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Vanadium-catalysed oxidations in organic media have been investigated using
mainly rerz-butyl hydroperoxide, TBHP, as the terminal oxidant and vanadyl(IV)
acetylacetonate, OV(IV)(acac),, vanadyl(IV) benzoylcamphorate, OV(IV)(camp),
or vanadyl(IV) 5,10,15,20-tetraphenylporphyrin, OV(tpp), as the catalysts. Kinetic
studies of the initial reaction between OV(IV)(acac), and TBHP were performed
using EPR and UV spectroscopy. The experimental data suggest a second-order
reaction, first order in OV(IV)(acac), and in TBHP. IR spectroscopic studies of
the reaction show that the V=0 functionality is intact after the oxidation has
taken place and, furthermore, UV, IR and '"H NMR spectroscopic investigations
all indicate that the acetylacetonate ligands remain bound to the vanadium atom
during the oxidation of OV(IV)(acac), to a OV(V)(acac), complex. The oxidation
of the vanadium(IV)- to the vanadium(V)-complexes is very dependent on the
organic ligand attached to the metal. Studies of the oxidation of thianthrene 5-
oxide using different vanadium catalysts and TBHP as the terminal oxidant show
that the electronic nature of the transferred oxygen atom is electrophilic. The
initial oxygen-transfer step in the epoxidation of (Z)-stilbene is proposed to be a
reversible process that occurs via a non-concerted pathway. The vanadium-
catalysed oxidation of conjugated dienes has also been discussed and the results
are discussed in relation to the oxidation taking place on a vanadyl pyrophosphate

surface.

Vanadium systems can catalyse a variety of different oxi-
dation reactions.!? Simple vanadium complexes can ca-
talyse the oxidation of different organic compounds,’ and
more complex vanadium systems such as enzymes*~ and
surfaces®™® also show catalytic properties.

Discrete vanadium complexes can catalyse the epoxi-
dation of alkenes by hydrogen peroxide or fert-butyl hy-
droperoxide (TBHP) as the terminal oxidant,~'* as well
as catalyse the direct hydroxylation of aromatics and al-
kanes.'> The reactive intermediates in these oxidation re-
actions are suggested to be vanadium—peroxo complexes,
1, or vanadium-peroxide complexes, 2,'!” some of
which have been characterised by X-ray structure deter-
mination.'¢~!°

Oxygen transfer to an alkene from 1 or 2 takes place
in a non-stereoselective manner as the epoxidation of cis-
alkenes leads to a mixture of cis- and trans-epoxides. "’
The non-stereospecific oxygen transfer is probably asso-
ciated with the relatively facile reducibility of the vana-
dium(V) centres and it has been suggested that the
vanadium(IV)-peroxo-alkene radical or vanadium(IV)
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peroxide alkene radical, 3 or 4, respectively, is involved
in the oxygen-transfer step to the alkene.'®!” It is notable
that the proposed radical nature of the intermediate is in
sharp contrast with the related vanadium(V) catalysed
stereoselective epoxidation of allylic alcohols.>® However,
it should be noted that some controversy has arisen con-
cerning the nature of the reactive intermediate in these
oxygen transfer reactions.'’

Several vanadium complexes can catalyse the epoxi-
dation of alkenes, and among the simpler complexes is
vanadyl(IV) acetylacetonate, [OV(IV)(acac),], S, which,
especially, has been used for the epoxidation of allylic
alcohols with TBHP as the terminal oxidant.”® For the
vanadium(IV) complexes such as S, the active catalyst is
probably not a species with the metal atom in oxidation

839



SAMS AND JORGENSEN

,Bu
Lv" O\ v~ O\
3 4

state IV and it has been proposed that the vanadium atom
has oxidation state V in the active catalyst.>®
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Moving from the discrete vanadium complexes to va-
nadium surfaces it has been found that the vanadyl py-
rophosphate surface (VPS) can catalyse the oxidation of
butane to maleic anhydride using O, as the terminal oxi-
dant [eqn. (1)].° The oxidation of butane to maleic an-
hydride is important from both an academic and an in-
dustrial point of view as maleic anhydride is produced

industrially this way.

