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Abstract: Results of semiempirical (MNDO) and ab initio (at the SCF, TCSCF, and CISD levels of theory) calculations 
on the low-lying electronic states of cyclopentadienylidene are reported. In addition to the ground state, which is the 3B1 triplet, 
three open-shell singlets (1A2,1B1,1B2), two triplets (3A2,3B2), and four closed-shell singlets (11A1, 21A1, 31A1,1A') are described. 
The two lower excited states are the 3A2 triplet and the 1A2 singlet open-shell diradical, which are predicted, at the CISD/6-31G* 
level, to lie about 7-8 kcal/mol above the ground state. Neither the antiaromatic (four ir electrons) 1 1A1 nor the aromatic 
(six IT electrons) 2 1A1 planar singlet states are found to be true potential energy minima. Furthermore, the present ab initio 
results do not support the existence of any low-lying singlet state (1A) of allenic nature. The lowest energy closed-shell singlet 
is a 1A' state possessing a nonpolar C1 equilibrium geometry, which is predicted, at the highest ab initio level of theory considered, 
to lie about 12 kcal/mol above the ground state. 

I. Introduction 
In a previous paper,2 hereafter referred as part 1, as a prelude 

to a detailed study of the role of low-lying excited states in the 
chemistry of cycloalkenylidenes, the molecular structure and 
energetics of the lower electronic states of cyclopropenylidene (1), 
the simplest example of union3 of methylene with an even-con
jugated polyene possessing An +IT electrons, were investigated 
by means of MNDO4 and ab initio molecular orbital (MO) 
calculations. 

Cyclopentadienylidene (2), a carbocyclic carbene homologous 
to 1, may be considered the simplest example of union of meth
ylene with an even-conjugated polyene possessing An ir electrons 
(butadiene). The interaction of the butadiene it system with the 
carbene center should favor a triplet (3B1) ground state for 2.5 

This prediction is in good agreement with experimental data.6 

Although the chemistry of 2 in solution appears to be well 
established and has been ascribed to a closed-shell singlet state,7,8 

both the molecular and electronic structures of this singlet remain 
uncertain. Thus, assuming that the molecule adopts a planar 
geometry (C20 point group symmetry), two alternative electronic 
configurations have been postulated in the past for singlet 2. 

_ (1) (a) Departament de Quimica Organica. (b) Departament de Quimica 
Fisica. 

(2) Bofill, J. M.; Farras, J.; Olivella, S.; Sole, A.; Vilarrasa, J. J. Am. 
Chem. Soc. 1988, 110, 1694. 

(3) In perturbation molecular orbital (PMO) theory, union is defined as 
a process in which two conjugated molecules combine in such a way that their 
two ir systems unite into one larger one. See: Dewar, M. J. S. The Molecular 
Orbital Theory of Organic Chemistry; McGraw-Hill: New York, 1968; p 194. 

(4) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899, 4907. 
(5) Gleiter, R.; Hoffmann, R. J. Am. Chem. Soc. 1968, 90, 5457. 
(6) Wasserman, E.; Barash, L.; Trozzolo, A. M.; Murray, R. W.; Yager, 

W. A. J. Am. Chem. Soc. 1964, 86, 2304. Baird, M. S.; Dunkin, I. R.; 
Hacker, N.; Poliakoff, M.; Turner, J. J. Ibid. 1981, 103, 5190. 

(7) Moss, R. A. J. Org. Chem. 1966, 31, 3296. Moss, R. A.; Przybyla, J. 
R. Ibid. 1968, 33, 3816. 

(8) (a) Durr, H.; Ruge, B.; Weiss, B. Justus Liebigs Ann. Chem. 1974, 
1150. (b) Durr, H. Top. Curr. Chem. 1973, 40, 103. 

Structures 3 and 4 are simple pictorial descriptions of these 
electronic configurations. While configuration 3 possesses four 
•K electrons and can be formally related to the <r2ir° ground-state 
(S0) configuration of methylene, configuration 4 has six ir electrons 
and can be related to the <r°ir2 configuration of the doubly excited 
state (S2) of methylene. The electrophilicity of the singlet state 
of 2 appears to be demonstrated experimentally and has been 
discussed9 as an indication that it has the "aromatic" electronic 
configuration 4. In contrast, multiconfiguration self-consistent 
field (MCSCF) calculations,10 including configurations 3 and 4, 
indicate a lower energy value for the singlet state with the largest 
contribution from the "antiaromatic" electronic configuration 3. 

A recent MNDO study of 2 by Waali and co-workers11 has 
shown that none of the C2v molecular structures calculated for 
the singlets states arising from the electronic configurations 3 and 
4 are a true potential energy minimum. The force constant 
calculations proved that the MNDO-optimized structure for the 
singlet with the electronic configuration 3 has one imaginary 
vibrational frequency, which corresponds to a normal mode that 
transforms the C21, geometry into a nonplanar Cs structure (5). 
Such a structure came out to be the lowest energy singlet state 
(1A') of 2. As regards the alternative singlet state with the 
electronic configuration 4, the MNDO-optimized structure showed 
two imaginary vibrational frequencies. While the normal mode 
of one of these imaginary frequencies corresponds to nuclear 
movements that would yield the aforementioned structure 5, the 
other normal mode would lead to a slightly twisted C2 structure 
(6). The latter structure corresponds to a singlet state (1A) of 
allenic nature lying 4.4 kcal/mol above the 1A' singlet. Moreover, 
according the MNDO atomic net charges, both the 1A' and 1A 
singlets could exhibit electrophilic behavior. Therefore, the 
question concerning the electronic configuration of the singlet state 
of 2 responsible for its solution chemistry still seems to be open. 
In addition, experimental results with cyclic conjugated carbenes 
generated from aza analogues of diazocyclopentadiene suggest 
that low-lying electronic states other than the methylene S0-like 
singlet might be involved in such cases.12 In particular, a highly 
reactive carbene with a strong diradical character has been 
postulated.12 

While several theoretical studies of 2 have appeared,10,11,13"16 

none of them have considered the possible open-shell singlet states 

(9) Diirr, H.; Werndorff, F. Angew. Chem., Int. Ed. Engl. 1974, 13, 483. 
(10) Shepard, R.; Simons, J. Int. J. Quantum Chem. 1980, S14, 349. 
(11) Kassaee, M. Z.; Nimlos, M. R.; Downie, K. E.; Waali, E. E. Tetra

hedron 1985,4/, 1579. 
(12) Bru, N.; Vilarrasa, J. Chem. Lett. 1980, 1489. 
(13) Lee, C-K.; Li, W.-K. J. MoI. Struct. 1977, 38, 253. 
(14) Kausch, M.; Durr, H. J. Chem. Res., Synop. 1982, 2. 
(15) Tsang, H.-T.; Li, W.-K. Croat. Chem. Acta 1983, 56, 103. 
(16) Glidewell, C ; Lloyd, D. J. Chem. Res., Synop. 1983, 178. 
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Figure 1. Molecular orbital interaction diagram for the methylene and 
w-l,3-butadiene fragments of cyclopentadienylidene. 

