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Introduction

Polyoxometalates catalyze transformation of various kinds
of functional groups because the acid and redox properties
can be controlled at the atomic and molecular levels by
changing the constituent elements.[1] Various kinds of poly-
oxometalate-catalyzed reactions have been reported,[2] and
Keggin-type phosphovanadomolybdates such as
[H4PVMo11O40], [H5PV2Mo10O40], and [H6PV3Mo9O40] are
reported to be catalytically active for liquid-phase oxidation
reactions.[3]

Nitration of alkanes is an important reaction in academic
and industrial fields because nitroalkanes are important pre-
cursors for pharmaceuticals and agrochemicals,[4] and are
used as various synthetic intermediates because the nitro

group can be removed selectively while maintaing other
functional groups; furthermore the reduction of nitro com-
pounds affords various nitrogen derivatives such as amines,
oximes, nitroso compounds, and hydroxyl amines.[5] Despite
their significant importance, there are only a few useful
methods for the nitration of alkanes[6] in contrast to the ni-
tration of aromatics.[7] Nitration of lower alkanes such as
propane is usually carried out using nitrogen dioxide or
nitric acid under forced reaction conditions (523–673 K) be-
cause of the difficulty of activation of C�H bonds as well as
nitrating agents. Under such conditions, alkanes undergo
cleavage of the C�C bonds, which results in the formation
of the undesirable lower alkanes/nitroalkanes.[8]

Even in the case of rather reactive adamantane, it is
known that the nitration with concentrated nitric acid or ni-
trogen dioxide does not proceed even under the forced con-
ditions.[9] In the presence of ozone, nitrogen dioxide reacts
with adamantane at tertiary position to give 1-nitroadaman-
tane as a main product.[6a] Nitration of adamantane under
free-radical conditions was carried out by irradiating a so-
lution of adamantane and dinitrogen pentoxide to give a
mixture of 1-nitroadamantane, adamantyl nitrate, 2-nitro-
adamantane, and 2-adamantanone as products.[6d] The nitra-
tion of adamantane with nitronium tetrafluoroborate (NO2

+

BF4
�) in a carefully purified (nitrile free) nitroalkane sol-

vent gives 1-nitroadamantane in 60–70% yield.[6b] However,
these systems have disadvantages; they require special han-
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Abstract: The nitration of alkanes by
using nitric acid as a nitrating agent in
acetic acid was efficiently promoted by
vanadium-substituted Keggin-type
phosphomolybdates such as
[H4PVMo11O40], [H5PV2Mo10O40], and
[H6PV3Mo9O40] as catalyst precursors.
A variety of alkanes including alkyl-
benzenes were nitrated to the corre-
sponding nitroalkanes as major prod-
ucts in moderate yields with formation
of oxygenated products under mild re-
action conditions. The carbon�carbon
bond cleavage reactions hardly pro-

ceeded. ESR, NMR, and IR spectros-
copic data show that the vanadium-
substituted polyoxometalate, for exam-
ple, [H4PVMo11O40], decomposes to
form free vanadium species and
[PMo12O40]

3� Keggin anion. The reac-
tion mechanism involving a radical-
chain path is proposed. The polyoxo-
metalates initially abstract the hydro-

gen of the alkane to form the alkyl rad-
ical and the reduced polyoxometalates.
The reduced polyoxometalates subse-
quently react with nitric acid to pro-
duce the oxidized form and nitrogen
dioxide. This step would be promoted
mainly by the phosphomolybdates,
[PMo12O40]

n�, and the vanadium cati-
ons efficiently enhance the activity.
The nitrogen dioxide promotes the fur-
ther formation of nitrogen dioxide and
an alkyl radical. The alkyl radical is
trapped by nitrogen dioxide to form
the corresponding nitroalkane.

