
JOURNAL OF 
MOLECULAR 
CATALYSIS 
A: CHEMICAL 

ELSEVIER Journal of Molecular Catalysis A: Chemical 114 (1996) 123-130 

Polyfunctional action of transition metal substituted 
heteropolytungstates in alkene epoxidation by molecular oxygen 

in the presence of aldehyde 

O.A. Kholdeeva *, V.A. Grigoriev, G.M. Maksimov, M.A. Fedotov, A.V. Golovin, 
K.I. Zamaraev ’ 

Boreskoc Institute of Catalysis. Pr. Akademika Laurentieua 5, 630090 Novosibirsk, Russia 

Abstract 

Alkene epoxidation by dioxygen in the presence of isobutyraldehyde (IBA) and tetrabutylammonium salts of transition- 
metal-substituted heteropolyanions (HPAs), PW,,MOz; (PW,,M; M = Con, Mn”, Cu”, Pd”, Ti’“, Ru’“, and V”), has 
been studied in acetonitrile using trans-stilbene as a model substrate. The selectivity of epoxidation attains 95% at complete 
alkene conversion. The epoxide formation shows an induction period and is inhibited by 2,6-di-tert-butyl-4-methylphenol, 
indicating chain radical mechanism of the reaction. The formation of perisobutyric acid (PIBAc) was detected during 
oxidation process after the completion of the induction period. Decomposition of PIBAc as well as its interaction with 
trans-stilbene in the presence of PW,,M has been studied. PW,,M with M = Co”, Pd”, and Ru’” greatly enhance PIBAc 
homolytic decomposition and thus increase the rate of the degenerate branching in the chain radical process of alkene-al- 
dehyde co-oxidation. HPAs with the other metals are much less active in PIBAc decomposition and most likely catalyze the 
co-oxidation process by generating chain-initiating acyl radicals from IBA followed by the addition of 0, with the formation 
of acylperoxy radicals responsible for epoxidation. The influence of PW,,M on the different elementary steps of the chain 
radical process depends on the M nature and HPA concentration. In most cases HPAs behave as catalysts at their low 
concentrations and as inhibitors at high concentrations. 

Kqwordst Transition-metal-substituted heteropolytungstates; Alkene epoxidation: Molecular oxygen; Isobutyraldehyde; Chain radical 
mechanism 

- 

1. Introduction 

d-Electron-transition-metal-substituted het- 
eropolyanions (HPAs), so-called inorganic met- 

alloporphyrines, attract much attention as oxida- 
tion catalysts due to the exclusively inorganic 
nature of their coordination sphere, which makes 
them stable towards oxidative degradation [l- 
171. These complexes were found to catalyze 
alkane and alkene oxidations by various oxygen 
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donors, such as PhIO [4-61, H,O, [2,7-lo], 
t-BuOOH [9,11], NaIO, [ 121, NaClO [2] and 0, 
in the presence of different reductants [ 13-171. 
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Last years very efficient catalytic systems for 
alkene epoxidation based on dioxygen, branched 
aliphatic aldehydes and various transition metal 
complexes, including HPAs, have been de- 
scribed [ 14-231. Keggin-type substituted HPAs, 
PW,,MO,“,- (PW,,M) with M = Co(II), Mn(II), 
and Fe(II1) [14,15], PMo,V,Oz; [16] and 
PW,O,,Fe,Ni(OAc):‘- [17] were found to me- 
diate this reaction. Recently we have reported 
that PW,,M with M = Ti(IV), V(V), Cu(I1) and 
Ru(IV) also exhibit a pronounced catalytic ac- 
tivity in alkene epoxidation by 0, in the pres- 
ence of isobutyraldehyde (IBA) [24]. The selec- 
tivity of epoxidation by O,/aldehyde/HPA 
system appeared to be much higher as compared 
to such oxidants as H,O,, t-BuOOH and PhIO 
in the presence of HPAs [14,15,24]. Alkene-al- 
dehyde co-oxidation, both catalyzed and uncat- 
alyzed, has been extensively studied since the 
1960s and has been established to proceed via 
chain radical mechanism, acylperoxy radicals 
being the main active epoxidizing species [25- 
361. Nevertheless, impressively high selectivity 
observed for alkene epoxidation by 0, in the 
presence of branched aliphatic aldehydes seemed 
to be unusual for chain radical processes. That 
is why heterolytic routes involving the forma- 
tion of high valent metal-oxo species responsi- 
ble for epoxidation were proposed by different 
authors [14,20-221. Peroxy acid was suggested 
to be active epoxidizing reagent or precursor of 
metal-oxo species [ 14- 16,20-221. However, the 
fact of the inhibition of the reaction by 1,4-hy- 
droquinone found in [ 161 indicated the interven- 
tion of a radical pathway. No studies were 
reported on alkene oxidation with peroxy acids 
in the presence of HPAs. So far, the mechanism 
of catalysis and the function of catalyst in 
O,/aldehyde/HPA systems remained far from 
being clear. 

