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ABSTRACT: The mechanism by which carbon condenses to form PAHs
or fullerenes is a problem that has garnered considerable theoretical and
experimental attention. The ring-coalescence and annealing model for the
formation of C60 involves a [2 + 2] cycloaddition reaction of a cyclopolyyne
to form a tetraalkynyl cyclobuta-1,3-diene intermediate, followed by a
Bergman cycloaromatization reaction of the enediyne moiety. Intra-
molecular trapping of the incipient p-benzyne diradical across a diyne
moiety of the macrocyclic ring affords an aromatic ring that must undergo
further intramolecular reactions via polyradical intermediates to produce a
condensed graphitic structure or fullerene. Computational studies of a
model system for the intriguing tetraalkynylcyclobuta-1,3-diene intermedi-
ate, however, reveal that the corresponding p-benzyne diradical lies in a
shallow minimum with a very low barrier to ring opening to cyclo-
octadienediyne. This pathway has not been previously considered in the mechanism for carbon condensation.

■ INTRODUCTION

The chemical mechanism by which atomic carbon, or small
carbon fragments, create graphitic sheets, fullerenes, and
nanotubes is a problem of fundamental importance in science.1

Considerable experimental and theoretical interest in this
problem led to the development of chemical models for carbon
condensation and fullerene formation: the pentagon road,2

fullerene road,3 ring coalescence and annealing,4−6 shrinking hot
giant,7,8 and closed network growth.9,10 Recent interest in the
hexadehydro-Diels−Alder reaction (HDDA)11,12 invites spec-
ulation concerning its possible role in fullerene formation.13 In
addition to these condensation models (“size-up”), pathways to
fullerenes are envisioned from degradation of larger carbon
molecules (“size-down”) such as giant fullerenes,7,8 carbon
nanotubes,14 graphene nanoflakes,15 or graphene.16 Among the
various models, the pentagon road, fullerene road, shrinking hot
giant, and closed network growth are dependent upon a steady
supply of C2 fragments to allow for sufficient carbon accretion.
The ring coalescence and annealing model accommodates larger
mass carbon sources than C2 to produce C60.
The lowest energy form of carbon changes as a function of

size. Carbon exists in linear fragments at a small size (C3−C12),
macrocyclic rings at a medium size (C12−C20), and graphitic or
fullerene structures for larger carbon systems.17−20 In the ring
coalescence and annealing model, cyclic carbon molecules
(cyclopolyynes) combine to form larger macrocyclic rings,
which subsequently rearrange and anneal into graphitic
structures and fullerenes (Scheme 1).1 The proposed chemical

mechanism involves a [2 + 2] cycloaddition reaction to form a
tetraalkynyl cyclobuta-1,3-diene intermediate, followed by a
Bergman cycloaromatization reaction of the enediyne moiety.
Intramolecular trapping of the incipient p-benzyne diradical
across a diyne moiety of the macrocyclic ring affords an
aromatic ring that must undergo further intramolecular
reactions via polyradical intermediates to produce a condensed
graphitic structure or fullerene. Intrigued by the expectation of
unusual electronic structure and bonding in the tetraalkynyl
cyclobuta-1,3-diene moiety, and the manifestation of these
factors in modulating the cycloaromatization reaction, we
undertook a computational study of 1,2-diethynylcyclobuta-1,3-
diene (1) as a model system for the intermediate in the ring
coalescence and annealing model of fullerene formation.

■ COMPUTATIONAL METHODS
Geometry optimizations, transition-state searches, harmonic vibra-
tional frequency calculations, and intrinsic reaction coordinate (IRC)
calculations were performed using restricted second-order Møller−
Plesset (MP2) perturbation theory with a correlation consistent basis
set of triple-ζ quality (cc-pVTZ)21 in the GAMESS22,23 electronic
structure package. Single-point energy calculations at the optimized
MP2 structures and along the IRC pathway were performed using the
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spin-flip version24−27 of the equation-of-motion coupled-cluster with
single and double excitations method28−31 (EOM-SF-CCSD) in the
cc-pVDZ basis set (in the Q-Chem32 electronic structure package) and
using CCSD with perturbative triples33 (CCSD(T)) in cc-pVTZ basis
in GAMESS. Density Functional Theory calculations employed the
B3LYP density functional34,35 with the 6-31G(d)36 basis set as
implemented in Gaussian 09.37