o~ —22 oﬂo (1)

(VO)2P207 0

One of the crucial steps in the oxidation of butane to
maleic anhydride on a VPS is the formation of 2,5-di-
hydrofuran from 1,3-butadiene.® It has been postulated
from both an experimental® and a theoretical’ point of
view that this oxidation takes place by an 1,4-addition to
1,3-butadiene of an electrophilic oxygen atom bound to a
vanadium atom on the surface, 6. The 1,4-addition of
atomic oxygen atom to 1,3-butadiene is not a unique re-
action for VPS, atomic oxygen adsorbed on a Ag(110)
surface reacts with 1,3-butadiene to give a similar reac-
tion,?! but the mechanism for the formation of 2,5-dihy-
drofuran on the Ag(110) surface is probably different
from the mechanism on the VPS.?
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If one compares the epoxidation of alkenes catalysed
by discrete vanadium complexes with the oxidation of
butane to maleic anhydride catalysed by the VPS, the first
reaction probably takes place on the oxovanadium per-
oxo/peroxide intermediate, whereas an oxovanadium
complex is probably the reactive intermediate of the lat-
ter.

The purpose of this paper is to present a mechanistic
investigation of vanadium-catalysed oxidation reactions
related both to epoxidation reactions catalysed by dis-
crete vanadium complexes, and to oxidations catalysed
by the VPS, i.e., to determine whether there is a difference
in the reaction pattern for the oxidation of alkenes rela-
tive to 1,3-dienes. Attempts will be made to answer the
following questions. (/) What is the nature of the active
catalyst and how is the active catalyst formed from the
discrete vanadium complexes? (i/) What are the electronic
properties of the oxygen atom that is transferred to the
alkene, is it electrophilic, nucleophilic, a radical or a non-
radical? (iif) Can discrete vanadium complexes catalyse
reactions similar to those taking place on a VPS?

Results and discussion

1. IR, EPR and UV spectroscopic studies of the oxidation
of OV{IV)acac),. The stoichiometric reaction of 5§ with
TBHP was studied by IR spectroscopy. Complex 5
in Cl(CH,),Cl showed an absorption band at
1002.27 cm ~ !, which was assigned to the V= O stretch.
The addition of TBHP at room temperature (rt) resulted
in the rapid formation of a broad peak 994.07 cm ',
which then slowly disappeared with concurrent formation
of a sharp peak at 1002.75 cm ~'. These results indicated

that the OV(V)(acac), complex still has a V=0 bond.

QL

O = O

The oxidation of OV(IV)(acac),, 5, OV(IV)(camp),, 7**
and OV(IV)(tpp), 8, by TBHP was investigated using
EPR spectroscopy. The complexes 5, 7 and 8 are stable
d' metal systems and are EPR active. The EPR spectrum
of 5 in CH,Cl, at rt is shown in Fig. 1.

The EPR spectrum of §, as well as of 7 and 8 showed
the expected splitting of an unpaired electron coupled to
a nucleus of S=7/2. For 5 the hyperfine splitting was
measured to be 95.8 G, while complex 7 and 8 had hy-
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Fig. 1. The EPR spectrum of OV(IV){acac), in CH,Cl,.

