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Abstract: This work describes a synthetic approach where
a non-planar aromatic heterocyclic [7]helicene is com-
pressed to yield a hetero[8]circulene containing an inner
antiaromatic cyclooctatetraene (COT) core. This [8]circu-
lene consists of four benzene rings and four heterocyclic
rings, and it is the first heterocyclic [8]circulene containing
three different heteroatoms. The synthetic pathway pro-
ceeds via a the flattened dehydro-hetero[7]helicene,
which is partially a helicene and partially a circulene: it is
non-planar and helically chiral as helicenes, and contains a
COT motif like [8]circulenes. The antiaromaticity of the
COT core is confirmed by nucleus independent chemical
shift (NICS) calculations. The planarization from a helically
ni-conjugated [7]helicene to a fully planar heterocyclic
[8]circulene significantly alters the spectroscopic proper-
ties of the molecules. Post-functionalization of the [7]heli-
cenes and the [8]circulenes by oxygenation of the thio-
phene rings to the corresponding thiophene-sulfones
allows an almost complete fluorescence emission cover-
age of the visible region of the optical spectrum (400-
700 nm).
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Helicenes are aromatic compounds in which angularly ortho-
annulated rings ultimately form a stereogenic axis. Helicenes
exist as all-benzene molecules and as heterocyclic compounds,
in which one or more benzene rings are replaced with hetero-
cycles such as furans, thiophenes and pyrroles.” These intrinsi-
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cally chiral molecules have found vast applications in such di-
verse fields as molecular recognition, catalysis and detection or
emission of circularly polarized light.*™ Structurally related
motifs to the [n]helicenes are the [n]circulenes. These struc-
tures also consist of ortho-annulated aromatic rings, but in-
stead forms a cyclic structure, having a central ring with n
sides. It is illustrative to view the all-benzene series of [n]circu-
lenes, which consists of the bowl-shaped carba[5]circulene
(corannulene), the planar carba[6]circulene (coronene) and the
saddle-shaped [7]- and [8]circulenes. Hetero[8]circulenes incor-
porating four five-membered heterocycles (furans, pyrroles,
thiophenes) are planar,®” and these structures can be viewed
as containing antiaromatic cyclooctatetraene (COT) cores.
[n]Circulenes may also, instead of being viewed as two annu-
lenes connected by single bonds, be viewed as [n]radialenes,
which are n-membered rings with n exocyclic double bonds.
The difference between being an [n]circulene and an [n]radia-
lene, where each end of the exocyclic double bonds is con-
nected by an etheno-bridge or a heteroatom, is formally a dis-
cussion of resonance structures.

The first tetrahetero[8]circulenes were prepared by Erdtman
and Hogberg during their studies of the oligomerization of
substituted benzoquinones 1. This yielded the tetraoxa[8]circu-
lenes 2, via a Lewis acid mediated tetramerization (Figure 1
top).®

Inspired by this work we reported that 3,6-dihydroxycarba-
zoles 3, upon treatment with chloranil and boron trifluoride di-
ethyl etherate, can be dimerized into the corresponding diaza-
dioxa[8]circulenes 4 which contain two pyrroles (Figure 1 top).
The introduction of four pyrroles was accomplished by Osuka
and co-workers by an oxidative “fold-in” fusion reaction of a
tetrapyrrole compound 5 providing tetraaza[8]circulene 6
(Figure 1 top).”? Recently also strategies for introduction of
thiophene has been described."”

In this work, we describe how diazathia[7]helicene 7 can be
converted into the intermediary dehydro[7]helicene 8 and di-
azaoxathia[8]circulene 9 by a sequential annulation protocol
(Figure 1 bottom). The dehydro[7]helicene resembles both the
hetero[8]circulene and the hetero[7]helicene by having a cyclo-
octatetraene motif incorporated into a near helical structure.
The hetero[8]circulene 9 contains one thiophene, one furan
and two pyrroles, and is the first compound in the hetero[8]cir-
culene family to include three different heterocycles."" Incor-
poration of thiophene allows for convenient oxygenation and
the preparation of the closely related sulfones 7-SO,, 8-SO,
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Figure 1. Top: Overview of previously reported strategies for synthesis of
heterol[8]circulenes. Bottom: This work: Synthesis of a hetero[8]circulene by
a sequential annulation strategy.

and 9-S0O,. Sequential annulation and oxygenation are found
to be an efficient method for tuning the optical properties.
Both annulation and oxygenation cause a bathochromic shift
in absorbance as well as emission. Together, the compounds
emissions cover almost the entire visible spectrum. Computa-
tional experiments predict that the dehydro[7]helicenes 8 and
8-SO, have higher racemization barriers than the parent
[7Ihelicenes 7 and 7-SO,. NICS calculations show significant
paratropic and antiaromatic character in both the COT motifs
are present in the dehydro[7]helicenes 8 and 8-SO, and in the
[8]circulenes 9 and 9-S0O,.

