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ABSTRACT: We present computational studies of reaction pathways for alkyne/polyyne dimerization that represent plausible early
steps in mechanisms for carbon condensation. A previous computational study of the ring coalescence and annealing model of C60
formation revealed that a 1,4-didehydrobenzocyclobutadiene intermediate (p-benzyne derivative) has little to no barrier to
undergoing an unproductive retro-Bergman cyclization, which brings into question the relevance of that reaction pathway. The
current study investigates an alternative model, which proceeds through an initial [4 + 2] cycloaddition instead of a [2 + 2]
cycloaddition. In this pathway, the problematic intermediate is avoided, with the reaction proceeding via a (potentially) more
kinetically stable tetradehydronaphthalene derivative. The computational studies of the [2 + 2] and [4 + 2] model systems, with
increasing alkyne substitutions, reveal that the para-benzyne diradical of the [4 + 2] pathway has a significantly greater barrier to ring
opening than the analogous intermediates of the [2 + 2] pathway and that alkyne substitution has little effect on this important
barrier. These studies employ spin-flip, time-dependent density functional theory (SF-TDDFT) to provide suitable treatment of
open-shell diradical intermediates.

■ INTRODUCTION
Allotropes of carbon continue to be active areas of research in
chemistry and materials science. Recent studies include a
monolayer fullerene network,1 graphene nanoribbons of
various geometries,2 and allotropes derived from nonbenze-
noid aromatic structures (azulene, biphenylene, etc.).3 Cyclo-
carbon C18,

4,5 a known precursor of C60,
6 has been imaged on

a surface.7 A myriad of chemical models for the formation of
fullerene have been proposed and can be categorized into two
groups: pathways that start from large carbon aggregates that
degrade into fullerene (“size-down”) and pathways that start
from small carbon aggregates and condense into fullerene
(“size-up”). The “size-down” pathways that have been
proposed include the degradations of graphene,8,9 graphene
nanoflakes,10 carbon nanotubes,11 and giant fullerenes.12,13

The “size-up” pathways proposed include the fullerene road,14

pentagon road,15 closed network growth,15−17 and ring
coalescence and annealing.6,18,19 All of the “size-up” pathways
except the ring coalescence and annealing model progress from
smaller carbon aggregates to larger fullerenes through the
steady incorporation of C2 fragments. In contrast, the ring

coalescence and annealing model proposes the addition of
medium-sized (C12−C20) cyclic polyynes, and subsequent
annealing through a cascading radical mechanism, resulting in
fullerenes.20 As illustrated in Scheme 1, this combination has
been proposed to occur through an initial [2 + 2]
cycloaddition to yield a tetraalkynylcylcobuta-1,3-diene inter-
mediate that subsequently undergoes a Bergman cyclization
reaction.19,20 While formation of a tetraalkynylcyclobutadiene
may be a reasonable step in this process, it was previously
shown21 that the model products formed by the subsequent
Bergman cyclization reaction may have little or no barrier to
undergo an exothermic ring expansion (via a retro-Bergman
cyclization mechanism) to yield an eight-membered ring
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intermediate. This eight-membered ring intermediate is not
currently accounted for in the ring coalescence and annealing
model, and the structural element of an eight-membered ring is
obviously not present in fullerene C60. These findings call into
question whether or not the initial [2 + 2] dimerization
represents a productive pathway to fullerene formation. With
this in mind, we turned our attention to the study of an
alternative reaction pathway that involves initial [4 + 2]
cycloaddition, or hexadehydro-Diels-Alder reaction
(HDDA),22,23 of two polyynes to give a tetraalkynyl ortho-
benzyne intermediate (Scheme 2). Subsequent Bergman
cyclization�followed by a cascading radical mechanism�
may afford a viable pathway to C60, as illustrated in Scheme 2.
This pathway avoids forming a high-energy, four-membered
ring intermediate and avoids the problematic ring expansion
leading to the eight-membered ring species. In this study, we
investigate whether a small modification to the ring
coalescence and annealing model yields a more kinetically
realistic reaction pathway.
The condensation of highly unsaturated carbon molecules

via cycloaddition reactions has been evaluated computationally
at several levels of theory for a variety of species, as
summarized in Scheme 3, but the comparison of polyyne
dimerization through [2 + 2] or [4 + 2] cycloaddition
reactions has not been made. A thermal, concerted [2πs + 2πs]
cycloaddition is symmetry forbidden, and the [2 + 2]

cycloaddition is expected to proceed through a radical
mechanism (top Scheme 3).24−26 The [4 + 2] cycloaddition
can proceed through either a radical mechanism or a concerted
[4πs + 2πs] mechanism, with the concerted reaction having an
activation barrier of 34−36 kcal/mol, compared to the rate-
determining step of the radical mechanism having a barrier of
30−37 kcal/mol (middle Scheme 3).26−28 The competition of
the [2 + 2] cycloaddition versus the [4 + 2] cycloaddition is
exemplified by the combination of butadiyne and acetylene
(middle Scheme 3, gray and underlined) to form either ortho-
benzyne or ethynylcyclobutadiene.26 The computed barriers
for stepwise and concerted processes are close in energy, and
the overall prediction of stepwise vs concerted depends on the
level of theory employed. Overall, the formation of the [4 + 2]
product (ortho-benzyne) is significantly more exothermic (>40
kcal/mol) than the formation of the [2 + 2] product
(ethynylcyclobutadiene).26 It is worth noting that in the
stepwise pathway for the reaction of ortho-benzyne and
butadiyne (bottom Scheme 3), the [2 + 2] product is
kinetically favored by several kcal/mol, while the formation of
the [4 + 2] product is thermodynamically favored by about 30
kcal/mol.25

