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Abstract

The present review is emphasized on chemical aspects of epoxidation, environmental safety of promising
methods for processing such a renewable raw material as terpenes. Various epoxidizing systems are considered,
first of all those allowing one to perform catalytic epoxidation of terpenes, as well as their prospective
value for commercial introduction. The review has included the materials published within the period from
1988 to 2008. For the convenience of comparing various epoxidizing systems and of choosing optimum
conditions for the process carrying out, all the data are listed to form common tables.
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INTRODUCTION

The epoxidation of olefins represents a con-
venient way to activate and fuctionalize them
[1-5] which quite often serves as the first stage
of various kinds of industrial production [6—9].
A plenty of works, including a number of the
reviews performed for the last decade [3, 10—12]
devoted to this process are available from the
literature. The authors of the monograph [10]
considered epoxidation of alkenes in a partic-
ularly academic theoretical aspect wherein ter-
penes were out of consideration. There are
transformations discussed in this book those
proceed under the influence of individual
agents enriched with active oxygen on olefins,
instead of real epoxidizing systems. The review
is useful for understanding the mechanisms of
epoxidation, but it is less interesting from the
standpoint of choosing the conditions in order

.................................. 635
.................................. 687

to carry out a preparative synthesis of terpene
epoxides. An extensive review [3] is devoted
mainly to oxidation reactions of compounds
from various classes. In the section devoted to
the epoxidation, terpenes figured as initial com-
pounds only for two reactions among several
tens of reactions presented. The authors of [12]
listed a number of catalytical epoxidation sys-
tems including hydrogen peroxide. However,
only one terpene was used among initial alk-
enes. A similar approach is described also in a
very brief review [11].

Nowadays the success in the field of fine
organic synthesis of terpenoids is obvious. From
the theoretical point of view it is quite possible
that combining known methods of organic syn-
thesis one could obtain almost any known or
potentially interesting from the practical stand-
point of view terpenoids. On the other hand,
provided putting a question concerning profound
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processing of significant amounts of phytoge-
nous raw material (for example, turpentines,
by-produced in the manufacture of cellulose,
or limonene by-produced in obtaining juices of
citrus plants) the following disadvantages of
known methods for the conversion of terpe-
noids are revealed to be obvious:

1. A necessity to use great volumes of ex-
pensive and frequently hazardous reagents in
order to perform the synthesis. These circum-
stances cause, in particular, the formation of
hazardous and difficult to recover waste in the
amounts several times exceeding the volumes
of the obtained product [13].

2. Due to a low selectivity of the reactions
one should carry out a careful and expensive
preparation of reagents and/or separation of
complex mixtures of products.

3. A low yield of target products caused by
manifold reactivity of natural compounds.

Solving practical problems, chemists confront
either with one of these circumstances (for ex-
ample, performing the process with a high se-
lectivity is possible, but it demands high ex-
penses and practically non-feasible, hazardous
reactants) or with their combination when even
the application of modern “laboratory” meth-
ods of organic synthesis can not provide obtain-
ing the products with a reasonable yield. As a
result we have an essential difference in the price
of the products of the general and fine organic
synthesis based on the one hand on the prod-
ucts of petrochemistry, and on the other hand
on the products of dendrochemistry.

It is obvious that the development of “usu-
al” non-catalytic methods of organic synthesis
in the field of dendrochemistry cannot change
the situation developed. In this connection the
catalytic epoxidation of terpenes could be con-
sidered to be one of the most promising direc-
tions in the field of using a renewable phyto-
genous raw material.

The present review considers the papers con-
cerning the epoxidation of available naturally
occurring terpenes (0- and B-pinenes, 3-carene
and limonene) published within the period from
1988 to 2008. During last decade, publications
concerning biochemical epoxidation of terpe-
nes began to appear [14—20] those will be also
considered below. However, the main attention
will be given to chemical methods for epoxida-

tion. The effects of enantioselectivity and di-
astereoselectivity of oxidizing systems under use
are not discussed in the present work.

Our work is intended to help researchers and
technologists in choosing from the literature data
some rational conditions for practical epoxida-
tion of terpenes those are suitable for scaling
this process up to industrial synthesis of oxiranes.

SOME GENERAL LAWS FOR EPOXIDATION OF TERPENES

As much as 24, 41, 119 and 129 works, re-
spectively, are devoted to the problems of the
synthesis of B-pinene, 3-carene, limonene and
O-pinene epoxides in the literature. Such a ra-
tio is to a certain extent reflecting the avail-
ability of the terpenes listed their readiness for
epoxidation and practical importance of ep-
oxides obtained. The following order for the
ability of terpenes to be oxidized [21] is known:
3-carene > O-pinene > limonene > [3-pinene.

