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The oxidation of alkanes with molecular oxygen using aldehy-
des as reducing agents (aldehydes are cooxidized) was studied us-
ing the a-HsPV2Mo010040 polyoxometalate as catalyst. Emphasis
was placed on the initiation of the radical chain reaction by in-
vestigation of the aldehyde—polyoxometalate interaction. Using 3'P
NMR and ESR spectroscopy one could differentiate between the
reactivity of the five inseparable isomers of a-HsPV2M010040. Con-
trary to previous belief, the 1,11 isomer with vanadium in distal
positions is the most abundant. The 3P NMR and ESR spectra
supported by UV-vis absorption-time profiles of the reduction of
a-HsPV2Mo19049 indicated that isomers with vanadium in vicinal
positions were most kinetically viable in the alkane oxidation. Addi-
tion of isobutyraldehyde to «-HsPV2Mo10040 gave in the 5V NMR
spectrum a new downfield peak attributed to the formation of an
aldehyde—polyoxometalate intermediate. The alkane/aldehyde/O,
oxidizing system was found to be quite effective and selective for
ketone formation. Reaction probes indicated that acyl peroxo rad-
icals were the active oxidizing intermediates. Five pathways for its
reaction were identified: chain propagation, alkane oxidation, de-
composition to form oxygen, decomposition to acyl oxo radicals
leading to CO, and ketone, and capture and inhibition by the poly-
oxometalate.  © 1999 Academic Press

Key Words: polyoxometalate; aldehyde; oxygen; alkane oxida-
tion.

INTRODUCTION

Effective and selective oxygenation of the inactive
carbon-hydrogen bonds of alkanes, ideally with molecu-
lar oxygen as oxidant, remains a fundamental research goal
for chemists interested in catalysis (1-3). To achieve this
goal of dioxygen activation for alkane oxidation, catalysts
must be found that are selective and stable under oxidizing
conditions. One particularly attractive method for catalytic
oxidation of hydrocarbons with dioxygen is to use electron
donors such as aldehydes (4, 5). In such systems the alde-
hyde is cooxidized to the corresponding carboxylic acid.
Readily available isobutyraldehyde is especially attractive
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since the isobutyric acid coproduct could be useful for the
preparation of methacrylic acid:

RH + (CH3);CHCHO + O3

catalyst

~ S ROH + (CH3),CHCOOH,
[1]
(CH3),CHCOOH —> CH,=C(CH3)COOH.

From the mechanistic point of view, the intermediate prod-
uct of the dioxygen reduction, the peracid and/or acyl per-
oxo radical, may be formed either thermally (6) or catalyt-
ically in the presence of a transition metal-based catalyst
(7). Although the aldehyde/O, system has been very widely
used and studied for alkene oxidation, there are surprisingly
relatively few examples on the use of transition metal com-
pounds as efficient catalysts for oxidation of the more inert
alkanes with aldehyde/O; (8-13).

Polyoxometalates (POMSs), known and stable catalysts
for oxidation of organic compounds (14-16), also catalyze
the oxidation of alkenes in the presence of aldehydes
and dioxygen (17-21). A recent article (22) has convinc-
ingly shown that with transition metal-substituted poly-
oxometalate catalysts of the type PMWllogg’ , Where M
is a transition metal, the reaction proceeded by a radi-
cal chain mechanisms with acyl peroxo radicals as the ac-
tive species for epoxidation. Three important functions of
the polyoxometalates were chain initiation by reaction of
the polyoxometalate with the aldehyde, chain branching
by polyoxometalate-mediated decomposition of peracids
formed, and chain termination through capture of active
radical species and formation of stable complexes.

Although many types of polyoxometalate-catalyzed
reactions are continuously being reported (14-16), one
compound that has been catalytically active in many liquid-
phase reactions with molecular oxygen has been the mixed
addenda phosphovanadomolybdate, «-HsPV2Mo01504.
An initial interaction consisting of an electron plus proton
transfer from the organic substrate to the a-HsPV;:M010040
catalyst has been postulated to begin the catalytic cycle (23):

[2]

RH 4 HsPVYMo019040 — HsPVYV!VMo01,04|R".
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RCHO

POM/O;

R'OH

R'OH + RCOOH

SCHEME 1

In the specific case of the cooxidation of aldehyde and
alkane in the presence of dioxygen an acyl peroxo rad-
ical may be quickly formed by reaction of RCHO with
a-HsPV2Mo019O4. Possible fates of this radical are given
in generalized Scheme 1. In this paper we describe our
research concerning the reaction of the a«-HsPV;M010049
polyoxometalate with aldehyde and the initiation of the
complex catalytic cycle in Scheme 1. This initiation of
the radical chain mechanism leads to alkane oxidation to
ketones.

