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Abstract

A new series of ruthenium(ll) complexes with the general formuld [Ri2]aneS)(NN)]X», where NN are bidentate diimines, [12]anésS
1,4,7,10-tetrathiacyclododecane, and X is @ PR ~, were studied by electrospray mass spectrometry (ESMS). Thiacrown fragmentation and
intact diimine loss are the two major types of gas-phase reactions observed. The diimine losses occur mainly from the ion pairs formed by the
inner sphere cations with halogen anions and are more significant for the complexes with flexible cross-bridged diimines. The fragmentations
occur predominantly without changes in the oxidation state of the metal centre.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction influence on adduct formation of factors such as shape and
planarity of the diimine is the object of investigation to date
Ruthenium(ll) coordination compounds have been [3,4]and novel Ru(ll) compounds with diimine ligands, both
extensively evaluated for clinical applications, specially mono-[5] and binucleaf6] are being synthesized up to now.
for the treatment of cancer. Their ligand exchange solution  The synthesis, characterization and study of ruthenium(ll)
kinetics are similar to those of platinum(ll) complexes, but complexes with different potential intercalators of the di-
ruthenium is unique among the platinum group in that the imine type and one common, non-intercalating ligand, such
oxidation states Ru(ll), Ru(lll) and Ru(IV) are all accessible as a crown thioether, could clarify the mechanism of adduct
under physiological conditions. Moreover, ruthenium formation of these type of compounds with DNA. We have,
coordination compounds are less toxic than their platinum thus, synthesized and studied two series of heteroleptic ruthe-
counterparts, as they have the ability to mimic iron in binding nium(ll) octahedral complexes, [RCI[9]aneS)(NN)]X
to biomolecules, such as serum transferrin and albumin, and [Rd'[12]aneS)(NN)]X 2, where [9]aneSand [12]ane$
which are used by mammals to solubilise and transport iron, are the thioethers, 1,4,7-trithiacyclononane and 1,4,7,10-
thereby reducing its toxicitfl]. Although it has been known  tetrathiacyclododecane, respectively, NN are bidentate
for the past two decades that ruthenium(ll) complexes with diimines, such as 2;ipyridine (bpy), 1,10-phenanthroline
bidentate diimines, such as dipyrido[&2Z',3-c]phenazine (phen) and dipyrido[3,2:2',3'-c]phenazine and X is Cl or
(dppz), form non-covalent adducts with DN[R], the PR~ [7,8].
In a previous study by electrospray mass spectrometry
* Corresponding author. Tel.: +351 234370696; fax: +351 234370084, (ESMS) Of the first series of the heteroleptic ruthenium(ll)
E-mail addressgrmarques@dg.ua.pt (M.G.O. Santana-Marques). octahedral complexes, we have found that the mass spectra of
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all the [RU' CI[9]aneS)(NN)]X complexes were alike, and  strongly dependent on cone potential values, in contrast with
showed two peaks corresponding to losses of 64 and 92 Dathe spectra of the complexes with [9]age® addition, the
(HCI+ CH,CH, and HCI + 2CHCH,) from the inner sphere  gas-phase fragmentations of the complexes with [12]aneS
ions [RU'CI[9]aneS)(NN)]*. The formation of these diag- Proceed not only through losses from the thiacrown, simi-
nostic ions does not depend on the counter anion involved, lar to those occurring for the [9]ang®omplexes, but also
occurs for a range of cone potential values, and proceedsthrough intact NN nitrogen heterocycle loss.
mainly through GS bond cleavages of the thiacrown, the
dimines remaining attached to the metal cefite )

Electrospray mass spectrometry has been increasingly?: Experimental
used to study coordination complexes, since it was first ap-
plied to the homoleptic tris(2,ipyridyne)ruthenium(ll)
and tris(1,10-phenanthroline)ruthenium(ll) chloridd®].
The advantages of the use of electrospray in the study of

o, gl cooinabon oD Vi ol i, dpean vt dtrned y s
P — : crystal X-ray diffraction8].

spray mass spectrometry/mass spectrometry (ESMS/MS) has ESMS spectra were acquired with a Micromass Q-Tof

provided a wealth of information on many aspects of metal 2 (Micromass, Manchester, UK), with a Z-spray source, an

complex gas-phase chemistry such as structure, binding N lectrospray brobe and a svringe bumo. Source block and de-
ergies, coordination geometry, type and donor groups of the prayp yringe pump.

; S solvation temperatures were 80 and 18Qrespectively. The
ligands, among many othef$6—38] Collision-induced ex- . .

pgeriments havg also >kl)een used cgmbined with ion—moleculeCaplllary yoltage was 3000 V. The instrument was operate_d at
reactions to determine coordination numbers and to investi- a resolution of 9000 (50% valley). The spectra were acquired
gate ligand substitution in the gas-phg@-—41] for a range of cone voltages (20—60V) in order to obtain

i S . good signal-to-noise ratio for the ions of interest. Nitrogen
A significant number of coordination compounds exist as . L
charged species in solution and can be transferred to the gas: o> used as the nebulizer gas and argon as the collision gas.
9 P X . . 9883 samples were dissolved in methanol for the complexes
phase, usually without changes both in their structure and
their charge, although species that are not normally abun-

dant in solution can be readily produced in the gas-phase.

