One-pot Synthesis of Helical Azaheptalene and Chiroptical Switch with
Isolable Radical Cation
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Abstract: A nitrogen-centered heptalene, azaheptalene, was designed as a representative of a new
class of redox-responsive molecules with a large steric strain that originates from the adjacent seven-
membered rings. The pentabenzo derivative of azaheptalene was efficiently synthesized by a palladium-
catalyzed one-pot reaction of commercially available reagents. Bromination led to mono- and
dibrominated derivatives, the latter of which is interconvertible with isolable radical cation species
exhibiting near-infrared absorption. Since the azaheptalene skeleton shows configurationally stable
helicity with a large torsion angle, enantiomers could be successfully separated. Thus, optically pure
azaheptalenes with P- or M-helicity showed strong chiroptical properties (|gabs| = 0.01), which could be
changed by an electric potential.
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Heptalene Al is a representative nonalternant hydrocarbon, which is an attractive family of n-conjugated
carbocycles involving odd-membered rings.>-% While open-shell and antiaromatic properties have been
investigated for heptalene derivatives with a planar geometry,[l heptalene B, in general, is a nonaromatic
compound due to a potentially distorted structure derived from the seven-membered ring.l’ Based on
this semi-rigid and nonplanar conformation of the seven-membered ring, multiple conformers can exist
by introducing appropriate substituents on the heptalene skeleton. Indeed, the chiroptical properties of
heptalene derivatives B' have been investigated by Hafner et al.l® Furthermore, a seven-membered ring
as seen in heptalene has been widely used to construct distorted molecules with unique properties;



negatively curved nanographenes!®18 and highly strained molecules'®-?2l have been reported within the
past decade.

With regard to these intriguing characteristics caused by the seven-membered ring, several groups
have focused on helical molecules with seven-membered rings and revealed their intrinsic properties.[?3-
28 Takasu et al. reported that a helical nanographene C composed of a contiguous 6-7-7-6 ring system
has a large racemization barrier (AEcac [B3LYP/6-31G(d,p)] = 29.2 kcal mol?) (Figure 1).1251 They were
able to isolate an enantiopure isomer and revealed that such heptalene-embedded helical nanographene
C exhibits strong circular dichroism (CD), whereas [4]helicene with a 6-6-6-6 ring system easily
undergoes racemization due to its much lower energy barrier (AEcac = 4.0 kcal mol).[2°30 Thus, helical
nanographene C with a heptalene skeleton can achieve configurational stablitity, which is quite rare.

We envisaged that if a similar helical structure could be synthesized more easily, we could obtain
advanced molecules, the physical properties of which could be finely tuned by introducing substituents
and/or switched by applying external stimuli. Herein, we report the first example of nitrogen (N)-centered
helical heptalene 1 (Figure 1), where the azaheptalene skeleton can be constructed by a palladium-
catalyzed one-pot reaction. Thanks to the electron-donating ablity of the central nitrogen atom,
electrophilic bromination of 1 proceeds easily to produce mono- and dibrominated azaheptalene
derivatives 2 and 3, and these azaheptalenes all undergo one-electron oxidation to give the
corresponding radical cation species. Furthermore, due to the contiguous 6-7-7-6 ring system, these N-
doped heptalenes gain configurational stability, so that not only photophysical properties but also
chiroptical properties can be controlled by an electric potential.
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Figure 1. Heptalene derivatives: previous examples and this study.



Pentabenzoazaheptalene 1 was synthesized by a one-pot reaction (y. 82%) via Buchwald-Hartwig
amination of 2,2'-dibromobiphenyl and 9H-tribenzo[b,d,flazepinel*! followed by the palladium-catalyzed
C-C bond formation (Scheme 1).1%2 Due to the electron-donating nitrogen atom, selective bromination of
1 proceeded cleanly. By treatment of 1 with one equivalent of NBS and three equivalents of Br,, mono-
and dibrominated derivatives 2 and 3 were obtained in 53% and 86% yields, respectively. During these
reactions, overbrominated compound was not found because of the lower contribution of HOMO on the
benzene ring at the center of the molecule compared to the contributions of those on both sides (Figure
S5).

