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Abstract: Five isomers of the carbon-rich moleculeHG are investigated computationally, using methods based on

the coupled-cluster approximation. All of these structures are related to isomesld 0fi€ substitution of hydrogen

by ethynyl or attachment of a;@ragment to a carbene center. The two most stable formsld$ &re linear triplet
pentadiynylidene4) and singlet ethynylcyclopropenyliden®)( Both of these isomers have been observed in the
laboratory, as has a thirethe cumulene carbene pentatetraenylidés)e-{hich is predicted to lie about 15 kcal/

mol above the linear triplet. Two other isomers are also studied: ethynylpropadienylijezwed(3-(didehydro-
vinylidene)cyclopropeneg]. Both are found to lie less than 25 kcal/mol above the most stable formtbf &nd

to possess rather large dipole moments. Predictions for the harmonic vibrational frequefé@armd monotC
isotopomers, infrared intensities, and rotational constants are also presented. These should assist efforts to identify
these molecules in the laboratory and in the interstellar medium.

Introduction

Radioastronomical studies provide compelling evidence that
highly unsaturated carbenes with a large ratio of carbon to

hydrogen are widely distributed in interstellar and circumstellar
environmentd. Isolation and spectroscopic study of unsaturated

carbenes in terrestrial laboratories is difficult, however, because

of their characteristically high reactivity. Nevertheless, some
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success has been achieved and detailed information about the 2 3
mechanistic photochemistry and spectroscopic properties ofcarhene 1b)* or a 1,3-diradical withC, symmetry (c).5
these compounds has begun to emerge. Perhaps the mostyhsequent matrix-isolation ESR and IR studies coupled with

heavily studied example is provided by isomers ofHg
(Scheme 1). Three forms of;8; have been identified in the
laboratory: propynylidenelj, propadienylidene2), and cy-
clopropenylidene3).2 The ground state of propynylidene is

results of ab initio calculations have apparently settled this
controversy in favor of th€, structure?® In addition, photolysis

of 1 in matrices produce& and 3;2206 hoth of these highly
polar singlets have also been observed in the gas phasén

unquestionably a triplet, but even a qualitative determination the interstellar mediurf.

of the molecular geometry proved to be problematic. While
early experimenfimplicated a linear geometryL§), theoretical

A decade ago, Vrtilek et al. raised the possibility that
compounds derived from stablei; isomers by addition of

!nvestigations suggested that .the equ!librium geometry of thi; carbon chains might be statfle, hypothesis that was supported
isomer was bent, corresponding to either a planar acetylenicpy sypsequent calculatiod. Although laboratory efforts did
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Ml, 1972.
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1640.

S0002-7863(97)01412-1 CCC: $14.00

not succeed in detecting molecules of this type for several years,
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troscopy recently has been used to unambiguously identify two

such isomers of §H, (Scheme 2): the cumulene carbene
pentatetraenylidené)!! (which is obtained by attaching & C
fragment to the carbene carbon 2 and, quite recently, the
ring—chain compound ethynylcyclopropenylidei@'¢ in which
one of the hydrogen atoms 8is replaced by an ethynyl radical.
Radioastronomical searches forand 6 in interstellar clouds
are now underway? In other work, triple4 has been generated
in a neon matrix and its electronic spectrum has been recétded.

In addition to the three isomers o5 that are now known
from experiment, one may also envision a structure in which
one of the hydrogen atoms #is replaced by an ethynyl radical
(7), and another§) in which G attaches to the lone pair 8f
Recent interest in linear sp-carbon allotro}3é& and cyclic
carbon clustef$ gives these hypothetical isomers greater import,
as well.

A few theoretical investigations ofs8, have been reported
in the literature. In separate work, both sinéfléf and triplet®
states of pentadiynylidend)(have been studied, with special
attention given to geometries and qualitative descriptions of
frontier molecular orbitals. In addition, the polar singlet isomers

J. Am. Chem. Soc., Vol. 119, No. 44, 1980839

Some experimental work has been done on substituted pen-
tadiynylidenes. Treatment of the 3-bromo-1,4-pentadiyh6k (
with potassiuntert-butoxide in tetrahydrofuran arnd-methyl-
2-pyrrolidone resulted in formation of three isomeric enetet-
raynes12—14 (Scheme 3), presumably from dimerization of
pentadiynylidene intermediatek1).?2 The same three products
result from thermolysis of the lithium tosylhydrazone sdlts
in benzene&3 With styrene present, thermolysis b5 leads to
only one trapping product, phenylcyclopropat® The ESR
spectra of triplet methyl-tert-butyl-, and phenylpentadiy-
nylidene in poly(chlorotrifluoroethylene) have been obsef?éd.
The ESR spectrum of 1,5-diphenylpenta-1,3-diynylidetf(

R = Ph) in methyltetrahydrofuran at 10 K has also been
observed. When the glass is warmgtlh apparently rearranges

to 1,5-diphenylpenta-1,4-diynylidene, which possesses a nearly
linear carbon backborfé. Results from a similar ESR study

of 1,3-diphenylpropynylidene, however, suggest that a reinter-
pretation of the data in terms of conformational isomers may
be appropriaté®

In this paper, high-level ab initio calculations are applied to
study the structure, relative stabilities, harmonic vibrational
frequencies, and infrared transition intensities of thg¢HC
isomers pictured in Scheme 2. The work presented here will
be helpful in understanding various forms of this carbon-rich
system and the relationship between gross features ofdtg C
and GH; potential energy surfaces. In addition, estimates of
the rotational constants and vibrational frequencies should
facilitate experimental identification of these compounds.

