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Cyclohexene and l-octene have been epoxidized in the liquid phase with fert-
butyl hydroperoxide in the presence of a wide variety of transition-metal catalysts.
The reactions occurring in these systems involve competing metal-catalyzed epoxi-
dation and metal-catalyzed homolytic decomposition of the hydroperoxide. Subse-
quent reactions of the radicals produced in the latter reaction are responsible for
the formation of many of the by-products observed.

It is concluded that an active epoxidation catalyst should be both a weak oxidant
and a fairly strong Lewis acid. These requirements are best met by compounds of
certain metals in high oxidation states [Mo(VI), W(VI), Ti(IV)1.

Many of the epoxidations described are subject to autoretardation by the co-
product tert-butanol, the extent of which increases in the order W < Mo < Ti < V.

INTRODUCTION

It is known (1-12) that compounds of
certain transition metals, notably Mo, W,
Ti and V catalyze the liquid-phase epoxi-
dation of olefins with alkyl hydroperoxides.

0]
ROxH + = >L3< + ROH
(1)
Both homogeneous (7-11) and heter-

ogeneous (I2) catalysts have been de-
seribed. Soluble molybdenum complexes,
such as Mo (CO),, were generally found to
give the highest rates and selectivities to
epoxide. The stereospecificity of the reac-
tion and the high yields of epoxides ob-
tained with a wide variety of olefins are
consistent with a heterolytic mechanism
2, 5).

We have recently shown (11) that the
molybdenum-catalyzed reactions involve
competing epoxidation and molybdenum-
catalyzed homolytic decomposition of the

hydroperoxide. The active epoxidation cata-
lyst was found to be Mo (VI).

We have now examined a variety of
transition-metal catalysts which have been
reported (3) to catalyze reaction (1). Our
objectives were (a) to establish whether or
not our reaction scheme developed for the
molybdenum-catalyzed reactions is gen-
erally applicable; (b) to compare the vari-
ous transition-metal catalysts quantita-
tively; and (¢) to determine the factors
affecting catalytic activity. Cyclohexene
and 1-octene were used as model olefins of
different reactivity.

METHODS

Materials. tert-Butyl hydroperoxide was
vacuum distilled and was 99% pure by
iodometric titration. Olefins were purified
by passing them through a column of basie
alumina prior to use. Authentic samples of
epoxides were prepared by standard pro-
cedures. 3-tert-Butylperoxy-1-cyclohexene,
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3-tert-butylperoxy-1-octene and 1-fert-
butylperoxy-3-octene were prepared by the
method of Kharasch et al. (13). Authentic
samples of other products were either com-
mercially available or synthesized by stan-
dard procedures. Mo(CO); and W(CO),
(Varlacoid), TiO(acac),* Cr(acac)s, Th
(acac), and Zr(acac), (Alfa Inorganics)
and VO(acae), (EGA Chemie) were used
as received. Ti(OBu),, Nb(OBu)s;, Ta
(OBu); and Zr(OPr-i), were prepared by
aleoholysis of the corresponding metal
chlorides. UO,(acac), was synthesized by
the method of Gilman et al. (14a) and
TVO0,Cl,-2HMPA** by the method of
Majumdar, Bhattacharyya and Bera
(14b). MoO.(acac), was prepared by the
method of Gehrke and Veal (15). 2%
Ti0,-on-silica was obtained by impreg-
nation of silica with TiCl, (12a) and had
a surface area of 352 m* g'.

Procedure for kinetic studies. Reactions
were carried out under an atmosphere of
nitrogen. A quantity of 25 ml of a solution
of tert-butyl hydroperoxide (5 mmol) and
the olefin (50 mmol) in benzene was
warmed to 80°C and the catalyst (0.05
mmol) added as a solid or as a solution in
a small amount of benzene. Aliquots were
removed at time intervals and analyzed
for epoxide by gle on a 2-m silicone gum
rubber ecolumn (methylvinyl, on acid-
washed silanized Chromosorb W) using an
internal standard (chlorobenzene or o-di-
chlorobenzene). Hydroperoxide conversions
were determined by iodometric titration.
All other products were determined by gle
at the end of the reaction (2-m Carbowax
20M or 2-m silicone gum rubber column).
Oxygen was quantitatively determined by
gas chromatography of the gas phase on a
2-m activated charcoal column.