We extended our investigation of the epoxi- 
dation mechanism in O,/aldehyde/PW, ,M 
systems and provide here some kinetic details 
which confirm our previous conclusion concern- 
ing the chain radical mechanism of this oxida- 
tion process and the radical nature of the active 

epoxidizing species [24]. We have studied also 
both decomposition of PIBAc and its interaction 
with alkenes in the presence of PW,,M (M = 
Con Cu” Mn” Pd” TiIV RI_?, and V’). The 
possible functions of’varidus PW, ,M in differ- 
ent elementary steps of the chain radical process 
of alkene-aldehyde co-oxidation are discussed. 

2. Experimental 

2.1. Materials 

Acetonitrile, HPLC grade (Fluka), was used 
as received. Cyclohexene (Fluka) and trans-oc- 
tene-2 (Aldrich) were passed through neutral 
alumina before use. cis-stilbene was synthesized 
according to [37]. Cyclohexene epoxide was 
purchased from Fluka, the other reference epox- 
ides were prepared by the reaction of the corre- 
sponding alkenes with m-chloroperoxybenzoic 
acid. Isobutyraldehyde (IBA) and 2-ethyl- 
butyraldehyde (EBA) were distilled twice under 
Ar and kept protected from light and air at 4°C. 
Its purity was controlled by GLC and ‘H NMR 
methods. Perisobutyric acid (PIBAc) was pre- 
pared by the interaction of 90% H,O, with 
isobutyric acid (IBAc) in the presence of 1% 
H,SO, (cont.) according to standard procedure 
[38] followed by extraction with Ccl,. The 
obtained solutions contained 0.7 + 1.1 M PIBAc 
and 0.8 + 0.9 M IBAc. The concentration of 
PIBAc was determined iodometrically and the 
molar ratio between PIBAc and IBAc was esti- 
mated from ‘H NMR spectrum of the methine 
protons (septets with (2.69 and 2.57 for PIBAc 
and IBAc, respectively). 2,6-di-tert-butyl-4- 
methylphenol (ionol) was recrystallized from 
hexane; other reagents were of chemical or 
analytical grade and used without additional 
purification. 

2.2. Heteropolytungstate catalysts 

Tetrabutylammonium (TBA) salts of substi- 
tuted heteropolytungstates were obtained by the 
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stoichiometric reaction of Na-PW, ,O,, with ap- 
propriate transition metal ion (Co(II), Fe(III), 
Pd(II), Ni(I1) were introduced as their nitrate 
salts, Cu(I1) and Mn(I1) - as acetates; V(V) and 
R&V) were used in the form of NaVO, and 
K ,RuCl ,OH, respectively) in aqueous solution 
followed by precipitation with TBABr as de- 
scribed in Ref. [39] and references cited therein. 
TBA-PW,,M with M = Ti(IV), Ce(IV) and 
Zr(IV) were synthesized from their heteropoly- 
acids [40]. All the TBA-HPAs were dried in 
vacuum at 100°C for 1 h. The formation of the 
Keggin structure and the purity of the TBA- 
HPAs synthesized were confirmed by IR (solid 
in KBr) and “P NMR spectroscopy (MeCN 
solutions) [39,40]. 

