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Diradical polycyclic hydrocarbons (PHs) have unique open-shell structures and interesting physical prop-
erties. However, owing to high reactivity of unpaired electrons, such open-shell organic diradicaloids are
usually less stable than closed-shell systems, limiting their practical applications. In this study, we report
P=0-attaching of diradical PHs as a new strategy to enhance their stability while maintaining diradi-
cal properties. Three P=0-attached PHs containing the indeno[1,2-b]fluorene, fluoreno[3,2-b]fluorene and
indeno[2,1-b]fluorene m-skeletons, respectively, were designed and synthesized. As theoretically and ex-
perimentally proved, two of them have the relatively large diradical characters and open-shell singlet
diradical nature. In comparison to their all-carbon analogues, the attached electron-withdrawing P=0
groups endow them with much lower LUMO/HOMO energy levels but preserved magnetic activities and
physical properties, such as thermally accessible triplet species and multi-redox ability. Moreover, the
P=0 groups effectively decrease their oxidation activities and thereby lead to their remarkably excellent
ambient stabilities. Thus, this P=0-attaching strategy will be applicable to other diradical PH systems and

Keywords:

Polycyclic hydrocarbons
Open-shell structure
Diradical character
Stability

Oxidation activity

may promote the generation of stable organic diradicaloids for radical chemistry and materials.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Much attention has been paid to diradical polycyclic hydro-
carbons (PHs), because they have unique open-shell electronic
states and are potential functional materials in organic electron-
ics and spintronics, as well as energy and biological fields [1-5].
However, owing to high reactivity of unpaired electrons toward
oxygen, moisture or other electrophiles, such open-shell organic
diradicaloids are usually less stable than closed-shell systems,
limiting their practical applications (Fig. 1a) [6-8]. To stabilize
these reactive radicals, incorporation of the bulky groups (such
as mesityl and 2,6-dichlorophenyl) at the radical site has been
widely used to achieve kinetical blocking stabilization [9,10]. Ex-
tension of m-conjugated frameworks may promote the radicals to
delocalize over the whole m-skeletons for thermodynamic stabi-
lization [11,12]. Following these two approaches, a variety of di-
radical PH systems with diverse topological structures and in-
teresting properties have been developed, such as indenofluo-
renes (Fig. 1b), bisphenalenyls, anthenes and zethrenes, as well as
quinodimethane-embedded macrocycles [13-26]. Despite of these
great advances, it is still needed to develop new strategy for sta-
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bilizing radicals and enhancing stability of organic diradicaloids,
which are crucial for radical chemistry and materials.

Incorporation of heteroatoms onto PHs have developed as an
effective approach to modulate their electronic structures and di-
radical properties [27-36]. For example, the S atom may endow
diradical fluorenofluorene derivatives with moderately strong di-
radical character (y) but large singlet—triplet energy gap (AEs_t)
and excellent stability, which are rarely realized for all-carbon di-
radicaloids [37]. Introduction of the N atom into indenofluorene
derivatives can efficiently tune the spin density and thus afford
a stable triplet diradical PH [38]. Our study focused on doping
the B atom into PHs to construct B-doped conjugated m-systems
[39-43]. We found that the as-developed B-containing organic di-
radicaloids have good stability and Lewis acidity, further leading to
supramolecular diradicaloids via Lewis acid-base coordination. In
this context, we envisioned that other heteroatom, such as P, fea-
turing unusual electronic effects has the potential to greatly modu-
late physical properties of diradical PHs and thereby to expand or-
ganic diradicaloids, but the research has very rarely been explored
[44,45].

In this study, we report P=0-attaching of diradical PHs as a
new strategy to enhance their stability while maintaining diradi-
cal properties. We designed and synthesized three P=0-attached
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Fig. 1. (a) Schematic illustration of the P=O-attaching strategy toward diradical
PHs. (b) Examples of previously reported diindeno-based PHs (1-3). (c¢) Chemical
structures of P=0-attached PHs (4-6).