EXPERIMENTAL METHODS

Materials

The «a-HsPV;M019049 polyoxometalate was prepared
by the standard technique and used as the hydrate after
recrystallization (24). Thermogravimetric analysis (Met-
tler 50) indicated 32 water molecules per polyoxometa-
late and elementary analysis yielded the following: found
(calculated) % P, 1.31 (1.34); V, 4.38 (4.41); Mo, 41.32
(41.56). This showed that the compound was in fact
HsPV,Mo010040 - 32H,0. Solvents were of analytical grade
(Frutarom) and used without further purification. Alkanes
and aldehydes used in the oxidation reactions were reagent
grade from Fluka and Aldrich and had purities >99% by
gas chromatography (GC). Aldehydes were purified by dis-
tillation prior to use and stored under nitrogen.

Instrumentation

Oxidation reaction products were characterized using
reference compounds when available by use of GLC
(Hewlett—Packard 5890 gas chromatograph) with a flame
ionization detector and a 15 m x 0.32 mm 5% phenyl-
methylsilcone (0.25-um coating) capillary column and
helium carrier gas. Products whose initial identity was
guestionable were unambiguously identified using a gas
chromatograph equipped with a mass selective detector
(GC-MS Hewlett-Packard 5970A) equipped with the same
column described above.

UV-vis spectra and redox kinetic measurements were
made on a Hewlett—Packard 8452A diode array spectrom-

eter. For absorption-time profiles a 1 mM solution of
a-HsPV,Mo10049 Was prepared and the quartz cuvette was
deaerated with a gentle nitrogen flow for 30 min. The
temperature was regulated via a built-in bath connected
to a temperature-controlled circulator. Isobutyraldehyde
(25 eq) was added by syringe and measurements were ini-
tiated. For catalyst reoxidation, the reoxidation was initial-
izing by aeration of previously reduced a-HsPV;Mo010049
with oxygen. ESR spectra (X-band) were taken with a Var-
ian E-12 spectrometer at room temperature using 10 mM
a-HsPV,2Mo01904 in acetone; DPPH was used as standard.
31p and 'V NMR spectra of 10 mM «-HsPV,2Mo01004 in
acetone-ds (99.5% Aldrich) were recorded at room tem-
perature using 5-mm tubes with a Bruker DRX-400 spec-
trometer at 161.98 and 105.15 MHz using 85% H3PO, and
VOCI; as an external standards, respectively.

Procedure for Catalytic Oxidation

The progress of the reaction for the oxidation of aliphatic
compounds with aldehyde/O, was monitored using gas
chromatography. Most reactions were carried out in a
200-ml flask equipped with septum and a stirring bar. Cata-
lyst, typically 0.1 xmol, and substrate, usually 1.5 mmol,
were dissolved in 1 ml of solvent. Dioxygen was bubbled
through the reaction solution for 5 min, then closed. The so-
lution was kept at the appropriate temperature; aldehyde,
typically 0.1 ml, was added by syringe, and the progress of
the reaction was monitored by GC. GLC analysis was per-
formed on aliquots withdrawn directly from the reaction
mixture.

RESULTS AND DISCUSSION

Reaction initiation: The Reaction of Aldehyde
with a-HsPV2Mo019049

The a-HsPV;Mo010049 polyoxometalate (Fig. 1) is an in-
separable mixture of five isomers. A 3P NMR spectrum
of a-HsPV;M01004 in acetone-ds is given in Fig. 2a and
clearly shows that five peaks may be observed at [—3.96
(6), —3.42 (1), —3.37 (4), —3.31 (2) and —3.22 (2) ppm
(area of peak)]. An additional sixth peak at —4.38 ppm is
from the «-HsPVMo11049 impurity. First, it is interesting to
note that for the first time using *'P NMR spectroscopy in
acetone-dg, one can easily differentiate between the five iso-
mers of a-HsPV,;Mo01904. In the past, in water as solvent,
fewer peaks for a-HsPV;M010049 were observed (25-27),
although other peaks assigned to B-HsPV,Mo010049 Were
apparently detected (27). Statistically aratioof2:2:2:4:1
forthe 1,2;1,4;1,5; 1,6 and 1,11 isomers was to be expected
(27, 28), but significantly this was not observed. Especially
noteworthy is the one more intense peak at a higher field,
—3.22 ppm, compared with the other four peaks at the lower
field.
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FIG. 1. Representation ofthe ¢-HsPV;Mo0;004 polyoxometalate and
the five isomers.

