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Abstract: The lowest singlet and triplet states of cyclopropyne and silacyclopropyne have been investigated using
ab initio electronic structure methods. Employing DZP and TZ(2df,2pd) basis sets, optimum geometries and harmonic
vibrational frequencies have been obtained with the following methods: restricted Hadftrele or self-consistent-

field (SCF), two-configuration self-consistent-field (TCSCF), single and double excitation configuration interaction
(CISD) and coupled cluster (CCSD), and CCSD incorporating perturbative estimates of connected triple excitations
[CCSD(T)]. Although silacyclopropyne has been observed via matrix isolation, cyclopropyne remains a high-lying
saddle point on the £, potential energy surface. Structural and electronic differences between these two molecules
are explored. The triplet states of cyclopropyne and silacyclopropyne are minima on their potential energy surfaces
and lie higher in energy than the corresponding singlet states, by 10 and 40 kcé) respectively.

I. Introduction These workers isolatetlin an argon matrix and confirmed its
identity by comparison with the theoretical infrared spectrum
determined by Lee, Bunge, and Schaefer at the DZP SCF and
DZP TCSCF levels of theorl2 They also showed thdtcould

be converted photochemically 2pas shown in Scheme 1. Upon
further irradiation 2 is converted tc, as first demonstrated in
1987 by Maier and co-workef8,the structure of the propadi-
enylidene isomer being confirmed with the aid of infrared
spectral predictions from second-order MgHt@lesset perturba-
tion theory (MP2) with a 6-31G** basis.

Notwithstanding the numerous spectroscopic and theoretical
studies of GH; species, the only other isomer to receive more
than a cursory examination is cyclopropyné), ¢ long
considered a high-lying saddle point on the potential energy
surface’ In 1994 an unprecedented formal analog of cyclo-
propyne was trapped by Maier, Reisenauer, and Pacl, who
detected silacyclopropynes)(in a matrix isolation infrared
study!® This surprising result contradicted previous theoretical
predictions at the DZ SCF level of theory that silacyclopropyne
is a transition state on the Sid, potential energy surfacdé.
Nevertheless, infrared absorption at 2229 and 22141cm
*Present address: Department of Chemistry, California Institute of Strongly suggested the presence of a silylene moiety, prompting

Three GH; isomers have been generated in the laboratory
to date: cyclopropenylidend), propargylene2), and propa-
dienylidene 8). Both 1 and 3 have also been identified in
interstellar spacé,® where cyclopropenylidene is in fact the
most abundant of all hydrocarbons. Propargylene has a triplet
ground state and was first identified in 1965 by its ESR
spectrunt This isomer exhibits unusually fluxional bonding
characteristicsthat have heightened interest and until recently
defied definitive descriptiok? Although ESR zero-field split-
ting parameters implied th& has a linear geometry, Hehre
and co-workers predicted in 1976 a W-shaped structure with
C, symmetry at the STO-3G SCF level of thednSubsequent
theoretical studié$-11 suggested a planar structure, but the most
recent experimentaland theoretical resultsobtained using
multireference configuration interaction methéddicate that
the original C, structure is correct.

Theory predicte#213 that singlet1 is the global GH,
minimum, and this species was first detected in the laboratory
in 1984 by Reisenauer, Maier, Riemann, and Hoffm&nn.
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LG%) Cernicharo. J.: Gorttlieb, C. A.: Glil M.: Killian. T. C.. Paub mum at this level of theory, and its theoretical spectrum matches
ernicharo, J.; Gottlieb, C. A.; ., Killian, T. C.; Paubert, H H H
G.: Thaddeus, P.: Vrtilek, J. Mistrophys J. 1991 368 L39, the observed peaks more c]osely than does silapropadienylidene
(4) Bernheim, R. A.; Kempf, R. J.; Gramas, J. V.; Skell, PJSChem (7). _The _ most serious d|S_CrepanCy was the absence of a
Phys 1965 43, 196. relatively intense band predicted at 819¢m

(5) Maier, G.; Reisenauer, H. P.; Schwab, Warsky, P.; Dirko, V.; ; P
Hess. B. A.. Schaad, L. J. Chem Phys 1989 91. 4763, The identification of6 would stand as one of the most

(6) Seburg, R. A.; DePinto, J. T.; Patterson, E. V.; McMahon, R. J. important experimental discoveries in physical organic chemistry

