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Abstract: A general theoretical description of “distonic” radical anions is presented, along with an account of an
extensive series ofab initio molecular orbital and density functional theory calculations on the negative ions ofo-,
m-andp-benzyne. The performance of several different computational methods is evaluated with respect to artifactual
symmetry-breaking. QCISD(T), CCSD(T), CASPT2N, and DFT(B3LYP) calculations employing double-ú quality
basis sets predict thato-,m-, andp-benzyne anions all have high-symmetry, delocalized radical anion ground electronic
states:2B2 (C2V), 2B2 (C2V), and2Ag (D2h), respectively. Themetaandpara isomers also exhibit low-lying, localized
radical anion forms with distorted geometries that arise by pseudo Jahn-Teller interactions (vibronic coupling):2A′
(Cs) for m-benzyne anion and2A1 (C2V) for p-benzyne anion. Broken-symmetry wave functions are obtained at
symmetrical geometries from MCSCF and CISD calculations forp-benzyne anion, but not foro- andm-benzyne
anions. The calculated potential energy surfaces for in-plane distortion ofm- andp-benzyne anions are found to be
quite flat. An isodesmic reaction approach is used to calculate the electron, proton, and hydrogen atom-binding
energies for each of the minimum energy states. Good agreement is achieved between the experimental estimates
for these quantities and the calculated values for the lowest-energy anion states. The implications of the theoretical
findings for negative ion photoelectron spectroscopic measurements with them- andp-benzyne anions are discussed.

Introduction

In the preceding paper,1 we described a gas-phase experi-
mental investigation of the formation, structures, and thermo-
chemical properties of the benzyne negative ions,1a-3a. The

metaandpara isomers were previously unknown. Their rational
synthesis and identification is important because these species
are required for negative ion photoelectron spectroscopic
measurements2 of the singlet-triplet splittings and electron
affinities of the corresponding neutral biradicalsm-benzyne (2)
and p-benzyne (3). From a more general perspective, the
benzyne anions comprise an interesting series of “distonic radical
ions”,3 wherein the positions of the formally charged and odd-
spin sites in each isomer differ in a well-defined manner. Also,
the benzyne anions are isoelectronic with the positively-charged
molecular ions of the diazabenzenes pyridazine, pyrimidine and
pyrazine, and they are closely related to the nπ* excited states
of these molecules. The diazabenzenes have been the subjects
of numerous spectroscopic4 and theoretical5 investigations of
lone pair interactions and vibronic coupling in organic mol-
ecules, and many of the physical insights obtained from these

studies are directly applicable to the benzyne anions. In this
paper we describe an extensive series ofab initio molecular
orbital calculations on the benzyne anions, which were carried
out in order to acquire a basic understanding of their electronic
structures and physical properties and to obtain theoretical data
that may aid in the interpretation of the photoelectron spectra
that are ultimately obtained for themetaandpara isomers. A
general theoretical description of “distonic” radical anions is
presented, along with a detailing of the computational results
for the benzyne anions.

Distonic Radical Anions: General Considerations

The term “distonic ion”, as originally coined by Radom and
co-workers,3 refers to an ion with formally separated charge
and radical sites. Distonic ions may be divided into two distinct
classes, depending upon the nature of the charged site. The
most commonly studied form of distonic ion possesses a
coordinatively- and electronically-saturated charged site (usually
of the onium type), such as in the so-called “ylidions” (ionized
ylides) and their homologs. The other type of distonic ion
corresponds to an ionized biradical or zwitterion,3 which
possesses two coordinatively-unsaturated sites containing one
or three electrons. An important consequence of this latter
topology is the possibility forat least twolow-lying electronic
states of the distonic ion, wherein the odd electron occupies
one or the other of the two nominally nonbonding orbitals.
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Inasmuch as the benzyne anions belong to this particular class
of distonic ion, we can anticipate the existence of multiple low-
lying electronic states for these species. However, organic
anions withboundelectronically-excited states are a rarity, since
the excitation energies usually exceed the electron affinities of
the corresponding neutral molecules.6 In order to put these ideas
in perspective and apply them to the benzyne anions, we must
first develop a general picture of biradical negative ions in terms
of the symmetry properties of their neutral biradical precursors.
Salem and Rowland7 define a biradical as a molecule

possessing two weakly interacting electrons in degenerate or
nearly degenerate molecular orbitals.8 These molecular orbitals
are constituted from the two localized nonbonding orbitals, n1

and n2, and their electronic interaction may result from direct
(through-space) overlap or indirect (through-bond)9 coupling
between n1 and n2 or from electron exchange:

It is useful to classify biradicals (and ionized biradicals)
according to the topological relationship between the two
nonbonding orbitals.7 As illustrated above, ahomosymmetric
biradical is characterized by a symmetry element, such as a
reflection plane or a proper rotation axis, which relates n1 to n2
and allows them to mix, while in aheterosymmetricbiradical
n1 and n2 belong to different symmetry representations and,
therefore, do not mix. Anonsymmetricbiradical represents the
intermediate case in which there are no symmetry constraints
on the mixing between n1 and n2.
The benzynes,1-3, are homosymmetric biradicals of the

(σ,σ) type, wherein n1 and n2 are related by a plane and one or
two C2 axes.10 The molecular orbitals for homosymmetric
biradicals are given by the symmetric and antisymmetric
combinations of n1 and n2: Ψ+ ) (n1 + n2) andΨ- ) (n1 -
n2). As shown in Figure 1, ino- and m-benzyneΨ+ lies
energetically belowΨ- due to direct overlap between n1 and

n2, while inp-benzyne “through-bond coupling”9 involving the
intervening CC bonds placesΨ- below Ψ+. The orbital
splittings naturally decrease as the magnitude of the interaction
between n1 and n2 decreases. For example, ROHF/6-31G(d)
calculations10k on the triplet states ofo-,m- andp-benzyne give
|Ψ- - Ψ+| orbital energy gaps of 40, 33, and 11 kcal/mol,
respectively. The relatively large orbital splittings in the
benzynes lead to singlet ground states for all three isomers. It
is well-known that the totally-symmetric singlet states of
homosymmetric biradicals require a minimal two-configuration
representation.7,8 The singlet ground states of the benzynes can
be described by the simplified two-configuration wave function
shown below with CI coefficientsc1 andc2

Values for (c1, c2) obtained from MCSCF calculations carried
out in our previous theoretical study10k are (0.898,-0.255),
(0.846,-0.398), and (-0.566, 0.731) for the1A1, 1A1, and1Ag

ground states ofo-,m-, andp-benzyne, respectively. Inasmuch
asc12 ) c22 for a “pure” biradical, the computed values for the
benzynes indicate that thepara isomer has the greatest biradical
character, while theortho isomer has the least.
Occupation of the two valence orbitalsΨ+ andΨ- by three

electrons gives rise to a pair of radical anion doubletelectronic
states11 with the nominal configurationsΨ+

2Ψ-
1 andΨ+

1Ψ-
2

(Figure 2). A two-configuration representation is no longer
required since the overall symmetry of each doublet configu-
ration is determined by that of the singly-occupied orbital, and
Ψ+ andΨ- will always belong to different symmetry repre-
sentations. These two distonic ion doublet electronic states will
have the same molecular symmetry as that of the homosym-
metric biradical from which they are derived, and will possess
equal odd-spin and negative charge density at both sites, i.e.,
they are “delocalized” states (Figure 2a). However, there are
additional possibilities to consider. Depending upon the
magnitude of the|Ψ- - Ψ+| orbital energy gap, a distonic
anion derived from a homosymmetric biradical may be subject
to the pseudo Jahn-Teller effect12,13wherein theΨ+

2Ψ-
1 and
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Figure 1. Schematic representations of the highest-occupied and
lowest-unoccupied molecular orbitals ofo-, m- andp-benzyne,1-3.
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Ψ+
1Ψ-

2 configurations are mixed by a molecular distortion.
This vibronic coupling can lead to new stationary points
(minima) on the potential energy surface with reduced molecular
symmetry. The electronic character of these reduced-symmetry
stationary points is that of a “localized” distonic radical anion,
with the negative charge and odd-spin density largely con-
strained to separate sites (Figure 2b). The lower energy
delocalized electronic state (e.g.,Ψ+

