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Ru(Il) binuclear complexes with the general formula [(Ru[9]aneS3Cl),(L)](PFs)2, where pL=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-
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
species can be related to the electronic structure of the bptz compound, in particular to its LUMOs (lowest
unoccupied molecular orbitals) that lye low than the LUMOs of the other two compounds.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

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

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

Previous studies [14,15] showed that metal-metal interac-
tions in isovalent Ru(ll) binuclear complexes with the general
formula [(Ru[9]aneS3Cl),(L)](PFg)2, where wL=bridging ligand,
KL=3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz), 1, wL=2,3-bis(2-
pyridyl)pyrazine (dpp), 2, pL=2,2'-bipyrimidine (bpym), 3, and
[9]aneS3 =1,3,5-trithiacyclononane, 4 (Scheme 1 and Table 1) are
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sufficiently intense to generate Ru'/Ru"" mixed valence states, the
binuclear complexes possessing relatively weak electrostatic inter-
actions but large resonance energies.

On the other hand the electrolytic nature of some of the pro-
cesses, occurring when electrospray mass spectrometry (ESI-MS) is
used, has been established for some time [17,18]. Redox processes in
electrospray mass spectrometry have been comprehensively inves-
tigated by Van Berkel and collaborators [19-22] and it is generally
accepted that oxidation reactions in the metal capillary sprayers of
mass spectrometers, operating in the positive mode, are responsi-
ble for charge balance, whereas in the negative mode this balance
is achieved through reduction reactions [17,18].

In the case of the isovalent Ru(ll) binuclear complexes, men-
tioned above, the inner sphere [(Ru[9]aneS3Cl),(wL)]%* ions already
exist in solution, thus further oxidation in the electrospray nee-
dle, in the positive ion mode, could lead to the formation of triply
charged mixed valence species [(Ru[9]aneS3Cl),(wL)]3*.

Also, in previous studies, we have observed that mononuclear
ruthenium(Il) complexes with polypyridyl ligands and the crown
thioether [9]aneSs, when electrosprayed from solutions, presented
a characteristic gas-phase fragmentation, with formation of penta-
coordinated diagnostic ions [23].

We then used electrospray mass spectrometry (ESI/MS) and
electrospray mass spectrometry/mass spectrometry (ESI/MS/MS),
in the positive ion mode, to investigate the correlations of the
gas-phase behaviour of the [(Ru[9]aneS3Cl),(.L)](PFg), complexes
with their electrochemical and spectroscopic properties, including
a possible formation of Ru"/Ru'' mixed valence species. We also
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Table 1
Compounds and monoisotopic masses

Compound Formula Monoisotopic mass (Da)
1 bptz 236
2 dpp 234
3 bpym 158
4 [9]aneS; 180
5 [(Ru[9]aneS3Cl),(bptz)](PFs )2 1160
6 [(Ru[9]aneS5Cl),(dpp)](PFs )2 1158
7 [(Ru[9]aneS3Cl),(bpym)](PFs )2 1082

wanted to find out the differences between their gas-phase frag-
mentation patterns and the gas-phase fragmentations patterns of
their mononuclear counterparts.

We observed that, although formation of the [(Ru[9]aneS;3
Cl)>(L)]?* species did not occur and although some of the gas-
phase processes are similar to those of the mononuclear species,
the presence of two connected metal centres leads to the forma-
tion of specific ionic species, in particular for the compound with
the tetrazine 1.

2. Experimental

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

Electrospray mass spectra were acquired with a Micromass
Q-Tof 2 (Micromass, Manchester, UK), with a Z-spray source, an
electrospray probe, and a syringe pump, operating in the posi-
tive ion mode. Source block and desolvation temperatures were
80 and 120-150°C, respectively. The capillary voltage was 3000 V.
The instrument was operated at a nominal resolution of 9000 (50%
valley). The spectra were acquired for a range of cone voltages
(30-60V) in order to obtain good signal-to-noise ratio, either for
the precursor, or for the fragment ions of interest. Nitrogen was
used as nebuliser gas and argon as the collision gas. The samples
were dissolved in chloroform and a 50:50 methanol-water mixture
was used as the eluent. The samples were introduced at a flow rate
of 10wl min—1,

Product ion spectra were obtained by selecting the ion of interest
with the quadrupole analyser and using the hexapole collision cell,
for a range of collision energies (20-80eV).