Keywords: alkanes · molybdo-
phosphate · nitration · nitric acid ·
vanadium
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dling, for example, the use of ozone, and careful purification
of solvents; also, they are of limited use for some alkanes,
such as adamantane derivatives. In these contexts, efficient,
widely usable catalytic systems are previously unknown,
while the key is activation of unreactive alkanes as well as
nitrating agents with catalysts under mild reaction condi-
tions. Recently, Ishii and co-workers have developed an effi-
cient nitration system with nitric acid or nitrogen dioxide by
using N-hydroxyphthalimide (NHPI) as a catalyst precur-
sor.[10] However, in the nitration of adamantane using nitric
acid as a nitrating reagent (employed by our group), the
NHPI almost completely decomposed to phthalic acid and
other products. Therefore, a large amount of NHPI (at least
10 mol%) was required to achieve the high conversion even
in the nitration of adamantane and the catalyst could not be
recycled.

We have previously reported that [VO(H2O)5]H[PMo12-
O40] could act as a catalyst for the nitration of alkanes.[11]

During the course of our investigation, we found that
Keggin-type vanadium-substituted phosphomolybdates such
as [H4PVMo11O40], [H5PV2Mo10O40], and [H6PV3Mo9O40]
also showed high catalytic activity for the nitration of alka-
nes by using nitric acid as a nitration agent. Various alkanes
including alkylbenzenes were nitrated to the corresponding
nitroalkanes in high or moderate yields under mild reaction
conditions [Eq. (1)]. In this paper, we report the scope of ni-
tration by using the vanadium-substituted phosphomolyb-
dates as catalyst precursors. Further, we investigate the pos-
sible reaction path.

Results and Discussion

Scope of the present nitration : The nitration of adamantane
with nitric acid was first carried out in the presence of
[H4PVMo11O40] (1.67mm, 0.5 mol%) at 356 K in acetic acid
(3 mL) under argon. The time
course is shown in Figure 1.
The nitration of adamantane
proceeded with an induction
period (3–4 h). The main prod-
uct was 1-nitroadamantane and
oxygenated products of 1-ada-
mantanol and 2-adamantanone
were also produced. After 12 h,
the successive nitration of 1-ni-
troadamantane to 1,3-dinitroa-
damantane proceeded. The
yields of 1-nitroadamantane,
1,3-dinitroadamantane, 1-ada-
mantanol, and 2-adamantanone
after 24 h were 51, 7, 17, and
5%, respectively, and the yield
ratio of (1-nitroadamantane

+ 1,3-dinitroadamantane):1-adamantanol:2-adamantanone
changed little with time. This means that the nitration and
oxygenation products are formed in parallel. Table 1 shows
the results of the nitration of adamantane under several re-
action conditions. Among the solvents tested, acetic acid
and trifluorotoluene gave the high yields of the correspond-
ing nitro compounds (entries 3 and 5), while the yields were
low for ethyl acetate and acetonitrile (entries 6 and 7).

When the nitration was carried
out with various solvents, the
conversion decreased with de-
crease in the amount of gaseous
nitrogen dioxide evolved. When
the reaction was performed
below 343 K, prolonged reac-
tion time was needed to attain

high yields of the corresponding nitro compounds (entries 1
and 2). The increase in the reaction temperature to 373 K
resulted in the decrease in the selectivity to 1-nitroadaman-
tane probably because of the acceleration of the nitration of

Figure 1. Reaction profiles of the nitration of adamantane with nitric acid
catalyzed by H4PVMo11O40; conversion of adamantane (*), yields of 1-ni-
troadamantane (*), 1,3-dinitroadamantane (^), 1-adamantanol (~), 2-
adamantanone (&). Reaction conditions: Adamanatane (1 mmol, 0.33m),
[H4PVMo11O40] (0.5 mol%, 1.67 mm), nitric acid (2 mmol, 0.67m), acetic
acid (3 mL), 356 K, under 1 atm of argon.