Am Chem Soc 1995 117, 835. in recent years. Here harmonic vibrational frequencies and
(7) Heggesv R Mebe'l' AJ. Am Chﬁm Soc 1994 1(115 8229. infrared intensities fo6 and 7 are presented at more reliable
E.;(s\),aHsierri’qu; % RP]?%% %hpé'r’nl‘saécafé%'gg ' g%?m’ L Wasserman, jovels of theory, as well as corresponding energies relative to
(9) DeFrees, D. J.; McLean, A. DAstrophys J. 1986 308, L31. the SIGH, global minimumb. In addition, high-level estimates

(10) Jonas, V.; Bbme, M.; Frenking, GJ. Phys Chem 1992 96, 1640. _
(11) Maier, G.; Preiss, T.; Reisenauer, H. P.; Hess, B. A.; Schaad L. J.  (15) Maier, G.; Reisenauer, H. P.; Schwab, WarsRy, P.; Hess, B. A.;

J. Am Chem Soc 1994 116, 2014. Schaad, L. JJ. Am Chem Soc 1987 109, 5183.
(12) Shepard, R.; Banerjee, A.; Simons]).JAm Chem Soc 1979 101, (16) Fitzgerald, G.; Schaefer, H. &r. J. Chem 1983 23, 93.
6174. (17) Saxe, P. Schaefer, H. £.Am Chem Soc 198Q 102 3239.
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107, 137. 1994 33, 1248.
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Scheme 1 and coupled cluster methods, the core orbitals [C(1s), Si(1s,2s,2p)] were
constrained to be doubly occupied, and the highest-lying (1s*) virtual

/C\ hv H.. Cx oM hv H . orbital on each heavy atom was also deleted from the correlation
_c=c_ T c o — t=c=c procedure. The finite difference procedure required the evaluation of
H H H gradients for geometries displaced into fBeand C, point groups.
1 2 8 For cyclopropyne, the largest single-reference configuration space
HH required 145 281 single and double excitation<Cinsymmetry with
\; the TZ(2df,2pd) basis. In the CCSD and CCSD(T) calculations, the
C 71 diagnostié®*was as high as 0.034, which indicates that the single-
C/E\C reference SCF method may conceivably be insufficient to provide a
4 proper reference wave function for the coupled-cluster procedures. The
molecular geometry was optimized under the confinesp@mmetry,
HH and the Cartesian gradients were less thart fd optimized structures
§i \: H_ in all cases.
C/=\C /S'\ Si—C=—cC: The primary electronic configuration of cyclopropyne is
H T Cc=cC W
’ ¢ 7 (1a)*(28)°(1by)*(33)°(4a)° (1b,)°(2b,)’(58)°(62)"(2by)’

of the singlet-triplet splitting in silacyclopropyne ) are ] ) ) ] )
advanced. The reported detectiorbafiso brings the prevailing ~ However, ring strain engenders a second important configuration,
theoretical views17 of the parent cyclopropyne) into serious pro_motlng both'electrons of the seconq highest occu_pled mqlecular
question, and accordingly a renewed and vigorous scrutiny of orbital (6a), which corresponds to the in-plamebond, into an in-

. - ot plane orbital (3B which is antibonding with respect to the multiple
cyclopropyne is effected here by means of high-leuginitio bond. The CI coefficients of the two-configuration (TC) SCF wave

methods. function with a TZ(2df,2pd) basis set aBz = 0.948 andC, = —0.318
. for cyclopropyne, indicating a substantial degree of diradical character.
Il. Theoretical Approach Silacyclopropyne has an analogous electronic structure, but the

Two basis sets of contracted Gaussian functions were employed in contribution by the second [(8& — (4t,)’] configuration is smaller;
the present study. The doubleplus polarization (DZP) set is the  at the same level of theory the two CI coefficients Gge= 0.975 and
standard HuzinageDunning® 2 double¢ basis augmented with aset ~ C2 = —0.221. This comparison provides clear evidence that silacy-
of five d-type polarization functions on each carbon and silicon atom clopropyne is better described as a closeq-shell species than the parent
[04(C) = 0.75, aq(Si) = 0.50] and a set of p-type functions on each cyclopropynée®? Plots of the G_aand 3b _orbltals of cyclopropyne anq
hydrogen f,(H) = 0.75]. The TZ(2df,2pd) basis is derived from th_e analogous 8aand 4b orbitals of silacyclopropyne are found in
Huzinaga'8® (10s6p) set for carbon, (12s9p) set for silicon, and (5s) Figure 1.

set for hydrogen, as contracted by Dunfftigr carbon and hydrogen Zero-point vibrational energies (ZPVESs) were evaluated at the DZP
and by McLean and Chandférfor silicon. The triple¢ set is SCF level of theory for all structures except cyclopropyne and
supplemented by two manifolds of five d-type polarization functions Silacyclopropyne, for which the DZP TCSCF level was used. To
and one set of seven f-type functions on each heavy ato{C] = account for theoretical errors and vibrational anharmonicity, the ZPVEs

