FULL PAPER

Hetero ©t Systems, 28]

Reaction of Silicon Atoms with Acetylene and Ethylene: Generation and
Matrix-Spectroscopic Identification of C,H,Si and C,H,Si Isomers

Giinther Maier*, Hans Peter Reisenauer, and Heiko Egenolf

Institut fiir Organische Chemie der Universitit Gielen,
Heinrich-Buff-Ring 58, 35392 Giellen, Germany
Fax: (internat.) +49(0)641/99-34309

Received February 2, 1998

Keywords: Matrix isolation / Silicon atoms / Ab initio calculations / Photochemistry

Evaporation of silicon and consecutive cocondensation of the
generated atoms with acetylene or ethylene in an argon
matrix turnes out to be a new access to C,H,Si and C,H,Si
isomers, respectively. In both cases the silicon atoms rather
add to the n system than insert into C-H bonds, leading to
cyclic silylenes as primary reaction products. In the Si/
acetylene system the primary product is silacyclopro-
penylidene (2), which shows the already known photo-
chemical interconversion into additional C,H,Si species. On
the other hand, cocondensation of silicon atoms with
ethylene and subsequent irradiation lead to the matrix-

isolation of three new C,H,Si isomers [apart from the known
silacyclopropene (7) and silylacetylene (8)], namely
silacyclopropylidene (10), s-trans-vinylsilylene (11), and the
unsubstituted 1-silaallene (13). These species can be
identified by comparison of their experimental IR spectra and
those obtained by ab initio calculations. In a second reaction
path, SiH,, which is formed as a byproduct from atomic
silicon and hydrogen impurities, adds to the n system of
acetylene, yielding silacyclopropene (7). Silacyclopropane
(16), the analogous product of the reaction of SiH, with
ethylene, could not be observed.

Reaction of Silicon Atoms with Acetylene

In 1990, Handy et al. predicted that the reaction of sili-
con atoms with acetylene could provide an access to the
C,H,Si energy hypersurfacel!l. According to UMP2(DZP)
calculations, a distorted C,H,Si triplet structure can be
formed without a barrier from atomic silicon and acetylene,
which after rearrangement and intersystem crossing would
lead to the formation of I-silacyclopropenylidene (2), the
global minimum of the C,H,Si singlet species. Kinetic
measurements by Husain[?! indeed showed that the reaction
of silicon atoms with acetylene proceeds with almost colli-
sion efficiency. However, it was the pulsed flash pyrolysis of
2-ethynyl-1,1,1-trimethyldisilane (1) that led to the matrix-
isolation of 2 and three other C,H,Si isomers!® for the
first time.

Based on our knowledge about these species it was
tempting to use the Si/acetylene system to refine our evap-
oration techniques™. In accordance with the theoretical
predictions 2 is indeed the primary product after codepo-
sition of atomic silicon and acetylene in an argon matrix
(Figure 1). Obviously, addition of the silicon atom to the n
system is preferred compared to the formation of insertion
products. The photochemical interconversion of 2! into
the other C,H,Si isomers 3—6 could be reproduced.

Interestingly, silacyclopropene (7)P1, a C,H,Si (two ad-
ditional H atoms) species, can be observed after the cocon-
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Figure 1. Matrix IR spectrum (Ar, 10 K) after codeposition of
atomic silicon and a gaseous mixture of hydrogen, acetylene, and
argon (1:12.5:1000)

1.0 -~

,CZHZ SIH4

0.8

0.6

0.4 4

Absorbance Units

0.2 1
1

0.0

L O

3500 3000 2500 2000 1500
Wavenumber/cm

densation of atomic silicon and acetylene as well. The for-
mation of 7 can be explained by addition of SiH, to the ©t
system of acetylene. SiH, is formed as a byproduct in al-
most every cocondensation experiment; it is most likely
emerging from reaction of the silicon atoms with hydrogen
impurities contained in the metal surfaces of the apparatus.
The reaction of SiH, and acetylene has been examined both
theoretically and experimentally. Ab initio calculations re-
veal that this reaction proceeds without a barrierl®, and
according to kinetic measurements its rate constant is in-
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deed close to the gas kinetic maximum!”l. Hence, the obser-
vation of 7 in these experiments is intelligible.

The amount of 7 formed is about 15% of that of silacy-
clopropenylidene (2)®l. It can be increased to about one
third by adding molecular hydrogen (1—10 mbar) to the
acetylene/argon mixture.

