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a b s t r a c t

Ru(II) binuclear complexes with the general formula [(Ru[9]aneS3Cl)2(�L)](PF6)2, where �L = 3,6-bis(2-
pyridyl)-1,2,4,5-tetrazine (bptz), 2,3-bis(2-pyridyl)pyrazine (dpp), and 2,2′-bipyrimidine (bpym), have
been studied by electrospray mass spectrometry (ESI/MS) and electrospray mass spectrometry/mass spec-
vailable online 25 July 2008

eywords:
inuclear ruthenium complexes
ridging ligands

trometry (ESI/MS/MS), in the positive ion mode, to investigate their fragmentation patterns in relation
to their structural and spectroscopic properties and also to find out the differences with the gas-phase
fragmentations patterns of their mononuclear counterparts.

We observed that the presence of two connected metal centres leads to the formation of specific ionic
species, in particular, for the compound with bptz, gas-phase formation of fluoride anion adducts. These
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. Introduction

Since the first reports, in the second half of the 20th century, on
he Creutz–Taube ion [1,2], a ligand-bridged mixed valence ruthe-
ium complex, great attention has been paid to the synthesis of
olynuclear transition metal with bridging ligands. These com-
ounds are not only interesting from a fundamental chemistry
oint of view [3–5] but also promising for a variety of potential
pplications [6–10] as the bridging ligand has, among other prop-
rties, the ability to mediate electronic communication between
he metal centres [11–13].

Electronic transfer processes are extremely important in bio-
ogical systems and information about them has been obtained by
sing relatively simple synthetic models. This is the case of binu-
lear ruthenium(II) complexes with polypyridyl bridging ligands
nd crown thioethers [14,15] specially because many biological
lectron transfer systems involve transition metals coordinated to
ulphur atoms [16].

Previous studies [14,15] showed that metal–metal interac-
ions in isovalent Ru(II) binuclear complexes with the general

ormula [(Ru[9]aneS3Cl)2(�L)](PF6)2, where �L = bridging ligand,
L = 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz), 1, �L = 2,3-bis(2-
yridyl)pyrazine (dpp), 2, �L = 2,2′-bipyrimidine (bpym), 3, and
9]aneS3 = 1,3,5-trithiacyclononane, 4 (Scheme 1 and Table 1) are
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ctronic structure of the bptz compound, in particular to its LUMOs (lowest
that lye low than the LUMOs of the other two compounds.

© 2008 Elsevier B.V. All rights reserved.

ufficiently intense to generate RuIII/RuII mixed valence states, the
inuclear complexes possessing relatively weak electrostatic inter-
ctions but large resonance energies.

On the other hand the electrolytic nature of some of the pro-
esses, occurring when electrospray mass spectrometry (ESI-MS) is
sed, has been established for some time [17,18]. Redox processes in
lectrospray mass spectrometry have been comprehensively inves-
igated by Van Berkel and collaborators [19–22] and it is generally
ccepted that oxidation reactions in the metal capillary sprayers of
ass spectrometers, operating in the positive mode, are responsi-

le for charge balance, whereas in the negative mode this balance
s achieved through reduction reactions [17,18].

In the case of the isovalent Ru(II) binuclear complexes, men-
ioned above, the inner sphere [(Ru[9]aneS3Cl)2(�L)]2+ ions already
xist in solution, thus further oxidation in the electrospray nee-
le, in the positive ion mode, could lead to the formation of triply
harged mixed valence species [(Ru[9]aneS3Cl)2(�L)]3+.

Also, in previous studies, we have observed that mononuclear
uthenium(II) complexes with polypyridyl ligands and the crown
hioether [9]aneS3, when electrosprayed from solutions, presented
characteristic gas-phase fragmentation, with formation of penta-
oordinated diagnostic ions [23].

