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Abstract

A new series of ruthenium(II) complexes with the general formula [RuII ([12]aneS)(NN)]X , where NN are bidentate diimines, [12]aneSis
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,4,7,10-tetrathiacyclododecane, and X is Cl− or PF6
−, were studied by electrospray mass spectrometry (ESMS). Thiacrown fragmentat

ntact diimine loss are the two major types of gas-phase reactions observed. The diimine losses occur mainly from the ion pairs for
nner sphere cations with halogen anions and are more significant for the complexes with flexible cross-bridged diimines. The frag
ccur predominantly without changes in the oxidation state of the metal centre.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ruthenium(II) coordination compounds have been
xtensively evaluated for clinical applications, specially
or the treatment of cancer. Their ligand exchange solution
inetics are similar to those of platinum(II) complexes, but
uthenium is unique among the platinum group in that the
xidation states Ru(II), Ru(III) and Ru(IV) are all accessible
nder physiological conditions. Moreover, ruthenium
oordination compounds are less toxic than their platinum
ounterparts, as they have the ability to mimic iron in binding
o biomolecules, such as serum transferrin and albumin,
hich are used by mammals to solubilise and transport iron,

hereby reducing its toxicity[1]. Although it has been known
or the past two decades that ruthenium(II) complexes with
identate diimines, such as dipyrido[3,2-a:2′,3′-c]phenazine
dppz), form non-covalent adducts with DNA[2], the

∗ Corresponding author. Tel.: +351 234370696; fax: +351 234370084.
E-mail address:grmarques@dq.ua.pt (M.G.O. Santana-Marques).

influence on adduct formation of factors such as shape
planarity of the diimine is the object of investigation to d
[3,4] and novel Ru(II) compounds with diimine ligands, b
mono-[5] and binuclear[6] are being synthesized up to no

The synthesis, characterization and study of ruthenium
complexes with different potential intercalators of the
imine type and one common, non-intercalating ligand, s
as a crown thioether, could clarify the mechanism of ad
formation of these type of compounds with DNA. We ha
thus, synthesized and studied two series of heteroleptic r
nium(II) octahedral complexes, [RuII Cl[9]aneS3)(NN)]X
and [RuII [12]aneS4)(NN)]X2, where [9]aneS3 and [12]aneS4
are the thioethers, 1,4,7-trithiacyclononane and 1,4,7
tetrathiacyclododecane, respectively, NN are biden
diimines, such as 2,2′-bipyridine (bpy), 1,10-phenanthrolin
(phen) and dipyrido[3,2-a:2′,3′-c]phenazine and X is Cl− or
PF6

− [7,8].
In a previous study by electrospray mass spectrom

(ESMS) of the first series of the heteroleptic ruthenium
octahedral complexes, we have found that the mass spe
387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2005.03.008
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all the [RuII Cl[9]aneS3)(NN)]X complexes were alike, and
showed two peaks corresponding to losses of 64 and 92 Da
(HCl + CH2CH2 and HCl + 2CH2CH2) from the inner sphere
ions [RuII Cl[9]aneS3)(NN)]+. The formation of these diag-
nostic ions does not depend on the counter anion involved,
occurs for a range of cone potential values, and proceeds
mainly through C S bond cleavages of the thiacrown, the
dimines remaining attached to the metal centre[9].

Electrospray mass spectrometry has been increasingly
used to study coordination complexes, since it was first ap-
plied to the homoleptic tris(2,2′-bipyridyne)ruthenium(II)
and tris(1,10-phenanthroline)ruthenium(II) chlorides[10].
The advantages of the use of electrospray in the study of
inorganic, organometallic and coordination compounds have
been reported in several reviews[11–15]. Moreover, electro-
spray mass spectrometry/mass spectrometry (ESMS/MS) has
provided a wealth of information on many aspects of metal
complex gas-phase chemistry such as structure, binding en-
ergies, coordination geometry, type and donor groups of the
ligands, among many others[16–38]. Collision-induced ex-
periments have also been used combined with ion–molecule
reactions to determine coordination numbers and to investi-
gate ligand substitution in the gas-phase[39–41].

A significant number of coordination compounds exist as
charged species in solution and can be transferred to the gas-
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strongly dependent on cone potential values, in contrast with
the spectra of the complexes with [9]aneS3. In addition, the
gas-phase fragmentations of the complexes with [12]aneS4
proceed not only through losses from the thiacrown, simi-
lar to those occurring for the [9]aneS3 complexes, but also
through intact NN nitrogen heterocycle loss.

2. Experimental

The synthesis and the characterization of the [RuII ([12]
aneS4)(NN)]X2 complexes (Fig. 1; Table 1) were published
elsewhere[8]. All the complexes were characterized by ele-
mental analysis, IR,1H NMR and UV–vis. The structures of
the PF6 salts of dip, dppz and dipa were determined by single
crystal X-ray diffraction[8].

ESMS spectra were acquired with a Micromass Q-Tof
2 (Micromass, Manchester, UK), with a Z-spray source, an
electrospray probe and a syringe pump. Source block and de-
solvation temperatures were 80 and 150◦C, respectively. The
capillary voltage was 3000 V. The instrument was operated at
a resolution of 9000 (50% valley). The spectra were acquired
for a range of cone voltages (20–60 V) in order to obtain
good signal-to-noise ratio for the ions of interest. Nitrogen
was used as the nebulizer gas and argon as the collision gas.
The samples were dissolved in methanol for the complexes
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hase, usually without changes both in their structure
heir charge, although species that are not normally a
ant in solution can be readily produced in the gas-ph
his is the case of the ion pairs formed under electros

or complexes of transition metals with strongly coordina
igands, because the solution concentrations of such ion
re usually much lower than the solution concentration

he inner sphere cations[16]. While for the complexes wit
9]aneS3 the inner sphere cations are singly charged, fo
omplexes with [12]aneS4 they are doubly charged, thus h
ng the ability of forming singly charged ion pairs with t
ounter anions.

