
S
w

A
a

b

a

A
R
R
A
A

K
C
V
S
5

D

1

o
v
p
i

o
a
t
g
s
a
i
[
a
e
a
i
v
a
t
s

0
h

Catalysis Today 192 (2012) 44– 55

Contents lists available at SciVerse ScienceDirect

Catalysis Today

j ourna l ho me p ag e: www.elsev ier .com/ lo cate /ca t tod

alophen  and  salen  oxo  vanadium  complexes  as  catalysts  of  sulfides  oxidation
ith  H2O2:  Mechanistic  insights

.  Coletti a,  P.  Gallonia,  A.  Sartorelb,  V.  Contea,∗,  B.  Florisa

Dipartimento di Scienze e Tecnologie Chimiche, Università di Roma Tor Vergata, via della Ricerca Scientifica snc, 00133 Roma, Italy
Dipartimento di Scienze Chimiche, Università di Padova, via Marzolo 1, 35131 Padova, Italy

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 8 November 2011
eceived in revised form 5 March 2012
ccepted 8 March 2012
vailable online 26 April 2012

a  b  s  t  r  a  c  t

The  application  of  V(V)  catalysts  in oxidation  of sulfides  with  peroxides  offers  an  efficient  procedure,  that
is  compatible  with  different  functional  groups,  and  leads  to good  yields  and  selectivities.  However,  the
understanding  of  the  factors  affecting  the  reactivity  of different  catalysts  is still  far  to  be  complete.  An
experimental  and  theoretical  study  on  a  series  of V(V)  complexes  containing  variously  substituted  salen
and salophen  ligands  is  reported  with  the  aim  to  correlate  the  activity  of  the  catalysts  with  the  electronic
eywords:
atalytc oxidation
anadium complexes
ubstituent effect
1V NMR

character  of  the  vanadium  center.  The  results  obtained  indicate  that  steric  factors  play  a  major  role  in
determining  the  outcome  of  the  reaction,  often  overcoming  the  electronic  effects.  Theoretical  results
suggest  the  intervention  in  the  catalytic  cycle  of  an  hydroperoxo  vanadium  species.

© 2012 Elsevier B.V. All rights reserved.
FT calculation

. Introduction

Oxidation reactions, and in particular their catalytic versions,
ften represent key processes to transform bulk chemicals into
aluable materials. Millions of tons of such compounds are yearly
roduced worldwide, and find applications in all areas of chemical

ndustries [1].
On the basis of economic and environmental reasons [2,3],

xidation processes with H2O2 are sustainable processes: first of
ll H2O2 is, besides dioxygen, the most appealing oxidant and
he one with the highest “atom efficiency” (47% of active oxy-
en); in addition, aqueous hydrogen peroxide is readily accessible,
afe to use and upon reduction only water is formed [4–7]. Cat-
lytic systems based on different metals have been employed
n conjunction with hydrogen peroxide for oxidation reactions
5]. Vanadium catalyzed oxidations with hydrogen peroxide have
ttracted interest of several research groups because of the inter-
sting properties of this metal in terms of selectivity, reactivity
nd stereoselectivity. In this perspective, these reactions are also
nteresting because of the relationship with the reactivity of
anadium-dependent haloperoxidases (VHPO) enzymes, species

ble to activate hydrogen peroxide for the oxidation of halides,
hus producing halogenated compounds, and for stereoselective
ulfoxidations of appropriate substrates [8–10].

∗ Corresponding author. Tel.: +39 0672594014; fax: +39 0672594328.
E-mail address: valeria.conte@uniroma2.it (V. Conte).

920-5861/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2012.03.032
Peroxovanadium complexes, formed upon interaction of the
metal ion with H2O2, depending on the nature of the ligands coor-
dinated to the metal and on the experimental conditions, can act
either as electrophilic oxygen transfer reagents or as radical oxi-
dants [11]. Typical electrophilic processes are the oxidation of
sulfides and tertiary amines and the epoxidation of allylic alco-
hol or simple alkenes [11–13].  The oxidation of alcohols and
the hydroxylation of aliphatic and aromatic hydrocarbons are
examples of homolytic reactivity [5,12,14]. Several review arti-
cles have appeared recently on vanadium-catalyzed oxidations
[5,15,16].

Additionally, the oxidation of sulfur containing compounds
remains an hot research topic both from a synthetic point of
view [11,17–19] i.e. the preparation of chiral sulfoxides and of
sulfones, as well as considering modern processes for desulfur-
ization of fuels [20]. The removal of sulfur from diesel oil and
gasoline is becoming more and more important, not only to pro-
tect car exhaust catalysts, but also because of the more strict
environment-protecting regulations. Up-to-date, hydrodesulfur-
ization is the method of choice to remove thiols, sulfides, and
disulfides, but with this process it is not possible to efficiently
remove aromatic sulfur-containing compounds, such as dibenzoth-
iophene and 4,6-dimethyldibenzothiophene. To achieve ultra-deep
desulfurization of fuels, oxidation reaction appears to be a promis-

ing procedure [21].

This background prompted us to explore the catalytic activity
of selected vanadium complexes in oxidation reactions starting
from a model sulfide, Ph S CH3, selectively to the corresponding

dx.doi.org/10.1016/j.cattod.2012.03.032
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:valeria.conte@uniroma2.it
dx.doi.org/10.1016/j.cattod.2012.03.032
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Scheme 1. Vanadium(V) 

ulfoxide. The structure of the catalysts used in this study is
eported in Scheme 1, they are all oxo vanadium(V) species, lig-
ted with Schiff bases derived from the appropriate substituted
alicylaldehydes and o-phenylendiamine or 1,2-ethanediamine
espectively.

Salophen and salen derivatives are considered “privileged lig-
nds” because their easy synthesis by condensation between
ldehydes and amines, they also coordinates a wide variety of
etals [22]. In addition, stereogenic centers or other elements of

hirality can be also introduced. Moreover after appropriate mod-
fication heterogeneous catalysts [23] can be prepared.

The variation of the coordination sphere was  designed in order
o highlight correlation between the electronic distribution on
he metal center with the reactivity in oxidation reactions, sim-
lar approach has been recently used with vanadium containing
trongly related salen and salan complexes [24].