Isolation of catalyst from the cyclo-
hexene reaction. A solution of tert-butyl
hydroperoxide (5 g), cyclohexene (10 g) and
Ti(OBu): (0.5¢g) in benzene (50 ml) was
kept at 90°C for 3 hr. The solution was
evaporated in vacuo and the residue was
triturated with pentane to give a cream-

* gcac = acetylacetonate.
** HMPA = hexamethylphosphoric triamide.
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colored solid [0.26g; mp > 300°C (ben-
zene/pentane) |. The product was soluble
in benzene and chloroform. Analysis: caled
for C4H,,Ti0,: C, 37.0; H, 5.6; Ti, 24.6%;
found: C, 37.9; H, 5.7; Ti, 23.9%. When
TiO(acac), was used in place of Ti(OBu),
the same product (ir) was isolated. Reac-
tion of epoxycyclohexane (1.0 g), tert-butyl
hydroperoxide (1.0g) and Ti(OBu),
(0.5¢g) in benzene (25 ml) at 80°C also
afforded the above-described complex
(0.20 g). Hydrolysis of the complex with
methanolic HC1 yielded cyclohexane-1,2-
diol.

REesvurts

Product Studies

For our product studies we purposely
chose conditions (olefin/tert-BuO,H molar
ratio of 1:1) which are not conducive {o
high epoxide selectivities (based on hydro-
peroxide consumed). We did this in order
to accentuate the differences in selectivity
between the various catalysts. In practice
the selectivities to epoxide are higher when
higher olefin/hydroperoxide ratios are
employed.

The results of the epoxidation of cyclo-
hexene by tert-butyl hydroperoxide, in ben-
zene at 90°C, in the presence of various
transition-metal catalysts are given in
Table 1. In general two major products
from the olefin were found, epoxycyclo-
hexane and 3-tert-butylperoxy-1-cyclo-
hexene (I), together with trace amounts of
2-cyclohexen-1-0l, 2-cyclohexen-1-one,
trans-cyclohexane-1,2-diol,  2-hydroxycy-
clohexanone and 23-epoxy-cyclohexan-
1-ol.

In agreement with the findings of other
workers the best catalysts proved to be
the homogeneous Mo(CO), and W(CO),
(2, 3) and the heterogeneous Ti0,-on-Si0,
(12a). They all gave roughly the same se-
lectivity (88-94%) to epoxide although the
latter two required much longer reaction
times than Mo(CO)s. In the presence of
these catalysts less than 1% of (I) was
formed. Other catalysts afforded increasing
amounts of this compound (see Table 1),
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TABLE 1
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EroxmaTioN oF CYCLOHEXENE BY teri-BuTyL HYpropPrrOXIDE IN BENzENE AT 90°Ce

Selectivity to

Reaction BuO.H
time consumed Epoxycyclohexane  tert-Butylperoxy-
Catalyst? (hr) (%) () cyclohexene (7,)4
Mo(CO) 2 98 94 <1
MoOs(acac); 1 98 94 <1
W(CO)s 18 95 89 1
WO (CHe03)s# 22 38 77 13
Ti0z-0n-810," 18 75 88 <1
Ti(OBu), 20 80 66 22
TiO(acac): 18 40 38 25
UO(acac), 18 55 35 36
UO0,ClL,(HMPA). 18 22 <5 90
VO(sacac); 2.5 96 13 250
Cr(acac); 2 98 2 30¢
Nb(OBu)s 20 33 30 36
Ta(OBu)s 20 24 29 34
Zr(acac), 20 16 6 80
Th(acac), 18 24 4 16
Zr(OPr); 18 5 <10 60
SeO; 18 52 6 840
SeO," 18 84 42 38

