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Anti-Aromatic versus Induced Paratropicity: Synthesis and
Interrogation of a Dihydro-diazatrioxa[9]circulene with a Proton
Placed Directly above the Central Ring

Stephan K. Pedersen, Kristina Eriksen, Nataliya N. Karaush-Karmazin, Boris Minaev,
Hans Agren, Gleb V. Baryshnikov* und Michael Pittelkow*

Abstract: We present a high-yielding intramolecular oxidative
coupling within a diazadioxa[l0]helicene to give a dihydro-
diazatrioxa[9]circulene. This is the first [n]circulene contain-
ing more than eight ortho-annulated rings (n > 8). The single-
crystal X-ray structure reveals a tight columnar packing, with
a proton from a pendant naphthalene moiety centred directly
above the central nine-membered ring. This distinct environ-
ment induces a significant magnetic deshielding effect on that
particular proton as determined by 'H NMR spectroscopy. The
origin of the deshielding effect was investigated computation-
ally in terms of the NICS values. It is established that the
deshielding effect originates from an induced paratropic ring
current from the seven aromatic rings of the [9]circulene
structure, and is not due to the nine-membered ring being
antiaromatic. UV/Vis spectroscopy reveals more efficient
conjugation in the prepared diazatrioxa[9]circulene compared
to the parent helical azaoxa[l0]helicenes, and DFT calcula-
tions, including energy levels, confirm the experimental
observations.

Introduction

Aromaticity and anti-aromaticity are phenomena that
have received significant attention both from experimental
and from theoretical chemists over the years.'*! The famous
Hiickel 4n+2 rule describes aromatic compounds such as
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4

Figure 1. Simplified illustration of the influence of diatropic and para-
tropic ring currents on the 'H chemical shift inside and outside of
select aromatic, anti-aromatic, and non-aromatic rings.

benzene (1) while the 4n rule describes anti-aromatic systems
such as planarized cyclooctatetraene (2; Figure 1).! Gener-
ally speaking, aromatic compounds are chemically stable,
while anti-aromatic compounds are unstable. Studies of
planar, thus anti-aromatic, cyclooctatraene (2) are only
possible in the realm of computational chemistry.’! In recent
years, several examples of chemically stable anti-aromatic
molecules have been described, including a range of planar
cyclooctatetraenes imbedded in [8]circulene structures (3),
nor-corrole structures, and indeno[1,2-b]fluorene struc-
tures.*" A prevalent strategy to stabilize anti-aromatic
rings, within a molecule, is to anneal the anti-aromatic
segment with aromatic rings.*' This is the case for
diazadioxa[8]circulene 3, where the eight aromatic rings form
a planar cyclooctatetraene motif (Figure 1).*! From a compu-
tational perspective, a convenient determination of aroma-
ticity is a negative nuclear independent chemical shift (NICS)
value due to the diatropic ring current, while anti-aromatic
rings have positive NICS values as a consequence of a para-
tropic ring current.'">"®! The influence of these ring currents
on 'H chemical shifts is illustrated for 1 and 2 in Figure 1. The
NICS predictions for molecule 3 are difficult to test exper-
imentally, by 'H NMR spectroscopy, as it requires the
preparation of compounds with a proton placed directly
above the aromatic or anti-aromatic ring under investiga-
tion." The obtained NICS values are convoluted by the
influence of the aromatic ring(s) used to anneal and stabilize
the central postulated anti-aromatic ring that they form.['*"""!
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In a specific case, such as diazadioxa[8]circulene (3) and
related hetero[8]circulenes, the central eight-membered ring
has experimentally been determined to have positive NICS
values.® '8 This can either be due to the presence of the
paratropic ring current of an anti-aromatic COT motif, or be
due to the influence of the diatropic ring currents of the
surrounding aromatic rings, that is, induced paratropicity.
Herein, we describe a scenario where this exact problem is
addressed, both experimentally and computationally. We
report on the synthesis of a dihydro[9]circulene derivative
(4), where the central non-aromatic nine-membered ring
fulfils two of the criteria for anti-aromaticity: positive
calculated NICS values and a downfield shift of the resonance
of a proton positioned above the centre of the ring. The
dihydro[9]circulene derivative is prepared by a high-yielding
intramolecular oxidative coupling within a diazadioxa-
[10]helicene. The single-crystal X-ray structure reveals a tight
columnar packing, with the peri-proton from a naphthalene
moiety centred directly above the central nine-membered
ring. This distinct chemical environment induces a significant
downfield shift on the resonance of said proton as determined
by "H NMR spectroscopy, which is consistent with the positive
NICS values determined computationally. As the central
nine-membered ring of the dihydro[9]circulene is unambig-
uously non-aromatic, the deshielding effect is due to the
diatropic ring current of surrounding aromatic rings in the
dihydro[9]circulene structure, and not due to the central nine-
membered ring being antiaromatic.