2Ψ-
1) will be either the

global minimum or a transition state between equivalent
distorted minima on the resulting “double-cone” potential energy
surface.13 If the barrier between the distorted minima is below
the zero-point energy level for the distortion, then the lowest
Vibronic state11 of the radical ion will be fluxional with respect
to the different geometric forms. If the barrier lies well-above
the zero-point level, then discrete, low-symmetry states can be
observed.
However, one must exercise caution in evaluating the

significance of calculated structures for open-shell species of
reduced symmetry because of the well-known “doublet instabil-
ity” problem14 that can afflict molecular orbital calculations on
delocalized radicals, radical ions, and biradicals.15 For three-
center systems such as allyl radical or NO2, doublet instability
arises from insufficient correlation between the open-shell
electron and the electrons in the next lower-lying orbital.
Broken-symmetry solutions to the Hartree-Fock equations for
delocalized radicals with otherwise symmetrical structures can
arise as an artifact of the inadequacies of a single-configuration
representation. Localization of the unpaired electron results as
the system acts to minimize Coulombic repulsion between this
electron and the electron of opposite spin in the immediately
subjacent orbital that spans the same atoms as the singly-
occupied orbital. In unconstrained geometry optimizations,

doublet instability can spuriously result in unsymmetrical,
localized structures as low-lying or global minima, and the
problem can be aggravated by the use of small basis sets. The
same types of unsymmetrical structures that are produced by
thereal effects of pseudo Jahn-Teller interactions can also arise
as artifacts of doublet instability. Doublet instability can in some
cases be remedied by providing different spatial wave functions
for electrons of opposite spin, as in the unrestricted Hartree-
Fock (UHF) approach, or by employing MCSCF or CI
procedures that allow correlation of the unpaired electron with
electrons in the subjacent orbital.
Nevertheless, for some systems artifactual symmetry-breaking

can persist even at MCSCF and CI levels of theory.16 Broken-
symmetry multiconfigurational or limited CI wave functions can
sometimes result for symmetrical geometries when dynamic
correlation between the electrons in theσ and π molecular
orbitals is not adequately represented in the MCSCF or CI
expansions. This produces a cusp on the potential energy
surface at the symmetrical geometry that leads to a discontinuous
change in the energy with small symmetry-breaking molecular
distortions. Therefore, an unconstrained geometry optimization
will erroneously lead to a minimum with a distorted structure.
These effects are especially problematic in calculations on
charged or heteropolar open-shell systems15-19 and in calcula-
tions on systems possessing equivalent, weakly-interacting pairs
of orbitals containing one or three electrons.5,20 This problem
is therefore endemic to calculations involving distonic radical
ions derived from biradicals.

Benzyne Anions

For C2V o- andm-benzyne, the biradical molecular orbitals,
Ψ+ andΨ-, are of a1 and b2 symmetry, respectively, while for
D2h p-benzyne they are of ag and b1u symmetry (Figure 1).
Therefore, the two high-symmetry, delocalized electronic states
for o-benzyne anion (1a) andm-benzyne anion (2a) will have
the configurations [a12b21], corresponding to the lower energy
2B2 electronic state, and [a11b22], corresponding to the higher
energy2A1 electronic state. Forp-benzyne, the2Ag electronic
state ([b1u2ag1] occupation) will lie energetically below the2B1u

electronic state ([b1u1ag2] occupation). These delocalized con-
figurations are illustrated in the upper portion of Figure 3. The
two configurations can be mixed in each benzyne anion by a
molecular distortion, provided the energy difference between
them is sufficiently small and a normal mode exists in the
molecule with the same symmetry as the product of the
symmetries of the two configurations, i.e., by pseudo Jahn-Teller
interactions.12,13 For both1a and 2a, a b2 mode distorts the
ions toCs structures (2A′ electronic states) by increasing the
CCC angle about one dehydrocarbon and decreasing the CCC
angle about the other. For3a, an analogous molecular distortion
from D2h to C2V symmetry occurs by a b1u mode to produce a
pair of 2A1 electronic states.21 The angular distortions ac-
companying pseudo Jahn-Teller interactions between the two
configurations are exactly what one expects for “localization”
of the odd-spin and negative charge densities in a benzyne
radical anion since, compared to benzene, phenyl anion exhibits
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Figure 2. Electronic structure model for a distonic radical anion derived
from a homosymmetric (σ,σ) biradical: a. Spin- and charge-delocalized
states with the same molecular symmetry as the neutral biradical. b.
Pseudo Jahn-Teller (vibronic) interactions lead to “localized” radical
anion states with reduced molecular symmetry.
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a relatively small CCC angle (111°), while in phenyl radical it
is relatively large (124°).22 These localized configurations are
schematically illustrated in the lower portion of Figure 3. Out-
of-plane deformations of the benzyne anions are also conceiv-
able which would, for example, reduce the symmetry of3a from
D2h to C2h via a molecular distortion of either b1g or b2g
symmetry. However, out-of-plane distortion requires interaction
of the ground states of the benzyne anions with relatively high-
lying πn and nπ* excited states, so this mode of vibronic
coupling should be relatively weak. The calculations described
in the next section confirm this expectation.
The influence of vibronic coupling in the measured photo-

electron and electronic spectra of diazabenzenes, and the
manifold problems associated with artifactual symmetry-break-
ing in calculations on these molecules have been extensively
documented.4,5,23,24 The nπ* excited states of pyrimidine (1,3-
diazabenzene) and pyrazine (1,4-diazabenzene) are neutral
analogs ofm- andp-benzyne anions, respectively, in that each
possesses three electrons in two weakly-interacting sigma
orbitals. High-symmetry structures, with the excitation delo-
calized between equivalent nitrogens, are indicated by high
resolution spectroscopic data4 and by multireference CI calcula-
tions including dynamic electron correlation.5e-g However, the
computed potential energy surfaces for both in-plane and out-
of-plane distortions of these excited states are extremely flat,
and the observed excitation spectra are indicative of extensive
vibronic activity involving the low-lyingππ* states.

Results

Ab initio molecular orbital calculations were carried out on
the low-lying electronic states ofo-,m-, andp-benzyne negative
ions using multiconfigurational SCF and CI procedures that are
analogous to those employed in our previous theoretical studies
of the neutral benzynes10k and theR,n-dehydrotoluenes.25 In
addition, because of the challenges noted above that are
associated with artifactual symmetry-breaking in calculations
on distonic radical ions, some additional theoretical methods
were employed that include more completeσ-π electron
correlation. The performance of density functional theory
(DFT)26 was also evaluated. Pairs of high-symmetry, delocal-
ized electronic states have been located for all three benzyne
anion isomers, while only themetaandpara isomers were found
to exhibit reduced-symmetry, localized radical anion structures
as low energy forms. Calculations of the geometries and
energies of these species are described below. Estimates of the
electron, proton, and hydrogen atom binding energies of each
benzyne anion have been derived for comparison with the
experimentally-determined values.1

Geometries and Vibrational Frequencies.Pilot calculations
on the low-lying electronic states of1a, 2a, and3awere carried
out at the ROHF level using the 6-31G(d) basis set.27 Opti-
mization of the geometries of1a and2a within Cs symmetry
and 3a within C2V symmetry gave low-symmetry, localized
radical anion structures for all three isomers:2A′ electronic
states for1a and 2a and the 2A1 electronic state for3a.
However, because of the restricted nature of the calculations,
these results are likely to be an artifact of the symmetry-breaking
problem described in the previous section. Accordingly,
additional calculations were carried out using a MCSCF
procedure and the 3-21G basis set.27 For these calculations,
nine active electrons were distributed among all symmetry-
allowed configurations involving the two nonbondingσ orbitals
and the sixπ andπ* orbitals (designated MCSCF(9,8)/3-21G).

