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Radical reactions of diamine bis(phenolate)
vanadium(III) complexes. Solid state binding of O2

to form a vanadium(V) peroxo complex†

Sónia Barroso, a Ana M. Coelho,a Pedro Adão, a Maria José Calhorda b and
Ana M. Martins *a

[VCl3(THF)3] reacted with the sodium salt of a tripodal diamine bisphenolate ligand precursor Na2L2 to

give a paramagnetic d2 complex [V(L2)Cl] (2). The reaction of 2 with oxygen is strongly dependent on the

experimental conditions, affording [VO(L2)Cl] (6) or [V(η2-O2)(L2)Cl] (7). The formation of 7 involves the

direct addition of O2 to V(III) in the solid state with oxidation to V(V) without significantly disturbing the

structure of 2. DFT calculations showed that compound 7 is an intermediate in the formation of 6 from 2.

The reaction involves the cleavage of the η1-O–O bond in a proposed dimeric species. The overall reac-

tion of 2 moles of vanadium(III), complex 2, and one mole of O2 to yield two moles of product 6 is a

favourable process with ΔG298 = −38.3 kcal mol−1. 7 is the first non-oxido peroxidovanadium(V) complex

obtained directly from the reaction of a crystal and the second example of a structurally characterized

complex of that type. Reactions of V(L1)Cl (1) and V(L2)Cl (2) with one equivalent of the nitroxyl radical

TEMPO in toluene also result in the formation of oxido V(V) complexes, VO(L1)Cl (5) and VO(L2)Cl (6). The

reaction of VO(OiPr)3 with Na2L2 afforded [VO(L2)(OiPr)] (8) in high yield. A major isomer having the VvO

moiety in the equatorial plane was characterised by X-ray diffraction although solution NMR data showed

the presence of a minor species with the oxido ligand trans to the tripodal nitrogen, as in 6. Complexes 6

and 8 are very active and selective sulfoxidation catalysts of thioanisole, but no enantiomeric excess was

obtained.

Introduction

Vanadium plays an important role in biological systems, being
present in the active sites of some haloperoxidases and
nitrogenases.1–6 The coordination chemistry of vanadium has
therefore received considerable attention and led to relevant
applications, in medicine,1 mostly as an insulin mimetic, and
as a catalyst in oxidation and oxo transfer reactions.7–9

Models of enzyme active centers or as oxidation/oxo trans-
fer catalysts based on vanadium and molybdenum which are
very relevant biological metals have been reported.10,11 In the
case of vanadium, such models often include oxidovanadium(IV)
and -(V) fragments supported by N/O donor ligands with
several architectures.3,4,7,9,12,13 Significant effort has been

made towards the development of asymmetric oxidation green
catalysts, using H2O2 or O2, though very few highly enantio-
selective oxidations in water have been reported.14 The inter-
action of O2 or H2O2 with metal complexes leading to well-
defined species often lacks selectivity due to uncontrolled sec-
ondary reactions, being therefore a relevant issue toward the
solution of this problem.

The chemistry of vanadium(III), however, is much less
explored.15–19 Despite the identification of V(III) and non-oxido
V(IV) species in many enzymes, such as vanadium nitrogenase,
the extreme susceptibility to the oxidation of vanadium(III)
complexes and their di-radical nature have made the study of
such species extremely challenging.

Our recent advances in the chemistry of transition metal
complexes (Ti, Zr, V, Mo, W) coordinated to tripodal diamine
bis(phenolate) ligands (N2O2)

20–24 showed that V(III) derivatives
provided a convenient entry in the chemistry of oxido
vanadium(V) complexes, which exhibited remarkable activity
and selectivity in sulfoxidation catalysis. Despite our success-
ful efforts to synthesise a chiral N2O2 ligand, no enantio-
selectivity could be achieved by the resulting complex in
sulfoxidation catalysis and, as revealed by NMR studies,
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several species were present in solution upon addition of H2O2

to the catalyst precursors.25 These studies on oxygen activation
and sulfoxidation catalysis are followed in the present work.
We demonstrate now that V(III) species react with molecular
oxygen through a biradical process that forms an unusually
rare non-oxido vanadium(V) peroxido complex, which
rearranges to give a terminal VvO fragment. Relevant issues

concerning the formation and stability of vanadium peroxido
vs. vanadium oxido species are discussed on the basis of DFT
calculations.

Results and discussion
Chemical studies

The vanadium complexes described here have as ancillary
ligands diamine bis(phenolates) obtained from the H2L1 and
H2L2 precursors displayed in Fig. 1.26,27 The reaction
sequences that led to the syntheses of all vanadium complexes
described are depicted in Scheme 1.

[VCl3(THF)3] was treated with 1 equivalent of the sodium
derivative of H2L1 forming [V(L1)Cl(THF)] (1).25 The parallel
reaction between [VCl3(THF)3] and Na2L2 led to the new [V(L2)
Cl] complex (2) as a crystalline red solid in 63% yieldFig. 1 Tripodal diamine bis(phenolate) ligand precursors.

Scheme 1 Reaction sequences for the syntheses of the vanadium complexes.
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(Scheme 1). As expected for a paramagnetic d2 species, the
magnetic susceptibility of 2 was determined as μeff (18 °C) =
2.36μB, very close to that of 1 (μeff (22 °C) = 2.45μB).

The molecular structure of 2 was obtained by single crystal
X-ray diffraction and is depicted in Fig. 2. Selected structural

parameters are listed in Table 1. The compound crystallises
from Et2O in the monoclinic system, space group P21, contain-
ing one molecule of 2 and one Et2O solvate molecule in the
asymmetric unit. The penta-coordination geometry in 2 is best
described as distorted trigonal bipyramidal with atoms O1, O2
and N2 defining the equatorial plane and atoms N1 and Cl1
occupying the axial positions. The lower coordination number
of vanadium in 2 (by comparison with 1) is probably imposed
by the bulky and fairly rigid ethylpyrrolidine moiety that
pushes the phenolate moieties back and forces the loss of
THF. Indeed, the O1–V1–O2 angle in 2 (125.8(1)°) is much nar-
rower that in 1 (165.58(2)°).25

The 5-membered metallacycle defined by V1–N1–C1–C2–N2
displays a δ conformation with S configuration at the chiral
centres N2 and C2. The V–N1 and V–N2 distances, 2.178(3)
and 2.135(3) Å, respectively, are consistent with those in the
few aminephenolate vanadium(III) complexes reported.17,28

The V–Ophenolate distances in 2 (1.862(2) and 1.859(2) Å) are
smaller than in 1 (1.906(4) and 1.913(4) Å), indicating a more
pronounced π-bonding character made possible by the lower
coordination number, but agree well with the distances
observed in the aminetrisphenolate vanadium(III) complex

Fig. 2 ORTEP-3 diagram of [V(L2)Cl] (2), using 40% probability level
ellipsoids. Hydrogen atoms are omitted for clarity.

