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Sulfinfinitenes, analogues of infinitene constructed from thiophene
rings and assembled by applying a “cut—twist—restitch” sequence
to two sulflowers, are explored through DFT calculations. The
sulfinfinitene with 16 thiophene rings is only slightly more strained
than the [8]sulflower, which has been synthesized, and can be
considered as a promising synthetic target.

The synthesis of infinitene,' a [12]circulene twisted in a figure-
of-eight loop resembling the infinity symbol, which was voted by
C&EN readers as molecule of the year for 2021,> has prompted the
search for other molecules constructed from fused benzene rings
and displaying a similar motif. Rzeppa reported calculations on
infinitene analogues with 11 and 10 benzene rings in his blog,?
but the optimised geometries of these species suggest higher
levels of strain. Infinitene can be assembled by applying an
imaginary “cut-twist-restitch” sequence to two coronene ([6]cir-
culene) molecules (Scheme 1); to assemble the [11]infinitene and
[10]infinitene mentioned above one would need one coronene
and one corannulene ([5]circulene), or two corannulenes, respec-
tively. The use of corannulene component(s) can be expected to
produce a more strained infinitene (corannulene is bowl-shaped
and more strained than coronene).

While it is possible to consider other [m + n]infinitene
analogues assembled from an [m]circulene and an [r]circulene,
computational research on [n]circulenes® indicates that strain
increases very quickly for n < 6, and a bit slower for n > 6, with
higher circulenes adopting first saddle and then helical geo-
metries. Indeed, experimental data shows that bowl depth in a
derivative of [4]circulene (quadrannulene)” is higher than that
in corannulene, and that [7]circulene®® and a derivative of
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[8]circulene® have saddle-shaped geometries. So, while [m +
nlinfinitenes with m and n outside the 5-7 range can be studied
computationally, such infinitenes would be highly strained and
of low synthetic feasibility. One way to reduce strain in circulene
analogues is to include acene units, as in kekulene,'>'" a close-
to-planar cycloarene with 12 benzene rings. Infinitene analogues
constructed from cycloarenes have been suggested and studied
computationally'® but have not been synthesized so far. The
junctions in such infinitene analogues'>" can be different from
the naphthalene junctions in [12]infinitene and calculations
suggest’® that a [12]infinitene analogue with anthracene junc-
tions has a lower energy than the original [12]infinitene.

Sulflowers'**® are heterocirculenes constructed from thio-
phene rings. Because of their molecular formula, (C,S),, sul-
flowers can be considered as forms of carbon sulfide. The
sulflower with 8 thiophene rings, octathio[8]circulene, has been
synthesized and found to be planar, of Dg, symmetry."* The
next sulflower, nonathio[9]circulene, has not been synthesized
but is predicted to be also planar, with a very similar strain
energy,""'”'® and of Do, symmetry.'® In this communication
we explore computationally the possibility to form heteroinfi-
nitenes by applying an imaginary “cut-twist-restitch” sequence
analogous to that depicted in Scheme 1 to two sulflowers.

To guard against computational artefacts, the gas-phase
ground-state geometries of [n]sulflowers with 5-10 thiophene
rings, (C,S), (n = 5-10), and those of the heteroinfinitenes
(“sulfinfinitenes”) resulting from combining two [n]sulflowers,
(C3S)2n, were optimized at two DFT levels of theory, B3LYP-

Scheme 1 Imaginary “cut—twist—restitch” assembly of infinitene from
two coronene molecules.
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D3(BJ)/def2-TZVP (B3LYP with Grimme’s D3 dispersion correc-
tions and Becke-Johnson damping) and M06-2X/def2-TZVP, as
implemented in GAUSSIAN." The B3LYP-D3(BJ)/def2-TZVP opti-
mized geometries of the [n]sulflowers with n = 6-10 are identical to
those reported previously;'® we note that the lengths of the carbon-
sulfur rim, carbon-carbon hub and carbon-carbon spoke bonds in
the [8]sulflower of 1.752, 1.417 and 1.381 A, respectively, provide
an almost perfect match for the experimentally measured bond
lengths of 1.751, 1.419 and 1.380 A."*'>'” The respective M06-2X/
def2-TZVP optimized bond lengths of 1.744, 1.417 and 1.371 A
show that this approach slightly underestimates the lengths of the
carbon-sulfur rim and carbon-carbon spoke bonds. Apart from
that, there are no major qualitative differences between the
geometries and energies obtained at the two levels of theory.