Following initial cycloadditions of the polyynes, the next
step toward fullerene formation in the ring coalescence and
annealing model is a Bergman cyclization.20,29 The resulting
intermediate for the [2 + 2] pathway is a substituted

Scheme 1. [2 + 2] Ring Coalescence and Annealing Model of Fullerene Formation
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tetraalkynyl-didehydrobenzocyclobutadiene, which is a fused
para-benzyne and cyclobutadiene species (Scheme 1). The
resulting intermediate for the [4 + 2] pathway is a substituted
tetraalkynyl-tetradehydronaphthalene, which is a fused ortho-
and para-benzyne species (Scheme 2). In principle, the para-
benzyne intermediate of the [4 + 2] pathway is expected to be
more stable than the corresponding para-benzyne intermediate
of the [2 + 2] pathway; the ortho-benzyne present in the
former is a strained, formally aromatic ring while the
cyclobutadiene present in the latter is a more highly strained,
formally antiaromatic ring. This argument is supported by the
computational result that the [4 + 2] product of ortho-benzyne
and butadiyne is 30 kcal/mol lower in energy than the [2 + 2]
product (bottom Scheme 3). With the [4 + 2] intermediate
considerably lower in energy than the [2 + 2] intermediate, the
subsequent ring expansion (via a retro-Bergman cyclization
mechanism) will have a greater barrier within the [4 + 2]
pathway than within the [2 + 2] pathway. The [4 + 2] pathway
would thus be more likely to undergo the subsequent
cascading radical mechanism that leads to fullerene production.
The [2 + 2] and [4 + 2] carbon condensation pathways (I

and II, respectively) studied in this work are illustrated in
Scheme 4. Because computational studies of large carbon ring
systems, as described in Schemes 1 and 2, are not
computationally feasible with reasonable ab initio methods,
we used a simplified substitution pattern described in Scheme
4 (a−d). Substitution a is the parent system (R = R′ = H).

Substitution b places additional alkynyl units at the end of the
alkyne chains of the cycloaddition products 2b or 6b, while
substitution c places additional alkynyl units on the ring of the
cycloaddition products 2c or 6c. The d substitution places
alkynyl units on both the ring and the alkyne chains of the
cycloaddition products 2d or 6d. Scheme 4 (top) illustrates a
[2 + 2] cycloaddition pathway involving two polyynes (1a−d)
to yield substituted cyclobutadiene 2a−d. A Bergman
cyclization of the enediyne unit of 2a−d results in the diradical
didehydrobenzocyclobutadiene 3a−d. Diradical species 3a−d
can then undergo the ring expansion, breaking the shared
carbon−carbon bond between the fused rings, to generate
cycloocta-1,5-dien-3,7-diyne 4a−d. Scheme 4 (bottom)
illustrates an alternative pathway that proceeds through an
initial [4 + 2] cycloaddition of two polyynes 1/5a−d.
Necessarily, the pathway involves an extra alkynyl unit in
one of the initial polyynes for system II compared to system I.
The [4 + 2] cycloaddition yields the substituted ortho-benzyne
6a−d, which can undergo the Bergman cyclization to generate
the diradical tetradehydronaphthalene species 7a−d. The ring
expansion of 7a−d generates cyclodeca-1,7-dien-3,5,9-triyne
8a−d. Regardless of whether the initial [2 + 2] or [4 + 2]
adducts are formed by a stepwise or concerted process, we are
keenly interested in elucidating the chemistry of these
enediynes (2a−d and 6a−d) with respect to Bergman
cyclization and subsequent ring opening.

Scheme 2. Proposed [4 + 2] Ring Coalescence and Annealing Model of Fullerene Formation
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An earlier study of reaction pathway Ia using density
functional theory (DFT) with the B3LYP functional was

unsuccessful at identifying 3a as a stationary point for the
reactions under investigation.21 Preliminary optimizations of
the structures of 3a−d and 7a−d using DFT had similar issues
and were unsuccessful for functionals including B3LYP, PBE0,
PBE50, M06, M06-2X, and ωB97XD as well as for spin-flip
DFT functionals including (non)collinear 50-50 and PBE50.
To optimize the structures of interest, we used the ab initio
Møller−Plesset second-order perturbation theory (MP2). The
MP2 method successfully optimized all the structures
represented in Scheme 4, but�as noted previously21 and
discussed further in this work�the MP2 description of the
electronic structure of the diradicals 3a−d and 7a−d is
questionable. This is because MP2 employs a single-reference
model for a species that is best treated with a multireference
model. The sizes of the structures in Scheme 4, however, are
much too large to be optimized at such a sophisticated and
computationally intensive level of theory.
In this work, we revisited pathway Ia by utilizing a smaller

step size in the intrinsic reaction coordinate (IRC) calculation
to increase the sampling and produce a finer-detailed potential
energy surface for the purpose of comparison to the spin-flip
model system. The multireference equation-of-motion and
spin-flip coupled cluster method (EOM-SF-CCSD) employed
previously on MP2 single point calculations21 is computation-
ally too intensive and not suitable for studying the larger
systems in this work. Analogous spin-flip approaches have been
applied to density functional theory30 and recent advances in
the implementation31 give comparable results. The spin-flip,
time-dependent DFT calculations are less computationally
intensive than their coupled-cluster counterparts and can be
used to evaluate the energetics of all the reaction pathways in
this investigation.