We then used electrospray mass spectrometry (ESI/MS) and

lectrospray mass spectrometry/mass spectrometry (ESI/MS/MS),
n the positive ion mode, to investigate the correlations of the
as-phase behaviour of the [(Ru[9]aneS3Cl)2(�L)](PF6)2 complexes
ith their electrochemical and spectroscopic properties, including
possible formation of RuIII/RuII mixed valence species. We also

http://www.sciencedirect.com/science/journal/13873806
mailto:santana.marques@ua.pt
dx.doi.org/10.1016/j.ijms.2008.07.005
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Scheme 1

Table 1
Compounds and monoisotopic masses

Compound Formula Monoisotopic mass (Da)

1 bptz 236
2 dpp 234
3 bpym 158
4 [9]aneS3 180
5
6
7
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Product ion spectra were obtained for the [(Ru[9]aneS3Cl)2
(�L)]2+, [(Ru[9]aneS3Cl)2(�L)](PF6)+ and [Ru([9]aneS3)Cl(�L)]+

ions.

Table 2
Formulae and mass to charge ratio, m/z, of the ions from ESI mass spectra

Compound Ions (formula and m/z)a

[(Ru[9]aneS3Cl)2 [(Ru[9]aneS3Cl)2 [(Ru([9]aneS3)
[(Ru[9]aneS3Cl)2(bptz)](PF6)2 1160
[(Ru[9]aneS3Cl)2(dpp)](PF6)2 1158
[(Ru[9]aneS3Cl)2(bpym)](PF6)2 1082

anted to find out the differences between their gas-phase frag-
entation patterns and the gas-phase fragmentations patterns of

heir mononuclear counterparts.
We observed that, although formation of the [(Ru[9]aneS3

l)2(�L)]3+ species did not occur and although some of the gas-
hase processes are similar to those of the mononuclear species,
he presence of two connected metal centres leads to the forma-
ion of specific ionic species, in particular for the compound with
he tetrazine 1.

. Experimental

The complexes have been synthesized according to published
rocedures [14,15] and characterized by elemental analysis, 1H-
MN, UV/vis and FTIR. X-ray single crystal spectroscopic data for
ompound 7 was available from a previous study [15].

Electrospray mass spectra were acquired with a Micromass
-Tof 2 (Micromass, Manchester, UK), with a Z-spray source, an
lectrospray probe, and a syringe pump, operating in the posi-
ive ion mode. Source block and desolvation temperatures were
0 and 120–150 ◦C, respectively. The capillary voltage was 3000 V.
he instrument was operated at a nominal resolution of 9000 (50%
alley). The spectra were acquired for a range of cone voltages
30–60 V) in order to obtain good signal-to-noise ratio, either for
he precursor, or for the fragment ions of interest. Nitrogen was
sed as nebuliser gas and argon as the collision gas. The samples
ere dissolved in chloroform and a 50:50 methanol–water mixture

as used as the eluent. The samples were introduced at a flow rate
f 10 �l min−1.

Product ion spectra were obtained by selecting the ion of interest
ith the quadrupole analyser and using the hexapole collision cell,

or a range of collision energies (20–80 eV).

5
6
7

.

. Results and discussion

.1. ESI mass spectra of the M(PF6)2 coordination compounds

The data obtained from the electrospray mass spectra revealed
he presence of ions characteristic of the binuclear species,
uch as the inner sphere complexes [(Ru[9]aneS3Cl)2(�L)]2+ and
he adducts with one counter ion [(Ru[9]aneS3Cl)2(�L)](PF6)+. A

ononuclear species [Ru([9]aneS3)Cl(�L)]+, corresponding to the
oss of a Ru([9]aneS3)Cl moiety was also observed. In Table 2 the
ormulae and the mass to charge ratios, m/z, of the ions observed
n the ESI mass spectra are shown.

The relative abundances of the observed species vary with
he cone voltages. With the increase of cone voltage, the rel-
tive abundances of the doubly charged ions, M2+, decrease
nd new doubly charged species, formed by ethene losses from
he crown, are observed. The relative abundances of the singly
harged species, in special of the [(Ru[9]aneS3Cl)2(�L)](PF6)+

dducts, increase with increasing cone voltage, although other
ingly charged ions, formed by HCl and CH2CH2 losses, are also
bserved.

Adducts with the PF6
− counterion with the whole complexes

nd with fragments, have been reported in the case of bimetallic
omplexes of rhodium(III), iridium(III) and ruthenium(II) with the
ridging ligand 1,4,5,8,9,12-hexaazatriphenylene, at several cone
oltages, when using ESI-MS in the positive ion mode [24].

