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Abstract

Spectrophotometric and electrochemical investiga-
tions have shown that the bis(2,2"bipyridine)}(2-
(2-pyridyl)-benzimidazole)ruthenium(II) cation and
its derivatives interact with aromatic nitrogen hetero-
cycles (N-heterocycles) through hydrogen bonding.
The equilibrium constant for the hydrogen bonding
was increased with increasing pK, value of the
N-heterocycles. The Ru(II/IIT) oxidation potential,
E,,», was shifted cathodically by 200—400 mV
due to the hydrogen bonding interaction. The mag-
nitude of this potential shift shows the linear depen-
dence on the base strength pK, of the N-hetero-
cycles. The hydrogen bonding interaction for the
Ru(Ill) oxidation state was found to be much
stronger than that for the Ru(Il) state. We suggest
the potential use of the present Ru—benzimidazole
and —imidazole complexes as a spectrophotometric
and electrochemical probe for examining the micro-
environment in biopolymers.

Introduction

Hydrogen bonding plays an important role in
coordination chemistry. For example, the histidyl
imidazole ligand in heme protein is hydrogen bonded
to another group on the protein, which alters the
chemical reactivity of the heme, particularly on
the dioxygen binding property [1]. Several model
systems involving simple imidazole complexes of
ferrous and ferric porphyrins have been reported
to mimic the influence of hydrogen bonding in
native heme proteins. In these systems, the hydrogen
bonding of the imidazole N—H moiety has been
elucidated to affect the stability constants [2],
ligand addition kinetics [lc], visible and Raman
spectra [3] and redox potentials [4]. Furthermore,
the hydrogen bonding has been shown to contribute
to the stabilization of the specific outer-sphere
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ion association between Co complexes and a variety
of anions such as tartrate and sulfate in aqueous
solutions [5]. This stabilization may be responsible
for the optical resolution by using a resolving agent
such as L-tartrate etc.

Recently, the importance of ‘second-sphere’
perturbation for the photochemistry of [Co(CN)s]*~
has been pointed out [6]. When [Co(CN)¢]>~ gives
rise to adducts with the polyammonium macrocycles
32-NgHg¥ and 32-CgNgHe*, the quantum yields
of the photoaquation reaction are noticeably smaller
than that found for free [Co(CN)¢]®~. This result
reflects an ionic-type interaction with a large con-
tribution from hydrogen bonds between the periph-
eral nitrogen atoms of [Co(CN)¢]>~ and the hy-
drogen atoms of the polyammonium cations. In
addition, the solvent effect in the charge-transfer
transition of the ruthenium—ammine complexes
has been interpreted by the hydrogen bonding
type interaction involving electron-pair donation
from a solvent molecule to the N—H bond [7].
Similarly, we have found that [Ru(pby),(BiBzIm-
H,)]** exhibits strong solvent dependence on the
oxidation potential. This solvent dependence has
been explained by the hydrogen bonding inter-
action between the BiBzImH, ligand and the sol-
vent [8].

In the present study, we examined the effect
of hydrogen bonding on the properties of Ru-—
imidazole or —benzimidazole complexes. The tuning
on the spectroscopic and electrochemical prop-
erties of [Ru(bpy)s;]?* and its derivatives is cur-
rently of interest because of the usefulness of
[Ru(bpy);]?* as an attractive candidate for a pho-
toredox sensitizer [9]. The possibility of the fine
tuning on the properties of Ru complexes by outer-
sphere interaction and that of the electrochemical
and photochemical probes for biopolymers will be
discussed for the present Ru—imidazole or —benz-
imidazole complexes. The imidazole and benzimida-
zole ligands and their abbreviations used here are
shown in Fig. 1.
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Fig. 1. The ligands and their abbreviations.

Experimental

Materials

Pyridine and 4-methylpyridine were purchased
from Wako Pure Chemicals and purified by vacuum
distillation. 4-t-Butylpyridine, 3-chloropyridine, 4-
acetylpyridine and 1-methylimidazole, supplied by
Aldrich, were distilled prior to use. 2-(2"-Pyridyl)-
benzothiazole (PBT) [10] and tetrabutylammonium
perchlorate (TBAP) [11] were prepared and purified
by the literature method. Acetonitrile was distilled
twice from calcium hydride. All other reagents were
used as supplied.

Preparation of Complexes

The complexes [Ru(bpy),L](ClO4), (L= PImH,
PBzImH, BilmH,, and BiBzImH,) were prepared
as described previously [12]. The corresponding
PBT complex was similarly prepared as follows.