perfine splitting of 97.0 G and 86.2 G, respectively. When
5 and 7 were oxidised by TBHP the signals in the EPR
spectrum disappeared rapidly while 8 was oxidised much
more reluctantly. Complex 8 required a large excess of
TBHP to be oxidised. Furthermore, 8 was apparently not
oxidised by iodosylbenzene (PhIO) as § and 7. In an
attempt to account for the resistance of the latter to be
oxidised by TBHP and PhIO the electrochemical oxida-
tion of § and 8 was performed. The oxidation potential
of 5 was measured to be 1.3 V (in DMF vs. Ag/Agl),
while that of 8 was larger than 2.1 V, supporting the dif-
ferent oxidation behaviour observed by EPR spectros-
copy. Quantum chemical calculations using the INDO/
1247 procedure gave singly occupied molecular orbital
energies for 5 and 8 of —7.6 eV and - 8.5 eV, respec-
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tively. The EPR, electrochemical and theoretical results
indicated thus that the ligand attached to the vanadium
atom is of the utmost importance to the electronic
environment at the metal. It should be noted that in a
related series of oxo-molybdenum—peroxo complexes
both the reduction potentials and v,_o were recently
found to be sensitive to the organic ligand attached to the
metal.?®

Based on the total disappearance of the EPR signal of
5 the stoichiometry of the oxidation was determined as
that shown in eqn. (2),

2 OV(IV)(acac), + (CH;);COOH -2 OV(V)(acac),X @
5

where X is a ligand, probably attached to the vanadium
atom (vide infra).

We have investigated the kinetics of the disappearance
of the centre line in the EPR spectrum of 5 under the
following reaction conditions: [5] = 0.67 mM and [TBHP]
=0.33 mM at 20°C. The rate expression for the second-
order reaction where the reactants are present in stoichio-
metric ratios is given in eqn. (3).

1 d[OV(acac),]

rate = — = - k[OV(acac),][TBHP] (3)
2 dt

The solution to this equation is eqn. (4).

1
[OVlacack ). =[GV acacylr ' + ke @

Fig. 2 shows the decay of the EPR signal of 5§ as a
function of time, together with the least-squares fit of the

2 OV(acac), + 1 t-BuOOH
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Fig. 2. The decay of the EPR signal (centre line) of OV(IV){acac), as a function of time in the reaction with TBHP. The

‘unperturbed’ line is the least-squares fit.
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Fig. 3. The change in the UV spectrum of OV(IV)(acac), by
reaction with TBHP as a function of time.

function according to eqn. (4). The second-order rate
equation proved to be the best integral order model with
a correlation coefficient of 0.991. The rate constant k was
calculated to be 129 M~ ! s~ 1.

The reaction of 5 and TBHP in CI(CH,),Cl at rt was
also been investigated by UV spectroscopy using 0.16 mM
concentrations for both reagents. The change in the UV
spectrum for the reaction of 5 with TBHP as a function
of time is shown in Fig. 3.

Complex 5 absorbed at 300 nm, but this absorbance
decreased when 5 was oxidised, and a new absorbance
appeared at 272 nm. The intensity of the absorbance at
300 nm was measured over a period of 30 min and the
concentration of 5 fitted the same rate laws as found by
the EPR experiments. The rate constant for the disap-
pearance of 5 in the UV experiment was calculated to be
12.5 M~ ' s~ ', which is very similar to the value obtained
by the EPR experiments.

The UV experiments of the reaction of 5 with TBHP
showed the formation of a complex which was apparently
stable in solution as the absorbance at 272 cm ' was
constant for several hours. The reaction of 5 with an ex-
cess of organic peroxide has been claimed to liberate free
acetylacetone.”® Free acetylacetone in CH,Cl, absorbs at
273 cm ™!, but IR, as well as NMR spectroscopic studies
showed no sign of free acetylacetone, under the present
reaction conditions. Furthermore, a careful measurement
of the UV absorption spectrum of the reaction product of
5 with TBHP showed that the absorbance was not strong
enough to originate from free acetylacetone, indicating
that the absorbance was due to a vanadium(V) complex,
rather than liberated acetylacetone. These results indicate
that, unless acetylacetone decomposes, it is still coordi-
nated to the vanadium atom, after the oxidation has taken
place.

The kinetic results are consistent with the following
two-step activation process of OV(IV)(acac), by TBRHP
(Scheme 1).
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OV(IV)(acac), + (CH;);COOH —
5

OV(V)(acac),” + (CH;);CO* + OH ~
9

OV(IV)(acac), + (CH;);CO*—
5

OV(V)(acac)," + (CH;);CO ~
9

Scheme 1.