■ RESULTS AND DISCUSSION

In the current investigation, we focus our attention on early
steps in the ring coalescence and annealing model. Although
strained alkynes are known to undergo [2 + 2] and [2 + 2 + 2]
cycloaddition reactions,38−44 the manifestation of these
reactions in highly conjugated systems merits further scrutiny.
The putative [2 + 2] dimerization product of a polyyne−a
tetraalkynyl cyclobutadiene intermediate−represents an intrigu-

ing structure that may be expected to exhibit unusual
characteristics with respect to both electronic structure and
reactivity.38,40,43 Organometallic complexes of alkynyl cyclo-
butadienes have been described,45,46 but the free ligand has not
been studied experimentally. We recently described computa-
tional studies concerning thermodynamic effects of ethynyl47,48

and cyano49 substitution of cyclobutadiene. We now describe
theoretical studies of 1,2-diethynylcyclobuta-1,3-diene (1) and
its thermal isomerization pathways (Scheme 2).50,51 One
pathway involves Bergman cyclization52 and represents a
model system for a key step in the ring coalescence and
annealing model (Scheme 1). The second pathway involves a
[3,3]-sigmatropic (Cope-type) rearrangement.53−55 The acti-
vation barriers for these two pathways are remarkably similar.

Scheme 1. Ring Coalescence and Annealing Model of Fullerene Formation

Scheme 2. Thermal Isomerization Pathways of 1,2-Diethynylcyclobuta-1,3-diene (1)a

aRelative energy (kcal/mol; ZPVE not included) CCSD(T)/cc-pVTZ//MP2/cc-pVTZ (B3LYP/6-31G(d) in parentheses).
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The Bergman cyclization reaction poses a significant
challenge to theory because of the involvement of a singlet
diradical intermediate (p-benzyne). Computational methods
based on density functional theory typically encompass
sufficient electron correlation to provide qualitatively reliable
predictions, although these predictions often suffer, quantita-
tively, from the common tendency of DFT methods to
overemphasize delocalization in conjugated systems.56−60

Multireference ab initio methods provide the best theoretical
framework for treating singlet diradicals, but the calculations are
technically challenging because of the need to incorporate a
sufficiently large active space to recover adequate electron
correlation. Although single-reference ab initio calculations
appear less well-suited to handle singlet diradicals, it has been
empirically determined that high-level coupled-cluster methods
are valuable tools for investigating cycloaromatization reac-
tions.61

Figure 1 depicts a relevant portion of the C8H4 singlet
potential energy surface computed at the MP2/cc-pVTZ,

CCSD(T)/cc-pVTZ, and EOM-SF-CCSD/cc-pVDZ levels of
theory. Most striking, to us, was the difficulty in obtaining an
optimized structure for the p-benzyne diradical (2). At the
B3LYP/6-31G(d) level, all attempts to optimize the structure
of diradical 2 led directly to cycloocta-1,5-dien-3,7-diyne (3).
Although the p-benzyne diradical (2) is a true minimum on the
potential energy surface at the EOM-SF-CCSD/cc-pVDZ level
of theory, the surface is exceedingly flat. The barrier to ring
opening to cycloocta-1,5-dien-3,7-diyne (3) must lie no more
than 1 kcal/mol higher in energy than diradical 2. We consider
the MP2 prediction of a relatively stabilized p-benzyne diradical
(2) and a distinct barrier to ring opening of 2 to 3 (Figure 1) to
be a spurious result arising from the well-documented problems
of spin contamination in MP2 calculations of open-shell
species. The MP2 prediction (Figure 1, red ■) is not
supported by either coupled-cluster or density functional
theory calculations.
The electronic structure of singlet C8H4 undergoes dramatic

changes along the reaction coordinate from 1,2-diethynylcy-
clobuta-1,3-diene (1a) to cycloocta-1,5-dien-3,7-diyne (3). 1,2-

