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Abstract: A hydrogen-bonded complex was successfully
isolated as crystals from the anthranol/anthroxyl pair in the
self-exchange proton-coupled electron transfer (PCET) reac-
tion. The anthroxyl radical was stabilized by the introduction
of a 9-anthryl group at the carbon atom at the 10-position. The
hydrogen-bonded complex with anthranol self-assembled by
-7 stacking to form a one-dimensional chain in the crystal.
The conformation around the hydrogen bond was similar to
that of the theoretically predicted PCET activated complex of
the phenol/phenoxyl pair. X-ray crystal analyses revealed the
self-exchange of a hydrogen atom via the hydrogen bond,
indicating the activation of the self-exchange PCET reaction
between anthranol and anthroxyl. Magnetic measurements
revealed that magnetic ordering inside the one-dimensional
chain caused the inactivation of the self-exchange reaction.

Electron-transfer reactions involving proton-transfer pro-
cesses are usually discussed in terms of the proton-coupled
electron transfer (PCET) mechanism.!! Such reactions are
widely found in chemical and biological systems. For example,
the electron transfer in photosystem IT (PSIT)*?! and ribonu-
cleotide reductase (RNR)P! were reported to be driven by the
PCET mechanism. In both cases, the oxidation of phenol is
a key step.[) Phenol releases a proton and an electron and is
converted into phenoxyl. The coupling of proton-transfer
processes to electron-transfer processes reduces the activa-
tion barrier of these reactions. The nature of PCET reactions
has attracted interest of researchers in the field of organic
conductors in the course of exploring superconducting
molecular materials. A quinhydrone complex, consisting of
para-hydroquinone and para-benzoquinone, was one of the
first examples of PCET activated molecular conductors. It
exhibited electron transfer via m—m stacking coupled with
proton transfer through the hydrogen bonds under high-
pressure conditions.”] Recently, Mori et al. reported a similar
type of the complex based on catechol-fused® or pyridyl-
substituted® tetrathiafulvalene (TTF) derivatives. They
observed the proton—electron coupled state.
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Herein, we investigated the self-exchange system of
PCET reactions between phenol and phenoxyl. Theoretical
studies on this self-exchange reaction have been reported.”
These studies revealed the possibility of the presence of
a concerted reaction of the proton and electron transfer based
on quantum calculations and reaction energy discussions. At
the theoretically predicted transition state, phenol and
phenoxyl form a head-to-head hydrogen bond. The orbital
analyses of this self-exchange system revealed the transfer
pathway of the proton and electron. Proton transfer is
expected to occur through the overlap of the lone pair of
electrons on the oxygen atoms, whereas an electron transfers
through the overlap of m-orbitals distributed on oxygen
atoms. Both overlaps are found in the hydrogen bond. Based
on these studies, we envision that the hydrogen bond in the
phenol/phenoxyl pair can be regarded as a conductive path
rather than a dielectric path. We synthesized and isolated
a PCET activated complex in the crystalline form to verify the
conductive hydrogen bonds experimentally.

One of the largest barriers to observing the hydrogen-
bonded complex between phenol and phenoxyl is the stability
of phenoxyl. Usually, phenoxyl is stabilized by the introduc-
tion of sterically bulky groups (that is, tert-butyl) at the 2,4,6-
positions having a high spin density. However, the bulky tert-
butyl groups at the 2- and 6-positions can inhibit the
formation of the hydrogen bond. To address this, a new
stable phenoxyl derivative was designed. Anthroxyl is
thought to be a suitable radical for this purpose. Instead of
bulky groups, the extension of the m-conjugated system of the
anthracene ring of anthroxyl is expected to increase the
stability of the radical. Furthermore, the empty space around
the oxygen atom favors the formation of a rigid hydrogen
bond. We decided to introduce a bulky anthryl group at the
10-position of anthroxyl (Scheme 1) to increase the stability,
because of the relatively high spin density at that position.
The anthryl-substituted anthroxyl radical (1), which was
generated by the oxidation of bianthryl, has only been
characterized by electron spin resonance (ESR) spectrosco-
py.”) We synthesized this anthroxyl derivative 1 by a multi-
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Scheme 1. a) The self-exchange PCET reaction between phenol and
phenoxyl pair. b) Anthryl-substituted anthroxyl 1.
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Scheme 2. Synthetic route to anthryl-substituted anthroxyl 1.