Table 1. Nitration of adamantane with nitric acid under various reaction conditions.[a]

Entry Solvent T/K Yield/%
1-nitro 1,3-dinitro 1-ol 2-one total

1[b] AcOH 333 trace n.d. trace n.d. <1
2[b] AcOH 343 10 1 11 trace 22
3 AcOH 356 51 7 17 5 80
4 AcOH 373 41 20 13 5 81
5 PhCF3 356 59 7 25 4 95
6 AcOEt 356 14 trace 22 3 39
7 CH3CN 356 n.d. n.d. n.d. n.d. <1

[a] Adamantane (1 mmol), H4PVMo11O40 (1.67mm, 0.5 mol%), nitric acid (2 mmol), solvent (3 mL), under
1 atm of argon, 24 h. Yields were based on adamantane used and determined by GC using naphthalene as an
internal standard. [b] 48 h.
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1-nitroadamanatne to 1,3-dini-
troadamantane (entry 4).
Therefore, the nitration was
hereafter carried out at 356 K
in acetic acid.

Table 2 summarizes the re-
sults of the nitration of various
alkanes by [H4PVMo11O40] in
acetic acid at 356 K. The nitra-
tion of adamantane proceeded
at the tertiary C�H bonds to
give mainly 1-nitroadamana-
tane and 1,3-dinitroadamantane
with oxygenated products
(entry 1). After the nitration of
adamantane was completed,
adamantane (1 mmol) and
nitric acid (2 mmol) were again
added to the reaction solution
and the solution was heated to
356 K. The nitration again pro-
ceeded with almost the same in-
duction period, reaction rate
and selectivity as those ob-
served for the first run (Fig-
ure S1, Supporting Information). Thus, the [H4PVMo11O40]
is intrinsically recyclable. Substituted adamantanes of 1,3-di-
methyladamantane and 1-chloroadamantane were also ni-
trated to the corresponding nitro compounds (entries 2 and
3). Cyclohexane was highly selectively nitrated to nitrocyclo-
hexane, while hardly any C�C bond cleavage was observed
(entry 4). Cyclooctane was also nitrated to the correspond-
ing mono and dinitro compounds along with cyclooctanone
(entry 5). It is noted that alkylbenzenes such as toluene and
p-xylene were also nitrated only at the alkyl side-chain C�H
bonds and that no nitration of the aromatic ring was ob-
served under these reaction conditions (entries 6 and 7), al-
though the nitration of the alkyl side-chain of alkylbenzenes
is very difficult with the conventional methods.[1,2] In the
case of benzene, nitration as well as hydroxylation of aro-
matic ring did not occur under the present conditions.

State of catalyst : Next, ESR spectra of [H4PVMo11O40] in
acetic acid were measured to investigate the catalyst state.
In the measurements, 1,3-dimethyladamantane was used as
a substrate because the solubility of adamantane in acetic
acid was low below 298 K (the temperature of ESR meas-
urements) and adamantane added was in part insoluble. The
acetic acid solution of [H4PVMo11O40] (1.67mm) without 1,3-
dimethyladamantane was completely ESR silent after the
treatment at 356 K under argon. To the solution, 200 equiva-
lents of 1,3-dimethyladamantane with respect to
[H4PVMo11O40] were added and the solution was kept at
356 K under 1 atm of argon. After 4 h, the color of the so-
lution was changed from orange to yellow-green, suggesting
the reduction of [H4PVMo11O40]. Then, the ESR spectrum
of the solution was measured at 100 K (solid line in Fig-
ure 2a). The hyperfine structure of vanadium was observed
and the spectrum was well reproduced by the simulation

with parameters characteristic of V4+ as follows; g?=1.982,
gk =1.935, A?=7.0 mT, and Ak =18.1 mT (dotted line in
Figure 2a).[12,13] The signal intensity corresponds to the
extent of reduction of 1.0 electron per polyanion; this shows
that all of the V5+ was reduced to V4+ . Separately, we syn-
thesized [VO(H2O)5]H[PMo12O40] and measured the ESR
spectrum in acetic acid at 100 K. It was found that the pa-
rameters of the hyperfine structure were the same as those
in Figure 2a. To the yellow-green solution, two equivalents
of nitric acid with respect to 1,3-dimethyladamantane were
added under argon, resulting in the quick disappearance of
ESR signals (Figure 2b) and the evolution of nitrogen diox-
ide. This fact indicates that the reduced polyoxometalate is
easily reoxidized by nitric acid.[13] Then, the nitration reac-
tion proceeded with almost the same rate as that under the
catalytic turnover conditions (in Table 2). In the case of
[H3PMo12O40], a very weak broad signal of Mo5+ was ob-
served at g=1.951 (100 K).