3. Results and discussion
3.1. ESI mass spectra of the M(PFg ), coordination compounds

The data obtained from the electrospray mass spectra revealed
the presence of ions characteristic of the binuclear species,
such as the inner sphere complexes [(Ru[9]aneS3Cl)(L)]?* and
the adducts with one counter ion [(Ru[9]aneS3Cl),(WL)](PFg)". A
mononuclear species [Ru([9]aneS3)CI(pL)]*, corresponding to the
loss of a Ru([9]aneS3)Cl moiety was also observed. In Table 2 the
formulae and the mass to charge ratios, m/z, of the ions observed
in the ESI mass spectra are shown.

The relative abundances of the observed species vary with
the cone voltages. With the increase of cone voltage, the rel-
ative abundances of the doubly charged ions, M%*, decrease
and new doubly charged species, formed by ethene losses from
the crown, are observed. The relative abundances of the singly
charged species, in special of the [(Ru[9]aneS3Cl),(wL)](PFg)*
adducts, increase with increasing cone voltage, although other
singly charged ions, formed by HCI and CH,CH, losses, are also
observed.

Adducts with the PFg~ counterion with the whole complexes
and with fragments, have been reported in the case of bimetallic
complexes of rhodium(IIl), iridium(IIl) and ruthenium(II) with the
bridging ligand 1,4,5,8,9,12-hexaazatriphenylene, at several cone
voltages, when using ESI-MS in the positive ion mode [24].

3.2. Product ion spectra

Product ion spectra were obtained for the [(Ru[9]aneS5Cl),
(WL)I?*, [(Ru[9]aneS3Cl),(pL)](PFs)* and [Ru([9]aneS3)CI(pL)]*
ions.

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

Compound Ions (formula and m/z)?
[(Ru[9]aneS3Cl), [(Ru[9]aneS3Cl), [(Ru([9]aneSs3)
(wL)I(PFg)* (RL)P* Cl(uL)l

5 1015 435 553

6 1013 434 551

7 937 383 475

2 m=monoisotopic mass.
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Fig. 1. Product ion spectra of the [Ru([9]aneS;)CI(jL)]* ions at cone voltage 50V and collision energy 70 eV (M** = [Ru([9]aneSs3 )CI(L)]*).
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Fig. 2. Product ion spectra of the [(Ru[9]aneS;Cl),(LL)]?* ions at cone voltage 30V and collision energy 50 eV (M?* =[(Ru[9]aneS;Cl),(pL)]?*).
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The product ion spectra of the mononuclear species [Ru([9]
aneS;3)CI(pL)]* (shown in Fig. 1, cone voltage 50V, collision energy
70eV) are similar for the three compounds and show the diag-
nostic ions formed by losses of 64 and 92 Da, respectively, the
[Ru([9]aneSs3)CI(L)-HCI-CoHy]* and the [Ru([9]aneSs3 )CI(wL)-HCI-
2CyH4]* ions.

Losses of C;H4 (alone or with C;H40) were observed in
the dissociation of monocharged transition metal/polyether com-
plex ions, in a quadrupole ion trap instrument, by Brodbelt
and collaborators [25,26]. The authors proposed a mechanism
for ethene elimination involving two successive 1, 3 hydrogen
shifts, with the formation of ketone and alcohol functionalities
[26].

Joint losses of the labile chloride and one hydrogen atom from
the crown, plus one and two ethene molecules, from the macrocy-
cle, have been reported for the mononuclear [Ru([9]aneS3 )CI(NN)]*
ions, where NN are bidentate ligands such 2,2’-bipyridine and
dipyrido[3,2-a:2’,3’-c]phenazine, the cleavage of the C-S bonds
being triggered by  backbonding of Ru(II) d electrons to antibond-
ing o* C-S orbitals [23].

