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Twisted Diindeno-Fused Dibenzo|a,h]anthracene Derivatives and
their Dianions
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/Abstract: We report a facile synthesis of diindeno-fused dibenzo[a,h]anthracene derivatives (DIDBA-2Cl, DIDBA-ZPh,\

and DIDBA-2H) with different degrees of non-planarity using three substituents (chloro, phenyl, and hydrogen) of
various sizes. The planarization of their cores, as evidenced by the decreased end-to-end torsional angles, was confirmed
by X-ray crystallography. Their enhanced energy gaps with twisting were investigated by a combination of spectroscopic
and electrochemical methods with density functional theory, which showed a transition from singlet open-shell to closed-
shell configuration. Moreover, their doubly reduced states, DIDBA-2Ph’~ and DIDBA-2H*", were achieved by chemical
reduction. The structures of dianions were identified by X-ray crystallographic analysis, which elucidated that the
electron charging further distorted the backbones. The electronic structure of the dianions was demonstrated by
experimental and theoretical approaches, suggesting decreased energy gaps with larger non-planarity, different from the

neutral species.
\ P

J

Introduction

The rational design of diindeno-fused polycyclic hydro-
carbons (PHs) allows for the fine-tuning of their electronic
structures.! Their construction connecting two indeno units
by different n-conjugated spacers has been reported to
modulate the bonding situation.”! For instance, in contrast
to benzene and naphthalene,”’ larger bridges built from
anthracene, phenanthrene, and bischrysene endow diinde-
no-fused PHs with open-shell singlet diradical character
(Figure 1a).l! Open-shell molecules exhibit a narrow energy
gap, redox amphotericity, large two-photon absorption, and
thermally activated paramagnetism, making them promising
candidates for applications in organic electronics, nonlinear
optics, spintronics, and energy storage devices."

An interesting comparison can be made when looking at
twisted [n]acenes which possess higher stability and solubil-
ity than the parent compounds (Figure 1b).”) In addition,
twisted n-conjugated chromophores showing smaller energy
gaps of S—T, excited states can be applied in thermally
activated delayed fluorescent materials.”” To tailor the
electronic structure of diindeno-fused PHs by twisting the
skeleton, we selected the diindeno-fused dibenzo-
[a,h]anthracene (DIDBA, Figure 1c). Spin-unrestricted den-
sity functional theory (DFT) calculations (UB3LYP/6-31G-
(d,p)) predict that the parent DIDBA has an open-shell
singlet ground state with a diradical character index (y,) of
0.25 (see Supporting Information (SI), Table S1) owing to
the recovery of aromaticity at the central benzene ring and
the spin-polarization at the terminal carbon atoms (Fig-
ure S3a in SI).I""!
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Figure 1. (a) Examples of diindeno-fused PHs with various mt-conju-
gated spacers. (b) Twisted tetracene. (c) Resonance structure of
diindeno-fused dibenzo[a,h]anthracene (DIDBA). (d) Structures of
twisted DIDBA-2Cl, DIDBA-2Ph, and DIDBA-2H with various sizes of
substituents at the peripheral positions of the central benzene ring.
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Herein, the title compounds DIDBA-2Cl, DIDBA-2Ph,
and DIDBA-2H (Figure 1d) were generated by introducing
different substituents (chloro, phenyl, and hydrogen) of
different sizes at the peripheral positions of the central
benzene ring. The degree of twisting was quantitively
evaluated from the torsional angles between a set of bonds
(labeled with orange color) at both ends of the anthracene.
The electronic structure, geometry, and aromaticity of three
compounds were elucidated by a combination of experimen-
tal and theoretical approaches including X-ray crystallogra-
phy, '"H NMR spectroscopy, electron-spin resonance (ESR)
spectrometry, UV/Vis-NIR absorption, and cyclic voltam-
metry. Additionally, doubly reduced DIDBA-2Ph*~ and
DIDBA-2H*" were achieved through alkali metal reduction,
revealing the effect of electron charging on their backbones
and aromaticity. The impact of twisting on the electronic
structure of charged species was also investigated.

