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Catalytic epoxidation of propylene with tert-butyl hydroperoxide in the presence of a modified 

weakly acidic cation-exchange resin, Amberlite IRC-50, is carried out. The order of reaction 
with respect to the hydroperoxide and the catalyst is studied, as well as the effect of tempera- 

ture and the solvent, and an assumption is made for the formation of an intermediate complex 

between the olefine, the catalyst, and the hydroperoxide. 

Recently, there has been much interest 
in the epoxidation of olefines with organic 
hydroperoxides in the presence of com- 
pounds of vanadium, titanium, chromium, 
and molybdenum as catalysts. On the basis 
of this reaction, a method for the combined 
preparation of propylene oxide and tert- 
butyl alcohol has been suggested. Most of 
the work on this method has used as cata- 
lysts molybdenum and vanadium oleates, 
stearates, or naphthenates, which are 
soluble in hydrocarbons, but a disadvantage 
is their irreversible loss at the end of the 
reaction (I-4). 

The purpose of this paper is to describe 
the preparation of an epoxidation catalyst 
by bonding a catalytically active substance 
to the surface of a cation-exchange support 
and to report on a study of its activity and 
selectivity as well as to suggest some con- 
siderations on the mechanism of the 
reaction. Recently, reports on similar 
“heterogenization” of homogeneous cata- 
lysts have appeared in the literature (5-Y), 
e.g., the modification of the weakly basic 

anion-exchange resin Amberlite IRA-45 
with MO (C0)5, whose catalytic activity 
was reported in our previous work (8). The 
suggested catalysts possess high activity 
and selectivity, which allow their repeated 
use. 

In this paper we present results from the 
epoxidation of propylene with tert-butyl 
hydroperoxide in the presence of the modi- 
fied cation exchange resin Amberlite IRC- 
.50 (molybdenyl-AMB), a copolymer of 
styrene with acrylic acid possessing the 
following elementary unit. 

[ 
-CH - CH2- CH2- CH- 

b 

1 I n 
COOH 

The copolymer was treated with an alcohol 
solution of molybdenyl chloride obtained 
by evaporation of an acid-salt solution of 
ammonium molybdate, resulting in the 
formation of the following modified resin. 
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tert-Butyl hydropcroxide (Merck-Schu- 

chard) \vas purified by vacuum distillation 
at 13 Torr and 28°C. The solvents \verc 
purified by standard methods described in 
Ref. (9). Propylene \vas utilized as the 
propane -propylene fraction, 95% concen- 
tration, n;hich \vas passed through a column 
with aluminum oxide immcdiatcly before 
uw . 

The carboxy cation-exchange resin hm- 
berlite IRC-50 \vas modified at 70°C for 
4 hr mith an alcohol solution of (MoOa) .Cl, 

obtained by evaporation of an acid-salt 
solution of (SH,)JL~O#~.,. As dcscribcd in 
our previous \\-ork (IO), the catalyst ob- 
tained in this manner rcprcsents heterogcn- 
ized MoO,Cls upon \\-eak acidic cation ex- 
change \vhercby both Cl- ions are replaced 

lvith -COO- ions from the exchange resin. 
After a fivefold USC of the catalyst barel) 
a 7Y0 decrease in catalytic activity is ob- 
scrvcd, jvhile over the third, fourth, and 
fifth USC this decrease is only 2% (Fig. 1). 

The kinetic study of the cpoxidation of 

propylene \vith tcrt-butyl hydroperoxidc 
\vas carried out in an autoclave for the 
oxidation of gaseous and licluid hydro- 
carbons in a manner similar to that de- 
scribed by Emanuel et al. (2 1). The catalyst 
and the solvent \yerc mixed in the reactor, 

SO m Time, min 

FIG. 1. The repeated epoxidation of propylene 
with tert-butyl hydroperoxide in the presence of 
modified Amberlite IRC-50. 

60 17.0 TIME,min 

FIG. 2. Arcumulation of propylene oxide estnb- 
lished (0) by methods described elsewhere (12) 
and (A) by gas-liquid chromatography. 

propylene \vas introduced under a pressure 
of 30 atm, and the mixture \vas heated to 
the desired temperature. Butyl hydro- 
peroxide \vas injected after 15 min under 

35 atm of pressure and that moment Ivas 
taken as the beginning of the reaction. The 
products of cpoxidation \\-crc analyzed for 

tert-butyl hydroperoxidc according to 
methods given in Ref. (I$?), and for 
propylene oxide, by nona(lucous titration 
\vith HClOr, similar to the method in Ref. 
(13), using the more easily accessible KBr 
in&ad of tetracthglammonium bromide. 

