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Mixed-Valence States Stabilized by Proton Transfer in a Hydrogen-
Bonded Biimidazolate Rhenium Dimer**

Makoto Tadokoro,* Tomonori Inoue, Satoru Tamaki, Keisuke Fujii, Kazuo Isogai,
Hiroshi Nakazawa, Sadamu Takeda, Kiyoshi Isobe, Nobuaki Koga, Akio Ichimura, and

Kazuhiro Nakasuji

Synchronized motion between protons and electrons has
already been recognized as a key step in certain biological
molecular systems that perform ATP synthesis by using active
proton pumps as well as through the conduction of electrons
by cytochrome c in living matter."! However, such biological
systems are so intrinsically complicated that the driving
mechanism is not currently understood completely.’”! There-
fore, the investigation of molecular materials that exhibit
cooperative proton and electron transfer is important for
attempts to create new types of artificial materials.”! We have
focused on H-bonding dimer complex 1 (M = transition-metal
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fragment), which has two metal redox centers and is
connected by complementary dual H-bonds. The protons
involved in the H-bonds can move easily along a low-barrier
double-well potential-energy surface.”! Therefore, the elec-
tronic state can be changed from a symmetrical double-well
potential into an unsymmetrical one by electrochemical redox
reactions of the two metal centers. Consequently, the H-
bonding protons would localize into a lower-energy site in the
double well. Herein, we report such molecular systems for the
Re™ H-bonding dimer [{Re™Cl,(PnBu;),(Hbim)},] (1), in
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which two Re' fragments are connected by intermolecular

NH:-N H-bonds between complementary 2,2"-biimidazolate
(Hbim"™) ligands.

Direct evidence of cooperative proton electron transfer in
crystals has not yet been presented.”! On the basis of direct
observations, it is believed that quinhydrone crystals generate
a neutral semiquinone radical phase under high pressure: the
formation of this radical confirms the proton electron trans-
fer.! Crystals of TCNQ-DABCO,” a TCNQ-glyoxylate
metal complex,® and TCNQ-benzbiimidazolium! exhibit
an influence on the synchronized motion and fluctuation in
the segregated stacking columns of TCNQ (TCNQ =7,7,8,8-
tetracyano-p-quinodimethane; DABCO = 1,4-diazabicyclo-
[2.2.2]octane). These motions would also be related to
cooperative proton electron transfer. In contrast, proton-
coupled electron transfer (PCET) in biimidazoline iron
complexes in solution has been demonstrated theoretically
by Hammes-Schiffer™” and experimentally Mayer and co-
workers;'!l in this case, PCET was mediated by solvent
molecules and occurred through outer-sphere self-exchange
reactions. They demonstrated that the transfer rates of
electrons and protons are comparable to each other or the
electron-transfer rates are slower than those of proton
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transfer, which provides an estimation of the compensation of
outer-sphere solvent reorganization for electron transfer.
Furthermore, Bond and Haga have pointed out that protons
are released from the 2,2'-benzbiimidazolate ligand of Ru or
Os complexes in solution as a result of a decrease in its
pK, value as the central metal ion is electrochemically
oxidized.'"” These results can be employed in the design of
molecular systems that exhibit cooperative proton electron
transfer.

A H-bonding donor and acceptor integrated into a
conjugated m-electron framework form a strong H-bond
(RAHB: resonance-assisted H-bond) in which the protons
involved in H-bonding can move easily on the double-well
potential-energy surface through a low barrier to proton
transfer.') For example, the H-bonding dimers of certain
carboxylic acid derivatives form homogeneous dual H-bonds
with double-well potential-energy surfaces." Thus, the two
H-bonding protons, even in a crystalline solid, exhibit
concerted double-proton transfer through a low transfer
barrier with alternation of the bonds of the two carboxylic
acids on a nearly symmetrical double-well potential-energy
surface.’™ The self-complementary intermolecular H-bonds
between the Hbim™ ligands of Re complex 1 also form
RAHBs, and the complex undergoes concerted double-
proton transfer in this state.' By performing theoretical
calculations for a molecular quantum switch, the strength of
the dual H-bonding system was determined to be approx-
imately 27 kcalmol !, which is comparable to that of a weak
covalent-like bond."”

