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redox-induced planarization

ABSTRACT: Condensed phenoxazine dimer was synthesized and characterized. X-ray crystallographic analysis of the dimer
shows a double-butterfly structure, in which the nitrogen atoms are located above and below the molecular plane. Radical
cation salt of the dimer was obtained using tris(4-bromophenyl)aminium hexafluoroantimonate as the oxidant. The salt is
air-stable in solid and solution states. The cation structure was evaluated by X-ray crystallographic analysis, showing that the
phenoxazine units were converted to a planar structure upon oxidation.

Radical cations of condensed polycyclic aromatic com-
pounds are an important class of materials in the develop-
ment of organic electronic, optical, and magnetic devices.!
Phenothiazine PTZ and phenoxazine PXZ produce stable
radical cations upon one-electron oxidation, converting the
unique butterfly structure into planar.? The structural
transformation is followed by a dramatic change in the pho-
tophysical properties and 7-electron delocalization. Pheno-
thiazine and phenoxazine skeletons are deemed to be at-
tractive frameworks for materials with redox-responsive
functions, owing to these desirable properties.3 Incorpora-
tion of phenothiazine or phenoxazine skeletons in con-
densed polycyclic systems may produce compounds that
exhibit excellent stimulus-responsive properties like PTZ
and PXZ. The isolation and investigation of radical cations
are essential to determine the differences in structural and
electronic properties between neutral and oxidized states.
However, only a few studies have reported on the isolation
and structural elucidation of cationic species of condensed
polycyclic compounds using phenothiazine or phenoxazine
skeletons. In a recent work, we described the redox-induced
planarization of polycyclic aromatic compounds using the
phenoxazine substructure, trioxytriphenylamine TOT, and

its application in the development of redox-responsive
magnetic materials (Figure 1).3¢d#4
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Figure 1. Chemical structure of electron donors with phenothi-
azine or phenoxazine substructures.

In the course of our attempts to explore condensed poly-
cyclic aromatic systems with redox-induced planarization,
we have focused on the condensed phenothiazine dimer
BPTZ, previously reported by Higashibayashi et al.> BPTZ
has a characteristic double butterfly structure, but the mo-
lecular structure of the radical cation has not been de-
scribed yet. Theoretical studies using density functional
theory (DFT) calculations were carried out, suggesting that
BPTZ** has a non-planar structure, owing to the long C-S
bond lengths. Shortening the carbon-heteroatom bond



length by replacing sulfur with oxygen atoms in BPTZ is a
reasonable strategy to achieve non-planar to planar trans-
formation upon oxidation. This approach is further sup-
ported by theorical studies. Herein, we synthesized the con-
densed the phenoxazine dimer BPXZ and successfully iso-
lated its radical cation. The molecular structures of BPXZ
and BPXZ+ were investigated by X-ray crystallographic
analysis.

Scheme 1. Synthesis of BPXZ.

NaO'Bu
Br B paydba)ecHel, T N Br
| HoN
2 BINAP
+ _—
toluene
OMe  F reflux, 94 h OMe F
1 2 61% 3
Br H Br Br H Br
BBr, N K2CO3 N
=P _ s
CH,Cl, DMF
-78 °C tort OH F 100°C, 4 h O
16 h 4 95%
93% 5
(0]
Ni(cod), O O
2,2"-bipyridyl N
1,5-cyclooctadiene H KO®Bu
Locyclooctadiens. H BPXZ
toluene N THF
100°C, 24 h rt, 36 h
crude y. 38% under air
Y 53%
6

Scheme 1 illustrates the synthetic method to fabricate
BPXZ. First, 3-bromo-2-iodoanisole (1) was synthesized ac-
cording to a previously reported method.® Following this,
diarylamine 3 was obtained by the Buchwald-Hartwig
cross-coupling reaction of 1 and 2-bromo-6-iodoaniline
(2).” Deprotection of the hydroxy group in 3 was carried out
using BBr3, followed by the intramolecular aromatic nucle-
ophilic substitution in the presence of K2COs3, thereafter pro-
ducing 1,9-dibromo-10H-phenoxazine (5).# The conversion
of 5 into BPXZ was realized by slightly modifying the dimer-
ization protocol developed by Higashibayashi as follows:s
phenoxazine dimer 6 was fabricated by the nickel-mediated
homo-coupling reaction of 5. N-N bond formation was
achieved by the aerobic oxidation of 5 under alkaline condi-
tions, generating BPXZ as a red solid in 53% yield. Although
BPXZ has a low solubility in common organic solvents, the
structure of BPXZ was undoubtedly identified by MS, NMR,
and X-ray structural and elemental analysis. BPXZ is stable
under aerated conditions at room temperature in solid and
solution states (Figure S1).