¢ 5 mmol cyclohexene + 5 mmol teri-BuO,H -+ 0.05 mmol catalyst in benzene (25 ml of solution) under N..
b acac = acetylacetonate; HMPA = hexamethylphosphoric triamide; OBu = n-butoxide; OPr = iso-

propoxide.
¢ Based on tert-BuO;H consumed.
4 Assuming 2 mol tert-BuO,H — 1 mol tert-butylperoxycyclohexene.
¢ W(VI)-butane-2,3-diol complex.
/ Heterogeneous; 200 mg of 29, TiOzon-Si0; used.
¢ Significant amounts of cyclohexenol and cyclohexenone also formed.
k Cyelohexene used as the solvent.

TABLE 2

EpxormnaTioN oF 1-O¢TENE BY tert-BuTyl HYDROPEROXIDE IN BrxzExm aT 90°Ce

Selectivity to

Reaction BuO.H
time consumed Epoxyoctane tert-Butylperoxy-
Catalyst (hr) () (G » octene ()
Mo(CO) 3 88 64 <1
Mo(CO) 20 99 64 <1
TiOy-0n-Si0; 24 31 56 <1
W(CO) 70 71 34 22
Ti(OBu), 24 34 10 24
VO(acac). 4 95 2 6

s For conditions see footnote g in Table 1.
* Based on lert-BuO,H consumed.

¢ Assuming 2 mol tert-BuO,H — 1 mol tert-butylperoxyoctene; approx 1:1 mixture of 3-fert-butylperoxy-1-

octene and 1-tert-butylperoxy-3-octene.
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TABLE 3
METAL-CATALYZED DECOMPOSITION OF tert-BUTYL
HypropEROXIDE IN BENZENE AT 90°Ce

Approx Yield of

Catalyst ti2 (min) O: (%)
Co(IT)octoates <1 93
Cr(acac)s 7 85
VO({(acac)s 13 88
Mo(CO)s 20 80
Ti(OBu)s 300 70
WO:(C:H,02)2 240 10
W(CO)s 240 <5
TiOz-on-8i0: 1000 <5
None 10 , 000 nd

25 mmol fert-BuO:H + 0.05 mmol catalyst in
benzene (25 ml of solution) under N.

® For complete reaction; based on amount of
tert-BuO-H charged.

< Estimated from values determined at 25°C (16).

the structure of which was confirmed by
comparison (ir, NMR, glc) with an authen-
tic sample.

1-Octene, being less reactive than cyclo-
hexene, gave significantly lower selectivities
to the epoxide (Table 2). Furthermore, the
spread in selectivities between the various
catalysts was much wider than with cyclo-
hexene. The heterogeneous Ti0,-on-Si0,
catalyst (12a) gave a selectivity to 1,2-
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epoxyoctane similar to that observed with
Mo(CO)s and significantly higher than
that found with the homogeneous Ti(OBu).
catalyst. In addition to 1,2-epoxyoctane,
3-tert-butylperoxy-1-octene (II) and 1-
tert-butylperoxy-3-octene (IT1) were
formed, together with trace amounts of
l-octen-3-ol, 1-octen-3-one and 3-octen-
1-al.

Metal-Catalyzed Decomposition of tert-
Butyl Hydroperoxide in the Absence
of an Olefin

The results of the reactions of tert-butyl
hydroperoxide, in the absence of an olefin,
in benzene and cyclohexane at 90°C, in the
presence of Mo, Ti, W, and Cr catalysts
are shown in Tables 3 and 4. In general,
they were similar to those obfained with
redox catalysts such as cobalt (16). Thus,
in benzene at 90°C tert-butyl hydroper-
oxide was catalytically decomposed to tert-
butanol and oxygen (Table 3). In cyclo-
hexane, decomposition of the hydroperoxide
was slower (Table 4) and afforded tert-
butanol together with oxidation products
of the solvent (cyclohexanol, cyclohexa-
none and tert-butylperoxycyclohexane).
The molybdenum-catalyzed decomposition
of tert-butyl hydroperoxide in several sol-