Computational Methods

Three different levels of theory have been used to study the
isomers of GH, that are pictured in Scheme 2. Structures were
first optimized at the coupled-cluster singles and doubles

5 and 6 have been investigated at the complete-active-space(ccsD) leveR® using the doublé: plus polarization (DZP)

self-consistent-field (CASSCF) level, with an emphasis on
relative stabilities and predictions of structdfeln that study,
the cumulene carbene isom&rwas predicted to lie about 1
kcal/mol below6. Rotational constants determined from the
calculated equilibrium geometry &fat the CASSCF level have
also been presentéd. Ethynylpropadienylidene7j and 3-(di-
dehydrovinylidene)cyclopropen8)f® apparently have not been
considered previously. In related work, isomers of the isoelec-
tronic system GNH have been investigatéd and selected
topics involving the positive and negative ions of various
isomers have been investigaté#¢

(11) McCarthy, M. C.; Travers, M. J.; Kovacs, A.; Chen, W.; Novick,
S. E.; Gottlieb, C. A.; Thaddeus, Bciencel997, 275 518.
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1995.

(17) Parent, D. CJ. Am. Chem. S0d.990Q 112 5966.

(18) Fan, Q.; Pfeiffer, G. VChem. Phys. Lettl989 162 472.

(19) Maluendes, S. A.; McLean, A. BChem. Phys. Lett1992 200,
511.

(20) Given the cumbersome nature of the systematic name for isgmer
a trivial name may be appropriate. To this end, we suggest “eiffelene”, a

basis?” At these geometries, harmonic vibrational frequencies
were determined by analytic calculation of second derivatfves
followed by diagonalization of the corresponding mass-weighted
Hessian matrix. The force constants so obtained were then used
to facilitate optimizations at higher levels of theory, specifically
CCSD with the tripleg plus double polarization (TZ2P) ba%ls
and the CCSD(T) model (which improves upon CCSD by
addition of a correction that accounts for the effects of triply-
excited Slater determinai®with the correlation-consistent cc-
pVTZ basis set of Dunningt Calculations of harmonic
frequencies at the two higher levels of theory [CCSD/TZ2P and
CCSD(T)/cc-pVTZ] were not carried out because it is unlikely
that the results will differ sufficiently from those obtained at

(22) Hori, Y.; Noda, K.; Kobayashi, S.; Taniguchi, Hetrahedron Lett.
1969 3563.

(23) Hauptmann, HTetrahedron1976 32, 1293.

(24) Noro, M.; Koga, N.; lwamura, HJ. Am. Chem. Sod 993 115
4916.

(25) DePinto, J. T.; McMahon, R. J. Am. Chem. So&993 115 12573.
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Chem.1994 5, 65. (b) Lee, T. J.; Scuseria, G. E. @uantum Mechanical
Electronic Structure Calculations with Chemical Accuratanghoff, S.

R., Ed.; Kluwer: Dordrecht, 1995; p 47. (c) Gauss, JEhrcyclopedia of
Computational Chemistnyschleyer, P. v. R., Ed.; Wiley: New York, 1997,
in press.

(27) Redmon, L. T.; Purvis, G. D.; Bartlett, R. J. Am. Chem. Soc.
1979 101, 2856.

(28) Gauss, J.; Stanton, J. Ehem. Phys. Letin press.

(29) The TZ2P basis for C and H comprises the 5s3p and 3s contracted
sets of Dunning [Dunning, T. HI. Chem. Physl971, 55, 716] augmented
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prominent European landmark.

(21) (a) Aoki, K.; Ikuta, S.; Murakami, AChem. Phys. Letil993 209
211. (b) Gutowski, M.; Skurski, P.; Boldyrev, A. |.; Simons, J.; Jordan, K.
D. Phys. Re. A 1996 54, 1906. (c) Kim, S. G.; Lee, Y. H.; Nordlander,
P.; Tomanek, DChem. Phys. Lettl997 264, 345.

F.; Bartlett, R. JJ. Chem. Phys1992 97, 7825.

(30) (a) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon,
M. Chem. Phys. Lett1989 157, 479. (b) Bartlett, R. J.; Watts, J. D.;
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the CCSD/DZP level to justify the added computational expense.
Indeed, it is the isotopic shifts, rather than the absolute position
of harmonic frequencies, that have proven most useful in
assigning the infrared spectra of matrix-isolategigisomersbd
and these should be adequately approximated by the calculations
presented here.

Spherical representations of d- and f-type polarization func- carbon atoms (1.38 A, while the significantly shorter outer

H—C=C—C—C=C—H H—-C=C=C=C=C—H

B

H—C=C—C=C-C!
Y

tions were used in all calculations. Accordingly, fojH3, the

carbon-carbon distance is intermediate between typical double

DZP, TZ2P, and cc-pVTZ basis sets contain 85, 138, and 178 and triple bond distancés. Qualitatively, this behavior can be
contracted Gaussian functions, respectively. The CCSD(T)/cc-rationalized as a competition between two resonance structures.

pVTZ optimizations of GH, isomers were the most expensive
calculations performed. For th@s structures, each cycle of
optimization required about one day of cpu time on a DEC-
AlphaStation 500/333. All calculations were performed with
a local version of the ACESII program systém.

Results and Discussion

A. Structures and Properties of Individual Isomers.
Equilibrium geometries of isome#s-8 calculated at the CCSD/
DZP, CCSD/TZ2P and CCSD(T)/cc-pVTZ levels of theory are
documented in Tables-15 along with the corresponding CCSD/
DZP harmonic vibrational frequencies, infrared intensities,

One of these might be described as diethynylcarbene, while the
other is a 1,5-cumulenic diradical (Scheme 4). Participation
of the first resonance structure clearly raises the question of
whether this isomer is linear, or rather behaves like #bl.C
analog 1 and adopts an equilibrium geometry with lower
symmetry.

