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Abstract—The review analyzes published data on the transformations of epoxy derivatives into other oxygen-
containing heterocyclic systems, such as cyclic ethers (including cage-like structures), dioxolanes, ortho esters,
lactones, and cyclic carbonates, some of which occur in the nature and exhibit biological activity. Reaction
mechanisms involving heterolytic, homolytic, enzymatic, and single-electron transfer processes, as well as
[2+2]- and [3+3]-cycloadditions, are discussed.
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I. INTRODUCTION promising from the viewpoint of their high biological
activity [14-16]; such systems are structural fragments
of a number of natural compounds. Sesquiterpene
keto epoxide uvidine (1) was used to obtain tricyclic
sesquiterpene lactone cinnamosmolide (2), an analog
of drimane derivatives which exhibit pronounced cyto-

toxic activity [17].

Processes involving opening of epoxy ring were
extensively studied, and the results were discussed in
a number of classical and recent reviews [1-10];
however, the formation of other oxygen-containing
heterocycles from oxiranes was not the subject of
a special study. Up to now, general relations holding in
stereolectronic control of the reaction with regard to
orientation of unshared electron pair on the heteroatom
have been studied (principle of least nuclear motion)
[11], ring closure rules determining the reaction
regioselectivity have been developed [12], and the
possibility for controlling oxirane ring opening and
closure via introduction of protecting groups has been
established [13]. In the present review, specific atten-
tion is given to the results of studies published in
the past decade.

A quite illustrative example is the synthesis of
optically active pheromone bicolorin (3) on the basis

Il. OCCURRENCE IN THE NATURE
AND BIOLOGICAL ACTIVITY

Oxygen-containing cyclic systems having furan, di-
and tetrahydrofuran, pyran, and oxetane rings are quite

of epoxy derivative of limonene [18] (Scheme 1).
Compounds exhibiting antitumor activity and contain-
ing furan and lactone fragments were synthesized from
160,17a-epoxy steroids [19], as well as from euniolide
analogs [20]. Al-Qawasmeh et al. [21] reported on
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Scheme 1.
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effective syntheses of polyfunctional dihydro- and
tetrahydrofurans and y-lactones with the use of
anhydro sugars 4 and 5 as enantiomerically pure
building blocks [21] (Scheme 2). Various cascade
cyclizations of di- and polyepoxy derivatives were
effected both by chemical methods and enzymatically,
the latter processes involved biosynthesis of iono-

phoric antibiotics [22]. While searching for approaches
to glabrescol which is the first pentacyclic repres-
entative of oxasqualenoids, Xiong and Corey [23]
performed total enantioselective three-step synthesis
of polytetrahydrofuran 7 from tetragpoxide 6 [23]
(Scheme 3). Policyclic ethers of marine origin, such
as brevetoxins, maitotoxins, etc., possess a high bio-

Scheme 3.
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logical activity [24]. These compounds can be obtained
from acyclic polyepoxy derivatives 8. The transforma-
tions occur according to the Baldwin rule (path a) [12]
or contrary to it (path b) (Scheme 4).

[1l. SYNTHESIS OF HETEROCY CLES
WITH ONE OXY GEN ATOM

New three-membered oxygen-containing systems
are formed, e.g., via isomerization of polyfluorinated
epoxide 9 [25] (Scheme 5).

Scheme 5.
o~ M*
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F
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Analysis of published data indicates that, among
cyclic ethers, tetrahydrofuran derivatives are the most
accessible via transformations of oxiranes. Syntheses
of oxetanes have been reported only in a few papers;
an example is the isomerization of alyl 2,3-epoxy-
cyclohexyl ether (10) [26] (Scheme 6).

Scheme 6.
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Transformations of benzyl ethers 11 and 12 into
oxetanes and tetrahydropyrans were described by
Cirdlli et al. [27] (Scheme 7). The different regioselec-
tivities in these reactions (which were performed in the
Scheme 7.
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presence of butyllithium) were interpreted in terms of
structural specificity of the substrates, in particular
in terms of mutual arrangement of the oxirane and
nucleophilic center in the transition state.

An unusua structure (13) having an oxetane frag-
ment was obtained on the basis of D-glucose [28]
(Scheme 8).