1.5, 0.3754(C) = 0.8, a(Si) = 1.0, 0.25,04(Si) = 0.32] as well as have been scaled by 0.91, as recommend_ed by &ralf? Qompared
two sets of p-type and one set of five d-type polarization functions on {0 the DZP CCSD(T) level of theory, this procedure yields ZPVEs
each hydrogend,(H) = 1.5, 0.375a4(H) = 1.0]. Geometries were which are slightly lower because it includes estimates of vibrational
optimized using analytic first derivatives at the following levels of ~anharmonicity; for4, 6, and7, the scaled SCF ZPVEs are lower by
theory: SCR526TCSCF26 CISD2-31 CCSD¥ 3 and CCSD(T}s % 0.0, 0.8, and 0.3 kcal mol, respectively. Relative energies of triplet
which adds perturbatively the connected triples to the CCSD method. SPecies were predicted by single-point energy evaluations using the
Harmonic vibrational frequencies were determined via analytic SCF TZ(2df,2pd) CCSD(T) level of theory at the DZP CISD optimized
and TCSCF second derivatives or by finite differences of analytic CISD, 9eometries, designated TZ(2df,2pd) CCSD(T)//DZP CISD. Relative
CCSD, and CCSD(T) first derivatives. For the configuration interaction €nergies computed in this manner for the singlet states differed by 0.1
kcal mol? or less from the energies obtained using the TZ(2df,2pd)
(20) Huzinaga, SJ. Chem Phys 1965 42, 1293. CCSD(T) geometries. The PSI packageabfinitio quantum chemistry

(21) Dunning, T. HJ. Chem Phys 197Q 53, 2823.
(22) Dunning, T. H.; Hay, P. J. IlModern Theoretical Chemistry programé? was used for the present study.

Schaefer, H. F., Ed.; Plenum Press, New York, 1977; VoM&thods of

Electronic Structure Theonpp 1-27. lll. Singlet States.
23) Dunning, T. H.J. Chem Phys 1971, 55, 716. : I :
§24; Mcl_ear?’ A. D. Chandler, {; 3 éhem Phys 1980 72, 5639. Total energies and o_ptlmlzed geometries at several Ie_vels of
(25) Pulay, PMol. Phys 1969 17, 197. theory are presented in Tables-4. The full tables, which
71(212)2<530ddard,l D.; Handy, N. C.; Schaefer, HIFChem Phys 1979 include results at all levels of theory considered and total
(27) Shauvitt, I.Int. J. Quantum ChemSymp 1978 12, 5. (40) Lee, T. J.; Rice, J. E.; Scuseria, G. E.; Schaefer, AhEor Chim
(28) Brooks, B. R.; Schaefer, H. B. Chem Phys 1979 70, 5092. Acta 1989 75, 81.
(29) Saxe, P.; Fox, D. J.; Schaefer, H. F.; Handy, NJ.GChem Phys (41) Lee, T. J.; Taylor, P. Rnt. J. Quantum ChemSymp 1989 23,
1982 77, 5584. 199.
(30) Brooks, B. R.; Laidig, W. D.; Saxe, P.; Goddard, J. D.; Yamaguchi, (42) An alternative measure of closed-shell versus diradical character is
Y.; Schaefer, H. FJ. Chem Phys 198Q 72, 4652. the overlapSbetween the localized generalized valence bond perfect pairing
(31) Rice, J. E.; Amos, R. D.; Handy, N. C.; Lee, T. J.; Schaefer, H. F. orbitals. This parameter can be obtained from the TCSCF CI coefficients
J. Chem Phys 1986 85, 963. C; andC; (Allen, W. D.; Schaefer, H. ). Chem Phys 1987 87, 7076).
(32) Purvis, G. D.; Bartlett, R. J. Chem Phys 1982 76, 1910. A value near 1 indicates a closed-shell wave function, whereas a value
(33) Scuseria, G. E.; Scheiner, A. C.; Lee, T. J.; Rice, J. E.; Schaefer, near 0 indicates an open-shell singlet diradical. For cycloprofyn®.50,
H. F. J. Chem Phys 1987, 86, 2881. whereas for salicyclopropyn®= 0.63.
(34) Rittby, M.; Bartlett, R. JJ. Phys Chem 1988 92, 3033. (43) Grev, R. S.; Janssen, C. L.; Schaefer, HJ.F-Chem Phys 1991,
(35) Scheiner, A. C.; Scuseria, G. E.; Rice, J. E.; Lee, T. J.; Schaefer, 95, 5128.
H. F. J. Chem Phys 1987, 87, 5361. (44) Janssen, C. L.; Seidl, E. T.; Scuseria, G. E.; Hamilton, T. P;
(36) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M. Yamaguchi, Y.; Remington, R. B.; Xie, Y.; Vacek, G.; Sherrill, C. D;
Chem Phys Lett 1989 157, 479. Crawford, T. D.; Fermann, J. T.; Allen, W. D.; Brooks, B. R.; Fitzgerald,
(37) Scuseria, G. E.; Lee, T. J. Chem Phys 199Q 93, 5851. G. B.; Fox, D. J,; Gaw, J. F.; Handy, N. C.; Laidig, W. D.; Lee, T. J,;
(38) Scuseria, G. EChem Phys Lett 1991, 94, 27. Pitzer, R. M.; Rice, J. E.; Saxe, P.; Scheiner, A. C.; Schaefer, H. F. PSI