step reaction, and its reduced form anthranol (2) for the
construction of a PCET activated complex, and then isolated
the complex in the crystalline form.

The synthetic route to 1 is shown in Scheme 2. Starting
from anthrone, methylation followed by bromination pro-
vided 9-bromo-10-methoxylanthracene (4) in good yield.
Thereafter, the coupling reaction with anthrone and subse-
quent dehydroxylation afforded methoxybianthryl (5). After
demethylation with BBr;, the resulting anthranol 2 was
oxidized with potassium ferricyanide to form 9-anthryl-
substituted anthroxyl 1. The stability of 1 was found to be
very high; 1 was stable even when it was treated with a polar
protic solvent, such as alcohol or water, in air. Because of the
high stability of 1, pure 1 was obtained as brown platelet
crystals from a toluene solution. X-ray crystallographic
analysis indicated that the carbon atom at the 10-position,
with high spin density, was sandwiched from top and bottom
by the two hydrogen atoms at the peri positions of the
orthogonally substituted anthracene ring (Supporting Infor-
mation, Figure S1). This structural feature is important for
stabilizing the radical. The phenyl-substituted derivative
could not be isolated. The absence of steric repulsion allows
the phenyl ring to rotate and the protection of the spin center
is insufficient. The hyperfine splitting of the solution ESR
spectrum of 1 was mainly derived from the hydrogen atoms at
the 2,4,5,7-positions of anthroxyl (Supporting Information,
Figure S2). We did not find significant leaks of the spin
density into the anthracene substituent. The delocalized spin
distribution of the anthroxyl radical was in agreement with
that estimated from quantum calculations. The redox prop-
erty of 1 was evaluated by cyclic voltammetry in dichloro-
methane solution. The voltammogram showed two reversible
waves at —0.86 V and 0.40 V (vs. Fc¢/Fc*; Supporting Infor-
mation, Figure S3). The lower redox wave can be assigned to
the electron-reduction process from the radical to the anion,
and the higher wave corresponds to the oxidation process
from the radical to the cation. The detailed description of the
ESR analyses and the temperature dependent superconduct-
ing quantum interference device (SQUID) measurements is
given in the Supporting Information.

A hydrogen-bonded complex between anthroxyl 1 and its
reduced form, anthranol 2, was successfully isolated. The
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Figure 1. X-ray structure of the hydrogen-bonded complex between
1 and 2 at 100 K.'? Ellipsoids are set at 50% probability.

