Helical Nanographenes Embedded with Contiguous Azulene Units
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ABSTRACT: The azulene moiety, composed of contiguous pentagonal and heptagonal rings, is a structural defect that alters the electronic,
magnetic, and structural properties of graphenes and graphene nanoribbons. However, nanographenes embedded with an azulene cluster
have not been widely investigated because these compounds are difficult to synthesize in their pure form. Herein, azulene-embedded nanog-
raphenes bearing a unique cove-type edge were synthesized by a novel synthetic protocol. Experimental and theoretical investigations re-
vealed that this cove edge imparts stable helical chirality, unlike normal cove edges. The in-solution self-association behavior and the struc-
tural, electronic, and electrochemical properties were also described in detail.

The topology of r-electrons is one of the most crucial factors
determining the properties of nanographenes. Accordingly, consid-
erable efforts have been devoted toward synthesizing and elucidat-
ing the properties of topologically diverse nanographenes, whose
hexagonal rings are fused in different patterns.'* Researchers have
also been interested in introducing non-hexagonal rings, such as
pentagons,>’ heptagons,®1° or octagons,®*! to achieve unique op-
tical, electronic, and structural properties, distinct from those of =-
systems composed of only hexagonal units.

Among the non-hexagonal ring systems, the azulene structure,
composed of contiguous pentagonal and heptagonal rings, has been
attracting considerable attention because of its interesting proper-
ties distinct from those of typical benzenoids.*? In particular, the
azulene unit observed in graphenes as one of the structural defects
breaks the structural symmetry to alter mechanical, magnetic, and
electronic properties, as well as to open the non-zero band gap.13-
16 It is noteworthy that the azulene units in a single graphene mol-
ecule do not exist separately, but tend to accumulate to form clus-
ters.6 In graphene nanoribbons (GNRs), whose edge structures de-
termine their properties, the incorporation of azulene units results
in unique edge structures. For example, a “narrowed” variant of the
cove edge’-? (Figure 1b) can be considered, wherein the “cove”
comprises a contiguous 6-7—7-6 ring system instead of the four
hexagonal rings of a normal cove edge (Figure 1a).
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Figure 1. Structures of (a) “normal” cove edge and (b) its “nar-
rowed” variant.

Although considerable efforts have been devoted to theoretically
elucidate the nature of azulene-embedded graphenes and GNRs,*3-
16 detailed experimental investigations are still limited, probably

because preparation of such graphenes in a structurally uniform
manner is not a straightforward process owing to the isomerization
among 5-, 6-, and 7-membered rings.?222 The bottom-up chemical
synthesis of nanocarbons bearing model structures of such gra-
phenes can resolve this problem.?*-26 However, the bottom-up syn-
thesis of nanocarbons with multiple azulene units is still limited
because of the absence of reliable methods, unlike that of other
nanocarbons composed only of hexagonal rings and isolated non-
hexagonal ring(s).2"-° Pefia, Pascual and co-workers®! and Miillen,
Fasel, Feng and co-workers®232 addressed this issue by conducting
on-surface dehydrocyclization of rationally designed precursors to
incorporate azulene units into nanocarbons. Mastalerz,®* Zhang,®
and Chi®®also achieved in-solution construction of highly fused az-
ulene units via Scholl cyclization of ingeniously tailored precursors.
Recently, Konishi and co-workers reported the preparation of az-
ulene-embedded antiaromatic compounds by utilizing their aro-
matic dications as key intermediates.3” Despite these pioneering
works, appropriate methods for synthesizing highly condensed,
contiguous azulene structures, which appear in graphenes, have
hardly been investigated.?

Herein, we report a bottom-up chemical synthesis and proper-
ties of azulene-embedded nanographenes (1; Figure 2). Their con-
tiguous azulene structures condensed at the heptagonal rings were
designed as a model structure representing one of the contiguous
azulene units observed in graphenes. Compound 1 also has a helical
structure that is identical to the basic structure of the narrowed
variants of the cove edge. A newly developed photo-induced oxi-
dative cyclization of fluoranthene 2 to construct an azulene struc-
ture enables us to obtain the key intermediate 3, leading to the suc-
cessful generation of contiguous azulene units via further n-exten-
sion.
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Figure 2. Structural design of and synthetic strategy toward nanog-
raphene 1.