Single crystals of BPXZ suitable for X-ray crystallographic
analysis were grown via the slow evaporation of THF from
the solution. Four crystallographically independent mole-
cules of BPXZ with almost identical structures in a unit cell
were identified (Figure S3);8 Figures 2a-c displays one of
the identified BPXZ structures. As expected, BPXZ adopts a
non-planar structure, where each phenoxazine unit has flat
butterfly shape with a dihedral angle of 167°-169° between
the two benzene rings, bent in the opposite direction. Two
oxygen atoms are closer to the mean square plane formed by
carbon atoms, and two nitrogen atoms are positions above

and below the mean square plane. The deviations out of the
plane were 0.25-0.29 A and 0.36-0.37 A for oxygen and ni-
trogen atoms, respectively (Figure 2b,c). The sum of C-N—C
bond angles around each nitrogen atom is 336—337°, sug-
gesting that the nitrogen atoms have significant sp3 hybrid-
ization. The N-N bond lengths were 1.48—1.49 A which are
longer than those reported for tetraphenylhydrazine deriv-
atives (1.38-1.43 A).52 This can be attributed to the elec-
tronic repulsion between lone pair electrons of the nitrogen
atoms. Moreover, N-N bond elongation was reported for
BPTZ and its derivatives (1.44—1.50 A).5 BPXZ molecules
are arranged in 1-D slip-stacked columns along the b-axis
with close contacts between the carbon atoms (3.38 A) and
the carbon and oxygen atoms (3.21 A) (Figure 3a). These
distances are slightly shorter than the sum of the van der
Waals radii (C-C: 3.40 A and C-0: 3.22 A).9
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Figure 2. ORTEP views of BPXZ (upper) and BPXZ:+eSbFes-
(lower) (50% probabilities): Top (a) and (d) and side views (b),
(c), (e) and (f). Hydrogen atoms and counter anions were omit-
ted for clarity. Grey, blue, and red ellipsoids represent carbon,
nitrogen, and oxygen atoms, respectively.

Table 1. The selected bond lengths? and the bond and dihe-
dral angles of BPXZ and BPXZ**.

bonds and angles® BPXZ° BPXZ **SbFs

N-N 1.49 1.37

a(C-N) 1.43 1.41

b (C-N) 1.43 1.40

€ (C-0) 1.38 1.37

d (C-0) 1.38 1.37

e (C-C) 1.48 1.46
sround he nivogonsom 95937 0
Dihedral angles between 167-169° 180°

A and B rings

aln A unit. bThe assignment of bond names are shown in Figure
2.<Obtained from one of the independent molecules.



Figure 3. ORTEP views of crystal packing motifs of BPXZ (a)
and BPXZ:+eSbFs- (b) (50% probabilities) Hydrogen atoms and
counter anions were omitted for clarity. Grey, blue, and red el-
lipsoids represent carbon, nitrogen, and oxygen atoms, respec-
tively. Dash lines show short C-C (black) and C-O contacts (red).

To evaluate the stability of the radical cation BPXZ*+, cy-
clic voltammograms of BPXZ were measured in degassed
THF in the presence of 1.0 M tetra-n-butylammonium per-
chlorate as a supporting electrolyte (Figure 4). A reversible
redox wave was observed at E1/2/+1 = —0.20 V vs Fc/Fc* be-
cause of the formation of BPXZ**, indicating that BPXZ*+ is
stable under these conditions. Neither the second oxidation
nor the reduction wave was observed under the conditions
of CV measurement. The first oxidation potential of BPXZ is
slightly lower than that reported for BPTZ (E1/20/*! = —0.12
V).5® The low oxidation potential alludes to the strong elec-
tron-donating ability of BPXZ.
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Figure 4. Cyclic voltammogram of BPXZ in THF in the presence
of 0.1 M nBusNClO4; V vs Fc/Fc+ =0V (+0.55 V vs SCE), working

electrode: glassy carbon, counter electrode: platinum, refer-
ence electrode: SCE, scan rate 100 mV/s.

Chemical oxidation of BPXZ was carried out in CH2Cl: at
room temperature using tris(4-bromophenyl)aminium
hexafluoroantimonate as the oxidant. The desired radical
cation salt BPXZ**eSbFs~ was obtained as a blue solid in
83% yield and its purification was achieved via the repre-
cipitation of the CHsCN solution using diethyl ether. The
structure and properties of BPXZ**eSbF¢~ were character-
ized by MS, EPR (electron paramagnetic resonance), X-ray
crystallography and elemental analysis. The UV-vis-near
infrared (NIR) spectrum of BPXZ*+*eSbFs~ in CH3CN (Figure
5) exhibited characteristic bands with absorption maxima
at 633 and 693 nm. Time-dependent DFT calculations