9a-, 2b! 

Figure 2. Qualitative drawings of the atomic orbitals that make the 
largest contribution to the Ia2, 9a,, and 2bt molecular orbitals. 

of this carbene. Here we report the results of our own MNDO 
and ab initio MO calculations on the molecular and electronic 
structure of all low-lying singlet and triplet states of 2. 

II. Elementary Theoretical Considerations 
The first step in the present investigation was to find the possible 

low-lying electronic states of 2 before performing the corresponding 
theoretical calculations. For this purpose we carried out an el
ementary perturbational molecular orbital (PMO)3 analysis, which 
is similar to that reported in the earlier study of Gleiter and 
Hoffmann.5 A MO interaction diagram for the methylene and 
butadiene fragments of 2 is given in Figure 1. Assuming C2v 

molecular symmetry, the lowest unoccupied MO (LUMO) of the 
diene (^r3*) has the correct symmetry (b,) to interact with the 
methylene out-of-plane p AO. This interaction will stabilize the 
latter orbital, causing the CS—K splitting in 2 to be smaller than 
in methylene,- Low-lying states of 2 will arise from the occupation 
with two electrons of the cr-type MO 9a , and the 7r-type MO 2b,. 
The atomic orbitals making the largest contribution of these MO 
are shown in Figure 2. 

Double occupation of the 9&\ orbital gives rise to a 1A1 singlet; 
its valence electronic configuration 3 can be written as in (1). 

(4a1)2(3b2)2(5a1)2(4b2)2(6a1)2(7a1)2(5b2)2(8a,)2(6b2)2(lb1)2 

(la2)2(9a,)2(2b,)0 1 1A1 (1) 

Promotion (relative to configuration 1) of a 9a) electron to the 
2b! orbital yields an open-shell electronic configuration, which 
can be written in short form as in (2). This configuration, which 

.(lb,)2(la2)2(9a1)1(2b1)' 3B1 (2) 

can be formally related to the o-'ir1 configuration of the S1 and 
T1 states of methylene, gives rise to one singlet and one triplet 
states of B1 symmetry. Excitation (relative to configuration 1) 
of the two 9a, electrons to the 2bt orbital gives rise to a second 
closed-shell singlet state 1Ai; its electronic configuration (4) can 
be written as in (3). 

..(lb,)2(la2)2(9a,)°(2b,)2 21A1 (3) 

When the molecular symmetry of 2 is lowered from the C2„ 
point group to the Cs one (5), the former Ib1, 9a,, and 2b! MOs 

become orbitals of the symmetric irreducible representation 9a', 
10a', and 1 la', respectively, whereas the former Ia2 MO becomes 
an orbital of the antisymmetric irreducible representation 7a". 
Thus, the closed-shell electronic configuration 1 is transformed 
into a new configuration, which can be written as in (4). This 

...(9a')2(7a")2(10a')2(lla')° (4) 

is the electronic configuration of the closed-shell singlet state 1A', 
which corresponds to the nonplanar structure 5 reported by Waali 
and co-workers.11 Finally, when the molecular symmetry of 2 is 
lowered from the C20 point group to the C2 one (6), the former 
Ib1 and 2b! MOs become orbitals of the antisymmetric irreducible 
representations 7b and 8b, respectively, whereas the former Ia2 

and 9a, MOs become orbitals of the symmetric irreducible rep
resentations 9a and 10a, respectively. Thus, within C2 molecular 
symmetry, the doubly excited electronic configuration 3 is written 
as in (5). This is the electronic configuration of the closed-shell 
singlet state 1A corresponding to Waali's allenic structure 6. 

...(7b)2(9a)2(10a)°(8b)2 
(5) 

At this point it is noteworthy that the Ia2 MO (Figure 1), which 
is basically the ir2 MO of the butadiene fragment of 2, should lie 
energetically close to the 9a, and 2b, orbitals. Consequently, it 
is likely that, within C20 molecular symmetry, besides the electronic 
configurations 1-3 there might arise other low-lying electronic 
configurations involving different occupation of the Ia2 orbital. 
Thus, the nonpaired double excitation (relative to configuration 
1) of one electron from 9a! a nd another from Ia2 to the 2b, orbital 
yields another open-shell configuration written as in (6). This 

...(Ib1)
2Oa2)

1Pa1)
1^b1 •3A, (6) 

electronic configuration gives rise to one singlet and one triplet 
state of A2 symmetry, with no counterpart in methylene. Pro
motion (relative to configuration 1) of a Ia2 electron to the 2b, 
orbital yields a third open-shell electronic configuration possessing 
four ir electrons, written as in (7). This configuration gives rise 

.(lb1)2(la2)1(9a1)2(2b1)1 3B2 (7) 

to one singlet and one triplet state of B2 symmetry, again having 
no counterpart in methylene. Finally, excitation (relative to 
configuration 1) of the two Ia2 electrons to the 2b, orbital gives 
rise to a third closed-shell singlet state 1A1 with four T electrons. 
The corresponding electronic configuration can be written as in 
(8). 

...(Ib1)2Oa2)O(Qa1)2^b1)2 3 1A, (8) 

Therefore, besides the five electronic states (3B1,
 1A', 1 1A1, 

1A, 2 1A1) reported by Waali and co-workers,11 it appears that 
there are other six possible low-lying states (1B1,3A2, 1A2 ,3B2 , 
1B2, 3 1A,) for 2. 

III. Computational Methods 

The details of the computational methods used have been described 
in part 1, and only a brief review of the procedures will therefore be given 
here. All MNDO calculations were performed with the MOPAC17 pro
gram with standard parameters. Calculations for triplet and open-shell 
singlet states employed the half-electron (HE) version18 of MNDO. 
Standard ab initio calculations were carried out using locally modified 
versions19 of both the GAUSSIAN-8020 and GAMESS21 program packages. 