The product ion spectra of the inner sphere complexes
[(Ru[9]aneS3Cl),(wL)]?* are similar for compounds 6 and 7.
The base peaks in the product ion spectra of the ions
[(Ru[9]aneS;Cl),(dpp)]?* and [(Ru[9]aneSsCl),(bpym)]3* corre-
spond to the ions formed by losses of 64 Da (HCl plus CH,CH; from
the crown). In contrast the only important fragment in the product
ion spectra of the [(Ru[9]aneS3Cl),(bptz)]?* ion, is the ion formed by
alossof92 Da(loss of HCl plus two ethene molecules). The mononu-
clear species [Ru([9]aneS3)CI(p.L)]*, formed by charge partitioning,
is also only observed for compounds 6 and 7.

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

Ions formed by charge partitioning were observed before,
when using ESI-MS, in the product ion spectra of doubly charged
binuclear and quadruply charged tetranuclear ruthenium(Il) com-
plex ions with the bridging ligand trans-1,2-bis(4-pyridyl)ethylene
[27,28].

The differences in the behaviour of compound 5 are
heightened in the product ion spectra of the adduct ions
[(Ru[9]aneS3Cl),(L)](PFs)*. Although the base peaks are the same
for all the compounds and may correspond to the [Ruy([9]aneSs-
H-CyHy)([9]aneSs-H)CI(L)]* ions, and although the ions corre-
sponding to the mononuclear species [Ru([9]aneS3)CI(wL)]*, are
observed for all the compounds, in the case of compound 5, ions
resulting from the elimination of a neutral PFs5 alone (formation
of the [(Ru[9]aneS3Cl),(wL)]F* ion, m/z 889) or alongside with
other losses from the crown, give rise to abundant ions. The lat-
ter include the second most abundant ion (m/z 861), formed by the
joint loss of PF5 plus ethene from one of the crowns [Ruy([9]aneSs3-
CyH4)CI([9]aneS3 )Cl(bptz)]F*. Other ions of the same group are
m/z 797, mfz 769, m/z 741 and m/z 713, to which the following
formulae may be attributed [Ruy([9]aneS;-C,H4)Cl([9]aneS3-H-
CyHy)(bptz)]F*, [Ruy([9]aneS3-2CoH,4)Cl([9]aneS3-H-CoHy )(bptz)]
F*, [Ruy([9]aneS3-2C,H, )CI([9]aneS3-H-2CoHy )(bptz)JF* and [Ru;
([9]aneS3-3C,Hy,)CI([9]aneS3-H-2CoHy )(bptz)|F*, respectively.

In Fig. 3 the product ion spectra of the adduct ions [(Ru[9]
aneS3Cl),(L)](PFg)*, for all the compounds (cone voltage 50V,
collision energy 70 eV), are shown.

Although formation of the mononuclear ions [Ru([9]aneSs3)
Cl(nL)]*, is observed in the gas-phase from both the
[Ru([9]aneS3)CI(wL)]>*, and [Ru([9]aneSs3)CI(uL)] (PFg)* pre-
cursor ions, it is not a predominant process when compared with
the formation of other fragment ions, which indicates that it occurs
predominantly during the electrospraying process.
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Fig. 3. Product ion spectra of the adduct ions [(Ru[9]aneS;Cl),(L)](PFs)* at cone voltage 50V and collision energy 70 eV ([M(PFs)]* = [(Ru[9]aneS;Cl),(L)](PFs)*).
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The data show that the binuclear compound 5, with the tetrazine
bridging ligand, has a different gas-phase behaviour from the
other two compounds. The doubly charged binuclear complex
[Ru([9]aneSs3)CI(pL)]%*, fragments less extensively than the corre-
sponding ions of the other two compounds, and the most abundant
ion corresponds to a joint loss of the elements of two hydrogen
chloride and two ethene molecules, probably from the two oppos-
ing RuCl thiacrown moieties. The adduct ion [Ru([9]aneS3)CI(L)]
PFg)*, fragments mostly through PFs losses (alone or with losses of
other fragments) with formation of abundant fragment ions.