(39) Scuseria, G. EChem Phys Lett 1991, 94, 442. 2.0.8; PSITECH, Inc.: Watkinsville, GA, 1995.
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Figure 1. DZP TCSCF molecular orbitals for cyclopropyne (a and b)
and silacyclopropyne (c and d) which are fractionally occupied in the
TCSCF wave function: (a) 6a(b) 3k, (c) 8a, (d) 4.

Sherrill et al.

Table 1. Stationary Point Structures & 'A; anda 3B,
Cyclopropyne 4) at Several Levels of Theoty

method r(CEC) F(C_C) T(C_H) HC(CHQ)C QHCH
1A, Cyclopropyne
DZP SCF 1.234 1552 1.085 46.8 113.6
DZP TCSCF 1.241 1.522 1.084 48.1 1133
DzP CISD 1252 1538 1.093 48.0 1133
DzP TC-CISD 1.259 1531 1.092 48.6 1134
TZ(2df,2pd) CCSD(T) 1.253 1534  1.088 48.2 1139
3B, Cyclopropyne
DZP SCF 1.276 1530 1.083 49.3 1145
DzP CISD 1.300 1.556 1.089 494 1154

aBond lengths are in A, and bond angles are in deg.

Table 2. Stationary Point Structures & 'A; anda 3B,
Silacyclopropyne §) at Several Levels of Theaty

method F(CEC) r(C—SI) r(SI_H) GCSiC OHSiH
A, Silacyclopropyne
DzZP SCF 1.246 1.824 1.464 40.0 108.9
DZP TCSCF 1.257 1.808 1.465 40.7 108.8
DzP CISD 1.267 1.817 1.463 40.8 108.8
TZ(2df,2pd) CCSD(T) 1.270  1.825  1.475 40.7 108.8
3B, Silacyclopropyne
DzZP SCF 1.313 1.844 1.465 41.7 111.8
DzP CISD 1.320 1.880 1.461 41.1 1139

aBond lengths are in A, and bond angles are in deg.

Table 3. Stationary Point Structures of thé; Ground States of
Cyclopropenylidenel) and Silacyclopropenyliden&) at Several
Levels of Theor§®

method T(C=C) T(X_C) I'(C_H) Ocxc  Onc=c
Cyclopropenylidene
DZP SCF 1316  1.412 1.074 55.6 148.0
DzP CISD 1.331 1.431 1.081 55.4 148.0
TZ(2df,2pd) CCSD(T) 1.328  1.427 1.076 55.5 148.0
expt fm)° 1.320 1.417 1.075 555 1498
Silacyclopropenylidene
DZP SCF 1.342 1.806 1.078 43.6 134.2
DZP CISD 1.353  1.819 1.085 43.7 134.7
TZ(2df,2pd) CCSD(T9 1.350  1.833 1.081 432 1351
expt s) 1.346  1.820 1.080 434 1352

aX denotes the apex atom, C or 8Bond lengths in are A, and
bond angles are in de§Microwave structure from ref 59. All
parameters are, values except for €H distances and angles, which
arers values.4 Microwavers structure from ref 53.