The mixture of Ru(bpy),Cl,-H,0 (0.4 g, 0.8
mmol) and PBT (0.2 g, 1 mmol) was heated at
reflux under nitrogen for 4 h in 1:1 vol./vol. ethanol—
water (40 cm?®), during which time the solution
color changed from violet to red. To the resulting
solution was added an excess of NaClO, (1 g) in
water (5 cm?®). Upon cooling to 0 °C, the red crystals
of [Ru(bpy),(PBT)](ClO4), were deposited from
the solution, collected by filtration, and recrys-
tallized from methanol, 47% yield. Anal. Calc. for
C3,H,4NSOgCL,Ru: C, 46.61; H, 2.93; N, 10.19.
Found: C, 46.64;H, 3.06; N, 10.25%.

Physical Measurements

The electronic spectra were obtained on a Shi-
madzu UV-210 A double-beam spectrophotometer
equipped with a 1 c¢m quartz cell, which was ther-
mostated at 25.0 + 0.2 °C with a Yamato circulator

Model BF-41. Cyclic voltammetry was measured
with a Hokuto Denko HA-301 potentiostat, a Hokuto
Denko HF-201 function generator, and a Yokogawa
x-y recorder Model 3086 as described before [12].
A silver wire served as a reference during the mea-
surements. The potentials were calibrated with
respect to an internal ferrocene/ferrocenium (Fc/Fc*)
couple [13].

The Evaluation of Equilibrium Constants for Hydro-
gen Bonding from UV Spectra

To obtain the equilibrium constants the spectral
changes were measured in the CH;CN solution of
Ru complexes by adding an appropriate N-hetero-
cycle. The concentration of Ru complex was kept
constant at (1.5-8)X 107° mol dm™3, and the
concentration of N-heterocycles varied from 0 to
0.4 mol dm 3. Each titration was carried out at
least two times. The absorbance data obtained from
these titrations were analyzed by using the following

equation [14]
do €\ (do

(1 d)/w] K (Ga)(d)m 0
where d and d, are the absorbances at a fixed wave-
length of interest with and without N-heterocycles,
respectively, and [D] is the concentration of N-
heterocycle. €, and €, are the molar extinction
coefficients of a free Ru complex and a hydrogen
bonded one, respectively. Plots between (1 —do/d)/
[D] and (d¢/d) will give a straight line, and the
equilibrium constants K; can be evaluated as an
intercept for the plots by using the least-squares
method.

Results and Discussion

Equilibrium Constants between Ru Complexes and
N-heterocycles from UV Spectra

Electronic spectra of [Ru(bpy),(PBzImH)]?* in
CH;CN with varying amounts of 4-methylpyridine
are shown in Fig. 2, in which the absorption maxima
at 457 nm gradually decreased and new shoulder at
495 nm appeared on increasing the 4-methylpyridine
concentration. The isosbestic points were observed
at 407 and 478 nm. Similar spectral changes were
obtained in the other systems of [Ru(bpy),L]*—
N-heterocycles (L =PImH, BilmH,, or BiBzImH,;
N-heterocycle = 3-chloropyridine,  4-acetylpyridine,
pyridine, 4-t-butylpyridine or 1-methylimidazole).
On the other hand, the addition of a N-heterocycle
to [Ru(bpy);]** and [Ru(bpy),(PBT)]** in CH,CN
showed no spectral changes in the electronic spectra
under the same conditions described above. No
peripheral N—H hydrogen exists in the complexes
[Ru(bpy)s]** and  [Ru(bpy),(PBT)]**, which
can be distinguished from the other complexes,
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Fig. 2. Absorption spectra of 8.50 X 1075 mol dm™ [Ru-
(bpy)2(PlemH)]2+ in CH3CN at 25 °C with varying concen-
trations of 4-methylpyridine (Mepy): [Mepy] =(1) 0, 2)
1.25 X 1072, (3) 2.49 X 1072, (4) 3.72 X 1072, (5) 4.95 X
1072, (6) 6.16 x 1072, (7) 7.37 x 1072, (8) 8.57 X 1072
mol dm™3. Plots of (1 —dg/d)/[D] vs. do/d are shown as
an insert.

