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Synthesis and Proton-coupled Redox Properties of
Mononuclear or Asymmetric Dinuclear Complexes of
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New mononuclear and heterodinuclear complexes, [ML,(H,L")]2* and [L,M(H,L")M'L"J** [M,
M’ = Ru, Rhand/or Os; L' or L” = 2,2'-bipyridine (bipy). 1,10-phenanthroline or 4,4'-dimethylbipyridine],
containing the dinucleating ligand 2,2’-bis(2-pyridyl)-6,6'-bibenzimidazole (H,L') have been prepared.
The metal-to-ligand charge-transfer bands are almost unaltered when changing from the mono- to di-
nuclear complexes, indicating that the bridging H,L' ligand has slightly lower n* orbital energy than
that of bipy. The bridging H,L' ligand acts as a o/n-donor ligand. Both the absorption spectra and
the oxidation potentials of the complexes are strongly dependent on the solution pH, which
determines the NH deprotonation of the co-ordinated ligand H,L'. The mononuclear complexes of Ru
and Os act not only as basic acids but also as diacidic bases, while the heterodinuclear complexes
essentially act as dibasic acids. The proton-coupled redox reaction was demonstrated by plots of £,
vs. pH (Pourbaix diagrams). The pK, values of the complexes reflect on both the type of metals and
their oxidation states, M" and M". The introduction of asymmetry in the dinuclear complexes

The directional intramolecular electron-transfer process
between metal ions in ligand-bridged di- or oligo-nuclear
complexes has been much studied with regard to the design of

containing H,L' can provide not only a potential difference between the two metal sites but also a
photochemical molecular devices.! Recently, supramolecular
assemblies comprised of oligonuclear metal complexes with

preferential protonation (or deprotonation) site.
OO
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different bridging ligands have been synthesised and proposed N l
to have potential as building blocks for molecular level chips Hl! L
such as ‘wires’ and ‘rectifiers’.!>? The ruthenium-2,2'-bi-
pyridine (bipy) chromophore is one of the promising building N7
blocks for incorporation into a multicomponent system.3 N |

Realizing the vectorial electron or energy transfer, asymmetric = | N
dinuclear metal complexes have received considerable atten- N > p
tion.* The presence of asymmetry can provide a potential N |
difference between the donor and acceptor sites and facilitate
directed flow of electrons. From this point of view, we intend to L? N
synthesise a series of asymmetric di- and oligo-nuclear
complexes with the combination of ruthenium, rhodium and “
osmium. Pyridine, pyrazine, pyrimidine or cyano groups have
so far been used to bridge the ruthenium components in such
complexes.> However, these have mainly n-acceptor properties.
On the other hand, benzimidazole has a o/n-donor property HL® Le

and furthermore possesses a dissociable NH proton.® Once the
benzimidazole unit is co-ordinated to the metal ion the imino

NH proton becomes more acidic and can easily be removed.
The deprotonation of a bridging ligand may result in fairly
large perturbations on the spectral and redox properties of
dinuclear complexes.

Recently, we have prepared a new dinucleating compound,
2,2'-bis(2-pyridyl)-6,6’-bibenzimidazole (H,L!), and found that
its complexes exhibited proton-induced switching of metal-
metal interaction by proton transfer on the bridging L! ligand.”
In order to extend the co-ordination chemistry of this new
compound, a series of monomeric and asymmetric dinuclear
complexes of Ru, Rh and Os containing L! are reported here,

and the influence of pH on the absorption spectra and oxidation
potentials is investigated in detail. The characteristics of L* will
be compared to those of 3,5-bis(2-pyridyl)-1,2,4-triazole
(L%),% 2,3-bis(2-pyridyl)pyrazine (L*),3¢°7 2 3-bis(2-pyridyl)-
quinoxaline (L3)3/ or 2,2’-bipyrimidine (L°).3"

Results and Discussion

Preparation and Characterization—The compound H,L!
was obtained by the condensation reaction of 3,3’-diamino-
benzidine with 2 equivalents of pyridine-2-carboxylic acid in
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polyphosphoric acid.” Three geometrical isomers are antici-
pated as shown in Fig. 1, assuming free rotation about the
biphenyl C-C bond. Only one group of signals for the ring
protons and carbons can be observed in !H and !'3C NMR
spectra in (CD;),SO after several recrystallizations from
methanol. However, the *H NMR spectrum after the 1-methyl-
ation reaction of L' exhibits four N-methyl signals,® indicating
the existence of three isomers of the 1,1’-dimethyl derivative
(dmbpbim). Judging from these results, the rapid proton
exchange at the NH imino group of H,L' would render the
three geometrical isomers equivalent, and only one set of NMR
signals was observed. However, three geometries of H,L! are
fixed after co-ordination or N-methylation. A study of the
separation of the geometrical isomers in dmbpbim is currently
underway. In the present study, H,L' was used after re-
crystallization twice.*

The stoichiometric reaction between [ML',Cl,] [L’ = bipy,
4,4'-dimethyl-2,2'-bipyridine (dmbipy) or 1,10-phenanthroline
(phen); M = Os, Rh or Ru] and H,L' (1:1 molar ratio)
proceeds smoothly in boiling ethanol-water. The mononuclear
complex [ML',(H,L")]{ClO,], has been isolated as a
perchlorate salt, and can be used as a starting material for
synthesising di- or oligo-nuclear complexes. The dinuclear
complexes were generally prepared by the reaction of
[M'L",Cl,] (M' = Ru or Os, L” = bipy or dmbipy) with
[ML',(H,L")][ClO,], in ethanol-water or ethylene glycol,
depending on the metal M’ and the ligand L”. The mono- or di-
nuclear complexes were purified by Sephadex LH-20 column
chromatography with methanol--acetonitrile or on SP Sephadex
C-25 with acetonitrile-buffer. They possess several possible
optical isomers based on the chirality of the octahedral metal
centre (A and A) after the complexation of H,L!. All attempts
to separate the isomers have so far failed.