This is the case of thg_ion pairs for_med under electrosp_ray, Collision-induced mass spectra (ESMS/MS) spectra were
for complexes of transition metals with strongly coordinating obtained by selecting the ion of interest with the quadrupole

ligands, because the solution concentrgtions of such i_on pairsanalyser and using the hexapole collision cell, for a range of
are usually much lower than the solution concentrations of collision energies from 20 to 40 V.
the inner sphere catiorf$6]. While for the complexes with ’
[9]aneS the inner sphere cations are singly charged, for the
complexes with [12]aneShey are doubly charged, thus hav-
ing the ability of forming singly charged ion pairs with the
counter anions. 3.1. Mass spectra

In the present work, we report the study of the [12]aneS
complexes by ESMS and ESMS/MS. We found thatthe elec-  The ion signals for the [RY{[12]aneS)(NN)]X> com-
trospray mass spectra of the complexes with [12]aree8 plexes are strongly dependent on cone potential values.

The synthesis and the characterization of the'[[R12]
ane3)(NN)]X2 complexeslfig. 1, Table ) were published
elsewherd8]. All the complexes were characterized by ele-
mental analysis, IRRH NMR and UV-vis. The structures of

with CI~ as a counter ion and acetonitrile for the complexes
with PR~ . Methanol was used as the eluent and the samples
were introduced at a flow rate of 2@ min—1.

3. Results

Table 1
Compounds studied and masses of the NN ligands and of the inner sphere complexes
Compounds NN ligands Mass of the innersphere compléxga)
[Ru' ([L2JaneS)(NN)IX Name Abbreviation Mass (D)  [RU'(12JaneS)NN)I**
1 2,2-Bipyridine bpy 156 498
2 4,4-Diphenyl-2,2-bipyridine dbp 308 650
3 1,10-Phenantroline phen 180 522
4 5-Phenyl-1,10-phenantroline 5-phen 256 598
5 4-7-Diphenyl-1,10-phenanthroline dip 332 674
6 1,10-Phenantroline-5,6-dione 5,6-dione 210 552
7 Dipyrido[3,2-a:2,3 -c]phenazine dppz 282 624
8 9,10-Phenanthrenequinone diimine phi 206 548
9 2,2-Dipyridylmethane dpm 170 512
10 2,2-Dipyridylamine dipa 171 513
11 2,2-Dipyridylketone dpk 184 526

a Monoisotopic mass'f2Ru).
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Fig. 1. Bidentate diimine ligands.

At lower values (20-30V), we can observe the signals In general, as the cone voltage increases, the abundances
of the doubly charged [R[12]aneS)(NN)]2* ions (see  of the doubly charged [RY[12]aneS)(NN)]?* ions de-
Table 2, of the singly charged [RY[12]aneS-H)(NN)]* crease. Other doubly charged ions such ag'[Ri2]aneS-

ions, and also the signals of the doubly charged ions 2CH,CH,)(NN)]?*, [Ru'([12]aneS-3CHCH,)(NN)]?,

[Ru' ([12]aneS-CH,>CH,)(NN)]?* formed by ethene loss  [Ru''([12]aneS-2CH>CH,-S)(NN)?* and [RU! ([12]aneS-
from the crown through €S bond cleavages, as well as 3CH,CH,-S-2H)(NN)E* are observed, as well as other
the signals of the ion pairs formed by the inner sphere singly charged species, such as the '[Rii2]aneS-H-
cations and the counter aniofgRu' ([12]aneS)(NN)]CI}* 3CH,CH,-S)(NN)T" ions and the protonated diimines,
and {[Ru"([12]aneQ)(NN)]PFs}*. The ion pair {[Ru" NNH*. The ion pairs{[Ru' ([12]aneS)(NN)ICI}*, {[Ru"
([12]JaneS)(NN)JF}* is also observed for the complexes ([12]aneS)(NN)JF}* and {[Ru"([12]aneS)(NN)]PFs}*
where the counter ion is RF. remain abundant with increasing cone voltages, whereas
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Table 2

Precursor ions [RU[12]aneS)(NN)]?*, {[Ru''([12]aneQ)(NN)ICI}*,
[Ru"([12]aneS-H)(NN)]* and their product ions formed by crown
fragmentation

Symbol lon formula
a [Ru([12]aneS)(NN)]%*

Mass loss (Da)

al [Ru([12]ane$-CH2CH,)(NN)]?* 28 froma
a2 [Ru([12]ane$-2CH,CHy)(NN)]2* 56 froma
a3 [Ru([12]ane$-3CH,CH,)(NN)]2* 84 froma
a4 [Ru([12]ane$-2CH,CHy-S)(NN)J2* 88 froma
a5 [Ru([12]ane$-3CH,CH,-S-2H)(NN)B* 118 froma
b {[Ru([12]aneZ)(NN)]CI}*

bl {[Ru([12]aneQ-CH,CHy)(NN)ICI}* 28 fromb
b2 {[Ru([12]aneQ-2CH,CH,)(NN)]CI}* 56 fromb
b3 {[Ru([12]aneJ-3CH,CH)(NN)]CI}* 84 fromb
c [Ru([12]aneQ-H)(NN)]*

cl [Ru([12]aneQ-H-CH,CHy)(NN)* 28 fromc
c2 [Ru([12]aneQ-H-2CH,CH2)(NN)]* 56 fromc
c3 [Ru([12]aneQ-H-3CH,CHy)(NN)]* 84 fromc
c4 [Ru([12]aneQ-H-CH,CH,-SCHCH)(NN)]* 87 fromc
c5 [Ru([12]aneQ-H-2CH,CH,-S)(NN)J* 88 fromc
c6 [Ru([12]aneQ-H-2CH,CH,-S-2H)(NN)J 90 fromc
c7 [Ru([12]aneQ-4CH,CH,)(NN-H)1* 112 fromc
c8 [Ru([12]aneQ-H-2CH,CH,-SCHCH)(NN)]* 115 fromc
c9 [Ru([12]aneQ-H-3CH,CH,-S)(NN)I* 116 fromc
c10 [Ru([12]aneQ-H-3CH,CH,-S-2H)(NN)J 118 fromc
cl1 [Ru([12]aneG-H-3CH,CHp-SCHCH)(NN)]* 143 fromc
cl2 [Ru([12]aneQ-H-3CH,CH,-2S)(NN)I 148 fromc
c13 [Ru([12]aneQ-H-3CH,CH2-2S-H)(NN)I 149 fromc
cl4 [Ru([12]aneQ-H-2CH,CH,-3S-2H)(NN)T" 154 fromc
c15 [Ru([12]aneQ-H-3CH,CH,-2S-CHCH)(NN)I 174 fromc

the abundances of the [R(j12]aneS-H)(NN)]* ions
decrease.

