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Abstract: Two novel dioxidomolybdenum(VI) complexes
[MoO2L′1] (1) and [MoO2L′2] (2) containing the MoO2

2+ motif
with unexpected coordination motifs due to ligand rearrange-
ment through Mo-mediated interligand C–C bond formation
are reported. The ligands (H2L′1–2) are tetradentate C–C-coupled
O2N2-donor systems formed in situ during synthesis of the com-
plexes by reaction of [MoVIO2(acac)2] with Schiff base ligands of
2-aminophenol with 2-pyridinecarbaldehyde (HL1) and 2-
quinolinecarbaldehyde (HL2). To confirm that the ligand rear-
rangement is assisted by molybdenum, the corresponding va-

Introduction

The coordination chemistry of transition metal complexes with
nitrogen–oxygen donor ligands has become an interesting area
of research in recent times. The ability of such complexes to
possess unusual configurations, be structurally labile, and to be
sensitive to molecular environments has inspired this high level
of interest.[1] Many transition metal complexes of Schiff base
ligands have received considerable attention in biological fields;
possible applications as antibacterial[2–4] and anticancer[5]

agents, including those with DNA-cleaving activities,[6,7] as well
as catalysts for polymerizations,[8] olefin oxidations[6] and
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nadium complexes [VO2L1] (3) and [VO2L2] (4) containing origi-
nal Schiff base ligand (HL1,2) are also reported here. All com-
plexes 1–4 are characterized by several physicochemical tech-
niques and the structural features of 1 and 2 have been solved
by X-ray crystallography. The proposed mechanism of molybd-
enum-mediated interligand C–C bond formation is supported
by DFT calculations including the comparisons with the synthe-
sized vanadium analogues. The catalytic potentials of 1–4 for
the epoxidation of styrene and cyclohexene have also been ex-
plored.

Suzuki–Miyaura couplings have been particularly exciting.[7] On
the other hand, the coordination chemistry of molybdenum has
been a subject of enthusiastic research due to the presence of
molybdenum in metalloenzymes[8–10] in addition to its bio-
chemical and catalytic importance.[11–27] Catalytic applications
of molybdenum complexes in organic transformations, particu-
larly in the oxidation[28] and epoxidation of alkenes,[29] oxidative
bromination of organic substrates,[30] and the oxidation of sulf-
ides[31] have been well established. Similarly, the coordination
chemistry of vanadium has been attracting increasing interest
due to the viability of many vanadium complexes as models for
the biological functions of vanadium[32–35] in processes such as
haloperoxidation,[36,37] phosphorylation,[38] insulin mimick-
ing[39–43] and nitrogen fixation.[44] The chemistry of vanadium
has also received considerable attention due its catalytic impor-
tance.[45]

Transition metal complexes of 2-aminophenol-based Schiff
base ligands have been widely reported.[46–51] However, reports
of Schiff base ligands with carbonyl compounds such as 2-pyr-
idine- and 2-quinolinecarbaldehyde have been scarce.[52–54]

These ligands are monoanionic, tridentate, and coordinate at
the MoVI center of the precursor MoO2(acac)2 forming μ-oxido-
molybdenum compounds [MoO2(L1)]2(μ-O).[55] However, there
are also reports where the sixth coordination site is filled by a
monodentate conjugate base of the protic reaction solvent or
a halide.[56] Metal carbonyl complexes of Schiff bases derived
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from 2-pyridinecarbaldehyde have been reported by Ali and
co-workers, where the coordination site of the molybdenum
complexes has been satisfied by terminal and bridging CO
groups.[57] Recently, Prasad and co-workers reported on oxido-
vanadium(IV) complexes, [VO(L)(B)](ClO4) of N-2-pyridylmethyl-
idine-2-hydroxyphenylamine (HL) Schiff base with phenanthrol-
ine bases as co-ligand.[58] Oxidovanadium(V) complexes that
mimic the active site of vanadium haloperoxidases with azo-
methine ligands have been reported by Pooransingh and co-
workers.[59]

Organic transformations of ligands involving the imine bond
of transition metal complexes have generated renewed interest
in recent years.[60] Early reports by Golding and co-workers have
shown that acetylacetone can undergo a condensation with
pyruvilidinatotetramminecobalt(III) ion.[61] Additionally, Stark et
al. have reported the diastereoselective addition of nucleo-
philes and electrophiles to isoquinoline as mediated by a chiral
rhenium Lewis acid complex.[62] Methylation of a tridentate
ON2-donor Schiff base ligand of a palladium complex in the
presence of nitromethane has been reported by Arnaiz et al.[63]

However, examples of such chemistry with oxidomolybdenum
complexes are rare.[64,65]

In the present report two novel dioxidomolybdenum(VI)
complexes containing the MoO2

2+ motif are disclosed. In these
cases, we have observed that the imine bond in the ligand
undergoes rearrangement and a metal-mediated interligand C–
C bond formation. The ligand transformations are initiated by a
molybdenum-assisted C–C bond formation in the reaction me-
dium. The chiral ligands (H2L′1–2) are tetradentate C–C coupled
O2N2-donor systems formed in situ during synthesis of the com-
plexes by reactions of bis(acetylacetonato)dioxidomolybde-
num(VI) with Schiff base ligands resulting from condensation
of 2-aminophenol with either 2-pyridinecarbaldehyde (to give
ligand HL1) or 2-quinolinecarbaldehyde (to give ligand HL2). The
reported dioxidomolybdenum(VI) complexes [MoO2L′1] (1) and
[MoO2L′2] (2) coordinated with the O2N2-donor rearranged li-
gand are expected to have improved Mo stability due to the +6
oxidation state relative to the corresponding ON2-donor ligand
precursor.[66] To confirm that the ligand rearrangement is as-
sisted by molybdenum, corresponding vanadium complexes
[VO2L1] (3) and [VO2L2] (4) with the Schiff base ligands (HL1 and
HL2) are also reported here. Herein, we provide a more elabo-
rate description of the underlying mechanism of transformation
on the basis of DFT calculations. Moreover, the role of molybd-
enum in the ligand transformation is also elucidated with the
aid of the synthesized vanadium analogues. All complexes 1–4
are fully characterized by several physicochemical techniques
(IR, UV/Vis, NMR and ESI-MS) and the structural features of
molybdenum complexes 1 and 2 have been solved by single-
crystal X-ray crystallography. The catalytic potentials of 1–4 in
the epoxidation of styrene and cyclohexene are also explored.

Results and Discussion

Synthesis

The precursor ligands (HL1,2) were synthesized by condensation
of equimolar amounts of 2-aminophenol and corresponding
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carbonyl compounds [2-pyridine- (HL1) and 2-quinolinecarb-
aldehyde (HL2)] in absolute ethanol at room temperature
(Scheme 1). Detailed methods used for the syntheses of precur-
sor ligands (HL1,2) and corresponding oxidometal complexes 1–
4 are given in the experimentals section. Reactions of the 2-
aminophenol-based ligands (HL1,2) with [MoO2(acac)2] proceed
in refluxing ethanol and afford yellow complexes [MoO2L′1] (1)
and [MoO2L′2] (2) in moderate yields (Scheme 2). The rear-
ranged ligands (H2L′1,2) are formed (Scheme 3) as a result of
templated reactions between one of the metal coordinated
acetylacetonates in [MoO2(acac)2] and the corresponding Schiff
base ligand (HL1,2). These ligand transformations are highly spe-
cific and found to be initiated by a Mo-mediated C–C bond
formation in the reaction medium. This is discussed in the latter
section on computational studies. To confirm the reaction
mechanism of this molybdenum-assisted organic rearrange-
ment, the corresponding vanadium complexes were prepared
following a similar approach, using the above mentioned li-
gands (HL1,2), and [VO(acac)2] as the metal precursor. It was
observed that corresponding vanadium complexes [VO2L1] (3)
and [VO2L2] (4) did not initiate the type of ligand rearrange-
ment seen in the Mo scenarios (Scheme 2). All compounds were
found to be highly soluble in aprotic solvents, (viz. DMF or
DMSO) and only sparingly soluble in alcohol, CH3CN and CHCl3.
It was determined that the complexes are diamagnetic, indicat-
ing the presence of molybdenum in the +6 (for 1 and 2) oxid-
ation state whereas the vanadium is in the +5 (for 3 and 4)
oxidation state; both metal systems are non-conducting in solu-
tion. The detailed characterization of all complexes is presented
in the respective section (IR, UV/Vis, NMR, ESI-MS and X-ray
crystallography).

