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The coupling of mass spectrometry with ionization techni-
ques like electrospray ionization (ESI) or matrix-assisted matrix-
assisted laser desorption-ionization (MALDI) offers many
advantages overother well-established spectroscopic techniques
employed for the investigation of intermediates or short-lived
species in condensed-phase. In this review we describe some of
the applications of mass spectrometry, in particular of ESI-MS to
the detection and characterization of high-valent metal-oxo,
-peroxo and -peroxy derivatives, crucial intermediates in the
oxyfunctionalization of organic substrates. In addition, by
utilizing gas-phase ion-molecule reactions and MS/MS experi-
ments, information on the intrinsic reactivity of the short-lived
intermediates may be obtained. The combined use of ESI-MS in
association with other spectroscopic techniques and theoretical
calculations is discussed as well. # 2006 Wiley Periodicals,
Inc., Mass Spec Rev 25:724–740, 2006
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oxo; metal-peroxo; metal-peroxy; mass spectrometry; ESI;
MALDI

I. INTRODUCTION

From its introduction in the mid-1980s, largely by Fenn and co-
workers (Aleksandrov et al., 1984; Yamashita & Fenn, 1984),
electrospray ionization mass spectrometry (ESI-MS) has been
used to investigate a wide range of compounds including
proteins, nucleotides, fullerenes, synthetic polymers, inorganic
and transition-metal complexes (Fenn et al., 1990; Cole, 1997).
Applications of ESI-MS to inorganic and organometallic
chemistry have been discussed in two major and comprehensive
reviews (Colton, D’Agostino, & Traeger, 1995; Henderson,
Nicholson, & McCaffrey, 1998), together with others of more
limited scope (Traeger & Colton, 1998; Henderson & Evans,
1999; Traeger, 2000; Plattner, 2001, 2003). Of particular interest
are the accounts dealing with the identification and speciation of
the short-lived intermediates of important catalytic cycles,
formed in solution and transferred into the gas-phase by

electrospray ionization. In this frame, ESI-MS is emerging as a
diagnostic technique, which provides a powerful alternative to
low-temperature NMR spectroscopy (Bonchio et al., 1999).
Analytical applications of ESI-MS to transition-metal chemistry
may be broadly divided into two categories: (i) the mass
spectrometric characterization of well-defined species originally
present in solution and transferred in the gas-phase, and (ii) the
identification of transition-metal intermediates playing a crucial
role in selected reactions, that is, oxidation, C–H activation, or
olefin oligomerization, often in combination with other spectro-
scopic techniques like NMR, IR, UV-vis, and theoretical
calculations (Conte & Bortolini, 2006).

Central to the field of homogeneous catalysis is the
discovery that transition-metal systems are able to mediate
organic reactions with high efficiency and selectivity. As far as
oxyfunctionalization reactions of organic and inorganic sub-
strates are concerned, these may be selectively achieved,
generally in mild conditions with good yields, by means of
oxidation reactions carried out by organic peracids (RCO–OOH),
hydrogen peroxide H2O2, and alkyl hydroperoxides (ROOH),
although only organic peracids are of synthetic interest because
of their much higher reactivity in comparison with that of other
peroxidic species. H2O2 and alkyl hydroperoxides are, in fact,
quiteweak oxidants, so to be synthetically attractive, they need to
be activated. The most used catalysts are derivatives of some
transition, metal ions, being the species included in the 4–7
groups, that is, Ti, V, Cr, Mo, W, and Re, very active (Conte &
Bortolini, 2006). The accepted mechanistic scheme for metal-
catalyzed oxidationswith peroxides is sketched in Scheme 1. The
features of the active oxidant depend on the nature of the oxygen
donor and on its interaction with the metal precursor. In several
examples, high-valent peroxometal species have been recog-
nized as competent intermediates.

As far as the structure of the active complexes is concerned,
both in the solid state and/or in solution, several pieces of
evidence indicate that most of them share a h2 triangular
arrangement of the peroxo moiety around the metal center
(Scheme 2). It has to be noted that coordination to the metal
center of more than one peroxidic moiety is also possible. O2

2�

ligand can bind twometals in bimetallic m-peroxo complexes in a
variety of coordination modes.

In contrast, for other catalysts, likemanganese or chromium,
an oxo-metal species regulates the oxidation in the place of a
peroxide functionality (Adam et al., 2002).
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In this review, we will describe some of the applications of
mass spectrometry, in particular of ESI-MS to the detection and
characterization of high-valent metal-oxo, -peroxo, and -peroxy
derivatives, crucial intermediates in the oxyfunctionalization of
organic substrates. In addition, by utilizing gas-phase ion-
molecule reactions and MS/MS experiments (Busch, Glish, &
McLuckey, 1988) including collision-induced dissociations,
information on the intrinsic reactivity of the short-lived
intermediates may be obtained. The combined use of ESI-MS
in association with other spectroscopic techniques and theore-
tical calculations will be discussed as well.

II. METAL-PEROXO

The case of vanadium peroxo derivatives is very instructive, in
fact with this metal, the combined use of ESI-MS and 51V-NMR,
with the additional support of ab initio calculations, has been
demonstrated as a powerful tool for obtaining direct information
on the structure and the chemistry of the diverse peroxovanadates
formed in solutions upon addition of hydrogen peroxide to
appropriate vanadium precursors (Bortolini et al., 1998, 1999,
2003; Conte et al., 2000; Bonchio et al., 2001a).