To the a-HsPV>Mo019040 polyoxometalate in acetone-dg
we added 5 eq of isobutyraldehyde and kept the solution un-
der 1 atm nitrogen for 1 h. The catalyst was slightly reduced
as may be appreciated by the appearance of light green
color due to the formation of the reduced heteropoly blue.
A repeated 3P NMR spectrum showed the same five peaks
(slightly shifted due to paramagnetism) but of different in-
tensities. Most notably the intensity of the high-field peak is
unchanged versus the impurity peak (an internal standard)
but the low-field peaks are considerably reduced in inten-
sity (Fig. 2b). An additional measurement of the 3P NMR
spectra after 5 h showed almost complete disappearance
of the low-field peaks. After 7 days the high-field peak also
disappeared. Our explanation for these results is as follows.
Although it has generally been thought (27-30) that a more
or less statistical isomeric distribution of the vanadium
atoms in the a-PVzMolooig anion should be expected, in
fact, it seems very conceivable that the most stable isomer
would be the one with the greatest separation between the
vanadium atoms, i.e., the 1,11 isomer, since increasing
the number of vanadium atoms considerably destabilizes
the Keggin structure. Thus, the a-PV4M08015 anion has
not been isolated (crystallized) and the order of stability is
PV3MogO%, < PV;Mo1003; <PVMo1;0%; (29, 30). Addi-
tionally, the nearer the vanadium atoms are to one another,
the less even is the distribution of the negative charge on the
polyanion, therefore reasonably causing destabilization.
The 3P NMR spectra in Fig. 2 seem to support this con-
clusion. The position of the higher-field peak of the 1,11
a-PV;Mo01005, isomer versus the other a-PV;Mo01003,
isomers is to be expected since the order in the 3P NMR
absorption (high field to low field) is a-PMouOf{g >

a-PVMo0110}; > a-PV,M01003; > a-PV3MogOf; (27, 28).
Furthermore, we have already shown in the past (23) that
redox interactions between «-PV,Mo0;003; and organic
substrates are to be preferred at vicinal vanadium positions
(see also ESR experiment below) and other computational
and experimental information supports this conclusion (31,
32). Thus, initially in the slightly reduced sample (Fig. 2b),
the reduced intensity of the four peaks at the lower field
can easily be explained by the preferred formation of the
paramagnetic «-PV'VVVVMo1,05, species with vanadium
in vicinal positions which would be NMR silent due to peak
broadening. The higher-field 1,11 isomer is unaffected and
remains unchanged in the 3P NMR. It is also important
to add that the high lability of «-PV,Mo0;003, observed
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FIG.2. %P NMR spectrum of «-HsPV,oMoyOyg in acetone-ds.
(a) spectrum 10 mM HsPV;Mo0,004 prior to addition of isobutyraldehyde.
No reduction of the polyoxometalate was discernable (UV-vis). (b) spec-
trum one hour after addition of 5 equivalents of isobutyraldehyde under
nitrogen.
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FIG. 3. ESR of a-HsPV,;Mo0;004 0n addition of isobutyraldehyde un-
der N,. The ESR spectrum was of a 10 mM HsPV;Mo03004 solution in
acetone after addition of 5 eq isobutyraldehyde under nitrogen at am-
bient temperature. Microwave power =50 mW, frequency =9.48 GHz,
modulation=5G. (a) One hour after addition of isobutyraldehyde.
(b) Five days after addition of isobutyraldehyde.

in agueous solution is very significantly repressed in non-
aqueous solvents because of the considerably lowered sol-
ubility of the VO?* unit. Thus, little equilibration between
isomers on the experiment time scale (hours) was expected
and none was observed.

Parallel with the 3'P NMR experiment similar measure-
ments were made using ESR spectroscopy. Prior to addition
of isobutyraldehyde, a-HsPV;M010040 is ESR silent. Ad-
dition of 5 eq of isobutyraldehyde under nitrogen yields a
15-line spectrum after 1 h (Fig. 3a). On the other hand, re-