Results and Discussion

The synthesis started with the Suzuki coupling between 1a—
b (1,4-dibromo-2,5-dichlorobenzene and 2’,5'-dibromo-’,
1':4"1"-terphenyl) and (2-(p-tolylethynyl)phenyl)boronic
acid (2) to afford compounds 3a-b, as described in
Scheme 1. Followed by cyclization with iodine monochlor-
ide, the benzotetraphene backbones with chloro/phenyl
substituents 4a-b were achieved at —78°C in quantitative
yield. The treatment of 4a-b with n-butyllithium and
subsequently mesitaldehyde furnished diol intermediates,

4a (R = Cl): 95% yield
4b (R = Ph): 92% yield

5a (R = Cl): 33% yield for two steps
5b (R = Ph): 40% yield for two steps

(2

A

Dece S Iy

W,

6c DIDBA-2H: 50% yield

Scheme 1. Synthetic route toward DIDBA-2Cl, DIDBA-2Ph, and DIDBA-2H. Reagents and Conditions: (a) tetrakis (triphenylphosphine)palladium (0),
potassium carbonate, dioxane/water, 80°C/36 h for 1a, 90°C/12 h for 1b; (b) iodine monochloride, dichloromethane, —78°C, 1 h; (c) i) n-
butyllithium, tetrahydrofuran, —78°C, 1.5 h; ii) mesitaldehyde, rt, 12 h; (d) boron trifluoride diethyl etherate, dichloromethane, 0°C to rt, 1 h;

(e) i) potassium tert-butoxide, dimethylformamide, 10 min; ii) p-chloranil, 2 h; (f) allyl[1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene]chloropalladium(l1), sodium tert-butoxide, tetrahydrofuran, isopropyl alcohol, 60°C, 1 h.
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which could be directly used in the next Friedel-Crafts
cyclization catalyzed by boron trifluoride diethyl etherate to
generate dihydro precursors Sa-b. Finally, dehydrogenation
with a mixture of potassium tert-butoxide and dimeth-
ylformamide in situ yielded a radical anion, which was
further oxidized with p-chloranil to obtain the desired
products DIDBA-2CI (6a) and DIDBA-2Ph (6b) as dark
purple solids. To obtain the target molecule DIDBA-2H
(6¢), a similar synthetic method (1,4-bromobenzene as
starting material) was adopted. However, the iodine mono-
chloride-induced cyclization generated two isomers con-
firmed by high-performance liquid chromatography (Fig-
ure S1 in SI). Although a similar backbone of DIDBA-2H
was reported with another synthetic method,” one facile
strategy to obtain DIDBA-2H here started directly from
DIDBA-2Cl with palladium catalyzed-hydrodechlorination.
Different conditions for hydrodechlorination were
reported,”) but only the catalyst allyl[1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene]chloropalladium(IT)

[10]

was feasible in this case.

Research Articles

An dte

Chemie

Single crystals suitable for X-ray crystallographic analy-
sis were obtained by slow gas phase diffusion of methanol
into the chloroform/dichloromethane solution of DIDBA-
2CI/DIDBA-2Ph, respectively. Unfortunately, the crystals of
DIDBA-2H were of inferior quality, rendering them barely
suitable for structure proof. As a result, its bond lengths had
to be determined theoretically. The chloro substituents
dramatically distort the skeleton compared with the phenyl
group proton cases, as deduced from the larger end-to-end
torsional angle (77.5°) of bonds e/e’ (Figure 2a). Due to the
highly twisted backbone without a symmetry plane and
inversion center, DIDBA-2Cl possesses two mirror-image
configurations (Figure 2b). Similarly, DIDBA-2Ph also
displays R,/S,-configurations in the unit cell with a ratio of
1:1 (Figure 2b), consistent with the dynamic interconversion
process for R,/S,-enantiomers in solution detected by NMR
spectroscopies technique (see below). DIDBA-2H shows a
planar backbone with only one configuration in the unit cell.
Compared with two highly twisted derivatives, the longer g//
bonds and smaller bond length alternation of the extended
p-quinodimethane unit (Figure 2c) in DIDBA-2H indicate