However, the data we have gathered dem-
onstrate that the capability of terpenes to ex-
hibit the formation of the oxirane cycle de-
pends not only on the structure of an initial com-
pound, but also on the conditions this reaction
is carried out. An essential role is played, for
example, by the size of an attacking complex
(a catalyst with an epoxidizing agent [22]), by
the nature of the epoxidizing agent [23], by sol-
vent [24] and other conditions of the process.
For example, for the epoxidation by t-BuOOH
and cumene hydroperoxide the decrease in ac-
tivity for both epoxidizing agents can be pres-
ened by the following series: cyclohexene > li-
monene > O-pinene > [-pinene > camphene.

The absolute values of the conversion level
in the reactions of t-BuOOH oxidation by
cumene hydroperoxide [25] and by some other
oxidizers are presented in Table 1.

One can see that to establish a universal scale
for the reactivity of olefins in the reaction of
double bond oxidation with the formation of
oxiranes is impossible. Hence, the statement
occurring in the literature that the double bond
in this cycle is much more reactive than a dou-
ble bond in a chain or an isolated double bond
[31] (which is caused by a somewhat lower en-
tropy loss in a cyclic molecule) is valid only for
a limited number of epoxidation variants. It is
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TABLE 1

Comparative reactivity of some terpenes in the reaction of epoxidation

Epoxidation conditions Terpene Conversion

level, %

Selectivity, % Yield, % Ref.

0O,, Ni(acac),, Me,CHCHO a-Pinene 100
Limonene 100
3-Carene 97

a-Pinene 100
Limonene 100
3-Carene 96

O,, Ru complex containing
cymol and 1,2,4-triazepine,
Me,CHCHO

60 % H,0,, Al,O4 o-Pinene
Limonene
3-Carene
35 9% H,0,, MesReO;, pyridine o-Pinene 100
Limonene 100
B-Pinene 98

0O,, Co salen complex, a-Pinene

Me,CHCHO Limonene
3-Carene
B-Pinene
30 % H,0,, DCC, cationite o-Pinene
Limonene

B-Pinene

93 - [26]
81 -
90 -
98 - [27]
91 -
98 -
69 [28]
83
87
86 80 [1]
90 90
89 82
70 [29]
54
48
64
73 [30]
64
48

contradicted, for example, in [32] where it was
demonstrated that citral and linalool are readi-
ly epoxidized, whereas the yield of a- and
B-pinene amounts to 15 % only.

The latter is caused by a spatial hindrance
for the attack of double bonds by a bulky diatomic
Mn complex. A surprising dependence of epoxida-
tion results on the reaction conditions (mainly on
the nature of a polyoxomethylate catalyst under
use) has been demonstrated in [33], whose authors
obtained 8,9-epoxide from R(+)-limonene with the
yield of 89 % under soft conditions. With the use
of other catalysts the formation of this compound
under direct epoxidation conditions either did not
occur or its yield in the mixture with others isomers
did not exceed 30—35 %.

A law manifested by the fact that the ep-
oxidation rate increases in the presence of elec-
tron accepting groups in the source of active
oxygen as well as of electron donating groups
in alkene [34, 35] is considered to be more uni-
versal. It should exhibit in the cases when the
mechanism of electrophilic oxygen addition to
the double bond is realized. However, the works
considered in the review demonstrate a much

more complicated, ambiguous and not conclu-
sively established picture of oxiranes forma-
tion. Three types of mechanisms are consid-
ered to be possible for epoxidation reactions such
as a catalytic oxygen transfer to the double
bond, a free-radical mechanism and a Prile-
zhaev reaction for the case when it is performed
with peracids.

MECHANISMS FOR THE INTERACTION OF TERPENES
WITH EPOXIDIZING AGENTS.
THE FEATURES OF SOME EPOXIDATION PROCESSES

The reactions of active oxygen addition to
the double bonds of terpenes use to proceed
both in the presence of catalysts, and without
them. The catalysis can be of both homoge-
neous and heterogeneous nature. Recently there
is a tendency to use the second variant is mainly
observed, whose basic advantage consists in the
potentiality of a repeated use of a catalyst.
A number of compounds (Tables 3—6) are used
as a source of active oxygen, but much more
often the latter represents hydrogen peroxide
or molecular oxygen (air) (Table 2).
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TABLE 2

Main components of the systems epoxidizing terpenes

Initial Overall number Number of publications whose authors use:
compound of publications catalysts H,0, 0O,
-Pinene 24 16 (67) 13 (54) 4 (17)
3-Carene 41 29 (71) 28 (68) 7 (17)
Limonene 119 97 (81.5) 46 (39) 24 (20)
o-Pinene 129 106 (82) 43 (33) 40 (31)

Note. The percentage with respect to the total number of publications is specified in brackets.