The analytical methods I\-erc checked by 

means of gas ~licluid chromatography. The 
concentrations of propylcnc oxide measured 
by the methods reported in Ref. (I$?) as 
ncll as by gas-licluid chromatography arc 
slio~m in Fig. 2. 

All experiments \\-erc carried out under 
conditions allo\\-ing the reaction to proccrd 
in the kinetic region. In Fig. 3 the dcpen- 
dencc bet\\ecn the rate of stirring and the 
initial rate of the reaction is given. The 
figure shon;s the conditions under \vhich 
the reaction proceeds in the kinetic region. 

In Fig. 4a are sholvn the kinetic curves 
of the accumulation of propylene oxide and 
the consumption of the hydroperoxide at 
GO to 90°C in the presence of the catalyst. 
The epoxidation proceeds at a high rate 
and is characterized by cluantitative con- 
version of propylcnc into propylene oxide, 
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.zo 
FIG. 3. Transition from a diffusion into a kinetic 

regime of epoxidation : Solvent, CC14 40 ml; Caoon 
= 0.164 mol/liter; C,,, = 8.7 X 10m3 g-ion/liter; 

T = 90°C. 

which is related to a reacted hydroperoxide 
selectivity related to tert-butyl hydro- 
peroxide of 90 to 92%. 

Analysis of the experimental data shows 
that conversion of the hydroperoxide does 
not follow a first-order kinetic equation. 
There are some literature data (14) in sup- 
port of this fact and it is explained by the 
inhibiting effect shown by tert-butyl 
alcohol, which results from decomposition 
of the hydroperoxide. The kinetic measure- 
ments are made on the basis of the initial 
rates when the final product inhibiting the 
epoxidation of propylene has not yet 
accumulated in the system. 

The orders of the reaction are determined 
with respect to the different components by 

measuring the initial concentrations of the 
hydroperoxide and the catalyst. In Fig. 5a 
it is seen that first order with respect to 
tert-butyl hydropcroxide is observed only 
within limits. When the initial concentra- 
tion of the hydroperoxide exceeds 0.3.5 
mol/liter and that of the catalyst is 
8.7 X lop3 g-ion/liter, the linear depen- 
dence changes and a tendency for reaching 
a limiting initial rate of epoxidation, not 
significantly dependent on the variation in 
the concentration of the hydroperoxide 
-W,, is observed. The dependence of the 
initial rate of epoxidation on the concen- 
tration of the catalyst is linear also within 
definite ranges (limits) (Fig. 5b). There is 
a region (the interval from 3.0 to 15.0) 
where the initial rate of epoxidation is 
affected only to a slight extent by a further 
increase in the concentrations of the cata- 
lyst. This means that the order of the 
reaction with respect to the catalyst is zero. 
The apparent activation energy is deter- 
mined from the values of the initial rates 
of propylene with tert-butyl hydroperoxide 
when the homogeneous molybdenum resin- 
ate is used (14). 

Figure 6a shows the kinetic analysis of 

the curves of decomposition of the hydro- 
peroxide in semilogarithmic coordinates. 

The log CRooH dependence is linear only in 

the initial stages, and after conversions 

from 30 to 40% it deviates from the 

60 I20 TIMt.min. 28 2.9 T-'. IO' 

FIG. 4. (a) Epoxidation of propylene with tert-butyl hydroperoxide in the presence of molyb- 
denyl-AMB as catalyst. Caoo~ = 0.264 mol/liter; Ceet = 5.8 X 10-a g-mol/liter; solvent, 
Ccl,, 40 ml; Co1 = 8 mol/liter. At (1) 60, (2) 70, (3) 75, (4) 80, and (5) 90°C. (b) Arrhenius 
dependence, log W0 vs l/Z’, for the epoxidation of propylene under the conditions in (a). 
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FIG. 5. Uetcrmination of the orders of the reaction for 7’ = 90°C (a) with respect to the hydro- 

peroxide when C,,t = 8.7 X 1OP g-ion/liter, Co1 = 8 mol/liter, and solvent is the same as in Fig. 