A definitive answer to the question raised at the end of the
preceding paragraph cannot be supplied here. While lidear
is stable with respect to bending distortions at the CCSD/DZP
level, the smallz, frequency of 40 cm! shows that the
corresponding restoring force is exceedingly feeble. Moreover,
lower-level calculations carried out with second-order many-

dipole moments, and rotational constants calculated from the body perturbation theory (MBPT(2)) and quadratic configuration

optimized structures.
A.1l. Pentadiynylidene (4). Molecular orbital considerations

interaction (QCISD) with the 6-31G* basis predict a V-shaped
Cy, geometry obtained from lineat via distortion along the

reveal that the highest occupied and lowest unoccupied orbitals@forementionedr, bending modé? However, density func-

of linear4 havern, andry symmetries respectively; the former

tional calculations concur with the CCSD/DZP results and point

contains two electrons in the neutral. Thus, Hund’s rule predicts t a linear structuré? In any event, energy differences between
that the ground electronic state of this isomer will be a triplet, linear and optimized distorted structures found in the MBPT-
a conclusion that is supported by some preliminary calculsfons (2) and QCISD calculations are extremely small, showing that
and is consistent with laboratory ESR studies of substituted theory unanimously predicts a structure that certainly will have
pentadiynylidenedb24 In this report, our focus is on the dynam_lcal Doh _symmetry._ A strongly bent structure corre-
ground electronic state of each isomer gHg, the singlet state ~ SPonding to triplet butadiynylcarbene (Scheme 4) was also
of 4 will consequently not be considered. Geometries optimized considered at the CCSD/DZP level. However, optimizations
at the three levels of theory are rather similar, exhibiting the Starting with a bond angle of ca. I3for H;—C,—Cs (see Figure
usual contraction and expansion of internuclear distances thatl) l€ad back to the linear structure, suggesting that the bent
accompany basis set expansion and inclusion of higher_|eve|structure does not represent a minimum on the triplet potential
correlation effects to the CCSD modélyespectively. The  energy surface.

distance between the central carbon and that adjacent to it is  (34) (a) Allen, F. K.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen,

somewhat less than typically found in single bonds between spA. G.; Taylor, R.J. Chem. Soc., Perkin Trans.1887 S1. (b) Harmony,
M. D.; Laurie, V. W.; Kuczkowski, R. L.; Schwendeman, R. H.; Ramsay,
(32) Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J.; Bartlett, D. A.; Lovas, F. J.; Lafferty, W. J.; Maki, A. Gl. Phys. Chem. Ref. Data

R. J.Int. J. Quantum Chenil992 S26 879.
(33) Seburg, R. A. Ph.D. Dissertation. University of Wiscondifadison,
Madison, WI, 1995.

1979 8, 619.
(35) CRC Handbook of Chemistry and Physig4st ed.; Linde, D. R.,
Ed.; CRC Press: Boca Raton, 1990.
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Table 1. Results for Triplet Pentadiynylidend)g

Structure and Rotational Constants

4 (D) parameter =~ CCSD/DZP CCSDI/TZ2P CCSD(T)/cc-pVTZ
r(H.Cy) 1.0726 1.0616 1.0594
r(C.Cs) 1.2554 1.2360 1.2365
r(CsCu) 1.3309 1.3146 1.3079
A 2197 2257 2270

Harmonic Frequencies and Infrared Intensities
mode symmetry frequency intensity
w1 Oy 3473.3 -
w2 Oy 1926.1 —
w3 o 737.1 -
Wa Ou 3467.2 184.2
ws oy 1578.8 1.0
Ws Ou 1503.2 11.2
w7 Ty 433.1 -
wsg Ty 323.2 —
w9 Tty 439.4 173.4
w10 Ty 268.6 16.7
w11 Ty 39.5 11.3

7 (Cy

8 (C2)

Figure 1. Computed structures (CCSD(T)/cc-pVTZ) and atom num-
bering for GH, isomers4—8.

A likely source of difficulty in predicting the lowestr,
bending mode it is the rather severe spin contamination of
the unrestricted Hartreg~ock (UHF) determinant used in both

aBond lengths (A), bond angles (degrees), dipole moment (Debye),
harmonic frequencies (cm), infrared intensities (km/mol), and rota-
tional constants calculated from the equilibrium structure (MHz). Atom
numbering is shown in Figure 1.

lar clouds. It has been suggestétthat electronic transitions
in cumulene carbenes might be responsible for some of the
mysterious diffuse interstellar bands that have vexed the

this Study and ref 33. At the SCF |eVe|, the eXpeCtation value astrophysics Community for decaﬁS.ThUS, there is great

of S is about 2.8, significantly higher than the value of 2 that interest in this family of molecules.

corresponds to an electronic triplet state. The MBPT(2)  Equilibrium geometries predicted by the three levels of theory
treatment of correlation is not adequate for such a highly again display the usual trends far From the results in Table
contaminated reference function. While QCISD should fare 2 ‘one sees a rather small extent of bond alternation in the carbon
somewhat better, coupled-cluster methods provide a moreframework which diminishes in magnitude toward the carbene

satisfactory treatment of orbital relaxati&h.Indeed, the first
spin contaminant is fully removed at the CCSD le¥ehnd
rigorous expectation values & calculated for UHF-CCSD
wave functions are typically very close to nominally exact

end of the molecule. It is interesting that tBe, structure is
stable with respect to asymmetric distortion H as the
analogous cumulenic ketene OCCCLhidopts a decidedly
nonlinear structuré® Rotational constants calculated from the

values, even when badly contaminated reference states arezcsp(T)/cc-pVTZ equilibrium geometnyBg) agree rather well

used®® In the present case, the value®tat the CCSD/DZP

with those corresponding to the CASSCEF structure of Maluendes

optimized geometry is 2.03. Hence, spin contamination does agnd McLeart® For the two principal moments of inertia

not appear to be a problem at this level of theory.