It should be noted that the contribution of
catalytic processes with the use of molecular
oxygen as an oxidizer increases in the order of
B-pinene, 3-carene, limonene, O-pinene.

The discovery of the catalytic properties of
Me;ReO; (MTO) in the reactions of epoxidation
became a remarkable milestone in this research
field [12]. Many alkenes can be epoxidized in
the presence of this substance under the action
of hydrogen peroxide at a room temperature.

HzOz Hzo o)

\_/‘ O\| w0 41,0, O:/,,i
/‘\ / \O

H,0, H,0

\\\O
‘Re"
7| o

2 OH2

Av

lkene

MeReOjy

- Hzoz

(

Alkene

Epoxide Epoxide
Rhenium being heptavalent in the compound
Me;ReO;, activates hydrogen peroxide through
the formation of n*-peroxo species 1 and 2. The
structure of compound 2 is confirmed by the data
of crystallographic analysis; the presence of spe-
cies 1 and 2 is proved with the use of NMR spec-
troscopic methods [12]. As complex compounds
with nitrogen-containing ligands are formed from
MTO its reactivity increases. In order to prevent
these ligands from washing away the MTO is in-
troduced into the structure of a polyvinylpyri-
dine resin [36] or its complex is incapsulated into
polystyrene [37]. Thus a heterogeneous catalyst is
obtained suitable in order to use it repeatedly.
Aluminium oxide have appeared a quite good
catalyst of epoxidation reaction, in particular
basic one as well as that obtained according to
the method of sol-gel technology [38]. Its cheap-
ness, availability and ecological compatibility

have caused interest in detailed studies on potenti-
alities of this catalyst application [39, 40]. The mech-
anism proposed for epoxidation is as it follows:

- 0H>v<

(l)H > < (|)0H --O--H
Al HyOy Al
S om0 Fh ﬁ% — A

Much the same technological parameters are
reached with the use anhydrous hydrogen per-
oxide and its) 60 % solution for epoxidation at
60—70 °C. In the latter case the process requires
for water evaporation from reaction the mix-
ture using a Dyne—Stark apparatus. Alumini-
um oxide can be used use three times, further
with the conservation or even increase in the
selectivity of limonene epoxidation the conver-
sion level is considerably reduced.

Complexes of transition metals with B-dike-
tones are widespread epoxidation catalysts. The
authors of [41] studied the mechanism and ki-
netics for the epoxidation of alkenes in the pres-
ence of Ni(acac),, isobutyl aldehyde and mo-
lecular oxygen (usual conditions for the cata-
lysts mentioned). A simplified picture of pro-
cess is presented below:

OiHR
RCHO \Ni/H ut
/N
oi:R
% N
VAR og 00 VAN
O RCOOH l
/

>A< ‘\ o+ \NiI y
AN foX

* Reaction rate determining stage.
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The authors of [41] have concluded that the
epoxidation reaction occurs at a ratio
aldehyde : alkene = 2, whereas the first impor-
tant stage is presented by aldehyde coordina-
tion with the nickel complex. The role of this
complex consists in promoting the hydrogen
atom abstraction from aldehyde and in the
acceleration of oxidation reaction. From the afore-
mentioned Figure one could see both radical and
non-radical reactions to occur within the cycle,
however the authors of [41] considered the na-
ture of the process to be radical one and basing
on Kinetic studies came to the conclusion, that
the reaction rate of the process does not depend
on the concentration of an initial substance.

Copper salts can operate as active oxidation
(epoxidation) catalysts. The authors of [35] have
proposed a reactivity series for similar com-
pounds those they have obtained through the
oxidation of adamantine by molecular oxygen
in the presence of acetaldehyde. The experi-
ments which they carried out in order to find
out the oxidation mechanism for substituted
toluenes in the presence of Cu(OH),, have dem-
onstrated that there are reactive intermediates
such as Cu® 0" or Cu*"=0 formed. The data
obtained are mainly strengthening the case for
radical mechanisms.

Compounds containing cobalt such as CoN-
aY, Co(NO;),, PW,;Co, CoW,,, Co phtalocya-
nine [42] are also efficient catalysts in the pres-
ence of oxygen and aldehyde. The authors of
this work considered the epoxidation with Co®*
compounds is a free-radical process initiated by
such adducts as Co®>*—0—0. The latter react

with aldehydes, which results in RCO; radical

formation with the participation of oxygen of
at the final stage of the process.

. 0
—

RCO; + = —= RCO; —> Y\ 4 reo;

RCO3 + RCHO —= RCOOH + RCO

RCO + O, —= RCO,

Under the conditions specified the reactivi-
ty with the repeated use is exhibited also by
cobalt polyoxometallates, applied onto modified
mesoporous silicate matrices. The nature of a
matrix and its treatment influence the cata-
lyst activity [43].