(21) Actually, the pseudo Jahn-Teller interactions produce two different
2A′ electronic states for1a and2a, and two different2A1 electronic states
for 3a, corresponding to the two possible occupations of each pair of
localized orbitals that result from the vibronic mixing (a′ for 1a and2a,
and a1 for 3a). The higher-energy2A′ and2A1 electronic states correspond
to the inner “cones” of the double-cone potential energy surfaces, and they
possess symmetrical minimum-energy structures intermediate between those
of the two delocalized electronic states.
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Figure 3. Schematic representations of the valence orbitals, electron occupations and state symmetries for the delocalized and localized forms of
o-, m- andp-benzyne anions,1a-3a. The symmetry of the vibronic mode leading to the molecular distortion is also indicated.
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The good performance of MCSCF(n,m)/3-21G procedures that
include the full valenceπ space in geometry optimizations
involving unsaturated monoradicals, (π,π)-, (σ,σ)-, and (σ,π)-
biradicals as well as closed-shell molecules has been noted
previously.10k,25,28 Geometries obtained by these methods are
generally in good agreement with experimental geometries and
with geometries derived from MCSCF and coupled-cluster
approaches using larger basis sets.10m,n Reoptimization of the
geometries of1a, 2a, and 3a using the MCSCF(9,8)/3-21G
procedure and the same (low) symmetry constraints as before
leads to a higher-symmetryC2V structure for1a corresponding
to the2B2 electronic state but still gives localized, low-symmetry
structures for2a and 3a corresponding to the2A′ and 2A1

electronic states, respectively. The same structure and total
energy for the2B2 electronic state of1a are obtained with and
without C2V symmetry constraints. In contrast, imposition of
C2V andD2h symmetry constaints on the MCSCF(9,8)/3-21G
geometry optimizations for2a and3a leads to the delocalized
2B2 and2Ag electronic states, respectively, but withhighertotal
energies compared to the corresponding low-symmetry struc-
tures. This energy ordering for the high- and low-symmetry
forms of2aand3apersisted in some, but not all, of the higher
level calculations (Vide infra). The geometries of the2A1 excited
electronic states of1a and2a and the2B1u excited electronic
state of 3a were also optimized withinC2V, C2V, and D2h

symmetries, respectively, at the MCSCF(9,8)/3-21G level. Each
of the three electronic states located for2a and3a and the two
electronic states located for1a were determined to be true
minima by the absence of any negative eigenvalues in the
hessian matrices obtained from MCSCF(9,8)/3-21G frequency
calculations using numerically-evaluated gradients. TheC2V

structure of phenyl anion (1A1) was optimized at the MCSCF-
(8,7)/3-21G level, where the active space included the non-
bonding σ orbital and all π and π* orbitals. Optimized
geometries for benzene, phenyl radical and the singlet ground
states of the neutral benzynes,1-3, obtained at analogous
MCSCF(n,m)/3-21G levels of theory have been reported
previously.10k

Optimized geometries for the low-lying electronic states of
the benzyne anions were also obtained with a hybrid DFT/HF
procedure (B3LYP) using the Dunning correlation-consistent,
polarized valence double-ú basis set29,30 (including six d
functions for carbon, designated cc-pVDZ). The B3LYP
method employs the Becke three-parameter fit to the combined
Hartree-Fock and local density approximations for the ex-
change energy,31 and the nonlocal correlation functional given
by Lee, Yang, and Parr32 along with the local correlation
functional for the homogeneous electron gas. This functional
has performed well in previous calculations of the structures,
energies, and vibrational frequencies of both closed- and open-
shell molecules,33 and DFT-based methods are generally noted
for giving optimized wave functions for open-shell species with

little or no spin contamination.34 In contrast to the MCSCF
results, the B3LYP/cc-pVDZ optimizations give only the higher
symmetry, delocalized forms for all three benzyne anions. That
is, Cs and C2V stationary points corresponding to the2A′
electronic state of2a and the 2A1 electronic state of3a,
respectively, could not be found by this method. For example,
geometry optimization for3astarting with theC2V structure for
the 2A1 electronic state given by the MCSCF(9,8)/3-21G
calculation leads to the sameD2h geometry and total energy as
are obtained by optimizing withD2h symmetry constraints
starting with the MCSCF-derivedD2h geometry. Analogous
results are obtained in the B3LYP/cc-pVDZ calculations with
2a: the sameC2V structure and total energy are obtained
irrespective of the starting geometry and symmetry constraints
in the optimization (Cs or C2V). The spin contamination in the
DFT-derived wave functions for the benzyne anions is negligible
(<S2> ) 0.755-0.758). The harmonic frequencies calculated
for the optimized, high-symmetry structures of1a, 2a, and3a
at the B3LYP/cc-pVDZ level are all real, indicating that each
structure is a minimum on the global potential energy surface.
Attempts to locate the higher energy delocalized electronic states
of the three benzyne anions (2A1 for 1a and2a; 2B1u for 3a) at
the B3LYP/cc-pVDZ level were unsuccessful, as collapse of
the wave function to the lower energy configuration consistently
occurred during the geometry optimizations.

Tests for the existence of nonplanar structures were carried
out at the B3LYP/cc-pVDZ level, since the choice of an
appropriate limited active orbital space for an MCSCF calcula-
tion on a nonplanar structure is somewhat arbitrary. Optimiza-
tion of the geometry of3awith Cs symmetry constraints (with
the symmetry plane passing through the two dehydrocarbons,
perpendicular to the heavy atom pseudoplane) and a slightly
puckered (chair-like) initial geometry gives a final structure and
energy that are identical to those obtained from the fullD2h

symmetry-constrained calculation which produces the2Ag

electronic state. Analogous results are obtained from calcula-
tions on1aand2awith Cs symmetry constraints and nonplanar
starting geometries: optimization leads to the planar,C2V

2B2

electronic states. Thus, out-of-plane distortion of the benzyne
anions is insignificant, at least at the B3LYP/cc-pVDZ level of
theory.

Optimized geometries for phenyl anion (C2V), phenyl radical
(C2V), and benzene (D6h) were also computed using the B3LYP/
cc-pVDZ procedure. Due to the restricted (single-configuration)
nature of DFT calculations, no attempts were made to obtain
geometries or energies for the singlet states of the neutral
benzynes using this method. Selected geometrical parameters
for the optimized structures of each of the ions and molecules
described above are summarized in Table 1; the atom numbering
and angle definitions are shown below. Complete geometry
specifications and listings of the unscaled harmonic frequencies
obtained at both the MCSCF(n,m)/3-21G and B3LYP/cc-pVDZ
levels are available as supporting information.35

(28) (a) Nachtigall, P.; Jordan, K. J.J. Am. Chem. Soc. 1992, 114, 4743.
(b) Nachtigall, P.; Dowd, P.; Jordan, K. J.J. Am. Chem. Soc. 1992, 114,
4747. (c) Nash, J. J.; Dowd, P.; Jordan, K. D.J. Am. Chem. Soc. 1992,
114, 10071. (d) Nachtigall, P.; Jordan, K. D.J. Am. Chem. Soc.1993, 115,
270.

(29) Dunning, T. H.J. Chem. Phys. 1989, 90, 1007.
(30) (a) Dunning, T. H.J. Chem. Phys. 1970, 53, 2823. (b) Dunning, T.

H. J. Chem. Phys. 1971, 55, 716.
(31) Becke, A. D.J. Chem. Phys.1988, 88, 2547.
(32) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. 1988, B37, 785.
(33) (a) Gill, P. M. W.; Johnson, B. G.; Pople, J. A.Chem. Phys. Lett.

1992, 197, 499. (b) Barone, V.J. Chem. Phys.1994, 101, 6834; Barone,
V. Chem. Phys. Lett.1994, 226, 392. (c) Goldberg, N.; Fiedler, A.;
Flammang, R.; Schwarz, H.HelV. Chim. Acta1994, 77, 2354.

(34) Baker, J.; Scheiner, A.; Andzelm, J.Chem. Phys. Lett.1993, 216,
380.