(17) Olivella, S. QCPE Bull. 1984, 4, 109. 
(18) Dewar, M. J. S.; Hashmall, J. A.; Venier, J. Am. Chem. Soc. 1968, 

90, 1953. Dewar, M. J. S.; Trinajstic, N. J. Chem. Soc, Chem. Commun. 
1970, 646. Dewar, M. J. S.; Trinajstic, N. J. Chem. Soc. A 1971, 1220. 

(19) Sole, A., unpublished results. 
(20) Binkley, J. S.; Whiteside, R. A.; Krishnan, R.; Seeger, R.; DeFrees, 

D. J.; Schlegel, H. B.; Topiol, S.; Kahn, L. R.; Pople, J. A. QCPE 1981, 13, 
406. 

(21) Dupuis, M.; Spangler, D.; Wendoloski, J. J. Nat. Res. Comput. Chem. 
Software Cat. 1980, /, QGOl. Extended by N. W. Schmidt and S. T. Elbert, 
1983. 
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Table I. MNDO-Calculated Heats of Formation (AH1, kcal/mol) and Relevant Geometrical Parameters"'' of the Optimized Molecular 
Structures for Several Electronic States of Cyclopentadienylidene' 

state 
3B1 
3A2 
1A2 
1B1 
1A' 
I 1 A 1 
1A 
2 ' A 1 
3B2 
3 'A 1 
1B2 

AH, 

119.5 
123.6 (4.1) 
125.0 (5.5) 
133.4 (13.9) 
140.5(21.0) 
141.1 (21.6) 
144.9 (25.4) 
147.0 (27.5) 
150.8 (31.3) 
168.2 (48.7) 
176.7 (57.2) 

C1C2 

1.418 
1.381 
1.380 
1.405 
1.462 
1.497 
1.354 
1.368 
1.455 
1.380 
1.432 

C2C3 

1.391 
1.485 
1.485 
1.403 
1.374 
1.359 
1.492 
1.447 
1.448 
1.537 
1.432 

C3C4 

1.486 
1.377 
1.377 
1.486 
1.495 
1.507 
1.391 
1.426 
1.400 
1.350 
1.436 

C2C1C5 

115.5 
115.9 
116.2 
117.4 
108.6 
104.0 
123.5 
129.6 
104.7 
108.0 
107.2 

¥ 
0 
0 
0 
0 
23.2 
0 
e 
0 
0 
0 
0 

"Geometrical parameters defined as in 2. 'Distances are in angstroms and angles in degrees. 'Relative energies (kcal/mol) are given in par
entheses. ''Folding angle defined as in 5. 'Here the relevant dihedral angle is C3C2C1C5 = 3.4°. 

Table II. Relevant Geometrical Parameters"'4 of the Optimized 
Molecular Structures for Several Electronic States of 
Cyclopentadienylidene 

Table III. Calculated Total Energies (Hartrees) for Several 
Electronic States of Cyclopentadienylidene" 

state 
3B1 
3A2 
1A2 
1B1 
1A' 

1'A1 

3B2 
2 'A 1 

31A1 
1B2 

computational 
method 

ROHF 
ROHF 
ROHF 
ROHF 
RHF 
TCSCF 
RHF 
TCSCF 
ROHF 
RHF 
TCSCF 
RHF 
ROHF 

C1C2 

1.458 
1.379 
1.379 
1.407 
1.511 
1.433 
1.540 
1.547 
1.484 
1.355 
1.364 
1.404 
1.519 

C2C3 

1.346 
1.486 
1.485 
1.381 
1.331 
1.365 
1.323 
1.322 
1.443 
1.436 
1.425 
1.572 
1.399 

C3C4 

1.486 
1.343 
1.344 
1.484 
1.522 
1.492 
1.534 
1.529 
1.364 
1.401 
1.407 
1.310 
1.403 

C2C1C5 

109.1 
110.7 
110.7 
113.5 
103.5 
111.3 
100.8 
100.2 
99.3 

127.4 
125.6 
99.9 
97.0 

V 

0 
0 
0 
0 

20.6 
22.8 
0 
0 
0 
0 
0 
0 
0 

"Geometrical parameters defined as in 2. 'Distances are in ang
stroms and angles in degrees. ' Folding angle defined as in 5. 

Geometries were initially optimized with MNDO within appropriate 
molecular symmetry constraints and then further optimized at the SCF 
level of theory with the split-valence 3-2IG basis set22 using analytical 
gradient methods. Singlet closed-shell states 1 'A1, 2 'A1, and 'A' were 
calculated employing the spin-restricted Hartree-Fock (RHF) method23 

and by use of a two-configuration SCF (TCSCF), or the equivalent 
generalized valence bond (GVB),24a wave function. For the 1 1A1 and 
2 'A1 singlet states, the TCSCF wave function included the electronic 
configurations 1 and 3. In addition to configuration 4, the TCSCF wave 
function of the 'A' state included the doubly excited configuration (10a')2 

—• (1 la')2- Triplet and singlet open-shell states were calculated by the 
spin-restricted open-shell Hartree-Fock (ROHF) approach.24 Addi
tional single-point calculations were carried out with the larger split-va
lence 6-3IG basis set25 and with the split-valence plus d polarization at 
the carbon atoms 6-31G* basis set.26 

To establish more reliable relative energies, configuration interaction 
(CI) was used at the SCF and TCSCF optimum geometries with the 
6-3IG basis set. The CI wave function included all interacting singly and 
doubly excited configurations (CISD) relative to either the SCF or both 
TCSCF reference configurations. The Hartree-Fock interacting 
space27,28 of single and double excitations was included for the triplet and 
open-shell states. All five nonvalence molecular orbitals were frozen. 
The number of configurations varied from 26 897 for the 1 'A1 state 
(single-reference CISD) to 93 393 for the 'A' state (two-reference CISD). 
Our best ab initio relative energies (CISD/6-31G*) were estimated by 
assuming additivity of the d-polarization functions and correlation energy 
effects.29 In part 1, this procedure has been proven to give a reliable 

(22) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 
102, 939. 