measurement of the ESR spectra after several days yields
a different 8-line spectrum (Fig. 3b). In line with the expla-
nation given above, the isobutyraldehyde preferentially re-
acted with the vicinal isomers of «-HsPV2Mo01004 and first
a mono-reduced polyoxometalate was formed. This leads
to the observation of a 15-line spectrum due to additional
splitting of the 8 lines at the V'Y center (I = 7/2 for 5V) by
anearest-neighbor vanadium atom in the 1,2 and 1,6 config-
urations. As the reduction of the polyoxometalate mixture
continues, the 1,2 and 1,6 isomers become doubly reduced,
and because of antiferromagnetic coupling these isomers
become ESR silent. The slower reduction of the more distal
isomeric forms, especially the 1,11 isomer, leads to a simple
8-line spectrum with no nearest-neighbor interaction.
Although both the *P NMR and ESR experiments de-
scribed above clearly indicated different reactivity of isobu-
tyraldehyde with different isomers of a-HsPV2Mo010O049, We
sought more information on this reaction. The reduction
of a-HsPV,2Mo0,0049 can be monitored by UV-vis spec-
troscopy at 750 nm. Thus, a profile of the reaction of 1 mM «-
HsPV,Mo01004 in acetonitrile at 26°C under nitrogen with
25 eq isobutyraldehyde (Fig. 4a) shows complex behavior.
There is an initial relatively fast increase in optical den-
sity from 0 to ~0.5 over a period of ~15,000 s (4 h) with
an approximate first-order behavior. Additional slower re-
duction (~0.5 to ~1.0), again with an approximate first-
order behavior, occurs over the following 20 h. Finally there
is an even slower reduction to an optical density of 1.2
over the following 3 days. In the reoxidation reaction (at
1 atm O,) of the fully reduced polyoxometalate (Fig. 4b),
again three different segments in the reoxidation reaction
may also be observed. At an identical concentration of «-
HsPV,2Mo010040, the addition of 25 eq valeraldehyde under
nitrogen instead of isobutyraldehyde leads to an increase
in the optical density of 0.45 within 7 h, with no further
reduction of a-HsPV,Mo01004 thereafter (Fig. 4c). Since
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FIG. 4. Absorption-time curves of ¢-HsPV;M0;0049. Absorption of a-HsPV,;M010040 was measured at 750 nm at 26°C. (a) Reduction of 1 mM
a-HsPV;Mo01004 in acetonitrile on addition of 25 eq isobutyraldehyde. (b) Reoxidation of reduced «-HsPV,Mo0;004o under 1 atm dioxygen. The sample
was reduced by addition of 25 eq of isobutyraldehyde under nitrogen for 5 days. (c) Reduction of 1 mM a-HsPV;M03004 in acetonitrile on addition

of 25 eq valeraldehyde.
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the isomeric mixture of a-HsPV,2Mo01904 is only approxi-
mately defined, it would be overly presumptuous to exactly
define which reaction is occurring in each segment of the
kinetic profile, but to a reasonable degree of confidence,
the first segment is mostly clearly connected with mono-
reduction of the more reactive vicinal isomers. The interme-
diate and third segments are attributed to a combination of
di-reduction of the vicinal and mono-reduction of the more
distal isomers. The less reactive valeraldehyde apparently
leads only to reduction of the more reactive isomers and,
thus, to a lesser total increase in the optical density.

The reaction of the aldehyde with the more reactive
a-HsPV2Mo10040 isomers is the only one of relevance in
a catalytic cycle since the dioxygen will react quickly with
acyl radicals formed to yield initial acyl peroxo intermedi-
ates. Propagation of this species in the autooxidation chain
reaction will lead also to oxidation of the reduced polyox-
ometalate and only oxidized «-HsPV;M019049 in the steady
state. Indeed under alkane oxidation turnover conditions,
the a-HsPV2Mo01¢O4g is always in the oxidized state. Using
the method of initial rates the reaction of isobutyraldehyde
with the reactive isomers of a-HsPV:Mo01004 may be
studied under an inert nitrogen atmosphere at different
temperatures (Fig. 5). The initial slope is related to the reac-
tion of isobutyraldehyde with the most reactive isomer(s) of
a-HsPV,2Mo01904. As stated above, once the most reactive
isomer(s) is reduced, isobutyraldehyde then continues to
react with less reactive isomer(s) and the slope or reaction
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rate decreases. As the temperature is lowered, the reaction
rate is decreased and, on the time scale measured, shows
increased contribution of the reaction of isobutyraldehyde
with the most reactive a-HsPV2Mo019049 isomer. Thus, at
10°C the curve is fairly flat, while at high temperatures
there is more curvature due to consecutive reaction of
isobutyraldehyde with isomers of decreasing reactivity.
A further Arrhenius plot of the initial rate constants as a
function of temperature (Fig. 5, inset) yields a surprisingly
high activation energy of 22 kcal/mol (A HzisoC = 21.4 kcal/
mol, AS.c =—24e.u.).