lons with the samen/zvalues of the [RIi([12]aneS-H-
3CH,CH,-S)(NN)T" ions were observed for the compounds,
[Ru'CI([9]aneS)(NN)]X, with the same diimines[9].
In the case of the [9]angScompounds, these ions
were formed by losses of HCI plus 2GEH, from the
[Ru'CI([9]aneS)(NN)]* ions, as mentioned in Section
1. The proposed structure for the [Ril2]aneS-H-
3CH,CH,-S)(NN)T" ions is shown irScheme 1

As the cone voltage further increases two different
trends can be observed, respectively, for compoulress
and 9-11. At cone voltages of 40V and above, the ion
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Table 3

Common product ions formed by diimine loss

Symbol lon formula mz

[Ru([12]ane%)]? 171 (mass 342)

d1 [Ru([12]ane$)CI(H20)]* 395
d2 [Ru([12]aneS)CI]* 377
d3 [Ru([12]aneS-CH,CH,)CIJ* 349
d4 [Ru([12]aneg-H)]* 341
ds Ru([12]ane$-CHCHy)]* 315
dé Ru([12]aneg-H-CHyCHy)]* 313
d7 Ru([12]ane$-H-CH,CHy-2H)]* 311
ds {[Ru([12]ane%-2CH,CH,-S)ICI}* 289
do [Ru([12]ane$-H-2CH,CHy)]* 285
d1 [Ru([12]aneQ)F(H20)1* 379
d2 [Ru([12]aneQ)FI* 361
d’3 [Ru([12]aneQ-CH,CH,)F]* 333
d'4 [Ru([12]aneS-CH,CHy-2H)F]* 331

of the singly charged ions [Ri12]aneS-H-3CH,CH,-
S)(NN)]* ions are higher, whereas for the second group,
compounds3-11, intact diimine loss is an important pro-
cess, forming the ions at/z395, [RU' ([12]aneS)CI(H20)]*
(see Table 3; m/z 377, [RU'([12]aneS)CI]*; m/z 349,
[Ru''([12]aneS-CH,CH,)CI]*, when the counter ions are
Cl—, or the ions atm/z 379, [RU'([12]aneS)F(H.0)]*;
m/z 361, [RU'([12]aneS)F]*; m/z 333, [RU'([12]aneS-
CHyCHy)F]*, when the counter ions are PF, respectively.

Thus, at higher cone voltages the ions formed in the case
of compoundsl-8 are mainly formed by cleavage of the
[12]aneg crown, the diimines remaining attached to the
metal centre, whereas for the compou®d4 1 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 C| for compoundb, with two
uncoordinated carbonyl groups, adducts with one and two
methanol molecules{[Ru" ([12]aneS)(NN)](CH3OH)}?*
and {[Ru" ([12]aneS)(NN)](CH3OH),}2*, were observed
as well as the corresponding ion paif$Ru'' ([12]aneS)
(NN)]CI(CH30H)}* and {[Ru"([12]aneS)(NN)]CI(CH3
OH),}*, respectively, the species with one methanol be-
ing more abundant. Also, when the counter ion was
Cl—, for compoundll, with one uncoordinated carbonyl

pairs are still abundant, the signals for the doubly charged group, the adductRu" ([12]aneQ)(NN)](CH3OH)}#* and

ions are weak and for compounds8, the abundances

S~

S

W
\N

\/

Scheme 1.

{[Ru" ([12]aneS)(NN)]CI(CH30OH)}*, were observed.

The specie$[Ru'' ([12]aneS)(NN)](CH3OH)}2*, {[Ru"
([12]aneS)(NN)(CH3OH),}?*,  {[Ru"([12]aneS)(NN)]
F(CHsOH)}* and {[Ru'([12]aneS)(NN)JF(CH3OH),}*
were observed when the counter ion wasgPF for
compoundd 1 and6, respectively.

3.2. MS/MS spectra

MS/MS spectra were obtained for the doubly charged
[Ru" ([12]aneS)(NN)]?*, for the ion pairg [Ru" ([12]aneS)
(NN)]CI}*, for the [RU' ([12]aneS-H)(NN)]* ions as well as
for the pentacoordinated ruthenium species![[Rl2]aneS-
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H-3CH,CH,-S)(NN)]". The MS/MS spectra were also ob-
tained for the ion paird[Ru" ([12]aneS)(NN)]PFs}* and

{[RuU"([12]aneS)(NN)]F}* as well as for the methanol
adducts for compound&andl11. For each type of ions, the
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spectra of the [Rl[12]aneS)(NN)]2* ions for compounds
1 (NN =Dbpy),5 (NN =dip) and9 (NN =dpm) are shown in
Fig. 2

MS/MS spectra were acquired at the same cone voltages an®.4. MS/MS spectra of the ion pairs

collision energy values.

