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Abstract

Benzene hydroxylation with hydrogen peroxide catalyzed by selectively site-substituted vanadium (V) polyoxometalates
was classified into two reaction types based on the turnover vs. time curve with or without an induction period. A prototypic
example was the catalysis by the two geometrical isomers of trivanadium-substituted Keggin-type polyoxotungstate;
[@-1,2,3-SIWV;0,,]"~ with a longer induction period and [B-1,2,3-SiWgV30,,]7~ without an induction period, respec-
tively. The 5V NMR measurements showed that the former reaction was catalyzed by the vanadium species within the
polyoxotungstate, whereas the latter was catalyzed by the vanadium species generated from the polyoxotungstate. This was
the case for the catalysis by the previously reported polyoxometalates, i.e., [a-1,2,3-PWgV30,1°7, [a-1,2-PW,;V,0,01°~
and [a-PMo,;VO,]*". Also reported are the effect of the countercation on the catalysis by [a-1,2-PW,V,0,,]°~ and
[a-PM0,VO,,]*", and the effect of the used amounts of hydrogen peroxide. The reactions by the Keggin-type [a-1,4,9-
PWgV50,,18 7, the two Dawson-type [« »-1,2-PyW,V,0g,18~ and [az-PZWS]lsM 0,VO4g,]7~ polyoxometal ates showed turnover
vs. time curves without an induction period. However, the ¥p and *'V NMR spectra revealed that the reaction by
[a-PW;sM0O,VO,, 1"~ was catalyzed by the vanadium species within the polyoxometalates. As a mode! of the catalysis by
oxovanadium species generated from polyoxometalates, the reactions using NavO, or NagvVO, in water with varied pH
were examined. Under the acidic conditions there was no induction period, while under the neutral conditions there was a
distinct induction period. The >V NMR measurements showed that the reactive species participating in these two reactions
were VO(0,)* and VO(O,);, respectively. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

There is currently considerable interest in
exploiting both the well-defined structure of the
catalyst precursor and the multicenter active site
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discover more reliable and efficient procedures
before exploration of possible new reactivity
patterns [4]. Thus, it is very important to use
fully characterized and more reliable catalyst
precursors for the catalytic reactions.

Catalytic hydroxylation of benzene is a very
intriguing reaction by such catalyses. In this re-
action, the vanadium (V) center in the polyoxo-
metalates is the key factor, but a coordination
environment around it is essential. In fact,
we have shown that the di-vanadium substituted
Keggin-type polyoxotungstate, K J a-1,2-PW, -
V,0,] - 4H,0 is the most noteworthy catalyst
precursor tested in terms of stability and cat-
alytic activity for benzene hydroxylation [5]. An
active species for this cataytic reaction has
been found to be constructed on the A-site of
the Keggin polyoxotungstate, specifically a
bimetallic species with corner-shared vanadium
octahedra. Furthermore, it has been found that
the monovanadium substituted Keggin-type
polyoxomolybdate, (Bu,N),[a-PM0;VO,]
also shows the catalytic activity for this reac-
tion. In the latter case, it is likely that a coopera-
tive action of one vanadium center with one of
the molybdenum atoms constituting the Keggin
skeleton contributes to its catalysis [6], that is,
the molybdenum atom adjacent to the vanadium
center can substitute a role of the second vana
dium atom in the [«a-1,2-PW,V,0,,]°>". In the
catalysis by these two polyoxometalates, the
turnover vs. time curve showed a longer-time
induction period and their activities were rela-
tively low.

In our continuing work, we have been inter-
ested in the features of an induction period,
which may explain what the oxovanadium
species participating in this reaction are. In rela-
tion to the induction period in the turnover vs.
time curve of benzene hydroxylation, we have
unexpectedly found a prototypic example of the
catalysis by the potassium salts of two closely
related trivanadium-substituted polyoxotung-
states, [a-1,2,3-SIWgV;0,,1°~ [7] and [B-1,2,3-
SIWgV;0,,]~ [8], which shows and does not
show the induction period, respectively. The

>V NMR measurements of the reaction solu-
tions and also of the solutions containing hydro-
gen peroxide and the polyoxotungstates without
benzene have shown that the reaction with an
induction period proceeds on the vanadium
species within the polyoxotungstate, but the re-
action without an induction period proceeds on
the free vanadium species generated from the
polyoxotungstate.

Thus, we have further examined benzene hy-
droxylation catalyzed by the previously reported
severa polyoxometalates, i.e., [a-1,2,3-PWyV,-
O,l°" [7,9], [«-1,2-PW,V,0,,1°" [7,9],
[a-PMo, VO, 1*~ [6], [a-PW,VO,]*" [7,9],
[a,-PW VO]~ [10] and [« ,-1,2,3-PW,.-
V,0,,1°" [10,11], from the following view-
points: (1) 'V and **P NMR measurements of
the reaction solutions, (2) an effect of the coun-
tercation, Bu,N or akali metal, on the turnover
vs. time curves of benzene hydroxylation by the
two polyoxometalates, [a-l,2—P\N103V2040]5‘
and [a-PMo,VO,,]*~, and *'V and *'P NMR
measurements of their reaction solutions, and
(3) an effect of the used amounts of hydrogen
peroxide on benzene hydroxylation by the two
polyoxometalates, [ a-1,2-PW,V,0,,]°~ and [«a-
PMo,VO,,]*". Further, (4) as a model of the
benzene hydroxylation with hydrogen peroxide
catalyzed by oxovanadium species generated
from polyoxometalates, the catalysis by the oxo-
vanadium species in an aqueous solution, which
was prepared by dissolving NavO,; or NayvO,
in water with varied pH, was examined. (5)
Also, examined were the catalysis by the Keg-
gin-type [«-1,4,9-PWyV,0,,1°" [12] and
two Dawson-type [a,-1,2-PW,V,0f, 12~ [10,
13] and [« ,-PW;5M0,VOg,]"~ [13] polyoxo-
metalates, and the >V and *'P NMR characteri-
zation of the reaction solutions.