In the present work, we report the study of the [12]an4
omplexes by ESMS and ESMS/MS. We found that the e
rospray mass spectra of the complexes with [12]aneS4 are

able 1
ompounds studied and masses of the NN ligands and of the inner s

ompounds
RuII ([12]aneS4)(NN)]X2

NN ligands

Name

1 2,2′-Bipyridine
2 4,4′-Diphenyl-2,2′-bipyridine
3 1,10-Phenantroline
4 5-Phenyl-1,10-phenantroline
5 4-7′-Diphenyl-1,10-phenanthroline
6 1,10-Phenantroline-5,6-dione
7 Dipyrido[3,2-a:2′,3′-c]phenazine
8 9,10-Phenanthrenequinone diimine
9 2,2′-Dipyridylmethane
0 2,2′-Dipyridylamine
1 2,2′-Dipyridylketone

a Monoisotopic mass (102Ru).
ith Cl− as a counter ion and acetonitrile for the comple
ith PF6

−. Methanol was used as the eluent and the sam
ere introduced at a flow rate of 10�L min−1.
Collision-induced mass spectra (ESMS/MS) spectra

btained by selecting the ion of interest with the quadru
nalyser and using the hexapole collision cell, for a rang
ollision energies from 20 to 40 eV.

. Results

.1. Mass spectra

The ion signals for the [RuII ([12]aneS4)(NN)]X2 com-
lexes are strongly dependent on cone potential va

omplexes

Mass of the innersphere complexesa (Da)
[RuII ([12]aneS4)(NN)]2+

eviation Mass (Da)

156 498
308 650

n 180 522
hen 256 598

332 674
-dione 210 552

282 624
i 206 548

170 512
171 513
184 526
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Fig. 1. Bidentate diimine ligands.

At lower values (20–30 V), we can observe the signals
of the doubly charged [RuII ([12]aneS4)(NN)]2+ ions (see
Table 2), of the singly charged [RuII ([12]aneS4-H)(NN)]+

ions, and also the signals of the doubly charged ions
[RuII ([12]aneS4-CH2CH2)(NN)]2+ formed by ethene loss
from the crown through CS bond cleavages, as well as
the signals of the ion pairs formed by the inner sphere
cations and the counter anions,{[RuII ([12]aneS4)(NN)]Cl}+

and {[RuII ([12]aneS4)(NN)]PF6}+. The ion pair {[RuII

([12]aneS4)(NN)]F}+ is also observed for the complexes
where the counter ion is PF6

−.

In general, as the cone voltage increases, the abundances
of the doubly charged [RuII ([12]aneS4)(NN)]2+ ions de-
crease. Other doubly charged ions such as [RuII ([12]aneS4-
2CH2CH2)(NN)]2+, [RuII ([12]aneS4-3CH2CH2)(NN)]2+,
[RuII ([12]aneS4-2CH2CH2-S)(NN)]2+ and [RuII ([12]aneS4-
3CH2CH2-S-2H)(NN)]2+ are observed, as well as other
singly charged species, such as the [RuII ([12]aneS4-H-
3CH2CH2-S)(NN)]+ ions and the protonated diimines,
NNH+. The ion pairs{[RuII ([12]aneS4)(NN)]Cl}+, {[RuII

([12]aneS4)(NN)]F}+ and {[RuII ([12]aneS4)(NN)]PF6}+

remain abundant with increasing cone voltages, whereas
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Table 2
Precursor ions [RuII ([12]aneS4)(NN)]2+, {[RuII ([12]aneS4)(NN)]Cl}+,
[RuII ([12]aneS4-H)(NN)]+ and their product ions formed by crown
fragmentation

Symbol Ion formula Mass loss (Da)

a [Ru([12]aneS4)(NN)]2+

a1 [Ru([12]aneS4-CH2CH2)(NN)]2+ 28 froma
a2 [Ru([12]aneS4-2CH2CH2)(NN)]2+ 56 froma
a3 [Ru([12]aneS4-3CH2CH2)(NN)]2+ 84 froma
a4 [Ru([12]aneS4-2CH2CH2-S)(NN)]2+ 88 froma
a5 [Ru([12]aneS4-3CH2CH2-S-2H)(NN)]2+ 118 froma

b {[Ru([12]aneS4)(NN)]Cl}+

b1 {[Ru([12]aneS4-CH2CH2)(NN)]Cl}+ 28 fromb
b2 {[Ru([12]aneS4-2CH2CH2)(NN)]Cl}+ 56 fromb
b3 {[Ru([12]aneS4-3CH2CH2)(NN)]Cl}+ 84 fromb

