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Synthesis, properties and gas phase collision-induced dissociation
of the heptanuclear doubly bridged
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Abstract
The [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4 complex, in which bpy = 2,2 0 -bipyridine, BPE = trans-1,2-bis(4-pyridyl)ethylene and py = pyridine, provides an interesting case of a heptanuclear mixed compound containing two triangular
[Ru3O] clusters attached to a ruthenium polypyridine center. The composition and structural properties of this doubly bridged complex were investigated by means of electrospray mass (ESI-MS) and tandem mass (ESI-MS/MS) spectrometric experiments and
NMR spectroscopy (1H and 13C). The characteristic multi-isotopic distribution, 1/4 m/z peak separation and dissociation chemistry
of the isotopologue [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2]4+ cation provided detailed and unequivocal MS characterization of
the complex. In the electronic spectra of the heptanuclear complex broad bands were observed at 427 and 696 nm, and ascribed,
respectively, to [Ru(bpy)2(BPE)2] metal-to-ligand charge-transfer and to [Ru3O] internal cluster transitions. The characteristic waves
associated with the [Ru3O]1/0/1+/2+/3+ redox couples were found at 1.02, 0.16, 1.20, 2.11 V (versus SHE) in the cyclic voltammograms. Another broad wave was observed at 1.22 V, involving superimposed bpy0/ and BPE0/1 redox processes, and a peculiar
wave at 1.48 V, exhibiting only a half of the relative intensity, was assigned to the central Ru3+/2+ redox pair. Despite the two conjugated BPE bridges, the electrochemical and spectroelectrochemical data indicated only a weak coupling through the p-system in
the heptanuclear complex.
 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Trinuclear complexes of the general formula
[M3O(CH3COO)6(L)3]n (M = transition metal, L = solvent or N-heterocyclic ligands) feature a triangular
structure in which the metal ions are held together by
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l-oxo and carboxylate bridges [1–3]. In the particular
case of triruthenium compounds, the electronic interaction among the ruthenium ions is usually so strong that
the central core [Ru3O]+ is totally delocalized, behaving
as a single metal center [1–4]. From an electrochemical
viewpoint, it constitutes an appealing electroactive moiety, since the [Ru3O] unit displays up to ﬁve reversible
redox processes in the 1.5 to 2.5 V (versus SHE) range
and the choice of terminal and bridging ligand modulates its electrochemical behavior [5,6]. Moreover,
each monoelectronic process is accompanied by drastic
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chromatic changes [7,8] providing a suitable combination of electronic stimuli and spectroscopic response.
More recently, these trinuclear ruthenium complexes
have been increasingly used in the assembly of supramolecular structures [9–11] and to study intramolecular
electron transfer reactions in symmetric dimers [12].
The binding of these species to ruthenium polypyridines
complexes, simulating [Ru(bpy)3]2+ [13–16], would provide interesting prototypes to study photoinduced energy or electron transfer reactions.
The trans-1,2-bis(4-pyridyl)ethylene bridge (BPE) is
also of interest as such a species belongs to a class of organic ligands bearing C@C double bonds capable of
undergoing reversible trans ! cis photoisomerization
[17–19]. This type of functionality is being currently
exploited for storage and processing information at the
molecular level. The isomerization driven by light can
actually lead to selective changes in the molecular conformation, modifying the spectroscopic behavior of the
system in a controllable fashion [20,21] and promoting,
in some cases, molecular motion [22].
This work deals with the chemistry of the BPE doubly bridged heptanuclear complex [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4 (Fig. 1). We report
herein a unique assembly of polymetallic species that
combines the rich redox characteristics of the cluster
species and the remarkable chemical and photophysical
properties of ruthenium(II) polypyridine complexes.
Special emphasis is given to its structural characterization by means of NMR spectroscopy (1H and 13C),

and electrospray mass (ESI-MS) and tandem mass
(ESI-MS/MS) spectrometric experiments. The MS
experiments, in particular, conﬁrms the characteristic
multi-isotopic distribution and dissociation chemistry
expected for a [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2]4+ quadruply charged gaseous cation providing
detailed and unequivocal MS characterization of this
heptanuclear doubly bridged ruthenium complex.