To gain further understanding of the PVZMoloOig—
isobutyraldehyde reaction further studies were carried out
using *'V NMR spectroscopy (Fig. 6). Interestingly, the 'V
NMR spectrum of HsPV;Mo01904 in acetone-ds was not
well resolved (Fig. 6a), as opposed to the 3P NMR spectrum
with only two distinct peaks at —525.4 and —534.6 ppm.
On addition of 5 eq of isobutyraldehyde under N, a new
spectrum was measured after 1 h (Fig. 6b). At least one
additional peak was observed downfield at —521.1 ppm.
The small magnitude of the downfield shift indicates that
this peak is attributable to a complex between a vanadium
atom in «-HsPV;Mo017040 and isobutyraldehyde. Such com-
plexes between aldehydes and polyoxometalates have al-
ready been described and investigated in the past. It has
been shown that dioxymethylene moieties are formed on
the polyoxometalate (33), leading to formulation of metal
acetal or hemiacetal compound, MO-OHCR (34, 35). The
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FIG.5. Absorption-time curves for «-HsPV;Mo0,0049 reduction as a function of temperature. Measurements were at 750 nm for 1 mM
a-HsPV;Mo0;004 in acetonitrile reduced on addition of 25 eq isobutyraldehyde, 15-40°C. The inset is the Ahrrenius plot derived from the initial rates.
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FIG. 6. 5V NMR spectraof a-HsPV,Mo3004 in acetone-ds. (a) Spec-
trum of 10 mM «-HsPV;M0;004 in acetone. (b) Spectrum after addition
of 5 eq of isobutyraldehyde under No.

hemiacetal or acetal formation is acid catalyzed, and in-
deed, use of a-QsPV;:M01004 (Q=n-BuyN) in place of
a-HsPV;>Mo01004 Yielded no reaction, i.e., polyoxometa-
late reduction with isobutyraldehyde. Further attempts to
isolate (crystallize) an intermediate complex were unsuc-
cessful.

Alkane and Aldehyde Cooxidation Initiated
by a—H5PV2M010040

After investigating the reaction of isobutyraldehyde with
a-HsPV;Mo010040, the initiation step for the formation of an
acyl peroxo radical as the assumed active oxidizing species
for the cooxidation of alkanes, we looked at the Kinetic
profiles of alkane oxidation in the reaction cyclooctane/
aIdehyde/Ozla-H5PV2M010040 (Flg 7):

O . OOH+ Cfo. i3

The reaction profiles showed that for isobutyraldehyde and
pivaldehyde there was little to no induction period for the
oxidation of cyclooctane and the reaction profile showed
asymptotic behavior. Reactions (not shown) were approx-
imately first order in cyclooctane. On the other hand, for
valeraldehyde and benzaldehyde there were significant in-
duction periods of 5-6 h and approximately linear reac-
tion profiles, with measurably and slightly higher conver-
sions after 24 h. Reactions were approximately zero order
in cyclooctane. Control reactions showed that in the ab-
sence of ¢-HsPV2Mo010040 N0 reaction occurred within 24 h,
implying longer induction periods for non-polyoxometal-
ate-catalyzed reactions. Importantly, there was no simple
correlation between the induction period observed, cy-
clooctane conversion, reaction profiles, and the reduction
of a-HsPV2Mo01004 with the various aldehydes under ni-
trogen. Thus, both valeraldehyde and isobutyraldehyde re-
duced a-HsPV;Mo01704 at ambient temperatures although
to different degrees (Fig. 4), whereas for benzaldehyde and
pivaldehyde no such reduction was observable. For exam-
ple, mixing a 1 mM solution of ¢-HsPV,M01904 in acetoni-
trile with 25 eq of benzaldehyde or pivaldehyde showed
no sign of polyoxometalate reduction over a period of
10 days. Since oxidation of cyclooctane will be sustained
by the autooxidation—-propagation cycle, only small initial
concentrations of an acyl radical must be attained via reac-
tion of the aldehyde with the polyoxometalate. A reaction
sequence to describe this reactivity is

K
RCHO + HsPVYMo1004 == HsPVYM01oO4|RCHO
K .
= HsPVVV'VMo01304|RCO.

[4]
8 - -
-] Pivaldehyde X
» Isobutyraldehyde T e
. Valeraldehyde 7 .
2 6 X Benzaldehyde o o
3 0
£
c
2
[
T
o
>
c
o
Q
Time, h
FIG. 7. Reaction profiles for cyclooctane cooxidation catalyzed by

a-HsPV;Mo010040. Reaction conditions: 1.0 umol a-HsPV;M010040,
1.5 mmol alkane, 1.1 mmol isobutyraldehyde in 1 ml acetic acid, T =25°C.
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It seems apparent from the results described above that for
each aldehyde the values of K; and K; are different, leading
to different reaction profiles.

