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Fusion of Cyclohepta[def]fluorene Units: Toward Synthesis

of High-Spin Non-Benzenoid Nanographenes

Fupeng Wu,*® Yubin Fu,”® Wenhui Niu,®"® Fupin Liu,“® Renxiang Liu,” Zhenlin Qiu,"
Alexey A. Popov, Junzhi Liu,' Ji Ma,*®® and Xinliang Feng*®

Non-benzenoid diradicaloids possessing high-spin ground
states are attractive synthetic targets given their high potential
for spintronics and quantum computing. Nevertheless, the
synthesis of such compounds remains highly challenging due
to their inherent instability. In this work, we present the
synthetic attempt towards creating a non-benzenoid diradica-
loid (1) with a triplet ground state by fusing two
cycloheptaldeflfluorene units onto a benzene ring. Our syn-
thetic approach involves both oxidation and reduction path-
ways. In the oxidation path, we obtained the partially dehydro-
genated products 1+H and 1+4+2H containing an indeno[1,2-
blfluorene core from the tetrahydro precursor (2). However,
further dehydrogenation to afford the target molecule (1) did

Introduction

Open-shell nanographenes (NGs), or extended polycyclic hydro-
carbons (PHs), exhibiting a high-spin ground state, are garner-
ing significant interest due to their promising applications in
opto-electronics,  organic  spintronics, and  quantum
computing."™” This high-spin ground state is predominantly
observed in non-Kekulé systems, limited to the triangulenes
mainly prepared by on-surface synthesis under ultrahigh
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not proceed. On the other hand, with the reduction pathway, a
novel tetraketone precursor (9) with two pairs of pentagons
and heptagons was successfully synthesized. The subsequent
nucleophilic attack however was proved to be difficult probably
due to the unselective nucleophilic addition on the zigzag
nanographene ketones. Furthermore, UV-vis absorption, cyclic
voltammetry, and theoretical calculations were conducted to
explore the optical, electrochemical properties, and aromaticity
of all the obtained molecules (14+H, 1+2H and 9). Although
the desired target 1 is not achieved, our work provides insight
into designing novel high-spin non-benzenoid NGs based on
nonalternant cycloheptaldeflfluorene system.

vacuum conditions.®'? In contrast, non-benzenoid Kekulé

systems may also manifest an open-shell high-spin ground
state, accessible through topological engineering of the molec-
ular backbone of PHs.">'® As a representative example of a
non-benzenoid system, indenofluorene, composed of a con-
jugated array of fused 6-5-6-5-6 rings, serves as an interesting
case study."*?¥ The five indenofluorenes isomers (a-e) result in
a wide range of computed diradical character values from y,=
0.021 for the closed-shell singlet indeno[2,1-c]fluorene (a) to
yo=0.645 for the open-shell singlet indeno[2,1-b]fluorene (d)
then to the large y,=0.987 for the open-shell triplet indenol[1,2-
alfluorene (e) (Figure 1a), in which their electronic ground state
were also proved by experimental results."® However, non-
benzenoid high-spin diradicaloids have remained largely in-
accessible thus far due to the challenging synthesis caused by
their high reactivities, as well as the absence of suitable
building units.

Recently, the introduction of non-alternant units (i.e.,
azulene or heptalene) in the skeleton of NGs appears to be a
promising strategy for achieving the low highest occupied
molecular orbital and lowest unoccupied molecular orbital
(HOMO-LUMO) splitting, potentially leading to the access to
high-spin ground state in non-benzenoid NGs.””-** For example,
cycloheptal[deflfluorene (Figure 1b), one of seven non-alternant
pyrene isomers, was early predicted to possess an open-shell
nature with a triplet ground state.***” Until 2022, Our group™®
and Yasuda’s group® independently reported the synthesis of
cycloheptal[deflfluorene derivatives, including the triaryl deriva-
tive (g) and the benzo-extended analogue (h), respectively.
However, the experiment results showed that both of them
have the singlet ground state with a low-lying triplet state.
Consequently, the well-established Lieb’s theorem and Ovchin-
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Figure 1. (a) Resonance structures of indenofluorene isomers in closed- and
open-shell forms, with Clar’s sextets highlighted in black. The biradical
character indices (y,) are listed according to reported references."® (b) The
structure of cycloheptaldeflfluorene derivatives. (c) Fusion of two
cycloheptaldeflfluorene units onto one benzene ring. Spin nature of ground
state (S) is anticipated by the extension of Ovchinnikov rule (S=(Ns-Nu)/2,
Ns and Nu are present number of starred and unstarred atoms, respectively).

nikov rule do not effectively apply in non-benzenoid m-systems,
and accessing the triplet ground state in non-alternant systems
remains a challenging task, which motivates us to explore the
design and synthesis of other novel non-benzenoid NGs based
on the cycloheptaldefifluorene system.