c [Ru([12]aneS4-H)(NN)]+

c1 [Ru([12]aneS4-H-CH2CH2)(NN)]+ 28 fromc
c2 [Ru([12]aneS4-H-2CH2CH2)(NN)]+ 56 fromc
c3 [Ru([12]aneS4-H-3CH2CH2)(NN)]+ 84 fromc
c4 [Ru([12]aneS4-H-CH2CH2-SCHCH2)(NN)]+ 87 fromc
c5 [Ru([12]aneS4-H-2CH2CH2-S)(NN)]+ 88 fromc
c6 [Ru([12]aneS4-H-2CH2CH2-S-2H)(NN)]+ 90 fromc
c7 [Ru([12]aneS4-4CH2CH2)(NN-H)]+ 112 fromc
c8 [Ru([12]aneS4-H-2CH2CH2-SCHCH2)(NN)]+ 115 fromc
c9 [Ru([12]aneS4-H-3CH2CH2-S)(NN)]+ 116 fromc
c10 [Ru([12]aneS4-H-3CH2CH2-S-2H)(NN)]+ 118 fromc
c11 [Ru([12]aneS4-H-3CH2CH2-SCHCH2)(NN)]+ 143 fromc
c12 [Ru([12]aneS4-H-3CH2CH2-2S)(NN)]+ 148 fromc
c13 [Ru([12]aneS4-H-3CH2CH2-2S-H)(NN)]+ 149 fromc
c14 [Ru([12]aneS4-H-2CH2CH2-3S-2H)(NN)]+ 154 fromc
c15 [Ru([12]aneS4-H-3CH2CH2-2S-CHCH)(NN)]+ 174 fromc

the abundances of the [RuII ([12]aneS4-H)(NN)]+ ions
decrease.

Ions with the samem/zvalues of the [RuII ([12]aneS4-H-
3CH2CH2-S)(NN)]+ ions were observed for the compounds,
[RuII Cl([9]aneS3)(NN)]X, with the same diimines[9].
In the case of the [9]aneS3 compounds, these ions
were formed by losses of HCl plus 2CH2CH2 from the
[RuII Cl([9]aneS3)(NN)]+ ions, as mentioned in Section
1. The proposed structure for the [RuII ([12]aneS4-H-
3CH2CH2-S)(NN)]+ ions is shown inScheme 1.

As the cone voltage further increases two different
trends can be observed, respectively, for compounds1–8
and 9–11. At cone voltages of 40 V and above, the ion
pairs are still abundant, the signals for the doubly charged
ions are weak and for compounds1–8, the abundances

Table 3
Common product ions formed by diimine loss

Symbol Ion formula m/z

d [Ru([12]aneS4)]2+ 171 (mass 342)

d1 [Ru([12]aneS4)Cl(H2O)]+ 395
d2 [Ru([12]aneS4)Cl]+ 377
d3 [Ru([12]aneS4-CH2CH2)Cl]+ 349
d4 [Ru([12]aneS4-H)]+ 341
d5 Ru([12]aneS4-CHCH2)]+ 315
d6 Ru([12]aneS4-H-CH2CH2)]+ 313
d7 Ru([12]aneS4-H-CH2CH2-2H)]+ 311
d8 {[Ru([12]aneS4-2CH2CH2-S)]Cl}+ 289
d9 [Ru([12]aneS4-H-2CH2CH2)]+ 285

d′1 [Ru([12]aneS4)F(H2O)]+ 379
d′2 [Ru([12]aneS4)F]+ 361
d′3 [Ru([12]aneS4-CH2CH2)F]+ 333
d′4 [Ru([12]aneS4-CH2CH2-2H)F]+ 331

of the singly charged ions [RuII ([12]aneS4-H-3CH2CH2-
S)(NN)]+ ions are higher, whereas for the second group,
compounds9–11, intact diimine loss is an important pro-
cess, forming the ions atm/z395, [RuII ([12]aneS4)Cl(H2O)]+

(see Table 3); m/z 377, [RuII ([12]aneS4)Cl]+; m/z 349,
[RuII ([12]aneS4-CH2CH2)Cl]+, when the counter ions are
Cl−, or the ions atm/z 379, [RuII ([12]aneS4)F(H2O)]+;
m/z 361, [RuII ([12]aneS4)F]+; m/z 333, [RuII ([12]aneS4-
CH2CH2)F]+, when the counter ions are PF6

−, respectively.
Thus, at higher cone voltages the ions formed in the case

of compounds1–8 are mainly formed by cleavage of the
[12]aneS4 crown, the diimines remaining attached to the
metal centre, whereas for the compounds9–11 loss of the
intact diimine is observed.

Methanol adduct ions were observed only for compounds
6 and11, both possessing non-coordinated carbonyl groups.
When the counter ion was Cl−, for compound6, with two
uncoordinated carbonyl groups, adducts with one and two
methanol molecules,{[RuII ([12]aneS4)(NN)](CH3OH)}2+

and {[RuII ([12]aneS4)(NN)](CH3OH)2}2+, were observed
as well as the corresponding ion pairs,{[RuII ([12]aneS4)
(NN)]Cl(CH3OH)}+ and {[RuII ([12]aneS4)(NN)]Cl(CH3
OH)2}+, respectively, the species with one methanol be-
ing more abundant. Also, when the counter ion was
Cl−, for compound11, with one uncoordinated carbonyl
g II 2+

{

(
F
w
c

3

ged
[
( s
f
Scheme 1.
roup, the adducts{[Ru ([12]aneS4)(NN)](CH3OH)} and
[RuII ([12]aneS4)(NN)]Cl(CH3OH)}+, were observed.

The species{[RuII ([12]aneS4)(NN)](CH3OH)}2+, {[RuII

[12]aneS4)(NN)](CH3OH)2}2+, {[RuII ([12]aneS4)(NN)]
(CH3OH)}+ and {[RuII ([12]aneS4)(NN)]F(CH3OH)2}+

ere observed when the counter ion was PF6
−, for

ompounds11and6, respectively.