In our previous report on PAHSs,% we reasoned that constructing
an additional heptagon unit next to the pentagon of dibenzofluoran-
thene 2 would be a straightforward approach to obtaining a con-
densed azulene structure (3), because the pentagonal ring is sur-
rounded by multiple benzene rings (Figure 2). Unfortunately, it was
found that conventional m-extension reactions, such as intramolec-
ular Friedel-Crafts acylation and Scholl cyclization, are not suita-
ble for this purpose.®® After further investigation, it was established
that 2c consisting of an a-styryl moiety is a suitable precursor to
generate the desired azulene unit. Thus, activation of 2c by visible-
light irradiation (475 nm) in the presence of an oxidant resulted in
a clean conversion to 3c via oxidative cyclization (Scheme 1, Eq.
1). Both irradiation and DDQ were necessary for this reaction, as
irradiation without DDQ and irradiation-free DDQ treatment lead
to the decomposition and recovery of 2c, respectively. The utiliza-
tion of visible light positively affects reaction efficiency; UV-light
irradiation (low-pressure mercury-vapor lamp)* and heating to
250 °C caused low yields (52% and 40%, respectively). Based on
these control experiments as well as theoretical calculations, it can
be considered that ring-closure proceeds via photo-induced 107-
electrocyclization,*~433 although the possibility of radical mecha-
nism cannot be entirely dismissed.3® The synthetic utility of this
novel method was highlighted by its application for the synthesis
of boronate ester 3a (Scheme 1, Eq. 2), as the C-B hond on its hep-
tagonal ring would promote further m-extension via transition-
metal-catalyzed cross-coupling reactions.*

Scheme 1. Conversion of dibenzofluoranthene 2 to azulene
3 via visible-light-promoted oxidative cyclization.
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With boronate ester 3a in hand, we moved forward to the syn-
thesis of nanographene 1 (Scheme 2). The cross-coupling reaction
between 3a and triflate 5, which was prepared by the triflylation of
hydroxyfluoranthene 4,38 proceeded smoothly to generate 6 in 46%
yield. The Scholl reaction of 6 using the reagent combination of
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) and trifluoro-
methanesulfonic acid (TfOH) resulted in the formation of two C-C
bonds to afford the desired nanographene 1la. Attempts to generate
7 via the photo-induced oxidative cyclization from 6 were not suc-
cessful. Compound 1b (Figure 4a), whose substituents were re-
placed by bulky alkyl groups to improve solubility, was also pre-
pared via a similar method.%°

Scheme 2. Synthesis of nanographene 1a.
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The structural properties of 1a were investigated by X-ray crys-
tallography (Figure 3).%° The azulene structures in 1a showed sig-
nificant bond length alternation, varying between 1.39 A and 1.49
A, as observed in unsubstituted azulene (Figure 3b).46 The edge
shown as the bottom side in the figure is planar, and 1a was stacked
together on that side (Figures 3c and 3d). In contrast, the cove re-
gion has a significantly distorted helical structure, and the angle of
the eclipsed rings (shown as B and B’ in Figure 3a) is 46.9°, larger
than that of the normal cove edge (38°).1 The enantiomers arising
from this cove region were alternatively arranged with a distance
as short as 3.3 A, suggesting strong intermolecular n—r stacking
interactions (Figure 3c and 3d). Furthermore, the in-solution self-
association behavior is attributed to the strong intermolecular inter-
actions among planar regions: the *H NMR spectra of 1a showed
significant concentration dependence, i.e., the peaks of protons lo-
cated at the phenanthrene moiety shifted upfield as the concentra-
tion increased. These upfield-shifts resulted from face-to-face ag-
gregations,*” and the association constant (K2) in CDCI3/CS2 (1:1)
was estimated to be 74.1 £ 25.5 M1.3948



Figure 3. Crystal structure of 1a. Hydrogen atoms are omitted for clarity. (a) Top view (thermal ellipsoids are shown at 50% probability).
(b) Bond length of 1a (left) and azulene (right). (c) Top and (d) side views of the packing structure.

To elucidate the nature of narrowed-cove structure of 1 compris-
ing a contiguous 6-7-7-6 ring system, we focused on its racemiza-
tion barrier. The enantiomers of 1b could be separated by chiral
HPLC, and the two separated fractions showed clear mirror-sym-
metric CD spectra (Figure 4a). The stable helicity of the 6-7-7-6
rings is in clear contrast to that of the normal cove structure com-
prising a [4]helicene structure, which racemizes immediately.7:49
Theoretical calculations revealed a high racemization barrier of the
model structure (1c; AG Yl = 29.2 kcal/mol), which lies between
those of [5]helicene and [6]helicene (Figures 4b and 4c).%° This the-
oretically estimated racemization barrier is in good agreement with
the experimentally estimated one (AH* = 29.6 kcal/mol), supporting
the calculated racemization mechanism.%® The achievement of this
high racemization barrier is attributed to the presence of a highly
distorted transition state necessitated by the large interior angle of
the 7-membered ring.