3.3. MS/MS spectra of the [®([12]aneS)(NN)]%*ions

The MS/MS spectra of the ion pairs with Cand 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

The MS/MS spectra of the doubly charged ions {[Ru"([12]aneS)(NN)]CI}* ions show three different types

[Ru'([12]aneS)(NN)]2* show as the main fragment

of product ions. In the first type, the chloride ion and the

ions the doubly charged ions formed by losses from the diimine remain attached and the thiacrown fragments. This

crown, respectively, the [Rif[12]aneS-CH>CH,)(NN)]2,
[Ru" ([12]aneS-2CH,CH,)(NN)]?*, [RU" ([12]aneS-
3CH,CHy)(NN)]?*, [Ru''([12]aneS-2CH,CH,-S)(NN)J?*
and [RU'([12]aneS-3CH,CH,-S-2H)(NN)E* ions. For
compoundsl-8, a small peak corresponding to the singly
charged [RU([12]aneS-H-3CH,CH,-S)(NN)]* ion is also
observed. For the compounds 2 and 8-11, the singly
charged protonated NNHions are formed, and also ions
at m/z 313, [RU'([12]aneS-H-CH,CH,)]* and m/z 285,
[Ru' ([12]aneS-H-2CH,CHy)]* formed by losses of the
intact diimine plus fragments from the crown. The MS/MS

type includes the{[Ru"([12]aneS-CH,CHy)(NN)ICI}*,
the {[Ru'" ([12]aneG-2CH,CH,)(NN)ICI}* and the{[Ru"
([12]aneQ-3CH,CH,)(NN)]CI}* ions. These ions are not
very abundant and are not observed for the compo8rtis

The second type corresponds to one chloride ion loss
plus other losses from the crown, and is represented mainly
by the [RU'([12]aneS-H)(NN)]*, [Ru'([12]aneS-H-
2CH,CHo)(NN)]*,  [Ru''([12]aneS-H-3CH,CHo)(NN)]*
and [RU'([12]aneS-H-2CH,CH,-S)(NN)]* ions. In the
case of compounds-11, the [RU' ([12]aneS-H)(NN)]* and
[Ru'([12]aneS-H-2CH,CHy)(NN)]* ions are observed,

100 (A) 208
a2
o/
%1 NH: o 256 313
a
171 197 a3 242 = dé
) a5 l al 285 (
l d9
0 '“'I""I!'"l""l"‘l' '“'lfmf!!' ll T ‘I"I”I LA RAAAS LR LALLM EAL) RS L R R L R S LA LR RARE) LAALY LRSS LAY LAEL) LR LALLS RALLS LALRN LEAAs LAY
100 (B) 235
221 a1
205 a2
a4 249
o ] 207 a
a3 *
NNH*
190 / 285 313 381
1'57 a5 h do de6 c9
0 T T '!"" + T 1 T T l'I T T || 1 T T T 1l 'll Ll Ll T T T T T 1 T 1 1l T T T 1 T T T
1007 () 309
a2| 3p3
ai
% 293
a4\ 205 337
a3 3
278
78 557
ll 1 || 09
O LA L L) i) L) L b bt st s s s e L M S L s s s L LA A L] LA st L i R ks st L s wiaas Ly w117
160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560

Fig. 2. ESMS/MS spectra of the [([12]aneS)(NN)]%* ions: (A) compound, (B) compoundl and (C) compoun8; (* and a=[Ru' ([12]aneS)(NN)]%*,
al=[Ru' ([12]aneS-CH,CHy)(NN)]?*, a2=[RU" ([12]ane$-2CH,CH,)(NN)]2*, a3= [RU" ([12]ane$-3CH,CHx(NN)])2*, a4= [RU" ([12]ane$-2CH,CHy-

S)INN)Z*,  a5=[Ru' ([12]aneS-3CH,CH,-S-2H)(NN)E*,
d9=[Ru" ([12]aneS-H-2CH,CH,)]*).

c9=[RU" ([12]aneS-H-3CH,CH,-S)(NN)]*,

d6=[Ru' ([12]aneS-H-CH,CH)]* and
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whereas the [RU(12]aneS-H)(NN)]* ion is not observed
for the compound4-8, but instead the NNHions are. [Ru'([12]aneS-H-2CH,CHy)(NN)]* ions, although for

In the third type, the chloride ion remains at- compoundsl-8these ions are not very abundant. The ions
tached, but the diimine is lost. This group includes [Ru"([12]aneS-H-CH,CH»-SCHCH)(NN)]* are formed
the [RU'([12]aneS)CI(H20)]*, [Ru''([12]aneS)CI]* and for all the compounds, whereas the ions [|{d2]aneg-H-
[Ru'([12]aneS-CH>CH,)CI]*, when the counter ions are  2CH,CH,-S-2H)(NN)J" are formed with high abundances
Cl~, which were also observed with high abundances at only for compound4-8. Losses of the diimines plus losses

tion of the [RU'([12]aneS-H-CH,CHy)(NN)]* and the

higher cone voltages in the mass spectra of compogts
The MS/MS spectra of the ion pairs with §F

{[Ru"([12]aneS)(NN)]PFs}* show as the only signifi-

cant feature, one peak formed by loss ofsPEe cor-
responding ion {[Ru" ([12]aneS)(NN)]JF}*, being very
abundant.