mixing of 1 and 2 in toluene and subsequent slow evaporation
gave brown platelet crystals suitable for X-ray crystallo-
graphic analysis.'” The shape and color of the crystals were
similar to those of 1. Single-crystal X-ray analysis at 100 K
showed that 1 and 2 were almost coplanar and faced each
other in the form of O--HO (Figure 1; Supporting Informa-
tion, Table S1). Such a hydrogen-bonded complex in the solid
state has thus far been rarely observed.? One of the C—O
bond lengths was 1.340(2) A, which is a typical value for
phenols, suggesting that the hydrogen atom in the hydrogen
bond was completely localized on the alcohol. The intermo-
lecular O--O distance was determined to be 2.767(3) A, which
is close to the theoretically predicted value (2.799 A) for the
hydrogen-bonded complex of the phenol/phenoxyl pair.['"}
To observe the self-exchange reaction, the X-ray struc-
tural analysis was also performed at higher temperature
(Supporting Information, Table S2)."! As summarized in
Table S5, the cell parameters at 200 K are quite different from
those at 100 K. For instance, the cell volume decreased to half
its original value. The X-ray structural analysis at 200 K was
carried out by using this new unit cell. The radical and the
alcohol became indistinguishable from each other in the
resulting structure. The C—O bond length was observed to be
1.305 A, which is close to the average bond length of 1 and 2
(Table S3). This averaging phenomenon results in an inver-
sion center between 1 and 2, which subsequently leads to the
volume reduction of the unit cell to half the original volume.
A difference Fourier map generated using the ShelXle
program!'! can be used to visualize the electron distribution
map of the hydrogen atom involved in the hydrogen bond and
provide useful information about the behavior of the hydro-
gen atom. At 100 K, the hydrogen atom was localized on
alcohol 2. However, as shown in Figure 2, the observed
electron density from the hydrogen atom splits into two
centers at 200 K. This distribution map suggested hydrogen
atom-hopping on a double-minimum potential. According to
these analyses, a thermally activated self-exchange reaction,
involving a hydrogen atom exchange between anthranol and
anthroxyl, resulted in the averaged structure observed at
200 K. Compared with the theoretically predicted model of
the phenol/phenoxyl pair, the similar conformation around
the hydrogen bond suggests that the self-exchange reaction
occurring in the anthranol/anthroxyl pair is a concerted PCET
reaction.”! The intermolecular O--O distance at 200 K was
determined to be 2.758(3) A, which was longer than the value
(2.4 A) predicted for the transition state of the phenol/
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Figure 2. Difference Fourier map (indicated by arrows) of electron
density around the hydrogen bond in the hydrogen-bonded complex
between 1 and 2 at 200 K. The electron density of split hydrogen
atoms in the O---O bond was observed.

phenoxyl pair.” This may be attributed to steric interactions
between O and the C—H of the neighboring molecule.

The transition observed by X-ray analysis was also
investigated in detail from the perspective of the magnetic
structure. SQUID measurements on the crystalline powder
were expected to be a powerful tool for understanding the
phase transition. The temperature dependence of the molar
magnetic susceptibility (y,,) was measured in the temperature
range 2-300 K at a constant field of 1 T (Figure 3). The y,, T
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Figure 3. Temperature dependence of y,,, T of the crystalline powder
sample of the hydrogen-bonded complex between 1 and 2 under
a constant magnetic field of T T.

value of 0.19 emu K mol~" at 300 K was close to the theoretical
value of 0.375/2 emuKmol™" for the isolated S=1/2 spin of
anthroxyl, which accounts for half of the molecules. Remark-
ably, the y,, T versus T plot showed a striking and irregular
decrease of x,7 at approximately 125 K. This transition
exhibited a thermal hysteresis of about 15 K between cooling
and heating runs, which is an indication of a first-order
magnetic phase transition. We suspect this transition is related
to the structural change observed in the X-ray analysis. The
two X-ray structures obtained at 100 K and 200K are
considered to be the structures below and above this phase
transition temperature, respectively. From this measurement,
the inactivity of the self-exchange reaction at 100K is
ascribed not simply to the height of the self-exchange reaction
barrier, but also to a phase transition.
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The behavior of the molar magnetic susceptibility can be
understood through the intermolecular interactions observed
in the crystal. The crystal packing structure of the hydrogen-
bonded complex contains a one-dimensional chain structure
composed of two intermolecular interactions. One is an
O--HO hydrogen bonding interaction between anthranol and
the anthroxyl; the other is a - stacking interaction between
the planar anthroxyl/anthranol regions. The hydrogen-
bonded dimer was stacked together via the n—n interaction
to form an offset one-dimensional chain as depicted in
Figure 4. At 100 K, the sequence of radical 1 and alcohol 2 in