Although the nonpolar structureis clearly not a candidate
for radioastronomical observation, laboratory detection in
matrix-isolation experiments has already been repéttadd
is likely to play a role in future mechanistic studies. To this

perpendicular to the carbon framework, agreement with experi-
ment is essentially perfect. For tierotational constant, the
theoretical values lie appreciably higher than the measured value
of 277 600 MHz. Superficially, this is puzzling because the
corresponding equilibrium moment of inertia is determined

end, the harmonic vibrational frequencies given in Table 1 splely by the hydrogen atom positions and these are not expected
should serve as a guide for identifying features in the infrared to pose a difficult problem for theory. Hence, it is unlikely

spectrum that can be attributed4o The strongest modes are
predicted to be the out-of-phase CH stretch and the highest

that errors in the CCSD(T)/cc-pVTZ equilibrium structure are
large enough to account for the difference. A more likely

bending vibrations; these should be found above 3000 and ca rationalization is that the experimental rotational constant, which

400 cnT?, respectively. Also useful for confirming experimental
assignments ar€C—13C isotopic shifts; these are documented
in Table 6 for4 as well as for the other isomers considered
below.

A.2. Pentatetraenylidene (5). Pentatetraenylidene is fourth
in the series of cumulene carbenesCH that begins with
vinylidene g = 2). Although vinylidene has a sub-nanosecond
lifetime,?® higher members of the series are more stable.
Propadienylidenen( = 3)2 butatrienylidene f = 4),*° and
hexapentaenylidena & 6)'141have been identified in interstel-

(36) Salter, E. A.; Sekino, H.; Bartlett, R. J. Chem. Phys1987, 87,
502.

(37) Schlegel, H. BJ. Phys. Chem1988 92, 3075.

(38) Stanton, J. FJ. Chem. Phys1994 101, 371.

(39) Ervin, K. M.; Ho, J.; Lineberger, W. Cl. Chem. Phys1989 91,
5974.

is a vibrationally averaged valud{), contains a significant
contribution from effects of zero-point motion. This possibility
is qualitatively consistent with the very shallow potential that
governs bending of the carbon chain in this molecule; harmonic
frequencies for two of these modes are calculatedl&0 cnr?.
Moreover, similarly large discrepancies between theory and

(40) (a) Killian, T. C.; Vrtilek, J. M.; Gottlieb, C. A.; Gottlieb, E. W.;
Thaddeus, PAstrophys. J199Q 365, L89. (b) Cernicharo, J.; Gottlieb, C.
A.; Gudin, M.; Killian, T. C.; Thaddeus, P.; Vrtilek, J. MAstrophys. J.
1991, 368 L43. (c) Travers, M. J.; Chen, W.; Novick, S. E.; Vrtilek, J. M.;
Gottlieb, C. A.; Thaddeus, B. Mol. Spectrosc1996 180, 75.

(41) Langer, W. D.; Velusamy, T.; Kuiper, T. B. H.; Peng, R.; McCarthy,
M. C.; Travers, M. J.; Kovacs, A.; Gottlieb, C. A.; ThaddeusABtrophys.
J. 1997, 480, L63.

(42) For a leading reference, sekhe Diffuse Interstellar Ban¢gSielens,
A. G. G. M,, Snow, T. P., Eds.; Kluwer: Dordrecht, 1995.

(43) Farnell, L.; Radom, LJ. Am. Chem. S0d.984 106, 25.
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Table 2. Results for Pentatetraenylider®y Table 3. Results for Ethynylcyclopropenylidené)t
Structure, Rotational Constants and Dipole Moment Structure, Rotational Constants and Dipole Moment
CCsSDb/ CCsD/ CCsD(T)/ CCsSDb/ CCsD/ CCsD(T)/
parameter DzpP TZ2P cc-pVvVTZ experimerit parameter Dzp TZ2P cc-pvVTZ experimerit
r(C.Cs) 1.3369 1.3185 1.3219 r(H-Ce) 1.0738  1.0617 1.0591
r(C4Cs) 1.2864 1.2676 1.2655 r(CsCs) 1.2246  1.2044 1.2088
r(CsCe) 1.3165 1.2988 1.2988 r(C4Cs) 1.4211 1.4060 1.3940
r(CeCr) 1.3082 1.2861 1.2879 r(CsCa) 1.4514  1.4304 1.4326
r(CiHp) 1.0917 1.0806 1.0803 r(C.Cs) 1.3444  1.3270 1.3307
6 (C4CiHy) 120.83 120.99 121.00 r(CzHy) 1.0864  1.0739 1.0730
dipole moment  5.584 5.792 5.829 0 (H:C:Cy) 148.32  148.67 148.58
A 285294 292176 292397 277600 0 (C4CsCe) 179.04  179.08 178.87
B 2239 2304 2303 2305 6 (H7CeCs) 179.86  179.88 179.96
C 2221 2286 2285 2286 0 (C3C4Cs) 148.81  148.25 148.28
. . . 0 (CoC4Cs) 149.42  148.67 148.58
Harmonic Frequencies and Infrared Intensities dipole moment 3.499 3.567 3.535
mode symmetry frequency intensity A 33483 34587 34640 34638
B 3332 3418 3428 3425
®1 2 3178l 0.8 c 3030 3110 3120 3114
w2 a 2179.8 664.7
w3 a 1938.7 270.8 Harmonic Frequencies and Infrared Intensities
Z;‘ Zi iggié 2660 mode symmetry frequency intensity
ws a 753.3 0.9 w1 a 3478.9 68.4
w7 by 910.6 36.1 W2 a 3298.9 11
ws b; 526.6 5.2 w3 a 2194.0 10.3
w9 by 251.5 5.1 Wa a 1743.7 6.7
w10 b1 129.8 1.9 ws a 1290.4 52.7
w11 b, 3279.4 0.1 We a 1130.1 8.9
w12 b, 1031.1 0.2 w7 a 943.9 2.7
w13 b2 410.6 1.5 wsg a 690.2 1.9
W14 b, 225.3 6.1 o a 604.3 51.6
w15 b2 137.6 0.0 w10 a 474.2 2.1
a Bond lengths (A), bond angles (degrees), dipole moment (Debye), gi; 2” éggé i830
harmonic frequencies (c, infrared intensities (km/mol), and rota- W1 a" 696-4 31.3
tional constants calculated from the equilibrium structure (MHz). Atom 01 a" 507'3 08
numbering is shown in Figure 2 From ref 11. w15 a" 204'0 08

