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1. Introduction

Among transition metals, vanadium is the second most abun-
dant in the sea water (ca. 30 nM mainly in the soluble form of
NaH,V0O,). Vanadium is also present in soils and fresh water both
as vanadate, V(V), and vanadyl, oxido-V(IV) [1]. This metal is there-
fore available for living organisms, in particular in marine environ-
ment. In fact quite a few enzymes containing vanadium in the
active site are known. Between them, vanadate dependent halo-
peroxidases enzymes, isolated from red and brown algae, catalyze
the oxidation of halide ions by hydrogen peroxide [2] and are
known to play a major role particularly in the biosynthesis of bro-
minated compounds. The catalytic effect is related to the forma-
tion, in the active site, of the enzyme of a peroxido vanadium
species which is a much stronger oxidant in comparison with
H,0,. These peroxido derivatives oxidize the bromide ion to form
a brominating intermediate which then either brominates the or-
ganic substrate or reacts with another bromide ion.

More related to the classical catalytic oxidation reactions is the
knowledge that vanadium peroxides are very effective oxidants of
different organic and inorganic substrates like sulfides, alkenes,
alcohols, aromatic and aliphatic hydrocarbons, halides and sulfur
dioxide, as summarized in Scheme 1 [3].

These reactions either stoichiometric or catalytic, where the
terminal oxidant is normally hydrogen peroxide or an alkylhydrop-
eroxide, are carried out, on average, in mild conditions and associ-
ated to good product yield and selectivity. The enantioselective
version of some of these processes has been also reported [3].
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Scheme 1. Typical oxidation reactions carried out in the presence of vanadium
side-on peroxides complexes. L can be an organic ligand or a solvent molecule.
Stoichiometric, with isolated species, and catalytic, with H,0, as terminal oxidant,
processes are known [3].

Vanadium and vanadium peroxides, in addition, generate a
number of biological and biochemical responses [1,4] and retain
a potential as insulin-enhancing agents in the treatment of human
diabetes of type 2 [1,5].

The number and the nature of peroxidovanadates formed upon
addition of hydrogen peroxide to vanadium precursors depend on
pH, added ligands and relative concentrations of the reagents.
Quite recently we showed that the association of electrospray ion-
ization mass spectrometry (ESI-MS) with >'V NMR spectroscopy
and theoretical calculations can be a valuable tool to obtain a de-
tailed speciation of the V(V)-H,0,-H"-ligand systems [6,7]. The
identification of the vanadium complexes, for a particular experi-
mental condition, is clearly fundamental in order to understand
the mechanisms and products distribution of reactions in which
such species are involved.

All our work carried out in the field of solution characterization
of vanadates and peroxidovanadates is assembled, in a concise
form, in rather recent reviews [7,8] and interested readers are thus
referred there or to the original papers [6,9-12], nevertheless, some
of the main figures in the field will be presented here.

In this short account, dedicated to our involvement in the appli-
cation of vanadium catalysis in organic synthesis, we mainly illus-
trate the peculiar oxidative performance of various V-peroxido
derivatives toward alkenes, alkynes and aromatics. In addition to
the classical epoxidation or hydroxylation reactions, we also call
attention to oxybromination of double and triple bond. On top,
we put on view our, very interesting and more recent, results
achieved by using ionic liquids as new solvents, in place of the clas-
sical chlorinated molecular ones. This aspect attracted our concern,
in order to meet with our systems one of the stringent modern
requirements of “Green Chemistry” [13], i.e. the reduction of the
amount of volatile organic compounds (VOCs) in synthetic innova-
tive procedures.

Finally, some of the mechanistic details of the reactions studied
will be shortly reviewed.

2. Reactivity

The mode of action of V-dependent bromoperoxidases enzymes
(V-BrPO) have stimulated several research groups in searching
for an effective functional model for their reactivity [1,4,14]. Our
contribution in the field dates back to the early 90s of the last
century, when, inspired by the mode of action of such enzymes
see Scheme 2, we developed a synthetic procedure for the bromin-
ation of organic substrates in a two-phase system (H,O/CHCls)
(Scheme 3).

Our proposal derived from the knowledge that the accepted
mode of action of V-BrPOs [4] involves the presence of vanadium
in their active sites; this metal in the presence of hydrogen perox-
ide forms a peroxido vanadium derivatives which oxidizes a bro-
mide ion, thus forming a bromine equivalent intermediate. Such
an intermediate may then either brominate an appropriate organic
substrate or react with another molecule of terminal oxidant thus
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Scheme 2. Simplified description of the mode of action of V(V) dependent haloperoxidases enzymes [2,4,15].
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Scheme 3. V(V) based two-phase system for bromination reactions [16].

causing the decomposition reaction. In spite of the fact that the
two reactions occurs concurrently, the chemoselectivity of the
enzyme catalyzed reactions is very high and thus the yields of bro-
minated products, based on the H,0, consumed is also very high.
This evidence suggests that the formation of the intermediate
and the bromination reaction occur in two different compartments

of the enzymes. In particular the former process should take place
into a hydrophilic portion present nearby the active site of the en-
zyme, whereas the latter reaction should take place into a hydro-
phobic region.

Following this line of reasoning, we have developed a biphasic
procedure (see Scheme 3) where a vanadium precursor, H,0, and
KBr are dissolved in water. In such catalytic phase the formation
of a peroxido vanadium derivative and the oxidation of Br— take
place. The intermediate thus formed is then transferred into the or-
ganic phase, generally a chlorinated solvent i.e. CHCl3 or CH,Cl,,
where the functionalization of the substrate occurs [16,17]. To
note, the process in the aqueous phase requires acid conditions,
likely to permit protonation of the peroxido moiety. Direct evi-
dence on the formation of a hydroperoxido intermediate, however,
have not been obtained.

The results obtained with model aromatic substrates are col-
lated in Table 1. Interestingly, from the synthetic point of view,
even more attractive results were obtained by using Mo-catalysis.