Scheme 1. Synthesis of tridentate Schiff base ligands (HL1,2).

X-ray Structure Description

The structures of [MoO2L′1] (1) (Figure 1) and [MoO2L′2] (2) (Fig-
ure 2) reveal an unexpected coordination due to ligand rear-
rangement, which amounts to an interligand C–C bond cou-
pling between two methylenic carbon atoms C7 and C8, lead-
ing to the formation of novel dioxidomolybdenum(VI) com-
plexes.

In the both complex 1 and 2, each corresponding rearranged
ligand H2L′1,2 is coordinated to molybdenum as a dianionic tet-
radentate N2O2– donor, forming one six-membered and two
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Scheme 2. Synthesis of dioxidomolybdenum(VI) complexes [MoO2L′1] (1) and [MoO2L′2] (2) and dioxidovanadium(V) complexes [VO2L1] (3) and [VO2L2] (4).

Scheme 3. Synthesis of C–C σ bonded rearranged ligands.

five-membered rings with bite angles of about 81°, 77° and 70°,
respectively. The complexes (1 and 2) each have a six-coordi-
nate distorted octahedral geometry where Mo–O(3) and Mo–
O(4) bond lengths of the MoO2

2+ group are unexceptional[11,51]

and almost equal to a distance of about 1.70 Å. Complex 1
contains one methanol molecule per two molecules of metal
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Figure 1. Perspective view of the components of the crystallography of
[MoO2L′1] (1).

complex as the solvent of crystallization. The Mo–O and Mo–N
distances are close to typical values.[11,51] The relevant bond
lengths and angles are summarized below in Table 1.

Both molecules are found to be involved in intermolecular
hydrogen bonding. Two [MoO2L′1] (1) molecules form a dimeric
unit via a pair of reciprocal H-bonds between the N1–H proton
of one molecule and the acetylacetonate oxygen O5 of the
other moiety. Similarly, N1–H of complex 2 reciprocally bonds
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Figure 2. Perspective view of the components of the crystallography of
[MoO2L′2] (2).

Table 1. Selected bond lengths [Å] and angles (°) for complex 1 and 2.

1 2
Bond lengths

Mo1–O1 1.9452(15) 1.941(10)
Mo1–O2 1.9807(16) 1.953(10)
Mo1–O3 1.7023(16) 1.711(11)
Mo1–O4 1.6966(16) 1.703(10)
Mo1–N1 2.3252(18) 2.327(12)
Mo1–N2 2.3368(17) 2.417(12)
C7–C13 1.520(3) 1.507(18)

Bond angles

O1–Mo1–O2 153.05(7) 152.89(4)
O1–Mo1–O3 99.96(8) 99.29(5)
O1–Mo1–O4 97.67(8) 97.71(5)
O1–Mo1–N1 76.34(6) 77.27(4)
O1–Mo1–N2 81.85(6) 81.20(4)
O2–Mo1–O3 95.93(8) 95.85(5)
O2–Mo1–O4 98.36(8) 99.33(5)
O2–Mo1–N1 80.95(6) 80.80(4)
O2–Mo1–N2 76.68(6) 76.44(4)
O3–Mo1–O4 106.87(8) 106.58(5)
O3–Mo1–N1 94.14(7) 88.50(5)
O3–Mo1–N2 162.67(7) 158.02(5)
O4–Mo1–N1 158.90(7) 164.77(4)
O4–Mo1–N2 89.85(7) 95.06(4)
N1–Mo1–N2 69.39(6) 70.08(4)

to O3 of the symmetry related molecule. On the other hand,
further dimeric units of 2 are formed through a pair of van
der Waals bonds formed between the oxido oxygen O4 of one
molecule and the C3–H proton of the neighboring molecule
as well as with O2 of the first molecule and the C4–H of the
neighboring molecule; a second reciprocal intermolecular oxy-
gen–hydrogen interaction exists between O5 and C7–H. The
representative H-bonded dimeric structure of [MoO2L′1] (1) is
given in Figure S1.

Spectral Characteristics

Spectral characteristics of both the ligands (HL1,2) and com-
plexes 1–4 are explained in the Exp. Section. The ligands exhibit
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the IR band of minimum intensity in the 3164–3197 cm–1 region
due to ν(OH) stretching.[43–49] Characteristic strong bands at
around 1620 and 1580 cm–1 due to ν(C=N) and ν(C=C/aromatic)
stretching modes, respectively,[11,51] are observed in the spectra
of both ligands and complexes. The appearance of new bands
in the range 3080–3091 cm–1 in complexes 1 and 2 indicates
the presence of –NH stretching which is absent in the case of
ligand and vanadium complexes (3 and 4). A distinct peak at
3445 cm–1 in the IR spectra of complex 1 (Figure S2) indicates
the presence of ν(O–H) stretching due to the presence of
CH3OH (present as solvent of crystallization confirmed by X-ray
crystallography) which is absent in the spectra of complex 2
(Figure S3). In addition, complexes (1 and 2) display a pair of
sharp strong peaks in the range 907–931 cm–1 due to terminal
ν(Mo=O) stretching.[11,36] In the case of dioxidovanadium com-
plexes 3 and 4, the presence of two strong bands in the range
930–956 cm–1 is assigned to V=O stretching, clearly indicating
the dioxido nature of the complexes.

The electronic absorption spectra of complexes 1–4 were
recorded in DMSO and found to be quite similar for all four
complexes. The spectra display a shoulder in the 359–440 nm
region and two strong absorptions in the 252–373 nm range
are assignable to LMCT and intraligand transitions, respec-
tively.[11,51]

The 1H NMR spectra of the free ligands exhibit a resonance
in the range δ = 9.25–9.36 ppm due to the phenolic OH and at
δ = 8.71–8.91 ppm due to the imine –CH protons respectively.
All the aromatic protons from ligands are clearly observed in
the expected region δ = 6.86–8.69 ppm. The spectra of com-
plexes 1 and 2 display two singlets in the range δ = 2.57–
2.59 ppm and δ = 2.22–2.23 ppm which are attributable to the
protons of the two methyl groups at C12 and C10 respectively
present in the acetylacetone fragment of the rearranged li-
gand.[67] The N1–H and C7–H proton resonances are observed
in the range δ = 8.68–8.79 and δ = 5.81–6.03 ppm, respec-
tively.[67] In the NMR spectra of complexes, the aromatic OH
proton was not observed due to phenolic deprotonation.[11,51]

The 1H NMR of dioxidovanadium complexes 3 and 4 exhibit
resonances in the range δ = 8.89–9.26 ppm due to the imine
proton. All aromatic protons of the complexes are clearly ob-
served in the expected region, δ = 6.54–8.87 ppm. The absence
of peaks corresponding to the methyl groups and –NH group
which were found in the molybdenum complexes supports the
absence of any ligand rearrangement chemistry (3, Figure S4;
4, Figure S5). The 51V NMR spectra of 3 and 4 display resonan-
ces at δ = –499.4 ppm and –498.3 ppm, respectively. These
chemical shifts are typical for complexes containing a dioxido-
vanadium(V) species. A representative spectrum of 3 is shown
in Figure S6.