Here, we report the full details of benzene
hydroxylation with hydrogen peroxide catalyzed
by severa selectively vanadium-substituted
polyoxometalates and their catalytic turnover
vs. time curves. The polyhedral representation
of the catalyst precursors used here are shown
in the respective figures.
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2. Experimental
2.1. Materials

The following were used as received: KCI,
NaCl, LiCl, Na,WO, - 2H,0, Li,Mo00,, Na,-
Si0;-9H,0, VOSO, - nH,O, AcOH, AcO-
Na-3H,0, Bu,NBr, Na,HPO,-2H,0, Na,-
MoQ, - 2H,0, Li,CO,;, KHCO,; NaClo,, 12
M agueous HCI, 6.0 M agueous HCI, 1.0 M
aqueous HCl, 85% H;PO,, benzene, 30% aque-
ousH,0,, CH,CN, EtOH, MeOH, diethyl ether
(@l from Wako); NavO, (Nacalai Tesque); Br,,
AcOK (Kanto); D,0, DMSO-dj (Isotec).

2.2. Apparatus and instrumentation

Infrared (IR) spectra were recorded on a Jasco
300 FT-IR spectrometer in KBr disks at room
temperature. Thermogravimetric (TG) and dif-
ferential thermal analyses (DTA) were acquired
using a Rigaku TG8101D and TAS 300 data-
processing system. TG/DTA measurements
were run under air with a temperature ramp of
4°C per min between 20 and 500°C.

P NMR (161.70 MH2) and *'V NMR
(104.95 MHz) were recorded at 25°C in 5-mm
o.d. tubes on a JEOL JNM-EX 400 FT-NMR
spectrometer and JEOL EX-400 NMR data
processing system. **P NMR spectra were refer-
enced to an externa standard of 25% H;PO, in
H,O in a sedled capillary and the 'V NMR
spectra referenced to an external standard of
VOCI; by a substitution method. The chemical
shifts were reported on the & scale with reso-
nances upfield of H;PO, (8§=0) as negative
and with resonances upfield of VOCI, (8= 0)
as negative, respectively.

W NMR (16.50 MHz) spectra were recor-
ded at 25°C in 10-mm o.d. tubes on a JEOL
JNM-EX 400 FT-NMR spectrometer equipped
with a JEOL NM-40T10L low-frequency tun-
able probe and JEOL EX-400 NMR data-
processing system. ‘W NMR spectra were
measured in D,O and referenced to an external
standard of saturated Na,wO,—D,O solution by

the substitution method. Chemical shifts were
reported on the & scale with resonances upfield
of Na,WQ, (6= 0) as negative.

Sl NMR (79.30 MHz) spectrawere recorded
a 25°C in 5-mm o.d. quartz glass tubes for *Si
NMR measurements on a JEOL JNM-EX 400
FT-NMR spectrometer. These spectra were
measured in D,O solution with reference to an
external standard of DSS in D,O solution, and
in DMSO-dg solution with reference to an inter-
nal standard of TMS. Chemical shifts were re-
ported on the 6 scale with resonances upfield of
DSS or TMS (8 = 0) as negative.

Gas chromatographic (GC) measurements
were carried out on a Shimadzu GC-8APT which
was equipped with an Apiezon grease L glass
column (Apiezon grease L 10% on Chromosorb
W,; column length: 2 m; column temperature:
150°C).

2.3. Preparation and characterization of cata-
lyst precursors of polyoxometalates

The following polyoxometalates as catalyst
precursors were prepared according to the litera-
ture, and their structures were confirmed. Yields
and characterization by FT-IR, TG/DTA, *'P,
v and ®Si NMR, and sometimes by #w
NMR are described below.

K ,[PW,;VO,,]- 6H,0 [7,9] was obtained in
1.1 g (20.6%) yidd. TG/DTA data 3.6%
weight loss was observed below 500°C with an
endothermic pesk at 73.3°C; calc. for K ,[PW,;-
VO, - xH,0, 3.6-4.2% (x=6-7). P NMR
(D0, at room temperature): 5 —14.6 ppm. >V
NMR (D,0O, at room temperature): 6 —557.8
ppm. Prominent IR bands (KBr disk): 1099 m,
1077 m, 983 m, 883 m, 790 scm™ ™.

K o a-1,2-PW,V,0,,] - 4H,0 [7,9] was ob-
tained in 1.1 g (64.6%) yield. TG/DTA data
2.7% weight loss was observed below 499°C
with an endothermic peak at 69.4°C; calc. for
K o a-1,2-PW,V,0,0] - XH,0, 25-3.1% (x=
4-5). **P NMR (D,0, at room temperature): &
—14.0 ppm. **V NMR (D0, at room tempera-
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ture): & —549.4 ppm. Prominent IR bands (KBr
disk): 1096 m, 1077 m, 1060 m, 963 s, 889 s,
787 s cm~*. (BuyN),K[a-1,2-PW,V,0,,] was
obtained in 0.45 g (41.4%) yield. *'P NMR
(DMSO-dg, at room temperature): 6 —14.0
ppm. *'V NMR (DMSO-d,, at room tempera-
ture): & —550.7 ppm. Prominent IR bands (KBr
disk): 1097 m, 1077 m, 1061 m, 960 s, 889 s,
805s, br cm™1.