Table 1 Selected structural parameters for 2, 3, 4, 6, 7 and 8(1)

2 3 4 6 7 8(1)

Distances (Å)
V(1)–N(1) 2.178(3) 2.259(2) 2.214(3) 2.319(3) 2.25(2) 2.249(4)
V(1)–N(2) 2.135(3) 2.231(2) 2.230(3) 2.273(4) 2.30(2) 2.464(4)
V(1)–O(1) 1.862(2) 1.937(2) 1.789(2) 1.843(3) 1.83(2) 1.898(3)
V(1)–O(2) 1.859(2) 1.929(2) 1.783(2) 1.838(4) 1.76(1) 1.913(3)
V(1)–X1a 2.362(1) 2.192(2) 2.316(1) 2.341(2) 2.33(1)
V(1)–X2a 2.181(2) 2.335(1) 1.597(3) 1.78(2) 1.772(3)
V(1)–O(4) 1.85(1) 1.589(3)
O3–O4 1.39(2)
V(1)-eq. planeb 0.133(1) 0.159(1) 0.152(1) 0.240(1) 0.284(8) 0.210(1)

Angles (°)
O(1)–V(1)–O(2) 125.8(1) 165.4(1) 169.4(1) 163.0(1) 169.4(6) 161.0(1)
O(1)–V(1)–X2 84.2(1) 89.4(1) 99.4(2) 87.4(6) 97.4(1)
O(1)–V(1)–O(4) 93.5(6) 95.1(1)
O(2)–V(1)–X2 83.6(1) 89.7(1) 97.5(2) 90.6(6) 96.2(1)
O(2)–V(1)–O(4) 92.3(6) 93.4(1)
X2–V(1)–O(4) 44.7(6) 107.7(1)
O(1)–V(1)–N(1) 89.0(1) 85.1(1) 82.9(1) 80.2(2) 87.8(5) 78.7(1)
O(2)–V(1)–N(1) 87.5(1) 87.3(1) 86.5(1) 84.4(2) 81.7(6) 83.5(1)
X2–V(1)–N(1) 92.3(1) 92.2(1) 162.4(2) 79.7(7) 155.6(2)
O(4)–V(1)–N(1) 124.3(7) 96.7(2)
O(1)–V(1)–N(2) 119.1(1) 97.1(1) 92.0(1) 93.1(2) 89.8(6) 83.1(1)
O(2)–V(1)–N(2) 113.7(1) 93.7(1) 87.6(1) 90.0(2) 88.0(6) 85.9(1)
X2–V(1)–N(2) 171.2(1) 172.7(1) 86.8(2) 156.6(6) 81.3(1)
O(4)–V(1)–N(2) 158.6(6) 171.1(1)
N(1)–V(1)–N(2) 81.2(1) 79.2(1) 80.8(1) 75.6(1) 77.0(6) 74.4(1)
O(1)–V(1)–X1 95.5(1) 94.2(1) 94.7(1) 86.3(1) 94.7(4)
O(2)–V(1)–X1 92.9(1) 95.1(1) 95.9(1) 87.5(1) 95.1(5)
X2–V(1)–X1 95.7(1) 96.8(1) 104.0(1) 123.7(5)
O(4)–V(1)–X1 79.0(5)
N(1)–V(1)–X1 174.2(1) 171.9(1) 170.6(1) 93.5(1) 156.5(5)
N(2)–V(1)–X1 93.3(1) 92.9(1) 90.2(1) 169.1(1) 79.7(5)
θc 111.6(1) 154.6(1) 160.6(2) 125.1(1) 117.3(7) 109.7(1)

a X1 = C(81) for 3 and Cl(1) for 2, 4, 6 and 7; X2 = Cl(2) for 4 and O(3) for 3, 6, 7 and 8. b The equatorial plane is defined by atoms O(1), O(2), N(2)
and Y in 3, 4, 6, 7 and 8 (Y = O(3), Cl(2), Cl(1), O(3) and O(4), respectively) and by atoms O1, O2 and N2 in 2. c θ is the dihedral angle between the
planes containing the phenolate rings.
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[V(N(CH2-2-O-3,5-
tBu2-C6H2)3)(THF)]28 that also displays trigonal

bipyramidal geometry.
The reaction of 1 with 1 equiv. of PhCH2MgCl afforded

[V(L1)(CH2Ph)(THF)] (3) as a green crystalline solid in 82%
yield. The magnetic moment of 3 at 25 °C is 2.57μB, typical of
d2 V(III) complexes. The structure of 3 was further confirmed
by X-ray diffraction analysis. Complex 3 (Fig. 3) crystallizes
from Et2O in the monoclinic system, space group P2/c, with
one molecule of 3 and one Et2O solvate molecule in the asym-
metric unit. Selected structural parameters are listed in
Table 1. The coordination geometry is distorted octahedral, as
in the precursor 1,25 with the equatorial plane defined by
atoms O1, O2 and N2 of the diaminebisphenolate L2 ligand
and the atom O3 of the THF ligand, while the axial positions
are occupied by the tripodal nitrogen N1 and the methylene
carbon atom C81 of the benzyl ligand. The overall structural
parameters of 3 agree well with those of 1, despite the longer
V–N and V–Ophenolate bond distances observed in 3. In particu-
lar, the V1–N1 distance is significantly elongated [2.260(2) Å
vs. 2.193(5) Å], reflecting the trans influence of the benzyl
ligand. The V–C bond distance [2.192(2) Å] is comparable to
the one observed in [V(acacen)(CH2Ph)] [2.156(9) Å, acacen =
N,N′-ethylanebis(acetylacetone iminato) dianion].29

