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ABSTRACT: A stable o-quinodimethane (0QDM) derivative, 2,11- Br. Br
dibromo-13,14-dimesityl-S,8-dioxapentaphene (3) was synthesized, and
its structure and properties were investigated. The X-ray structural analysis
showed a significantly twisted z-framework and a clear bond-length
alternation in the central 0QDM skeleton. Owing to the quinoidal
conjugation, 3 exhibited a broad absorption band in the visible region (up
to 700 nm) and amphoteric redox behavior. Furthermore, radical cation
3°" was isolated, and its electronic structure was elucidated by spectroscopic measurements.

Dioxapentaphene

Synthesis of new m-conjugated frameworks with unique O
electrochemical and photophysical properties is important Ph Ph PhPh H
for the development of novel functional organic materials.' 8 6 Ph O ::
Quinodial 7-conjugated systems are attractive building blocks

because of their superior redox ability and wide absorption mtramo/ecular

bands in the visible region.2 In fact, p-quinodimethane Ph,0QDM cyclization

(pQDM) derivatives have been extensively studied as

electronic® and optical materials.* On the other hand, o- Ar Ar

quinodimethane (0QDM) derivatives are well-known versatile Ar N\_/ Ar oA
reagents in synthetic chemistry due to their high reactivity.” O O‘ ‘O
0oQDM derlvatlves are also promising functional organic Q Q O
materials, even though the synthesis of stable derivatives is
still challenging. Quinkert et al. reported that 7,7,8,8-
tetraphenyl-o-quinodimethane (Ph,0QDM) spontaneously iso-
merized into 1,1,2,2-tetraphenylbenzocyclobutene (I) and
4a,10-dihydro-9,10,10-triphenylanthracene (II) by intramolec-
ular cyclization (Figure 1).” Suzuki et al. synthesized 0QDM
derivative 1 in which the cyclization of 0QDM was suppressed
by dibenzoannulation.” A phenanthrene-type framework was Figure 1. Chemical structures of Ph,oQDM, I, II, 1—3, and 7.
designed to destabilize the corresponding cyclized products by
the steric congestion between the aryl units on the exocyclic

1: Ar = 4-MeOPh 2: Ar = mesityl

DOP: Ar=H, X=H
3: Ar = mesityl, X = Br
7:Ar=H, X=Br

carbons and hydrogen atoms at the 1,8-positions of stable cationic species.'’ Herein, we report the synthesis,
phenanthrene. In the meantime, the dibenzoannulation structure, and properties of 2,11-dibromo-13,14-dimesityl-5,8-
generates a large local aromaticity in the outer benzene rings dioxapentaphene (3). Furthermore, we successfully isolated
to reduce its quinoidal characteristics.”'>* Recently, Tobe et al. radical cation salt 3*"-SbF™. To the best of our knowledge, this
reported an air-stable 0QDM derivative, indenofluorene 2.'° is the first report on the structure and electronic properties of
The two peripheral benzene rings in 2 were directly connected an 0QDM-based radical cation.
to the oQDM unit to inhibit the isomerization, and this Compound 3 was synthesized in five steps from 14-
extended 0QDM skeleton showed a biradical nature. hydroquinone, as shown in Scheme 1. First, the nucleophilic
We have designed $,8-dioxapentaphene (DOP) as a new substitution of S-bromo-2-fluorobenzonitrile with 1,4-hydro-

quinone in the presence of K,COj; gave dinitrile 4 in 97% yield.
The hydrolysis of dinitrile 4 under basic conditions afforded the
corresponding dicarboxylic acid 5 in 82% yield. To construct

electron-rich 7-conjugated system containing the 0QDM
structure. Two peripheral benzene rings in DOP were anchored
to the central 0QDM moiety with oxygen bridges that suppress
the cyclization to the 0QDM moiety. Moreover, DOP can be

considered as two xanthyl units condensed together. Because Received: January 18, 2016
xanthylium cation is a stable species, DOP is expected to form a Published: February 24, 2016
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Scheme 1. Synthesis of 3
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the angular fused-ring framework by acid-catalyzed intra-
molecular electrophilic cyclization, 5 was heated in concen-
trated H,SO,,"” regioselectively affording dione 6 as the only
product in 85% yield. The origin of this regioselectivity can be
explained in terms of the shape of the HOMO in the (9-
xanthone)oxidanium cation intermediate, which has a large
coefficient at the 8-position (ortho-carbon with respect to the
carbonyl group, Scheme S1) rather than the 6-position (para-
carbon)."” Finally, 6 was converted to the corresponding diol
by addition of mesityl Grignard reagent, and then the crude diol
was treated with SnCl, to afford 3 as a dark bluish-purple solid
in 75% yield over two steps.