Scheme 8.
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(2) Bu,SnH, AIBN
0
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13

Smith et al. [29] reported on the synthesis of an
unusual furan analog (15) including two fullerene
molecules (Scheme 9) from epoxyfullerene 14 which
was synthesized in 1992 [30].

Ceo (5 equiv)
0-Cl,CgHy
180°C

Stereoselective rearrangement of stereoisomeric
6, 7-epoxy-3-oxabicycl o[ 3.2.0] heptan-2-ones 16 and 17
in water leads to bicyclic butyrolactones 18 and 19
(Scheme 10). The latter were used as initial com-
pounds in the synthesis of new bicyclic nucleosides
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[31]. Stereoisomeric hydroxyperhydrofurofuranones 18
and 19 were obtained at aratio of 9:1; the mechanism
of their formation is shown in Scheme 11.

The ring closure can involve the side-chain epoxy
fragment in 20; this process is not hampered by cyclo-
pentane—cyclopropane ring fusion [32] (Scheme 12).
Some oxirane ring transformations, e.g., in compound
21, are accompanied by elimination of methyl group

Scheme 12.
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from methoxy fragment, as shown in Scheme 13
[33, 34]. Tetrahydrofurans were obtained by chemo-,
regio-, and stereoselective cyclization of 1,3-bis(tri-
methylsiloxy)-1,3-butadienes with epoxy derivatives
(Scheme 14). An appropriate catalyst for such trans-
formations is titanium tetrachloride; among others,
zinc chloride, boron trifluoride—ether complex, etc.,
were used [35]. The reaction includes regioselective
attack by the terminal carbon atom of the reagent at the
epoxy ring. The configuration of the reaction center in
intermediate 22 isinversed, and cyclization of 22 gives
intermediate 23. Dihydrofuran fragment was formed in
the reaction of epoxy derivative 24 with telluride ion
[36] (Scheme 15).

In the recent years, much attention was given to the
synthesis of furans as structural fragments of natural
compounds and those widely used in organic synthesis
[37]. Epoxy derivatives with substituents containing
double and triple bonds are suitable for the synthesis of
unsaturated cyclic oxygen-containing systems. Disub-
stituted furans 25 were obtained on the basis of various
epoxycycloalkanes (Scheme 16). It was presumed
that the reaction involves formation of an intermediate
which undergoes dehydration through the correspond-
ing oxonium ion. For alicyclic epoxides, a different
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Scheme 19.
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way of aromatization with formation of carbonyl group
was reported [37]. Heterocyclization of 1-buten-3-
ynyl-substituted epoxycyclooctane 26 can be effected
under different conditions [38]. Apart from the mgjor
product containing a furan fragment (compound 27,
70%), a mixture of sterecisomeric dihydrofurans 28
was obtained (Scheme 17).

Aurrecoechea et al. [39] described a two-step
one-pot synthesis of 2,3,5-trisubstituted furans from
4,5-epoxy-2-akynyl ethers 29 (Scheme 18). The pro-
cess includes samarium iodide-promoted reduction and
base-catalyzed cycloisomerization. Furan derivatives
were also synthesized in a basic medium from
1-acetyl-1,2-epoxycycloalkanes 30 [26] (Scheme 19).
Cyclization of epoxycyclohexane 31 also occurs by the
action of abase[40] (Scheme 20).

Scheme 20.
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Quite successful attempts to obtain polysubstituted
chiral dihydrofurans 32 on the basis of carbohydrate
templates were reported in [41]. Compounds 32 were

CH,
Me

).
o M

obtained in one step by reaction of epoxypyranose
trifluoromethanesul fonates 4 with monoanions derived
from 1,3-dicarbonyl compounds (Scheme 21). Spiro
compound 35 was synthesized in 10% vyield by
isomerization of substituted 2,3-epoxypinane 33; the
major product was cyclopropane 34 [42] (Scheme 22).