PHs (4-6) that have the m-skeletons of indeno[1,2-b]fluorene (1),
fluoreno|3,2-b]fluorene (2) and indeno[2,1-b]fluorene (3), respec-
tively (Fig. 1c) [13-15]. The detailed theoretical and experimental
studies demonstrate that 5 and 6 have the large diradical charac-
ters and open-shell singlet diradical nature, whereas 4 is a closed-
shell molecule. Notably, in comparison to the all-carbon analogues,
5 and 6 exhibit much lower LUMO/HOMO energy levels but pre-
served diradical properties. More importantly, both of them ex-
hibit remarkably high stabilities at ambient condition. The essence
for stabilization is attributed to the electron-withdrawing ability
of the P=0 group, which can decrease the oxidation activity and
thereby enhance stability of the quinoidal w-skeletons. This P=0-
attaching strategy may be applicable to other diradical PH systems,
and thus will lead to the generation of stable P=0-based organic
diradicaloids.

The synthesis of the P=O0-attached PHs 4-6 is shown in
Scheme 1. Starting from boronate-ester-functionalized triph-
enylphosphine oxide 7, we synthesized 4, 5 and 6 in four steps
based on the Suzuki-Miyaura cross-coupling, nucleophilic addi-
tion, intramolecular Friedel-Crafts alkylation and oxidative dehy-
drogenation reactions. The final oxidative dehydrogenation reac-
tion was performed on the dihydro-precursors 9/11/13 using t-
BuOK in commercial CH,Cl, under air, and this reaction condition
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Scheme 1. Synthesis of 4, 5 and 6. Conditions: (a) Pd(PPhs),,
bromide, THF, 25 °C; (ii) BF5-Et,0, CH,Cly, 25 °C. (d) t-BuOK, CH,Cl,, 25 °C.
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Fig. 2. Single-crystal structures of (a) 4 and (b) 5 along with selected bond lengths
(50% probability for thermal ellipsoids). Hydrogen atoms are omitted for clarity.

was rarely employed in the synthesis of the all-carbon indenoflu-
orenes. The desired compounds 4, 5 and 6 were stable enough to
be purified under ambient conditions, affording the pink, blue and
green solids, respectively. In their high-resolution mass spectrome-
try (HRMS) spectra (Fig. S1 in Supporting information), one intense
signal with isotopic distributions is fully consistent with the simu-
lated data, thus determining the formation of 4, 5 and 6.

The single crystals of 4 and 5 were successfully obtained by
the diffusion of hexane (for 4) and heptane (for 5) into their
CH,Cl, solutions, so that their chemical structures were further
determined by X-ray diffraction (XRD) analysis. Both of them
have the centrosymmetric structures containing the indeno[1,2-
b]fluorene and fluoreno[3,2-b]fluorene skeletons and two terminal
P=0 groups (Fig. 2 and Fig. S2 in Supporting information), respec-
tively. For the indenofluorene derivatives, the bond a length from
the apical methine carbon to the central hexagon is commonly
used to estimate their diradical structures. The bond a length
(1.381A) for 4 is comparable to that (1.381A) of 1, indicating their
closed-shell electronic structures. For 5, the length of bond a is
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Fig. 3. Variable-temperature EPR spectra of (a) 5 and (b) 6 at the solid state. Insets
are the experimental leT-T plots (black) and Bleaney—Bowers fitting lines (red).

1.398 A, which is longer that (1.391 A) of indeno[2,1-a]fluorene but
shorter than that (1406 A) of diindeno[b,iJanthracene [9]. This in-
termediate band a length in 5 indicates the contribution of the
open-shell singlet diradical form to the ground electronic state. The
single crystal of 6 was not obtained for bond length analysis.

To study the open-shell electronic states, we conducted
variable-temperature electron paramagnetic resonance (EPR) mea-
surements on the solid powders of 5 and 6. The unresolved EPR
signals with g-factors of 2.0028 and 2.0030 are observed for 5 at
353K and 6 at 393K, respectively. Upon increasing the temper-
ature, the signal intensity gradually increases (Fig. 3), thus sug-
gesting more significant contribution of thermally accessible triplet
state at high temperature. Fitting I.T versus T to the Bleaney-
Bowers equation leads to the singlet-triplet energy gap of -
7.03 kcal/mol for 5 and -3.66 kcal/mol for 6. These spectral changes
and relatively small AEg_t values thus prove the open-shell singlet
diradical ground states of 5 and 6 (Fig. S3 in Supporting informa-
tion).