Herein, we report our endeavors towards the synthesis of a
novel non-benzenoid diradicaloid, dibenzo[3,4:6,7]azuleno[8,1-
ab]benzo[6,7]cycloheptal[1,2,3,4-deflfluorene (1) (Figure 1c). Our
approach entails the lateral fusion of two
cyclohepta[def]fluorene units onto a single benzene ring, where
the gain of four Clar's sextets in the open-shell form, overcomes
the electron pairing in 1. As predicted by the extension of the
Ovchinnikov rule®® and DFT calculations, 1 possesses an open-
shell triplet ground state with a singlet-triplet energy gap (AEs)
of 1.00 kcal/mol (Figure S9). Based on different strategies
utilized in the final step to generate the radicals, our synthetic
approach includes both oxidation and reduction pathways. In
the oxidation pathway, we successfully synthesized a tetrahydro
precursor (2), that is, a derivative of 4,9,13,18-
tetrahydrodibenzo[3,4:6,7]azuleno[8,1-
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ab]benzo[6,7]cycloheptal1,2,3,4-deflfluorene. Unfortunately, the
final dehydrogenation to target 1 failed despite the enormous
efforts, yielding partially dehydrogenated byproducts 1+H and
1+2H based on the indenol[1,2-blfluorene backbone. It is
proposed that 1+H is an open-shell monoradical, exhibiting
good stability under ambient conditions (t;,,=122 h). For the
reduction pathway, we successfully achieved a novel tetra-
ketone precursor 9 with two pairs of pentagons and heptagons.
However, the subsequent nucleophilic addition reaction did not
proceed as expected possibly due to the nucleophilic attack at
the a-carbon in a 1,4-addition manner.*® Moreover, the optical
and electrochemical properties, electronic structures, and
aromaticity of the obtained products (1+H, 1+2H and 9) have
been fully investigated by UV-vis absorption and cyclic
voltammetry as well as DFT calculations. This work enriches the
structural diversity of indeno[1,2-b]fluorene-based non-alter-
nant NGs and provides insightful guidance for the design and
synthesis of non-benzenoid NGs with high-spin ground states.

Results and Discussion

The first synthesis attempt for the targeted diradicaloid (1)
involves oxidative dehydrogenation as the key step. As
shown in Scheme 1, a Suzuki coupling reaction between
commercially available 1,4-dibromo-2,5-diiodobenzene (3)
and (4-(tert butyl)phenyl)boronic acid (4) gave 2’,5'-dibromo-
4,4"-di-tert-butyl-1,1":4',1"-terphenyl (5) in 78% vyield. Then,
a Suzuki coupling between compound 5 and the reported 2-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yllisophthalaldehyde (6)*® yielded the key intermediate 2',5'-
bis(4-(tert-butyl)phenyl)-[1,1":4',1"-terphenyl]-2,2",6,6"-tetra-
carbaldehyde (7) in 42% yield. Afterwards, compound 7 was
treated with an excess of 2-mesitylmagnesium bromide to
give the diol, which was then subjected to Friedel-Crafts
alkylation promoted by BF;-OEt, to afford the key tetra-hydro
2 with a yield of 51% in two steps. The formation of the
pentagon-heptagon in this step leads to four stereocenters
and thus forms stereoisomers of 2. As detailed in Table S1,
various oxidative agents, solvents, reaction temperatures,
and reaction time were evaluated in the oxidative dehydro-
genation of 2, in which the reaction progress was monitored
by matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry. Different reagents, includ-
ing tetrachloro-1,4-benzoquinone (TCBQ), 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ), and potassium tert-butoxide,
were used to facilitate the oxidative dehydrogenation, but
only a partial dehydrogenation product 1+4+H or 142H were
detected. Additionally, a step-by-step synthesis method was
also explored, commencing with the dehydrogenation reac-
tion of compound 2, followed by the oxidation of the
partially dehydrogenated product 1+42H using various
oxidative agents. However, similar to previous attempts, only
some partially dehydrogenated or oxidized products were
observed. Furthermore, attempts were made to remove the
two remaining hydrogen atoms from compound 142H to
generate a dication, followed by the oxidation reaction to
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Scheme 1. (a) Towards synthesis of high spin diradicaloid (1) via oxidative
dehydrogenation approach. Reagents and conditions: (i) Pd(PPh;),, K,COs,
1,4-dioxane, 90°C, 24 h, 78 %. (ii) 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)isophthalaldehyde (6), Pd,(dba);, SPhos, K;PO,, Toluene/THF, 100°C, 48 h,
42 %. (iii) 2-mesitylmagnesium bromide, THF, RT, overnight; then BF;-OEt,,
CH,Cl,, RT, 40 min; 51 % in two steps. (iv) Different entry. Detailed reagents
and conditions of the oxidative dehydrogenation reaction are shown in
Table S1. HR MALDI-TOF MS of b) 1+H and c) 1+ 2H. Inset: experimental
(red solid line) and simulated (blue solid line) isotopic distribution patterns
of the mass peak.