In the 13C NMR spectra of complexes 1 and 2, signals for the
aromatic carbons are found in the downfield region around
δC = 116.01–195.90 ppm while the resonances representative
of the methyl groups of C10 and C12 within the acetylacetonate
fragment of the rearranged ligands are found in the upfield
region at around 23.90 ppm and 31.07 ppm, respectively. The
signal for C(7), which is bonded to N1 and C8 via single bonds,
also appears in the upfield region at δC = 63.71 ppm. For com-
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plexes 3 and 4, the signals for the aromatic carbons appear in
the range of δC = 111.93–210.39 ppm.

ESI mass spectra of the complexes 1 and 2 have been re-
corded in methanol whereas for 3 and 4 mass spectra have
been obtained in CH3CN. Mass spectral analyses for 1 and 2
show the characteristic molecular ion peaks (M+) at m/z 425.59
[M – 0.5(CH3OH) + H]+ and 475.17 [M + H]+ respectively. For
compounds 3 and 4, ESI-MS peaks are observed at m/z 279.31
[(M – H)]+ and 333.07 [M + 3H]+ respectively. Figures S7 and S8
show representative ESI mass spectra of 3 and 4, respectively.

Electrochemical Properties

Electrochemical properties of complexes 1 and 2 as well as 3
and 4 have been studied by cyclic voltammetry in DMF and
CH3CN solution, respectively (0.1 M TBAP). Cyclic voltammetric
data are summarized in Table 2 and the cyclic voltammograms
of complexes 1–4 are displayed in Figure 3.

Table 2. Cyclic voltammetric results for dioxidomolybdenum(VI) (1 and 2) and
dioxidovanadium(V) (3 and 4) complexes at 298 K.[a]

Epc/Ec
1/2 (V) ΔEp (mV)

[MoO2L′1] (1) –0.90, –1.31 –
[MoO2L′2] (2) –0.94 420
[VO2L1] (3) –0.48 410
[VO2L2](4) –0.86 320

[a] Solvents: DMF for 1 and 2; CH3CN for 3 and 4; working electrode: glassy
carbon; auxiliary electrode: platinum; reference electrode: saturated calomel
electrode; supporting electrolyte: 0.1 M TBAP; scan rate: 50 mV/s. Ec

1/2 =
(Epa + Epc)/2, where Epa and Epc are anodic and cathodic peak potentials vs.
SCE, respectively. ΔEP = Epa – Epc.

Figure 3. Cyclic voltammograms of 1–4: (a) [MoO2L′1] (1), (b) [MoO2L′2] (2),
(c) [VO2L1] (3), and (d) [VO2L2] (4).

The CV trace of complex 1 exhibits two single electron irre-
versible reductive responses at –0.90 V and –1.31 V [Figure 3
(a)] with respect to saturated calomel electrode, of which the
first can be assigned to a metal-centered reduction of
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MoVI→MoV,[11a,11b] whereas the second peak might be due to a
ligand-centered reduction. For the CV trace of complex 2 only
one single electron quasi-reversible reductive response at E1/2

value of –0.94 V is observed [Figure 3 (b)], corresponding to the
reduction of MoVI→MoV.[11a,11b] Vanadium complexes 3 and 4
exhibit a single electron quasi-reversible reductive response at
E1/2 values within the potential window –0.86 to –0.48 V [Fig-
ure 3 (c) and (d)] which can be attributed to the reduction of
VV→VIV.[11c,11d] Single electron processes were verified by com-
paring the current height of the quasi-reversible reductive re-
sponse with that of the standard ferrocene–ferrocenium couple
under identical experimental conditions.

Computational Studies

The computational studies are based on density functional the-
ory (DFT) and are focused on two aspects, firstly, to find a plau-
sible reaction pathway for the C–C coupling that appears in 1
and 2, and secondly, to explain possible differences in chemical
behavior between the molybdenum(VI) and vanadium(V) com-
plexes. As a basis to address these points we have performed
full geometry optimizations for 1 and 2 denoted as T1–XRD
and T2–XRD, respectively. The smallest error in bond lengths
was obtained using the TPSSh meta-hybrid functional. This is in
accordance with the literature[68] which highlights promising
applications of TPSSh for bioinorganic compounds. A compari-
son of several employed density functionals and the resulting
root mean square errors in bond lengths are summarized in
Table S1.

As a starting point for the reaction pathway, hexacoordinate
intermediate compound [MoO2L1(acac-κO)] (denoted as T1–
IM1; see Figure 4 for atom numbering scheme) is hypothesized
and envisioned to result from ligand exchange of one equiva-
lent of acetylacetonate (denoted as acac) by L1. On one hand,
the additional acac ligand is necessary to compensate for the
positive charge of the [MoO2L1]+ complex fragment. On the
other hand, the exchange of one η2-acac ligand by η3-L1 would
increase the coordination number to seven, which should be
disfavored due to the strong influences of the two oxido
groups. Therefore, the remaining acac ligand is assumed to be

Figure 4. Structure and numbering scheme for intermediate species T1–IM1.
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monodentate forming octahedral species T1–IM1. As an alter-
native for the intermediate species, we also considered the
structure [MoO2(HL1)(acac-κO)2] (denoted as T1–IML; for struc-
ture see Figure S9), which might be generated by addition of
the neutral ligand to the [MoO2(acac)2] starting complex. In T1–
IML the two acac ligands are coordinated in a monodentate
fashion leading to a hexacoordinate species. However, the cal-
culated energy for T1–IML was found to be 11.54 kJ/mol higher
than for T1–IM1. Consequently, we used T1–IM1 as the starting
point for the theoretical calculations, even though T1–IML has
been discussed previously in the literature.[65]

A corresponding hexacoordinate [VO2L1(acac-κO)]– species
(formally denoted as T3–IM1) could not be found due to bond
cleavage between the vanadium center and the acac ligand;
this might be a significant factor in the different chemical be-
havior between the vanadium(V) and molybdenum(VI) species.
Furthermore, the reactions given in Equation (1a), Equation (1b)
and Equation (2) are related to different chemical conditions
since the vanadium(IV) species needs to be oxidized to vana-
dium(V). Consequently, two neutral Hacac molecules are
formed per equivalent of complex. In attempts to perform a
corresponding C–C coupling of [VO2Ln] with a neutral Hacac
molecule no stable minimum structure with a newly generated
C7–C8 bond could be obtained. Because no oxidation is needed
for molybdenum(VI) species 1 and 2, a deprotonated acac li-
gand can remain coordinated, thus constituting the starting
point for the theoretical reaction pathway.

HLn + [MoO2(acac)2]→[MoO2(acac)Ln] + Hacac (1a)

[MoO2(acac)Ln]→[MoO2L′n] (1b)