The catalytic activity of some of the species here studied
as already recently analyzed in our labs, in the epoxidation of

yclooctene [25]. Quite surprisingly, electron withdrawing groups
n the periphery of the salophen ligands reduced the catalytic activ-
ty of the vanadium complex toward double bonds. However, this
spect was attributed to faster decomposition of the peroxide. On
he other hand, with oxo vanadium salophen complex possessing
our t-butyl groups in the backbone, the observed reactivity toward
yclooctene was almost zero. In this latter case the prevalence of
he steric effect over the electronic one is evident, i.e. the bulki-
ess of the ligand heavily hamper the approach of the substrate
o the peroxo complex. Accordingly, in that work [25] no clear cut
orrelation between the observed reactivity and the coordination
nvironment of the metal center was envisaged.

Moreover, it is to be kept in mind that in vanadium catalyzed
xidations with H2O2 two competitive reactions occur: the oxida-
ion of the substrate and the vanadium catalyzed decomposition
f hydrogen peroxide [26], for that reason a higher activity of a
anadium complex may  simply result in a faster decomposition of
2O2.

In this paper we present an experimental and theoretical study,
oncerning the effects of steric and electronic modification of the
igands on the catalytic activity of salophen and salen oxo vana-
ium(V) complexes in the oxidation of PhSMe with H2O2. This easy
o oxidize model substrate has been chosen with the aim to obtain

ast and clean oxidation process, good prerequisite for analyzing

 class of catalysts which have already shown ambiguous kinetic
ehavior as function of the substituents present in the salophen or
alen scaffolds [25].
and salophen complexes.

2. Procedures

2.1. Experimental

Caution: The uncontrolled heating of large amounts of peroxides
must be avoided. Care should be exercised in order to avoid possible
explosion.

2.1.1. Instruments
1H NMR  spectra were recorded on a Bruker Avance 300 MHz

spectrometer, with CDCl3, CD3CN or CD3COCD3 as solvents. 51V
NMR  spectra were recorded on a Bruker Avance 400 MHz spectrom-
eter, in CD3CN. HPLC analyses were carried out with a Shimadzu
LC-10 ADvp instrument with UV–vis SPDM10Avp detector and
a Kromasil 100 C18 (250 mm × 4.6 mm,  5 �m)  column with VV

complexes or a Metachem Metaphor 50 ODS-2 (250 mm × 4.6 mm,
5 �m)  for oxidation reactions. UV–visible spectra were recorded on
a SHIMADZU 2450 spectrometer equipped with the UV Probe 2.34
program.

2.1.2. Materials
HPLC-purity grade MeCN was used. Methanol and

dichloromethane commercial grade purity were purchased
and used as such. Spectroscopic-grade solvents were used for
UV–vis spectra. Commercially available aqueous solution of H2O2
were used after iodometric titration (10.4 ± 0.2 M H2O2 in water).

2.1.3. Synthesis of ligands
The Schiff bases used for the synthesis of the catalysts were

prepared by the well known reaction between salicylaldehyde
and diamine. Slight experimental variations were introduced with
respect to literature methods [27] and the resulting procedure was
successfully applied to a number of differently substituted aldehy-
des.

General procedure:  Two  equivalents of the appropriate sali-
cylaldehyde were dissolved in the minimum volume of boiling
methanol (generally, 20 ml)  and added dropwise with one equiva-
lent of diamine (either 1,2-diaminoethane or 1,2-benzenediamine)
in 5 ml  methanol. The solution was  refluxed until all the aldehyde
disappeared (TLC analysis) and then cooled to room temperature,

thus causing precipitation of the Schiff base, as a yellow solid.
The filtered solid was  washed with a small amount of methanol,
then with diethyl ether and dried. The following Schiff bases were
prepared:
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Salophen, [1,2-bis-(salicylideneamino)benzene]: yield 95.3%;
,5′-Cl2salophen, [1,2-bis-(5-Cl-salicylideneamino)benzene]:
ield >99%; 5,5′-(t-Bu)2salophen [1,2-bis-(5-t-Bu-salicylidene-
mino)benzene]: yield 75%; 3,3′-(OMe)2salophen, [1,2-bis-(3-
Me-salicylideneamino)-benzene]: yield 77%; 5,5′-(OMe)2

alophen, [1,2-bis-(5-OMe-salicylideneamino)-benzene]: yield
9%; 3,3′,5,5′-Cl4salophen [1,2-bis-(3,5-Cl2salicylideneamino)-
enzene]: yield 95%; 3,3′,5,5′-(t-Bu)4salophen [1,2-bis-(3,5-di-t-
u-salicylideneamino)benzene]: yield 75%.

Salen, [1,2-bis-(salicylideneamino)ethane]: yield 88%; 5,5′-
l2salen, [1,2-bis-(5-Cl-salicylideneamino)ethane]: yield 67%;
,5′-(t-Bu)2salen, [1,2-bis-(5-t-Bu-salicylideneamino)ethane]:
ield 91%; 3,3′-(OMe)2salen, [1,2-bis-(3-methoxy-salicy-
ideneamino)ethane]: yield 92%; 5,5′-(OMe)2salen, [1,2-bis-
5-OMe-salicylideneamino)ethane]: yield 92%; 3,3′,5,5′-Cl4salen,
1,2-bis-(3,5-Cl2-salicylideneamino)ethane]: yield 70%; 3,3′,5,5′-
t-Bu)4salen, [1,2-bis-(3,5-(t-Bu)2-salicylideneamino)ethane]:
ield 72%.

All the compounds gave 1H NMR  and UV–vis spectra consistent
ith the structure and with literature data [25,28–30].

.1.4. Synthesis of VIV complexes
The synthesis of these complexes was accomplished by a proce-

ure slightly different form that reported in the literature [31,32].
 number of the vanadium derivatives used in the literature were

ested as precursors, i.e. VO(acetylacetonate)2 [31], vanadyl sulfate
i-hydrate [29,33],  and V(acetylacetonate)3 [34]. The best results
ere obtained with VIII(acac)3, in terms of reproducibility of the

eaction and solubility of complexes.
General procedure:  The Schiff base was dissolved in 100 ml

f boiling methanol, or suspended when scarcely soluble. The
quimolar amount of V(acac)3 was completely dissolved in the
inimum volume of MeOH with the help of sonication and added

ropwise to the solution (or to the suspension), causing immedi-
te color change from yellow to green. After an overnight stirring
n an open vessel at room temperature, the reaction was stopped
nd the precipitated solid was collected, washed with diethyl ether,
nd dried. No trace of Schiff base was present. Eventually unreacted
(acac)3 was washed off with warm acetone.