yield the target product (1). However, the reaction did not
proceed when treated with triphenylcarbenium tetrafluoro-
borate (Table S1, Entry 23). Nevertheless, the partially dehy-
drogenated byproducts 1+H and 1+42H could be achieved
under the optimized reaction condition using four equiv-
alents of DDQ, chlorobenzene as the solvent, and stirring at
room temperature overnight (Table S1, Entry 15). After the
reaction, compounds 14+H and 1+42H could be separated
and purified by silica column chromatography. HR MALDI-
TOF mass spectra of 1+H and 14+2H show only one
dominant peak, displaying isotopic distribution patterns that
closely match their simulated spectra. (Scheme 1b and 1c).
The structure of 14+2H was further confirmed by single
crystal analysis, in which its single crystal was obtained by
slow evaporation of its dichloromethane/methanol solution.
In principle, compound 1+42H has two stereocenters, one at
the pentagon and another at the heptagon, leading to four
possible isomers. However, only the cis-isomer of 1+42H was
observed in its single-crystal structure (Figure S2-S3). It is
noteworthy to mention that both 14+H and 1+ 2H feature a
quinoid structures in their indenofluorene backbones, which
could contribute to stabilizing the structures. Additionally,
compounds 1, 1+H and 1+42H contain two pentagon-
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heptagon units and have the non-planar backbone, with the
mesityl-substitutions perpendicular to the molecular skeleton
(Figure 2 and Figure S5).

The UV-vis absorption spectra of 1+2H and 1+4H in
anhydrous DCM solutions are illustrated in Figure 3a. The
absorption spectrum of 1+ 2H exhibited a broad absorption

¢

3240 © r

36.5°
Figure 2. Optimized (UB3LYP/6-31G(d)) structures of 1 and 1+H as well as
X-ray crystallographic structure of 14 2H. Top view (a) 1, (b) 14+H, (c) 1
+ 2H. Side view (d) 1, (e) T+H, (f) 14 2H. All mesityl and t-Bu substituents