One-dimensional chain

------ hydrogen bond § n-n stacking = self-exchange reaction

Figure 4. Representation of the hydrogen-atom exchange within the
one-dimensional chain of the hydrogen-bonded complex. Anthranol
and anthroxyl are abbreviated as “alc” and “rad”, respectively. Alc and
rad are indistinguishable in the hydrogen-bonded complex at 200 K
and their positions are unclear.

the chain was uniquely determined by X-ray analysis (Fig-
ure 5Sa). Compounds 1 and 2 were distinguished on the basis
of the C—O bond length. The n—x separation distance d of the
overlapping anthroxyls was 3.395 A, whereas anthranol
formed a weak m—m stacking pair (d=23.544 A). We could
not determine the sequence at 200 K (Figure 5b). Only the
averaged structure of 1 and 2 was obtained by the X-ray
analysis as mentioned earlier, and the hydrogen-bonded
complex formed a uniform stack with d=3.497 A along the
chain. The presence of a hydrogen bond was confirmed by
a broad signal around 3300 cm ™' (vo_y) in the infrared (IR)
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Figure 5. Crystal packing structure of the hydrogen-bonded complex
between 1 and 2 at a) 100 K and b) 200 K. Ellipsoids are set at 50%
probability; substituted-anthracene and the carbon-bound hydrogen
atoms are omitted for clarity. The C—O bond length and t-nt
separation distances are shown in A. The hydrogen atom within the
O—H--O at 200 K is omitted owing to disordering.
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spectrum measured at 300 K (Supporting Information, Fig-
ure S6).

Concurrent with these changes in the molecular arrange-
ment, the magnetic phase transition observed at 125 K can be
associated with phase transition from the disordered to the
ordered state. The formation of the strongly stacked radical
pair ceases the self-exchange reaction, and results in the
localization of the hydrogen atom. The decrease of y,, T'at the
phase transition can be ascribed to the antiferromagnetic
interaction of the stacked radical pairs, which is thought to be
the driving force for the phase transition (Figure 4). The other
two behaviors of the y,, T versus T plot, namely the gradual
decrease of y,, T at the high temperature region and the non-
zero value of y,, T at a very low temperature, were thought to
stem from a mismatch of the sequence in the chain or from the
radical located on the terminus of the chain. Because the
crystal packing of the hydrogen-bonded complex is very
similar to that of the radical alone (Supporting Information,
Figure S5), an alcohol molecule may be substituted by
a radical. In this mismatched region, there is no hydrogen
atom exchange, and an antiferromagnetic interaction from
the aggregated radicals can occur.

We conclude that the hydrogen-atom self-exchange
reactions, based on the PCET mechanism between anthranol
and anthroxyl, are inactive during the phase transition
because of the strong antiferromagnetic pairing of the radicals
inside the one-dimensional chain. The temperature-induced
phase transition is reversible and is activated again at high
temperature. However, the C=O IR stretching vibration of
anthroxyl and the O—H vibration of anthranol at 300 K and
5K (Supporting Information, Figure S6) provide no direct
evidence for the exchange (such as an anomalous peak shift).
The timescale for the exchange reaction is probably slow.
Further investigations about the dynamics are currently in
progress.

The high stability of anthroxyl radical 1 allowed us to
isolate a hydrogen-bonded complex with anthranol 2, which
was found to be active in the self-exchange reaction. The
electron distribution map of the hydrogen atom confirmed
the activation of this reaction. Also, the X-ray structure of our
hydrogen-bonded complex was close to that of the predicted
PCET activated complex of the phenol/phenoxyl pair. Kinetic
studies in the solution phase and theoretical studies examin-
ing PCET reactions”®! will be supplemented with the
structural information in this solid-phase study. We envision
shorter hydrogen bond lengths are necessary for activating
the PCET reaction, and we will prepare modified anthroxyls
aimed at generating more efficient PCET systems. Further-
more, we will conduct experimental studies to compare with
the theoretical prediction and relate these findings to the
application of PCET reactions as a new conductive mecha-
nism for organic conductors.
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