K¢la-1,2,3-PWyV;0,,] - 5H,0 [7,9] was ob-

tained in 1.4 g (46.7%) yield. TG/DTA data
3.2% weight loss was observed below 489°C
with an endothermic peak at 48°C; calc. for
K o[ a-1,2,3-PWoV,0,,] - XH,0, 3.2-3.8% (x =
5-6). **P NMR (D,0, at room temperature): &
—13.8 ppm. **V NMR (D,0, at room tempera-
ture): & —570.0 ppm. Prominent IR bands (KBr
disk): 1084 m, 1053 m, 964 s, 885 m, 799 s
cm™ 1,
K ol a-1,4,9-PWyV,0,,] - 10H,0 [12] was ob-
tained in 2.3 g (12.8%) yield. TG/DTA data
6.11% weight loss was observed below 500°C
with an endothermic peak at 68.5°C; calc. for
K o[ a-1,4,9-PWoV,0,,] - XxH,0, 6.0-6.5% ( x =
10-11). *P NMR (D,O, pD =4.0, a room
temperature): 6 —12.5 ppm. >V NMR (D,0,
pD = 4.0, at room temperature): § —503.2 ppm.
W NMR (D,O, a room temperature): &
-103.3 (1W), —119.5 (2W) ppm. Prominent IR
bands (KBr disk): 1126 m, 1050 m, sh, 956 s,
876's, 786 scm™ .

K oHIA-a-1,2,3-SIWgV50,,] - 11H,0 [7] was
obtained in 10.8 g (22.8%) yield. TG/DTA
datas 6.7% weight loss was observed below
500°C with an endothermic peak at 156.6°C;
cac. for KgH[A-0-1,2,3-SiWgV,0,,] - XH,0,
6.2-6.8% (x=10-11). S NMR (D,0O, at
room temperature): & —84.2 ppm. >V NMR
(D,0O, at room temperature): § —538.1 ppm
(Av, ,, = 4138 Hz). "W NMR (D,0, at room
temperature): 6 —89.4 (2wW), —139.1 (AW)
ppm. Prominent IR bands (KBr disk): 1005 m,
918 s, 792 s, 697 m cm ™ 1.

K ¢HIA-B-1,2,3-SiWgV,0,,] - 6H,0 [8] was
obtained in 10.6 g (19.1%) yield. TG/DTA
datas 3.9% weight loss was observed below

500°C with an endothermic peak at 64.3°C;
cac. for KgH[A-B-1,2,3-SiW,V,;0,,] - xH,0,
3.8-4.4% (x = 6-7). S NMR (D,0, at room
temperature): & —84.3 ppm. >V NMR (D,0,
a room temperature): § —577.2 ppm (Av, ,, =
516.4 Hz). "W NMR (D,0, at room tempera-
ture): 6 —114.4 (1W), —115.2 (2W) ppm. Pro-
minent IR bands (KBr disk): 1003 w, 958 m,
905 s, 797 scm™ 2.

K [a,-PW,;.VOg,] - 4H,0 [10] was obtained
in 1.9 g (64.9%) yield. **P NMR (D,0, at room
temperature): § —11.2, —13.3 ppm. >'V NMR
(D,0O, at room temperature): § —557.7 ppm.
Prominent IR bands (KBr disk): 1088 s, 956 s,
919's, 789s, br cm™t.

K gl ot 5-1,2-PW,V,0;,] - 9H,0 [10,13] was
obtained in 7.0 g (15.3%) yield. TG/DTA data:
3.36% weight loss was observed below 500°C
with an endothermic peak at 75.5°C; calc. for
K gl -1,2-P\W,V,0;,] - XH,0, 3.2-35% (x
=8-9). *P NMR (D,0, at room temperature):
6 [major] —9.1, —13.7, [minor] —14.1 ppm.
*'V/ NMR (D,,0, at room temperature): & [major]
—531.3, [minor] —504.6 ppm. Prominent IR
bands (KBr disk): 1614 m, 1082 s, 943 s, 917 s,
781 scm™ L.

K gHla »-1,2,3-P\W,V,0;,] - 17H,0 [10,11]
was obtained in 17.7 g (74.5%) yield. TG /DTA
datas 6.8% weight loss was observed below
499°C with an endothermic peak at 84.5°C;
calc. for KgHla,-1,2,3-PW,V;0;,] - XH,0,
6.7-7.0% (x=17-18). *P NMR (D,O, at
70°C): & —6.3, —13.9 ppm. *'V NMR (D,0,
at room temperature): § —517.0 ppm. Promi-
nent IR bands (KBr disk): 1080 s, 1048 m, 1013
w, 937's, 881 m, 773 s, br cm ™.

K [a,-1,2,3-PW,cMoVO,,] - 13H,0 [13]
was obtained in 7.0 g (15.2%) yield. TG/DTA
datas 5.0% weight loss was observed below
499°C with an endothermic peak at 74.3°C;
calc. for K [a,-1,2,3-P.W,;c:M0,VO,,] - XH,0,
4.8-5.1% ( x = 12-13). **PNMR (D,0, at room
temperature): & —11.2, —13.3 ppm. >'V NMR
(D,0, at room temperature): § —558.0 ppm.
Prominent IR bands (KBr disk): 1086 w, 954 s,
917 s, 786 scm™ .
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(BuyN), [a-PMo,VO,,] [6] was obtained in
11.6 g (42.2%) yield. TG/DTA data: no weight
loss was observed below 286°C. An exothermic
peak due to decomposition was observed at
302°C. *'P NMR (DM SO-d,, at room tempera-
ture): & —3.8 ppm. 'V NMR (DMSO-d,, at
room temperature): & —526.8 ppm. Prominent
IR bands (KBr disk): 1077 m, 1056 m, 941 s,
872 m, 801 scm™*. K [a-PMo,VO,,]- 5H,0
was obtained in 2.6 g (66.5%) yield. TG/DTA
datac 4.8% weight loss was observed below
499°C with an endothermic peak at 89.5°C;
calc. for Ké[a-PMonVOm]-xHZO, 4.6-5.3%
(x=5-6). **P NMR (D,0O, a room tempera-
ture): & —3.9 ppm. >V NMR (D,O, a room
temperature): 6 —532.6 ppm. Prominent IR
bands (KBr disk): 1062 s, 961 s, 865 s, 781 s
cm~ . Na,[a-PMo,VO,,] - 8H,0 was obtained
in 3.8 g (37.6%) yield. TG/DTA data: 7.16%
weight loss was observed below 499°C with
endothermic peaks at 51.2, 69.8, 108.4, 219.6°C;
calc. for Naja-PMo,VO,] - xH,0, 6.32—
7.98% (x=7-9). *P NMR (D,O, a room
temperature): 6 —3.84 ppm. >V NMR (D,0,
at room temperature): & —533.9 ppm. Promi-
nent IR bands (KBr disk): 1063 m, 961 s, 867
m, 781 scm™ L.