The following VIVO complexes were prepared, their purity was
hecked with TLC and HPLC analyses.

SalophenVIVO, yield 73%, UV–vis in MeCN [�max, nm (ε,
−1 cm−1)] 242 (40,000), 314 (22,000) and 396 (18,000); 5,5′-

l2salophenVIVO, yield 78%, UV–vis in MeCN [�max, nm (ε,
−1 cm−1)] 305 (12,000), 409 (10,700); 5,5′-(t-Bu)2salophenVIVO,

ield 82%, UV–vis in MeCN [�max, nm (ε, M−1 cm−1)] 246 (40,900),
18 (22,700), 409 (15,400); 3,3′-(OMe)2salophenVIVO, yield 79%,
V–vis in MeCN [�max, nm (ε, M−1 cm−1)] 221 (42,000), 301

24,000), 313 (22,000) and 335 (13,000); 5,5′-(OMe)2salophenVIVO,
ield 87%, UV–vis in MeCN [�max, nm (ε, M−1 cm−1)] 216 (70,000),
43 (41,000), 289 (30,000), 300 (32,000), 337 (26,000) and 434
9000); 3,3′,5,5′-Cl4SalophenVIVO: yield 78%, UV–vis in MeCN
�max, nm (ε, M−1 cm−1)] 315 (9800), 412 (10,000); 3,3′,5,5′-
t-Bu)4salophenVIVO, yield 87%, UV–vis in MeCN [�max, nm (ε,

−1 cm−1)] 250 (43,300), 327 (25,900), 416 (16,100).
SalenVIVO, yield 89%, UV–vis in MeCN [�max, nm (ε, M−1 cm−1)]

42 (39,000), 277 (18,000) and 362 (7900); 5,5′-Cl2salenVIVO,
ield 67% UV–vis in MeCN [�max, nm]  248 (49,000), 280 sh,
70 (7400); 5,5′-(t-Bu)2salenVIVO, yield 67%, UV–vis in MeCN
�max, nm (ε, M−1 cm−1)] 246 (56,000), 278 (27,000), 370 (9200);
,3′-(OMe)2salenVIVO, yield 93%, UV–vis in MeCN [�max, nm (ε,
−1 cm−1)] 224 (16,000), 296 (14,000) and 381 (2800); 5,5′-
OMe)2salenVIVO, yield 86%, UV–vis in MeCN [�max, nm (ε,
−1 cm−1)] 251 (20,000), 286 sh (8800) and 392 (9000); 3,3′,5,5′-

l4salenVIVO, yield 70%, UV–vis in MeCN: �max = 370 nm (does not
issolve completely); 3,3′,5,5′-(t-Bu)4salenVIVO, yield 72%, UV–vis
ay 192 (2012) 44– 55

in CH2Cl2 [�max, nm (ε, M−1 cm−1)] 252 (41,000), 288 (27,000)
and 386 (3600). UV–vis spectra are consistent with literature data
[35,36].

2.1.5. Synthesis of VV complexes
The synthesis of these complexes was  accomplished by a proce-

dure slightly different form that reported in the literature [34]. For
all compounds 1H NMR  spectra are in agreement with the structure
(in CD3CN, aromatic protons resonate in the range 7.1–7.8 ppm,
CH N protons in the range 8.2–8.9 ppm, and CH2 protons of
salen complexes are around 4.4 ppm). By comparison with authen-
tic samples, TLC and HPLC analyses excluded the presence of VIV

species.
General procedure:  200 mg  of VIVO complex were dissolved in

30 ml  CH2Cl2 under stirring. Dioxygen was  bubbled 5 min  into
the solution kept at 0 ◦C and O2 atmosphere was  ensured with a
latex reservoir. 1.2 Equivalents trifluoromethanesulfonic acid were
rapidly added, causing darkening of the solution and precipitation
of a solid. The reaction mixture was  allowed to reach room tem-
perature and stirred until disappearance of VIV species (5 ÷ 20 h).
Fine powder of VV complex was isolated after centrifugation of the
reaction mixture (6000 r.p.m.) and decantation of the supernatant
solution.

The following VVO complexes were prepared.
[salophenVVO] CF3SO3, yield 95% UV–vis in MeCN [�max, nm

(ε, M−1 cm−1)] 242 (40,000), 304 (26,000) and 393 (10,000); [5,5′-
Cl2salophenVVO] CF3SO3, yield 98%, UV–vis in MeCN [�max, nm (ε,
M−1 cm−1)] 303 (21,300), 408 (11,200); [5,5′-(t-Bu)2salophenVVO]
CF3SO3, yield 35%, UV–vis in MeCN [�max, nm (ε, M−1 cm−1)] 245
(42,700), 320 (24,300), 407 (14,400); [3,3′-(OMe)2salophenVVO]
CF3SO3, yield 75%, UV–vis in MeCN [�max, nm (ε, M−1 cm−1)] 220
(64,000), 251 (37,000), 302 (45,000), 310 (42,000), 340 (24,000) and
437 (7200); [5,5′-(OMe)2salophenVVO] CF3SO3, yield 82%, UV–vis
in MeCN [�max, nm (ε, M−1 cm−1)] 215 (68,000), 242 (41,000),
292 (46000), 300 (45000), 341 (29000) and 435 (4900); [3,3′,5,5′-
Cl4SalophenVVO] CF3SO3, yield 35%, [�max, nm (ε, M−1 cm−1)] 313
(19200), 410 (13,700); [3,3′,5,5′-(t-Bu)4salophenVVO] CF3SO3, yield
87%, [�max, nm (ε, M−1 cm−1)] 244 (30,700), 326 (35,300), 416 sh
(9300).