Thiadiaza[7]helicene 7 was synthesized in five steps from
3,6-dimethoxy-carbazole 10 (Scheme 1).) Mono-demethylation
of 10 to 11 was followed by dimerization into bicarbazolediol
(BICOL, 12) in 95% vyield by an oxidative coupling reaction
mediated by chloranil and BF;-OEt,, with complete regioselec-
tivity for the 4,4"-coupled product. This high degree of regiose-
lectivity is a significant improvement to the previous reported
synthesis of BICOL motifs."*'¥ Omission of BF;OFEt, did not
result in conversion, and increasing the temperature above
0°C, resulted in a loss of regioselectivity due to formation of
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Scheme 1. Preparation of diazaoxathia[7]helicene (7).

the 2,4'-coupled isomer (for more details see Supporting Infor-
mation). Interestingly, no formation of furan by oxidative dehy-
dration was observed, despite this being the major product for
2,7-di-tert-butyl analogues of hydroxycarbazole 11.*' To in-
stall the annulating thiophene heterocycle, attention was
turned to the thermal Newman-Kwart rearrangement reaction,
which has proven useful in synthesis of thia[n]helicenes from
biarylic 2,2'-Newman-Kwart substrates (bis-O-aryl-thiocarba-
mates)." Heating bis-O-arylthiocarbamate (13) at 300°C for
25 minutes gave both the rearranged product (14) and the di-
azathia[7]helicene (15). Under optimized conditions, the [7]heli-
cene 15 was isolated in 40% yield. Debenzylation of [7]heli-
cene 15, using DMSO and KOtBu under an oxygen atmos-
phere, provided thiadiaza[7]helicene (7) in 97% yield.'™ With
the [7]helicene (7) in hand, its derivatization to a variety of oxi-
dation products was explored (Scheme 2). Treatment with
BF;-:OEt, and chloranil gave the cyclodehydrogenated dehy-
dro[7]helicene (8) quantitatively in an intramolecular Scholl
type reaction."®'”’ Demethylation using BCl; and TBAI, before
treatment with BF;-OEt, and chloranil, severely changes the re-
activity, enabling furan formation via an oxidative dehydration
reaction, providing diazaoxathia[8]circulene (9). For further de-
rivatization, oxidation of the thiophene heterocycles into their
corresponding sulfones was explored. Oxidation with m-CPBA,
gave the corresponding sulfones (7-SO,, 8-SO, and 9-SO,,
Scheme 2).
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Scheme 2. Preparation of [7]helicene (7-S0,), dehydro[7]helicenes (8 and 8-
S0,), and circulenes (9 and 9-SO,) from diazaoxathia[7]helicene (7).

To understand the structural effects of intramolecular oxida-
tive coupling and the subsequent annulation, the geometries
of the compounds were investigated. As numerous attempts
of growing crystals of sufficient quality for single-crystal X-ray
diffraction have failed, the geometry of structures of the com-
pounds were calculated using the B3LYP/6-31+ G(d) method.
From the data (Figure 2) it is clear that the oxidative cyclode-
hydrogenation of [7]helicenes (7 and 7-SO,) into dehydro[7]he-
licenes (8 and 8-SO,) changes the geometry of the structures

Figure 2. Structures of prepared compounds 7, 7-SO,, 8, 8-SO,, 9 and 9-SO,
and bite-angles obtained by the B3LYP/6-31 -+ G(d) method. The sequential
annulation protocol causes planarization of the structures reflected by de-
crease in dihedral angle.
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dramatically, as the termini of the helicene are forced towards
each other, which inherently causes some planarization of the
molecules. This is reflected in the inner dihedrals of the com-
pounds, which decrease from 15.9° to 6.6° when going from 7
to 8 and from 13.1° to 5.7° when going from 7-SO, to 8-SO,.
The methoxy substituents preclude complete planarization in
the dehydro[7]helicenes (8 and 8-SO,), whereas the furans in-
troduced in 9 and 9-SO, allows for planarization of the [8]cir-
culenes (9 and 9-S0,). The planarity of these heterocyclic [8]cir-
culenes is consistent with what has previously been observed
for related hetero[8]circulenes.™