First of all, a clean and cheap oxidant, H,0,, and a sustainable
source of positive bromine, such as KBr, are used in very mild con-
ditions. Moreover the products are easily isolated from the reaction
mixture. In fact they are obtained almost pure following separation

Table 1
Vanadium(V)-catalyzed bromination of aromatic hydrocarbons under two-phase conditions at 25 °C.
Substrate (mmol) Catalyst® (mmol) Source of bromine (mmol) H,0, (mmol) Solvent” Time (h) Conversion (%) Reference
Br
0 — (j
0.2 V(V) (0.2) KBr (1.0) H,0/CHCl3 < 40 [16]
0.2 V(V) (0.2) KBr (1.0) 0.4 H,0/CHCl3 ¢ 50 [16]
o QO\
_—
Br
0.2 V(V) (0.2) KBr (1.0) 0.4 H,0/CHCl; e >98 [16]
04 V(V) (0.2) KBr (0.5) 0.4 H,0/CHCl5¢ 4 35 [17]
04 V(V) (0.2) KBr (0.5) 0.4 H,0/CHCl5¢ 72 48 [17]
[17]
04 Mo(VI) (0.2) KBr (0.5) 0.4 H,0/CHCl5¢ 4 56 [17]
0.4 Mo(VI) (0.2) KBr (0.5) 0.4 H,0/CHCl;¢ 24 68 [17]

3 V(V) as NH4VOs, Mo(VI) as (NH4),Mo0,-2H,0.
> Water adjusted at pH 1 (HCIO,).

¢ Time necessary for the complete disappearance of the substrate, 4-24 h depending on the substrate.

41000 r.p.m.
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Table 2
Vanadium(V)-catalyzed oxybromination vs. bromination of alkenes under two-phase conditions at 25 °C.
Substrate (mmol)  Catalyst * (mmol)  Source of bromine (mmol)  H,0, (mmol)  Solvent® Time (h)  Conversion (%) Relative ratio Reference
(OH, Br)  (Br, Br)
OH Br
N - +
0.2 BrO;—, Br—, H* H,O0/DCM B 99 63 37 [18]
0.2 NBS H,0/DCM B 72 10 90 [18]
0.2 HOBr H,0/DCM D 99 25 75 [18]
0.2 V(V) (0.2) KBr (1.0) 0.2 H,O0/DCM B 79 20 80 [18]
0.4 V(V) (0.2) KBr (0.5) 0.4 H,0/DCM 66 72 94 6 [18]
0.1 V(V) (0.2) KBr (0.5) 0.1 H,0/DCM 24 65 78 22 [19]
0.2 V(V) (0.2) KBr (0.5) 0.2 bmimBF, 2 27 58 42 [19]
0.2 V(V) (0.2) KBr (0.5) 0.2 bmimOTf 2 68 79 21 [19]
0.2 V(V) (0.1) KBr (1.0) 0.2 H,0/bmimPFg 4 96 98 2 [19]
0.2 V(V) (0.1) KBr (1.0) 0.2 H,O/bmimNTf, 6 92 97 3 [19]
0.2 V(V) (0.1) KBr (1.0) 0.2 H,O/bdmimPFs 4 >99 94 6 [19]
0.2 Mo(VI) (0.2) KBr (0.5) 0.4 H,0/CHCl3 24 97 95 5 [17]
0.2 Mo(VI) (0.2) KBr (1.0) 0.2 H,0/bmimPFg 2 99 >99 1 [25]
0.2 Mo(VI) (0.2) KBr (1.0) 0.2 H,O/bmimNTf, 2 96 >99 1 [25]
NN ——— WBF + WBr
OH Br
0.2 V(V) (0.2) KBr (1.0) 0.4 H,0/ CHCl3 ¢ 95 0 100 [16]
0.2 V(V) (0.1) KBr (1.0) 0.2 H,0/DCM 6 76 9 91 [20]
0.2 V(V) (0.2) KBr (1.0) 0.2 H,0/bmimPFg 4 74 87 13 [20]
0.2 V(V) (0.2) KBr (1.0) 0.2 H,O/bmimNTf, 4 70 87 13 [20]
OH Br
NS
—_— +
Br Br
0.2 V(V) (0.2) KBr (1.0) 04 H,0/ CHCl3 ¢ 95 0 100 [16]
0.2 V(V) (0.2) KBr (1.0) 0.2 H,0/DCM ¢ 58 0 100 [18]
0.2 V(V) (0.2) KBr (1.0) 0.2 H,O0/DCM 4 64 10 90 [20]
0.2 V(V) (0.2) KBr (1.0) 0.2 H,0/bmimPFg 1 >99 42 58 [20]
0.2 V(V) (0.1) KBr (1.0) 0.2 H,O/bmimNTf, 1 81 61 39 [20]

2 V(V) as NH4VOs, Mo(VI) as (NH4);Mo04-2H,0.
> Water adjusted at pH 1 (HCIO,4) with V catalysis.
¢ 4-24 h depending on the substrate.

of the two-phases and elimination, after drying with MgSQO,, of the
organic one. On top of this, it has been demonstrated that, upon
addition of more H,0, and substrate, the reaction continues until
complete disappearance of bromide ions.

It is to be said that looking at the system after 15 years, the new
requirements of sustainable chemistry are calling for the substitu-
tion of the chlorinated phase with a less polluting one or, when
possible, to perform the reaction by using the substrate as solvent
itself.

A more mechanistic driven study concerning bromination of
double bonds [18], clearly indicated that an intermediate was
formed in the course of the reaction. To note, the reaction is typi-
cally characterized by a good degree of selectivity toward forma-
tion of the bromohydrin [12]. In that respect, we observed that
the products yields strongly depend on the rate of stirring. In sim-
ilar experimental conditions other classical brominating systems
produce selectively dibromide. There is evidence for substrate
coordination, and more nucleophilic substrates favour the forma-
tion of bromohydrin. Hammett correlations indicate two parallel
processes. On this basis we believe that two intermediates are in-
volved in the process: the first one, a vanadium bound hypobro-
mite ion, responsible for the formation of bromohydrin and the

second one, bromine, in charge of the formation of dibromo
compounds [8]. Further information of the mechanistic and solu-
tion structure studies performed in our system will be discussed
more in detail later in the paper. Some of the synthetic results ob-
tained, in particular with styrene and trans-stilbene are reported in
Table 2. In the same table some more recent results obtained after
substitution of the chlorinated phase with a hydrophobic ionic li-
quid are inserted [19,20].