■ COMPUTATIONAL METHODS
To evaluate the reactions of interest, restricted Møller−Plesset
second-order perturbation theory32 was employed with the
correlation-consistent polarized valence and triple-zeta basis
set33 (MP2/cc-pVTZ) using Gaussian 09.34 Geometry
optimizations with harmonic frequency calculations were
employed to determine the nature of the stationary points.
Intrinsic reaction coordinate (IRC) calculations were used to
confirm that each transition state structure smoothly connects
the corresponding pair of local minima for all model schemes.

Scheme 3. Mechanisms of Simple Alkyne Cycloadditions
(Relative Energies in kcal/mol)

Scheme 4. [2 + 2] and [4 + 2] Reaction Pathways
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For Ia and IIa, single point calculations on the MP2 structures
were carried out with coupled-cluster calculations (CCSD(T)/
cc-pVTZ) and equation-of-motion spin-flip coupled cluster
with single and double excitations (EOM-SF-CCSD/cc-
pVDZ) as implemented in Q-Chem 4.4.1.35 For all reaction
schemes (Ia−d and IIa−d), single point calculations on the
MP2 structures were carried out using spin-flip time-depend-

ent density functional theory within the Tamm−Dancoff
approximation (SF-TDDFT)30 as implemented in Q-Chem
4.4.135 with the cc-pVTZ basis set and utilizing the “collinear
50-50” functional30 (exchange = 50% HF + 8% Slater + 42%
Becke; correlation = 19% VWN + 81% LYP). Additional
properties of the MP2/cc-pVTZ local minima were analyzed
by nuclear-independent chemical shifts (NICS),36 using the

Figure 1. Potential energy surfaces for the Bergman cyclization and ring expansion of alkynyl-substituted cyclobutadienes (system I). Straight lines
are used to connect the ends of the IRC calculations to their corresponding local minima and are not representative of the true nature of the energy
surface. The x-axis origin corresponds to the end of the IRC calculation going from TS 2−3 toward 2. The local minima of 2a−d are not shown.
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gauge-independent atomic orbital (GIAO) method, and
natural bond orbital/natural resonance theory (NBO/
NRT)37 calculations with the B3LYP functional38,39 and the
6-31G(d) basis set,40 as implemented in Gaussian 09.34

While conducting the EOM-SF-CCSD and SF-TDDFT
single-point calculations on the MP2 IRC structures, multiple
solutions to the reference SCF calculations were observed for
closely related structures. The structures around 3a−d and

7a−d resulted in a variety of spin-flip excited states regardless
of which reaction pathway or substitution pattern was
considered. This is partially explained by considering that,
for the high-spin triplet reference, there is a change in the
energetic ordering of two non-interacting triplet states that
occurs near TS2−3 and TS6−7 in almost all substitution
patterns (a−d). Unfortunately, the reordering of the triplet
states does not account for the varied results in the region

Figure 2. Potential energy surfaces for the Bergman cyclization and subsequent ring expansion of alkynyl-substituted ortho-benzynes (system II).
Straight lines are used to connect the ends of the IRC calculations to their corresponding local minima and are not representative of the true nature
of the energy surface. The x-axis origin corresponds to the end of the IRC calculation going from TS 6−7 toward 6. The local minima of 6a−d are
not shown.
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around 3a−d and 7a−d observed in the high-spin triplet
reference calculations. Rather, we hypothesize that the
documented41 orbital instability of ab initio calculations of
para-benzyne (arising from the near-degeneracy of electronic
states of different symmetry) is extended to the similar
structures that occur in the region around 3a−d and 7a−d, for
both CCSD and DFT high-spin reference calculations. The
difference between the solutions to these high-spin reference
calculations appears to be related to the ordering of two
radical-type orbitals associated with the para-benzyne structure
and two π-type orbitals of the fused ring π system. This
variation was corrected by adjusting the orbital guess for the
reference calculation to obtain a continuous reference energy
surface from the enediyne species (2a−d and 6a−d) to the
ring-opened species (4a−d and 8a−d). The adjustment
provided a continuous surface from the reactant to the
product along the IRC, but the resultant energy values were
not necessarily the lowest energy result for every electronic
state for each structure in the reaction pathway.