Complex 1 was prepared by a literature procedure.
[(ReY=0)CL,(PPh;),]Cl and H,bim were refluxed in CH,Cl,
with excess PPh; to give an intermediate complex [Re™Cl,-
(PPh;),(H,bim)]Cl in high yield. Then, the two PPh; ligands in
the complex were exchanged with PnBu; ligands to prepare
the precursor monomer complex [Re™ClL(PnBus),-
(H,bim)]Cl (2). H-bonding dimer complex 1 was crystallized
as single red crystals by adding NH; gas to a solution of 2 in
MeOH. Figure 1 shows the crystal structure of dimer 1.1 The
crystal does not contain any cocrystallized solvent molecules.
Two neutral units of {Re™ClL(PnBu;),(Hbim)} are connected
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Figure 1. A CHARON view of the crystal structure of H-bonded dimer
1.
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by planar intermolecular NH--N H-bonds between the
Hbim ™~ ligands. The N--N distance (2.771(3) A) indicates a
relatively strong H-bond interaction.”” In fact, the H-bond of
11is strong even in nonpolar solvents such as toluene, CH,Cl,,
and diethyl ether, because the H-bonding sites are protected
by two aliphatic butyl groups of the PnBu; ligands, as
observed in the crystal (Figure 1).

Protonated monomer 2 and dimer 1 in [Dg]toluene at
20°C give well-resolved "H NMR spectra, despite the Re™
paramagnetic center with a d* electron configuration
(Figure 2). In the spectrum (Figure 2a) of 2, two signals of
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Figure 2. "H NMR spectra of a) protonated monomer 2 in [Dstoluene,
b) dimer 1 in [Dg]toluene at 20°C, and c) 1 in CD,Cl, at —80°C. Two
signals (@) are observed for the aromatic ring protons at the 4- and 5-
positions of the Hbim™ ligand of 2 at  =—2.21 and —0.66 ppm,
respectively. These proton signals are shifted in 1 to 0 =—6.33 and
—4.64 ppm (V). The differences between the signals for the ring
protons in 2 and 1 are accounted for by the proximity effect of two
paramagnetic Re"' centers and are an indicator for the H-bonded
dimer. The "H NMR spectrum of 1 in CD,Cl, at —80°C (c) shows the
existence of a dissociation equilibrium of the dimer to the monomer
(whose peaks are indicated by *).

the aromatic ring protons at the 4- and S5-positions of the
Hbim™~ ligand are observed at 6 =—-2.21 and —0.66 ppm,
respectively, and a signal for the N—H protons is observed at
0=2.58ppm. In the spectrum (Figure2b) of 1, the H-
bonding N—H proton resonates at 6 =0.27 ppm and the
signals for the 4- and S5-position ring protons occur at d =
—6.33 and —4.64 ppm, respectively. These signals and those of
the ring in 1 are shifted to higher field by 2.31 ppm and
approximately 4 ppm, respectively, relative to the corre-
sponding signals of 2. These differences are attributed to the
proximity effect of the two paramagnetic Re™ centers. Thus,
the signals, which appear at different chemical shifts, can be
used to reveal the equilibrium between the monomer and
dimer. No obvious dissociation of 1 into the monomer species
is observed between —80°C and 70°C in [Dg]toluene. How-
ever, as the temperature rises to 70°C (from —80°C), the two
signals of the ring protons are shifted by Ad=-0.51 and
—1.67 ppm as a result of the exchange between the monomer
and dimer at equilibrium. In contrast, the temperature-
dependent '"H NMR spectra of 1 in CD,Cl, clearly exhibit
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dissociation of the dimer. At 20°C, the two ring signals are
observed at d=-6.77 and —4.85 ppm. However, as the
temperature is decreased, two new peaks appear below 0°C
at the 4- and 5-positions of the monomer; at —80°C, the two
signals are observed at 0 =—1.75 and —0.04 ppm for the
monomer and 6=-7.36 and —5.69 ppm for the dimer
(Figure 2c¢). The molar ratio of the monomer and the dimer
at —80°C is approximately 1:9 for a concentration of 1.3 x
1072M (the integration ratio for the dimer/monomer is 9.26 for
the 4-position protons and 9.51 for those in the 5-position).
Consequently, the dissociation constant K of 1 in CD,(l, is
estimated to be approximately 1.40x 10~*m at —80°C. This
result indicates that the long aliphatic chains of the trialkyl
phosphine ligands suppress dissociation.

