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Abstract

This paper dedls with the synthesis and
spectroscopic investigation of homometallic dinuclear
ruthenium(l1) complex containing chloro-
phenanthroline and bipyridine ligands. This bimetallic
ruthenium polypyridine complex may be useful for
biological €electron transfer studies. Heteroleptic
ruthenium monomer complex Ru(bpy)2(Cl-phen)
(where bpy = 2,2'-bipyridine and Cl-phen = 5-chloro-
1,10-phenanthroline) was prepared in a two step
procedure previously developed in our laboratory. This
monomer complex was used to prepare the ruthenium
dimer complex, (bpy).Ru(phen-phen)Ru(bpy),, by
utilizing the Ni-catalyzed coupling reaction. Both the
complexes were purified by column chromatography.
The identity and the integrity of the complexes were
confirmed by elementa anaysis as well as mass
spectroscopy. The calculated and the experimental
values for the elemental analysis were in good
agreement. The calculated and experimental molar
masses of the dimer complex were also identical.
UV/Vis absorption, emission spectroscopic method,
and cyclic voltammetric method were used to
investigate the properties of the dimer complex.

Introduction

The study of the photophysical and photochemical
properties of transition metal complexes is of great
interest for a variety of fundamental and practical
reasons (Kalyanasundaram 1987). In the past few years
most of the attention in this field has been focused on
the polypyridine complexes of ruthenium(ll) as
components of solar energy conversion schemes (Jures
et al. 1988, Kalyanasundaram 1982). These complexes
offer desirable redox potential, excited state properties,
photophysical properties, and excited state lifetimes.
Ruthenium polypyridine complexes have been
investigated for use in artificia photosynthesis and
many biological electron transfer processes. Electron
transfer reactions play essentia roles in numerous

important biological processes such as photosynthesis,
mitochondrial respiration, and intermediary
metabolism. It has been documented that ruthenium
polypyridine complexes have potential use as efficient
photoinitiators in electron transfer studies (Winkler et
al. 1982). This has prompted us to investigate the
properties of such complexes.

Despite the importance of biological electron
transfer reactions to numerous processes, only few
techniques are available to measure the actual rate of
electron transfer between two redox partners in
proteins. Many of these reactions are extremely fast
with redox partners in nature (Sadoski et al. 2000).
Accurate measurement of electron transfer rates of this
magnitude is very difficult. Zaslavsky and coworkers
(2998) introduced a new method to study biological
electron transfer that utilizes a photoactive
ruthenium(ll)  polypyridine complex which is
covaently or electrostaticaly attached to a protein
such as cytochrome c. Photoexcitation of Ru(ll) to the
metal-to-ligand charge-transfer state, Ru(l1*), a strong
reductant, leads to rapid electron transfer to the ferric
heme group in cytochrome c. Subsequent electron
transfer from photoreduced heme c to redox center(s)
in another protein can be measured on a time scale as
fast as 50 nanoseconds (Pan et al. 1988).

It was found that the overall charge on the complex
plays a critical role in protein binding and
photoreduction  or  photooxidation  efficiency.
Ruthenium complexes with higher charge bind more
tightly with the protein by electrostatic interaction.
Dinuclear ruthenium complexes with an overall charge
of +4 are capable of photoreducing protein with a 5-
fold greater yield than mononuclear complexes
(Sadoski et al. 2000). In this manuscript we report the
efficient  synthetic method, purification and
characterization of  (bpy).Ru(phen-phen)Ru(bpy).
dimer complex. The dimer complex was synthesized
from the monomer complex by the nickel-catalyzed
direct coupling reaction shown in Figure 1. The
phenanthroline moieties couple together producing
about 75% yield of the dimer. The synthetic strategy
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was based on the coupling reaction of 5-Cl-phen ligand
developed by Toyota and coworkers (2005).

esiacel

NiCl,.6H,0, PPh; . ) -
N*Ru/ — /N
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Figure 1: Synthetic scheme of ruthenium dimer, (bpy).Ru(phen-
phen)Ru(bpy),*", complex.

In this work, we report the efficient synthetic
method for the preparation of the ruthenium dimer
complex [(bpy)Ru(phen-phen)Ru(bpy),] (where Cl-
phen = 5-chloro-1,10 phenanthroline, phen = 1,10
phenanthroline and bpy = 2,2' bipyridine) from the
monomer complex [Ru(Cl-phen)(bpy)2(PFs)2] by the
metal-catalyzed coupling reaction. The complexes
were purified by repeated column chromatography.
The identity and the integrity of the complexes were
confirmed by elementa anaysis as well as mass
spectroscopy. UV/Vis  absorption, emission
spectroscopic method, and cyclic voltammetric method
were used to investigate the properties of these
complexes. Spectroscopic studies document that
inherently favorable photophysical properties are not
substantialy altered by dimer formation.