(23) Roothaan, C. C. J. Rev. Mod. Phys. 1960, 32, 179. 
(24) (a) Singlets: Bobrowicz, F. W.; Goddard, W. A. In Modern Theo

retical Chemistry; Schaefer, H. F., Ed.; Plenum: New York, 1977; Vol. 3, 
p 79. (b) Triplets: Davidson, E. R. Chem. Phys. Lett. 1973, 21, 565. 

(25) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 56, 
257. 

(26) Hariharan, P. C; Pople, J. A. Theor. Chim. Acta 1973, 28, 213. 
(27) Bunge, A. J. Chem. Phys. 1970, 53, 20. 
(28) Bender, C. F.; Schaefer, H. F. J. Chem. Soc. 1971, 55, 4798. 
(29) McKee, M. L.; Lipscomb, W. N. J. Am. Chem. Soc. 1981,103, 4673. 

state 
3B1 

3A2 

1A2 

1B1 

1A' 

I1A1 

3B2 

2 1A1 

3 'A 1 

1B2 

computational 
method 

ROHF 
CISD 
ROHF 
CISD 
ROHF 
CISD 
ROHF 
CISD 
RHF 
TCSCF* 
CISD' 
CISD*'' 
RHF 
TCSCF6 

CISD' 
CISD M 

ROHF 
CISD 
RHF 
TCSCF6 

CISD' 
CISD W 

RHF 
CISD 
ROHF 
CISD 

3-21G 

-190.459 87 

-190.44130 

-190.437 92 

-190.42048 

-190.407 53 
-190.428 02 

-190.40641 
-190.420 86 

-190.40096 

-190.375 78 
-190.378 61 

-190.345 99 

-190.34180 

basis set 

6-31G 

-191.46361 
-191.84002 
-191.44491 
-191.825 19 
-191.44154 
-191.827 20 
-191.42510 
-191.80219 
-191.40998 
-191.43268 
-191.79675 
-191.81248 
-191.40818 
-191.422 20 
-191.79169 
-191.79818 
-191.40663 
-191.777 98 
-191.38208 
-191.38504 
-191.77448 
-191.77568 
-191.349 38 
-191.74363 
-191.347 45 
-191.72772 

6-3IG* 

-191.53335 

-191.51621 

-191.51254 

-191.497 92 

-191.48783 
-191.51050 

-191.48431 

-191.484 37 

-191.45646 

-191.43524 

-191.42813 

"AU calculations at the SCF/3-21G-optimized geometries. 4At the 
TCSCF/3-21G-optimized geometry. 'Based on the RHF reference 
configuration. ''Based on both TCSCF reference configurations. 

Table IV. Calculated Relative Energies (kcal/mol) for Several 
Electronic States of Cyclopentadienylidene" 

state 
3B1 
3A2 
1A2 
1A' 
1B1 

I 1 A 1 
3B2 
2 ' A 1 

3 1A1 
1B2 

SCF/ 
3-21G 

0 
11.7 
13.8 
20.0' 
24.7 
33.5 
37.0 
52.8 
71.5 
74.1 

SCF/ 
6-31G 

0 
11.7 
13.8 
19.4' 
24.2 
34.7 
35.8 
51.2 
71.7 
72.9 

SCF/ 
6-31G* 

0 
10.8 
13.1 
14.3' 
22.2 
30.8 
30.7 
48.3 
61.6 
66.0 

CISD/ 
6-31G 

0 
9.3 
8.0 

17.3d 

23.7 
30.3 
38.9 
41.1 
60.5 
70.5 

CISD/ 
6-31G*4 

0 
8.4 
7.3 

12.2' 
21.7 
26.4 
33.8 
38.2 
50.4 
63.6 

"All calculations at the SCF/3-21G-optimized geometries except for 
the 1A' state, for which the TCSCF/3-2 lG-optimized geometry was 
used. 4 Estimated assuming additivity of the electron correlation and 
d-polarization functions corrections. 'At the TCSCF level of theory. 
d Based on both TCSCF reference configurations. 

approximation to the vastly more computer time consuming CI calcula
tions with the 6-31G* basis set. 

Both the MNDO and ab initio 3-2IG stationary point structures 
determined for each electronic state were characterized by their harmonic 
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Table V. Mulliken Atomic Net Charges and Dipole Moments (n, Debyes) for Several Electronic States of Cyclopentadienylidene at the 
SCF/6-31G* Level of Theory'" 

state C1 C2 C3 M 

% +0.052 (+0.071) -0.246 (-0.166) -0.193 (-0.048) 0.52 (0.88) 
3A2 -0.047 (-0.176) -0.186 (+0.044) -0.213 (-0.118) 0.72(0.74) 
1A2 -0.047 (-0.177) -0.185 (+0.044) -0.214 (-0.118) 0.69(0.74) 
1B1 +0.104 (+0.065) -0.310 (-0.168) -0.164 (-0.045) 1.14 (0.95) 
1A"1 +0.071 (+0.069) -0.284 (-0.165) -0.174 (-0.051) 1.47(1.83) 
1 1A1 +0.082 (+0.076) -0.326 (-0.187) -0.137 (-0.026) 3.16 (2.83) 
3B2 -0.037 (-0.201) -0.233 (-0.004) -0.184 (-0.068) 3.56 (3.64) 
2 1A1 +0.137 (+0.219) -0.261 (-0.185) -0.247 (-0.132) 1.46 (1.45) 
3 1A1 -0.224 (-0.552) -0.117 (+0.253) -0.218 (-0.142) 4.22(3.76) 
1B2 -0.213 (-0.236) -0.160 (+0.013) -0.184 (-0.067) 4.75 (3.81) 

"See footnote a in Table IV. *Atom numbering as in 1. 'The quantities in parentheses are the MNDO-calculated values. dBased on the TCSCF 
wave function. 

vibrational frequencies as minima, saddle points, or higher extrema, from 
the Cartesian force constants matrix calculated numerically by finite 
differences of numerical (MNDO) or analytical (3-21G) gradients.30 

IV. Results and Discussion 

The MNDO-computed heats of formation and the most relevant 
geometrical parameters of the 11 electronic states of 2 predicted 
in section II are summarized in Table I according to the predicted 
energy ordering. The same geometrical parameters of the 3-
21G-optimized structures found for all these states, except for the 
allenic 1A singlet, are given in Table II. It did not prove possible 
to perform a geometry optimization on the latter closed-shell 
singlet state. Thus, geometry optimizations performed within C2 

symmetry constraints, starting at the MNDO-optimized geometry, 
led invariably to a C2„ structure, which corresponds to the 2 1A1 

state. The total and relative ab initio energies, calculated at 
different levels of theory, are shown in Tables III and IV, re
spectively. Finally, the net atomic charges, determined from the 
Mulliken population analysis,31 and the dipole moments calculated 
at the SCF/6-3IG* level of theory are shown in Table V. For 
comparison, Table V also includes the MNDO-computed values. 