Figure 2. (a) The front view of DIDBA-2Cl, DIDBA-2Ph, and DIDBA-2H; ball-and-stick models. Hydrogen atoms and mesityl groups are omitted for
clarity." (b) Two enantiomers of DIDBA-2Cl and DIDBA-2Ph in the solid state; ball-and-stick models. Hydrogen atoms and mesityl groups are
omitted for clarity. (c) Selected bond lengths (in A) in the m-conjugated skeleton are labeled, and the red numbers in the individual rings are the

calculated NICS(1),, values.
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the larger diradical character of the planar skeleton and
aromatic character of the ring E. This is consistent with
theoretical indices of singlet diradical character (Table S1 in
SI™ and Nucleus-Independent Chemical Shift!"® values
(NICS(1),,, Figure 2¢). The larger positive NICS(1),, value
of rings B/C indicates the antiaromatic character of the three
structures.

In the solid state, DIDBA-2Cl displays a one-dimen-
sional halogen-bonding chain with a distance of 3.26 A
between two chloro substituents, shorter than the sum
(3.5 A) of their van der Waals radii (Figure 3a). The halogen
bond is derived from a significant o-hole character of atoms
interacting with an electron donor.'"! To study the electro-
static potential (ESP)!™! of DIDBA-2CI, the structure was
optimized at the B3LYP/6-31G(d,p) level, and the result was
visualized with Multiwfn'® and VMD!"” programs. In Fig-
ure 3b, DIDBA-2Cl exhibits a o-hole with a relatively
positive charge (67, red) at the end of chloro substituents
and a negative charge (0, blue) on the surrounding of o-
hole."™® The attraction between positive and negative
charges leads to the one-dimensional chain. The intermolec-
ular interaction was characterized by the isosurface of
IGMH (independent gradient model based on Hirshfeld
partition) analysis,!"” revealing that the major intermolecular
interaction regions correspond to the weak attractive
interactions between two chloro substituents (green area,
Figure 3c).

DIDBA-2H showed a well-resolved 'H NMR spectrum
at 298 K in 1,2-dichlorobenzene-d, (Figure S62 in SI). The
temperature dependence of 'H NMR signals is an exper-
imental indicator of singlet diradical character because a
thermally excited triplet species leads to the broadening of
signals. However, an appreciable peak broadening of
DIDBA-2H was not observed when heating the solution to
433 K due to the small diradical character and large thermal
population AFEs: gap in this temperature range. The
magnetic property of DIDBA-2H was further investigated
by variable-temperature (VT) ESR measurement (Fig-

Figure 3. (a) One-dimensional halogen-halogen-bonding chain in the
crystal. (b) Electrostatic potential (ESP) map of DIDBA-2Cl, blue and
red represent electron-rich (negative value) and electron-deficient
(positive value) regions, respectively. (c) Intermolecular interaction
analysis for DIDBA-2Cl, and the corresponding isosurface by IGMH,
where blue, green, and red represent strong attractive interactions,
weak attractive interactions, and repulsive interactions.
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ure 4a). It displayed an unresolved one-line ESR spectrum
with g. of 2.00267, implying carbon-centered n-radicals. The
signal intensity gradually increased upon raising the temper-
ature, consistent with its open-shell singlet ground state.
Fitting of the VT ESR data recorded in the solid by the
Bleaney-Bowers equation™ gave a singlet-triplet gap
(AEgy) of —8.1640.65 kcal/mol (Figure 4b). Calculations
(UCAM-B3LYP/6-31G(d,p)) of the singlet diradical demon-
strate that the spins are well distributed along the diindeno-
fused anthracene unit (Figure S3b in SI). Compounds
DIDBA-2Cl and DIDBA-2Ph failed to display ESR signals
due to their closed-shell ground states. Thus, the effect of
twisting plays a critical role in determining the electronic
structure and magnetic properties of the title systems.