2.3. Typical oxidation procedures and product 
analysis 

Alkene oxidation was carried out in a ther- 
mostated 20 ml Pyrex-glass reactor equipped 
with a stirring bar, gas supply and a reflux 
condenser. Molecular oxygen was passed 
through the reactor (2 ml/min) under atmo- 
spheric pressure. Typically, aldehyde was added 
to a MeCN solution (3 ml) of a catalyst (5 * 
lo-” + 1 . lop2 M) and an alkene (0.1 M), the 
reaction mixture was vigorously stirred, and 
GLC analysis as well as iodometric analysis 
was performed. The oxidation products were 
identified from their ‘H NMR spectra and GC- 
MS spectra. Yields of epoxides as well as alkene 
conversion were determined using GLC analysis 
(‘Tsvet-500’, FID, Ar, 2 m X 3 mm 15% Car- 
bowax 20 M on Chromaton N-AW-HMDS. 
biphenyl as internal standard). Decomposition 
of PIBAc was carried out under Ar at 24°C as 
follows: 0.28 mmol of PIBAc was added to 
6 . 1 Op3 mmol of PW, ,M dissolved in 6 ml 
MeCN. Aliquots were taken and analyzed by 
iodometric titration. The interaction of PIBAc 
with trans-stilbene was performed under Ar by 
the addition of 0.15 mmol of PIBAc to MeCN 
solution (3 ml) containing 0.15 mmol of alkene 

and 3 . 10e3 mmol of PW,,M. The reaction was 
monitored by GLC and iodometric analysis. 

2.4. Physical measurements 

GC-MS spectra were obtained using an LKB- 
209 1 spectrometer. ‘H and 3’P NMR spectra 
were recorded on an MSL-400 Bruker spec- 
trometer. Chemical shifts, 8, were determined 
with respect to internal tetramethylsilan and ex- 
ternal 85% H,PO,, respectively. IR and UV- 
VIS spectra were recorded using Specord 75 IR 
and Specord M-400. 

3. Results and discussion 

We have shown previously that co-oxidation 
of truns-stilbene with IBA efficiently proceeds 
under mild reaction conditions in the presence 
of catalytic additives of PW, ,M with M = Con, 
Cur’, TiIV, Ru’“, and Vv [24]. Trans-stilbene 
epoxide and isobutyric acid were the main oxi- 
dation products together with small amounts of 
benzaldehyde. We extended our study of the 
catalytic properties of various PW,,M het- 
eropolyanions and found that Pd(II)-substituted 
HPA is also very active and selective catalyst 
for this reaction (Table 1). At the same time 
PW,,M anions with M = Ni”, Fe”‘, Zr’“, and 
Ce’” show the results similar to that obtained in 
the experiment without any catalyst. The selec- 
tivity of epoxidation is high for alkenes of 
different structures, including those containing 
allylic hydrogen atoms and prone to allylic oxi- 
dation. Some data obtained with PW, ,Pd and 
PW,,Ti catalysts are presented in the Table 1. 
The catalytic activity of various compounds of 
Ti(IV) and Pd(I1) in alkene-IBA co-oxidation 
was first demonstrated in [22]. Invariability of 
IR and UV-VIS spectra of the HPAs after the 
reaction confirms the stability of PW, ,M during 
the oxidation process. EBA can be successfully 
used instead of IBA. The increase of the alde- 
hyde concentration speeds up the reaction but 
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decreases to some extent the selectivity of epox- 
ide formation. In accordance with our previous 
results [24], the epoxidation of cis-alkenes pro- 
ceeds in a non-stereospecific manner. This fact 
as well as the order of PW,,M activity and the 
observed complete inhibition of the reaction by 
equimolar additives of ionol have led us to the 
conclusion that alkene oxidation by 0, in the 
presence of IBA and PW,,M has chain radical 
nature, acylperoxy radicals being the active 
epoxidizing species [24]. Below we provide new 
data which confirm the above conclusion and 
elucidate the role of PW,,M in alkene-aldehyde 
co-oxidation. 