Ionic liquids (ILs), namely compounds entirely formed by ions
and liquids at temperature below 100 °C, have been recently pro-
posed as sustainable alternative reaction media in consideration
of their peculiar properties, and in particular because their negligi-
ble vapour pressure, stability in a wide range of temperature and
inertness to moisture and oxygen; in addition they can be tailored
for a specific reaction by an accurate selection of a couple of cation
and anion [21-23]. Indeed, several reports in the literature indicate
that the use of this class of ionic solvents cause in several cases
higher reaction rates and better yields and selectivities [24].

In the field of ILs, hydrophilic and hydrophobic labelling [24] is
used to identify ILs which either form a single phase with H,O or
dissolve very small quantity of water, thus forming two-phase
systems.
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In particular we considered 1-methyl-3-butylimidazolium,
bmim, and 1,2-dimethyl-3-butyl-imidazolium, bdmim, cations
with tetrafluoridoborate, BF,, hexafluoridophosphate, PFg, triflate,
OTf, and bistrifluoridomethane-sulfonimide, NTf,, anions. Accord-
ingly, the solvents tested in our reactions were: bmimBF,;, bmi-
mOTf, bmimPFs, bmimNTf,, and bdmimPFs. The first two,
hydrophilic in nature, obviously produced a homogeneous reaction
mixture. However, such reactions, carried out with styrene as mod-
el substrate (see in Table 2) were disappointing in terms of yield
and selectivity even though a shortening of the reaction time was
observed. Therefore the homogeneous approach was abandoned.

On the other hand, the data collected in Table 2 related to the
use of hydrophobic ILs, clearly indicate that with all the substrates
used, the substitution of the chlorinated solvent with an appropri-
ate ionic one results in faster processes and higher selectivity to-
ward the formation of bromohydrins. Very striking is the case of
the oxybromination of 1-octene, the less nucleophilic substrate
used. In that example, the selectivity OH,Br:Br,Br = 9:91 obtained
in DCM is completely reversed both in bmimPFs, and bmimNTf,
reaching a value of 87:13 seldom achievable with other reagents
in such mild conditions.

After these interesting results, a similar procedure was exam-
ined with phenylethyne, as model alkyne [26]. However, bearing
in mind that bromination of a triple bond is expected to be much
more difficult than that of a similar alkene, the more reactive
Mo(VI) catalyst was mainly used [26] even though also V(V) was
tested. Being the process not previously reported, oxybromination
reaction of phenylethyne was first carried out at room temperature
in the H,O/CH,Cl, system (see Table 3).

1939

As hoped, when the reaction is performed in water/bmimPFg, it
is faster and, even more appealing, the selectivity is definitely
shifted toward the dibromoketone. This is a major result, since
a,o-dibromoacetophenone is a key molecule, with antibacterial,
fungicidal and algicidal properties and also it is a valuable interme-
diate for further transformations, for example, to a-haloenolates or
biologically active heterocyclic compounds.

To note, an interesting total yield of products of 70% for vana-
dium and 88% for molybdenum catalysis, was obtained by adding
hydrogen peroxide portion wise, so that its metal catalyzed
decomposition is kept under control.

The mechanistic steps for phenylethyne oxybromination have
been proposed [26] in analogy to what found in alkenes oxybro-
mination [12,19] and will be discussed in the next paragraphs.

More recently, the epoxidation of cyclooctene and oxidation of
tolyl methyl sulfide were chosen as model reactions for testing the
reactivity of some selected vanadium complexes (see Scheme 4 for
structures) [27]. Such species contained ligands based on different
nitrogen/oxygen functional arms to bind vanadium. Both oxido and
dioxido vanadium(V) species, as well as planar and non-planar
vanadium settings were considered. Some of these complexes were
previously prepared [28] to mimic the reactivity of the active site
of vanadium dependent haloperoxidases. For most of the vana-
dium complexes studied the performance as epoxidation catalysts
was not well known, thus, for comparison purposes, epoxidation in
acetonitrile was carried out as well.

The epoxidation reaction was not very efficient in MeCN afford-
ing at the most 53% of the epoxide in 24 h (with complex VO-3).
Interestingly, with the first three complexes a faster reaction was

Table 3
Vanadium(V)-catalyzed oxybromination vs. bromination of phenylethyne under two-phase conditions at 25 °C.
Substrate (mmol) Catalayst* (mmol) KBr(mmol) H,0,(mmol) Solvent® Time (h) Conversion (%) Relative ratio Reference
trans Br, Br  cis Br, Br CO, Br CO, Br,
@ ©)\/Br ©)S @)S/
0.1 V(V) (0.1) 0.5 H,0/DCM 30 39 [20]
0.2 V(V) (0.2) 1.0 0 2 H,0/bmimPFg 4 22 ]6 24 16 43 [20]
0.2 V(V) (0.2) 1.0 0.2° H,O/bmim PFg 24 70 13 15 9 63 [20]
0.8 Mo(VI) (0.4) 0.5 0.8 H,0/DCM 18 42 20 56 20 4 [26]
0.8 Mo(VI) (0.8) 1.0 0.8 H,0/DCM 18 47 11 31 7 51 [26]
0.8 Mo(VI) (0.8) 1.0 0.8 H,0/CHCl3 18 32 11 25 15 49 [26]
0.2 Mo(VI) (0.1) 1.0 0.2 H,0/ 2 32 3 8 43 46 [26]
bmimNTf,
0.2 Mo(VI) (0.1) 1.0 0.2¢ H,O/bmimPFs 6 88 6 9 10 75 [26]

a V(V) as NH4VO3, Mo(VI) as (NH.),M004-2H,0.
> Water adjusted at pH 1 (HCIO,).
¢ H,0, added in two portions.

