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Low-pressure pyrolysis of 2,5-bis(1,1-dimethyl-1-silacyclobut-1-yl)-p-xylene (1) results in
the formation of 1,2,4,5-tetrahydro-1,1,4,4-tetramethyl-1,4-disiladicyclobuta[a,d]benzene (2),
here named as the butterfly compound and representing the first silacyclobutene diannelated
[a,d]benzene. Both compounds, 1 and 2, were characterized by NMR, IR, and MS methods;
furthermore, the molecular structures were determined by single-crystal X-ray diffraction
analysis. Density functional and ab initio calculations prove that the difference in the benzene
carbon-carbon bond lengths in 2 results primarily from substituent effects and is not caused
by ring strain effects. Forming strongly bent silicon-carbon bonds, silicon decreases the
amount of strain in the model compounds, in the 1-silacyclobut-2-ene 10 by 8.3 kcal/mol
and in the 1,4-disiladicyclobuta[a,d]benzene 15 by 19.0 kcal mol-1, compared to the analogous
hydrocarbons. The total strain energy is additive, depending on the number of annelated
rings. The photoelectron spectrum of the butterfly compound exhibits three isolated bands
at low energy. The ground state of the radical cation X̃(2Ag) at 8.15 eV and the first exited
state Ã(2Ag) at 8.7 eV arises from π-electron ionization at the benzene molecule center. The
calculated values with 8.35 and 8.82 eV are in agreement with the experimental vertical
ionization energies.

Introduction

The aryl-substituted silacyclobutane [2 + 2] cyclo-
reversion reaction, causing a “transient arylsilene rear-
rangement”, has been developed as a versatile tool for
the synthesis of a variety of benzo-condensed small- and
medium-sized silacycles. The gas-phase thermal decom-
position of silacyclobutanes has been of long-standing
interest, since it was historically the first method to
produce silenes as reactive intermediates.2,3a The land-
mark paper by Gusel’nikov and Flowers3b,c demon-

strated that dimethylsilacyclobutane decomposes ther-
mally to 1,1-dimethylsilene and ethene. This was the
start of numerous investigations on the thermal decom-
position of silacyclobutanes.2 Early work of Grobe et al.4
claimed that the gas-phase pyrolysis of phenyl-substi-
tuted silacyclobutanes led to the formation of the
corresponding transient silenes, which reacted to form
1,3-disilacyclobutanes by head-to-tail dimerization and
products resulting from competitive intramolecular
rearrangements. Further investigations on the ther-
mally induced [2 + 2] cycloreversion reaction of aryl-
substituted silacyclobutanes showed silene-based rear-

* To whom correspondence should be addressed. L.E.G.: e-mail,
guselnikov@iname.com; fax +7 095 2302224. N.A.: e-mail, Auner@
chemie.uni-frankfurt.de; fax, +49 69 798 29188.

† For part 2, see ref 1a.
‡ First reported at the 30th Organosilicon Symposium, 1997; see ref

1b.
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Organomet. Chem. 1995, 492, C4. (b) Gusel’nikov, L. E.; Buravtsev,
N. N.; Volkova, V. V.; Zubarev, Yu. E.; Buravtseva, E. N.; Pestunovich,
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rangements to give benzo-condensed small- and medium-
sized silacycles. Recently we reported on the gas-phase
pyrolyses of 1-phenyl-, 1-o-tolyl-, 1-benzyl-, and 1-naph-
thyl-1-methyl 1-substituted silacyclobutanes, yielding
3,4-benzo-1-silacyclobutanes and 1-methyl-1-silaacenaph-
thene1b,5 (Scheme 1).

In this paper we report the pyrolysis of 2,5-bis(1-
methyl-1-silacyclobut-1-yl)-p-xylene (1), which gives
the novel butterfly compound 1,2,4,5-tetrahydro-1,1,-
4,4-tetramethyl-1,4-disiladicyclobuta[a,d]benzene1b (2)

(Scheme 2); this compound represents a new class of
small-ring-annelated benzenes having two silacyclobutene
moieties annelated to the benzene nucleus. In addition,
compound 2 may serve as a potential precursor for the
generation of the hitherto unknown silasemiquinone
intermediates and as a promising monomer for ring-
opening polymerization.

Results and Discussion

2,5-Bis(1-methyl-1-silacyclobut-1-yl)-p-xylene (1) was
prepared by starting from 2,5-dibromo-p-xylene and
1-chloro-1-methyl-1-silacyclobutane by Grignard reac-
tion according to Scheme 3.

Details of the X-ray crystal structure determination6

of 1 is given in the Experimental Section. In the solid
state molecules of 1 pile up to form stacks along [010]
at 120 K with the normal vector of the benzene subunit
pointing not exactly along the crystallographic b axis
of the unit cell. All intermolecular contact distances are
in the range of van der Waals distances; therefore, no
intermolecular π-interactions can be deduced.

The centrosymmetric molecule (Figure 1) exhibits the
structural features of both the unsaturated carbacycles
and the saturated silacycles. Bond distances and angles
of the 1,4-dimethylbenzene-2,5-diyl subunit lie in the
usual range for aromatic hydrocarbons in the solid state.
The 1-methyl-1-silacyclobut-1-yl substituent shows a
folded conformation with nearly ideal local mirror
symmetry. The silicon atom exhibits strong deviations

(2) Recent reviews on silenes and related compounds: (a) Raabe,
G.; Michl, J. In The Chemistry of Organic Silicon Compounds;
Rappoport, Z., Patai, S., Eds.; Wiley: New York, 1989; Vol. 1, p 1015.
(b) Gusel’nikov, L. E.; Avakyan, V. G. Sov. Sci. Rev., B: Chem. 1989,
13, 39. (c) Brook, A. G.; Brook, M. A. Adv. Organomet. Chem. 1995,
39, 125. (d) Müller, T.; Ziche, W.; Auner, N. In The Chemistry of
Organic Silicon Compounds; Rappoport, Z., Patai, S., Eds.; Wiley: New
York, 1998; Vol. 2, p 857.