[salenVVO] CF3SO3, yield 89%, UV–vis in MeCN [�max, nm (ε,
M−1 cm−1)] 230 (30,000), 296 (14,000) and 347 (7400); [5,5′-
Cl2salenVVO] CF3SO3, yield 67%, UV–vis in MeCN [�max, nm (ε,
M−1 cm−1)] 230 (30,000), 248 (24,000), and 285 (17,000); [5,5′-
(t-Bu)2salenVVO] CF3SO3, yield 5%, UV–vis in MeCN [�max, nm
(ε, M−1 cm−1)] 230 (33,400), 250 (27,500) 290 (19,000) and
348 (7500); [3,3′-(OMe)2salenVVO] CF3SO3, yield 58%, UV–vis in
MeCN [�max, nm (ε, M−1 cm−1)] 281 (12,000), 308 (10,000) and
359 (4200); [5,5′-(OMe)2salenVVO] CF3SO3, yield 89%, UV–vis
in MeCN [�max, nm (ε, M−1 cm−1)] 288 (12,000) and 391 sh
(3000); [3,3′,5,5′-Cl4salenVVO] CF3SO3, yield 66%, UV–vis in MeCN
[�max, nm (ε, M−1 cm−1)] 293 sh (1300) and 345 sh (710);
3,3′,5,5′-(t-Bu)4salenVVO, yield 80%. UV–vis in CH2Cl2 [�max, nm
(ε, M−1 cm−1)] 263 (8000), 307 (5600) and 367 sh (2900).

Cyclic voltammetry (CV) characterization reported elsewhere
[37] confirmed the electronic effect of the substituents on the vana-
dium centers in these salenVIVO and salophenVIVO complexes. The
higher redox potentials of the salophen complexes with respect to
the salen ones indicate that the aromatic ring confers to vanadium
a stronger Lewis acidity.

2.1.6. Oxidation of phenyl methyl sulfide with H2O2, catalyzed by

VV complexes

The catalytic activity of all the complexes was tested in a probe
reaction, i.e. oxidation of PhSMe with H2O2 in MeCN. The reac-
tions were performed with the same initial concentration of all the
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eactant species, at 25 ◦C in a thermostated vessel. Product analysis
as obtained by HPLC, to avoid thermal decomposition of prod-
cts, adding a known amount of toluene as internal standard and
sing the response factors obtained by calibration straight lines.
tock solutions of sulfide and toluene in MeCN were used. The lat-
er was periodically checked for the presence of oxidation product
hat were always absent. Solutions of H2O2 and the catalyst were
repared immediately before use.

0.5 ml  of PhSMe 0.151 M in MeCN and 0.15 ml  of catalyst
.2 × 10−3 M in the same solvent were added to 5 ml  MeCN. 0.5 ml  of
he resulting solution were taken and diluted to 5 ml  in a volumet-
ic flask containing 2 ml  of PhMe 1.2 × 10−3 M in MeCN, to measure
nitial sulfide concentration. The reaction started after addition of
.18 ml  freshly prepared H2O2 0.145 M in MeCN (obtained diluting
o 5 ml  70 �l 10.4 ± 0.2 M H2O2 in water). Samples were taken at
elected reaction times (2, 5, 15, and 40 min) and analyzed at the
PLC.

.2. Calculations

Pseudopotential LACVP was used for the energy optimization
ithout symmetry constraints. Gaussian 03 program was used

or geometry optimizations with the continuum solvent model
38]. Geometry optimizations were performed with Density Func-
ional Theory (DFT) calculations using the B3LYP functional with
he 6-31G* basis set [39,40].  Geometries were optimized at the
3LYP/LANL2DZ level, including solvent effects with the IEF-PCM
ethod (MeCN).
All the in vacuum quantum-mechanical calculations were car-

ied out by using Spartan’08 [41].

. Results and discussion

.1. Experimental

.1.1. Reactivity
The complexes prepared and used in this work contained Schiff

ase ligands possessing various substituents in the periphery of the
romatic scaffold, see Scheme 1.

All salophen and salen molecules have been prepared
ollowing literature procedures [27] starting from the appro-
riately substituted salicylaldehydes and o-phenylendiamine or
,2-ethanediamine respectively. The various ligands have been
ubsequently used to synthesize all VIV and VV complexes in very
ood yields (see Section 2), following slightly modified literature
rocedures [27,31,32,34] and the species obtained have been iden-
ified by comparison of their properties with literature data.

For comparison purposes, the VIV species, obtained in the first
tep of the synthesis of vanadates derivatives, were also tested as
atalysts in the oxidation reactions, and the collected data were
omparable to those observed (and discussed below) with VV com-
lexes. However, the possible incursion of radical reactions, an
xpected event when VIV derivatives are used as catalysts in reac-
ions with hydrogen peroxide [11], prompted us to examine the
eactivity in oxidation reaction with hydrogen peroxide only with
he catalysts in their highest oxidation state. In such a way, mini-

ization of the vanadium catalyzed decomposition of H2O2 should
ccur.

The various substituents introduced in the scaffold of the com-
lexes were chosen with the scope to modify the electronic
haracter of the VV ion. Furthermore, a consistent compari-

on between the salophen and salen structure should help in
ivide the electronic from the structural effects, being the for-
er  species forced into a simil-planar configuration, while the

atter can experience a fluctional behavior [22]. Accordingly,
ay 192 (2012) 44– 55 47

broader signals were detected in 1H NMR  spectra with salen com-
plexes: i.e. signal for CH N at 9.23 ppm shows a ��½ = 7 Hz for
[3,3′,5,5′-(t-Bu)4salophenVVO] CF3SO3 while for the correspond-
ing [3,3′,5,5′-(t-Bu)4salenVVO] CF3SO3 derivative the same CH N
signal at 8.86 ppm shows a ��½ = 22 Hz.

The model reaction has been the oxidation with H2O2 of PhSMe
to the corresponding sulfoxide, in MeCN at room temperature, the
ratio H2O2: Cat was  ca. 50:1. A two-fold excess of the substrate
with respect to the oxidant was used in order to ensure selectiv-
ity toward the sulfoxide and also to keep roughly constant the
concentration of the substrate, at least at the beginning of the
reaction.