To facilitate discussion, the results obtained for the open-shell 
and closed-shell states are presented separately. 

Open-Shell States. In good qualitative agreement with earlier 
theoretical studies5,1 M3~15 and experimental data,6 the present 
MNDO and ab initio calculations predict the electronic ground 
state of 2 to be the 3B1 triplet. The harmonic vibrational analysis 
proved that the 3-21G-optimized structure obtained for this state 
is a true potential energy minimum. When the geometrical pa
rameters shown in Tables I and II for the 3B1 state are compared, 
it is found that MNDO predicts the C2C1C5 bond angle to be 
somewhat wider. This observation is consistent with the MNDO 
tendency to exaggerate the bond angle at the carbene center of 
triplet carbenes.32 

One of the most interesting results of the present MNDO and 
ab initio calculations is the prediction regarding the existence of 
a triplet 3A2 and an open-shell singlet 1A2 state, which lie lower 
in energy than any of the other excited states, including the 
open-shell singlet 1B1 arising from the same electronic configu
ration of the ground state 3B1. Indeed, the diradical open-shell 
singlet 1A2 is predicted to be the lowest energy singlet state of 
2. As mentioned above, these open-shell states of A2 symmetry 
have no counterpart in methylene and may be considered to arise 
formally from the excitation, relative to the ground-state con
figuration 2, of one electron from the highest occupied MO of 
the butadiene moiety of 2 (Ia2) to the highest singly occupied MO 
(2b]). Interestingly, the absolute energies of the 3A2 and 1A2 states 
switch in order on going from the SCF to the CISD ab initio levels 
of theory. The 3A2-1A2 energy separation is never large, and this 
precludes a definitive statement as to establish which is the first 
excited electronic state of 2. It is to be noted that the 3B1-3A2 

and 3B1-1A2 energy gaps estimated at the CISD/6-31G* level 

(30) Pulay, P. MoI. Phys. 1969, 17, 197. 
(31) Mulliken, R. S. J. Chem. Phys. 1955, 23, 1833. 
(32) Thiel, W. J. Am. Chem. Soc. 1981, 103, 1420. 

Figure 3. ROHF/3-21G equilibrium geometries after C1 symmetry 
constrained reoptimization of the structures calculated for the 3A2 and 
'A2 electronic states of cyclopentadienylidene. All bond distances are in 
angstroms. 

of theory (8.4 and 7.3 kcal/mol, respectively) are in reasonable 
agreement with the values predicted by MNDO (4.1 and 5.5 
kcal/mol, respectively). Moreover, it is noteworthy that the 
SCF/3-21G-optimized geometries for these excited states are close 
to those calculated with MNDO. Once again, the main difference 
is found for the C2C1C5 bond angles, which are predicted to be 
somewhat wider by MNDO. As regards the charge distribution, 
the 6-31G*-calculated atomic net charges differ appreciably from 
those predicted by MNDO. In particular, while the latter method 
predicts a considerable negative net charge on the carbene center 
(C1) of the two A2 states, the 6-3IG* calculations give a weak 
negative net charge on this atom of both states. However, the 
6-31G*-computed dipole moments of these states are nearly 
identical with the MNDO values. 

The harmonic vibrational analysis showed that the SCF/3-2IG 
optimized structures for both 3A2 and 1A2 states have one im
aginary frequency (2990; and 2156; cm"1, respectively). Curiously, 
the normal modes associated with these imaginary frequencies 
are of b2 symmetry and suggest a concerted shortening and 
lengthening of the two equivalent C1C2 and C1C5 bonds. This 
normal mode breaks the C2,, molecular symmetry and should lead 
to a planar structure (C,) with unequal C1C2 and C1C5 bond 
lengths. In fact, subsequent geometry reoptimization (at the 
SCF/3-21G level) within the C5 symmetry constraints of the 
calculated 3A2 and 1A2 structures, slightly modified according to 
the nuclear displacements indicated by the normal mode of im
aginary frequency, yielded the molecular geometries shown in 
Figure' 3, which correspond to one triplet and one open-shell singlet 
state of A" symmetry. As expected, these Cs geometries show 
one short and one long C1C2^) bond relative to the C1C2 distance 
predicted for the corresponding C21, geometries. The force constant 
analysis proved these C5 structures to be true potential energy 
minima. Interestingly, the decrease in energy accompanying the 
symmetry lowering from the C2,,- to the C,-optimized structures 
is only 2.7 kcal/mol for the triplet and 1.1 kcal/mol for the singlet. 

A plausible explanation of the above unexpected results, con
cerning the broken-symmetry (C1) equilibrium geometries pre
dicted for the two lowest excited states of 2, can be given on the 
basis of the analogous results found for the 3A2 and 1A2 states 
of 1. As noted in part 1, the electronic wave function calculated 
at the SCF level of theory for open-shell configurations involving 
single occupation of the Ia2 MO are subject to the Hartree-Fock 
instability.33 Due to this phenomenon, a ROHF calculation tends 
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to locate the odd Ia2 electron at one end of the C2C1C5 fragment 
of the molecule, while a double bond is localized at the other end. 
This spurious localization compensates for the inadequacy of the 
SCF single configuration in providing correlation of the two op
posite-spin 2bj and Ia2 electrons. It has been recently shown34 

that an appropriate MCSCF wave function averts the symme
try-breaking problem in analogous molecular geometry calcula
tions. It is likely, therefore, that such a model should predict for 
the lowest triplet (3A2) and singlet (1A2) states of 2 a C20 equi
librium geometry. Restrictions imposed by the size of the molecule 
and the limitations of computer sources have prevented the use 
of such a MCSCF wave function to confirm the latter hypothesis. 