Vanadium (V) in aqueous solution is present as different
vanadates species depending on pH and reduction potential
(Crans et al., 2004). The ESI-MS analysis of vanadates solutions
was conducted in mixed water–alcohol solvent, both in positive-
(Bortolini et al., 1998; Walanda et al., 1999) and negative-ion
mode (Bonchio et al., 2001b), thus mimicking acid and basic
medium conditions (Cole, 1997). As far asmonomeric cations are
concerned, species such as [OV(OX)3H]

þ, with X¼H or
CH3, were identified even though the most abundant peaks could

be associated to dimeric species [OV–O–VO(OH)4H]
þ and

[OV–O–VO(OCH3)3(H2O)(OH)H]
þ. In negative-ion mode,

where species formed are likely those found in neutral and basic
media, primarilymonomeric vanadiumoxyanionswere observed:
[VO2(OY)2]

� (Y¼H, alkyl group) (Bortolini & Conte, 2005). In
the presence of hydrogen peroxide, depending on the ratio V/
peroxide and on pHvalue, diverse peroxo vanadates are formed in
solutions and have been investigated. (Bortolini et al., 1998, 1999,
2003; Conte et al., 2000; Bonchio et al., 2001a,b). The first
equilibrium depicted in Scheme 3 has been carefully analyzed
with positive-ion mode mass spectra of acid H2O/CH3OH
solutions containing equimolar amount of vanadium precursor
and hydrogen peroxide. Most of the peaks identified in the
spectrum (Bortolini & Conte, 2005) correspond to monoperoxo
derivatives [OV(O2)(H2O)m(MeOH)n]

þ bearing dissimilar coor-
dination sphere composition (m, n¼ 0–4) that is [OV(O)2]

þ m/z
99, [OV(O)2(H2O)]

þ m/z 117, [OV(O)2(MeOH)]þ m/z 131,
[OV(O)2(H2O)2]

þ m/z 135, [OV(O)2(H2O)(MeOH)]þ m/z 147.
Very interesting is the observation that in the spectrum, there is
still the presence of the ionic species atm/z 83, identified asVO2

þ.
This experimental evidence indicates VO2

þ as precursor for the
formation of peroxo derivatives, according to Equation (1) in
Scheme 3.

Monoperoxo species with one solvent molecule coordinated
to vanadium are the most abundant ions observed. If these ions,
upon isolation in the ion trap, are allowed to interact with neutral
solventmolecules, that is,water ormethanol, in lowpressure con-
dition, the reactions observed are: (i) exchange, in the coordina-
tion sphere, between water and methanol; (ii) coordination of a
second molecule of solvent (Bortolini et al., 1998), (Scheme 4).

These findings clearly demonstrate that substitution ofwater
molecules with methanol and vice versa in the coordination
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sphere of monoperoxo vanadium complexes is a conceivable and
detectable process in gas-phase. Its viability in solution has been
verified with 51V NMR spectra (Bortolini et al., 1998). Such
exchange processes between water and methanol have also been
studied by ab initio calculations carried out on addition reactions
to the ‘‘naked’’ ion [OV(O)2]

þ of either H2O or MeOHmolecule
(Bortolini et al., 1998).

Monoperoxo vanadium species have been also invoked as
active intermediate in functional mimicking system for vana-
dium-dependent bromo-peroxidases enzymes (Bortolini &
Conte, 2005 and refs cited therein), in particular, in a
vanadium-based two-phase procedure for bromination and
oxybromination of aromatic and unsaturated organic substrates
(Bortolini et al., 2003 and refs cited therein). In such a system, an
intermediate of the type [OV(OH)(OBr)(H2O)n]

þ, derived from
oxidation of bromide by a monoperoxo vanadium complex, was
postulated. To gain direct verification on the occurrence,
composition, and structure of such ‘‘bromine equivalent’’
intermediate, the V/H2O2/H

þ system was further investigated

by ESI-MS analysis, using a mixed water–methanol infusion
solvent (Bortolini et al., 2003). The addition of Br�, to the
previous mixture, produced major changes into the positive-ion
mode mass spectra, which basically consisted of
[OV(O2)(H2O)m(MeOH)n]

þ ions. Indeed, formation of new
vanadium species containing a single bromine atom was
observed. On the basis of isotopic cluster analysis and MSn

spectra, the formal structure of those species has been anticipated
as indicated below in Scheme 5.

The spectrometric evidence obtained was of fundamental
importance for supporting, together with theoretical calculation
and experimental studies, the formation of the V-containing
bromine equivalent species in the catalytic cycle cited above
(Bortolini et al., 2003).

Monoperoxo derivatives were also analyzed in negative-ion
mode. As already indicated above, in ‘‘alkaline medium’’ and in
the absence of hydrogen peroxide, V(V) exists primarily as
monomeric oxyanions (VO4

3�, HVO4
2�, H2VO4

�). The nega-
tive-ion mode mass spectrum, observed after the addition of
H2O2 (equimolar to V(V)) and obtained in H2O–PriOH as
infusion solvent, showed the presence of two ionic species
centered at m/z 201 and 217. The first one corresponds to
[O2V(OPr

i)2]
�, whereas the second peak was attributed to the

monoperoxo complex [OV(O2)(OPr
i)2]

� with the help of MS2

and 17O labeling experiments, (Scheme 6).
Very interestingly, the MS2 spectra, obtained upon selection

of the [OV(O2)(OPr
i)2]

� species, showed a fragmentation pattern
mainly consisting of a 58-Da fragment expulsion,which formally
corresponds to the release of C3H6O, that is, an acetonemolecule.
Monoperoxo vanadium compounds are in fact known to oxidize
primary and secondary alcohols to carbonyl derivatives with the
parallel reduction of molecular oxygen to H2O2 (Bonchio et al.,
2001b). In the specific case, ESI-MS spectra directly observe the
oxidation of PriOH to acetone in agreementwith literature reports
(Bonchio et al., 2000).

According to the equilibria reported in Scheme 3, the in-
crease of the concentration of hydrogen peroxide, as well as the
increase of pH, causes the formation of diperoxovanadates. These
complexes have thus been studied by using ESI-MS in negative-
ion detection mode. The spectra obtained show that most of the
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observed peaks can be easily ascribed to V(V) diperoxo
compounds containing water and/or alcohol solvent molecules
in the coordination sphere [OV(O2)2(H2O)m(ROH)n]

�. Interest-
ingly, the naked ion [OV(O2)2]

� appears to be the most abundant
ionic species in agreement with speciation data obtained in
solution (Andersson et al., 2000). When this ion is mass selected
and submitted to collision-induced fragmentation (MS2), the
decomposition of both peroxo bridges is observed (32-Da loss)
with formation of vanadate or solvent containing vanadate ions
[VO3(H2O)m(ROH)n]

�. Coordination of one or two ligands (L)
either solvent molecules (H2O, ROH) or specific molecules like
histidine, pyridine etc., to [OV(O2)2]

� is a favorable process
observed both in solution and in gas-phase (Bortolini et al., 1999;
Andersson et al., 2000; Conte et al., 2000). Of particular interest,
in this context, are the studies carried out by ESI-MS on the
coordination of histidine and histidine-like ligands to the diperoxo
derivative, (Scheme 7).