.2. MS/MS spectra

MS/MS spectra were obtained for the doubly char
RuII ([12]aneS4)(NN)]2+, for the ion pairs{[RuII ([12]aneS4)
NN)]Cl}+, for the [RuII ([12]aneS4-H)(NN)]+ ions as well a
or the pentacoordinated ruthenium species, [RuII ([12]aneS4-
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H-3CH2CH2-S)(NN)]+. The MS/MS spectra were also ob-
tained for the ion pairs{[RuII ([12]aneS4)(NN)]PF6}+ and
{[RuII ([12]aneS4)(NN)]F}+ as well as for the methanol
adducts for compounds6 and11. For each type of ions, the
MS/MS spectra were acquired at the same cone voltages and
collision energy values.

3.3. MS/MS spectra of the [RuII ([12]aneS4)(NN)]2+ions

The MS/MS spectra of the doubly charged ions
[RuII ([12]aneS4)(NN)]2+ show as the main fragment
ions the doubly charged ions formed by losses from the
crown, respectively, the [RuII ([12]aneS4-CH2CH2)(NN)]2+,
[RuII ([12]aneS4-2CH2CH2)(NN)]2+, [RuII ([12]aneS4-
3CH2CH2)(NN)]2+, [RuII ([12]aneS4-2CH2CH2-S)(NN)]2+

and [RuII ([12]aneS4-3CH2CH2-S-2H)(NN)]2+ ions. For
compounds1–8, a small peak corresponding to the singly
charged [RuII ([12]aneS4-H-3CH2CH2-S)(NN)]+ ion is also
observed. For the compounds1, 2 and 8–11, the singly
charged protonated NNH+ ions are formed, and also ions
at m/z 313, [RuII ([12]aneS4-H-CH2CH2)]+ and m/z 285,
[RuII ([12]aneS4-H-2CH2CH2)]+ formed by losses of the
intact diimine plus fragments from the crown. The MS/MS

spectra of the [RuII ([12]aneS4)(NN)]2+ ions for compounds
1 (NN = bpy),5 (NN = dip) and9 (NN = dpm) are shown in
Fig. 2.

3.4. MS/MS spectra of the ion pairs

The MS/MS spectra of the ion pairs with Cl− and F− are
very similar, thus we will only describe the features of the
spectra of the ion pairs with Cl−. The MS/MS spectra of the
{[RuII ([12]aneS4)(NN)]Cl}+ ions show three different types
of product ions. In the first type, the chloride ion and the
diimine remain attached and the thiacrown fragments. This
type includes the{[RuII ([12]aneS4-CH2CH2)(NN)]Cl}+,
the {[RuII ([12]aneS4-2CH2CH2)(NN)]Cl}+ and the{[RuII

([12]aneS4-3CH2CH2)(NN)]Cl}+ ions. These ions are not
very abundant and are not observed for the compounds9–11.

The second type corresponds to one chloride ion loss
plus other losses from the crown, and is represented mainly
by the [RuII ([12]aneS4-H)(NN)]+, [RuII ([12]aneS4-H-
2CH2CH2)(NN)]+, [RuII ([12]aneS4-H-3CH2CH2)(NN)]+

and [RuII ([12]aneS4-H-2CH2CH2-S)(NN)]+ ions. In the
case of compounds9–11, the [RuII ([12]aneS4-H)(NN)]+ and
[RuII ([12]aneS4-H-2CH2CH2)(NN)]+ ions are observed,

F
a
S
d

ig. 2. ESMS/MS spectra of the [RuII ([12]aneS4)(NN)]2+ ions: (A) compound9, (
1= [RuII ([12]aneS4-CH2CH2)(NN)]2+, a2= [RuII ([12]aneS4-2CH2CH2)(NN)]2+,
)(NN)]2+, a5= [RuII ([12]aneS4-3CH2CH2-S-2H)(NN)]2+, c9= [RuII ([12]an
9= [RuII ([12]aneS4-H-2CH2CH2)]+).
B) compound1 and (C) compound5; (* and a= [RuII ([12]aneS4)(NN)]2+,
a3= [RuII ([12]aneS4-3CH2CH2(NN)]2+, a4= [RuII ([12]aneS4-2CH2CH2-
eS4-H-3CH2CH2-S)(NN)]+, d6= [RuII ([12]aneS4-H-CH2CH2)]+ and
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whereas the [RuII ([12]aneS4-H)(NN)]+ ion is not observed
for the compounds1–8, but instead the NNH+ ions are.

In the third type, the chloride ion remains at-
tached, but the diimine is lost. This group includes
the [RuII ([12]aneS4)Cl(H2O)]+, [RuII ([12]aneS4)Cl]+ and
[RuII ([12]aneS4-CH2CH2)Cl]+, when the counter ions are
Cl−, which were also observed with high abundances at
higher cone voltages in the mass spectra of compounds9–11.

The MS/MS spectra of the ion pairs with PF6
−,

{[RuII ([12]aneS4)(NN)]PF6}+ show as the only signifi-
cant feature, one peak formed by loss of PF5, the cor-
responding ion{[RuII ([12]aneS4)(NN)]F}+, being very
abundant.

The MS/MS spectra of the ion pairs{[RuII ([12]aneS4)
(NN)]Cl}+, for compounds2, (NN = dbp),4 (NN = 5-phen)
and10 (NN = dipa) are shown inFig. 3.