The optical properties of the series were investigated by UV/
Vis and fluorescence spectroscopy in THF (Figure 3). Looking
first at the effect of planarization of the motif, it is observed
that going from the [7]helicene (7) through dehydro[7]helicene
(8) to the planar [8]circulene (9), cause a red-shift in the onset
of absorption. This is consistent with the expected effect upon
increasing the extent of conjugation.®'? Focusing on the
effect of oxygenation to the electron-withdrawing sulfone, a
redshift of around 40 nm (ca. 2000 cm ') for each of the three
compounds was observed. This demonstrates the advantage
of introducing thiophenes in the aromatic system, as it allows
for tuning the HOMO-LUMO gap of the presented com-
pounds. Focusing on the effect on fluorescence spectra, the
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Figure 3. UV/Vis absorption (top) and emission spectra (bottom) of com-
pounds 7 (solid blue lines), 7-S0O, (dashed blue lines), 8 (solid green lines),
8-S0, (dashed green lines), 9 (solid red lines) and 9-SO, (dashed red lines) in
THF. Quantum yields were measured using 9,10-diphenylanthracene as stan-
dard. The series covers almost fully the visible spectrum.
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same trend was observed, that is, a bathochromic shift from
planarization, and likewise by oxidation to sulfone. By using
these simple synthetic modifications presented (planarization
and oxygenation), the emission of the presented compound
class covers the majority of the visible spectrum (ca. 400-
700 nm), albeit only with moderate fluorescence quantum
yields (0.08-0.25).

The electrochemical properties of the compounds were in-
vestigated using cyclic voltammetry and differential pulse vol-
tammetry (Table 1). Only the dehydro[7]helicenes (8 and 8-SO,)
showed reversible oxidations. From the first oxidation of the
series of [7]helicenes, the dehydro[7]helicenes and the [9]circu-
lenes it is apparent that the sulfones (7-SO,, 8-SO, and 9-SO,)
are more difficult to oxidize than their corresponding sulfides
(7, 8 and 9). The first oxidation potential for the [8]circulenes
(9 and 9-S0O,) are comparable to previously determined oxida-
tion potentials for diazadioxa[8]circulenes (0.63-0.67 V), tet-
raoxa[8]circulenes (0.72-1.10V),” and azatrioxa[8]circulenes
(0.65-0.67 V).

Table 1. Oxidation potentials (V vs. Fc/Fc™). Recorded by differential
pulse voltammetry in CH,Cl, (Bu,NPFg, 0.1 m).

Compound 7 7-S0, 8 8-SO, 9 9-S0, 15

ox1 [V] 0.40 0.70 0.33 0.46 0.57 0.64 0.50

Both the [7]helicenes (7 and 7-SO,) and the dehydro[7]heli-
cenes (8 and 8-S0O,) comprise intrinsic axial chirality and hence
the ability to racemize thermally. Unsuccessful attempts of re-
solving 7, 7-SO,, 8 and 8-SO, using HPLC analysis with chiral
stationary phases (columns of LUX cellulose type from Phe-
nomenex were tested, in different solvent systems MeCN/
MeOH/H,O mixtures with 0.1% HCOOH or TFA) indicate that
the compounds racemize rapidly at room temperature or that
we simply have not identified an appropriate combination of
stationary and mobile phase to achieve these separations.

The difficulty of this type of separation has previously been
reported for helicenes of similar size.?*?" It is disappointing
that our efforts towards resolving the enantiomers of the
[7Thelicenes and the dehydro[7]helicenes failed, as applications
of optically pure helicene-based fluorophores in light-emitting
devices is an attractive research area. We have, in unpublished
work, prepared analogues of the [7]helicenes (7) in which the
sulfur atoms are replaced with oxygen atoms, and in those
molecules the barrier to racemization is in the range of 50°C.
The oxygen analogue did not have methoxy groups, but larger
alkoxy groups, which is expected to give rise to a higher race-
mization barrier. This indicates to us that the racemisation bar-
rier in 7 and 8 will also be in that range, or lower. At this stage
we cannot, however, distinguish between the two scenarios:
1) the racemisation barrier is below room temperature even
though calculations suggest it should not be, and 2) our HPLC
methods used in resolving experiments were unsuited.

To investigate the effect of the cyclodehydrogenation on the
transition states and the racemization barriers of, respectively,

Chem. Eur. J. 2020, 26, 4935 — 4940 www.chemeurj.org
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Figure 4. Calculated transition state structure and the energy barriers for
racemization processes. Dehydrohelicenes (8 and 8-SO,) have higher barriers
than helicenes (7 and 7-S0,). Sulfone analogues have slightly lower barriers.

