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outside the peaks separated by 3596 Hz, isolated pairs of '*C spins
appear to predominate for our sample. This is consistent with
estimates made assuming that atoms are randomly introduced into
the molecules. In particular, for 6% enrichment, the probabilities
for 2, 3, and 4 *C atom clusters are approximately in the ratio
100:10:1. We would also not expect the results to be affected
significantly by C,, since (1) there is much less Cy present in the
sample and (2) calculations indicate that it has seven different
bond lengths,?!

In conclusion, we have measured two carbon-carbon bond
lengths in Cgy: 1.45 £ 0.015 and 1.40 & 0.015 A. This result
is consistent with the soccerball (truncated icosahedron) structure
proposed for C¢,. The observation of **C-'3C dipolar coupling
in enriched C¢q suggests that it may be possible to explore the
mechanism of fullerene assembly with multiple quantum cluster
counting.??
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The laboratory synthesis and subsequent astronomical detection
of cyclopropenylidene is a story that owes its success to the fruitful
collaboration of experiment and theory. After two decades of
theoretical'® and experimental®!4 investigation, Reisenauer,
Maier, Riemann, and Hoffmann!? identified cyclopropenylidene
via matrix isolation. They were aided by the ab initio prediction
of its vibrational frequencies and infrared intensities provided by
Lee, Bunge, and Schaefer.!® Shortly thereafter cyclopropenylidene
was observed in various interstellar sources,'™'® aided by the
theoretically determined rotational constants. The silicon-sub-
stituted species, silacyclopropenylidene, is a likely candidate for
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investigation since in recent years there has been significant success
in finding silicon analogues of organic molecules.!?

One might expect the silicon molecule to be more stable than
the hydrocarbon due to silicon’s propensity for the divalent state.?
On the other hand, three-membered rings containing a silicon atom
are significantly more strained than the analogous hydrocarbon
rings.?! There have been two previous theoretical reports on the
SiC,H, molecular system. Frenking, Remington, and Schaefer??
thoroughly surveyed the singlet potential energy surface, locating
15 different isomers. Of these, salicyclopropenylidene was the
lowest energy structure. They reported the infrared spectrum at
the DZP SCF level of theory. Su, Amos, and Handy? found 16
different triplet isomers of SiC,H,, but they concluded that the
lowest triplet isomer lies 47 kcal/mol above singlet silacyclo-
propenylidene. Experimentally, both Si*(>P) and Si(*P) have been
observed to react with acetylene, yielding stable products.?425
Thus far, there is no evidence for a singlet species, although the
data suggest that singlet silacyclopropenylidene would be the most
stable neutral species. Because there has as yet been no obser-
vation of the SiC,H, global minimum singlet silacycloprope-
nylidene despite these indications that it might be a synthesizable
species, we have employed ab initio molecular orbital techniques?
to predict its molecular properties at much higher levels of theory
than have been previously reported.

In this study, we have used two different basis sets (DZP and
TZ2P) and several theoretical methods: self-consistent field
(SCF), single and double excitation configuration interaction
(CISD) and singles and doubles coupled cluster (CCSD). (Studies
at the TZ2P CCSD level, however, were slightly beyond our
current facilities.) The DZP basis set consisted of a standard
Huzinaga-Dunning-Hay?"*? contracted double-{ basis set sup-
plemented with a set of polarization functions on each atom, i.e.,
Si(11s7pld/6sdpld), C(9s5pld/d4s2pld), and H(4slp/2slp). The
polarization function orbital exponents were a4(Si) = 0.50, a4(C)
= 0.75, and a(H) = 0.75. For the TZ2P basis set on silicon we
used McLean and Chandler’s® 6s5p contraction of Huzinaga’s
12s9p primitive Gaussian set augmented by two sets of six
Cartesian d-like functions with orbital exponents a4(Si) = 1.0,
0.25. For carbon and hydrogen we used a standard Huzinaga-
Dunning-Hay triple-{ basis set and two sets of polarization
functions, each with a4(C) = 1.50 and 0.375 and a,(H) = 1.50
and 0.375, i.e., C(10s6p2d/5s3p2d) and H(4s2p/3s2p). The TZ2P
CISD wave functions included 120787 configuration state
functions (CSFs) for the C,, equilibrium geometry, and up to
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Table I Silacyclopropenylidene Harmonic Vibrational Frequencies (cm™!) and Infrared Intensities (kcal mol™)