In 1998, Marson et al. [37, 43] developed a simple
procedure for the rearrangement of 2,3-epoxy alcohoals,
which leads to substituted furans 36 and 2,3-di-
hydropyran-4(4H)-ones 37 (Scheme 23). Here, the
reaction direction is determined by the substrate
structure, but in many cases five- and six-membered
oxygen-containing rings are formed simultaneously
[16, 44-46]. In particular, acid-catalyzed cyclization of
opticaly active epoxy derivative 38 gives a mixture
of five- and six-membered cyclic ethers [44]
(Scheme 24). The ratio of ethers 39 and 40 obtained
from 2-(3-hydroxypropyl)-2-methoxymethyloxiranes
depends on the solvent and the presence (or absence)
of molecular sieves [46] (Scheme 25). According to
the data of [45], the ratio of isomeric products 42 and
43 (Scheme 26) ranges from 1.5:1 in acetonitrile to
17:1 in diethyl ether, i.e., the reaction selectivity is
controlled by the solvent. Here, endo attack by the
nucleophile (H,O) on bridged oxonium intermediates
41 prevails.

Taylor et al. [47, 48] studied concurrent intra-
molecular cyclization of epoxy derivatives with
participation of an aromatic ring or double bond in
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e
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the substituent. The effect of substituents on the two
cyclization pathways was determined. Scheme 27 il-
lustrates possible ways of cyclization of compound 44.
The cyclization of epoxy ketone 45 in the presence of
trimethylsilyl cyanide involves intermediate formation
of bicyclic acetal 46. Cleavage of one acetal bond in
the latter yields oxepane 47 as a single stereoisomer
[49] (Scheme 28). It should be noted that replacement

of trimethylsilyl cyanide by other silicon-containing
reagents (Ph;SiH, CH,=CHCH,SiM&;, Me;SIC=CAIEL,)
leads to formation of tetrahydropyran derivatives [49].
2-(2-Benzyloxy-1-hydroxyethyl)oxepane was obtained
by cyclization of 2-benzyloxy-3-(5-hydroxypentyl)
oxirane (48) (Scheme 29). The cyclization occurred as
a result of exo attack promoted by Lewis acids, such
as zinc, tin, and lanthanide trifluoromethanesulfonates

Scheme 28.
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[50]. Following an analogous procedure, a series of
disubstituted oxepanes was synthesized [51].

Fujiwara et al. obtained seven- and eight-membered
cyclic ethers and their unsaturated analogs by cycliza-
tion of trans- and cis-5,6-epoxy-5-methoxymethyl-
heptan-1-ols and trans- and cis-6,7-epoxy-6-methoxy-
methyl-3-octen-1-ols in the presence of Lewis acids
[52]. Chelation of lanthanum trifluoromethanesulfo-
nate at the oxygen atoms of the oxirane ring and
methoxy groups favors predominant formation of the
endo isomers [52].

Various cyclization products were obtained from
1-bromo-9-tert-butyl diphenylsiloxy-4,5:7,8-diepoxy-
nonane having a bulky substituent [53]. Compound 49
with a syn,trans structure and its anti,trans isomer 51

Scheme 31.
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were converted into oxygen-containing bicyclic
systems 50 and 52 (Scheme 30).

Uckun et al. [54] described a multistep procedure
for the synthesis of a new 2,2'-spirobipyran, SPIKE-P
(53), which was then used in the preparation of
naturally occurring spongistatin | (Scheme 31). Spiro
structure 55 was obtained by regio- and stereoselective
cyclization of epoxy alcohol 54 [55] (Scheme 32).

Scheme 32.
0 OH MgBr,, THF HO
20 h, reflux \E><:>
69% g
54 55

Natural bromine-containing sesquiterpenes with
oxygen-containing heterorings were found. According
to Davies et al. [56], such sesquiterpene systems are
products of bromination of unsaturated epoxy deriva-
tives, in particular, of compound 56 (Scheme 33) .

Cyclic ethers with medium-size rings are structural
fragments of toxins and other bioactive compounds
[57]. In this connection, studies on halogenation of
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unsaturated epoxides with medium-size rings (Cg—Cy)
have been initiated. Such substrates could give rise
to transannular interactions leading to formation of
smaller cyclic systems [56-60]. For example, the
bromination of epoxycyclooctene gives a mixture of
dibromo derivatives 57 and 58 at aratio of 1.22:1 [56]
(Scheme 34). The chlorination of unsaturated epoxides
was described in [59], and halofluorination and hydro-
bromination, in [58].