2.4. Typical oxidation procedures and products
analysis

The oxidation reaction of benzene was car-
ried out a 25°C in a 50-ml round-bottom flask.
The reaction system consisted of two liquid
phases. an organic layer containing benzene and
acetonitrile, and an agueous layer containing
acetonitrile and 30% H,0,. In atypica experi-
ment, 0.10 mmol of catalyst precursor, 10 ml
(113 mmol) of benzene, 2 ml (25.4 mmol) of
agueous 30% H,O,, and varied amounts (2, 5
and 10 ml) of acetonitrile in a 50-ml round-bot-
tom flask with a serum cap were employed. A
magnetic stirrer was provided to stir the reaction
medium. The oxidation reaction at 25°C was
monitored at various time intervals by GC anal-
ysis (an Apiezon grease L column). For the

organic phase in the presence of acetonitrile, 1.5
| were sampled using a microsyringe and ana-
lyzed. The reaction product, phenol, was quanti-
tatively analyzed using the calibration curve
based on the relative area of each of authentic
samples relative to an acetonitrile. In quantita-
tive analysis of phenol, the amounts contained
in the organic layer were actualy much more
than those in the agqueous layer; the latter
amounts were negligible. Catalytic turnovers
were estimated as a ratio of product (mmal) /
catalyst precursor (mmol).

3. Results and discussion

3.1. Benzene hydroxylation catalyzed by [a-
1,2,3-SW,V;0,,1"~ and [B-1,2,3-SW,V,-
040]77

Benzene oxidation with H,O, catalyzed by
the water-soluble potassium salts of two polyox-
otungstates, [a-1,2,3-SIWV;0,,]°~ and [B-
1,2,3-SIWyV;0,,]’~ to produce phenol results
in a quite different, but noteworthy turnover vs.
time curve (Fig. 1). Although both reactions
proceed catalytically, their reactivity patterns
are quite different. The reaction by [a-1,2,3-
SIWgV;0,,]°~ shows an induction period and
its curve shape is downwards convex, while that
by [B-1,2,3-SiWgV;0,,]’~ shows no induction
period and the curve shape is upwards convex.

The *'V NMR spectra of the reaction solu-
tions and also of the aqueous solution contain-
ing the polyoxometalates in the presence of
hydrogen peroxide (without benzene) were
compared with those of these polyoxotungstates
before the reactions. It was found that the poly-
oxoanion structure of [a-1,2,3-SIWV,0,,]"~
was retained even after 7 days 'V NMR; &
—554.2 ppm [major peak]), whereas that of
[B-1,2,3-SiWV;0,,]"~ decomposed completely
before 48 h (only one *'V NMR signal; &
—524.2 ppm). The solid-state FT-IR spectra of
the samples recovered after the reactions also
supported these facts. Thus, the reaction by the
[@-1,2,3-SIWgV;0,,]~ is promoted by the
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Fig. 1. Benzene oxidation with hydrogen peroxide catalyzed by two closely related polyoxotungstates, (a) K gH[a-1,2,3-SiWgV;0,,] and (b)
K gHIB-1,2,3-S\WgV;0,,] under the conditions: 0.1 mmol catalyst precursors, 2 ml (25.4 mmol) of 30% H,O,, 10 ml (111.5 mmol)

benzene and 5 ml of CH3;CN at room temperature.

vanadium species within this polyoxotungstate,
while that by the [-1,2,3-S\W,V,0,,]" " is pro-
moted by the vanadium species generated from
the polyoxotungstate. Probably it takes longer to
form the reactive species between the vanadium
species within the [«-1,2,3-SIWyV,0,,]’~ and
hydrogen peroxide, resulting in the longer in-
duction period. On the contrary, the vanadium
species, which showed *'V NMR signal at &
—524.2 ppm, generated from the reaction of
[B-1,2,3-SiIWgV;0,,]1"~ with hydrogen peroxide
will readily form the reactive species, and,
therefore, the catalytic reaction will proceed
without an induction period. These are also
suggested by a model reaction using an oxo-
vanadium species and hydrogen peroxide [see
Section 3.7].

Thus, Fig. 1 is a prototypic example, indicat-
ing that in the reactions by two closely related
polyoxotungstates, the species participating in
the reaction are quite different, and also sug-
gesting that the reaction with an induction pe-
riod proceeds on the vanadium species within

the polyoxotungstate, while the reaction without
an induction period proceeds on the vanadium
species out of the polyoxotungstate.