DZP TZ2P
SCF CISD CCSD SCF CISD
w 1 w 1 w w 1 w 1 assignment
3378 4 3310 4 3258 3371 2 3315 2 sym CH stretch (a;)
3356 4 3285 4 3234 3349 4 3393 3 asym CH stretch (b,)
1569 <] 1524 1 1494 1562 <] 1520 1 CC stretch (ay)
1233 49 1167 39 1138 1249 53 1194 45 asym CH rock (b,)
1061 0 984 0 948 1111 0 1048 0 trans CH wag (a,)
976 15 930 13 909 988 7 957 5 sym CH rock (aj)
849 59 818 42 796 839 63 809 51 sym SiC stretch (a;)
749 95 681 81 650 778 74 740 67 cis CH wag (by)
729 45 705 46 685 728 50 707 51 asym ring def (b,)
Si Table II. Silacyclopropenylidene Rotational Constants and Dipole
) Moment at Various Levels of Theory
level rotational constants, cm™! dipole
(}g(lﬁs) 1_ of theory A B C moment, D
(1.828] DZP SCF 1.132 0.404 0.298 0.95
1805 DZP CISD 1.112 0.399 0.294 0.78
1817 DZP CCSD 1.103 0.395 0.300 0.69
TZ2P SCF 1.146 0.404 0.298 1.15
1.343 TZ2P CISD 1.137 0.398 0.295 0.95
(1.353)
(1358] . . N
The ring bonding is best described as a combination of the
hoyks 1354 Dewar—Chatt-Duncanson model** plus some delocalization of
1.085) 13%) . s .
(1.088] C c the out-of-plane C-C = electrons into the empty silicon p orbital.
Lo ‘\/ If one considers the separated silicon atom plus acetylene system,
(1.079) these effects weaken the C~C triple bond by withdrawing nc¢
1342° electron density and adding 7*_c character. Our evaluation of
(1347°) the C—C bond length (1.339 A at the TZ2P CISD level) indicates
H [1348° H a slightly weakened double bond, since double bonds in cyclic
132° molecules tend to be shorter than in acyclic molecules.
DZP SCF (1344°) Acknowledgment. This research was supported by the U.S.
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Figure 1. The optimized geometry of silacyclopropenylidene.

240678 CSFs were required for the finite displacement vibrational
frequency determination.

Our predictions for the optimized molecular structure of sila-
cyclopropenylidene are shown in Figure 1. Table I summarizes
the predicted harmonic vibrational frequencies and infrared in-
tensities, and Table I1 contains the dipole moment and rotational
constants determined at the various levels of theory. Although
silacyclopropenylidene (1 =~ 1 D) does not have as large a dipole
moment as cyclopropenylidene (3.3 D¥), it is still a polar molecule
and should have an observable rotational spectrum. In comparing
the two basis sets, the TZ2P vibrational frequencies change only
slightly except for the CH wags and CH rocks, which increase
by 5-9% and 1-3%, respectively, with respect to the DZP basis
set. There are only slight changes in the optimized molecular
structures, while the dipole moment increases by about 20% with
the large basis set. However, inclusion of electron correlation has
the opposite effect on the dipole moment with'a similar magnitude,
so our best prediction of the dipole moment is about the same as
that reported by Frenking et al. at the DZP SCF level. The CISD
frequencies are, on the average, 3-4% lower than the SCF fre-
quencies. The coupled cluster method (CCSD) lowers the fre-
quencies another 2-5% with the DZP basis set.

The infrared intensities indicate that several bands should be
observable. The most intense band is the b, cis CH wag (650 cm™
at the DZP CCSD level). Other bands with large intensities
include the CH antisymmetric rock (1138 cm?!, DZP CCSD) and
the SiC symmetric (796 cm™, DZP CCSD) and antisymmetric
(685 cm™!, DZP CCSD) stretches.
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The anisotropic magnetic susceptibility (Ax) gives a measure
of electron delocalization in w-electron conjugated systems.! A
convenient measurement method has recently been developed,
which can be performed by using high-field 2H NMR spectros-
copy.2 We have used this method to measure the Ay of cyclic
bicalicene (1), a w-electron conjugated system isolated as stable
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