51V and 31P NMR measurements were carried out at 356 K
with the same sample as that used for the ESR measure-
ments. The fresh [H4PVMo11O40] in acetic acid gave a chem-
ical shift of d �562.9 in the 51V NMR analysis. The signal
intensity became much weaker after the treatment with 1,3-
dimethyladamantane at 356 K under argon. The decrease in
the intensity can be explained by the reduction of V5+ spe-
cies to V4+ .[14] On the other hand, no spectral changes were
observed without 1,3-dimethyladamantane. These observa-
tions are in good agreement with the ESR results. The fresh
[H4PVMo11O40] showed a 31P NMR signal at d �1.59 in
acetic acid. The signal intensity became very weak and an
intense signal at d �2.16 was observed after the treatment
with 1,3-dimethyladamantane at 356 K under argon. This
signal at d �2.16 is assigned to [PMo12O40]

3� since the
31P NMR spectra of H3PMo12O40 and [VO(H2O)5]H[P-
Mo12O40] in acetic acid (1.67mm) showed signals at d �2.20

Table 2. Nitration of various alkanes catalyzed by H4PVMo11O40 with nitric acid.[a]

Entry Substrate Conditions TTON[b] Products Yield/%

1 adamantane I 160 1-nitroadamantane 51
1,3-dinitroadamantane 7
1-adamantanol 17
2-adamantanone 5

2 1,3-dimethyladamantane I 114 1,3-dimethyl-5-nitroadamantane 41
3,5-dimethyl-1-adamantanol 16

3 1-chloroadamantane I 108 1-chloro-3-nitroadamantane 36
3-chloro-1-adamantanol 18

4 cyclohexane II 40 nitrocyclohexane 9
cyclohexanol 1

5 cyclooctane I 100 nitrocyclooctane 25
dinitrocyclooctanes 14
cyclooctanone 11

6 toluene II 168 (nitromethyl)benzene 20
benzyl alcohol 7
benzaldehyde 15

7 p-xylene II 320 1-methyl-4-(nitromethyl)benzene 48
p-tolualdehyde 32

[a] Reaction conditions I : alkane (1 mmol), [H4PVMo11O40] (1.67mm, 0.5 mol%), nitric acid (2 mmol), acetic
acid (3 mL), 356 K, under 1 atm of argon. Yields were based on alkanes used and determined by GC using
naphthalene as an internal standard. Reaction conditions II : alkane (18.5 mmol), [H4PVMo11O40] (1.00mm,
0.03 mol%), nitric acid (2 mmol), acetic acid (3 mL), 356 K, under 1 atm of argon. Yields were based on nitric
acid used and determined by GC using naphthalene as an internal standard. [b] TTON (total turnover
number)=products (mol)/[H4PVMo11O40] used (mol).
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and �2.19, respectively. The IR spectrum of fresh
[H4PVMo11O40] showed the bands characteristic of the
Keggin structure; ñ(Mo-O-Mo) (787 and 866 cm�1), ñ(Mo=
O) (961 cm�1), ñ(P-O-Mo) (1062 cm�1), and ñ(P-O-V)
(1078 cm�1). By the treatment with 1,3-dimethyladamantane,
the band position and intensities were almost unchanged
except that a shoulder ñ(P-O-V) band disappeared (Fig-
ure S2).

These ESR, NMR, and IR
data show the elimination of
the vanadium from the Keggin
structure to form free vanadium
species and [PMo12O40]

3�

Keggin anions.[16]

Roles of [PMo12O40]
n� and va-

nadium : Table 3 shows the re-
sults of the nitration of ada-
mantane using various catalysts
in acetic acid at 356 K. The ni-
tration did not proceed in the
absence of catalysts (entry 11),
but proceeded in the presence
of [H3PMo12O40] to give the cor-
responding nitroadamantanes
and oxygenated products in
moderate yields (entry 1).
Vanadium-substituted poly-
oxomolybdates such as
[H4PVMo11O40],