(35) Ordering information is given on any current masthead page.
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Values of the harmonic frequencies and force constants
obtained at the B3LYP level for the vibrational modes involved
in the molecular distortions in1a-3aare listed in Table 2, along
with the frequencies and force constants for the corresponding
modes in thetriplet states of the neutral benzynes1-3.36 A
schematic illustration of the normal coordinate displacement
vectors for the symmetric (a1 and ag) and asymmetric (b2 and
b1u) modes in these species is given in Figure 4. The average
zero-point energies of the a and b modes, scaled by a factor of
0.972,39 are 0.7, 0.8, and 0.9 kcal/mol for1a, 2a, and 3a,
respectively, and 0.8, 0.8, and 1.1 kcal/mol for the triplet states
of 1, 2, and3, respectively.
Energies. Higher-level calculations were carried out for

selected electronic states of each of the benzyne anions1a-3a
as well as for the ground electronic states of the benzynes1-3,
benzene, phenyl radical, and phenyl anion, using the MCSCF-
derived geometries. Total energies were computed using
MCSCF(n,m) procedures with the 6-31G(d) basis set and a
modified cc-pVDZ basis set30 in which the polarization functions
on hydrogen atoms were omitted. For the two lowest states of
3a, the Dunning correlation-consistent polarized valence triple-ú
[10s5p2d1f/4s3p2d1f] basis set for carbon (including six d-
functions and ten f-functions) and hydrogen [5s2p1d/3s2p1d]
was also used (designated cc-pVTZ).29 Total energies for each
of these species were also computed with the CISD and
CASPT2N37 methods, using the modified cc-pVDZ basis set.
The CISD calculations used the optimized natural molecular

orbitals resolved from the appropriate MCSCF(n,m)/cc-pVDZ
calculations. All symmetry-allowed single and double excita-
tions from a single reference configuration were included (two
reference configurations for the singlet benzynes) except those
involving the nonvalence molecular orbitals (frozen-core ap-
proximation). A Davidson-type correction (DV2) was applied
to all CISD energies to account for the effects of quadruple
excitations.38 The CASPT2N energies were derived by applying
second-order perturbation theory (MP2) in conjunction with the
optimized canonical molecular orbitals obtained from MCSCF-
(n,m)/cc-pVDZ calculations. Quadratic CI calculations, includ-
ing single-, double-, and perturbatively-estimated triple excita-
tions, QCISD(T), were carried out for the2B2 state of1a, the
two lowest energy states of2aand3a, benzene, phenyl radical,
and phenyl anion using the modified cc-pVDZ basis set. A
few of these calculations were repeated using the analogous
coupled-cluster method, CCSD(T). Finally, B3LYP calculations
using the cc-pVTZ basis set and the B3LYP/cc-pVDZ derived
geometries were carried out for1a-3a, benzene, phenyl radical,
and phenyl anion.
Table 3 gives a listing of the total energy obtained for

each of the electronic states of1a, 2a, and3a at the indicated
level, along with the zero-point vibrational energy (ZPE)
and 0-298 K integrated heat capacity (H298 - Ho) for each
species computed from the scaled vibrational frequencies.39 The
298 K enthalpy of each state relative to the2B2 ground state of
1a is given below each total energy. Table 4 presents an
analogous listing for1-3, benzene, phenyl radical, and phenyl
anion.
As discussed in the Introduction, artifactual symmetry break-

ing can produce discontinuities on the potential energy surfaces
at the symmetrical minima. Tests for energy cusps were
conducted by calculating the total energy for theC2V geometry
of 2a and theD2h geometry of3a at different levels of theory
with theorbital symmetryconstraints relaxed toCs (this can be

(36) Optimized geometries, energies, and unscaled vibrational frequencies
for the triplet states ofo-, m-, andp-benzyne obtained with the B3LYP/
cc-pVDZ procedure are available with the supplemental material.

(37) Andersson, K.; Malmqvist, P.-A.; Roos, B. O.J. Chem. Phys.1992,
96, 1218.

(38) (a) Langhoff, S. R.; Davidson, E. R.Int. J. Quantum Chem. 1974,
8, 61. (b) Blomberg, M. R. A.; Siegbahn, P. E. M.J. Chem. Phys. 1983,
78, 5682.

(39) The numerically-evaluated frequencies obtained from the MCSCF-
(n,m)/3-21G calculations were scaled by a factor of 0.8894, as determined
by comparing the experimental zero point vibrational energy for benzene
(61.2 kcal/mol) with the value computed from the MCSCF(6,6)/3-21G-
derived frequencies (68.8 kcal/mol). The analytically-evaluated frequencies
obtained from B3LYP/cc-pVDZ calculations were scaled by a factor of
0.9715, which is similar to the factor recommended by Radom for B3LYP/
6-31G* derived frequencies (Radom, L. personal communication of
unpublished results).

Table 1. Selected Geometrical Parameters for1a-3a, Phenyl Anion, Phenyl Radical and Benzene Obtained from MCSCF(n,m)/3-21G and
B3LYP/cc-pVDZ Optimizationsa

molecule state, symmetry method C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C1 C*-C* b R â

1a 2B2, C2V MCSCF(9,8)/3-21G 1.351 1.412 1.400 1.405 1.351 120.9
B3LYP/cc-pVDZ 1.357 1.404 1.411 1.401 1.357 120.9

2A1, C2V MCSCF(9,8)/3-21G 1.585 1.413 1.401 1.390 1.585 114.7
2a 2B2, C2V MCSCF(9,8)/3-21G 1.413 1.413 1.407 1.399 2.436 119.8

B3LYP/cc-pVDZ 1.411 1.411 1.400 1.405 2.432 119.9
2A′, Cs MCSCF(9,8)/3-21G 1.436 1.393 1.392 1.401 1.399 1.426 2.454 114.5 123.5
2A1, C2V MCSCF(9,8)/3-21G 1.401 1.401 1.413 1.403 2.512 115.3

3a 2Ag, D2h MCSCF(9,8)/3-21G 1.396 1.424 2.900 116.2
B3LYP/cc-pVDZ 1.390 1.435 2.908 116.0

2A1, C2V MCSCF(9,8)/3-21G 1.429 1.412 1.385 2.886 111.8 121.9
2B1u, D2h MCSCF(9,8)/3-21G 1.422 1.381 2.835 118.6

C6H5
- 1A1, C2V MCSCF(8,7)/3-21G 1.435 1.400 1.397 111.0

B3LYP/cc-pVDZ 1.426 1.405 1.401 110.7
C6H5

2B1, C2V MCSCF(7,7)/3-21G 1.384 1.400 1.398
B3LYP/cc-pVDZ 1.380 1.406 1.399 125.8

C6H6
1A1, D6h MCSCF(6,6)/3-21G 1.395 120.0

B3LYP/cc-pVDZ 1.398 120.0

a Bond distances in Å, bond angles in deg; see text for atom numbering and angle definitions.b Distance between the dehydrocarbon
atoms.

Table 2. Harmonic Frequencies and Force Constants for
Symmetric and Asymmetric Ring Deformation Modes in Benzyne
Anions1a-3a and Neutral Benzyne Triplets1-3a

ortho meta para

1a 2B2 1 3B2 2a 2B2 2 3B2 3a 2Ag 3 3B1u

ν, cm-1 455 (b2) 598 (b2) 482 (b2) 600 (b2) 641 (b1u) 946 (b1u)
622 (a1) 583 (a1) 606 (a1) 610 (a1) 632 (ag) 617 (ag)

k, mdyn/Å 1.18 (b2) 1.59 (b2) 1.12 (b2) 1.57 (b2) 1.63 (b1u) 3.54 (b1u)
1.57 (a1) 1.41 (a1) 1.57 (a1) 1.51 (a1) 1.81 (ag) 1.74 (ag)

a B3LYP/cc-pVDZ vibrational analysis using analytically-evaluated
gradients. See text for descriptions of symmetric and asymmetric
deformation modes.
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done by simply changing one of the off-axis C-H bond lengths
by 0.001 Å). A discontinuity is indicated if the energy changes
by more thanca.0.1 kcal/mol. The results of tests carried out
at the MCSCF(9,8)/3-21G, MCSCF(9,8)/cc-pVDZ, and CISD/
cc-pVDZ levels of theory are summarized in Table 5 and will
be discussed in a later section.
In order to make direct comparisons between the theoretical

results and the experimental thermochemistry, we have derived
relative electron, proton, and hydrogen atom-binding energies
for selected states of each benzyne anion from the calculated

energy changes for the reactions shown below (eqs 2
and 3).

By combining the calculated values for∆E(2) at 0 K with the

Figure 4. Carbon atom normal coordinate displacement vectors for the component vibrational modes involved in the molecular distortions foro-,
m- andp-benzyne anions,1a-3a.