To compensate for the positive charge at the
OV(V)(acac), complex, 9, an anion such as hydroxide, or
tert-butoxide, might be attached to the vanadium atom. A
dimeric vanadium complex such as (acac),(O)V-O-
V(O)(acac),, 10, might also be a possibility for the in-
termediate, but our experiments did not give any conclu-
sive answers to this.

o O
o=yW—0—VYv=0

WA S \0

AN AN

To find out whether OV(IV)(acac), was oxidised by
TBHP via an outer-sphere or inner-sphere ET pathway,
the reaction was compared with the reaction between fer-
rocene, FeCp,, and TBHP. As the oxidation potential of
FeCp, is approximately 300 mV lower than that of
OV(IV)(acac), eqn. (5) should thus be more favourable
than eqn. (6).

ET
Fe(Cp), + (CH;);COOH —
Fe(Cp),t + (CH;);CO" + OH (5)

OV(IV)(acac), + (CH,),COOH “=-
OV(V)(acac); + (CH,),CO" + OH - 6)

Our experiments showed, that FeCp, and TBHP did
not react within the period of time necessary for complete
reaction between OV(IV)(acac), and TBHP, rendering an
outer-sphere ET oxidation pathway for the latter reaction
unlikely. The reaction of 5 with TBHP probably produces
first a OV(V)(acac), complex. The kinetics of the oxida-
tion of VO** using TBHP?® or hydrogen peroxide®! in
aqueous media has received some attention and the
mechanistic proposals derived from these studies are very
similar to the one presented here. Furthermore, it should



also be noted that the kinetic investigations by Espenson
et al. of the reaction of unligated VO?* with alkyl hy-
droperoxides in acidic aqueous medium revealed that a
weak equilibrium exists between vanadium(IV) and the
hydroperoxide.*® The vanadium(IV) peroxide complex is
present in a steady-state concentration and the ET step
is the rate-determining step.’®

In an attempt to find out whether the OV(V)(acac),
complex is an oxygen-transfer reagent, the following
experiments were carried out. The oxidation of
OV(IV)(acac), complex with TBHP was monitored by
EPR spectroscopy. After the total disappearance of the
V(V) EPR signal, Ph,P or (Z)-stilbene was added to the
solution in order to investigate whether an EPR signal
would emerge, thus showing that a V(IV) species had
been generated. However, no EPR signals were observed.
In addition to the possibility of a V(V)-V(IV) cycle during
the oxygen-transfer reaction, a V(V)-V(III) cycle might
also be possible as both of these vanadium complexes are
EPR silent. However, no epoxide was produced when
(Z)-stilbene was added to the OV(V)(acac), complex,
eqn. (7), showing that the oxygen transfer from the
OV(V)(acac), complex to alkenes such as (Z)-stilbene is
an unlikely process.

0
L, \‘l(V) + =—H LOA + L, V(III) (M

Vanadium(V) complexes have recently been prepared
by the reaction of vanadium(III) complexes with epoxides
by oxygen-atom abstraction producing an alkene and a
vanadium(V) complex, eqn. (8).*

o
o
[ \+ L Vv{dIl) — L,,\|l(V) + = ®)

Since the V(V)-V(III) cycle is in principle the reverse
reaction it seems unlikely that the initially formed vana-
dium(V) complex would be able to epoxidise an alkene.
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1

Scheme 2.
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Furthermore, we have found that the electrochemical re-
duction of 5 to a vanadium(III) complex was an irre-
versible process and that the vanadium(III) complex
formed did not exist long enough to be oxidised back to a
vanadium(IV) complex, even at a scan rate of 100 Vs~ 1,

The oxygen-transfer properties of the OV(V)(acac),
complex is very dependent of the oxygen atom acceptor,
as it was observed that replacing (Z)-stilbene with PPh,
led to the formation of OPPh; by reaction with the
OV(V)(acac), complex. This oxygen transfer from V(V)
to PPh; has also been observed for other V(V) com-
plexes.*