More evidence for the singlet diradical ground states of 5 and
6 was brought to light by detailed theoretical calculations. Accord-
ing to the density functional theory (DFT) calculations (UB3LYP/6-
311 G(d) level), the diradical character values of 5 and 6 are deter-
mined to be 0.524 and 0.688 (Fig. S4 in Supporting information),
respectively, based on occupation numbers of the spin-unrestricted
Hartree-Fock natural orbitals. The theoretical AEs_t is calculated to
be -8.98 kcal/mol for 5 and -2.22 kcal/mol for 6, which are in con-
sistence with the experimental results. These data unambigiously
prove the contributions of their open-shell diradical states. For the
all-carbon analogues, 2 and 3 have the y values of 0.523 and 0.582,
respectively. Thus, 2 and 5 have the almost identical diradical char-
acter, whereas 6 has the larger open-shell extent than 3. This com-
parison reveals that P=0-attaching may perserve and even enlarge
the open-shell singlet diradical characteristics.

In Figs. 4a and b, the spin-density distribution maps (calculated
at UB3LYP/6-311 G(d) level) of 5 and 6 are fully delocalized on the
m-skeletons, and spin-distribution is not extended to the P=0 unit.
The highest spin population is located on the apical sp? carbons in
rings B, along with the spin-density value of 0.288 for 5 and 0.475
for 6. According to the spin-density distributions, the resonance
structures of 5 and 6 can be illustrated in the closed-shell and
open-shell forms (Fig. 4c and Fig. S5 in Supporting information). To
reveal the electronic effects of P=0-attaching, nucleus-independent
chemical shift (NICS) calculation at the GIAO-UB3LYP/6-311+G(d)
level was carried out. As shown in Fig. 4d, 2 and 5 have almost
the same NICS(1)zz; values for their corresponding rings, thus in
consistence with their identical diradical character. From 3 to 6,
the NICS(1)z; values for rings B/C are decreased to a certain ex-
tent, indicating P=0-attaching may reduce local antiaromaticity in
6 (Fig. 4e). The reduced antiaromaticity provides additional driv-
ing force for recovery of the Clar sextet, further leading to the en-
hanced open-shell diradical extent of 6.
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Fig. 4. Calculated spin density distribution maps of (a) 5 and (b) 6 along with the
spin-density values for the specific carbon atoms. (c) Resonance structures in the
closed-shell and open-shell forms of 5. Calculated NICS(1)z; values for (d) 2 and 5
and (e) 3 and 6.
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Fig. 5. Cyclic voltammograms of 4, 5 and 6 in CH,Cl, (1.0mmol/L).
Fc/Fc* = ferrocene/ferrocenium.

The electrochemical properties of 4, 5 and 6 were investi-
gated using cyclic voltammetry (Fig. 5). Two quasi-reversible re-
ductions are observed for 4 and 5 with half-wave reduction po-
tentials (E;"d) at —1.40/-1.95V and —1.28/-1.74V, respectively,
whereas 6 has three quasi-reversible reductions with E”Zf“‘ of
—0.94/-1.37/-1.77V. All of them have two quasi-reversible oxi-
dation progresses with half-wave oxidation potentials (E;,%*) at
+0.87/+1.27 eV for 4, +0.47/+1.01 eV for 5, and +0.31/+0.94 eV for
6. Their HOMO and LUMO energy levels were estimated to be
—5.67/-3.40eV for 4, —5.27/-3.52 eV for 5 and —5.11/-3.86 eV for
6, based on the first reversible oxidation and reduction potentials.
From the all-carbon analogue to the P=0-attached molecule, the
HOMO and LUMO energy levels are decreased by 0.2—0.6eV, re-
vealing that the electron-withdrawing P=0 group significantly sta-
bilize these PHs in term of the oxidation activity [13-15].