3; (b) with respect to the catalyst when Caoo~ = 0.35 mol/liter, Colefine = 8 mol/liter, and 

solvent, is the same as in Fig. 3. 

, 
60 120 TIME min 

FIG. 6. Kinetic cllrves of the decomposition of the hydroperoxide in the epoxidation: (a) log 
Caoo~(~) at (1) 90, (2) 80, and (3) 70°C for CRUSH = 0.264 mol/liter, C,,t = 8.7 X 10-a g-ion/ 

liter ; Colefille and solvent as in Fig. 3. (b) Tjetermination of the order with respect to time lmder 

conditions identical to those in (a). 

FIG. 7. Study of the inhibiting effect of initial additives of tert-butyl alcohol in epoxidation of 
propylene with tert-butyl hydroperoxide for Crtoon = 0.232 mol/liter and C~to” = 0.344 mol/ 
liter. Conditions are thr sa.me as t,hose in Fig. :1. 
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FIG. 8. (a) Determination of the equilibrium constant Ki of the (olefine . . . cat . . . ROH) 

complex according to Dickson’s method and in accordance with expression (8). Conditions are the 
same as those in Fig. 7. (b) Graphical determination of the equilibrium constant K, and the limit- 

ing rate of epoxidation according to expression (5). Conditions similar to those in Fig. 5a. 

dependence observed for a first-order reac- 
tion. The degree of deviation increases with 
decreasing temperature. A similar effect is 
described in enzyme kinetics (15) and is 
known as the effect of competitive inhibi- 
tion shown by the final products. Along 
with the concentration order, we also 
determined the order with respect to time 
upon epoxidation of propylene at 9O”C, 
Cnoon = 0.263 mol/liter, Ccat = 8.7 X 10h3 
g-ion/liter (Fig. 6b). The value obtained, 
1.3, is also indicative of an autoinhibition 
reaction. Since tert-butyl alcohol is the 
only product of the decomposition of the 
hydroperoxide, it can be assumed that the 
latter is responsible for the retardation in 
the rate of epoxidation in the more ad- 
vanced stages of the reaction. Epoxidation 
was carried out employing different initial 
amounts of butyl alcohol and two different 
initial concentrations of the hydroperoxide 

(Figs. 7a and b). It is seen from the figure 
that additions of tert-butyl alcohol in 
concentrations commensurable with the 
concentrations of the hydroperoxide lead 
to a significant decrease both in the initial 
rate of accumulation of propylene oxide 
and in the rate of decomposition of the 
hydroperoxide. Figure 8a shows a linear 
dependence between the reciprocal value of 
the initial rate of accumulation of propylene 
oxide and the concentration of the initially 
added tert-butyl alcohol as inhibitor. 

The effect of solvents, such as benzene, 
tetrachloromethane, ethylbenzene, chloro- 
benzene, n-decane, n-hexane, and nitro- 
benzene, was also studied. High rates of 
epoxidation and high selectivity were estab- 
lished for obtaining propylene oxide when 
the reaction was carried out in tetrachloro- 
methane and benzene. The conversion with 
respect to propylene oxide decreases in the 

TABLE 1 

Conversion with respect to Propylene Oxide 

Solvent 

Benzene CC14 Ethyl- Chloro- n-Decane n-Hexane Nitro- 

benzene benzene benzene 

Conversion (ye) 90.5 90.0 82.6 65.5 36.6 28.5 26.7 
wo x 103 2.5 2.4 1.94 1.58 1.26 1.10 0.92 
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following ordrr : benzene, t~c~t,rachloronlctII- 
ane, ethylbenzene, chlorobcnzcnc, Ii-dwanc, 
w-hexane, nitrobcnzcnc (Table I). 

I)ISCUSSION 

The effects observed resemble greatly the 
Michael&Mentcn kinetics familiar in en- 
zyme catalysis. The minimum concentra- 
tions of the catalyst, the limiting rate of 
epoxidation obtained with definite concen- 
tration of one of the reactants, namely, the 
hpdroperoxidc, and the inhibition effect 

5 40 13 20 25 TIlWmin. 

FIG. 9. (a) Study of the formation of the complex 

between the catalyst and the hydroperoxide. (1) Ad- 
sorption on the support Amberlite 11X-50: 
?’ = SO”C, PN? = 35 atm; Cao0n = 0.195 mol/ 

liter ; solvent is CCL, 40 ml ; C,,.i,, = 5 g. (2) Adsorp- 
tion of ROOH on molybdenyl-AMB. Conditions are 
the same as in Fig. %a. Cent = 0.146 g-ion/liter. (3) 

Relaxation effect drle to the adsorption and desorp- 
tion of the hydroperoxide. CCiLt = 0.073 g-ion/liter. 

