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Alexey A. Popov, Ji Ma,* and Xinliang Feng*

Abstract: The research interest in azulene-embedded
polycyclic aromatic hydrocarbons (PAHs) has signifi-
cantly increased recently, but the lack of efficient
synthetic strategies impedes the investigation of their
structure-property relationships and further opto-elec-
tronic applications. Here we report a modular synthetic
strategy towards diverse azulene-embedded PAHs by a
tandem Suzuki coupling and base-promoted Knoevena-
gel-type condensation with good yields and great
structural versatility, including non-alternant thiophene-
rich PAHs, butterfly- or Z-shaped PAHs bearing two
azulene units, and the first example of a two-azulene-
embedded double [S]helicene. The structural topology,
aromaticity and photophysical properties were inves-
tigated by NMR, X-ray crystallography analysis and
UV/Vis absorption spectroscopy assisted by DFT calcu-
lations. This strategy provides a new platform for rapidly
synthesizing unexplored non-alternant PAHs or even
graphene nanoribbons with multiple azulene units. )

Introduction

Non-benzenoid non-alternant polycyclic aromatic hydro-
carbons (PAHs) have gained considerable interdisciplinary
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attention in the past decade due to their special chemical
reactivity, intriguing optoelectronic properties, and potential
applications in organic electronics.! In particular, embed-
ding an azulene unit, composed of a fused pentagon-
heptagon (5-7 membered rings) pair, into n-extended PAHs
has been intensively studied in recent years because it can
modulate the electronic structures, molecular orbital charac-
teristics, and geometries of the original alternant n-systems,
leading to unprecedented chemical and physical properties,
such as a narrow energy gap, abnormal anti-Kasha behavior,
and significant open-shell character.”) The classical methods
to construct an azulene unit, such as Ziegler-Hafner’s
azulene synthesis from pyrylium salts,”! Nozoe’s synthesis
from troponoids, [842] cycloaddition of 2H-cyclohepta-
[b]furan-2-ones with enamines,”’ and [6+4] cycloaddition of
fulvenes,” have been widely used for preparing azulene
extended derivatives with different functionalities. However,
these approaches are difficult to be applied to construct
large azulene-embedded PAHs due to the low reactivity and
difficult access to the corresponding benzo-fused
precursors.® In addition to commencing the synthesis of
these fascinating molecules from the parent azulene,” a
surge of methods have been recently developed by us and
others to in situ construct azulene subunits in the large n-
systems either by on-surface synthesis®™ or by in-solution
chemistry (Figure 1a), such as the Scholl-type cyclization,”*
intramolecular ~ Friedel-Craft reaction followed by
aromatization,"”! alkyne annulation,"! Pd-catalyzed [5+2]
annulation” and photo-induced cyclization, etc. Despite
significant recent progress, the above transformations usu-
ally require multi-step synthesis of the specific precursors,
and some  products result from  unpredicted
rearrangement”® or insertion reactions."'*?! For example,
the most commonly used Scholl reaction™ under acidic
conditions with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ)/acid or FeCl; to prepare non-alternant PAHs is
sometimes difficult to be predicted,’ and is not a control-
lable tool for the construction of acid-sensitive pentagon-
heptagon system.['” Therefore, the development of a rela-
tively simple and broadly applicable synthetic strategy
toward structurally diverse azulene-embedded PAHSs is
highly desirable.

Recently, the Knoevenagel-type condensation reaction
has been successfully utilized as a powerful tool to construct
C=C bonds in alternant or non-alternant m-extended
PAHs,™ polyacene-type graphene nanoribbons!"” and even
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Figure 1. a) Representative known methods for the synthesis of
azulene-embedded PAHs; b) Modular and efficient synthesis of
azulene-embedded PAHs in this work.