[Ru(bpy),L]?*. Therefore, these spectral changes
don’t arise from the change of solvent polarity or
solvent effect, but instead, the hydrogen bonding
interaction between the N—H hydrogen in [Ru-
(bpy),L]** and the N-heterocycle is responsible.
Although the complexes, [Ru(bpy).(BilmH,)}**
and [Ru(bpy),(BiBzImH,)]?*, possess two N—H
hydrogens, only one-step equilibrium has been ob-
served in the electronic spectra for both complexes
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even when the concentration of the N-heterocycle
was raised to 0.05 mol dm™3. Both N—H bonds in
BilmH, or BiBzImH, complexes appear to be too
sterically hindered to form two hydrogen bondings
at the same time on the BilmH, or BiBzImH, ligand.
From the spectral change, the equilibrium constants
can be obtained by using eqn. (1); representative
linear plots between (1 —do/d)/[P] and (d¢/d)
at two different wavelengths for [Ru(bpy),(PBzIm-
H)]?* are shown in Fig. 2. Two lines in Fig. 2 cross
at the same intercept, which gives us the self-consis-
tent check for the existence of simple equilibrium
at each experiment. The equilibrium constants K,
which were obtained from the intercepts of the
plots, are collected in Table 1. The pK, values of
the N-heterocycles are also quoted in Table 1 [15].
The equilibrium constant K; was increased with
increasing pK, value of the N-heterocycles. When
the logarithms of the equilibrium constant, log K,
for [Ru(bpy),(PBzImH)]?** as a hydrogen donor
were plotted against the pK, value of N-heterocycles,
a straight line (»=0.958) was obtained (Fig. 3).
This linear correlation indicates that the higher
basicity on the nitrogen of the N-heterocycle leads
to stronger attraction between the N—H bond in
the complexes as a hydrogen bonding donor and the
N-lone pair on the N-heterocycle as a hydrogen
bonding acceptor. On the other hand, the smaller
pK, value of the complex results in a larger equi-
librium constant K,; when 4-methylpyridine was
fixed as a hydrogen bonding acceptor (Table 2).
Consequently, the complex having the more acidic
proton makes the hydrogen bonding interaction
stronger.

TABLE 1. Equilibrium constants and the magnitude of the oxidation potential shift for the hydrogen bonding interaction of

[Ru(bpy),L|? with N-heterocycles at 25 °C in CH3CN

N-heterocycles pKa K Ky AEC
(mol ! dm3) (mol ! dm?) )

L = PBzlmH

3-Chloropyridine 2.81 0.26 6.5 X 102 0.20
4-Acetylpyridine 3.51 2.90 7.8 x 104 0.26
Pyridine 5.23 12.0 1.2 x107 0.36
4-t-Butylpyridine 5.66 81.3 1.9 x 108 0.38
4-Methylpyridine 598 80.0 5.0 x 108 0.40
1-Methylimidazole 6.95 5700 2.4 x 101t 0.45
L = BiBzImH,

3-Chloropyridine 2.81 3.3 5.5 x 104 0.25
4-Acetylpyridine 3.51 29.0 8.4 x 108 0.32
Pyridine 5.23 53.0 7.0 X 107 0.36
4-t-Butylpyridine 5.66 2380 5.4 x 10° 0.38
4-Methylpyridine 5.98 1900 7.4 X 10° 0.39

2The values were obtained spectrophotometrically.

bThe values were calculated from the equation Ky = Ky exp[(FAE)/RT].

€The magnitude of the potential shift in oxidation process due to the hydrogen bonding interaction, AE = Epon — EHbond-
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Fig. 3. Plots of log K vs. pK, of N-heterocycles for [Ru-
(bpy)2(PBzImH)|™ (K for n = 2 or Ky for n = 3).

TABLE 2. Equilibrium constants for the hydrogen bonding
interaction of 4-methylpyridine with [Ru(bpy)zL]”’ at
25 °C in CH3CN

L pKy value K Ib

of complex? (mol™! dm?3)
PImH 7.9 8.9
BilmH, 7.3 10.2
PBzImH 6.8 80.0
BiBzImH, 5.7 1900

aData obtained from ref. 12. PThe values were obtained
spectrophotometrically.