The synthetic utility of the alkane oxidation is demon-
strated in Fig. 8. Semicontinuous addition of isobutyralde-
hyde to an alkane yielded an increasing amount of prod-
uct, depending only on the amount of aldehyde added. In
this manner high yields of cyclooctanone were obtained
from cyclooctane at 95% selectivity. Cyclohexane (not
shown) was similarly reactive and yielded cyclohexanone
at a greater than 999% selectivity. Acetophenone is formed
almost exclusively from ethylbenzene with about 1-2 mol%o
phenolic products. Adamantane forms 1-adamantanol and
2-adamantanone in a 45:1 product ratio. Acyclic alkanes
(not shown) such as n-octane can also be oxidized to a mix-
ture of products although the productivity in terms of isobu-
tyraldehyde is quite low, <3%. Somewhat surprisingly itap-
peared from Fig. 8 that ethylbenzene was less reactive than
cyclooctane. We attributed this result to inhibition of the re-
action by the small amounts of phenols formed during the
reaction. Indeed, in a competitive oxidation of cyclooctane
and ethylbenzene (Fig. 8, inset), one may observe that ethyl-
benzene is intrinsically more reactive.

Although a complete kinetic analysis was not carried out
for the cyclooctane/isobutyraldehyde/O, cooxidation reac-
tion, the reaction as a function of temperature yielded an
activation energy Eaonsay Of 13.2 kcal/mol. The observed
activation energy was computed from an Arrhenius plot
of six initial rates found from reactions carried out at
temperatures between 298 and 345 K. The other reaction
conditions were 1 umol «-HsPV2M01004, 1.5 mmol cy-
clooctane, 1.1 mmol isobutyraldehyde, and 1 ml acetone.
One may note that this activation energy is significantly
lower than the activation energy found above in the re-
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FIG.8. Reaction profiles for the oxidation of alkanes with semi-

continuous addition of isobutyraldehyde. Reaction conditions: 0.1 xmol
a-HsPV;Mo010040, 1.5 mmol alkane, 1.1 mmol isobutyraldehyde added
every 2 h in 1 ml acetic acid, T=22°C. The inset is a reaction profile of a
competitive reaction between cyclooctane (0.75 mmol) and ethylbenzene
(0.75 mmol) with the addition of 1.1 mmol isobutyraldehyde.
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FIG. 9. Initial reaction rate as a function of the concentration of
a-HsPV;Mo019049. Reaction conditions: 0-10 umol a-HsPV;M019O4,
1.5 mmol cyclooctane, 1.1 mmol isobutyraldehyde in 1 ml acetone, T=
22°C.

action initiation stage, polyoxometalate—isobutyraldehyde
E,=21.4 kcal/mol. This of course strongly supports other
evidence presented below that the polyoxometalate is not
directly involved in the alkane oxidation, but rather initi-
ates formation of the oxidatively active acyl peroxo radi-
cal. In the past (22) it was shown that the polyoxometa-
late catalyst also may inhibit the autooxidation reaction.
For a-HsPV;Mo01004 the dependence on reaction rate
in the HsPV;Mo01004 catalyst concentration is given in
Fig. 9. There is a clear deceleration of the reaction rate
at higher catalyst concentrations. Thus, maximum rates are
observed at a catalyst : substrate ratio of 1:1000 although
the turnover frequency and productivity of isobutyralde-
hyde are highest at ratios of approximately 1:10,000. At
a higher catalyst: substrate ratio of 1:100 there is a five-
fold decrease in rate accompanied by a decrease in the
productivity of the isobutyraldehyde leading to cyclooc-
tanone and also of course a lower cyclooctane conversion.
It is well worth pointing out that when using benzalde-
hyde instead of isobutyraldehyde as cooxidant the reac-
tion is almost totally inhibited by the catalyst at a 1:100
HsPV,Mo01004 : benzaldehyde ratio. This is in line with
our previous finding (36) that the autooxidation of ben-
zaldehyde is inhibited by HsPV,Mo010040 and the finding
of Ishii and his co-workers (17) that benzaldehyde was in-
active as cooxidant for the epoxidation of 2-octene with
(NH4)sH4PVeM0gOyo.