2. Experimental
2.1. Synthesis
The [Ru(bpy)(BPE)2](PF6)2 and [Ru3O(CH3COO)6(py)2(CH3OH)]PF6 complexes were synthesized according to reported procedures [10,23].
2.1.1. [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4
[Ru(bpy)2(BPE)2](PF6)2 Æ 2H2O (60 mg, 0.056 mmol)
was dissolved in CH2Cl2 (20 ml) and allowed to react
with [Ru3O(CH3COO)6(py)2(CH3OH)]PF6 (113 mg,
0.112 mmol) for 72 h, at room temperature, in the dark.
The solution was ﬁltered and the liquid was treated with
diethyl ether, giving a greenish brown solid. This material was collected on a ﬁlter, dissolved in CH2Cl2 and
puriﬁed by chromatography using a neutral alumina
column. The product was eluted with a mixture of
50% CH3CN:CH2Cl2 (v/v) and the corresponding solution was evaporated to dryness. After dissolving in a
minimum volume of CH2Cl2, the solution was ﬁltered
onto stirring diethyl ether, giving a dark solid, which
was collected on a ﬁlter and washed with diethyl ether
(50 mg, 30%). Required for C88H92N12O26Ru7P4F24 Æ
3(C4H10O): C, 37.0; H, 3.8; N, 5.2. Found: C, 37.4; H,
4.1; N, 5.6%.
2.2. Physical measurements

Fig. 1. Structural representation of the heptanuclear complex [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2]4+ in which the numbering
scheme for the assignment of the corresponding NMR spectra is also
indicated.

Electrospray ionization mass and tandem mass spectra were recorded on a Q-Tof (Micromass) mass spectrometer with quadrupole (Qq) and high resolution
orthogonal time of ﬂight (o-TOF) hybrid conﬁguration
operated under conditions described in detail elsewhere
[24]. The sample introduction was performed using a
syringe pump (Harvard Apparatus, Pump 11) set to
10 ll/min pumped through an uncoated fused-silica capillary. All samples were dissolved in pure methanol. The
ESI mass spectrum was acquired using an ESI capillary
voltage of 3 kV and a cone voltage of 10 V. For the ESI
tandem mass spectrum, the mass-selected ions were dissociated using 20 eV collisions with argon.
One dimensional 1H NMR spectra and two dimensional COSY and HETCOR spectra were recorded on
a Varian 300 MHz, model INOVA 1 spectrometer,
employing 2 · 102 mol l CD3CN solutions, at room
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temperature. UV–Vis spectra were recorded on a Hewlett-Packard model 8453 diode array spectrophotometer, using 105 mol l solutions.
Cyclic voltammetry was carried out with a Princeton
Applied Research model 283 potentiostat. A platinum
disk electrode was employed for the measurements,
using the conventional Luggin capillary arrangement
with an Ag/AgNO3 (0.010 mol l) reference electrode in
CH3CN containing 0.100 mol l tetraethylammonium
perchlorate (TEAP). A platinum wire was used as the
auxiliary electrode. All the E1/2 values presented here
were converted to SHE by adding 0.503 V to the observed values. A three electrode system was used for
the spectroelectrochemical measurements, arranged in
a rectangular quartz cell of 0.025 cm internal optical
path length. A gold minigrid was used as transprecursor
working electrode, in the presence of the above mentioned auxiliary and reference electrodes.
Steady-state emission spectra were recorded on a
LS-100 Photon Technology International Inc. spectrophotometer, at room temperature and 77 K. Photoisomerization measurements were carried out with a
150 W Xenon Arc Lamp and a f/3.4 Monochromator
(Applied Photophysics), by irradiating 10% CH3CN:H2O samples of the BPE ligand at 313 nm and of
the heptanuclear species at 297 nm.

3. Results and discussion

Table 1
1
H and 13C chemical shifts (d/ppm) for the heptanuclear complex
[Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4 in CD3CN solution
(see labels in Fig. 1)
Position

13

C NMR spectra

The 1H and 13C NMR spectra of the [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4 complex are
complicated by the large number of signals. Preliminary
analysis indicated ﬁve non-magnetically equivalent types
of aromatic rings: the pyridine rings, two peripheral bpy
rings (labelled as 2, 3, 4, 5, 6 and 2 0 , 3 0 , 4 0 , 5 0 , 6 0 ) and two
diﬀerent rings corresponding to the bridging ligand, one
bound to the [Ru3O] core and the other bound to the
[Ru(bpy)2] center. The assignment was made based on
careful evaluation of the 2D correlation NMR spectra,
guided by a comparison with data for the complex
[Ru3O(CH3COO)6(py)2(BPE)]PF6 and with the literature data [25,26].
As one can see in Table 1, the d values of the [Ru(bpy)2] protons follow the same trends observed for
the [Ru(bpy)3]2+ complex [25,27]; the same behavior is
observed for the 13C signals in comparison with the free
bpy ligand. Owing to coordination to the ruthenium ion,
free rotation of the bpy rings is not possible; hence protons 3 and 3 0 are sterically strained in such a way that
the Van der Waals interaction between them causes a
deshielding eﬀect, shifting their signals to lower ﬁeld in
relation to other protons of that ligand. As expected,
protons 4, 5 and 5 0 appear as triplets with values of d