When 1 was kept for periods of 2–3 months in solution,
blue crystals of a vanadium(IV) dichloride species [V(L1)Cl2] (4)
were formed. This product most likely results from a dispro-
portionation reaction of the vanadium(III) complex 1, through
an intermediate dinuclear species having chloride bridges,
which may arise upon THF dissociation from 1. Related dispro-
portionation processes were observed for titanium analogues
for which the dissociation of a labile ligand, as THF, forms
bridging chloride dimers that rearrange to stable Ti(IV) and
unstable Ti(II) species.20,22 The EPR spectrum of 4 in toluene
displays symmetrical single lines (g = 1.967) characteristic of
vanadium(IV). The g value is similar to the one observed for an
analogous [V(L)Cl2] vanadium(IV) complex reported in the lit-
erature, with L carrying methyl rather than tert-butyl substi-

tuents in the phenolates.30 An EPR analysis of the green solu-
tion left after the removal of the crystals of 4 revealed, besides
a small amount of 4 (g = 1.967), a second species with a more
intense set of signals with g = 1.999. The latter species is tenta-
tively assigned to a vanadium(II) species with two coordinated
THF molecules, similar to the vanadium(II) complex stabilized
with TMEDA and successfully characterised by Choukroun and
co-workers.17

4 crystallises in the monoclinic system, space group P21/c,
with one molecule in the asymmetric unit. An ORTEP view of
the molecular structure is depicted in Fig. 4 and selected struc-
tural parameters are listed in Table 1. The coordination geo-
metry is distorted octahedral as in 3, with atoms Cl1 and N1 in
the axial positions and atoms O1, O2, N2 and Cl2 in the equa-
torial plane. The trans arrangement of the phenolate groups,
with an angle of 160° between the rings, constrains the chlor-
ide groups to be mutually cis. The V–Cl bond distances agree
well with those found in an analogous complex having methyl
instead of tert-butyl substituents on the phenolate rings already
mentioned30 and are only slightly shorter than those observed
in the few examples of vanadium(IV) dichloride complexes con-
taining N/O donors reported (2.33 Å < VIV–Cl < 2.37 Å).31 The
V–N bond lengths are comparable and V–O bond distances are
shorter than in diamine bis(phenolate) vanadium(IV)
complexes.30,32

Reactions with oxygen – O2

Complexes 1 and 2 are extremely sensitive to moisture and
oxygen. In THF solutions both compounds react with oxygen
from dried air to give blue solutions containing vanadium(V)
oxido complexes [VO(L)Cl] (L = L1, 5 and L2, 6) as shown in
Scheme 1. Although 5 has been obtained in 75% yield,25 the
formation of the new complex 6 occurs in lower yield with the
concurrent appearance of a minor vanadium containing
species and ligand degradation. Indeed, the 1H and 13C NMR
spectra of the blue solid obtained after THF evaporation do
not only reveal a complex mixture containing [VO(L2)Cl] (6)
but also additional aromatic and tert-butyl resonances arising
from partial decomposition of the ancillary ligand. The 51V
NMR spectrum in C6D6 displays a major resonance at δ =
−207.3 ppm and a less intense peak at δ = −354.7 ppm. The
former signal is assigned to 6, by comparison with the value

Fig. 4 ORTEP-3 diagram of 4, using 40% probability level ellipsoids.
Hydrogen atoms are omitted for clarity.

Fig. 3 ORTEP-3 diagram of 3, using 40% probability level ellipsoids.
Hydrogen atoms and two disordered carbon atoms in the THF fragment
are omitted for clarity.
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observed for the vanadium(V) resonance in 5, but the minor
signal could not be identified. The IR spectrum of the blue
powder shows a strong band at 998 cm−1, characteristic of the
VvO stretching mode. Crystals of 6 suitable for single crystal
X-ray diffraction were obtained from a solution of the mixture
in pentane.

An ORTEP view of 6 is depicted in Fig. 5 and selected struc-
tural parameters are listed in Table 1. The compound crystal-
lises in the orthorhombic system, space group P222, with one
molecule in the asymmetric unit. Atoms O1, O2 and N2 of L2
and the chloride ligand (Cl1) define the equatorial plane,
while the oxido ligand (O3) and the tripodal nitrogen N1
occupy the axial positions of the distorted octahedral environ-
ment of V(V), with the oxido ligand trans to the tripodal nitro-
gen atom as observed in 5.25 Complexes with the oxido ligand
trans to the tripodal N atom will be called the axial isomers (5
and 6), by comparison with species such as 8 where the former
ligand is cis to the tripodal N atom yielding the equatorial
isomer. The ethylpyrrolidine moiety remains coordinated to
the metal, in the same δ conformation as in 2. The dihedral
angle between the trans phenolate rings is 125.1(1)° with an
arrangement as in 5,25 the VvO, V–N, V–Cl and V–Ophenolate

bond distances being in the expected ranges17,28,33 and agree-
ing well with those in 5.

Fig. 6 shows the isotropic electronic absorption and
Circular Dichroism (CD) spectra of solutions of complex 6 in
chloroform and Table 2 summarizes the values λmax and the
corresponding molar absorptivity (ε) of absorption bands, and
Δε from the CD spectra. The absorption spectrum of 6 shows a
much less intense absorption band for λ > 500 nm than 5 and
the related chiral complex [VO(LMe)Cl] (LMe = Me2NCH2CH
(CH3)N(CH2-2-O-3,5-C6H2

tBu2)2),
25 reflecting their structural

differences. Considering that 6 is a d0 VVO species, the strong
and broad absorption centred at ca. 725 nm is assigned to
LMCT bands from the phenolate oxygens to d metal orbitals,
giving rise to the intense blue colour. Similar intense CT tran-
sitions have been observed for complexes 5 and [VO(LMe)Cl]
and for a few other mono-oxidovanadium(V) phenolate com-
plexes.34 The CD spectrum of 6 confirms that this complex is
optically active. Similarly to what was observed for the pre-

viously reported chiral tripodal complex [VO(LMe)Cl], a trans-
mission of chirality to the intraligand CT transitions is present
and CD bands are observed in the 250–300 nm range, although
the chiral carbon centre is a few bonds away from the phenol-
ate rings.

The oxidation of [V(L2)Cl] (2) to [VO(L2)Cl] (6) is
accompanied by an increase in the metal coordination
number (Scheme 1) and rearrangement, as it involves the shift
of the chloride ligand from trans to cis to the tripodal nitrogen.
The oxygen atom of the new VvO fragment is placed trans to
the tripodal nitrogen, which affords the most stable oxidovana-
dium isomer supported by diamine bis(phenolate) ligands as
shown by DFT calculations performed for [VO(L1)Cl] (5).25

In order to confirm that the O2 present in air (and not
moisture) is responsible for the oxidation of vanadium(III) in
complex 2, deaerated water was added to a red solution of 2 in
toluene and the mixture was vigorously stirred. No colour
change was observed even after 12 h of stirring. However,
when a portion of this mixture was exposed to air, the colour
immediately changed to blue. This observation clearly shows
that 2 is oxidised by O2, probably as a result of coupling
between two diradical species. Although reactions of V(III) com-
plexes with oxygen have been reported, only very few vanadium(III)
compounds could be oxidized by O2 to their oxidovanadium(V)
complexes.16,19,35,36 Attempts to understand the mech-
anism of the oxidation of V(III) to V(V) by oxygen led us to
perform reactions of crystalline samples of [V(L2)Cl] with
dried air or O2 either in the solid state or in solution. The

Fig. 5 ORTEP-3 diagram of [VO(L2)Cl] (6), using 40% probability level
ellipsoids. Hydrogen atoms are omitted for clarity.