.2. Product ion spectra
(�L)](PF6)+ (�L)]2+ Cl(�L)]+

1015 435 553
1013 434 551
937 383 475

a m = monoisotopic mass.
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Fig. 1. Product ion spectra of the [Ru([9]aneS3)Cl(�L)]+ ions at cone voltage 50 V and collision energy 70 eV (M*+ = [Ru([9]aneS3)Cl(�L)]+).

Fig. 2. Product ion spectra of the [(Ru[9]aneS3Cl)2(�L)]2+ ions at cone voltage 30 V and collision energy 50 eV (M2+ = [(Ru[9]aneS3Cl)2(�L)]2+).
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The product ion spectra of the mononuclear species [Ru([9]
neS3)Cl(�L)]+ (shown in Fig. 1, cone voltage 50 V, collision energy
0 eV) are similar for the three compounds and show the diag-
ostic ions formed by losses of 64 and 92 Da, respectively, the
Ru([9]aneS3)Cl(�L)-HCl-C2H4]+ and the [Ru([9]aneS3)Cl(�L)-HCl-
C2H4]+ ions.

Losses of C2H4 (alone or with C2H4O) were observed in
he dissociation of monocharged transition metal/polyether com-
lex ions, in a quadrupole ion trap instrument, by Brodbelt
nd collaborators [25,26]. The authors proposed a mechanism
or ethene elimination involving two successive 1, 3 hydrogen
hifts, with the formation of ketone and alcohol functionalities
26].

Joint losses of the labile chloride and one hydrogen atom from
he crown, plus one and two ethene molecules, from the macrocy-
le, have been reported for the mononuclear [Ru([9]aneS3)Cl(NN)]+

ons, where NN are bidentate ligands such 2,2′-bipyridine and
ipyrido[3,2-a:2′,3′-c]phenazine, the cleavage of the C–S bonds
eing triggered by � backbonding of Ru(II) d electrons to antibond-

ng �* C–S orbitals [23].
The product ion spectra of the inner sphere complexes

(Ru[9]aneS3Cl)2(�L)]2+ are similar for compounds 6 and 7.
he base peaks in the product ion spectra of the ions
(Ru[9]aneS3Cl)2(dpp)]2+ and [(Ru[9]aneS3Cl)2(bpym)]2+ corre-
pond to the ions formed by losses of 64 Da (HCl plus CH2CH2 from
he crown). In contrast the only important fragment in the product
on spectra of the [(Ru[9]aneS3Cl)2(bptz)]2+ ion, is the ion formed by

loss of 92 Da (loss of HCl plus two ethene molecules). The mononu-
lear species [Ru([9]aneS3)Cl(�L)]+, formed by charge partitioning,
s also only observed for compounds 6 and 7.

The product ion spectra of the doubly charged binuclear species
cone voltage 30 V, collision energy 50 eV) are shown in Fig. 2.

C
[
c
t
p

Fig. 3. Product ion spectra of the adduct ions [(Ru[9]aneS3Cl)2(�L)](PF6)+ at cone vol
al of Mass Spectrometry 278 (2008) 20–25 23

Ions formed by charge partitioning were observed before,
hen using ESI-MS, in the product ion spectra of doubly charged

inuclear and quadruply charged tetranuclear ruthenium(II) com-
lex ions with the bridging ligand trans-1,2-bis(4-pyridyl)ethylene
27,28].

The differences in the behaviour of compound 5 are
eightened in the product ion spectra of the adduct ions
(Ru[9]aneS3Cl)2(�L)](PF6)+. Although the base peaks are the same
or all the compounds and may correspond to the [Ru2([9]aneS3-
-C2H4)([9]aneS3-H)Cl(�L)]+ ions, and although the ions corre-

ponding to the mononuclear species [Ru([9]aneS3)Cl(�L)]+, are
bserved for all the compounds, in the case of compound 5, ions
esulting from the elimination of a neutral PF5 alone (formation
f the [(Ru[9]aneS3Cl)2(�L)]F+ ion, m/z 889) or alongside with
ther losses from the crown, give rise to abundant ions. The lat-
er include the second most abundant ion (m/z 861), formed by the
oint loss of PF5 plus ethene from one of the crowns [Ru2([9]aneS3-
2H4)Cl([9]aneS3)Cl(bptz)]F+. Other ions of the same group are
/z 797, m/z 769, m/z 741 and m/z 713, to which the following

ormulae may be attributed [Ru2([9]aneS3-C2H4)Cl([9]aneS3-H-
2H4)(bptz)]F+, [Ru2([9]aneS3-2C2H4)Cl([9]aneS3-H-C2H4)(bptz)]
+, [Ru2([9]aneS3-2C2H4)Cl([9]aneS3-H-2C2H4)(bptz)]F+ and [Ru2
[9]aneS3-3C2H4)Cl([9]aneS3-H-2C2H4)(bptz)]F+, respectively.