Results and Discussion

Previously we have reported on the DDQ-mediated
oxidative hetero-coupling between diazadioxa[10]helicene 5§
and 7-methoxy-2-naphthol (6) giving 7 (Scheme 1).!! In this
work it is presented how, by conducting the reaction without
naphthol 6, we access the intramolecular oxidative coupling
product 8 in very high yield. Compound 8 contains a
7-methoxy-dihydronaphthalene  orthogonally positioned
above a [9]circulene (4) system (highlighted in blue for
structure 8, see the box in Scheme 1). Peculiar reactivity
within the aromatic skeleton of helicenes has also been

Pr
Blue : dihydro-diazatrioxa[9]circulene
(4) motif observed in 8

Black: 7-methoxy-dihydro-naphthalene Previous work

8 diazadioxa[10]helicene (5)

Scheme 1. Previously reported synthesis of [10]helicene 7 and the
herein reported synthesis of 8, containing [9]circulene motif 4.

Angew. Chem. 2020, 132, 5182—75188

Forschungsartikel

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

reported by the groups of Fuchter and Katz for the intra-
molecular rearrangement of carba[7]helicene and derivatives
thereof, forming the carba[6]circulene motifs.**?? It should
be noted that thus far the biggest carba- and hetero-
[n]circulenes reported are n=8, and the properties and
structures of higher-order [n]circulenes have only been
investigated theoretically.[**? The dihydro[9]circulene is
the first [n]circulene motif with n > 8. Formally, the motif is
a dihydro-diazatrioxa[9]circulene as illustrated in 4, with rings
2-8 being fully aromatic, and dihydrofuran rings 1 and 9 being
annulated via two sp’ carbon atoms. Our mechanistic
proposal for the formation of 8, from 5 by treatment with
DDAQ, is presented in Scheme 2. Initial oxidation, mediated

Furan
formation

At

DDQH, DbaH®

Scheme 2. Mechanistic proposal for the formation 8. Bonds formed
during the reaction are shown in red.

by DDQ, on the hydroxy termini of § forms the quinoidal
species 9. Alternatively, a one-electron mechanism could also
be a plausible pathway.”*?" Conjugate addition from the 2-
position of the furan positioned directly beneath the furan
ring within the helicene framework gives oxocarbenium
intermediate 10, which tautomerizes to phenol 11. It should
be noted that in the crystal structure of 10, the carbon atoms
between which the bond is formed are placed directly above
each other and are only 3.26 A apart. The nucleophilic phenol
termini of 11 can then undergo intramolecular furan forma-
tion, which upon deprotonation, likely by the monoanionic
hydroquinone of DDQ, forms the [9]circulene 8.

The structure of 8 was unambiguously determined by
single crystal X-ray diffraction (SCXRD), with the crystals
readily obtained by slow evaporation from a mixture of
CH,Cl, and EtOH. Focusing on 8, it is observed that the two
sp® carbon atoms protrude the plane formed by the aromatic
segment of the [9]circulene motif (Figure2a). The central
nine-membered ring has a diameter of about 4 A. Looking
top down on 8, the naphthalene is positioned at a slight angle
relative to the symmetry axis of the [9]circulene (Figure 2b).
As a result, 8 is chiral in the solid state, with the enantiomers
consisting of the naphthalene motif tilted either to the left (as
seen in Figure 2b) or to the right. The unit cell consists of both
enantiomers, forming an overall achiral structure in the solid
state (Figure 2¢). Looking at the overall packing of 8, it forms
columns consisting of alternating unit cells (Figure 2d). From
the solid-state structure, it is observed that the naphthalene is
positioned in such a manner that the peri-proton of the
naphthalene (H,, highlighted in green, Figure 2a), is posi-
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Figure 2. a,b) Crystal structure, c) unit cell, and d) packing of 8

observed in the solid state. H, is highlighted in green. [a] The tert-butyl
and n-propyl side chains have been removed for clarity.*”

tioned almost directly above the centre of the [9]circulene
ring. The distances from the highlighted proton (H,) to the
nearest sp® carbon atoms of the nine-membered ring range
from 3.48(2) A to 2.42(7) A, and the distance from the plane
formed by the inner sp’ carbon atoms of the nine-membered
ring is approximately 1.9 A in the solid state.