Alkene + 2H" + Ze + O, > Epoxide + H,0

Va | + Cl”
2 N CsMes
4
Rh NaHCO
VAN :
= |NCl
2
solid phase
organic phase
7
R R
N 1\{/CI5M95 Py
A R™'R
Z N H L

Fig. 1. Schematic presentation of a catalytic system, which
illustrates the role of [Rh(C;Me;)bipyCl,] complex as a
phase-transfer catalyst. C;Me; — pentamethylpentadiene.

The greatest number of works (18 publica-
tions) is devoted to the studies on the catalytic
system based on Mn porphyrin. This system is
modified through the introduction of aromatic
substituents into the positions 5, 10, 15, 20 of
the porphyrin ring. The best results were ob-
tained in the case of porphyrins with phenyl
substituents. The metal of the porhyryn com-
plex is bound with axial ligands such as chlo-
rine, acetyl group, nitrogen-containing com-
pounds (N-alkylimidazole). A more complicated
two-phase system was also proposed with the
reductive activation of oxygen [44] (Fig. 1).

The complication of porphyrin catalysts is
expressed also in the introduction of addition-
al substituents (Scheme 1, structures 3—5).

Catalysts are also synthesized those have the
structures with the cavities located lower than
the porphyrin ring plane wherein axial ligands
(nitrogen-containing heterocycles) can be placed.
These ligands could influence the results of
epoxidation [45].

The epoxidation mechanism hypothesized is
demonstrated in Scheme 2 [46].

Methods for immobilizing the catalysts under
discussion are also proposed, for example, onto
zeolite Y [47], polystyrene [48], modified SiO, [49].
All the modifications of Mn porphyrins are able
to catalyze to a greater or lesser extent the reac-
tions of allyl oxidation of terpenes.
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M; = M, = Mn; R; = NOy; Ry = Ry = H.

Scheme 1.
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Scheme 2.
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A catalytic system based on Fe porphyrin is
of limited occurrence. This system was subject-
ed to a detailed investigation by the authors of
[50]. The role of the catalyst could consists, to
all appearance, in the initiation of a chain re-
action via hydrogen abstraction from terpene
and decomposition of the hydroperoxide or
hydroperoxyl radicals formed from radicals 6
and 7 and molecular oxygen.

T &

6 7

The radicals form with porphyrins a cation-
radical species according to the equation
(P)Fe**X + ROO(H) — (P)""Fe*"(=0)X + RO(H)
This intermediate species is considered to be
responsible for the epoxidation:

(P)"Fe*"(=0)X + Alkene > (P)"'Fe3"X + Epoxide

8

The authors of [51] have found out that with
the increase of electron donating effect of sub-
stituents in the phenyl fragments of porphyrin
complexes their catalytic activity falls. They pro-
posed the relationship In k = 1.21680 — 7.9968
for Mn porphyrin complex, and the relationship
In k = 0.6250 — 8.2426 for Fe porphyrin com-
plex, where k is a the reaction rate constant,
and 0 is the Hammet constant for a substituent.

Cobalt porphypin catalysts under aerobic
conditions in the presence of aldehydes are
characterized as universal ones: they are able
to oxidize alcohols, benzyl compounds, arenes,
alkenes, alkanes [52, 53]. In this case the reac-
tions proceed via cobalt oxo species similar to
intermediate species 8. In the publications in-
cluded in the aforementioned reviews, among
all the set of terpenes considered only limonene
was entered into reaction with the Co porphy-
rin catalyst The authors investigated the influ-
ence of the substituent nature in the aromatic
fragments of porphyrins upon the results of
the reaction and noted that electron donating
substituents cause an increase in the activity
of catalysts. Aldehydes, especially 2-methyl-
propanal, perform the function of reductive
oxygen activation.

The consideration of the features of metal
porhyrin catalysts would be logically complet-
ed with the comparison of their activities de-

pending on the nature of metal. This could be
expressed by the following order of conversion
level values for a-pinene under the conditions
mentioned above [54]: TPPMn®**Cl > TPPCo**Cl >
TPPFe*'Cl > TPPCu?" = TPPNi*' = TPPZn?>" (TPP
standing for tetraphenylporphyrin).

The dependence presented is inherent in the
first three members of the series and coincides
with that for the reactions of limonene epoxi-
dation [55]. The authors of this paper have re-
vealed the activation of limonene conversion
with the use t-BuOOH instead of NaOCI as an
oxidizer and methylene chloride instead of ac-
etonitrile and ethyl acetate as a solvent.

Manganese compounds are much more pref-
erable than others also due to the cheapness
and non-toxicity of this metal

A great many of works is devoted to metal
porphyrins. Among several books a monograph
[66] where one of the sections is devoted to
the epoxidation of alkenes (rather than terpe-
nes) by some people metal porphyrins has a rel-
evancy to the topic of the present review.

