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9,90-Anthryl-anthroxyl radicals: strategic
stabilization of highly reactive phenoxyl radicals†
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Hironobu Hayashi,a Haruyuki Nakano,b Tsuyoshi Kawai,a Jishan Wu*c and
Hiroko Yamada*ad

Stable 9,90-anthryl-anthroxyl radicals were synthesized and iso-

lated, and the structures were fully characterized by single crystal

X-ray diffraction analysis and ESR measurement. The resonance

structure and steric protection of the peripheral positions and the

most reactive 9-position of anthracene prolong the half-life of the

radical in solution to 11 days.

Phenoxyl radical,1 which is one of the highly reactive radicals, is
observed in biological processes as a tyrosyl radical related to
electron transfer, hydrogen atom transfer and proton-coupled
electron transfer.2 It formally contains resonance structure, as
shown in Scheme 1, in which the carbon atom at the 4-position
is also reactive. The stabilization has been achieved by sub-
stitution with bulky ortho-substituents,3 coordination to metal
ions4 or p-conjugation expansion.5

During the synthetic investigation of molecular graphene
nano-ribbons (GNRs),6 we found the formation of a stable
anthroxyl radical. The preparation of 9,90-anthryl-anthr-10-oxy
radical (1), an example of a p-expanded phenoxyl radical, was
reported by Singer et al. in 1971, where 1 was obtained by the
oxidation of 9,90-bianthryl by molecular oxygen, but only the
hyperfine coupling constants (hfccs) and g-value were reported
without an ESR spectrum.7 Here, we will report the synthesis
and characterization of stable radical 1, including the direct
comparison of 1 and 10-hydroxy-9,90-anthrylanthracene (1-H),

using the X-ray single crystal structure analysis of the co-crystal
of 1 and 1-H. We have also prepared tetrabicyclo[2.2.2]octadiene
(BCOD)-fused 9,90-anthryl-anthr-10-oxy radical derivative 2 as a
more stabilized radical species under ambient conditions. The
stability of the compound 2 was attained by two factors. One is
the expansion of the p-structure as same as radical 1: the
expansion of the phenyl skeleton expanded to anthracene,
resulting in the gain of two aromatic stabilization energies as
shown in Scheme 1, the other is ortho substitution of bulky
substituents at periphery and the most reactive 9-position. Thus
the radical 2 is stable enough to be purified over a conventional
silica gel column.

The synthetic route of 1 and 2 is shown in Scheme 2.
Bisanthracene quinones 3 and 4 were prepared according to
the literature.8,9 Hydride reduction of 3 and 4 using lithium
aluminium hydride (LAH) and 6 N HCl produced monoketones
5 and 6, respectively. The monoketones were used in the
following reaction without purification because of the instability
under ambient conditions. The radicals 1 and 2 were obtained
by the treatment of monoketones with pyridine N-oxide and
FeSO4�7H2O in 15% and 19% yield in 2 steps, respectively. The
products were identified by mass spectrum measurement
(Fig. S1–S3, ESI†), single crystal X-ray diffraction analysis
and ESR spectroscopy.

Scheme 1 Resonance structures of phenoxyl radical and anthroxyl radical.
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The single crystals were obtained by diffusion crystallization
with chloroform/methanol for 1, and the crystallographic data
is summarized in Fig. 1, Fig. S4 and S5 and Tables S1–S3, ESI.†
The radical 1 gave two types of crystals in one batch: a brown
needle type and brown plate type. The needle-shaped crystal is
the pure crystal of 1, as shown in Fig. 1a and b. The crystal data
was solved as a disordered structure due to the position of an
oxy-radical unit. The dihedral angle between two-anthracene
units is 70.1(2)1. The bond length at C8–C80 is 1.492(3) Å,
indicating a single bond. This is different from a stable
2,6-di-tert-butyl-4-(40-nitrophenyl)phenoxyl (tBuNPArO�) radical
with an aryl–aryl bond length of 1.4754 Å and an aryl–aryl

