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Abstract: Cyclacenes with the general formula Cg4;,Hp,, are cyclic analogs of acenes. Acenes
are well-known for their high reactivity, which increases with the number of fused benzene
rings. The cyclic strain, absence of a Clar sextet, and diradical or polyradical nature are
expected to render cyclacenes highly reactive under ambient conditions. Their primary de-
composition pathway is anticipated to involve dimerization or polymerization. We explore
the reaction pathway of the [4s + n4s] dimerization of [n]-cyclacenes for 6 < n < 20 by
density functional theory (DFT) using spin-unrestricted and thermally-assisted-occupation
(TAO) formalisms. Computational analysis predicts a stepwise reaction mechanism that
starts with the formation of a van der Waals complex and proceeds through a transition
state to an intermediate with a single new C—C bond and two unsaturated valences. A
subsequent second transition state results in the formation of the dimerization product.
However, for smaller cyclacenes (n < 10), neither the van der Waals complex nor the first
transition state is involved, and the intermediate is formed without a barrier. The largest
[20]-cyclacene investigated exhibits the highest barriers for these processes. However,
with a barrier as low as 3.9 kcal/mol at the UB3LYP-D3(BJ)/6-31G(d) level of theory,
dimerization is anticipated to occur very rapidly.

Keywords: nanorings; nanohoops; density functional theory; forbidden reaction; 4+4
cycloaddition

1. Introduction

Cyclacenes, cyclic analogs of acenes, are a fascinating class of organic molecules
consisting of fused benzene rings arranged in a cyclic, belt-like structure (Figure 1) [1]. These
molecules are considered part of the nanocarbon family, which includes other well-known
carbon-based nanostructures such as graphene, fullerenes, and carbon nanotubes [2,3].
Like acenes [4-14], cyclacenes, with their continuous conjugated m-electron system, are
theorized to possess distinctive electronic and optical properties [15-19]. Their unique
topology situates them within the field of nanotechnology, offering potential applications
in molecular electronics, sensors, and quantum materials [20].

In 1954, Heilbronner introduced the concept of hoop-shaped cyclacene structures [21].
Cyclacenes have been of interest for decades due to their predicted instability under ambient
conditions [2]. These organic compounds are anticipated to exhibit a strong tendency to
react with their environment, owing to the absence of a Clar sextet and their diradical
(or polyradical) character [18,22-24]. The synthesis of [n]-cyclacenes remains a major
challenge due to their highly strained structures and anticipated high reactivity, resulting
in numerous unsuccessful attempts [2,3,25]. However, various carbon nanobelts have been
synthesized featuring fused sections that resemble cyclacene structures, such as [12]-, [16]-,
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and [24]-membered rings, by Itami and coworkers [26,27]. These nanobelts offer valuable
insights into synthetic strategies for cyclacene-like molecules.

Figure 1. Structure of [10]-cyclacene.

Despite the challenges in directly synthesizing [#]-cyclacenes, significant progress
has been made through the synthesis of precursor molecules and derivatives [2,3,28-30].
Key contributions include Stoddart’s work on [12]-cyclacene [25,31-34], Cory’s efforts
on [8]-cyclacene [35,36], and Schliiter’s investigations into [18]-cyclacene [37,38]. Wang
and colleagues reported the formation of [8]-cyclacene via a retro-Diels—Alder reaction
by laser irradiation under mass spectrometry conditions [39]. The attempt to generate
[12]-cyclacene on a surface by Gross, Pefia, and colleagues was unsuccessful [40].

Here, we report a computational study aimed at understanding the reactivity of [n]-
cyclacenes (6 < n < 20) by exploring the mechanism and in particular the barriers of
their thermal dimerization. In our previous study of the dimerization of [r]-cyclacene
(6 <n < 20), it was found that the dimerization is an extremely exothermic process [41].
The dimerization becomes less exothermic with the increasing size of n, but this change is
not monotonic for the smaller members of the series. This is a result of the combination of
the cryptoannulenic effect [42—45] and the inherent strain [46-51] of the cyclacenes.

