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Circulenes were defined by Wynberg!!! as systems comprising
aromatic or similar rings fused to each side of a polygon.*™!
For example, [8]circulene has eight benzene units annelated
around a central eight-membered ring (Scheme 1a). Circu-
lenes have been studied because of their unique 3D struc-
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Scheme 1. a) Structural relationship between the hypothetical [8]circu-
lene and the known [7]helicene. b) Thermal transformation of [8|circu-
lenoid 1 into [7]helquat 3 by the [7]saddlequat 2 presented herein.

tures, their dynamics,® and their role as models of larger
carbon-rich molecules with curved surfaces, which are impor-
tant for materials chemistry.”

Saddle-shaped [8]circulene is a hypothetical molecule!®
bearing a structural relationship to the known [7]helicene!”!
that also has a distorted nonplanar shape (Scheme 1a).
Significant structural similarity between helicenes and circu-
lenes has been explicitly discussed in the seminal report by
Wynberg et al. in 1972.) However, no direct transformation
of a circulene into its helical counterpart has been reported to
date.

[*] L. Severa,*) Dr. D. Koval, Dr. R. Pohl, Dr. D. Saman,
Dr. P. E. Reyes-Gutiérrez, Dr. P. Sdzelovd, Dr. V. Kasi¢ka, Dr. F. Teply
Institute of Organic Chemistry and Biochemistry
Academy of Sciences of the Czech Republic, v.v.i.
Flemingovo n. 2, 166 10 Prague 6 (Czech Republic)
E-mail: teply@uochb.cas.cz
Homepage: http://www.uochb.cz/web/structure/381.html
Dr. I. Cisatova
Department of Inorganic Chemistry, Charles University
Hlavova 2030/8, 128 43 Prague 2 (Czech Republic)
M. On&ak, Dr. P. Slavi¢ek
Department of Physical Chemistry, Institute of Chemical
Technology, Technickd 5, 166 28 Prague 6 (Czech Republic)
E-mail: petr.slavicek@vscht.cz
[+

These authors contributed equally.

Financial support from the Czech Science Foundation (203/09/1614
and P207/10/2391 to F.T., 203/08/1428 to V.K., 203/09/0422 to
P.S.*), and ASCR (RVO: 61388963) is gratefully acknowledged.
P.S.* acknowledges support from the Czech Ministry of Education
(Project No. ME08086) and I.C. (MSM0021620857). M.O. is

a student of the International Max Planck Research School
“Dynamical processes in Atoms, Molecules and Solids”. We thank
Prof. P. Klan, L. Kli¢ova, Dr. D. Schroder, Dr. A. Révész, ). Ba¥inkova,
and A. Sulakové for their very valuable help.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201203562.

3t

Angew. Chem. Int. Ed. 2012, 51, 11972-11976

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

Herein, we describe the synthesis, the structure, and the
properties of the chiral dicationic circulene-like species 1 with
eight cycles arranged around a central eight-membered ring
(Scheme 1b). The photochemical route to this [8]circule-
noid™ with a highly annelated cyclobutane moiety (Sche-
me 2a, 2—1) and its facile thermal transformation into the
[7]helicene-like compound 3 is introduced (1—2—3, Sche-
me 1b). This is the first time a circulene-like species has been
transformed into its helical counterpart by simple heating.
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Scheme 2. a) Upon irradiation, [7]saddlequat 2 gives rise to [8]circule-
noid 1. The reverse reaction occurs thermally by a stepwise mecha-
nism. b) Key photochemical reaction in Prinzbach’s synthesis of
pagodanel® is a process related to the title reaction 2—1.

Recently, we introduced helquats,m] which are helical
dications that are a structural link between helicenes and
viologens. We also reported a [6]saddlequat that can be
viewed as a [6]helquat captured on the racemization pathway
in a saddle-shaped geometry."”! By taking advantage of
a highly flexible two-step quaternization,'?>!%! we accessed
triyne 4 (Scheme 3). Kinetically controlled, [Rh(PPh;);Cl]-
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Scheme 3. Synthetic route to [7]saddlequat 2 that is a precursor to
[8]circulenoid 1. For full experimental data, see the Supporting
Information.
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catalyzed [2+242] cycloaddition*'! leads to [7]saddlequat 2
as well as [7]helquat 3.%'7) Next, we established that pure
[7]saddlequat 2 can be obtained as a solid by repeated
trituration of the mixture of 2 and 3 with small amounts of
acetone, which selectively dissolves 3. By employing this
simple, non-chromatographic procedure, 150 mg of [7]sad-
dlequat 2 were prepared in just three synthetic operations in
overall 20% yield."”

During our studies we noted that samples of saddlequat 2
gave rise to a new species 1 upon exposure to sunlight
(Scheme 2a).'¥ Capillary electrophoretic (CE) analysis with
sulfated y-cyclodextrin as a chiral selector!™! indicated that
this new species exhibits chirality and is produced as a race-
mate starting from racemic saddlequat 2 (Figure 1). Irradiat-
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Figure 1. All three species 1, 2, and 3 can be isolated as pure
compounds. These species are chiral entities generated in racemic
form as evidenced by chiral CE analysis with sulfated y-cyclodextrin
selector. For experimental details, see the Supporting Information.

ing an acetone solution of rac-2 with a household light bulb®!

led to a photostationary mixture of rac-2 and rac-1 favoring
the latter species (ratio of up to 1:2.4).”!] The solubility
difference between rac-1 and saddlequat rac-2 in ethanol
allowed the isolation of compound rac-1 (top trace in
Figure 1). Evidence for 1 having a cyclobutane moiety was
deduced from “C, 'H, HSQC, HMBC, COSY, and ROESY
NMR spectra and was unambiguously confirmed by X-ray
analysis (Figure 2)."”