Kinetic curves for truns-stilbene epoxide ac- 
cumulation are shown in Fig. 1 and demonstrate 
the autocatalytic character of the reaction. When 
co-oxidation is carried out without addition of a 
catalyst, epoxidation selectively occurs but an 
induction period is long, and the rate of epoxi- 
dation is quite slow. It should be noted that the 
reaction is extremely sensitive to impurities of 
catalysts and inhibitors, which is typical for 
chain radical processes. So to obtain the repro- 
ducible value of the induction period in the 
blank experiment, the reaction vessel should be 
cleaned very thoroughly. Although the non-cata- 
lytic reaction proceeds quite slowly, it produces 
epoxide with high yield. Thus it is necessary to 
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Fig. 1. Kinetic curves of trans-stilbene epoxide accumulation for 
oxidation of rrans-stilbene (0.1 M) by 0, (1 atm) in the presence 
of IBA (0.37 M) and PW,,M (1. 10m3 M) in MeCN at 24°C: 1 - 
PW,,Pd, 2 - PW,,Co, 3 - PW,,Ru, 4 - PW,,Ti, 5 - PW, ,V, 6 - 
PW1,Mn, 7 - without catalyst. 

compare the results of catalytic reactions with 
that of non-catalytic reaction to be sure that a 
catalytic effect really takes place. When the 
reaction is performed in the presence of 1 - lop3 
M PW,,M with M = Co”, C$, Pd”, Ti’“, Ru’“, 
and Vv, the induction period significantly de- 
creases (especially for HPAs with Co, Pd and 
Ru) and the reaction rate enhances (Fig, 1). As 
soon as the induction period is over, the reac- 
tion proceeds with practically constant rate. This 
phenomenon named ‘limiting rate’ is described 
for metal-catalyzed hydrocarbon autoxidation 
and is attributed to the attainment of a steady- 

Table 1 
Alkene epoxidation by 0, in the presence of aldehyde catalyzed by PW, 1 Pd and PW, ,Ti heteropolyanions a 

Catalyst Alkene Aldehyde Time (h) Alkene conversion (%) Yield b of epoxide (o/o) 

PW, , Pd” trans-stilbene IBA 3.0 100 85 d 
cis-stilbene IBA 4.0 92 79 d 

PW, ,Ti’” rrans-stilbene IBA 3.0 99 68 d 
IBA ’ 6.5 100 93 d 
EBA 3.5 98 71 d 

cis-stilbene IBA 4.0 95 85 d 
tram-octene-2 EBA 3.0 95 77 e 
cyclohexene EBA 4.0 98 86 ‘ 

a Reaction conditions: stilbene 0.30 mmol, IBA 2.28 mmol, catalyst 6. 10e3 mmol, MeCN 3 ml, PO, 1 atm, 24°C. 
b GLC yield based on alkene consumed. 
c 1.14 mmol. 
d Exclusively trans-epoxide is formed, benzaldehyde being the main side product. 
e Yield of trans- + cis-epoxide (tram/& ratio = 18). 
f 2-cyclohexenone is the main side product. 
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state concentration of intermediate hydro- 
peroxides responsible for degenerate chain 
branching ([25,26] and references cited therein). 
It is well known that peroxy acids are formed 
during both aldehyde autoxidation and its co- 
oxidation with alkenes in chain propagation acts 
[25-36,38,41-441. Perisobutyric acid was de- 
tected by ‘H NMR spectroscopy during IBA 
oxidation by O2 in the presence of PV,Mo, 
[ 161. We also observed the appearance of PIBAc 
(septet at 6 2.69 in CD,CN) during stilbene- 
IBA co-oxidation after the completion of the 
induction period. The concentration of PIBAc 
indeed remains constant according to ‘H NMR 
and analytical measurements. Its value esti- 
mated by iodometric titration is equal to 0.02 
and 0.03 M for PW, ,Ti and PW,,Co, respec- 
tively. Although acylperoxy radicals are usually 
the main epoxidizing species in alkene-al- 
dehyde co-oxidation processes, peroxy acids can 
as well produce epoxides via molecular mecha- 
nism [28,30,3 1,361. The ratio of radical to non- 
radical epoxidation was found to increase with 
increasing reactivity of the olefin and with in- 
creasing olefin/aldehyde ratio [3 1,321. The ad- 
dition of cobalt acetate or the use of MeCN as a 
solvent enhances the contribution of radical 
epoxidation and thus results in a decrease of the 
stereospecificity of the reaction [36]. The exclu- 
sive formation of rruns-stilbene epoxide from 

100 

Fig. 2. Kinetic curves of rrans-stilbene epoxide accumulation (I, 
2) and vans-stilbene consumption (1’) for oxidation of trans-stil- 
bene (0.1 M) by O2 (1 atm) in the presence of IBA (0.37 M), 
PW,,Co (1. lo-’ M) and ionol (1. lo-’ M): 1, I’ - ionol is 
added after I.35 h. , 2 - ionol is added before the addition of IBA. 