The electrolyte type and molecular complexity of the cationic
complexes can be discriminated by conductivity measurements.
Experimentally, it has been shown that the slope of a (A, — A,)
vs. ¢.* plot depends on the type of electrolyte, where A, A, and
¢. are the conductivity at infinite dilution, the equivalent
conductivity, and the equivalent concentration, respectively.’
A straight line was obtained for following complexes in
acetonitrile at 20°C (slope in mho I*¥ equiv?): 2760 for
[(dmbipy),Ru(H,L*)Ru(phen),][Cl0,],, 2450 for [(bipy),-
Os(H,LY)Ru(bipy),][ClO,],, and 1150 for [Ru(bipy),-
(H,LY][ClO,],. The slope for a reference 2:1 electrolyte,
[Ru(bipy);][ClO,],, was 1350 mho I* equiv* isclose to that for
the mononuclear complex. On the other hand, the slopes for the
dinuclear complexes are twice as large as that for the mono-
nuclear complex. Thus, these results indicate that the mono- and
di-nuclear complexes are 2: 1 and 4: 1 electrolytes, respectively.

Absorption Spectra.—The spectral data for the mono- and
di-nuclear complexes are collected in Table 1.

(a) Mononuclear complexes. The absorption spectrum of
[Ru(bipy),(H,L)][ClO,], consists of three well resolved
bands. The band at 459 nm is assigned to the Ru'-bipy and
H,L' metal-to-ligand charge transfer (m.l.c.t.) transition by
comparison with the spectra of [Ru(bipy);]{CiO,], and
[Ru(bipy),(HL*)][ClO,], [HL?® = 2-(2-pyridyl)benzimida-
zole].*® This assignment is supported by our recent results*!
from both transient absorption spectra and reduction
potentials; ie. the energy of the lowest unoccupied molecular
orbital (LUMO) of the co-ordinated ligand is in the order
H,L! < bipy ~ phen < dmbipy. The m.l.c.t. band of [Ru-
(bipy),(H,L")][ClO,], occurs at almost the same wavelength
as that of [Ru(bipy);][ClO,], (452 nm). If H,L! is a better ¢
donor than bipy, its ligand field will be stronger and the m.l.c.t.
band should be at shorter wavelength; if it is a better m donor

* Only one of the three isomers of H,L! is presented in the Schemes and
Figures in this paper.
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Fig. 1 Three possible geometrical isomers of H,L', assuming free
rotation about the C—C bond of the biphenyl moiety. The co-ordination
mode is shown for each isomer

than bipy its ligand field is weaker and the m.l.c.t. band should
be at longer wavelengths. Thus, the two effects appear nearly to
cancel each other. Since free H,L' has a n-n* intraligand
transition at 337 nm (in MeCN), the band at 346 nm can be
assigned to a n—n* (H,L") intraligand transition. Although the
m.lc.t. transition of [Ru(bipy),(H,L})]{CIO,}, occurs at
almost the same energy as that of [Ru(bipy),(HL?)}[CIO,],,'°
the n—n* (H,L?) transition occurs at lower energy compared to
that of HL>. This reflects the destabilization of the n orbital and
the stabilization of the n* orbital based on the orbital interaction
of two HL? chromophores. The higher band at 289 nm is
assigned to the m-n* (bipy) intraligand transition. The
corresponding osmium complex, [Os(bipy),(H,L)][CIO,],,
has an additional absorption band at 606 nm, which can be
assigned to a d —n* triplet transition. On the other hand, the
absorption spectra of [RhL’',(H,L')][ClO,]; (L’ =bipy or
phen) exhibit mainly ligand-based bands at around 310 [n—n*
(bipy)] and 365 nm [r—n* (H,L')] for L' = bipy, and 273 [n-n*
(phen)] and 360 nm [r-n* (H,L')] for L' = phen. The d—d
transition seems to overlap the ligand-based transition.3%*2

() Dinuclear complexes. When the mononuclear complex,
[M(bipy),(H,LH)][CIO,], (M = Ru or Os) is treated with
another ruthenium or osmium centre to form dinuclear
complexes the m.l.c.t. absorption maxima around 460 nm
remain almost unaltered, except they become twice as intense
compared to the mononuclear complexes (see Table 1). This is
in sharp contrast to m-accepting bridging systems such as L*,
L3 or L®. A shift to longer wavelength of the m.l.c.t. band
compared to that of the mononuclear complex has been
reported when the latter containing such a m-accepting ligand
forms a dinuclear complex.3/>%" The energy of the n* orbital of
the bridging ligand relative to bipy or phen determines the
m.l.c.t. band energy. In the present H,L! system, the energy of
the n* orbital is slightly lower than that of bipy or phen.!! Thus,
the m.L.c.t. band energy is almost unaltered on going from the
mono- to the di-nuclear complex.