■ RESULTS AND DISCUSSION
The computational results of the [2 + 2] and [4 + 2] carbon
condensation reaction pathways investigated in this work are
displayed in Figures 1 and 2, respectively, and summarized in
Tables 1 and 2. Given the multiple ways in which the
condensation of polyynes can proceed through the [2 + 2] and
[4 + 2] cycloadditions, as discussed above, we did not pursue a
comprehensive examination of the transformation from 1a−d
to 2a−d and 1/5a−d to 6a−d. Instead, we directed our
attention to the nature of the diradical species 3a−d and 7a−d,
focusing on the transformations from 2a−d to 3a−d to 4a−d
and from 6a−d to 7a−d to 8a−d. To this end, the reaction
coordinate for Figure 1 is the combination of the IRC results
for the transition states connecting 2a−d and 3a−d with the
IRC results for the transition states connecting 3a−d and 4a−
d. For several cases, the IRC calculations were unable to be
extended all the way to the connected local minima within a
reasonable amount of processor time. The local minima
structures are therefore spaced between the IRC results in an
energetically reasonable but ultimately arbitrary fashion.
Similarly, Figure 2 is the combination of the IRC results for
the transition states connecting 6a−d and 7a−d with the IRC

Table 1. Relative Energies (kcal/mol) of Stationary Points

SF-TDDFTa MP2d

I 1b TS1−2 2b TS2−3c 3c TS3−4c 4c 1 TS1−2 2 TS2−3 3 TS3−4 4

a 14.9 0.0 44.6 26.0 26.0 −34.8 10.4 0.0 22.0 −22.4 −16.1 −39.0
[242] [0.0] [37.1] [11.5] [-] [−34.0]

b 17.0 0.0 57.9 45.6 −20.4 12.3 0.0 21.1 −9.7 −4.0 −28.2
c 14.1 0.0 47.2 31.1 31.3 −23.6 10.4 0.0 23.8 −20.1 −10.6 −30.1
d 14.3 0.0 60.2 48.6 −11.1 11.4 0.0 23.8 −6.5 2.4 −18.2

II 1/5b TS1/5−6b 6b TS6−7c 7c TS7−8c 8c 1/5 TS1/5−6 6 TS6−7 7 TS7−8 8
a 51.8 104.7 0.0 42.1 26.3 34.4 −18.1 54.9 83.8 0.0 22.3 −5.1 8.1 −22.5

[170] [119] [0.0] [37.1] [16.0] [31.6] [−8.9]
b 51.8 0.0 53.2 42.0 50.2 −3.6 54.3 0.0 26.0 7.2 21.0 −10.9
c 37.2 89.4 0.0 41.9 27.0 35.2 −18.1 43.5 73.8 0.0 22.2 −6.1 8.6 −21.7
d 36.4 0.0 53.2 41.7 51.2 −3.5 42.4 - 0.0 26.2 6.7 22.0 −10.7

aEnergies calculated at SF-TDDFT/cc-pVTZ//MP2/cc-pVTZ; energies in brackets calculated at EOM-SF-CCSD/cc-pVDZ//MP2/cc-pVTZ.
bDetermined using structures that were stationary points at MP2/cc-pVTZ. cDetermined using the SF energies to identify stationary points based
on PES curvature. dEnergies calculated at MP2/cc-pVTZ.

Table 2. Energetics (kcal/mol) of Reactions in Systems I and II

SF-TDDFTa MP2d

initial cycloaddition
(1−2 and 1/5−6)

Bergman cyclization
(2−3 and 6−7)

ring expansion
(3−4 and 7−8)

initial cycloaddition
(1−2 and 1/5−6)

Bergman cyclization
(2−3 and 6−7)

ring expansion
(3−4 and 7−8)

ΔE‡ b ΔErxn
b ΔE‡ c ΔErxn

c ΔE‡ c ΔErxn
c ΔE‡ ΔErxn ΔE‡ ΔErxn ΔE‡ ΔErxn

Ia −14.9 44.6 26.0 0.0 −60.8 −10.4 22.0 −22.4 6.3 −16.6
[−242] [37.1] [11.5] [−45.4]

Ib −17.0 57.9 45.6 −66.0 −12.3 21.1 −9.7 5.7 −18.6
Ic −14.1 47.2 31.1 0.1 −54.8 −10.4 23.8 −20.1 9.5 −10.0
Id −14.3 60.2 48.6 −59.8 −11.4 23.8 −6.5 8.9 −11.7

IIa 52.9 −51.8 42.1 26.3 8.1 −44.4 28.9 −54.9 22.3 −5.1 13.2 −17.4
[−51] [−170] [37.1] [16.0] [15.6] [−24.9]

IIb −51.8 53.2 42.0 8.2 −45.6 −54.3 26.0 7.2 13.8 −18.7
IIc 52.2 −37.2 41.9 27.0 8.2 −45.1 30.3 −43.5 22.2 −6.1 14.6 −16.2
IId −36.4 53.2 41.7 9.5 −45.1 −42.4 26.2 6.7 15.3 −17.5

aEnergies calculated at SF-TDDFT/cc-pVTZ//MP2/cc-pVTZ; energies in brackets calculated at EOM-SF-CCSD/cc-pVDZ//MP2/cc-pVTZ.
bDetermined using structures that were stationary points at MP2/cc-pVTZ. cDetermined using the SF energies to identify stationary points based
on PES curvature. dEnergies calculated at MP2/cc-pVTZ.
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results for the transition states connecting 7a−d and 8a−d,
with the local minima structures spaced between. For both
figures, the reaction coordinate starts at the IRC calculated
structure closest to the initial rings 2a−d and 6a−d. To
connect the initial ring structures to the transition states via the
IRC at the step size utilized would require an exceedingly long
calculation due to the shallowness of the energy surface in this
region.
The data depicted in Figures 1 and 2 and summarized in