0
o
/OMe Q CF,SOy i o\\\\,(/
@L =Ny N NS
v X
)\© O/H\Ob NH
o
vO-1 vo-2 vo-3 VO,4
0
Ve g-NH v
N0 v
(L " K@ Ntfo @0/0\0@

VO-6 Vo-7

Scheme 4. Vanadium Catalysts used in the reactions reported in Table 4 [27].
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observed in bmimPFgs; however, at odd with previous works
[19,26], a synthetically interesting improvement of the yields
was not observed. In other hydrophobic ILs studied much lower
yields of COT epoxide were observed. Furthermore, no COT epoxi-
dation was observed in hydrophilic ionic liquids. Other alkenes
(cyclohexene and 1-octene) were much less reactive than COT.

The activity of the vanadium catalysts was also probed towards
other hydrocarbons; with adamantane, cyclohexane and benzene
no formation of oxidized products was observed. Only traces of
phenol were found with VO-6 and large excess of benzene. Such
low activity has been attributed to the simultaneous presence of
competitive reactions: the oxidation of the substrate and the vana-
dium catalyzed decomposition of hydrogen peroxide [30]. Thus,
with not highly reactive substrates low yields of products are ob-
served. In order to verify this hypothesis oxidation of sulfides
was considered. To note, this reaction is interesting both for the
preparation of sulfoxides and sulfones [3], as well as for desulfur-
ization of fuels [31].

V. Conte, B. Floris/Inorganica Chimica Acta 363 (2010) 1935-1946

As expected, with tolyl methyl sulfide, using experimental con-
ditions identical to those used for cyclooctene in bmimPFg, the cat-
alysts were very active [27]. However, the reaction time is still
quite long (ca. 3 h) and sulfone is also formed.

To render this process more appealing, the oxidation was car-
ried out in the presence of microwave activation [32] Consider-
ing that the response of ILs to microwave activation is very
effective, very low power (2 W) was applied in order to limit
the increase of the temperature in the reaction mixture. The
striking results obtained indicate that, in very short reaction
times (seconds in comparison with hours) only formation of sulf-
oxide is observed.

In Table 4 are also mentioned some preliminary, yet disap-
pointing, data obtained in the attempt to extend this approach
also to the hydroxylation of benzene. We analyzed already such
a reaction [33] after the initial work of Mimoun [34] who pub-
lished the synthesis and the reactivity of the vanadium peroxido
picolinato complex VO(O,)pic, which hydroxylates benzene with

Table 4
Vanadium(V)-catalyzed oxidation reactions at 25 °C.
Substrate (mmol) Catalyst (mmol)? H,0, (mmol) Solvent® Time (h) Yield (%) Relative ratio Reference
Epoxidation of cyclooctene
OH
—_— (o) +
OH
Epoxide Diol
0.5 VO-1 0.005 MeCN 24P 7 100 0 [27]
0.5 VO-2 0.005 MeCN 24P 33 100 0 [27]
0.5 VO-3 0.005 MeCN 5 53 100 0 [27]
05 VO,-4 0.005 MeCN 24> 0 [27]
0.5 VO-1 0.005 bmimPFg 50 20 100 0 [27]
0.5 VO-2 0.005 bmimPFg 4> 15 100 0 [27]
05 VO0,-3 0.005 bmimPFg 4P 25 100 0 [27]
0.5 VO-4 0.005 bmimPFg 50 8 100 0 [27]
Oxidation of tolyl methyl sulfide
(0] 0]
I o\\s//
S S ~
_— +
o) SO,
0.5 VO-5 (0.005) 0.5 bmimPFg ca3P >99 90 10 [27]
0.5 VO-1 (0.005) 0.5 bmimPFg ca3P >99 86 4 [27]
05 VO-6 (0.005) 0.5 bmimPFg ca3P >99 92 8 [27]
0.5 VO-7 (0.005) 0.5 bmimPFg ca3P >99 83 7 [27]
1.86 VO-5 (0.0006) 0.125 bmimPFg 0.009¢ >994 100 0 [27]
1.86 VO-1 (0.0006) 0.125 bmimPFg 0.012¢ >99¢ 100 0 [27]
1.86 VO-6 (0.0006) 0.125 bmimPFg 0.013¢ 97¢ 100 0 [27]
1.86 VO-7 (0.0006) 0.125 bmimPFg 0.012¢ >994 100 0 [27]
Hydroxylation of benzene
: : _OH
20 VO(0,)pic (0.048) 0.48 MeCN 8 24 [29]
2 VO(0,)pic (0.048) 0.048 bmimBF, 24 0 [25]
2 VO(0,)pic (0.048) 0.048 bmimOTf 24 0 [25]
2.2 VO(0,)pic (0.04) 1.0 CICH,CH,CI/H,0¢ 6% 4 [25]
22 VO(0,)pic (0.04) 1.0 bmimPFg/H,0° 8¢ 1 [25]
22 VO(0,)pic (0.04) 1.0 bmimNTf,/H,0¢ 8¢ 2 [25]
2 bmimVO0; (0.0048)" 0.0048 bdmimBF, 240 5 [25]
2 VO(0,)pic (0.0048) 0.0048 bdmimBF, 24h 14 [25]

¢ See structures in Scheme 2.

b Complete disappearance of the substrate.
€ With MW activation (power 2 W).

d Based on H,0,.

¢ Water adjusted at pH 1.0 (HCIOy).

f With 0.0048 mmol picolinic acid.

& At 60 °C.