2 HLn + 2 [VO(acac)2] + 1/2 O2 + H2O→2 [VO2Ln] + 4 Hacac (2)

A possible reaction pathway to generate 1 is shown in Fig-
ure 5 and corresponding structural parameters of the molybd-
enum center can be found in Table S2. Complex 2 was not
investigated any further since it shows a similar chemical be-
havior and only a minor difference in the ligand system relative
to 1. In general, this mechanism can be divided into six elemen-
tary steps (denoted as steps I–VI in Figure 5); all steps entail
only moderate activation barriers. Since the sp2 hybridized car-
bon atom C7 in T1–IM1 is prochiral the product of the C–C
coupling is racemic. The chirality has no effect on the calculated
properties, and thus, only the reaction pathway for the S
enantiomer was investigated. In the reaction mechanism de-
picted, optimized intermediate minimum structures are de-
noted as T1–IMn whereas transition states are denoted as T1–
TSn. Minimum structures and transition states were verified by
corresponding frequency calculations giving none or exactly
one imaginary frequency, respectively. To keep the model sim-
ple and computationally feasible it was important to limit its
size and thus, additional solvent molecules were not included.
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In the visualized mechanism the first step refers to the cou-
pling of C7 and C8 which are already close to each other in T1–
IM1 with a distance of 3.083 Å due to coordination of the acac
ligand. Despite this proximity, the coordination also has an ef-
fect on the negative charge distribution of the acac ligand.
These changes can be shown by natural bond orbital popula-
tion analysis (NPA) in Table S3. Significant changes, relative to
an uncoordinated acac species, are observed for O2, O5, C8,
and C11 indicating a decrease in their electron density. Never-
theless, these changes are small and the electron-withdrawing
effect of the molybdenum center is weak due to an elongated
Mo1–O2 bond with a length of 2.086 Å in T1–IM1 as a result of
the oxido group O4 in the trans position. Moreover, a significant
electron-withdrawing effect is also observed for C7 of the li-
gand backbone which increases its electrophilicity relative to
the corresponding carbon atom in a free deprotonated ligand
species L1 or L2 (denoted in Table S3 as L1 and L2, respectively).
However, this increase is also obtained for the corresponding
[VO2L1] and [VO2L2] species (denoted as T3–IM0 and T4–IM0,
respectively) and with similar magnitudes. Therefore, we con-
clude that the electron-withdrawing effect of the metal center
does not drive the different chemical behavior. The calculated
energy barrier for the C–C bond coupling is moderate (34.2 kJ/
mol) and is related to a C7–C8 distance of 2.051 Å in the transi-
tion state T1–TS1. The corresponding transition state vector
shows an imaginary frequency of 348icm–1. The optimized C7–
C8 bond length in resulting intermediate T1–IM2 is 1.579 Å,
which is slightly elongated relative to that in final complex T1–
XRD. Formation of the new C7–C8 bond correlates to cleavage
of the Mo1–O2 bond. These two structural changes lead to a
considerable gain in energy relative to the transition state with
a relative energy of 0.4 kJ/mol for T1–IM2.

To further proceed in the reaction pathway to final structure
T1–XRD, a single proton transfer from C8 to N1 is needed. At-
tempts to perform this as an intramolecular proton transfer
failed as this requires progression through an energetically un-
favorable four-membered cyclic transition state. Moreover,
along with this proton transfer, a major rearrangement in the
ligand backbone is inevitable, including changes in hybridiza-
tion at C8 and N1. Especially notable is the change at N1 to sp3

hybridization; this is geometrically incompatible with an intra-
molecular proton transfer. However, it is well known that proton
transfer processes are easily mediated by hydrogen-bonding
networks through a von Grotthuss-type mechanism.[69,70] In
particular, solvent-mediated proton transfer processes in meth-
anol are related to small energy barriers as shown by 1H NMR
studies[71] and theoretical calculations.[72,73]

To mimic the required proton transfer we introduced a pyrid-
ine molecule as a sort of proton buffer capable of removing a
proton from C8 in T1–IM2 (Figure 5, step II and III) and also
protonating N1 thus establishing final structure T1–XRD (Fig-
ure 5, step V and VI). Pyridine was chosen, since in the initial
stage of the reaction the still present free ligand contains a 2-
pyridyl moiety, which could easily act as an auxiliary base. The
introduction of a pyridine molecule is associated with a de-
crease in the relative energy by –27.8 kJ/mol for the transition
from T1–IM2 to T1–IM3. As can be seen in Table S2, no signifi-
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Figure 5. Hypothesized reaction mechanism leading to formation of [MoO2L′1] (1) (for notation and explanation see the text).

cant changes in bond lengths occur for the five donor atoms
coordinated at the molybdenum center although an increase
of the interatomic distance is observed for the atoms Mo1 and
O2 (T1–IM3: 3.743 Å). Therefore, the energy gain in this step
can be assigned to π–π interactions of the pyridine with the
coordinated ligand (plane distance and angle: 3.5 Å and 4°)
and weak hydrogen bonding between pyridine N atom and the
hydrogen atom of the C8–H group (N···H 2.34 Å).

In step III the proton is transferred from C8 to the pyridine
molecule with a relative transition state energy of 44.5 kJ/mol
(T1–TS3). The relatively high barrier can be attributed to limita-
tions of the computational model; this model excludes directed
interactions with individual solvent molecules that might stabi-
lize the transition state. However, no attempts have been made
to decrease the activation barrier by extending the computa-
tional model. Consequently, this value represents an upper
limit. Transition state T1–TS3 exhibits a C8–H8 bond length of
1.402 Å and a high corresponding imaginary frequency of
1610icm–1. The subsequent intermediate structure T1–IM4,
with a protonated pyridine species, is lower in energy by
–42.2 kJ/mol. Upon deprotonation, the C7–C8 bond length is
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now slightly decreased (T1–IM4: 1.525 Å) which correlates well
with a decrease in Mo1–N1 bond length (T1–IM4: 2.046 Å).

As a consequence of deprotonation in step III the negative
charge at donor atom O2 increases (see Table S4) leading to
elongation of the C2–O9 bond from 1.215 Å in T1–IM3 to
1.260 Å in T1–IM4 (see Table S5). Consequently, the stronger
donor ability of O2 in T1–IM4 initiates formation of the Mo1–
O2 bond in step IV. Starting from T1–IM4, the large Mo1–O2
distance of 3.448 Å suggests an early transition state (T1–TS4:
Mo1–O2 3.065 Å) associated with a low energy barrier (1.1 kJ/
mol); this is in accordance with the calculated small imaginary
frequency of 37icm–1. Due to the structural trans effect of
the oxido group O4, the newly formed coordinative bond
Mo1–O2 is rather weak. This bond weakness is supported by a
considerably elongated bond length (T1–IM5: 2.311 Å) relative
to the corresponding Mo1–O1 bond in T1–IM5 (1.959 Å) and
may account for the relatively small energy gain in this reaction
step.

The final structural rearrangement within the molybdenum
coordination sphere en route to T1–XRD is related to the re-
transfer of a proton from the pyridinium ion to anionic interme-
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diate T1–IM5; this constitutes step V in Figure 5. The major
structural changes are characterized by altering cis/trans posi-
tions of the donor atoms at the molybdenum center. This di-
rectly correlates with the change of N1 hybridization from a
planar sp2 to a tetrahedral sp3 geometry leading to its increased
basicity. Consequently, in transition state T1–TS5, a weak
hydrogen bond to the pyridine molecule is observed (2.671 Å).
In a concerted fashion with the structural changes, this proton
is transferred to donor atom N1 during the transition from T1–
TS5 to T1–IM6 and could not be separated as a single step.
The structural rearrangement of the donor atoms can be de-
scribed by increasing the O1–Mo1–O2 bond angle from 94.79°
in T1–IM5 to 151.70° in T1–IM6 which corresponds to cis and
trans configurations of the two donor atoms, respectively. For
transition state T1–TS5 a bond angle of 133.34° with a relative
barrier of 10.7 kJ/mol and a corresponding imaginary frequency
of 33icm–1 are observed. The overall rearrangement en route to
final structure T1–XRD results in trans positioning for the two
oxido groups O3 and O4 relative to the weaker donor atoms
N2 and N1, respectively. The rearrangement related to step V
results in the largest energy gain (–80.9 kJ/mol) within the en-
tire reaction mechanism. This takes into account the formation
of a strong hydrogen bond with the pyridine (N···H 1.804 Å),
which leads to the large overall driving force for the observed
reaction.

In the last step the auxiliary pyridine molecule is removed,
thus forming final species T1–XRD, which formally increases the
energy by 43.1 kJ/mol; pyridine removal is the result of H-bond
loss between the secondary amine proton and pyridine. Signifi-
cant structural changes in bond lengths at the molybdenum
center were not observed. However, this step is necessary to
compare the energy gain of –60.7 kJ/mol in T1–XRD with re-
spect to starting structure T1–IM1. Furthermore, in a polar sol-
vent this energy gain might be even higher, since a new
hydrogen-bond donor was generated at the expense of the
non-polar C8–H8 bond.