vinylene-linked 2D conjugated polymers.'¥ For example,
Mastalerz et al. reported the construction of diarenopery-
lenes through intramolecular condensation reaction in 2016
and later extended this strategy towards the synthesis of
benzo-fused perylene oligomers.** In 2021, Scherf et al.
also succeeded in the synthesis of a flexible graphene
nanoribbon comprising a polyacene skeleton via a base-
mediated condensation approach from a suitably functional-
ized polymer precursor.'”! Inspired by the high efficiency
and flexible reaction conditions of Knoevenagel-type con-
densation, we envisioned that this transformation would be
viable for further exploration of the in situ construction of
the pentagon-heptagon pair (or azulene unit) in m-conju-
gated carbon framework, instead of the common hexagon-
hexagon pair. To realize our hypothesis, we designed and
synthesized a class of novel azulene-embedded PAHs with
varied structures (la-1r, 18 examples), including the
benzene-, furan- or thiophene-condensed PAHs, butterfly-
and Z-shaped large non-alternant PAHs, and a two-azulene-
embedded double [S]helicene (Figure 1b), through a general
two-step sequence: a Suzuki coupling of the indene unit with
a carbonyl moiety, followed by a Knoevenagel-type con-
densation reaction as the final cyclization step. The feasible
condensation step features good yields (up to 96 %) and
great functional group tolerance since the two different aryl
parts of substrates (Ar' and Ar?) could be modified by
diverse motifs and substituents. It is worth mentioning that
the in situ condensation to afford azulene-embedded PAHs
directly could also be realized from the biaryl precursor by
increasing the amount of base in the Suzuki coupling
reaction step, as exemplified by thiophene-fused product
1m. The molecular geometric structures of representative
examples containing one azulene (1k) or two azulene units
(1p, 1q) were unequivocally identified by single-crystal X-
ray diffraction. Their aromaticity, electronic structures, and
optical properties were fully investigated based on bond
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analysis, nucleus-independent chemical shifts (NICS), aniso-
tropy of the induced current density (ACID), and the UV/
Vis absorption spectroscopy and cyclic voltammetry.

Results and Discussion

We commenced our study on the base-promoted Knoevena-
gel-type intramolecular condensation reaction of rationally
designed molecular precursor 5-(fert-butyl)-2'-(1H-inden-2-
yl)-[1,1"-biphenyl]-2-carbaldehyde (2a) containing the
indene unit (connect to Ar' apart) and carbonyl unit (in Ar?
part). Remarkably, the addition of a strong base (+~-BuOK)
in the reaction system smoothly proceeded to furnish the
desired 6-(tert-butyl)tribenzo[a,e,g]lazulene (1a) with a high
yield of 83 % (Table 1). To examine the applicability of this
strategy, a series of structurally diverse precursors (2b—2m)
with different Ar' and Ar? parts were synthesized with a

Table 1: Synthesis of non-alternant PAHs containing one azulene
unit.®
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[a] Reaction conditions for Ta-1e: 2 (1.0 equiv), +-BuOK (2.5 equiv) at
r.t. for 30 min; reaction conditions for 1f~1m: 2 (1.0 equiv), +-BuOK
(2.5 equiv) at 0°C for 20 min.
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high yield of 57-93 % through the Suzuki coupling reaction
of indene-based aryl boronic esters with the commercially
available formyl aryl halides (see Support Information for
the details). To our delight, all the substrates worked well
under this condensation reaction condition promoted by #-
BuOK, providing the corresponding azulene-embedded
PAHs (1b-1m) in consistently excellent yields (up to 96 %,
Table 1). It is noteworthy that the substrates with the
heterocyclic ring in the Ar® part were also compatible under
the current conditions, offering the furan- and thiophene-
fused azulene-embedded products (1¢ and 1d) in 92 % and
86 % yield, respectively. Notably, the precursors containing
the thiophene ring in the Ar' part were demonstrated to be
more efficient for the condensation reaction, no matter
whether the Ar® part has either electron-donating (—OMe
and -dioxole group) or electron-withdrawing groups (—CF;
and —F), providing the corresponding azulene-embedded
PAHs with relatively higher yields from 82 % to 96% (1f-
1k). Furthermore, the present method was highlighted by
the introduction of two heterocycles in Ar' and Ar® parts to
prepare the heteroatom-rich azulene-embedded PAHs (11
and 1m) in 85% and 94% yields, respectively. The
successful synthesis of thiophene-fused azulene-embedded
PAHs provides the possibility for further functionalization
and application as organic electronic materials.

Considering the high efficiency of the above condensa-
tion reactions under mild and simple basic conditions, we
envisioned that a cascade reaction of Suzuki coupling /
Knoevenagel-type condensation in one pot would be
possible through a suitable catalyst and base system. In this
respect, we were pleased to find that 2-dodecylbenzo-
[1,2]azuleno[4,5-b:7,6-b']dithiophene (1m) possessing the
thiophene units both in Ar' and Ar’® parts was achieved in
21 % yield together with 2m (71 % yield) from the starting
materials 3m and 4m in one pot under the Suzuki reaction
condition in the presence of 1.25equivalent of K,CO;
(Scheme 1). Interestingly, the yield of 1m could be im-
proved to 62 % when increasing the amount of K,CO; to
6.0 equivalent. This straightforward one-pot process pro-
vides an operationally simple and economically friendly way
to prepare thiophene-rich azulene-embedded PAHs that
remains rare in previous reports.