The detailed structure of 3 was obtained from X-ray
structural analysis (Figure 2 or S1). Single crystals for X-ray

®)

Figure 2. Crystal structure of 3: (a) top and (b) side views. Hydrogen
atoms are omitted for clarity. Thermal ellipsoids set at 50%. (c)
Assigned names of the selected bond and ring positions.

analysis were obtained by the slow diffusion of n-hexane into
the CH,Cl, solution of 3."* The X-ray analysis showed that 3
had a significantly twisted z-framework because of the steric
repulsion between the two mesityl groups, in which the
distance of the shortest contact was 3.146(3) A of C26—C31.
The twisting angle was estimated to be 64.4° from the dihedral
angle between the terminal rings A and E. The C—C bonds
around the central ring C showed more distinct bond-length
alternation compared to those of 1 and 2. Namely, bonds a
(1.359(3) A), ¢ (1.333(3) A), e (1.333(3) A), and g (1.359(3)
A) had double-bond nature, whereas bonds b (1.458(3) A), d
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(1.436(3) A), f (1.461(3) A), and h (1.485(3) A) had single-
bond nature. These bond lengths are consistent with the
reported theoretical data of 0QDM ' and the experimental data
of 2, clearly indicating that 3 is a homologue of 0QDM. DFT
calculations were carried out for both 3 (twisted form) and 7
(Ar = H, planar form) to elucidate the effect of the twisted
structure on the electronic properties of DOP z-system (Figure
S2, Tables S2 and S3). DFT calculations (RB3LYP/6-31G**)
indicated that 3 and 7 have significantly different LUMO
energy levels (3: —2.27 eV and 7: —2.61 eV) and similar
HOMO energy levels (3: —4.63 eV and 7: —4.47 eV). These
results establish that the twisting structure has a large effect on
the LUMO energy levels and minor effect on HOMO energy
levels. In addition, the singlet biradical characters were
calculated as occupation number of LUMO, 0.091 (9%) for 3
and 0.090 (9%) for 7, using the CASSCF(2,2)/6-31G//RHEF/
6-31G** method, showing that the singlet biradical characters
were nearly independent of the twisted structure.

At room temperature, the "H NMR spectrum of 3 in CDCl,
showed three singlet peaks in the aliphatic region attributed to
the methyl protons in the mesityl groups (Figure 3b),
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Figure 3. '"H NMR spectrum of 3 in CDCl, at selected regions: (a)
7.5—5.5 (int X3) and (b) 2.5-0.5 ppm. *chloroform; **water. See
also Figure S3.

indicating the hindered rotation of the mesityl groups due to
the steric congestion. Surprisingly, one of the singlet peaks
shifted to a higher magnetic field at 0.86 ppm compared to the
other methyl singlets (2.28 and 2.25 ppm). Judging from the
crystal structure in Figure 2, two sets of o-methyl protons on
the C29 and C36 are positioned on the facing mesityl rings,
thus affecting the ring-current effect. Similar to these mesityl
protons, the aromatic protons in the mesityl group were
observed as two slightly broadened singlets at 6.83 and 6.64
ppm (Figure 3a). The remaining four peaks (one double—
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doublet, two doublets, and one singlet) in the aromatic region
were assigned to the DOP protons, indicating the C, symmetry
of the DOP unit. The results indicate a twisted structure in the
solution state, similar to that observed in the crystal state. The
singlet signal at 5.61 ppm can be assigned to the central-ring
protons. The corresponding protons of S,6-dimethylidenecy-
clohaxa-1,3-diene and 2,2-dimethyl-2H-indene appeared at
6.00"° and 6.08 ppm,17 respectively. The upfield shift of the
observed protons (5.61 ppm) in the central ring C in 3 can be
partly due to the presence of oxygen atoms at the 5- and 8-
positions. Intense cross-peaks were observed for both methyl
protons (2.25 and 0.86 ppm) and aromatic protons (6.83 and
6.64 ppm) in the mesityl groups in the NOESY spectrum of 3
in CDCl; at 298 K, indicating the site exchange due to the
flipping of twisted structure (Figure S4). The variable-
temperature 'H NMR spectra of 3 in o-dichlorobenzene-d,
showed the coalescence of the methyl protons and the aromatic
protons at around 403 and 363 K, respectively (Figure S5). The
racemization barrier (AG¥) was estimated to be ~75 kJ mol ™!
by the coalescence method (Table $4)."*