3.5. MS/MS spectra of the [RuII ([12]aneS4-H)(NN)]+

ions

The [Ru([12]aneS4-H)(NN)]+ ions fragment through
one and two ethene losses from the crown with forma-

tion of the [RuII ([12]aneS4-H-CH2CH2)(NN)]+ and the
[RuII ([12]aneS4-H-2CH2CH2)(NN)]+ ions, although for
compounds1–8 these ions are not very abundant. The ions
[RuII ([12]aneS4-H-CH2CH2-SCHCH2)(NN)]+ are formed
for all the compounds, whereas the ions [RuII ([12]aneS4-H-
2CH2CH2-S-2H)(NN)]+ are formed with high abundances
only for compounds1–8. Losses of the diimines plus losses
from the crown lead to the ions atm/z341, [RuII ([12]aneS4-
H)]+ and m/z 313, [RuII ([12]aneS4-H-CH2CH2)]+, al-
though these are only formed with high abundances for
compounds9–11. The ions [RuII ([12]aneS4-H-2CH2CH2-
SCHCH2)(NN)]+ and [RuII ([12]aneS4-H-3CH2CH2-
S)(NN)]+ are mostly formed for compounds1–8, whereas
the ions [RuII ([12]aneS4-H-3CH2CH2-SCHCH2)(NN)]+,
[RuII ([12]aneS4-H-3CH2CH2-2S)(NN)]+, [RuII ([12]aneS4-
H-3CH2CH2-2S-H)(NN)]+, [RuII ([12]aneS4-H-2CH2CH2-
3S-2H)(NN)]+ and [RuII ([12]aneS4-H-3CH2CH2-2S-
CHCH)(NN)]+ (see Table 2) are only formed with high
abundances for the compounds3–8.

The MS/MS spectrum of the [RuII ([12]aneS4-H)(NN)]+

ions for compounds1 (NN = bpy),6 (NN = 5,6-dione) and9
(NN = dpm) are shown inFig. 4.

F
b
3
(
C

ig. 3. ESMS/MS spectra of the ion pairs{[RuII ([12]aneS4)(NN)]Cl}+: (A
={[RuII ([12]aneS4)(NN)]Cl}+, b1={[RuII ([12]aneS4-CH2CH2)(NN)]Cl}+,
CH2CH2(NN)]Cl}+, C = [RuII ([12]aneS4-H(NN)]+, c2= [RuII ([12]aneS4-H-2C
[12]aneS4-H-2CH2CH2-S)(NN)]+, c7= [RuII ([12]aneS4-4CH2CH2)(NN-H)]+,
l(H2O)]+, d2= [RuII ([12]aneS4)Cl]+ andd3= [RuII ([12]aneS4-CH2CH2)Cl]+).
) compound 10, (B) compound 2 and (C) compound4; (* and
b2={[RuII ([12]aneS4-2CH2CH2)(NN)]Cl}+, b3={[RuII ([12]aneS4-

H2CH2)(NN)]+, c3= [RuII ([12]aneS4-H-3CH2CH2)(NN)]+, c5= [RuII

c9= [RuII ([12]aneS4-H-3CH2CH2-S)(NN)]+, d1= [RuII ([12]aneS4)
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Fig. 4. ESMS/MS spectra of the [RuII ([12]aneS4-H)(NN)]+ ions: (A) compound9, (B) compound1 and (C) compound6; (* and c= [RuII ([12]aneS4-
H)(NN)]+ ions, c1= [RuII ([12]aneS4-H-CH2CH2)(NN)]+, c2= [RuII ([12]aneS4-H-2CH2CH2)(NN)]+, c4= [RuII ([12]aneS4-H-CH2CH2-SCHCH2)(NN)]+,
c6= [RuII ([12]aneS4-H-2CH2CH2-S-2H)(NN)]+, c8= [RuII ([12]aneS4-H-2CH2CH2-SCHCH2)(NN)]+, c9= [RuII ([12]aneS4-H-3CH2CH2-S)(NN)]+, c10=
[RuII ([12]aneS4-H-3CH2CH2-S-2H)(NN)]+, c11= [RuII ([12]aneS4-H-3CH2CH2-SCHCH2)(NN)]+, c12= [RuII ([12]aneS4-H-3CH2CH2-2S)(NN)]+, c13=
[RuII ([12]aneS4-H-3CH2CH2-2S-H)(NN)]+, c14= [RuII ([12]aneS4-H-3CH2CH2-3S-2H)(NN)]+, c15= [RuII ([12]aneS4-H-3CH2CH2-2S-CHCH)(NN)]+,
d4= [RuII ([12]aneS4-H)]+ andd6= [RuII ([12]aneS4-H-CH2CH2)]+).

3.6. MS/MS spectra of the
[RuII ([12]aneS4-H-3CH2CH2-S)(NN)]+ ions

The MS/MS spectrum of the [RuII ([12]aneS4-H-
3CH2CH2-S)(NN)]+ ions show product ions correspond-
ing to losses of HS, 2HS and S–CHCH2. The proto-
nated nitrogen ligand NNH+ is the most abundant product
ion.

In Fig. 5A, the MS/MS spectrum of the [RuII ([12]aneS4-
H-3CH2CH2-S)(NN)]+ ions for compound1 (NN = bpy) is
shown and inFig. 5B, the MS/MS spectrum of the ions with
the samem/zvalue, 381, of the corresponding [RuII ([9]aneS3-
H-2CH2CH2)(NN)]+ ion (NN = bpy) is also shown. The spec-
tra are identical, thus confirming that the ions are the same
for the compounds of both [12]aneS4 and [9]aneS3 with the
same diimines.

3.7. MS/MS spectra of the methanol adduct ions

The MS/MS spectra of the{[RuII ([12]aneS4)(NN)]
Cl(CH3OH)}+ and {[RuII ([12]aneS4)(NN)]F(CH3OH)}+

ions on one hand, and of the{[RuII ([12]aneS4)(NN)]
Cl(CH3OH)2}+ and{[RuII ([12]aneS4)(NN)]F(CH3OH)2}+,
on the other hand, are very similar. The adducts with two
methanol molecules are only formed in the case of com-
pound 6 (NN = 5,6-dione), whereas the adducts with one
methanol molecule are formed for both the compounds6
and11 (NN = dpk).