Diethynylcyclobutadiene (1a) is a diradical of π−π character
that is typical of cyclobutadienes.26 The transition state (TS 1a-
3) between cyclobutadiene 1a and p-benzyne (2) is the highest
point along the intrinsic reaction coordinate (IRC) path. This
structure has a complicated electron distribution, which, in
addition to π−π diradical character of the cyclobutadiene
moiety, reveals weakening of the triple bonds and partial bond
formation in the six-membered ring. At all levels of theory
employed, TS 1a-3 exhibits an unusual, nonplanar (Cs)
geometry−a feature that is not characteristic of the Bergman
cyclization52,59,62 but does represent a typical mode of
distortion (pyramidalization) in strained alkenes.63 The
dihedral angle between the planes of the 4- and 6-membered
rings is 162° (B3LYP/6-31G(d)); the barrier to planarization in
systems of this type is expected to be of the order of a few
kilocalories per mole.63,64

Another interesting structure along the IRC path is p-
benzyne (2), in which both the cyclobutadiene ring and the
fully formed p-benzyne moiety coexist. Formally, structure 2 is
a tetraradical, combining two diradical π orbitals of cyclo-
butadiene with two σ-type orbitals of p-benzyne. Because of this
complicated electronic structure, various computational meth-
ods disagree whether p-benzyne (2) is a true minimum on the
potential energy surface. p-Benzyne (2), if real, has a very low
barrier toward formation of cycloocta-1,5-dien-3,7-diyne (3).
Structure 3 is a well-defined closed-shell molecule, for which
the energy is the lowest along the IRC path.
Comparing the thermochemistry of the cycloaromatization

reaction of 1,2-diethynylcyclobuta-1,3-diene (1a) with that of
the cis-hex-3-ene-1,5-diyne (5; the parent system for the
Bergman cyclization) is instructive. The cyclization of 1,2-
diethynylcyclobutadiene (1a) is thermoneutral, in contrast to
the cyclization of cis-hex-3-ene-1,5-diyne (5), which is
endothermic by 8.5 kcal/mol.65,66 The computed barrier to
cyclization of 1,2-diethynylcyclobutadiene (1a) of 30 kcal/mol
is quite similar to the experimental (28.2 ± 0.5 kcal/mol)65 and
computed (28.5 kcal/mol using CCSD(T)/6-31G(d,p))66

values for the prototypical cis-hex-3-ene-1,5-diyne (5). The
basis for the difference in thermochemistry between these two
systems is not immediately apparent.67 We initially hypothe-
sized that incorporation of the cyclobutadienyl ring would
destabilize the enediyne moiety, relative to the p-benzyne
moiety, thereby decreasing the endothermicity of the
cyclization. Two factors, however, suggest that this is not the
case. First, as depicted in Figure 1, the transition state for
cyclization of 1,2-diethynylcyclobuta-1,3-diene (1a) is late and
thus relatively unaffected by factors that stabilize or destabilize
the reactant, relative to product. Second, the computed barrier
to cyclization of 1a is very similar to the computed barrier to
cyclization of 5. An alternative explanation−that the cyclo-
butadienyl ring would “stabilize” the p-benzyne moiety, relative
to the enediyne moiety−seemed counterintuitive to us, but we
now believe we understand the matter. The presence of the
cyclobutadienyl ring in 2 introduces an alternate reaction
pathway that is not available in the parent p-benzyne (6),
namely, ring opening to the eight-membered ring (3). This
reaction is highly exothermic (−35 kcal/mol), exhibits an early
transition state, and occurs with a very low barrier. These
factors pull the p-benzyne derivative 2 down in energy, thereby
decreasing the endothermicity of the cycloaromatization step.
The singlet potential energy surface in the vicinity of the
structure 2 displays significant energy gradients. The entrance
channel exhibits a high barrier and late transition state, and the

Figure 1. C8H4 singlet potential energy surface along intrinsic reaction
coordinate (IRC) calculated at the MP2/cc-pVTZ level. Relative
energies (kcal/mol) calculated by MP2/cc-pVTZ (red ■), CCSD(T)/
cc-pVTZ (purple ▲), and EOM-SF-CCSD/cc-pVDZ (cyan ◆).
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exit channel exhibits a low barrier and early transition state.
Structure 2 is poised, precariously, between the transition state
of the entrance channel and the ring-expanded product (3),
which differ in energy by 70 kcal/mol. The structure and
energy of 2 are strongly influenced by this topology, which also
accounts for the sensitivity of the computational results to the
level of theory employed. Returning to the matter of
thermochemistry: to say that p-benzyne derivative 2 is
“stabilized” by the cyclobutadienyl ring does not really convey
the appropriate context of the situation. A somewhat better
description may be to say that partial relief of strain in the
cyclobutadienyl ring of 2 lowers the energy of 2 relative to
enediyne 1a.
Considerable attention has been paid to the distance between