" With the second H,0, batch after first one decomposed without product formation (see text).
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good yields of phenol (up to 70% in stoichiometric conditions in
acetonitrile). Additionally, with an appropriate phase transfer
agents, namely 4-(3-heptyl)-pyridine-2-carboxylic acid, we devel-
oped a two-phase procedure [29] where benzene and substituted
benzenes are hydroxylated to monophenols with fair yields. Con-
sidering that inorganic salts as well as organic compounds are
generally much more soluble in ILs than in molecular solvents
[24], we hoped that hydroxylation of aromatics could take place
in a H,O/ILs system, where the aqueous phase contained V-cata-
lyst and picolinic acid, benzene is dissolved in the IL phase and
a slow addition of hydrogen peroxide would guarantee a better
performance in terms of products formation vs peroxide
decomposition.

Unfortunately, very small amounts of phenol were detected
both in bmimPFg, and bmimNTf,. Also attempts to use hydrophilic
ILs, (bmimBF4 and bmimOTf) failed. The occurrence of a very dif-
ferent reaction mechanism, i.e. a radical one in the case of ben-
zene hydroxylation, may be the reason why such disappointing
results were observed. Trying to verify if this behaviour could
be due to low rate of dissolution of the catalyst of in such media,
we studied the benzene hydroxylation by forming the catalyst
in situ using picolinic acid, hydrogen peroxide and 1-butyl-3-
methylimidazolium vanadate (bmimVOs3), a vanadium salt, pur-
posely prepared, likely more soluble in ILs than simple vanadates.
Moreover, with the scope to limit interaction with the catalyst,
bdmimBF,, a less acidic reaction medium, was used. Unexpect-
edly, after having allowed the decomposition of the initially added
peroxide without product formation, some traces of phenol were
detected after recharging of the reaction mixture with subsequent
portions of H,0,. This bizarre behaviour may be due to a modifi-
cation of the nature of the vanadium catalyst in the ionic environ-
ment. Therefore, making the effort to understand the peculiar
performance in the ionic medium, we have analyzed the spectral
(UV-Vis and >'V NMR) behaviour of vanadium peroxido com-
plexes in ILs [35]. Detail on this aspect are collected in the next
paragraph.

3. Structural studies

Together with reactivity studies a body of research was dedi-
cated to the elucidation of the solution structures of peroxidovana-
dates. To this scope a protocol has been suggested [11] which uses
a combination of multinuclear NMR, ESI-MS spectroscopy and the-
oretical calculations. The majority of the experimental work has
been carried out in aqueous alcoholic solutions, and in some case
also in the presence of appropriate ligands, in order to model some
of the natural conditions where vanadium dependent haloperox-
idase enzymes (VHPO) work.

In the absence of hydrogen peroxide vanadium (V) is present
in aqueous solution as vanadate or vanadate derivatives depend-
ing on pH and reduction potential [4]. The ESI-MS analysis both
in positive [10] and negative [36] ion mode, that may be consid-
ered as an analogous of acid and basic medium conditions [37],
revealed the presence of monomeric and dimeric species, with
different coordination spheres. cis-VO," is reported to be the ma-
jor species in aqueous vanadate solutions at pH 1 [4]. In the
alcoholic conditions used for detection of positive-ions, where a
precise definition of the acidity is not possible species such as
[OV(OX)sH]*, with X=H or CHs, were identified together with
dimeric species [OV-0-VO(OH);H]" and [OV-0-VO(OCH);(-
H,0)(OH)H]*. ESI-MS findings in anionic mode are in agreement
with the knowledge that in neutral and alkaline medium V(V)
exists primarily as monomeric oxyanions (VO,3~, HVO0,>",
H,V0,™) [36].

(‘)‘ + H0, HO (\)\ o * H,0, HO
Ve | =——=— vl AL*
=0 N ~
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o " HO H,0 -0
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oY o \\o
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Eq. (1): Peroxidovanadates formation in aqueous media.

The addition of H,0, to vanadates solutions produces signifi-
cant changes in the ESI spectra, as it could have been anticipated
knowing the peroxide addition equilibria, which in aqueous solu-
tion can be schematically indicated as in Eq. (1) [7].

The positive-ion mode mass spectrum of a methanolic solution
containing equimolar amounts of V(V) and H,0,, at acid pH shows
peaks corresponding to vanadium monoperoxido compounds
[VO(0,)(H,0),(MeOH),,]* with different coordination sphere com-
position (y, w=0-4) [10].

Monoperoxido species with one solvent molecule coordinated
to the metal center are the most abundant ions observed. When
they are isolated within the mass spectrometer and let to react
with neutral water or methanol molecules present within the
instrument, in low pressure condition, exchange between water
and methanol and coordination of a second molecule of solvent
are observed [10]. These gas-phase experiments indicate that, in
the coordination sphere of monoperoxido vanadium complexes,
exchange between water and methanol molecules takes place.
Such processes occurs also in solution, as proved by the >'V NMR
spectra line broadening observed when mixed solvents are em-
ployed [10]. The plausibility of the exchange process between
water and methanol is also supported by ab initio calculations car-
ried out for the addition of H,O or MeOH molecules to the “naked”
ion [VO(0);]" [10]. The maximum stabilization due to complexa-
tion of the aqua ligands is obtained when three molecules are coor-
dinated to vanadium [38]. Further coordination to metal is
characterized by a lower hydration energy that can be associated
to the formation of the second solvation shell.