Nitrogen-containing ligands bind vanadium peroxo deriva-
tives with a known and facile process. Furthermore, the choice of
the ligands indicated in Scheme 7 has been recommended on the
basis of the structure of vanadium-containing haloperoxidases
enzymes which present histidine residues coordinated to the
metal through imidazole N-epsilon aromatic nitrogen
(Messerschmidt, Prade, & Wever, 1997). Coordination of one
or two ligands to the metal center has been observed and
the corresponding peroxidic species [VO(O2)2L]

� and
[VO(O2)2L2]

� species have been characterized. In particular,
with MS2 experiments, specific fragmentations of the peroxidic
moiety were distinguished as a function of the nature and the
number of the ligands, see Scheme 7. In particular, the vanadium
diperoxo compounds containing one heteroligand in the

coordination sphere generally release a 32-Da fragment via
decomposition of both peroxidic bridges, on the other hand, in the
presence of two ligands, expulsion of a 34-Da fragment is
observed when a free carboxylic function is present in the
framework of the ligand itself. These peculiar fragmentations
allowed, inter alia, to obtain further evidence on the occurrence
of the protonation of the peroxidic moiety as a crucial step in the
activation of vanadium peroxo compounds (Bortolini et al.,
1999). This step has biochemical implication in the reactivity of
vanadium haloperoxidases enzymes. In fact, by using 17O-NMR
and enriched 17O-H2O2, signals ascribable to a hydroperoxidic
form of Ascophillum nodosum bromoperoxidase enzyme have
been detected (C̆sny et al., 2000).

The step-by-step addition of H2O2 (�50 equivalents with
respect to V(V)) progressively converts the diperoxo species into
the triperoxo derivative, according to Equation (3) in Scheme 3.
The negative-ion mode ESI mass spectra of solutions containing
large excess of hydrogen peroxide (from 50 to 200) in PriOH-
0.5 mol/L H2O, are characterized by the presence of two major
ions at m/z 131 and 147, respectively. Less intense, but equally
important, ionic species are found at m/z 99, 115, 133, 149, and
165. For relatively low excesses of H2O2 over V(V) (50–150
equivalents), them/z 131 ion, corresponding to the oxo-diperoxo
derivative (Bortolini et al., 1999), is dominant; however, a
progressive overtake performed by the species centered at m/z
147 is observed as the hydrogen peroxide concentration is
increased. By analogy with previous studies, carried out using
either ethanol or PriOH as mobile phases, the system under
investigation was studied in both alcoholic solvents showing no
significant dependence from the carrier. The peroxidic species
were identified on the basis of labeling experiments and MSn

SCHEME 5.

SCHEME 6.

CHARACTERIZATION OF HIGH-VALENT METAL-OXO, -PEROXO AND -PEROXY INTERMEDIATES &

727



spectra (Bortolini et al., 1998, 1999; Bonchio et al., 2001a).
Among them, the species at m/z 147, identified as the vanadium
triperoxo derivative [V(O2)3]

�, and that at m/z 115, assigned to
the unprecedented dioxo monoperoxo compound [O2V(O2)]

�,
are of particular interest. Labeling experiments were used to
confirm this attribution. As expected, the replacement of water
with H2

17O (ca. 50% isotope content) has no effect on the
triperoxo anion, whereas formation of new peaks at m/z 116 and
117 is observed next to species at m/z 115. In agreement with
literature data (Butler, Claugue, & Meister, 1994), this evidence
indicates a fast exchange of the two oxo oxygens. When the
triperoxo derivative is mass selected within the ion-trap analyzer
and let to decompose by increasingly higher tickling voltages, the
CID decompositions observed are the fragmentations of one and

two of the three peroxidic bridges, thus affording the oxo
diperoxo derivative [OV(O2)2]

� m/z 131 and the dioxo mono-
peroxo derivative [O2V(O2)]

� m/z 115, (Eq. (4) and Eq. (5) of
Scheme 8, respectively) including its water and alcohol contain-
ing homologs [O2V(O2)(ROH)]

�, R=H, Et, Pri. The decomposi-
tion implicating two peroxo moieties is the most favorable
pattern. This fragmentation is also the major decomposition
observed with the oxo diperoxo derivative [OV(O2)2]

�, (Eq. (7) of
Scheme 8). The direct decomposition of both peroxidic bridges,
formally corresponding to the expulsion of an O2 molecule,
Equations (5) and (7), likely occurs through a two-step
mechanism consisting of two subsequent oxygen atom losses.
This figure has been demonstratedwith experiments at increasing
tickling energies.

SCHEME 7.
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Reactions of the bis(2,20-bipyridine) ions [M(bipy)2]
2þwith

O2were investigated forM¼Cr,Mn, Fe, Co, Ni, Cu, Ru, andOs,
with the help of CID in MS/MS/MS experiments (Molina-
Svendsen, Bojesen, & McKenzie, 1998). Doubly-charged di-
oxygen adducts [M(bipy)2O2]

2þ were observed for the Cr, Ru,
and Os derivatives, whereas singly charged species [M(bipy)O2]

þ

were formed in the case of Co and Ni precursors. Except for the
osmium derivative, formal release of O2 was detected upon
collision-induced dissociation experiments, (Scheme 9).

Despite the Os case, where the O–O bond seems to be
broken, with both oxygen atoms independently bound to the
osmiumatom in anoxo fashion,M(IV)-peroxoorM(III)-superoxo
complex ions are the most likely structures for these adducts.

A high-spin, five coordinated peroxo adduct of an ironII–
copperI complex, obtained by reaction of [(6L)FeIICuI](BArF20)
with O2, has been recently characterized with the help of
MALDI-TOF-MS (Ghiladi et al., 2005). Complex 1 is believed to
have a relevant role in understanding the heme-copper dioxygen
reactivity relevant to cytochrome-c oxidase O2-reduction
chemistry. The mass spectra of 1 were obtained by oxygenating
[(6L)FeIICuI]þ with either 16O2 or 18O2 in CH3CN at �408C,
followed by evaporation of the dioxygen adduct directly on the
MALDI sample holder. In both cases, two peaks dominate the
mass spectrum corresponding to ionic species at m/z 1,175 (m/z
1,177 when 18O2 was used) identified as the m-oxo complex
[(6L)FeIII–O–CuII]þ and to an ion at m/z 1,191 (m/z 1,195 when
18O2 was used) assigned to the peroxo derivative 1. A third, least
intense, but isotopically sensitive peak at m/z 1,208 appeared in
the mass spectrum not yet fully identified, but formally corres-
ponding to [(6L)FeIICuI]þ with three additional oxygen atoms.

