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a b s t r a c t

The molybdenum(VI)dioxo-dibromo compound bearing a carboxylate substituted bipyridyl ligand was
anchored covalently onto a TiO2 matrix (DG-25). It was fully characterized by IR(KBr), UV-diffuse
reflectance, IR-photoacoustic (FT-IR/PAS) and solid state 13C NMR spectroscopies. Its reactivity as an
O-atom transfer agent was tested under visible light irradiation on ethylbenzene and tetraline, stoichio-
metrically under N2 and catalytically under O2 and then compared with the analogous homogeneous
complex bearing a carbomethoxy substituted bipyridine. An important synergic effect was observed,
Arylalkane photo-oxidation
Dioxygen
A
T

attributed to the photogenerated electron flux, via TiO2, onto the coordination sphere of molybdenum.
The anchored system, furthermore, prevented any deactivation of the reactive center, as it is observed in
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the homogeneous medium

. Introduction

The chemistry of transition metal-oxo compounds is an area of
articular interest with potential relevance to oxygen atom transfer
rocesses in a wide range of catalytic reactions [1–3]. This func-
ion is found in many systems ranging from metallo enzymes to
olid state reactions on metal oxide surfaces [1–4]. When mod-
ling enzymatic systems for the alkane or alkene oxidation, the
etals of choice have been chromium [5], manganese and iron [2],
hereas rhenium [6] and ruthenium-oxo [7–9] have been studied
idely as catalysts for alkane or alcohol oxidation. In this context,
olybdenum-oxo compounds hold an important place, specially
s models for the active site of oxo-transfer molybdenum-enzymes
10,2–4].

In order to oxidize phosphines, arylalkanes or olefins, we have
eported several molybdenum-oxo, -dioxo and -�-oxo complexes
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earing various ligands among which some exhibited exceptional
xo-transfer capability under stoichiometric and catalytic condi-
ions using various oxygen atom donors [11–14]. In the majority
f these complexes the ligands present in the coordination sphere
ere bipyridyl ligands and exhibited a significant acceleration
nder UV irradiation [15]. However, in the oxo-transfer process,
ne major problem lies in the irreversible formation of Mo(V)-�-
xo dimer species which are often totally inert in the reoxidation
rocess [16]. In order to isolate the metallic center and avoid
ny �-oxo dimer formation, much effort has been done by het-
rogenizing various molybdenum catalyst such as MoO2(acac)2,
oO2Cl2L, on different inorganic supports such a silicates, zeolites

nd other molecular sieves [17–22]. The resultant materials cat-
lyzed the epoxidation of olefins, but proved to be unstable towards
olybdenum leaching and were active only with hydroperoxides

t-ButOOH) as their oxygen donor agents.
The use of O2 as the oxidant in any catalytic oxidation pro-

ess is a difficult task, specially under mild conditions (pressure
nd temperature) and constitutes a major endeavour both for

he academic and industrial world. In this context, we have
ovalently immobilized the Mo(VI)(O)2(Br)2(4,4′-dicarboxylato-
,2′-bipyridine) complex on a TiO2 solid matrix (Degussa-P25) by a
arboxylate linkage, This system was evaluated as an oxo-transfer
gent, toward triphenylphosphine, under visible light irradiation

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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nd using O2 as oxo-donor agent [23]. It was compared with the
omplex molybdenum(VI)dioxo-dibromo-(4,4′-dicarbomethoxy-
,2′-bipyridine) under homogeneous conditions. The anchoring on
he TiO2 matrix brought important improvements to the oxygen
tom transfer catalytic system. On one hand, it increased signifi-
antly the O-transfer capability, via the photo generated flux onto
he Mo(VI) coordination sphere, and on the other, by isolating the

etallic centers, it prevented the formation of the inactive Mo(V)-
-oxo dimer and thus lengthened significantly the catalyst life

pan.
In the present work, we have prepared the catalytic entity

oO2/TiO2 according to reported synthetic route with some slight
odifications [23] Their capability as oxygen atom transfer agent
as evaluated toward arylalkanes (ethylbenzene and tetraline)
nder stoichiometric (N2 atmosphere) and catalytic (O2) condi-
ions, with visible light irradiation, � ≥ 380 nm.