As indicated in the previous paragraph, peroxido vanadium
complexes are of interest also because they are intermediates in
the catalytic cycle of the haloperoxidase enzymes. The accepted
mechanism for the enzymatic cycle has been proposed on the basis
of two assumptions [4,15]: (i) the oxidation state of the vanadium
is (V) and does not change during the catalytic cycle and (ii) the ha-
lide does not bind directly to the vanadium atom. Several studies
have shown that the important steps in the oxidation of halide
ion, to form the halogenating intermediate, are the addition of
hydrogen peroxide to V(V) in the prostetic group of the enzyme
to produce a peroxido complex and the subsequent protonation
of such an intermediate [4]. The rate-determining step of the reac-
tion is the nucleophilic attack of the halide on the peroxido com-
plex generating a “X* equivalent” able to halogenate the organic
substrate. A number of intermediates (e.g HOX, X5, X3, Ven,—0X)
have been proposed [4]. As well, several groups have proposed var-
ious functional models for such enzymes. In particular, we have
suggested as functional mimicking the vanadium based two-phase
procedure reported in Scheme 3 [16]. Some quite recent studies
[12] showed that in our system the vanadium monoperoxido
derivative is the species in charge of the formation of the “bromine
equivalent” intermediate, the diperoxido species acting just as a
reservoir of the actual oxidant. In order to gain direct evidence
on the occurrence, composition and structure of the postulated
“bromine equivalent” intermediate, the V/H,O,/H" system was
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further investigated by ESI-MS analysis, using a mixed water-alco-
hol infusion solvent [12]. The addition of Br~ produced significant
changes to the positive-ion mode mass spectrometric picture dis-
cussed previously, consisting of [VO(O,)(H,0),(MeOH),]" ions.
Formation of new bromine containing V(V) species is observed,
in particular [VO(OH)(OBr)]*, [VO(OR)(OBr)]* and [VO(OH)(O-
Br)(OH,)]" have been postulated on the basis of isotopic clusters
and MS" spectra. Further support for the formation and stability
of such V-containing “bromine equivalent” was obtained with the-
oretical calculations on the reaction between the monoperoxido
derivative and bromine [12]. Interestingly, the most stable species
are [VO(OH)(OBr)]* and [VO(OH)(OBr)(OH,)]".

In alkaline medium and in the absence of hydrogen peroxide, as
already indicated, V(V) exists primarily as monomeric oxyanions in
agreement with ESI-MS findings [36]. The negative-ion mode mass
spectrum, observed after the addition of equimolar amount of H,0,
to V(V), in H0/2-PrOH as infusion solvent, consists essentially of
two ionic species: i.e. a non peroxidic species [VO,(OPr'),]~, and a
monoperoxido complex [VO(O,)(OPr),]~. Moreover, MS? spectra,
obtained upon selection of [VO(0,)(OPr'),]~ species, consist of a
58 Da fragment expulsion which corresponds to the formal release
of C3HgO, i.e. an acetone molecule. Monoperoxido vanadium com-
pounds are known to mediate the aerobic oxidation of primary
and secondary alcohols to carbonyl derivatives with the parallel
reduction of molecular oxygen to H,0, [11,36,39]. In the specific
case 2-PrOH is in fact oxidized to acetone and thus the release of
acetone from [VO(0,)(OPr'),] ~, observed in gas-phase, may be used
as a direct evidence that such oxidation occurs in the coordination
sphere of the metal.

Formation of anionic vanadium diperoxido compounds, see Eq.
(1), requires higher hydrogen peroxide concentration (H,0,:V > 3)
and higher pH. When such solutions are analyzed by ESI-MS in
negative-ion mode, the majority of the peaks refers to V(V) diper-
oxido compounds [VO(0;),(H,0),(ROH),,]" containing water and
alcohol solvent molecules in the coordination sphere, being the
naked ion [VO(O,),]~ the most abundant one [11]. MS? spectra
on the latter peak showed decomposition of both peroxido bridges
with a 32 Da loss. Ab initio calculations carried out on [VO(0,),]~
indicate that the peroxide groups are parallel each other and per-
pendicular to the oxido oxygen and with the vanadium atom raised
0.5 A out of the plane [7].

Coordination of one or two ligands (L) either solvent or
specific molecules like histidine, pyridine etc., to [VO(0,),]™ is
a feasible process both in solution and in gas-phase [6,11,40].
The stabilization energies obtained by theoretical calculations
for the first coordination are in the range 90-133 K]J/mol,
depending on L, whereas those associated to the second coordi-
nation are lower. Of interest, are the studies carried out by ESI-
MS on the coordination of histidine and histidine-like ligands
to diperoxido derivative. The choice of these molecules is sug-
gested by the fact that haloperoxidases enzymes contain histi-
dine residues coordinated to vanadium [41]. Coordination of
one or two ligands to the metal center has been observed and
the related [VO(O,),L]™ and [VO(0;),L,]~ species have been fully
characterized. In particular, with MS? experiments, specific
fragmentations of the peroxidic moiety were distinguished as a
function of the nature and the number of the ligands. Diperoxido
compounds containing one heteroligand in the coordination
sphere release a 32 Da fragment via decomposition of both per-
oxidic bridges, whereas in the presence of two ligands the expul-
sion of a 34 Da fragment (i.e. formally a molecule of H,0,) is
observed when a carboxylic function is present in the framework
of the ligand itself. This latter peculiar fragmentation appears to
be an evidence on the occurrence of the protonation of the per-
oxido oxygens as a crucial step in the activation of vanadium
peroxido compounds [11]; a step with biochemical implication

in the reactivity of vanadium haloperoxidases enzymes. Indeed
by using '70O-NMR and enriched '70-H,0,, signals likely due to
a hydroperoxidic form of Ascophillum nodosum bromoperoxidase
enzyme have been detected [42].

Further addition of H,0, ( > 50 equivalents) transform the diper-
oxido species into the triperoxido derivative, see last equilibrium of
Eq.(1). By ESI-MS analysis, the occurrence of the species [V(02)s] ™ as
base peak is observed for H,0, excesses higher than 200 equivalents
[43]. Interestingly if the triperoxido derivative is selected and sub-
mitted to collision induced decomposition (MS"), subsequent frag-
mentation of two of the three peroxidic bridges is observed
affording the diperoxido complex [VO(0,);]” and the unprece-
dented reported dioxido monoperoxido species [VO5(0,)]™ [7].