3.2. Previoudy reported benzene hydroxylation
catalyzed by [a-1,2,3-PW,V,0,,]1°~ and [a-
1,2-PW,V,0,,1%~

The previously reported reactions [5] cat-
alyzed by the water-soluble potassium salts of
two polyoxotungstates, [«-1,2,3-PW,V,0,,1°~
and [a-1,2-PW,V,0,,]°" aso show the
turnover vs. time curves without and with the
induction period, respectively (Fig. 2). In fact,
the [«-1,2,3-PWV;0,,1°" readily reacts with
H ,O, to produce free oxovanadium ions and its
original polyoxoanion structure is not retained. *
On the other hand, the reaction by [«a-1,2-
PW,V,0,,]°~ proceeds on the oxovanadium

1t should decompose much faster than 48 h (time), which was
previously described [5].
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Turnover

Time (hr)

Fig. 2. Benzene oxidation with hydrogen peroxide catalyzed by two polyoxotungstates, (a) K gla-1,2,3-PWgV;0,] and (b) Kgla-1,2-
PW,,V,0,4,] under the conditions: 0.1 mmol catalyst precursors, 2 ml (25.4 mmol) of 30% H,0,, 10 ml (111.5 mmol) benzene and 2 ml of
CHCN at room temperature. The curve (c) results from the second reaction using the [PW,,V,0,,1%~ recovered after 144-h reaction in (b).
The recovery of the sample in the first reaction is based on evaporation to dryness, washing with ether and then collection of a water-soluble
species. The catalyst precursors (d) [a-PW; VO], (8) [a,-PW, VO, 17" and () [@,-1,2,3-PW,V,04,1°, as well as the parent
polyoxometalates (@) [a-PM 1,001~ (M = Mo, W), did not show any activities for benzene oxidation [4,5].

species within this polyoxotungstate and the
origina structure is retained for a relatively
longer time.

The *'P and *'V NMR measurements of the
48- and 144-h reaction solutions of the K [ a-
1,2-PW,V,0,,] reveded that this polyoxo-
tungstate retained its original structure up to 48
h, but more than a half of its structure decom-
posed after 144-h reaction. 2 In fact, the second

2t has been previously reported that the **V NMR measured
after the 576-h reaction exhibited the preserved Keggin poly-
oxoanion structure [5]. However, during a longer course of reac-
tion, the origina P and *V NMR signals disappear, and,
instead, many signals appear. For example, the %p NMR of the
solution after 144-h reaction showed major pesks at —13.9 and
—14.5 ppm and minor peaks at —13.7 and —14.0 ppm, and the
5V NMR showed major peaks at —549.2 and —558.0 ppm and
minor peaks at —529.0, —556.4 and —559.9 ppm. Although a
complete assignment of these signals is difficult, these NMR
behaviors are consistent with the reactivity pattern.

reaction using the sample, recovered by collect-
ing the water-soluble species from evaporation
to dryness of the aqueous layer after 144-h
reaction and then washing with ether, showed
the upwards convex curve without an induction
period (Fig. 2c). Thus, the turnover vs. time
curves with and without an induction period
suggest that an early stage of the first reaction
by the K Ja-1,2-PW,V,0,,] is promoted by the
vanadium species within the polyoxotungstate,
while the second reaction by the recovered sam-
ple is promoted by the vanadium species gener-
ated from the polyoxotungstate.

As previously described [5], the catalyst pre-
cursors [a-PW, VO, 1*7, [a,-PW VO]~
and [a,1,23-PW,.V;0,.,]°", as well as the
parent polyoxometalates [a-PW,,0,,]*~ and
[a-PM0,,0,,]3", do not show any activities for
benzene oxidation [5] (Fig. 2). Thus, athough
the benzene oxidation requires the vanadium
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center, the reactive peroxo vanadium species
will not be formed for these vanadium-sub-
stituted Keggin and Dawson polyoxometal ates,
neither within the polyoxometalates nor out of
the polyoxometal ates.

3.3. Effect of the countercation, Bu,N or alkali
metal, on benzene hydroxylation by two poly-
oxometalates, [a-1,2-PW,V,0,,]1°~ and [a-
PMo,,VO,,]*~

In the reaction system, the water-soluble al-
kali metal salt of the polyoxometaate is dis-
solved in the lower agueous layer containing
hydrogen peroxide, while the CH ;CN-soluble
Bu,N salt is dissolved in the upper organic
layer containing benzene. Fig. 3c shows that the
turnover vs. time curve by the BuN, sat of
[-1,2-PW,V,0,,]°" is accompanied with an
induction period of about 24 h, suggesting the
reaction proceeds on the vanadium species

Turnover

R N
[

0 48 Time(hr) 96 144
Fig. 3. Effect of the countercation, Bu,N or akai metal, on
benzene hydroxylation by two polyoxometalates, [a-1,2-PW,q,-
V,0,0°" and [a-PM0,;VO,,]*~. The turnover vs. time curves
were obtained by (a) Na,[a-PM0,,VOy,], (0) K Jla-PM0,,VOyq],
(©) (BuyN),K[a-1,2-PW; V,0,40] and (e) (Bu,N) L a-PM0;,VO,0]
under the conditions: 0.1 mmol catalyst precursors, 2 ml (25.4
mmol) of 30% H,0,, 10 ml (111.5 mmol) benzene, and 5 ml (for
(@ and (b)) and 10 ml (for (c) and (e)) of CH;CN at room
temperature. The curve (d) results from the second reaction under
the conditions of 0.05 mmol catalyst precursor, 1 ml of 30%
H,0,, 5 ml benzene and 5 ml CH;CN at room temperature using
the (Bu,N), K[ a-1,2-PW;,V,0,,] recovered after 7 days' reaction
in (c). The recovery of the sample from the first reaction was
performed by evaporating the organic layer, collecting the powder
and washing with ether and then water.

within the polyoxotungstate. However, it should
be noted that the stability as catalyst was
markedly different in the potassium and Bu,N
sdts of [a-1,2-PW,V,0,,]°~; the potassium salt
has shown that only an early stage of the first
reaction proceeds with its polyoxoanion struc-
ture intact retained, but the second reaction
using the recovered sample after the first reac-
tion does not [see Section 3.2, and Fig. 2b and
2c]. On the contrary, as shown in Fig. 3d, the
Bu,N salt showed that the second reaction by
the recovered sample aso proceeded with its
structure intact retained. The stability as catalyst
of the Bu,N salt was also confirmed by the *'P
and >V NMR measurements of the recovered
sample after the first reaction.