Cyclic voltammometry (CV) measurements of 1 in
CH,Cl, reveal characteristic phenomena for cooperative
proton electron transfer. Figure 3 shows the cyclic voltammo-
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Figure 3. Cyclic voltammograms of a) 2 and b) 1 in CH,Cl,.

grams of monomer 2 and dimer 1. Monomer 2 exhibits two
electrochemical redox couples Re"'/Re' (Ej},=+0.64 V vs.
Ag/AgCl) and Re'/Re" (E},=-1.04V vs. Ag/AgCl). In
contrast, 1 exhibits four reversible redox couples Re™Re"/
Re'"Re" (E},=+0.14V vs. Ag/AgCl), Re"'Re''/Re"Re'
(E},=+042V vs. Ag/AgCl), Re'"Re"/Re"'Re"" (E],=
—129V vs. Ag/AgCl), and Re'Re'/Re"Re" (Ej,=
—1.53V vs. Ag/AgCl). Interestingly, 1 forms two mixed-
valence states Re™Re" and Re"Re™ over potential ranges of
028V (AEl,=El,—El,) and 024V (AE,=E! —E,),
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respectively. Although the dimer system has strong comple-
mentary H-bonds and the peaks for the dimer can be
preferentially observed in the NMR spectrum, the distance
between the Re ions is 10.25 A and there is no strong m-
electron conjugation exists between the two Re ions because
of the intervening H-bonds. Furthermore, when 1 is electro-
chemically oxidized at a constant potential (+0.28 V vs. Ag/
AgCl) to generate the Re™Re' species, no intervalence
absorption band was observed, which supports the fact that
there is no electronic interaction between the Re™ and Re'
centers.”!l Why then are the mixed-valence states of Re''Re!"
and Re™Re! stabilized? The two H-bonding protons con-
necting the two monomer units of the Re™Re™ state of 1
would initially undergo the concerted double proton transfer
through a symmetrical double-well potential surface with
almost equivalent energies when both the Re™ centers are the
same. When either of the Re™ centers is oxidized or reduced
to the Re' or Re" state, the symmetrical double-well
potential surface is changed into an unsymmetrical one.
Then, the two H-bonding protons would be localized to the
site of the lower oxidation state of the Re units. Practically,
the two mixed-valence states Re"Re™ and Re™Re" of 1 form
the proton-transfer complexes [{Re"Cl,(L)(H,bim)}-
{Re'"'Cly(L,)(bim)}]~ and [{Re"Cly(L,)(Hybim)}--
[Re"VCl,(L,)(bim)}]*, respectively (L =PnBu;). The lowest
reduction wave and the highest oxidation wave correspond
with the processes that vyield [{Re"Cly(L,)(Hbim)}-
[Re"Cl(L,)(Hbim)}]* and [{Re™Cl,(L,)(Hbim)}--
[Re™Cl,(L,)(Hbim)}]**. In the former process only the
deprotonated {Re™Cly(L,)(bim)}~ unit in the dimer is
reduced, and in the latter case only the protonated
{Re™Cl,(L,)(H,bim)}" unit is oxidized. Thus, we considered
that the reversibility of the redox waves of 1 is correlated to
the proton-transfer motion. Therefore, to detect the rate-
determining proton-transfer step in the redox reactions of 1,
the CV measurements were carried out in CH,Cl, at high
velocities (up to 10Vs™) and at low temperatures
(ca. —60°C). A larger deviation in shapes of the redox
waves of 1, suggesting a chemical reaction attributed to the
proton-migration process, was observed as a result of the
influence of the slow proton transfer relative to the electron
transfer. Such deviations in the separation of the oxidation
and reduction peaks at high velocities and low temperatures
have been observed for rate-determining proton-transfer
processes in organic compounds.?!