The sulfide consumption and the sulfoxide formation were
determined with quantitative HPLC analysis of the reaction mix-
ture, see Section 2 for details. Sulfide consumption and sulfoxide
yield, at selected reaction time, were taken as parameters to
compare the reactivity of the various catalysts, the two values
(see Tables) are equal within the experimental error ±5%. The
data concerning the results with salophen complexes are col-
lected in Table 1 whilst those related to salen species are in
Table 2.

The Tables also contain the ��  [42] which is the arithmeti-
cal sum of the � values for the substituents introduced into the
salophen and salen scaffolds. These values are given to sketch out
the electronic effect dictated by their presence. For the complexes
used, it can be noted that, spanning from a ��  of about +1, due to
the presence of four chlorine atoms, to a value of about −0.8, when
four t-butyl groups are present, a large variation of the electronic
character of the metal ion, i.e. its Lewis acidity, should be obtained.

Looking at the data collected in the two  tables some general
comments can be done: the catalytic effect of the salophen and
salen oxo vanadium(V) complexes is quite good; the reaction times
are short, most of the oxidations are complete in 15 min  at room
temperature. This last observation indicates that the vanadium cat-
alyzed decomposition of H2O2 is not competing with the oxygen
transfer reaction.

However (see Fig. 1), no simple correlation can be detected
between the ��  and the sulfoxide yields in both salophen and salen
series; additionally, no simple comparison can be made in equally
substituted couples of salophen and salen derivatives; this behavior
being indeed expected on the basis of our previous studies [25].

Therefore, a deeper insight of the results is necessary in order to
highlight, for each catalyst, if electronic or steric effects are playing
the major role in determining the reactivity.

Interestingly, the catalytic activity of substituted salophen com-
plexes, measured as sulfoxide yield at a specific reaction time (left
graph), roughly follows the trend of the �� values with the excep-
tion of the 3,3′-(OMe)2 derivative, this deviation from the expected
result will be discussed below. The observed tendency apparently
indicates that the reactivity somewhat follows the Lewis acidity
character of vanadium, ��  +0.9 for 3,3′,5,5′-Cl4-salophen.

On the other hand, with substituted salen derivatives (right
graph) no simple correlation can be established between the sul-
foxide yields and the ��  values; noteworthy, also in this series
the 3,3′-(OMe)2 derivative shows the highest reactivity. In addition,
within this catalysts series high reactivity is observed with 5,5′ sub-
stituted ligands independently from their inductive effect, whereas
for 3,3′,5,5′-tetra substituted species the reactivity appears to track
the electron density around vanadium.

At this point of the discussion, a better understanding of the
results obtained in the reactivity studies can be likely obtained
looking also at the classical reaction mechanism [3–6,11] proposed
for metal catalyzed sulfides oxidation with peroxides.
The accepted reaction mechanism for vanadium catalyzed oxi-
dation processes with hydrogen peroxide requires the formation
of a peroxide vanadium complex upon coordination of H2O2 to the
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Table 1
V-salophen (0.00056 mmol) catalyzed oxidation of phenyl methyl sulfide (0.059 mmol) with H2O2 (0.026 mmol) in CH3CN (5.33 ml) at room temperature.

S S

O

H2O2
cat.

MeCN,  25°C

0.059 mm ol
0.026 mm ol 5.6 x  10-4 mmol

+

Catalyst Substituent t, min  % Sulfide consumed % Sulfoxide formeda ��b

N N

O O

V

O

Cl
Cl

Cl Cl
CF3SO 3

2 93 94
3,3′ ,5,5′-Cl4 5 93 96 0.908

15 94 94

N N

O O

V

O

ClCl

CF3SO 3

2 87 92
5,5′-Cl2 5 91 94 0.454

15 94 92

N N

O O

V

O

CF3SO 3

2 54 56
H  5 90 98 0.000

15 95 100

N N

O O

V

O

CF3SO 3

2 12 1.2
5,5′-(t-Bu)2 5 14 4.5 −0.394

15 54 53

N N

O O

O O

V

O

CF3SO 3

2 54 48
3,3′-(OMe)2 5 89 88 −0.536

15 97 96

O

N N

O O

V

O

O

CF3SO 3

2 27 9
5,5′-(OMe)2 5 40 26 −0.536

15 70 62
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Table 1 (Continued)

Catalyst Substituent t, min  % Sulfide consumed % Sulfoxide formeda ��b

N N

O O

V

O

CF3SO 3

2 18 0
3,3′ ,5,5′-(t-Bu)4 5 24 1.5 −0.788

15 20 6

a Sulfide consumption and sulfoxide formation corresponds within the experimental e
b �� is the arithmetical sum of all the � values [42].
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from salophen and/or salen V(V) species, in the presence of dif-
cheme 2. Proposed catalytic cycle for sulfides oxidation with H2O2. L stands for
alen or salophen derivatives.

etal center, such intermediate is then the bona fide oxidant of
he substrate. For the sake of simplicity, we anticipate here that
his active species likely is an hydroperoxo one. The coordination
f the oxidant to the Lewis acid metal center activates the oxygen
oward the nucleophilic attack of an electron rich substrate, such
s the phenyl methyl sulfoxide. In the transition state of the oxi-
ation step, coordination of the second peroxidic oxygen atom to
anadium helps the oxygen transfer to the substrate, subsequent
limination of the sulfoxide and a water molecule regenerates the
atalyst precursor (Scheme 2).

With salophen and salen species formation of the peroxidic
ntermediate can be strongly influenced by the structure of the
recursor. In order to consider this structural aspect, energy mini-
ization of the peroxidic species, formed from salophen and salen

VO precursors has been carried out and the outcome for the
nsubstituted hydroperoxo oxovanadium complexes (the plausi-
le active oxidant species) is shown in Fig. 2.

For example, salophen ligands force the precursor and the pos-
ible peroxo complexes in a planar conformation, i.e. the ligand
esides on the plane of a simil-tetrahedrical shape (see Fig. 2a). On
he other hand with salen ligands, together with the planar confor-

ation (Fig. 2b) also a bent one can be adopted, in which one of the
itrogen of the ligand is trans to the oxo group (see Fig. 2c). It is

nteresting to note that from theoretical calculation (see following
aragraphs), this latter conformation appears to be favorite. The gas
hase optimized salenVV(O)(OOH) and salophenVV(O)(OOH) struc-
ures show that the hydroperoxo group has a different approach to
he metal depending on the conformation of the ligand. In partic-

lar, when the ligand has a planar conformation, like in the case
f salophenVV(O)(OOH), the peroxo group almost adopt the side-
n configuration around the metal, thus facilitating the oxygen
rror.

transfer to the substrate. On the contrary, when the ligand has a bent
conformation, like in the case of salenVV(O)(OOH) (see Fig. 2c) the
approach of the second oxygen to the metal is hampered as shown
by the longer distance in the calculated structure, thus preventing
the stabilization of the transition state.