TABLE 4
MeTaL-CATALYZED DECOMPOSITION OF teri-BuTYL HYDROPEROXIDE IN CYCLOHEXANE AT 90°Cse

Products (%)

Reaction BuQ.H
time consumed tert-Butylperoxy-
Catalyst (hr) (%) Cyclohexanol Cyclohexanone  cyclohexane
Co(IDoctoater 0.05 99 22 14 114
Cr(acac)s 1 99 48 5 28
VO(acac): 2 81 34 6 12
Mo(CO)s 6 95 47 9 14
W(CO)s 24 49 28 6 3
TiO-on-Si0: 24 46 4 1 2
TiO(acac)s® 24 52 21 7 6
Ti{OBu) 24 73 24 10 5
None 24 6 nd nd nd

s For conditions see footnote ¢ in Table 3.
¢ Based on tert-BuO,H consumed.

¢ 0.0057 M catalyst + 0.1-0.3 M tert-BuO:H at 81.5°C (186).

4 Oxygen (22%) was also found.

« Heterogeneous [TiOz(acac): is insoluble in eyclohexane].
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vents has previously been reported (11).
The rates of decomposition (qualitative)
decreased in the order Cr >V > Mo >
W,Ti.

The results obtained with the homoge-
neous tungsten catalysts and the hetero-
geneous Ti0,-on-Si0, differed from those
observed with the other ecatalysts. Thus,
with the former catalysts only small
amounts of oxygen were formed in benzene
(Table 3), along with water, isobutene and
isobutene oxide. The rate of hydroperoxide
decomposition in the presence of TiO,-on-
8i0; was very low compared to that found
with the other catalysts. Also, with this
catalyst there was very little formation of
oxidation products in cyeclohexane (Table
4).

Kinetic Studies

We have studied the kinetics of the
epoxidation of cyclohexene and 1-octene
by tert-butyl hydroperoxide, at 80°C in
benzene, in the presence of the more active
catalysts (Mo, W, Ti and V compounds).
In these studies, except for the molyb-
denum-catalyzed epoxidation of cyclohex-
ene, an olefin/hydroperoxide molar ratio
of 10:1 (2 and 0.2 M) was employed. This
ratio provided for a reasonable rate of re-
action with, in most cases, simple pseudo-
first-order kinetics and a high selectivity
to epoxide.

Other workers have shown (4-7) that
these metal-catalyzed epoxidations are first
order in both olefin and hydroperoxide.*
The molybdenum-catalyzed reactions were
found (5, 11) to be first order in catalyst.
The full rate expression is given by:

rate = d[epoxide]/dt
= ky[catalyst]olefin][RO.H].

As long as the catalyst remains un-

*1t has now been shown [T. N. Baker, G. J.
Mains, M. N. Sheng and J. G. Zajacek, J. Org.
Chem. 38, 1145 (1973)]1 that although molyb-
denum-catalyzed epoxidations exhibit an ap-
parent first~-order dependence in hydroperoxide,
the kinetics are in fact more complex due to a
slight but significant retardation by the co-product
aleohol.
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changed during the reaction this reduces
to:

rate = kololefin][RO.H],

which, for a high olefin/hydroperoxide
ratio, reduces further to the pseudo-first-
order rate equations

rate = k[{RO.H],

where k. = k.[olefin] = k;[catalyst]
[olefin].

In the epoxidation of cyclohexene all of
the catalysts, with the exception of
VO (acac),, were found to give, after an
initial period, pseudo-first-order kinetics
(Fig. 1; the line shown for Mo(CO), was
calculated from the second-order rate con-
stant, determined at olefin and hydroperox-
ide concentrations of 02M each). The
initial change in rate was previously found
to be due to a change in the structure of
the catalyst (11). The calculated second-
order rate constants (k, = k,/[olefin]) for
epoxidation are given in Table 5; they cor-