The B3LYP-D3(BJ])/def2-TZVP optimized geometries of the
[n]sulflowers and [2n]sulfinfinitenes with n = 5-10 are shown in
Fig. 1 and 2, respectively; the respective MO06-2X/def2-TZVP
optimized geometries are very similar in appearance. The junc-
tions in all sulfinfinitenes are thieno[3,2-b]thiophene units. The
individual rings have been highlighted using the PaperChain
visualization algorithm®® implemented in VMD?! which colours
each ring according to the ring pucker amplitude.

Looking at the sulflower series, the rings colours show that
the pucker amplitudes of the individual thiophene rings
decrease through 1-3 (geometries of Cs,, Csy and Cy, symmetry,
respectively), become zero in the planar 4 and 5 (geometries of
Dgp, and Dgp, symmetry, respectively), and then increase in the
nonplanar 6 [saddle-shaped geometry of C, or D, symmetry at
the B3LYP-D3(BJ)/def2-TZVP or M06-2X/def2-TZVP level, respec-
tively]. Similarly, in the sulfinfinitene series the ring pucker
amplitudes decrease through 7-9, become much the same for
rings in matching positions in 10 and 11, and then increase in 12.

Fig. 1 B3LYP-D3(BJ)/def2-TZVP optimized geometries of the [n]sul-
flowers with n = 5-10.
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Fig. 2 B3LYP-D3(BJ)/def2-TZVP optimized geometries of the [2n]sulfin-
finitenes with n = 5-10.

The geometries of 7 and 8 are of C, symmetry, and those of 9-12
are of D, symmetry, similarly to [12]infinitene. The changes in
strain energy in the sulflower series can be quantified by
calculating the energy per CS, unit, E(n)/n, where n is the number
of CS, units in 1-6 (5-10, respectively).'*'”'® An analogous
quantity, E(2n)/(2n), can be calculated for each of the members
of the sulfinfinitene series 7-12. The energies per CS, unit of 1-
12 are shown in Fig. 3, relative to the lowest value of this type at
each level of theory. At both levels of theory, 5 exhibits the lowest
energy per CS, unit, with 4 coming a close second.

The variations in the energy per CS, unit show that if a
[n]sulflower is nonplanar (n = 5-7, 10), the corresponding
[2n]sulfinfinitene is slightly less strained; however, for planar
[n]sulflowers (n = 8, 9), the corresponding [2n]sulfinfinitenes
are slightly more strained. The reaction energies (AE) for the
assembly of [16]sulfinfinitene from two [8]sulflowers through a
homodesmotic scheme analogous to Scheme 1, calculated at
the B3LYP-D3(BJ)/def2-TZVP and M06-2X/def2-TZVP levels, are
14.1 and 21.9 kcal mol ", respectively. These AE values are
significantly lower than those for Scheme 1 which according to
our calculations, for coronene and infinitene geometries opti-
mized at the B3LYP-D3(BJ)/def2-TZVP and MO06-2X/def2-TZVP
levels, are 78.5 and 84.3 kcal mol ', respectively. The [8]sulflower
is less “stiff” than coronene which helps reduce AE for the
assembly of [16]sulfinitine. This is well-illustrated by the differ-
ence between the frequencies of the lowest a,, normal modes of
the [8]sulflower and coronene, in which the atomic displace-
ments are similar to the initial geometry changes required for an
assembly such as that shown in Scheme 1: the lowest a,, normal
mode of the [8]sulflower is vy, 59.6 and 59.8 cm ™, at the B3LYP-
D3(BJ)/def2-TZVP and M06-2X/def2-TZVP levels, respectively; the
corresponding numbers for the lowest a,, normal mode of
coronene, v, are higher, 124.1 and 123.9 cm ™", respectively.

The HOMO-LUMO energy gaps of 1-12, which are often
used as qualitative measures of reactivity, are shown in Fig. 4.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 B3LYP-D3(BJ)/def2-TZVP and MO06-2X/def2-TZVP energies per
CS, unit of the [n]sulflowers and [2n]sulfinfinitenes with n = 5-10 (1-12),
relative to that of the [9]sulflower (5).

