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Nakano et al. reported that the antiaromatic indenofluorene (IF) isomers are diradicaloid molecules having
varying degrees of open-shell character, with indeno[1,2-blfluorene displaying a weaker diradical character
index (yo = 0.072). Unlike 6,12-trimethylsilylethynyl disubstituted [1,2-b]IF, the 6,12-aryl disubstituted [1,2-b]
IF derivatives did not show any experimental evidence of diradical properties. This raised the question of
whether a [1,2-b]IF dimer would prefer a closed-shell or an open-shell ground state. To address this,
herein we report the synthesis of a 6,6'-biindenol[1,2-blfluorene derivative, which is a [1,2-b]IF dimer,
constructed by linking two [1,2-b]IF units with a C-C single bond at carbons 6 and 6’ bearing the largest
orbital coefficients for the highest occupied and lowest unoccupied molecular orbitals (HOMO and
LUMO). The C6-C6' linkage effectively narrowed the HOMO-LUMO gap while the strong desire to

Received 18th June 2024 . ) . - . . . .
Accepted 16th November 2024 avoid s-indacene antiaromaticity restored two Clar sextets in two proaromatic para-quinodimethane
subunits, resulting in an open-shell bifluorenylidene-type diradicaloid (yo = 0.268) ground state with

DOI: 10.1039/d4sc03996¢ minor tetraradical character index (y; = 0.007). The open-shell nature was confirmed by single crystal X-
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Introduction

Open-shell (OS) singlet diradicaloid* polycyclic hydrocarbons
(PHs) have received widespread attention in the fields of organic
synthesis,> physical organic,® structural organic,* and organic
materials® chemistry. The recovery of aromaticity in proar-
omatic quinoidal PHs® is a major driving force toward the OS
ground state for higher order zethrenes,” mw-extended quinodi-
methanes (QDMs),® anthenes,’ benzenoid' and non-benzenoid
acenes," peri-acenoacenes,'” and formally antiaromatic inden-
ofluorene (IF) isomers.* The five IF isomers are predicted to be
OS diradicaloids,**¥ but the degree of diradical character (y,)
for indeno[1,2-a]fluorene and indeno[2,1-b]fluorene is larger
than that of the other three isomers including indeno[1,2-b]
fluorene (y, = 0.072). Indeed, 6,12-aryl and 6,12-triisopropylsi-
lylethynyl (TIPSE) disubstituted [1,2-b]IFs** didn't show any
experimental evidence of OS diradicaloid features despite
carrying a proaromatic para-QDM (p-QDM shown in red, Fig. 1a)
subunit in the m-backbone. Antiaromatic molecules are
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ray and electron paramagnetic resonance analyses, and supported by theoretical calculations.

regarded as delocalized diradicals."”” Zhao reported that
replacing bulkier TIPSE with a trimethylsilylethynyl group in
[1,2-D]IF resulted in cyclo-oligomeric products due to diradical
contribution of the [1,2-b]IF,"® clearly indicating its OS
character.”®*"”

Aryl substitutions on the apical carbons (C6 and C12, Fig. 1a)
of [1,2-b]IF for either symmetrical*® 1-M or unsymmetrical*® 1-
MF didn't allow any diradical properties to be observed exper-
imentally, despite lowering of the highest occupied molecular
orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)
energy gap (hereafter denoted as HLG) in 1-MF than 1-M due to
a smaller dihedral angle between the C¢F5 unit and IF backbone
enabling a greater m-delocalization. Quinoidal m-extension of
the s-indacene core in the form of 2,6-anthraquinodimethane
(2,6-AQDM) may result in an OS m-extended [1,2-b]IF,* similar
to non-benzenoid bis(phenalenyl)*® and benzenoid non-
azethrene’™ bearing a 2,6-AQDM core. While the 2,6-naph-
thaquinodimethane (2,6-NQDM)-embedded m-extended [1,2-5]
IF was originally reported to be closed-shell (CS), its OS prop-
erties were accessed subsequently only above 200 °C.** Notably,
benzenoid octazethrene containing a 2,6-NQDM subunit is an
OS molecule.”*