The typical range of the metal-metal distances found for the
compounds with the three bridging ligands are similar (6.742 A for
bptz, 6.779-7.026 A for dpp and 5.370-6.247 A for bpym) [15], thus
the M2* complexes will possess similar stabilities in what concerns
electrostatic repulsions, then the different behaviour of compound
5 must be due to other causes.

The complexes have similar structures and all the bridging lig-
ands can behave as 7 acceptors, thus formation of adducts with the
counter ion PFg~, through m interactions of one peripheral fluoride
atom with the bridging ligands is possible. As the adduct forma-
tion with the fluoride anion occurs predominantly for the complex
with bptz, this behaviour must be related with other character-
istic properties of this bridging ligand. It has been reported, for
other binuclear complexes with the bridging bptz and bpym lig-
ands, that the complexes with bptz have low-lying LUMOs (lowest
unoccupied molecular orbitals) than their analogues with bpym
[29]. Also EPR data showed that for the complex with bptz the LUMO
is located on the tetrazine bridge [15]. More recently it has been
shown that 7t interactions of the counter ion PFg~ with the central
tetrazine ring play an important role in the solid state assembly of
other binuclear bptz-bridged metal complexes [30].

In the case of the [(Ru[9]aneS3Cl),(bptz)]F* adduct the fluoride
ion is more strongly bound to the central tetrazine ring. It is pos-
sible that it may react in a nucleophilic aromatic addition with the
bptz bridge (Scheme 2) this process being facilitated by an elec-
tronic transition through the bridging ligand with formation of a
Ru(I)/Ru(ll) (4d7 /4d®) mixed valence complex, similarly to charge
recombination processes observed for other binuclear ruthenium
complexes [31].

The focus on ligand-bridged mixed valence ruthenium com-
pounds is mainly on Ru(II)/Ru(IlI) (4d®/4d>) complexes (due to their
inertness and chemical stability) [9]. However other species such
as diruthenium Ru(III)/Ru(IV) (4d>/4d*) have been described, as
well as dinuclear compounds with other metals with lower oxi-
dation number combinations such as dirhodium (LII) (4d8/4d”)
[5,15]. Thus the formation of a Ru(I)/Ru(ll) (4d” /4d®) mixed valence
complex through fluoride addition to bptz is possible and may be
the trigger for the dissociation of the PF5 neutral moiety, with the
formation of the [(Ru[9]aneS3Cl),(L)]F" ions.

Acknowledgments

The authors wish to thank CICECO, University of Aveiro and
Fundacdo para a Ciéncia e Tecnologia (FCT) through POCTI/
42883/QlI/2001 for funding.

References

[1] C. Creutz, H. Taube, . Am. Chem. Soc. 91 (1969) 3988.
[2] C. Creutz, H. Taube, . Am. Chem. Soc. 95 (1973) 1086.
[3] L. De Cola, P. Belser, Coord. Chem. Rev. 177 (1998) 301, and references therein.
[4] W.R. Browne, R. Hage, ].G. Vos, Coord. Chem. Rev. 250 (2006) 1653, and refer-
ences therein.
[5] W. Kaim, B. Sarkar, Coord. Chem. Rev. 251 (2007) 584, and references therein.
[6] V. Marin, E. Holder, M.A.R. Meier, R. Hoogenboom, U.S. Schubert, Macromol.
Rapid Commun. 25 (2004) 793.
[7] S. Flores-Torres, G.R. Hutchison, L,J. Soltzberg, H.D. Abruna, J. Am. Chem. Soc.
128 (2006) 1513.
[8] A.J. Boydston, C.W. Bielawski, Dalton Trans. 34 (2006) 4073.
[9] W.E. Sun, T.H. Patton, L.K. Stultz, J.P. Claude, Optics Commun. 218 (2003) 189.
[10] E.C. Constable, C.E. Housecroft, A.C. Thompson, P. Passaniti, S. Silvi, M. Maestri,
A. Credi, Inorg. Chim. Acta 360 (2007) 1102.
[11] S.Serroni, S. Campagna, F. Puntoriero, C. Di Pietro, N.D. McClenaghan, F. Loiseau,
Chem. Soc. Rev. 30 (2001) 367, and references therein.
[12] V. Balzani, G. Bergamini, F. Marchioni, P. Ceroni, Coord. Chem. Rev. 250 (2006)
1254, and references therein.
[13] M. Marcaccio, F. Paolucci, C. Fontanesi, G. Fioravanti, S. Zanarini, Inorg. Chim.
Acta 360 (2007) 1154.
[14] S. Roche, L.J. Yellowlees, J.A. Thomas, Chem. Commun. 14 (1998) 1429.
[15] C.Aradjo, M. Drew, V. Félix, L. Jack,]. Madureira, M. Newell, S. Roche, T.M. Santos,
J. Thomas, L. Yellowlees, Inorg. Chem. 41 (2002) 2250.
[16] E.I Solomon, T.C. Brunold, M.I. Davis, J.N. Kemsley, S.K. Lee, N. Lehnert, F. Neese,
AlJ.Skulan, Y.S.Yang, ]. Zhou, Chem. Rev. 100 (2000) 235, and references therein.
[17] A.T. Blades, M.G. Ikonomou, P. Kebarle, Anal. Chem. 63 (1991) 2109.