A six-coordinate bis(m-oxo)nickel(III) complex [Ni2(m-
O)2(Me3-tpa)2]

2þwas synthesized by reaction of the bis-hydroxy
derivative with H2O2. The ESI-MS analysis associated to this
derivative showed the presence of an intense cluster at m/z 913
with the correct isotopic distribution for [Ni2(O)2(Me3-tpa)2
ClO4]

þ (Shiren et al., 2000). No incorporation of 18O was
observed ifH2

18O2was used, thus confirming a rapid exchange of
the oxo groups by 16O from water. Exposure of [Ni2(m-O)2(Me3-
tpa)2]

2þ to large excess of H2O2 promotes the formation of the
unprecedented reported m-superoxo complex [Ni2(m-O2)2(Me3-
tpa)2]

2þ characterized by electrospray ionization as well. The
related mass spectrum did not exhibit a signal at m/z 945
corresponding to [Ni2(m-O2)2(Me3-tpa)2ClO4]

þ but a signal at
m/z 422 corresponding to the monomeric peroxo species
[Ni(O2)(Me3-tpa)]

þ suggesting a disproportionation of the two
coordinated superoxides to dioxygen and peroxide followed
by the O–O bond scission of peroxide giving rise to [Ni2(m-O)2
(Me3-tpa)2]

2þ, according to Scheme 10.

III. METAL-PEROXY

A. Hydroperoxo

ESI-MS has been applied to the identification of the intermediate
‘‘activated bleomycin.’’ The glycopeptide antibiotic bleomycin
(BLM), reported to posses antineoplastic activity presumably
related to its ability to bind iron and activate molecular oxygen
thus forming ‘‘activated bleomycin,’’ has been characterized as a
hydroperoxo–FeIII complex (Sam, Tang, & Peisach, 1994).
Activated BLM may be formed both from FeIIBLM and O2 and
by reacting FeIIIBLM with H2O2. The ESI mass spectrum of the
mixture BLM and FeIII affords, in addition to the signals
ascribable to metal-free BLM, some new peaks identified as the
doubly charged species [FeIIIþBLMþ–2Hþ] at m/z 734.3 and
[FeIIIþBLMþþOH�-Hþ] m/z 743.3. Addition of H2O2 gives
rise to the formation of a new peak at m/z 751.3 proposed as
[FeIIIþBLMþþOOH�-Hþ], likely formulated as ferric per-
oxide BLM-FeIII–OOH, (Eq. (9)). Support to this assumption is
found in a similar ESI experiment conducted in the presence of
H2

18O2 that demonstrates that this specie contains two oxygen
atoms derived from labeled hydrogen peroxide.

ð9Þ

MS/MS spectra obtained both on unlabeled and labeled species
showed that the peroxide O–O bond is labile and may be cleaved

SCHEME 9.
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with loss of OH. When activated bleomycin is produced from
FeIIBLM and O2, again the peak centered at m/z 751.3 is
observed. The peak amplitude is maximal after 10 sec and
disappeared after 2 min. Interestingly, when bleomycin is
activated with PhIO as oxidant, the production of the expected
iron oxene complex O=Fe(V)BLM could not be detected (Sam
et al., 1995). Also monomeric Ru(IV)-oxo species were not
observed during the oxidation of RuIIBLM either with O2, H2O2,
or PhIO (Mouzopoulou et al., 2001). Am-oxoRuIV-BLMdimer is
likely formed in these conditions as suggested by many
spectroscopic evidences, including ESI-MS.

TheFe atom inBLM is believed to be bonded to five nitrogen
atoms and a very simple model of its active site may be obtained
by complexation of Fe with N,N,N0-Tris(2-pyridylmethyl)-
ethane-1,2-diamine ligands L5 (Mialane et al., 1999). Iron
complexes of L5 catalyze the oxidation of alkenes and
polyaromatic compounds by H2O2. The occurrence of a
hydroperoxide form [L5-Fe

III–OOH]2þ upon reaction with
hydrogen peroxide, similar to activated bleomycin, was proposed
by Toftlund using EPR spectroscopy (Bernal et al., 1995) and
confirmed by ESI-MS.

The mass spectrum of methanol solutions of [L5-Fe
IICl]Cl

are characterized by peaks centered atm/z 438, corresponding to
[L5-Fe

IICl]þ. Addition of H2O2 caused the appearance of a new
signal atm/z 218, corresponding to the doubly charged entity [L5-
FeIII–OOH]2þ and typified by a purple color. Upon adding a base,
either aqueous NaOH or Et3N, a blue color appeared, stable for
15 min at room temperature (Simaan et al., 1999). The ESI-MS
spectrum of this solution exhibit a peak at m/z 435 attributed to
[L5-Fe

III–O2]
þ, also on the bases of the isotope pattern. The

structure suggested for this species by Girerd should contain a
peroxo group linked in ah1-or,more likely, in a side-onh2-mode,
(Scheme 2 and Eq. (10)).

ð10Þ
Similar findings were reported also when L5 has R=CH2Py

as substituent (Simaan et al., 2000) and by theMcKenzie’s group
using a mononuclear FeII complex ligated to modified L5-like
ligands, that is, bztpen (Jensen et al., 1999; Hazell et al., 2002).
ESI-MS was used to study the formation of the purple FeIII

hydroperoxide complex and its base-mediated transformation to
the blue FeIII peroxide derivative [Fe(bztpen)(OO)]þ. Collision-
induced dissociation of the [Fe(bztpen)OOH]2þ ionic species
produced ions at m/z 247.6, 239.6, and 194.6, assigned as
depicted in Scheme 11.MS/MS experiments demonstrated as the
ions at m/z 194.6 may be formed through two independent
precursors: (i) the Fe–hydroperoxo complex and (ii) the ferryl
species. In the latter case, an intramolecular oxo transfer from
the ferryl to the dangling benzyl to generate benzaldeyde, via an
oxidative cleavage of the bztpen ligand, seems a plausible route.