Tim? / h 

Fig. 3. Kinetic curves of trcvzs-stilbene epoxide accumulation (I, 
2) and trans-stilbene consumption (I’, 2’) for oxidation of mms- 

stilbene (0.1 M) by O2 (I atm) in the presence of IBA (0.37 M) 
and PW,,Co (1. IO-? M) in MeCN (3 ml): I. I’ - with 0.05 ml 
Ccl, added; 2, 2’ - with addition of 0.035 mmol PIBAc in 0.05 
ml Ccl,. 

cis-stilbene, which we observed for both cat- 
alyzed and uncatalyzed reactions, indicates that 
the role of Prilezhaev reaction in the epoxide 
formation is negligible in MeCN medium. To 
confirm this we introduced small additives of 
ionol, well known inhibitor of chain radical 
oxidation processes, into the reaction mixture at 
the moment when the reaction rate attained its 
maximum value and a steady-state concentra- 
tion of PIBAc was reached. Both stilbene con- 
sumption and epoxide accumulation stopped im- 
mediately and restarted only after the complete 
consumption of the inhibitor (Fig. 2). When 
ionol was added at the beginning of the reac- 
tion, the induction period increased consider- 
ably. 

In order to elucidate the role of PIBAc in the 
studied oxidation process, we have carried out a 
special experiment, in which a small additive of 
PIBAc was introduced into the initial reaction 
mixture containing PW,,Co catalyst. This re- 
sulted in complete disappearance of the induc- 
tion period (Fig. 3). Such a change in kinetics is 
typical for chain radical reactions with degener- 
ate branching when a product responsible for 
chain branching is added at the initial moment 
of the reaction [25]. Therefore we may propose 
that PW, ,Co-catalyzed stilbene-IBA co-oxida- 
tion belongs to the group of chain radical pro- 
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Table 2 
Perisobutyric acid (PIBAc) decomposition and the reaction of 
PIBAc with trans-stilbene in the presence of PW,,M a 

Catalyst PIBAc Oxidation of trans-stilbene 
decomposition by PIBAc 

PlBAc alkene PIBAc 
conversion b conversion ’ conversion b 

(o/o) (%I (%o) 

PW, ,co” 68 65 70 
PW,,Mn” 10 23 24 
PW,,Cu” 0 22 22 
PW,,Pd” 70 37 78 
PW, ,Ti” 11 24 25 
PW,,RuIV 98 50 98 

PWl IV 
V 0 23 23 

None 0 20 22 

a Reaction conditions, see Experimental section. 
b Determined by iodometric analysis after 2 h. 
’ Determined by GLC after 2 h; trans-stilbene selectively con- 
verted to trans-epoxide. 

cesses with degenerate branching. The role of 
degenerate branching was suggested to be not 
considerable in generating of active radicals 
during both aldehyde autoxidation and alkene- 
aldehyde co-oxidation [32,35,41]. To clarify this 
matter and the role of different HPA catalysts, 
we have’ studied decomposition of PIBAc as 
well as its interaction with truns-stilbene in the 
presence of various PW,,M (Table 2). PIBAc 
appeared to decompose rapidly when Co(R), 
Pd(I1) and Ru(IV)-substituted HPAs are em- 
ployed (68, 70 and 98%, respectively, in 2 h at 
24°C). Note, that these HPAs are among the 
most active catalysts of stilbene-IBA co-oxida- 
tion. The rate of decomposition is much slower 
for PW,,Mn” and PW,,TilV whereas no decom- 
position of PIBAc occurs for 2 h with the other 
HPAs studied. PW, ,M anions, which were found 
to mediate effectively PIBAc decomposition, 
catalyze also truns-stilbene epoxidation with the 
peroxy acid (Table 2). The yields of epoxidation 
are high with respect to the alkene consumed 
and smaller with respect to PIBAc because of 
its competitive decomposition. The best results 
were obtained for PW,,Co. On the contrary, 
HPAs which show poor properties in PIBAc 
decomposition produce epoxidation yields simi- 

lar to the yield of the experiment without cata- 
lyst. 