torsion angle of 17.51, where the spin density expanded the
whole molecule.5b The crystal with the plate-shape contains
10-hydroxy-9,9 0-anthyrylanthracene (1-H) and the radical 1 as a
pair via [O–H� � �O�] hydrogen bonding (Fig. 1c, Fig. S4 and S5,
ESI†) in the co-crystal. The compound 1-H was obtained from 1
in situ during the crystallization. The bond length of O1–C1 of
1-H is 1.364(3) Å, which confirms to a normal phenoxyl bond.
The C–C bond lengths of 1-H are those of typical aromatic C–C
bonds and the bond length of C8–C15 for 1-H is 1.496(3) Å.
Thus, 1-H in the co-crystal is 9,90-anthryl-10-anthranol. The
bond length of O2–C29 of 1 is 1.247(3) Å, which is 0.12 Å shorter
than that of O1–C1 of 1-H. The bond lengths of C29–C42,
C29–C30, C35–C36, and C36–C37 are 1.457(3), 1.464(4),
1.425(3), and 1.425(7) Å, respectively, assigned to single bonds
and the central ring next to O2 is not aromatic. The bond length
of C36–C43 for 1 is 1.492(3) Å. The bond lengths of 1 suggest
that the resonant structure E in Scheme 1 mainly contributes to
the structure of radical 1. The radical spin density should be
higher at the 9-position and the steric protection of the most
reactive carbon atom is effective in stabilizing the phenoxyl type
radicals. The two anthryl units are orthogonal to each other
with the mutual angles of 87.4(3)1 for 1 and 89.1(3)1 for 1-H.
The crystal structure of 2 shows a similar result to the needle-
shaped crystal of 1 (Fig. 1d and e).10 The crystal data was solved
as a disordered structure due to the position of the oxy-radical
unit. The two anthracene units are cross-shaped and the
dihedral angle is 69.2(2)1. The C8–C80 bond length that con-
nects two anthracene skeletons is 1.498(3) Å. A co-crystal of 2
and 2-H was not obtained.

The electronic structures of 1 and 2 were investigated by
electron spin resonance (ESR) measurement. The ESR spectra
of 1 and 2 in toluene are shown in Fig. 2, together with the
simulation pattern. The signals of 1 are attributed to four
positions in the anthroxyl skeleton, and the simulated hfccs
are 0.90 (2H), 3.28 (2H), 0.90 (2H) and 3.28 G (2H). The g-value
is 2.0023, which corresponds to a general organic free radical
compound. The line width of the ESR spectrum of 2 was wider
than that of 1 and the spectrum was hardly changed even by
varying the temperature. The signals of 2 are ascribed to the
two positions in the skeleton. The simulated hfccs are 1.00 (2H)
and 2.80 G (2H) and the g-value is 2.0024. According to the spin
density calculation (Fig. 2c and d), both 1 and 2 have the
highest spin densities on C8 substituted with anthryl or the
derivative (for numbering, see Fig. 1). This result suggests that
the resonant structure E in Scheme 1 is also the main structure
for 1 and 2 in solution. The anthryl groups are substantially
orthogonal to the phenoxyl skeleton, contributing as steric
protection to the radical. Density functional theory (DFT)
calculations at the B3LYP/6-31G(d) level were conducted to
provide further understanding of SOMO.11 Computed spin
densities showed that the unpaired electrons were delocalized
on the anthroxyl skeleton for each compound rather than the
substituent-acenes (Fig. S7, ESI†).

The UV-vis absorption spectra of 1 and 2 recorded in toluene
are shown in Fig. 3a and Table 1. Each solution displayed a
dark yellow color. The UV-vis absorption spectrum of 1 shows

Scheme 2 Syntheses of 1 and 2: (i) lithium aluminium hydride (LAH), dry
THF, then 6 N HCl, reflux; (ii) FeSO4�7H2O, pyridine-N-oxide, pyridine,
piperidine, 100 1C.

Fig. 1 Crystal structures of (a) top view; and (b) side view of 1; (c) co-crystal
with 1 and anthroxyl anthracene (1-H); (d) top view; and (e) side view of 2.
Solvent molecules are omitted for clarity. Thermal ellipsoids represent 50%
probability.
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the major absorption at 357 (e = 23 900 M�1 cm�1) and 387 nm
(e = 12 900 M�1 cm�1) and the minor absorption broadened
to 800 nm with a maxima at 413 (e = 5590 M�1 cm�1), 434
(e = 6660 M�1 cm�1), 537 (e = 1620 M�1 cm�1) and 578 nm
(e = 1830 M�1 cm�1). Because the UV-vis absorption spectrum
of 9,90-bianthryl is up to 400 nm,12 the absorption wavelength is