Reaction of Silicon Atoms with Ethylene

Scheme 1 shows the relative energies of eight C,H,4Si sin-
glet isomers (7—14) as calculated with the density func-
tional method BLYP/6-31G**P, It is noteworthy that seven
of these isomers lie within a very close energetic range, even
ethylidenesilylene (9) and 1-silaallene (13), which contain a
carbon-silicon double bond, belong to this group. Only 2-
silaallene (14), containing two carbon—silicon double
bonds, is of fairly high energy. The calculations predict for
14 a CSiC bond angle of 153.8°, whereas the linear struc-
ture of 14 is no minimum at both the MP2 and BLYP levels
of theory.

Apart from silylacetylene (8), the global minimum of this
potential energy surface, the only C,H,4Si isomer, which
could be unequivocally matrix-isolated after vacuum flash
pyrolysis of 1,1,1-trimethyl-2-vinyldisilane (15)P, was sila-
cyclopropene (7). Of the other isomers, only substituted de-
rivatives are known, such as the vinyl-substituted silylenes
that have been isolated in organic matrices by Sakurai et
al.l'% or a highly substituted, air-stable 1-silaallene synthe-
sized by West et al.l'!l. Other 1-silaallenes!'?], as well as the
unsubstituted 2-silaallene (14)['3], have been claimed to be
intermediates in various pyrolysis or photolysis experi-
ments.

Similar to the C,H,Si system, the above mentioned
UMP2(DZP) calculations by Handy et al.l' let us expect a
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Scheme 1. Calculated (BLYP/6-31G**) relative energies [kcal
mol~'] (corrected by zero point vibrational energies) of eight singlet
C,H,Si isomers
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silacyclopropylidene-like C,H4Si triplet structure, which
can be formed without a barrier from ethylene and atomic
silicon. Hence, it was of interest to examine the aptitude of
cocondensed silicon atoms and ethylene as an entry to
C,H,Si isomers, especially since the analogous reaction
with acetylene was so successful.

Apart from the usual byproducts and ethylene, the IR
spectrum after codeposition of silicon atoms and ethylene
indeed shows absorptions, which — according to our BLYP
calculations — can be assigned to 1-silacyclopropylidene
(10, Table 1). There is no Si—H vibration observable, but
an intense band at 593 cm ™! for the ring deformation vi-
bration. In addition, this assignment can be corroborated
by the analogy to the reaction of atomic silicon with acetyl-
ene, which leads to the formation of the corresponding cyc-
lic silylene 2 instead of an insertion product. Upon ir-
radiation of 10 with light of wavelengths >395 nm, ring
opening occurs under breakage of a Si—C bond. A simul-
taneous hydrogen shift from a carbon to the silicon atom!!4l
leads to the formation of vinylsilylene (11), a previously un-
known C,H,Si isomer, which shows an intense absorption
for the Si—H vibration at 1979 cm ™! (Table 2, Figure 2). A
careful comparison of experimental and calculated IR spec-
tra and a consideration of the most probable atomic mi-
grations within the isomerization of 10 into 11 suggest that
the conformation in 11 is anti with regard to the Si—C
bond. The syn conformer 12 is not observed, neither as a
photoproduct of 10 nor upon irradiation of 11. The obser-
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Figure 2. Difference IR spectrum (Ar matrix, 12 K) of the photore-
action (A >395 nm) 10 — 11
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Table 1. Calculated (BLYP/6-31G**, C,, symmetry, absolute inten-
sities [km mol~'] in parentheses) and experimental (Ar matrix, 12
K, intensities relative to the strongest band in parentheses) IR ab-
sorptions [cm™!] of silacyclopropylidene (10)

mode Vealc. Vobs.
Vg a, CH, def 419.9(0) -
Vis b, ring def 546.4 (47) 592.1 (100)
Vs a; ring def 562.6 (5) 601.4 (12)
Vi1 bl CHZ def 647.1 (<1) -
Vio b; CH, def 712.0 (8) 719.4 (6)
A a; CH, def 902.2 (4) 869.6 (4)
Vig b, CH, def 920.1 (11) 919.4 (10)
V3 a; CCstr 1029.9 (18) 1011.9 (20)
\Z a, CH, def 1184.2 (0) -
Vi3 b, CH, def 1394.4 (2) 1376.7 (7)
2 a; CH, def 1407.6 (1) 1417.1 (3)
2vistviy 2073.5
Vi2 b, CH str 3022.3 (11) 2966.3 (11)
Vi a; CH str 3027.9 (2) -
Ve a, CH str 3080.3 (0) -
Vo b, CH str 3102.4 (17) 3032.0 (23)

vation of 11 as the first photoproduct is another analogy to
the C,H,Si system, where the cyclic primary product opens
under breakage of a Si—C bond to ethynylsilylene (3) upon
irradiation. The alternative cleavage of the C—C bond in 10
would lead to the energetically unfavoured 2-silaallene (14).