The results obtained allow to propose the 
reaction mechanism comprising the following 
elementary steps of the chain radical process 
leading to epoxide and IBAc formation: 

RCHO + Mn+ ’ + RCO + Mn+ + H+ 

RCO + 0, * RCO; 

RCOj + RCHO --) RCO,H + RCO 

RCO,H + M”+-, RCO; + M”+l + OH- 

RCO,H + Mn+ ’ -+RCO;+M”++H+ 

RCO;+ =- . 
RCOr 

. 
RCOr - 0 + RCO; 

RCO, + RCHO + RCO,H + RCO 

2RCOj + termination 

(1) 
(2) 
(3) 
(4) 
(5) 

(6) 

(7) 

(8) 

(9) 

Acylperoxy radicals active in epoxidation are 
to be generated mainly via reaction (5) if the 
reaction is carried out in the presence of com- 
plexes which catalyze effectively a homolytic 
decomposition of peroxy acid. Indeed, we ob- 
served experimentally that in the case of PW,,M 
with M = Co”, Pd” and Run’ the rate of epoxi- 
dation is independent on the oxygen pressure 
and the reaction successfully proceeds under air. 
When HPAs inactive in peroxy acid decomposi- 
tion are used, the role of the reaction (5) in 
generating of active radicals should be negligi- 
ble and acylperoxy radicals should appear 
mainly via the consecutive reactions (1) and (2). 
That is why a significant increase of the induc- 
tion period and a decrease of the reaction rate 
are observed when air is used instead of 0,. 
The catalytic action of HPAs inactive in PIBAc 
decomposition most probably is connected with 
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0 ,P’w &), Mq lo 110 4 
Fig. 4. Dependence of the rate of rrans-stilbene epoxide formation 
on PW, ,Co concentration ([stilbene] = 0.1 M. [IBA] = 0.37 M, PO2 
I atm, 24°C). 

their effect on the formation of chain-initiating 
acyl radicals from aldehyde via reaction (1). 
Invariability of UV-VIS spectra of PW, ,M dur- 
ing the alkene-aldehyde co-oxidation indicates 
that the initial oxidation state of M is regener- 
ated in the course of reaction. Therefore M most 
probably acts as a catalyst rather than a classic 
initiator of chain radical process. 

Another interesting feature of the alkene 
epoxidation in O,/IBA/HPA system is the 
phenomenon of catalyst-inhibitor inversion ob- 
served with increasing concentration of HPA. 
Fig. 4 demonstrates the dependence of the epox- 
idation rate estimated from the fast-rate portions 
of kinetic curves on the PW,,Co concentration. 
The reaction rate increases up to about 2 . lo-” 
M concentration of the catalyst and then slowly 
decreases. Similar dependencies of oxidation 
rate on Co-catalyst concentration were observed 
in [34,43]. The dependence character is much 
more abrupt for PW, ,Ti and PW,,V. Thus at 
1 . 1 O-’ M concentration of PW, ,Ti the reaction 
practically stops, the induction period becoming 
infinitely long. Similar behavior is observed for 
PW, ,V. The catalyst-inhibitor inversion, as well 
as ‘critical’ phenomena, are known to be the 
attributes of chain radical oxidation processes 
and are explained by the participation of a 
catalyst in chain termination [25,26,32,34,45,46]. 
For example, it was confirmed by ‘H and 5”Co 
NMR that the formation of cobalt alkylperoxo 
complexes inhibits rather than promotes alkane 

oxidation due to the capture of active RO, 
radicals [47]. Thus one more function of PW, ,M 
in alkene-aldehyde co-oxidation has been re- 
vealed, and reaction (10) should be added to the 
reactions ( 1 l-(9): 

RCOi + M”+ + RC03-Mn+ ’ (10) 

As the dependence of epoxidation rate on 
PW, ,M concentration is complicated and varies 
with the nature of M, the orders of PW, ,M 
catalytic activity can differ for different catalyst 
concentrations. For example, at 2 . 10-j M con- 
centration the catalytic activities of PW, ,Co and 
PW,,Ti are of the same order of magnitude, 
however, at 1 . lo-’ M the former serves still 
as a catalyst while the latter acts as an inhibitor. 
This is one of the possible reasons why different 
authors observed different orders of PW, ,M 
activity in alkene-IBA co-oxidation [ 14,241. We 
believe that poor activity of PW, ,Mn’i which 
we observed is due to high ability of manganese 
to form stable acylperoxo complexes. The inhi- 
bition function of Mn(I1) salts in chain oxida- 
tion processes was mentioned in the literature 
1461. 