In relation to the present formation of the
OV(V)(acac), complex it should be noted that recent
investigations by Zamaraev et al. using 'H NMR
and *'V NMR spectroscopy showed the formation of
an OV(V)(acac),(OOC(CH;);)  complex when
OV(IV)(acac), was treated with an excess of TBHP.?***
The formation of this complex might originate from the
reaction of OV(V)(acac),-X with TBHP as outlined in

eqn. (9).

2 OV(IV)(acac), + (CH,),COOH —

5
2 OV(V)(acac),(OOC(CH,),) + HX )

However, the OV(V)(acac),(OOC(CH,);) complex de-
composes within few minutes and therefore this complex
cannot be the active epoxidation species throughout the
entire epoxidation process.>* It has been suggested that
a vanadium peroxide complex is responsible for the oxi-
dation of organic compounds when TBHP is used as the
terminal oxidant and OV(IV)(acac), is applied as the
catalyst precursor.*3*

II. The electronic nature of the oxygen atom transferred by
the vanadium(V) complex. To investigate the electronic

nature of the oxygen atom transferred from TBHP via the
vanadium(V) catalyst to the substrate, the oxidation of

0 0

N\ 7/

S
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S
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thianthrene 5-oxide (SSO), 11, was investigated. Com-
pound 11 has two functional groups that can be oxidised,
the sulfide and the sulfoxide moiety. Nucleophilic oxid-
ising reagents tend to oxidise the sulfoxide functionality
giving 12 (SSO,), while electrophilic oxidising reagents
mainly oxidise the sulfide functionality leading to 13
(SOSO) (Scheme 2).%¢*7

Adam has introduced the parameter X, defined as the
SSO, fraction of the total amount of oxidation products
according to eqn. (10).¢*7

Nsso,

Xso = (10)

Hsso, t Msoso

An X, value of 0, indicates an exclusively electrophilic
oxidation, while an X value of 1 is a nucleophilic oxi-
dation. The Xgo value can thus be used to evaluate the
electronic properties of the oxygen atom which is trans-
ferred from the vanadium(V) complex. The Xy, values
were measured for the oxygen atom which was trans-
ferred by the oxidised states of 5, 7 and 8 using TBHP
as the terminal oxidant. The following Xy values were
obtained: 5. 0.12; 7. 0.11 and 8, 0.11. These values in-
dicated that the oxygen atom transferred from the three
catalytic systems are electronically alike, however, it turns
out that even though oxidations with 5 or 7 as catalyst
precursors were almost complete within 2.5 h, oxidations
using 8 as a catalyst precursor did not result in any de-
tectable oxidised product within this time interval.

If an alkylperoxovanadium(V) complex is the active
oxidative intermediate, the tert-butylperoxo ligand may be
mono- or bi-dentate coordinated to the metal and placed
cis or trans relative to the oxo functionality. Only one
vanadyl-alkylperoxo complex has been isolated and
characterised and this showed a bidentate coordinated
tert-butylperoxo ligand arranged cis to the oxo ligand.'® A
series of attempts were made to investigate the structure
of the coordination of the tert-butylperoxo group (cis
or trans relative to the oxo functionality) to the
OV(V)(acac), complex using molecular mechanics
(MM2)*® and ZINDO?*~?7 calculations, but no satisfac-
tory results were obtained as the calculated energies for
several possible geometrical isomers were within 0.5 eV.

II1. Epoxidation of alkenes and 1,3-dienes. The oxygen
transfer from the reactive vanadium(V)-alkyl peroxide
complex intermediate to an alkene and a 1,3-diene was

Scheme 3.
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Table 1. The cis-stilbene oxide: trans-stilbene oxide ratio as
a function of time using 5 and 7 as catalysts, TBHP as the
terminal oxidant and (2)-stilbene as the substrate.