Another group of composite complex cata-
lysts with transition metal as a central atom is
formed by Mn- and Co-salen complexes (in the
articles for 2006—2007 they are referred to as
“salophen complexes”). The mechanism of epoxi-
dation by them is identical and similar to that
occurring in the reaction of epoxidation by por-
phyrins. To all appearance, during the oxidation
a radical such as M—O—O" is formed (it is demon-
strated by ESR method) to convert into an oxo-
metallic intermediate species (salen) M=0O which
transfers oxygen to the double bond of olefin [57].

Phl O=Mn™* (salen) 4@—<
> e)
PhIO Mn?*(salen) %

An epoxidizing agent depicted in the Scheme
is typical alongside with PhIO,, NalO, and O,
for salen complexes (the use of hydrogen per-
oxide is inefficient). Salen complex catalysts in
the reaction of epoxidation exhibit the follow-
ing features:

1. Simultaneously with epoxidation the allyl
oxidation of terpenes and the formation of
alcohols and ketones are observed to occur.
These processes are of free-radical nature.
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2. The reductive activation of oxygen can
be realized with various carbonyl compounds.

3. The direction and results of the process
are to a considerable extent depending on the
structure of a salen complex.

A number of immobilized salen complexes
have been obtained on Dowex MsCl [58], on
modified macroporous zeolites [59], on silica gel,
polystyrene, MCM-41, montmorillonite (see
Tables 3—6). In some of papers listed a com-
parison of the results was carried out for the
epoxidation with the use of immobilized salen
catalysts and with the use of homogeneous
media. The former variant resulted in improv-
ing the manufacturability and selectivity of the
process, as well as in growing the yield of ep-
oxide, whereas the reaction rate and the pro-
ductivity of catalyst decreased. The catalyst link-
age with a support can be realized through imi-
dazole or 1,4-phenylenediamine, as well as via
the incapsulation within the pores of zeolite.

Rather high activity in the epoxidation of some
terpenes is exhibited by Mn complex with trim-
ethyltriazacyclononane. The introduction of the
oxalate buffer in the system prevents hydrogen
peroxide from decomposition and allows one to
epoxidize terminal double bonds successfully [11].

GO

N N
/N o
R+ HO, \7\R+H20
oxalate buffer
MeCN, 5 °C

This catalyst can be immobilized onto silica
gel [60]. The disadvantages of the catalyst
should be considered to consist in its ability to
initiate the formation of diols, as well as cam-
pholenic aldehyde (from o-pinene).

The selectivity of epoxidation for alkenes of
different structure as well as mainly cyclic alk-
enes and limonene as compared to O-pinene is
inherent also in dioxomolibdenium complex cat-
alysts, such as compounds 9—10a (Scheme 3).

N, N
/NS ,
Cl—Mo—~(] —Mo—
/o I
o} o ©
9 10

Scheme 3.

-
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In this case the reaction with o-pinene results
in the formation of many by-products, too.

Several works were devoted to the combi-
nation of Mo oxides with silicates. Worthy of
interest is paper [61] whose authors combined
mesoporous silicates (MCM-41, SBA-15) and
amorphous porous silicon dioxide with molyb-
denum oxides in single-reactor synthesis and
then carried out comparative studies and tests
of the samples obtained. All the varieties of
molybdenum silicates almost equally catalyze
the reaction of limonene epoxidation with t-
BuOOH, whereas in the case of using grinded
granules (especially precipitated silicon dioxide)
the efficiency of catalysts grows in comparison
with the mesoporous silicate samples.

Molybdenum carbonyl represents an interesting
variety of molybdenum catalysts. The compound is
fixed on cross-linked polystyrene via an imidazole
or piperazine spacer (fragments 11 and 12).

Polystyrene

M
S

Mo(CO),

%N/ Mo(CO);

11 12

Such catalysts demonstrate a high efficiency
under repeated use. In this case the authors of
all the published works used t-BuOOH as an
oxidizer (see Tables 3—6).

Binuclear Mn complex [LMnO;MnL](PF), 13
described for the first time in 1988, to all
appearance, is convenient in using for the
technical purposes, for example, for bleaching
spots; it is interesting from the theoretical
standpoint due to an unprecedentedly small
(2.296 A) distance between Mn atoms inherent
in this complex (to compare: the interatomic
Mn—Mn distance in the molecule Mny(CO),,
amounts to 2.93A).

HN| BFy
NH_ [\ NH
X

1N
R; }|{1 R,

R, =0, CO; R, = Cl, CO

10a
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L = 1,4,7-trimethyl-1,4,7-triazocyclononane.