Catalytic Epoxidation of Olefins

(a) Epoxidation of Styrene

Epoxidation of styrene catalyzed by oxidometal complexes 1–4
have been extensively studied using H2O2 as the oxidant.[74,75]

NaHCO3 activates the hydrogen peroxide giving a peroxymono-
carbonate moiety that assists in alkene epoxidation. Styrene,
upon catalytic epoxidation, gave two products, namely styrene
oxide (major) and phenyl acetaldehyde (minor) (Scheme 4).
NaHCO3-assisted epoxidations of styrene have been reported
in the literature and typically afford only styrene oxide as the
product.[76,77]

Scheme 4. Epoxidation of styrene with H2O2.

We selected complex 1 as a representative catalyst and opti-
mized epoxidation conditions for styrene by studying five dif-
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ferent parameters. Specifically we evaluated: i) the effect of oxi-
dant amounts (mols of H2O2 per mol of styrene), ii) amount of
catalyst (per mol of styrene), iii) effect of inclusion of NaHCO3,
iv) solvent effects, and v) impact of temperature. The effect of
oxidant concentrations was studied by considering styrene:
aqueous 30 % H2O2 with molar ratios of 1:2, 1:3 and 1:4,
where the mixture of styrene (0.520 g, 5 mmol), catalyst
(1.1 × 10–3 mmol), NaHCO3 (0.126 g, 1.5 mmol) and oxidant was
dissolved in 5 mL of CH3CN and the reaction was carried out at
60 °C.

As illustrated in Table S6 (Entries 2, 6, 7) and (Figure 6, panel
a), the percent conversion of styrene improved from 46 % to
94 % upon increasing the styrene:oxidant ratio from 1:2 to 1:4
through 72 % for 1:3, suggesting that 1:4 (styrene to H2O2)
molar ratio is sufficient to achieve good conversions. Similarly,
for three different amounts of 1 (0.56 × 10–3, 1.1 × 10–3 and
1.7 × 10–3 mmol) at a styrene:H2O2 molar ratio of 1:4 under
the reaction conditions noted above, it was found that
1.1 × 10–3 mmol catalyst gave 94 % conversion while
0.56 × 10–3 mmol gave 62 % and 1.7 × 10–3 mmol catalyst im-
proved the conversion only slightly (96 %) [Table S6 (Entries
1, 2, 3) and Figure 6, panel b]. The amount of NaHCO3 also
played a significant role in setting the conversion of styrene;
the best conversion was obtained with 1.5 mmol of NaHCO3

[Table S6 (Entries 2, 4, 5) and Figure 6, panel c]. Variations in
the volume of CH3CN (5, 7 and 10 mL) were also studied
[Table S6 (Entries 2, 8, 9) and Figure 6, panel d], and it was
observed that 5 mL of CH3CN was sufficient to achieve good
levels of epoxidation. Among the three different temperatures
evaluated (40, 50 and 60 °C) for the fixed operating conditions
of styrene (0.52 g, 5 mmol), H2O2 (2.27 g, 20 mmol), complex 1
(1.1 × 10–3 mmol), NaHCO3 (0.126 g, 1.5 mmol) and CH3CN
(5 mL), running the reaction at 60 °C gave much better conver-
sion [Table S6 (Entries 2, 10, 11) and Figure 6, panel e]. Thus, all
reaction conditions, as concluded above [i.e. styrene (0.52 g,
5 mmol), H2O2 (2.27 g, 20 mmol), complex 1 (1.1 × 10–3 mmol),
NaHCO3 (0.126 g, 1.5 mmol), CH3CN (5 mL) and T = 60 °C)], were
considered essential to achieving maximum transformation of
styrene into a mixture of oxidation products. Table S6 and
Figure 6 summarize all reaction conditions and resulting yields
of styrene epoxidation.

The conversion of styrene and the selectivity of different re-
action products using 1 as catalyst under the optimized reac-
tion conditions (Table S6, Entry 2) have been analyzed as a
function of time and are presented in Figure 7 and Table 3.

Thus, under the optimized reaction conditions, the selectivity
of the two oxidation products varies in the order: styrene oxide
(98.6 %) > phenyl acetaldehyde (1.4 %). Complexes 2, 3 and 4
also follow the same order of product formation selectivity and
with almost identical conversion values. Notably, a blank reac-
tion devoid of any catalyst, under the same reaction conditions
gave 32 % conversion. This reaction, carried out at room tem-
perature under the same conditions in the presence of NaHCO3,
gave 11 % conversion of styrene. Additionally, when this reac-
tion was carried out under the same optimized conditions lack-
ing NaHCO3, and containing either dioxidomolybdenum(VI)
complexes 1 and 2, or dioxidovanadium(V) complexes 3 and 4
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Figure 6. (a) Effect of oxidant amounts on the epoxidation of styrene. Reaction conditions: styrene (0.520 g, 5 mmol), catalyst [MoO2L′1] (1) (1.1 × 10–3 mmol),
NaHCO3 (0.126 g, 1.5 mmol), temperature 60 °C and CH3CN (5 mL). (b) Effect of catalyst amount on the epoxidation of styrene. Reaction conditions: styrene
(0.520 g, 5 mmol), 30 % H2O2 (2.27 g, 20 mmol), NaHCO3 (0.126 g, 1.5 mmol), temperature 60 °C and CH3CN (5 mL). (c) Effect of NaHCO3 amount on the
epoxidation of styrene. Reaction condition: styrene (0.520 g, 5 mmol), catalyst [MoO2L′1] (1) (1.1 × 10–3 mmol), 30 % H2O2 (2.27 g, 20 mmol), temperature
60 °C and CH3CN (5 mL). (d) Effect of solvent amount on the epoxidation of styrene. Reaction conditions: styrene (0.520 g, 5 mmol), 30 % H2O2 (2.27 g,
20 mmol), NaHCO3 (0.126 g, 1.5 mmol), catalyst [MoO2L′1] (1) (1.1 × 10–3 mmol) and temperature 60 °C (e) Effect of temperature on the epoxidation of styrene.
Reaction conditions: styrene (0.520 g, 5 mmol), 30 % H2O2 (2.27 g, 20 mmol), NaHCO3 (0.126 g, 1.5 mmol), catalyst [MoO2L′1] (1) (1.1 × 10–3 mmol) and CH3CN
(5 mL). (f ) Plot showing conversion of all metal complexes.

Figure 7. Plot showing conversion values and product selectivity as a function
of time.
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Table 3. Epoxidation of styrene, TOF and product selectivity using dioxidomo-
lybdenum(VI) complexes [MoO2L′1] (1) and [MoO2L′2] (2) and dioxidovana-
dium(V) complexes [VO2L1] (3) and [VO2L2] (4) complexes as catalyst.

Catalyst TOF [h–1][a] Conv. [%] Selectivity [%][b]

phac s.o.

1 1421 93.8 1.4 98.6
2 1600 96.0 1.5 98.5
3 951 97.0 1.4 98.6
4 1051 94.6 1.7 98.3
Blank reaction – 32.0 4.0 96.0

[a] TOF values calculated at 3 h of reaction time. [b] s.o.: styrene oxide; phac:
phenylacetaldehyde.

epoxidation conversions of 4–6 % or 19–23 % were obtained,
respectively.



Full Paper

(b) Epoxidation of Cyclohexene

Complex 1 was also used as a representative catalyst to study
epoxidation of cyclohexene by H2O2. In this reaction NaHCO3

was found to be necessary for catalytic activity to ensue. As
shown in Scheme 5 these reactions gave only cyclohexene ox-
ide.

Scheme 5. Epoxidation of cyclohexene with H2O2.