The nucleus-independent chemical shifts (NICS) were calcu-
lated to gain insight into the local aromaticity of each ring (Figure
5). According to the calculations, all hexagonal rings showed neg-
ative NICS(1) values, confirming their aromatic character. In detail,
the naphthalene-like A-B ring system showed higher NICS(1) val-
ues than naphthalene®® (—10.7 ppm), suggesting the weaker local
aromaticity of these rings. Similarly, the phenanthrene-like E-F-G
ring system showed higher NICS(1) values than the unsubstituted
phenanthrene.> The weaker local aromaticity of these hexagonal
rings can be attributed to the n-conjugations between the A-B and
E—F-G ring systems in the embedded azulene structures. The pen-
tagonal rings (C and H) and the heptagonal ring (D) showed nega-
tive NICS(1) values (—17.8 ppm and —7.82 for pentagonal and hep-
tagonal rings, respectively), indicating that these rings have signif-
icantly weaker aromaticity than unsubstituted azulene®!, presuma-
bly due to the fused benzene rings (A, B, F, and G).
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Figure 4. (a) CD spectra of 1b (1.0x10* M in hexane). (b) Com-
puted racemization process of the model compound, 1c. Relative
Gibbs free energies (kcal/mol) are given in parentheses. (c) Com-
parison of the racemization barriers among 1c and helicenes. Rac-
emization barriers (kcal/mol) are shown in parentheses.
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Figure 5. NICS(0) and NICS(1) values of 1c. NICS(1) values are
given in parentheses.

The UV-vis absorption spectra showed two weak bands at 660
and 600 nm and two strong bands at 477 and 404 nm in the visible
region (Figure. 6a). According to the TD-DFT calculations, the
weak bands at 660 and 600 nm could be assigned to HOMO —
LUMO (Acaic = 635 nm, f =0.062) and HOMO-1 — LUMO tran-
sitions (Acaic = 584, f = 0.036), respectively (Figure. 6b). The strong
band at 477 nm was assigned to the HOMO — LUMO+1 (Acaic =
548, f = 0.247) and HOMO-2 — LUMO (Acaic = 513, f = 0.421)
transitions. The HOMO s largely distributed over the E-G-F and
C-D rings, and the local shapes are similar to those of unsubstituted
phenanthrene and azulene, while the energy level is higher (1a,
—5.36 eV; phenanthrene, —6.18 eV; azulene, -5.67 eV).*® The
LUMO distribution shows dibenzofulvene-like character on the G-
H-G’ rings and exocyclic double bond of H ring and affirms the
azulene-like character on the C-D ring system, with a lower energy
level (—2.88 eV) than those of dibenzofulvene (—2.04 eV) and az-
ulene (—2.36 eV).%®
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Figure 6. (a) Experimental UV-vis absorption spectra (1.0x10* M
in CH2Cl2) and (b) molecular orbitals of 1a.

The CV analysis confirms that 1b is stable over both electro-
chemical oxidation and reduction; it shows three oxidation peaks at
0.47,0.69, and 1.0 V and one reduction peak at—1.5 V (vs. Ag/Ag*)
(Figure 7a). In CV and DPV voltammograms, the first oxidation
peak was split into two small peaks (P1 and P2). Variable-concen-
tration DPV analysis (Figure 7b) suggested that this splitting of the
oxidation peaks resulted from the self-association characteristic of
1b; as P1 weakened with decreasing concentration, whereas P2
strengthened, P1 and P2 can be assigned as the oxidation peaks of
aggregated and monomeric species, respectively.
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Figure 7. (a) CV voltammogram of 1b (2.0x103 M in CH2Cl2).
(b) Variable-concentration DPV voltammogram of 1b in CH2Cl>.

In summary, a novel method for the construction of a highly con-
densed azulene unit has been developed to synthesize nanogra-
phene 1, featuring embedded contiguous azulene units and a nar-
rowed cove-type edge. Experimental and theoretical results indi-
cated that the cove-type region imparted stable chirality, in contrast
to normal cove edges. The X-ray diffraction analysis, variable-con-
centration NMR, and DPV revealed the tendency of 1 to stack via
n—m interactions both in the crystal form and in solution.
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