VT NMR spectra of compound DIDBA-2Ph were
recorded in 1,1,2,2-tetrachloroethane-d,. Notably, the NMR
spectrum still exhibited a well-resolved signal in 413 K, while
two peaks were gradually broadened and merged, indicating
a dynamic interconversion process (Figure 5a). At 358 K,
two split doublets were observed in a relative intensity of
1:1, which can be assigned to a pair of protons 4 and 8 based
on two-dimensional NMR nuclear Overhauser effect spec-
troscopy (NOESY) (Figures S58-59 in SI), indicating that

(a) 2x103 ——294K|
— 323K
9e =2.00267 — 333K
1%103 - — 343K
5 —— 353K
s
g 0
£
-1%10° A
-2x10°
(b) e00
500 -
400 -
£~ 300
—

AEg ;= -8.16 £ 0.65 kcal/mol

320 340 360 380 400 420 440

T (K)

Figure 4. (a) VT ESR spectra and (b) IT-T plot of a solid sample of
DIDBA-2H. I integrated ESR intensity; and T: temperature in K. The
violet line in (b) is the fitted curve, and the inset is the calculated spin-
density distribution map of the singlet diradical.
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Figure 5. (a) VT "H NMR spectra (aromatic region) of DIDBA-2Ph in
1,1,2,2-tetrachloroethane-d,. (b) The exchange between the R, and S,
enantiomers. (c) Kinetic analysis of the exchange rate constants at
different temperatures using the Eyring equation.

the rotation of phenyl rings of DIDBA-2Ph is slow on an
NMR timescale (Figure 5b). Upon raising the temperature,
two doublets (4 and 8) tended to merge together and
coalesced at around 408 K. Further heating of the solution
led to a well-resolved spectrum with only one set of sharp
peaks due to the exchange between R,-/S,-isomers being
rapid on the NMR timescale. The R,-/S,-exchange rate
constants (k [s™']) in the temperature range from 358 to
413 K were then estimated by line-shape analysis of a pair of
protons 4 and 8 (Table S9 in SI).”"! The interconversion rate
constants k were plotted versus the reciprocal absolute
temperature (1/7), and the data were then fitted by the

Eyring equation Ink = — 22+ %% 1 In% (o give the thermo-

dynamic activation parameters AH” =134.224+3.87 kJ-mol
and AS7 =121.91+10.00 J-mol~'-K™" (Figure 5c). The rota-
tional energy barrier at the coalescence temperature AGr.”
(T.=408 K) was then estimated to be 84.47 kJ-mol™
(20.19 kcal-mol ™).

The UV/Vis-NIR absorption spectra of three compounds
in dichloromethane (DCM) are shown in Figure 6a. DID-
BA-2Cl, DIDBA-2Ph, and DIDBA-2H display similar high-
er-energy transitions in the 250-300 nm range with the
maximum-wavelength absorption bands at 563, 596, and
597 nm, respectively. Calculations by time-dependent den-
sity functional theory (TD-DFT) (B3LYP/6-31G(d,p)) in-
dicate that this maximum-wavelength absorption band
originates from the HOMO-2—LUMO and HOMO—

Angew. Chem. Int. Ed. 2023, 62, €202307750 (5 of 9)
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Figure 6. (a) UV/Vis-NIR absorption spectra of DIDBA-2Cl, DIDBA-2Ph,
and DIDBA-2H in dichloromethane (c=2x10"° M). (b) Cyclic voltam-
mograms of DIDBA-2Cl, DIDBA-2Ph, and DIDBA-2H in dichloro-
methane.

LUMO electronic transitions (Table S2—4 in SI). Moreover,
the weak long tails extending to 800-900 nm of three
compounds are attributed to the forbidden HOMO-1—
LUMO electronic transition, which results from the inherent
antiaromatic character of diindeno-fused PHs!'"*! rather
than from the open-shell character which is only seen in
DIDBA-2H. The cyclic voltammogram of DIDBA-2CI,
DIDBA-2Ph, and DIDBA-2H (Figure 6b) all exhibited two
redox waves, from which the electrochemical energy gaps
are estimated to be 1. 75eV, 1. 68¢eV, and 1.51eV for
DIDBA-2Cl, DIDBA-2Ph, and DIDBA-2H, respectively,
which are consistent with the calculated HOMO-LUMO
energy gaps (Figure S2 in SI). This implies that twisting the
geometry leads to enhanced energy gaps in this diindeno-
fused system with antiaromaticity.