Scheme 1. Preparation of azaheptalene derivatives 1-3.
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These azaheptalenes 1-3 were characterized by NMR spectroscopy and mass spectrometry and
finally determined by single-crystal X-ray diffraction. X-ray analyses revealed that all azaheptalenes 1-
3 adopt a highly distorted geometry with a dihedral angle [6/° = 103.89(11) for 1, 103.9(6) and 102.1(7)
for 2, and 100.3(5) for 3, respectively] between benzene rings on both sides (Figure 2a-c). These values
were well-reproduced in optimized structures [6/° = 104.0 for 1, 103.9 for 2, and 103.9 for 3, respectively]
by density functional theory (DFT) calculations at the B3LYP/6-31G(d,p) level (Figure S7). Since the
dihedral angle 6 of helical nanographene C is 57.51(3) °,1?l these helical azaheptalenes with much larger
angles are expected to have higher racemization barriers to enable the successful isolation of both
enantiomers of these azaheptalenes (vide infra).
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Figure 2. X-ray structures of (a) 1, (b) 2 (two crystallographically independent molecules), (c) 3, and (d)
(P)-3. Thermal ellipsoids are shown at the 50% probability level. (e) The dihedral angle #was defined as
the torsion of two C-C bonds. Disordered atoms are omitted for clarity for 2.

To investigate the redox properties of these azaheptalenes 1-3, we conducted cyclic voltammetry in
CH2Cl,. A reversible one-electron oxidation wave was observed for all derivatives (Figure 3a), whereas
both parent triphenylamine and N-phenyl tribenzoazepinel*3 gave an irreversible oxidation wave (Figure
S11). These results indicate that double ethenylene bridges certainly contribute to the stability of radical
cation species. Next, we generated radical cation salts of these azaheptalenes. In fact, by treatment of
dibromoazaheptalene 3 with one equivalent of (2,4-Br,CsHs)sN*SbCls~ (Magic Green),4 3*'ShCls~ was
isolated in 79% vyield as a dark green powder (Figure 3b). The structure of radical cation 3* was
determined by X-ray analysis, where the dihedral angle #decreased from 100.3(5) ° to 92.95(10) ° upon
oxidation (Figure 3c). The decrease in the dihedral angle can be accounted for by an effective
delocalization of the spin and positive charge over the whole molecule. For non- and monobrominated
derivatives 1 and 2, a generated radical cation was too reactive to be isolated. These results indicate
that the introduction of bromine atoms into reactive sites is more effective for kinetic stabilization of
radical cation species despite its electron-withdrawing properties (Ei./V vs SCE: +1.39 for 1, +1.45 for
2, and +1.51 for 3).
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Figure 3. (a) Cyclic voltammograms of 1-3 (1.0 mM) at 297 K in CHCl; containing 0.1 M BusNBF4 as a
supporting electrolyte (scan rate 0.1 V s™1, Pt electrodes). (b) Redox interconversion between 3 and
3"SbClg~. (c) X-ray structure of 3*'SbCls~. Thermal ellipsoids are shown at the 50% probability level.

With both neutral and radical cation species of 3 in hand, we next measured absorption spectra in
CH.Cl,. While neutral dibromoazaheptalene 3 exhibited absorptions only in the UV region, radical cation
3* showed broad absorptions over the visible and near-infrared (NIR) regions (Figure 4a,b and Table 1).
For neutral 3, the first band was assigned to the n-rt* transition, and the UV spectrum was almost identical
regardless of the presence or absence of bromine atom. In the case of radical cation 3*, a NIR absorption
band extending to 1600 nm was observed, which mainly arises from the SOMO-NHOMO transition.
These results were supported by time-dependent (TD)-DFT calculations (Figure S9).

3" SbClg

Table 1. UV/Vis/NIR and CD spectral data measured in CH2Cls.