experiment occur for both propadienylidene and butatri- 2Bond lengths (A), bond angles (degrees), dipole moment (Debye),
enylidene?* and the bending modes of both of these species harmonic frequencies (crh), infrared intensities (km/mol), and rota-
also have small harmonic frequencies with correspondingly large tional constants calculated from the equilibrium structure (MHz). Atom
amplitudes of vibration. numbering is shown in Figure 2From ref 12.

Finally, it should be noted that the two high-frequency CC
stretching modes irb will be readily observable in matrix
spectra, as both are predicted to have intensities in excess o
250 km/mol. None of the other species studied in this work is

- i 5
expected to exhibit two strong absorptions in this region of the the CCSD(TI)/CC pVTZ vallue IOf 338D obta}:n(;d fas
spectrum (18082200 cnt?), and the relative intensities and Rotational constants calculated from both the CCSD/TZ2P

isotopic shifts (see Table 6) calculated for these modes should@nd CCSD(T)/cc-pVT_Z equilibrium geomgtrigs are in excellent
provide a reliable diagnostic for laboratory identificationsof ~ agreement with experiment. The near coincidence of measured
A.3. Ethynylcyclopropenylidene (6). The third form of Bo'2 and calculated, values at the latter level of theory is no
CsH that has been observed is ethynylcyclopropenylidéhe ( d.oubt. in part dqe to fortulltous.cancellatllon .of zero-point
This species, which is structurally related to the most stable vibrational averaging and residual inadequacies in the theoretical
isomer of GH,, has been detected in a diacetylemeon treatment as _they affec_Be. Nevertheles;, our survey of the
discharge and studied by Fourier-transform microwave spec- relative energies of & isomers, along with predictions of the

troscopy®? Qualitative considerations suggest that replacement Structure, dipole moment, and rotational constant§ played
of hydrogen in3 by the ethynyl radical provides a slightly a pivotal role in spurring the experimental search for this species

increased potential for delocalization and charge separation. Thay Microwave spectroscopy. For the most part, the harmonic
this simple picture is consistent with theory is seen when wbranongl frequencies @ listed in Table 3 reflect the struc'gural
calculated structures & and6 are compared. At the CCSD-  Uends discussed above. The three carbmarbon stretching
(T)/cc-pVTZ level, the nominal double-bond lengths are 1.324 Modes in the three-membered ring are 1743, 1290, and 1130
and 1.331 A, respectively. In cyclopropenylidene, the two €M respectively, which are |ntermed|at§ b(_atween the single
equivalent CC single bond distances are 1.42% &hile those and double CC bond stretching frequencies in cyclopropéne.
in 6 are 1.394 and 1.433 A. The shorter of the two is that VVhile all of the other species studied here are expected to have

opposite the ethvnvl substituent(C,—Cs) according to the at least one very strong absorption in the fingerprint region of
PP yny (€—C g the IR spectrum, none of the CCSD/DZP intensities &or

(44) For a discussion, see ref 19. exceeds 70 km/mol. Differentiation of this species in the matrix

(45) Stanton, J. F., unpublished calculation. . irpe o .
(46) The ranges given in the text are somewhat below the calculated from isomers7 and8 may be difficult due to similarities in

CCSD/DZP frequencies, which accounts for both anharmonic contributions their predicted harmonic frequencies that in turn reflect the
and our estimate of the difference between calculated and exact harmonic
frequencies. (47) Yum, T. Y.; Eggers, D. FJ. Phys. Chem1979 83, 501.

numbering in Figure 1] which carries a double bond in the polar
fesonance structure. The dipole momen6gfredicted at the
same level of theory is 3.54 D, which is slightly greater than
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Table 4. Results for Ethynylpropadienyliden&)t