Alongside aromaticity recovery, a small HLG is crucial®® for
PHs displaying OS ground state. Extension of the m-delocaliza-
tion path is the key to decrease the HLG. In this regard,
Yamashita's work on anthryl disubstituted [1,2-b]IF 2 is note-
worthy (Fig. 1a).* Molecule 2 displayed a CS ground state,
though one can draw structure 2-OS with three additional
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(b) Diindeno-extended 6,6'-biindeno[1,2-b]fluorene:

5 5-081

Fig. 1

(a) Antiaromatic indenol1,2-b]fluorene derivatives 1-M, 1-MF and 2; (b) Zimmerman and Stepien’s tetrafluorenofulvalene (TFF) 3; (c) our

reported 3,3'-biindenol1,2-blfluorene derivative 4; (d) closed-shell structure of targeted mesityl disubstituted 6,6’ -biindeno(1,2-blfluorene 5 and
its representative open-shell (OS) diradicaloid bifluorenylidene-type structure 5-OS1 and tetraradicaloid biindenofluorene-type structure 5-OS2.

aromatic benzene rings (Clar sextets’?). Presumably, the large
dihedral angle (~76°) between the anthryl groups and IF
backbone for 2 inhibits efficient m-delocalization, and thus
recovery of the three Clar sextets in 2-OS has negligible contri-
bution to the ground state structure. Sterically overcrowded
alkene bridged PHs have lately gained attention as novel OS
diradicaloids as they release steric strain and recover Clar
sextets when switching from the Kekulé-type CS quinoidal form
to OS diradical form.” Tetrafluorenofulvalene (TFF)*® 3 is the
latest example among them bearing two m-extended [1,2-b]IF
units connected through an apical olefinic C-C linkage (Fig. 1b).
TFF 3 was viewed*® as a diradicaloid 3-OS bearing diindeno-
fused 6,6'-biindeno[1,2-b]fluorene (6,6'-[1,2-b]BIF unit shown
in blue for 3). While 3 clearly exhibited an OS singlet ground
state with a small singlet(S)-triplet(T) energy gap (AEs ) due to
the release of steric strain and recovery of Clar sextets as it

20216 | Chem. Sci., 2024, 15, 20215-20222

switches from its non-aromatic olefinic form to polyradical
forms, what remained unknown is whether the 6,6'-[1,2-b|BIF
motif without diindeno-radical (shown in black for 3-0S) fusion
exhibits OS properties.

We envisaged the design of 12,12'-dimesityl-6,6'-biindeno
[1,2-b]fluorene 5 that can recover two additional Clar sextets in
its OS diradical 5-081 and tetraradical 5-0S82 forms (Fig. 1d).
The 5-0S2 and 5 forms are viewed as biindenofluorene (BIF)
motifs while 5-0S1 is a diindeno-fused bifluorenylidene (BF)
diradical. BF usually prefers a twisted form over the folded
and BF-based materials are promising hole and elec-
tron transporters in organic photovoltaics.”” Interestingly, an
extended quinoidal form of 6,6'-[1,2-b]BIF was theoretically
shown to contribute to a poly-IF which is a -elongated BF-type
structure.”® However, synthesis of a hypothetical smaller qui-
noidal fragment like 5, which majorly contributes to the ground

form,>>*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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state properties of Scherf's poly-IF,*® remained unknown thus
far. Our recently reported BIF 4 (Fig. 1c) displayed a CS ground
state, which was formed by dimerizing two [1,2-b]IF units
through carbons 3 and 3’ with appreciable HOMO and LUMO
coefficients.” Because the apical carbons 6/6/(12) contain larger
HOMO and LUMO distributions than those of carbons 3/3'(9),>
we hypothesized that dimerizing two [1,2-b]IF units by apical
carbons 6 and 6' may significantly influence both HOMO and
LUMO energy levels in 5.

Moreover, the large alternation of C=C/C-C bonds of the p-
QDM subunit of s-indacene makes 5 a polyene-like system
considering the apical m-conjugation path resembling a dodec-
ahexaene subunit (shown in red for 5, Fig. 1d). This polyene
subunit may act as a plausible w-delocalization path due to
a smaller inter-IF torsional angle. It is known that the C-C
double bond for ethylene is quite short, while in longer polyene
chain, an increase of the C-C double bond and shortening of
the adjacent C-C single bond may occur, leading to an exten-
sion of w-conjugation and a decrease of HLG.** A small torsional
angle may lead to a greater electronic communication between
the IF units for 5, resulting in a smaller HLG. The hypotheses of
a smaller HLG for the BIF 5 than that of 4 and recovery of two
Clar sextets in OS forms for 5 enthused us to explore the ground
state properties of 5 by computational and experimental
approaches.

