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The epoxidation of olefins with 289, aqueous hydrogen peroxide was investigated. A
catalyst system composed of MoO,(acac), and (n-Bu,Sn),O selectively gave 72-—129%
yields of epoxides from olefins such as cyclohexene, styrene and 1-octene in an isopropyl
alcohol solvent at 50°C for 24 h. The epoxidation rates were first order with respect to
cyclohexene and zero order with respect to H,0,. An apparent activation energy of 10
kcal-mol-! and an entropy of activation of —53 eu. were obtained. MoO,(n-Bu;Sn0O), is
proposed to be the active species for the epoxidation.

Keywords epoxidation; cyclohexene oxide; styrene oxide; 1,2-epoxyoctane;
hydrogen peroxide; molybdenum acetylacetonate-bis(tri-n-butyltin)oxide catalyst

Epoxides are useful materials in the pharmaceutical industry for the synthesis of alcohols,
diols, alkanolamines, and polyethers. Recently, various kinds of epoxides have been found
among drug metabolites and insect hormones. For this reason, the synthesis of these com-
pounds is of interest to chemists and biochemists. Various olefins have been epoxidized
directly with organic peroxides such as fert-butyl hydroperoxide (TBHP)? and cumene hydro-
peroxide (CHP)? by making use of molybdenum-based catalysts. Though hydrogen peroxide
is a readily available oxygen source, the presence of water affects the epoxidation activity
severely.® One of the authors has found that in the epoxidation of olefins a molybdenum
acetylacetonate-organotin catalyst system gives epoxides selectively when used with concen-
trated H,0, (709%).9 However, the use of aqueous hydrogen peroxide (30—35%,) would be
preferable as regards ease of handling and cost. This report deals with the reaction conditions
suitable for the epoxidation of olefins by using 289, aqueous hydrogen peroxide in the presence
of MoO,(acac), and alkyltin oxides and hydroxides. The mechanism was also investigated
kinetically, and binary complexes of the molybdenum oxide-organotin compounds are proposed
to be the active species.

Experimental

Kinetics MoO,(acac), and (#-BusSn),O in isopropyl alcohol solvent and cyclohexene (distilled before
use) were added to a 50 ml round-bottomed flask fitted with a Dimroth condenser. The epoxidation was
started by the addition of 28%, aqueous hydrogen peroxide. The reaction vessel was kept at 50+0.01°C
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in a water bath. At intervals, a portion of the reactants was pipetted out and toluene was added as an
internal standard. The products were analyzed on a gas-chromatograph (Hitachi Ltd., type 063) using a
209 PEG 20M column (3 mm i.d. x 1 m in length; 2 m in length for iso- and n-butyl alcohol solvents) with
He (30 ml/min) as the carrier gas. The column temperature was programmed from 40 to 150°C (3°C/min).

Analysis of the Precipitates prepared from MoO,(acac), and (n-Bu,Sn),0 in Isopropyl Alcohol——The
molybdenum content in the precipitate obtained from MoO,(acac), and (#-Bu,Sn),0 was estimated from
the absorption at 470 nm by the thiocyanate method.’? Tin content was determined after calcination to
SnO, by using ethylenediaminetetraacetic acid (EDTA) and a 0.01 x thorium nitrate in the presence of an
X0 indicator.®

Organotin Compounds——Trimethyltin hydroxide was prepared from trimethyltin chloride by hydrolysis
with NaOH followed by sublimation according to the method of Kraus and Bullard.” Other organotin
compounds such as Me;SnCl, #-Bu,SnCl, (#-Bu,Sn),0, »-Bu,Sn0O, and (»-BuSn0),0 were obtained from
Kyodo Yakuhin Co., Tokyo.