Structure, Rotational Constants and Dipole Moment

J. Am. Chem. Soc., Vol. 119, No. 44, 1980843

Table 5. Results for 3-(Didehydrovinylidene)cycloproper&?(

Structure, Rotational Constants and Dipole Moment

parameter CCSD/DZP CCSD/TzZ2P CCSD(T)/cc-pVTZ parameter CCSD/DZP CCSDITZ2P  CCSD(T)/cc-pVTZ
r(H:Cy) 1.0740 1.0621 1.0595 r(CiCy) 1.2875 1.2646 1.2686
r(C.Cs) 1.2255 1.2053 1.2105 r(CxCs) 1.3524 1.3363 1.3325
r(CsCas) 1.4395 1.4244 1.4128 r(CsCa) 1.4306 14114 1.4128
r(CsHs) 1.0952 1.0837 1.0836 r(CaHe) 1.0862 1.0738 1.0728
r(C4Ce) 1.3513 1.3334 1.3372 6(CC3Cys) 151.82 151.85 151.81
r(CsCr) 1.3078 1.2856 1.2858 0(HeC4Cs) 149.16 149.26 149.39
6 (H1CCs) 178.51 178.84 178.51 dipole moment 8.130 8.207 8.156
0 (C,CsCy) 176.87 178.01 177.94 A 31277 32172 32080
0 (CsCaHs) 116.53 116.59 116.22 B 3432 3528 3529
0 (C3C4Co) 123.84 123.74 124.33 C 3092 3180 3179
6 (C4CsCr) 177.25 178.10 177.53 _ _ B
dipole moment 4.461 4.616 4.787 Harmonic Frequencies and Infrared Intensities
A 31795 31614 32436 mode symmetry frequency intensity
B 2760 2857 2843 " a 3329.2 190
1 1 . .
C 2539 2620 2613 o a 5045.3 1309.0
Harmonic Frequencies and Infrared Intensities w3 a 1673.9 411
mode symmetry frequency intensity wa & 1460.0 235.1
ws ar 979.3 1.6
w1 a 3475.3 58.5 we a 732.3 1.6
w3 a 3194.0 1.8 w7 a 912.3 -
w3 a 2169.7 77.7 wg by 7475 55.8
w4 a 2001.4 611.9 g by 451.2 5.8
ws a 1392.5 4.7 w10 bl 128.8 0.2
we a 1162.0 1.4 w11 b, 3291.5 9.0
w7 a 952.5 58.5 w12 bz 1150.8 9.8
ws a 633.6 49.0 w13 b, 950.1 15.2
W9 a 560.8 4.3 w14 bz 472.4 1.2
w10 a 277.3 21 w15 b, 149.2 0.0
z))i; :u ééég i g 2 Bond lengths (A), bond angles (degrees), dipole moment (Debye),
W13 a" 669.6 37.4 harmonic frequencies (cm), infrared intensities (km/mol), and rota-
14 a" 206.1 12.3 tional constants calculated from the equilibrium structure (MHz). Atom
w15 a’ 214.8 1.0 numbering is shown in Figure 1.

aBond lengths (A), bond angles (degrees), dipole moment (Debye),

harmonic frequencies (cm), infrared intensities (km/mol), and rota-
tional constants calculated from the equilibrium structure (MHz). Atom
numbering is shown in Figure 1.

structural motifs common to both. However, orfiycontains

propadienylidene (1.289 and 1.327 A) calculated at the same
level of theory?d Thus, increased participation of the afore-

mentioned polar resonance structure results in more triple-bond
character in the outer CC interaction and a correspondingly
shorter internuclear distance. Similar arguments explain why

both an ethynyl substituent and a three-membered ring, so the bond between £and G is lengthened irv relative to2.

perhaps the combined observation of both theCCring

Infrared spectra of matrix-isolatedsEd, isomers should

stretching mode and the ethynyl CC stretch (these should appeaprovide an unambiguous means of identifying isomerlt is

in the intervals 16061700 and 21082200 cntl, respec-
tively46) can be used to facilitate its identification.
A.4. Ethynylpropadienylidene (7). While the isomers of

the only structure investigated here that should display the
characteristic intense stretching feature associated with the
cumulene carbenes while simultaneously lacking any other

CsH, discussed in previous subsections have all been observedstrong absorptions in the region 1668000 cntt. Thus, while

in the laboratory, ethynylpropadienylidene remains a hypotheti-

cal molecule. Nevertheless, both the known isofand this
species {) are related to the established stabkHECspecies

cyclopropenylidene and propadienylidene, respectively, via

substitution of ethynyl for one of two equivalent hydrogens in
the parent molecules. The polarity @fis expected to be
somewhat greater tha® becauser electrons of the ethynyl

cumulene stretching modes are likely to be seerbfof, and
8, only ethynylpropadienylidene7) will have an otherwise
unremarkable spectrum in this wavelength range.

A.5. 3-(Didehydrovinylidene)cyclopropene (8).Like eth-
ynylcyclopropenylidene, isomé} is structurally related to the
most stable form of ¢H, (3), but differs in that it is obtained
from the parent species by addition of 10 the carbene carbon

group can be delocalized into the fragment that corresponds torather than replacement of hydrogen by an ethynyl radical. Thus,

the cumulene carbons d. This confers stability to the
resonance structure in which the carbene carbari(igure
1) bears a formal negative charge while the carffoto the
tricoordinate carbon (£in Figure 1) is positively charged.
Indeed, calculations at the CCSD(T)/cc-pVTZ level predict a
dipole moment of 4.6 D for (see Table 4), a value that may
be compared to 4.1 D found at the same level of theorp fr
The qualitative rationalization for the greater polarity of

8 contains structural features found in both cumulene carbenes
and in cyclopropenylidene. Properties of this species are thus
expected to exhibit some degree of similarity with b&thnd

3. The nominal double- and single-bond distances in the three-
membered ring oB (see Table 5) (1.335 and 1.413 A at the
CCSD(T)/cc-pVTZ level) are longer and shorter than those in
3,24 consistent with the expected increase in conjugation.
Similarly, the terminal CC bond ir8 is shorter than that

also provides a basis for understanding aspects of the equilibriumcalculated at the same level of theory &¢1.269 vs 1.289 A)
structure of the former isomer. The two internuclear distances while the adjacent bond is longer (1.335 vs 1.327 A). Alto-

in the cumulene fragment at the CCSD(T)/cc-pVTZ level are
1.286 and 1.337 A for(Cs—C;) and r(C4—Cs), shorter and

gether, this suggests that resonance structures bearing a formal
negative charge on the carbene carbon and a positive charge

longer respectively than the corresponding bond distances inon one of the carbons in the ring are important in a qualitative
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Table 6. Predicted?C/*3C Isotopic Shifts of Harmonic Vibrational
Frequencies for €, Isomers That Contain One Labeled Carbon
Atom?