. Experimental

.1. General

All materials were commercial and were used without further
urification unless otherwise noted. All solvents were thoroughly
egassed prior to use. Acetonitrile was distilled and kept under
rgon, thionyl chloride was doubly distilled. Titanium oxide
Degussa-P25) with 50 m2/g specific area and crystalline struc-
ure of 80% anastase and 20% rutile was dehydrated at 100 ◦C
nd 5 × 10−4 mbar for 48 h prior to use. IR (KBr) and IR-PAS (pho-
oacoustic) spectra were recorded on PerkinElmer 1720XFT and
chimatzu 8400S spectrometers, respectively. UV–vis spectra were
btained on a HP 8423 spectrophotometer and UV–vis-DR (dif-
use reflectance) spectra were recorded on a PerkinElmer 2034RD
ambda 35 UV (integrating sphere P/NC 6951014). 1H and 13C NMR
ere performed on Bruker Avance 200 and 400 spectrometers.
ll solid state CPMAS NMR spectra were obtained on a Bruker
vance-400 MHz NMR spectrometer operating at a 13C resonance

requency of 101.6 MHz. The 13C experiments were performed
ith a commercial Bruker double-bearing probe with zirconium
ioxide rotors of 4-mm outer diameter. The CP technique [24]
as applied during Magic Angle Spinning (MAS) of the rotor at

0 kHz. A ramped 1H-pulse starting at 100% power and decreas-
ng until 50% was used during contact time in order to circumvent
artmann–Hahn mismatches [25,26]. The contact time were 2 ms.
o obtain a good signal-to-noise ratio in 13C CPMAS experiment
048 scans were accumulated using a delay of 2 s. The 13C chemi-
al shifts were referenced to tetramethylsilane and calibrated with
lycine carbonyl signal, set at 176.5 ppm [27]. Gas chromatogra-
hy (CG) analysis of the photo-oxidation products were performed
ith a HP-6890 equipped with a flame ionization detector and HP5

olumn (30 m × 0.32 mm × 0.25 �m). Toluene was used as internal
tandard.

.2. Synthesis of complexes

.2.1. 2,2′-Bipyridine-4,4′-dicarboxylic acid [28] (1)
It was prepared according to a reported procedure from 4,4′-

imethyl-2,2′-bipyridine [29,30]. IR(KBr): � (cm−1) 3441 (s), 2446
s), 1729 (s), 1604 (s), 1461 (s), 1366 (s), 1290 (s), 1268 (s). 13C
MR/CPMAS (400 MHz): ı (ppm) 123.2; 140.0; 150.3; 164.7.
.2.2. Mo(O)2Br2[OP(C6H5)3]2 (3)
To an HBr (45%) solution (6 mL) containing 1.0 g of

a2MoO4·2H2O (4.15 mmol) was added 15 mL of diethyl ether
nd the mixture vigorously stirred for five minutes, before the
ther layer was separated and dried over anhydrous sodium sulfate.

a
t
d
b
w
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o the dried diethyl ether solution was added an acetone solution
60 mL) containing 1.9 g (7.4 mmol) of triphenylphosphine oxide.
tirring at room temperature for a few minutes resulted in the
recipitation of a green solid which was filtered and recrystallized
rom CH2Cl2/Et2O (1/1). IR(KBr): � (cm−1) 3099 (w), 1702 (w), 1437
s), 1174 (s), 1146 (s), 1121 (s), 1089 (s), 946 (s), 903 (s), 724 (s), 692
s). 1H NMR (CDCl3): ı (ppm) 7.38 (m, 2H), 7.53 (t, H), 7.76 (m, 2H).
nal. Calc. For C36H30Br2MoO4P2: C, 51.21, H, 3.62. Found: C, 51.24
nd H, 3.58.