Results and discussion

Since a para-quinoidal 6,6’-[1,2-b|BIF-type m-extended structure
is reported to dominate the ground state of BF-type poly-IF to
favor mutual distortion,*® we first conducted density functional
theory (DFT) calculations to examine if 5 is OS in the ground
state. The DFT calculations of 5, using the same level of theory
((U)CAM-B3LYP/6-31G(d,p)) as that used for 3,%° suggested that
the energy of the OS singlet state is 4.85 kcal mol " lower than
that of the triplet state (i.e. AEs.y = —4.85 kcal mol™", Table
S11). The frontier molecular orbital (FMO) profiles of singly
occupied molecular orbitals (SOMO) display a characteristic
disjointed nature of the alpha (SOMO-a) and beta (SOMO-f3)
spins for the ground state singlet diradical (Fig. 2b and c), while
the spin densities are found to be delocalized over the -
conjugated IF backbone with four apical carbons bearing the
larger spin densities (Fig. 2a). The large spin densities on the
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Fig. 2 (a) Spin density map of 5. Isovalue for surfaces: MO = 0.02,

density = 0.005; frontier molecular orbital profiles for the (b) a-spin
and (c) B-spin of 5.
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four apical carbons imply singlet diradical and tetraradical
characters, which were found to be 26.8% and 0.7%, respec-
tively, based on the natural orbital occupancy number (NOON)
calculations (see ESIT).

The negligible tetraradical character of 5 may be attributed
to the minor driving force (no additional Clar sextet recovery;
only a minor inter-IF steric clash) toward 5-0S2 from 5-OS1
(Fig. 1d). However, the strong desire®® to avoid s-indacene
antiaromaticity through recovery of two Clar sextets may drive
quinoidal 5 to become diradicaloid 5-OS1 in the singlet ground
state by enhancing the C6-C6’ t-bond character while locating
radicals at apical carbons 12 and 12’ bearing the largest spin
densities (Mulliken spin density of 0.55). As molecules with
intermediate diradical character are important for non-linear
optics, singlet fission and molecular electronics,> we
designed a sterically promoted synthetic approach to construct
5 and study its ground state characteristics experimentally.

BIF 5 was synthesized in multiple steps as illustrated in
Scheme 1. 2,2'-Dibromo-9,9’-bifluorenylidene 6 was synthesized
as a diastereomeric mixture following a literature method*
(Fig. S17), and then it was subjected to a two-fold Suzuki
coupling with (2-formylphenyl)boronic acid to afford dia-
ldehyde 8 in 57% yield. Treatment of 8 with an excess of 2-
mesitylmagnesium bromide at room temperature gave dicar-
binol 9, which, without purification, was treated with BF;-Et,O
in dichloromethane (DCM) to afford dihydro derivative 10 (46%
yield over two steps) by utilizing the steric crowding of bulky
mesityl (Mes) groups.'® Treatment of dihydro precursor 10 with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone  (DDQ) in 1,2-
dichloroethane (1,2-DCE) for 2 h at 80 °C produced 5 as a blue
solid in 75% yield after silica gel column chromatographic
purification. While nuclear magnetic resonance (NMR, see
ESIT) and high-resolution mass spectrometry (HRMS) analyses
indicated the formation of desired product 5, unambiguous
structural confirmation was obtained from single crystal X-ray
diffractometry (SCXRD) analysis (Fig. 3a).
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Pd,(dba)s, [(‘Bus)PH]BF,
NaHCO3, THF/H,0
80°C, 12h
57%

2-MesMgBr
—_—
THF, rt, 16 h

BF3-Et,0, DCM
—_—
rt, 10 min

46%
(over two steps)

Scheme 1 Synthesis of BIF 5.
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(a) X-ray crystallographic structure of 5 with the ellipsoids drawn at 30% probability level (hydrogens omitted), including NICS(1),, (blue)

and HOMA (green) indices; (b) side-view of 5; (c) EPR spectra of 5 recorded at variable temperatures for the powder form.