[H5PV2Mo10O40], and [H6PV3Mo9O40] exhibited higher activ-
ity and selectivity to the nitration products than those of
[H3PMo12O40] (entries 2–4). [VO(acac)2] gave 1-nitroada-
mantane and 1-adamantanol in 8 and 6% yields, respective-
ly, and the activity was much lower than those of phospho-
molybdates (entry 8). Interestingly, a mixture of
[H3PMo12O40] and [VO(acac)2] showed higher activity than
those of [H3PMo12O40] and [VO(acac)2] (entry 9). When
[VO(H2O)5]H[PMo12O40] was used as a catalyst, the nitra-
tion of various alkanes was efficiently promoted and the ac-
tivity was similar to that of [H4PVMo11O40] (entry 10 and
Table S1 in the Supporting Information).[11] These facts show
that there is a synergistic effect between phosphomolybdates
and vanadium cations. As mentioned above, [H3PMo12O40]
as intrinsically active for the nitration and the activity was
higher than that of vanadium compounds. Therefore, the
present nitration would be proceeded mainly by the
[PMo12O40]

3� anion. Since the metal cations such as Cu2+

and Pd2+ can promote the reduction of [PMo12O40]
3� and

the reoxidation of the reduced form,[17] the eliminated vana-
dium species likely promotes the reduction and reoxidation
of the anion, for example, [PMo12O40]

4�+V5+!
[PMo12O40]

3�+V4+ , which results in the acceleration of the
nitration by the anion. Similar acceleration of isobutane oxi-
dation by [H3PMo12O40], in the presence of vanadium spe-
cies has been reported.[15]

Reaction mechanism : The nitration reactions proceed gener-
ally via either ionic or free-radical mechanism. The nitroni-
um ion (NO2

+) mechanism has been accepted for the nitra-
tion of aromatic compounds catalyzed by mixed acids, for
example, sulfuric acid and nitric acid. While it is possible
that polyoxometalates can act as a strong Brønsted acid to
generate nitronium ion, no nitration of aromatic compounds
proceeded in the present system. Therefore, the nitronium
ion mechanism (ionic mechanism) can be excluded. When
nitric acid is used in the vapor-phase nitration, the reaction

Figure 2. ESR spectra of [H4PVMo11O40] in acetic acid measured at
100 K. a) 1.67 mm [H4PVMo11O40] in acetic acid was treated by 200 equiv-
alents of 1,3-dimethyladamantane at 356 K for 4 h under 1 atm of argon.
b) 2 equivalents of nitric acid with respect to 1,3-dimethyladamantane
were added to the above solution. Six asterisks are assigned to the signals
of the Mn marker. The dotted line in a) is obtained by the simulation
(see text).

Table 3. Nitration of adamantane with nitric acid by various catalysts in acetic acid.[a]

Entry Catalyst Yield/%
1-nitro 1,3-dinitro 1-ol 2-one total

1 [H3PMo12O40] 14 3 15 2 34
2 [H4PVMo11O40] 51 7 17 5 80
3 [H5PV2Mo10O40] 45 8 25 5 83
4 [H6PV3Mo9O40] 44 11 26 5 86
5 [H3PW12O40] 3 trace 3 trace 6
6 [H4PVW11O40] 33 2 15 trace 50
7 [H5PV2W10O40] 26 trace 18 trace 44
8 [VO(acac)2] 8 trace 6 trace 14
9[b] [H3PMo12O40]+[VO(acac)2] 41 5 21 4 71
10 [VO(H2O)5]H[PMo12O40] 54 7 27 5 93
11 none n.d. n.d. n.d. n.d. <1

[a] Reaction conditions: Adamantane (1 mmol), catalyst (1.67mm, 0.5 mol%), nitric acid (2 mmol), acetic acid
(3 mL), 356 K, under 1 atm of argon, 24 h. Yields were based on adamantane used and determined by GC
using naphthalene as an internal standard. [b] Catalyst: A mixture of [H3PMo12O40] (1.67mm) and [VO(acac)2]
(1.67mm).
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is initiated by the homolytic decomposition of nitric acid
into nitrogen dioxide and a hydroxyl radical. Then, hydroxyl
radicals and alkyl radicals are propagated (Scheme S1). If
the present nitration by using polyoxometalates proceeds in
a similar way, aromatic hydroxylation takes place. However,
in the present system, no hydroxylation of aromatic com-
pounds such as benzene, toluene, and p-xylene proceeded.
Therefore, we exclude the mechanism in the present nitra-
tion.