(1H) d/ppm

Pyridine
a
b
c
Acetate
CH3 (a)
CH3 (b)
C@O (a), (b)
BPE
a1
b1
c1, c2
d1
d2
b2
a2
2,2 0 -Bipyridine
2,2 0
30
3
40
4
50
5
60
6
b

(13C) d/ppm
Free ligand

Complex

Free liganda

0.17
5.80
6.56

8.6
7.2
7.6

126.61
115.13
138.64

149.9
123.7
135.7

4.88
4.78

2.1
2.1

4.10
4.10
200.16

20.7
20.7
177.7

0.47
6.06

8.65
7.45

6.71
7.14b
7.14b
8.14

7.29
7.29
7.45
8.65

126.47
112.75
145.35
129.60
131.32
124.20
158.48

150.7
121.4
145.5
130.5
130.5
121.4
150.7

8.24
8.31
7.83
8.02
7.28
7.66
7.79
8.79

8.42
8.42
7.77
7.77
7.25
7.25
8.67
8.67

154.76
124.74
125.04
138.93
139.03
128.58
128.95
153.42
153.60

156.2
123.5
123.5
136.7
136.7
121.0
121.0
149.1
149.1

Complex

a

3.1. 1H and
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a

Data from Ref. [30].
H signals d2 and b2 are superimposed.

varying between 7.2 and 8.1 ppm due to the non-equivalence of the bpy rings. Protons 4 0 are superimposed
with protons 6 0 .
Protons 6 0 are subjected to the so called ring current
eﬀects. These protons are located in the shielding region
of the pyridinic aromatic rings and, therefore, have their
signals shifted to higher ﬁeld in relation to the free ligand. However, protons 6 appear downﬁeld shifted; this
shift could be addressed assuming that the BPE rings are
not co-planar to each other, being otherwise inclined in
such a way that subjects protons 6 to the deshielding
region.
For the [Ru3O(CH3COO)6(py)2] moiety, the d values
(Table 1) follow the pattern dictated by the paramagnetic anisotropy of the [Ru3O] core [1].
In the heptanuclear complex, two signals assigned to
the acetate protons are observed (consistent with the
presence of two magnetically non-equivalent acetate
sites; i.e., four vicinal and two in opposite positions with
respect to the bridging ligand). For the BPE bridging ligand, a splitting in the proton (and carbon) signals
(Table 1) is observed, attributed to the double bond,
which constitute a singlet in the free ligand. This split-
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ting reﬂects a decrease in the symmetry of the ligand owing to the bridging coordination mode between two different metallic units. Note that the J coupling constant
of the d1 proton is equal to 16.5 Hz, a value that is typical for the trans-isomer [28]. This signal is shifted to
higher ﬁeld, showing that it is sensitive to the paramagnetic anisotropy of the [Ru3O] unit. This eﬀect is also expressed in the d values observed for the a1 and b1
protons attached to the BPE ring directly bound to
the paramagnetic center and for the pyridinic rings,
whose corresponding protons appear shifted to higher
ﬁelds in relation to free pyridine. The magnitude of this
eﬀect diminishes with the distance from the [Ru3O] core
and this pattern can be explained considering both dipolar and contact mechanisms for the paramagnetic interactions in the molecule [29]. These interactions are also
responsible for the fact that the signals for the acetate
methyl protons are shifted in the opposite direction as
those of pyridine, whereas inverse trends for protons
and carbon shifts are observed for the acetate signals.

Fig. 2. ESI tandem mass spectrum for 15 eV collision-induced
dissociation of [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2]4+ ions
(m/z 610). The charge states for the ions are indicated.