Using 10-acetoxy-8,9-epoxy-1,5-cyclododecadiene
(59, R = Ac), Zarraga et al. [61] developed a strategy
for the regio- and stereoselective synthesis of sub-

(1) 0sOy; (2) NalO,

e

HW

62

stituted tetrahydrofurans and tetrahydropyrans via
intramolecular heterocyclization of the substrate. Addi-
tion of iodine to acetate 59 (R = Ac) gave compound
60 in 66% yield. The subsequent hydrolysis, cis-
hydroxylation, and oxidation of the resulting diol af-
forded dialdehyde 61 [R = (CH,),CHO] (Scheme 35).
The iodination of the corresponding alcohol (59,
R = H) follows a different scheme due to participation
of the hydroxy group and leads to formation of tri-
cyclic diepoxy derivative 62 [61] (Scheme 36).

Polycyclic systems including unsaturated seven-
membered ether fragments were obtained by nontrivial
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methods. Synthetic approaches to oxepines were

developed on the basis of unstable strained epoxy

derivatives 63 [62] (Scheme 37), as well as via Cope

rearrangement of cis-2,3-divinyl epoxides[63].

Scheme 37.

63

Oxepines were also obtained as components of
tautomeric mixtures, which were formed by mono-
oxygenase-catalyzed oxidation of aromatic systems
[64] (Scheme 38). Ethers 64—66 and their analogs play
an important role in the metabolism of carcinogenic
aromatics. Enantiopure syn-diepoxycyclohexenes 67
were reported to undergo thermal racemization through
1,4-dioxocines 68 (R = Cl, Br, I) [64] (Scheme 39).

Scheme 38.
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V. SYNTHESIS OF CYCLIC ETHERS
WITH CAGE-LIKE FRAGMENTS

Compounds containing epoxy bridges constitute
a specific group of oxirane transformation products.
Lofstrom et al. [65] described rearrangement of epoxy-
bicyclo[4.1.0]heptanes and epoxybicyclo[5.1.0]octanes
69 (n = 1, 2; Scheme 40).

Scheme 40.

( so,ph  BF3-ELO(LICIO) o

R (0]
69

SO,Ph

Oxygen bridge is also formed in the solvolysis of
cis-6-oxabicyclo[3.1.0]hexan-3-yImethyl p-bromoben-
zenesulfonate (70, R = SO,CgH,4Br-p) [66]; an ana
logous process with the corresponding trans isomer is
impossible. The reaction afforded alcohol (or ether) 71

(Scheme 41).
RO H » N
O 4
VAR
— Oﬂiom

70
71

Scheme 41.

EtOH

—_—

Structuraly related compound 73 was recently ob-
tained by enantioselective deprotonation of 1,2-epoxy-
4-hydroxymethylcyclopentane 72 using (-)-sparteine
as asymmetric catalyst [67] (Scheme 42).

Cage-like ether 75 was synthesized by rearrange-
ment of 2,3-epoxy-7-hydroxymethylbicyclo[3.3.1]-
nonane which was formed in situ by epoxidation of
olefin 74 [68] (Scheme 43). The hydrolysis of epoxy
derivative 76 was also accompanied by hetero-
cyclization [69] (Scheme 44). Quite demonstrative
examples were reported for formation of oxygen-
containing systems on the basis of sterically strained
molecules. Oxetanes 77 (R = H, OBzl) were obtained
by rearrangement in the presence of tert-butoxide ion
[70-73] (Scheme 45).
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Scheme 42.
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Le Drian and Vogel developed procedures for the
synthesis of 4,7-dioxatricyclo[3.2.1.0*octan-exo-2-ol
(79) which is an efficient herbicide and plant growth
regulator [74]. Optically active compound 79 with an
enantiomeric purity of 99% was obtained by treatment
of acohol (+)-78 with potassium hydride in the system
dimethoxyethane-HMPA. Later on, a direct procedure

Scheme 44.
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B ———————
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Scheme 45.
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)
80

*OH

OH
75

was proposed for the transformation of 2,5:3,4-di-
epoxycyclohexanone (80) into oxetane 79 by the ac-
tion of lithium dihydrido(diisobutyl)aluminate [70, 75]
(Scheme 46). An analogous reaction with epoxy
derivative 81 became an important step in the synthesis
of tropane alkaloids [76] (Scheme 47).