.2.3. Mo(O)2Br2(4,4′-dicarbomethoxy-2,2′-bipyridine) (5)
The acid chloride (2) obtained from the SOCl2 treatment of 2,2′-

ipyridine-4,4′-dicarboxylic acid (0.13 g, 0.53 mmol) was dissolved
n CH2Cl2 and added to a CH2Cl2 (30 mL) solution containing 0.22 g
0.24 mmol) of Mo(O)2Br2[OP(C6H5)3]2 (3). The mixture stirred at
0 ◦C for 12 h resulted in the precipitation of a yellow solid and
ltered under inert atmosphere. This solid (4) was re-dissolved in
0 mL of CH2Cl2 and MeOH (0.5 mL), and kept under reflux for 12 h.
vaporation of the solvent and recrystallization (ether/CH2Cl2) gave
he desired diester in 70% yield. IR(KBr): � (cm−1) 3082 (w), 2085
w), 1733 (s), 1565 (m), 1437 (s), 1401 (s), 1333 (s), 1274 (s), 1233
m), 946 (s), 913 (s). 1H NMR (CDCl3): ı (ppm) 4.12 (s, 3H), 8.29 (d,
H), 8.92 (s, 1H), 9.78 (t, 1H). 13C NMR/CPMAS: ı (ppm) 52.8, 54.6,
24.5, 140.8, 142.0, 148.9, 152.9, 161.2.

.2.4. Mo(O)2Br2(4,4′-dicarboxylato-2,2′-bipyridine)/TiO2 (6)
To 20 mL of SOCl2 was added 0.25 g (1 mmol) of 2,2′-bipyridine-

,4′-dicarboxylic acid (1) and the mixture was heated to reflux for
h. The excess SOCl2 was evaporated under vacuum, the residue
issolved in dry CH2Cl2 and added to a CH2Cl2 (50 mL) solution con-
aining 0.5 g (0.6 mmol) of Mo(O)2Br2[OP(C6H5)3]2 (3). The mixture
tirred at 40 ◦C for 12 h resulted in the precipitation of a yellow solid
nd filtered under inert atmosphere. This solid (4) was dissolved in
0 mL of CH3CN and added to a CH3CN (50 mL) suspension con-
aining 0.5 g of anhydrous TiO2. The mixture was vigorously stirred
t reflux for 14 h and filtered under N2 atmosphere to give a light
iolet solid. The amount of linked dioxo-complex on the TiO2 was
etermined by desorption with 0.1 M NaOH and the supernatant
olution was analysed by UV–vis spectroscopy (0.105 mmol/g of
iO2). IR(KBr) � (cm−1) 1731 (s), 1603 (w), 1561 (w), 1395 (w), 1366
s), 1291 (s), 1262 (s), 940 (s), 915 (s) and 766 (m). IR-PAS (900-1800
egion): � (cm−1) = 1731, 1600, 1562, 1450, 1427, 1396, 1365, 1215,
41 and 906. 13C NMR/CPMAS: ı (ppm) = 124.3, 127.8, 141.3, 151.6
nd 165.9.

.3. Arylalkane photo-oxidation

The photocatalytic oxidation of the arylalkanes was carried out
sing a 10 mL batch micro-reactor (Ace-Glass model T-121m) with

mmersion lamp (Phenix, 220 V). The photon flux (Io) per unit vol-
me and unit time, was determined by chemical actinometry using
otassium ferrioxalate [30,31]. Measured Io = 5.3 × 10−5 moles of
hotons/L s (� ≥ 380 nm).