The reversible reductive wave for three compounds
observed electrochemically implies that the doubly reduced
products could be accessed under the alkali metal reduction.
Due to the presence of potentially reactive chloro substitu-
ents under the reaction conditions used, only compounds
DIDBA-2Ph and DIDBA-2H were utilized for further
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chemical reduction. Their dianions were readily synthesized
with excess sodium metal in anhydrous THF in the presence
of [2.22]cryptand and 18-crown-6 ether, respectively, at

Ar Na, [2.2.2]cryptand
————>  [Na*(cryptand)l,(6b%)

THF, 2h
7b

6b DIDBA-2Ph Ar= /@\

& |
QD
“‘ Ar Na, 18-crown-6
—_—
Ar THF, 24 h
g 0

6¢c DIDBA-2H

6)(THF),](6¢%")

Scheme 2. Chemical reduction of DIDBA-2Ph and DIDBA-2H with
sodium to afford the reduced products 7b and 7c.

(a)

(c)

Torsion angle of bonds e/e”: 75.2° Torsion angle of bonds e/e”: 0.4°
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room temperature (Scheme 2). The single crystals were
obtained in moderate yield by slow diffusion of hexanes into
THF solutions at 5°C (See the Supporting Information for
details).

The single crystal diffraction analysis (see more details
in the SI) revealed the formation of a solvent-separated ion
product (SSIP) of the doubly reduced anion with two Na™*
-ions, namely {[Na'(2.2.2-cryptand)],(6b*>")} (7b), crystal-
lized with three interstitial THF molecules as 7b-3 C,H;O.
Two cationic [Na*(2.2.2-cryptand)] moieties are separated
from the anionic core, providing a “naked” DIDBA-2Ph*-
dianion (Figure 7a). Each Na* ion is wrapped by one
[2.2.2]cryptand with the Na--'gCrypt (2.438(4)-2.656(7) A) and
Na-Ngy (2.601(4)-2.948(4) A) distances comparable to the
previously reported values.”

The crystal structure of 7¢ (Figure 7b) consists of the
doubly reduced anion and two Na*-ions, {{[Na*(18-crown-
6)(THF)][Na " (18-crown-6)(THF),](6¢* ")}, crystallized with
three interstitial THF molecules as 7¢-3 C,H;O. Two
slightly different cationic moieties, [Na " (18-crown-6)(THF)]
and [Na’(18-crown-6)(THF),], avoid the direct metal-n
interactions, providing a “naked” DIDBA-2H*" anion. The

©

‘«g%ﬁfﬁi%

DIDBA-2H 4

Figure 7. Crystal structures of (a) 7b and (b) 7 c. Hydrogen atoms are omitted for clarity. Color scheme used: C gray, O red, Na blue, N spring
green.” (c) The front view of DIDBA-2Ph>~ and DIDBA-2H?"; ball-and-stick model. Hydrogen atoms and mesityl groups are omitted for clarity.
(d) Selected bond lengths (in A) in the m-conjugated skeleton are labeled, and the red numbers in individual rings are the calculated NICS(1),,
values. (e) Calculated ACID plot (isovalue =0.02, contribution from t electrons only) of neutral DIDBA-2Ph and DIDBA-2H and their dianion

congeners DIDBA-2Ph?~ and DIDBA-2H*".
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Na™ ions are axially coordinated by one 18-crown-6 ether
molecule and capped by one/two THF molecules with all
Na-Ogomm (2.429(8)-3.016(12) A) and Na-Opyp (2.276(5)-
2.385(7) A) distances being similar to those previously
reported.”

The electron charging dramatically distorts the skeleton
of DIDBA-2Ph*", which is reflected by the increased end-
to-end torsional angles of bonds e/e’ (Figure 7c) due to two
factors. On the one hand, the Coulomb repulsion among the
delocalized negative charges of phenyl substituents and
indeno units, presented by the calculated ESP maps (Fig-
ure S13 in SI), provides the driving force for the distortion.
On the other hand, although no direct Na* ion binding is
observed, multiple C—H--nt interactions between the neigh-
boring cations and the dianion contribute to the twisting of
DIDBA-2Ph’~ (Figures S21-22 in SI). Similarly, the multi-
ple C—H-m interactions (Figures S23-24 in SI) slightly
twisted the geometry of DIDBA-2H?" with the end-to-end
torsion angle of 0.4°. Due to the twisted core with unsym-
metrical torsional angles (TableS7 in SI), equimolar
amounts of enantiomers were observed for DIDBA-2Ph*~
and DIDBA-2H*" in the solid state (Figures S27-28 in SI).