The MS/MS spectra of the ion paif§Ru' ([12]aneS)
(NN)]CI}*, for compound22, (NN =dbp),4 (NN =5-phen)
and10 (NN =dipa) are shown iffrig. 3.

from the crown lead to the ions at/z341, [RU' ([12]aneS-
H)]* and m/z 313, [RU'([12]aneS-H-CH,CH))]*, al-

though these are only formed with high abundances for

compounds9-11. The ions [Ril([12]aneS-H-2CH,CH,-
SCHCH)(NN)]*  and  [RU'([12]aneS-H-3CH,CH,-
S)(NN)]* are mostly formed for compounds-8, whereas
the ions [RU([12]aneS-H-3CHCH,-SCHCH)(NN)]™,
[Ru''([12]aneS-H-3CH,CH,-2S)(NN)TF, [Ru' ([12]aneS-
H-3CH,CH,-2S-H)(NN)J, [RuU"([12]aneSG-H-2CHyCHy-

3S-2H)(NN)I  and [RU'([12]ane§-H-3CHCH,-2S-
3.5. MS/MS spectra of the [R([12]aneS-H)(NN)]* CHCH)(NN)I" (see Table 2 are only formed with high
ions abundances for the compourfiss.
The MS/MS spectrum of the [Ri[12]aneS-H)(NN)]*
The [Ru([12]ane$H)(NN)]* ions fragment through ions for compound4 (NN =bpy), 6 (NN =5,6-dione) an®
one and two ethene losses from the crown with forma- (NN =dpm) are shown ifrig. 4

1007 (a) 377
d2
395
d1
% =
349 512 548
d3 456 c b
c2 I *
0 e e "I""I"'l‘l""l""I'J"‘l'"'lr“'ir"'ll"“l'"'I""I""I""l""l
100—(B) 377
1 d2| 395
d1
1 561 601
% - 349 c5 593 b3 685
NNH* c2 b
*
309 565
\ J 5377 3 J 629 @57
| b2 pg
0 ""'I""I""I""I""I"l"l‘l' BRBLALE BLELEL LA LA R NUNALELE BLRL AL BLRLELEL B 'l"“l'L!I"I'l'lL"I""II""ll'"'1""l""l
509 513 |©2
c5 c3
* 349
377 481 485
NNH* d3 42 395 O\ o7 549 51;’3
d1
25[7 ‘ | / b3 5b727 6:15 *
0 * T |J""'|""'J|'-'|'J|""l"'ll"l I I""I!" Il' ) M/Z

150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700
Fig. 3. ESMS/MS spectra of the ion pairfRu ([12]aneS)(NN)ICI}*: (A) compound 10, (B) compound2 and (C) compound4; (* and
b={[Ru" ([12]aneS)(NN)ICI}*, bl={[Ru'"([12]aneS-CH,CH)(NN)ICI}*, b2={[Ru'([12]aneS-2CH,CH,)(NN)ICI}*, b3={[Ru'([12]aneS-
3CH,CHx(NN)ICI}*, C=[Ru'([12]aneS-H(NN)]*, c2=[Ru"([12]aneG-H-2CH,CH2)(NN)]*, c¢3=[Ru" ([12]aneG-H-3CH.CH)(NN)]*, c5=[Ru'
([12]aneS-H-2CH,CHo-S)(NN)I*,  c7=[Ru" ([12]aneS-4CHCHo)(NN-H)*,  c9=[Ru'' ([12]ane$-H-3CH,CH,-S)(NN)IF,  d1=[Ru'([12]aneS)
Cl(H20)]*, d2=[Ru' ([12]aneS)CI]* andd3=[Ru" ([12]aneS-CH,CH,)CI]™).
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Fig. 4. ESMS/MS spectra of the [([12]aneS-H)(NN)]* ions: (A) compoundd, (B) compoundl and (C) compound; (* and c=[Ru' ([12]aneS-
H)(NN)]* ions, c1=[Ru" ([12]aneS-H-CH,CH)(NN)]*, c¢2=[Ru' ([12]aneG-H-2CH,CH,)(NN)]*, c4=[Ru' ([12]aneG-H-CH2CH,-SCHCH)(NN)T*,
c6=[Ru'' ([12]ane$-H-2CH,CH,-S-2H)(NN)]*, c8=[Ru' ([12]aneS-H-2CH,CHp-SCHCH)(NN)]*, c9=[Ru' ([12]ane$-H-3CH,CH,-S)(NN)]*, c10=
[Ru" ([12]aneG-H-3CH,CH,-S-2H)(NN)T", c11=[Ru' ([12]ane§-H-3CH,CH,-SCHCH)(NN)]*, c12=[Ru" ([12]ane$-H-3CH,CH,-2S)(NN)TF, ¢13=
[Ru" ([12]aneS-H-3CH,CH2-2S-H)(NN)T,  c14=[Ru" ([12]ane$-H-3CH,CH,-3S-2H)(NN)I,  ¢15=[Ru'' ([12]aneS-H-3CH,CH-2S-CHCH)(NN)T,

d4=[Ru"([12]aneS-H)]* andd6=[Ru" ([12]aneS-H-CH,CH,)]*).

3.6. MS/MS spectra of the
[Ru' ([12]aneS;-H-3CH,CH,-S)(NN)T ions

The MS/MS spectrum of the [Ri12]aneS-H-
3CH,CH,-S)(NN)T" ions show product ions correspond-
ing to losses of HS, 2HS and S—-€BH,. The proto-
nated nitrogen ligand NNHis the most abundant product
ion.

In Fig. BA, the MS/MS spectrum of the [Hif[12]aneS-
H-3CH,CH,-S)(NN)T" ions for compound. (NN =bpy) is
shown and irFig. 5B, the MS/MS spectrum of the ions with
the samenzvalue, 381, of the corresponding [R{i9]ane $-
H-2CH,CH,)(NN)]* ion (NN = bpy) s also shown. The spec-

tra are identical, thus confirming that the ions are the same([12]aneS)F(H,0)]*,

for the compounds of both [12]ang8nd [9]ane$ with the
same diimines.