Similar trends were observed in the catalysis
by [a-PM0,VO,,]*". The turnover vs. time
curve by its water-soluble sodium sat is up-
wards convex without a distinct induction pe-
riod (Fig. 3a), which isin contrast to that by the
Bu,N salt [6] showing downwards convex with
an induction period of 24 h (Fig. 3e). Although
the curve by the water-soluble potassium salt of
[a-PMo0,VO,,]*~ shows a very short induction
period of 7 h (Fig. 3b), its shape is similar to
that by the sodium salt, rather than that by the
Bu,N salt.

Thus, the catalysis by [«-1,2-PW,V,0,,]°~
and [a-PMo, VO, 1*~, and their stability as cat-
alysts are strongly dependent on the counterca-
tion, Bu,N or alkali metal.

The remarkable stability of the Bu,N salt of
[a-PM0, VO, 1*~ and the instability of the
sodium salt were confirmed by the *'P and *'v
NMR measurements and also by the second
reactions by the recovered samples after the first
reactions. The Bu,N salt of [a-PMo,; VO, ]*~
is stable as a catalyst precursor and, in fact, the
second reaction using the recovered sample af-
ter 11-days reaction also showed the down-
wards convex curve with almost unchanged in-
duction period. The 'V NMR spectra of the
reaction solution of the Bu,N salt showed that
the original polyoxoanion structure was retained
after 144-h reaction. On the other hand, the >V
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NMR spectra revealed that the sodium salt of
[a-PM0,VO,,1*~ readily decomposed before
27 h by the reaction with hydrogen peroxide
and released a free oxovanadium species, which
showed only one ®'V NMR pesk at —693.2
ppm (this signal is not assignable to the
VO(O,), species (6 —698 ppm) described in
Section 3.7).

3.4. Effect of the used amounts of hydrogen
peroxide on benzene hydroxylation by two poly-
oxometalates, [a-1,2-PW,\V,0,,1°~ and [a-
PMo,,VO,,1%~

Dependence of the amounts of agueous hy-
drogen peroxide used on benzene hydroxylation
catalyzed by KJa-1,2-PW,V,0,,] and (Bu,
N) [a-PMo,VO,] is shown in Fig. 4. Both

reactions strongly depended on the amounts of
hydrogen peroxide, and their induction periods
were significantly reduced by the increased con-
centration of hydrogen peroxide. Of particular
note was that the catalytic turnover drasticaly
dropped in the range of less than 15% concen-
tration of hydrogen peroxide. This drop is at-
tributed to the fact that these polyoxometal ates
also effectively catalyze decomposition of hy-
drogen peroxide. In fact, since the benzene oxi-
dation catalyzed by these polyoxometalates are
also accompanied with decomposition of hydro-
gen peroxide, i.e., catalase-like reaction, it seems
that the catalytic turnover of phenol production
after a longer time does not increase. Further-
more, the consumed amounts of hydrogen per-
oxide are much more than the produced amounts
of phenol.

35
30% H,0,
30 ¢ _-X
25 |
g 20 |
=)
£
= 15| 20% H,0,
. Pel
10 | 14
5 - - 15% H,0,
. 10%H10:_-__0', e
0 o = 22 g e-mpazz=F I 5 10% H,0,
0 48 96 144 192 240

Time(hr)

Fig. 4. Dependence of the amounts of hydrogen peroxide used on benzene hydroxylation catalyzed by (&) K gl a-1,2-PW,V,0,,] and (b)
(BuyN),[a-PM0,,VO,4] under the conditions: 0.1 mmol catalyst precursors, 4 ml each of 10, 15, 20, 30% H,0,, 10 ml (111.5 mmol)
benzene and 2 ml (for (&) and 10 ml (for (b)) of CH;CN at room temperature.
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Fig. 5. Benzene oxidation catalyzed by (a) Keggin-type K ¢[a-1,4,9-PWgV;0,0], two Dawson-type (b) Kgla ,-1,2-PW,6V,04,] and (c)
K ;[ ,-PW,5M0,V Og, ] polyoxometalates under the conditions: 0.1 mmol catalyst precursors, 2 ml (25.4 mmol) of 30% H,O,, 10 ml

(111.5 mmol) benzene and 5 ml of CH4CN at room temperature.

3.5. Benzene hydroxylation catalyzed by Keg-
gin-type [a-1,4,9-PW,V;0,,]1°~, Dawson-type
[a,-1,2-P,W,,V,0.,18~ and [a,-P,W, Mo,
VO,,]"~

The reactions by Keggin-type Kgla-1,4,9-
PWyV;0,,], Dawson-type Ko ,-1,2-P\W,sV,-
Og,] and K [a ,-P,W,cM0,VO,,] (Fig. 5) show
also effective catalysis for benzene hydroxyl-
ation with hydrogen peroxide. It should be noted
that these reactions are not associated with an
induction period. Although the local geometries
around the vanadium atoms of [a-1,4,9-PW,-
V50,,1°” and [« ,-PW,sM0,VO,, ]~ resemble
those of [« ,-1,2,3-P,W,.V;0,1°~ and [a-PMo,
O,]*", respectively, their catalyses and stabil-
ities as catalysts are not at al similar. Of partic-
ular note was the remarkable stability as catalyst
of [a,PW,cMoVO,,]"~. The *P and >V
NMR spectra in D,O of the samples recovered

after the reaction showed that the original struc-
tures of [a-1,4,9-PWyV,;0,,1°" and [« ,-1,2P,-
W, V, 0, ]~ were not maintained, but that of
[ ,-PW,sM0O,VOy,]"~ was retained even after
11-days reaction. * Although these three poly-
oxometalates showed the turnover vs. time
curves without an induction period (Fig. 5a—5c¢),
it has been suggested that the reaction by the