Table 2 Isotropic absorption data (UV-Vis) and circular dichroism (CD)
data for complex 6

UV-Vis CD

λmax/nm ε/M−1 cm−1 λmax/nm Δε/M−1 cm−1

306 3938 311 +0.18
355 3311 352 −0.15
430 1837 426 −0.38

539 +0.24
725 1329 770 +0.47

Fig. 6 Isotropic electronic absorption (UV-Vis) and circular dichroism
(CD) spectra for complex 6 in chloroform. The UV-Vis and CD spectra
were recorded using 6.16 × 10−4 M and 1.54 × 10−3 M solutions, with 10
and 1 mm optical path cells, respectively.
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main conclusion from these attempts is that pure 6 could only
be obtained when crystalline samples of 2 were exposed to very
slow diffusion of air. When the contact of oxygen with the
compound is not controlled by diffusion, ligand deterioration
accompanies the formation of 6. The clue for the understand-
ing of this result was obtained accidentally from the solid-state
reaction of a mono-crystal of 2, covered with perfluoroether oil,
with O2 in air to give [V(η2-O2)L2Cl] (7, Scheme 1).

Complex 7 is only the second non-oxido vanadium peroxido
derivative reported to date.35 Its formation took place after a
few hours at room temperature as attested by the colour
change of the crystal from red to blue. The X-ray diffraction
data of 7 are of low quality, but the structure was unequivocally
determined and revealed the formation of a new η2-peroxido
ligand that results from the diradical coupling of oxygen with
the d2-vanadium centre. An ORTEP view of the molecular
structure is depicted in Fig. 7 and selected structural para-
meters are listed in Table 1.

7 crystallises in the monoclinic system, space group P21,
with one molecule in the asymmetric unit. The metal seven-
coordination geometry is best described as distorted capped
octahedral with the equatorial plane defined by atoms O1, O2
and N2 of the diaminebisphenolate ligand and atom O3 of the
peroxido ligand. The axial positions are occupied by the tripo-
dal nitrogen N1 and the chloride ligand (Cl1), while atom O4
of the peroxido ligand caps the O1–O3–Cl1 face of the octa-
hedron. To facilitate comparison with others, the structure of
7 can also be described as distorted octahedral, considering
the middle point of the O3–O4 bond (m) as the sixth ligand,
after the aminophenolate and the chloride. Indeed, the m-V–
N2 angle is close to 177°.

The chloride ligand remains trans to the tripodal nitrogen,
as in the trigonal bipyramidal 2, indicating that the oxidative
addition of molecular oxygen to 2 occurred with a minimal dis-
tortion of the latter complex structure and an equatorial
isomer has formed. The V–Ophenolate and V–Cl bond distances
are shorter than in the vanadium(III) complex 2, although the
V–N bond distances are significantly longer than in 2. The

lengthening of the V1–N2 distance, in particular, may be
associated with the trans influence of the peroxido group.

The distances between vanadium and the peroxido oxygen
atoms in oxidoperoxidovanadium(V) complexes with O- and
N-based ligands are usually very similar, their difference
ranging from 0.01 and 0.023 Å in several reported structures.37

In 7, however, this difference is 0.07 Å (d(V1–O3) = 1.78(2) Å,
d(V1–O4) = 1.85(1) Å) and the O3–O4 bond length is 1.39(2) Å,
revealing a significant elongation of the O–O distance upon
coordination (dO–O in O2 is 0.121 Å). The metric parameters
determined for 7 are close to those reported for [(η2-O2)V(N-
[tBu]Ar)3],

35 which is the unique non-oxido complex of
vanadium displaying an η2-O2 ligand and formally seven-coor-
dinate, although the O–O bond length in the latter complex is
slightly longer (1.416(5) Å) than in 7.

Reactions with O2 – mechanism

Density functional theory calculations (GAUSSIAN 03/
PBE1PBE, see Computational details) were performed in order
to understand whether the peroxido complex 7 might be an
intermediate in the formation of 6 from the reaction of 2 with
O2 (Scheme 2). Simplified models, with methyl instead of tert-
butyl aromatic substituents, were used for the calculations.
The optimised geometries of the models (represented with *)
reproduce the experimental available ones (see the ESI†).

Two intermediates may be envisaged for the reaction of 2
with O2, a side-bound peroxido complex (7*) or an end-bound
peroxido complex (A) being not detected. Both intermediates
7* or A may react further with a second equivalent of
vanadium(III) complex 2* to give the dimeric intermediate B,
which converts to the oxido complex 6* by cleavage of the O–O
bond (Scheme 2). An additional difficulty arises from the
different ligand arrangements around vanadium in structurally
characterized 7 and 6 (7* and 6* in the models), as 7 is an
equatorial isomer and 6 is an axial one (see definitions above).

The overall reaction of 2 moles of vanadium(III) complex 2*
and one mole of O2 to yield two moles of 6* is a favourable
thermodynamic process (ΔG298 = −38.3 kcal mol−1). On the
other hand, the oxidative addition of O2 to form any of the
side-bound η2-O2 (7*) or end-bond η1-O2 (A) peroxido inter-

Fig. 7 ORTEP-3 diagram of [V(η2-O2)L
3Cl] (7), using 30% probability

level ellipsoids. Hydrogen atoms are omitted for clarity.

Scheme 2 Gibbs energy for alternative pathways leading to the for-
mation of 6 from 2 and O2 (ΔG298 in kcal mol−1), modelled with methyl
instead of tert-butyl groups (7*, 6* and 2*).
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mediates in the first step is an endergonic process (9 kcal
mol−1). These species are high energy intermediates. η2-O2 (7*)
is the more stable dimer and corresponds to the dimer experi-
mentally obtained in the solid state reaction described above.
Besides being the thermodynamic favoured species, formation
of 7* should require less distortion of the initial complex 2*
(kinetic isomer). The side-bound peroxido intermediate 7* is
thus the most likely intermediate, although the difference
between the ΔG values of 7* and A is small.