During the course of alkane oxidation there is significant
nonproductive oxidation of isobutyraldehyde. A material
balance on the fate of isobutyraldehyde was therefore stud-
ied under turnover conditions. A full mass balance of a
cyclooctane oxidation carried out in MIBK as solvent at
a HsPV,2Mo0,00y0: isobutyraldehyde : cyclooctane ratio of
1:1100: 1500 atambient temperature showed that 91 mol%
isobutyraldehyde had reacted after 5 h. Thus, a reaction of
7.5 mmol cyclooctane and 5.5 mmol isobutyraldehyde un-
der 1 atm of O; in the presence of 5 umol HsPV,M010049
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in 5 ml of MIBK yielded, as determined by GLC, 7.1 mmol
of cyclooctane, 0.4 mmol of cyclooctanone/cyclooctanol,
0.5 mmol of isobutyraldehyde, 4.4 mmol of isobutyric acid,
0.6 mmol of acetone, and 0.5 mmol of CO; (determined
as BaCOs3). This result shows that approximately 16% of
the reacted isobutyraldehyde is used to form a cyclooctane
oxidation product and isobutyric acid as coproduct, 72%
is oxidized to isobutyric acid without oxidation of cyclooc-
tane, and 12% is decomposed to acetone and CO,. The
various pathways explaining the fate of isobutyraldehyde
are discussed below.

Although it was assumed above and suggested in the
past that the active oxidant in hydrocarbon/aldehyde/O,
systems is the acyl peroxo radical, supporting evidence for
this conclusion was sought with the cooxidation studied
here. The first useful probe was adamantane as substrate
since the ratio of oxidation products at tertiary versus sec-
ondary carbons is often used as a mechanistic probe. Oxida-
tion under standard conditions of adamantane (1500) with
HsPV,>Mo01004 (1) : isobutyraldehyde (1100) : O, (1 atm) in
acetone yielded only 1-adamantanol and 2-adamantanone
at a ratio of 4.5+0.5:1. This ratio is significantly higher
than the ratio found (2-2.5:1 for metal-catalyzed autoox-
idation of adamantane with only molecular oxygen (no
aldehyde) (37). Therefore, apparently, the alkane radical
intermediate is formed by reaction with a radical derived
from the aldehyde rather than direct alkane activation by
the catalyst. This deduction was strengthened by the ob-
servation that the oxidation of 1,3-adamantane-d; yielded
an internal Kinetic isotope effect of 4.3+0.2 for forma-
tion 1-adamantanol, similar to the value obtained in oxi-
dation with a t-butoxy radical (38), compared with a value
of ~2 measured for metal-catalyzed autooxidation. The lat-
ter value was obtained by by oxidizing 1,3-adamantane-d,
with 1 atm dioxygen at 80°C using 0.1 mol% QsPCoW ;1039
(Q =tetrahexylammonium) as catalyst. For comparison an
acyl peroxo radical, CH;C(O)OO-, was generated by the
reaction of potassium superoxide with acetyl chloride (39).
Thus, adamantane was oxidized to 1-adamantanol (80%o),
2-adamantanol (18.4%), and 2-adamantanone (1.6%)
with regioselectivity very similar to what was found for
HsPV,Mo01004¢/isobutyraldehyde/O,. The product selectiv-
ity of the oxidation of the secondary carbon was, however,
considerably different with 2-adamantanol as major prod-
uctand only little 2-adamantanone. Since these results were
equivocal further probe substrates were examined.

Further information was gathered by oxidizing cis-1,2-

dimethylcyclohexane,
OH

15%

HQ

% 77 % @/

18%

+ ketones
67%

[5]

and cis- or trans-decalin,

OH OH
3.8%
\ + + ketones
®

4% 21(18)% 75(78)%
[6]

in acetone under standard conditions as described in Fig. 7.
In all cases thermodynamic mixtures of cis and trans ter-
tiary alcohols were formed without retention of configu-
ration. Clearly, the reaction probes provided a very good
indication for formation of a acyl peroxo intermediate in
the catalytic cycle (40, 41). Thus, the results of the oxi-
dation of various probe alkanes point to the likely cer-
tainty that the acyl peroxo radical is the major and per-
haps only operative oxidant in the alkane oxidation. The
different 2-adamantanol/2-adamantanone ratios found in
the PV,Mo03003,/IBA/O; versus the CH3COCI/KO; sys-
tems and the high ketone/alcohol ratio found in general
for the cyclohexane, cyclooctane, and ethylbenzene oxi-
dation reactions as compared with other results obtained
in other systems (8-13) are attributed to the known acid-
catalyzed decomposition of the intermediate hydroperox-
ide to ketone (42-44). Additionally, comparison of the
rate of cyclooctanol (Vo=2.0 umol/min) versus cyclooc-
tane (Vo=2.4 umol/min) oxidation clearly indicates that
the rate for oxidation of the former is insufficient to ex-
plain the ketone/alcohol ratio that was observed. Thus, it
would appear that while the acyl peroxo radical is propa-
gated in a radical chain reaction, the oxidation of the alkane
is mostly terminated by acid-catalyzed formation of the ke-
tone from the alkyl hydroperoxide once the latter is formed
as intermediate (42).