Tables 1 and 2 are reminiscent of those previously reported for
the parent system 2a → 3a → 4a.21 The MP2 energies of the
diradicals 3a−d and 7a−d are anomalously low relative to the
spin-flip calculations, presumably because of the spin
contamination problems that plague the application of MP2
in open-shell systems. Not only are the MP2 energies of
diradicals 3 and 7 too low, the energies of the transition states
leading to the diradicals are also too low. These problems
affect the overall reaction thermochemistry and, in the case of
diradicals 3a−d, call into question whether these species even
exist as local minima.
The reaction pathways detailed herein involve novel, highly

unsaturated molecules, particularly that of the 1,2,5,8-
tetradehydronaphthalene species 7a−d that result from the
Bergman cyclization of 6a−d in the [4 + 2] pathway. While
similar unsaturated naphthalene species have been previously
studied computationally,42 the current work is, to the best of
our knowledge, the first to examine the 1,2,5,8 isomer 7a−d. In
Figures 1 and 2, zero-point vibrational energy (ZPVE)
corrections were not included in the reported energies due
to the unrealistically large vibrational frequencies calculated for
the diradical species 3a−d and 7a−d. These frequencies
(displayed in Figure 3) vary from 7000 to 42,000 cm−1 and
significantly distort the ZPVE correction. A similar issue was
previously observed in Hartree−Fock calculations of para-
benzyne and was attributed to orbital instability effects in para-
benzyne caused by the near-degeneracy of electronic
configurations of different symmetry among the solutions to
the HF equations.41 This instability manifests in properties of
the second-order and higher, such as vibrational frequencies,
but in principle has no effect on the structure or its energy.41

Considering that a para-benzyne moiety is present in each of
the offending species, the observed orbital instability effects are
likely the root cause of the abnormal frequencies.

Initial Cycloaddition. The initial cycloadditions for the
model systems studied are considerably more exothermic for
the [4 + 2] pathways II than the [2 + 2] pathways I (by 30
kcal/mol), which agrees with previous studies.25,26 Such a
result is expected as the [4 + 2] cycloaddition of II results in a
strained, aromatic ring, whereas the [2 + 2] cycloaddition of I
results in a strained, formally antiaromatic ring. The concerted
transition states TS1/5−6a and TS1/5−6c that were located
for the initial cycloadditions in II have a slightly lower
activation barrier than those reported previously,26,27,43

attributable to a difference in theory and basis set. There is a
small variation in ΔErxn for the initial cycloaddition to form
2a−d, and it appears that the inclusion of an alkynyl unit on
the ring of 6 makes the initial cycloaddition producing 6c,d less
exothermic than 6a,b (Table 2). The origin of this difference
can be elucidated, to a degree, by comparing the reactions that
form 6b and 6c, which share the same reactant alkynes (1b =
1c and 5b = 5c). The computed energy difference (ΔE = 10.1
kcal/mol, Supporting Information) establishes that the initial
cycloaddition favors the formation of the bis(diyne) 6b over
the tetrakis(mono-yne) 6c. Our consideration of the NBO
results for 6a, 6b, and 6c did not reveal any obvious
explanations for this energy difference, so to explore the origin
of this energy difference, we computed the energy of
cyclization for a variety of alkynyl substituted ortho-benzynes,
as shown in Figure 4. A standard reference is required to
eliminate the dependence of the energy of cyclization on
different lengths of the initial polyynes. Thus, the cyclization
energies have been calculated relative to acetylene (C2H2) and
the polyyne (CmH2) necessary to obtain the molecular formula
of the corresponding ortho-benzyne (Cm+2H4). Given that the
regioisomers of 6a are all within 1 kcal/mol in energy of one
another and that the linearity of the trend in Figure 4
demonstrates group additivity, we conclude that the difference
in cyclization energy between 6a,b and 6c,d is a thermody-
namic consequence of the number of alkynyl groups
substituted on the ortho-benzyne ring (two and four,
respectively). The substitution pattern or steric factors
associated with the substitution pattern do not contribute
significantly to the difference in cyclization energy.

Bergman Cyclization. Following the initial cyclization
event�whether it is a [2 + 2] (I) or a [4 + 2] (II) reaction�
the next step in the condensation pathway is proposed to be a

Figure 3. Species with unrealistically large harmonic vibrational frequencies as determined using MP2/cc-pVTZ calculations.
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Bergman cycloaromatization reaction. The computed activa-
tion barriers for the cyclization step (2 → 3 or 6 → 7) vary
significantly, depending on the computational method used
(Table 2). This difference is directly attributable to the
discrepancy in computed energy of the 1,4-didehydroarene
(para-benzyne) intermediates 3 and 7 using SF-TDDFT or
MP2 methodology. As described earlier, we do not consider
the MP2 values to be reliable for a diradical intermediate of
this type, so we focus on the SF-TDDFT values in our
discussion. Consideration of the SF-TDDFT values reported in
Table 2, the Bergman cyclization reaction in the [2 + 2]
pathway (2 → 3) exhibits a higher barrier than that of the [4 +
2] pathway (6 → 7). This relationship is consistent with the
fact that activation barriers for Bergman cyclizations have been
strongly correlated to the distance separating the alkyne
units,44 with decreasing distance corresponding to decreasing
activation barrier. As shown in Table 3, the average distances
are 5.2 and 4.1 Å for 2 and 6, respectively, and the average
eneyne angle is 136° and 120° for 2 and 6, respectively.
For both pathways I and II, substitution patterns a and c are