The positioning of the peri-proton (H,) above the centre
of the dihydro[9]circulene ring has a pronounced influence on
its chemical shift, as determined by 'H NMR spectroscopy
(Figure 3). For the diazadioxa[10]helicene 5, the resonance of
H, is located at 7.16 ppm, whereas for 8, it is situated at
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Figure 3. Aromatic regions of the '"H NMR spectra of diazadioxa-
[10]helicene 5 and dihydro-diazatrioxa[9]circulene 8 recorded in CD,Cl,.
See the Supporting Information, Figure S1 for the full spectra.

8.46 ppm, which amounts to a total downfield shift of
1.30 ppm when comparing the two substrates. For compar-
ison, the chemical shifts of the corresponding protons in 2,7-
dimethoxynapthalene and anisole are 7.08 ppm and 6.90 ppm
in CD,Cl,, respectively (see the Supporting Information,
Figures S2 and S3 for 'H NMR spectra). Both values are
comparable to the chemical shift observed in helicene 5,
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indicating that the surrounding helical environment has little
influence on the chemical shift of H,.

To further understand the electronic factors that influence
the drastic deshielding effect on H,, we conducted NICS
calculations for each local ring of [9]circulene 8 and [10]hel-
icene 5 (along the inner main (long) axis of the latter;
Figure 4). It is clear from the calculations that the slightly
twisted C, inner ring of dihydro[9]circulene 8 possesses
a significant paratropic contribution in a quite narrow region
(1 A up, 1 A down and 0.75 A to the left/right from the centre
point of the C, ring). Conveniently, the H, proton is situated
in this narrow paratropic region, which can explain the
downfield shift of 1.3 ppm observed by '"H NMR spectrosco-
py. Our calculations of the isotropic shielding tensor for
proton H, in the diazadioxa[10]helicene 5 and dihydro-
[9]circulene 8 provide a downfield shift of 1.0 ppm, which is in
good agreement with the result obtained experimentally. The
paratropic magnetically induced ring currents inside the C,
ring are likely due to the strong global diatropic ring currents
of the condensed five- and six-membered rings (rings 2-8 in 4,
Scheme 1). Indeed, NICS(0)/(1) values for each condensed
pyrrole, furan, and benzene ring indicate their expected
aromatic character. The H,-containing benzene ring is also
predicted to be typically aromatic and that is why a negative
NICS value is observed in regions proximal to this ring
(NICS(1.5) in Figure 4a). Looking below the plane of 5,
NICS(—2) values are also negative, which can be explained in
terms of the long-ranging diatropic contribution from the
adjacent aromatic rings, which are twisted relative to the
central axis. In fact, herein, we have presented the first
experimental and theoretical evidence for the existence of
strong paratropic ring currents in closed-circle heterocircu-
lenes, by making use of a covalently linked system. Moving to
the diazadioxa[lO]helicene 5, it also possesses strong para-
tropic currents inside the helix as follows from the positive
NICS values calculated along the main axis of the inner helix.
These values reach a maximum of 5.0 ppm, which is com-
parable to the highest value observed in 8 (5.61 ppm). This
fact again confirms that the anticlockwise-circulating para-
tropic currents inside the helix are topologically induced, that
is, they are caused by the strong clockwise global diatropic
currents. Such a phenomenon was recently discussed."

To further clarify the electronic properties of § and 8, our
attention was turned to TD-DFT calculations. The optimized
structure of dihydro[9]circulene 8 in the ground electronic
state is conformationally and geometrically the same as the
one obtained by the SCXRD data. The calculated conforma-
tion of diazadioxa[lO]helicene 5 in the S, state expectedly
looks like a right-handed helix (the left-handed enantiomer is
energetically identical). The distance between the helix edges
is approximately 3.6 A. Upon excitation to the S, state of the
[10]helicene (5), the distance between the helix edges
becomes 0.15 A larger indicating considerable flexibility of
the [10]helicene, whereas for excitation of dihydro-
[9]circulene 8 into the S, or T, state, the molecular con-
formation and structural parameters are not changed signifi-
cantly. As follows from the calculated vertical absorption
spectra, the S; and T; states for each studied molecule (5 and
8) are of the same electronic configuration and correspond to