Table 4. Stationary Point Structures of thé&; Ground States of
Propadienylidene3) and Silapropadienyliden@) at Several Levels
of Theony?

method r(C=C:) r(X=C) r(X—H) Ouxn
Propadienylidene
DZP SCF 1.283 1.318 1.080 117.8
DzP CISD 1.299 1.333 1.087 117.7
TZ(2df,2pd) CCSD(T) 1.293 1.333 1.085 117.3
expt (e)° 1.291 1.328 1.083 117.6
Silapropadienylidene
DzP SCF 1.264 1.677 1.462 112.3
DZP CISD 1.281 1.686 1.461 112.5
TZ(2df,2pd) CCSD(T) 1.280 1.694 1.472 112.9

aX = C, Si.PBond lengths are in A, and bond angles are in deg.
¢Recommended structure of ref 60 combining experimental and
theoretical data.

energies in hartrees, are available as supporting information.
Bond lengths generally exhibit the expected trends: the larger
basis set leads to shorter bonds, while more complete treatments
of electron correlation lead to longer bonds due to the admixture
of antibonding configurations. For small molecules at their
equilibrium geometries, the DZP CISD and TZ(2df,2pd) CCSD-
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Table 5. Harmonic Vibrational Frequencies (cf and IR Intensities (km mot, in Parentheses) fox A, Cyclopropyne 4)
DzP

vibrational mode SCF TCSCF CISD TZ(2df,2pd) CISD DZP CCSD(T) TZ(2df,2pd) CCSD(T)

a sym G—H str 3256 (71) 3246 (81) 3175 (67) 3174 (51) 3098 (58) 3087 (46)

a C=C str 2092 (1) 2049 (<1) 1983 (2) 2019 (1) 184241) 1874 (<1)

a CH, scissor 1655 (20) 1664 (17) 1605 (18) 1596 (12) 1555 (12) 1539 (8)

a sym C-C str 1084 (207) 1180 (171) 1138 (154) 1125 (168) 1105 (105) 1089 (119)

& CH, twist 1035 (0) 417 (0) 256 (0) 30i0(0) 309 (0) 93 (0)

b; asym G-H str 3343 (12) 3324 (13) 3259 (18) 3251 (7) 3182 (20) 3164 (9)

b; CH, rock 1130 1) 1158 (2) 1110€1) 1112 (<1) 1079 1) 1075 (<1)

b, asym G-C str 1115 (580) 630 (597) 955 (774) 937 (707) 582 (527) 618 (520)

b, CH, wag 1258 (1) 1236<1) 1198 1) 1204 <1) 1136 (1) 1137€1)

(T) methods typically provide the most balanced predictions of the g twisting mode attains a real frequency at highly correlated
equilibrium geometrie$>47 levels, we determined this frequency using the TCSCF wave
Geometrical parameters for cyclopropyr ére given in function in a two-reference CISD procedure (TC-CISD). A

Table 1. For this isomer, the importance of a second config- value of 381 cm! was obtained with the DZP basis set,
uration in the zeroth-order wave function suggests that the DZP suggesting that when both non-dynamical correlation are
CISD geometry [and conceivably even the TZ(2df,2pd) CCSD- accounted for, cyclopropyne may become a true transition state
(T) geometry] may be less reliable than usual, but neverthelesswith only one imaginary frequency corresponding to the b
the DZP CISD and TZ(2df,2pd) CCSD(T) geometries are in antisymmetric C-C stretch. This mode leads to ring opening
good agreement. The-HC—H bond angle is fairly constant ~ and presumably to propadienylider.( Indeed, cyclopropyne
at 113-114, while the methylene ring angle shows somewhat has previously been implicated as the transition state in the
more variation with theoretical method and is predicted to have automerization of propadienyliden8.5! This reaction is
the remarkably small value of 449°. Using a two-configu- important in explaining the isotopic scrambling experiments of
ration reference wave function lengthens the@multiple bond CsH; carbenes used to prove ti structure of propargylene
(since the second configuration replaces a bonding orbital with (2).
an antibonding orbital) and concomitantly increases the meth-  After the successful detection of cyclopropenylidene in the
ylene ring angle and shortens the-C single bonds. Despite laboratory3!4and in interstellar sourcés, Vacek, Colegrove,
ring strain and an unusually small methylene ring angle, the and Schaefer suggested that silacyclopropenylidspen{ght
C—C single bonds at the TZ(2df,2pd) CCSD(T) level of theory also be detectett. These authors provided theoretical equilib-
have nearly the same length as in ethanéC[-C) = 1.535 rium geometries and harmonic vibrational frequencies at levels
A48 up to TZ2P CISD. Our predicted geometries fjrgiven in
The multiple bond in cyclopropyne is characterized as a weak Table 3, are in agreement with those from the previous
triple bond, as evidenced by a bond length of 1.253 A, which investigation at similar levels of theory. Isontghas recently
is certainly shorter than the double bond in cyclopropene (1.296 been identified in the laboratory by microwave spectrosc8py,
A),%° yet longer than the triple bond in acetylene (1.202%%).  and our beste. structure is in reasonable agreement with the
The harmonic vibrational frequencies of cyclopropyne, presented €xperimentars structure. The substantial lengthening of the
in Table 5, also support this conclusion: at the TZ(2df,2pd) C—C double bond (1.350 A) relative to cyclopropene (1.296
CCSD(T) level, the stretching frequency of the multiple bond A) can be attributed to a delocalization of theelectrons into
is predicted to be 1874 cmh, which falls in between the  the empty p orbital on silicon. Silacyclopropenylidene was also
expected values for carbemarbon double and triple bonds.  among the SigH, species detected by Maier and co-work-
At no level of theory employed in the present study did ers:8:5
cyclopropyne become a minimum on thgH3 potential energy Table 2 presents the equilibrium geometry of silacyclopropyne
surface. For all single-reference techniques, cyclopropyne was(6). The multiple bond ir6 is 1.270 A, which is significantly
found to have imaginary vibrational frequencies for the b longer than that in cyclopropyne (1.253 A) and approaches the
antisymmetric G-C stretch and the;anethylene twist, making ~ bond length in cyclopropene (1.296 &). The unusually short
it a saddle point of Hessian index two on the potential energy C—Si bonds in7 have nearly the same length asain For the
surface. However, when the important {Ba— (3h,)? config- parent cyclopropyne, the smaller DZP basis is sufficient to
uration is included in the reference wave function via the TCSCF Obtain real harmonic frequencies which are in excellent agree-
method, the vibrational frequency for the methylene twist ~ ment with those obtained using the larger TZ(2df,2pd) basis
becomes real. (cf. Table 5). Accordingly, the vibrational frequencies ®r
Note also that the CCSD(T) method with a TZ(2df,2pd) basis, have bgen determined using only the DZP basis set in conjunc-
which provides the most extensive treatment of electron tion with the SCF, TCSCF, CISD, CCSD, and CCSD(T)
correlation of any of the single-reference methods employed, Methods. These frequencies are presented in the supporting
yields the imaginary frequency for the methylene twist with information. Although6 is predicted to be a transition state at