Encouraged by the efficient synthesis of the above non-
alternant PAHs with one azulene unit, we further explored
the feasibility of this synthetic strategy for constructing
larger PAHs containing two azulene units with different
structural topologies (1n-1t in Table 2). Precursors 2n and
20 were prepared from the same indene-based intermediate
with different aldehydes, which successfully provided two

3m (1.0 equiv.) 4m (1.5 equiv.) 2m

n=125 1% 21%

n=6.00 trace 62%

Scheme 1. One-pot synthesis of azulene-embedded PAH 1m.
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Table 2: Synthesis of non-alternant PAHs containing two azulene
units.®

t-BuOK, THF, 0°C
2n-2r ——————— > 1nir

Precursor Product Precursor Product

Ogoo OQOO
¢y
QQOO D

2r 1r, 33% 1s 1t

[a] Reaction conditions: 2 (1.0 equiv), +-BuOK (3.0 equiv) at 0°C for
30 min.

benzo- or thiophene-fused butterfly-shaped PAHs, light-red
solid 1n and green solid 1o, via two-fold Knoevenagel-type
condensation reaction in 47 % and 36 % yields, respectively.
Furthermore, another two azulene-embedded PAHs with
the Z-shape topology (1p and 1q) were prepared by using a
similar approach with higher yields of 57% and 63 %,
respectively. We found that in the condensation reaction
step the installation of bulky n-dodecyl (Cj,H,s) or tert-butyl
groups on the molecular periphery might promote the
cyclization process because the synthesis of both 1s with no
substituents and 1t with trifluoromethyl (CF;) groups
resulted in the decomposed side products (see Supporting
Information, Figure S4). Notably, this strategy also provides
a practical synthetic approach for the construction of
azulene-embedded helicenes. For example, the two-fold
condensation reaction of diquinone precursor 2r gave
azulene-embedded double [S]helicene 1r as a dark-brown
solid in 33 % yield, which represents the first double
heterohelicene containing two azulene subunits. Therefore,
our method revealed a controllable process for constructing
fused pentagon-heptagon pairs in large PAHs from easily
prepared precursors that are difficult to access by current
other methodologies.

The chemical structures of three representative azulene-
embedded PAHs 1k, 1p, and 1q were revealed by the X-ray
crystallographic analysis,'” and the optimized structure of
double [S]helicene 1r was also provided for comparison
(Figure 2). The thiophene-fused PAHs 1k and 1q have a
nearly planar backbone with very small dihedral angles
ranging from 0.03° to 4.17° in the bay regions (Figures 2a
and c). In contrast, benzo-fused compound 1p displays a
twisted geometry with large torsional angles of 13.38° to
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Figure 2. X-ray crystallographic structures of a) 1k, b) 1p, c) 1q as well
as the optimized structure of d) 1r ((M, M)-isomer is presented here).
Alkyl substituents and H atoms are omitted for clarity (azulene unit
and thiophene ring are colored in pink and green, respectively, for
better visualization; one azulene-embedded [5]helicene unitin Tris
highlighted with light yellow color).

34.10°, resulting from the large steric repulsion occurring
between the hydrogen atoms in the bay positions (Figur-
es 2b). In addition, compounds 1k and 1q exhibit weak n-n
interaction on account of the long n-dodecyl side chain,
while compound 1p shows a close packing distance of
3.68 A (Figure S6). The azulene-embedded double
[5]helicene 1r possesses a significantly distorted helical
structure (Figure 2d) and gives a mean value (24.70°) of
three torsional angles for the inner rim of [5]helicene unit,
which is larger than that of the pristine [S]helicene (22.63°)
and the azulene-embedded [S]helicene (17.73°).**! DFT
calculation displayed that the racemate isomer (M, M) of 1r
is thermodynamically more stable than its isomer (P, M) by
11.5 kcalmol ™' in terms of Gibbs free energy (Figure S31).
Besides, the interconversion between (M, M) and (P, M)
was proposed to occur through a transition state with the
face-to-face terminal benzene rings, of which the isomer-
ization barrier is computed to be 32.4 kcalmol™' at 300 K
that is quite larger than the pristine [S]helicene
(24.4 kcalmol™) and the azulene-embedded [5]helicene
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(12.78 kcalmol!).?**! Moreover, the above four non-alter-
nant PAHs have similar bond length alternation in the inner
azulene unit, where the double bond formed by Knoevena-
gel-type condensation reaction gives the shortest bond
length (1.350 A for 1k, 1.345 A for 1p, 1.355 A for 1q and
1.373 A for 1r, respectively) that are slightly longer than
those in typical olefins (1.33-1.34 A). These observations
indicate that the new C=C bond generated by condensation
still possesses an olefinic double bond feature, which could
provide the possible reaction site for further functionaliza-
tion.