On the other hand, in order to form the dimeric intermedi-
ate B, one of the peroxide oxygen atoms must coordinate to
one incoming V(III) complex 2*. This may happen immediately
from the peroxido end-bound intermediate A, but not from the
peroxido side-bound intermediate 7*, which must rearrange.
Therefore, intermediate 7* should isomerise to A. The η2- to
η1-O2 shift will lead to the equatorial isomer (Aeq), which
needs to convert into the more stable Aax isomer in order to
obtain the right arrangement of the final product 6*. The
small energy differences between the intermediates 7*, Aeq
and Aax suggest that there may be an equilibrium between
them. Therefore, the second reaction step should be the iso-
merisation from 7* to Aeq followed by isomerisation from Aeq
to Aax. In the third step, η1-O2 (Aax) reacts with a second mole-
cule of 2* to yield the bridged peroxide dimer B (axial isomer).
Cleavage of the O–O bond in dimer B gives the oxido
vanadium(V) species 6* (axial isomer).

A similar reaction between [V(N{tBu}Ar)3] and O2 led to
[V(η1-O2)(N{tBu}Ar)3], which isomerized to the more stable
(4.2 kcal mol−1) η2-O2 and ended in an oxido vanadium(V)
complex.35 [V(η2-O2)(N{tBu}Ar)3] was synthesized by a different
route (solution) from the one described above and was structu-
rally characterized as the first example of a vanadium(V)
complex with one side-on η2-O2 peroxide in the absence of any
VvO bonds. Complex 7 described above is the second
example and resulted from a solid state reaction. Also, it is
formed directly from complex 2 and O2. The energy difference
between the η1 and η2-O2 is higher in our system (8.7
kcal mol−1) and this is one reason that may have prevented its
detection. These differences probably arise from the different
coordination environment of the two complexes, five in [V(η2-
O2)(N{tBu}Ar)3] and seven in 7. The formation of the final
oxido vanadium(V) complex probably follows the same route,
via a dimeric V(V) complex with a bridging peroxide, in both
systems.

We therefore propose that the mechanism to obtain the oxi-
dovanadium(V) complex 6 (Scheme 2) involves the η2-O2

complex (7), its isomerization to an η1-O2 complex, reaction
with another molecule of the V(III) complex 2 to form the
dimer B and its cleavage.

Reactions with TEMPO

[VO(L1)Cl] (5) and [VO(L2)Cl] (6) were also obtained through
the reactions of vanadium(III) complexes 1 and 2 with one
equivalent of the nitroxyl radical TEMPO in toluene. The 1H
NMR of the blue solids obtained after evaporation of the
solvent revealed the presence of the oxidovanadium(V) com-

plexes 5 and 6 and TEMPO–CH2Ph in 1 : 0.5 and 1 : 1.3 ratios,
respectively.38 Complexes 5 and 6 were obtained in about 50%
yield, which suggests that only one-half of the TEMPO radicals
reacts with the vanadium(III) complexes. The other half yields
TEMPO–CH2Ph in 23% and 66%, respectively, through reac-
tion with the toluene solvent. Surprisingly, reactions of 1 and 2
with 2 equivalents of TEMPO only led to a slight increase in
the yields of 5 and 6.

The mechanism of these reactions most likely involves the
coordination of TEMPO to the vanadium followed by oxygen
abstraction leading to the oxidovanadium complexes 5 and 6
and a piperidyl radical (Scheme 3). This radical may react with
toluene to give 2,2,6,6-tetramethylpiperidine and a benzyl
radical that leads to the formation of TEMPO–CH2Ph upon
radical coupling with TEMPO. DFT calculations (GAUSSIAN
09/UPBE1PBE, see Computational details) showed that the
overall reaction of 2 moles of TEMPO with one mole of 2 and
one mole of toluene to give one mole of TEMPO–CH2Ph, one
mole of 6 and one mole of piperidine is a favourable process
from the thermodynamic point of view (ΔG298 = −2.8
kcal mol−1).

Alternative synthetic routes to V(V)vO complexes

Since the oxidation of compound 2 in air revealed to be a low
yield method for the preparation of the corresponding oxidova-
nadium(V) complex 6, an alternative synthetic procedure for
the preparation of 6 was searched. The reaction of VOCl3 with
the sodium salt Na2L2, for instance, gave a dark blue solution
upon contact of the reagents but it turned dark green after
overnight reaction. A dark greenish solid was obtained after
workup. Spectroscopic data were inconclusive and no crystals
could be obtained.

A fruitful procedure for the synthesis of an oxidovanadium(V)
complex supported by ligand L2 was finally found using
[VO(OiPr)3] as a starting material. The reaction of [VO(OiPr)3]
with H2L2 gave [VO(L2)(OiPr)] (8) as a dark brownish solid with
60% yield. The 1H NMR spectrum reveals a rigid asymmetric
complex presenting distinct resonances for all protons. A
second set of peaks of much lower intensity, at slightly
different chemical shifts and with the same multiplicity, is
also observed, which is indicative of the presence of a minor
isomer in a ratio of 1 : 10. Four isomers of complex 8 are poss-

Scheme 3 Possible reactions leading to the formation of TEMPO–

CH2Ph.
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ible (a–d in Fig. 8). However, previous studies have shown that
trans-phenolate configurations (a and b) are usually more
stable than cis-phenolate isomers (c and d ).22,25 Additionally,
brownish crystals of 8 suitable for X-ray diffraction were grown
from a toluene/hexane solution and the structure obtained
corresponds to isomer b displaying trans phenolates and the
OiPr ligand trans to the tripodal nitrogen. This is the same
isomer that was structurally determined for the analogous
complex with L1 and that was shown, by DFT calculations, to
be the most stable isomer.25 Thus, the mixture of isomers
revealed by NMR is most likely a mixture of isomers a and b in
a 1 : 10 ratio. In the case of L1 a ratio of 1 : 2 of a and b isomers
was obtained while in the case of L2 a higher amount of
isomer b is formed. This must be related with the higher steric
constraint imposed by the bulkier ethylpyrrolidine moiety,
leaving less space in the equatorial plane for the coordination
of the isopropoxido ligand.