are omitted for clarity. Values show a dihedral angle of the non-planar
geometry structure.
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Figure 3. (a) UV-vis absorption spectra of 1+H and 1+42H in DCM (10~ M).
(b) Cyclic voltammograms of 1+H and 1+ 2H in DCM containing 0.1 M n-
Bu,NPF, at a scan rate of 0.1 Vs™'. Ferrocene was used as an external
standard.
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range from 450 to 650 nm, attributed to the absorption of
the quinoid structure in the indenofluorene backbone.
Specifically, compound 1+42H shows purple color in the
solution state (Figure S7) and displays a maximum absorption
peak (An.) at 564 nm, with an absorption onset at 601 nm,
corresponding to an optical energy gap (E, ™) of 2.06 eV,
which aligns with values reported for 6,12-diarylindeno(1,2-
blfluorenes derivatives (E,°": 2.05-2.20 eV).*" In contrast,
compound 1+H exhibited a deep green color in the solution
state. Compared to 1+ 2H, the UV-vis-NIR absorption spectra
of 1+H in DCM solution show a low-energy light absorption
band with an onset absorption wavelength of 1011 nm
(Figure 3a). According to the time-dependent density-func-
tional theory (TD-DFT) calculations (Figure S12 and Table S4),
this weak and low-energy absorption is a transition involving
the singly occupied molecular orbital (SOMO), which can be
attributed to its open-shell character. From the onset wave-
length of the absorption, the optical energy gap of 1+H is
estimated to be 1.23 eV. In addition, time-dependent UV-vis-
NIR spectra show that 14+H has persistent stability under
ambient conditions (Figure S8), with a half-life time t,,=
122 h. Furthermore, the electrochemical behavior of 142H
and 1+H were investigated by cyclic voltammetry (CV) in
anhydrous DCM. As illustrated in Figure 3b, 1+42H featured
two reversible oxidation waves with half-wave potential £,
values at 0.44 and 0.69 V, and one reversible reduction wave
with an E®,, at —1.75V. However, 1+H displayed one
quasi-reversible oxidation wave with E*,, values at 0.99V,
and two reversible reduction waves with an £, ,, at —0.59 V
and —1.74 eV. The HOMO/LUMO levels were estimated to be
—5.14 eV/—3.23 eV and —5.64 eV/—4.36 eV for 14+2H and 1+
H, respectively, according to the onset potentials of the first
oxidation/reduction waves. The electrochemical energy gaps
(E,") were thus calculated to be 1.91 and 1.28 eV for 1+2H
and 1+4H, respectively, which are in good accordance with
their optical energy gaps. Similar to the optical energy gap,
the £, of 1+ 2H also aligns well with the reported range for
6,12-diarylindeno[1,2-blfluorene derivatives (1.88-2.22 eV).""
The smaller band gap of compound 1+H may be attributed
to its open-shell character. In addition, the theoretical hyper-
fine coupling constants (HFCCs) of 14+H were estimated by
DFT calculations (Figure S9), and the electron paramagnetic
resonance (EPR) spectrum of 14H in the toluene solution
was conducted. However, a detailed analysis of 1+4+H signal
was not possible because of its superimposition with the
strong EPR signal from DDQ*" impurities (Figure S10).

Given the unsuccessful attempts in the oxidation path-
way, an alternative synthetic route for the targeted diradica-
loid (1) was developed, which involves the reduction of the
key tetra-ketone precursor 9 in the final step. As depicted in
Scheme 2, the tetra-aldehyde 7 was first oxidized by
potassium permanganate (KMnO,), yielding the tetracarbox-
ylic acid 8 in a quantitative yield. Initially, cyclization to form
compound 9 was unsuccessful when using concentrated
sulfuric acid or methanesulfonic acid. However, by combining
methanesulfonic acid with 10% polyphosphoric acid (PPA),"?
the cyclization of 8 was accomplished to afford tetra-ketone

Eur. J. Org. Chem. 2024, e202400408 (4 of 7)

Scheme 2. Towards synthesis of 1 via the reduction approach. Reagents and
conditions: (@) KMnO,, acetone/H,0, 60°C, 24 h, quant. (b) 10% wt PPA/
MsOH, 120°C, 2 h, 56 %. (c) 2-mesitylmagnesium bromide, THF, RT, over-
night. (d) SnCl,, DCM.

9 in 56% vyield. The chemical structure of compound 9 was
first confirmed by mass spectrometry and NMR spectroscopy.
Notably, the single crystal of 9 was obtained by slow
evaporation of its dichloromethane/methanol solution. As
shown in Figure 4a, tetra-ketone 9 also features two penta-
gon-heptagon pair units, with two seven-membered rings
incorporated into indeno[1,2-blfluorene-6,12-dione, leading
to a non-planar geometry characterized by a dihedral angle
of 34.9° (Figure S6). With tetraketone 9 in hand, nucleophilic
attack on 9 with 2-mesitylmagnesium bromide was at-
tempted. Unfortunately, the reaction did not produce the
desired tetra-alcohol 10; instead, various complex side-
products were formed, which may arise from a nucleophilic
attack on the a-carbon in a 1,4-addition reaction.”” Con-
sequently, the final reduction reaction of 9 to the high spin
diradicaloid (1) was not realized.
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Figure 4. (a) Top view and side view of the X-ray crystallographic structure
of 9 (ORTEP drawing with at the 50% probability level). (b) Molecular orbitals
and the energy diagrams of 9 calculated at the B3LYP/6-31G(d) level. (c) UV-
vis absorption spectrum of 9 in DCM (10~° M). The inset shows the zoom-in
spectrum of 400 to 600 nm. (d) Cyclic voltammograms of 9 in DCM
containing 0.1 M n-Bu,NPF, at a scan rate of 0.1 Vs™'. Ferrocene was used as
an external standard.
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According to the DFT calculation, compound 9 shows deep
energy levels of HOMO and LUMO (calculated values: —6.00 eV/
—3.12 eV, Figure 4b) due to the presence of four ketone groups
that have strong electron-withdrawing ability. The UV-vis
absorption spectrum of 9 in anhydrous DCM solution is
presented in Figure 4c. The spectrum of 9 showed a A, at 514
and 546 nm and an absorption onset at 578 nm, corresponding
to an optical energy gap of 2.15eV. The electrochemical
behavior of 9 was also investigated by CV in anhydrous DCM.
As shown in Figure 4d, compound 9 displayed two reversible
reduction waves with a half-wave potential £, of —1.26 V
and —1.68 (vs Fc+/Fc) and did not show any oxidation process
within the anodic potential range. The HOMO/LUMO energy
level of 9 was estimated to be —5.85 eV/—3.70 eV based on the
onset potentials of the reduction waves and the optical energy
gap. The deep HOMO level is in accordance with the calculated
results.