[7]helquat 3

[8]circulenoid 1

[7]saddlequat 2

Figure 2. X-ray crystal structures of [8]circulenoid 1, [7]saddlequat 2,
and [7]helquat 3 obtained after crystallization of the corresponding
racemates. Triflate anions are omitted for clarity. For details, see the
Supporting Information.
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The photochemical® transformation 2—1 has a relation
to several other processes. One of them is the formation of
thymine dimer™ in solar damage of DNA. Other related
intramolecular photocycloadditions of two aromatic moieties
have been investigated in the context of synthesis of complex
hydrocarbon cages, such as prismanes and pagodanes.”?*>! In
their landmark work, the Prinzbach,” and Misumi® groups
introduced conformationally restricted species that undergo
intramolecular [6+6] photocycloadditions of two benzene
moieties (for example, Scheme 2b).?”*! However, photo-
chemical strategies have never been used for the synthesis of
circulene structures.””!

Theoretical investigations of the photochemistry of the
saddlequat/circulenoid (Supporting Information, Scheme S4)
predict a nearly barrierless pathway connecting the excited
state of saddlequat 2 with the ground state of circulenoid 1.
Likewise, a barrierless pathway connects the excited state of
1 with ground state 2. The calculations thus suggest a photo-
stationary state upon irradiation with soft UV light. Occur-
rence of the photochemical reaction in the singlet manifold is
consistent with a high quantum yield for the transformation
2—1 (©=0.19 in D,0, 1 =366 nm).*"!

While circulenoid 1 is thermally stable under ambient
conditions, we turned our attention to its thermal ring-
opening at elevated temperatures. Experimentally, the rup-
ture of the cyclobutane moiety in circulenoid 1 takes place at
140°C in [D¢]DMSO with a half-life of 9min (AG* =
125 kImol ). This process is much more facile than the
analogous process in the parent cyclobutane (C4Hg), which
has activation energy of 262kJmol™!, and thus higher
temperatures are required.”!

At 140°C, the thermal rupture of the cyclobutane moiety
in circulenoid 1 leading to saddlequat 2 is followed by
saddlequat 2—helquat 3 isomerization. Kinetic data from the
combined thermal process 1—2—3 obtained by CE (Sup-
porting Information, Scheme S1) were analyzed (Supporting
Information, Figure S1). This way, the two-step transforma-
tion has been dissected to extract two similar activation free-
energy values of 125 kJmol ™! for circulenoid opening 1—2
(see above) and 130 kJmol™' for saddlequat to helquat
isomerization 2—3.

The cyclobutane product should be thermally stable from
the perspective of Woodward-Hoffman rules. Indeed, if we
consider a concerted mechanism of the cyclobutane ring
lesion (represented by the photochemical pathway), the
energy needed for the lesion is higher than 200 kJmol™
(calculated at B97D/6-31 g* level®™ with Gaussian09;*
Supporting Information, Scheme S4). We have thus examined
a two-step mechanism where two cyclobutane C—C bonds are
broken consecutively. Such a mechanism is operative for the
parent cyclobutane C,Hj itself.?¥ The intermediate structure
(tetramethylene for the parent cyclobutane) probably forms
a shallow minimum and we were able to localize the minimum
at the DFT/BMK level,BS] while the DFT/B97D method fails
to find this structure.® The activation energy for the
consecutive mechanism was estimated to be 138 kImol™" at
the DFT/B97D level. This is in fair agreement with the
experimentally observed activation energy of 125 kJmol™".
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The energetic relationships relevant for the combined ther-
mal process 1—2—3 are summarized in Scheme 4.

In summary, this study introduces the [8]circulenoid 1 and
its thermal transformation into [7]helquat 3. This is the first
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Scheme 4. Energy diagram showing the barriers for two thermal
processes (125 k| mol™" for 1—2 and 130 k) mol™" for 2—3 at 140°C)
and the calculated structure of biradical intermediate connecting 1 and
2. AG™ values were determined experimentally and the energies were
calculated at B97D/6-31g* level.

time a circulene-like species has been transformed into its
helical counterpart exclusively by application of heat. The
present results are significant from several further perspec-
tives: 1) no nitrogen-based cationic circulenes have been
reported before; 2) a rare saddle-shaped circulene system
with order higher than [7] is presented; and 3) the synthetic
sequence to the chiral [8]circulenoid 1 by [6+6] photo-
cycloaddition is particularly succinct as it requires only five
steps and no chromatographic purification. In this context, it
is notable that photochemical strategies towards circulenes
have remained overlooked so far, although the photocycliza-
tion approach to helicenes introduced by Martin has become
widespread.’** The chirality, other properties of species
1 and 2, and opportunities for molecular recognition are
subject of ongoing research.
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