% After the 144-h reaction by the [a-1,4,9-PWyV,0,,1°~, the
%p NMR showed major pesks at —11.9 and —13.7 ppm and
minor peaks at —13.9 and — 14.0 ppm, and the >*V NMR showed
major peaks at —522.2 and —529.0 ppm and minor pesks at
—556.5 and —560.0 ppm. On the other hand, after 8-days
reaction of the [a,-1,2-PW,;eV,05, 187, the P NMR showed
major peaks at —9.2 and —13.7 ppm and minor pesks at —11.1,
—116, —12.7, —13.2 and —13.8 ppm, and the ™V NMR
showed a major peak at —543.5 ppm and a minor peak at —558.1
ppm). After 11-days’ reaction by the [« ,-PW,;sMo,V O, 17, the
*p NMR showed major pesks at —11.2 and —13.3 ppm and
minor peaks at —10.2 and —13.8 ppm, and the 51V NMR showed
only asignal at —557.8 ppm.



K. Nomiya et al. / Journal of Molecular Catalysis A: Chemical 152 (2000) 55-68 65

[ -PW,cM0,VO,,]"~ proceeds on the vana-
dium species within the polyoxometalate, but
others do not. In this case the reactive species
may be, exceptionally, readily formed between
hydrogen peroxide and the vanadium species
within the polyoxometalate.

3.6. pH dependent distribution of vanadate
species present in aqueous solution

Oxoanions of vanadium including orthovana-
date (tetraoxovanadate) VO?~, metavanadate
(trioxovanadate) VO; and heptaoxodivanadate
V,035, generally caled vanadate, exist as vari-
ous oligomeric species in agueous solution, in
equilibrium with one another, and their solution
chemistry is exceedingly complex [14]. The
species distribution is influenced by the vana-
dium ion concentration, the buffer composition,
the temperature, and the ionic strength of the
medium. At vanadate concentration of 1 mM
and pH values of > 9, the vanadate monomers
such as VO™, HVOZ~ and H, VO, are fa
vored, while near pH 7 the vanadate tetramer is
reported to predominate [15,16].

The **V NMR spectra were measured under
varied pH of 0.5 M NaVvO, unbuffered aqueous
solution. By comparison with the previously
reported >V NMR analysis based on pH, con-
centration, equilibrium, chemical shift and
Av,,, of the solution containing vanadate ion
[17,18], it is found that various species are
present in the solution; in the pH range of
7.3-6.6, cyclic tetravanadate, V,07,, V,
(—576.7 ppm) is present as a major species and
cyclic pentavanadate, V03, V5 (—585.2 ppm)
as a minor species; in the range of pH < 6.0,
decavanadate V,,05;, V,, (—423.3, —499.6,
—515.1 ppm) begins to appear and in the pH
range of 4.1-3.0, only V,, and its protonated
species (—425.3, —505.0, —521.8 ppm;
— 4255, —506.7, —524.3 ppm) are present; in
the pH 2.0, monomeric VO, (—545.1 ppm), in
addition to V,,, appears, and in the range of pH
<1 only aVO; (—544.9 ppm) is present. It
has been reported that the VO, cation has an

octahedral cis-dioxo structure [18]. Also, mea-
sured were the pH dependent 'V NMR spectra
of an unbuffered aqueous solution containing
0.5 M NayvVO,; in the pH 11, the monomeric,
tetrahedral VO?~ and its protonated species or
dimeric HV,03~ (—535.9 and —560 ppm) are
present; in the pH 9, V, (—576.3 ppm) as a
major species and V, (—584.6 ppm) as a minor
species are present; in the pH 7, V,, (—422.9,
—498.7, —514.7 ppm) begins to appear in
addition to V, and V; species; in the pH range
of 5-3, only aV,, species is present; and in the
pH 1, only aVO, (—544.3 ppm) is present.

3.7. Benzene hydroxylation catalyzed by
oligomeric and monomeric oxovanadium
species; a model of benzene hydroxylation by
the vanadium species generated from poyoxo-
tungstates

In the benzene hydroxylation catalyzed by
vanadium-substituted polyoxometalates, regard-
less of the radical or non-radica mechanism,
whether the turnover vs. time curve shows an
induction period or not has been attributed to
the different oxovanadium species participating
in this reaction. In order to confirm this fact and
aso to realize a model reaction by vanadium
species generated from polyoxotungstates, we
have examined benzene hydroxylation by an
aqueous NaVv O, solution and hydrogen perox-
ide system.

Fig. 6 shows the results of benzene oxidation
reaction under the conditions that major V,
species and minor V; species exist predomi-
nantly; 0.1 mmol NavO;, 4 ml of 30% H,O,,
10 ml benzene and 5 ml of CH,CN at room
temperature. The reaction proceeds catalytically
after an induction period of ca. 24 h; cataytic
turnovers were 0.41 at 24-h reaction, 8.36 at 48
hand 21.7 at 72 h (Fig. 6a). In this reaction, the
turnover vs. time curve becomes downwards
convex. On the other hand, under the pH <1
conditions that only the octahedral VO3 species
is present, i.e., (i) 0.1 mmol NavO; + 0.1 ml of
1.0 M agueous HCI and (ii) 0.1 mmol NavO,
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Fig. 6. Benzene oxidation at room temperature under the condi-
tions: (&) 0.1 mmol NavO; in which maor V, and minor Vg
species are present predominantly; (b) 0.1 mmol NavOg + 0.1 ml
of 1.0 M agueous HCI and (c) 0.1 mmol NavO; +0.2 ml of 1.0
M agueous HCI in which only the VO3 species is present; and
(d) 0.1 mmol NagVO, in which monomeric tetrahedral VO?~ and
its protonated species or dimeric HV,03~ are present (pH > 9);
in (@—(d), 4 ml (50.8 mmol) of 30% H,0,, 10 ml (111.5 mmol)
benzene and 5 ml of CH3;CN were used.