(3) (a) Gusel’nikov, L. E.; Nametkin, N. S. In Advances in Organo-
silicon Chemistry; Voronkov, M. G., Ed.; Mir Publishers: Moscow, 1985;
p 69. (b) Gusel’nikov, L. E.; Flowers, M. C. J. Chem. Soc., Chem.
Commun. 1967, 864. (c) Flowers, M. C.; Gusel’nikov, L. E. J. Chem.
Soc. B 1968, 419, 1368.

(4) Auner, N.; Grobe, J. J. Organomet. Chem. 1980, 197, 147.
(5) (a) Volkova, V. V.; Gusel’nikov, L. E.; Volnina, E. A.; Buravtseva,

E. N. Organometallics 1994, 13, 4661. (b) Volkova, V. V.; Volnina, E.
A.; Buravtseva, E. N.; Gusel’nikov, L. E. Xth International Symposium
on Organosilicon Chemistry; August 15-20, 1993; Poznan, Poland;
Abstracts, p 170. (c) Gusel’nikov, L. E.; Volkova, V. V.; Volnina, E. A.;
Buravtseva, E. N. XVI International Conference on Organometallic
Chemistry; July 10-15, 1994; University of Sussex, Sussex, U.K.;
Abstracts, p 310. (d) Gusel’nikov, L. E.; Volkova, V. V.; Volnina, E. A.;
Buravtseva, E. N. XXVII Organosilicon Symposium; March 18-19,
1994, Troy, NY; Abstracts, p A-31. (e) Gusel’nikov, L. E.; Volkova, V.
V.; Volnina, E. A.; Buravtseva, E. N. XXVIII Organosilicon Symposium;
March 31-April 1, 1995, Gainesville, FL; Abstracts, p B-5. (f)
Gusel’nikov, L. E.; Volkova, V. V.; Buravtsev, N. N.; Buravtseva, E.
N. Xth International Symposium on Organosilicon Chemistry; Sep-
tember 1-6, 1996, Montpellier, France; Abstracts, p OA7. (g)
Gusel’nikov, L. E.; Volkova, V. V.; Buravtseva, E. N.; Avakyan, V. G.;
Auner, N.; Tsantes, G. To be submitted for publication.

(6) X-ray structure determination of compounds 1 and 2 were first
performed at 293 K (Supporting Information) by Y. E. Ovchinnikov,
S. A. Pogozhikh, and F. M. Dolgushin, Nesmeyanov Institute of
Organo-Element Compounds, Russian Academy of Science, Moscow.

Scheme 1
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from tetrahedral symmetry with two bond angles of 118°
and 120° and one of 80°. The silicon-carbon bond
lengths are not affected by this distortion and are in
the normal range for saturated silahydrocarbons. The
geometry of the ring has a puckered conformation with
a dihedral Si8C10C16/Si8C15C16 angle of 158.60(4)°
observed in 1 at 120 K. At room temperature (293 K)
no substantial changes in the molecular packing or the
molecular geometry could be observed.

Low-Pressure Pyrolysis (LPP) of 1: Isolation
and Characterization of 2. The LPP of silacyclobu-
tane 1 was performed in the range of 670-690 °C and
at 5 × 10-2 Torr. As the main pyrolysis product
resulting from silacyclobutane 1, butterfly compound 2

was isolated as a crystalline solid. Details of the
pyrolysis conditions, the spectroscopic characterization,
and the experimental details of the X-ray single-crystal
structure determination of 2 are given in the Experi-
mental Section. Crystals from different batches appear
in two polymorphs. The structure of the P21/n poly-
morph was determined at room temperature, and for
the I2/a polymorph, the data collection was carried out
at 100 K. A phase transition upon cooling could not be
observed.

At 100 K, as can be seen from Figure 2, the cen-
trosymmetric molecule shows the silacyclobutene moi-
eties condensed to the aromatic ring, resulting in an
almost planar arrangement with only the silicon-bonded
methyl substituents situated above and below the
molecular plane (Figure 2).

The benzo[a,d] annelated silacycles are planar within
the available accuracy at 100 K, and the carbon-carbon
bond lengths of the aromatic ring are in the usual range

Scheme 2

Scheme 3

Figure 1. Molecular structure of 2,5-bis(1-methyl-1-sila-
cyclobut-1-yl)-p-xylene (1). The numbering was chosen in
accordance with Figure 2 and the theoretical part. Selected
bond distances at 120 K (Å): Si8-C2 ) 1.8708(9), Si8-
C10 ) 1.878(1), Si8-C15 ) 1.883(1), C2-C3 ) 1.409(1),
C3-C4 ) 1.396(1), C10-C16 ) 1.563(1), C15-C16 )
1.562(1).

Figure 2. Molecular structure of 1,2,4,5-tetrahydro-1,1,4,4-
tetramethyl-1,4-disiladicyclobuta[a,d]benzene (2). The num-
bering of atoms is in accordance with the theoretical part.
Selected bond distances at 100 K (Å): Si8-C2 ) 1.8657(8),
Si8-C7 ) 1.8996(8), Si8-C9 ) 1.8586(9), Si8-C10 )
1.8571(9), C1-C2 ) 1.3943(9), C2-C3 ) 1.4154(9), C3-
C7 ) 1.5242(10).

