which
is in good accordance with the decrease of relative con-
centration of the intermediate compounds during accu-
mulation of the target product. Consequently, due to
the presence of SeBr2 in the reaction mixture, a
competitive reaction of this reagent with silane 1 occurs
that leads to the formation (in 12 h) of 3,6-di-
bromo-4,4-dimethyl-1,4-selenasilafulvene 3 as Z-isomer
showing typical doublet signals at d 7.42 and 6.92 ppm
and values of cross-coupling constant 5JHH 1.0 Hz. The
formation of E-isomer of heterofulvene 3 in negligible
amount is detected by the appearance of the correspond-
ing singlet signals at d 7.34 and 6.82 ppm only on the last
stages of the monitoring in 27 h after the reaction begin-
ning. The reaction of SeBr2 with silane 1 and spectral
characteristics of heterofulvene 3 isomers formed have
been described earlier [4].
The monitoring data (Fig. 8) show that during all time
of observation (66 h) the initial diethynyl silane 1 is pre-
sented in the reaction mixture. Its content decreases gradu-
ally, while it is converted into the reaction main product –
heterocycle 2 as well as into the side product – heteroful-
vene 3.

Thus, the monitoring data are in good accordance with
the computational scheme of the reaction explaining exclu-
sive formation of five-membered heterocylce of cyclopen-
tene structure and testify that cyclopentene heterocycle 2

is formed independently of the heterofulvene 3.

3. Experimental

1H (400.1 MHz), 29Si (79.5 MHz) 77Se (70.6 MHz)
NMR spectra of the compounds 2 and 3 were recorded
in CDCl3 solution with HMDS or CHCl3 (for 29Si NMR
spectrum) as internal standards.
3.1. The reaction of dimethyl diethynyl silane 1 with SeBr4

Powdered selenium (0.10 g, 1.3 mmol) in CDCl3 (8 ml)
was mixed with a bromine solution (0.41 g, 2.5 mmol) in
CDCl3 (8 ml) for 2 h, and then a solution of dimethyl di-
ethynyl silane 1 (0.14 g, 1.3 mmol) in CDCl3(5 ml) was
added to the reaction mixture. A sample was selected to
monitor the reaction using 1H NMR technique. The reac-
tion mixture was allowed to stand for 66 h at room temper-
ature. The solvent was distilled off in vacuum to give 0.73 g
of the mixture containing (1H NMR data), 2,4-dibromo-2-
dibromomethyl-3,3-dimethyl-1-selena-3-silacyclopentene-4
2 and Z-isomer of 3,6-dibromo-4,4-dimethyl-1,4-selenasila-
fulvene 3 in 55:45 ratio. 1H, 77Se, 29Si NMR spectra of the
heterocycles 2 and 3 are the same that we reported earlier
[3a,4].

The mixture thus prepared was dissolved in 0.1 ml
CHCl3 and left in the sealed flask for 1 month. During this
time a monocrystal was formed in the flask. It was filtered
off the mixture, washed with hexane and dried in vacuum.
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Fig. 7. Basic structural parameters of the transient states (TS5 and TS6) and the reaction products 2 and 4, according to B3LYP/LANL2DZ data.
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3.2. X-ray analysis of 2,4-dibromo-2-dibromomethyl-3,3-

dimethyl-1-selena-3-silacyclopentene- 4 (2)

Crystallographic data for 2: at 298 K crystals
of C6H8Br4SeSi are orthorhombic, space group Pbca,
a = 13.408(2), b = 12.2189(19), c = 15.506(3) Å, V =
2540.3(7) Å3, Z = 8, M = 506.81, dcalcd = 2.650 g cm�3,
l(Mo Ka) = 155.87, F(000) = 1856. Intensities of 30,202
reflections were measured with a Smart CCD diffractome-
ter at 292 K (k(Mo Ka) = 0.71072 Å, x-scan technique,
2h < 54�) and 2745 independent reflections (Rint = 0.0816)
were used in further refinement. The structure was solved
by direct method and refined on F2 by a full-matrix least-
squares technique in the anisotropic-isotropic approxima-
tion. The absorption correction was applied semiempiri-
cally from equivalents. Hydrogen atoms were located
from the Fourier synthesis and refined in the isotropic
approximation in the riding model. The refinement con-
verged to wR2 = 0.0887 and GOF = 0.980 for all indepen-
dent reflections (R1 = 0.0353 was calculated against F for
1464 observed reflections with I > 2r(I)). All calculations
were performed using SHELXTL PLUS 5.0.

3.3. Quantum-chemical calculation of the reaction
Me2Si(C„CH)2 with SeBr4

DFT/B3LYP method with LANL2DZ basis of the
program complex GAUSSIAN-98W has been used for
calculation [7]. Geometry full optimization of the
molecular systems corresponding to the transition struc-
tures (k = 1, where k – number of negative eigenvalues
of the Hessian matrix in the given critical point) and
energy minima (k = 0) on the PES was carried out till
the value 10�5 Hartree/Bohr. On analyzing flat sites of



Fig. 8. Time-dependent NMR 1H (400 MHz, CDCl3) at 20 �C for the
reaction of 1 with SeBr4. The peak at d 2.45 ppm is due to „CH of 1, the
peaks at d 6.47 and 7.42 ppm are due to CHBr2 and endocyclic @CH of 2,
the peaks at 6.92 and 7.43 ppm are due to exocyclic and endocyclic @CH
of 3.
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the PES during study of the conformational labile
states the convergence criterion has been installed at
level 10�6 Hartree/Bohr. Structures corresponding to
the energy minima were identified by means of move-
ment along the gradient lines from the Saddle point
to the neighboring critical point starting with a small
shift alongside the transitional vector. It has allowed
finding correctly the gradient path of the reaction
[8].
4. Supplementary material

CCDC 624476 contains the supplementary crystallo-
graphic data for 2. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html, or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.
uk.
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