The dimerization reaction can be viewed as an orbital symmetry-forbidden [4s + 74s]
cycloaddition; hence, it is expected that the mechanism is stepwise involving a diradical-
type intermediate with two unsaturated valences as it is known to be the case for acenes [52].
Due to strong static correlation effects inherent to [11]-cyclacenes [17,18,46,53,54], traditional
electronic structure methods often face significant limitations in accurately describing
their electronic properties [55]. To address these challenges, we employ unrestricted hy-
brid Kohn-Sham density functional theory (KS-DFT) methods [56], along with thermally-
assisted-occupation density functional theory (TAO-DFT) [18,19,24,57,58]. TAO-DFT is
particularly suited to handle large systems with strong static correlation effects as it lever-
ages fractional orbital occupations and incorporates an entropy term that effectively lowers
the total energy in multi-reference systems, enabling a more accurate and computationally
efficient analysis.

2. Methods

All the structures were fully optimized using density functional theory [59,60] (DFT)
with the spin-unrestricted B3LYP [61,62] hybrid exchange-correlation energy functional,
along with Grimme’s [63] London dispersion correction with Becke-Johnson damping
UB3LYP-D3(BJ) [64]. The 6-31G(d) basis set was adopted for all computations reported
in this work [65]. All Gibbs free energy values (Table S3) are at T = 298.15 K, p =1 atm.
Harmonic vibrational frequencies were computed analytically, which confirmed the nature
of the stationary points as minima, or first-order saddle points (transition states). Addi-
tionally, to reveal which minima are connected to the transition states, intrinsic reaction
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coordinate (IRC) paths were calculated at the UB3LYP-D3(B]) level of theory for each reac-
tion [66,67]. In addition, the geometry of stationary points was also fully optimized using
the UMO06-2X [68] functional in conjunction with the 6-31G(d) basis set. The UB3LYP-D3(B]J)
geometries were employed for subsequent single-point energies using UB3LYP and TAO-
B3LYP [57] without and with D3 London dispersion correction to evaluate the impact of
London dispersion on the potential energy surfaces. The expectation values of the S? opera-
tor are given in the SI (Table S6). The UB3LYP and UM06-2X computations were performed
with Gaussian 16 [69], while TAO-B3LYP was performed with Q-Chem 6.2 [70]. The default
parameters of Q-Chem were employed in our study. The TAO-B3LYP runs emplyod a nu-
merical grid containing 75 radial points in the Euler-Maclaurin quadrature and 302 angular
points in the Lebedev grid. Unless mentioned otherwise, the UB3LYP-D3(B]J) results are
presented in the manuscript, while the UB3LYP, UM06-2X, TAO-B3LYP, and TAO-B3LYP-D3
data can be found in the Supporting Information. Natural orbital occupation numbers
were computed (Table S7) using geometries optimized at the UB3LYP-D3(B])/6-31G(d)
level of theory. Fractional occupation number-weighted density (FOD) [71,72] calculations
(Table S8) were carried out with ORCA 5.0.1 [73,74] at the TPSS/def2-TZVP [75,76] level at
a default electronic temperature (T,) of 5000 K using UB3LYP-D3(BJ)/6-31G(d) geometries.

3. Results and Discussion

Given the diradical or polyradical nature of [1]-cyclacenes, this study employs a spin-
unrestricted treatment with B3LYP functional. As emphasized in our previous work [41],
the dimerization of [n]-cyclacenes is highly exothermic, highlighting their thermodynamic
instability despite some aromatic character (Figure 2) [15,16,77].
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Figure 2. Reaction path for dimerization of [10]-cyclacene. Calculated ZPVE corrected relative
energies (in kcal /mol, red) and bond lengths of newly forming C—C bonds (in A, black) at the UB3LYP-
D3(BJ)/6-31G(d) level of theory are shown. The Gibbs free energy (AG, in kcal/mol) values are given
in brackets. Carbon atoms defining the dihedral angle are highlighted in the 10-vdWC structure.

The computational analysis reveals that the reaction proceeds via a stepwise mecha-
nism involving an intermediate with two unsaturated valences (formally a diradical). The
dimerization reaction of [n]-cyclacenes (10 < n < 20) begins with the formation of a van der
Waals complex (vdWC) between two [n]-cyclacene molecules. Note that the vdWC (and the
associated transition state for the formation of the intermediate) is not observed for smaller
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cyclacenes (n < 10) (see below for further discussion). At the UB3LYP-D3(BJ)/6-31G(d)
level of theory, the complex (10-vdWC), with a separation of 2.815 A and a dihedral angle
of 72.9°, is approximately 10.1 kcal /mol more stable than the reactants for [10]-cyclacene
(Figure 2). The dihedral angle between the two interacting rings of [n]-cyclacene decreases
as the size of the cyclacene increases, with the smallest angle, approximately 46.5°, observed
in the vdWC of [20]-cyclacene dimerization. The intermolecular distance between the two
closest carbon atoms in the complex shows an increase with increasing size of the cyclacene
(Figure S5).