Effect of Hydrogen Bonding on the Ru(II/III}
Oxidation Potential

The variation of the Ru(II/IIT) oxidation poten-
tial on addition of the N-heterocycles has been
studied by cyclic voltammetry (Fig. 4). The cyclic
voltammogram of [Ru(bpy),(PBzImH)]** in CH;CN
shows a chemically reversible Ru(II/III) oxidation
wave at +0.77 V versus Fe/Fc*, as reported previ-
ously [12]. Addition of 4-methylimidazole (5.3 X
107% mol dm™?) to a solution of [Ru(bpy),(PBz-
ImH)]** in CH3CN resulted in the appearance of
an extra new oxidation wave at a more negative
potential (Fig. 4b). The new wave was proportional
in intensity to the amount of added 4-methylimi-
dazole (Fig. 4c—e). Only the new oxidation couple
was finally observed (Fig. 4f). In the case of a weaker
base than 4-methylimidazole, a similar behavior
was observed, except a larger proportion of N-hetero-
cycles was required to bring about the disappearance
of the wave. Furthermore, the potential for the
new wave was shifted to the negative direction
and approached the constant potential value. The
potential difference between initial and final wave,
AF(=FEnon — FH-.bona), depends on the base strength
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Fig. 4. Cyclic voltammograms for the oxidation of 4.5 X
10 mol dm™3 [Ru(bpy),(PBzImH)]?** in CH;CN at a
platinum electrode at 25 °C in the absence (a) and in the
presence of different concentration of 1-methylimidazole
(MeIm) (b—f): [Melm] = (b) 5.34 X 1075, (¢) 1.07 x 1074,
(d) 1.60 X 107% (e) 2.14x107% () 3.14 X 1073 mol
dm3.

pK, of the N-heterocycles, where £, 4, is the poten-
tial in the absence of additives and Fg pongq is that
of the hydrogen bonded complex. A plot of AF
against pK, of the added bases is found to be linear
as shown in Fig. 5, This result reveals that the elec-
tron density on the ruthenium increases indirectly
through hydrogen bonding between the N—H bond
in the complex and the N-heterocycles. The increase
of the electron density on the ruthenjum can be
qualitatively interpreted by an increase in the propor-
tion of an ionic resonance form B shown in Scheme 1.
The increase of electron density on Ru leads to
the rise of the dm orbital energy in [Ru(bpy),L]*
by the outer-sphere hydrogen bonding perturba-
tion, which is consistent with the negative shift
on the oxidation potential and the red shifting of
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Fig. 5. Plot of the potential difference for [Ru(bpy),(PBz-
ImH)]"”, AFE, against pK, of N-heterocycles.
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the metal-to-ligand charge-transfer (MLCT) band
around 460 nm. A similar potential shift on the
hydrogen bonding has been reported for organic
systems, and the relative basicity of the base in the
medium has been estimated from the potential
shift [16].

Thus, we can suggest that the basicity of the
unknown amino acid residue in the polypeptide
could be predicted from the amount of the poten-
tial shift when the Ru—imidazole or —benzimidazole
complexes are used as an electrochemical probe.
Further investigations are under way.

K,
[Ru(l)(bpy),L]** + D —==——— {[Ru(i)(bpy),L]----D}**
e || Enon € || En-bong
K
[Ru(l)(bpy),LI** + D == {[Ru(lli(bpy),L]----D)}**

D = N-Heterocycles
Scheme 2.

The thermodynamic cycles in Scheme 2 are now
considered. Since the values Ky, Eyon, and Egpond
have been obtained, and thus the equilibrium con-
stant for the Ru(IlI) state, Ky value, will be evaluated
by the following equation

Ky =Ky exp )

=

where AF is Epon — EHobona, and F, R and T are
the Faraday constant, gas constant and temperature,
respectively. The calculated Kyy values are collected
in Table 1, and a plot of log Ky; versus the pK,
value of the N-heterocycles is also included in Fig. 3.
The change in the Ru oxidation state from Ru(II)
to Ru(IID) results in a dramatic increase in the Ky
value (Table 1). This suggests that the ionic resonance
form B in Scheme 2 is more stabilized when the
positive charge on the Ru state is increased, and
thus the hydrogen bonding interaction for the Ru(IIl)
state becomes much stronger by a factor of about
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105, Recently, we have reported the pK, value of
Ru(ll) and Ru(lll)-BiBzImH, complexes [17],
in which the pK, value of the Ru(III) state is much
smaller than that of the Ru(Il) state. A smaller pK,
value of metal—imidazole complexes has also been
reported for the complex with the larger metal
oxidation state [18]. Thus, the difference in pK,
value between the Ru(Il) and Ru(Ill) oxidation
states reflects that of the strength of hydrogen
bonding for the present system.

In conclusion, the hydrogen bonding interaction
of Ru-imidazole and -benzimidazole complexes
with N-heterocycles leads to the control of the Ru
electronic state by the selection of pK, of the N-
heterocycles. On the other hand, AE will be a mea-
sure of the hydrogen bonding interaction and a
simple method to know the relative strength of
the base. Therefore, Ru—imidazole and —benzimida-
zole complexes will have potentiality as a spectro-
photometric and electrochemical probe for exam-
ining the environment in enzymes and related bio-
polymers [19].
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