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Abstract The catalytic activity of dioxidobis{2-[(E)-p-tolyliminomethyl]pheno-
lato }molybdenum(VI) complex was studied, for the first time, in the selective
oxidation of various primary and secondary alcohols using tert-BuOOH as oxidant
under organic solvent-free conditions at room temperature. The effect of different
solvents was studied in the oxidation of benzyl alcohol in this catalytic system. It
was found that, under organic solvent-free conditions, the catalyst oxidized various
primary and secondary alcohols to their corresponding aldehyde or ketone deriva-
tives with high yield. The effects of other parameters such as oxidant and amount of
catalyst were also investigated. Among different oxidants such as H,O,, NalOy,
tert-BuOOH, and H,O,/urea, tert-BuOOH was selected as oxygen donor in the
oxidation of benzyl alcohol. Also, it was found that oxidation of benzyl alcohol
required 0.02 mmol catalyst for completion. Dioxomolybdenum(VI) Schiff base
complex exhibited good catalytic activity in the oxidation of alcohols with fert-
BuOOH under mild conditions. In this catalytic system, different primary alcohols
gave the corresponding aldehydes in good yields without further oxidation to car-
boxylic acids.
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Introduction

Aldehydes and ketones represent an important class of products and intermediates in
the fine chemicals and specialties industry [1]. Therefore, selective oxidation of
alcohols to their corresponding aldehydes and ketones is one of the most important
fundamental reactions in organic chemistry at both laboratory and industrial level,
and numerous methods have been developed using a variety of reagents for this
purpose [2-8]. In traditional oxidation processes, large amounts of toxic and volatile
organic solvents and inorganic oxidants (i.e. CrO3;, KMnO,4, NaClO, MnO,, etc.)
were extensively used [9]. However, these oxidants are toxic, hazardous to handle,
expensive, and lack selectivity, and large amounts of waste are generated [10]. From
the environmental friendliness point of view, development of clean and green
oxidants such as TBHP, H,O, or O, has attracted increasing attention [11, 12]. In
recent years, solvent-free organic reactions have attracted great interest because of
their various advantages such as high efficiency and selectivity, easy separation and
purification, mild reaction conditions, reduction in waste, simplicity in progress and
handling, and benefits to the industry as well as the environment [13-15].

The ability of molybdenum to form stable complexes with Schiff base ligands led
to the development of molybdenum Schiff base complexes which are efficient
catalysts in both homogeneous and heterogeneous reactions [16—19]. In this area,
dioxomolybdenum(VI) complexes have been particularly investigated because of
their good catalytic activity for selective oxidation [20]. Recently, several
dioxomolybdenum(VI) complexes have been used as catalysts in various oxidation
reactions, such as epoxidation of olefins and oxidation of sulfides [21-25].
However, studies on oxidation of alcohols with dioxomolybdenum(VI) complexes
as catalysts are still very limited [26].

In the present work, selective oxidation of alcohols to aldehydes and ketones with
tert-BuOOH (TBHP) in the presence of a dioxomolybdenum(VI) Schiff base
complex as catalyst under organic solvent-free conditions is reported (Scheme 1). In
this catalytic system, the effect of different solvents, oxidants, and amount of
catalyst was also studied.

Experimental
Materials and preparation of catalyst

All materials were of commercial reagent grade and obtained from Merck or Fluka.
The Schiff base ligand 2-(p-tolyliminomethyl)phenol was prepared by the standard
procedure of refluxing ethanolic solution of salicylaldehyde and p-tolylamine in 1:1
molar ratio. The dioxo-Mo(VI) Schiff base complex was prepared according to the
published procedure by adding the Schiff base ligand and MoO,(acac), (molar ratio
2:1) to dry methanol (25 ml), followed by refluxing for 1 h [27]. Light-yellow
crystals of the complex were filtered off and recrystallized from absolute methanol
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Scheme 1 Selective oxidation of alcohols by dioxo-Mo(VI) Schiff base complex

with yield of 76 % (0.57 g). Anal. calcd. for CogH,4sMoN,O4 (%): C, 61.32; H, 4.41;
N, 5.11. Found: C, 61.10; H, 4.15; N, 4.94.

Physical measurements

Fourier-transform infrared (FT-IR) spectrum (KBr pellets) was obtained with a
Thermo SCIENTIFIC model NICOLET iS10 spectrophotometer in the range of
400-4000 cm™"'. The ultraviolet—visible (UV—Vis) spectrum of the complex was
recorded in methanol solution using a T80 UV-Vis spectrophotometer. Elemental
analysis was carried out on a Vario EL III CHNS elemental analyzer. Single-crystal
X-ray data for the complex were collected at 296 K on a STOE IPDS II
diffractometer with Mo K, (4 = 0.71073 A) radiation. The purity of the products
and the progress of reaction were measured by thin-layer chromatography (TLC)
using silica-gel Polygram SILG/UV254 plates. Gas chromatography (GC) exper-
iments were performed with a Philips GC-PU 4600 instrument using 2 m column
packed with silicon DC-200 with a flame ionization detector (FID).