By contrast, the CID spectrum of the peroxo derivative
[Fe(bztpen)(OO)]þm/z 511.2 does not show any peak assignable
to the ferryl species FeIV(bztpen)(O). The interesting conclusion
reported by the authors assesses that the facile cleavage of the O–
O bond in the hydroperoxide complex compared with the peroxo
[Fe(bztpen)(OO)]þ derivative, observed inMS/MS experiments,
is in agreement with the higher reactivity showed by the former
complex in solution. Based on similar arguments, Fe hydroper-
oxide species are proposed as precursors of highly oxidizing
ferryl intermediates involved in DNA degradation processes
catalyzed by bleomycin (Hazell et al., 2002).

The first experimental evidence that an iron (III) hydro-
peroxide, active in DNA cleavage, may interact with the DNA
chain was obtained by the Nishida group using ESI-MS
(Kobayashi et al., 2000). The mass spectrometric experiments
were based on a comparison of the interaction of a DNA chain
with FeIII–bleomycin or the binuclear FeIII complex Fe2(HPTP)
Cl4(ClO4). In the latter case, the formation of a signal at
m/z 1,430.6 was observed, assigned to the species [(12-mer)
[Fe2(OH)Cl2(HPTP)]

2þ-5Hþ]3� where the binuclear complex
is possibly bound to the DNA chain at the oxygen atoms of the
phosphoric group. The addition of H2O2 to this solution induced
the disappearance of the signal atm/z 1,430.6 and the formation
of new peaks centered at m/z 1,412.2, shifting at m/z 1,413.4
when H2

18O2 was used, and identified as the DNA-bound
hydroperoxo diiron(III) [(12-mer)[Fe2(HPTP) (HOO

�)]4þ-7Hþ]3�.
The pentadentate ligand 2,6-bis[methoxybis(2-pyridyl)-

methyl]pyridine 2 is capable of stabilizing the FeII center
affording complex 3, catalytically active in the oxidation of
alkanols with hydrogen peroxide (de Vries et al., 1997). The
reaction of 3 with H2O2 was followed by ESI-MS that indicated
the initial oxidation of the FeII ion to FeIII, followed by
coordination of the oxidant to form a hydroperoxo species, as
depicted in Equation (11). Also in this case, an end-on
hydroperoxide structure was proposed, capable to undergo
acid–base equilibria to afford [FeIII–O2]

þ species bound in a
side-on h2-mode, as unequivocally proved by resonance Raman
spectroscopy, (Eq. (11)) (Ho et al., 1999). Protonation of the
peroxo species is essential for alkane hydroxylation.

SCHEME 11.
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Formation of end-on FeIII–OOH species containing a phenol
group was detected for [Fe(Me-enph)Cl]PF6 derivatives in the
presence of H2O2 (Okutsu, Ito, & Nishida, 1999).

Mononuclear non-heme iron complexes have shown to
catalyze alkane hydroxylation as well as olefin epoxidation and
cis-dihydroxylation using H2O2 as oxidant (Costas et al., 2004).
In general, the catalyst have iron(II) centers coordinated to
tetradentate N4 ligands such as TPA 4 andBPMEN 5 that convert
to FeIII forms upon treatment with H2O2. Based on reaction
behavior, these catalysts have a common FeIII–OOH intermedi-
ate whose spin state may be categorized into two classes: class A
catalyst characterized by low-spin FeIII–OOH intermediates and
class B catalysts that afford high-spin FeIII–OOH intermediates
(Fujita, Costas, & Que, 2003)

In the oxidations carried out by class A catalysts, the initial
FeIII–OOH species is converted to a cis-(HO)FeV=O oxidant in a

water-assistedmechanism and the related details are discussed in
section IV. Category B catalysts afford cis-diol products with
both oxygen atoms from H2O2, (Eq. (12)).

Activation of theO–Obond is proposed to occur via an FeIII-
h2–OOH that may isomerize to an oxidant with nucleophilic
preferences (Fujita, Costas, & Que, 2003).

B. Alkylperoxo

Titanium trialkanolamine complexes are very active and
selective catalysts for enantioselective sulfoxidation reaction
(Bonchio et al., 1997, 1999, 2003a). The catalyst precursor is
formed in situ by interaction of titanium(IV) isopropoxide and
enantiopure trialkanolamine ligands. Such tetradentate ligand
binds the metal forming a robust titanatrane core, which
maintains its structure also in hydroxylic solvents or in the
presence of acid. Depending on the relative concentration of
metal and ligand, several polynuclear aggregates may be formed
in solution. By subsequent addition of t-butyl hydroperoxide, all
the pre-catalysts are converted into the mononuclear active
species, as indicated in Equation (13). The nature of the active
alkyl peroxidic species was elucidated by combination of ESI-
MS and conventional low-temperature NMR techniques.

In the absence of TBHP, several species have been identified
on the basis of MS/MS analysis and comparison between the
theoretical and experimental cluster ion peaks. The overall
spectrum shows the presence of several species that can be
originated in equilibria involving mononuclear and polynu-
clear titanium cores (up to three titanium centers) and all the

ð11Þ

ð12Þ
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oxygen-containing nucleophiles present in solution, water
methanol, and trialkanolamine (Bonchio et al., 1997). Some of
these species were also present in the positive-ion ESI mass
spectrum, recorded when TBHP is added in acidic CHCl3
solution, situation which corresponds to catalytic enantioselec-
tive sulfoxidation reaction. Furthermore, when excesses of TBHP
are added, the protonated peroxy complex 6 is completely
identified and characterized (m/z¼ 326 forR=CH3), (seeScheme12)
(Bonchio et al., 1999). In particular, the cluster ion peak
distribution and the related MS/MS analysis are reliable with
the monomeric nature of the alkylperoxo species. The fragmen-
tation pattern observed is consistent with the breaking of the
O–But bond (Mþ-C4H8) and of the peroxidic O–O bond
(Mþ-C4H8O). This latter decomposition is also consistent with
the O–O bond scission proposed as key step in the sulfoxidation
reaction.