Scheme 47.
COOMe Me
o N LiAIH,(Bu-i), Ng
toluene HO
53%
o 0

81

In the reduction of functionally substituted epoxy-
norbornanes, the determining factor is mutua orienta-
tion of the substituents [77]. Steric structure of the
alcohol formed from epoxynorbornane 82 favors intra-
molecular attack on the exo-epoxy fragment. Isomeric
epoxy esters 83 and 84 react in a chemoselective
fashion with conservation of the epoxy fragment
(Scheme 48). The structure of compound 85 was
confirmed by calculation of vicinal coupling constants
in esters 85 and 86 and comparison of the calculated
and experimental data [78].

Tetrahydrofuran derivatives structurally related to
compound 85 were obtained by epoxidation of
substituted norbornenes [70]. The heterocyclization is
favored by arrangement of the nucleophilic moiety in
the area corresponding to antibonding molecular ©*
orbital of the emerging epoxy ring. In keeping with the
Curtin-Hammett principle, the possibility for mole-
cules to adopt a conformation favorable for formation
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Scheme 48.
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of activated complexes is especialy important in these
reactions [70]. The different reactivities of the hydroxy
and carboxy groups in oxirane ring opening are
reflected in the hydrolysis of epoxy lactone 87 [79]

(Scheme 49).
Scheme 49.

o
o H*/H,0 HO
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87

A reactive nucleophilic center can appear as a result
of transformation of one epoxy ring in reactions of
diepoxy derivatives of vinyl- and ethylidenenor-
bornenes (compounds 88 and 89) with dimethylamine
[80], which occur chemoselectively with participation
of the outer epoxy fragment. Cleavage of the oxirane
ring is generally regioselective (according to the Kra-
suskii rule), and generation of a nucleophilic hydroxy
group at the rear endo side of epoxynorbornane in the
initial step is accompanied by stereo- and regioselec-
tive attack by the nucleophile at the electrophilic
carbon atom of the epoxynorbornane fragment. The
cyclization is not hampered by steric strains in oxetane
structure 90 [80] (Scheme 50). Methanolysis of epoxy
derivatives 88 and 89 in alkaline medium [81, 82]
occurs in a similar way, while the reaction with

1239

methanol in acid medium is accompanied by
demethylation during heterocyclization, as in the
methanolysis of compound 91 [83, 84] (Scheme 51).

Scheme 50.
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The structures of the transition states and products
of acid-catalyzed methanolysis of 91 and the corre-
sponding activation barriers were calculated in [85].

V. TRANSFORMATIONS OF OXIRANESINTO
DIOXOLANES, ORTHO ESTERS, AND TRIOXANES

1,3-Dioxolanes are known transformation products
of epoxy compounds, which are formed in the pres-
ence of Lewis acids [86, 87]. In the recent years,
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ruthenium [88] and titanium compounds [89] were
successfully used as catalysts. Dioxolanes were obtain-
ed from epoxy derivatives of acyclic [4] and alicyclic
akenes [90], spiro compounds [91], etc. Barkhash and
co-workers performed reactions of 4p3,5a-epoxy deriva-
tive of cariophyllene (92) with carbonyl compounds,
such as acrolein, crotonaldehyde, a-methylacrolein,
and acetone, over clay; the authors also isolated related
diols which were formed from compound 92 in the
absence of aldehydes over the same catalyst [90]
(Scheme 52). An example of formation of diol as the
only product of the reaction of substituted epoxynor-
bornane with acetone was reported in [92]. This results
was interpreted in terms of conformationa rigidity of

KASYAN et al.

the substrate and difficulties in the formation of
transition state leading to dioxolane: attack by the
ketone from the endo-side of exo-epoxynorbornane is
hindered for steric reasons (Scheme 53). Using com-
pounds 93 and 94 as model structures, Yarovaya et al.
[91] performed semiempirical (AM1, for cations) and
molecular-mechanics calculations (MMX, for neutral
molecules) and revealed the most thermodynamically
stable reaction products. Barrierless protonation of
sterecisomeric epoxy derivatives of camphene (com-
pounds 93 and 94) and a-fenchene gives common
carbacation 95 which then either reacts at the aldehyde
oxygen atom to afford cation 96 or undergoes
1,2-hydride shift [91] (Scheme 54). Zaitseva et al. [93]

Scheme 52.