The MS/MS spectra of the{[RuII ([12]aneS4)(NN)]
Cl(CH3OH)}+, {[RuII ([12]aneS4)(NN)]F(CH3OH)}+,
{[RuII ([12]aneS4)(NN)]Cl(CH3OH)2}+ and{[RuII ([12]ane
S4)(NN)]F(CH3OH)2}+ ions show different groups of
product ions. In the first group, the dominant process
is loss of the diimines with formation of the ions [RuII

([12]aneS4)F(H2O)]+, [RuII ([12]aneS4)F]+, [RuII ([12]
aneS4-CH2CH2)F]+ and [RuII ([12]aneS4-CH2CH2-2H)F]+

in the case of the adducts containing the fluoride ion, or
the [RuII ([12]aneS4)Cl(H2O)]+, [RuII ([12]aneS4)Cl]+and
[RuII ([12]aneS4-CH2CH2)Cl]+ ions in the case of the
adducts containing the chloride ion. The [RuII ([12]aneS4-
H-CH2CH2)]+ ions are formed for all the precursors
(Table 3).
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Fig. 5. ESMS/MS spectra of the ion ofm/z381: (A) the [RuII ([12]aneS4-H-2CH2CH2-S(bpy)] ions and (B) the [RuII ([9]aneS3-H-2CH2CH2(bpy)] ions.

In the second group, the ions are formed by counter ion
loss and crown fragmentation, the methanol remaining at-
tached. The main product ions of the precursor ion adducts
with one methanol molecule are the{[RuII ([12]aneS4-
H-2CH2CH2)(NN)](CH3OH)}+ and {[RuII ([12]aneS4-H-
3CH2CH2)(NN)](CH3OH)}+ ions, formed by loss of
HF or HCl plus two and three ethene molecules, and
the{[RuII ([12]aneS4-H-2CH2CH2-S-2H)(NN)](CH3OH)}+

ions, formed by loss of HF or HCl plus other
losses from the crown. The main product ions of
the precursors with two methanol molecules are the
{[RuII ([12]aneS4-H-2CH2CH2)(NN)](CH3OH)2}+, {[RuII -
([12]aneS4-H-3CH2CH2)(NN)](CH3OH)2}+ and the{[RuII -
([12]aneS4-H-2CH2CH2-S-2H)(NN)](CH3OH)2}+ ions.

The third group is formed by product ions with low
abundances but structurally significant. These are the pro-
ton bound species [NNH(CH3OH)]+ and [NNH(CH3OH)2]+

for the precursor ions with two methanol molecules and the
[NNH(CH3OH)]+for the precursor ions with one methanol
molecule.

In Fig. 6 the MS/MS spectra of the{[RuII

([12]aneS4)(NN)]Cl(CH3OH)}+, {[RuII ([12]aneS4)(NN)]
F(CH3OH)}+ and {[RuII ([12]aneS4)(NN)]Cl(CH3OH)2}+

ions for compound6 (NN = 5,6-dione) are shown.

4. Discussion

It is apparent from the obtained data that diimine loss
is a process that occurs mainly via ion pair formation.
Although this loss can also be observed from the dou-
bly charged inner sphere [RuII ([12]aneS4)(NN)]2+ ions
and from the [RuII ([12]aneS4-H)(NN)]+ ions, it occurs to-
gether with thiacrown fragmentation. The ions atm/z395,
[RuII ([12]aneS4)Cl(H2O)]+; m/z377, [RuII ([12]aneS4)Cl]+;
m/z 349, [RuII ([12]aneS4-CH2CH2)Cl]+, or the corre-
sponding ions atm/z 379, [RuII ([12]aneS4)F(H2O)]+;
m/z 361, [RuII ([12]aneS4)F]+; m/z 333, [RuII ([12]aneS4-
CH2CH2)F]+, are only observed in the MS/MS spec-
tra of the ion pairs {[RuII ([12]aneS4)(NN)]Cl}+ or
{[RuII ([12]aneS4)(NN)]F}+. It is also apparent that diimine
loss is more important in the case of the cross-bridged ligands
dpm, dipa and dpk. These ligands form six-membered chelate
rings, which are more flexible and less strongly coordinated
due to loss of planarity, than the five-membered rings of the
phen or even bpy compounds.

In a study by ESMS/MS of ion pairs of transition
metal M2+ homoleptic compounds, [M(phen)3]ClO4

+ and
[M(bpy)3]ClO4

+ (M = Mn, Fe, Co, Ni, Cu and Zn) has
been reported that when formation of the [M(phen)2]ClO4

+
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Fig. 6. ESMS/MS spectra of the methanol adducts of the ion pairs for compound6: (A) the {[RuII ([12]aneS4)(5,6-dione)]F(CH3OH)2}+ ions, (B) the
{[RuII ([12]aneS4)(5,6-dione)]F(CH3OH)}+ ions and (C) the{[RuII ([12]aneS4)(5,6-dione)]Cl(CH3OH)}+ ions; (* and bMet ={[RuII ([12]aneS4)(5,6-
dione)]F(CH3OH)2}+, * and b′Met ={[RuII ([12]aneS4)(5,6-dione)]F(CH3OH)}+, * and b′Met2 ={[RuII ([12]aneS4)(5,6-dione)]Cl(CH3OH)}+,
c2Met2 ={[RuII ([12]aneS4-H-2CH2CH2)(5,6-dione)](CH3OH)2}+, c3Met2 ={[RuII ([12]aneS4-H-3CH2CH2)(5,6-dione)](CH3OH)2}+, c4Met2 ={[RuII