the smallest magnitude. In order to further examine whether the DZP SCF level of theory (having a frequency of 168+
for the Iy antisymmetric Si-C stretch), it becomes a minimum

(45) Yamaguchi, Y. Schaefer, H. B. Chem Ph_ys 198Q 73, 2310. if the [(6a)? — (3by)? diradical configuration is added to the
Ph%ﬂgggr&‘gsigég" DeLeeuw, B. J.; Vacek, G.; Schaefer, H.Ehem zeroth-order wave function (via the TCSCF method) or if

(47) Thomas, J. R.; DeLeeuw, B. J.; Vacek, G.; Crawford, T. D,; (51) Seburg, R. A.; McMahon, R. Angew Chem, Int. Ed. Engl. 1995
Yamaguchi, Y.; Schaefer, H. B. Chem Phys 1993 99, 403. 34, 2009.

(48) Hirota, E.; Endo, Y.; Saito, S.; Duncan, J. L.Mol. Spectrosc (52) Vacek, G.; Colegrove, B. T.; Schaefer, H.J*.Am Chem Soc
1981, 89, 285. 1991, 113 3193.

(49) Sstigliani, W. M.; Laurie, V. W.; Li, J. CJ. Chem Phys 1975 62, (53) Izuha, M.; Yamamoto, S.; Saito, San J. Phys 1994 72, 1206.
1890. (54) Maier, G.; Pacl, H.; Reisenauer, H. P.; Meudt, A.; Janoschek, R.

(50) Kostyk, E.; Welsh, H. LCan J. Phys 198Q 58, 912. Am Chem Soc 1995 117, 12712.
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Table 6. Harmonic Vibrational Frequencies (c#) and Relative kcal moi™?) are predicted to bé (0.0) < 3 (12.4) < 4 (58.6)
Infrared Intensities (in Parentheses) for Silacyclopropy)eatd for CgH, isomers and (0.0) < 6 (47.4) < 7 (52.9) for SiGH.