We investigated the reaction mechanism in more detail
with [H4PVMo11O40]. First, the nitration reaction was car-
ried out by using adamantane as a test substrate under the
conditions described in Table 2. As above mentioned
(Figure 1), the nitration of adamantane proceeded with an
induction period (3–4 h). After the period, the nitrogen di-
oxide gas was evolved, which was confirmed by UV/Vis
spectroscopy according to ref. [18]. Without [H4PVMo11O40],
no evolution of nitrogen dioxide was observed and the nitra-
tion did not proceed. Further, no evolution of nitrogen diox-
ide was observed without addition of adamantane. In con-
trast, nitrogen dioxide was evolved even at room tempera-
ture upon the treatment of reduced [H4PVMo11O40] or
[H3PMo12O40] (one electron per polyanion by using ascorbic
acid) with nitric acid, while no nitrogen dioxide was evolved
upon the treatment of the oxidized (fresh) polyoxometalates
with nitric acid.

On the basis of all these results, it is probable that nitro-
gen dioxide is produced according to the following mecha-
nism (Scheme 1): An alkane reacts with a polyoxometalate
(POMox) to form the polyoxometalate (POMred) and an
alkyl radical (step 1). The reduced species then reacts with
nitric acid to regenerate the oxidized form along with nitro-
gen dioxide (step 2). Addition of 2,2’-azobis(isobutyroni-
trile) (AIBN, 2 mol% with respect to adamantane) as an
alkyl radical initiator to the reaction mixture did not affect
the induction period, reaction rate, and product selectivity.
Further, AIBN alone yielded no nitration products in the
absence of polyoxometalates (<1% conversion after 36 h).
When copper metal (50 mmol)[19] was added to the system
without polyoxometalates, nitrogen dioxide was quickly
evolved and the induction period disappeared (~ in
Figure 3). The initial rate was almost the same as the postin-
duction rate without copper metal (& in Figure 3). When ni-
trogen dioxide was introduced to the reaction system, the in-
duction period disappeared. The initial rate was almost the
same as the postinduction rate and product selectivity was
unchanged. These observations suggest that [H4PVMo11O40]
is not directly involved in the nitration of an alkane, but ini-
tiates formation of nitrogen dioxide and an alkyl radical spe-
cies with nitric acid and an alkane and that the formation of
nitrogen dioxide is a key reaction for the present nitration.
An induction period would be needed to build up the suffi-
cient chain carrier of nitrogen dioxide by the reaction
among [H4PVMo11O40], alkanes, and nitric acid according to
the Scheme 1.

Next, the kinetic studies on the nitration of adamantine
by using [H4PVMo11O40] were carried out. The dependence
of the rate on the concentration of [H4PVMo11O40] (0.03–
1.67mm) was investigated. The rate (R0) was estimated by

the slope of the linear line after the induction period.
Figure 4 shows the dependence of R0 on the concentration
of [H4PVMo11O40]. The slope of log(R0) versus log([H4PV-
Mo11O40]) was 0.53 (inset in Figure 4), and the dependence
of R0 on the concentration of [H4PVMo11O40] was positive.
Approximately first-order dependences on the concentra-
tion of adamantane (Figure 5) and nitric acid (Figure 6)
were observed for the nitration. The same dependences of
the rates on the concentrations of [H4PVMo11O40], nitric
acid, and adamantane were observed for the formation rates
of the nitration and oxidation products.

