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A monoruthenium(II) complex of the benzimidazolyl ligand
and its deprotonated counterpart were prepared and struc-
turally characterized. The reversible protonation/deproton-
ation process of the ancillary ligand switches the redox po-

tential of the ruthenium(Il) core from 0.69 to 0.26 V vs. Ag/
AgNO3;.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Reversible protonation/deprotonation of an ancillary li-
gand at a site remote from the metal-ligand bond is a sim-
ple reaction but a crucial step in some complicated bio-
logical processes. Many metal-containing proteins and en-
zymes, such as photosystem IL,!-?! cytochrome ¢ oxidasel*#
and non-heme iron enzymes,®! play their function involving
proton-coupled electron transfer (PCET) reactions. To
understand the relationship between electron transfer and
proton motion, the PCET reactions and the modulation of
the redox potential of biomimetic model complexes by de-
protonation of the ligand have been intensively studied.l
In most cases, imidazole, benzimidazole and biimidazoline
ligands were used as proton carriers because the metal
centres of many metalloenzymes are coordinated by imid-
azole units from histidine residues.'®!?! The effect of the
distal deprotonation of the ligands bearing imidazole and
benzimidazole units on the physical and chemical properties
of mono- and dinuclear ruthenium and osmium complexes
has been reported.['3>!°! In addition to the imidazole-con-
taining ligands, mono- and dinuclear ruthenium complexes
with ligands bearing triazole and pyrazole units were also
extensively studied for their interesting electrochemical and
photophysical properties.?>>* In this communication, we
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describe the preparation of the mononuclear ruthenium(II)
complex [Ru(bbpaH)(bpy)](PFs), [bbpaH = (2-benzimida-
zolylmethyl)bis(2-pyridylmethyl)amine, bpy = bipyridine],
the influence of reversible protonation/deprotonation of the
coordinated benzimidazolyl ligand on the redox potential
of the ruthenium(II) complex, and the molecular structures
of [Ru(bbpaH)(bpy)](PFs), (1) and its deprotonated species
[Ru(bbpa)(bpy)](PF¢) (2). This proton-coupled redox pro-
cess might be relevant to some metalloenzymes active sites,
such as the oxygen evolving complex (OEC) in photosys-
tem II.

Results and Discussion

The starting complex [Ru(bbpaH)(dmso)CI](PFg), was
prepared by the reaction of Ru(dmso),CL,*% and the
bbpaH ligand%! according to the literature procedure for
the preparation of the analogous complex [Ru(tpa)(dmso)-
CIl|(PFy) [tpa = tris(2-pyridylmethyl)amine].?”! The subse-
quent reaction of [Ru(bbpaH)(dmso)CI|(PF¢) with bipyr-
idyl as ligand at room temperature afforded the target com-
plex [Ru(bbpaH)(bpy)](PFg), in moderate yield. The depro-
tonated species [Ru(bbpa)(bpy)](PFs) was readily obtained
by dissolving [Ru(bbpaH)(bpy)](PF¢), in an acetone/water
(1:1, v/v) mixture with pH = 11. Both complexes are stable
in polar aprotic solvent such as acetone and acetonitrile.