Interestingly, subsequent ESI-MS studies have been used to
obtain evidence concerning the coordination of sulfoxides to the
active titanium monomeric alkylperoxidic species 6 (Bonchio
et al., 2003a). In the following Equation (14) are collected the
main figures obtained with CID experiments, which elucidated
the ‘‘strong’’ coordination of the sulfoxidemoiety to the titanium
core.)

ESI-MS has been used in the characterization of a transient
blue species that has been shown to oxidize alcohols and is

proposed to be involved in the oxidation of alkanes in
[FeIII2O(TPA)2]

4þ/ButOOH systems. The reaction of [Fe2O
(TPA)2(H2O)(ClO4)](ClO4)3 with an excess of benzyl alcohol
affords a mononuclear complex 7 formulated as [Fe(TPA)
(OCH2Ph)(ROH)](ClO4)2 (R=H, CH2Ph). Addition of
ButOOH to 7 produced a blue intermediated 8 that has been
identified with the help of ESI-MS (Kim et al., 1996). The mass
values of m/z 542, 534, and 452, respectively and isotope
distribution patterns formulate 8 as an equilibrium mixture of
two species [Fe(TPA)(OOBut)(ROH)](ClO4)2 (R=H, CH2Ph),
with the observed ions derived from the parent ion [Fe(TPA)
(OOBut)(ROH)](ClO4)

þ, according to Scheme 13. TheMS/MS
spectra of the three ions showed loss of the ButOO fragment
and, only for the ion at m/z 452, release of the ButO moiety
corresponding to the homolysis of the FeO–OBut bond, to form
[FeIV(O)(TPA)(OH)]þ ionic species.

Mononuclear [FeIV(O)(TPA)(CH3CN)]
2þ can be obtained by

reaction of its iron (II) precursor with ButOOH in CH3CN and
from [FeII(BPMCN)(OTf)2]/Bu

tOOH in non-coordinating
CH2Cl2 (BPMCN¼N,N0-bis(2-pyridylmethyl)-N,N0-dimethyl-
trans-1,2-diaminocyclohexane) (Jensen et al., 2005). In the latter
case, clear evidence was provided, including ESI-MS, to support
the FeIV-oxo derivative [FeIV(O)(BPMCN)(OTf)]þ m/z 545 as
derived from the alkylhydroperoxo complex [FeIV (BPMCN)(O-
H)(OOBut)(OTf)2], (Scheme 14).

ð13Þ
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IV. METAL-OXO

Metal-salen complexes 9 (metal¼Mn, Cr), introduced by Kochi
et al. (1983) as simplified synthetic models of porphyrin analogs
and modified by Jacobsen (Zhang et al., 1990) and Katsuki (Irie
et al., 1990) through the introduction of a chiral salen catalyst,
represented an efficient breakthrough in the epoxidation of non-
functionalized alkenes with different oxidants at high enantios-
electivity.

A variety of alkenes have, thus, been epoxidized with
simple oxygen donors such as PhIO, NaClO, H2O2, Oxone, and
an optimal enantioselectivity for a given substrate could be
achieved by choosing the proper catalyst and reaction conditions,
(Eq. (15)) (McGarrigle & Gilheany, 2005).

It is generally accepted that Mn- and Cr-salen complexes
catalyze the oxidation of organic substrates through formation of
a high-valent metal-oxo species (salen)M=O. The salient
mechanistic aspects of this epoxidation have been investigated

by many authors. In particular and with the help of mass
spectrometric techniques, Plattner addressed his studies on two
basic points of the mechanism: (i) how is the oxygen transferred
to the metal center achieved and (ii) what are the species
produced upon oxidation (Plattner, 2003). By submitting to
electrospray in situ mixtures of [MnIII(salen)]þ and suitable
oxygen transferring agent, that is, iodosobenzene (PhIO),
formation of oxidized species were observed, corresponding to
the oxo complex [(salen)MnV=O]þ (m/z 337) and the m-oxo-
bridged doubly charged dimer with two terminal PhIO ligands
[PhIO(salen)Mn-O-Mn(salen)OIPh]2þ (m/z 549) (Feichtinger &
Plattner, 1997; Feichtinger & Plattner, 2000). The collision-
induced fragmentation of this latter dimeric ion gives rise to the
decomposition product derivatives of MnIII- and MnV-oxo, (Eq.
(16)). These findings represented the first experimental evidence
for the formation (conproportionation) and decomposition
(disproportionation) of a m-oxo bridged MnIV dimer acting as
reservoir of the catalytically active species involved in the
oxidation reaction (Feichtinger & Plattner, 2001).

½PhIOðsalenÞMn� O�MnðsalenÞOIPh�2þ !
½PhIOðsalenÞMnIII�þ þ ½PhIOðsalenÞMnV ¼ O�þ

ð16Þ

Interestingly, when [PhIO(salen)MnIII]þ species is mass
selected and submitted to MS/MS experiments, formation of
[(salen)MnV =O]þ is observed because of the easy fragmentation
of the O–I bond of the coordinated iodosobenzene, (Eq. (17)).
CID experiments on the oxo complex [PhIO(salen)MnV =O]þ

mainly leads to the loss of iodosobenzene, (Eq. (18)).

½PhIOðsalenÞMnIII�þ ! ½ðsalenÞMnV ¼ O�þ
m=z 541 m=z 337

ð17Þ

SCHEME 13.

ð15Þ
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½PhIOðsalenÞMnV ¼ O�þ ! ½ðsalenÞMnV ¼ O�þ
m=z 557 m=z 337

ð18Þ

The capability of oxo manganese (V) species to transfer
oxygen to suitable organic substrates in the gas phasewas equally
demonstrated by collision experiments. When [(salen)MnV=O]þ

ions are mass selected and submitted to CID experiments with
either Ar orXe collision gases, no fragmentation can be obtained,
(Eq. (19)). However, if the inert gas is replaced with oxygen
acceptors like sulfides or electron-rich olefins, formation of
[(salen)MnIII]þ ions, that is, the reduction product of the
oxidation reaction, is detected, (Eq. (20)), thus indirectly
demonstrating that oxygen transfer to a substrate is taking place.