Angew. Chem. 2020, 132, 5182-5188


http://www.angewandte.de

An dte

Chemie

GDCh

S Forschungsartikel

a) side view

NICS(m), ppm
NICS(m), ppm

2 ) paratropic
O diatropic

dihydro[9]circulene 8

NICS(m), ppm

diazadioxa[10]helicene 5

Figure 4. a) Side and b) top views showing the NICS(m) values for diazadioxa[10]helicene 5 and dihydro[9]circulene 8. For the top-view figures,

the numbers correspond to the NICS(0)/NICS(1) calculations.

the HOMO-LUMO excitations. As can be seen from Fig-
ure 5, the HOMO and LUMO wavefunctions for the dihydro-
[9]circulene 8 correspond to mt-type orbitals that are similar to
those of the related hetero[8]circulenes in terms of their
bonding/antibonding character. The HOMO and LUMO
wavefunctions for diazadioxa[8]circulene 3 are presented for
comparison in Figure 5.2 It is even possible to observe
a similarity between the HOMO and LUMO patterns of the
open-circle diazadioxa[10]helicene 5 and closed-circle
dihydro[9]circulene 8. The electronic properties of the
dihydro[9]circulene (8) were studied by UV/Vis and fluores-
cence spectroscopy in CH,Cl, and compared to those of the
parent diazadioxa[l0]helicene (5; Figure 6). The vibronic
progression observed in 5 is maintained in 8, with the most
prominent feature being the strongest electronic transition
(Amax) 1n the visible spectrum located at almost the same
wavelength (1,,,=350 nm for 8 and A,, =353 nm for 5).
Looking at the longest-wavelength absorption maxima (4.)
a bathochromic shift of 7 nm was observed for 8 relative to §
(Ao.o=428 nm for 8, 1o, =421 nm for 5). This is an interesting
feature as the diazatrioxa[10]helicene 5 contains a total of ten
annulated aromatic groups, whereas dihydro-diazatrioxa-
[9]circulene 8 only contains seven annulated aromatic rings
(rings 2-8 as shown for 4 in Scheme 1), which should result in
a lower HOMO-LUMO gap for 8."*?! This indicates a more

Angew. Chem. 2020, 132, 5182 —5188
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efficient m-conjugation in the planar aromatic segment of
dihydro[9]circulene 8 compared to the helical aromatic
skeleton of [10]helicene 5. Diazadioxa[3]circulene 3 has a very
similar lowest-energy absorption (425 nm). Comparing the
emissive properties of dihydro[9]circulene 8 (4., =448 nm)
and [10]helicene 5 (1, =457 nm), 5 has an appreciably larger
Stokes shift than the dihydro[9]circulene 8, 1870 cm™' vs.
1040 cm ™, respectively. The fluorescence quantum yield of 8
(@;,=0.13) is less than half of the measured value of 5 (&, =
0.27). Despite a similarity in the shapes and energies of the
frontier molecular orbitals for compounds 8 and 5, the
transitions responsible for their spectral properties are
considerably different. As can be seen from Table 1, the first
singlet—singlet electronic transition (S,—S;) for the diazadioxa-
[10]helicene 5 is 2.5 times less intensive than the second one
(S4=S,). The opposite situation is observed for the dihydro-
[9]circulene 8: the S-S, transition is 4.2 times more intensive
than the next S-S, transition. The energy differences
between the S; and S, excited states (in vertical approxima-
tion) for both compounds are 27 nm. We experimentally
observed the first band at 421 nm for diazadioxa[10]helicene
5, which is mainly affected by the S-S, transition, and at
428 nm for dihydro[9]circulene 8 corresponding predomi-
nantly to the S-S, transition. The next experimentally
observed band at around 400 nm can be assigned to the
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Figure 5. Frontier molecular orbitals for diazadioxa[10]helicene 5 and
dihydro[9]circulene 8 calculated by the (PCM)/B3LYP/6-31G(d) method
and those for diazadioxa[8]circulene 3 as a reference, calculated by the
same method.

normalized abs. and em. (a.u.)