In a separate experiment, nitrogen monoxide was generat-
ed in situ by the reaction of nitric acid with
FeSO4·7H2O

[19,20] in acetic acid and then adamantane was
added. Adamantane was easily nitrated to give 1-nitroada-
mantane (64%), 1,3-dinitroadamantane (9%), 1-adamanta-
nol (16%), and 2-adamantanone (4%) after 24 h with a
very similar reaction profile to that observed for a
[H4PVMo11O40]/nitric acid system. When nitrous acid was
generated in situ by the reaction of nitric acid with NaNO2

or Ba(NO2)2
[21,22] in acetic acid followed by the addition of

adamantane, a similar profile to that with nitrogen monox-
ide was obtained. These results suggest that nitrogen mon-
oxide and nitrous acid can take part in the further formation
of an alkyl radical and nitrogen dioxide from an alkane and
nitric acid; for example, NO2+RH!HNO2+RC, 3HNO2!
2NO+HNO3+H2O, and NO+2HNO3!3NO2+H2O.[20,21] Fi-

Figure 3. Reaction profiles of the nitration of adamantane with nitric
acid. Adamantane (1 mmol, 0.33m), [H4PVMo11O40] (0.5 mol%,
1.67mm), nitric acid (2 mmol, 0.67m), acetic acid (3 mL), 356 K, under
1 atm of argon (&). The other reaction was carried out under the same
conditions as those above described except that copper metal (50 mmol)
was used instead of H4PVMo11O40 (~).

Scheme 1.
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nally, the alkyl radical formed is trapped by nitrogen dioxide
to afford the corresponding nitroalkane.

In the present system, oxygenated products such as alco-
hols and ketones (aldehydes) were formed as side products
in all cases. Oxygenated products would be produced from
the corresponding alkyl nitrates formed through the reaction
of alkyl radicals with nitrogen dioxide. Nitrogen dioxide rad-
ical molecule is a resonance hybrid; the chief contributing
forms are as follows [Eq. (2)]:[8a]

When an alkyl radical reacts with nitrogen dioxide in
form I, the product is a nitroalkane. On the other hand,
when in form II, the product is an alkyl nitrate. It is well
known that alkyl nitrates are unstable and the hydrolytic de-
composition of alkyl nitrates to the corresponding alcohols
proceeds smoothly in acidic media.[23] Alcohols formed are
further oxidized to the corresponding ketones (aldehydes)
under the present reaction conditions. The reaction mecha-
nism for the formation of oxygenated products is summar-
ized in Scheme 2.

Conclusions

In conclusion, we have developed a system using polyoxo-
metalates as catalyst precursors for the nitration of various
alkanes to nitroalkanes with nitric acid. Not only normal
alkanes, but also alkylbenzenes can be nitrated under
mild conditions. Especially, vanadium-substituted Keggin-
type phosphomolybdates such as [H4PVMo11O40],
[H5PV2Mo10O40], and [H6PV3Mo9O40] can act as efficient
catalyst precursors for the present nitration. Under the pres-
ent conditions, carbon�carbon bond cleavage reactions
hardly proceed. The kinetic and mechanistic studies show a
catalytic reaction mechanism involving a radical-chain path.
Initially, the phosphomolybdates abstract the hydrogen of
an alkane to form an alkyl radical and the reduced form of
phosphomolybdates. Then, the reduced phosphomolybdates
subsequently react with nitric acid, generating the original
oxidized form and nitrogen dioxide. This initial formation of

Figure 4. Dependence of initial rate R0 on the concentration of
[H4PVMo11O40]. Adamanatane (0.33m), [H4PVMo11O40] (0.03–1.67mm),
nitric acid (0.67m), acetic acid (3 mL), 356 K, under 1 atm of argon. R0

values were determined from the reaction profiles (conversion vs time
curves) at low conversion (<10%) of adamantane. Slope from the
inset=0.53.

Figure 5. Dependence of initial rate R0 on the concentration of adaman-
tane. Reaction conditions: Adamanatane (0.10–0.33m), H4PVMo11O40

(1.67 mm), nitric acid (0.67m), acetic acid (3 mL), 356 K, under 1 atm of
argon. R0 values were determined from the reaction profiles (conversion
vs time curves) at low conversion (<10%) of adamantane. Slope from
the inset=0.97.