Scheme 4.
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The complex 13 exhibits weak catalytic
properties in the processes of oxidation-epoxi-
dation. Nevertheless, the mechanism of epoxi-
dation by this reagent has been studied in [22].
Scheme 4 demonstrates the stages of epoxida-
tion, beginning from operation (0) — the for-
mation of proper catalyst. It turns out that com-
pound 13 represents only a precursor of the
catalyst. The following conclusions are also
drawn from the investigation [22]:

1. The most efficient method for using hy-
drogen peroxide in the epoxidation process con-
sists in a batching entering of the reagent into
the reaction medium.

2. Epoxidation proceeds according to the
mechanism that, as against the process of al-
kanes oxidation by t-BuOOH, occurs without
the formation of radicals.

3. Epoxidation is the first-order reaction with
respect to the concentration of substance 13.

4. The epoxidation of alkene and the paral-
lel oxidation of alkane proceed through differ-
ent intermediate species.

The most widespread solvent used in the
reaction of epoxidation is acetonitrile which
reacts with hydrogen peroxide to form peroxy-
acetimidic acid. The latter can transfer the oxy-
gen to the double bond. PhCN operates in a sim-
ilar manner [62, 63].

NH Hy0, RCONH,; +H,O0+ O
/ 2 2

| Q f + RCONH,

Thus, acetonitrile and PhCN could be con-
sidered to represent solvents, activators.

Some fluoroorganic solvents such as hexaflu-
oropropanol-2; trifluoroethanol, hexafluoroace-
tone, fluorinated alkanes, amines, fluorinated
ethers could be related to this kind of com-
pounds, too. Such compounds are able to ep-
oxidize terpenes either without additives, or
with small amounts of nonmetallic additives (see
Tables 3—6). The authors of these publications
explain the “effect of fluorine” by physical fea-
tures of fluorinated compounds, first of all by
the ability to form associates and hydrogen
bonds, which results in the stabilization of in-
termediate species responsible for the process
of epoxidation as well as in the lowering of
energy barriers of the reactions.

Phenol is proposed to be a solvent (activator),
too [64]:

RCN + H202 —= R
R = Me, Ph. OOH >—<

/Ph /Ph
o . H
H—Q H-Q | Ph
O m o 0qg [
—— O._.H--H H— 0
H/ O — H/ ~ — N~

PN NSNS

The ability of phenol molecules for aggrega-
tion, from the standpoint of the authors of [64]
determines the stabilization of the transition state.

The increasing attention of researchers is
attracted by such a group of catalysts as poly-
oxometallates. Their composition varies, but the
permanent components of the anionic parts of
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the molecule are presented by tungsten, sili-
con, hydrogen at a high content of oxygen.
Tetabutylammonium cation is used as a counter-
ion. It is established that polyoxometallates with
the mentioned set of chemical elements can
provide at 70 °C high yields of epoxides of var-
ious olefins already with a double excess of
15 9% hydrogen peroxide solution. In case that
the structure of polyoxometallate includes va-
nadium the diastereoselectivity, stereospecific-
ity and regioselectivity become unique [65]. For
example, in the process of limonene epoxida-
tion by polyoxometallate {[y-SiW,,05,(H,0),]*"}
containing no vanadium the content of 8,9-ep-
oxide amounts to 37 % only. In the beginning
of the studies on V-containing polyoxometal-
lates their active nucleus was considered to rep-
resent VO—(u-OH),—VO [33, 65]. The authors
of the latest work described the structure of
the active centre of the catalyst and have of-
fered a cyclic mechanism for the epoxidation
including five elementary processes [66].

[-HSiV;W1(O36(OOH)[*

2 I Step 2 o
Step 1 HyO N~ n,0 v v
HZO2 HZO 8]
Hy0, Structure
11 of an active
centre

[y-HSiV,W1jO40]*” R
I Step 3
(0]

/A

R
I+ H,O,— II + H,O
II + H,0 — I + H,0,
II—— III + H;0
I + H,0 ——1I
IIT + Alkene — I + Epoxide

Below one can see schematic diagrams for
the interaction between the main epoxidizing
agent such as hydrogen peroxide and special
reagents (activators) those form in the reaction
medium a more effective generators of the
active oxygen, which active oxygen mainly
causes the reaction to proceed (Scheme 5).

Ne==N OOH
/ \ Hy0; N=
—_—
R R  weak acid R/ NH
or soft base J
R R =CsHpy

Activator is carbodiimide [67].

Scheme 5.

=SV
R
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The activator is presented by arylsulphonylic peracid, a
stronger epoxidizing agent as compared to perbenzoic acid [68].

pH 8.0

= HCOj + H,0

H0, + HCO; = THF, t-BuOOH

salicylic acid, 1 mol. %

The activators are manganese sulphate and salicylic acid
[12]. The formation of HCO, (peroxomonocarbonate) is
proved using *C NMR technique [69].