Silapropadienylidene7j at the DZP CCSD(T) Level of Theory, and

Experimentally Observed Fundamental Frequencies for theH3iC isomers. Thus both cyclopropyné)@nd silacyclopropyned

Isomer Detected by Maiegt al 1854 are substantially higher in energy than the global minirha (
silapropadienylidene silacyclopropyne and5), _but the relative energy of ;ilapropadienylideﬂe ic
expf much higher than that of its paregitin fact becoming 5.5 kcal

2354 (14) basym SHH str 2330 (52) hasym Si-H str 2229 (49) mol~* higher in energy than the highly strained silacyclopropyne
2335(12) asym Si-Hstr 2321 (48) asym Si-Hstr 2214 (49) (6). This conclusion is in qualitative agreement with Maier’s
iggg gg?) @g;CSStrrn det 11222 ((11)00) fagicsscti;sor 11707203((71)00) prediction thaf lies 8.8 kcal mot?! aboves at the less reliable
783 (1) § SiC et 834 (51) asym Si-C str 837 (50) MP2/6-31G** level of theory:® o _
677 (18) b SiHzrock 796 (43) bSiHwag [757 (42)] The fact that silacyclopropyne is a minimum on the potential
636 (16) h SiH,wag 686 (29) b SiH; rock 60[16 (776)(25)] energy surfacg and exhibits somewhat different bonding begs
148 (1) bSiCCbend 362 (57) dmaym St C o TCSCF Ol coaficientss has much loss acical character han
136 (<1) by SICC oop bend 332 (0) ,&iH; twist

- - 4 (5% vs 10%), a characteristic generally associated with greater
Values in square brackets are from the more recent experimental stability. Note, however, thatis 58.6 kcal mot! above GH,

data in ref 54. global minimum1, while 6 is 47.4 kcal mot! above SiGH;

Table 7. Relative Energies (kcal mol) for the Singlet States of global minimum, i.e. relative to their respective global minima,

; T :
Three GH, and Three SigH, Isomers at Several Levels of 4 is only 11.2 kcal mot* higher-lying than6. Much more
Theonyb striking is the difference between the vinylidene structu8es

and 7: structure3 is 12.4 kcal mot! abovel, whereas7 is

method 1 3 4 5 6 7

52.9 kcal mof? above5 and 5.5 kcal mol! above6. Although
DZP SCF 0.0 16.2 81.9 0.0 54.0 48.7  4jg 3 transition state for the automerizatiorSpthis cannot be
TZP TCSCF 0.0 16.2 58.7 0.0 36.8 48.7 th fo6 b ticallli bove6. The high
DZP CISD 00 151 701 0.0 514 528 e case fob because energetically lies above6. The hig
DZP TC-CISD 0.0 15.1 585 energy of7 is consistent with the general observation th&t sp
DZP CCSD(T) 0.0 10.2 57.6 0.0 48.4 50.9 hybridized organosilicon molecules are rarely obsefedh
TZ(2df,2pd) CISD 0.0 17.4 70.9 0.0 49.4 54.0 prief, the simplest explanation as to wi@yis a minimum
TZ(2df,2pd) TC-CISD 0.0 17.4 5938 whereas4 is a transition state may be that in the silicon
TZ(2df,2pd) CCSD(T) 0.0 12.4 586 0.0 47.4 52.9

derivative, the closest rearrangement possibility, the propadi-

enylidene isomer, is not viable energetically due to the persistent
aUnless otherwise noted, reported energies are evaluated at geomyeakness of carbessilicon ;z bonds.

etries optimized at the same level of thedhEnergies have been

corrected for zero-point vibrational energy (ZPVE) using DZP SCF

harmonic frequencies scaled by 0.91. TCSCF frequencies were used

for cyclopropyne and silacyclopropyne. The ZPVE corrections were

19.7, 19.0, 18.6, 18.1, 14.3, and 14.0 kcal mpotespectively.

TZ(2df,2pd) CCSD(T)//DZP CISD 0.0 12.4 58.6 0.0 47.3 52.9

I\VV. Triplet States.

In his recent semipopular review of the silacyclopropyne
problem, Sandé&f asks,“how large is the singletriplet gap?”