5 7

2h  4h 7h 2h 4h 7h

cis-stilbene oxide: 0.94 0.83 0.85 1.02 1.00 0.85

trans-stilbene oxide

studied. In order to study the outcome of the oxygen-
transfer step to the alkene, cis-alkenes were used as the
substrate, as the stereochemistry of the epoxide might
give information about the oxygen-transfer mechanism.
The catalytic properties of § and 7 were very similar, as
about 209, of the epoxide was produced after 2 h at
50°C, whereas the catalytic properties of 8 were imper-
ceptible, as less that 19, epoxide was formed after 2 h.
In the case where 5 and 7 were used as catalyst precur-
sors the cis-stilbene oxide and trans-stilbene oxide were
formed in nearly equal amounts. The cis-stilbene oxide:
trans-stilbene oxide ratio as a function of time is pre-
sented in Table 1 using 5 or 7 as the catalyst precursor.
TBHP as the terminal oxidant and (Z)-stilbene as the
substrate.

It appears from Table 1 that the cis-stilbene oxide:
trans-stilbene oxide ratio was very similar for the two
catalysts 5§ and 7. Surprisingly the cis-stilbene oxide:trans-
stilbene oxide ratio was not constant with time as this
ratio decreased at longer reaction times. Furthermore, it
was found that among the by-products of the epoxidation
reaction of (Z)-stilbene using S as the catalyst and TBHP
were (E)-stilbene and benzaldehyde. It should be noted
that under the present reaction conditions, (Z)-stilbene
did not rearrange in the presence of 5 or TBHP. Nor was
cis-stilbene oxide found to rearrange in the presence of 5,
TBHP, or 5 and TBHP. The formation of (E)-stilbene
indicated that the oxygen-transfer step might be revers-
ible. This would, according to our knowledge, be the first
known example of reversibility in the oxygen-transfer step
in transition-metal-catalysed epoxidations. The proposed
mechanism is outlined in Scheme 3. It should also be
noted that (E)-stilbene was epoxidised exclusively to
trans-stilbene oxide under the same reaction conditions.
The conversion of (Z)-stilbene into (E)-stilbene accounts
thus for the observed decrease in the cis-stilbene oxide to
trans-stilbene oxide ratio.



It should be noted that the formation of a mixture of
cis- and trans epoxides has also been observed in the stoi-
cheiometric epoxidation of 2-butene using 14 as the oxi-
dising agent, as well as other vanadium-catalysed epoxi-
dation reactions.'*!’”

14

To investigate the possibility of a 1,4-addition of an
oxygen atom to a 1,3-diene forming 2,5-dihydrofuran, we
studied the possible formation of 2,5-dihydrofuran from
1,3-dienes using 5 and 8 as catalysts, but no direct oxygen
transfer reaction took place under a variety of different
reaction conditions. In the case of (E,E)-1,4-diphenyl-
1,3-butadiene as substrate, S as the catalyst and TBHP
as the terminal oxidant, neither 2,5-dihydrofurans nor ep-
oxides were formed. However, a polymerisation reaction
of (E,E)-1,4-diphenyl-1,3-butadiene seemed to occur un-
der these reaction conditions. If PhIO was used as the
terminal oxidising agent, a mixture of (1E)-trans-1,4-
diphenyl-3,4-epoxy-1-butene and (Z)-trans-1,4-diphenyl-
3,4-epoxy-1-butene was produced as well as some over-
oxidation products, but no 2,5-dihydrofuran could be
detected. These results show that the discrete catalytic
vanadium system is different from the VPS contrasting
the case of discrete silver complexes showing reactivity
similar to that of silver surfaces.