As the cyclacene size increases, the formation of vdWC becomes more exothermic.
However, the change is relatively small, varying by approximately 3.1 kcal /mol from [10]-
to [20]-cyclacene (Table S1, Figure 3). The single-point energies computed at the TAO-
B3LYP-D3/6-31G(d) level of theory, using geometries optimized at the UB3LYP-D3(BJ)/6-
31G(d) level, are lowered by approximately 1 kcal/mol, indicating the effectiveness of
the spin-unrestricted approach with B3LYP. At the UM06-2X/6-31G(d) level of theory,
a similar pattern is observed in the relative energy of the complex (n-vdWC); however,
it remains consistently higher by approximately 3—4 kcal/mol compared to that at the
UB3LYP-D3(BJ)/6-31G(d) level of theory (Table S1).
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Figure 3. Dependence of computed energies relative to two cyclacene molecules of vdWC, TSI, Int,
TS2, and dimer (UB3LYP-D3(BJ)/6-31G(d)) on cyclacene size.

The reaction proceeds via a transition state (10-TS1) with an extremely small activation
barrier of only 0.2 kcal/mol at the UB3LYP-D3(BJ)/6-31G(d) level of theory, leading to
an intermediate (10-Int) characterized by the formation of a C—C bond between the two
cyclacene molecules. The activation barrier shows a monotonic increase with the increasing
size of the cyclacene (Figure 3). The highest barrier calculated is 3.9 kcal/mol for [20]-
cyclacene. Since the single-point energies calculated for the vdWC and TS1 at the TAO-
B3LYP-D3/6-31G(d)/ /UB3LYP-D3(B])/6-31G(d) level of theory are lowered by a similar
amount (~1 kcal/mol), the activation barriers are consequently calculated to be similar.
The distance in TS1 (10 < n < 20) between the two carbon atoms involved in the C-C
bond formation decreases with increasing cyclacene size, in contrast to what we observe
in the complex (Figure S5). The dihedral angle of TS1 decreases continuously from 70.0°
for [10]-cyclacene to 53.3° for [20]-cyclacene (Table S4). A similar trend is observed in the
intermediate (n-Int) featuring the newly formed C-C bond. However, in contrast to TS1,
the C-C bond length in the intermediate increases with the size of the cyclacene.

The reaction then proceeds through a second transition state TS2, involving the rotation
of the two cyclacene moieties to reduce the dihedral angle further, ultimately leading to
the final product (10-P) with a dihedral angle of 0°. At the UB3LYP-D3(BJ)/6-31G(d) level
of theory, the activation barrier for larger [n]-cyclacenes (10 < n < 20) is calculated to
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be approximately 4.5-5 kcal/mol. The activation barrier is slightly higher for smaller
[n]-cyclacenes (6 < n <9), ranging from 5-7 kcal/mol. In contrast, the activation barrier
remains approximately 4.5-5 kcal/mol for [n]-cyclacene (6 < n < 20) calculated at the
TAO-B3LYP-D3/6-31G(d)/ /UB3LYP-D3(BJ)/6-31G(d) level of theory. The relative energies
of the intermediate, TS2, and the final product, calculated at the UM06-2X/6-31G(d) level
of theory, follow the same pattern as those at the UB3LYP-D3(BJ)/6-31G(d) level, as seen
for the complex and TS1. However, in this case, the relative energies of the intermediate,
TS2, and the dimer are calculated to be lower (Table S1).