Compound 8 crystallises in the monoclinic system, space
group P21, with four molecules in the asymmetric unit. As
shown in Fig. 9, the four molecules 8 (1–4) differ mainly in the
coordination mode of the diamine side arm. An ORTEP view
of one of the molecules, 8(1), is depicted in Fig. 10 and
selected structural parameters are listed in Table 1. Compound
8 presents distorted octahedral geometry similarly to 6. The
structure obtained corresponds to isomer 8b with the oxido
ligand cis to the tripodal nitrogen, as observed for [VO(L1)
(OiPr)], synthesized and characterized in previous studies.25

The VvO, V–Ophenolate and V–OiPr bond distances are in the
ranges found for isopropoxido oxidovanadium(V) com-
plexes.17,28,33,39 The phenolate moieties adopt a trans configur-
ation bending towards the oxido ligand and define dihedral
angles of 109.71(1)° to 121.72(1)° between the aromatic planes.

V(V)vO complexes in catalytic sulfoxidation

The oxidovanadium(V) complex 5 and the chiral analogue
[VO(LMe)Cl] had been found to be very selective towards thio-
anisole sulfoxidation in previous studies. However, no enantio-
selectivity was achieved when the chiral complex was used as
the catalyst precursor.25

Complexes 6 and 8, which contain a bulkier chiral
moiety in the ligand framework, were tested in the sulf-
oxidation of thioanisole. Under the reaction conditions
(1–2 mol% catalyst, 10 °C, H2O2 as an oxidant and 1,2-
dichloroethane as a solvent), near-complete conversions
were obtained but no enantioselectivity was achieved (see
Table S1, ESI†). This result is in line with other attempts
reported in the literature and points out that the use of
H2O2 as a terminal oxidant in enantioselective sulfoxidation
requires either the addition of an excess of chiral ligands to
metal precursors or the use of surfactants.40 The huge
potential of chiral sulfoxides would justify the development
of well-defined catalysts but unfortunately, with the excep-
tion of the Fe salan complexes reported by Katsuki,41 these
still remain elusive species.

Fig. 8 Four possible isomers of 8.

Fig. 10 ORTEP-3 diagram of 8(1), using 40% probability level ellipsoids.
Hydrogen atoms are omitted for clarity.

Fig. 9 Wireframe diagrams of the four molecules of 8 present in the
asymmetric unit.
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Concluding remarks

Vanadium(III) complexes supported by a chiral tripodal
diamine bisphenolate ligand that displays a ethylpyrrolidine
group (1) are described and compared with related non-chiral
complexes of the same type, previously described, having a di-
methylamine donor group (2). The bulkiness of the ethylpyrro-
lidine group is responsible for the differences, namely the
vanadium coordination geometry, trigonal bipyramidal in 2
and octahedral in 1 with one additional THF ligand. This
results in an important difference in the reactivity of the two
complexes with oxygen. The vanadium in complex 2 is able to
coordinate one molecule of oxygen that binds in an η2-O2

mode in the solid without a significant disruption of the ancil-
lary ligand coordination. Complex 7 is the second example of a
structurally characterized non-oxido peroxidovanadium(V)
complex, and the first obtained through a solid state reaction.

DFT calculations showed that 7 is a reactive species that
through η2/η1 isomerization of the peroxido ligand may react
with 2 to give 6. The process of conversion of 2 in 6 is fairly
clean when the reaction of 2 with oxygen is controlled by slow
diffusion of O2 into a crystalline sample of 2 but it results in
partial ligand decomposition in other experimental conditions.
This reaction is thus an example of the control that may be
exerted by a specific environment on the outcome of a chemical
reaction, as it happens in many processes involving lock and
key fitting. Indeed, the formation of 7 from the oxidative
addition of molecular oxygen to 2 involving a minimal disturb-
ance of the complex structure, the pentacoordinated vanadium
coordination sphere with oxygen and nitrogen atoms, and the
trigonal bipyramidal geometry of 2 are features that make this
complex a model of vanadium haloperoxidases.42

The reaction of 2 with the radical TEMPO revealed that
after oxygen transfer to vanadium forming 5, the piperidyl
radical captures a radical from the solvent generating a benzyl
radical that competes with vanadium to react with TEMPO. An
aspect that may be critical in this reaction is the bulkiness of
both V(III) complex and TEMPO.

The high yield synthesis of complex 8, an analogue of 6
with a terminal VvO bond, was made possible when Cl was
replaced by OiPr in the VOX3 reagent. Interestingly, in the
major species in solution, the oxido ligand occupies the equa-
torial, rather than the axial position, contrary to 6. Although
extremely active and selective in sulfoxidation catalysis, the
complexes described are not enantioselective.

Experimental
General considerations

All preparations and subsequent manipulations of air/moist-
ure sensitive compounds were performed under a nitrogen
atmosphere using standard Schlenk line and glovebox tech-
niques. THF, toluene, pentane, n-hexane and Et2O were dried
by standard methods (sodium/benzophenone for THF, toluene
and Et2O; calcium hydride for n-hexane and pentane) and dis-

tilled prior to use. C6D6 was dried over Na and distilled under
reduced pressure. CDCl3 was dried with 4 Å and degassed by
the freeze–pump–thaw method. Unless stated otherwise, all
reagents were purchased from commercial suppliers (e.g.
Aldrich, Acrös, Fluka) and used as received. Commercial NaH
(60% dispersion in mineral oil) was washed with n-hexane and
dried under vacuum. H2L1

26 and VCl3(THF)3
43 were syn-

thesized following literature procedures; H2L2
26 and [V(L1)Cl

(THF)]20 were prepared as previously published. 1D (1H, 13C
{1H}, 51V) and 2D NMR spectra were recorded with Bruker
Avance II+ 300 and 400 MHz (UltraShield Magnet) spec-
trometers at ambient temperature. 1H and 13C chemical shifts
(δ) are expressed in ppm relative to Me4Si and

51V was refer-
enced to external neat VOCl3. NMR samples of air/moisture sen-
sitive compounds were prepared in a glovebox under an inert
atmosphere using NMR tubes equipped with J-Young stopcocks.
The magnetic susceptibility was determined for powdered
samples of the compounds using a SHERWOOD SCIENTIFIC
Magnetic Susceptibility Balance based on the Evans method.
Diamagnetic corrections for the diamino-bisphenolate ligand
were applied. Elemental analyses were carried out using an
EA110 CE Instruments automatic analyser. The electron para-
magnetic resonance (EPR) spectra were measured with a Bruker
ESP 300E X-band spectrometer, in frozen samples at 77 K.