Intramolecular Rearrangements of Silenes Organometallics, Vol. 21, No. 6, 2002 1103
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for aromatic hydrocarbons in the solid state. Conse-
quently, the silacycles cannot be interpreted as intrinsic
silacyclobutene: the bond length C2-C3 (1.4154(9) Å)
is much shorter than the corresponding bond length
C10-C16 in 1 at 1.563(1) Å but is clearly longer than
in a free silacyclobutene with 1.35 Å.7 The remaining
bond lengths of the silacycle are in good agreement with
standard values. The molecules are piled up as rods
running along [100] with intermolecular distances
exceeding π-interaction limits. At room temperature the
different polymorph of 2 is almost planar as well and
shows only minor differences in the molecular geometry.
The final difference electron density map8 in the least-
squares plane of 2 at 100 K proves that the silicon-
carbon bonds are clearly displaced outward the inter-
nuclear axes, whereas the benzene moiety does not show
this phenomenon at all.

Theoretical Study. Two effects of the two [a,d]
annelated silicon-containing four-membered rings on
the geometry of the benzene ring in 2 might be antici-
pated. Pure substituent effects must be distinguished
from ring strain effects, resulting from the annelation
of the two silacyclobutene moieties. To differentiate
between those, the molecular structures of 2 and model
compounds 4 and 5 (Chart 1) have been optimized
employing density functional methods (details are given
in the Experimental Section).9 A comparison with the
computed structures of 2a, 4a, and 5a will determine
the influence of silicon on the structural features of the
discussed molecules.

The fully optimized molecular structure10 of 2 and a
comparison of selected geometrical parameters with

those data obtained by the single-crystal X-ray analysis
are given in Table 1 (detailed geometrical parameters
of compounds 4, 4a, 5, and 5a are given in the Sup-
porting Information).

The benzene subunit of the calculated structure 2
shows small but significant bond length alternations
(Table 1). In comparison to their neighboring bonds the
annelated bonds C2-C3 and C5-C6, respectively, are
slightly elongated (0.022 Å). However, these small bond
length alternations in the aromatic moiety do not affect
the cyclic conjugation within the benzene ring. This is
shown by a comparison of the NICS11 value of the D6h-
symmetric benzene (-11.5) and the calculated NICS
values of 14 (-10.2), 4a (-11.4), 15 (-10.2), and 4
(-10.2), which are only negligibly less negative (Figure
4). This is in agreement with results by Schleyer and
co-workers, who reported that even the NICS for
“Kekule benzene” (with D3h symmetry and carbon-
carbon bond lengths fixed at 1.350 and 1.449 Å) is only
0.8 less negative than the NICS value for D6h benzene
at the GIAO-SCF/6-31+G(d)//MP2/6-31G(d) level of
theory.11 This confirms the relative insensitivity of
diatropicity caused by geometric variations in aromatic
systems.12

A comparison of the structural parameters of the
benzene subunit of the tricyclic compound 2 and the
silyl-substituted arene 4 reveals that the small bond
length alternations in the benzene moiety are mainly
due to substituent effects but are not related to any
strain caused by the [a,d] annelation of the four-
membered rings. Thus, the C2-C3 bond length in 2
(1.420 Å) with two annelated four-membered rings is
nearly as long as in 4 (1.412 Å), in which only the
substituent effects are operating. The same arguments
hold for the C1-C2 bond length (1.398 Å in 2 and 1.404
Å in 4). These substituent effects can also be found for
the hydrocarbons 2a and 4a (C1-C2 ) 1.396 and 1.398
Å, respectively, and C2-C3 ) 1.400 and 1.408 Å).

(7) Auner, N.; Seidenschwarz, C.; Herdtweck, E. Angew. Chem.
1991, 103, 1172; Angew. Chem., Int. Ed. Engl. 1991, 30, 1151.

(8) Dunitz, J. D. X-ray Analysis and the Structure of Organic
Molecules; Verlag Helvetica Chimica Acta, Zürich, 1995.

(9) For an introduction in the applied methods and basis sets, see:
(a) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley: New York, 1986. (b) Foresman, J.
B.; Frisch, Æ. Exploring Chemistry with Electronic Structure Methods,
2nd ed.; Gaussian: Pittsburgh, PA, 1996.

(10) To be in accordance with the X-ray structure of compound 2,
all related calculations are based on a structure of Ci symmetry.

(11) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes
Eikema, N. J. R. v. J. Am. Chem. Soc. 1996, 118, 6317.

(12) Fleischer, U.; Kutzelnigg, W.; Lazzaretti, P.; Mühlenkamp, V.
J. Am. Chem. Soc. 1994, 116, 5298.

Chart 1 Table 1. Selected Geometrical Parameters of
Compounds 2 and 2a at the B3LYP/6-31G(d) Level

of Theorya

2 (X-ray)b (Ci) 2 (Ci) 2a (Ci)

C1-C2 1.3943(9) 1.398 1.396
C2-C3 1.4154(9) 1.420 1.400
C3-C4 1.3932(9) 1.398 1.396
C3-C7 1.5242(10) 1.532 1.520
C2-E8 1.8657(8) 1.882 1.535
C7-E8 1.8996(8) 1.927 1.591
E8-C9 1.8586(9) 1.891 1.533
E8-C10 1.8571(9) 1.891 1.533
∠C6C1C2 116.90(6) 117.0 112.5
∠C1C2C3 121.16(6) 121.4 123.8
∠C2C3C4 121.95(6) 121.6 123.7
∠C3C2E8 90.37(5) 90.7 93.6
∠C2E8C7 77.38(4) 76.8 85.9
∠E8C7C3 85.91(5) 85.8 87.0
∠C7C3C2 106.34(6) 106.6 93.5
∠C2E8C9 114.94(5) 117.1 114.8
∠C7E8C10 116.40(5) 116.3 114.0
∠C9E8C10 110.23(5) 110.0 111.2
∠C7E8C9 116.05(5) 116.3 114.0
a Distances are given in Å and angles in deg. The X-ray

structure determination of compound 2 was carried out at 100 K.
b Mean deviation given in parentheses.
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These comparisons show clearly that the benzene
moiety does not localize its bonds as a consequence of
the annelation. The small bond length alternations can
be rationalized by substituent effects.