General procedure for selective oxidation of alcohols

A typical experimental procedure was as follows: alcohol (1 mmol) as substrate was
added to the dioxo-Mo(VI) Schiff base complex (0.02 mmol). Then, ferr-BuOOH
(1 mmol, 70 % aqueous solution) was added and the mixture was stirred at room
temperature (25 °C). The progress of the reaction was monitored by thin-layer
chromatography (TLC) (eluent n-hexane:ethyl acetate, various ratios). After the
reaction was completed, the residue was washed with a minimal volume of CH,Cl,.
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The solvent was then evaporated, and the pure product was obtained after
chromatography on a silica gel column.

Results and discussion
Characterization of catalyst

In the FT-IR spectrum of the dioxo-Mo(VI) Schiff base complex (Fig. S1), the
azomethene (C=N) band was observed at 1604 cm~! and the band at 1500 cm ™!
can be attributed to the aromatic rings in the Schiff base ligand. Also, the presence
of two bands at 906 and 956 cm ™' is due to Mo=0 vibrations.

In the UV-Vis spectrum of the dioxo-Mo(VI) Schiff base complex (Fig. SZ)
peaks at 230 and 270 nm are assigned to benzene m — 7 and imine T — T
transitions, respectively. The third peak at 340 nm is attributed to the O(p,) —
Mo(d,) charge-transfer transition [28, 29].

The crystal structure of the dioxo-Mo(VI) Schiff base complex was also
confirmed by single-crystal X-ray diffraction (CCDC 792575) [27].

Catalytic oxidation of alcohols

To explore the catalytic activity of the dioxo-Mo(VI) Schiff base complex, benzyl
alcohol was used as model substrate. First, different solvents were examined in the
presence of dioxo-Mo(VI) Schiff base complex and fert-BuOOH (70 % aqueous
solution) (Table 1). The results showed that use of a less-polar solvent such as
toluene or chloroform afforded high yields of benzaldehyde (entries 1, 2), but lower
yield of benzaldehyde was obtained using polar solvents such as methanol, acetone,
and acetonitrile (entries 3-5). Interestingly, it was found that the highest yield of
benzaldehyde was obtained under organic solvent-free conditions (entry 6).

Table 1 Effect of solvent on oxidation of benzyl alcohol with terr-BuOOH catalyzed by dioxo-Mo(VI)
Schiff base complex

Entry Solvent Dipole Time  Alcohol Benzaldehyde Benzaldehyde TON TOF
moment  (h) conversion selectivity (%) yield (%)* (™
D) (%)
1 Toluene 0.36 2 73 96 70 35 17.5
2 CHCl, 1.15 2 55 96 53 26.5 13.25
3 CH;0H 1.69 2 47 94 45 225 11.25
4 CH;COCH; 2.88 2 18 83 15 7.5 3.75
5 CH;CN 3.92 2 12 83 10 5 2.5
6 Solvent free — 2 92 98 90 45 22.5

Reaction conditions: benzyl alcohol (1 mmol), fer+~-BuOOH (1 mmol, 70 % aqueous solution), catalyst
(0.02 mmol), solvent (1 ml), at room temperature (25 °C)

 TIsolated yield
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Table 2 Optimization of catalyst amount in oxidation of benzyl alcohol with fer--BuOOH catalyzed by
dioxo-Mo(VI) Schiff base complex under organic solvent-free conditions

Entry Catalyst amount Time  Alcohol Benzaldehyde Benzaldehyde TON TOF
(mmol) (h) conversion selectivity (%) yield (%)* (h™h
(%)
1 0 2 8 62 5 - -
2 0.01 2 75 86 65 65 32.5
3 0.02 2 92 98 90 45 22.5
4 0.03 2 93 98 91 305 15.15

Reaction conditions: benzyl alcohol (1 mmol), tert-BuOOH (1 mmol, 70 % aqueous solution), catalyst,
at room temperature (25 °C)

 Isolated yield

Table 3 Effect of various oxidants on oxidation of benzyl alcohol with fert-BuOOH catalyzed by dioxo-
Mo(VI) Schiff base complex under organic solvent-free conditions

Entry Oxidant Time  Alcohol Benzaldehyde Benzaldehyde TON TOF
(h) conversion selectivity (%) yield (%)* (hfl)
(%)
1 NalO, 2 35 86 30 15 7.5
2 H,0, 2 50 96 48 24 12
3 H,0,/urea (UHP) 2 78 96 75 375 1875
4 tert-BuOOH (TBHP) 2 92 98 90 45 22.5
(70 % aqueous
solution)
5 No oxidant 2 12 83 10 5 2.5