The molecular structures of [Ru(bbpaH)(bpy)]** and its
deprotonated species [Ru(bbpa)(bpy)]" were determined at
-80 °C by X-ray diffraction analyses. To the best of our
knowledge, these are the first crystallographically charac-
terized protonation/deprotonation pair of ruthenium com-
plexes containing an imidazolyl ligand. The overall struc-
tures of both complexes are very similar (Figure 1), with
distorted octahedral coordination geometry around their
ruthenium centres. In both complexes, two N, atoms, one
from the bbpaH or bbpa ligand and another from the bpy
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ligand, an Ny,, and an N,;,. atom are located in a tetrag-
onal plane. The remaining two N, atoms occupy the ver-
texes of the octahedron. The ruthenium atom in each com-
plex lies slightly out of the tetragonal plane towards the
pyridyl group of the bpy ligand, 0.0351 A for
[Ru(bbpaH)(bpy)]** and 0.0314 A for [Ru(bbpa)(bpy)]*.
The Ru(1)-N(1) bond length increases significantly in the
deprotonated species, 2.058(6) A for [Ru(bbpaH)(bpy)]**
and 2.100(3) A for [Ru(bbpa)(bpy)]*. In parallel, the Ru(1)-
N(5) bond [2.064(3) A] of [Ru(bbpa)(bpy)]*, trans to the
Ru(1)-N(1) bond, considerably shortens as compared to
that [2.088(6) A] of [Ru(bbpaH)(bpy)]**. The bond angles
increase by ca. 18° for N(1)-Ru(1)-N(4) and 5° for N(1)-
Ru(1)-N(6), while the N(1)-Ru(1)-N(7), N(1)-Ru(1)-N(3)
and N(1)-Ru(1)-N(5) angles decrease by ca. 8, 4 and 1°,
respectively, in the deprotonated complex. The other corre-
sponding Ru-N bond lengths and N-Ru-N angles in the
coordination sphere of two ruthenium complexes are quite
similar. To the best of our knowledge there are only two
examples of crystallographically characterized iron and co-
balt complexes containing deprotonated imidazolylate and
benzimidazolylate ligands.®*! The deprotonation of 2.,6-
bis(2-imidazolyl)pyridine as ligand in the iron complex
leads to the oxidation of the iron(II) centre from Fe!l to
Fe'''°I while the formal oxidation state of the cobalt(II)
centre in the cobalt complex of the tris(2-benzimidazolyl-
methyl)amine ligand does not change before and after de-
protonation. During deprotonation, the ruthenium complex
[Ru(bbpaH)(bpy)]** behaves like the cobalt complex. Com-
pared with the molecular structures of the reported
cobalt complexes, there are two noteworthy points
in the molecular structure of the deprotonated ruthenium
complex. First, the lengthening of 0.042A for the
Ru—Nyenzimidazolylate DOnd is contrary to the shortening of
0.026 A for the CoNyenzimidazolyiare bond.[¥! Second, the
length of the Ru-N,,, bond trans to the Ru—Nypepsimidazolylate
bond decreases by 0.024 A in the deprotonated ruthenium
complex, while one of the Co—Ny.,, bonds neighbouring
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the Co—Npenzimidazolylate bONd increases by 0.053 A. These
apparent contrasts in the changes of the M—N bond lengths
after deprotonation of the prepared ruthenium complex
and the reported cobalt complex are assumed to result from
the strong coordination ability of the pyridyl group and
from different coordination geometries of the ruthenium
and cobalt complexes. In spite of the differences in the
aforementioned two aspects, the lengthening (0.005 A) of
the average distance of the Ru-N bonds in the tetragonal
plane of [Ru(bbpa)(bpy)]*, as compared to that of the
parent ruthenium complex, is consistent with the 0.009 A
increase in that of the Co-N bonds in the trigonal plane
for the deprotonated cobalt complex.

The reversible protonation/deprotonation process was
monitored by ESI mass spectrometry and 'H NMR spec-
troscopy. The ESI mass spectra of [Ru(bbpaH)(bpy)]*>* and
the deprotonated complex [Ru(bbpa)(bpy)]* show signature
peaks at m/z = 293.6 and 586.1, respectively. Figure 2 shows
the curves of relative intensities of the peaks for
[Ru(bbpaH)(bpy)]>* and [Ru(bbpa)(bpy)]* vs. the equiv. of
NEt; in the acetone solution of complex 1. As shown in
Figure 2, the peak at m/z = 586.1 for [Ru(bbpa)(bpy)]* is
enhanced gradually with the addition of NEt;, and the peak
at m/z = 293.6 for [Ru(bbpaH)(bpy)]** eventually disap-
pears in the presence of 2 equiv. of NEt;. No peak for dinu-
clear or larger cluster is found in mass spectra in the pres-
ence of NEt;.

The 'H NMR spectra of a selected region for
[Ru(bbpaH)(bpy)](PF¢), and the deprotonated complex
[Ru(bbpa)(bpy)](PF¢) in [Dg]acetone are shown in Figure 3.
The six methylene protons are all inequivalent with respect
to their chemical environment, and each CH, group dis-
plays an AB quartet (Figure 3a). Compared with the 'H
NMR spectra of the reported complex coordinated by the
ligands bearing 2-pyridylmethyl moieties,?®! the quartet
centered at 0 = 5.08 is attributed to the CH, group attached
to the benzimidazolyl unit, and the other two quartets to
the CH, groups of the pyridylmethyl units. Upon addition