the [7]helicenes (7 and 7-SO,) and the dehydro[7]helicene (8
and 8-S0,), attention was turned to DFT calculations. For both
the [7]helicenes and the dehydro[7]helicenes, saddle-shaped
transition states for racemization were obtained (Figure 4). The
result shows larger racemization barriers for the cyclodehydro-
genated compounds (8 and 8-S0,), than for the [7]helicenes (7
and 7-S0,) (1614 and 1609kJmol™" vs. 137.8 and
133.5 kJmol™). These observations are in contrast to Osuka’s
investigation of a similar but unsubstituted couple of a tri-
aza[7]helicene and a dehydro-triaza[7]helicene, in which a
planar transition state, with a lowered barrier, was predicted
for the dehydro[7]helicene.?” The difference in transition
states can be rationalized by the two methoxy groups 8 and
8-SO, have in the 2- and 2’-positions, as these, due to their
size, precludes the formation of a planar transition state.”” In
the saddle-shaped transition states, the distance between the
substituents at the 2- and 2'-positions is crucial for the size of
the barrier, as increased repulsion between the substituents in-
creases the energies and the racemization barriers. This ex-
plains why the cyclodehydrogenated structures (8 and 8-SO,),
where the distance between the methoxy groups is around
1 A smaller than for the [7]helicenes (7 and 7-S0,) (3.30-3.29 A
vs. 2.33-2.34 A), have higher barriers. The oxygenation to sul-
fone has very little effect on the racemization barriers.

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Comparing our calculated energy barriers with those of the
calculated barriers of Osuka’s molecules, and the fact that
Osuka has reported to have successfully resolved one of the
three dehydro-triaza[7]helicenes reported indicate that our
molecules (7 and 8) should indeed be possible to resolve into
the enantiomers.””

It has been shown previously that the planar central ring in
hetero[8]circulenes possess large positive NICS(0,1)-values at-
tributed to the antiaromatic nature of the planar COT.?**® For-
mally four of the compounds in the presented series contain
8m-electron inner rings, namely the dehydro[7]helicenes (8 and
8-S0,) and circulenes (9 and 9-S0O,). Only the circulenes have
planar COTs and they show positive NICS(0)-values in the
eight-membered central rings, of, respectively, 7.73 ppm for 9
and 8.50 ppm for 9-SO, (Figure 5). Also the slightly non-planar
central rings of the dehydro[7]helicenes (8 and 8-SO,) show
positive NICS(0)-values of, respectively, 7.63 for 8 and
7.41 ppm for 8-SO,, thus slightly less positive than for the
completely planarized circulenes (9 and 9-S0O,), but still clearly
suggesting that the structures share the paratropic and antiar-
omatic nature of the inner COT of circulenes despite the non-
planar geometry in dehydro[7]helicenes. To rule out the possi-
bility that the positive NICS(0) values of the central eight-mem-
bered ring in the dehydro[7]helicenes are a consequence of
the proximity to the surrounding aromatic rings, a computa-

(A/Diatropic (clock-wise) ( B Paratropic (counter clock-wise)
- L d

Figure 5. NICS(0)-values (ppm). a) The NICS indices for compounds calculat-
ed in the centre of each five-, six- and eight-membered ring. b) Ring-current
topologies in helicene 7, dehydrohelicene 8 and circulene 9. c) The NICS in-
dices for helicenes 7 and 7-SO, calculated along the main axis with the step
of 0.5 A, by the B3LYP/6-311 + +G(d,p) method in GIAO approximation.
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tional control experiment calculating the NICS(0)-values in the
central axis of the helicenes (which does not contain a central
COT) were performed (Figure 5b). Five points along the central
axis of the helicenes were examined in which the NICS indices
were found to be considerably positive, meaning that a para-
tropic ring current also exists inside the helix. This can be ex-
plained in terms of so-called induced paratropicity which
sometimes is observed in partially saturated circulenes.””

The [7]helicenes (7 and 7-SO,) and the dehydrohelicenes (8
and 8-S0,) all possess global diatropic clockwise ring currents
in their outer conjugated circuit. These currents change direc-
tion to counter-clockwise, when moving to the inner circuit, as
schematically shown in Figure 5¢, thereby inducing paratropic-
ity inside the helices. In the case of hetero[8]circulenes 9 and
9-S0,, which are fully annulated circulenes, the “annulene-
with-annulene” model is valid. This enables the existence of
two almost independent current flows: a paratropic current in
the COT core and a diatropic current outside in the outer pe-
rimeter (Figure 5¢). The “annulene-with-annulene” model has
previously proven valid for various hetero[8]circulenes includ-
ing the species 2 and 4.2*2¥ Thus, one can say that planar het-
ero[8]circulenes should be generally viewed as two annulenes
connected by single bonds rather than as [n]radialenes.

In summary, the first antiaromatic heterocyclic [8]circulene
with three different heterocycles have been synthesized using
a novel synthetic sequential annulation strategy, in which het-
erocyclic [7]helicenes are planarized. From computational stud-
ies, racemization barriers for [7]helicene and dehydro[7]heli-
cene have been estimated and the role of edge substituents
on these barriers has been established. Topologically induced
paratropicity has been predicted for the [7]helicene and dehy-
dro[7]helicene molecules, whereas the “annulene-with-annu-
lene” model is valid for the [8]circulenes. Effects of derivatiza-
tion of the thiophene have been explored in this work, and in-
vestigation of further derivatization of the pyrroles are ongoing
in our laboratory.
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