3.7. MS/MS spectra of the methanol adduct ions

The MS/MS spectra of the{[Ru' ([12]aneS)(NN)]
CI(CHzOH)}* and {[Ru' ([12]aneS)(NN)]F(CH3OH)}*

ions on one hand, and of th¢[Ru'([12]aneS)(NN)]
CI(CHzOH),}* and{[Ru" ([12]aneS)(NN)]F(CH3OH),}*,

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 compou6@ds
and11 (NN =dpk).

The MS/MS spectra of the{[Ru' ([12]aneS)(NN)]
CI(CH3zOH)}*, {[Ru"([12]aneS)(NN)]F(CH3OH)}*,
{[Ru"([12]aneS)(NN)]CI(CH30H),}* and {[Ru'" ([12]ane
S4)(NN)]JF(CH3OH),}* ions show different groups of
product ions. In the first group, the dominant process
is loss of the diimines with formation of the ions [Ru
[RU'([12]aneS)F]*, [Ru'([12]
ane$-CH,CH,)F]" and [RU' ([12]aneS-CHoCHy-2H)F]
in the case of the adducts containing the fluoride ion, or
the [RU'([12]aneS)CI(H20)]*, [Ru'([12]aneS)Cl]*and
[Ru"([12]aneS-CH,CHy)CI]* ions in the case of the
adducts containing the chloride ion. The [Rfi2]aneS-
H-CH,CHy)]* ions are formed for all the precursors
(Table 3.
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Fig. 5. ESMS/MS spectra of the ion oz 381: (A) the [RUf ([12]aneS-H-2CH,CH,-S(bpy)] ions and (B) the [RL([9]aneS-H-2CH,CH,(bpy)] ions.

In the second group, the ions are formed by counter ion 4. Discussion

loss and crown fragmentation, the methanol remaining at-
tached. The main product ions of the precursor ion adducts

with one methanol molecule are thgRu'([12]aneS-
H-2CH,CH,)(NN)[(CH3OH)}* and {[Ru'([12]aneS-H-
3CH,CH2)(NN)](CH30OH)}* ions, formed by loss of

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 [R([12]aneS)(NN)]?* ions

HF or HCI plus two and three ethene molecules, and and from the [Ri([12]aneS-H)(NN)]* ions, it occurs to-

the{[Ru' ([12]aneG-H-2CH,CH,-S-2H)(NN)](CH;OH)}*
ions, formed by loss of HF or HCI plus other

gether with thiacrown fragmentation. The ionsnatz 395,
[Ru''([12]aneS)CI(H20)]*; m/z377, [RU' ([12]aneS)CI]*;

losses from the crown. The main product ions of m/z 349, [RU'([12]aneS-CH,CH,)CI]*, or the corre-
the precursors with two methanol molecules are the sponding ions atm/z 379, [RU'([12]aneS)F(H20)]*;

{[Ru'" ([12]aneS-H-2CH,CH,)(NN)](CH30H),}*, {[Ru'-
([12]aneS-H-3CH,CH,)(NN)](CH30H), }* and the{[Ru -
([12]aneQ-H-2CH,CH,-S-2H)(NN)](CHsOH),} * ions.

The third group is formed by product ions with low

m/z 361, [RU'([12]aneS)F]*; m/z 333, [RU'([12]aneS-
CHoCHy)F]*, are only observed in the MS/MS spec-
tra of the ion pairs {[Ru([12]aneS)(NN)ICI}* or
{[Ru"([12]aneS)(NN)]F}*. It is also apparent that diimine

abundances but structurally significant. These are the pro-lossis more important in the case of the cross-bridged ligands

ton bound species [NNH(G#OH)]* and [NNH(CHOH),]*

dpm, dipa and dpk. These ligands form six-membered chelate

for the precursor ions with two methanol molecules and the rings, which are more flexible and less strongly coordinated

[NNH(CH3OH)]*for the precursor ions with one methanol
molecule.

In Fig. 6 the MS/MS spectra of the{[Ru"
([12]aneS)(NN)ICI(CH3OH)}*,  {[Ru"([12]aneS)(NN)]
F(CHsOH)}* and {[Ru"([12]aneS)(NN)]CI(CH30H),}*
ions for compound (NN =5,6-dione) are shown.

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 M** homoleptic compounds, [M(phef}104* and
[M(bpy)3]CIO4* (M=Mn, Fe, Co, Ni, Cu and Zn) has
been reported that when formation of the [M(ph86)O4*
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Fig. 6. ESMS/MS spectra of the methanol adducts of the ion pairs for compaiugh) the {[Ru'' ([(12]aneS)(5,6-dione)]F(CHOH),}* ions, (B) the
{[Ru" ([12]aneS)(5,6-dione)]F(CHOH)}* ions and (C) the{[Ru'([12]aneS)(5,6-dione)]CI(CHOH)}* ions; (* and bMet = {[Ru" ([12]aneS)(5,6-
dione)]F(CHOH)}*, * and b'Met={[Ru"([12]aneS)(5,6-dione)]F(CHOH)}*, * and b'Met,={[Ru" ([12]aneS)(5,6-dione)]CI(CHOH)}*,

c2Met, = {[Ru" ([12]ane$-H-2CH,CHy)(5,6-dione)](CHOH),}*, c3Met, = {[Ru" ([12]aneG-H-3CH,CHy)(5,6-dione)](CHOH),}*, c4Met, = {[Ru'

([12]aneQ-H-CHpCH,-SCHCH)(5,6-dione)](CHOH),}*,  c6Metp = {[Ru' ([12]ane§-H-2CH,CH,-S-2H)(5,6-dione)](CHOH), }*,  c2Met={[Ru"