‘s
‘.

o RCH=C(R')CHO, clay

92

Scheme 53.
_ R H
R O R 0 BF, R OBF R H HHR
> < * )]\ - >9<R - > /\R T o_ O
. . _ -BF3
H H R R Hg+ H H 0% OB, ><
| | R R
R R R R
Scheme 54.

MeCHO, clay, CH,Cl,
+
O o
(0]
93 94

JW

—_H*
MeCHO
+ (@]
N
CH,OH F
OH
95 96
Scheme 55.
o BF3-Et,0
_—

O
Me \QYO + f }
le) CICH;

Me.,, _o o0 cl Me,, _o o M2
X —a= X
O O —HCl O O
97
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Scheme 56.
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Scheme 58.
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90%
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described the synthesis of spirodioxolane 97 by
reaction of 2-chloromethyloxirane with propylene
carbonate (Scheme 55).

Desymmetrization of centrosymmetric diepoxy
derivative 98 was achieved using optically active
cobalt catalyst 99 (Scheme 56). Dioxolane 100 was
obtained as the final product and as stable intermediate
in the synthesis of hemibrevetoxin B [94]. While
developing procedures for the preparation of optically
active anticarcinogenic antibiotic fredericamycin,
ortho ester 102 was obtained from epoxy derivative
101 (R = CHj3). Under analogous conditions, epoxy

compound 101 (R = Ph) was converted into ketone 103
[95] (Scheme 57).

A different approach to the synthesis of ortho esters
was proposed by Wipf et al. [96-98]. The authors
obtained 2,7,8-trioxabicyclo[3.2.1]octane via zircono-
cene-catalyzed rearrangement of epoxy esters 104 and
105 (Scheme 58). 1,2,4-Trioxanes were synthesized
from epoxycyclohexane in methylene chloride in the
presence of tungsten(V1) oxide and a catalytic amount
of chlorosulfonic acid [98]; peroxides 106-108 were
used as oxidants. The mechanism of formation of
compounds 109-111 includes electrophilic activation
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Scheme 59.

O

- O ms

of the initia epoxy compound with WQO;, followed
by attack on the resulting carbocation by the oxygen
nucleophilic center of peroxide [99] (Scheme 59).

V1. TRANSFORMATIONS OF OXIRANES INTO
LACTONESAND ALKYLENE CARBONATES

A considerable number of cyclization products
obtained from epoxy compounds have a lactone struc-
ture. Some works in this field are concerned with total
syntheses of biologically active natural compounds,
e.g., natural acetogenin (-)-muricatacin (112) [100],
pheromone 113 [101], cytotoxic lactone (+)-goniodiol
(114) [102], and (-)-osmundal actone (115) [103].

O
HO e)
(o) (e}
Ci2Hzs Ci1H23
112 113
OH
Me X
Lo
(0]

116

Macrocyclic epoxy lactone 116 and its analogs
are transformed fairly readily into acyclic epoxycar-
boxylic acids which undergo cascade cyclization to
afford systems containing tetrahydrofuran fragments

o ﬁ

[16, 104]. Lactones were obtained while searching for
synthetic approaches to 1la,120-epoxyprostanoids
[105] and other complex products [106]. Kuroda et al.
[107] succeeded in closing 11-membered ring in the
synthesis of Cy-symmetric chiral ketone 118 which is
an effective catalyst for asymmetric epoxidation of
olefins with dioxirane. Lactonization of compound 117
was performed with the use of a cobalt catalyst
(Scheme 60).

Scheme 60.