In a typical experiment, a 0.076 M solution of arylalkane in
H3CN was thoroughly deoxygenated by bubbling N2 gas for sev-
ral hours at 5 ◦C before the addition of 0.011 g of either MoO2/TiO2
6), a “mechanical” mixture of (5) and TiO2 in the same proportion
s (6) or pure TiO2. In the case of the homogeneous system, 2 mg
5.5 × 10−6 mol) of (5) was added to the oxygen free solution. In all
ases the mixture was kept in the dark and under nitrogen for 1 h, to

ssure adsorption/desorption equilibrium, before visible light was
urned on and kept for 4 h. Nitrogen was then replaced by O2 in the
ark. After a period of 2 h the mixture was rendered, again, O2-free
y bubbling N2 before the light was turned back on. The sequence
as repeated at will.
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5 and 6 exhibits, in IR(KBr) spectroscopy, two absorption bands
in the 950–900 cm−1 region attributed, respectively, to �symMo O
and �asymMo O of cis-MoO2 unit [32]. Furthermore, the system
MoO2/TiO2 (6) showed a strong absorption in 1734 cm−1 assigned
C.A. Páez et al. / Journal of Molecula

. Results and discussion

The synthetic route for the preparation of MoO2/TiO2 (6) is
epicted below. The 2,2′-bipyridine 4,4′-dicarboxylic acid (1) was
btained by permanganate oxidation in basic medium of the 4,4′-
imethyl-2,2′-bipyridine. The 2,2′-bipyridine-4,4′-di-carboxylic
cid chloride complex (4) has been prepared in situ by complexa-
ion of the acid chloride 2, onto the molybdenum(VI)dioxo-dibromo
omplex 3, and fully characterized by derivatization, via esteri-
cation in methanol. This dimethyl ester complex (5) was fully

dentified by IR and 1H NMR spectroscopy [23].
Fig. 1. FT-IR/PAS spectra of MoO2/TiO2 (6) and TiO2 (P-25) pure:
ysis A: Chemical 299 (2009) 53–59 55

The synthetic route chosen for complex 6 consisted of anchor-
ng the complex 4 onto the solid TiO2 matrix, via “esterification”
eaction with the “titanol” group (Ti–OH) on the TiO2 Degussa-
25 surface. The characterization of 6 was done by IR(KBr),
V-diffuse reflectance and more thoroughly by IR-photoacoustic

FT-IR/PAS) and solid state 13C NMR spectroscopies. The complexes
(A) 870–980 cm−1 region and (B) 1100–1900 cm−1 region.
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ig. 2. Comparison of the UV–vis diffuse reflectance spectra of MoO2/TiO2 (6),
ipy/TiO2 and TiO2 (P-25).

o the carboxylate linkage (C(O)–O–Ti4+) which is very close to that
bserved in the complex 5, �asymCOOCH3 [33].

The anchored character of 6 was further made evident by IR-
hotoacoustic spectroscopic analysis as shown in Fig. 1. When
omparing the TiO2 matrix before and after modification with the
o(VI)(O)2 complex (6), the absorption bands corresponding to
o O are observed at 906 and 941 cm−1. The carboxylate link-

ge is revealed by a band at 1734 cm−1 whereas the corresponding
ands expected in the 1350–1450 cm−1 region [34] are included

n the 1260–1450 cm−1 region attributed to the �-bipyridyl frame-
ork. Diffuse reflectance spectra, likewise (Fig. 2) show the n → �*

ransition band (� ≈ 560 nm) of the Mo O group [2] in MoO2/TiO2
6) as well as a slight shoulder around 400 nm, which could be
ttributed to the bipyridyl moiety. This is corroborated when com-
ared with the bipyridine carboxylate, alone, bonded to TiO2.
hereas TiO2 pure does not show any absorption in the visible

ange.
All these observations are corroborated by 13C NMR (CP/MAS)

pectroscopy (Fig. 3). Formation of the “inorganic ester”
C(O)–O–Ti4+) is evidenced by the resonance at 167 ppm (Fig. 3A)
hich is close to, but significantly different from that observed

n the diester complex 5 (ı = 163 ppm, Fig. 3B). Likewise, the �,
and � carbon atoms on the pyridyl ring are observed in the

53–125 ppm region but shifted in comparison with the free
,4′-dicarbomethoxy-2,2′-bipyridine (Fig. 3C), indicating clearly
hat a molybdenum species is bonded to a bipyridyl moiety and
nchored on the TiO2 surface.