([12]aneS4-H-CH2CH2-SCHCH2)(5,6-dione)](CH3OH)2}+, c6Met2 ={[RuII ([12]aneS4-H-2CH2CH2-S-2H)(5,6-dione)](CH3OH)2}+, c2Met={[RuII

([12]aneS4-H-2CH2CH2)(5,6-dione)](CH3OH)}+, c3Met={[RuII ([12]aneS4-H-3CH2CH2)(5,6-dione)](CH3OH)}+, c4Met={[RuII ([12]aneS4-H-CH2CH2-
SCHCH2)(5,6-dione)](CH3OH)}+, c6Met={[RuII ([12]aneS4-H-2CH2CH2-S-2H)(5,6-dione)](CH3OH)}+, c9Met={[RuII ([12]aneS4-H-3CH2CH2-
S)(5,6-dione)](CH3OH)}+, d1= [RuII ([12]aneS4)Cl(H2O)]+, d2= [RuII ([12]aneS4)Cl]+, d3= [RuII ([12]aneS4-CH2CH2)Cl]+, d6= [RuII ([12]aneS4-H-
CH2CH2)]+, d8= [RuII ([12]aneS4-2CH2CH2-S)]+, d′1= [RuII ([12]aneS4)F(H2O)]+, d′2= [RuII ([12]aneS4)F]+, d′3= [RuII ([12]aneS4-CH2CH2)F]+ and
d′4= [RuII ([12]aneS4-CH2CH2-2H)F]+).

or [M(bpy)2]ClO4
+ ions by collisional activation of the

[M(phen)3]ClO4
+ and [M(bpy)3]ClO4

+ions through losses
of phen or bpy, did occur, the counter anions remained in
the outer sphere, interacting with the remaining phen and
bpy ligands[16]. In the present case, the formation of the
[RuII ([12]aneS4)Cl]+ and [RuII ([12]aneS4)F]+ ions from the
ion pairs with the chloride and fluoride ions, respectively,
probably involves transfer of the chloride and fluoride ions
from the outer sphere to the inner sphere. A direct coor-
dination of the halogen anions to the metal is expected to
be stronger than the ion–dipole interaction between an outer
sphere anion and the ligands.

The addition of one water molecule to the [RuII

([12]aneS4)Cl]+ and [RuII ([12]aneS4)F]+ with formation
of the m/z 395, [RuII ([12]aneS4)Cl(H2O)]+ and m/z 379
[RuII ([12]aneS4)F(H2O)]+ ions with a coordination num-
ber of 6, reinforces the latter assumption. Addition of wa-
ter to precursor ions in collision-induced experiments, in a
hexapole collision cell, with argon, has been reported[31],
the source of the associated water being, either the back-

ground gases or the argon itself. The argon is instrumental
in the addition process, reducing the translational energies
of the ions to which the water is added, to thermal or nearly
thermal values[31]. In the present case, the water adds to the
fragment ions [RuII ([12]aneS4)Cl]+ and [RuII ([12]aneS4)F]+

which constitutes evidence of the predominance of the NN
ligand loss from the ion pairs.

Indirect evidence for coordination of halogen anions di-
rectly to the metal, is obtained from the1H NMR spectra of
the [RuII ([12]aneS4)(NN)]X2 complexes[8]. Broad lines for
the aromatic protons closest to the ruthenium and for the thi-
acrown methylene protons suggest that chemical exchange
occurs, probably with Ru-donor atom bond cleavage, to re-
lieve steric crowding at the ruthenium centre[8]. If a similar
process occurs in the gas-phase, incipient coordination of
relatively small ions such as F−, or even Cl−, to the metal
centre is possible. A subsequent loss of the diimine will give
the [RuII ([12]aneS4)Cl]+ and [RuII ([12]aneS4)F]+ ions.

The formation of the [RuII ([12]aneS4)(NN)]F+ ion pairs,
as the only fragment ions, in the collision-induced dissoci-
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Scheme 2.

ation of the{[RuII ([12]aneS4)(NN)]PF6}+ ion pairs, rein-
forces the proposal of direct coordination of fluoride and
chloride anions to the metal. The ion pairs with the PF6

−
counter ion fragment only through losses of PF5, the PF6−
counter ion, like the ClO4− [16] being too bulky for incip-
ient coordination. Formation of ion pairs with fluoride, was
observed under fast atom bombardment (FAB)[42,43] and
both laser desorption (LD) and matrix assisted laser desorp-
tion (MALDI), for metal complexes, with PF6− as counter
ions[44].

Losses of HX (X = anion) from the corresponding ion pairs
of several metal complexes have been reported as occur-
ring in collision-induced processes[30,45]. In the present
case, formation of the [RuII ([12]aneS4-H)(NN)]+ ions is ob-
served, in the collision-induced decomposition of the ion
pairs with the chloride and fluoride ions, only for compounds
9–11. The [RuII ([12]aneS4-H)(NN)]+ ions (Scheme 2) are
formed through abstraction, by the counter ion, of one of
the acidic methylene protons of the thiacrown, with crown
opening and formation of a thienolate ion with conservation
of the charge of the ruthenium centre. The steric crowding
in this type of ions is still considerable, hence their higher
abundance at lower cone voltages, and their formation un-
der collision activation only for the complexes9–11, with
more flexible ligands. Further thiacrown fragmentation ei-
t
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ions (seeTable 2andFig. 3B and C) and the [RuII ([12]aneS4-
H-3CH2CH2-S)(NN)]+ when formed in the gas-phase from
the [RuII ([12]aneS4)(NN)]2+ ions, as the corresponding
charged moiety of the thiacrown was not detected in the
MS/MS spectra.