0
0
OO o\/A
l l COOH

117
(0]
-
—_— OH
o=
(0]
MnO, MeCN l I
—_—
91% ] l
(0]

118

O

O,

Numerous examples of the synthesis of lactones
119-121 and other related structures from epoxy
derivatives by the action of metalated esters were
reviewed in [108] (Scheme 61). The formation
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Scheme 61.
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Scheme 62.
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Scheme 63.
1) 0, -78°C
d OH o} OMe
PhSWOMe (2) H* p-TsOH, CH,Cl,
Li* - X~ OMe -
PhS SPh

123

of lactone from diepoxide 122 is favored by high
nucleophilicity of carboxylate ion. The process is
accompanied by debromination of the substrate [109]
(Scheme 62). Stable anion 123 as nucleophile is
capable of reacting at the electrophilic centers of
epoxycyclohexane and epoxycyclopentane; acid-
catalyzed cyclization of acohols 124 yields lactones
125 [110] (Scheme 63).

In 2000, a large series of unsaturated lactones 126
was synthesized on the basis of oxiranes and un-
saturated ketones in the presence of boron trifluoride—
ether complex. Multicomponent syntheses initiated by
reaction of oxiranes with enolates are especially
valuable due to the possibility for their implementation

124

in a one-pot process. Scheme 64 shows the mechanism
of this complex reaction.

Since 1970s, ynolates were used as nucleophiles
in reactions with epoxy derivatives. An example is
lithium trimethylsilylethynolate (127) (Scheme 65).
Thereaction is characterized by trans-stereosel ectivity,
and it involves intermediate formation of trimethyl-
silylketene 128 which undergoes intramolecular
cyclization [112]. 1,2-Epoxy-4-cyclohexene and
1,2-epoxy-1-methylcyclohexane react in a similar way;
in the latter case, nucleophilic attack at C? is controlled
by steric factor [112].

The reaction of 1-diethylaminopropyne with epoxy
ketone 129 at the carbonyl group gives rise to a frag-
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ment suitable for subsequent cyclization which is
favored by activation of the oxirane oxygen atom in
acid medium [113] (Scheme 66). (R)-2-Chloromethyl-
oxirane (130) reacted with phenylacetonitrile to give
product 131 which was isolated as lactone 132 [114]
(Scheme 67). The latter was converted into (+)-
milnacipran which is known as antidepressant and

a representative of a new class of NMDA receptor
antagonists.

The crucia role of stereochemical factor in the
formation of lactones is illustrated by ready enzymatic
hydrolysis of one of the two sterecisomeric esters
133 and 134, which leads to lactone 135 [115]
(Scheme 68). Mixtures of 3-hydroxy-y-lactones and

Scheme 64.

or

R LR

2

(1) LiSnMe3
(0]
% @ ()o, BF;-Et,0
B AcO_ OAc
_Pb
Pb(OAC)4, CaC03 (0] \OAC
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B ———_—
—Pb(OAC),
MezSn /
H
AcO™ - ]
Scheme 65.
(1) Me3Al, —78°C; —78°C to 0°C; H*
Me;Si————0Li RS
3Si | ~o N <
Yy, iy
127 ‘o ©
SiMe3
(0]
g
128
Scheme 66.
(0]
Me. _CONE, Me
Q EtztN——Me /
MgBr, O
- H
Me % 88% Me o OH
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Scheme 67.
WPh
PhCH,CN o) Ph NaNH, A\Ph MeOH, H* AN
A/ M\CN HO cN 67% o o
(R)-130 131 132, ee 96%
Scheme 68.
o)
o)
COOMe COOMe
T Ol —
COOMe COOMe HOW COOH
133 13 135
Scheme 69.
OSiMeg OSiMeg J\/g\:
136a 136b

(0]
OSiMes
MezN
(0]
O
OMe

137a 137b

Scheme 70.
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y-hydroxy-o-lactones Lactones were also obtained by
transformation of vy,5-epoxy esters in acid medium
[116]. Among the stereoisomeric pairs of epoxides
given in Scheme 69, only one (136b and 137h)
undergoes lactonization during epoxidation of olefins
by the action of m-chloroperoxybenzoic acid [28]. In
each case, the cyclization is favored by stereochemical