Fig. 2 shows the absorption spectrum of [(bipy),-
Ru(H,L")Rh(bipy),][ClO,]s together with those of its
monomeric components. The spectrum of this asymmetric
dinuclear complex is essentially the sum of those of the
components. The absorption spectrum of the Ru—-Os dinuclear
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Table1 Visible-UV spectral data for mononuclear [ML,(H,L!)]J[ClO,], and dinuclear [L,M(H,L")M'L",][CIO,], (n = 4 or 5} in MeCN-buffer

(1:1v/v)atpH 23

Ama/nm (g£/dm® mol™ cm™)

M M’ L L’ n-n* (L or L") n-n* (H,LY) (d, %! d,-n*)?
(a) Mononuclear complexes
Rh bipy 307 (42 600) 365 (sh)
319 (47 900)
Rh phen 273 (64 700) 360 (sh)
304 (26 660)
Ru bipy 289 (79 900) 346 (37 900) 459 (15 300)
Os bipy 292 (79 700) 344 (43 200) 489 (13 600) 606 (3690)
(b) Dinuclear complexes
Ru Ru bipy bipy 289 (136 000) 355 (53 500) 459 (27 000)
Ru Ru phen phen 264 (189 000) 358 (49 200) 454 (32 900)
Ru Ru phen dmbipy 264 (117 000) 347 (55 000) 458 (31 300)
287 (111 000)
Ru Os bipy bipy 290 (131 000) 355 (52 500) 458 (23 300) 606 (3880)
Ru Rh bipy bipy 290 (78 000) 363 (48 400) 464 (sh)
307 (55 000)
318 (54 400)
Ru Rh dmbipy phen 280 (69 000) 355 (36 000) 464 (sh)
307 (sh)
Rh Rh phen phen 273 (154 700) 353 (28 300)
303 (49 000) 378 (28 300)
Os Os bipy bipy 292 (131 000) 356 (51 200) 489 (23 400) 606 (6470)
B 2+
LRU
—N N
7
H
<\:/)_<N N >_(i>
H
- 4 N\
e N/
3] - -
T 5h
o — —
mE ,Ru"\ 3+
| vese
O
] H
i \ 7 N N —
? T
N, .N
L W ]
1 ] ~ ) I Ru"\ 4+
0 300 400 500 600 =N N
Fig. 2 The absorption spectrum of [(bipy),Ru(H,L!)Rh(bipy),]- N N —
[ClO,]Js (——) and its components [Ru(bipy),(H,L")J[ClO,], H H}
(+ -~ ~-) and [Rh(bipy),(H,LH][CIO,]; (— - —) in MeCN N N

complex is analogous. These results suggest that the metal—
metal interaction in the ground state is small.

Acid—Base Equilibria of the Complexes from Spectro-
photometric Studies.—The absorption spectra of the mono- and
di-nuclear complexes in MeCN-buffer (1:1 v/v) are strongly
dependent on the solution pH.

(a) Mononuclear complexes. An increase in pH for
[Ru(bipy),(H,L")][ClO,], leads to a decrease in the m.l.c.t.
absorption intensity at 459 nm and at around 500 nm, while
retaining the isosbestic points at 420 and 475 nm. The final
spectrum at pH 10.65 returned to the original one after
acidification, which indicates that the spectral changes are fully
reversible. From these spectral changes, the acid dissociation
constant, pK,, was calculated to be 6.53. While H,L! has two
dissociable imino protons, the dissociation of only that attached
to the co-ordinated benzimidazole moiety was observed in the
range pH 2-12. This result is rationalized by the fact that the
pK, of the imino NH protons of free benzimidazole derivatives

Scheme 1

is usually around 14. On the other hand, the protonation of
unco-ordinated nitrogens in the mononuclear H,L! complex
is also feasible (see Scheme 1). Above pH 2 a pH-dependent
change in the absorption spectrum is observed, however the
limiting spectrum could not be obtained even at pH 0. Thus, the
pK, value may be around or below 0. The pK, value of
[Os(bipy),(H,L)][ClO,], (6.24) is a little smaller than that of
the ruthenium analogue.

In the case of [RhL’,(H,L!)]J[CIO,], the pK, values of 2.82
(L’ = bipy) and 2.75 (L’ = phen) were obtained from the pH
dependence of the absorption spectra. The large difference
between the complexes of M" (Ru or Os) and Rh™ is
attributable to the stronger Lewis acidity based on the large
positive charge on the metal ion, as pointed out previously.'?

(b) Dinuclear complexes. For [(bipy),Ru(H,L")Os(bipy),]-
[CIO,], the absorption maxima at 458 and 606 nm were
broadened on raising the solution pH, and the growth of a
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Scheme 2

shoulder at 485 nm and weak broad bands around 700 nm were
observed. The absorbance vs. pH titration curve obtained from
the spectral changes described above does not show any plateau
in the middle pH region. The microscopic equilibria in Scheme 2
can be considered for this complex. The absence of supple-
mentary information makes it difficult to determine the
microscopic equilibrium constants quantitatively, and the
present spectrophotometric titration is only capable of
providing macroscopic equilibrium constants.t A non-linear
regression analysis was carried out for the titration curve,!*
yielding macroscopic pK, values of 5.10 and 6.53.

Fig. 3 shows the absorption spectra of heterodinuclear
[(bipy),Ru(H,LY)Rh(bipy),][ClO,]s; in MeCN-buffer (1:1
v/v) as a function of pH. In the low pH region, changes in the
band around 400 nm occur, arising from a H,L! n—n* ligand-
localized transition. Further increase in pH leads to a decrease
in the ruthenium-to-ligand m.l.c.t. band centred at 460 nm and
an increase in the intensity of the band at 490 nm, and two well
defined isosbestic points at 451 and 475 nm can be seen. The
absorbance vs. pH curve for this spectrophotometric titration
shows a clear plateau in the middle pH region, yielding
macroscopic pK, values of 2.25 and 6.27 (Fig. 4). In this complex
the different oxidation states of the metal ions leads to a larger
pK, difference, ApK,(=pK,, — pK,,), compared to that of the
Ru-Os complex. Thus, at least the predominant deprotonation
site can be determined from these spectral changes; i.e. the first
deprotonation occurs predominantly on the H,L! co-ordinated
to Rh(bipy), and the second takes place on the Ru(bipy),
moiety.