Figure 6. Dependence of initial rate R0 on the concentration of nitric
acid. Reaction conditions: Adamanatane (0.33m), [H4PVMo11O40]
(1.67mm), nitric acid (0.33–1.67m), H2O (2.62m), acetic acid (3 mL),
356 K, under 1 atm of argon. R0 values were determined from the reac-
tion profiles (conversion vs time curves) at low conversion (<10%) of
adamantane. Slope from the inset=1.05.

Scheme 2.
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nitrogen dioxide is a key step. The initial formation of nitro-
gen dioxide can take place mainly on polyoxomolybdates,
that is, [PMo12O40]

n�, and vanadium species enhance the re-
action. Then, the nitration is proceeded via a chain forma-
tion of nitrogen dioxide and an alkyl radical.

Experimental Section

Materials : Phosphometalates except for [H3PMo12O40], [H4PVMo11O40],
and [VO(H2O)5]H[PMo12O40] were supplied by Nippon Inorganic Colour
and Chemical Co., Ltd. and used after recrystallization from water.
[H3PMo12O40] (Kanto) was used as received. [H4PVMo11O40]

[24] and
[VO(H2O)5]H[PMo12O40]

[25] were synthesized according to the literature
procedures. Solvents and concentrated aqueous nitric acid (69 wt%)
were of analytical grade (Tokyo Kasei) and used without the further puri-
fication. Alkanes used in the nitration reactions were commercially ob-
tained from Tokyo Kasei or Aldrich (reagent grade) and purified prior to
use.[26]

Instrumentation : GC analyses were performed on Shimadzu GC-14B
with a flame ionization detector equipped with a TC-WAX capillary or
SE-30 packed column. Mass spectra were determined on Perkin–Elmer
TurboMass at an ionization voltage of 70 eV. NMR spectra were record-
ed on JEOL JNM-EX-270. 1H and 13C NMR spectra were measured at
270 and 67.5 MHz, respectively, in CDCl3 with TMS as an internal stan-
dard. 31P NMR spectra of polyoxometalates were measured at
109.25 MHz in acetic acid. 85% H3PO4 was used as an external standard.
51V NMR spectra of polyoxometalates were measured at 70.90 MHz in
acetic acid. VOCl3 was used as an external standard. Infrared spectra
were measured on Jasco FT/IR-460 Plus using KBr disks. ESR measure-
ments at 100 K (X-band) were performed with a JEOL JES-RE-1X spec-
trometer. The microwave power, resonance frequency, modulation, and
time constant were 1.0 mW, 9.21 GHz, 0.5 mT, and 0.1 s, respectively. A
reactor directly connected to an ESR tube was used to avoid the expo-
sure of the sample to the air. After a certain catalytic reaction period,
the reaction solution was transferred into the ESR tube and the ESR
tube was sealed by firing. The simulation was carried out according to
the literature,[27] assuming the axial symmetry for vanadium.

Procedure for catalytic nitration : Nitration of alkanes was carried out in
a glass vial containing a magnetic stir bar. A typical procedure was as fol-
lows. Into a glass vial were successively placed adamantane (0.33m),
[H4PVMo11O40] (1.67 mm, 0.5 mol%), acetic acid (3 mL), and nitric acid
(0.67m). The glass reactor was then attached to a vacuum line, cooled to
77 K, and degassed by three freeze-pump-thaw cycles. The vial was al-
lowed to warm to 298 K and 1 atm of argon was introduced to the
system. Then, reaction mixture was heated at 356 K for 24 h. All of the
products were confirmed by GC analysis in combination with mass and
1H and 13C NMR spectroscopy as reported previously.[10,28] The yields
were determined by GC analyses using naphthalene or diphenyl as an in-
ternal standard.

Kinetic study : Nitration of alkanes was performed via the same proce-
dure as those described above. The reaction conditions are given in the
Figure captions (Figures 4–6). The reaction was monitored every 30 min
by GC analyses showing no reaction during the induction period in every
case. Reaction rates (R0) for the kinetic analyses were determined from
the slope of reaction profiles (conversion vs time plots, see Figure 3,
inset) at low conversion (<10%) of the substrate after the induction
period.
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