Regarding the open-shell singlet state 1B1, at the CISD/6-31G*, 
it is estimated to lie 21.7 kcal/mol above the ground state. This 
1B1-3B1 energy splitting is substantially larger than the value (13.9 
kcal/mol) predicted by MNDO. A similar discrepancy was found 
for such a singlet-triplet energy splitting in the study of 1. On 
the other hand, besides the C2C1C5 bond angle, the geometrical 
parameters optimized with the 3-21G basis set are in very good 
agreement with the MNDO-calculated values. As in the case of 
the corresponding triplet state (3B1), MNDO predicts a somewhat 
larger value for the latter bond angle. However, the increase in 
the C2C1C5 bond angle calculated at the SCF/3-21G level in 
passing from the 3B1 triplet to the 1B1 singlet is qualitatively 
reproduced by the MNDO calculations. As regards the charge 
distribution computed with the 6-3IG* basis set for the 1B1 singlet, 
it is worth noting that both the net atomic charge at the carbene 
center and dipole moment are twice the values calculated for the 
triplet of the same symmetry. In sharp contrast, MNDO predicts 
nearly the same charge distribution and dipole moment for both 
states of B1 symmetry. 

The force constant analysis of the 3-21G-optimized structure 
for the 1B1 singlet could not be performed due to the fact that, 
at molecular geometries (e.g., Cs and C1) slightly displaced from 
the optimized C211 geometry, the SCF procedure24" converged to 
a GVB solution of lower energy, which is related to the TCSCF 
wave function of a geometrically distorted structure derived from 
the 1 1A1 closed-shell singlet. 

A comparison of the geometrical parameters calculated for the 
states of A2 symmetry with those calculated for the states of B1 

symmetry shows substantial lengthening of the C2C3 and C4C5 

bond distances and shortening of the C3C4 bond length. These 
structural changes are easily understood on the grounds of the 
different nodal planes of the Ia2 and 2b! MOs (Figure 2). As 
found in the case of carbene I,2 at the SCF level of theory, the 
1A2-3A2 energy splitting is small, as compared with the notable 
singlet-triplet splitting calculated for the states of B1 symmetry. 
The different spatial localization (Figure 2) of the singly occupied 
MOs Ia2 and 2b!, which distinguish these states, accounts for the 
noted differences in the singlet-triplet energy splittings. In fact, 
the exchange integral, causing the energy splitting between the 
singlet and triplet states arising from the same electronic con
figuration, is expected to be larger for the orbital pair 9a!-2b! 
than for the 9a t - la 2 one. 

Regarding both the triplet and open-shell singlet states of B2 

symmetry, the most notable geometrical feature is the relatively 
small value of the C2C1C3 bond angle, which is predicted to be 
remarkably close to the value obtained for the closed-shell singlet 
1 1A1. This is ascribed to the fact that the double occupation of 
the 9a] MO favors small C3C1C2 bond angles. The geometries 
calculated with the 3-2IG basis set for the two states of B2 sym
metry differ appreciably from those optimized with MNDO. As 
noted for the open-shell states of B1 and A2 symmetries, MNDO 
predicts wider bond angles at the carbene carbon. In addition, 
while the MNDO-optimized structures of these B2 states show 
a similar bond length for the five CC bonds, the 3-21G-optimized 
geometries show different values for these CC bonds. The 3-
21G-optimized structures of the 3B2 and 1B2 states could not be 

(33) For a discussion and leading references see: Chambaud, G.; Levy, 
B.; Millie, P. Theor. CHm. Acta 1978, 48, 103. 

(34) McLean, A. D.; Lengsfield, B. H.; Pacansky, J.; Ellinger, Y. J. Chem. 
Phys. 1985, 83, 3567. 

characterized as true equilibrium geometries due to nonconver-
gence to self-consistency problems arisen in the calculation of the 
force constant matrices. 

At the estimated CISD/6-31G* level of theory, the 3B2 state 
is predicted to lie 33.8 kcal/mol above the ground state. This 
energy separation is in very good agreement with the 31.3 kcal/mol 
energy gap predicted by MNDO. Moreover, the 3B2-1B2 energy 
splitting estimated at the latter level of theory (29.5 kcal/mol) 
is similar to that predicted by MNDO (25.9 kcal/mol). It is worth 
noting that this energy splitting between the singlet and triplet 
states arising from the same electronic configuration is the largest 
one of all open-shell electronic configuration considered for carbene 
2. This result is a consequence of the spatial localization on the 
carbon atoms (except the C1) of the singly occupied MOs Ia2 and 
2b l t which leads to a large exchange integral between these or-
bitals. Finally, it is worth noting the large dipole moments cal
culated for both states of B2 symmetry with the 6-3IG* basis set. 
As noted in the case of the open-shell states of B1 symmetry, 
comparison of the atomic net charges for the 3B2 and 1B1 states 
shows that the singlet is substantially more polarized. 

Closed-Shell Singlet States. First we present the results obtained 
at the single configuration SCF level of theory. Beginning with 
the lowest energy singlet state arising from the electronic con
figuration 1, namely 1 1A1, it is worth noting that the geometry 
optimized with the 3-2IG basis set shows alternating (short/long) 
bond distances, thus indicating two localized double bonds. In 
fact, the calculated C2C3 and C4C5 bond distances have been 
lengthened by only 0.003 A with respect to the SCF/3-21G-
predicted CC double-bond distance (1.320 A) in cz's-1,3-buta-
diene.35 Furthermore, the orbital charge in the out-of-plane p 
AO of atom C1 was calculated (from the Mulliken population 
analysis with the 6-3IG* basis set) to be 0.166e, proving that there 
is only a very weak derealization of the four T electrons away 
from the two v orbitals of the butadiene fragment of 2 into the 
empty p AO at the carbene center. These results are a conse
quence of the expected antiaromatic nature of the electronic 
configuration 1. When the structure optimized with the 3-2IG 
basis set is compared with that optimized by MNDO, it is found 
that both methods give similar geometries; the CC bond lengths 
differ by up to 0.04 A while the bond angle at the carbene center 
is calculated to be 3.2° wider by MNDO. 