Materials and Methods

Chemicals

RuCl3-3H,0O, 5-chloro-1,10-phenanthroline (Cl-
phen), 2.2'-bipyridine (bpy), NH4PFs, LiCl, N,N-
dimethylformamide (DMF), tetraethyl ammonium
iodide (Et;NI), Nickel(ll) chloride hexahydrate
(NiCl,.6H,0), triphenylphosphine (PPhs), alumina, and
high-purity silica gel were purchased from the Aldrich
Chemical Company. All the chemicals were used as
purchased without further purification. All solvents
used were reagent grade or better.

Measurements

Elementa analysis was performed by Columbia
Analytical Services, Tucson, AZ. Electrospray
ionization mass-spectral (ESI-MS) measurements were
performed with a Bruker Esquire LCMS by the
Arkansas State Wide Mass Spectromety Facility at the
University of Arkansas, Fayetteville. The samples were
dissolved in acetonitrile and were injected directly with
nitrogen nebulizing gas at a flow rate of approximately
50 uL min™. Electronic absorption spectra were

obtained with a Shimadzu model UV-2501 PC UV-Vis
recording spectrophotometer using a 1-cm quartz
cuvette. Spectra were obtained in the absorbance mode.
The electronic absorption spectra of all the complexes
were measured in acetonitrile solution. The electronic
emission spectra were obtained with a PerkinElmer
Model LS 55 luminescence spectrometer at 450nm Agyc.
The emission spectra of the monomer and the dimer
complexes were measured in acetonitrile solution at
room temperature. Cyclic voltammetry was performed
with an Epsilon BAS Instruments Electrochemical
Anayzer. The working electrode was a 2-mm-
diameter platinum-disk electrode, the auxiliary
electrode was platinum wire and the reference
electrode was a saturated calomel electrode from BAS
Instruments. Cyclic voltammograms were recorded in
0.1 M (BugN)(PFe) (tetrabutylammonium
hexafluorophosphate) in CHsCN.

Preparation of Compounds

The monomer complex, Ru(bpy).(Cl-phen)(PFs).,
was prepared in a two step process by a method
previously developed in our laboratory (Bhuiyan et al.
2010). The precursor complex, cis-Ru(bpy).Cl,, was
prepared by following the literature method proposed
by Sullivan et a. (1978). The identity of the prepared
precursor complex was confirmed by absorption
spectroscopy. Ru(bpy).(Cl-phen)(PFs), was prepared
from the reaction of Ru(bpy).Cl, (0.5 mmol) and ClI-
phen ligand (1.0 mmol) under reflux condition in
agueous solution. The solution was cooled to room
temperature, filtered, and saturated aqueous NH4PFg
was added to the filtrate to precipitate the product as a
PFs salt. The orange precipitate was collected by
vacuum filtration and washed with cold water and
diethyl ether. The product was purified by silica-gel
column with CH3CN as an eluent. The first band was
collected and added dropwise to diethyl ether to
reprecipitate. The typical yield was 65-75% (Bhuiyan
et a. 2010). Elemental anaysis calculated for
RUC32H23N6CIP2F12: C= 4187%, H = 253%, N =
9.15%; experimentally found: C = 41.51%, H = 2.46%,
N = 9.12%.