terminal carbons of the enediyne moiety (c-d distance) and the
barrier to Bergman cyclization.68−72 The computed distance
between the terminal acetylenic carbons in 1,2-diethynylcyclo-
butadiene (1a) is 0.9 Å longer than cis-hex-3-ene-1,5-diyne (5)
(5.2 Å vs 4.3 Å), owing to the significantly larger exocyclic bond
angle (135° vs 124°) imposed by the cyclobutadiene ring
(Figure 2). The energy required to distort 1,2-diethynylcyclo-

butadiene (1b) to the equivalent c-d distance as in enediyne 5
(4.3 Å) will be small; the low frequency, in-plane C−C−C
bending vibration (ca. 100 cm−1) in 1a will involve excursions
that approach this distance. This vibrational mode is, in effect,
the reaction coordinate for cycloaromatization, which is
relatively insensitive to the c-d distance at early points along
the reaction coordinate (Figure 1). Thus, the larger c-d distance
in 1a does not translate into a larger activation energy for
cyclization.
During our efforts to understand the nonplanar transition

state for the Bergman cyclization reaction (TS 1a-3), we
discovered a different, planar transition state (TS 1b-4)
(Scheme 2). IRC analysis establishes that TS 1b-4 is derived
from 1,4-diethynylcyclobuta-1,3-diene (1b), the bond shift
isomer of 1 in which the alkyne substituents are formally
bonded across the long C−C bond of the cyclobutadiene
moiety, and leads to cycloocta-1,2,3,5,6,7-hexaene (4), the
bond-shift isomer of cycloocta-1,5-dien-3,7-diyne (3). Thus, TS
1b-4 represents the transition state for a Cope-type [3,3]-
sigmatropic rearrangement.53−55 That the system maintains

planarity along the reaction coordinate for the rearrangement of
1b to 4 apparently reflects the lengthening of the C1−C4 bond
and the relief of strain in the cyclobutadiene ring in TS 1b-4
(Figure 2).
Despite their intriguing structural differences, the transition

states for Bergman cyclization (TS 1a-3) and Cope-type
rearrangement (TS 1b-4) are computed to be of nearly equal
energy (Scheme 2). Since the cyclobutadiene bond-shift
isomers 1a and 1b are very similar in energy and will
equilibrate rapidly under thermal conditions, the Cope-type
rearrangement pathway may well be relevant to the thermal
chemistry of alkynylcyclobutadienes. It is also interesting to
note that TS 1a-3 and TS 1b-4 are not too dissimilar in
geometry from TS 7−3, the transition state for thermal ring-
opening of the butalene derivative 7 to cycloocta-1,5-diene-3,7-
diyne (3) (Scheme 3).64 TS 1a-3 and TS 1b-4 are, however,
considerably lower in energy (ca. 30−40 kcal/mol) than TS 7−
3.

■ CONCLUSIONS
Our current findings raise questions concerning the ring
coalescence and annealing model for carbon condensation and
fullerene formation (Scheme 1). Computational studies suggest
that a dialkynylcyclobuta-1,3-diene derivative may undergo
thermal ring expansion to afford an eight-membered ring via
either Cope-type [3,3]-sigmatropic rearrangement or Bergman
cyclization followed by ring opening. The model for carbon
condensation does not include either of these reaction
pathways. The singlet p-benzyne diradical structure proposed
in the model lies in an extremely shallow portion of the
potential energy surface, and its very existence as an
intermediate remains in question. Interestingly, a recent ab
initio molecular dynamics simulation of fullerene formation
suggests the involvement of a number of unanticipated 4-, 5-,
and 8-membered ring intermediates.15 In that study, one
structure appears to be a dialkynyl cyclooctadiendiyne, and
another appears to be a dialkynyl cyclobutadiene (Figure 1,
panel d of ref 15); these structures are directly analogous to
those in the current investigation (Scheme 2).
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Scheme 3. Ring Opening of Butalene Derivative 7a

aRelative energy (kcal/mol; ZPVE included; B3LYP/6-31G(d)).
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