The macroscopic acid-dissociation constants are collected in
Table 2, together with those for homodinuclear complexes in
MeCN-buffer (1:1 v/v)”’

Proton-coupled Oxidative Electrochemistry.—(a) Mono-
nuclear complexes. Electrochemical measurements provide
information on the difference between the two oxidation states,
e.g. Ru" and Ru™. In particular, the pK, values for different
oxidation states can be obtained by analysing plots of the
standard redox potential E°’ vs. pH (Pourbaix diagram). The

t The two tautomeric monoprotonated isomers in Scheme 2 are treated
collectively as a single species.

Absorbance

0300 400 500 600

A/nm

Fig. 3 Absorption spectra of [(bipy),Ru(H,L")Rh(bipy),]J[ClO,]s
(6.6 x 107° mol dm™3) at 20 °C in MeCN-buffer (1:1 v/v) at: (@) pH
2.60~5.30, (b) pH 5.30-8.00

cyclic voltammogram of [Ru(bipy),(H,L!)][ClO,], exhibits
only one reversible wave in all the pH region examined here,
while the position is strongly dependent on the pH. Fig. 5 shows
the half-wave potential E; wvs. pH for [Ru(bipy),(H,-
LY][CIO,], in MeCN-buffer (1:1 v/v). The plot is composed
of three straight-line segments with slopes of 0 (pH 0-1.6), —60
(1.6-7.0), and 0 mV per pH unit (7.0-12.0), respectively.
Spectrophotometric study has revealed that this complex acts as
a monobasic acid. Thus, the electrode process can be described
as in Scheme 3 involving both redox and acid-base equilibria,
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Table 2 Values of pK, and electrode potentials (vs. Ag-AgCl) for mononuclear [ML,(H,L*)]"* and dinuclear [L,M(H,L")M'L,]"* in MeCN-
buffer (1: v/v)°

M M’ L

(a) Mononuclear complexes
Rh bipy

Rh phen

Ru bipy

Os bipy

(b) Dinuclear complexes

Ru Ru bipy
Ru Ru phen
Ru Ru phen
Ru Os bipy
Ru Rh bipy
Ru Rh dmbipy
Rh Rh phen
Os Os bipy

M M’ L

(a) Mononuclear complexes
Ru bipy

Os bipy

(b) Dinuclear complexes
Ru Ru bipy
Ru Ru phen
Ru Ru phen
Ru Os bipy
Ru Rh bipy
Ru Rh dmbipy
Os Os bipy

bipy”
phen®
dmbipy
bipy
bipy
phen

phen
bipy®

bipy®
phen®
dmbipy
bipy
bipy
phen
bipy®

pK,, or

pKiy

(2.82)
(2.75)
7.0
(6.53)
6.7
(6.24)

5.8
(5.61)
59

0.96
0.59

0.94
0.95
0.86
0.56
0.95
0.86
0.53

pK,, or
pK.i2 PK2y
1.6
24
8.1 1.4
(7.12)
7.7 1.5
(6.85)
7.4 2.0
6.80)
6.9 2.8
(6.53)
6.7 1.4
(6.27)
6.6 2.0
(6.02)
(2.67)
6.9 2.1
(7.09)
E3 EY
0.64
0.34
0.98 0.72
1.00 0.68
0.97 0.62
0.99 0.40
0.90 0.67
0.81 0.57
0.58 0.36

PKazz

6.9
6.6
6.7
6.4
23

2.8

59

5

0.97
0.97
0.91
0.92

0.57

pK.s:

0.65
0.62
0.55
0.36

0.31

pK.s2

2.0

24

2.8

2.3
(2.46)

3

0.73
0.70
0.67
0.70

0.38

¢ The notations for the pK, and E{ values are defined in Schemes 3, 4 and 6. The values in parentheses were obtained spectrophotometrically. * Ref. 7.

1.4+
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L
2

Fig.4 Spectroscopictitrationcurves for [(bipy),Ru(H,L")Rh(bipy),]-
[C10,]5 (6.6 x 107> mol dm™?) of absorbance at 400 (O) and 461 nm

(@) vs. pH in MeCN--buffer (1:1 v/v)

where K, and K, are the acid-dissociation constants of the
ruthenium-(11) and -(1) states, respectively. The pH dependence

g—AgCl
o
[{e]

2

ElNvs. A
o©
\‘

0.50L

pH

Fig. 5 Plot of the oxidation potential E, vs. pH for [Ru(bipy),-
(H,LH][CIO,], in MeCN-buffer (1:1 v/v) at 20°C. Species: I,
[Ru''(H,L")]**;2,[Ru'(HL')]*; 3, [Ru™(H,LY)]**;4, [Ru"™(HL)]?*
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[Ru(bipy),(H,L)]1** 2= [Ru'(bipy),(HL")]*

1
2 E}
e” (3

[Ru™(bipy),(H, L) * == [Ru™(bipy),(HLY)]**

Scheme 3

[RUHH,LHOS]** 2 [RuMHLYOS P+ 2 [Ru(LHOST*
11 12 4

B B 3

e ] | € L

[RU“(H;LI)OS“‘]’ + ‘il; [RU“(HLI)OSm]‘ + ‘:; [R“II(LI)Osm] 3+
4 21 A 22 A

E3 E3 E;

e e [

['Rulll(Hle)osm]s + :=+ [Rulll(HLl)oslu]s + .2_‘;_ [Ru'“(L l)oslll]4 +
31 32

Scheme 4

of E, in Scheme 3 can be expressed by equation (1); ' > where E3 is

RT, 6 [H* K
E%=E;+¥1n[_ﬁ__l (1)
F [H']+K,

the half-wave potential of [Ru(bipy),(H,L*)]>*/** at pH 0.
Given Ej and K|, a non-linear regression analysis of the Ru"-
Ru redox potentials has been performed.