1V. Summary. The present results show that the oxida-
tion of a series of oxovanadium(IV) complexes to the oxo-
vanadium(V) complexes is very dependent on the organic
ligands attached to the metal. The complexes with dike-
tonato ligands are easily oxidised compared with the sys-
tem with a porphyrin ligand attached to the vanadyl
group. This difference can be accounted for by a lower
energy of the d! electron in the vanadyl porphyrin system
compared with the other systems. The kinetics of the oxi-
dation of OV(IV)(acac), to a OV(V)(acac), complex by
TBHP has been studied using EPR and UV spectros-
copy. Both data sets were consistent with a two-step
mechanism where a hydroxide ion and a fert-butyloxyl
radical are formed in the first step by ET from
OV(V)(acac), to TBHP. In the second step the zert-
butyloxyl radical is proposed to be reduced via an ET
from OV(IV)(acac), giving a OV(V)(acac), complex and
tert-butyloxide. These reactions probably take place via
inner-sphere ET reactions. The OV(V)(acac), complex
formed is not able to epoxidise (Z)-stilbene, but PPh; is
oxidised to OPPh;. During the oxygen-transfer reactions
no vanadium radicals could be detected. Based on thi-

VANADIUM-CATALYSED OXIDATIONS

anthrene 5-oxide as a probe for the electronic nature of
the oxygen atom transferred from the oxovanadium(V)
complex with TBHP as the terminal oxidant, it was found
that the oxygen atom transferred has electrophilic char-
acter. The oxygen atom transferred is apparently of a
radical nature as a mixture of cis- and trans-epoxides are
formed by epoxidation of (Z)-stilbene. The cis epoxide-
:trans epoxide ratio decreases as a function of time, and
furthermore, (E)-stilbene is observed in the epoxidation of
(Z)-stilbene catalysed by the vanadium complex, showing
that the oxygen-transfer step might be a reversible pro-
cess. The oxidation of 1,3-dienes with discrete vanadium
complexes using different terminal oxidants shows no
similarities to the oxidation of 1,3-butadiene on a VPS.

Experimental

'H and "*C NMR spectra were recorded on a Varian 300
MHz Gemini spectrometer. CDCl; was used as the sol-
vent and reported § values are relative to tetramethylsi-
lane (TMS). EPR spectra were recorded on a Bruker ER
200 spectrometer with a modulation frequency at 25 kHz
and an amplitude of about 100 mG. IR solution spectra
were recorded on a Bruker IFS 113V spectrometer and
UV spectra on a Uvicon Kontron 860 spectrometer.

Materials. OV(IV)(acac),, OV(IV)(tpp) and TBHP are
commercially available. OV(IV)(acac), was recrystallised
from CH,Cl, before use. OV(IV)(camp),,” thianthrene
5-oxide®® and PhIO***! were prepared according to the
literature. All other chemicals were used as received.
TBHP was used as a CI(CH,),Cl solution prepared ac-
cording to literature procedures.”

EPR spectra. The spectra of OV(IV)(acac),, OV(IV)-
(camp), and OV(IV)(tpp) were recorded at a centre field
value of 3315.55 G and a 1000 G sweep width.

EPR kinetics. The reactions were carried out in sample
cells at ambient temperature in CI(CH,),Cl. [OV(IV)
(acac),] =0.67 mM and [TBHP]=0.33 mM. The inten-
sity of the more intense centre line was measured as a
function of time. A second-order model proved to be the
most appropriate description of the reaction.

EPR measurements in the presence of PPh; and (Z)-stil-
bene. These experiments were carried out under the same
conditions as for the EPR Kkinetic experiments. After total
oxidation of OV(IV)(acac), to a vanadium(V) complex,
PPh; or (Z)-stilbene was added to the reaction mixture to
investigate whether an EPR signal originating from a va-
nadium(IV) complex would emerge.