In Fig. 3 the product ion spectra of the adduct ions [(Ru[9]
neS3Cl)2(�L)](PF6)+, for all the compounds (cone voltage 50 V,
ollision energy 70 eV), are shown.

Although formation of the mononuclear ions [Ru([9]aneS3)

l(�L)]+, is observed in the gas-phase from both the
Ru([9]aneS3)Cl(�L)]2+, and [Ru([9]aneS3)Cl(�L)] (PF6)+ pre-
ursor ions, it is not a predominant process when compared with
he formation of other fragment ions, which indicates that it occurs
redominantly during the electrospraying process.

tage 50 V and collision energy 70 eV ([M(PF6)]+ = [(Ru[9]aneS3Cl)2(�L)](PF6)+).
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The data show that the binuclear compound 5, with the tetrazine
ridging ligand, has a different gas-phase behaviour from the
ther two compounds. The doubly charged binuclear complex
Ru([9]aneS3)Cl(�L)]2+, fragments less extensively than the corre-
ponding ions of the other two compounds, and the most abundant
on corresponds to a joint loss of the elements of two hydrogen
hloride and two ethene molecules, probably from the two oppos-
ng RuCl thiacrown moieties. The adduct ion [Ru([9]aneS3)Cl(�L)]
F6)+, fragments mostly through PF5 losses (alone or with losses of
ther fragments) with formation of abundant fragment ions.

The typical range of the metal–metal distances found for the
ompounds with the three bridging ligands are similar (6.742 Å for
ptz, 6.779–7.026 Å for dpp and 5.370–6.247 Å for bpym) [15], thus
he M2+ complexes will possess similar stabilities in what concerns
lectrostatic repulsions, then the different behaviour of compound
must be due to other causes.

The complexes have similar structures and all the bridging lig-
nds can behave as � acceptors, thus formation of adducts with the
ounter ion PF6

−
, through � interactions of one peripheral fluoride

tom with the bridging ligands is possible. As the adduct forma-
ion with the fluoride anion occurs predominantly for the complex
ith bptz, this behaviour must be related with other character-

stic properties of this bridging ligand. It has been reported, for
ther binuclear complexes with the bridging bptz and bpym lig-
nds, that the complexes with bptz have low-lying LUMOs (lowest
noccupied molecular orbitals) than their analogues with bpym
29]. Also EPR data showed that for the complex with bptz the LUMO
s located on the tetrazine bridge [15]. More recently it has been
hown that � interactions of the counter ion PF6

− with the central
etrazine ring play an important role in the solid state assembly of
ther binuclear bptz-bridged metal complexes [30].

In the case of the [(Ru[9]aneS3Cl)2(bptz)]F+ adduct the fluoride
on is more strongly bound to the central tetrazine ring. It is pos-
ible that it may react in a nucleophilic aromatic addition with the

ptz bridge (Scheme 2) this process being facilitated by an elec-
ronic transition through the bridging ligand with formation of a
u(I)/Ru(II) (4d7/4d6) mixed valence complex, similarly to charge
ecombination processes observed for other binuclear ruthenium
omplexes [31].

[
[

[

[

.

The focus on ligand-bridged mixed valence ruthenium com-
ounds is mainly on Ru(II)/Ru(III) (4d6/4d5) complexes (due to their

nertness and chemical stability) [9]. However other species such
s diruthenium Ru(III)/Ru(IV) (4d5/4d4) have been described, as
ell as dinuclear compounds with other metals with lower oxi-
ation number combinations such as dirhodium (I,II) (4d8/4d7)
5,15]. Thus the formation of a Ru(I)/Ru(II) (4d7/4d6) mixed valence
omplex through fluoride addition to bptz is possible and may be
he trigger for the dissociation of the PF5 neutral moiety, with the
ormation of the [(Ru[9]aneS3Cl)2(�L)]F+ ions.
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