less endothermic and, consequently, have lower activation
barriers to Bergman cyclization. These cases afford cyclization
products that do not bear alkyne substituents directly on the
para-benzyne ring (3a, 3c, 7a, 7c). In contrast, the substitution
patterns that place alkyne substituents directly on the para-
benzyne ring (3b, 3d, 7b, 7d) are more endothermic and have
higher activation energies for Bergman cyclization. Analysis of
the NBO/NRT results for 3a, 3b, 7a, and 7b (Supporting
Information) suggests that the alkynyl units destabilize the

para-benzyne portion of the ring due to a decrease in the
stabilization of the radical orbitals through hyperconjugation.
Specifically, the overlap of the σCH and σCH* orbitals with the
radical orbitals of the para-benzyne moiety in 3a and 7a
provides stabilization via hyperconjugation (8.6 and 9.2 kcal/
mol, respectively) that is nearly twice the stabilization from the
overlap of the σCC and σCC* orbitals with the radical orbitals in
3b and 7b (5.0 and 4.9 kcal/mol, respectively). While it is
possible that steric repulsions between the ortho-substituted
alkyne units could be responsible for the destabilization of the
para-benzyne moiety, this is contradicted by the reaction
energy trends shown in Figure 5, which illustrates a linear
change in the reaction energy of the Bergman cyclizations of 2
and 6 as alkyne units are substituted to the ring. Thus, we
conclude that any steric interactions due to adjacent alkynyl
units have very little impact on the energy of the molecule,
which is consistent with the narrow steric profile of alkynyl
substituents.
Before continuing the rest of the analysis, we note that an

alternate Bergman cyclization is possible for 6c and 6d instead
of that represented by TS6−7c and TS6−7d. In the alternate
case, the alkyne units directly opposite the triple bond of the
ortho-benzyne ring of 6 undergo the Bergman cyclization to
yield a substituted 2,3,5,8-tetradehydronaphthalene species
analogous to 7. Our preliminary investigation of this alternate
pathway is summarized in the Supporting Information, and the
results indicate that this alternate pathway is similar or higher
in energy. Most importantly, a large barrier inhibits the ring
expansion reaction of the tetradehydronaphthalene species.
Therefore, our conclusion�that pathway II forms a stable,
fused para-benzyne ring which can continue to react as part of
the ring coalescence and annealing model (vide inf ra)�
remains the same. Fully exploring the competition of the
alkyne substituents of ortho-benzyne to undergo Bergman
cyclization requires large model systems, which is beyond the
scope of this work and at the limits of current computing
power. This may be something that can be addressed in future
studies exploring carbon condensation reactions and the ring
coalescence and annealing model.

Ring Expansion (Retro-Bergman Cyclization). The ring
expansion (via a retro-Bergman cyclization mechanism) of 3a−
d to 4a−d occurs virtually without a barrier (Figure 1). As
described previously for the overall conversion of enediyne 2a
to cyclooctadienediyne 4a,21 there is a substantial energy

Figure 4. Reaction energies for formation of alkynyl-substituted ortho-
benzynes, relative to acetylene and the appropriately mass-balanced
polyyne (SF-TDDFT/cc-pVTZ//MP2/cc-pVTZ).

Table 3. Geometric Parameters of Enediyne Moieties
(MP2/cc-pVTZ)
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change of 70−90 kcal/mol from the top of the highest barrier
(TS2−3) to the product (4). This large energy change makes
it difficult, topologically, for diradical 3 to exist as a minimum
on the potential energy surface or for there to be a transition
state barrier to ring opening to cyclooctadienediyne 4. This
contrasts with the ring expansions of 7a−d to 8a−d, which
have activation barriers of 8−9 kcal/mol and corresponding
energy changes (TS6−7 to 8) that are not as dramatically large
(ca. 60 kcal/mol).
To gain insight into the energy changes associated with

substitution of the ring-opened products 4a−d and 8a−d, we
computed the energies of the ring-opened products relative to
acetylene (C2H2) and the polyyne (CmH2) necessary to obtain
the molecular formula of the corresponding product (4 or 8)
(Figure 6). The linearity of the trends in Figure 6 demonstrates
group additivity, which excludes the involvement of steric
interactions among the substituents. Furthermore, in the case
of cyclodecadienetriyne derivatives (8), the regioisomeric
monosubstituted compounds are within 0.3 kcal/mol in energy
of one another. The substitution pattern or steric factors
associated with the substitution pattern do not contribute to
the difference in cyclization energy. We therefore conclude that
the difference in cyclization energy of 4a−d and 8a−d is a
thermodynamic consequence of the differences in the number
of substituents.