½ðsalenÞMnV ¼ O�þ �!Ar or Xe ½ðsalenÞMnV ¼ O�þ ð19Þ

½ðsalenÞMnV ¼ O�þ �!Sulfide or olefin ½ðsalenÞMnIII�þ ð20Þ
The effects of various substituents in the 5- and 50-positions

of the salen as well as those pertained to the axial ligands have
been evaluated in detail. Electron-withdrawing substituents on
salen and additional axial ligands decrease the stability thus
enhancing the reactivity of the Mn=O moiety (Plattner et al.,
2000; Feichtinger & Plattner, 2001). The role of axial ligation on
geometry and reactivity of the high-valent oxo complex appeared
quite drastic.

Manganese complexes derived from TMTACN ligands 10
have been found to be highly active catalysts both for low-tempe-
rature bleaching and for the epoxidation of alkenes with hydrogen
peroxide. These derivatives are particularly active also in the
oxidation of azonaphthol dyes and phenols (Gilbert et al., 2004).

The oxidation of phenolic derivatives with H2O2 catalyzed
by [Mn2

IV(m-O)3(TMTACN)2](PF6)2 10 has been investigated by
the use of ESI-MS (Gilbert et al., 1998; Gilbert et al., 2004).
When H2O2 is added to a mixture of 10 and para-methoxy
phenol, as model substrate, two peaks dominate the mass

spectrum atm/z values of 470 and 486, respectively, identified as
[TMTACN-MnIII(5,50-dimethoxy-2,20-bisphenolate)]þ 11 and
the related MnV-oxo derivative 12.

When the reaction is carried out in the presence of H2
18O2,

the signal pertaining to 12 shifted atm/z 488, whereas if H2
18O is

used, no incorporation was observed. These experiments
identified hydrogen peroxide as the source of the oxo-oxygen.
On the basis of ESI-MS and EPR data, a catalytic cycle for the
oxidation of phenols has been proposed in which the key
intermediates were unequivocally characterized by the former
technique, (Scheme 15).

In the oxidation of azonaphthol dyes with H2O2, ESI-MS
investigations provide evidence for the formation and reaction of
TMTACN-MnIV(OH)3 key intermediates (Gilbert et al., 2003).

The addition of carboxylic acids, that is, CCl3COOH, in the
[Mn2

IV(m-O)3(TMTACN)2]
2þ/H2O2 oxidation system enables

the tuning of the catalyst’s selectivity toward cis-dihydroxylation
and epoxidation (de Boer et al., 2005). In this case, ESI-MSput in
evidence 13 as the immediate precursor of the active species.

SCHEME 14.
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As discussed in Section III, Que and co-workers have shown
as FeIII–OOHspecies coordinated to tetradentateN4 ligands such
as TPA 4 and BPMEN 5, key intermediates in cis-dihydroxyla-
tion and epoxidation processes with H2O2, give rise to two
categories of catalysts that is class A and B. For category A, the
initial FeIII–OOH intermediate is converted to a cis-(HO)FeV=O
oxidant in a water-assisted mechanism. Determinant support to
this proposal is the evidence that both the epoxide and the diol
products incorporate 18O from H2

18O, (Eq. (21)) (Quiñonero
et al., 2005).

ESI-MS experiments have been proved to be an excellent
tool for establishing the molecular composition of the transient
species (Kim et al., 1997; Chen et al., 2002). When the precursor
[FeII(TPA)(CH3CN)2](ClO4)2 and H2O2 are introduced into the
mass spectrometer, via a mixing tee, two signals are observed at
m/z 462 and 478 corresponding to [FeIII(TPA)(OH)(ClO4)]

þ and
[FeIII(TPA)(OOH)(ClO4)]

þ, respectively. The hydroperoxo deri-
vative is not affected by the presence of H2

18O and fragments
with formation of ionic species at m/z 445 and 461 in MS/MS
experiments, (Scheme 16).

When the ESI-MS spectra are recorded in the presence of
styrene, new signals are observed atm/z 482, 500, 516, and 582 in
addition to the already described m/z 462 and 478 ionic species.
The most intense peak corresponds to a combination of the FeIII–
OOH intermediate and styrene (m/z 478þ 104¼ 582) that in
principle may be formulated in different ways. The lack of
expulsion of styrene, in the corresponding daughter ion mass
spectrum, supports a tight combination of the alkene and the
peroxide, or more likely the cis-(HO)FeV=O moiety, as in 14.

With similar arguments, the structures of the remaining ions
are proposed as shown in Equation (22) and in structures 15 and
16. Thus, the product diol coordinates to the metal center in the
course of a turnover and is presumably displaced by H2O2 to
initiate the next round of catalysis.

SCHEME 15. P¼ phenol; P_¼ phenol radical

ð21Þ

SCHEME 16.
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High-valent iron-oxo intermediates are frequently invoked
in the catalytic cycles of mononuclear enzymes that activate O2

for important biological oxidations. Que and co-workers have
characterized a family of synthetic complexes that form FeIV=O
intermediates able to activate even the strong C–H bond in
cyclohexane (Rohde et al., 2003). The oxo-iron units are
stabilized by tetraaza ligands N4 as tetramethylcyclam TMC
17, or pentaaza ligands as N4Py 18 and BnTPEN 19.

ESI-MS provides strong evidence to the formation of
FeIV=O intermediates. When the precursor [FeII(TMC)(OTf)2]

is treated with PhIO in CH3CN at �408C, formation of a green
intermediate is observed, characterized by prominent ions at m/z
184.4 and 476.9. The mass and isotopic distribution patterns
correspond to [FeIV(O)(TMC)(NCCH3)]

2þ for the former and
[FeIV(O)(TMC)(OTf)]þ for the latter species. These features
upshift of 2Da. when PhI18O is used and disappear from themass
spectrumupon reactionwith Ph3P (Rohde et al., 2003). Similarly,
when [FeII(N4Py)(CH3CN)](ClO4)2 or [FeII(BnTPEN)(OT-
f)](OTf) are reacted with excess of solid PhIO in CH3CN
formation of [FeIV(O)(N4Py)(ClO4)]

þ m/z 538.0559 and
[FeIV(O)(BnTPEN)(OTf)]þ m/z 644.1227 was detected by
high-resolution ESI-MS (Kaizer et al., 2004).