([12]ane$-H-2CH,CH,)(5,6-dione)](CHOH)}*, c3Met= {[Ru" ([12]aneS-H-3CH,CH,)(5,6-dione)[(CHOH)}*, c4Met = {[Ru" ([12]aneG-H-CH,CH,-

SCHCH)(5,6-dione)](CHOH)}*,  c6Met={[RU" ([12]aneG-H-2CH,CH,-S-2H)(5,6-dione)](CHOH)}*,  cOMet={[Ru' ([12]aneG-H-3CHCH,-

S)(5,6-dione)](CHOH)}*, d1=[Ru''([12]aneSQ)CI(H.0)]*, d2=[Ru'([12]aneS)Cl]*, d3=[Ru'([12]aneS-CH,CH)CI]*, d6=[Ru'"([12]aneG-H-

CH,CHy)]*, d8=[RU"([12]ane$-2CH,CH,-S)]*, d’1=[Ru' ([12]aneS)F(H20)]*, d'2=[Ru"([12]aneS)F]*, d’3=[Ru'([12]aneS-CH,CH,)F]* and
d'4=[Ru" ([12]aneG-CH,CH,-2H)FT").

or [M(bpy)2]CIO4* ions by collisional activation of the  ground gases or the argon itself. The argon is instrumental

[M(phenk]ClO4* and [M(bpyk]ClO4*ions through losses  in the addition process, reducing the translational energies

of phen or bpy, did occur, the counter anions remained in of the ions to which the water is added, to thermal or nearly

the outer sphere, interacting with the remaining phen and thermal value§31]. In the present case, the water adds to the

bpy ligands[16]. In the present case, the formation of the fragmentions [RU([12]aneS)CI]* and [RU' ([12]aneQ)F]*

[Ru'([12]aneS)CI]* and [RY' ([12]aneS)F]* ions fromthe  which constitutes evidence of the predominance of the NN

ion pairs with the chloride and fluoride ions, respectively, ligand loss from the ion pairs.

probably involves transfer of the chloride and fluoride ions Indirect evidence for coordination of halogen anions di-

from the outer sphere to the inner sphere. A direct coor- rectly to the metal, is obtained from tAel NMR spectra of

dination of the halogen anions to the metal is expected to the [RU' ([12]aneQ)(NN)]X 2 complexe$8]. Broad lines for

be stronger than the ion—dipole interaction between an outerthe aromatic protons closest to the ruthenium and for the thi-

sphere anion and the ligands. acrown methylene protons suggest that chemical exchange
The addition of one water molecule to the [Ru  occurs, probably with Ru-donor atom bond cleavage, to re-

([12]aneg)Cl* and [RU'([12]aneS)F]* with formation lieve steric crowding at the ruthenium cenggg. If a similar

of the m/z 395, [RU'([12]aneS)CI(H20)]* and m/z 379 process occurs in the gas-phase, incipient coordination of

[Ru" ([12]aneS)F(H,0)]* ions with a coordination num-  relatively small ions such asF or even Cf, to the metal

ber of 6, reinforces the latter assumption. Addition of wa- centre is possible. A subsequent loss of the diimine will give

ter to precursor ions in collision-induced experiments, in a the [RU' ([12]aneS)Cl]* and [RY' ([12]aneS)F]* ions.

hexapole collision cell, with argon, has been repof&], The formation of the [RU([12]aneS)(NN)]F* ion pairs,

the source of the associated water being, either the back-as the only fragment ions, in the collision-induced dissoci-
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Scheme 2.

ation of the{[Ru" ([12]aneS)(NN)]PFs}* ion pairs, rein-
forces the proposal of direct coordination of fluoride and
chloride anions to the metal. The ion pairs with thesPF
counter ion fragment only through losses ofsPthe Pk~
counter ion, like the CI@™ [16] being too bulky for incip-
ient coordination. Formation of ion pairs with fluoride, was
observed under fast atom bombardment (FA4),43] and

R.A. Izquierdo et al. / International Journal of Mass Spectrometry 243 (2005) 257-268

atom of the lost moiety, or to the NN ligand, thus possessing
a ruthenium centre with a formal dipositive charge. The
exceptions are the [Ri[12]aneS-4CH,CHy)(NN-H)]*
ions (sedfable 2andFig. 3B and C) and the [RI([12]aneS-
H-3CH,CH,-S)(NN)]" when formed in the gas-phase from
the [RU'([12]aneS)(NN)]?* ions, as the corresponding
charged moiety of the thiacrown was not detected in the
MS/MS spectra.

The [RU'([12]aneS-4CH,CH,)(NN-H)]* ions are
formed from the ion pairs with the chloride and fluoride
ions, for complexesl-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 FA3] and MALDI [44],
for [Ru' (bpy)]X2 and [O4 (bpy)]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 artho-metallated complex
through metal-carbon bond formation, was proposed to
explain this los§44]. Such a mechanism cannot be applied
to compounds3—7, all of them having rigid, delocalised,

both laser desorption (LD) and matrix assisted laser desorp-w systems. Thus, we propose that the formation of the

tion (MALDI), for metal complexes, with P& as counter
ions[44].
Losses of HX (X = anion) from the corresponding ion pairs

[Ru'([12]aneS-4CH,CH)(NN-H)]* ions occurs via a
radical hydrogen loss plus one electron (possibly from
the collision gas) reduction. The same may apply for the

of several metal complexes have been reported as occurformation of the [Ril ([12]aneG-H-3CH,CH,-S)(NN)] in

ring in collision-induced process¢30,45] In the present
case, formation of the [Ri([12]aneS-H)(NN)]* ions is ob-
served, in the collision-induced decomposition of the ion

the gas-phase from the [R(j12]aneS)(NN)]%* ions.
Ethene losses from the crown occur without changes of
the overall charge, for both the doubly and singly charged

pairs with the chloride and fluoride ions, only for compounds ions. The elimination of ethene molecules is triggeredrby