The expected strain effects resulting from the two
[a,d] annelated silicon-containing four-membered rings
on the geometry of the benzene subunit in 2 becomes
evident focusing on the bond angles. The exocyclic
angles at the C2 (∠C3C2C8) and C3 (∠C2C3C7) atoms
in 4 (122.5; 121.5°) decrease strongly on proceeding to
2 (90.7°, 106.6°), obviously caused by the strain of the
annelated rings.13 The average value in 2 (((∠C3C2C8)
+ (∠C2C3C7))/2) amounts to 98.7°, while in 2a this
angle is 93.6°. As a geometrical consequence, the en-
docyclic angle at C1 (4, 122.9°; 2, 117.0°) decreases.
Accordingly, the bond angle at C1 may be used as a
qualitative indicator of ring strain.13 Due to this hy-
pothesis, there is less strain in silane 2 (∠C6C1C2 )
117.0°) as compared to the corresponding hydrocarbon
2a (∠C6C1C2 ) 112.0°).

One theoretical method used to get some information
about the particular nature of bonding is based on the
interpretation of the molecular graph of a molecule.14

In most compounds the bond path (i.e. the path of
maximum electron density) linking two nuclei is a
straight line: e.g., in acyclic hydrocarbons. In those the
bond path length Rb is identical with the geometrical
bond length, Rg (Rb ) Rg). However, for strained
compounds, e.g., cyclopropane, the bond path between
the carbon atoms is strongly bent (Rb >Rg).14 The
qualitative conclusion is that the more the strain is
concentrated in a specific bond, the more strongly bent
it is.

An equivalent approach to quantify the concept of
strain results from the determination of the difference
∆R between the bond path angle Rb and the geometric
bond angle Rg.

As can be seen in Figure 3, the corresponding bonds
in the four-membered rings of compound 2 are strained,
similarly to those in 5. While the silicon-carbon bonds
are shown to be the most bent ones in both molecules,
with ∆R reaching from 0.009 to 0.014 Å, the carbon-
carbon bonds are not bent at all. This demonstrates that
the origin of strain in 2 is comparable to that of
silacyclobutene 5. ∆R for corresponding angles in 2 and
5 has comparable values, e.g., ∠C2Si8C7 ) +12.9° in 2
is nearly as large as in 5, ∠C2Si8C7 ) +13.2°. This
confirms the statements which resulted from the ∆R
approach.

For a quantification of the strain energies, homodes-
mic reactions15 for the model compounds 10, 15, and
18 were performed (Figure 4). This energy is 21.3 kcal
mol-1 for silacyclobutene 10, as calculated by the
homodesmic reaction (b). Assuming that the silacy-
clobutene subunit is mainly responsible for the strain,
compound 18 should exhibit a comparable strain energy,
and for 15 it is expected to be approximately twice as

much as calculated for 10. The values of 22.4 kcal mol-1

for 18 and 44.2 kcal mol-1 for 15, obtained from the
homodesmic reactions (d) and (f), are in excellent
agreement with this prediction.

The hydrocarbons 2a and 5a show a somewhat
different picture. In comparison to the silicon-containing
compounds 2 and 5, in which only the silicon-carbon
bonds are bent, all carbon-carbon bonds in both four-
membered units of cyclobutene 5a and of 2a are nearly
equally bent. However, due to the different bending
force constants of carbon-carbon and silicon-carbon
bonds, a direct connection between bond bending and
strain is not given and the comparison only based on
∆r or ∆a values is therefore not allowed. Since it is a
well-known fact that silicon-carbon bonds require less
energy to be bent than carbon-carbon bonds,16 it is
likely that the hydrocarbons 2a and 5a do have greater
ring strain. Indeed, replacement of a carbon atom in
cyclobutene 6 by a silicon in 10 decreases the total strain
by 8.3 kcal mol-1. As in the case of the silacycles 10,
15, and 18, the strain energies in 6, 14, and 16 are
additive (Figure 4). These calculations are in good
agreement with results published by Maksic and co-
workers,17 who reported qualitatively similar strain
energies for a 1,2-disilacyclobutabenzene.

The calculation of the X-X difference electron den-
sity8 is considered to be an experimental equivalent for
the topological analysis of the wave function. When this
electron density mapping is performed, distinct electron
peaks are found directly at or close to the midpoint of
bonds. Maxima associated with distinct bonds in strained
three- and four-membered rings are clearly displaced
outward from the internuclear axes.

A qualitative comparison of the experimentally de-
termined X-X difference electron density and the
molecular graph of the calculated structure of 2 (Figure
3) is in convincing agreement, confirming that the
silicon-carbon bonds18 are the most bent ones, whereas
the bond paths in the benzene moiety linking two nuclei
are characterized by straight lines.

Photoelectron Spectrum of 2. The butterfly com-
pound 2 exhibits 74 valence electrons, which, according
to the rule of thumb (∑(1sH + npE)/2 ) IEn

v(He I)),19

should give rise to n ) 23 ionizations within the He I
measurement region. The photoelectron spectrum (Fig-
ure 5) shows three isolated bands at low energy and a
tremendous ionization hill between 12 and 16 eV,
resulting from at least 14 overlapping ionizations, as
estimated from the approximate intensity ratio of 1:1:
(2):6(5):14. Due to the unpredictable and widely differing
electronic relaxation of individual radical cation states
of medium-sized organic compounds,20 only a tentative
rough, but plausible assignment by a Koopmans analo-

(13) (a) Boese, R.; Bläser, D. Angew. Chem. 1988, 100, 293; Angew.
Chem., Int. Ed. Engl. 1988, 27, 304. (b) Stanger, A. J. Am. Chem. Soc.
1991, 113, 8277.