Synthesis of [V(L2)Cl], 2

A solution of H2L2 (0.847 g, 1.5 mmol) in THF was slowly
added to NaH (0.079 g, 3.3 mmol) and the mixture was stirred
for 1.5 h at room temperature. The colourless solution
obtained was filtered through a Celite layer and added to a sus-
pension of VCl3(THF)3 (0.542 g, 1.5 mmol) in THF at −30 °C.
The temperature was allowed to rise slowly and the solution
was further stirred for 4 h at room temperature. The red solu-
tion obtained was filtered and evaporated to dryness leading
to a red microcrystalline powder. Yield: 0.900 g, 92%. Red crys-
tals of 2 suitable for X-ray diffraction were obtained from Et2O
at −20 °C. μeff (18 °C) = 2.36μB. EA calculated for
C37H58ClN2O2V: C, 68.45; H, 9.00; N, 4.31. Found: C, 64.19; H,
7.01; N, 5.65 (attempts to obtain good elemental analysis
failed due to the instability of the compound).

Synthesis of [V(L1)(CH2Ph)(THF)], 3

A solution of 1.64 M PhCH2MgCl in Et2O (0.35 mL,
0.58 mmol) was added to a solution of 1 (0.389 g, 0.58 mmol)
in toluene at −80 °C. The temperature was allowed to rise
slowly to room temperature and the solution was further
stirred for 7 h. The green solution obtained was evaporated to
dryness, and the residue was extracted with Et2O and the solu-
tion was filtered. Evaporation of the Et2O solution to dryness
led to a green crystalline solid. Yield: 0.320 g, 82%. Green crys-
tals of 3 suitable for X-ray diffraction were obtained from Et2O
at −20 °C. μeff (25 °C) = 2.57μB. EA calculated for C45H69N2O3V:
C, 73.34; H, 9.44; N, 3.80. Found: C, 65.43; H, 9.83; N, 3.92
(attempts to obtain good elemental analysis failed due to the
instability of the compound).
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Synthesis of [VO(L2)Cl], 6

A red solution of 2 in THF was exposed to air, through a CaCl2
drying tube, for 18 h. The blue solution obtained was filtered
and evaporated to dryness leading to a blue powder. The NMR
experiments revealed a mixture of 6 with fragments of the
ligand. Crystals of 6 suitable for X-ray diffraction were obtained
from a pentane solution of the mixture at +4 °C. Pure 6 was
obtained when a sample of crystals of 2 was exposed to air in a
controlled way (very slow diffusion of air into the Schlenk tube
containing crystals of 2). 1H NMR (300 MHz, C6D6, ppm):
δ 7.63 (d, 1H, 4JHH = 2.2 Hz, CH–Ar), 7.48 (d, 1H, 4JHH = 2.2 Hz,
CH–Ar), 7.13 (overlapped by a solvent peak, CH–Ar), 6.81 (d,
1H, 4JHH = 1.9 Hz, CH–Ar), 5.43 (d, 1H, 2JHH = 14.7 Hz,
NCH2Ar), 4.36 (m, 1H, CH2), 3.67 (d, 1H, 2JHH = 13.3 Hz,
NCH2Ar), 3.55 (m, 1H, CH2), 3.02 (m, 1H, CH2), 2.97 (d, 1H,
2JHH = 14.9 Hz, NCH2Ar), 2.71 (m, 2H, CH2 + CH), 2.55 (m, 2H,
NCH2Ar + CH2), 1.87 (s, 9H, C(CH3)3), 1.77 (s, 9H, C(CH3)3),
1.40 (s, 9H, C(CH3)3), 1.31 (m, 1H, CH2), 1.29 (m, 3H,
CH2CH3), 1.26 (s, 9H, C(CH3)3), 1.23 (m, 2H, CH2), 1.04 (m,
1H, CH2), 0.33 (m, 1H, CH2).

13C–{1H} NMR (75 MHz, C6D6,
ppm): δ 168.5, 165.4, 146.5, 145.0, 136.2, 133.8, 126.9 and
126.3 (Cipso–Ar), 124.4, 124.3, 124.1 and 122.3 (CH–Ar), 64.2
(CH), 62.2 (NCH2Ar), 60.1 (CH2), 59.5 (NCH2Ar), 58.4 and 56.7
(CH2), 35.9, 35.8, 34.8 and 34.7 (C(CH3)3), 31.9, 31.7, 31.3 and
31.1 (C(CH3)3), 27.3 and 24.3 (CH2), 11.4 (CH2CH3).

51V NMR
(79 MHz, C6D6, ppm): δ −207.3. FT-IR (KBr, cm−1): ν(VvO)
998. EA calculated for C37H58ClN2O3V·1.5(H2O): C, 64.20; H,
8.88; N, 4.05. Found: C, 63.95; H, 8.72; N, 3.94.

Reaction of 1 with TEMPO

A solution of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
(0.365 g, 0.55 mmol) in toluene was added to a solution of 1
(0.086 g, 0.55 mmol) in the same solvent at −50 °C. The temp-
erature was allowed to rise slowly to room temperature and the
solution was further stirred overnight. The blue solution
obtained was filtered and evaporated to dryness giving a blue
solid. The NMR data revealed a mixture of 5 and TEMPO–
CH2Ph in a 1 : 0.5 ratio. Yield of 5: 50%. Detailed NMR data for
TEMPO–CH2Ph are available in the ESI.†

Reaction of 2 with TEMPO

A solution of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
(0.400 g, 0.62 mmol) in toluene was added to a solution of 2
(0.096 g, 0.62 mmol) in the same solvent at −50 °C. The temp-
erature was allowed to rise slowly to room temperature and the
solution was further stirred overnight. The blue solution
obtained was filtered and evaporated to dryness giving a blue
solid. The NMR experiments revealed a mixture of 6 with
TEMPO–CH2Ph in a 1 : 3 ratio. Yield of 6: 48%.