Amaxinm (log &) Aex/nm (A&)

3*'SbCle~

320 (3.64), 262 (4.57), 236 (P): 329 (-17.5), 286 (~32.9), 260 (+186)
(4.85) (M): 327 (+17.1), 286 (+32.3), 260 (-183)

320 (3.62), 263 (4.56), 237 (P): 329 (=25.1), 291 (-29.9), 261 (+180)
(4.84) (M): 328 (+24.4), 291 (+29.3), 261 (~176)

321 (3.61), 263 (4.60), 237 (P): 330 (-30.8), 295 (-37.2), 262 (+191)
(4.84) (M): 331 (+30.6), 294 (+36.8), 262 (~189)

889 (3.62), 654 (3.67), 263 (P): 904 (=4.6), 561 (+1.4), 395 (~8.6),
(4.63), 235 (4.82) 315 (~17.9), 279 (+66.5), 261 (+120)

(M): 906 (+4.2), 563 (~1.1), 392 (+9.1),
314 (+18.5), 279 (-64.7), 260 (-115)
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Figure 4. (a) UV spectra of 1-3 and (b) UV/Vis/NIR spectrum of 3*'SbCle~ in CH2Cl,. CD spectra of
enantiomers of (c) neutral azaheptalenes 1-3 and (d) 3*'SbCls~ in CH2Cl..

To elucidate the chiroptical properties of these helical azaheptalenes, we carried out chiral separation.
All azaheptalenes 1-3 could be separated by chiral HPLC on a Daicel CHIRALPAK IG (Chart S1). The
1st fraction exhibited a minus value of optical rotation (see Sl), and the absolute configuration was finally
determined to be P-helicity by X-ray analysis of 3 [Flack parameter: ¥y = —0.060(10)] (Figure 2d). The
dihedral angle @ of (P)-3is 99.78(3) °, which is almost the same as that of (rac)-3. CD spectra of (P)- and
(M)-1-3 in CHxClI, clearly show negative and positive first Cotton effects, respectively, and are well-
reproduced by TD-DFT calculations (Figure S10). The CD spectral patterns are quite similar among 1—
3 probably due to the rigidity of the helical azaheptalene skeleton. Notably, these helical azaheptalenes
1-3 exhibit high absorption dissymmetrical factors [|gabs (345 nm)| = 0.012 for 1, 0.010 for 2, and 0.013
for 3] (Figures S12-14), which are much larger than those of helicene derivatives with a similar number
of fused rings.[?53¢ Furthermore, the chiroptical properties can be switched upon oxidation. Indeed, by
treatment of (P)- and (M)-3 with one equivalent of Magic Green, (P)- and (M)-3*'SbCls~ were isolated in
42% and 52% vyields, respectively. These radical cations with P- and M-helicity also displayed mirror-

image CD spectra even in the NIR region.



Since racemization of (P)-3 was too slow, the barrier was not experimentally determined (Figure S15).
Thus, we performed DFT calculations and found that all azaheptalenes have much higher racemization
barriers (AEcac/kcal mol- =50.5 for 1, 50.7, for 2, and 50.9 for 3) (Figures 5 and S8) than those for helical
nanographene with a 6-7-7-6 ring system (AEcac/kcal mol-t = 29.2)?% and N-centered [4]helicene with a
6-6-6-6 ring system (AEcac/kcal mol=* = 32.7).871 Thus, we concluded that the theoretically obtained
barrier of ca. 50 kcal mol~ is reasonable for these systems. In the case of radical cation 3*, DFT
calculations [B3LYP/6-31G(d,p)] revealed a smaller racemization barrier (AEcac/kcal mol=* = 40.1 for 3*")
(Figure S8c), which can be accounted for by the decreased torsion upon oxidation.
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Figure 5. Computed racemization process of azaheptalene 3.

In conclusion, we designed helical azaheptalenes 1-3 with a contiguous 6-7-7-6 ring system, which could
be efficiently synthesized by a palladium-catalyzed one-pot reaction. Regardless of these azaheptalenes
composed of a minimal number of fused rings, its helicity exhibits sufficient configurational stablity to be
separated using chiral HPLC. Moreover, thanks to the electron-donating nitorogen atom, such helical
azaheptalene 3 undergoes one-electron oxidation to produce radical cation species with a chiroptical
response. Notably, a larger gans Value was observed in the UV region for neutral azaheptalene 3 with P
or M helicity, and its radical cation (P) or (M)-3*SbCls~ exhibited obvious CD signals extending to the
NIR region. Therefore, helical azaheptalene, the chiroptical properties of which can be switched by an
electric potential, may help to pave the way for the development of stimuli-responsive materials.
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