Summarizing, theoretical calculations suggest that salophen
ligands force the hydroperoxovanadium complex in a planar con-
formation that allows the stabilization of the transition state of
the oxidation step, resulting in a higher reactivity with respect to
salen complexes, where the more stable bent conformation can be
adopted.

Returning to the experimental data, the higher reactivity of the
salophen derivatives, together with the observed relationship of
the sulfoxide yields with the Lewis acid character of the vanadium
center, appears to be related to the planar arrangement of such
species which in turn is dictated by the structure of the ligands.
On the other hand, with salen derivatives, which can adopt several
different conformations because of the mobility of the ligand, the
steric hindrance of the substituents combines, in an unpredictable
way, with the electronic character of the catalyst.

The 3,3′ dimethoxy substituted salophen and salen oxo-
vanadium complexes deserve a specific discussion. In fact, the
catalytic activity of [3,3′-(OMe)2salophenVVO]CF3SO3 and [3,3′-
(OMe)2salenVVO]CF3SO3 is much higher than that of all the other
derivatives in the corresponding series (see Fig. 1). This behavior
may  suggest an easier formation of the metalperoxide species. In
that respect, as indicated in Fig. 3, the presence of 3,3′-(OMe)2 sub-
stituents may  stabilize the approach of a H2O2 molecule to the
metal center, through the intervention of an hydrogen bond.

3.1.2. 51V NMR studies
It is well known that the number and the nature of the perox-

ometal species strongly depends on the reaction conditions, such as
the pH value, the ligand and the solvent. Since it is not always pos-
sible to obtain peroxovanadium complexes in the solid state, and
often their solution structure is different, their structure is often
investigated by means of several techniques. For example, 51V NMR
and electrospray ionization mass spectrometry (ESI-MS) or theo-
retical calculations have been recently used in order to understand
their behavior in catalytic cycles [43].

The most common structures of monoperoxovanadium com-
plexes are the side-on cyclic peroxo species, in which both
the oxygen atoms are coordinated to vanadium atom, and the
hydroperoxo species, in which only one oxygen is covalently linked
to the metal center. In this work we have tried to obtain infor-
mation on the formation in solution of the peroxo derivatives
ferent excesses of hydrogen peroxide. 51V NMR  spectra have been
acquired for some of the vanadium(V) precursors in acetonitrile
and, in all cases, single peaks appeared around −600 ppm. To note,
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Table 2
V-salen (0.00056 mmol) catalyzed oxidation of phenyl methyl sulfide (0.059 mmol) with H2O2 (0.026 mmol) in CH3CN (5.33 ml) at room temperature.

S S

O

H2O2
cat.

MeCN,  25°C

0.059 mm ol
0.026 mm ol 5.6 x  10-4 mmol

+

Catalyst Substituents t, min  % Sulfide consumed % Sulfoxide formed a ��b

N N

O O

V

O

ClCl

Cl Cl
CF3SO 3

2 12 9
3,3′ ,5,5′-Cl4 5 18 12 0.908

15 37 35

N N

O O

V

O

ClCl

CF3SO 3

2 76 76
5,5′-Cl2 5 98 99 0.454

15  96 98

N N

O O

V

O

CF3SO3

2 8 1
H  5 10 4 0.000

15 18 15

N N

O O

V

O

CF3SO 3

2 92 94
5,5′-(t-Bu)2 5 88 98 −0.394

15  92 96

N N

O O

O O

V

O

CF3SO 3

2 >99 >99
3,3′-(OMe)2 5 >99 >99 −0.536

15  >99 >99

O

N N

O O

V

O

O

CF3SO 3

2 34 34
5,5′-(OMe)2 5 62 64 −0.536

15  – 93

N N

O O

V

O

CF3SO 3

2 92 94
3,3′ ,5,5′-(t-Bu)4 5 88 98 −0.788

15  92 96

a Sulfide consumption and sulfoxide formation corresponds within the experimental error.
b ��  is the arithmetical sum of all the � values [42].
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Fig. 1. PhSOMe yields vs. �� of  the ligands. Left: V-salophen catalyzed oxidation of PhSMe with H2O2 in CH3CN at room temperature at 2 min (experimental conditions
reported in Table 1). Right: V-salen catalyzed oxidation of PhSMe with H2O2 in CH3CN at room temperature at 15 min (experimental conditions reported in Table 2).

F  salop
s

t
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s

[
c
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F
m

any signal may be due to the low solubility of peroxometal species
ig. 2. Gas phase optimized structures of LVV(O)(OOH) complexes (L = salen or
alophenVV(O)(OOH). (c) Bent conformation of salenVV(O) (OOH).

he chemical shifts for salen and salophen species are very similar,
espite of the presence of different substituents on the aromatic
caffold.

Upon addition of increasing amounts of H2O2 to a solution of
V V
salophenV O]CF3SO3 or [salenV O]CF3SO3, the signal of the pre-

ursor decreases and, for both complexes, no signals appear having
eference to vanadium free ligand species; in general, no other 51V
ignals were present in NMR  spectra different from that of the

ig. 3. Plausible formation of an hydrogen bond between an approaching H2O2

olecule and the methoxy oxygens in [3,3′-(OMe)2salophenVVO]CF3SO3 complex.
hen). (a) Planar conformation of salenVV(O)(OOH). (b) Planar conformation of

catalyst precursor, over a wide range of chemical shift (as an
example, see Fig. 4 for [salenVVO]CF3SO3). Peroxovanadium species
usually give signals at high fields [44]; in this case, the absence of
at room temperature. In fact, the formation of a yellow precipitate
was  observed upon addition of a large excess of H2O2 to a solution
of salenVO+ in acetonitrile.