(UB3LYP/6-31G**//UB3LYP/6-31G**) suggested that the
low-energy absorption band originates from the HOMO-1-
HOMO (SOMO) transition (f= 0.0658) (Figure S2, Table S3).
Moreover, BPXZ*eSbFs- in CH3CN exhibited negligible
spectral change after 24 h under aerated conditions at room
temperature (Figure S2), indicating the highly stable nature
of BPXZ*+ under these conditions.
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Figure 5. UV-vis-NIR absorption spectra of BPXZ in THF
(dashed line) and BPXZ*+eSbFs- (solid line) in CH3CN.
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Figure 6. EPR spectra of BPXZ*+; observed in degassed CH3sCN
at room temperature, 9.346338 GHz, g = 2.0033 (upper, black
line) and simulated (lower, red line). Parameters for the simu-
lation: |a(14N)| = 0.761 mT, |a(*H)| = 0.175 mT, 0.0489 mT,
0.0366 mT. (b) Spin density map of BPXZ+* calculated at the
DFT UB3LYP/6-31G** level (isovalue = 0.0004, blue positive
spin, green: negative spin).

To gain further inside into the electronic structure, the
EPR spectrum of BPXZ:*eSbF¢~ was obtained in degassed
CHsCN at room temperature. Multiple split lines with g =
2.0033 were observed (Figure 6). This spectral lines were
successfully reproduced using spectral simulation with the
following hyperfine coupling constants: 4N nuclei (I = 1),
a(¥N)=7.17 x 104 cm (0.761 mT); the three sets of 'H nu-
clei (I = 1/2): |a(*H)| (x4) = 1.65 x 10* cm™ (0.175 mT),
|a(*H)| (x4) = 4.61 x 10> cm (0.0489 mT), and |a(*H)| (x4)
= 3.45 x 10> cm! (0.0366 mT). The largest coupling con-
stant of 'H nuclei was reasonably assigned, with the aid of
the theoretical calculations, to the four equivalent 'H nuclei
atthe 2, 6,9, and 13-positions of BPXZ (Figure 6b), suggest-
ing that the incorporation of a radical unit at these positions
leads to a stronger spin-spin coupling. These results indi-
cate that the electron spin of BPXZ** is delocalized over the



entire m-conjugated system. Low temperature EPR of
BPXZ* in solid sample was measured at 110 K. Unfortu-
nately, no notable intermolecular magnetic interaction is
observed (Figure S6).

Single crystals of BPXZ**eSbFs~ suitable for X-ray crystal-
lographic analysis were obtained via slow diffusion of ether
into the benzonitrile solution of BPXZ:*eSbFs~. The ob-
served molecular structure of BPXZ** is shown in Figure 2d-
f. BPXZ*+ presents a planar structure with a dihedral angle
of 180° between rings A and B, and an inversion center lo-
cated in the middle of the N1-N1’ bond. The summation of
C-N-C bond angles around the nitrogen atom increased to
360° upon oxidation, indicating that the nitrogen atoms have
an sp? hybridization instead of sp3. The N1-N1’ bond-length
was significantly shortened from 1.49 A to 1.37 A upon oxi-
dation because of the reduction in electron repulsion be-
tween the unshared electrons of the nitrogen atoms (Table
1). These results confirm that, upon oxidation, the BPXZ unit
structure was converted from non-planar double butterfly
to planar. In addition, the bond length analysis showed that
all C-0, C-N, and C-C bonds bridging the two phenoxazine
units are shorter than the corresponding bonds in neutral
BPXZ, indicating n-electron delocalization over the entire
molecule. HOMA (harmonic oscillator model of aromaticity)
indexes were evaluated for heteroatom-containing rings in
BPXZ (0.0405) and BPXZ** (0.270).10 These HOMA indexes
indicated that the aromatic character of the heteroatom-
containing ring is enhanced upon oxidation. BPXZ** mole-
cules formed 1-D slipped n-stacks along the b-axis with in-
terplanar distances of 3.34 A. This distance is shorter than
the sum of van der Waals radii of carbon atoms (3.40 A)
(Figure 3b). The stacking columns were aligned along the c-
axis with a short contact between the carbon and oxygen at-
oms (3.28 A) (Figure S5).

In conclusion, a condensed phenoxazine dimer was syn-
thesized and oxidized to produce its stable radical cation
salt, which was isolated as a blue solid. Electrochemical
measurements revealed that the condensed dimer is a
strong electron donor. Crystal structures of the neutral spe-
cies and radical cation salt were elucidated using X-ray crys-
tallographic analysis. The neutral species adopts a charac-
teristic double-butterfly structure, while the radical cation
exhibited a planar structure. These results suggest that the
condensed dimer is attractive for application as building
blocks in redox-responsive magnetic materials.
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