electron correlation is included via the single-reference CISD, ;’he lowest-lying triplet state of the parent cyclopropyne is the
CCSD, or CCSD(T) methods. The stretching frequency of the B2 State arising from a (6a— (3b) single excitation. The
multiple bond is 1779 cr at the best level of theory, which  1OWest-lying triplet state of silacyclopropyne is also #g state,
is extremely low for a triple bond and again indicates that the 2/Sing from the analogous (8a— (4b,) excitation. The’B,
multiple bond in silacyclopropyne is closer to a double bond. State of cyclopropyne is a potential energy surface miniffum
The theoretical harmonic frequencies fand7 at the Dzp ~ @nd lies 9.2 kcal mof above the singlet at the TZ(2df,2pd)
CCSD(T) level of theory are presented in Table 6 along with CCSD(T)//DZF; CISD level of theory. The scaled ZPVEs are
the experimental fundamentals by Mai¢@l185* The predicted ~ 18:6 kcal mof? for the singlet and 19.8 kcal mol for the
vibrational spectrum for silacyclopropyne)( matches the triplet, giving a ZP\(chorrected energy dlﬁerence of 10.4 kcal
original experimental spectrifvery well, with the exception mol~t. This relsult is in excellent agreement with the yalue of
of a theoretically predicted peak at approximately 796 &m  10.1 kcal mof™ predicted by Jonas, Bane, and Frenking at
which was initially absent from the experimental spectrum. the PMP4/6-311G(2df)//MP2/6-31G(d) level of thedRhut it
However, a more recent study by Maier and co-worRévghich may not be fully converged. _ _
was published while the present article was in preparation, For silacyclopropyne ), the B, state is once again a
reports two new experimental spectral features at 757.4 andPotential energy minimurff, but the singlettriplet gap is much
676.4 cnl. The former corresponds to the previously missing larger than in the parert: the TZ(2df,2pd) CCSD(T)/DZP
peak predicted by theory, and the latter provides a better matchCISD energy difference is 40.4 kcal mél Employing scaled
to the theoretically predicted value of 686 chior the by SiH, ZPVEs of 14.3 and 14.4 kcal mdi for the singlet and triplet,
rock. Maier's recent article also reports spectra of isotopomers 'eSPectively, this energy difference becomes 40.5 keaftnol
which unambiguously prove the experimental detectior.of This ephanced smglﬁnplet splitting demonstrates once more
Relative energies among the singlet states of tiié,@nd that 6 is better described as a closed-shell singlet than
SiCH; isomers are_ prese_nted in T_able 7 The data (_:learly (55) Corey, J. Y. InThe Chemistry of Organic Silicon CompounBatai,
demonstrate that using a single-configuration wave function for s., Rappoport, Z., Eds.; Wiley: New York, 1989; Vol. 1, pp36.
cyclopropyne 4) leads to unreliable relative energies unless very Eg% g;gdgbw¢ggig r&?:sm,(ilnnta%d-fgrnglé 19094él 33}014?1% e the
high-order treatments of electron correlation, such as CCSD- e <2 S C—I—?str, 3240, g O=C str, 19219;V§Cf|2 S‘g’sson 1630,
(T), are employed: for example, the DZP TCSCF energg of & sym C-C str, 1108; aCH; twist, 895; b asym G-H str, 3323; b CH,

relative to1 is more than 23 kcal mot lower than the DZP roc(k, %171; bCHszag, 1142; (bas%nfc—g st;, 773i |

; ; 58) DZP SCF frequencies (in or 3B, for salicyclopropyne are
SCF energy. These d!ﬁer.ences are smaller for SllaCyCIOpr(.)pynethe following: a sym Si-H str, 2387; a C=C str, 1709; aSiH, scissor,
(6), which has less diradical character. At the most reliable 10g6: 3 sym Si~C str, 771; a SiHa twist, 557; b asym SiH str, 2385; b

level of theory, TZ(2df,2pd) CCSD(T), the relative energies (in SiH; rock, 716; b asym Si-C str, 783; b SiH, wag, 692.
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In both cases the geometries of the triplet states (Tables 1to obtain an acceptable zeroth-order wave functiondforAt
and 2) are primarily characterized by a lengthening of the no level of theory does cyclopropyne become a minimum on
carbon-carbon multiple bond. In cyclopropyne the DZP CISD the GH; surface: the very reliable CCSD(T) method predicts
bond length is 1.300 A, which matches the double-bond length two imaginary vibrational frequencies, while methods which
in cyclopropene (1.296 A). In silacyclopropyne at the same add the second configuration to the reference wave function
level of theory, the bond length is 1.320 A, which is somewhat (e.g. TC-CISD) predict only one imaginary frequency, the ring-
shorter than the double-bond length for silacyclopropenylidene opening b C—C stretch. Geometries and relative energies have
(5) at the same level of theory (1.353 A). Both triplet species been determined for 48, isomersl, 3, and4, and the singlet
are thus characterized as diradicals with carbcarbon double triplet gap for4 is determined to be 10 kcal mdl much smaller
bonds. than the singlettriplet gap for6. Structuresé and 4 both
exhibit weak triple bonds, but this bond appears somewhat
stronger ifd. The existence of silacyclopropyne as an isolable
State-of-the-arfib initio methods have been used to charac- chemical species, in contradistinction with cyclopropyne, is
terize the recently-detected molecule silacyclopropge The explained as primarily due to the very high relative energy of
DZP CCSD(T) frequencies & and7 support Maier’s identi- the cumulatedr network of silapropadienylidené&),
fication of 6 by matrix isolation infrared spectroscopy. High-
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