(b) Catalytic decomposition of ROOH in the 
presence of AMB. (1) C,.,t = 2.7 X 10m3 g-ion/liter; 

7’ = 9O”C, absence of olefine; solvent = CCL; 
Caoo~ = 0.160 mol/liter. (2) Decomposition of the 
hydroperoxide inhibited with 0.184 mol/liter tert- 
butyl alcohol under the conditions given for curve 1 

in (b). (3) Decomposition of the ROOH under 
conditions of epoxidation similar to those for curve 1 
in (b), but in the presence of 6 mol/liter olcfinc. 

sl~onm by the final products can bt: 
explained by formation of an intermediate 
complex bet\vecn the catalyst and the 
hydroperoxide as well as between the 
catalyst and the olefine. Results confirming 
the existence of such an intermediate 
complex were obtained by two independent 
methods. The kinetics of adsorption of the 
hydroperoxide on the surface of the catalyst 
were studied. It was preliminarily estab- 
lished that no selective adsorption of the 
hydroperoxide occurs on the support (Fig. 
9a, curves 1 and 2). The effect seen in 
Fig. 9a, curve 2, is ascribed to adsorption 
of the hydroperoxide on the catalyst and 
not to decomposition at the listed tempera- 
tures. The latter is supported by the data 
given in Fig. 9a, curve 3, which show that 
with increasing temperature up to 3O”C, 
relaxation effects of adsorption are observed 
on the hydroperoxide adsorbed initially at 
lower temperature (20°C). The effects 
show that under these conditions decom- 
position is not accompli&cd to a significant, 
cxtcnt and the variation in the concentra- 
tion of the hydropcroxidc is due to its 
adsorption on the surface of the catalyst. 
About 85% of the initially free hydro- 
peroxide is bonded to the surface molyb- 
denum centers at, 30°C and 35 atm, and 
the initial concentration of the hydro- 
peroxide is 0.196 mol/liter (Fig. 9a, curve 
2). On the other hand, catalytic decomposi- 
tion of the hydroperoxide was carried out 
in the absence of propylene at 90°C and at 
an initial hydroperoxide concentration of 
0.164 mol/liter (Fig. 9b, curve l), establish- 
ing an initial rate of decomposition of 
1.47 X lo3 mol/liter min. This value is 4.5 
times higher than that of a decomposition 
inhibited by a stoichiometric amount, of 
tert-butyl alcohol (Fig. 9b, curve 2). These 
data give us grounds to assume a competi- 
tive complex formation between the tert- 
butyl alcohol and molybdenum, which 
reduces the active concentration of the 
molybdenumPhydroperoxide complex. 

When the catalyst was treated with 
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propylcnc under a pressure of 30 atm in 
the ahscncc of the hydropcroxidc, a change 
in color of the initiallJ~ introduced catal\& 
from light ycllo~v to bluish green was ob- 
scrvcd, which shows the prcscncc of four- 
and five-valcnt molghdcnum on direct 
interaction with the olefinc. When hydro- 
peroxide was added, the catalyst regained 
its former yellow color. This shon-s that 
alternation of lower and higher valence 
states of molybdenum is possible in the 
course of the cpoxidation, which is accom- 
panied by a transfer of electrons. 

The prcscncc of a stage of complex forma- 
tion between the catalyst and the olcfine is 
also supported by the strong effect olcfine 
has on the rate of decomposition of the 
hydroperoxide (Fig. 9h, curve 3). Olcfine 
produces a strong activating cffcct on the 
decomposition of the hydroperoxide. The 
epoxidation of propylene may bc rcprc- 
sented by the following schcmc : 

KI 
cat + olefinc c cat . . . olcfinc, (1) 1 

olefine . . . cat + RC)OHs 

ROOH . . . cat . . . olcfine, (2) 

ROOH . . . cat . . . olcfine 2 

cat + ROH + oxide. (3) 