Theoretical calculations have been also carried out aimed to ob-
tain the optimized structures of the vanadium triperoxido complex
and of the dioxido monoperoxido species [7]. Moreover other cal-
culations were performed to analyze the formation of all the per-
oxidic species resulting from a sequence of addition of H,O,,
release of H,O and proton transfer equilibria. Such calculations
showed that the formation of mono and diperoxido species is
favourable processes while the further reaction of protonated
diperoxido vanadates with hydrogen peroxide yielding the triper-
oxido complex is endothermic [7].

Linking these theoretical results to the reactivity, we studied
the oxidation of cyclobutanone to 4-hydroxybutanoic acid with
the above cited triperoxido vanadium compound, in alcohol/water
mixtures, and observed that it does not act as nucleophilic oxidant,
but only as source of HOO™ anion [43]. Our results indeed demon-
strated that the claims on nucleophilic oxidant character of triper-
oxido vanadates is doubtless incorrect [44].

In connection with our reactivity studies in ILs, and in the frame
of an European collaboration, 'V NMR experiments have been per-
formed with the aim to elucidate the nature of vanadates and per-
oxidovanadates in hydrophilic ionic liquids (i.e. bmimBF,,
bmimTfO and bdmimBF,) [35]. Preliminary UV-Vis analysis of
diperoxidovanadate revealed a very strong absorbance enhance-
ment changing the solvent from water to hydrophilic ionic liquid.
To better understand this behaviour similar experiments, analyz-
ing different solution of vanadates and peroxidovanadates from
water up to water/90% IL, were accomplished with >'V NMR. The
general outcome was the shifting and the broadening of the diper-
oxidovanadate peak. Moreover a peak, with a chemical shift not
previously reported, appeared. The relative intensity of this peak
became higher increasing the amount of the IL in the solution
and this behaviour is more pronounced with tetrafluoridoborate
anion, as in the case of UV-Vis spectra.

Without entering too much in the detail of the work, the prin-
cipal result obtained is involvement of BF,~ anion in the formation
of the three typical peaks observed for vanadates solutions in
tetrafluoridoborate based ionic liquids (at —465, —548 and
—612 ppm). This behaviour is probably due to the fact that it acts
as a fluorinating agent [45] in presence of a suitable acceptor, such
as vanadium [46]. Moreover, it is well known [35] that aqueous so-
dium tetrafluoridoborate solutions are acid since hydrolysis occurs
producing HF, therefore the appearance of decavanadate peaks is
expected. On the other hand, it can directly interact with vanadates
producing fluorido containing vanadium species.

HVO2 | V0", Vi05™
51V NMR -560 -577 -586
ppm
IbmimBF,,
V006" fluorido dependent species

5“’;“3“ -422, 503, -521 -465, -548, 612

Pi

Eq. (2): Vanadates in bmimBF, as detected by >'V NMR.
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Ionic liquids containing a more stable anion than tetrafluori-
doborate (viz. triflate), have no particular effect on the spectrum
of aqueous vanadate solutions, except for peak broadening.

On the other hand, ionic liquids seem to have an effect on perox-
idovanadate species, independently of the anion. In fact, while in
water the addition of H,O, produces only one peak, i.e. the diperox-
ido complex, in ionic liquids other peaks are present. Taking into ac-
count the fluorinating ability of tetrafluoridoborate, the most
intense among the secondary peaks that form in the presence of
BF,~ may be seen as diperoxido fluoro vanadate [VO(O,),F]*~
[47], since it appears as a doublet and at lower ppm values than
other diperoxidovanadate species. Time sequence spectra seem to
suggest that this fluorido species is in equilibrium with
diperoxidovanadate.

o} - 0 g
2o llq | bmimeF, /O,,,,U.,\\o\ 2
o \\ O/‘\O

F
-690 ppm -700 ppm

Eq. (3): Di-peroxidovanadates in bmimBF, as detected by 5'V NMR [35].

Concerning the peroxido peaks appearing in ionic liquids other
than bmimBF, (viz. triflate), different anion interactions can be con-
sidered, i.e. coordination, or dimerization of peroxidovanadate spe-
cies, in analogy with what has been observed in acetonitrile [48].
The formation and the low stability of these secondary species
may be the reason for the enhanced peroxide consumption rate.

The analyses performed on the V/H,0,/picolinic acid system,
prove that, in the conditions adopted to carry out benzene hydrox-
ylation, VO(O,)Pic(H,0), forms, as indicated by the peaks around
—600 ppm [49,50]. The addition of further hydrogen peroxide only
seems to increase the amount of diperoxidovanadate. At odd with
other peroxido species, the monoperoxido-picolinate absorption is
not shifted by the addition of ionic liquid. This behaviour is in con-
trast to that in acetonitrile [51]. Indeed VO(0O,)Pic(H,0), in aceto-
nitrile reacts with benzene, while under similar conditions in
bdmimBF, only a small amount of phenol is formed (see Table 4)
[25].

4. Mechanistic studies

From the mechanistic point of view, one of our initial major ef-
forts has been the elucidation of the very complex reaction path-
way, involving radical chain steps, of the direct benzene
hydroxylation carried out in non coordinating solvents by
picolinate V(V) monoperoxido complexes [3,34]. This species, quite
stable in protic solvents, rapidly decomposes in CH3CN, with evo-
lution of molecular oxygen and formation of a yellow insoluble di-
meric complex. When the peroxidic complex is allowed to
decompose in the presence of benzene, phenol is formed in fair
yields at room temperature. The authors proposed that phenol
was directly formed by a radical species generated in the homolitic
cleavage of one metal-peroxido oxygen bond [34].

On the other hand, we have demonstrated, investigating the
reactivity of picolinate peroxido complex in various solvents and
in presence of both one-electron donors and radical traps, that
the active oxidizing species is a vanadium complex resulting from
the monoreduction of the picolinate monoperoxido complex, for-
mally a radical-anion derivative. Such initiation process readily oc-
curs in non coordinating solvents whereas it is almost suppressed
in CH3OH, water or DMF. Assuming that the radical-anion deriva-
tive is the chain carrier, we proposed a rather complex reaction
mechanism (see Scheme 5) which accounted for all the observed

competitive reactions: peroxido complex decomposition, benzene
hydroxylation and dioxygen formation.