Fig. 4. 51V NMR  spectra of [SalenVVO]CF3SO3 in acetonitrile (1 mM). (a) Initial solu-
tion (b) after addition of 2 equivalents of H2O2 to the previous solution; (c) after
addition of 160 equivalents of H2O2 to the initial solution.
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Table 3
51V NMR chemical shifts for different(V) complexes in CH3CN.

Catalyst � 51V NMR  (ppm)

[salenVVO]CF3SO3 −597
[5,5′-(Cl)2salenVVO]CF3SO3 −596
[5,5′-(t-Bu)2salenVVO]CF3SO3 −584
[salophenVVO]CF3SO3 −604
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Table 4
Energetically preferred conformations for salenVV complexes as derived by DFT
calculations.

salenVV complex Bent Planar �Ga (kcal mol−1)

[salenVV(OH)(OOH)]+ × 2.3
[salenVVO(OOH)] × 6.7
[salenVV(OO)(OH)] × 1.0
[salenVVO(OO)]− × 14.6

Therefore, calculations suggest that a vanadium oxo-
[3,3′ ,5,5′-(t-Bu)4salophenVVO]CF3SO3 −595

The IR spectrum of the yellow precipitate showed no signals
n the range of 918–954 cm−1 were the O O stretching is usually
resent for side-on monoperoxo vanadium complexes [12], thus
upporting the hypothesis that salen and salophen oxovanadium
omplexes form an end-on hydroperoxidic species in the presence
f H2O2 (see Section 3 below).

When salenVVOBr was used as precursor, 51V NMR  spectra in
he presence of increasing amount of hydrogen peroxide showed
isappearance of the signal at −595 ppm, already after the addition
f ten equivalents of H2O2. In this conditions no formation of the
ellow precipitate was observed. This suggests that the formation
f the peroxovanadium species is more favorable when the less
ightly coordinated Br− is the counterion in place of CF3SO3

−. In
greement with such observation, when salenVVOBr was  tested as
atalyst, a faster decomposition of hydrogen peroxide is observed
5,26].

.1.3. Theoretical studies
The unclear results obtained with the NMR spectroscopy

rompted us to apply DFT theoretical calculations (see Section 2.1
or details) in order to shed more light on the structure of the reac-
ive peroxo complexes formed in solution, when salophen and salen
anadium(V) precursors are used.

Therefore, calculation on relevant species were performed at
3LYP/lanl2dz level, including solvent effects with the IEF-PCM
ethod (acetonitrile). These include vanadium hydroperoxides

nd �2 peroxides, in different protonation forms, and in the pres-
nce of a residual oxo or hydroxo ligand (Scheme 3). Frequency
alculations were performed in order to confirm that the equilib-
ium structures were actual minimum energy species (Table 3).

Optimized distances between the vanadium center and the
oordinated oxygen of the peroxide moiety fall in the range
.82–2.05 Å, while oxygen–oxygen distances of the peroxide group
re found between 1.46–1.51 Å; both are in good agreement with
iterature values [45,46]. In general, a decrease of the V O(O) dis-
ance is observed increasing the positive charge of the species
45,46]. When the peroxide is protonated (vanadium hydroperox-
des), the protonated oxygen is not located at binding distance from
he vanadium center, confirming a monodentate mode of coordina-
ion of the O O group to the metal; differently, when the peroxide

oiety is not protonated both oxygen atoms are coordinated to
anadium, in a �2 mode [47].

As illustrated in Fig. 2, only planar conformations were consid-
red for salophen complexes, while bent and planar conformations
ere explored for all the salenVV species. To note, as reported

n Table 4, some of the salenVV derivatives are more stable in
he bent conformation, and in particular the V(O)(OOH) peroxo
omplex, which is the reasonable active species responsible for
xygen transfer (vide infra).

The accepted mechanism, already proposed in the literature, for
he formation of peroxidic species resulting from the reaction of
anadium species with hydrogen peroxide [43,45,46] has been used

s the base to analyze the energetic path leading to the formation
f the peroxo species possibly responsible for oxygen transfer, see
cheme 4.
a Free energy difference between most and less stable conformations for each
species.

In such scheme the original state of the catalyst was consid-
ered to be a LVVO+ species (L stands for salen or salophen ligand)
originated from dissociation of LVVOCF3SO3 in solution; addition
of H2O2 to LVVO+ to form LVV(OH)(OOH)+ species were found to
be endothermic processes, with �G = +18.1 and +21.4 kcal mol−1

for L = salen and salophen, respectively. For this reason, and con-
sidering also the steric hindrance of the ligands around the metal,
only the formation of monoperoxo species was taken into account.
Moreover, the fact that addition of H2O2 are endoergonic processes,
suggest that only small amounts of vanadium peroxo complexes
form in solution; this result is consistent with 51V NMR  spectra,
where no signals different from the one of the precursor have been
detected.

Subsequent calculations were aimed at establishing the reactiv-
ity of the LVV(OH)(OOH)+ species. A crucial observation is that such
intermediates behave as strong acids, by releasing a proton from
the hydroxo group to form LVV(O)(OOH) derivatives (deprotona-
tion step in Scheme 4). This resulted by calculation of the pKa of the
species, by comparison with a reference acid/base couple according
to Wang et al. [48]. This procedure avoids direct calculation on H3O+

species, that are subject to relevant solvent effects, difficult to eval-
uate employing a continuum approximation. In this particular case,
the pyridinium/pyridine couple (pKa = 5.25) was chosen as the ref-
erence, in order to maintain the same total charge of the acid/base
couple under investigation, LVV(OH)(OOH)+/LVV(O)(OOH).

Calculated pKa for the LVV(OH)(OOH)+/LVV(O)(OOH) couples
were found −6.9 and −4.6 for salen and salophen derivatives,
respectively, thus confirming high acid behavior of the hydroxo
group coordinated to the vanadium center.