Comparison of the C—C bonds of dianions with those of
the neutral parent compounds demonstrates that the major
changes are associated with the central part of the
dicyclopenta[a,h]anthracene core. Particularly, the bonds b/
g/l/j are elongated in both DIDBA-2Ph’~ and DIDBA-2H*",
while the adjacent bonds a/h/fli/k become shortened. These
structural changes lead to smaller bond length alternations
implying enhanced aromaticity, which is theoretically con-
firmed by the negative NICS(1),, values of rings B/C/E
(Figure 7d). The Anisotropy of the Induced Current Density
(ACID)™! analyses of both dianions also reveal the change
of aromaticity upon dianion formation (Figure 7e). For the
DIDBA-2Ph’~ and DIDBA-2H>", ACID plots show obvious
diatropic ring currents (blue clockwise vector) along the
periphery with partially localized current flows, thus indicat-
ing the global aromaticity. The enhanced aromaticity of the
dianions is also experimentally reflected by the down-field
chemical shift of protons in the aromatic regions of the 'H
NMR spectrum after the charging (see more details in the
SI).

The UV/Vis spectra of the doubly reduced products
display absorption peaks with A, at 586 nm in DIDBA-
2Ph’" and 532 nm in DIDBA-2H* (Figures S18 and S20 in
SI). Compared with DIDBA-2H?", the bathochromic shifts
of the maximum absorption in DIDBA-2Ph’>" implies its
smaller optical energy gap, in agreement with calculated
HOMO-LUMO energy gaps of DIDBA-2Ph*" (2.06 eV)
lower than that of DIDBA-2H?" (2.42 eV, Figure 8a). There
are small variations for their HOMO energies, but the
LUMO energies decrease upon twisting, consistent with
previous reports that distortion of n-conjugation results in a
substantial decrease of the LUMO energy for curved
aromatics.” However, for the neutral compounds DIDBA-
2Ph and DIDBA-2H, twisting the geometry significantly
enhances the LUMO energy level (Figure 8b). The induced
larger HOMO-LUMO energy gap reveals the opposite
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Figure 8. Calculated frontier molecular orbital profiles (isovalue=0.02)
of (a) charged DIDBA-2Ph*” and DIDBA-2H”" and (b) neutral DIDBA-
2Ph and DIDBA-2H.

effect of twisting on the electronic structure of this diindeno-
fused system in neutral and negatively charged states.

Conclusion

In summary, we have developed an efficient synthetic
method to systematically bend the pristine diindeno-fused-
polycyclic hydrocarbon DIDBA out of planarity by varying
the size of the substituents at the peripheral position of the
central benzene ring. X-ray crystallographic analysis of
DIDBA-2Cl, DIDBA-2Ph, and DIDBA-2H reveals that the
distorted backbone imposes chirality on the pristine struc-
ture, which is indeed seen from the existence of enantiomers
in the solid state. Upon twisting, their enhanced energy gaps
and decreased diradical character suggest a profound
modulation of the bonding situation prevailing in diindeno-
fused PHs. Furthermore, the chemical reduction furnishes
the corresponding dianions DIDBA-2Ph’>~ and DIDBA-
2H>" with global aromaticity. Remarkably therefore, their
structural distortions are larger than those of the corre-
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sponding neutral species with antiaromaticity, and they
display decreased energy gaps with larger non-planarity.

Different from reported methods to obtain non-planar
diindeno-fused structures,”™! our investigation offers novel
access to extended m-conjugated frameworks with a high
degree of twisting. The peripheral position of the central
benzene ring in DIDBA provides the opportunity for the
incorporation of additional units such as heterocycles,”” an
approach which is currently under investigation in our
laboratory. As a result of their intrinsic chirality, redox
potentials, as well as electronic and magnetic properties,
these molecules can hold promise for chiral-induced spin
selectivity,” energy storage, field-effect transistors,” and
spintronics.
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