4. Conclusion 

The results obtained in this investigation 
prove that alkene epoxidation by 0, in the 
presence of aliphatic branched aldehydes and 
transition-metal-substituted HPAs proceeds via 
chain radical mechanism, acylperoxy radicals 
being the active epoxidizing species. The role of 
heteropolyanions PW, ,M in this reaction is 
rather complicated. At least three functions of 
PW, I M are established: 

(1) chain initiation via the reaction with alde- 
hyde; 

(2) catalysis of the chain branching via ho- 
molytic decomposition of peroxy acid formed 
during aldehyde autoxidation; 

(3) chain termination due to the formation of 
stable complexes of active radicals with HPAs. 
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The relative weight of these processes de- 
pends on the nature of M and HPA concentra- 
tion and determines the efficiency of a HPA- 
based catalytic system. 

Acknowledgements 

This work was supported by Russian Founda- 
tion for Fundamental Research (grant N 96-03- 
34215). 

References 

[II C.L. Hill and C.M. Prosser-McCartha, Coord. Chem. Rev. 
143 (1995) 407. 

[2] CL. Hill, A.M. Khenkin, M.S. Weeks and Y. How, in: ACS 
Symposium Series on Catalytic Selective Oxidation, S.T. 
Ogama and J.W. Hightower (Eds.) (American Chemical So- 
ciety, Washington, DC, 1993) ch. 6, p. 67. 

[3] D.E. Katsoulis and M.T. Pope, J. Am. Chem. Sot. 106 
(1984) 2737. 

[4] CL. Hill and R.B. Brown, J. Am. Chem. Sot. 108 (1986) 
536. 

[5] D. Mansuy, J.-F. Bartoli, P. Battioni, D.K. Lyon and R.G. 
Finke, J. Am. Chem. Sot. 113 (1991) 7222. 

(61 B.C. Rong and M.T. Pope, J. Am. Chem. Sot. 114 (1992) 
2932. 

[7] M. Schwegler, M. Floor and H. van Bekkum, Tetrahedron 
Lett. 29 (1988) 823. 

[8] N.I. Kuznetsova, L.G. Detusheva, L.I. Kuznetsova, M.A. 
Fedotov and V.A. Likholobov, Kinet. Katal. 33 (1992) 516. 

[9] O.A. Kholdeeva, G.M. Maksimov, M.A. Fedotov and V.A. 
Grigoriev, React. Kinet. Catal. Lett. 53 (1994) 331. 

[lo] R. Neumann and M. Gara, J. Am. Chem. Sot. 116 (1994) 
5509. 

[II] C.L. Hill and R.B. Brown, J. Chem. Sot., Chem. Commun. 
(1987) 1487. 

[12] R. Neumann and C. Abu-Gnim, J. Am. Chem. Sot. 112 
(1990) 6025. 

[13] R. Neumann and M. Levin, in: Dioxygen Activation and 
Homogeneous Catalytic Oxidation, L.I. Simandi (Ed.) 
(Elsevier, Amsterdam, 1991) p. 121. 

[14] N. Mizuno, T. Hirose and M. Iwamoto, in: New Develop- 
ments in Selective Oxidation II, V.C. Corberan and S.V. 
Bellon (Eds.) (Elsevier Science B.V., 1994) p. 593. 

[15] N. Mizuno, T. Hirose, M. Tateishi and M. Iwamoto, Chem. 
Lett. (19931 1839. 

[16] M. Hamamoto, K. Nakayama, Y. Nishiyama and Y. Ishii, J. 
Org. Chem. 58 (1993) 6421. 

[17] N.M. Mizuno, T. Hirose, M. Tateishi and M. Iwamoto, J. 
Mol. Catal. 88 (1994) L125. 

[18] T. Yamada, T. Takai, 0. Rhode and T. Mukaiyama, Bull. 
Chem. Sot. Jpn. 64 (1991) 2109. 

[19] P. Laszlo and M. Levart, Tetrahedron Lett. 34 (1993) 1127. 
1201 S.-I. Mirahashi, Y. Oda, T. Naota and N. Komiya, J. Chem. 