Figure 1. Thermal ellipsoid diagram of [Ru(bpbaH)(bpy)]** (left) and [Ru(bpba)(bpy)]* (right). The ellipsoids are drawn at the 30%
probability level, and only the benzimidazolyl hydrogen atom is shown. Selected bond lengths [A] and angles [°] for [Ru(bpbaH)(bpy)]**
and [Ru(bpba)(bpy)]™ [in brackets]: Ru(1)-N(1), 2.058(6) [2.100(3)]; Ru(1)-N(3), 2.119(6) [2.113(3)]; Ru(1)-N(4), 2.088(6) [2.100(3)];
Ru(1)-N(5), 2.088(6) [2.064(3)]; Ru(1)-N(6), 2.090(6) [2.090(3)]; Ru(1)-N(7), 2.072(6) [2.076(3)]; C(2)-N(1), 1.343(9) [1.366(4)]; C(2)-
N(2), 1.354(10) [1.334(5)]; N(1)-Ru(1)-N(3), 82.2(2) [78.69(11)]; N(1)-Ru(1)-N(4), 82.3(2) [100.53(11)]; N(1)-Ru(1)-N(5), 161.4(2)
[160.55(11)]; N(1)-Ru(1)-N(6), 86.6(2) [91.50(10)]; N(1)-Ru(1)-N(7), 103.1(2) [95.39(10)].
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Figure 2. Plot of relative intensities of the peaks for

[Ru(bbpaH)(bpy)]>* (trigonal) and [Ru(bbpa)(bpy)]* (square) vs.
the equiv. of NEt; (0, 0.2, 0.4, 0.6, 1.0, 2.0 equiv.) in an acetone
solution of complex 1 (5% 104 M) monitored by ESI-MS.

of 2equiv. of NEts;, the signals for [Ru(bbpaH)(bpy)]-
(PFg), completely disappear, and only the signals for
[Ru(bbpa)(bpy)](PF¢) are detected (Figure 3b), which sug-
gests that no other reaction or decomposition occurs during
the deprotonation process. Significant upfield shifts are ob-
served in Figure 3b for the corresponding signals of three
CH, groups of the deprotonated complex, which are ex-
pected for the monoanionic bbpa ligand. The quartet at ¢
= 5.08 in the '"H NMR spectrum of [Ru(bbpaH)(bpy)]-
(PF¢), changes to a singlet at 6 = 4.78 upon deprotonation,
indicating that the two protons on the CH, group of the
benzimidazolylmethyl arm gain better symmetry in the de-
protonated complex. The signals for the benzene ring of the
deprotonated benzimidazolylmethyl ligand also apparently
shift upfield. Sequential addition of 1 equiv. of HCIO, re-
covers the original 'H NMR spectrum of [Ru-
(bbpaH)(bpy)](PF¢), as depicted in Figure 3a. This clearly
indicates the complete reversibility of deprotonation and
protonation.

Figure 3. 'H NMR spectra of a selected region: (a)
[Ru(bbpaH)(bpy)](PF¢)> (1) and (b) [Ru(bbpa)(bpy)l(PFs) (2) in
[DgJacetone.

The influence of deprotonation of the coordinated
bbpaH ligand on the redox potential of the ruthenium cen-
tre was explored by cyclic voltammograms. The reversible
Ru'/Ru™ oxidation wave of [Ru(bbpaH)(bpy)](PF¢), ap-
pears at 0.69V (E;5) vs. Ag/AgNO; in CH3CN and the
deprotonated ruthenium complex [Ru(bbpa)(bpy)](PF)
displays the reversible oxidation wave at 0.26 V (Figures S1
4130
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and S2, see Supporting Information). It shows that the de-
protonation of the coordinated bbpaH ligand can shift the
redox potential of the ruthenium centre by 430 mV, which
is larger than the shift (ca. 300-350 mV per proton) of the
redox potentials reported for ruthenium, osmium and iron
complexes with the ligands bearing multi-imidazolyl and
-benzimidazolyl units,®!416] but similar to the shift (350—
420 mV) of the Ru"/Ru™ oxidation potentials reported for
monoruthenium complexes with two bpy ligands and one
triazole- or pyrazole-containing ligand.[?!-23:29:30]

Conclusions

We have prepared a pair of novel monoruthenium(IT)
complexes (1 and 2) with bpbaH or bpba and bipyridine as
ligands. The structures of (benzimidazole)ruthenium com-
plexes 1 and 2 were crystallographically characterized. The
NH group of the bpbaH ligand readily undergoes a revers-
ible protonation/deprotonation process, which is proven by
spectroscopic and electrochemical evidence. The reversible
protonation/deprotonation regulates the oxidation potential
of the Ru'/Ru™ redox couple around 430 mV without
changing the framework of the ruthenium complex.