The dimer complex, (bpy)Ru(phen-
phen)Ru(bpy),**, was prepared from the precursor
monomer complex, Ru(bpy)2(Cl-phen)(PFg)., by the
metal-catalyzed direct coupling reaction, which is a
modification of a method developed by Griffiths et al.
(2000). Typicaly 0.076 g (0.321 mmol) NiCl,.6H,O
and 0.281g (1.07 mmol) PPh; was taken in a dry three
neck 100 mL round bottom flask. The flask and the
sample was flushed with argon for few minutes and
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then filled with argon. Then 10 mL dry DMF was
added by syringe and the resulting blue solution was
stirred and purged with argon for about 30 minutes.
Zinc dust (0.021 g, 0.310 mmol) was added under
strong flow of argon to the deep blue solution and then
the reaction mixture was stirred under argon for 3
hours. During the first 30 minutes, the color of the
reaction mixture changed from deep blue to green, then
yellow, then orange, and finally reddish brown color.
Ruthenium monomer complex (0.251 g, 0.534 mmol)
and tetraethylammonium iodide (0.069 g, 0.534 mmol)
were then added to the reaction mixture under a strong
flow of argon. The resulting reaction mixture was
stirred for 14 hours under argon at 55 °C. The resulting
solution was then cooled to room temperature and
filtered. The ruthenium dimer product was precipitated
as a Prg sdt by adding agueous ammonium
hexafluorophosphate (NH4PFg). This mixture was
refrigerated a few hours to enhance the precipitation,
and the precipitate was collected by vacuum filtration.
The precipitate was washed with cold water to remove
excess NH4PFg, and was finally washed with diethyl
ether. After the precipitate was dried in a desiccator,
0.245 g product was obtained. The crude compound
was purified by column chromatography using a silica-
gel stationary phase and acetonitrile as an eluent. The
first band was collected and added dropwise to diethyl
ether to reprecipitate and 0.187 g (75% yield) product
was obtained. Elementa analysis calculated for
RU2CG4H46N12P4F24: C = 4355%, H = 263%, N =
9.52%; experimentally found: C = 41.86%, H = 2.56%,
N = 9.00%.

Results and Discussion

The monomer complex, Ru(bpy).(Cl-phen)(PFs),,
was prepared by following the method previously
developed in our laboratory (Bhuiyan et al. 2010). The
heteroleptic monomer complex was prepared by a two-
step process. In the first step, the precursor complex
Ru(bpy).Cl, was prepared according to published
methods (Sullivan et a. 1978). Sufficiently pure
precursor complex was obtained and no further
purification was necessary. The second step involved
the reaction of the previously prepared precursor
complex and additional Cl-phen ligand. This type of
procedure is common for mixed-ligand complexes
(Bhuiyan 2008, Bhuiyan et al. 2008, Bhuiyan and
Kincaid 1999, Bhuiyan et al. 2009). Thin-layer
chromatography indicated that the monomer compound
was dightly contaminated. We used the most common

purification method of column chromatography on
silica with acetonitrile as an eluent for the complex
(Bhuiyan et al. 2010).

The homometallic dinuclear ruthenium dimer
complex, (bpy).Ru(phen-phen)Ru(bpy),, was formed
by the nickel-catalyzed direct coupling of the monomer
complex with a very satisfactory 75% yield. This
synthetic strategy was based on the pioneering work of
Toyota and coworkers (2005) on the coupling of free
ligands. The yield was very low and it was very
difficult to purify the coupled ligand. So we attempted
to apply the nickel coupling reaction directly to the
monomer complex, which is similar to the procedure
mentioned in the literature for other complexes
(Griffiths et al. 2000, Johansson et al. 2000). We would
like to mention here that the requirement to maintain
an inert atmosphere during the synthesis is very
critical. This nickel catalyzed coupling reaction is very
sensitive to traces of oxygen. The mass spectrum
indicated that the product was contaminated with trace
amount of monomer complex, which we then removed
by column chromatography.

The calculated and experimental results of the
elemental analysis of the monomer and the dimer
complexes are shown in the Material and Method
section. The experimental results are in close
agreement with the calculated results for both the
complexes, which confirms the identity of the prepared
complexes.

The mass spectrum of the ruthenium dimer
complex, (bpy).Ru(phen-phen)Ru(bpy),, is shown in
Figure 2. The calculated molar mass of the dimer
complex is 118527 g/mol  [(bpy).Ru(phen-
phen)Ru(bpy)*].

Figure 2. The electrospray mass spectrum of the prepared
ruthenium dimer complex, showing the major fragment cluster.

The €lectrospray mass spectrometry of the
complexes showed a consistent fragmentation pattern
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(Figure 2). The experimental isotopic patterns are
consistent with the calculated isotopic patterns. The
mass spectrum showed that the molecular-ion peaks
appear at m/z (mass/charge) = 296.29. From the
isotopic patterns, it was confirmed that the molecular
ion has an overall charge of 4+, so the experimental
molar mass of the dimer complex is 1185.16 (4 x
296.29) g/mol. The experimental molar massisin very
good agreement with the calculated molar mass, which
confirms the identity and the integrity of the prepared
dimer complex.