3.2. Mass spectrometric structural characterization
ESI-MS and ESI-MS/MS experiments are being
increasingly used in the structural characterization of
organometallic and metallorganic species, as well as of
loosely bonded cationic and ionic coordination species
participating as key reaction intermediates [31,32]. In
our case, ESI provided an eﬃcient technique for ‘‘ﬁshing’’ directly from solution to the gas phase, both ionic
components of the supramolecular complex [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4, i.e., either
the quadruply charged cationic species [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2]4+ or the singly charged
anionic species PF6  , allowing their corresponding mass
detection, and isotopic and structural characterization.
The ESI mass spectrum in the positive ion mode of a
methanolic solution of the complex detected a prominent cluster of isotopologue cations (m/z 610 for the
most abundant) separated by 1/4 m/z units, which
matched perfectly the features expected for Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2]4+. The characteristic,
multi-component isotopic pattern resulting from the
presence of seven multi-isotope ruthenium atoms also
matched perfectly that calculated for this cation. The
ESI mass spectrum in the negative ion mode detected
a prominent single and monoisotopic anion of m/z 145
(144.96) corresponding to PF6  .
For structural characterization, the entire cluster of
the many quadruply charged isotopologue ions [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2]4+ (m/z 610)
were mass-selected and subjected to 15 eV collision-induced dissociation (Fig. 2). Dissociation was observed
to occur mainly by successive breaking of the BPE–
ruthenium bonds, showing this bond to be the weakest
for the complex. As summarized in Fig. 3, the quadruply

Fig. 3. Dissociation routes for the 15 eV collision-induced dissociation
of gaseous [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2]4+ ions.
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charged Ru7-precursor ions (m/z 610) dissociate by
charge partitioning, with BPE–Ru bond breaking, to
form both a triply charged cluster of Ru4-isotopologue
fragment ions (m/z 537) separated by 1/3 m/z units and
a singly charged cluster of Ru3-isotopologue ions (m/z
833) separated by one m/z unit. The triply charged
Ru4-isotopologue ions (m/z 537) dissociate in turn via
two competitive pathways that give either (i) a doubly
charged cluster of Ru1-isotopologue fragment ions
(m/z 389) separated by 1/2 m/z units and a singly charged
cluster of Ru3-isotopologue fragment ions (m/z 833) or
(ii) a singly charged cluster of Ru3-isotopologue fragment ions (m/z 1015) and doubly charged cluster of
Ru1-isotopologue fragment ions (m/z 298) separated
by 1/2 m/z units. These ions can also be formed from
the doubly charged Ru1-isotopologue fragment ions
(m/z 389) via the loss of a neutral molecule of BPE. Note
in Fig. 3, the characteristic isotopic distribution of both
the Ru7-precursor ion and of all of its Run-fragment
ions as well as the charge-diagnostic m/z separation
within each cluster, matching perfectly those expected
for the proposed structures.
3.3. Absorption spectra
In Fig. 4 one can see the absorption spectra of the
[Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4 complex. The spectra can be readily interpreted by comparing with the reported data for the model compounds
[Ru(bpy)2(BPE)2](PF6)2 and [Ru3O(CH3COO)6(py)2(BPE)]PF6 [33–35]. The intense bands in the ultra-violet
region, i.e., 291 nm (e = 11.7 · 104 mol1 l cm1) can be
assigned to the pyridinic ligand p ! p* transitions; in
the visible region one can observe the MLCT bands of
the [Ru(bpy)2] unit at 427 nm (3.89 · 104 mol1 l cm1),
as conﬁrmed by spectroelectrochemical measurements.
Finally, the near infra-red broad band at 696 nm
(1.29 · 104 mol1 l cm1) is consistent with the typical
IC (intra-cluster) transitions, which occurs within an

Fig. 4. Absorption spectrum of the [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4 complex, in acetonitrile solution.
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energy level manifold, generated by the combination
of the ruthenium and central oxygen orbitals in the
[Ru3O(CH3COO)6] fragment [35].
It is worth noting that the bridging coordination of
the [Ru3O] cores does not aﬀect signiﬁcantly the energy
of the MLCT bands, in comparison to the mononuclear
precursors [Ru(bpy)2(BPE)2]2+ (kmax = 430 nm); the
same is valid for the IC transition, in comparison with
the [Ru3O(CH3COO)6(py)2(BPE)]PF6 complex (kmax =
693 nm) [33–35].
3.4. Electrochemical measurements
The proﬁle of the voltammograms shown in Fig. 5
consists of four reversible, two electron waves at
1.02, 0.16, 1.20, 2.11 V (versus SHE), ascribed to the
[Ru3O]1/0/1+/2+/3+ redox processes, one mono-electronic
wave at 1.48 V, ascribed to the Ru2+/3+ pair and ﬁnally a
wave corresponding to the reduction of the pyridinic ligands. The peak current relation observed for the
[Ru3O]1+/2+ and Ru2+/3+ pairs have an approximated value of 2:1, being consistent with the proposed coordination of one [Ru(bpy)2] moiety to two [Ru3O] cores. The
occurrence of only one wave associated with the redox
processes in the two [Ru3O] units demonstrates that
electronic coupling between them is not enough to promote detectable splittings in the cyclic voltammograms.
In Fig. 6 one can see the results of the spectroelectrochemical measurements. The observed behavior is consistent with that of monomeric trinuclear complexes
[1], as well as with that of analogous polynuclear systems [36,37]. The ﬁrst reduction process (Fig. 6(a)) implies in a destabilization of the [Ru3O] energy levels,
owing to the increase of electron population, causing
bathochromic shifts of both IC (696–915 nm) and