The UV/Vis absorption spectra of the as-synthesized
non-alternant PAHs (la-1r) were recorded in anhydrous
chloroform (CHCl;) to understand their structure and
optoelectronic property relationship (Figure 3). For the
azulene-embedded PAHs with two benzene rings in both
Ar' and Ar® parts (la, 1b, le), their UV/Vis spectra
exhibited intensive absorption in the range of 300-410 nm
with a broad absorption maximized at 449 nm (Figure 3a).
Compounds 1d with the furan ring and le with the
thiophene ring in the Ar” part showed a significant red-shift
of the broad longest-wavelength absorption with the maxima
at 489nm and 501 nm, respectively, which could be
attributed to the electron-rich nature of the furan and
thiophene rings. In addition, the PAHs with thiophene ring
(1f-1k) in the Ar' part exhibited almost similar absorption
spectra to that of le (Figure 3b). Notably, 11 and 1m,
containing two heterocyclic rings both for the Ar' and Ar?
parts, gave a slight red shift of the longest-wavelength
absorption maxima in comparison to their mono-hetero-
cycle-embedded counterparts, which may cause by the
characteristic n-n* transitions or charge transfer process
based on the orbital analysis during the excited states and
solvent-dependent absorption spectra (Figure S16). There-
fore, the measured optical energy gaps for 1la-1m range
from 2.2eV (la) to 1.76 eV (1m). The broad absorption
bands of these compounds are well reproduced by TD-DFT
calculations, in which the lowest-energy broad absorption
bands are attributed to the S,—S,; transition with small
oscillator strength (Figures S17-26). In contrast, the molar
extinction coefficient of the PAHs with two azulene units
(In-1r) is slightly stronger than that of one-azulene-
embedded PAHs mentioned above because of the extended

— 0.8

— 1d
le

0.0

300 400 500 600 700 300 400
Wavelength (nm)

Wavelength (nm)

500 600 700 300 400 500 600 700 800
Wavelength (nm)

Figure 3. UV/Vis absorption spectra of Ta-1e (a), 1f~1m (b), and 1n-1r (c) were recorded in 1.0x107° M CHCl;.
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n-conjugation (Figure 3c). The longest-wavelength absorp-
tion of 1n-1r was observed, ranging from 497 to 455 nm,
while their absorption onset was found to range from 597 to
714 nm, giving the corresponding optical energy gaps of
2.07 eV to 1.73 eV. It is noteworthy that double [S]helicene
1r exhibits intensive absorption around 460 nm, which is
quite different from other PAHs in this system. Further-
more, the obtained azulene-embedded PAHs exhibited
negligible emission under 365 nm irradiation owing to the
intrinsic anti-Kasha behavior of the embedded azulene unit.
Normally, azulene-embedded PAHs demonstrate an anti-
Kasha emission feature, in which the fluorescence is prone
to emit from the S, or higher states to the ground state (S).
However, the obtained azulene-embedded PAHs exhibited
negligible emission under 365 nm irradiation. To identify the
anti-Kasha emission feature for our azulene-embedded
PAHs, TD-DFT calculations for the emission transitions
based on the selected compounds (1a, 1¢, 1d, 1n, 10, and
1r) were performed and discussed in detail. As depicted in
Table S13-18, the calculation results suggest that the S;—S,
transition of the azulene-embedded PAHs is weak (the
oscillator strength f<0.2). Especially for 1¢, 1d, and 1r, the
S,—S, transition is nearly forbidden (f<0.1), indicating the
possible anti-Kasha emission feature.” This phenomenon is
similar to other reported ones in azulene-based
derivatives.’*" The electrochemical behavior of the selected
compounds (1k, 1m, 1q, and 1r) was also investigated by
CV measurement in degassed and dry CH,Cl, (Figure S7).
The one-azulene-embedded compounds 1k and 1m exhib-
ited pseudo-reversible and one irreversible oxidation waves
with half-wave potentials at 0.16 V/0.28 V and 0.28 V/0.62 V
(vs. Fc/Fc"), respectively. And compounds 1q and 1r,
possessing two azulene units, displayed two pseudo-rever-
sible oxidation waves with half-wave potentials at 0.18 V/
0.79V and 0.42V/0.76 V (vs. Fc/Fc"), respectively. The
experiment HOMO levels were estimated to be —4.89,
—4.84, —490, and —-5.05V for 1k, 1m, 1q, and 1r,
respectively, based on the onset potentials of the first
oxidation waves. Accordingly, their experiment LUMO
levels are calculated to be —2.91, —3.08, —3.15, and —3.32 V,
respectively, based on the corresponding optical energy
gaps.