9-11. The [RU'([12]aneS-H)(NN)]* ions Scheme P are

backbonding of the rutheniumgelectrons te" antibonding

formed through abstraction, by the counter ion, of one of C-S orbitals[49-51]

the acidic methylene protons of the thiacrown, with crown

There is a marked difference in the gas-phase behaviour

opening and formation of a thienolate ion with conservation of the [RU' ([12]aneS)(NN)]X > complexes when compared
of the charge of the ruthenium centre. The steric crowding to the gas-phase behaviour of the [RIi([9]aneS)(NN)]X

in this type of ions is still considerable, hence their higher complexes[9]. For the latter, two diagnostic ions, cor-
abundance at lower cone voltages, and their formation un-responding to the pentacoordinated ruthenium species,

der collision activation only for the complex&s-11, with
more flexible ligands. Further thiacrown fragmentation ei-
ther through the breaking of the more straineeR8 bonds

or through cleavage of otherS bonds leads to ions such as
[Ru'([12]aneS-H-CH,CH,)(NN)]* and [RU'([12]aneS-
H-CH,CH,-SCH,CH,)(NN)]*, as can be observed in the
collision-induced spectra of the [R(12]aneS-H)(NN)]*
ions inFig. 4.

[RuU'" ([9]aneS-H-CH.CH,)(NN)]* and [RU'([9]aneS-H-
2CH,CHy)(NN)]*, are formed for a wide range of cone
voltages and the loss of the diimine is either not observed
or originates ions with very weak signals. Moreover, for
the [RU' CI([9]ane$)(NN)]X complexes, the diagnostic ions
were even observed when the NN ligands were terpyridine
and trispyrazolylmethane, potential tridentate ligands, act-
ing as bidentate. For all the complexes with [Q]anéise

Reduction of the metal centre was observed for metal fragment ions are formed through losses from the crown,

complexes either in the electrospray souf@] or during
collision-induced processe§l19,20,24,25] and unusual

by abstraction of an acidic methylene proton by the chlo-
ride ligand, plus losses of ethene molecules, througs C

charge states were observed in high-energy collision pro-bond cleavages. Although, as it has been described above,
cessed47]. In the present case, the great majority of the the same type of processes occurs for the complexes with
singly charged species (not including the ion pairs and the [12]aneg, for the latter, diimine loss also occurs, either as
fragment ions with an associated fluoride or chloride anion) an in-source process (for a range of cone voltages) or in low
can be rationalized as having a thienolate type structure.energy collision-induced processes.

These ions may be formed through a migration of a methy-  X-ray single crystal data for both groups of complexes
lene proton from the crown to the solvent, to the sulphur show that they have distorted octahedral structures, the
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[12]aneg complexes being more distorted than the cor- solution of the compound [Ridpk)(COXCl,] in the dark,
responding [9]aneScomplexes. For instance, for the lig-  resulted in the addition of methanol to the coordinated dpk,
and phen, the angles formed by the two equatorial sulphurwith formation of a deprotonated ketal, the methoxydi(2-

atoms and the ruthenium centregsirRU-Squai are 87.7 pyridyl)methoxide[55]. We are currently pursuing our stud-
and 104.1, for the complexes with the [9]lang&nd the ies on this subject.

[12]aneg crowns, respectively. The differences between the
angles formed by the atoms at opposite axial positions and

the ruthenium centre are also significant;$Ru—Cl 178.8 5. Conclusions
and Syja—RuU—Sxial 105.F. The angles formed by the metal
centre and the two nitrogen atoms, N—Ru—N, are 78&rgl For the [RL!II ([12]aneS)(NN)]X 2 complexes studied, thi-

79.6", respectively7,8]. Although extrapolations fromsolid-  5.qwn fragmentation and diimine loss are the two major

phase, where we have to consider the overall packing arrangeyy nes of gas-phase decomposition processes. The ions formed
ment, counterions included, to gas-phase, where there may b o gh diimine losses are more abundant for the complexes
changes in the coordination environmgs], mustbe done \\ith the more flexible cross-bridged ligands, compounds
with caution, the increase of steric strain from the [9]aneS 9-11, and less abundant for the complexes with rigid de-
to the [12]anezcomplexes, plus the absence of anegatively |ocglisedn systems, compounds-8. Diimine loss occurs

charged ligand in the inner sphere of the [12]aneBm-  stly from the ion pairs with chloride and fluoride anions
plexes, are the probable causes of the dissimilar gas-phasgith probable coordination of the anions to the ruthenium
behaviour of both groups of complexes. centre. Conservation of the formal oxidation number of the

An interesting similarity between the two groups (etal centre is a predominant feature.
of complexes is the formation of identical ions

[Ru'"'S,SCHCH(NN)]* for both the [12]ane$ and the
[9]aneS complexes, as can be seelfrig. 5. A square pirami-

dal geometry with a pentacoordinated rutheni@oi{eme 1L

has been proposed for the [RSp,SCHCH(NN)]* ion
[40]. Square piramidal ruthenium(ll) species, although
not common, have been known since Id&8] and, more
recently, ruthenium(ll) porphyrin complexes with carbonyl
axial ligands have been studied by mass spectrometry
[54]. The observed collision-induced losses, from the
[Ru" S,(SCHCH)(NN)]* ion, of S-CH=CH,, HS and
2HS (Fig. 5), will originate the species [RiS(NN)]*, References
[RU"S(S=C=CH,)(NN)]* and [Rd'(S-C=CH)(NN)]",
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