T T T T T T
300 350 400 450 500 550 600
Wavelength (nm)

Figure 6. Normalized absorption and emission spectra of 8 and 5,
recorded in CH,Cl,.

vibronic satellite of the first (main) band and particularly of
the Sg=S; transition for dihydro[9]circulene 8 and the S-S,
transition for diazadioxa[10]helicene 5. As the fluorescence
originates form the S, excited state by radiative relaxation, we
have predicted a red-shift of 18 nm for the fluorescence of
diazadioxa[10]helicene (5) with respect to the fluorescence
maximum of dihydro[9]circulene (8). This is in good agree-
ment with the experimentally observed value of 9 nm. The
vibronic progression of the S,—S, transition is also observed in
the experimental emission spectrum (at ca. 457 nm for 8).
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Tabelle 1: The energies and intensities of the low-lying singlet—singlet
electronic transitions for the ground state (vertical absorption) and S,
excited state (vertical emission) geometries at the (PCM)/B3LYP/6-
31G(d) level of theory.

Property 5 8
e (S1) [nm] 436 420
fie(So = S1) 0.081 0.256
[exp.] - [428 (S1+52)]
Ao (S2) [nm] 409 393
fin(So—52) 0.203 0.061
[exp.] [421 (S +52)] !

e (81) [nm] 485 467
feam(Sy — So) 0.187 0.425
[exp/] [457] [448]

From Table 1 the intensity of the vertical S,-S, transition
calculated by taking into account the geometry relaxation in
the S, state increases by more than a factor of two relative to
the same transition calculated at the S, state geometry (for
both compounds 5 and 8). Surprisingly, despite the twice
higher intensity of the S,—S transition for dihydro[9]circulene
8 (¥;=0.13) relative to [10]helicene 5 (®;=0.27) it demon-
strates half the fluorescence quantum yield. This feature can
be explained in terms of a much stronger spin-orbit coupling
(SOC) between the S; and T /T, states for dihydro[9]circulene
8, which promotes the quenching of S; fluorescence by the
fast S;-T, and S,-T, intersystem crossing pathways (Figure 7).

SOCME
S, e —_— 241eV N Sy —
T
53x107s1 (B \“.‘ ’,"'1'_3><108 s
0.12 s (RN 035"
So ¢ So v ¢

Figure 7. The mechanism of S; state deactivation for diazadioxa-
[10]helicene 5 and dihydro[9]circulene 8 in accordance with the
(COSMO)/B3LYP/DZP calculations taking spin—orbit coupling effects
into account.

Taking into account that the S;-T, energy gap is almost the
same (about 0.13 eV) for compounds 5 and 8, the reorganiza-
tion energies upon the S,—T, non-radiative transition are close
to the same value for both compounds. Thus, the rate constant
(kisc) for the S,—T, ISC should be only proportional to the
corresponding squared spin-orbit coupling element
(SOCME), that is, to the (S,|Hgo|T,)’ value (in the frame-
work of the Fermi golden rule and Marcus-Levich—Jortner
theory).”>3 As follows from our calculations, the
(S, \ﬁso|T2) SOCME for circulene 8 amounts to 1.54 cm™"
vs. only 0.1 cm™! for helicene 5, which means that the kgc
value is at least two orders of magnitude larger for compound
8 (without accounting for S,-T; quenching because of the

Angew. Chem. 2020, 132, 5182-5188
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comparatively large S,-T, energy gap). This fact explains the
less efficient fluorescence of circulene 8 despite the higher
rate constant of the fluorescence process.

Conclusion

In summary, we have synthesized previously unknown
[9]circulene 8, formally a dihydro-diazatrioxa[9]circulene.
This motif was formed by a high-yielding intramolecular
oxidative coupling of hydroxy-terminated diazadioxa-
[10]helicene 5. The structure of [9]circulene 8 was unambig-
uously determined by X-ray crystallography. A proton is
positioned directly above the nine-membered ring of the
[9]circulene motif. This unique chemical environment has
a pronounced deshielding effect on the proton, as determined
by 'HNMR spectroscopy. Compared to the parent
diazadioxa[10]helicene 5, the proton is shifted downfield by
a remarkable 1.30 ppm in the [9]circulene (8). Nucleus-
independent chemical shift (NICS) calculations indicate that
the deshielding effect can be attributed to an induced
paramagnetic environment. These results can serve as refer-
ence points for researchers investigating the phenomena of
anti-aromaticity by NICS calculations and/or NMR experi-
ments. Ongoing studies concern the synthesis of the fully
aromatic diazatrioxa[9]circulene motif and higher-order
azaoxa[n]circulenes.
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