Results and Discussion

The yields in the epoxidation of cyclohexene with 289, aqueous hydrogen peroxide in
the presence of various metal acetylacetonates and bis-tributyltin oxide in isopropyl alcohol
at 50°C for 24 h were estimated; without bis-tributyltin oxide, no cylohexene oxide was
obtained. Among acetylacetonates of Mo, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Rh, Ce, and
Ag, molybdenum acetylacetonate gave cyclohexene oxide (609,) in preliminary experiments.
Nickel acetylacetonate also gave cyclohexene oxide in 29, yield, but other metal acetylaceton-
ates did not afford the epoxide. In Table I, the results of the epoxidation of cyclohexene in
the presence of MoO,(acac), and various alkyltin compounds are shown. Molybdenum
acetylacetonate itself was inactive for the epoxidation of cyclohexene with 28%, aqueous
hydrogen peroxide, but the addition of various alkyltin compounds to MoO,(acac), led to good
epoxidation yields. Among these alkyltin compounds, (#-BuzSn),0 was the best cocatalyst
and cyclohexene oxide was obtained in 709%, yield at 50°C for 24 h. Since (#-Bu;Sn),O was
inactive for the epoxidation of cyclohexene, it was considered that MoO,(acac), and (#-Bu,Sn),0
formed a complex. Several olefins were epoxidized by using the catalyst system of MoO,-
(acac)y (1.09 % 1073 m) and (#-BuySn),O (1.17 x 1072 M), as shown in Fig. 1. The initial reaction
rates were in the order of cyclohexene >styrene>>1-octene, allyl chloride. The relative rates
with respect to cyclohexene were 1:0.7:0.3: 0. The order is in accord with the epoxidation
rates by TBHP in the presence of Mo(CO)4.® However, in our system, H,0, epoxidized
styrene more easily than TBHP; with the Mo(CO), catalyst, the relative rate for styrene is
0.10® with respect to cyclohexene.

TaBLE I. Epoxidation of Cyclohexene with Hydrogen Peroxide in the
Presence of Various Organotin Compounds and
MoOQOs(acac), at 50°C for 24 h

Yield (%)

Organotin compound
CH oxide® Monoether” Diol”

None 0 24.0 19.3
MesSnCl 39.0 1.7 0
n-BuzSnCl 45.5 10.6 6.5
MesSnOH 8.6 0 0
(n-BusSn)0 72.7 0 0
7-Bu2Sn0O 61.5 14.1 6.0
(n-BuSn0).0 36.3 1.1 0
Organotin compound 0.2 g, MoOgacac): 10 mg, cyclohexene 4 ml, isopropyl

alcohol 6 ml and 28% H,O, | ml.

a) Cyclohexene oxide. b) Cyclohexanediol mono-isopropyl ether. ¢) 1, 2-

Cyclohexanediol. d) Based on Hz0,.
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Fig. 1. Epoxidation of Olefins with Aqueous
Hydrogen Peroxide in the Presence of MoO,-

(acac), and (n-BuySn),0 Fig. 2. Plot of the Concentration of Cy-

Olefins are cyclohexene (Q), styrene (@), 1-octene (), clohexene vs. the Initial Rate of Epoxi-
1-decene (A) and allyl chloride (A). Cyclohexene was dation at 50°C
oxidized in the presence of MoO,(acac); and TBHP (H).
Olefins 3.05 u, MoO,(acac); 1.09x10~-3u, (n-Bu,Sn),0 MoO,(acac); 1.09x10-%x, (n-BuySn)O 1.17x
1.17 X 10-% u, 289, H,0, 3.15 x 10-* x and isopropy! alcohol 10-* M, 28% H,0, 3.15x10-! & and isopropy! al-
10ml. The reaction was carried out at 50+0.01°C. cohol 10 ml,
=
827 ~
= e
5 N
5 o 000 —o-
S S
3 3
[)
5 g -2 o°
< %
S 2
S —3r S
o S -
= oy
w | S—
E =
' : 1 _g
-1 : 0 —3F
log[H202] (mol-17? ) ! .
8[ 2 2] ( ) —3 - —9 -1
Fig. 3. Effect of Fhe Concentra.tmrg of log[(n-BusSn)20] (mol-1-1)
Hydrogen Peroxide on the Epoxida- . .
tion Rate of Cyclohexene - Fig. 4. Effect of the Concentration of (#-BugSn),O on
the Epoxidation Rate of Cyclohexene
Cyclohexene 3.05 n, MoO,(acac), 1.09x10-3x, p 4
{n-BuySn),0 1.17 X 102 u, isopropyl alcohol 10 ml Cyclohexene 3.05 u, MoO,(acac), 1.09 x 102 u, 28% H,0, 3.15x
and 28% H,0,. 10-1 u, isopropyl alcohol 10 ml and (#-Bu,ySn),0.
The reaction was carried out at 50°C. The reaction was carried out at 50°C.