As noted in the Introduction (Scheme 1), once a free
acyl peroxo radical is formed then in general there are five
possible pathways for its reaction. One pathway leads to
cooxidation of the alkane. The second pathway is reaction
with more aldehyde to propagate a free radical chain to
form more acyl radicals and isobutyric peracid. The peracid
may of course be decomposed by the polyoxometalate in
the typical Haber-Weiss process. Evidence for its forma-
tion was obtained by using thianthrene oxide as a probe
since it has been used to test whether an electrophilic oxi-
dant, e.g., peracid, is present in a reaction system (45, 46).
A pure acetyl peroxo radical prepared as above from KO,
and acetyl chloride did not oxidize thianthrene oxide. How-
ever, oxidation with aldehyde/O, under standard condi-
tions led to 60% conversion and formation of thianthrene
5,10-dioxide (71%) as major product and thianthrene 5,5-
dioxide (12%) and thianthrene 5,5,10-trioxide (17%) as
minor products. One may conclude that an electrophilic
oxidant, e.g., isobutyric peracid, is also formed. Isobutyric
peracid was inactive in alkane oxidation as proven by the
finding that when equivalent amounts of isobutyric peracid
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and cycloctane in acetone were mixed no product was
formed.

The third pathway is for the acyl peroxo radical to react
with aldehyde to form an acyl oxo radical and carboxylic
acid. The acyl oxo radical can then he decomposed to CO;
and acetone (via the alkyl radical and dioxygen in the pres-
ence of acid) (42). We have already described above the
experiment showing that indeed about ~10-12% of the
aldehyde eventually decomposes to acetone and CO,. In
the fourth pathway, two peroxo radicals may combine to
form oxygen and acid. The existence of this pathway may
be inferred in so much as ~70% of isobutyraldehyde was
nonproductively decomposed. In the final pathway, the acyl
peroxo radical could react with a vanadium (molybdenum)
center in the polyoxometalate to yield a vanadium-centered
peroxo species. The intermediacy of a polyoxometalate per-
oxo compound POM-0O-0O-C(O)CH(CHj3), was more dif-
ficult to prove conclusively. Its formation may, however, be
inferred from the inhibition of the alkane oxidation at high
HsPV;Mo019040 concentrations. The HsPV;Mo019040 com-
pound, although catalyzing formation of the acyl peroxo
radical on the one hand, also then captures the active acyl
peroxo radical, effectively inhibiting the radical chain reac-
tion (22) (Fig. 9). The steady-state concentration of the ex-
pected POM-0O-O-C(O)CH(CHy3), intermediate is, how-
ever, very low for the addition of oxygen to an NMR tube
containing HsPV;Mo010040 and isobutyraldehyde at a 1-to-
20 ratio showed no downfield shifted peak attributable to
a vanado-peroxo species at ~—650-750 ppm (47, 48).

CONCLUSION

The initiation of alkane/aldehyde cooxidation with dioxy-
gen and the a-HsPV,;Mo0;0049 polyoxometalate as catalyst
has been investigated. 3P NMR and ESR measurements
showed that the various isomers of «-HsPV;M010040 have
different reactivities toward isobutyraldehyde. Analysis of
the spectra indicated that isomers with vanadium atoms in
vicinal positions are most reactive toward aldehyde. The
UV-vis-derived kinetic profiles of the aldehyde/POM in-
teraction under nitrogen showing various aldehyde/POM
reaction regimes support the concept of different reactivity
for differentisomers. In the presence of oxygen, the polyox-
ometalate is always in the oxidized state and therefore only
the vicinal isomers are viable in the alkane cooxidation re-
action. From the >V NMR spectrum it was learned that an
aldehyde—-POM complex was formed. Although initial acyl
radical formation is of high activation energy, once formed
even in small amounts, the cyclooctane oxidation is prop-
agated through a radical chain autooxidation mechanism.
Reaction probes and material balance support an acyl per-
oxo radical as active oxidizing species for alkane oxidation.
The a-HsPV;Mo01004 compound also inhibits the oxida-
tion reaction presumably due to capture of the active acyl
peroxo radical intermediate.
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