Table 3. Total Energies (au) and Relative 298 K Enthalpies (kcal/mol) for Benzyne Anions

ortho1a meta2a para3a

levela 2B2C2V
2A1C2V

2A′ Cs
2B2C2V

2A1C2V
2A1C2V

2AgD2h
2B1uD2h

MCSCF(9,8)/3-21G -228.183 29 -228.110 16 -228.169 53 -228.168 40 -228.114 71 -228.161 88 -228.153 87 -228.130 15
0.0 44.9 7.9 9.7 43.4 13.5 18.7 33.7

MCSCF(9,8)/6-31G(d) -229.462 66 -229.391 44 -229.450 91 -229.449 36 -229.395 05 -229.444 14 -229.433 96 -229.412 21
0.0 43.9 6.6 8.7 42.7 11.7 18.2 32.0

MCSCF(9,8)/cc-pVDZ -229.486 22 -229.415 41 -229.474 86 -229.473 11 -229.419 42 -229.468 57 -229.458 05 -229.435 72
0.0 43.4 6.4 8.6 42.2 11.2 17.9 32.0

MCSCF(9,8)/cc-pVTZ -229.509 95 -229.498 49
(0.0) (7.2)

CISD+DV2/cc-pVDZ -230.181 19 -230.109 24 -230.169 46 -230.169 00 -230.112 92 -230.161 90 -230.156 21 -230.123 07
0.0 44.2 6.6 8.0 43.2 12.2 15.9 36.8

QCISD(T)/cc-pVDZ -230.268 19 -230.257 58 -230.258 88 -230.247 75 -230.251 53
0.0 5.9 6.2 12.9 10.7

CCSD(T)/cc-pVDZ -230.267 41 -230.245 72 -230.250 65
0.0 13.7 10.7

CASPT2N/cc-pVDZ -230.198 76 -230.130 52 -230.185 76 -230.193 44 -230.143 44 -230.171 68 -230.185 94 -230.153 22
0.0 41.8 7.4 3.7 35.0 17.1 8.2 28.9

B3LYP/cc-pVDZb -230.945 55 -230.937 79 -230.929 08
0.0 4.5 9.6

B3LYP/cc-pVTZb -230.946 96 -230.936 24 -230.927 18
0.0 6.4 11.6

ZPEc 44.9,44.3 43.8 44.0 45.2,44.0 45.2 44.9 45.1,43.5 45.2
H298- Ho

c 3.2,3.4 3.3 3.3 3.2,3.4 3.2 3.2 3.2,3.4 3.2
Hrel(298), exptld 0.0 8.7( 4.4 15.3( 4.2

a The geometry obtained at the MCSCF(n,m)/3-21G level was used unless otherwise noted.bGeometry optimized at the B3LYP/cc-pVDZ level.
c Zero-point vibrational energy and temperature correction, in kcal/mol, determined from harmonic frequencies obtained at the MCSCF(n,m)/3-21G
level scaled by a factor of 0.8894. The second number is the corresponding value determined from the harmonic frequencies obtained at the
B3LYP/cc-pVDZ level scaled by a factor of 0.9715.dRelative enthalpies, in kcal/mol, of isomeric benzyne anions determined from the experimental
heats of formation given in ref 1.

C6H4 (1, 2, or3) + C6H5
- 98

∆E

C6H4
•_ (1a, 2a, or3a) + C6H5 (2)

C6H4
•_ (1a, 2a, or3a) + C6H698

∆E
C6H5

_ + C6H5 (3)
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experimental electron affinity of phenyl radical (EA(C6H5) )
25.3( 0.1 kcal/mol22), estimates of the absolute electron binding
energies of each benzyne anion state can be derived. The
relative and absolute electron binding energies obtained in this
way from the different levels of theory are listed in Table 6,
along with the experimentally-determined electron affinities for
each of the benzynes. The calculated enthalpy changes at 298
K for eq 3 can be combined with the well-established experi-
mental values for the gas-phase acidity of benzene (∆Hacid(C6H6

) 401.7( 0.5 kcal/mol40 ) and the C-H bond dissociation
enthalpy of benzene (DH298[C6H5-H] ) 113.5( 0.5 kcal/mol40)
in order to derive the acidities of phenyl radical in theortho,
meta and para positions, and the corresponding C-H bond
strengths in phenyl anion. Values for∆H(3) and the derived
acidities and bond enthalpies obtained at several different levels
of theory are presented in Table 7.
The geometry optimizations, vibrational frequency calcula-

tions, QCISD(T), CCSD(T), and density-functional theory
calculations were performed with the GAUSSIAN 92/DFT
program, Revision G.3.41 The MCSCF, CISD, and CASPT2N
single-point calculations were performed with MOLCAS42

versions 2 and 3.

Discussion

Structures of Benzyne Anions. The optimized geometries
obtained with the MCSCF(9,8)/3-21G and B3LYP/cc-pVDZ
procedures for the2B2 electronic states of1a and2a and the
2Ag electronic state of3aare essentially the same. The largest
deviation between bond distances computed by either method
is only 0.011 Å. The geometries of the two high-symmetry,
delocalized forms of1a, 2a, and3a can be compared with the
optimized geometries obtained from analogous MCSCF calcula-
tions for the corresponding neutral benzynes, which can be found
in Table 1 of reference 10k. Increased electron-electron
repulsion accompanying addition of a third electron to the two
valenceσ orbitals of a neutral benzyne generally leads to
expanded CC bond distances and decreased CCC angles about
the dehydrocarbons. Compared to the singlet benzynes, the
distances between the dehydrocarbons (C*-C* in Table 1) in

(40) Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Ellison, G. B.;
Squires, R. R.J. Am. Chem. Soc.1995, 117, 2590.

(41) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head-Gordon,
M.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J.;
Stewart, J. J. P.; Pople, J. A. Gaussian, Inc.: Pittsburgh, PA, 1993.

(42) Andersson, K.; Blomberg, M. R. A.; Fu¨lscher, M. P.; Kello¨, V.;
Lindh, R.; Mamlqvist, P. -A.; Noga, J.; Olsen, J.; Roos, B. O.; Sadlej, A.
J.; Siegbahn, P. E. M.; Urban, M.; Widmark, P.-O. University of Lund,
Sweden, 1992, 1994.

Table 4. Total Energies (au) foro-, m- andp-Benzyne, Benzene, Phenyl Radical, and Phenyl Anion

levela 1A1 o-benzyne 1A1m-benzyne 1Ag p-benzyne 1A1 benzene 2A1 phenyl radical 1A1 phenyl anion

MCSCF(9,8)/3-21G -228.248 96 -228.216 60 -228.203 98 -229.494 19 -228.846 95 -228.804 59
MCSCF(9,8)/cc-pVDZ -229.539 55 -229.512 95 -229.495 07 -230.789 11 -230.140 40 -230.112 75
CISD+DV2/cc-pVDZ -230.194 85 -230.173 38 -230.153 93 -231.497 17 -230.823 75 -230.829 61
QCISD(T)/cc-pVDZ -231.589 18 -230.904 87 -230.922 79
CASPT2N/cc-pVDZ -230.201 48 -230.184 14 -230.166 80 -231.497 15 -230.829 00 -230.834 22
B3LYP/cc-pVDZb -232.267 44 -231.580 56 -231.601 28
B3LYP/cc-pVTZb -232.234 21 -231.560 21 -231.586 27
ZPEc 46.0 46.1 46.0 61.2,61.2 53.7,53.1 52.2,51.6
H298- Ho

c 3.2 3.2 3.2 3.4,3.4 3.3,3.4 3.3,3.4

a The geometry obtained at the MCSCF(n,m)/3-21G level was used unless otherwise noted.bGeometry optimized at the B3LYP/cc-pVDZ level.
c Zero-point vibrational energy and temperature correction, in kcal/mol, determined from harmonic frequencies obtained at the MCSCF(n,m)/3-21G
level scaled by a factor of 0.8894. The second number is the corresponding value determined from the harmonic frequencies obtained at the
B3LYP/cc-pVDZ level scaled by a factor of 0.9715.

Table 5. Effects of Electronic Symmetry-Breaking on the Total Energies ofm- andp-Benzyne Anions Obtained from MCSCF and CISD
Calculationsa

2a, C2V geometry 3a, D2h geometry

level 2B2 (C2V) 2A′ (Cs) ∆E 2Ag (D2h) 2A′ (Cs) ∆E

MCSCF(9,8)/3-21G -228.168 40 -228.168 40 0.0 -228.153 87 -228.155 90 1.3
MCSCF(9,8)/cc-pVDZ -229.473 11 -229.473 12 0.0 -229.458 05 -229.461 96 2.5
CISD/cc-pVDZ -230.030 33 -230.030 33 0.0 -229.013 76 -229.023 42 6.1
CISD+DV2/cc-pVDZ -230.169 00 -230.169 02 0.0 -229.156 21 -229.155 54 -0.4

a Total energies (au) calculated for each ion with the indicated orbital symmetry constraint; the energy differences are given in kcal/mol.