Single crystals®* of 5 were obtained by slow solvent diffusion
of methanol into DCM/carbon disulfide (1:1) solution. As
depicted in Fig. 3a and b, the two [1,2-b]IF units of twisted BIF 5
form a torsional angle of ~56.5° which is much smaller than
that of anthryl disubstituted [1,2-b]IF 2,>* suggesting a greater -
delocalization/electronic communication between two IF units.
The bond lengths (bonds a toj are labelled in Fig. 3a) of 5 from
SCXRD analyses are in line with those from DFT analyses, and
are summarized in Table 1. The m-delocalization is evident from
the C-C bond length analyses (Table 1; see the ESIt for full bond
length analyses including e.s.d values), as an increase of the C-
C double bond lengths (Cs,>=Cgp,2 bonds a, b, ¢, d) for the p-

[1,2-b]IF rings in 2 (1.492 A).>* The distance is comparable to BIF
4 (1.451 A),*® suggesting some 7-bond character for the central
C-C bond i in 5 which is strengthened due to m-electron
delocalization.

The above findings clearly indicate the major contribution of
a diradicaloid structure 5-OS1 in the electronic ground state of
5, which is in line with the computational analyses and the

Table 1 Comparison of mean C—C bond lengths (A) for 5, 1-MF, and
1-M

. Bonds” 5 5° 1-MF? 1-M°
QDM subunit of 5 was clearly observed when compared to those

of symmetrical 1-M (a/c and b/d) and unsymmetrical 1-MF. At 4 1.392 1.403 1.372 1.380
the same time, the C-C single bond lengths (Cyp:-Cgp2 bonds e, f, b 1.364 1.368 1.349 1.356
g, h) of the p-QDM subunit of 5 were also found to be shorter ¢ 1.392 1.429 1.373 1.380
than those of the 1-M (e/g and f/h). Moreover, the bond length d 1.367 1.371 1.316 1.356
i ) . ) e 1.456 1.441 1.433 1.467
for central C-C smgl? bond i connecctlng the IF units for 5 was f 1.415 1.416 1.456 1.433
found to be 1.452 A (DFT: 1.414 A), which corresponds to g 1.459 1.436 1.435 1.467
a formal single bond in the CS configuration. However, it is & 1.416 1.414 1.457 1.433

shorter than the C-C single bond j (crystal: 1.501 A; DFT: 1.480 ! 1.452 1.414 - -
Jj 1.501 1.480 1.482 1.484

A) connecting the mesityl group and [1,2-b]IF core, and clearly
shorter than the C-C single bond connecting the anthryl and

20218 | Chem. Sci., 2024, 15, 20215-20222

“ a—j bonds are labelled in Fig. 3a. > SCXRD data. ° DFT data. ¢ SCXRD
data from ref. 18. ¢ SCXRD data from ref. 14b.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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broad NMR signals observed for core protons due to thermally
populated triplet species (Fig. S8t). Electron paramagnetic
resonance (EPR) studies of solid 5 displayed a featureless broad
EPR signal (Fig. 3c), and when the temperature dropped, the
signal intensity dropped as well. This can be explained by the
fact that triplet biradical species have smaller populations at
lower temperatures, thus further confirming the OS singlet
ground state for 5 with AEgp = —4.35 + 0.6 kcal mol ™", as
obtained by fitting of the EPR data using the Bleaney-Bowers
equation (Fig. S14+t).23%33

The harmonic oscillator model of aromaticity (HOMA,
Fig. 3a)* for the ground state structure of 5 suggested insignifi-
cant bond length alternation (BLA) for rings A (0.95) and E (0.97)
and large BLA for rings B (0.24) and D (0.07), similar to 1-MF.*®
However, a not so large BLA was found for the benzenoid ring C
(0.68), implying its moderate aromatic character according to the
geometrical criterion of aromaticity. Nucleus independent
chemical shift [NICS(1),,, Fig. 3a]** calculations for the ground
state structure of 5 using the BHandHLYP functional®® suggested
aromaticity for rings A (—18.04) and E (—18.90) and moderate
antiaromaticity for rings B (5.40) and D (5.55). A weak aromatic
character for the central benzenoid ring C (—2.0) for 5, which is
in line with the HOMA analysis, further indicated a major
contribution of the OS diradical form to the electronic ground
state. To support the NICS analysis, we conducted anisotropy of
the induced current density®” (ACID) calculation for 5 and
current density vectors were plotted onto the ACID isosurfaces
(Fig. 4). The ACID plot clearly exhibited strong diatropicity
(clockwise ring current) for rings A and E, and a diatropic ring
current with low intensity over ring C, signifying strong to weak
aromaticity for six-membered rings A/E to C. The five-membered
rings B and D were found to be atropic (nonaromatic), implying
the diatropic ring currents of fused benzene rings could induce
some paratropic effect.®® The aromaticity indices overall sug-
gested that the contribution of the diradical structure 5-OS1 is
much more important for 5 in the singlet ground state.