.1. Arylalkane oxidation

The oxygen atom transfer process was examined for the oxida-
ion of ethylbenzene and tetraline with the anchored complex 6
nder both stoichiometric (N2 atmosphere) and catalytic (in the
resence of O2 as the O-donor) conditions. It was compared with
he analogous complex 5 under homogeneous conditions and the
ure TiO2 suspension. Each experiment was run under identical
onditions at room temperature, in the presence and absence of
isible light irradiation (� ≥ 380 nm).
.1.1. Stoichiometric conditions
The stoichiometric reaction was run under nitrogen inert atmo-

phere and at room temperature, as a suspension in acetonitrile for
omplex 6 and in solution for complex 5. The arylalkanes chosen for

s
o
y
g
c

ig. 3. 13C CPMAS NMR Spectra recorded at 10 kHz for complex 6 (A), complex 5 (B)
nd 4,4′-dicarbomethoxy-2,2′-bipyridine (C).

his study were ethylbenzene and tetraline which have been shown
12] to be oxidized, under homogeneous conditions in the presence
f analogous molybdenum-dioxo complexes to give respectively
cetophenone and tetralone most probably via the initial formation
f the corresponding alcohol.

As depicted in Fig. 4, all reactions were allowed to stand in the
ark and under nitrogen for a period of 60 min, in order to establish
n adsorption/desorption equilibrium (Section A), before light was
urned on (Section B). The suspension of TiO2 (DG 25), is totally
nert indefinitely under these conditions, whereas complex 5, as
xpected, undergoes an oxygen atom transfer similar to previously
eported observations with analogous complexes [12], although to a
lower rate due to the milder conditions (25% after 300 min). On the

ther hand, the anchored complex 6 displays a faster reaction rate
ielding quantitatively (50%) through two successive O-transfer to
ive the ketonic product within 1 h. This is indicative of a signifi-
ant synergic effect due to the photogenerated electronic flux, via
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Fig. 4. Time evolution of the [mol. ketone]/[mol. MoO2]) as a function of time in: (A) dark under N2; (B) light (� ≥ 380 nm) under N2; (C) dark under O2; (D) light under N2.
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ig. 5. Ethylbenzene oxidation. Time evolution of the [mol. acetophenone]/[mol. M
nder O2; (D) light under N2; (E) dark under O2; (F) light under N2.

he TiO2 matrix onto the coordination sphere of the molybdenum
omplex.

When the light was turned off (Section C) and the dinitrogen
vacuated and replaced by dioxygen in an attempt to reoxidize
he reduced molybdenum species, no additional substrate oxi-
ation was observed for 2 h with complex 6 whereas a very

light increase of oxidized products was obtained with complex
. After this period of time (Section D), the dioxygen was evacu-
ted, replaced by dinitrogen and the visible light turned back on.
he homogeneous system with complex 5 continued the O-transfer
rocess at the same rate most probably due to the presence of unre-
cted residual MoO2(VI) complex, until it reached 50% of ketonic

roduct after a total of 11 h. The anchored system, on the other
and, exhibited immediately an oxidation process analogous to the
ne observed in Section B, however, the O-atom transfer proceeded
n this case to an extend twice as important (100%) indicating that
wo oxygen atoms per molybdenum center had been transferred.

d
t
r
T

s a function of time in: (A) dark under N2; (B) light (� ≥ 380 nm) under N2; (C) dark

Two very important precepts can be retained from these obser-
ations: first, that the anchored reduced Mo O(IV) species is
eoxidized in the dark under an O2 atmosphere, and second that the
eoxidation occurs to give, plausibly, an oxo-peroxo Mo(VI) species
apable of transferring successively two oxygen atoms to a sub-
trate as shown below.