In good agreement with previous MNDO results,11 the harmonic 
vibrational analysis showed that the structure determined for the 
1 1A1 state with the 3-2IG basis set has one imaginary frequency 
(222/ cm"1), which corresponds to a vibrational mode of b[ sym
metry. This normal mode breaks the C2c molecular symmetry 
and should lead to a nonpolar Cs structure (5). In fact, subsequent 
geometry reoptimization (at the SCF/3-21G level) within the Cs 

symmetry constraints of the structure calculated for the 1 1A1 state, 
slightly modified according to the nuclear displacements indicated 
by the normal mode of imaginary frequency, yielded the structure 
calculated for the 1A' singlet state (fifth row in Table II). The 
force constant analysis proved this Cs structure to be a true po
tential energy minimum. Therefore, our ab initio SCF/3-2IG 
calculations agree with Waalfs MNDO results predicting the 
lowest energy closed-shell singlet state of 2 to prefer a nonplanar 
Cs equilibrium geometry. The decrease in energy accompanying 
the "folding" of the planar five-membered ring of singlet state 
1 1A1 to yield the 1A' singlet is calculated to be small at all levels 
of theory (Table III). However, both the d-polarization functions 
and electron correlation effects enhance the 1 1A1-1A' energy 
separation. This is predicted to be 4.3 kcal/mol at the estimated 
single-reference CISD/6-31G* level of theory. According to the 
results in Table I, MNDO gives an energy gap of only 0.6 
kcal/mol. 

It is readily seen in Table II that the geometrical differences, 
other than the folding angle 8, between the planar (C20) and folded 
(Cj) structures of the lowest closed-shell singlet state of 2 are very 

(35) Whiteside, R. A.; Frisch, M. J.; DeFrees, D. J.; Schlegel, H. B.; 
Raghavachari, K.; Pople, J. A. Carnegie-Mellon Quantum Chemistry Archive, 
2nd ed., July 1981. 
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small, the most significant one being the C2C1C5 angle, which is 
found to be 2.7° larger in the latter structure. The same trend 
is observed in comparing the MNDO-optimized geometries for 
these states (Table I). 

Regarding the geometrical structure optimized at the SCF/ 
3-2IG level for the closed-shell singlet state arising from the 
electronic configuration 3, namely 2 1A1, it is worth noting that 
the differences between the five CC bond lengths are somewhat 
smaller than in the structure determined for the 1 1A1 state. A 
comparison of the geometrical parameters obtained for the 2 1A1 

state with those calculated for the lower 1 1A1 state reveals a 
substantial lengthening and shortening of the C2C3 and C1C5 bond 
distances, respectively, and a very larger increment of the C2C1C5 

bond angle. These changes in the CC bond lengths are consistent 
with the expected (aromatic) delocalization of the six IT electrons 
of the electronic configuration 3; thus, the orbital charges in the 
out-of-plane p AO of atoms C1, C2, and C3 were calculated (at 
the SCF/6-31G* level) to be 1.319,1.208, and 1.133e, respectively. 
The increment of the bond angle at the carbene carbon is ascribed 
to the electron energy vacancy of the 9a, MO. 

At variance with a previous MNDO force constant analysis,11 

the structure optimized with the 3-2IG basis set for the 2 1A1 state 
of 2 did show only one imaginary harmonic frequency (785i cm"1), 
which corresponds to a vibrational mode of b] symmetry. This 
normal mode, as found for the 1 1A1 singlet, breaks the C211 

molecular symmetry and should lead to a nonplanar structure 5. 
Not unexpectedly, a subsequent geometry reoptimization (at the 
SCF/3-21G level) within the Cs symmetry constraints of the 
structure calculated for the 2 1A1 state, slightly modified according 
to the nuclear displacements indicated by the above normal mode 
of imaginary frequency, led to the structure calculated for the 
1A' singlet. Therefore, it appears that at the SCF/3-21G level 
of theory neither the antiaromatic (four IT electrons) 1 1A1 nor 
the aromatic (six v electrons) 2 1A1 closed-shell singlet states of 
2 have a true Clv equilibrium geometry. Of course, within the 
nonplanar Cs symmetry, it is not possible to distinguish between 
a and IT electrons and, therefore, the conventional SCF procedure 
gives an unique 'A' solution for both states. 

Finally, within the framework of the single-configuration SCF 
approach, it is worth mentioning that the structure optimized for 
the 3 1A1 state (arising from the electronic configuration 8) with 
the 3-2IG basis set agrees fairly well with the geometry predicted 
by MNDO, except the bond angle at the carbene center, which 
is predicted 8.1 ° wider by the latter method. It should be recalled 
that the conventional SCF procedure, employed here in the ge
ometry optimization to calculate the electronic wave function, does 
not warrant that the calculation energy is an upper bound for the 
true energy of this state. Nevertheless, it is interesting to note 
that at the estimated CISD/6-3 IG* level of theory this singlet 
state is calculated to lie 50.4 kcal/mol above the ground state, 
which is in excellent agreement with the value (48.7 kcal/mol) 
predicted by MNDO. Owing to nonconvergence to self-con
sistency problems in the calculation of the force constants matrix, 
the structure optimized with the 3-2IG basis set could not be 
characterized as a true equilibrium geometry. 

Since closed-shell singlet carbenes are more properly described 
in zeroth order by TCSCF wave functions,36 the 1 1A1, 2

 1A1, and 
1A' states were reexamined at this higher level of theory. The 
most relevant parameters of the TCSCF/3-21G-reoptimized 
geometries are included in Table II, and the single-point total 
energies calculated with both larger basis sets (at the TCSCF level) 
and the two-reference CISD/6-31G wave function are included 
in Table III. 

As regards the 1 1A1 state, at the TCSCF/3-21G-optimized 
geometry, the mixing coefficients of the configurations 1 and 2 
were calculated to be 0.986 and -0.169 for C1 and C2, respectively, 
and the TCSCF/3-21G energy was calculated to be 9.3 kcal/mol 
lower than single-configuration SCF/3-21G value. The SCF/ 
3-21G- and TCSCF/3-21G-optimized geometries of 1 1A1 are 
essentially superposable. In good qualitative agreement with the 

(36) Meadows, J. H.; Schaefer, H. F. / . Am. Chem. Soc. 1976, 98, 4383. 

SCF/3-21G force constant analysis results, the TCSCF/3-21G-
optimized structure showed an imaginary frequency (191/ cm"1) 
corresponding to a vibrational mode of b[ symmetry. This normal 
mode should lead to a nonplanar Cs structure as 5. On the basis 
of the above results, therefore, it appears that the single-config
uration SCF description of the 1 1A1 state of 2 is qualitatively 
acceptable. Moreover, it is interesting to note that the difference 
between the single-reference and two-reference CISD/6-3 IG total 
energies (4.1 kcal/mol) is relatively small. 