(14) (a) Bader, R. F. W. Chem. Rev. 1991, 91, 893. (b) Bader, R. F.
W. Atoms in Molecules; Oxford University Press: Oxford, U.K., 1990.

(15) (a) George, P.; Trachtman, M.; Brett, A. M.; Bock, C. W. J. Am.
Chem. Soc., Perkin Trans. 2 1977, 1036. (b) George, P.; Trachtman,
M.; Bock, C. W.; Brett, A. M. J. Chem. Soc., Perkin Trans. 2 1976,
1222.

(16) Boatz, J. A.; Gordon, M. S.; Hildebrandt, R. L. J. Am. Chem.
Soc. 1988, 110, 352.

(17) Eckert-Maksic, M.; Glasovac, Z.; Hodoscek, M.; Lesar, A.;
Maksic, Z. B. J. Organomet. Chem. 1996, 524, 107.

(18) (a) Apeloig, Y. In The Chemistry of Organic Silicon Compounds;
Patai, S., Rappoport, Z., Eds.; Wiley: Chichester, New York, Brisbane,
Toronto, Singapore, 1989; pp 57-225. (b) Nagase, S.; Nakano, M.;
Kudo, T. J. Chem. Soc., Chem. Commun. 1987, 60. (c) Zhao, M.;
Gimarc, B. M. Inorg. Chem. 1996, 35, 5378.

(19) Review: Bock, H.; Solouki, B. Angew. Chem. 1981, 93, 425-
442; Angew. Chem., Int. Ed. Engl. 1981, 20, 427-444.

(20) Gleiter, R.; Hyla-Krystin, I.; Ziegler, M. L.; Sergeson, G.; Green,
J. C.; Stahl, L.; Ernst, R. D. Organometallics 1989, 8, 298 and literature
quoted therein.
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gous correlation can be suggested, on the basis of a
single-point ab initio calculation. Accordingly (cf. Figure

5), the ground state of the radical cation of 2 X̃(2Ag) at
8.15 eV and the first exited state Ã(2Ag) at 8.7 eV should

Figure 3. Molecular graphs and electron densities of structures 2, 2a, 5, and 5a, obtained from a HF/6-311G(d)//B3LYP/
6-31G(d) wave function. The underlined values give ∆R ) Rb - Rg in Å. The other values show the difference ∆R between
the bond path angle Rb and the geometrical bond angle Rg

14 in deg.
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arise from π-electron ionization at the benzene molecule
center. The doubly degenerate benzene π ionizations e1g
(9.247 eV)21 are shifted by 0.9 and 0.55 eV, respectively.
The calculated values of 8.36 and 8.84 eV are in good
agreement with the vertical ionization energies. The
second PE band with a maximum at 8.7 eV seems to
contain more than one ionization. The maximum on its

shoulder at approximately 9.2 eV and the next maxi-
mum at 9.6 eV could present the next two ionizations
and can be assigned to the predominant contributions
of the σ bonds B̃(2Ag) and C̃(2Bu). The following two
overlapping PE band systems, the higher cation states,
cannot be assigned exactly.

Conclusion

In this paper the synthesis, isolation, and structural
characterization of the butterfly compound 2 is de-
scribed. As it is the first silacyclobutene diannelated
[a,d]benzene reported in the literature, it is an attrac-
tive target for the determination of its structural
features. The structural directive influence of four-
membered annelated rings on the bond lengths of the
benzene ring moiety has already been investigated by
several groups.13,22 In general, the bond length alterna-

(21) Turner, D. W.; Baker, C.; Baker, A. D.; Brundle, C. R. Molecular
Photoelectron Spectroscopy, Wiley-Interscience: New York, 1970; p 264.

(22) (a) Eckert-Maksic, M.; Glasovac, Z.; Maksic, Z. B. J. Organomet.
Chem. 1998, 571, 65. (b) Boese, R.; Bläser, D.; Billups, W. E.; Haley,
M. M.; Maulitz, H.; Mohler, D. L.; Vollhardt, K. P. C. Angew. Chem.
1994, 106, 321; Angew. Chem. Int. Ed. Engl. 1994, 33, 313. (c) Stanger,
A. J. Am. Chem. Soc. 1998, 120, 12034. (d) Siegel, J. S. Angew. Chem.
1994, 106, 1808; Angew. Chem. Int. Ed. Engl. 1994, 33, 1721. (e)
Glasovac, Z.; Eckert-Maksic, M.; Broadus, K. M.; Hare, M. C.; Kass,
S. R. J. Org. Chem. 2000, 65, 1818. (f) Faust, R.; Glendening, E. D.;
Streitwieser, A.; Vollhardt, K. P. C. J. Am. Chem. Soc. 1992, 114, 8263.
(g) Baldridge, K. K.; Siegel, J. S. J. Am. Chem. Soc. 1992, 114, 9583.
(h) Boese, R.; Benet-Buchholz, J.; Stanger, A.; Tanaka, K.; Toda, F.
Chem. Commun. 1999, 319. (i) Stanger, A. J. Am. Chem. Soc. 1991,
113, 8277. (j) Boatz, J. A.; Gordon, M. S. J. Phys Chem. 1988, 92, 3037.
(k) Boatz, J. A.; Gordon, M. S.; Hildebrandt, R. L. J. Am. Chem. Soc.
1988, 110, 352. (l) Dudev, T.; Lim, C. J. Am. Chem. Soc. 1988, 120,
4450. (m) Hatano, K.; Tokitoh, N.; Takagi, N.; Nagase, S. J. Am. Chem.
Soc. 2000, 122, 4829.

Figure 4. Total strain energies of selected compounds calculated by the homodesmic reactions (a)-(f) on the MP4(SDTQ)/
6-311G(d)//B3LYP/6-31G(d) level, including B3LYP/6-31G(d) ZPE. All energies are given in kcal mol-1.