The UV-vis—NIR absorption spectra of 4, 5 and 6 in toluene
are shown in Fig. 6. Their solutions exhibit the pink, blue and
green colors, respectively. The absorption bands of 4 and 5 are lo-
cated in the visible region with the main absorption peaks (A )
around 523/334nm for 4 and 609/356 nm for 5, along with a low-
energy shoulder at 662 nm for 5. For 6, the absorption spectrum
exhibits two strong absorption bands at 654/433nm and a weak
absorption band at 1000—1750 nm. The shoulder peak of 5 and
the near-infrared absorption band of 6 may be ascribed to the di-
radical contribution to the ground state, which has been reported
for typical indenofluorene system. The absorption bands of these
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Fig. 6. (a) Absorption spectra of 4, 5 and 6 in toluene. Insets are the photographs
for their solutions under daylight and enlarged absorption spectrum of 6. Time-
dependent absorption spectra of (b) 5 and (c) 6 in toluene under ambient condi-
tions.

P=0-attached molecules are moderately red-shifted in compari-
son to that of all-carbon analogues. In addition, their absorption
peaks are bule-shifted comparing with our reported B-containing
organic diradicaloids, respectively, which are ascribed to the re-
markable contribution of the B and O/N atoms [39,40]. These P=0-
containing PHs do not emit fluorescence in solutions, owing to
their antiaromatic substructure and/or open-shell nature. We then
performed the absorption spectral measurements on their solu-
tions under ambient conditions for 20 days to reveal their stabili-
ties (Figs. 6b and c, Fig. S6 in Supporting information). Almost no
spectral changes are observed for their time-dependent absorption
spectra, thus indicative of their excellent ambient stabilities. It was
reported that 3 gradually decomposed in solution. Therefore, P=0-
attaching of these PHs plays an important role in enhancing their
stabilities.

Finally, we would like to clarify their absorption properties and
electronic effects of P=0-attaching using theoretical calculations.
According to the time-dependent DFT (TD-DFT) calculations, the
intense absorption band at 523 nm for 4 and at 609 nm for 5 is
assignable to the HOMO — LUMO and HOMO—-1 — LUMO+1 transi-
tions (Fig. 7, Figs. S9 and S10 in Supporting information). For 6, the
absorption band at 654nm is assigned to the HOMO-1 — LUMO,
HOMO — LUMO and HOMO — LUMO+1 transitions (Fig. S11 in
Supporting information). These electronic transitions all involve
the HOMO, HOMO-1, LUMO and LUMO+1, and notably, their
LUMO+1 are delocalized over the m-skeletons and futher extend-
ing to the P=0 groups, thus revealing the contributions of the P=0
groups to absorption properties. On the other hand, these P=0-
attached molecules display the similar HOMO and LUMO distribu-
tions to their all-carbon analogues. From the all-carbon analogues
to the P=0-attached molecules, the HOMO and LUMO energies are
decreased by over 0.2 eV (Fig. 7 and Fig. S7 in Supporting informa-
tion). It is demonstrated that the electron-withdrawing P=0 group
can reduce the oxidation activity of these PHs [46], further proved
by their electrostatic potential diagrams (Fig. S8 in Supporting in-
formation). These theoretical data along with the experimental re-
sults indicate that the P=0-attaching strategy is very desirable for
the development of stable organic diradicaloids, which are of im-
portance for radical chemistry and materials.
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Fig. 7. Kohm-Sham molecular orbitals and energy levels for 2, 3, 5 and 6.

In conclusion, we report the design and synthesis of three
P=0-attached PHs (4-6) that have the indeno[1,2-b]fluorene,
fluoreno[3,2-b]fluorene and indeno[2,1-b]fluorene m-skeletons, re-
spectively. While 4 is a closed-shell molecule, 5 and 6 have the
large diradical characters and open-shell singlet diradical nature, as
proved by the theoretical and experimental studies. The attached
electron-withdrawing P=0 groups endow 5 and 6 with much
lower LUMO/HOMO energy levels but preserved magnetic activi-
ties and physical properties, such as thermally accessible triplet
species and multi-redox ability, in comparison to their all-carbon
analogues. Moreover, the P=0 groups decrease their oxidation ac-
tivity and thereby result in their remarkably high stabilities at am-
bient condition. Thus, this P=0-attaching strategy will be applica-
ble to other diradical PH systems and may lead to the generation
of stable organic diradicaloids for radical chemistry and materi-
als. The construction of P=0-containing organic diradicaloids is in
progress in our laboratory.
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