Prolonged irradiation of 11 with light of wavelengths
>395 nm leads to a decrease of its IR absorptions and gives
rise to many new IR bands that can be assigned to two
different C,H,Si species. This photoreaction can be acceler-
ated by using light of shorter wavelengths (> 310 nm). One
of the products is silacyclopropene (7), formed by insertion

Eur. J. Org. Chem. 1998, 1313—1317

of the silylenic centre into an adjacent C—H bond, the reac-
tion that had made possible the observation of 7 in an ar-
gon matrix in our earlier studyl. However, the IR absorp-
tions of 7 observed here are slightly shifted from those ob-
served upon vacuum flash pyrolysis of 1,1,1-trimethyl-2-vi-
nyldisilane  (15), presumably because of different
surroundings of 7 in its respective matrix cage.

The other C,H,4Si isomer concomitantly formed upon ir-
radiation of 11 with light of wavelengths >395 nm is per-
haps the unsubstituted 1-silaallene (13) (Table 3), which to
the best of our knowledge was not known yet. Unfortu-
nately, both the Si—H and the C—H stretching vibrations
of 13 are calculated to lie in a range, where other reaction
products or byproducts such as 7, SiH, or C,H, also show
their corresponding absorptions. Thus the assignment of
these bands to 13 is still speculative.

Irradiation of 7 and 13 with light of wavelength 254 nm
leads to the formation of silylacetylene (8), the global mini-
mum of the C,H,Si hypersurface, which is photostable. The
interconversion of 13 into 8 is several times faster than that
of 7. This fact helps to distinguish the IR absorptions of
these two species. But again, the very intense IR bands of
8 lie very close to those of 13 so that its Si—H and the
C—H stretching vibrations are covered almost completely.
Nevertheless, the identification of 13 can be supported by
the fact that it fits well in a series of C,H,Si molecules,
which show a successive migration of hydrogen atoms from
carbon to silicon (note: the silicon atoms of 10, 11, 13, and
8 bear 0, 1, 2, and 3 hydrogen atoms, respectively).

The different rates of the interconversions of 7 and 13
into 8 may be understood by considering the two reaction
pathways. The isomerization 13 — 8 requires almost no
geometrical change, but only a 1,3 hydrogen shift from car-
bon to silicon, and hence can be expected to be relatively
fast. On the other hand 7 is probably not interconverted
directly into 8, but via silylene 11, which then isomerizes to
13, the direct precursor of 8. This mechanism can be de-
rived from the intermediate reoccurrence of the IR absorp-
tions of 11 (about 10% of the intensity observed after ir-
radiation of 10) upon photochemical exitation of 7 with 254
nm light. The most intense band of 11 is found at 1979.4
cm~! (Table 2). In this context it should be pointed out,
that irradiation of 13, which was generated separately by
vacuum flash pyrolysis of 1,1,1-trimethyl-2-vinyldisilane
(15)B) led to the intermediate observation of a weak ab-
sorption at 1983 cm™!, which may also be assigned to the
Si-H stretching vibration of 11. The shift of 3.6 cm™! is
again caused by the different precursor and is paralleled by
similar shifts in the case of silacyclopropene (7) (see above).

Addendum

Two additional points are worth mentioning. First, anal-
ogous to the formation of silacyclopropene (7) from SiH,
(originating from the Si atoms and hydrogen adsorbed on
the metal surface) and acetylene, SiH, should also be able
to react with ethylene yielding silacyclopropane (16), the
corresponding cyclic addition product. Again, ab initio cal-
culations reveal the absence of a barrier for this reaction!!”]
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Table 2. Calculated (BLYP/6-31G**, Cg symmetry, absolute intensities [km mol~!] in parentheses) and experimental (Ar matrix, 12 K,
intensities relative to the strongest band in parentheses) IR absorptions [cm™'] of s-trans-vinylsilylene (11) and s-cis-vinylsilylene (12)