According to the analysis of the E, vs. pH diagram, the
potential for the monodeprotonated state, ES = 0.64 V, and the
acid dissociation constant for the ruthenium(ir) oxidation state,
pK, = 1.6 (see Scheme 3 and Table 2). The pK, value for the
ruthenium(i) state is much smaller than that of Ru", which
reflects the stronger electron-withdrawing properties of the
former. The corresponding mononuclear osmium complex
behaves in the same manner with values of pK, = 6.7, pK, =
24, E? = 0.59 and ES = 0.34 V vs. Ag-AgCl. On the other
hand, the rhodium(m) mononuclear complex shows no
oxidation waves up to +1.5 V vs. Ag-AgCl.

(b) Dinuclear complexes. The cyclic voltammogram of
heterodinuclear [(bipy),Ru(H,L")Os(bipy),]** in MeCN-
buffer 1:1 v/v) exhibits two oxidation waves at E = +0.365
and ES = +0.710 V »vs. Ag-Cl at pH 7.10. Coulometry
indicated two sequential one-electron processes. The first can be
assigned to the Os"-Os™ couple and the second to the Ru"™-Ru™
couple by comparison with the oxidation potentials of each
ruthenium and osmium mononuclear unit. These couples also
show a pH dependence of E, (Fig. 6). The Os"-Os" couple is
independent of pH below 2.8 and above 6.9. Over the range pH
2.8-5.6 and 6.4-6.9, the E, value decreases linearly with
increasing pH with a slope of —60 mV per pH unit. At 5.6 <
pH < 6.4, the slope of E, vs. pH is again independent of pH. A
similar pH dependence for the Ru"™Ru™ couple was observed
in the region examined (see Fig. 6). From the results
[(bipy),Ru"(H,L")Os"(bipy),]**,  [(bipy),Ru'(H,L")Os™-
(bipy),]1°* and [(bipy),Ru™(H,L")Os"(bipy),]°* each possess
two macroscopic acid-base equilibria (Scheme 4).Under these
macroscopic acid-base equilibria, the E, of the Ru"-Os"Y
Ru"-Os" couple can be expressed by equation (2): ' where E3 is
the standard redox potential of the [Ru"(H,L!)Os"]° *—[Ru"-
(H,LYO0s"]** couple at pH 0, n represents the numbers of
electrons (here 1), and «,, and «,.4 are as in equations (3) and (4)
where K, to K,, represent the macroscopic acid-dissociation
constants in Scheme 4. According to equations (2)—(4), a non-
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Fig. 6 Plots of the oxidation potentials E} and E} vs. pH for
[(bipy),Ru(H,L")Os(bipy),][ClO,], in MeCN-buffer (1:1 v/v) at
20°C. Species: 1, [Ru'(H,LY)Os"}J**; 2, [Ru™HLHYOs'P+; 3,
[Rull(Ll)Osll]Z+; 4’ [Rull(Hle)OSul]5+; 5, [RuH(HLl)OSllI]4+; 6,
[Rull(Ll)OslII]3+; 7, [Rulll(Hle)osIIl]6+; 8, [Rulll(HLl)oslll]5+; 9’
[R ullI(Ll )Oslll]A +

RT 2.
E%ZE;JFTIn“ %)
aox
KZl K21K22
o = 1+ T+ 3)
K, KK
peg = 1 11 11812 (4)
[H'] [H']

linear regression fit for the E, vs. pH profile provides the pK,
values for Ru"Os" and Ru"™Os™ states. Similarly, the
[Ru™H,LYH0s™**[Ru(H,L})Os™]** redox couple has
been analysed. As a result, the self-consistent pK, values are 5.6
and 6.9 for Ru"™-Os", 2.8 and 6.4 for the mixed-valence
Ru"-Os™, and 1.4 and 2.8 for Ru™-Os™ state, respectively.
From the microscopic viewpoint of the proton-coupled electron-
transfer reaction, the tautomeric monoprotonated species for
different metal oxidation states can be considered with respect
to the monoprotonation site in Scheme 5. Owing to the large
pK, difference for the mixed-valence Ru"™~Os™ complex, the
deprotonation is supposed to occur mainly at the osmium(Iir)
site. However, we could determine only the macroscopic pK,
values in the present study. Thus, the molar ratios of the
tautomeric forms in solution could not be determined
quantitatively (Scheme 5).

The oxidation of heterodinuclear [(phen)Ru(H,L')Ru-
(dmbipy),][ClO,], occurs first at the Ru(dmbipy), moiety,
and then at the Ru(phen), moiety. However, the protonation
site of the HL! bridging ligand in the monoprotonated complex
may be predominantly at the Ru(dmbipy), moiety because of
the greater electron-donating ability of the dmbipy ligand
relative to phen. A quantitative discussion is not possible.