Fig. 5. Cyclic voltammogram of the [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4 complex in 3 · 103 mol l acetonitrile solutions,
0.1 mol l TEAP, room temperature, scan rate = 200 mV s1.
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Fig. 6. Spectroelectrochemical behavior of [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4 in 3 · 103 mol l acetonitrile solutions, 0.1 mol l
TEAP, as a function of the applied potentials.

CLCT bands (intensiﬁcation of the shoulder observed
between 400 and 500 nm). In the second reduction process (Fig. 6(b)), besides an additional destabilization of
the [Ru3O] levels due to the addition of a second electron to each unit, an increase in intensity around
680 nm is observed, ascribed to a CLCT transition to
the BPE bridge; this behavior is in agreement with that
observed earlier for trinuclear complexes bridged by
p-conjugated ligands [10,36,38].
The oxidation of the [Ru3O] center (Fig. 6(c)) is
accompanied by the splitting of the IC band at 696 nm
into two components at 555 and 779 nm. Finally, the
oxidation of the [Ru(bpy)2] moiety, centered in the
metal, leads to the decay of the MLCT band (Fig.
6(d)), once the electron involved in this transition is
removed.
Under the experimental conditions of the spectroelectrochemical measurements, it was not possible to
reach the positive potential corresponding to the last
oxidation wave observed in the cyclic voltammetry.
3.5. Photophysical assays
Many attempts to detect luminescence emission for
the complex were made in this work. In general, de-

gassed solutions of the compound, in acetonitrile, ethanol (room temperature), and in ethanol glasses (77 K),
were excited at the MLCT wavelength, but in no case
the typical MLCT3 luminescence of the [Ru(bpy)n] chromophore [13] could be detected. Also, the expected
photoisomerization of the coordinated BPE ligand was
not observed, in contrast to the free BPE ligand, which
exhibited a cis–trans isomerization quantum yield of /
= 0.24 in 10% acetonitrile:water solution, in agreement
with the literature data [39].
For a series of [Ru(bpy)2(Cl)B]2+ compounds, in
which B = pyrazine, 4-4 0 -bipyridine, 1,2-bis(4-pyridyl)ethane or trans-1,2-bis(4-pyridyl)ethylene (BPE), it
has been observed that the emission quantum yield
(/em) is extremely low, owing to d–d states [40]. Nevertheless, for the compound containing the bridging BPE
ligand, the value of /em is even lower, indicating an
additional pathway for energy loss, such as an energy
transfer from the 3MLCT to the BPE triplet state involved in photoisomerization. For the [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4 complex, this
particular BPE excited state can undergo further energy
(or electron) transfer to the [Ru3O] low lying IC states,
which would ﬁnally decay by a non-radiative mechanism, thus, explaining the quenching of the trans ! cis

H.E. Toma et al. / Polyhedron 24 (2005) 731–738

photoisomerization. Actually, it has been shown that
both energy and electron transfer can provide possible
quenching pathways of 3MCLT states (and probably
of the bridge low lying triplet state), depending on the
oxidation state of the [Ru3O] core [37].

4. Final remarks
A novel heptanuclear doubly bridged complex [Ru(bpy)2(BPE)2{Ru3O(CH3COO)6(py)2}2](PF6)4 has been
described. Detailed structural characterization of this
supramolecular complex by ESI-MS(/MS) and NMR
spectroscopy is fully consistent with the binding of two
[Ru3O] units to the [Ru(bpy)2] center. The observed
absorption proﬁle, as well as its electrochemical behavior, are in agreement with a doubly bridged structure
involving weakly interacting metallic units. Such weak
electronic interaction, however, is strong enough to
quench its photophysical properties, so that the emission
from the [Ru(bpy)2] center has not been observed, either
at room temperature or at 77 K, also preventing the
characteristic trans ! cis photoisomerization of the
BPE bridging ligand.
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