If we assume kB Reaction 3 as the rate- 
determining step (taking into account the 

fact that equilibrium between the catalyst 
and the hydroperoxidc is readily estab- 
lished, Fig. 9a, curve 2) as \vell as the 

experimentally proved catalytic reduction 
during the first several minutes on trcat- 
ment of the catalyst with propylene, the 
rate of the reaction according to the 
Michaelis-Menten equation (15) may be 
expressed as folio\\-s : 

wo = - 
K~(cat)o(olefine)O(ROOH)O 

- * (4) 
KS + (ROOH)gKr + (olefine)O 

1 KXT + (olefine)~, 
-- = -__~--___ 
IV,, I~::(c~at,),,(olcfillc!),, 

KT + (o1cfine)” 
x ;; + -~ -~- ~--. (5) 

K~(cat,)u(olefine)~ 

K-r = K'2/K1 is the equilibrium constant 
of the (olefinc) . . . (cat) complex. 

KS = KJKI is the equilibrium constant 
of the (olcfinc) . . . (cat) . . . (ROOH) 
complex. 

KS and Ks(cat),(olefinc)o/KT + (olcfinc),, 
may be obtained from expression (5), by 
plotting l/W0 versus l/So. 

We obtained values of 0.285 mol/litcr 
for KS and 5.5 X 1O-3 mol/litcr/min for 

K3 (cat’) 0 (olefine) 0 

KY + (olefine) . 

011 the other hand, considering the high 
excess of olefinc, it can be assumed that 
(olefine) >> KT. In the latter case the 
expression for lV, (with respect to ROOH) 
is rewritten as W, = Ks(cat)“, from which 
K3 = 0.63 mm-l is obtained. 

It is seen from Figs. 7a and b that the 
accumulation of tert-butyl alcohol and its 
stoichiometric amounts lead to a significant 
decrease in the initial rate of epoxidation. 
Such a deviation in the rate of the reaction 
in the later stages can be explained by the 
inhibiting effect of alcohol, which probably 
forms a similar inactive complex with the 
molybdenum center. Therefore, in this 
case, one more stage should be added to 
the main two reactions: 

(olefine . . . cat) + ROHZ 
* 

(olefine . . . cat . . . ROH), (6) 

where KS/K4 = Ki is the equilibrium 
constant of the molybdenum-inhibitor 
complex. It was established that the more 
active the inhibitor the lower the Ki value. 
On studying the kinetics of the inhibited 
epoxidation in connection with the initial 
rate of the reaction, a correction of the 



initial concentration of t,he inhibit’or should 
be ma,de. 

Ii:; ((tat,) 1, = IV, 

(1)” = C(ROIUo 

W,’ = w,-’ 

The experimental data processed hi 
Dickson coordinates IV,,-’ from (ROH) 
become linear and, at the point of inter- 
section of the curves for tno initial concen- 
trations of the llydroperoxidr, showy the 
equilibrium constant of the molybdcnum- 
inhibitor complex (Fig. 8a). The value of 
Ki thus determined is equal to 0.105 mol/ 
liter and it correlates wll with those of 
Farberow et ~2. (14) : Ki(H,O) = O.OOcii> 
mol/litcr and K, (mcthylphenylcarbinol) 
= 0.175 mol/liter. The value indicates that 
tert-butyl alcohol possesses an intermediate 
inhibiting property in the ctpoxidat’ion with 
the catalyst U-C used. 

By means of K, and Ki values obtained 
graphically, the conccntrat’ions of the 
(cat . . . olefine . . . ROOH) and (olefine . . . 
cat . . . ROH) complexes can be calculated. 
Since K, is defined as a stability constant 
of the (olefine . . . cat . . . ROOH) com- 
plex, the following equation may be 
suggeshd : 

On the basis of the calculations employing 
CRUSH = 0.234 mol/liter and Ccat = 8.7 
X 1O-3 g-ion/liter, a value for (X), of 
4.10w3 mol/liter was obtained [where (X), 
is the equilibrium concentration]. In the 
case of total c*oncentration of (LLIoOJ?+ 

zz 8.i X 10mz g-ion/liter, the degree of 
complex formation in t’he epoxidation 
is 46%. 