A group of Chinese authors has proposed
a modification of this method whereby the epoxi-
dation is carried out within the cathodic cell of an
electrolyser generating hydrogen peroxide [70, 71]:

Oy+e —» O

20, +2H,0 0, +H,0, + 20H"

O, +2H,0 +2¢" H,0, +20H"

Using different catholyte compositions where-
to oxygen was fed the researchers epoxidized a
number of compounds including d-pinene:

20H" Mn?*
° H,0, HCO; 4/ epoxide
g
< _
! 2e
O
H,0 HCO, alkene

The authors consider the possibility of con-
trollable dosing hydrogen peroxide fed into the
reaction mixture to be the advantage of the
method. Unfortunately, the data presented in

O
M
R
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the works mentioned do not allow one to esti-
mate technological parameters of this scheme.

Two very efficient epoxidizing agents are
known such as dimethyldioxirane 14 and 5-hy-
droperoxycarbonylphtalimide 16. Their action is
demonstrated in Schemes presented below. In
the first case intermediate species 15 is pre-
sented at the instant of limonene attack by
compound 14.

R 0
R3A<f/Rl 0
[O]
R
0—20
R:g)\le
R? 14 15
0
R
HN + R 1
O\Cl) ROA\’/R
2
O w O H R

0
R
— N o + P X
R? R
~H
¢ 0 R?

Judging from small number of publications,
a wide application of compounds 14 and 16 is
prevented by the complications in the synthe-
sis of these epoxidizing agents.

Some authors studied parallel reactions of ter-
penes epoxidation and their oxidation with the con-
servation of the cyclohexane fragment. Regard-
ing publications the latter direction was the main
one [72—74]. In this case researchers varied the con-
ditions to aim at achieving the maximal yield of
verbenone [75] or campholenic aldehyde [76].

Let us consider in brief the publications de-
voted to the biochemical epoxidation. In publi-
cations [14, 15] the source of active oxygen is
presented by percarbonic acid or its ester ob-
tained in situ from dimethylcarbonate in the
presence of hydrogen peroxide and immobi-
lized lipase. Good yields of epoxides of 0- and
B-pinene were achieved amounting to 85 and
77 % at the temperature of 20 and 40 °C, re-
spectively. However, the reactions of dimeth-
ylcarbonate and lipase obtaining represent rath-

er complicated processes, whereas for the ep-
oxidation a great amount of enzyme and a five-
fold excess of 60 % hydrogen peroxide solutions
are used. The switching to immobilized lipase
(Novozyme 435) and to hydrogen peroxide com-
plex with urea [20] has allowed the researchers
to lower essentially the consumption of the re-
agents mentioned with achieving 95 % yield of
2,3-epoxypinane. The authors of [16] carried out
the oxidation of R-(+)-0-pinene and S-(+)-li-
monene using preparations based on cytochrome
R 450cam. The selectivity of the processes and
the yield of epoxides was very low, and one
could consider a high (>95 %) diastereoselectivi-
ty of the process to be the only achievement.

The authors of [17] investigated the syn-
thesis of isonovalol:

O
b~
— —

17
From the authors’ standpoint, compound 17 is
of interest for the manufacture of fragrance
compounds. The biomass of Pseudomonas rho-
desiae PF1 (biocatalyst) is cultivated on a nu-
trient medium containing a-pinene. The enzyme-
catalyzed stage of isonovalol 17 formation fol-
lows after the synthesis of epoxide.

In the works [18, 19] the epoxidizing agent
is presented by peroxyoctanoic acid which is
formed in situ from an approximately equimo-
lar amount of octanoic acid and hydrogen per-
oxide in the presence of immobilized lipase.
Toluene and water were used as solvents. As
much as ~65 9% of terpene was consumed in
the presence of 7—8 mass % of the catalyst,
150 mol. % (with respect to a-pinene) of 35 %
hydrogen peroxide in the mixture during 3 h
at a room temperature. The influence of many
factors was investigated: the origin of lipase,
its charge, the concentration of hydrogen per-
oxide and the rate of its feeding into the reac-
tion medium, the concentration of source oc-
tanoic acid, and the temperature. The method
described did not provide stable results; it is
characterized by authors only as an alterna-
tive one. Nevertheless, it is obvious that the

development of biochemical methods for ep-
oxidation is rather promising, since the syn-
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thesis of many bioactive substances in the wild-
life occurs through epoxide intermediate species.

In summary attention should be drawn to
an original synthesis of two-layer membranes,
those allow separating the racemic mixture of
chiral epoxides with a simultaneous formation
of enantiomerically pure diols [77].

Particular conditions and results of the ep-
oxidation reactions are presented in Tables 3—6.