Reaction Pathways I and II. Consistent with the analyses
associated with Figures 4 and 6, particularly that the alkyne
substituents have little interaction with other alkyne sub-
stituents, is the fact that the reaction energetics for substitution
pattern d can be predicted empirically using the reaction
energetics of cases a−c. The d substitution pattern has alkyne
units substituted on the para-benzyne ring and on the initially
formed ring (cyclobutadiene in I, ortho-benzyne in II), while
the a substitution pattern is the parent, unsubstituted system
(R = R′ = H). To understand the difference in energy between
the structures in d compared to those in a, we must account for
three effects: the energetic impact of replacing hydrogens with
alkyne units on the para-benzyne ring, the energetic impact of
replacing hydrogens with alkyne units on the initially formed
ring, and the interaction between the substituents when both
rings are substituted with alkyne units. The first effect is
accounted for by the difference between b and a, while the
second effect is accounted for by the difference between c and
a. We could attempt to account for the third effect by
considering additional substitution patterns, but it is apparent
from Table 4 that this effect is small in magnitude since the
difference between d and a can be predicted to ±2 kcal/mol
(SF-TDDFT/cc-pVTZ//MP2/cc-pVTZ) using only the first
two effects.

Figure 5. Reaction energies for the Bergman cyclizations of alkynyl-
substituted cyclobutadienes (blue) and ortho-benzynes (orange) that
form para-benzyne moieties (SF-TDDFT/cc-pVTZ//MP2/cc-
pVTZ).

Figure 6. Reaction energies for the formation of substituted ring
expansion products cyclooctadienediyne (blue) and cyclodecadiene-
triyne (orange), relative to acetylene and the appropriately mass-
balanced polyyne (SF-TDDFT/cc-pVTZ//MP2/cc-pVTZ).
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An interesting feature of these reactions is that after the
initial cycloaddition of the polyynes, the reactions being
investigated involve no formal change in aromaticity. In
pathway I, 2 is a 4-electron cyclic π system and both 3 and 4
are 8-electron cyclic π systems; thus, 2, 3, and 4 are formally
antiaromatic. In pathway II, 6 is a 6-electron cyclic π system
and both 7 and 8 are 10-electron cyclic π systems; thus, 6, 7,
and 8 are formally aromatic. To assess the degree of
aromaticity (or antiaromaticity) in the species studied, NICS
values36 have been calculated at B3LYP/6-31G(d) using the
MP2/cc-pVTZ optimized structures. We report NICSzz(1)
values in Table 5 using the NMR convention where positive

values correspond to antiaromatic character and negative
values correspond to aromatic character. The NICSzz(1)
values, which have been shown to be effective measures of
aromaticity,45 were obtained by taking the zz component (the
direction perpendicular to the ring) of the magnetic shielding
tensor of a ghost atom placed 1 Å above and perpendicular to
the center of the ring. In the case of bicyclic structures 3 and 7,
we report the NICSzz(1) values for the center of each of the
fused rings. The results given in Table 5 confirm that 6, 7, and
8 have a significant aromatic character and that 2 and 4 have a
significant antiaromatic character. The NICSzz(1) values for 3
taken at the center of the cyclobutadiene ring and the center of
the para-benzyne ring indicate antiaromatic and aromatic
character, respectively. All species show that substitution of
alkyne units decreases the magnitude of the NICSzz(1) values,
i.e., the values move closer to zero. The results in Table 5 show

a qualitative agreement with previous studies involving
molecules from this work (2a,46 2c,46 3a,36,47 and 4a47) as
well as in comparison to similar species (cyclobutadiene,46,48

ortho-benzyne,49 para-benzyne,49 and naphthalene36). We
attribute the quantitative differences to the choice of
computational methodology and basis sets for the structure
optimizations and subsequent NICS calculations.
We can now provide a general explanation of the relative

stabilities and reaction energies of the [2 + 2] (I) and [4 + 2]
(II) pathways for the condensation of polyynes. The initial
cycloaddition to form cyclobutadiene 2 or ortho-benzyne 6 is
governed by the ring strain and degree of (anti)aromatic
character. Therefore, formation of 2 (a highly strained and
antiaromatic ring) is less exothermic than the formation of 6 (a
partially strained and aromatic ring). Bergman cyclization of
the alkyne substituents to form a para-benzyne ring is
endothermic. The activation barriers for the Bergman
cyclization of 2 and 6 are in accord with qualitative
expectations based upon the distance between terminal
carbons of the alkyne substituents. The subsequent ring
expansion removes the diradical character and relieves the ring
strain and thus is exothermic. The opening of the fused rings
has a greater impact on the stability of the structure in I
compared to that in II: the transformation from 3 to 4 has
effectively no activation barrier and is more exothermic than
the transformation from 6 to 7, which does have an activation
barrier. Substitution of alkyne units to the ring structures in I
and II is destabilizing�due to the decrease in hyper-
conjugation strength caused by the replacement of hydrogen
atoms with more electronegative sp-hybridized carbon atoms
of the alkyne units50�but has little effect on the energetics of
the retro-Bergman cyclization.