Seburg et al.

Table 7. Total Electronié and Zero-Point Vibrational Energies for
Isomers4—8 at Various Levels of Theory, along with Values
Relative to4

normal mode electronic zero-point relative
cabon 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 energy (au) energy (kcal/mol) energy (kcal/mol)
CCSD/DzZP
Isomer4d _
> 023 5 013 7 1 40 3 0 4 191.007027 22.43 0.00
5 —190.987898 25.50 15.07
3 810 91215 1.0 202 0 6  —191.012811 26.18 0.12
4 0O 0 0 0 147 0 01 1 1 ’ ’ '
7 —190.990022 25.70 13.94
Isomers 8 —190.981188 26.41 20.19
1 6 2 614 510 8 01 1 14 8 0 0 1
4 02325 06 3 0 730 0 4 0 41 ~ CCSDiTz2p
4 191.127547 22.43 0.00
5 037 0 615 0 0111 1 0 0 7 21
5 —191.104109 25.50 17.78
6 0153 1 1 4 0 241 0 0 8 10
7 0 212 41011 0 002 0 0 1 1 2 8 191128905 26.18 2.86
7 —191.106269 25.70 16.62
Isomer6 8 —191.096256 26.41 23.62
2 013 019 1316 4 401 1 8 0 OO CCSD(T)/ce-pVTZ
3 0O 0 0 326 6 4 703 1 0 0 11
4 —191.215187 22.43 0.00
4 0O 0 438 918 3 00 3 1 3 010 2
5 —191.198048 25.50 13.82
5 1 051 1 01 0 509 1 0 0 6 3
6 17 023 4 0 2 1 831 2 0 5 0 2 6 —191.217967 26.18 2.01
7 —191.193656 25.70 16.78
Isomer7 8 —191.187827 26.41 21.14
2 17 025 0 1 2 6 431 1 0 5 2 0 -
3 1 051 0 0 1 4 08 4 0 2 1 70 2Includes nuclear repulsion enerdyCalculated from CCSD/DZP
4 010 211211120 01 0 112 0 0 o hamonicfrequencies.
6 0 0 051 1 1 1 07 4 0O 1 0 05 o
7 0 0 015 610 4 03 1 2 0 0 0 2 teristic feature of cumulene carbenes, and the presence of such
Isomers a spectral feature in a study ofsK, isomers would clearly
1 016 7 5 310 0 00 2 O 0 O O 2 implicate either5, 7, or 8. Of these, however, onlg also
2 048 3 0 0 4 0 13 2 0 0 0 8 2 contains a cyclopropenylidene fragment. Hence, the simulta-
3 0121722 1 0 0 69 0 0 711 4 1 peous presence of strong transitions near 2000 and 1408 cm
4 7 11615 3 5 6 300 614 3 2 0

2 The mode numbering is consistent with that in Table§1carbon
atoms are numbered as in Figure 1. Values are int@nd correspond
to w(*2C)—w(*C).

description of the electronic structure &f The large charge

could be used to identif, provided their relative intensities
are strongly correlated under experimental conditions. In
addition, the predicted isotopic shifts in Table 6 can be used to
provide additional support for the assignments.

Clearly, 8 is an ideal candidate for detection by radio-
astronomy. It has a dipole moment more than twice that of the

separation implied by these resonance structures indicates thagpyndantly distributed cyclopropenylideng).( Provided it

the molecule should have a substantial dipole moment, aneyists in appreciable concentrations in molecular clouds, its
expectation that is confirmed by calculation. The dipole mjicrowave signals should be conspicuous. It is hoped that the
moment at all levels of theory is roughly the same, with the tational constants calculated from the equilibrium structure
best calculation giving a value of 8.16 D. In passing, we note (see Table 5) will assist laboratory gas-phase experiments in

that the magnitude of the dipole moment is consistent with getecting this species, a necessary prerequisite for efficient
unlike point charges separated by a distance of about 1.7 A.gaarch by radioastronomy.

This is about half the distance between the carbene carbonand B Epergetics. Absolute and relative energies for the five
the middie of the three-membered ring, serving to underscore jsomers of GH, studied here are given in Table 7. At all levels

the importance of the polar resonance structures. Hence, it iSof theory considered in this work, a picture vaguely reminiscent
likely that nucleophilic attack may occur readily at any of the o c 4, emerged® The two most stable forms of both are a

three positions on the ring.