The [RuII ([12]aneS4-4CH2CH2)(NN-H)]+ ions are
formed from the ion pairs with the chloride and fluoride
ions, for complexes1–8, and although they are not very
abundant, their formation shows that hydrogen loss, although
not predominantly, occurs also from the diimines. Proton
loss (or radical hydrogen loss followed by one electron
reduction) was observed under FAB[48] and MALDI [44],
for [RuII (bpy)3]X2 and [OsII (bpy)3]X2 complexes, and a
mechanism involving hydrogen loss from a unsaturated
carbon, breaking of a nitrogen–metal bond, rotation of a
pyridine ring and formation of aortho-metallated complex
through metal–carbon bond formation, was proposed to
explain this loss[44]. Such a mechanism cannot be applied
to compounds3–7, all of them having rigid, delocalised,
� systems. Thus, we propose that the formation of the
[RuII ([12]aneS4-4CH2CH2)(NN-H)]+ ions occurs via a
radical hydrogen loss plus one electron (possibly from
the collision gas) reduction. The same may apply for the
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-CH2CH2-SCH2CH2)(NN)]+, as can be observed in t
ollision-induced spectra of the [RuII ([12]aneS4-H)(NN)]+

ons inFig. 4.
Reduction of the metal centre was observed for m

omplexes either in the electrospray source[46] or during
ollision-induced processes[19,20,24,25], and unusua
harge states were observed in high-energy collision
esses[47]. In the present case, the great majority of
ingly charged species (not including the ion pairs and
ragment ions with an associated fluoride or chloride an
an be rationalized as having a thienolate type struc
hese ions may be formed through a migration of a me

ene proton from the crown to the solvent, to the sulp
ormation of the [RuII ([12]aneS4-H-3CH2CH2-S)(NN)]+ in
he gas-phase from the [RuII ([12]aneS4)(NN)]2+ ions.

Ethene losses from the crown occur without change
he overall charge, for both the doubly and singly cha
ons. The elimination of ethene molecules is triggered b�
ackbonding of the ruthenium t2g electrons to�* antibonding

S orbitals[49–51].
There is a marked difference in the gas-phase beha

f the [RuII ([12]aneS4)(NN)]X2 complexes when compar
o the gas-phase behaviour of the [RuII Cl([9]aneS3)(NN)]X
omplexes[9]. For the latter, two diagnostic ions, c
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RuII ([9]aneS3-H-CH2CH2)(NN)]+ and [RuII ([9]aneS3-H-
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r originates ions with very weak signals. Moreover,

he [RuII Cl([9]aneS3)(NN)]X complexes, the diagnostic io
ere even observed when the NN ligands were terpyr
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ragment ions are formed through losses from the cro
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he same type of processes occurs for the complexes
12]aneS4, for the latter, diimine loss also occurs, eithe
n in-source process (for a range of cone voltages) or in
nergy collision-induced processes.

X-ray single crystal data for both groups of comple
how that they have distorted octahedral structures
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[12]aneS4 complexes being more distorted than the cor-
responding [9]aneS3 complexes. For instance, for the lig-
and phen, the angles formed by the two equatorial sulphur
atoms and the ruthenium centre, Sequat–Ru–Sequat, are 87.7◦
and 104.1◦, for the complexes with the [9]aneS3 and the
[12]aneS4 crowns, respectively. The differences between the
angles formed by the atoms at opposite axial positions and
the ruthenium centre are also significant, Saxial–Ru–Cl 178.8◦
and Saxial–Ru–Saxial 105.1◦. The angles formed by the metal
centre and the two nitrogen atoms, N–Ru–N, are 78.8◦ and
79.6◦, respectively[7,8]. Although extrapolations from solid-
phase, where we have to consider the overall packing arrange-
ment, counter ions included, to gas-phase, where there may be
changes in the coordination environment[52], must be done
with caution, the increase of steric strain from the [9]aneS3
to the [12]aneS4 complexes, plus the absence of a negatively
charged ligand in the inner sphere of the [12]aneS4 com-
plexes, are the probable causes of the dissimilar gas-phase
behaviour of both groups of complexes.

An interesting similarity between the two groups
of complexes is the formation of identical ions
[RuII S2SCHCH2(NN)]+ for both the [12]aneS4 and the
[9]aneS3 complexes, as can be seen inFig. 5. A square pirami-
dal geometry with a pentacoordinated ruthenium (Scheme 1)
has been proposed for the [RuII S2SCHCH2(NN)]+ ion
[40]. Square piramidal ruthenium(II) species, although
n
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solution of the compound [RuII (dpk)(CO)2Cl2] in the dark,
resulted in the addition of methanol to the coordinated dpk,
with formation of a deprotonated ketal, the methoxydi(2-
pyridyl)methoxide[55]. We are currently pursuing our stud-
ies on this subject.

5. Conclusions

For the [RuII ([12]aneS4)(NN)]X2 complexes studied, thi-
acrown fragmentation and diimine loss are the two major
types of gas-phase decomposition processes. The ions formed
through diimine losses are more abundant for the complexes
with the more flexible cross-bridged ligands, compounds
9–11, and less abundant for the complexes with rigid de-
localised� systems, compounds3–8. Diimine loss occurs
mostly from the ion pairs with chloride and fluoride anions
with probable coordination of the anions to the ruthenium
centre. Conservation of the formal oxidation number of the
metal centre is a predominant feature.
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