CONCLUSION

The review of the literature concerning the
methods for the epoxidation of terpenes indi-
cates that there is unrelenting, but selective
researchers’ interest in this reaction. So, if six
articles and patents per year are on the aver-
age devoted to the formation of the oxirane
ring in O-pinene and limonen, one or two pub-
lications a year are devoted to similar modify-
ing of B-pinene and 3-carene.

The overwhelming majority of the meth-
ods for the epoxidation of the terpenes under
consideration are catalytic ones, which reflects
the general tendency of chemical technology
development. As main epoxidizing agents one
uses to apply hydrogen peroxide and oxygen
those yield for the most part environmentally
compatible by-products.

Despite of the abundance of methods for
the synthesis of epoxides, only few among them
could be considered to be a basis for the orga-
nization of the process for the manufacture of
terpenoids. The present review elucidates the
following two reasons of such circumstances.
First, the efficient catalysts are either inacces-
sible due to scarcity (for example, methyltri-
oxorhenium), or are complicated with respect
to the structure and the methods of obtaining
(for example, polyoxometallates). Second, there
are no rational flow sheets for the processing
of epoxidation reaction mixtures presented in
the literature with the isolation of target prod-
ucts and recycling of by-products. In this con-
nection the published data allow only prelimi-
nary planning of promising systems in order
to obtain either epoxide. To what extent could
the reaction pathways chosen result in a tech-
nological, economical, low-waste, environmen-
tally compatible process one might found out
only in the studies concerning “tail” operations.

According to our opinion, the following sys-
tems could be assigned to a number of promis-
ing ones for use in the epoxidation of terpenes:

1. A number of combinations based on me-
thyltrioxorhenium activated by any aromatic
nitrogen-containing compound (pyridine, imi-
dazole, etc.). With the use of this system the
conversion level for different terpenes and the
yield of epoxides amounts to 89—98 % in ho-
mogeneous, immobilized and incapsulated forms
under the action of a small excess of 30—35 %
hydrogen peroxide solution.

2. A system able to epoxidize a number of
terpenes in an aqueous organic solution of so-
dium bicarbonate activated with catalytic
amounts of manganese sulphate and salicylic
acid. Polar solvents containing no halogens are
used as an organic component of the medium.
Such a system is cheap, readily available, com-
patible with the environment, however it re-
quires for a multiple excess of 30—35 % H,O,
solution as well as recycling of spent solutions.

3. A system based on V,0;, which is attrac-
tive due to the simplicity of epoxidation pro-
cedure and the availability of reagents. The
reaction occurs with a small excess of 30 %
hydrogen peroxide solution in the presence of
small amounts of simple salts (mainly phos-
phates and QAS), with moderate yields of ep-
oxides. The universality of this system is not
quite clear; the use for many terpenes is under
patenting, however, the examples are present-
ed only for 3-carene and limonene.

4. The synthesis of a-pinene and limonene
epoxides with the yields of 90—98 % could be
carried out with the help of Mn porphyrin cat-
alysts activated with alkylimidazole or isobutyl
aldehyde. In this case the porphyrin cycle should
contain benzene or pyridine substituents. Sim-
ple epoxidizing agents (such as water, hydro-
gen peroxide, oxygen) are used. The main prob-
lem arising in the use of this system consists in
the obtaining of a catalyst.

5. Unique positive results are produced with
the use of some catalytic systems based on poly-
oxometallates. One could offer the examples of
O-pinene epoxidation catalyzed by polyoxomet-
allate without vanadium, nevertheless with
activators (amines, silane derivatives, diben-
zyl) and immobilized polyoxometallate contain-
ing cobalt (the activator representing isobutyl
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aldehyde). In both cases under very soft condi-
tions the technological parameters amounted to
90—96 %. The system under discussion was suc-
cessfully used for 3-carene, too.

One should pay attention to the epoxidation
in fluorinated solvents without catalysts. Such
terpene as O-pinene in perfluorohexane medi-
um in the presence of iso-aliphatic aldehyde
reacts to result in the formation of an epoxide
derivative with technological parameters of 90—
95 % during 4 h at a room temperature in the
flow of oxygen. Much better results under
equally soft conditions were obtained for the
epoxidation of limonene and 3-carene. Howev-
er, the source of active oxygen in the first case
is presented urea complex with hydrogen per-
oxide, whereas in the second case 60 % solu-
tion of the latter is used.
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LIST OF ABBREVIATIONS

QAS — quaternary ammonium salt

DCC - dicyclohexyl carbodiimide

RM - reaction mixture

MTO — methyltrioxorhenium

US - ultrasound

TCICA - trichloroisocyanuric acid

Mn(TPyP) — Mn tetrapyridineporphyrin
complex

EDTA - ethylenediaminetetraacetic acid

TBA — tetrabutylamine

EA — ethyl acetate
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