To gain deeper insight into electronic structures of 1, 1+
H and 1+42H, DFT calculations at the R/UB3LYP/6-31G(d)
level were performed. Both compounds 1 and 14+H are
open-shell molecules and 1 has a triplet ground state
(Figure S11). In contrast, compound 1+ 2H is calculated to be
closed-shell molecule, which is consistent with the exper-
imental results. To further analyze the aromaticity of 1, 1+H,
142H and 9, nucleus-independent chemical shift (NICS)**!
and anisotropy of the induced current density (ACID)*¥
calculations at the B3LYP/6-311 + G(d,2p) level of theory were
performed (Figure S13-16). In these four molecules, all the
NICS(1),, values of non-hexagonal rings (pentagons and
heptagons) are positive, suggesting their antiaromatic char-
acter (Figure 5, a-c and Figure S13-15). This antiaromatic
character of non-benzenoid rings is distinct from that of
azulene, in which both pentagonal and heptagonal rings
show aromatic character. Interestingly, the middle benzene
ring of 1, 1+H and 1+2H also exhibits positive NICS(1),,

values, which differ from that of indeno[1,2-b]fluorene. More-
over, these results are further supported by the anticlockwise
ring current flow in the non-benzenoid rings and the
diatropic ring current circuits in the peripheral benzene rings,
as shown in ACID maps (Figure 5d—-f and Figure S13-15).

Conclusions

In summary, we detail our endeavors toward the synthesis of a
novel azulene-embedded open-shell diradicaloid (1) with an
intrinsic triplet ground state, which can be viewed as the lateral
fusion of two cycloheptaldefifluorene units onto a single
benzene ring. We proposed two synthetic strategies, involving
oxidation and reduction approaches, aimed at generating the
diradicaloid 1. In the oxidation route, only the partially
dehydrogenated products 1+ H and 14 2H with an indeno[1,2-
blfluorene core were obtained from tetrahydro precursor (2).
However, further dehydrogenation to afford the target mole-
cule (1) did not proceed. With the reduction pathway, a novel
tetraketone precursor (9) with two pairs of pentagons and
heptagons was obtained. These derivatives represent novel
indenofluorene-based non-benzenoid PHs characterized by a
quinoid structure in the molecular backbone. Furthermore,
optical and electronic chemical properties of 1+H, 14+2H and
9 were thoroughly investigated. Additionally, the calculated
NICS and ACID results suggest the antiaromatic character of the
embedded non-benzenoid rings for 1+H, 1+2H and 9. This
work enriches the structural diversity of indeno[1,2-b]fluorene-
based derivatives and provides valuable guidance for the
design and synthesis of open-shell non-benzenoid NGs with
high-spin ground states.

Figure 5. NICS(1)zz values (a-c) and ACID plots (d-f) of 1, 14+H and 1+ 2H, respectively. The non-hexagonal rings were highlighted in black color. The
anticlockwise ring current flow on one of two pentagon-heptagon units is shown with red arrow.
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Toward High-spin Non-benzenoid Nanographene

Non-benzenoid diradicaloid (1) with a partially dehydrogenated products 1
triplet ground state was designed by +H and 1+ 2H containing an

fusing two cycloheptaldef]fluorene indeno[1,2-blfluorene core were
units onto one benzene ring. Our obtained. In the reduction path, a
synthetic attempts towards 1 involve new tetraketone precursor (9) with
both oxidation and reduction two pairs of pentagons and
pathways. In the oxidation path, heptagons was afforded.
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