Reaction conditions: benzyl alcohol (1 mmol), oxidant (1 mmol), catalyst (0.02 mmol), at room tem-
perature (25 °C)

 Isolated yield

The effect of reaction parameters was examined by performing the reaction in
organic solvent-free conditions. We optimized the amount of catalyst in the
oxidation of benzyl alcohol. The results showed that, when 0.02 mmol (11 mg)
catalyst was used in the oxidation of benzyl alcohol, the highest yield of
benzaldehyde was obtained, whereas trace amount of products (5 %) were detected
when the same reaction was carried out in the absence of catalyst (Table 2).

The effect of different oxidants such as NalO,4, H,0,, H,O,/urea (UHP), and
tert-BuOOH (70 % aqueous solution) was also investigated in the oxidation of
benzyl alcohol. The results showed that tert-BuOOH (TBHP) is the best oxygen
source (Table 3).

Under the optimized reaction conditions, different primary and secondary alcohols
were oxidized by this catalytic system. The results are summarized in Table 4.

It was found that various types of primary benzylic alcohols including those
bearing electron-withdrawing and electron-donating groups were selectively
converted to their corresponding aromatic aldehydes in good to high yields. In
comparison with the electron-withdrawing groups at para-position for benzylic
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Table 4 Selective oxidation of alcohols with tert--BuOOH catalyzed by dioxo-Mo(VI) Schiff base
complex under organic solvent-free conditions®

Entry Alcohol Product® Time  Alcohol Selectivity (%) Yield (%)° TON TOF
(h)  conversion (%) (h)

cnon

: CHOH
MO’ M

c<>/©/
3 @/(“1‘”" @/‘HO 2 95 97 92 46 23
(Me),C o)
1

4 : CH,0H cno
(e} ¢

5 cion /@/Hu 2 78 96 75 375 18.75
on” C o

cHo

2 92 98 90 45 22.5

cHo

2 98 97 95 47.5 23.75

2 90 94 85 425 21.25

6 A 7\ 2 75 93 70 35 175
. o e
OoH o
7 @ ij 3 78 100 78¢ 39 13
on o
8 O)\ ©)J\ 3 82 100 820 41 13.67
9 (;@ @ 3 75 100 759 375 125
10 3 70 100 70° 35 11.67

Reaction conditions: alcohol (1 mmol), fert-BuOOH (1 mmol, 70 % aqueous solution), catalyst
(0.02 mmol), at room temperature (25 °C)

% All products identified by comparison of their physical and spectral data with those of authentic samples
® Isolated yield of corresponding aldehyde or ketone
¢ Determined by GC

alcohols, the electron-donating groups seemed to be more favorable for the
formation of carbonyl compounds (entries 1-5, Table 4). Furthermore, furfuryl
alcohol, a heteroaromatic alcohol which is considered to be a highly challenging
substrate in most transition-metal catalyst systems, was oxidized to furfural in good
yield in this catalytic system (entry 6, Table 4). As shown in Table 4, this system
was found to be efficient for the oxidation of secondary alcohols. In this oxidation
reaction the corresponding ketones were obtained in relatively good yields
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Scheme 2 Proposed mechanism for oxidation of benzyl alcohol with TBHP catalyzed by
dioxomolybdenum(VI) Schiff base complex

(entries 7-9, Table 4). The catalytic oxidation can also be successfully performed
with sterically hindered alcohols such as diphenylmethanol (entry 10, Table 4).

Based on experimental results and related literature [30-34], a plausible mechanism
for oxidation of benzyl alcohol with ter+~-BuOOH (70 % aqueous solution) catalyzed
by dioxomolybdenum(VI) Schiff base complex is proposed in Scheme 2.

The first step of the catalytic cycle involves transfer of a TBHP proton to one of
the terminal oxygen atoms of MoO, group and coordination of fer~-BuOO™ to the
Lewis-acidic metal center, leading to the formation of the peroxo intermediate in the
first step. Then, the peroxo intermediate species oxidizes benzyl alcohol to release
one tert-BuOH molecule and give an intermediate that leads to benzyl alcohol and
H,O and regenerates the dioxomolybdenum(VI) Schiff base complex.

Conclusions
The catalytic activity of a dioxomolybdenum(VI) Schiff base complex in the

selective oxidation of alcohols to aldehydes and ketones with ferr-BuOOH as
oxidant under solvent-free conditions is explored. Easy preparation, mild reaction
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condition, good to high yields of products, and ecofriendliness can be mentioned as
advantages of this method for oxidizing alcohols.
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