Effect of the Concentrations of Cyclohexene, H,0,, Mo0O,(acac),, and (n-BusSn),0 on the
Epoxidation Rates : ' ‘

The effect of the concentration of each component on the epoxidation rate was investigated
by adopting the isolation method?® during an initial period of 2 h. Figure 2 shows the epoxida-
tion rates at various concentrations of cyclohexene. The log-log plot between the concentra-
tion of cyclohexene and the reaction rate gave a linear relationship with a slope of unity, which
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in the range [H20:] < 3.15 X 107'm
d [cyclohexene oxide]

g = ki [cyclohexene] [H20:] (1)
t

and in the range [H20:] > 3.15 X 1071m
d [cyclohexene oxide]
dt

= ki [cyclohexene] (2)

TaBLEII. Effect of Solvents on the Epoxidation of Cyclohexene
with Aqueous Hydrogen Peroxide

kcH 0" k C.H;0H k C:H,0H kC.H.0H kcsﬂ;,OH
Isomer X102 X102 X102 X10® X107
n- 0.27 0.76 1.43 1.50 1.86
iso- — — 2.17 3.47 - 1.37
sec- —_ — — 1.94 2.03
tert- — — —_ 1.78 1.50

Cyclohexene 3.05M, MoOz(acac)z 1.09 X 107m, (n-BusSn);0 1.17X1072m, 28%
H:0; 3.15X10™y, and solvent 6 ml.* The reaction was carried out at 50+0.01°C.

a) k:mol-17h

indicated that the reaction was first order. A saturation was observed at H,0, concentrations .
above 3.15x 1071 M, as can be seen in Fig. 3. These results can be explained in terms of the
retardation of the epoxidation by water present in H,O, solutions added to the reaction system.
As regards the effect of the concentration of (#-BuySn),O, the curve was divided into two
ranges; a first order range below 5.08 X 10~3m (#-Bu,Sn),0, and a zero order range above this
value, as shown in Fig. 4. From these results, the rate equation for the initial period of
epoxidation of cyclohexene with aqueous H,0, is as follows:

where k;and &y, involve the concentration of molybdenum species (this is a constant, since the
concentration of the catalyst is essentially the same before and after the reaction). In Fig. 4,
the crossing point of the two lines is equivalent to 1.16 X 10~2M (#-BuySn),O. This value
corresponds to 1.9 molecules of (#-BuySn),0O to one molecule of MoO,(acac),.

Effect of Solvents

In the epoxidation of cyclohexene with organic peroxide, various lipophilic solvents such
as CH,CL,'® and benzene'’ have been used. In the aqueous H,O,-cyclohexene system,
alcohols were suitable solvents for the epoxidation. The results are shown in Table II. An
increase in carbon number increased the epoxidation rate. However, when isoamyl alcohol
was used as a solvent, H,O, solution separated out of the reaction system. Therefore, C; and C,
alcohols, particularly such branched alcohols as isopropyl alcohol and isobutyl alcohol, afforded
good results. A reaction system composed of MoO,(acac), 2.77 X 103 m, (#-BuySn),0 2.97 X
102 M, cyclohexene 7.79 M and H,0, 8.02 x 10-1m in isopropyl alcohol as a solvent gave an
excellent results; the yield of cyclohexene oxide reached 72.79, at 50°C for 24 h. An 18.89%,
yield of styrene oxide and a 12.29, yield of 1,2-epoxyoctane were obtained from styrene and
1-octene, respectively.

Active Species for the Epoxidation

On mixing of MoO,(acac), and (#-BuySn),0 in isopropyl alcohol solvent, turbidity appeared
immediately. A few minutes later, a white solid precipitated at the bottom of the reaction
vessel. The precipitate dissolved readily in an aqueous H,0,. An infrared (IR) analysis
of the precipitate showed that the strong acetylacetone absorption band at 1580 cm~! had
disappeared, and CH deformation bands were observed at 1395, 1420 and 1460 cm—L,respec-
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(b) Cyclohexene 3.05 x, MoO,(acac), 1.09 x10~3u, (n-Bu,-
: Sn),O‘ 1.17x10-*x, 28% H,0, 3.15 x 10-* x and isopropy!
Chart_ 1 alcohol 10 ml.
TaBLEIII. Complexes prepared from
MoOq(acac), and (#-BuzSn);0
Analysis (%)
Calcd
Compd. No. (Found)
C H
MoOx(%-BusSnQ), 38.95 7.35
1 (38.74 7.22)
2 (38.89 7.01)

1 was precipitated from MoOs(acac), and (#-BusSn),0 1 : 1 mixture in isopropyl
alcohol and 2 was obtained from a 1 : 5 mixture.

tively. Further, the absorption bands at 1372 and 1525 cm-, considered to be due to a
Sn—-O-Sn bond, had disappeared and a new broad peak was observed at 823 cm—!: these
results are consistent with the report that a Sn-O-Sn bond reacts easily with various acids
to form two molecules of additional compounds!® (Chart 1 (a) and (b)).