The HOMO-LUMO energy gaps increase rapidly between the [5]
and [8]sulflowers (1-4) and then go slightly down and stay very
similar in the [9] and [10]sulflowers (5 and 6). A similar
tendency is observed in the sulfinfinitene series, but the gap
changes are less pronounced. This observations suggest that
the [8]sulflower and the [16]sulfinfinitene are the least reactive
and most stable members of the respective series. It should be
noted that although the M06-2X HOMO-LUMO gaps are
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Fig. 4 B3LYP/def2-TZVP//B3LYP-D3(BJ)/def2-TZVP and MO06-2X/def2-
TZVP//M06-2X/def2-TZVP HOMO-LUMO energy gaps of the [n]sul-
flowers and [2n]sulfinfinitenes with n = 5-10 (1-12).
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systematically higher than their B3LYP counterparts, the ten-
dencies displayed by the gaps calculated with both DFT
methods are very much the same. For reference, the HOMO-
LUMO energy gaps in infinitene and coronene calculated at
the same levels of theory as those shown in Fig. 4 are 3.18 and
4.02 eV, respectively (B3LYP), and 5.02 and 5.87 eV, respectively
(M06-2X).

The separations between the carbon atoms from the central
carbon-carbon bonds in the stacked thieno[3,2-b]thiophene
junction units in [16]sulfinfinitene and [18]sulfinfinitene,
3.086 and 3.160 A at the B3LYP-D3(B])/def2-TZVP level, and
3.085 and 3.147 A at the M06-2X/def2-TZVP level, are close to
the corresponding separation between the carbon atoms from
the central carbon-carbon bonds in the stacked naphthalene
junction units in infinitene, 2.961 and 2.966 A at the the B3LYP-
D3(BJ)/def2-TZVP and MO06-2X/def2-TZVP levels, respectively
(the experimentally measured separation has been reported
as 2.920 AY).

To investigate the aromaticities of the individual thiophene
rings in 1-12, nucleus-independent chemical shifts (NICS)**7>*
values were obtained through B3LYP-GIAO/6-311++G(d,p)
(B3LYP with gauge-including atomic orbitals) calculations at
the respective B3LYP-D3(BJ)/def2-TZVP optimized geometries.
According to the NICS(0) and NICS(+1) values for thiophene
and the thiophene rings in 1-12 (see the ESI{), each of the
thiophene rings in 1-12 is less aromatic than thiophene itself.
The NICS data indicate that, in general, the aromaticities of the
individual thiophene rings in the [r]sulflowers and [27] sulfin-
finitenes initially increase for 5 < n < 8, and then decrease for
8 < n < 10, in line with the behaviour of the respective
energies per CS, unit (Fig. 3). Apart from the more highly
strained 7 and 8, the variation between the NICS values for
the individual thiophene rings in the sulfinfinitenes is rela-
tively small, for example, the NICS(0) range observed in 9-12 is
between —10.1 and —8.2 ppm. It should be noted that the
computed *’S isotropic shieldings included in the ESIt increase
with the size of the sulflower/sulfininitene which can be
attributed to the possibility to form longer conjugation path-
ways involving the sulfur atoms.

The results of the current calculations strongly suggest that
[16]sulfinfinitene which can be formally obtained by combin-
ing two molecules of the least strained member of the sulflower
series, the [8]sulflower (octathio[8]circulene),"* should be con-
sidered as a promising synthetic target. [18]sulfinfinitene and
its precursor, the [9]sulflower (nonathio[9]circulene) show
slightly higher strains and slightly lower HOMO-LUMO gaps
and could also be of synthetic interest. We have not considered
[m + n] sulfinfinitenes with different m and n values, but it can
be expected that a reasonable combination, for example, [8 + 9],
would have a strain energy similar to those of the [16]sulfinfi-
nitene and [18]sulfinfinitene.

P. B. K. suggested the design and study of sulfininitenes,
carried out the sulfinitene DFT calculations, and wrote the
original draft. E. C. carried out the sulflower DFT calculations
and calculated all NMR data. Both authors discussed the results
and contributed to the final manuscript.
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