Analogously, on the basis of the graphi- 
cally determined stability constant K1, the 
conc~entration of the (olefine . . . cat . . . 
ROH) complex can be calculated under 
conditions of inhibited epoxidation, accord- 
ing t’o the follo\ving expression : 

I<; [(ROW - (Y>elC(Md - (WeI = -_~ ---- ---- -----. 
1-e 

(10) 
After solving l<q. (10) with a concentra- 

tion for the added inhibitor, CRoH, of 0.33 
mol/liter and Ceat = 8.7 X 10-3, we obtain 
for (Y)n the value 6.5 X 10U3 g-mol/liter. 
The result correlates well with the better 
electro-donor properties of tert-butyl 
alcohol as compared to tert-butyl hydro- 
peroxide and explains the shifting of hydro- 
peroxide from the preliminary complex 
formed (olefine . . . cat . . . ROOH) after 
introducing an additional amount of the 
tert-butyl alcohol as inhibitor. Thus the 
actual concentration of the catalyst is not 
equal to the total one, since in the case of 
inhibited epoxidation only 2.2 X 1O-3 g- 
ion/liter molybdenum centers are capable 
of complex formation with the hydro- 
peroxide. From the dependence between W. 

and Ccat (Fig. 5b) for concentrations of the 
catalyst equal to 8.7 X 10e3 and 2.2 X 1O-3 
g-ion/liter, we obtain the following initial 
rates: W0 = 2.88 X lop3 mol/liter min, 

and JJ’o inlril,. = 2.1 X 1O-3 mol/liter min. 
Thcrcforc, the introduction of 0.33 mol/ 
liter ROH leads to a decrease of 27.20/, in 
the initial rate of epoxidation. 

On the other hand, the rate of reaction 
determined expcrimcntally, \vhen it was 
carried out under noninhibited and in- 
hibited conditions with 0.33 mol/liter 
ROH, shows a 32y0 decrease in Wo. This 
difference can be explained if we assume 
that a deactivation of the hydroperoxide, 
resulting from the association with alcohol 
in the liquid phase, took place beforehand. 
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3000 3too 3YOO 3800 

FIG. 10. Infrared spectra of: (1) lo/ 0 solution of tert-butyl hydroperoxide in Ccl,; (2) 1% 
solution of tert-butyl alcohol in CCL; (3) lyn solution of the equimolar mixture of the two com- 

ponents in CCL. 

This assumption is justified if we take into 
account the infrared spectra of the hydro- 
peroxide, the alcohol, and the equimolar 
mixture of the two components. Figure 10 
shows the appearance of a new band at 
3380 cm-l, while the hydrogen bonds in 
the associates of the pure hydroperoxide 
and alcohol are observed at 3440 and 3300 
cm-‘, respectively. Therefore, it can be 
concluded that in the liquid phase, part of 
the hydroperoxide is linked in a dimer or 
trimer with molecules of the inhibitor. In 
all cases the associates participate in 
complex formation xvith the molybdenum 
center. 

The epoxidation of olcfines \\-ith hydro- 
peroxides in the presence of transition- 
metal complexes is known in the literature 
as a process proceeding according to a 
heterolytic mechanism (1, 3, 5). The de- 
pendences observed can be explained by 
formation of an intermediate transition 
complex with participation of one molecule 
of the reagents. The catalytic activity of 
molybdenum in the G + state (in accord- 
ance with the authors mentioned above) is 
estimated with the presence of vacant 3d 
orbitals allowing donor-acceptor interaction 
with the hydroperoxide or the propylene. 

Delocalization of the electron pair at the 
oxygen of the hydroperoxide occurs, and 
the O- charge at the latter is suitable for a 
nucleophilic attack by the olefine. 

X second scheme is also possible, sup- 
ported by Markevitxch and Shtivel (16) 
and based on the simultaneous participa- 
tion of the hydroperoxide and the olcfine 
in the intermediate complex. In this case 
the role of the catalyst is to facilitate the 
electron coupling of the two reactants and 
to participate in the electron transfer. 

Furthermore, Mimoun et al. (17) support 
the conception that the epoxidation effect 
of the peroxomolybdates is a last stage in 
the transformation cycle of the molyb- 
denum-hydroperoxide complex. 

Since no data are available referring to 
the nature of the intermediate complex, no 
light can be shed on the mechanism of the 
elementary act of epoxidation. The experi- 
mental data obtained by us and, in partic- 
ular, the complex formation est.ablished 
between the catalytic reduction in the 
reaction with propylene give us grounds to 
suggest the scheme summarized in Eqs. (1) 
to (3) above. 

The suggested scheme correlates well 
with the analysis and the interpretation of 
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the cxpcrimrntal data and satisfactoril) 
explains at present the cffwts okmwd. 
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