M.G. Santana-Marques et al. / International Journal of Mass Spectrometry 278 (2008) 20-25 25

[18] G.J. Van Berkel, The electrolytic nature of electrospray, in: R.B. Cole (Ed.), Elec-
trospray lonization Mass Spectrometry, Fundamentals Instrumentation and
Applications, John Wiley and Sons, New York, NY, 1997, p. 65.

[19] G.J. Van Berkel, S.A. McLuckey, G.L. Glish, Anal. Chem. 63 (1991) 1098.

[20] G.J. Van Berkel, F. Zhou, Anal. Chem. 67 (1995) 2916.

[21] GJ. Van Berkel, F. Zhou, ]. Am. Soc. Mass Spectrom. 7 (1996) 157.

[22] G.J. Van Berkel, J.M.E. Quirke, R.A. Tigani, A.S. Dilley, T.R. Covey, Anal. Chem. 70
(1998) 1544.

[23] M.G.O. Santana-Marques, EM.L. Amado, A]J. Ferrer Correia, M. Lucena, J.
Madureira, B.J. Goodfellow, V. Félix, T.M. Santos, ]. Mass Spectrom. 36 (2001)
529.

[24] 1. Ortmans, P. Didier, A. Kirsch-De Mesmaeker, Inorg. Chem. 34 (1995)
3695.

[25] EJ. Alvarez, H.-F. Wu, C.-C. Liou, J. Brodbelt, J. Am. Chem. Soc. 118 (1996)
9131.

[26] EJ. Alvarez, V.H. Vartanian, ]J. Brodbelt, J. Am. Soc. Mass Spectrom. 8 (1997)
620.

[27] S.H.Toma, S. Nikolau, D.M. Tomazela, M.N. Eberlin, H.E. Toma, Inorg. Chim. Acta
357 (2004) 2253.

[28] H.E. Toma, S. Nikolau, M.N. Eberlin, D.M. Tomazela, Polyhedron 24 (2005) 731.

[29] M. Glockle, W. Kaim, N.E. Katz, M.G. Posse, E.H. Cutin, J. Fiedler, Inorg. Chem. 38
(1999) 3270.

[30] B.L. Schottel, H.T. Chifotides, M. Shatruk, A. Chouai, L.M. Perez, J. Bacsa, K.R.
Dunbar, J. Am. Chem. Soc. 128 (2006) 5895.

[31] C. Chioborli, S. Fracasso, F. Scandola, S. Campagna, S. Serroni, R. Konduri, EM.
MacDonnel, Chem. Commun. 14 (2003) 1658.



	Binuclear ruthenium(II) complexes with polypyridil bridging ligands: Gas-phase chemistry and ligand structure
	Introduction
	Experimental
	Results and discussion
	ESI mass spectra of the M(PF6)2 coordination compounds
	Product ion spectra

	Acknowledgments
	References