The ultraviolet-visible-near infrared (UV-vis-NIR) spectrum
(Fig. 5a) of teal colored 5 in chloroform displayed a broad

Fig. 4 Current—density vectors plotted onto the ACID isosurface of
0.02 for the 7 system of 5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) UV-vis-NIR spectrum of 5 in chloroform; (b) CV and DPV

absorption band in the low energy region at Ap,.x = 661 nm (e =
48000 M~ ' em ™), which may be attributed to the HOMO —
LUMO transition according to time dependent-DFT (TD-DFT:
Amax(TD) = 582 nm, oscillator strength (f) = 0.7125) calcula-
tions (Table S37), with the absorption tail extended to ~825 nm
in the NIR region. The lowest energy band for 5 was found to be
98 nm red-shifted than that of 4, implying a greater electronic
communication in 5, which is also reflected by an enhancement
of the molar extinction coefficient (¢). The optical HLG of 5 is
1.50 eV, as roughly estimated from the absorption onset, which
is 0.10 eV and 0.52 eV smaller than those of its BIF 4 and
bipentacene (BP)* counterparts, respectively. BIF 5 was found
to be non-emissive by the naked eye, similar to the monomer,*
and quite stable under ambient conditions with a half-life of 19
days in toluene (Fig. S137).

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) analyses of 5 in the DCM/Bu,NPF, solvent/electrolyte
couple exhibited four-stage redox amphotericity (Fig. 5b), dis-
playing two reversible reduction waves with half-wave potentials
Efd'= 1,11V and F53?= —1.41 V and two reversible oxidation
waves at EY5 = 0.47 V and EJfy = 0.78 V (vs. ferrocene/
ferrocenium (Fc/Fc')). The excellent reversibility of the redox
waves for 5 may be attributed to the dominance of an OS ground
state, suggesting promise for application in organic

Chem. Sci., 2024, 15, 20215-20222 | 20219
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electronics.**** The HOMO and LUMO energy levels of 5 were
found to be —5.18 and —3.80 eV, respectively, based on the
onset redox potentials, affording an electrochemical HLG of
1.38 eV, which is 0.36 eV smaller than that of 4. Notably, the low-
lying LUMO of BIF 5 is remarkably stabilized by 0.82 eV when
compared to that of its aromatic BP counterpart with the same
solubilizing group.*

Conclusions

In summary, we have designed and synthesized a stable dir-
adicaloid BIF 5, as demonstrated by computational and exper-
imental analyses, that exhibits four-stage redox amphotericity
and improved optoelectronic properties compared to the known
BIF and BP counterparts.”>*® Our BIF gains a sterically hindered
BF-type OS diradicaloid ground state through gaining of partial
double bond character for the inter-IF C-C single bond, which,
by design, is opposite to the conventionally designed sterically
overcrowded alkene-type switchable di/tetra-radicaloids.”>*¢ A
shorter Cgp-Cgp2 single bond length linking the two [1,2-b]IF
units was found in the SCXRD analysis of 5, which is attributed
to the better m-electron delocalization between two IF cores
owing to a reduced inter-IF torsional angle as they are -
extended through carbons 6 and 6’ of [1,2-b]IF units bearing
large HOMO and LUMO distributions. Our study showed that
the oligomerization of antiaromatic IF units through appro-
priate carbon positions may significantly influence the opto-
electronic properties, as the electronic ground state was
effectively tuned. Syntheses of other regioisomeric BIF dir-
adicaloids for organic electronics and photonics studies are
presently underway.
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