In order to achieve optimum reaction conditions, three dif-
ferent cyclohexene to aqueous 30 % H2O2 molar ratios (1:2, 1:4
and 1:6) were considered for a fixed amount of cyclohexene

Figure 8. (a) Effect of oxidant amount on the epoxidation of cyclohexene. Reaction condition: cyclohexene (0.410 g, 5 mmol), catalyst [MoO2L′1] (1)
(1.1 × 10–3 mmol), NaHCO3 (0.126 g, 1.5 mmol), temperature 60 °C and CH3CN (5 mL). (b) Effect of catalyst amount on the epoxidation of cyclohexene.
Reaction conditions: cyclohexene (0.410 g, 5 mmol), 30 % H2O2 (2.27 g, 20 mmol), NaHCO3 (0.126 g, 1.5 mmol), temperature 60 °C and CH3CN (5 mL). (c) Effect
of NaHCO3 amount on the epoxidation of cyclohexene. Reaction condition: cyclohexene (0.410 g, 5 mmol), catalyst [MoO2L′1] (1) (1.1 × 10–3 mmol), 30 %
H2O2 (2.27 g, 20 mmol), temperature 60 °C and CH3CN (5 mL). (d) Effect of solvent amount on the epoxidation of cyclohexene. Reaction conditions: cyclohexene
(0.410 g, 5 mmol), 30 % H2O2 (2.27 g, 20 mmol), NaHCO3 (0.126 g, 1.5 mmol), catalyst [MoO2L′1] (1) (1.1 × 10–3 mmol) and temperature 60 °C (e) Effect of
temperature on the epoxidation of cyclohexene. Reaction conditions: cyclohexene (0.410 g, 5 mmol), 30 % H2O2 (2.27 g, 20 mmol), NaHCO3 (0.126 g, 1.5 mmol),
catalyst [MoO2L′1] (1) (1.1 × 10–3 mmol) and CH3CN (5 mL). (f ) Plot showing conversion of all metal complexes.
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(0.41 g, 5 mmol), NaHCO3 (0.126 g, 1.5 mmol) and catalyst
(1.1 × 10–3 mmol) in 5 mL of CH3CN. These reactions were car-
ried out at 60 °C. As presented in Table S7 (Entries 1, 6, 7) and
(Figure 8, panel a), a maximum of 46 % conversion was ob-
tained at a cyclohexene to H2O2 molar ratio of 1:2 after 3 h.
This conversion reached 94 % upon increasing this ratio to 1:4
while a 1:6 ratio improved the conversion slightly further (98 %).
Under the operating conditions as described above [i.e. cyclo-
hexene (0.41 g, 5 mmol), 30 % H2O2 (2.27 g, 20 mmol), NaHCO3

(0.126 g, 1.5 mmol) in 5 mL of CH3CN], the effect of catalyst
identified by considering three different amounts (1.1 × 10–3,
2.2 × 10–3 and 3.4 × 10–3 mmol) as a function of time was stud-
ied; results are illustrated in (Figure 8, panel b) (also see
Table S7, Entries 1–3). It is clear from the plot that the use of
1.1 × 10–3 mmol catalyst provided excellent results allowing a
maximum of 94 % conversion of cyclohexene. The use of
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2.2 × 10–3 and 3.4 × 10–3 mmol of catalysts showed only mar-
ginal improvements in conversion. We also optimized the
amount of NaHCO3 [Table S7, Entries 1, 4, 5 and Figure 8, panel
c], the amount of CH3CN solvent [Table S7, Entries 1, 8, 9 and
Figure 8, panel d] and temperature [Table S7, Entries 1, 10, 11
and Figure 8, panel e] of the reaction and found that 1.5 mmol
of NaHCO3, 5 mL of solvent and a reaction temperature of 60 °C
were sufficient to provide a 94 % conversion under the above
reaction conditions. Table S7 and Figure 8 summarize all the
conditions and conversions obtained under a particular set of
conditions. In the absence of NaHCO3, 4–5 % and 21–24 % con-
versions of cyclohexene were obtained with dioxidomolybde-
num(VI) 1 and 2 and dioxidovanadium(V) 3 and 4 complexes,
respectively.

The conversion of cyclohexene and the selectivity of product
formation using 1 as a catalyst under the optimized reaction
conditions are presented in Table S7 (Entry 1), and under similar
conditions for all complexes 1–4, in Table 4. Thus, under the
optimized reaction conditions (Table S7, Entry 1), other com-
plexes 2–4 have also been tested for their ability to catalyze
cyclohexene epoxidation. The reaction selectivity was found to
be 100% in favor of cyclohexene oxide formation and the reac-
tion was characterized by its high turnover frequency. A blank
reaction (devoid of catalyst) using the above reaction condi-
tions gave 36 % conversion. The epoxidation of cyclohexene
under the same reaction conditions, but at carried out at room
temperature, resulted in only 22 % conversion.

Table 4. Epoxidation of cyclohexene, TOF and selectivity cyclohexene oxide
using different dioxidomolybdenum(VI) complexes [MoO2L′1] (1) and
[MoO2L′2] (2) and dioxidovanadium(V) complexes [VO2L1] (3) and [VO2L2] (4)
complexes as catalyst.

Catalyst TOF [h–1][a] Conv. [%] Selectivity [%]

1 1424 94 100
2 1545 93 100
3 918 94 100
4 1044 94 100
Blank reaction – 36 100

[a] TOF values calculated at reaction time of 3 h.

Reactivity of Complexes with H2O2 and Possible Reaction
Intermediate

It is known that dioxidomolybdenum(VI) and dioxidovana-
dium(V) complexes react with H2O2 to give the corresponding
oxido-peroxido complexes. The generation of such species has
been established in DMSO by electronic absorption spectro-
scopy. In a typical reaction, 20 mL of ca. 10–4 M solution of
complex 4 (as a representative catalyst) was treated with one
drop of 30 % aqueous H2O2 (0.165 g, 1.5 mmol) dissolved in
5 mL of DMSO; the resultant spectroscopic changes are pre-
sented in Figure 9. There was found to be no change in band
at 527 nm but the 370 nm band increased in intensity. A new
band appeared at 305 nm while the bands at 260 nm and
271 nm significantly decreased in intensity. These changes indi-
cate the interaction of complex 4 with H2O2 and formation of
the anticipated oxido-peroxido species.
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Figure 9. UV/Vis spectral changes observed during titration of [VO2L2] (4)
with H2O2.

To understand the possible reaction pathway during epoxid-
ation chemistry, we also carried out a similar titration of 4 with
H2O2 in the presence of NaHCO3. Upon addition of a few drops
of a mixture of NaHCO3 and H2O2 very similar spectral changes
to those noted above were seen. Notably, the reaction of
NaHCO3 with H2O2 results in almost instant formation of
HCO4

–(peroxymonocarbonate)[76] which accelerates generation
of the oxido-peroxido intermediate relative to the reaction with
H2O2 in the absence of NaHCO3. This intermediate enhances
the transfer of oxygen to the substrate during catalytic epoxid-
ation to give the final product. The exact mechanism for olefin
epoxidation by oxidometal complexes in the presence of H2O2

is not clear at present. However, the formation of relevant ox-
ido-peroxido complexes has been reported in the past.[78] Al-
though no attempts to isolate the appropriate intermediates
for this system have been performed, based on the oxidation
products obtained and experiments described above, a reaction
pathway including oxido-peroxido intermediates can be ration-
ally proposed (Scheme 6).

Scheme 6. Postulated reaction pathway for the epoxidation of olefins involv-
ing formation of an oxido-peroxido complex as is supported by reactions
carried out herein.