_[EPoxiDE],
{[EPOXIDE]
10 ®
W(CO),
05
TiOlacac),
02
Mo(CO)
@) ! 2 3 4 5

TIME, h

Fia. 1. Metal-catalyzed epoxidations of cyclo-
hexene with fert-BuO:H in benzene at 80°C;
(tert-BuO.H, 02 M; cyclohexene, 2 M; catalyst,
0002 M).
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TABLE 5
Rate CONSTANTS AND SELECTIVITIES IN THE
EroxipaTioN oF CYCLOHEXENE BY lert-BuTyL
HyYpROPEROXIDE IN BENZENE aT 90°Ce

ko X 108 Selectivity*

Catalyst (M-t g71) (%)
Mo(CO)s 390 99
VO(acac): 804 83
TiOzon-SiO; 14 96
Ti(OBu), 5.0 95
TiO(acac)z 3.6 98
W(CO), 2.2 96

@ See “Methods’’ for conditions.

b Second-order rate constant for epoxide forma-
tion at the given catalyst concentration (0.002 M).

< Based on tert-BuQ:H charged (1009, conversion).

¢ Calculated from the initial rate, which rapidly
decreased (see Fig. 1).

respond to the final, constant slopes in Fig,.
1. For most catalysts the selectivity to
epoxide was >95% but for VO(acac), it
was not higher than 83%.

In the epoxidation of 1-octene under the
same  conditions  (olefin/hydroperoxide
molar ratio: 10:1) high selectivities to
epoxide were obtained only with Mo (CO),
and TiO.-on-8i0, (95 and 90%, respec-
tively) ; Ti(OBu), and W(CO), gave mod-
erate selectivities (77 and 72%, respec-
tively) and VOf(acac): a very poor
selectivity (8%) even under these favor-
able conditions. It was only the Mo (CO),
(Fig. 2) and W(CO)¢-catalyzed reactions
which, after an initial period, followed
pseudo-first-order kinetics. The rates of
titanium- and vanadium-catalyzed reac-
tions decreased continually throughout the
reaction and never became constant. Hence,
because of the low selectivities and/or the
decreasing rates it was impossible to cal-
culate meaningful rate constants for many
of these reactions.

The Effect of Added tert-Butanol

The continuous decrease in rate of the
VO (acac).-catalyzed epoxidation of cyelo-
hexene has been observed earlier by Gould
et al. (6), who showed that this reaction
is autoretarded by the co-product tert-
butanol, leading to complex kinetics (6).

SHELDON AND VAN DOORN

| [EPOXIDE]

[EPOXIDE]
10

o5 o MO(CO)G

& TiOz-on-Si0,

o Ti{OBu)g

+ TiOo-0n-SiOo; tert-BuOH ADDED
. Ti(OBu)4; tert-BuOH ADDED

02 L ; L f )
o] 1 2 3 4 5
TIME, h

F1e. 2. Epoxidation of 1-octene with tert-
BuO.H in benzene at 80°C; (tert-BuO:H, 02 M ;
1-octene, 2 M ; catalyst, 0.002 M).

Sheng and Zajacek (5) found that the addi-
tion of large amounts of tert-butanol to
molybdenum-catalyzed epoxidations also
resulted in a decreased rate of reaction. We
have compared the effects of the deliberate
addition of tert-butanol (tert-BuO.H/tert-
BuOH molar ratio: 1:1) on the rates of
molybdenum-, titanium- and tungsten-cata-
lyzed reactions in order to determine the
extent of autoretardation in these reactions.

The addition of tert-butanol had little
effect on the molybdenum- and tungsten-
catalyzed epoxidations. Both homogeneous
and heterogeneous titanium-catalyzed re-
actions showed marked autoretardation
with 1-octene (Fig. 2), but not with cyclo-
hexene (Fig. 1). The retarding effect in the
case of l-octene was the same for homo-
geneous and heterogeneous titanium cata-
lysts (Fig. 2).

Catalyst Isolation

We have previously reported (11) that
during the early stages of the molybdenum-
catalyzed epoxidations the initially added
catalyst 1s converted into a molybdenum
(VI)-1,2-diol complex (IV) via reaction
with the epoxide in the presence of the
hydroperoxide.