Figure 5. He I photoelectron spectrum of 1,2,4,5-tetrahy-
dro-1,1,4,4-tetramethyl-1,4-disiladicyclobuta[a,d]benzene (2).
The assignment of the ionization patterns is based on a
HF/6-311+G(2df,p)//B3LYP/6-31G(d) wave function.
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tions within the benzene moiety are explained by strain
effects due to the annelated four-membered rings on the
benzene subunit. The calculations reported in this paper
reveal that the differences in the benzene bond lengths
of 2, as well as in the hydrocarbon 2a, result primarily
from substituent effects and are not caused by the ring
strain. Of course, the benzene ring is affected by the
ring annelation, not shown by bond length alternations
but indicated by changes of the endocyclic bond angles
at C1 and C4, which are a qualitative sign of the amount
of strain the benzene ring has to pick up from the two
four-membered rings attached. Forming strongly bent
silicon-carbon bonds, the silicon atoms decrease the
amount of strain in the model compounds, in the
silacyclobutene 10 by 8.3 kcal/mol and in 15 by 19.01
kcal mol-1, as compared to the corresponding hydrocar-
bon compounds. As can be seen from the calculations,
the total strain energy is additive, depending on the
number of annelated rings.

Experimental Section

2,5-Bis(1-methyl-1-silacyclobut-1-yl)-p-xylene (1). A 2.0
L round-bottom flask was charged with magnesium turnings
(19.0 g, 0.78 mol) and 200 mL of ether. 2,5-Dibromo-p-xylene
(51.5 g, 0.195 mol, purchased from Aldrich and used without
purification) in 300 mL of dry diethyl ether was added
dropwise with stirring and heating. 1,3-Dibromopropane was
used to activate the Grignard reaction. After completion, the
reaction mixture was heated for 6 h.

1-Chloro-1-methyl-1-silacyclobutane23 (47.1 g, 0.39 mol) was
added dropwise with stirring to the greenish brown Grignard
solution, and the reaction mixture was refluxed for 5 h. The
residue was filtered, and the ether solution was treated with
water. After separation of the layer the ether solution was
dried over CaCl2 and the solvent was removed by distillation.
All volatile products were distilled by trap-to-trap distillation
in vacuo. The remaining nonvolatile viscous liquid was crystal-
lized on cooling to room temperature, yielding 39 g of the raw
material. A pure sample of 1 (19.18 g, 0.07 mol, 35.9%) was
obtained after recrystallization from hot ethanol, and a suit-
able single crystal was chosen for the X-ray analysis (Table
2). DSC: mp 66.8 °C.

Mass spectroscopic data (m/z) for 1 show M•+ ) 274 (15),
fragment peaks corresponding to loss of a methyl radical [M
- CH3]+ ) 259 (4), and, as expected, by splitting off one and
two ethylene fragments: [M - C2H4]•+ ) 246 (33) and [M - 2
C2H4]•+ ) 218 (100). Also, the peak [M - 2 C2H4 - CH3]+ )
203 (97) was next to the most abundant. In the IR spectrum
of 1 characteristic absorptions for the silacyclobutane moiety
were detected (437, 898, 922, and 1121 cm-1);24 the deformation
vibrations of the methyl groups attached to silicon are assigned
to the bands at 817 and 1246 cm-1, and for the benzene nucleus
a band at 1335 cm-1 is characteristic. A strong absorption band
at 862 cm-1 is due to a tetrasubstituted benzene ring25 moiety.
1H NMR (C6D6): δ 0.44 s (6H; C9, C13), 1.22 m (4H; C10, C14),
1.37 m (4H; C15, C17), 2.20 m (4H; C16, C18), 2.29 s (6H; C7,
C11), 7.39 s (2H; C1, C4). 13C NMR (C6D6): δ -0.30 (2C; C9,
C13), 14.93 (4C; C10, C14, C15, C17), 18.68 (2C; C16, C18),
21.82 (2C; C7, C11), 135.00 (2C; C1, C4), 139.36 (4C; C2, C5,
C3, C6). 13C NMR (CDCl3): δ -0.44 (2C; C9, C13), 14.56 (4C;
C10, C14, C15, C17), 18.17 (2C; C16, C18), 21.67 (2C; C7, C11),
134.56 (2C; C1, C4), 139.14 (4C; C2, C5, C3, C6). 29Si NMR
(C6D6): δ 12.58. Anal. Calcd for C16H26Si2: C, 70.07; H, 9.49;
Si, 20.44. Found: C, 69.80; H, 9.30; Si, 20.60.

1,2,4,5-Tetrahydro-1,1,4,4-tetramethyl-1,4-disiladicy-
clobuta[a,d]benzene (2). For the synthesis of 2 the low-
pressure pyrolysis (LPP) technique was used. The design is
shown in Figure 6.

The flow hollow vertical cylindrical quartz reactor (i.d. 15
mm, length 150 mm, volume 26.5 cm3) was combined with a
vacuum line. An ampule with crystals of 1 (1.5 g, 5.47 mmol)

(23) Vdovin, V. M.; Nametkin, N. S.; Grinberg, P. L. Dokl. Akad.
Nauk SSSR 1963, 150, 799.

(24) Durig, J. R.; Compton, D. A. C.; Johnson-Streausand, M. J. Mol.
Struct. 1979, 56, 175.

(25) Kusakov, M. M.; Pokrovskaya, E. S.; Shishkina, M. V.; Shi-
manko, N. A.; Prokof’eva, E. A. Izv. Akad. Nauk, Ser. Fiz. 1962, 26,
1257.