For smaller [n]-cyclacenes (6 < n < 9), the complex (n-vdWC) and first transition
state (1-TS1) could not be obtained as stationary points; therefore, the reaction proceeds
by direct formation of the intermediate (n-Int) (Figure 4). We suspect that this higher
reactivity of smaller cyclacenes is due to their increased strain. The relative energies of
the intermediate and second transition states exhibit an oscillatory behavior for smaller
cyclacenes (6 < n < 11) and, subsequently, show a monotonic change, as observed in the
dimerization energy with an exception in the case of [7]-cyclacene (Figure 3). The two
identical C—C bonds formed in the final dimer product between two cyclacene molecules
show an increase in the bond length with the increasing size of the cyclacene. For a
detailed comparison of the distance between two cyclacene units in the stationary points,
see Figure S5.
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Figure 4. Reaction path for dimerization of [6]-cyclacene. Calculated ZPVE corrected relative
energies (in kcal/mol, red) and bond length of newly forming C-C bonds (in A, black) at UB3LYP-
D3(BJ)/6-31G(d) level of theory are shown. The Gibbs free energy (AG, in kcal/mol) values are given
in brackets.

The mechanism that we have elucidated in the present work resembles that of acene
dimerization that has previously been studied computationally by Bendikov and co-
workers at M06-2X/6-31G(d) + ZPVE [52,78]. Dimerization of heptacene, the largest
acene investigated [52], likewise begins with the exothermic (—24.4 kcal/mol) formation
of a complex between two heptacene molecules. The formation of the diradical interme-
diate from the complex has an activation barrier of 12.3 kcal/mol. In comparison, for
[7]-cyclacene, neither the 7-vdWC nor 7-TS1 was identified; therefore, the reaction proceeds
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via the direct formation of the intermediate (7-Int), indicating extremely high reactivity
towards dimerization.

Heptacene, in solution, is known to dimerize under ambient conditions [79] in accor-
dance with the low barrier for dimerization [52]. In the solid state, heptacene and nonacene
can be obtained as metastable materials, presumably because the dimerization causes a
significant structural change that would cause local strain in the solid [79,80]. The diradical
intermediate that is involved in the dimerization of heptacene could recently be detected by
EPR spectroscopy in a solid sample of heptacene and was found to have a singlet ground
state with a very small singlet-triplet energy gap of —4.8 x 10~ kcal/mol [81]. Tt is likely
that barriers of around 5 kcal/mol that are computed for the final formation of cyclacenes
would similarly allow for the detection of the intermediate for cyclacene dimerization.

Finally, we note that [n]-cyclacenes were identified as being able to sustain ring
currents [15,16,77]. Based on magnetic criteria such as nucleus-independent chemical shift
(NICS), diamagnetic susceptibility exaltation, and anisotropy of the induced current density
(ACID), it was concluded that even-n cyclacenes are aromatic, while odd-n cyclacenes
are non-aromatic or weakly antiaromatic [15,16,77]. We observe no enhanced kinetic
stability of the even-n over the odd-n cyclacenes in the computed barrier heights (Figure S1).
The very small barriers for dimerization suggest that the aromaticity based on magnetic
criteria cannot endow the systems with the kinetic stability that is typically associated with
aromaticity. It appears that strain, rather than aromaticity, controls their reactivity.

4. Conclusions

Our computational investigation of the dimerization mechanism of [n]-cyclacenes
reveals that these molecules are highly reactive. The analysis suggests that the reaction
follows a stepwise mechanism as expected for a [4s + r4;] cycloaddition reaction that is
thermally orbital symmetry forbidden. Cyclacenes have very low activation barriers for
dimerization, regardless of their size, and are thus expected to display a strong tendency
to dimerize. The reaction sets in with the formation of an energetically favorable complex
between two [n]-cyclacene molecules for n > 10. This is followed by a facile (activation
barrier < 4 kcal/mol) formation of one C—C single bond between the two molecules of
cyclacenes, yielding a diradical-type intermediate with two unsaturated valences. The
reaction then proceeds through a second transition state, with an activation barrier of
4-7 kcal/mol, which reduces the dihedral angle between the two cyclacene moieties,
ultimately resulting in the dimeric product. We do not find evidence that even-n cyclacenes
would be stabilized by the aromaticity that was identified previously based on magnetic
criteria [15,16,77].

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/chemistry7020062/s1: Computed relative energies and relative
Gibbs free energies of all the molecules at different levels of theory. Graphical representation of
activation barriers for TS1, TS2, and their corresponding IRCs. Bond lengths and dihedral angles of
newly formed C-C bond. §? operator expectation values, natural orbital occupancy numbers, and
FOD numbers for all molecules. Cartesian coordinates for all stationary points.
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