+ 0.2 ml of 1.0 M agueous HCI, the benzene
oxidation starts immediately without an induc-
tion period; catalytic turnovers of (i) and (ii)
were (1.08, 1.67) at 2-h reaction, (12.8, 12.3) at
24 h, and (19.0, 17.3) at 48 h (Fig. 6b,c). In
these reactions, the turnover vs. time curve be-
comes upwards convex. Furthermore, under the
pH > 9 conditions that tetrahedral VO3~ and
its protonated species or dimeric HV, 03~ exist
predominantly, i.e., 0.1 mmol NayvVO,, 4 ml of
30% H,0,, 10 ml benzene and 5 ml of CH,CN
at room temperature, no reaction occurred (Fig.
6d).

The *'V NMR spectra of NavO, agueous
solution in the presence of hydrogen peroxide
showed that the VO(O,), species (—697.3
ppm) was exclusively formed at 22 h (Fig. 7b),
while the VO(O,) " species as a major peak at
—543.8 ppm was mainly formed at 27 h (Fig.
7c). In Fig. 7c, three minor peaks at —426.1,
—512.2 and —531.9 ppm are probably due to a
protonated species of V,, and a minor peak at
—538.0 ppm is due to a VO, cation.

The affinity of the VO, species (V,) with
hydrogen peroxide is very large. In fact, an
equilibrium between VO, and hydrogen perox-
ide in aqueous solution has been well described
by Clague and Butler [19] and the determination

of formation constants and the assignment of
three peroxides in the ®'V NMR spectra have
been achieved [19,20];

VO} +H,0,=2V0(0,)" +H,0 (1)
Ky(3.7x10*M™1);  8(*'V) — 540ppm
VO(0,) "+ H,0,2VO(0,), +2H*  (2)
K,(0.6+0.1M); &(*'V)— 698ppm
VO(0,)" +VO(0,);, 2 (VO),(0,);  (3)
Ka(9M~tat pHO-2); §(°'V) — 670ppm

The VO(O,)™ species is readily formed un-
der acidic conditions, while the formation of

V43V40124.
(a)
VS;VSOISS-
(b) V0(0,),
(c) VO,
0 200 -400  -600 Ppm

Fig. 7. The *'V NMR spectra of aqueous NavVO, solution; (a) 0.1
M NaVO, unbuffered aqueous solution (pH 7.3), (b) after 22 h
reaction of the solution containing 0.3 mmol NavO; and 6 ml of
30% H,0, and (c) after 27 h reaction of the solution containing
0.1 mmol NavO;, 0.1 ml of 1 M aqueous HCI and 2 ml of 30%
H,0,.
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VO(0,), species from the VO(O,)" is not
favored under acidic conditions. Thus, in Fig.
6a, either the formation process of the VO(O,),
species from the reaction between the cyclic
oligomers (V, and V species) and hydrogen
peroxide, or the successive formation of a reac-
tive O" or O- species, which may actualy
attack benzene, from the VO(O,), species will
be the rate-determining step in the benzene
hydroxylation and may account for an induction
period.

Hence, the reactions of hydrogen peroxide
with the vanadium species within the polyox-
ometalates may resemble those of the cyclic V,
and V; species with hydrogen peroxide produc-
ing the VOX(O,)5.

4. Summary

Benzene hydroxylation with hydrogen perox-
ide catalyzed by various vanadium-substituted
polyoxometalates was classified into two reac-
tion types, based on the turnover vs. time curves
with or without an induction period. The *P
and *V NMR measurements have suggested
that, generally, the reactions accompanied with
an induction period proceed on the vanadium
species within the polyoxometal ates, while those
without an induction period proceed on the
vanadium species generated from the polyox-
ometalates. Prototypic examples were observed;
the former example was by [«-1,2,3-SW,-
V,0,,]’~ and the latter example by [B-1,2,3-
SiWgV,0,,]". The turnover vs. time curves by
the previously reported vanadium-substituted
polyoxometalates such as [a-1,2,3-PWgV,-
O,l°” and [a-1,2-PW,V,0,,]° were dis
cussed, and also examined by the *'P and 'V
NMR measurements.

The catalysis by [«-1,2-PW,V,0,,]°~ and
[a-PM0,VO,,1*7, and their stabilities as cata-
lysts were strongly cation-dependent, i.e., the
stabilities as catalysts of CH;CN-soluble Bu,N
salts were superior to those of the water-soluble
alkali metal salts. Since benzene hydroxylation

by these polyoxometalates was accompanied
with simultaneous decomposition of hydrogen
peroxide, the significant effect of the used
amounts of hydrogen peroxide was observed.

The reactions by the Keggin-type [«-1,4,9-
PWV,0,,1°”, the Dawson-type [a ,-1,2-PW, -
V,04, 1% and [« ,-PW,sM0,VO,,]"~ polyoxo-
metalates showed approximately linear turnover
vs. time curves without an induction period.
Nevertheless, of particular note was the remark-
able stability as catalyst observed in [ »-PW, .-
Mo,V O,,]"~. In this work, the reactions which
occur on the vanadium species within the poly-
oxometalates have been found only by the pre-
cursors such as KgH[a-1,2,3-SiWV;0,],
K a-1,2-PW,V,0,] (only for the first reac-
tion), (Bu,N),K[a-1,2-PW,,V,0,.],
(Buy,N),[a-PM0,VO,,] and KgH[a ,-
P,W;sMo,VOg, .

As a modd reaction by the vanadium species
generated from the polyoxometalates, examined
was the benzene hydroxylation catalyzed by
oligomeric and monomeric oxovanadium species
present in the aqueous solutions, which were
prepared by dissolving NavO,; or NayvVO, in
water with varied pH. The turnover vs. time
curves were pH dependent. The *'V NMR mea-
surements have revealed that the VO(O,)* or
the VO(O,), species significantly contributed
to the reaction.
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