Experimental Section

General Procedures: All reactions and operations related to organo-
metallic complexes were carried out under dry, oxygen-free dinitro-
gen with standard Schlenk techniques. Solvents were distilled prior
to use with routine drying agents. Tetra-n-butylammonium hexaflu-
orophosphate (TBAH) and bipyridine were used as received. Li-
gand (2-benzimidazolylmethyl)bis(2-pyridylmethyl)amine (bbpaH)
and [Ru(bbpa)(dmso)CI|(PFg) were synthesized according to litera-
ture procedures for preparation of similar compounds.>>271 TH
NMR spectra were collected with a Varian INOVA 400 NMR spec-
trometer. Elemental analyses were performed with a Thermoquest-
Flash EA 1112 elemental analyzer. Mass spectra were recorded
with an HP 1100 MSD instrument.

Complex [Ru(bbpaH)(bpy)|(PFs), (1): Complex 1 was synthesized
according to a literature procedure for the preparation of the analo-
gous complex [Ru(TPA)(bpy)](PF),.[>”) The subsequent recrystalli-
zation of the crude product from acetone/diethyl ether afforded red
crystals. Yield: 94 mg (37%). 'H NMR (CDCls, 400 MHz): § =
10.21 (d, 1 H, J = 5.6 Hz, Py of bbpaH), 9.47 (d, / = 6.0 Hz, 1 H,
Py of bpy), 9.44 (d, J = 6.0 Hz, 1 H, Py of bpy), 8.80 (d, /= 8.2 Hz,
1 H, Py of bbpaH), 8.59 (d, / = 8.0 Hz, 1 H, Py of bbpaH), 8.42
(t, J = 8.2, 74 Hz, 1 H, Py of bbpaH), 8.21 (t, J = 5.6, 7.4 Hz, 1
H, Py of bbpaH), 7.96 (t, J = 8.0, 6.4 Hz, 1 H, Py of bbpaH), 7.94
(t, J =5.8,72Hz, 1 H, Py of bpy), 7.78 (d, J = 7.8 Hz, 1 H, Py
of bbpaH),7.77 (d, J = 5.8 Hz, 1 H, Py of bpy), 7.73 (t, J = 6.4,
6.4 Hz, 1 H, Py of bpy), 7.59 (d, J = 6.4 Hz, 1 H, Py of bpy), 7.53
(t, J=17.8, 6.4Hz, 1 H, Py of bbpaH), 7.53 (d, J/ = 6 Hz, 1 H, Py
of bpy), 7.43 (d, J = 8.4 Hz, 1 H, Ph of bbpaH), 7.33 (t, J = 6.0,
6.4 Hz, 1 H, Py of bpy), 7.15 (t, J = 8.4, 7.2 Hz, 1 H, Ph of bbpaH),
7.00 (t, J = 7.2, 8.0 Hz, 1 H, Ph of bbpaH), 6.50 (d, J = 8.0 Hz, 1
H, Ph of bbpaH), 6.02 (d, J = 18.4 Hz, 1 H, CH of bbpaH), 5.96
(d, J = 18.4Hz, 1 H, CH of bbpaH), 5.58 (d, / = 16.8 Hz, 1 H,
CH of bbpaH), 5.48 (d, J = 17.6 Hz, 1 H, CH of bbpaH), 5.13 (d,
J =16.8Hz, 1 H, CH of bbpaH), 5.01 (d, / = 17.6 Hz, | H, CH
of bbpaH) ppm. ESI-MS: m/z = 293.5 [Ru(bbpaH)(bpy)]**.
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Cs1 sHaoF1,N;0, sPoRu (905.62): caled. C 41.72, H 2.82, N 10.83;
found C 41.75, H 2.73, N 10.83.