Theoretical calculations were performed by using DFT
(B3LYP/6-31G** and LANL2DZ) with Gaussian98*! for
two model complexes (the Re***Re** state [{Ret*Cl,-
(PH,),(Hbim)},]* of A and the Re™Re' state [{Re™Cl,-
(PH,),(H,bim)}--{Re"™ CL,(PH,),(bim)}]* of B un Figure 4) to
compare the stabilities of the mixed-valence states and to
clarify the origin of the stabilization. It was assumed that the
two H-bonding protons of model A are symmetrically
distributed in both monomer units and that the positive
charge on each Re ion is equivalent to an oxidation state of
+3.5. In contrast, the two H-bonding protons in model B are
localized on the side of the Re™ unit and the positive charge is
present on the side of the Re! unit. As a result, the potential
energy of the mixed-valance state of 1 is described as a
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Figure 4. Two proton-transfer models of [{ReCl,(PH;),(Hbim)},] used
in the calculations.

double-well curve, and model B is relatively more stable than
model A by 3.96 kcalmol ! (Figure 5 and Table 1). In model
B, a unit of {Re™Cl,(PH;),(H,bim)}" in the dimer has a charge

6.15 kcal mor1
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Figure 5. Calculation results for models A and B.

Table 1: Calculated values of charges and spin densities of each
monomer fragment (SD) and Re ion (SD-Re) in models A and B.

Model Left fragment Right fragment
Charge SD SD-Re Charge SD SD-Re

ReHIRelll

A 0.000 2.00 1.78 0.000 2.00 1.78
B 0.595 2.00 1.79 —0.595 2.00 1.79
ReHIReIV

A 0.500 2.50 212 0.500 2.50 212
B 0.764 2.00 1.79 0.236 3.00 2.38
ReWRelv

A 1.000 3.00 2.44 1.000 3.00 2.44
B 1.619 3.00 2.46 0.381 3.00 2.43

of +0.764 and the other unit {Re'Cl,(PH;),(bim)} has a
charge of 4 0.236. Thus, according to the proton transfer from
A to B over an energy barrier of 6.15 kcalmol ™!, a proton
leaves from an N—H group, leaving an electron pair on the
N atom, and connects with the lone-pair electrons of the
opposite N atom to form a new N—H bond. Therefore, the
stabilization of model B with an unsymmetrical double-well

Angew. Chem. Int. Ed. 2007, 46, 5938 —5942
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potential energy surface is very important for proton transfer,
because the symmetrical double-well potential does not
provide any driving force for this transfer. Further, calcula-
tions for models with equivalent charges Re™Re™ and
ReRe' revealed energy curves for proton transfer that
are nearly a single well. Furthermore, the two protons are not
distributed on one biimidazolate ligand in these models (see
Figure 4S in the Supporting Information). Further stabiliza-
tion is expected when outer-sphere solvent reorganization is
considered in the calculation.

In conclusion, dimer 1 is formed preferentially over the
corresponding monomers in nonaqueous solvents, such as
toluene and CH,Cl,. CV measurements show that 1 reversibly
generates stable mixed-valence states Re"™Re' upon oxida-
tion and Re"Re™ upon reduction. There are no intervalence
absorption bands for the Re™Re!" state. As a result, it is
reasonable that the mixed-valence states are stabilized by
proton transfer of the complementary H-bonds; evidently,
this proton transfer is unique and probably different from that
demonstrated previously by Hammes-Schiffer and Mayer and
co-workers, because the solvent molecules do not participate
in the reactions. Theoretical calculations support the forma-
tion of the Re™Re'" state (rather than Re*’Re*’) upon one-
electron oxidation of 1. The proton-transfer mechanisms of
this system are a matter for further investigation.

Experimental Section
Synthesis of 2: PnBu; (4.3 mL, 16.7 mmol) in Et,0 was added to a
solution of [Re™Cl,(PPh;),(H,bim)]CI (2.10 g, 2.21 mmol) in benzene
(100 mL), and the mixture was refluxed for 6 h. The obtained solution
was evaporated to dryness, and the residue was recrystallized from
Et,O/hexane to give orange crystals. Yield: 1.20 g (65.3%).
Synthesis of 1: NH; gas was slowly diffused though a solution of 2
(0.10 g, 0.12 mmol) in MeOH (5 cm?), and red crystals were obtained.
Yield: 0.80 g (41.8%). Detail of the characterization are given in the
Supporting Information.
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