Sot., Chem. Commun. (1993) 139. 
[21] S.-I. Mirahashi, Y. Oda and T. Naota, J. Am. Chem. Sot. 

114 (1992) 7913. 
[22] A. Atlamsani, E. Pedraza, C. Potvin, E. Duprey, 0. Mo- 

hammedi and J.-M. Bregeault, C.R. Acad. Sci. Paris, Ser. II, 
317 (1993) 757. 

[23] T. Nagata, K. Imagawa, T. Yamada and T. Mikaiyama, 
Chem. Lett. (1994) 1259. 

[24] O.A. Kholdeeva, V.A. Grigoriev, G.M. Maksimov and K.I. 
Zamaraev, Topics in Catalysis, accepted for publication. 

[25] N.M. Emanuel, E.T. Denisov and Z.K. Maizus, Chain Reac- 
tions of Hydrocarbon Oxidation in Liquid Phase (Nauka, 
Moscow, 1965). 

[26] R.A. Sheldon and J.K. Kochi, Metal-Catalyzed Oxidations of 
Organic Compounds (Academic Press, New York, 1981). 

[27] R.V. Kucher and IA. Opeida, Co-oxidation of Organic Com- 
pounds in Liquid Phase (Naukova Dumka, Kiev, 1989). 

[28] T.V. Filippova and E.A. Blyumberg, Usp. Kbim. 51 (1982) 
1017 (in Russian). 

[29] P.I. Valov, E.A. Blyumberg and N.M. Emanuel, Bull. Acad. 
Sci. USSR (1966) 1283; (1969) 718. 

[30] T.I. Ikawa, T. Fukushima, M. Muto and T. Yanagihara, Can. 
J. Chem. 44 (1966) 1817. 

[31] A.D. Vreugdenhil and H. Reit, Reel. Trav. Chim. Pays-Bas 
91 (1972) 237. 

[32] L.A. Tavadjan, S.A. Maslov and E.A. Blyumberg, 
Neftekhimia 18 (1978) 667 (in Russian). 

[33] S.A. Maslov, E. Hoft, J. Dahlmann and E.A. Blyumberg, 
Oxid. Commun. 1 (1980) 329. 

[34] E.Yu. Svetkina, T.V. Filippova and E.A. Blyumberg, Kinet. 
Katal. 25 (1984) 1101 (in Russian). 

[35] S.A. Maslov, G. Vagner and V.L. Rubailo, Kinet. Katal. 26 
(1986) 540 (in Russian). 

1361 F. Tsuchiya and T. Ikawa, Can. J. Chem. 47 (1969) 3192. 
[37] R.E. Buckles and N.G. Wheeler, in: Organic Synthesis, R. 

Adams and CF. Allen (Eds.), Vol. 33 (Wiley, New York, 
1953) p. 88. 

[38] D. Swern, in: Organic Peroxides, D. Swem (Ed.), Vol. 1 
(Wiley-Interscience, New York, 1970) p. 355. 

[39] G.M. Maksimov, G.N. Kustova, K.I. Matveev and T.P. 
Lazarenko, Koord. Khim. 15 (1989) 788 (in Russian). 

[40] G.M. Maksimov, R.I. Maksimovskaya and IV. Kozhevnikov, 
Zh. Neorg. Khim. 37 (1992) 2279 (in Russian). 

[41] S.A. Maslov and E.A. Blyumberg, Usp. Khim. 45 (1976) 303 
(in Russian). 

[42] E. Boga, I. Kiricsi, A. Deer and F. Marta, Acta Chim. Acad. 
Sci. Hung. 78 (1973) 75, 89. 

[43] F. Marta, E. Boga and M. Matok, Discuss. Faraday Sot. 
(1968) 173. 

[44] C.E.H. Bawn and J.B. Williamson, Trans. Faraday Sot. 47 
(1951) 735. 

[45] D.B. Knorre, L.G. Chuchukina and N.M. Emanuel, Zh. Fiz. 
Khim. 33 (1959) 877. 

[46] E.T. Denisov, Russ. Chem. Rev. 40 (19711 24. 
[47] E.P. Talsi, V.D. Chinakov, V.P. Babenko, V.N. Sidelnikov 

and K.I. Zamaraev, J. Mol. Catal. 81 (1993) 215. 