The Medium Rings. The current investigation draws
attention to highly unsaturated cyclooctane and cyclodecane
derivatives�medium ring compounds that are not commonly
invoked in carbon condensation processes. Whether derivatives
of cyclooctadienediyne 4 or cyclodecadienetriyne 8 might be
directly involved in reaction pathways for carbon condensation
or whether they are simply reservoirs of carbon generated
under harsh reaction conditions is a topic for further
investigation. It is not inconceivable that medium ring
intermediates could lead to carbon condensation (Scheme
5). One mode of cyclization of a cyclooctane derivative may
generate a bicyclo[3.3.0]octane structure, which consists of
fused 5-membered rings. Although fullerenes do not contain

Table 4. Empirical Demonstration of Independent Substituent Effect (kcal/mol)

initial cycloaddition
(1−2 and 1/5−6)

Bergman cyclization
(2−3 and 6−7)

ring expansion
(3−4 and 7−8)

ΔE‡ ΔErxn ΔE‡ ΔErxn ΔE‡ ΔErxn

MP2 I d − a −1.0 1.8 −15.9 2.6 −4.9
(b − a) + (c − a) −1.9 0.9 −15.0 2.6 −4.7
difference −0.9 −0.9 −0.9 0.0 −0.2

II d − a 12.5 3.9 11.8 2.1 0.0
(b − a) + (c − a) 12.0 3.6 11.3 2.1 −0.1
difference −0.5 −0.3 −0.5 0.0 −0.1

SF-TDDFT I d − a 0.6 15.6 22.6 1.1
(b − a) + (c − a) −1.3 15.9 24.7 0.9
difference −1.9 0.3 2.1 −0.2

II d − a 15.4 11.1 15.4 1.4 −0.8
(b − a) + (c − a) 14.6 10.9 16.4 0.2 −1.9
difference −0.8 −0.2 1.0 −1.2 −1.1

Table 5. Nucleus-Independent Chemical Shift [NICSzz(1)]
Values of Molecules in Pathways I and II

center of
ring

center of
original ring

center of
para-benzyne ring

center of
ring

I 2 3 4
a 14.8 18.8 −9.5 22.1
b 13.8 17.1 −8.9 19.9
c 11.5 15.8 −10.6 19.9
d 11.0 14.3 −9.9 18.1

II 6 7 8
a −13.5 −12.4 −21.7 −13.9
b −12.2 −11.6 −21.4 −12.6
c −11.6 −11.0 −21.1 −12.6
d −11.3 −10.1 −21.4 −11.4
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fused 5-membered rings (the ‘isolated pentagon rule’),20,51,52

the Stone−Wales rearrangement or other rearrangement
reactions allow 5-membered rings to migrate in a sheet of
carbon.52,53 In the current study, the cyclodecane skeleton was
derived from a dehydronaphthalene precursor (Scheme 4).
Depending on the nature of substituents and substitution
pattern, a cyclodecane derivative may afford the possibility for
structural rearrangement and to permute the substituents on a
dehydronaphthalene skeleton. The structures depicted in
Scheme 5 are representative of carbon connectivity and not
representative of the degree of hydrogenation, nature of
substituents, or details of reaction mechanisms (thermal,
radical-catalyzed, etc.).

■ CONCLUSIONS
The para-benzyne intermediate in I (produced by the Bergman
cyclization of the product of a [2 + 2] cycloaddition of two
polyynes) is much more likely to undergo a ring expansion (via
a retro-Bergman cyclization mechanism) than the correspond-
ing para-benzyne intermediate in II (produced similarly to I
but with an initial [4 + 2] cycloaddition), with activation
barriers differing by roughly a factor of two according to MP2
calculations. With the results of the spin-flip calculations, we
may extend this conclusion even further to say that the para-
benzyne intermediate I is not even a stationary point on the
potential energy surface. According to the same spin-flip
calculations, however, the para-benzyne intermediate II is a
stationary point with an activation barrier of 8−10 kcal/mol to
undergo the ring expansion.
We previously proposed21 that the activation barrier for the

ring expansion of 3a to 4a is small due to the large
exothermicity of the reaction of 2a to 4a. This argument is
not sufficient to explain the difference in activation barriers
between I and II as determined using the spin-flip methods. As
seen in Table 1, the transformation from 2 to 4 is exothermic
by 11−35 kcal/mol, while the corresponding transformation
from 6 to 8 is exothermic by 3−18 kcal/mol; yet, the activation
barriers for the ring expansions in I are clearly distinct from
those in II. It appears, rather, that the exothermicity of the ring
expansion itself is responsible for the activation barriers. The
ring expansions in I are exothermic by 55−66 kcal/mol and
have effectively no activation barriers, while the ring
expansions in II are exothermic by 44−46 kcal/mol and

have activation barriers of 8−10 kcal/mol. The reason for the
larger exothermicity for the ring expansion in I most certainly
lies in the removal of the highly strained cyclobutadiene
moiety. This stabilizing driving force to undergo the ring
expansion is missing from the corresponding transformation in
II.
Extension and improvement of the analysis herein is

hampered by computational limitations of the methods
employed. Examination of how increasing the length of the
initial polyynes, i.e., extending the possible substitutions of R
and R′ in Scheme 4 to include CCCCH, affects the systems in
question requires prohibitively long calculations, as does
calculating EOM-SF-CCSD energies for the structures with
substitution patterns b−d. Optimizations of the para-benzyne
intermediates and transition states using SF-TDDFT were
plagued by the orbital instability of the para-benzyne moiety in
the high-spin reference calculations, similar to what we
encountered for the single-point calculations. Despite the
limitations of this work, however, the consistency of reaction
energetics of the ring expansion in I and II suggests that
further incorporation of alkyne units will have little effect on
the likelihood of the para-benzyne intermediate undergoing a
ring expansion. We therefore maintain that formation of
fullerene via the ring coalescence and annealing model likely
proceeds through an initial [4 + 2] cycloaddition rather than a
[2 + 2] cycloaddition.
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