Conclusions
Two novel dioxidomolybdenum(VI) complexes 1 and 2 contain-
ing C–C coupled rearranged ligands have been synthesized and
successfully characterized. The C–C σ bond formation is highly
specific and depends on the metal precursor [MoO2(acac)2]. The
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mechanism of the transformation has been established using
DFT calculations. It has been validated that reactions using
[VO(acac)2] as a metal precursor do not initiate this type of
ligand rearrangement. This was confirmed by the successful
syntheses of corresponding dioxidovanadium complexes 3 and
4 and is in agreement with the theoretical results. The micro-
analysis, electrochemical study and spectroscopic characteris-
tics are consistent with the molecular formula of all four re-
ported complexes 1–4. The molecular structures of dioxidomo-
lybdenum(VI) complexes 1 and 2 have been confirmed by X-
ray crystallography. Additionally, the catalytic potentials of 1–
4, in epoxidations of styrene and cyclohexene have also been
explored; reactions of both substrates gave predominantly the
corresponding oxides with high turnover frequencies. The inter-
mediate peroxido species, expected to be involved during catal-
ysis, has also been generated from a solution of 4 and studied
by UV/Vis spectroscopy.

Experimental Section
Materials and Methods: [MoO2(acac)2] was prepared as described
in the literature.[79] Reagent grade solvents were dried and distilled
prior to use. All other chemicals were reagent grade, available com-
mercially and used as received. Commercially available TBAP (tetra-
butylammonium perchlorate) was properly dried and used as a sup-
porting electrolyte for recording cyclic voltammograms of the com-
plexes. Elemental analyses were performed with a VarioELcube
CHNS Elemental analyzer. IR spectra were recorded with a Perkin–
Elmer Spectrum RXI spectrometer. NMR spectra were recorded with
a Bruker UltraShield 400 MHz spectrometer at 298 K room tempera-
ture using SiMe4 (1H and 13C) as an internal and VOCl3 (51V) as
external standard. Electronic spectra were recorded using a Lam-
da25, Perkin–Elmer spectrophotometer. Magnetic susceptibility was
measured with a Sherwood Scientific AUTOMSB sample magnetom-
eter. Mass spectra were recorded with a SQ-300 MS instrument op-
erating in ESI mode. A CH-Instruments (Model No. CHI6003E) elec-
trochemical analyzer was used for cyclic voltammetric experiments
with DMF (for 1 and 2) and CH3CN (for 3 and 4) solutions of the
complexes containing TBAP (tetra butyl ammonium perchlorate) as
the supporting electrolyte. The three electrode measurements were
carried out at 298 K with a glassy carbon working electrode, plati-
num auxiliary electrode and SCE as a reference electrode. Caution:
Although no problems were encountered during the course of this
work, attention is drawn to the potentially explosive nature of per-
chlorates.

A Shimadzu 2010 plus gas-chromatograph fitted with an Rtx-1 cap-
illary column (30 m × 0.25 mm × 0.25 μm) and a FID detector was
used to analyze the reaction products and their quantifications
were made on the basis of the relative peak area of the respective
product. The identity of the products was confirmed using a GC–
MS model Perkin–Elmer, Clarus 500 and comparing the fragments
of each product with the library available. The percent conversion
of substrate and selectivity of products was calculated from GC data
using the formulae:

Synthesis of Ligands (HL1,2): Schiff base ligands HL1 and HL2 were
prepared by the condensation of 2-aminophenol with 2-pyridine-
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carbaldehyde (HL1) and 2-quinolinecarbaldehyde (HL2) in equimolar
ratios in ethanol following a standard procedure.[80] The resulting
brown compounds were filtered, washed with ethanol and dried
with fused CaCl2.

HL1: Yield 0.13 g (65 %). C12H10N2O (198.22): calcd. C 72.72, H 5.05,
N 14.14; found C 72.76, H 5.07, N 14.09. FTIR (KBr): ν̃ = 3197 (O–H),
1622 (C=N), 1583 (C=C/aromatic) cm–1. 1H NMR (400 MHz,
[D6]DMSO): δ = 9.25 (s, 1 H, OH), 8.71 (s, 1 H, CH), 6.86–8.69 (m, 8
H, aromatic) ppm. 13C{1H} NMR (100 MHz, [D6]DMSO): δ = 159.33,
154.49, 151.37, 149.45, 136.82, 136.80, 128.21, 125.37, 121.49,
119.66, 119.57, 116.31 ppm.

HL2: Yield 0.18 g (72 %). C16H12N2O (248.28): calcd. C 77.4, H 4.87,
N 11.28; found C 77.38, H 4.89, N 11.26. FTIR (KBr): ν̃ = 3164 (O–H),
1611 (C=N), 1581 (C=C/aromatic) cm–1. 1H NMR (400 MHz,
[D6]DMSO): δ = 9.36 (s, 1 H, OH),8.91 (s, 1 H, CH), 6.87–8.58 (m, 10
H, aromatic) ppm. 13C{1H} NMR (100 MHz, [D6]DMSO): δ = 167.79,
157.14, 154.32, 152.92, 136.86, 134.43, 132.44, 130.90, 129.52,
128.91, 127.88, 127.81, 120.38, 118.34, 116.29, 115.49 ppm.

Synthesis of Complexes [MoO2L′1,2] (1 and 2): To the refluxing
solution of 1.0 mmol ligand (HL1,2) in 30 mL of ethanol, 1.0 mmol
of MoO2(acac)2 was added. The color of the solution changed to
dark red. After 3 h, the resulting solution was filtered and slow
evaporation of the filtrate over 2 d produced yellow colored crystals.
The crystals were filtered and washed with ethanol and suitable
single crystals were selected for X-ray analysis. A similar compound
has recently been reported,[65] although our work was already initi-
ated earlier and had been reported in a Ph. D. thesis.[81] However,
we observed differences in the molecular structure associated with
a solvent of crystallization, which is discussed in the X-ray crystal-
lography section.

[MoO2L′1] (1): Yield 0.25 g (57 %). C17H16MoN2O5·0.5(CH3OH)
(424.26): calcd. C 47.74, H 4.12, N 6.36; found C 47.72, H 4.13, N
6.35. FTIR (KBr): ν̃ = 3080 (N–H), 3445 (O–H), 1604 (C=N), 1256 (C–
O)enolic, 924, 907 (Mo=O) cm–1. UV/Vis (DMSO): λmax, nm (ε,
dm3 mol–1 cm–1): 417 (30124), 320 (25123), 252 (16352). 1H NMR
(400 MHz, [D6]DMSO): δ = 6.63–8.87 (m, 8 H, aromatic), 8.68 (s, 1 H,
NH), 5.81 (s, 1 H, CH), 2.57 (s, 3 H, CH3), 2.22 (s, 3 H, CH3) ppm.
13C{1H} NMR (100 MHz, [D6]DMSO): δ = 195.90, 173.66, 162.00,
157.43, 148.49, 141.49, 133.32, 129.55, 126.36, 125.50, 122.49,
121.16, 117.31, 116.29, 63.71, 31.39, 24.42 ppm. ESI-MS: m/z =
425.59 [M – 0.5(CH3OH) + H]+.

[MoO2L′2] (2): Yield 0.31 g (65 %). C21H18MoN2O5 (474.32): calcd. C
53.16, H 3.83, N 5.90; found C 53.15, H 3.84, N 5.90. FTIR (KBr): ν̃ =
3091 (N–H), 1597 (C=N), 1253 (C–O)enolic, 931, 910 (Mo=O) cm–1.
UV/Vis (DMSO): λmax, nm (ε, dm3 mol–1 cm–1): 423 (30125), 329
(25126), 257 (16350). 1H NMR (400 MHz, [D6]DMSO): δ = 6.64–9.27
(m, 10 H, aromatic), 8.79 (s, 1 H, NH), 6.03 (s, 1 H, CH), 2.59 (s, 3 H,
CH3), 2.23 (s, 3 H, CH3) ppm. 13C{1H} NMR (100 MHz, [D6]DMSO): δ =
195.49, 174.28, 162.43, 158.44, 143.31, 141.18, 132.84, 131.48,
128.96, 128.44, 128.28, 127.43, 126.59, 125.63, 120.78, 119.58,
116.91, 116.01, 63.71, 30.75, 23.49 ppm. ESI-MS: m/z = 475.17 [M +
H]+.

