COMMUNICATION

www.rsc.org/dalton | Dalton Transactions

Tetranuclear vanadium complex, (VO)4(hpic)4: a recyclable catalyst
for oxidation of benzyl alcohols with molecular oxygen
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Vanadium(1v) complexes bearing 3-hydroxypicolinic acid
(H,hpic) as ligands, VO(Hhpic), (1) and the cyclic tetramer
(VO),(hpic), (2), have excellent catalytic ability for the oxida-
tion of a variety of primary and secondary benzyl alcohols
with molecular oxygen in acetonitrile or protic solvents such
as ethanol and water, affording the corresponding aldehy-
des and ketones, respectively. Construction of multi-nuclear
complexes by the selection of ligands attains higher turnover
numbers and recycling of the catalyst.

Highly selective oxidation of organic compounds is a fundamental
transformation in synthetic organic chemistry.! In recent years,
considerable efforts have been devoted to the development of
transition-metal-catalyzed oxidation systems of organic com-
pounds with molecular oxygen as the oxidant.*'® However,
expensive metals (e.g. palladium and ruthenium) and toxic organic
solvents have been traditionally used to accomplish most of these
oxidation systems. Vanadium exists on the surface of the earth
more abundantly than copper, palladium, or ruthenium, and
pentavalent vanadium complexes, vanadium(Vv), act as oxidants.*
In addition, there is great interest in the coordination chem-
istry of vanadium because vanadium plays an important role
in various biological systems, and in particular, vanadium(v)
is stereochemically flexible.!! Vanadium(1v) complexes 1 and 2
were synthesized and characterized by Yano et al in 2002
(eqn (1))."* The tetranuclear vanadium complex 2 is of interest
as a new catalyst for oxidation of organic substrates. This is
because its unique robust structure is the first example of a
vanadium molecular square, and it may be possible to use 2 as
a recyclable catalyst. In addition, the ligand 3-hydroxypyridine-
2-carboxylic acid (3-hydroxypicolinic acid, H,hpic) has a good
affinity for water, and therefore it is expected that 2 will have
catalytic activity in non-toxic protic solvents such as ethanol and
water.*

Herein, we report the catalytic activity of vanadium complexes 1
and 2 in the oxidation of benzyl alcohols using molecular oxygen
for the purpose of developing a new green oxidation system in
organic chemistry.

Firstly, we examined the catalytic activity of vanadium com-
plexes 1 and 2 and other vanadium complexes using benzyl alcohol
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as the substrate and molecular oxygen as the co-oxidant. The
oxidation of benzyl alcohol (1.5 mmol) was conducted under
oxygen pressure (1.0 MPa) at 120 °C for 3 h in the presence of
various vanadium complexes (2 mol%) in acetonitrile (6 mL) using
a 50 mL stainless steel autoclave (Table 1).7

Commercially available vanadium complexes such as V,0; and
VOSO, did not show any catalytic activity towards the oxidation
of benzyl alcohol under these reaction conditions (entries 1 and 2).
When VO(acac), and VO[OCO(CH,),,CH;], were employed as the
catalysts, benzaldehyde was formed in low yields (entries 4 and 5).

Table 1 Oxidation of benzyl alcohol using various vanadium complexes

cat. V, O, (1.0 MPa)

PhCH,OH PhCHO + PhCOOH
solvent, 120 °C, 3 h
b c
Yield (%)

Entry Catalyst V (mol%)  Solvent b c
1 V,05 2 MeCN — —
2 VOSO, 2 MeCN  — —
3 VO(OEt); 2 MeCN  Trace —
4 VO(acac), 2 MeCN 17 —
5 VO[OCO(CH,),(CH;], 2 MeCN 12 —
6 VO(Hhpic), (1) 2 MeCN 61 —
7 (VO),(hpic), (2) 0.5 MeCN 62 —
8 VO(Hhpic), (1) 2 EtOH 36 29
9 (VO),(hpic), (2) 0.5 EtOH 49 22
*GCyield.
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Table 2 Oxidation of various benzyl alcohols using 1 or 2

1 (2 mol%)
OH or 2 (0.5 mol%)
X 0, (1.0 MPa)
MeCN, 120°C
H OH
0] 0
+
X X
b c
Yield (%)

Entry X Catalyst Time/h b c
1 1 3 (61) —
2 2 3 (62) —
3 Me 1 6 (86) @
4 2 3 (75) —
5 OMe 1 4 92 —
6 2 3 39 —
7 Cl 1 9 82 11
8 2 3 52 32
9 NO, 1 9 88 Trace
10 2 3 91 6
“ Isolated (GC) yield.

In contrast, the oxidation of benzyl alcohol in the presence of the
vanadium complex catalysts 1 and 2 gave benzaldehyde selectively
in good yields (entries 6 and 7). When ethanol was employed as
solvent, the over-oxidation of benzaldehyde was observed to afford
benzoic acid (entries 8 and 9).