Harmonic frequencies calculated #at the CCSD/DZP level
exhibit the anticipated similarities withz8, isomers2 and 3.
As in 2, the in-plane and out-of-plane bending motions of the

quasi-linear triplet and a singlet featuring a three-membered ring
with the carbene carbon in the apical position. While the cyclic
isomer3 seems to be the global minimum fogld;,2d the order
may be reversed in4El,, where the linear isometis found to

cumulene fragment have relatively small force constants. The |ie somewhat below the cyclic forré at all levels of theory

corresponding harmonic frequenciesBiare somewhat smaller
than in 2, which may again be attributed to the greater
participation of polar resonance structures in the former.
Similarly, stretching vibrations of the ring carbons8r(1673
cmt for the G=C stretch, 1460 cmt for the symmetric GC
stretch, and 1151 cm for the asymmetric €C stretch) are
similar in magnitude to the corresponding normal mode
frequencies in cyclopropenylidene (1634, 1316, and 1089 cm

used here. However, the present results are not adequate to

(48) General trends found for relative stabilities in this work are largely
similar to those found at the QCISD/6-31G* level in ref 33, but it is perhaps
worthy of mention that density functional calculations using the BLYP
parametrization provide a somewhat different picture. Using the 6-31G*
level, relative energies of the isomers (in kcal/mol, from ref 33) are as
follows: 0.0 @), 8.7 ©), 10.0 @), 19.1 (7), 23.1 @). Thus, isomer$ and
7 are predicted to be considerably less stable than at the CCSD(T)/cc-pVTZ
level. Itis possible that this behavior is related to the documented inadequacy

respectively) with conjugation arguments serving to rationalize of DFT methods in accounting for the relative energies of allene and

the increases in stretching frequencies associated with nominart0

single bonds.
Confirmation of the presence @& in the laboratory can

probably be based on its two most intense infrared absorp-

tions: the cumulene stretching vibratian,j and the ring stretch
mode {vg). Strong absorptions near 2000 cthare a charac-

ropyne. Several different functionals and basis sets predict that allene is
he more stabléf but propyne is known from experiment to be thermo-
dynamically the favored isomer, see: Benson, S. W.; Garland,d. Rhys.
Chem.1991, 95, 4915. These results are consistent with those documented
here, as it is the isomers ofs8; that contain an ethynyl substituent that
seem to be systematically disfavored in DFT calculations. Hence, some
caution may be warranted when DFT methods are applied to problems
involving unsaturated carbenes.
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provide a definitive answer to the question of which is actually
the more stable form. While all calculations find a lower
electronic energy for the singled, the very soft bending
vibrations of the linear CCCCC framework4result in a zero-
point energy that is substantially lower than that of ethynylcy-

J. Am. Chem. Soc., Vol. 119, No. 44, 1980845

possible that most, if not all, of the forms of this intriguing
molecule pictured in Scheme 2 may be present in the interstellar
medium. In that environment, where rates of thermal reactions
are extremely sluggish, the relative proportions of the isomers
are determined largely by completely unknown formation

clopropenylidene. Nevertheless, the reader is reminded that themechanisms. Laboratory identification of the as-yet-unobserved
vibrational corrections are based on the assumption of aspecies’ and8 may be facilitated by the results presented in
guadratic potential energy function, which is probably not a good this paper. The corresponding rotational constants given in

approximation for4. Thus, a fair degree of uncertainty
surrounds the magnitude of the vibrational contribution to the

Tables 5 should help to confirm microwave assignments for
these isomers. Isomebs-8 possess significant dipole moments

thermodynamic energy difference. This consideration, coupled and therefore represent ideal candidates for observation in the

with the very small differences found between electronic

energies oft and6 and the apparently opposite effects associated

with basis set expansion (which seemingly fav@rand higher-
level correlation contributions (that stabiligg means that the

laboratory and in interstellar clouds.

Summary
The equilibrium structure and thermodynamic stabilities of

present results can only be used to argue that these two formsive isomers of GH, have been computed at three levels of
are thermodynamically competitive and that they are both more theory: CCSD/DZP, CCSD/TZ2P, and CCSD(T)/cc-pVTZ. The

stable than the other singlet isomers studied in this Wdie
CCSD(T)/cc-pVTZ calculations predict that the open chain
carbene$ and7 lie ca. 15 kcal/mol above the two most stable
forms of GH,. Consistency of results obtained at the three
levels of theory strongly suggests tiaand7 (like 4 and 6)

calculations suggest that triplet pentadiynylidefjeg the global
minimum, although the energy separation between this isomer
and singlet ethynylcyclopropenylidené)(is so small that a
definitive conclusion regarding the most stable form gHg
cannot be formed. The relative stabilities of the five isomers

are essentially equienergetic. Triple excitation effects prefer- cluster into three groups, with the lowest compristhgnd6.

entially stabilize isomeb, and it appears that this is the favored
form. Looking at the structures & and7, it seems plausible

About 15 kcal/mol above these species lie pentatetraenylidene
(5) and ethynylpropadienyliden€)( two isomers that appear

that a 1,3-hydrogen shift provides a facile means for isomer- to be associated with effectively degenerate minima on the

ization. The question of isomerization will be dealt with in

potential energy surface. Somewhat above these lies 3-(dide-

future work on this system that focuses on both automerization hydrovinylidene)cyclopropend);, a species that is expected to

and isomerization mechanisms on thgHg surface. Finally,
isomer 8 is predicted to lie a few kcal/mol above and 7,
thereby placing it about 20 kcal/mol relative 4cand 6. It is

(49) An intriguing bipyramidal structure of 48, has also been inves-
tigated previously? At the HF/6-31G* level singlet pentacyclo[2.1.0-8.
024 0.29pentane 9) lies about 100 kcal/mol higher thah Remarkably,
this difference drops to about 30 kcal/mol when the MBPT(2) treatment of
correlation is used with the same basis8&t.

H

H

have an extremely large dipole moment.

Detailed studies of isomerization, automerization, and mecha-
nistic photochemistry in the €1, system have elucidated many
processes that may be transferable o1 Accordingly, we
maintain a keen interest in the latter, and hope soon to study
isomers of this system in low-temperature matrices. To this
end, the harmonic vibrational frequencies and the associated
12C—13C isotopic shifts listed in the matrix given in Table 6
should be invaluable in the unambiguous identification ¢fi£
isomers.
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