red-shifted by the contribution of SOMO, as shown by the
TD-DFT calculations (Fig. S8, ESI†). The BCOD-fused com-
pound 2 displays an absorption spectrum with the red-shifted
major absorption at 369 (e = 25 000 M�1 cm�1) and 384
(e = 12 800 M�1 cm�1) nm, and with the minor absorption
broader and spread to 800 nm compared to those of 1. The
photo-stability of the radical in toluene was checked by UV-vis
absorption spectral change. The solution was kept in room
light under air and the temporal spectral change was measured,
as shown in Fig. 3b, Fig. S9 and S10, ESI.† The peak-top
(357 nm) of the absorbance of 1 is gradually decreased and
the half life (t1/2) is calculated to be 92 h. In contrast, t1/2 of 2
was significantly longer than that of 1 and was estimated to be
274 h (11.4 d). The stability was improved about 3 times by
inserting the BCOD moieties.

The electrochemical properties of the radicals were studied
by cyclic voltammetry (CV) in dry dichloromethane containing
0.1 M tetra-n-butylammonium hexafluorophosphate (nBu4NPF6)
as a supporting electrolyte. The results are summarized in
Table 1 and Fig. S11, ESI.† The one-electron reduction potentials
(Ered

1/2 vs. Fc/Fc+) of 1 and 2 are at �0.77 V and �0.94 V,
respectively. The radical 1 shows one oxidation potential at
0.55 V (vs. Fc/Fc+), whereas 2 shows two reversible oxidation
waves at 0.25 and 0.91 V (vs. Fc/Fc+). In comparison with 1, the
first oxidation and reduction potentials of compound 2 are
shifted to the negative side. It is considered that the SOMO
energy level of 2 rises by receiving the electric effect of s–p
hyperconjugation of BCOD-units to the anthracene moiety.13

From CV and DFT calculations, the stability of 2 against electro-
chemical oxidation is predicted to be lower than that of 1. The
surrounding structures of the C8 position of 1 and 2 are similar
in crystals due to the similarity of the angles of two anthryl
planes and the C8–C80 distances. However, the better stability of
2 in solution suggests the restricted freedom of rotation on the
C8–C80 axis for 2 compared to that for 1 owing to the BCOD
substituents at the edge of the anthracene unit, thus restricting
the reactivity of C8 to give a quinoid structure (Fig. S12, ESI†).

In conclusion, we were successful in preparing and charac-
terizing stable 9,90-anthryl-anthroxyl radicals.14 The result of
X-ray structural analysis, ESR spectra and DFT calculations
suggested the highest spin density of radical 1 localized at
the 9-position due to the resonance and the stabilization of the
phenoxyl radical achieved by protection of the most reactive
position with an anthryl group. The peripheral BCOD-
substituents influenced the energy levels of SOMOs to be raised
by s–p hyperconjugation to encourage the electrochemical
oxidation and the absorption spectrum to be red-shifted.
Furthermore, the stability of radical 2 in solution was improved
owing to the steric hindrance of the BCOD-moiety to restrict the

Fig. 2 ESR spectra and simulations of (a) 1 in toluene (1.6 � 10�2 mM) at
183 K and (b) 2 in toluene (2.7 � 10�2 mM) at 183 K. Spin density of (c) 1;
and (d) 2 computed at the B3LYP/6-31G(d) level.

Fig. 3 (a) UV-vis absorption spectra of 1 (red line) and 2 (blue line) in
toluene. (b) Decay profiles of UV-vis absorption spectra of (a) 1 (K 357 nm)
and (b) 2 (’ 369 nm).

Table 1 Summary of optical and electrochemical properties of radicals

Compd. labs
a (nm) Eox

b (V) Ered
b (V)

1 357, 387, 413, 434, 537, 578 0.55 �0.77
2 369, 384, 421, 446, 537, 576, 615 0.25, 0.91 �0.94

a In toluene. b The values were obtained by cyclic voltammetry. V vs. Fc/Fc+.
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rotation around the C8–C80 axis. Finally, we have tried to
prepare 6,60-penthryl-penthroxy radical (7) from 2 by a retro-
Diels–Alder reaction.8,15 Although the formation of a pentacene
dimer was detected,16 the ESR measurement of the product was
not successful at present because the life-time of the product is
much shorter than that of 1.
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