The UV—vis absorption spectrum of 3 in CH,Cl, showed a
broad and intense absorption band in the visible region (450—
700 nm, A, = 560 nm, £ = 1.04 X 10* M~ cm™") despite the
significantly twisted structure (Figure 4). The shape of the
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Figure 4. UV—vis absorption spectrum of 3 in CH,Cl,.

absorption band of 3 was similar to that reported for Ph,oQDM
(Amax = 520 nm, Aegqe & 620 nm).” A significant red shift was
observed for the visible absorption, indicating that the z-
conjugation on the 0QDM in 3 significantly extended to the
terminal benzene rings via two oxygen bridges. The HOMO—
LUMO energy gap was estimated as 1.77 eV from the
absorption edge. This value is smaller than the HOMO—
LUMO energy gap of Ph,0QDM (2.00 eV) and comparable to
the reported HOMO—LUMO energy gap of 2 (1.70 eV).
Moreover, 3 showed a negligible spectral change for a week
under daylight and aerated conditions at room temperature
(Figure S6), indicating the high stability of 3.

The cyclic voltammogram of 3 in CH,Cl, (Figure S)
exhibited two reversible oxidation waves at +0.07 V and +0.42
V vs Fc/Fc', indicating that the cationic species of 3 were
electrochemically stable. In particular, the first oxidation
potential indicates its superior electron-donating ability
compared to previously reported 0QDM derivatives (1: +0.61
V vs Ag/Ag", 2: +0.59 V vs Fc/ Fc"). Moreover, one reversible
reduction wave was observed at —2.00 V. The electrochemical
small HOMO—-LUMO energy gap of 1.90 V was estimated
from the onset potentials of the oxidation and reduction of 3.

We carried out the chemical oxidation of 3 for isolating
radical cation 3°*. The treatment of a CH,Cl, solution of 3 with
a 1 equiv amount of tris(4-bromophenyl)aminium hexafluoro-
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Figure S. Cyclic voltammogram of 3 in CH,Cl, containing 0.1 M n-

Bu,NPF; as a supporting electrolyte at a scan rate of 100 mV s™".

antimonate afforded the desired radical cation salt 3°*-SbF,™ as
a dark blue solid. This solid is stable under aerated conditions at
room temperature. The UV—vis—NIR spectrum of 3°"-SbF4~
was measured in CH,Cl, (Figure 6). The observed spectrum is
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Figure 6. UV—vis—NIR spectrum of 3**-SbF,~ in CH,Cl,. *Solvent
peaks.

consistent with that observed by the electrochemical oxidation
(Figure S7). Radical cation salt 3°*-SbF,~ showed the
characteristic broad NIR absorption up to 1800 nm that can
be assumed as a charge-resonance band associated with the
SOMO-LUMO transition by the means of TD-DFT
calculations (Figure S8 and Table SS).

The electron-spin resonance (ESR) spectrum of 3**-SbF,~ in
degassed CH,Cl, at room temperature showed a 1:2:1 triplet
line resulting from the hyperfine coupling with two equivalent
"H nuclei (I = 1/2) with g = 2.0038 (Figure 7). The observed
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Figure 7. (a) Observed and (b) simulated ESR spectra of 3°*-SbF,~ in

CH,CIl, at room temperature. Parameters for simulation: g = 2.0038,
la'™l (x2) = 0.330 mT.

ESR spectrum was reproduced by spectral simulation with an
estimated hyperfine coupling constant of la'"l = 0.330 mT. The
results confirm that the electron spin density was mainly
localized in the 0QDM moiety. The calculated spin density is
consistent with the experimental results (Figure S9).

In conclusion, we have designed and synthesized a stable
0QDM derivative 3 with a highly twisted structure in both the
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crystal and solution state. Compound 3 showed bond-length
alternation and a broad visible absorption, characteristic of an
0QDM structure. Moreover, 3 was shown to be a superior
electron donor. Furthermore, we successfully isolated the
radical cation salt 3°"-SbF,~ and disclosed the detailed
electronic structure by spectroscopic measurements. The
fundamental properties of the DOP 7-system 3 are summarized
as follows: a colored substance with a high stability and a
superior electron donor, affording a stable radical cation based
on the 0QDM structure. By introducing additional functional
groups at the terminal Br-attached carbons, further elongation
of absorptions is possible. Furthermore, replacing the mesityl
groups with further bulky groups would enable the optical
resolution of 0QDM structures. The synthesis of various 7-
conjugated systems based on the DOP framework is in progress
in our laboratory.
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