Such peroxidation of a Mo O(IV) entity [15,20] to give an oxo-
eroxo molybdenum(VI) compound as well as its reduction to
he corresponding molybdenum-dioxo(VI) [10,35,36] have indeed
een reported. In addition the consumption of both oxygen atoms
f O2 in the complex 6 system can be compared to the Groves
u-porphyrin system [37].
Results shown in Fig. 4 constitute, indeed, a novel, unprece-
ented and unambiguous observation of a stoichiometric O-
ransfer to an alkane. It was worth while to verify if this
eoxidation/O-transfer sequence could be repeated more than once.
he reaction with ethylbenzene was thus reiterated for a longer
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ig. 6. Bar plot of oxidized products of ethyl-benzene (A) and tetraline (B), under
atalytic conditions (O2 and visible light irradiation) at room temperature and atmo-
pheric pressure.

eriod. The results given in Fig. 5 confirm the recurrent character
f the process and emphasize the stability of the MoO2/TiO2 sys-
em under the reaction conditions. This, furthermore, underlines
he importance of anchoring the complex on the matrix, isolating
hus the metallic centers, avoiding any deactivation by �-oxo dimer
ormation [16,23]. This is unambiguously established by comparing
he evolution of the reaction with complex 6 and with a “mechan-
cal” mixture made of complex 5 and TiO2 (Fig. 5).

.1.2. Catalytic conditions
The oxidation reactions under catalytic conditions were run

nder dioxygen and with visible light irradiation at room temper-
ture and atmospheric pressure.

The results illustrated in Fig. 6 show that contrary to the reac-
ion run under inert atmosphere, TiO2 alone, under O2, generates
roducts via a photogenerated charge transfer process [38–42].
he nature of the oxidized species, namely benzaldehyde from
thylbenzene, are wholly consistent with a typical TiO2 induced
xidation. When the anchored MoO2/TiO2 complex 6 is used
nder identical reaction conditions, one observes an increase in
he yield of oxidized products by a factor of two and above all
he total absence of free radical generated benzaldehyde from
thyl benzene indicating in this case the presence of a different
eaction pathway. Although one cannot totally exclude the exis-
ence of any TiO2 induced oxidation via TiO2(e−) and TiO2(h+)
enerated upon irradiation, it seems plausible that such route is
inimal and that complex 6 oxidation proceeds mainly via an
-transfer process identical to the one depicted under stoichio-
etric conditions under N2. This is corroborated furthermore by

he results obtained with complex 5 which exhibits the same
electivity as complex 6. One must underline in addition the very

mportant increase in reactivity when comparing complexes 5 and
. This significative synergic effect can be clearly attributed to
he TiO2 photogenerated flux onto the molybdenum coordination
phere.

[
[
[
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lysis A: Chemical 299 (2009) 53–59

. Conclusions

The molybdenum(VI)dioxo-dibromo-(4,4′-dicarboxylato-2,2′-
ipyridine) complex was anchored covalently on a TiO2 solid matrix
6) and fully characterized by IR(KBr), UV-diffuse reflectance, IR-
hotoacoustic (FT-IR/PAS) and solid state 13C NMR spectroscopies.
hen compared to the homogeneous molybdenum(VI)dioxo-

ibromo-(4,4′-dicarbometoxy-2,2′-bipyridine), it brought two
mportant improvements to the oxygen atom transfer system both
nder stoichiometric and catalytic conditions. On one hand, it

ncreased significantly the O-transfer capability, via the photogen-
rated flux onto the molybdenum coordination sphere, and on the
ther, it showed that the reduced Mo(IV)O/TiO2 unit obtained upon
he O-transfer process could easily be reoxidized and reactivated
nder O2 atmosphere, even in the dark, probably via the formation
f the MoO(O)2/TiO2 species, capable in turn to transfer two oxy-
en atoms. In addition, the present study showed that anchoring
he molybdenum-dioxo complex on the TiO2 matrix isolated the

etallic centers and avoided any undesired deactivation by �-oxo
imer formation and lengthening, thus, significantly the lifetime of
he catalyst.
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