Availability of ESI-MS has been critical for the recent
successful characterization of bis(m-oxo)dimetal cores [M2-(m-
O2)]

nþ of Fe, Co, Ni, Cu (Que & Tolman, 2002). Of particular
interest is the case of (m-oxo)diiron species, model intermediates
in methane monoxygenase (MMO) processes. A number of
[Fe2

III(O)2(L)2](ClO4)2,whereL are ring-alkylated derivatives 6-
Me-TPA, 6-Me3-TPA (TPA¼ 4), have been synthesized and
submitted to one-electron oxidation. The resulting species is
proposed to have an FeIII–O–FeIV=O structure, derived from the
isomerization of the Fe2(m-O)2 diamond core as shown in
Equation (23), thus demonstrating the accessibility of a terminal
FeIV=O unit in a non-heme environment. ESI-MS was used to
characterize this latter complex and peaks corresponding to
[Fe2(O)2(6-Me3-TPA)2](NO3)(ClO4)

þ m/z 969 and [Fe2(O)2(6-
Me3-TPA)2](ClO4)2

þ m/z 1,006 have been observed (Zheng
et al., 2000). Clusters of positive ions corresponding to the above
ionic species plus a water molecule, m/z 987 and 1,024 are
equally present in the mass spectra, suggesting that the cation
having the FeIII–O–FeIV=O structure is best formulated as
[Fe2(O)2(H2O)(L)2]

3þ, (Eq. (23)).
Several metal-oxo complexes, including MnO4

�
, Cr2O7

2�,
CrO3Cl

�, RuO4

�
, RuO2Cl3

�
and [Ru(TMC)O2]

2þ used as
stoichiometric or catalytic oxidants and involved in several
enzymatic oxidations, have been characterized by ESI-MS (Lau
et al., 1994). The oxidative capability of the latter complex was
demonstrated by studying its reactionwith potassium iodide. The
base peak at m/z 195 characterizing the precursor was shifted at
m/z 196, consistent with the reduction of [RuIV(TMC)O2]

2þ to
[RuIV(TMC)O(H2O)]

2þ, whose formationwas confirmed also by
UV-vis.

cis-Dioxoruthenium complexes [Cn(CF3CO2)Ru
IVO2]ClO4

20 oxidize di-substituted alkynes to 1,2-diketones in good yields,
(Eq. (24), Cn=TMTACN). It has long been postulated that this
oxidations proceed via a putative cyclic intermediate formally
generated by a [3þ 2] cycloaddition; however, the existence of
the cycloadduct was not clearly proved.

ESI-MS was used to prove the occurrence of the postulated
cyclic intermediates, observed during the stoichiometric oxida-

ð22Þ
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tion of alkynes with dioxoruthenium complexes (Che et al.,
2000). When 20 is mixed with an excess of bis(trimethylsilyl)a-
cetylene (R1=R2=Si(Me)3) in CH3CN and submitted to MS
analysis, a single prominent ion cluster is formed at m/z 588,
unequivocally assigned to the cyclic intermediate 21. Similarly,
other alkynes afforded cyclic intermediates of structure 21-like,
together with the presence of mass peak clusters assigned to
[Cn(CF3CO2)Ru

II(CH3CN)2]
þ ions.

V. CONCLUSIONS

In this overview, we have collected and discussed some of the
most important applications of mass spectrometry, in particular
of ESI-MS, to the detection and characterization of reaction
intermediates. The existence of several high-valent metal oxo-, -
peroxo, and -peroxy derivatives, key intermediates in the
oxyfunctionalization of organic substrates, can be probed with
this technique, particularly when the more traditional methods
are inappropriate. The combined use of ESI-MS in association
with other spectroscopic techniques and theoretical calculations
demonstrated to be a powerful tool for the detailed understanding
of the species involved in solution and their reactionmechanisms.
A vast field of possible applications remains unexplored
including the analysis of polyoxometalates, a very important
class of catalyst that are recently achieving a great deal of
attention in oxidation chemistry (Bonchio et al., 2003b;Howarth,
Pettersson, & Andersson, 2001). For this class of aggregate
species, the ESI-MS analysis can be in some cases even simpler
than the NMR one, as it has been indicated for hexatungstate
peroxo derivative (Howarth, Pettersson, & Andersson, 2001). In

the case of highly charged mono-lacunary Keggin-type poly-
oxotungstates a-[XW11O39]

p� (X¼Si, P; p¼ 8, 7), ESI-MS
analysis provided a straightforward tool for the solution
characterization. Double and triple charged quasi-molecular
ion peaks were observe and identified on the basis of theoretical
simulation of the isotopic cluster distributions and fragmentation
modes observed withMS/MS technique (Bonchio et al., 2003b).

ABBREVIATIONS AND ACRONYMS

Bipy bis(2,20-bipyridine)
BLM bleomycin
BnTPEN N-benzyl-N,N0,N0-tris(2-pyridylmethyl)-

1,2-diaminoethane
BPMCN N,N0-bis(2-pyridylmethyl)-N,N0-dimethyl-

trans-1,2-diaminocyclohexane
BPMEN N-N0-dimethyl-N-N0-bis(2-pyridylmethyl)-

1,2-diaminoethane
bztpen N-benzyl-N,N0,N0-tris(2-pyridylmethyl)-

ethane-1,2-diamine
CID collision-induced dissociation
EPR electron paramagnetic resonance
ESI-MS electrospray ionization mass spectrometry
HPTP N,N,N0,N0-tetrakis(2-pyridylmethyl)-1,3-

diamini-2-propanol
IR infrared
MALDI- TOF matrix-assisted laser desorption-ionization-

time-of-flight
Me3-tpa tris(6-methyl-2-pyridylmethyl)amine
MS/MS tandem mass spectra
NMR nuclear magnetic resonance
N4Py N,N-bis(2-pyridylmethyl)-N-bis(2pyridyl)-

methylamine
OTf trifluoromethanesulfonate
salen N,N0-bis(salicylidene)ethyl-enediamine
TBHP ter-butyl hydroperoxide
TMC 1,4,8,11-tetramethyl-1,4,8,11-tetraazacy-

clotetradecane
TMTACN 1,4,7-trimethyl-1,4,7-triazacyclononane
TPA tris(2-pyridylmethyl)amine
UV-vis ultraviolet visible

ð23Þ

ð24Þ
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