The elemental analysis was in accord with the composition of MoO,(#-BuySn0),, as shown
in Table III. Furthermore, a chelate analysis for Mo and Sn in the precipitate gave the
atomic ratio of Sn/Mo=1.9. An attempt to separate the complex of Sn/Mo=4 failed; gel
precipitates that formed mostly passed through a filter paper. However, the presence of two
types of complexes, (a) and (b) in Chart 1, was suggested from Fig. 4, since the rate increased
continuously beyond a 2: 1 ratio of (#-Bu,;Sn),0 to MoO,(acac);. The complex (a), obtained
from (#-BuySn),0 and MoO,(acac), in isopropyl alcohol, was separated and used as a catalyst.
The observed % value, 3.71 X 10~* mol-s-1, in the presence of (a) 1.16 X 10-2 m, gave almost the
same reaction rate as that obtained with (#-Bu,Sn),0 and MoO,(acac), under the same reaction
conditions in Fig. 4.

The apparent activation energy was estimated from an Arrhenius plot in the temperature
range from 30 to 60°C. An activation energy of 10.2 kcal mol-* was obtained (Fig. 5). This
value is rather small compared with that of 26.9 kcal mol-! in the system of MoO,~TBHP,1®
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19.0 kcal mol-! for Mo,Os—dimethyldithiocarbamate,'¥ and 15.9 kcal mol—* for MoOs-hexa-
methylphosphotriamide,’® but the epoxidation rate of cyclohexene with TBHP-MoO,(acac),
was four times faster than that With H,0,-MoO,(#-Bu,SnO), under the same reaction condi-
tions, as can be seen in Fig. 1. This discrepancy is accounted for by the highly negative
value (—53 eu.) of entropy of activation in our system.

References and Notes

1) N. Indictor and W.F. Brill, J. Org. Chem., 30, 2074 (1965).
2) H. Masuo and S. Kato, Yuki Gosei Kagaku Kyokai shi, 26, 367 (1968).
3) R.A. Sheldon, “Aspects of Homogeneous Catalysis,” Vol. 4, ed. by R. Ugo, D. Reidel Pub. Co., Dordrecht,
1981, p. 38.
4 Y. Watanabe, T. Nishizawa, and J. Kobayashi, U.S. Patent 3806467 (1974). [Chem. Abstr., 81, 78090
(1974)].
5) E. Sudo, “Shin Zikkenkagaku Koza,” Vol. 9, ed. by T. Tachibana, Maruzen, Tokyo, 1976, p. 228.
6) J. Kinnunen and B. Wennerstrand, Chemist-Analyst, 46, 34 (1957).
7) C.A. Kraus and R.H. Bullard, J. Am. Chem. Soc., 51, 3605 (1929).
8) R.A. Sheldon, Rec. Trav. Chim. Pays-Bas, 92, 253 (1973).
9) XK.J. Laidler, “Chemical Kinetics,” McGraw Hill Pub. Co., Ltd., New Delhi, 1965, p. 17.
10) R.A. Sheldon, J.A. Van Doorn, C.W.A. Schram, and A.J. De Jong, J. Catalysis, 31, 438 (1973).
11) M. Kimura and T. Muto, Chem. Pharm. Bull., 29, 35 (1981).
12) R.C. Poller, “The Chemistry of Organotin Compounds,” Logos Press Ltd., London, 1970, p. 71.
13) F. Masuo and S. Kato, Yuki Gosei Kagaku Kyokai Shi, 18, 57 (1967).
14) T. Ikawa, M. Wakakura, T. Yamase, and S. Ozaki, Sekiyu Gakkai Shi, 18, 494 (1975).
15) H. Mimoun, 1. Selee de Roch, and L. Sajus, Tetrahedron, 26, 37 (1970).

NII-Electronic Library Service