Complex [Ru(bbpa)(bpy)|(PFs) (2): Complex 1 (50 mg, 0.057 mmol)
was dissolved in an NaOH-containing acetone/water (1:1, v/v) mix-
ture with pH = 11. A majority of the acetone was removed in a
rotary evaporator and the product precipitated as the fully depro-
tonated species [Ru(bbpa)(bpy)](PFs). The solid was dissolved in
hot CHCl;. After cooling, dark-red crystals were obtained. Yield:
13 mg (31%). '"H NMR (CDCl;, 400 MHz): 6 = 10.15(d, 1 H, J =
6.0 Hz, Py of bbpa), 9.37 (d, J = 5.6 Hz, 1 H, Py of bbpa), 9.32 (d,
J=6.0Hz, 1 H, Py of bpy), 8.71 (d, J = 8.0 Hz, 1 H, Py of bbpa),
8.49 (d, /= 8.0 Hz, 1 H, Py of bbpa), 8.30 (t, / = 6.8, 8.0 Hz, 1 H,
Py of bbpa), 8.07 (t, J = 6.0, 6.8 Hz, 1 H, Py of bbpa), 7.98 (d, J
= 5.6 Hz, 1 H, Py of bpy), 7.81 (t, J = 7.2, 8.0 Hz, 1 H, Py of
bbpa), 7.68 (t, J = 7.2, 7.6 Hz, 1 H, Py of bpy), 7.58 (t, J = 7.6,
6.8 Hz, 1 H, Py of bpy), 7.57 (d, J = 7.6 Hz, 1 H, Py of bpy), 7.39
(t, J =5.6,7.2Hz, 1 H, Py of bbpa), 7.38 (d, J = 6.8 Hz, 1 H, Py
of bpy), 7.20 (d, J = 8.4 Hz, 1 H, Ph of bbpa), 7.17 (t, J = 6.0,
7.2 Hz, 1 H, Py of bpy), 7.14 (t, J = 5.6, 7.6 Hz, 1 H, Py of bpy),
6.64 (t, J = 8.4, 7.6 Hz, 1 H, Ph of bbpa), 6.51 (t, J = 7.6, 7.6 Hz,
1 H, Ph of bbpa), 6.10 (d, J = 7.6 Hz, 1 H, Ph of bbpa), 5.85 (d, J
= 16.8 Hz, 1 H, CH of bbpa), 5.56 (d, J = 16.4 Hz, 1 H, CH of
bbpa), 5.39 (d, /= 16.8 Hz, 1 H, CH of bbpa), 4.89 (d, J = 16.4 Hz,
1 H, CH of bbpa), 4.83 (s, 2 H, CH, of bbpa) ppm. ESI-MS: m/z
= 586.1 [Ru(bbpa)(bpy)]*. C3;H,,Cl3FsN;PRu (849.99): caled. C
43.80, H 3.20, N 11.54; found C 44.79, H 3.27, N 11.68.

X-ray Structure Determination: The single-crystal X-ray diffraction
data were collected with a Siemens SMART CCD diffractomer,
with graphite-monochromated Mo-K, radiation (1 = 0.071073 A)
at 153 K using the »-20 scan mode. Data processing was ac-
complished with the SAINT processing program.[*! Intensity data
were corrected for absorption by the SADABS program.*?l All
structures were solved by direct methods and refined on F? by full-
matrix least-squares methods using the SHELXTL 97 program
package.[33 All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were located by geometrical calculation. Crystal
data for [Ru(bbpaH)(bpy)](PFe), (1): Co.50H20F12N70¢.50P2Ru, M
= 892.62, monoclinic, space group P2(1)/n, a = 12.4535(14), b =
19.742(2), ¢ = 13.6163(15) A, f=91.270°, V' = 3346.8(6) A3, Z = 4,
Peated. = 1.772 gem3, 1= 0.67 mm !, T = 153(2) K, 6565 reflections
measured, 4243 unique, R;,, = 0.0650, R; = 0.0787 and wR, =
0.1138 (all data), GOF = 1.017. CCDC-641251. Crystal data for
[Ru(bbpa)(bpy)](PF¢) (2): C3,Hy9ClsFgN,PRu, M = 93491, tri-
clinic, space group Pl, a = 10.6539(7), b = 13.1807(9), ¢ =
13.910909) A, a = 75291, f = 75424, y = 84.229°, V =
1827.22) A3, Z = 2, pearea. = 1.699 gem 3, 1 = 091 mm !, T =
153(2) K, 7046 reflections measured, 5985 unique, R;,; = 0.0192,
R, =0.0531, wR, = 0.1123 (all data), GOF = 1.028. CCDC-641252.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif.

Supporting Information (see footnote on the first page of this arti-
cle): FiguresSI and S2 give cyclic voltammograms of
[Ru(bbpaH)(bpy)](PF), (1) and [Ru(bbpa)(bpy)](PFs) (2).
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