In that quite long story, the identification of competent inter-
mediates has been complicated and therefore the reaching of the
results was highly rewarding. The work is indeed quite old, how-
ever the results obtained are still of interest considering the impor-
tance of the direct hydroxylation of aromatic rings, therefore here
we show the mechanistic details (Scheme 5) while we refer inter-
ested readers to the original papers which report the whole studies
both mechanistic and synthetically oriented [29,30,33,52]. More
recently, the attention was devoted to the comprehension of the
mechanistic details of the oxybromination reactions in the two-
phase system, indeed by combining reactivity analysis with spec-
troscopic techniques, mainly >'V NMR [6], we have been able to
identify monoperoxido vanadium complexes as the competent oxi-
dant of bromide ion, while the diperoxido vanadium species likely
acts as a reservoir of the active oxidant. When alkenes are the sub-
strates, two products are usually observed: bromohydrin and
dibromide [12]. Interestingly, the reaction is typically character-
ized by a good degree of selectivity toward formation of the bro-
mohydrin while in similar conditions, other classical brominating
reagents produce selectively dibromide. Moreover, we observed
the dependence of products yields on the rate of stirring, and evi-
dence has been obtained for substrate coordination, as indicated by
the preferential formation of bromohydrin from more nucleophilic
substrates. Interestingly, Hammett correlations indicate two paral-
lel processes, therefore our mechanistic proposal includes two
intermediates: i.e. a vanadium bound hypobromite ion, responsible
for the formation of bromohydrin and the second one, bromine, in
charge of the formation of dibromo compounds (see Scheme 6)
[7,12].

Accordingly, the hypobromite-like species should be directly
involved in the “Br*™” transfer process or, at least, it is one of
the active species in the bromination process [53]. The occur-
rence, during the catalytic cycle, of a similar species where the
equatorial peroxido oxygen is protonated and the Br~ is prone
to coordinate the other peroxidic oxygen has been recently pro-

posed [54].
H o)/ \0
T ho, ,0,
Br, H*
Eq. (4): Adamantylideneadamantane bromination in two-phase conditions [55].

As additional support to the involvement of a V(V) containing
brominating species, we found that in the two-phase oxybromin-
ation reaction with adamantylideneadamantane, a molecule
containing an hindered double bond whose reactivity in stan-
dard bromination ends at the stage of bromiranium ion, salts
of such cation have been isolated and fully characterized (Eq
(4)) [55].

On the basis of the experimental data discussed in the previous
paragraph and also with the aid of ab initio calculations and spec-
trometric data, a mechanistic scheme has been proposed where
bromohydrin and dibromoderivative are obtained through two
parallel pathways, both starting from the hypobromite-like vana-
dium intermediate, generated by the reaction between monoper-
oxido vanadium and bromide ion (see Scheme 7).

Such species can react with another bromide ion to give Br; that
brominates the double bond; otherwise it can react with substrate,
forming a bromiranium intermediate that reacting with a water
molecule belonging to the metal coordination sphere, forms the
bromohydrin.
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Scheme 5. Reaction mechanism scheme for benzene hydroxylation with picolinate V(V) monoperoxido complex.

To render such procedure even more sustainable, the chlori-
nated organic solvents have been replaced with ionic liquids.
When the model reactions have been carried out in hydropho-
bic ionic liquids, better yields and better selectivity towards
bromohydrin were observed. In addition lower amounts of
catalyst, without significant loss in the efficiency, could be
used.

Therefore, provided that our proposed reaction mechanism still
holds in ILs [25], these improvements can be ascribed to the ionic
environment which likely from one side disfavours the transfer of
bromine (in charge of the formation of dibromoderivate) in the
phase where the substrate is dissolved; while, it allows a better
phase transfer of the vanadium containing catalytic active species
from water. Furthermore, the selectivity data strongly support the
idea that in the ionic environment a higher concentration of the ac-
tive species in the IL phase, and a slower escape from the organized
solvent cage, assist the reaction between the bromiranium interme-
diate and a water molecule bound to vanadium. The obvious result is

a more selective and faster formation of bromohydrins. In this re-
spect the data obtained in the reaction with trans-stilbene in molec-
ular solvent, where formation of both stereoisomers of the
halohydrin was observed, suggest that in such media the more sta-
ble carbocation is formed, while formation of bromiranium ion is fa-
voured ILs.

In analogy with the mechanism indicated in Scheme 7, also the
pathways for oxybromination of triple bonds have been sketched
(Scheme 8) [19,25,26].

This mechanistic scheme well explains the experimental re-
sults, in particular also those obtained by using hydrophobic ILs.
In fact, the disfavoured formation of 1,2-dibromostyrene on going
from dichloromethane to bmimPFg can be ascribed to an inhibited
formation of molecular bromine in the latter medium, where the
functionalization of the substrate is likely to occur. Moreover, the
internal structure of IL may help in keeping the reactive species
within the organized solvent cage, thus rendering the reaction
faster.

0 + o} + *

| o | BrHO |Holl _—oH| BrHO |n o\H Ot |, 73]
H20>V<O 2 2 = <0Br H o/\‘//\o + -Br2
H,0" | HO™ |

OH OH, OH,

H,0

Sub(OH)Br

SubBr,

Scheme 6. Competent intermediates involved in the vanadium catalyzed oxybromination reaction in two-phase conditions.
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5. Conclusions

In this short account of our work in the field of vanadium
catalyzed oxidation reactions we intended to demonstrate the
close interconnection existing between reactivity, structural and
mechanistic studies when applied to catalysis. We also hope that
this work will stimulate more readers to enter and possibly
explore the wide range of application of vanadium in chemistry,
which is absolutely not restricted to our small research field
but it spans [2,4] from organic synthesis, biochemical pro-
cesses, medicinal chemistry, to inorganic chemistry, materials
and so on.
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