Electronic absorption spectra of the prepared dimer
and the monomer complexes are shown in Figure 3.
The solid-line spectrum is for the dimer complex (trace
A) and the dashed line is for the monomer complex
(trace B). The absorption spectrum of the dimer
complex is very similar to the monomer complex,
which is aso smilar to the methyl-substituted
complexes previously reported by Bhuiyan et al.
(2009). Both the spectra consist of a series of
absorption bands in the UV and visible regions. A very
strong transition at 268 nm is assigned to a spin-
allowed ligand-centered n—n* transition of the Cl-phen
ligand, and a 284 nm peak is assigned to a n—m*
transition of bpy ligand (Kayanasundaram and
Nazeeruddin 1990). In the dimer complex, the relative
intensity of the 284 nm band increases in comparison
with the 268 nm band. The broad, relatively intense
visible band at 450 nm is assigned to a metal-to-ligand
charge-transfer (MLCT) transition by comparing with
other ruthenium(l1) polypyridine complexes (Denti et
al. 1990). The higher-energy shoulder observed is
assigned to a second MLCT transition. It was observed
that dimer formation did not affect the absorption
pattern.

Absorbance

550

450
Wavelength (nm)

350

Figure 3. Electronic absorption spectra of the prepared complexes
in acetonitrile: dimer (trace A) and monomer (trace B).

The room-temperature emission spectra of the
dimer and the monomer complexes are shown in
Figure 4. The excitation wavelength was determined
by scanning the excitation spectra at a fixed emission
wavelength. The excitation wavelength is 450 nm for
both the complexes. The solid line is for the dimer
complex (trace A) and the dashed line is for the
monomer complex (trace B). The electronic emission
spectra of the complexes exhibit strong emission bands
at 608 nm for the dimer and 613 nm for the monomer.
Both complexes exhibit a single emission band, which
confirms the purity of the prepared complexes.

700 -
600 -
> 500
g 400
£ 300
200
100

0

608 ~y, ,€ 613
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600 700
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Figure 4. Electronic emission spectra of the prepared complexesin
acetonitrile: dimer (trace A) and monomer (trace B).

The emission spectrum of the dimer complex is
similar to the monomer complex which is also very
similar to methyl-substituted complexes previously
reported by Bhuiyan et al. (2009). As for other
polypyridine complexes of Ru(ll), these luminescence
bands have been assigned as the phosphorescent
process 3MLCT (triplet metal-to-ligand charge
transfer) — 'GS (singlet ground state) (Lytle and
Hercules 1969, Bhuiyan and Kincaid 2001). The
emission band for the monomer compound is dightly
red shifted from that observed for the dimer compound
(613 nm vs 608 nm). This observation is consistent
with the previously reported spectra of similar
ruthenium(ll) polypyridine complexes (Griffiths et al.
2000, Johansson et al. 2000).

Cyclic voltammograms of the prepared monomer
and dimer complexes are shown in Figure 5. The solid
lineis for the monomer complex and the dashed line is
for the dimer complex. Both the complexes exhibit a
single reversible electrochemical wave over the range
examined. For each of the complexes, the potential
corresponds  to oxidation of ruthenium(ll) to
ruthenium(l11). The potentials are Ey, = +1.32 V for
the monomer complex and Ey, = +1.36 V for the dimer
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complex. The single wave for each complex confirms
the purity of the prepared complexes. The formation of
dimer shifts the wave to dightly higher potential. This
phenomenon indicates that the dimer formation did not
change the energy levels significantly (Rillema et al.
1987).

6.0E-05
4.0E-05
2.0E-05 ¢
0.0E+00 E
-2.0E-05 &=
4.0E-050)
-6.0E-05
-8.0E-05

(

19 14 0.9 04

Potential (V)

Figure 5. Cyclic voltammograms of the prepared complexes: solid
lineisfor the monomer and the dashed line is for the dimer.

Conclusions

The present report summarizes efficient synthetic
procedures to construct a homometallic dinuclear
ruthenium dimer complex, (bpy).Ru(phen-
phen)Ru(bpy),, containing chloro-phenanthroline and
bipyridine. The dimer complex isformed by the nickel-
catalyzed direct coupling of the monomer complex
with a very good yield (75%). Elemental analysis and
mass spectroscopy confirm the identity and structural
integrity of the prepared monomer and the dimer
complexes. Absorption, emission, and cyclic
voltammetric results of the dimer complex were very
comparable with the monomer complex. It was
observed that the inherently favorable photophysical
properties are not substantially altered by dimer
formation. This high charge dimer complex can be
used for metallo-protein electron transfer studies.
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