The LVV(O)(OOH) species were confirmed to be the most
probable ones, since possible isomers were observed at higher
energy. Indeed, LVV(OH)(OO) species are higher in energy by
12.5 and 4.1 kcal mol−1 for salen and salophen, respectively,
while a H-LVV(O)(OO) derivative (where the proton is located
at the oxygen atom of the L ligand) is 2.2–8.7 kcal mol−1 higher
when L = salophen (the same structure with L = salen failed to
converge). Protonation of the peroxide species, with no involve-
ment of the oxo group, was recently demonstrated by XANES
spectroscopy for a [HheidaV(O)(OO)]− complex (heida N-(2-
hydroxyethyl)iminodiacetic acid) to be the key step to activate the
species for oxygen transfer catalysis [49].

An alternative pathway (not represented in Scheme 4), where
water elimination from the LVV(OH)(OOH)+ leads to the forma-
tion of a LVV(OO)+ species was found to be endothermic by
5.4 kcal mol−1 in the case of L = salen, confirming that vanadium
complexes without oxo or hydroxo moieties are not stable [12]:
hydroperoxo species, LVV(O)(OOH), is the most plausible
intermediate formed upon H2O2 addition to vanadium Salen
and Salophen complexes, followed by one proton removal. A
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Scheme 3. Representation of relevant species considered in DFT calculations, with optimized interatomic distances indicated in black and red for salen and salophen species,
respectively. The salen or salophen ligand is represented as “L” for clarity reasons.
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Table 5
Differences of energies for planar and bent conformations of differently substituted
salenV(O)(OOH) species.

salenV(O)(OOH) complex �E (bent-planar) (kcal mol−1)
cheme 4. Energies for the formation pathways of various vanadium based pero
eactions involving H+ ions were not directly calculated, but determined indirect
eferences to color in this figure legend, the reader is referred to the web  version of

otential, second deprotonation of LVV(O)(OOH) to give an anionic
VV(O)(OO)− species was also considered; in these cases calculated
Ka are 4.1 and 7.8 for L = salen and salophen, respectively (in this
ase acetic acid/acetate has been used as the reference acid/base
ouple, in order to preserve the charges of the species in the
quilibrium process). It is interesting to notice that the calculated
Ka compare reasonably with the values of 5.4–5.9 observed for
he vanadium-dependent haloperoxidases enzymes [50,51]. Nev-
rtheless, deprotonated peroxides such as LVV(O)(OO)− are known
o be poorly active in oxygen transfer [45,46,49],  therefore, even
f they could actually be formed in solution according to the pKa
alues discussed above, they are not the reasonable catalytically
ctive species in the present system.

Therefore, the presence of the LVV(O)(OOH) peroxo complexes
n solution is the most reliable scenario. This is in agreement with
esults found in the literature for similar vanadium complexes with
odel salan ligands [52], where the oxo hydroperoxo vanadium

erivatives appears to be the most favorable active species in alkene
poxidation processes. In such paper, the salan ligand is coordi-
ated to V atom in a bent conformation, in which two  O and one

 occupy the equatorial positions, while the remaining O is in the
xial one; this conformation is consistent with the bent arrange-
ent of the ligand around the vanadium atom that we  found for

alenVO peroxo complexes.
In the case of salenV(O)(OOH) peroxocomplex, the energies

or the bent and planar conformations of all the 5,5′-substituted
erivatives were calculated in the gas phase in order to under-
tand whether the presence of substituents could affect their
onformations. The comparison between the two  conformations,
epresented by their energy differences, is reported in Table 5.

nterestingly, in all cases the most favorable structure is the bent
ne. For the unsubstituted salen complex, energies in acetoni-
rile as the model solvent were evaluated, obtaining comparable
esults.
mplexes with L = salen (black values) or salophen (red values). The energy of the
m the calculation of the pKa of the competent species. (For interpretation of the
rticle.)

A  final argument concerns the possible oxygen transfer activity
of these LV(O)(OOH) peroxides, namely if they can be the actual
species responsible for sulfide oxidation.

As discussed above, the optimized geometries of LV(O)(OOH)
peroxides strongly suggest a monodentate binding of the perox-
ide to the vanadium center, and it occurs with the non protonated
peroxidic oxygen, while the protonated oxygen is not located at
binding distance from the vanadium (V O(H) = 2.962 Å and 2.520 Å
for L = salen and salophen, respectively). This differs from other
vanadium hydroperoxo species reported in the literature, where
the calculated V O(H) distance is much shorter [45,46] and can be
related to the higher steric hindrance of salen and salophen ligands.

As a result, two different scenario can be envisaged: (a) the
LV(O)(OOH) are the actual species for oxygen transfer; indeed
the O O �* orbitals, usually recognized as the one giving the
most important contribution in the electrophilic oxidative activ-
ity of metal peroxides [53–55],  are found at reasonable energy
levels for both species (Fig. 5); (b) the LV(O)(OOH) species are in
equilibrium with other forms, where also the second protonated
oxygen is coordinated to vanadium, and these latter species are
responsible for oxygen transfer:
[5,5′-(t-Bu)2salenVVO(OOH)] −7.71
[5,5′-(MeO)2salenVVO(OOH)] −8.79
[salenVVO(OOH)] −7.46 (−6.7 in CH3CN)
[5,5′-(Cl)2salenVVO(OOH)] −7.84
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dium centre. The different results obtained for salophen and salen systems,
ig. 5. Representation of the O O �* orbital for SalenV(O)(OOH) (LUMO + 6) and
alophenV(O)(OOH) (LUMO + 10) species.

Equilibria of this type have already been considered for other
(V) species, where the �2 coordination of the hydroperoxide was
ecessary to observe oxygen transfer activity and the free energy
f the reaction was influenced by the presence of Lewis bases as
oligands [56]. Equilibria of this type are currently under evaluation
or salen and salophen derivatives. However, being the distance
f the protonated oxygen shorter in the salophen complexes, they
ay  likely establish more easily such equilibrium. On this basis

he higher activity of salophen complexes with respect to salen
nes could be explained, further support to this is given by their
bserved higher Lewis acidity as measured with CV experiments
37].

Full mechanistic study, including evaluation of transition states,
s in progress and will be reported in a separate communication.

. Conclusions

The experimental and theoretical results obtained, even though
o not allow to draw a decisive picture of the mechanism, let to
mphasize that steric factors play a major role in determining the
utcome of the reaction, often overcoming the electronic effects.
heoretical results suggest the intervention in the catalytic cycle of
n hydroperoxo vanadium species.
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