Regarding the 2 1A1 state, at the TCSCF/3-21G-optimized 
geometry, the mixing coefficients of configurations 1 and 2 were 
found to be -0.153 and 0.988 for C1 and C2, respectively, and the 
TCSCF/3-21G energy was 1.8 kcal/mol below the single-con
figuration SCF/3-21G value. The TCSCF/3-21G-optimized 
geometry of 2 1A1 is very similar to the single-configuration 
SCF/3-21 G-optimized structure, the largest difference being in 
the C2C1C5 bond angle, which is predicted 1.8° larger by the last 
method. The difference between the single-reference and two-
reference CISD/6-31G total energies is only 0.8 kcal/mol. 

For the nonplanar singlet state 1A', at the TCSCF/3-21G 
equilibrium geometry, the mixing coefficients of the main con
figuration 4 and the doubly excited configuration (1Oa')2 —* (1 la')2 

were calculated to be 0.948 and -0.317 for C1 and C2, respectively, 
and the TCSCF/3-21G energy was calculated to be 20.6 kcal/mol 
below the single-configuration SCF/3-21G value. As a conse
quence of the significant contribution of the second configuration 
in the TCSCF wave function, in comparison with the 1 1A1 and 
2 1A1 states, the equilibrium geometries determined at the TCSCF 
level of theory differ appreciably from that calculated at the SCF 
level. For example, at the TCSCF level, the C1C2 bond length 
is 1.433 A and the C2C1C5 bond angle is 111.3°, whereas at the 
SCF level these geometrical parameters are 1.511 A and 103.5°, 
respectively. Moreover, the TCSCF/6-31G*-calculated dipole 
moment is about half of the value calculated at the SCF level with 
the same basis set. Therefore, the present results indicate that 
a proper description of the ^A' state cannot be obtained within 
the single-configuration approach. 

From the calculated atomic net charges in Table V, it is ob
served that the positive net charge at the carbene center in the 
nonplanar 1A' singlet is smaller than that predicted for the planar 
1 1A1 and 2 1A1 singlet states. In any case, on the basis of the 
predicted atomic net charges at the carbene carbon, the lowest 
energy closed-shell singlet state of 2, namely 1A', might exhibit 
a moderate electrophilic behavior, whereas the lowest open-shell 
singlet, namely 1A2, is a diradical with a little negative net charge 
at the carbene center. 

Regarding the relative energies of the singlet states, it is worth 
noting that the one-reference CISD/6-3 IG energy places the 1A' 
state 3.4 kcal/mol above the open-shell singlet 1B1, while the 
two-reference CISD/6-31G energy places 1A' 6.5 kcal/mol below 
1B1. This result stresses the importance of using a two-configu
ration description for the zero-order wave function of the lower 
closed-shell singlet state in the CISD approach, to evaluate the 
electron correlation effects on the relative energy ordering of the 
closed-shell and open-shell states of 2. Finally, from the relative 
energies given in the last column of Table IV, we note that, at 
the highest level of theory considered here, the lowest energy 
closed-shell singlet state of 2 is predicted to lie 12.2 kcal/mol above 
the ground state. In spite of this small energy separation, there 
is another singlet state in between, which is the overall lowest 
energy singlet state of 2, namely the diradical open-shell singlet 
1A2. 

V. Conclusions 

In this paper, results of MNDO and ab initio calculations have 
been reported for ten low-lying states of cyclopentadienylidene. 
Analysis of these results suggests several points of potential value 
in understanding and interpreting the chemistry of this carbocylic 
conjugated carbene: 

(1) In agreement with earlier semiempirical calculations and 
experimental data, the electronic ground state is predicted to be 
a 3B1 triplet. 
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(2) The two lower excited electronic states are a 3A2 triplet and 
a 1A2 singlet open-shell diradical lying about 7-8 kcal/mol above 
the ground state. None of these excited states can be formally 
related with any electronic state of methylene. Formally these 
states of A2 symmetry may be considered to arise from the ex
citation (relative to the ground state 3B1) of one electron from 
the HOMO of the butadiene fragment to the out-of-plane p AO 
of the carbene carbon atom of cyclopentadienylidene. The 
electronic wave functions calculated at the ab initio SCF level 
of theory for the 3A2 and 1A2 states are subjected to Hartree-Fock 
instability. This causes the geometries optimized at the SCF level 
to show one short (double) and one long (single) CC bond length 
adjacent to the carbene carbon. 

(3) The lowest energy closed-shell singlet is a 1A' state pos
sessing a nonplanar C1 equilibrium geometry, which is predicted 
to lie about 12 kcal/mol above the ground state. Neither the 
antiaromatic (four x electrons) 1 1A1 nor the aromatic (six T 
electrons) 2 1A1 planar singlet states are true potential energy 
minima. Moreover, the present ab initio calculations do not give 
support to the existence of a closed-shell singlet state of allenic 
nature (1A) such as that found by Waali and co-workers in its 
MNDO study. 

(4) On the basis of the predicted atomic net charges at the 
carbene carbon, the lowest energy closed-shell singlet state (1A') 
might exhibit moderate electrophilic behavior, whereas the lowest 
open-shell singlet (1A2) might show weak nucleophilic character. 

The chemical implications concerning the predicted existence 
of two low-lying singlet states of cyclopentadienylidene, one of 
strong diradical nature and the other of standard closed-shell 
nature exhibiting a moderate electrophilic character, are far 
reaching. One point of special interest that emerges from this 
theoretical study is the possibility that the singlet diradical state 
1A2 may be responsible for some unexpected products obtained 

from photochemically generated carbenes related to cyclo-
pentadienylidene.8b'12,37'38 

Finally, as a practical remark (from the computational point 
of view), we mention that the present study shows once again that 
though MNDO has been parametrized to reproduce experimental 
values of ground-state molecular properties, this method predicts 
for the low-lying excited states of cycloalkenylidenes molecular 
geometries and a relative energy ordering that are in qualitative 
agreement with the results of high-level ab initio calculations. 
Nevertheless, MNDO systematically underestimates the energy 
of the open-shell states relative to that of the closed-shell singlets. 
Therefore, to furnish more accurate evaluations of the energy 
separation between these states, appropriate high-level ab initio 
calculations appear to be more recommendable. 
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