Catalysts 1 and 2 also catalyzed the oxidation of various
benzyl alcohols bearing electron-withdrawing and electron-
donating groups in acetonitrile (Table 2). In most cases, the cor-
responding aldehydes were provided selectively, and no formation
of over-oxidation products (carboxylic acids) was observed.

In addition, various secondary benzyl alcohols could be oxi-
dized by the use of 1 or 2 as catalysts (Table 3). Compared with
the results of oxidation in acetonitrile, the oxidation in ethanol
successfully proceeded in a shorter reaction time with higher yields
of the corresponding ketones.

Table 3 Oxidation of secondary benzyl alcohols using 1 or 2 in acetoni-
trile or ethanol

OH [0}

cat. V
R R

solvent, O, (1.0 MPa) 120 °C

Entry R Time/h Catalyst (mol%) Solvent  Yield (%)”
1 Ph 15 1(2) MeCN 51

2 40 1(2) MeCN 71

3 15 1(2) EtOH 90)

4 15 2(0.5) EtOH (89)

5 Me 15 1(2) MeCN 51

6 12 1(2) EtOH (88)

7 15 2(0.5) EtOH (83)

8 i-Pr 12 1(2) EtOH 98

9 15 2(0.5) EtOH 59

“ Isolated (GC) yield.

Furthermore, we examined the catalytic oxidation reaction
in water as water is a more environmentally friendly solvent.
Interestingly, vanadium complexes 1 and 2 exhibited excellent
catalytic activity towards the oxidation of p-nitrobenzyl alcohol
in water (eqn (2)).

/©/\OH cat. V
O,N H,0, O, (1.0 MPa), 120 °C

H [0}

O,N O,N

2mol% 1,9 h 67% 19%
0.5mol% 2,15 h 80% 16%

Recently, ionic liquids have attracted much attention as green
solvents in organic syntheses. When we examined the oxidation of
benzhydrol using the ionic liquid [bmim]BF,**™ as solvent in the
presence of vanadium catalysts 1 and 2, the desired oxidation of
benzhydrol proceeded under an atmosphere of oxygen, affording
benzophenone in 56% and 64% yields, respectively (eqn (3)).

OH 0
cat. v
- .
O O 0, (0.1 MPa) O O
[bmim]BF,, 120 °C 3)
[bmim]BF :
N/®\N/\/\ 2mol%1 6h  56%
-
X
BF, 1mol%2 15h  64%

Vanadium complexes 1 and 2 are soluble in polar solvents like
acetonitrile and ethanol, but insoluble in other organic solvents
like chloroform and diethyl ether. Therefore, we are interested
in the reuse of vanadium complexes 1 and 2 in the oxidation of
benzhydrol by using ethanol as the reaction solvent and diethyl
ether as the extract solvent. Unfortunately, vanadium complex 1
could not be employed as a recycling catalyst. In sharp contrast,
the reuse of vanadium complex 2 could be conducted without
a significant decrease in catalytic activity (Table 4). In addition,
it has been revealed that for the oxidation of benzhydrol by the
catalytic system of vanadium complex 2, the turnover number
(TON) reaches 2500 and the turnover frequency (TOF) reaches
52 h™' (Table 5). These results show that vanadium complex 2 has
superior durability and high catalytic activity for the oxidation of

Table 4 Recyclable ability of 2 in the oxidation of benzhydrol in ethanol

OH (0]
1 mol% 2
————————————eeee .
O O 0, (1.0 MPa) O O

EtOH, 120 °C, 15 h
Reaction run 1 2 3 4 5
Yield® (%) 79 81 86 77 87 (82)
Recovery of catalyst Quant. Quant.  Quant. Quant. Quant.

“GC (Isolated) yield.
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Table 5 Comparison of TON and TOF

OH 0]

0.024 mol% (VO),(hpic), 60%

0, (1.0 MPa)
EtOH, 120 °C, 48 h

0.1 mol% VO(Hhpic), 86%
Entry System TON TOF/h™!
1 0.024 mol% 2 2500 52
2 0.1 mol% 1 860 18

¢f. VO(acac),: TON 45, TOF 15 h™'; V,05: TON 19, TOF 2 h™".

alcohols in comparison with other vanadium-catalyzed oxidation
systems (¢f. VO(acac),: TON 45, TOF 15h™; V,0;: TON 19, TOF
2hM).

In conclusion, we have found several unique characteristics of
vanadium complexes 1 and 2 as oxidation catalysts of benzyl
alcohols with molecular oxygen. For example, they can be
employed as catalysts for the oxidation of benzyl alcohols in
non-toxic solvents such as ethanol, water, and ionic liquids. In
particular, tetranuclear vanadium complex 2 is useful as a recycling
catalyst with excellent TON and TOF. These results suggest that it
is possible to control the oxidation potential of vanadium and
affinity of the vanadium catalysts to solvents by the selection
of appropriate ligands in vanadium complexes. In addition, we
believe that the preparation of the multi-nuclear catalyst such
as 2 enables us to develop economically and environmentally
friendly oxidation systems with a recycling catalyst having superior
durability. We are now challenging the development of further
useful oxidation of alcohols and amines by designing the catalysts
based on the results described in this paper.
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