Table 2. Crystal Data and Details of the Structure
Determination of 1 at 120 K6 and of 2 at 100 K

1 2

temp (K) 120 100
empirical formula C16H26Si2 C12H18Si2
fw 274.55 218.44
cryst syst P1 mI
space group P1h (No. 2) I2/a (No. 15)
a (Å) 6.358(1) 10.735(2)
b (Å) 7.067(1) 9.614(2)
c (Å) 9.270(3) 12.340(2)
R (deg) 89.800(3)
â (deg) 96.500(3) 93.97(3)
γ (deg) 97.240(3)
V (Å3) 410.5(2) 1270.5(4)
Z 1 4
Fcalc (g/cm3) 1.110 1.142
F000 300 472
µ(Mo KR) (mm-1) 0.2 0.2
cryst size 0.50 × 1.05 × 1.05 0.30 × 0.70 × 1.00
radiation (Å) Mo KR, 0.710 73 Mo KR, 0.710 73
scan range (deg);

type
2.2 < θ < 35.0; ω/2θ 5.2 < θ < 37.0; θ/2θ

limits -9 < h <10 -17 < h <17
-11 < k <11 -16 < k <16
0 < l <14 -19 < l <19
1.40 + 0.35 tan θ 1.40 + 0.35 tan θ

Ntot, Nunique, Rint 3580, 3580, 0.000 6267, 3005, 0.111
Nobs (I > 2.0σ(I)) 3270 2756
Npar 135 100
R, wR2, GOF 0.0304, 0.0929, 1.16 0.0335, 0.0991, 1.05

w ) 1/[σ2(Fo
2) +

(0.0433P)2 +
0.0993P]

w ) 1/[σ2(Fo
2) +

(0.0521P)2 +
0.3618P

P ) (Fo
2 + 2Fc

2)/3 P ) (Fo
2 + 2Fc

2)/3
param shift on

last cycle in units
of esd’s (max)

0.000 0.00

∆Fe (min/max) -0.30/0.49 -0.36/0.53

Figure 6. Pyrolysis unit.
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was connected to the system, and vapor of the starting
compound was passed through the reactor over 24 3/4 h
(residence time 0.4 s) from the top to the bottom of the reactor,
which was heated to 670-690 °C at 5 × 10-2 Torr. To avoid
sublimation of 1, the vacuum line, the ampule, the reactor,
and the line between the pyrolyzer and the trap were heated.
The pyrolysis products were collected in a trap cooled with
liquid nitrogen. After completion of the pyrolysis, the trap was
thawed and the gaseous products formed were collected in a
2 L vessel. A GC analysis (Squalane, 0.22 × 50) indicated
ethylene to be the only gaseous reaction product. From the
first trap a canary yellow solid was isolated (0.99 g). GC/MS
analysis (SE-30) of its benzene solution indicated traces of 1
and a small amount (8%) of 3,4-benzosilacyclobutene 3. The
main reaction product (85%) was the butterfly compound 2,
which was purified by recrystallization from pentane (0.28 g,
1.28 mmol, 23.4%). 2: DSC mp 71.3 °C.

Only two prominent fragments could be detected in the mass
spectrum, i.e., the molecular ion at m/z 218 (68), M•+, and a
fragment ion due to the loss of methyl at m/z 203 (100), [M -
CH3]+. The IR spectrum of 2 proves the existence of the
silacyclobutene moiety, showing bands at 463, 690, 800, 1043,
1372, and 3048 cm-1.24 The absorption bands at 690 and 800
cm-1 are assigned to νCH.26 Deformation vibrations of the
methyl groups at silicon are registered at 817 and 1246 cm-1,
and the absorption at 637 cm-1 is due to the skeleton SiC2

stretching mode of the benzene nucleus (1335 cm-1). A strong
absorption band at 847 cm-1 was assigned to the tetrasubsti-
tuted benzene ring moiety.25 1H NMR (C6D6): δ 0.32 s (12H;
3C9, 3C10, 3C13, 3C14), 2.19 s (4H; C7, C11), 7.30 s (2H; C1,
C4). 13C NMR (C6D6): δ -0.56 (4C; C9, C10, C13, C14), 20.15
(2C; C7, C11), 129.20 (2C; C1, C4); 148.04 (2C; C3, C6), 148.85
(2C; C2, C5). 29Si NMR (C6D6): 8.16 (2Si; Si8, Si12).

When the 1H NMR spectra of 1 is compared with the 1H
NMR spectrum of 2, the latter becomes more simple. The
multiplets resulting from coupling of the silacyclobutane
methylene protons in 1 disappear, and the spectrum of 2
exhibits three singlets, assigned to the protons of the methyl
groups at silicon, the methylene protons of the benzosilacy-
clobutene rings, and the two para protons of the central
benzene nucleus. Correspondingly, the 13C NMR spectrum of
2 shows only one signal for the methylene group of the
benzosilacyclobutene ring instead of the two signals for the
silacyclobutane methylene carbon atoms and the resonances
for the methyl groups in the para position of the benzene unit.

The 29Si NMR resonance shifted by 4.42 ppm (12.58 (1) and
8.16 (2) ppm) to lower field.

As the only gaseous pyrolysis product of 1, ethylene was
isolated. From GC/MS investigations on the mixture of solid
and liquid products formed, it became obvious that the starting
material 1 was consumed nearly quantitatively. Some minor
reaction products could be detected by GC but were not isolated
from the reaction mixture. On the basis of the GC/MS analysis
one of them was assigned to compound 3 (Scheme 2).

A suitable single crystal of 2, obtained by recrystallization
from cold n-pentane, was chosen for the X-ray analysis. The
data set for the structure determination is listed in Table 2.
Anal. Calcd for C12H18Si2: C, 66.06; H, 8.25; Si, 25.69. Found:
C, 66.20; H, 8.40; Si, 25.55.