Complexes [VO2L1–2] 3 and 4: To a stirring solution of 1.0 mmol
of ligand HL1,2 in ethanol (30 mL) was added 1.0 mmol of
[VO(acac)2]. The color of the solution changed to dark red. The mix-
ture was then left to stir. After 1 h, red colored residue settled
down in the reaction mixture, which was filtered and washed with
ethanol.

[VO2L1] (3): Yield 61 %. C12H9N2O3V (280.16): calcd. C 51.40, H 3.81,
N 10.00; found C 50.15, H 3.84, N 9.98. FTIR (KBr): ν̃ = 1583 (C=N),
947, 930 (V=O) cm–1. UV/Vis (DMSO): λmax, nm (ε, dm3 mol–1 cm–1):
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359 (30125), 319 (14886), 275 (13024). 1H NMR (400 MHz,
[D6]DMSO): δ = 9.26 (s, 1 H, CH), 6.69–8.87 (m, 8 H, aromatic) ppm.
13C{1H} NMR (100 MHz, [D6]DMSO): δ = 210.39, 205.11, 185.34,
173.36, 165.41, 160.59, 155.42, 154.10, 147.77, 140.53, 132.17,
118.69 ppm. 51V NMR ([D6]DMSO): δ = –499.4 ppm. ESI-MS: m/z =
279.31 [M – H]+, 301.28 [M + Na – 2H]+.

[VO2L2] (4): Yield 63 %. C16H11N2O3V (330.22): calcd. C 58.18, H
3.33, N 8.48; found C 58.15, H 3.30, N 8.50. FTIR (KBr): ν̃ = 1594
(C=N), 956, 947 (V=O) cm–1. UV/Vis (DMSO): λmax, nm (ε,
dm3 mol–1 cm–1): 440 (10433), 373 (25126), 293 (16250). 1H NMR
(400 MHz, [D6]DMSO): δ = 6.54–8.54 (m, 10 H, aromatic), 8.89 (s, 1
H, CH) ppm. 13C{1H} NMR (100 MHz, [D6]DMSO): δ = 203.85, 198.30,
152.16, 147.73, 147.35, 137.77, 137.33, 131.32, 130.99, 129.83,
129.04, 128.84, 127.84, 124.02, 120.64, 111.93 ppm. 51V NMR
([D6]DMSO): δ = –498.3 ppm. ESI-MS: m/z = 333.07 [M + 3H]+.

Crystallography: Suitable single crystals of 1 and 2 were chosen
for X-ray diffraction studies. Crystallographic data and details of re-
finement are given in Table 5. These compounds both crystallize in
the triclinic space group P1̄. The unit cell parameters and the inten-
sity data were collected for complex 1 with a Bruker Smart Apex
CCD diffractometer at about 293 K and for complex 2 at 100 K with
a Bruker APEX II using graphite monochromated Mo-Kα radiation
(λ = 0.71073 Å). The intensity data were corrected for Lorentz, polar-
ization and absorption effects. The structures were solved using the
SHELXS97[82] and refined using the SHELXL97[83] computer pro-
grams. The non-hydrogen atoms were refined anisotropically.

Table 5. Crystal and refinement data of complexes 1 and 2.

1 2

Formula C35H36Mo2 N4O11 C21H18MoN2O5

M 880.56 474.31
Crystal symmetry triclinic triclinic
Space group P1̄ P1̄
a [Å] 8.4739(5) 9.1187(19)
b [Å] 9.6684(5) 9.6426(19)
c [Å] 11.5506(7) 11.841(2)
α [°] 94.10(10) 73.432(8)
� [°] 109.95(10) 84.460(9)
γ [°] 96.81(10) 66.820(9)
V [Å3] 876.87(9) 917.2(3)
Z 1 2
Dcalc [g cm–3] 1.668 1.717
μ(Mo-Kα) [mm–1] 0.782 0.753
F(000) 446 480
max./min.trans. 0.9546/0.9051 0.9285/0.8639
2θ(max.) [°] 25.00 25.00
Reflections collected/unique 3434 4651
R1

[a] [I > 2σ(I)] 0.0240 0.0188
wR2

[b] [all data] 0.0637 0.0498
S [goodness of fit] 1.078 1.067
min./max. resid. electron den- 0.350/–0.288 0.435/–0.409
sity (e Å–3)

[a] R1 = Σ|Fo| – |Fc|/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}.

CCDC 1436851 (for 1) and 1436852 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.

Computational Details: The quantum chemical calculations were
performed with the ORCA 3.0.3 package of programs.[84] All calcula-
tions were employed with the meta-GGA hybrid functional by Tao,
Perdew, Staroverov, and Scuseria,[85] denoted as TPSSh. Triple-	
def2-TZVPP basis sets were used for all atoms[86] together with a

Eur. J. Inorg. Chem. 2016, 1604–1618 www.eurjic.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1616

tight SCF energy convergence criterion (10–8 a.u.). Increasing the
quality of the basis sets to quadruple-	 did not result in any signifi-
cant structural changes. Therefore, the triple-	 def2-TZVPP basis
sets give the balance between accuracy and computational time.
Due to the lack of dispersion forces in DFT the atom-pairwise dis-
persion correction DFTD3 by Grimme[87] was employed for all calcu-
lations. Furthermore, ethanol solvent effects were included with the
conductor-like screening model (COSMO) by Klamt.[88] Final ener-
gies for structures inclusive of pyridine within the computational
model were corrected with the counterpoise method of Boys[89] to
minimize the basis set superposition error (BSSE). Natural Popula-
tion Analyses have been performed with the Turbomole package
of programs in version 6.6[90] at the same level of theory.

Possible transition states for the reaction mechanism were located
from a series of different linear transits which were based on opti-
mized intermediate structures as starting geometries. For these lin-
ear transit calculations a constrained internal coordinate was de-
fined whereas all other coordinates were optimized. The identified
transition state guesses were checked by frequency calculations
which gave exactly one imaginary frequency. This mode was veri-
fied to be the expected motion along the reaction coordinate. After
performing the subsequent transition state optimizations the final
transition states were again verified by frequency calculations.

Catalytic Epoxidation of Olefins

(a) Epoxidation of Styrene: In a typical reaction, styrene (0.52 g,
5 mmol) and aqueous 30 % H2O2 (2.27 g, 20 mmol), NaHCO3

(0.126 g, 1.5 mmol), were combined in CH3CN (5 mL) and tempera-
ture of the reaction mixture was raised to 60 °C. The catalyst
(1.1 × 10–3 mmol) was added to the above reaction mixture and
stirred. Oxidized products were analyzed quantitatively by gas chro-
matograph during the reaction by withdrawing small aliquots of
the reaction mixture at 30 min intervals. The identity of the prod-
ucts was confirmed by GC–MS. Various parameters, such as
amounts of oxidant, catalyst, NaHCO3 and solvent as well as
temperature of the reaction medium were studied in order to un-
derstand their influence on conversion rates and selectivities
achievable during the reaction.

(b) Epoxidation of Cyclohexene: Cyclohexene (0.41 g, 5 mmol),
30 % H2O2 (2.27 g, 20 mmol), NaHCO3 (0.126 g, 1.5 mmol) and
catalyst (1.1 × 10–3 mmol) were mixed in CH3CN (5 mL), and the
reaction mixture was heated at 60 °C with continuous stirring. The
reaction products were analyzed and identified as mentioned above
for conversions involving styrene.

Supporting Information (see footnote on the first page of this
article): Additional tables and figures of computational studies, ESI-
MS and spectral information have been included as supporting in-
formation.
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