The cyclic voltammogram of [(bipy),Ru(H,L!)Rh(bipy),]**
in MeCN-buffer (1:1 v/v) shows only one oxidation wave,
involving a one-electron process confirmed by coulometry.
Furthermore, oxidative spectroelectrochemistry at +1.3 V (vs.
Ag-AgCl) reveals that the m.l.c.t. band centred at 460 nm
disappeared completely and a smalll.m.c.t. band around 700 nm
appeared. These results confirmed that the oxidation at the
Ru(bipy), moiety proceeded as a Ru"™-Ru' couple. Fig. 7 shows
the plot of E, vs. pH. The oxidation potentials are pH
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Scheme 5

independent in the pH < 1.4 and > 6.7 regions. Over the range
1.4 < pH < 6.7, the plot is linear with a slope of 54 mV, which is
consistent with a one-electron one-proton process. Although
the dibasic behaviour of the Ru"™-Rh™ complex is established by
the spectrophotometric measurements described in the previous
section, a clear break point wasnot observedat 1.4 < pH < 6.7.
This means that the second acid dissociation of the Ru™-Rh™
state occurs very close to the first acid dissociation of the
Ru-Rh" state (pK,, & pK,,). Thus, the electrode process can
be described in Scheme 6 involving redox and acid-base
equilibria. The pK, data and half-wave potential at pH 0 are
summarized in Table 2, which reveals the following relation:
pPKy1 < pKyy < pKy; € pKyy < pKyp < pKi,.

Effect of the Metal and its Oxidation State on pK,—The
oxidation potential is shifted to most negative values (0.3 V)
upon deprotonation, which means that the electron-donating
property of the bridging L' ligand markedly increases. The pK,
value of the mononuclear metal(i) complexes is about 4-5 pH
units higher than that of the metal(nir) complexes (M = Ru, Os
or Rh). This difference appears to be maintained even in the
dinuclear complexes, where two pK, values are present.
Therefore, the following tendency is revealed for the pK, values
of the mono- and di-nuclear complexes; Os" < Ru", Os™" >
Ru™and M" » M™ (M = Ru or Os). When the second metal
site is redox inactive in the dinuclear complex it acts as a simple
electron-withdrawing or -donating substituent. This suggests
that the pK, value for the dinuclear complex can be tuned by
selecting the second metal ion.

Characteristics of the Bridging H,1.} Ligand—The compound
H,L' has stronger donor and weaker acceptor properties
compared to those of bipy. Its electron-donating power can be
tuned by means of the proton equilibria. The absorption
maxima and oxidation potential remained almost unchanged as
the mononuclear complex changed into the dinuclear one.
From this result the interaction between the two co-ordination
sites seems to be relatively small even through the n-n*
transition of H,L! shifts to longer wavelength compared to that
of HL3. Recently, complexes of Ru and Os containing L2 have
been reported, where L? is a stronger donor and weaker
acceptor.®’ In complexes of L? the interaction between two
metal ions is relatively strong, although the deprotonation state
has not been reported in detail. No solution pH dependence of
the oxidation potential has been reported so far. Since L? is a

—“—5

P

g—AgCl
o
[{o]

2

E! Vvs.A
o
N

0.5

pH

Fig. 7 Plots of the oxidation potentials E, vs. pH for [(bipy),-
Ru(H,L)Rh(bipy),][ClO,]s in MeCN-buffer (1:1 v/v) at 20°C.
Species: 1, [Ru(H,LH)RhM}3*; 2, [Ru(HLY)RWM}**; 3, [Ru"(L!)-
Rhlll]3 +; 4’ [Rulll(Hle)Rhlll]6+; 5’ [RUIII(HLI)RhIH]S +; 6, [Rulll(Ll)_
RhMj*+

monobasic acid, the possibility of redox and pX, tuning can be
expected by changing the solution pH. However, the pX, values
of co-ordinated L? are relatively low,* so strongly acidic
conditions will be needed. On the other hand, H,L! acts as a
dibasic acid, and the pK, values of co-ordinated benzimidazoles
are around neutral pH. Furthermore, the protonation site
and oxidation potential can easily be altered by appropriate
selection of the solution pH or the second metal ion.

A shift of the m.l.c.t. band to longer wavelengths and a
positive shift in the oxidation potential compared to those of
mononuclear complexes have been reported when the latter
contains a n-accepting ligand such as L*, L® or L6 and forms a
dinuclear complex.3¢/+* In contrast, the m.l.c.t. band and the
oxidation potential for H,L! complexes remain unaltered on
changing from the mono- to the di-nuclear complex. Judging
from the m.l.c.t. band energy and redox potentials, the n*-
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orbital energies of the bridging ligand decrease in the order
L2 > bipy > H,L' > L* > L° > L5,

Conclusion

The bridging H,L' ligand enables the dinuclear complex to
act as a diprotic acid, while the mononuclear complex acts not
only as a monoprotic acid but also as a monoprotic base.
With increasing pH the oxidation potential of the complexes
is shifted to more negative values, accompanied by
deprotonation. In the heterodinuclear complex the proton
transfer concomitant with the redox behaviour depends on
both the redox activity of the second metal ion and the
oxidation state of the metal ion. Since the proton transfer can
be regarded as the trigger to changing the electronic structure
of the complex, a desired potential difference can be generated
by the proton-transfer equilibria at the specific site through
appropriate selection of the combination of the metal ions and
peripheral ligands. For example, the diprotonated [(bipy),-
Ru(H,L")Rh(bipy),]** is non-emissive due to the intramolecu-
lar electron transfer from excited Ru to Rh; however, emission
was observed in the monoprotonated state.'® This observed
emissive switching can be rationalized by the preferential
deprotonation at the rhodium(in) site, accompanying the
negative potential shift in the reduction potential at this site. In
conclusion, the introduction of asymmetry can provide not only
a potential difference but also a preferential protonation site in
dinuclear complexes.