GC/MS measurements were performed on a Carlo Erba/
Kratos MFC 500 instrument. The capillary column SE-30 was
used. The rate of programmed temperature increase over the
range 50-250 °C was 8 °C/min, and the ionization energy was
70 eV. The direct inlet was used to run the mass spectrum of
crystalline 2.

Infrared spectra were recorded on a Philips Analytical
PU9800 FTIR spectrometer in the range 350-3100 cm-1. The
samples were prepared as KBr pellets.

Nuclear magnetic resonance experiments were carried
out on a Varian VXR-400 spectrometer at 400.1, 100.6, and
79.5 MHz, respectively. The 1H, 13C, and 29Si spectra were
referenced to tetramethylsilane (δ 0) as an external standard.
The 29Si NMR spectra were obtained without proton decou-
pling. A standard 5 mm 13C/1H probe head was used. All the
measurements were carried out in C6D6 or CDCl3 as solvent.

Crystal structure determinations were performed with
single crystals obtained from ethanol (1) or pentane (2).
Intensity data for the compounds were collected on a Siemens
P3/PC diffractometer and on a Stoe IPDS at room temperature
and on a Siemens P4/PC at 120 and 100 K, respectively. The
data were corrected for Lorentz and polarization effects, but
not for absorption. Atom form factors for neutral atoms were
used. The structures were solved by direct methods and refined
by full-matrix least-squares techniques to minimize ∑w(Fo -
Fc),27 where w-1 ) σ2(F)+ KF2. Non-hydrogen atoms were
refined anisotropically; hydrogen atoms were localized by
difference Fourier synthesis and refined isotropically. Crystal
data and details of the structure determinations for compounds
1 and 2 are given in Table 2. All calculations were performed
using SHELXTL PLUS (PC Version 4.028 or 5.029) software
and SHELX97_230,31 on IBM PC/AT computers.

Computational Details. We employed density functional
theory (DFT) applying Becke’s three-parameter hybrid func-
tional using the LYP correlation functional (B3LYP)32 and the
6-31G(d) basis set to fully optimize all structures of interest.
Subsequent frequency calculations were performed to ensure
that the optimized structures represent a local minimum on
the potential energy surface.

Inclusion of zero-point energy differences at the B3LYP/6-
31G(d) level of theory and single-point calculations at the MP4-
(SDTQ) level of theory using the triply split 6-311G(d) basis
set were used to get refined energies. This procedure results
in more reliable reaction energies for the homodesmic reactions
(a)-(f).

As a quantitative aromaticity criterion, nucleus-independent
chemical shieldings (NICS)11 were computed at ring centers
at the GIAO-SCF/6-31G(d)//B3LYP/6-31G(d) level of theory.
The topological analysis was performed using a HF/6-311G-
(d) wave function.

The programs GAUSSIAN9433a and GAUSSIAN9833b were
employed for the optimization, frequency, NICS, and single-

(26) Chapman, O. L.; Johnson, J. W.; McMahon, R. J.; West, P. R.
J. Am. Chem. Soc. 1988, 110, 501.

(27) (a) D’yachenko, O. A.; Sokolova, Yu. A.; Atovmyan, L. O.;
Ushakov, N. V. Izv. Akad. Nauk SSSR, Ser. Khim. 1982, 2060 (b)
D’yachenko, O. A.; Sokolva, Yu. A.; Atovmyan, L. O.; Ushakov, N. V.
Izv. Akad. Nauk SSSR, Ser. Khim. 1984, 1314 (c) D’yachenko, O. A.;
Sokolova, Yu. A.; Atovmyan, L. O.; Ushakov, N. V. Izv. Akad. Nauk
SSSR, Ser. Khim. 1985, 1030. (d) Elschenbroich, C.; Bretschneider-
Hurley, A.; Hurley, J.; Behrendt, A.; Massa, W.; Wocadlo, S.; Reierse,
E. Inorg. Chem. 1995, 34, 743.

(28) Sheldrick, G. M. SHELXTL PC Version 4.0; Siemens Analytical
X-ray Instruments Inc., Madison, WI, 1989.

(29) Sheldrick, G. M. SHELXTL PC Version 5.0, An Integrated
System for Solving, Refining, and Displaying Crystal Structures from
Diffraction Data; Siemens Analytical X-ray Instruments Inc., Madison,
WI, 1994.

(30) Sheldrick, G. M. SHELXL97-2, Program for Crystal Structure
Refinement; University of Göttingen, Göttingen, Germany, 1998.

(31) Sheldrick, G. M. SHELXS97-2, Program for Crystal Structure
Solution; University of Göttingen, Göttingen, Germany, 1998.

(32) (a) Becke, A. D. Phys. Rev. 1988, A 38, 3098. (b) Becke, A. D. J.
Chem. Phys. 1993, 98, 5648. (c) Salahub, D. R.; Fournier, R.; Mlynarski,
P.; Papai, I.; St-Amant, A.; Ushio, J. In Density Functional Methods
in Chemistry; Labanowski, J., Andzelm, J., Eds.; Springer: New York,
1991.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson,
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.;
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.;
Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian
94, revision E.2; Gaussian, Inc.: Pittsburgh, PA, 1995.
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point calculations, whereas MORPHY34 was used for the
topological analysis.

The photoelectron spectrum was recorded at room
temperature by using a Leybold Heraeus UPG 200 high-
performance spectrometer with an average resolution of 20
meV calibrated by the 2P3/2 ionization of Ar at 15.76 eV. For
the measurement a direct-inlet system was used. The tentative
assignment by a Koopmans analogous correlation, IEn

v≈
-εJ

SCF, is based on a HF/6-311+G(2df,p)//B3LYP/6-31G(d)
single-point calculation, and MOLDEN35 was used to plot the
MOs.

Differential scanning calorimetry measurements were
made using a DSC Mettler TA-4000 Instrument at a heating
rate of 10 °C/min under a nitrogen atmosphere.
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