It was of interest, therefore, to deter-
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mine whether other metal catalysts were
similarly converted to diol complexes dur-
ing the reaction. Indeed, we have iso-
lated a Ti(IV)cyclohexane-1,2-diol com-
plex from homogeneous titanium-catalyzed
epoxidations of cyclohexene (see “Meth-
ods”). Separate experiments showed that
the complex is formed via an in situ reac-
tion of the catalyst with the epoxide and
hydroperoxide. The precise structure of
this complex has not been determined but
it contains one molecule of diol per tita-
nium atom and its high melting point
(>300°C) suggests that it is oligomeric
or polymeric [Ti(IV) is known (I17) to
form a wide variety of polymeric complexes
with 1,2-diols]. The species present under
epoxidation conditions, however, may be
monomeric. Whether or not the complex
contains a titanyl group (Ti=O0) has not
been established.

Discussion

The results of our product studies demon-
strate that the reaction scheme developed
for molybdenum-catalyzed epoxidations
(IT) can be extended to other metal cata-
lysts. The performance of transition-metal
catalysts depends on, among other things,
the relative rates of the metal-catalyzed
epoxidation and the metal-catalyzed de-
composition of the hydroperoxide. These
reactions and the factors underlying the
differences between the various metals are
discussed in the following paragraphs.

Mechanism of the Epoxidation

The high selectivities (Table 5) and the
effect of olefin structure on the rate of
epoxidation are consistent only with a
heterolytic mechanism involving -electro-
philic attack on the olefin, as suggested
earlier by others (5, 6).

Complexes of metals in low oxidation
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states (e.g, Mo(CO);, W(CO)s) are
rapidly oxidized by hydroperoxides to their
highest oxidation state (vide infra). We
propose that compounds of the metals in
their highest oxidation states [Mo(VI),
W(VI), V(V), Ti(IV)] are the actual
epoxidation catalysts. Complex formation
between the metal catalyst and the hydro-
peroxide renders the peroxidic oxygens
more electrophilic and, hence, more liable
to attack by an olefinic double bond. This
may be compared to the electron-withdraw-
ing effect of the carbonyl group in organic
peroxy acids, which renders the peroxidic
oxygens more electrophilic than the corre-
sponding alkyl hydroperoxide.

We envisage two possible mechanisms for
the reaction of the catalyst-hydroperoxide
complex with the olefin. The first mecha-
nism [Eq. (2)] involves a eyelic transition
state where an M=O0 group in the catalyst
functions in a similar manner to the car-
bonyl group in organiec peroxy acids. The
M=0 group may be part of a soluble
metal complex or it may be present on the
surface of a heterogeneous catalyst. We
prefer this mechanism for those complexes
which econtain an M=O0 group (molyb-
denyl, titanyl, vanadyl, ete.). Apart from
the M=0 moiety an M—OX group could
also act as a proton acceptor. This is
visualized in the second mechanism [Eq.
(3)]. An analogous mechanism has been
proposed (18) for the boron-catalyzed
epoxidation of olefins.

In both mechanisms the main function
of the catalyst is to withdraw electrons
from the peroxidic oxygens of the hydro-
peroxide. In doing so the catalyst acts as
5 Lewis acid. The Lewis acidity of metal
complexes increases with increasing oxi-
dation state of the metal and active epoxi-
dation catalysts would, therefore, be ex-
pected to be found among compounds of
metals in high oxidation states. We have
previously shown (11) that the active cata-
lysts in molybdenum-catalyzed epoxida-
tions are Mo (VI) complexes.

The Lewis acidity of transition-metal
oxides decreases in the order CrO; MoO,
» WO, > Ti0,, V.05, UO; (19). Thus, it
becomes apparent why Mo (VI) is the most
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MECHANISM 1
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- l \/(')/ 7/ — | ™~0R 3)
|
R
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| XOH ! RO, M, OLEFIN
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TITTOR  pow -

effective epoxidation catalyst. On the basis
of its strong Lewis acidity Cr(VI) would
also be expected to be a good catalyst. That
this is not so must be ascribed to the fact
that Cr(VI) is a strong oxidant and readily
causes decomposition of the hydroperoxide
(vide infra}.