Experimental

Materials.—3,3'-Diaminobenzidine (Tokyo Kase) and
pyridine-2-carboxylic acid (Nakarai) were used as supplied.
Tetra-n-butylammonium tetrafluoroborate was prepared by
standard techniques,'” recrystallized three times from ethanol—
water mixtures and then ethyl acetate-pentane, and vacuum
dried at 70 °C for 12 h. Acetonitrile was dried twice over
phosphorus pentaoxide and then distilled over CaH, under
nitrogen. The water used in the measurements was deionized
and then purified in a Milipore Milli-Q apparatus. All other
chemicals were of analytical grade, and used as supplied. Buffer
systems and the pH ranges employed were as follows: HC1O,~
NaClO,, pH 0-2; Robinson-Britton buffer, pH 2-11.13

Preparations—The starting complexes [Ru(bipy),Cl,]-
2H,0, [Ru(dmbipy),Cl,]-2H, 0, [Ru(phen),Cl,], [Rh(bipy),-
C1,]Cl, [Rh(phen),Cl1,]Cl, and [Os(bipy),Cl,], were prepared
by the literature methods.!® The dinucleating compound H,L!
was prepared by the previous method.” CAUTION: Perchlorate
salts are potentially explosive. Although no detonation
tendencies have been observed, caution is advised and handling
of only small quantities is recommended.

Mononuclear complexes. [Ru(bipy),(H,L!)][ClO,],-5H,0.
A suspension of cis-[Ru(bipy),Cl,]2H,0 (0.79 g, 1.63 mmol)
was dissolved in ethanol-water (1:1 v/v, 40 cm?) under reflux
for 1 h. To the resulting solution was added H,L! (0.70 g, 1.8
mmol). Refluxing was continued for 5 h, during which the
colour gradually turned red. The solution was concentrated to
20 cm?® and then filtered. Addition of a saturated aqueous
NaClO, solution effected precipitation of the complex. The

product was purified by column chromatography on SP
Sephadex C-25 with acetonitrile-Britton—Robinson buffer (1:1
v/v, pH 5.0) as eluent. The second band was collected. Yield
0.81 g (45.4%) (Found: C, 48.75; H, 3.25; N, 12.25. Calc. for
C,4H;,CILN, OgRu-5H,0: C, 48.45; H, 3.90; N, 12.85%).

[Ru(dmbipy),(H,L")]J[ClO,},. The complex cis-[Ru-
(dmbipy),Cl1,]-:2H,0 (0.89 g, 1.65 mmol) was suspended in
ethanol-water (1:1 v/v), and heated until dissolution was
complete (about 1 h). Solid H,L' (0.64 g, 1.65 mmol) was
added. The mixture was refluxed for 6 h, during which time it
became dark red. The solvent was evaporated to dryness and
the residue dissolved in the minimum of methanol, then loaded
on a Sephadex LH-20 column (3 x 50 cm) and eluted with
methanol. The second orange band was collected, and
concentrated to about 30 cm?. To the resulting solution was
added NaClO, (1 g, 7.1 mmol) in water (5 cm?). A red-orange
precipitate was formed, which was recrystallized from
methanol-water (5:1 v/v). 0.69 g (399 yield) (Found: C, 54.25;
H, 4.00; N, 13.10. Calc. for C,3H,,CI,N,,O3Ru: C, 54.55; H,
3.80; N, 13.25%).

[Os(bipy),(H,L!)][C10,],-5H,0. A mixture of [Os(bipy),-
C1,]-2H,0 (0.4 g, 0.70 mmol) and H,L! (0.27 g, 0.70 mmol) in
ethanol-water (1:1 v/v, 40 cm?) was refluxed for 12 h. Ethanol
was removed in vacuo, and the resulting dark yellow solution
was filtered. Sodium perchlorate (0.5 g, 3.6 mmol) in water (5
cm?) was added to the filtrate. The black precipitate was filtered
off and recrystallized from methanol-water (10:1 v/v), 0.5 g
(63% yield) (Found: C, 45.50; H, 3.35; N, 11.10. Calc. for
C44H3,CILN,040s-5H,0: C, 45.50; H, 3.45; N, 12.05%).

[Rh(bipy),(H,L")][ClO,];-4H,0. A mixture of cis-
[Rh(bipy),C1,]C1(0.50 g, 1 mmol) and H,L! (0.41 g, 1.1 mmol)
in ethanol-water (3: 1 v/v, 60 cm?) was refluxed with stirring for
24 h. The progress of the reaction was monitored by UV
spectroscopy until the absorbance of the band around 370 nm
was constant. The solution gradually turned yellowish orange.
It was concentrated to 10 cm3, and then filtered in order to
remove the excess of unreacted H,L!. Addition of a saturated
aqueous NaClO, solution to the filtrate effected precipitation of
the complex. The product was purified by recrystallization from
ethanol-water. Yield 0.70 g (58%) (Found: C, 45.10; H, 3.40; N,
11.90. Calc. for C,4H;3,Cl3N,,0,,Rh-4H,0: C, 45.00; H, 3.45;
N, 11.95%).

[Rh(phen),(H,L")][ClO,];-4H,0. This compound was
prepared following the same procedures as used for the
Rh(bipy) analogue, employing cis-[Rh(phen),Cl,]Cl (Yield
77%) (Found: C, 47.75; H, 3.25; N, 11.55. Calc. for
C,sH;,CI3N,,0,,Rh:4H,0: C, 47.20; H, 3.30; N, 11.45%).