Table 6. Relative and Absolute Electron Binding Energies of Benzyne Anions (kcal/mol)a

ortho1a meta2a para3a

levelb 2B2C2V
2A1C2V

2A′ Cs
2B2C2V

2A1C2V
2A1C2V

2AgD2h
2B1uD2h

MCSCF(9,8)/3-21G 15.0 59.8 2.4 4.3 37.9 0.24 5.4 20.4
10.3 -34.5 22.9 21.0 -12.7 25.0 19.9 4.9

MCSCF(9,8)/cc-pVDZ 16.5 59.8 6.0 8.2 41.9 -0.32 6.4 20.5
8.8 -34.5 19.3 17.0 -16.7 25.6 18.9 4.7

CISD+DV2/cc-pVDZ 12.6 56.7 5.6 7.0 42.2 -0.92 2.8 23.7
12.7 -31.4 19.7 18.3 -16.9 26.2 22.5 1.6

CASPT2N/cc-pVDZ 5.3 47.1 1.7 -2.0 29.4 0.61 -8.2 12.4
19.9 -21.8 23.6 27.2 -4.1 24.7 33.5 12.9

exptl 12.4( 0.2 5.8( 0.3 -3.5( 0.5
12.9( 0.2 19.5( 0.3 28.8( 0.5

a Top number is the calculated energy change at 0 K for the electron transfer reaction shown in eq 2; bottom number is the absolute electron
binding energy derived for each state.bGeometries obtained at the MCSCF(n,m)/3-21G level.
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the lower-energy, high-symmetry forms of the radical anions
increase by 7-8%. Because the antibonding combination
orbital (Ψ-) is doubly-occupied in the higher energy2A1

electronic states of1a and2a, the relative increases are larger:
ca. 26% for1a and 12% for2a. In the2B2 electronic state of
1a, the distance between the dehydrocarbons (1.35 Å) is
intermediate between those of the singlet and triplet states of
neutralo-benzyne1 (1.26 and 1.41 Å, respectively). This order
of bond distances is typical for vicinalπ systems because there
is residualπ-bonding in the radical anion, while theπ-anti-
bonding character dominates in the triplet state of the neutral
molecule. The structural manifestations of through-bond cou-
pling9 (Ψ- mixing with the C2-C3 and C5-C6 σ* orbitals) are
clearly evident in the geometries computed for the2Ag and2B1u

electronic states of3a. As with the singlet and triplet states of
p-benzyne (3), the distance between the dehydrocarbons is
slightly smaller (ca.0.06 Å) in the higher energy electronic state
since the intervening bonds (C2-C3 and C5-C6) are shorter.
However, thedifferencein CC bond length alternation is much
more pronounced in the radical anion since the through-bond
coupling interaction involves a two-electron stabilization in the
2Ag configuration but only a one-electron stabilization in the
2B1u configuration.
The low-symmetry electronic states of2a (2A′) and3a (2A1)

have essentially the same distances between the dehydrocarbons
as in the corresponding2B2 and 2Ag electronic states but
markedly different CCC bond angles about each of the two
dehydrocarbons. The low-symmetry structures for2a and3a
are both clearly hybrids of a phenyl radical and a phenyl anion,
with long CC bonds and a small angle about one dehydrocarbon
and short CC bonds and a large angle about the other. These
bond length and bond angle changes relative to benzene can be
understood in terms of the varying s-character in the CC bonds
about the dehydrocarbons. In phenyl anion, s-character is

diminished in the CC bonds so it can be maximized in the lone-
pair orbital. The greater length and higher p-character of the
bonds naturally leads to a smaller CCC angle. In phenyl radical
s-character is somewhat enhanced in the CC bonds at the
expense of the nonbonding orbital since the latter is only singly-
occupied. Short CC bonds and a larger CCC angle naturally
result.
The absence of a localized,Cs symmetry (2A′) minimum for

o-benzyne anion1a in the unconstrained MCSCF geometry
optimization can be understood in terms of the much larger|Ψ-
- Ψ+| orbital energy gap in this ion compared to those in2a
and3a and the diminished pseudo Jahn-Teller interaction that
results. At the MCSCF(9,8)/3-21G level, the energy gap
between the resolved 10a1 (Ψ+) and 8b2 (Ψ-) canonical orbitals
for 1a is 179 kcal/mol, while for2aand3a the splittings between
the corresponding orbitals are only 111 and 77 kcal/mol,
respectively.43 Therefore, vibronic coupling between the ground
state (a1)2(b2)1 and excited state (a1)1(b2)2 configurations in1a
is evidently too weak to induce distortion, whereas in2a and
3a the smaller splittings permit sufficient mixing for the
distortions to occur. In this sense,m- andp-benzyne anions
are analogous to formoxyl radical (HCO2) and oxirane molecular
ion (CH2OCH2•+). The “allylic resonance” in these two radicals
is relatively weak due to the relatively small energy gaps
between theπ orbitals,17 and low-symmetryCs structures with
two different CO bond distances are essentially degenerate with
high-symmetryC2V structures.18 In contrast, theo-benzyne
anion is more like allyl radical (CH2CHCH2), wherein theπ
orbital splittings are larger and theC2V minimum is much more
rigid.
Electronic State Energies, Symmetry-Breaking, and Vi-

bronic Coupling. The MCSCF(9,8) and CISD+DV2 calcula-
tions predict the same electronic state orderings and relative
enthalpies for the three benzyne anions. The2A1 electronic
state of1a is computed to lie about 44 kcal/mol above the
2B2 electronic state. Form-benzyne anion2a, the localized
radical anion form,2A′, is predicted to be lowest in energy,
lying 1-2 kcal/mol below the delocalizedC2V

2B2 electronic
state. The2A1 electronic state is calculated to lie about 36 kcal/
mol higher in energy. A similar picture emerges for3a: the
low-symmetry2A1 electronic state is predicted to lie 3-7 kcal/
mol below the high-symmetry2Ag electronic state, and the2B1u

electronic state lies 21-25 kcal/mol higher. The difference in
energy between the2A1 and2Ag electronic states of3aobtained
at the MCSCF(9,8) level with the 6-31G(d), cc-pVDZ, and cc-
pVTZ basis sets is essentially the same, suggesting that the
MCSCF calculations are converged with respect to basis set
size.
However, the predictions of low-symmetry ground states for

2aand3aby the MCSCF and CISD calculations must be viewed
with suspicion, since these systems are subject to artifactual
symmetry-breaking. In fact, the additional calculations sum-
marized in Table 5 indicate that the computed electronic state
ordering for3a is an artifact. For example, relaxation of the
orbital symmetry constraints toCs in single-point energy
calculations at theC2V geometry of2aand at theD2h geometry
of 3a at the MCSCF(9,8)/3-21G, MCSCF(9,8)/cc-pVDZ, and
CISD/cc-pVDZ levels of theory leads to substantial decreases
in the energy of3a (1-6 kcal/mol) but no changes in the
energies of2a. This means that, at these levels of theory, an
energy cusp exists at theD2h geometry for3aon the symmetry-
constrained potential energy surface. Therefore, the distortion

(43) At the ROHF/6-31G* level of theory, these orbital gaps are 116,
80, and 58 kcal/mol, while at the B3LYP/cc-pVDZ level they are 51, 32,
and 28 kcal/mol, respectively.