Lewis acidity will also be influenced by
the nature of the ligands surrounding the
metal. In practice, however, a ligand effect
should be observable only in the initial
stages of the reaction in view of the rapid
oxidative destruction of the original ligands
by reaction with the hydroperoxide (see
below). We attribute the high activity of
Ti0.-on-Si0, to its acidity being higher
than that of the homogeneous titanium
catalyst [as evidenced by the much higher
rate of dehydration of aleohols in the pres-
ence of TiO,-on-Si0. (20)]. TiO, as such
is inactive as an epoxidation -catalyst
(12a).

Since the epoxidation step involves no
change in oxidation state of the metal there
is" no reason why the catalytic activity
should be restricted to transition-metal
complexes. Compounds of nontransition ele-

ments which are Lewis acids should also
be capable of catalyzing epoxidations. The
acidity of nonmetallic oxides decreases in
the order SeO, > B.O; > Sn0, (719). In
fact, Se0, is roughly as acidic as MoO,.
We have indeed found that SeO, catalyzes
the epoxidation of olefins by hydroperoxides
although it is much less effective than the
molybdenum, tungsten and titanium cata-
lysts. This is possibly due to the fact that
Se0, is a relatively strong oxidant and may
readily cause decomposition of the hydro-
peroxide (see below). Boron (I8) and tin
(21) compounds are known to catalyze
epoxidations with hydroperoxides but they
are much less effective than molybdenum
catalysts.

By-product Formation

Low selectivities in metal-catalyzed
epoxidations are generally due to a com-
peting metal-catalyzed homolytic decom-
position of the hydroperoxide (11). Many
transition-metal complexes are known (22)
to initiate the decomposition of hydroper-
oxides via the redox reactions (4) and (5):
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M 4 ¢-BuO;H — M=+ + t-BuO, + H*,
)
M®=* + t-BuO.H — M+ + -BuO- + HO™.  (5)

By-products in the epoxidation reactions
result from subsequent reactions of the
tert-butoxy and tert-butylperoxy radicals
formed in reactions (4) and (5). These re-
actions, which are dependent on the nature
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Addition of tert-butylperoxy radicals to
the double bond [reaction (12)] may be,
at least partly, responsible for the forma-
tion of epoxides in the reaction of tert-
butyl hydroperoxide with olefing in the
presence of the less active catalysts in
Table 1. Epoxide yields of 5-10% and 10-
30% have been reported (23) for the re-
action of tert-butyl hydroperoxide with 1-

of the solvent and on the molar ratios of

: octene and cyclohexene, respectively, in
the reactants, are outlined below.

the absence of a catalyst at 100°C.

Abstraction of hydrogen from 1-octene
affords an unsymmetrical allylic radieal,
which combines with tert-butylperoxy radi-
cals to give (II) and (III) in approximately
equal amounts.

O—Ozt-Bu (8)

Reaction with Hydroperoxide

t~-BuO- + -BuQ:H — -BuO: + +~BuOH, (6)
2t-BuQOy — 2t-BuQ- + O, )

Reaction with Solvent, e.g., Cyclohexane

t~BuQ,

— -

t-BuOe
_——
ORt-Bquo

O.

e O Ome O 0

Reaction with Olefin, e.g., Cyclohexene

l*Bquo
Orove @
t-BuQe
- . .
OR t~BuO,e
)
L ¢ . 028 ——= 0o oH (11
)
Ozt-Bu 0
@ + 1-BuOpe ——e CS —_— + t-BuQe (12)

The relative contributions of the various
reactions depend on the relative reactivities
of the solvent and the olefin to radical at-
tack and on the molar ratios of olefin,
hydroperoxide and solvent,

Selectivity

In general, our results may be ration-
alized with a scheme (Eqs. (13)-(15)) in-
volving competing homolytic decomposi-
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CH
- =
t-BuQse + CH,CH ZoXCH,

tion of a catalyst-hydroperoxide complex
and its reaction with the olefin, as proposed
earlier (11) for molybdenum-catalyzed
epoxidations.