Synthesis of [VO(L2)(OiPr)], 8

VO(OiPr)3 (0.24 ml, 1.0 mmol) was slowly added to a solution
of H2L2 (0.57 g, 1.0 mmol) in 5 ml THF. The mixture was
stirred overnight, and then the solvent was evaporated under
reduced pressure. The resulting dark brownish product was

extracted in diethyl ether and again evaporated and dried
under reduced pressure to give a dark purple solid. Yield:
0.413 g, 60%. Dark brown crystals of 8 suitable for X-ray diffr-
action were obtained from a toluene/hexane mixture at −4 °C.
1H NMR (400 MHz, CD2Cl2, ppm): δ 7.38 (d, 4JHH = 2.4 Hz, 1H,
CH–Ar), 7.20 (d, 4JHH = 2.5 Hz, 1H, CH–Ar), 7.16 (d, 4JHH =
2.4 Hz, 1H, CH–Ar), 6.90 (d, 4JHH = 2.3, 1H, CH–Ar), 5.55 (sept,
1H, OCH(CH3)2), 4.91 (d, 2JHH = 15.3 Hz, 1H, ArCH2N), 4.26 (d,
1H, 2JHH = 12.3 Hz, ArCH2N), 3.93 (m, 1H, CH2), 3.63 (d, 2JHH =
15.3 Hz, 1H, ArCH2N), 3.42 (m, 1H, CH), 3.16 (d, 1H, 2JHH =
12.2 Hz, ArCH2N), 3.03 (m, 2H, CH2), 3.00 (m, 1H, CH2), 2.79
(m, 1H, CH2), 2.23 (m, 1H, CH2), 1.87 (m, 1H, CH2), 1.81 (m,
2H, CH2), 1.55 (d, 2JHH = 6.1, 3H, OCH(CH3)2), 1.49 (s, 9H,
C(CH3)3), 1.47 (d, 3H, OCH(CH3)2, partially overlapped by a
tert-butyl signal) 1.45 (s, 9H, C(CH3)3), 1.35 (s, 9H, C(CH3)3),
1.26 (s, 9H, C(CH3)3), 1.14 (m, 3H, CH3).

13C–{1H} NMR
(101 MHz, CD2Cl2, ppm): δ 166.3, 162.6, 141.2, 141.1, 135.9,
134.6 (Cipso–Ar), 124.4 (CH–Ar), 124.3 (Cipso–Ar), 124.3 and
123.6 (CH–Ar), 122.7 (Cipso–Ar), 122.0 (CH–Ar), 83.8
(OCH(CH3)2), 63.9 (NCH2Ar), 63.4 (CH2), 62.2 (CH), 61.1
(NCH2Ar), 54.3 and 52.8 (CH2), 35.7, 35.6, 34.7 and 34.6
(C(CH3)3), 32.1, 31.9, 31.1 and 30.9 (C(CH3)3), 29.4 and 25.7
(CH2), 25.4 and 24.7 (OCH(CH3)2), 11.2 (CH3).

51V NMR
(79 MHz, C6D6, ppm): δ −402.2 (major isomer), −499.6 (minor
isomer). FT-IR (KBr, cm−1): ν(VvO) 984. EA calculated for
C40H65N2O4V·0.5(C7H8): C, 64.83; H, 8.63; N, 3.48. Found: C,
64.59; H, 8.78; N, 3.64.

Sulfoxidation of thioanisole

The catalytic experiments were carried out at atmospheric
pressure, at a constant temperature, in a glass batch reactor,
equipped with a magnetic stirrer, thermometer and conden-
ser. In a typical run, the solid catalyst (1 or 2 mol%) and thio-
anisole (1 mmol) were dissolved in 1,2-dichloroethane (4 mL).
Then the oxidant (1.1 mmol), hydrogen peroxide (30 wt%
aqueous solution) or TBHP (5.5 M in decane), was added to
the mixture under stirring. Control experiments were carried
out in the absence of a catalyst. Samples of the reaction
mixture were withdrawn and analyzed on a Jasco HPLC system
equipped with a Daicel Chiralpak IA column. The eluent used
was hexane : ethyl acetate (60 : 40) with a flow rate of 1
mL min−1. The calibration curves for each reagent and
product, namely sulfide, sulfoxide and sulfone, were deter-
mined using similar HPLC procedures and these calibrations
were used for the quantitative analyses. Diphenylsulfone was
used as an internal standard.9

Crystallographic data

Crystals suitable for single-crystal X-ray analysis were grown as
described in the synthetic procedures. Selected crystals were
covered with polyfluoroether oil and mounted on a nylon loop
(air/moisture sensitive compounds were selected and mounted
inside a glovebox). The data were collected using graphite
monochromated Mo-Kα radiation (λ = 0.71073 Å) on a Bruker
AXS-KAPPA APEX II diffractometer equipped with an Oxford
Cryosystem open-flow nitrogen cryostat. Cell parameters were
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retrieved using Bruker SMART software and refined using
Bruker SAINT on all observed reflections. Absorption correc-
tions were applied using SADABS.44 The structures were solved
and refined using direct methods with program SIR2004 45

using the WINGX-Version 2014.1 46 SHELXL47 system of
programs.

In compound 3, two of the carbon atoms of the THF frag-
ment presented disorder and were modelled to 74/26% occu-
pancies. The crystal of 7 had low quality and poor diffracting
power; even so, the structure was unequivocally determined.

All non-hydrogen atoms were refined anisotropically and
the hydrogen atoms were inserted in idealized positions and
allowed to refine riding on the parent carbon atom. The mole-
cular diagrams were drawn with ORTEP-3 for Windows48 or
Mercury 3.8,49 included in the software package.

For crystallographic experimental data and structure refine-
ment parameters see Table 3. CCDC 1536781–1536786†
contain the supplementary crystallographic data for this
paper.

Computational details

DFT50 calculations for 2*, 6*, 7*, A and B, C, D, E, F, O2,
TEMPO and PhCH3 were performed using GAUSSIAN 03 or
GAUSSIAN 09 software packages51 and the PBE1PBE func-
tional, without symmetry constraints. This functional uses a
hybrid generalized gradient approximation (GGA), including a
25% mixture of Hartree–Fock52 exchange with DFT50 exchange
correlation, given by the Perdew, Burke, and Ernzerhof func-
tional (PBE).53 The optimised geometries were obtained with a
standard 6-31G(d,p)54 basis set for all elements (basis b1). The

electronic energies obtained were converted to standard free
Gibbs energies at 298.15 K by using zero point energy and
thermal energy corrections based on structural and vibrational
frequency data calculated at the PBE1PBE/b1 level of theory.
Single point energy calculations were performed using an
improved basis set (basis b2) and the geometries optimised at
the PBE1BPE/b1 level. Basis b2 consisted of a standard
6-311++G(d,p).55 Solvent effects (toluene) were considered in the
PBE1BPE/b2//PBE1BPE/b1 energy calculations using the polariz-
able continuum model (PCM) initially devised by Tomasi and
co-workers56 as implemented in Gaussian 09.57 The molecular
cavity was based on the united atom topological model applied
on UAHF radii, optimised for the HF/6-31G(d) level.
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