Table 7. Relative and Absolute Proton and Hydrogen Atom
Affinities of Benzyne Anions (kcal/mol)a

ortho1a meta2a para3a

levelb 2B2C2V
2A′ Cs

2B2C2V
2A1C2V

2AgD2h

MCSCF(9,8)/3-21G 16.2 8.3 6.5 2.6 -2.5
385.6 393.5 395.3 399.1 404.2
97.4 105.3 107.1 110.9 116.0

MCSCF(9,8)/cc-pVDZ 13.8 7.4 5.2 2.6 -4.1
388.2 394.3 396.5 399.1 405.8
100.0 106.1 108.3 110.9 117.6

CISD+DV2/cc-pVDZ 15.6 8.9 7.6 3.4 -0.32
386.1 392.8 394.1 398.4 402.0
97.9 104.6 105.9 110.2 113.8

QCISD(T)/cc-pVDZ 18.5 12.6 12.3 5.6 7.9
383.2 389.1 389.4 396.1 393.8
95.0 100.9 101.2 107.9 105.6

CASPT2N/cc-pVDZ 20.4 13.0 16.7 3.3 12.1
381.3 388.7 385.0 398.4 389.6
93.1 100.5 96.8 110.2 101.3

B3LYP/cc-pVDZc 18.8 14.3 9.3
382.9 387.4 392.4
94.7 99.2 104.2

B3LYP/cc-pVTZc 21.1 14.7 9.4
380.6 387.0 392.3
92.4 98.8 104.1

exptl∆H(3) 23.5( 3.1 14.8( 3.1 8.2( 2.9
∆Hacid(C6H5) 378.2( 3.1 386.9( 3.1 393.5( 2.9
DH298[C6H4

--H] 90.1( 3.1 98.8( 3.1 105.4( 2.9

a The top number is the calculated enthalpy change at 298 K for the
reaction shown in eq 3; the second and third numbers are the gas-
phase acidity of phenyl radical and the C-H bond dissociation enthalpy
of phenyl anion at the corresponding ring positions.b The geometry
obtained at the MCSCF(n,m)/3-21G level was used unless otherwise
noted.cGeometry optimized at the B3LYP/cc-pVDZ level.
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from D2h to C2V symmetry that accompanies the unconstrained
MCSCF(9,8)/3-21G geometry optimization is an artifact of the
inadequateσ-π correlation provided by this method. It is
noteworthy that inclusion of the estimated effects of quadruple
excitations in the CISD calculations (DV2) for3asubstantially
reduces the energy anomaly. This means that the (approxi-
mated) quadruple excitations are providing enough additional
electron correlation to give about the same CI energy for the
two different sets of initial orbitals. In contrast, the total energy
of 2a is independent of any orbital symmetry constraints. This
indicates that the MCSCF(9,8)/3-21G surface for2a is continu-
ous in the region of theC2V structure and that the distortion to
Cs symmetry which occurs in the unconstrained optimization
at this level is not an artifact.
The QCISD(T), CCSD(T), CASPT2N, and DFT(B3LYP)

calculations tell a different story. For3a, the delocalized2Ag

electronic state is found to be the lowest in energy by all of
these methods, and, according to DFT, it is theonly stationary
state. The localizedC2V structure for3a is predicted to lie higher
in energy by 2-3 kcal/mol with the QCISD(T) and CCSD(T)
methods. The2Ag - 2A1 energy difference is considerably
greater at the CASPT2N level,ca. 9 kcal/mol. Comparing the
CASPT2N and MCSCF(9,8) energies reveals that this is due
to the combined effects of a larger energy decrease for the2Ag

electronic state (0.728 au) and a smaller energy decrease for
the 2A1 electronic state (0.703 au), relative to the differentials
for the other benzyne anion states (0.711-0.720 au), which
results from the MP2 correction to the MCSCF energies in the
CASPT2N calculations. That is, the dynamic electron correla-
tion estimated by the CASPT2N method stabilizes the high-
symmetry form and destabilizes the low symmetry form of3a
to a relatively greater extent.
At the QCISD(T) level, the2B2 electronic state of2a lies

slightly lower in energy than the2A′ electronic state. However,
the ZPE and temperature corrections reverse this ordering such
that the localized form lies about 0.3 kcal/mol below the
delocalized form.44 The CASPT2N calculations predict a larger
energy difference favoring the2B2 electronic state by about 3.7
kcal/mol, which can again be traced to a greater stabilization
of the delocalized form by dynamic electron correlation effects.
The B3LYP/cc-pVDZ calculations find the delocalized2B2

electronic state of2a to be the only stationary state on the
computed potential energy surface. Because the hybrid DFT/
HF B3LYP method is nonvariational, the absolute total energies
computed for2a and 3a (but not 1a) actually increase upon
expanding the basis set from cc-pVDZ (110 basis functions) to
cc-pVTZ (270 basis functions). The B3LYP energies of2aand
3a relative to1a increase by about 2 kcal/mol in going to the
larger basis set.
The relative enthalpies of the lowest energy states of1a-3a

computed by the different methods are in good agreement:2a
is predicted to lie 4-6 kcal/mol higher in energy than1a, and
3a is higher in energy than2aby another 4-5 kcal/mol. These

energy differences are in fair agreement with the experimental
estimates, shown at the bottom of Table 3, which were derived
in the preceding paper1 from the measured heats of formation
and electron affinities of the neutral benzynes,1-3. Because
of the presence of artifactual symmetry-breaking in the MCSCF
and CISD calculations for3a, the results derived from the
QCISD(T), CASPT2N, and B3LYP calculations are considered
to be the most reliable: the delocalized, high-symmetry forms
of 1a-3a represent the lowest energy electronic states for these
ions. Indeed, since the symmetry-breaking problem was evident
in the MCSCF(9,8)/3-21G procedure used to optimize the
geometries, any results based on these structures should be
regarded with caution. Nevertheless, the close similarities
between the structures for the delocalized radical anion forms
given by the B3LYP and MCSCF procedures suggests that the
errors introduced by using the MCSCF geometries will not be
large.
In view of the discrepancies regarding the nature of the lowest

energy electronic states for2a and3a and the differing results
of the tests for artifactual symmetry-breaking in the MCSCF
and CISD calculations for these two ions, it remains unclear
whether the low-symmetry structures represent true energy
minima. If the distorted structures are minima, then the real
issue is whether or not the barrier between the high- and low-
symmetry forms on the global potential energy surface lies
above or below the zero-point level for the active vibronic modes
(b2 for 2a; b1u for 3a, Vide infra). If the barrier is lower, then
the molecule necessarily exists as a fluxional, dynamically-
coupled vibronic state, and the notion of discrete geometric
forms is not valid.45 Only when the barrier is well above this
zero-point energy level does it make any sense to think about
isomeric forms with distinct structures and reactivity. In fact,
the potential energy surfaces in the vicinity of the distorted and
nondistorted stationary points located for2a and 3a at the
MCSCF(9,8)/3-21G and CISD+DV2/cc-pVDZ levels of theory
appear to be quite flat. While rigorous searches for transition
states connecting the high- and low-symmetry forms of2aand
3a were not performed, we did calculate total energies for
partially-optimized geometries that had fixed CCC angles about
the dehydrocarbons,R andâ, that were intermediate between
the optimized values determined for the high- and low-symmetry
forms. In each case the computed energy of the “intermediate”
geometry was found to lie below that of the higher energy,
higher symmetry form (for3a the comparison is made to the
energy of theD2h structure obtained with relaxed orbital
symmetry). Analogous calculations carried out at the B3LYP/
cc-pVDZ level of theory give similar results. The B3LYP/cc-
pVDZ energies of theCs andC2V geometries for2a and 3a
obtained from the MCSCF(9,8)/3-21G calculations are only 1.9
and 3.1 kcal/mol, respectively, higher than the optimal energies
of the high-symmetry forms, and the computed energies for
structures with intermediate values ofR andâ lie in between
the two extremes. Thus, the angular distortions in2a and3a
are associated with small, essentially monotonic energy changes.
Since the calculations indicate little or no barrier for these
distortions in2a and3a, we conclude thatm- andp-benzyne
anions are fluxional species, witheffectiVely high-symmetry
structures that undergo zero-point excursions to distonic radical
anion forms with reduced molecular symmetry and (relatively)
localized odd-spin and charge distributions.

(44) The relative energies of the different electronic states of1a, 2a,
and3adetermined by the various components of the QCISD(T) and CCSD-
(T) calculations indicate pronounced effects due to spin-contamination, and
large stabilizing effects on the delocalized states due to triple substitutions.
For example, the UHF wave functions for the2A′ and2B2 electronic states
of 2a and the2A1 electronic state of3a are extremely spin-contaminated,
with <S2> values around 1.2 (for2B2 1a and2Ag 3a, <S2> is 0.78). The
MPn energies for the delocalized electronic states of2aand3aare generally
lower than those of the localized electronic states, but the differences change
in an erratic manner with increasing level of theory. The perturbatively-
estimated triple substitutions in the QCISD(T) and CCSD(T) calculations
reduce the energies of the delocalized electronic states of2a and 3a by
2.4-3.9 kcal/mol, but increase the energies of the corresponding localized
electronic states by 0.2-0.7 kcal/mol.