K
[+
M™+ ROH T/ MM ROH
2 _kc 2
0

n+ e’ n+
Q 'ROZH + —_ A + ROH + M

kg
Q“*-ROZD RISV 0L RO, + H*

The selectivity to epoxide is determined
by the relative rates of reactions (14) and
(15). Assuming that there is no radical-
induced chain decomposition of the hydro-
peroxide (because of the radical scavenging
effect of the olefin) and neglecting small
amounts of epoxide formed via a radical
pathway [Eq. (12)] one obtains the
expression:

epoxide selectivity
= {kJolefin]/(ks; + kolefin]}} X 1009,

where k, = k.C (C = ky/k_;).

In general, the ease with which transi-
tion-metal ions or complexes catalyze the
decomposition of hydroperoxides is related
to their redox potentials. Hydroperoxides
are strong oxidants but weak reducing
agents and, hence, reaction (4) 1is the
slower, rate-determining step in hydroper-
oxide decomposition and is facile only with
strong oxidants such as Co(III), Ce(IV)
and Pb(IV). The oxidation potentials
(Eo(eV) for M™ + e > M™V+) in aque-
ous solution are: Co(III), 1.82; Ce(IV),
1.61; Mn(III), 1.51; V(V), 1.0; Mo(VI),
02; W(VI), 0.03; Ti(IV), 0.06; and
T (VI), 0.05 (24). Of course, the oxidation

SHELDON AND

VAN DOORN

— C5H“CH (O,‘,t-'Bu)CH=CH2
(m

C4H,CH = CHCH0,t-Bu
(m)

potential is influenced by the ligands sur-
rounding the metal but the above data af-
ford a qualitative picture of the relative
oxidizing strengths of complexes of these

(13)

4

15)

metals. Examination of the data reveals
that all of the epoxidation catalysts, with
the exception of vanadium, are weak oxi-
dants in their highest oxidation states. This
explains why vanadium catalysts give
lower epoxide selectivities than molyb-
denum, tungsten and titanium catalysts.
V(V) is a much stronger oxidant than Mo-
(VI), W(VI) or Ti(IV) and, hence, more
readily causes decomposition of the hydro-
peroxide. The low activity of other tran-
sition-metal catalysts, such as Th(IV) or
7Zr(IV), which are weak oxidants and do
not cause rapid decomposition of the hydro-
peroxide, is of course due to the fact that
they are weak Lewis acids (vide supra).
However, Zr0O,-on-8i0, is a relatively ac-
tive epoxidation catalyst (12c), which is
attributable to its Lewis acidity being
stronger than that of other Zr(IV) com-
pounds (ef. TiO,-0n-Si0,).

We conclude that oxidation potential and
Lewis acidity play an important role in
determining the effectiveness of transition-
metal compounds as epoxidation catalysts.
Activity may also be affected by other
properties, e.g., the size of the metal atom
may be important in determining whether
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or not the geometry of the eyelic transition
state for oxygen transfer is favorable.

Autoretardation by tert-Butanol

Another factor that influences the rates
and selectivities of these epoxidations is
autoretardation by the co-product alcohol
(20). Complex formation between the cata-
lyst and tert-butanol will hinder both the
formation of a catalyst-hydroperoxide
complex and the rcaction of the latter with
the olefin. The former will lead to a reduced
rate and the latter to a reduced selectivity
to epoxide.

The extent of autoretardation will be re-
lated to the equilibrium constants for the
formation of catalyst-hydroperoxide and
catalyst—-alcohol complexes. This ratio is
likely to vary with the metal; our results
show that autoretardation by tert-butanol
increases in the order W << Mo < Ti < V,
the rates of molybdenum- and tungsten-
catalyzed epoxidations being only slightly
affected under our conditions. It is not
clear at present why autoretardation should
play a more important role with 1-octene
than with cyclohexene.
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