Dinuclear complexes. [(bipy),Ru(H,L")Os(bipy),][ClO,],-
4H,0. The complex [Ru(bipy),Cl,] (0.13 g, 0.26 mmol) was
dispersed in ethylene glycol (30 cm®) and stirred with heating at
120°C for 2 h. To this brown solution was added solid
[Os(bipy),(H,L")][ClO,], (0.3 g, 0.26 mmol), and the solution
refluxed for 6 h. The resulting mixture was poured into an
aqueous solution of NaClO, (1.0 g, 8.2 mmol), precipitating the
desired complex. The product was filtered off and purified by SP
Sephadex C-25 column chromatography with acetonitrile—
Britton-Robinson buffer (1:1 v/v, pH 8.5) as eluent. The dark
brown third band was collected, followed by evaporation of the
solvent. The dark black residue was recrystallized from
methanol-water (5:1 v/v). Yield 0.14 g (31%) (Found: C, 43.50;
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H, 2.80; N, 11.10. Calc. for C4,HsCI,N,,0,,0sRu-4H,0: C,
43.30; H, 3.20; N, 11.05%).
[(bipy),Ru(H,L)Rh(bipy),][C10,]s-4H,0. The complex
[Ru(bipy),Cl,] (0.23 g, 0.47 mmol) was dispersed in ethylene
glycol (30 cm3) and stirred with heating at 120 °C for 2 h. To this
brown solution was added solid [Rh(bipy),(H,L")][ClO,],
(0.47 g, 0.42 mmol), and the solution refluxed for 3 h. The
reaction mixture was poured into an aqueous solution of
NaClO, (1.0 g, 8.2 mmol), precipitating the desired complex.
The product was filtered off and purified by SP Sephadex C-25
column chromatography with acetonitrile-Britton—Robinson
buffer (1:1v/v, pH 8.5 + 0.1 mol dm=3 NaClO,) as eluent. The
dark orange third band was collected, followed by evaporation
of the solvent. The orange residue was recrystallized from
methanol-water (5:1 v/v). Yield 0.34 g (41%;,) (Found: C, 43.80;
H, 3.00; N, 11.35. Calc. for C4,H,3CIsN, ,0,0RhRu-2H,0: C,
43.90; H, 3.00; N, 11.20%).
[(dmbipy),Ru(H,L*)Ru(phen),][Cl0,]s-5H,0. The com-
plex [Ru(phen),Cl,] (0.15 g, 0.28 mmol) was dispersed in
ethylene glycol (30 cm?) and stirred with heating at 120 °C for
2 h. To this brown solution was added solid [Ru(dmbipy),-
(H,LYHY][Cl0,], (0.3 g, 0.26 mmol), and the solution refluxed
for 6 h. The resulting reaction mixture was poured into an
aqueous solution of NaClO, (1.0 g, 8.2 mmol), precipitating the
desired complex. The product was filtered off and purified by SP
Sephadex C-25 column chromatography with acetonitrile-
Britton-Robinson buffer (1:1 v/v, pH 8.5 4+ 0.1 mol dm™®
NaClO,) as eluent. The dark orange third band was collected,
followed by evaporation of the solvent. The orange residue was
recrystallized from methanol-water (5:1 v/v). Yield 0.20 g
(39%) (Found: C, 47.70; H, 3.50; N, 10.70. Calc. for
C,,HscCI,N,,0,¢Ru,-4H,0: C, 47.85; H, 3.70; N, 10.85%).
[(phen),Rh(H,L")Rh(phen),][C10,]6-2H,0. A mixture of
[Rh(phen),Cl,]Cl (0.33 g, 0.57 mmol) and H,L* (0.10 g, 0.26
mmol) in ethanol-water (4:1 v/v, 50 cm?®) was heated under
reflux for 24 h, during which time it changed from pale yellow to
orange. The solvent was evaporated to half-volume, and the
resulting solution was filtered. To the filtrate aqueous
NaClO, (0.8 g, 5.7 mmol) was added. The yellow precipitate
was purified by recrystallization from ethanol-water. Yield 0.35
(70%) (Found: C, 44.05; H, 2.70; N, 9.85. Calc. for
C,;,H,5CIgN, ,0,,Rh,:2H,0: C, 44.40; H, 2.70; N, 10.05%).

Physical Measurements.—Electronic spectra were obtained
on a Hitachi U-3210 spectrophotometer from 200 to 850 nm
and a Hitachi 3400 spectrophotometer from 800 to 2600 nm.
The pH measurements were made with a TOA model HM-20E
pH meter standardized with buffers of pH 4.01 and 6.86 (at
25°C). A 50% acetonitrile-water mixture was employed
because of the solubility limit of the present complexes in pure
aqueous solution, particularly at higher pH. The pH meter
readings in this mixture are referred to as ‘apparent’ pH unless
otherwise stated. Spectrophotometric titrations were performed
inacetonitrile—water (1: 1 v/v) solution, as described previously.’
The osmium(in) oxidation state was generated by chemical
oxidation of the osmium complexes with NOBF,.

Electrochemical measurements were made at 20 °C with a
Yanagimoto P-1100 Polarographic Analyzer equipped with a
Watanabe WX-4401 x-y recorder. The working electrode was a
glassy-carbon electrode and the auxiliary electrode was a
platinum plate. The reference electrode was a BAS RE-1 Ag—
AgCl electrode. It was calibrated by the internal ferrocene—
ferrocenium couple under the same conditions. Spectroelectro-
chemistry was performed by using a platinum minigrid (80
mesh) working electrode in the thin-layer cell designed
originally by Lexa et al.?® The cell was located directly in the
spectrophotometer, and the absorption change was monitored
during the electrolysis. The pK, values for various oxidation
states of the mono- and di-nuclear complexes can be obtained by
analysing plots of the potential E, vs. pH (Pourbaix diagram).
In a reversible redox system the midpoint between the cathodic
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and anodic peak potentials can be regarded as the reversible
half-wave potential (E,).
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