To gain more insights into the local aromaticity of the
obtained azulene-embedded PAHs, the nucleus-independ-
ent chemical shift (NICS) and the anisotropy of the induced
current density (ACID) for all the obtained compounds 1a—
1r were calculated.” Accordingly, the NICS(1),,..,, values
for all obtained compounds reveal that the five-membered
and seven-membered rings in most compounds demonstrate
opposite values, indicating their aromatic or weak aromatic/
antiaromatic characters, respectively (Figure S27). As shown
in Figure 4a, the NICS(1),,.,, values of 1k were calculated
to be —20.3 (ring A), —11.7 (ring B), —11.3 (ring C), —2.9
(ring D) and —16.3 ppm (ring E), respectively, suggesting
that the central seven-membered ring has weaker aromatic-
ity than its peripheral rings. Interestingly, the NICS(1),, 4y,
values of the seven-membered rings in 1p and 1q became
positive around 2.3 to 4.1 ppm (Figure 4b and c), revealing
their weak anti-aromaticity mostly resulted from the

Angew. Chem. Int. Ed. 2023, 62, €202219091 (5 of 7)

Research Articles

Angewandte

intemationaldition’y) Chemie

Figure 4. DFT calculated NICS(1)zz-avg values and ACID plots of 1k
(@), 1p (b), 1q (c) and 1r (d) at the GIAO-B3LYP/6-31 4+ G(2d,p) and
B3LYP/6-31G(p) level, respectively. Alkyl substituents in the ACID
Figures are omitted for clarity.

diatropicity of the surrounding aromatic rings. For 1r, the
NICS(1),,.4, value of seven-membered rings is —0.5 ppm for
ring B and 2.2 ppm for ring J, respectively, which might be
induced by the asymmetric feature of the double helicene
units (Figure 4d). In addition, the NICS(1),,.,,, values of the
five-membered rings in 1r are —1.1 (ring C) and —6.8 (ring
I), respectively, indicating their weak aromaticity. In con-
trast to the central aromatic benzene rings in 1p
(—20.5 ppm, ring E) and 1q (—18.4 ppm, ring E), the central
benzene ring in 1r is significantly different with a NICS(1),,.
avg Value of 3.0 ppm (ring F), and this could be rationalized
by the strong diatropicity effect of its adjacent two benzene
rings. The above-calculated aromaticities coincided well
with the alternant bond length analysis of 1r, which can be
explained by its highly distorted backbone. Furthermore, the
NICS data of all the PAHs is further validated by ACID
calculations. Based on the ACID results, the clock-wise
diatropic current flow is on the five-membered rings while
the counter-clockwise paratropic ring current is on the
seven-membered rings (Figure 4 and Figure S29).

Conclusion

In conclusion, we presented the synthesis of a new family of
azulene-embedded PAHs (la-1r) through a simple and
efficient synthetic strategy, involving the Suzuki coupling
and subsequent Knoevenagel-type condensation starting
from the corresponding easily accessible precursors. The
condensation process features simplicity scalability, and
modularity as well as good-to-excellent reaction yield. The
wide variety of the obtained non-alternant PAHs, including
the azulene-embedded thiophene-rich PAHs and the first
case of two-azulene-embedded double [S]helicene, enabled
us to understand the relationship between their structural
topology, aromaticity, and photophysical properties. Impor-
tantly, we found that the thiophene rings fused to the
azulene core can significantly impact the reactivity of the
condensation reaction and improve the stability of the large
non-alternant PAHs as well as extend their n-conjugations.
Further studies on the application of this strategy for the
construction of novel non-alternant nanographenes with

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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contiguous azulene units and azulene-based graphene nano-
ribbons are currently ongoing in our laboratory.
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