mode 1:calc. (11) Vobs. ‘:calc. (12)
Vis a’ HSiC/CCH def oop 140.4 1) - 122.3 (1)
Vi a’ CCSi def ip 281.0 (<1) - 323.8 (1)
Vig a'’ CCSi def oop 468.6 2) - 484.5 (<1)
Vio a' HSiC/SiCC def ip 636.6 (48) 665.2 (14) 623.6 (66)
Vo a’ SiH/CH, def 797.4 (66) 812.7 (13) 813.1 (A1)
Vi3 a'’ CH; def oop 990.5 (14) 985.2 (10) 992.7 (11)
Vg a’ CH, def ip 1004.4 (29) 1004.8 3) 1014.4 (11)
Vis a'’ CH def oop 1014.9 (29) 1009.3 (7) 1020.3 (25)
vy a’ CH def ip 1259.4 ) - 1271.3 (1)
5 a' CH, def ip 1390.2 (31) 1388.2 (15) 1396.8 (44)
Vs a’ CC str/CH, def ip 1574.1 (22) 1566.9 4) 1575.5 (62)
Va a’ SiH str 1937.8 (319) 1979.4 (100) 1925.0 (272)
Vs a’ CH str 3032.3 (22) 2976.5 ?3) 3021.9 (24)
Vs a’ CH str 3048.1 (22) 2997.0 2) 3038.1 (1)
7 a' CHj; str 3114.8 (16) 3056.1 3) 3123.1 (15)
Table 3. Calculalted (BLYP/6-31G**, C,, symmetry, absolute inten- & - Si-H
sities [km mol™'] in parentheses) and experimental (Ar matrix, 12 &, > >395 nm /
K, intensities relative to the strongest band in parentheses) IR ab- S+ GH, o C—Com. fast ? :C:C\ 11
sorptions [cm '] of 1-silaallene (13) HH/ \HH H u
~ ~ 10

mode Veale. Vobs. slow l> 395 nm
vii b, CCSidef/SiH, def  80.8 (4) —
vis b,  CCSidef 2543 (3) - B 254mm K
Vio b, CCSi def 359.6 (5) - H—C=C—SiH, st c=C=si_ B
v;  a,  SiH,/CH, def (rot) 6479 (0) ~— § H
via b,  CSiH, def 6498  (59)  656.2(100) 8 +
A a SiC str 7469  (<1) -— slow i H
viz by CH; def oop 903.6  (36) 917.6 (98) 254 nm \é
vs a,  SiH,defip 918.8  (68)  930.3(84) _ &
Vo b, CH,/CCSi def 983.8 (<) — - Me,SiH| A \ 7
vi a,  CH,defip 14072 (2) 1371.0(4) d=t_
V3 a; CC str/CH, def 1757.8  (2) - H H
v, a,  SiH str 2225.1  (31) 22059 (—)= A
vi, b,  SiHstr 22509  (83) 2221.6(—) i
vi a,  CHstr 3007.6  (25) 3008.2 (—)@ Ho sie, ~ oS
v¢ b,  CHstr 3065.6  (7)  3069.1 (—) , i’

\ / \H
[al Bands are partially covered by those of other products, see text. L=<
H H
. . . . . 15

(as with silicon atoms; see above), and experimental kinetic
studies result in a rate constant close to the collisional
maximum!’l, However, silacyclopropane (16) could not be H H
observed after codeposition of silicon atoms and ethylene. si HC. . cq
Nevertheless, the presence of 16 cannot be excluded com- C/_\C | P CI:HZ
pletely, for its characteristic IR absorptions are calculated HYy \'H HC ?
to lie close to those of the above mentioned C,H,Si isomers H 16 H 17

or reaction byproducts and to be very weak. Thus it may
be difficult to observe 16 at all.

Second, the Si/ethylene system was also taken as a test
for the concentration dependence of the cocondensation re-
actions. The ethylene/argon ratio was varied from 1:1000 up
to 1:0, i. e. pure ethylene. For ratios up to 1:10, the species
described above can be observed and interconverted. If the
concentration of ethylene in the gaseous mixture is further
increased, or if atomic silicon is cocondensed with pure eth-
ylene, the bands of 10 are successively replaced by new ab-
sorptions. One could well assume that at these high concen-
tration of ethylene the addition reaction of the silicon atoms
takes place twice, thus leading to the formation of 3-sila-

1316

[2,2]spiropentane (17). Absorptions at 655.2, 679.8, 742.3,
and 845.8 cm™! are close to the calculated (BLYP/6-31G**)
values for 17 (657.4, 680.1, 726.8, and 858.9 cm!). But this
assignment has to be made very cautiously, since all IR
bands are very broad because of the high ethylene concen-
trations, resulting in rather poor spectra.

Conclusion

Silicon atoms react in an argon matrix at 10 K with
acetylene to silacyclopropenylidene (2) and with ethylene to
silacyclopropylidene (10). Upon subsequent irradiation the

Eur. J. Org. Chem. 1998, 1313—1317
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adducts 2 and 10 undergo ring opening reactions. For in-
stance, vinylsilylene (11) and 1-silaallene (13) could be gen-
erated by photoisomerization of 10 for the first time.
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Experimental Section
Equipment Used for Matrix Isolation and Photolyses: See Ref.[16].

General: See Ref.[10],
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