(45) For a discussion of the notion of molecular “shape” in the context
of the Born-Oppenheimer approximation, see: Wooley, R. G.J. Am. Chem.
Soc.1978, 100, 1073. For a recent example of the experimental description
of a molecule without a definite “shape”, see: Lindner, R.; Mu¨ller-Dethlefs,
K.; Wedum, E.; Haber, K.; Grant, E.Science1996, 271, 1698.
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Specifying the zero-point energies for the highly anharmonic
Jahn-Teller modes in2a and 3a is problematic since the
calculated harmonic frequencies for the component vibrational
modes listed in Table 2 can only give crude upper limits.
Moreover, because of artifactual symmetry-breaking in the
MCSCF(9,8)/3-21G wave functions, and because the MCSCF-
(9,8)/3-21G vibrational frequencies were derived from numeri-
cally-evaluated energy gradients, the frequencies for non-
symmetric modes obtained by this method are unreliable.46

The vibrational frequencies derived from the B3LYP/cc-
pVDZ calculations were obtained with analytical gradients
and are therefore more reliable. Despite the harmonic ap-
proximation, the trends in the frequencies and force constants
listed in Table 2 clearly indicate the nature of the vibronic
coupling that accompanies addition of an electron to a neutral
benzyne. The symmetric ring-angle deformation modes (a1

and ag) in the benzyne anions and the neutral triplet benzynes
have similar magnitudes of the frequencies (583-632 cm-1)
and force constants (1.41-1.81 mdyn/Å). The asymmetric b2
modes ino- andm-benzyne triplets are also similar (νav ) 599
cm-1; kav ) 1.58 mdyn/Å). However the corresponding
b1u mode in triplet p-benzyne is much “stiffer” (ν ) 946
cm-1, k ) 3.54 mdyn/Å). Addition of an electron to form the
benzyne anions results in marked decreases in the frequencies
and force constants for the asymmetric deformation modes. The
change in the b1u mode in going from3 to 3a is especially
pronounced, amounting to a 50% reduction in the force constant,
and a corresponding drop in the frequency by about a third.
Thus, compared to the symmetric modes, the asymmetric ring-
angle deformation modes in the neutral benzynes become
considerably “softer” upon addition of a third electron to the
two valence orbitals as a result of pseudo Jahn-Teller interac-
tions.
Thermochemistry. At most of the levels of theory employed

in this study, the benzyne anions are calculated to be unbound,
i.e., the total energies of the negative ions are smaller (less
negative) than those of the corresponding neutral benzynes. This
is a common outcome for calculations on molecular anions using
limited basis sets and incomplete electron correlation. However,
it has been shown that relative electron affinities derived from
electron transfer reactions such as that shown in eq 2 can be
quite accurate.47 The calculated electron binding energies of
the lowest energy forms of1a-3a can be compared with the
experimentally-determined electron affinities of the three neutral
benzynes. The performance of the MCSCF and CASPT2N
methods in predicting both the relative and absolute electron
binding energies of1a-3a is poor in most instances. For
example, the EAs foro-benzyne andp-benzyne are underesti-
mated by the MCSCF procedure, with errors of-3.9 and-3.5
kcal/mol in the calculations using the larger basis set and with
-2.6 and-3.8 kcal/mol errors in the calculations using the
smaller basis set. For themeta isomer, the poor match with
the smaller basis set calculation (∆ ) +3.4 kcal/mol) is
improved with the larger basis set (∆ ) -0.2 kcal/mol). The
electron binding energies obtained from the CASPT2N proce-
dure are considerably overestimated, with deviations from
experiment of+7.0,+7.7, and+4.7 kcal/mol for1a, 2a, and
3a, respectively. With both the MCSCF and CASPT2N

methods, theortho/metadifference is overestimated, and the
meta/para difference is underestimated, suggesting that the
calculated value for themetaisomer is systematically too low.
In contrast, the predicted electron binding energies for the
ground states of the benzyne anions obtained from the
CISD+DV2/cc-pVDZ calculations appear to be in very good
agreement with the experimental data, with deviations of-0.2,
+0.2, and-2.6 kcal/mol for 1a, 2a, and 3a, respectively.
However, the good match is probably fortuitous, since the CISD
procedure incorrectly predicts localized ground states for2a
and 3a, and the electron binding energies computed for the
corresponding delocalized forms show large errors (-2.5 and
-9.9 kcal/mol, respectively). Finally, all of the theoretical
models employed in this study predict that the2A1 states of
1a and 2a are unbound with respect to electron detachment
(EA < 0). In fact, in their photoelectron study of1a, Leopold
et al. did not observe any hot-band activity in the spectrum
that could be attributed to excited states of the anion.48 The
2B1u state of3a is predicted to be only weakly bound (EA)
0.1-0.2 eV, neglecting the CASPT2N result). However, the
energy of this state is too high (≈30 kcal/mol above the ground
state) for it to be populated to any significant extent at room
temperature.
The calculated enthalpy changes for eq 3 show considerable

variation with the different computational approaches. The
computed values from the MCSCF and CISD procedures are
much smaller than those obtained from the QCISD(T), CASPT2N,
and B3LYP calculationssby nearly a factor of 2 in some cases.
With the exception of the CASPT2N results for3a, the
energetics obtained with the latter three methods are all within
the indicated error limits on the experimental values. The large
basis set B3LYP calculations perform remarkably well in
predicting the measured thermochemistry. Thus, theory and
experiment concur that theortho, meta, andparaC-H bonds
in phenyl anion are weaker than the C-H bonds in benzene by
about 22, 15, and 8 kcal/mol, respectively, and that the
corresponding C-H bonds in phenyl radical are more acidic
than the C-H bonds in benzene by these same amounts. The
origin of these significant homolytic and heterolytic bond
strength reductions is the additional delocalization of negative
charge and odd-spin density provided by the second open-shell
carbon in each benzyne anion.

Concluding Remarks

Based on the experimental and theoretical results for the
benzyne anions and the previous studies of the neutral benzynes,
we can venture some predictions about the photoelectron spectra
that may ultimately be obtained for2a and3a. The spectrum
for 2a should display relatively sharp, well-resolved features
for detachment from the2B2 ground state of the anion to the
1A1 ground state and the3B2 excited state ofm-benzyne at
around 0.85 and 1.6 eV, respectively. Prominent vibrational
progressions may be evident in the a1 and b2 modes of each
neutral state due to the significant differences in the geometries
and fluxional behavior of the anion and neutral species. The
spectrum for3a should be quite congested in the region of the
lowest energy feature (ca. 1.25 eV), with overlapping bands
for detachment to the1Ag and3B1u states of3 that are separated
by only about 0.1-0.2 eV. Vibrational structure in each band
corresponding to the ag and b1u modes may also be observable.
However, since the (bound)2B1u excited state of3a lies at
approximately the same energy as the predicted (1Ag r 2Ag)
transition, autoionization could lead to spectral line broadening.

(46) Frequencies and force constants for any nontotally symmetric
vibrational motions obtained from MCSCF calculations that employ
numerically- rather than analytically-evaluated energy gradients are invari-
ably too high since any symmetry-breaking nuclear displacement used to
evaluate the molecular force field by finite energy differences will eliminate
the symmetry-constrained configuration mixings within the active space.

(47) Equation 2 may not actually provide proper cancellation of electron
correlation errors and basis set deficiencies since it is notisogyric, i.e., the
total electron spin is not the same for the products and reactants.

(48) Leopold, D. G.; Miller, A. E. S.; Lineberger, W. C.J. Am. Chem.
Soc.1986, 108, 1379.
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The excellent performance of density functional theory in
predicting the thermochemistry of benzyne anions and the
absence of artifactual symmetry breaking in the DFT calcula-
tions on these species suggest that this level of theory is
particularly well-suited for computational studies of distonic
radical anions derived from biradicals. Its applicability to
relatively large molecules is especially noteworthy. We have
already carried out DFT calculations on the radical anions
derived from trimethylenemethane andR,3-dehydrotoluene
which also show excellent correspondence with the available
experimental results. DFT calculations on radical anions derived
from a series of non-Kekule hydrocarbons such as 2,4-
bismethylenecyclobutane-1,3-diyl andm-xylylene are currently
in progress.
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