A parallel experiment was conducted in order to in-
vestigate the possible formation of OPPh; or cis-stilbene
oxide. Under an N, atmosphere at rt slow addition of
0.05 mmol TBHP in 2 ml DCE to a DCE solution of §
(0.1 mmol in 3 ml) resulted in the formation of a vana-
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dium(V) complex as evidenced by UV spectroscopy. It
should be noted that this oxidation was not complete,
presumably due to metal-catalysed decomposition of the
TBHP. The oxidation of OV(IV)(acac), is accompanied
by a change in colour from greenish blue to brownish.
When PPh, was added to the solution, the colour re-
turned to greenish blue. The formation of OPPh; is evi-
denced by "H NMR spectroscopy (CDCl;, TMS as in-
ternal ref.) showing two multiplets between 7.4 ppm and
7.8 ppm. Addition of (Z)-stilbene to the solution con-
taining the vanadium(V) complex does not result in a
change in colour, even when the mixture was left at 60°C
overnight. No epoxide could be detected using 'H NMR
spectroscopy (CDCl;, TMS as internal ref.).

Reactions followed by UV spectroscopy. OV(IV)(acac),
(0.16 mM) and TBHP (0.16 mM) in CI(CH,),Cl were
mixed at rt and spectra were recorded from 240 nm to
340 nm every 24 s.

Kinetic studies by UV spectroscopy. The reaction was stud-
ied at rt at 300 nm with the following concentrations:
[OV(IV)(acac),] =0.067 mM and [TBHP]=0.033 mM
in CI(CH,),ClL.

IR spectra. For these experiments the [OV(IV)
(acac),] =0.045 M, while various concentrations of
TBHP were applied. The spectra were recorded in the
600-4000 cm ' region.

Stability of OV(IV)acac), under various reaction conditions.
2,4-Pentanedione has a very characteristic '"H NMR sig-
nal at 8 15.4 (enol form), which can be easily detected if
it is liberated during the oxidation of [OV(IV)(acac),].
This signal was not observed during the stoichiometric
reactions.

Electrochemical measurements. The measurements were
conducted for a 2 mM DMF solution of OV(IV)(acac),
containing 0.1 M TBABF, with a Pt working electrode.
The reference electrode was Ag/Agl with anthraquinone
as an internal standard (E° = —400 mV).

Procedure for the oxidation of thianthrene 5-oxide.
1.25 mmol of thianthrene 5-oxide and 4.5 pmol of
OV(1V)(acac), were dissolved in 10 ml Ci(CH,),Cl, de-
gassed with N, and heated to 50°C. 0.124 mmol of
TBHP were added at this temperature. Aliquots were
drawn at various time intervals within the first 8 h of
reaction time and the distribution of the products was
investigated by HPLC using 2-nitroaniline as an external
standard. The Xgo values are an average of five
measurements for 5 and 7. Longer reaction times were
necessary to obtain the Xy value for 8 which is based on
two aliquots.

Procedure for the epoxidation of alkenes and 1,3-dienes.
0.5 mmol of the appropriate alkene/diene was dissolved
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in CI(CH,),Cl and 0.025 mmol of the catalyst and
1.0 mmol of TBHP were added, after which the reaction
mixture was heated to 50°C. Aliquots were withdrawn at
various time intervals, the reaction mixture was filtered
through Celite and the solvent evaporated off. The reac-
tion mixture was analysed by '"H NMR spectroscopy. 'H
NMR spectra (300 MHz, CDCl,) of cis-stilbene oxide: &
4.37 (s, 2 H), 7.17 (m, 10 H); trans-stilbene oxide: & 3.87
(s, 2 H), 7.36 (m, 10 H).

Procedure for rearrangement experiments 1 mmol of (Z)-
stilbene in CI(CH,),Cl was heated to 80°C for 3 h in the
presence of OV(IV)(acac), (5) (0.04 mmol). No rrans-
alkene could be detected. 0.076 mmol cis-stilbene oxide
was heated to 70°C in the presence of (a) 0.04 mmol
OV(IV)(acac),, (b) 0.12 mmol TBHP and (c) 0.04 mmol
OV(IV)(acac), and 0.12 mmol TBHP. The 'H NMR
spectrum taken after 20 h showed no rrans-stilbene oxide.
Other products, mainly overoxidized, did, however, ap-
pear.
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