(0]
0SiMe;
MezN
(0]
le) OMe

<
¢

R —

—_—

R'NH,

_ =

; z CONHR'

factor, i.e., by the possibility for rear attack by
nucleophile at the oxirane carbon atom. Participation
of amide groups in the formation of lactone rings was
reported for hicyclic systems 138 (R = H, Me) in
reactions with peroxy acids [2, 10, 117-119]. Heating
of epoxy derivative 139 with anhydrous methanol or
water afforded hydroxy lactone 140 [120, 121], and
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reactions with amines gave amidolactones 141 (R' = H,
CH,Ph, Ph) [122] (Scheme 70). 1- and 7-Alkyl-sub-
stituted anhydrides 139 are converted into analogous
lactones 140 at room temperature in the presence of
hydrochloric acid [123, 124]. Fray and Hilton [125]
described the corresponding hydrazide obtained by
heating anhydride 139 with hydrazine in boiling
acetonitrile. Lactonization of compound 142 with exo-
oriented carboxy groups was possible due to readily
occurring Wagner—Meerwein rearrangement [126]
(Scheme 71).

Scheme 71.
(0] _ (0]
(@) COOH BF5-Et,0 FsBO COOH
COOH + COOH
me Me Me Me
142
OH
R O
HOCO Me
Me
(0]
(0]

Reactions leading to formation of heterorings with
two and more oxygen atoms include widely known
synthesis of akylene carbonates which have found
extensive application in chemical and pharmaceutica
industry and in the manufacture of chemical means for
plant protection [127] (Scheme 72).

Scheme 72.

CO,, catalyst O
CHan S0 —=  (CHn| =0
(0]

Developments in this line of epoxide trans
formations involve design of new catalytic systems
and search for optimal reaction conditions; the effects
of carbon dioxide pressure, ultrasound, and reaction
time on the yield of cyclic carbonate were studied
[128]. As catalysts for reactionsin DMF, metal halides
[127, 129], organotin and organoantimony halides
[128], bismuth bromide [130], mixed magnesium-
aluminum oxides (which exhibit both acidic and basic
properties) [131], and lanthanide diphthalocyanines
(para- and diamagnetic forms) [132] were proposed.
Difunctiona catalysis by ZnCl,/(C4Hg)4NI [133] and
catalysis by tin halide complexes with tetraalkylphos-
phonium halides [134] were aso successful in the

KASYAN et al.

above reaction. The use of BusSnl/BuyPl ensured
guantitative yield of the cycloaddition products even
under atmospheric pressure.

Reactions in ionic liquids were recently proposed
for the synthesis of cyclic carbonates [135-137]. Suc-
cessful application of N-alkylpyridinium and N,N'-di-
alkylimidazolium salts was noted in review [136].
Electrochemical activation of carbon dioxide was
found to be important in the synthesis of cyclic car-
bonates 143 under mild conditions [137] (Scheme 73).

Scheme 73.
CO5 (1 atm)
-2.4V, Ag/AgCI R
o] electrolyte 0
/A —0
R (0]

143

Chromium-containing porphyrin complexes [138,
139], as well as binaphthyldiamine complexes of zinc,
copper, and cobalt in the presence of organic bases,
were used as catadysts. Using deuterated epoxy deriva
tives 144, Shen et al. [79] proposed a mechanism

Scheme 74.
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Scheme 75.
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involving Lewis acids and bases (Scheme 74). The
proposed mechanism is confirmed by the formation of
carbonate 145 as the only product; aternative pre-
liminary reaction of carbon dioxide with triethylamine
would give rise to stereoisomeric product 146. On
the basis of these data, a mechanism was proposed
for chemical trapping of carbon dioxide with epoxy
compounds [79] (Scheme 75). By the reaction with
2-phenyloxirane Brunner et al. [140] succeeded in
obtaining the corresponding carbonate in up to 40% ee
using chiral Lewis acids as catalysts. Enantiomerically
pure zinc complexes successfully catalyzed enantio-
selective copolymerization of epoxycycloalkanes with
carbon dioxide [141]; from epoxycyclohexane,
copolymer 147 was obtained (Scheme 76).

VII. MECHANISMS OF TRANSFORMATION
OF EPOXY DERIVATIVESINTO HETEROCYCLIC
SYSTEMS

The formation of heterocyclic systems on the basis
of oxiranes is generaly preceded by opening of the
three-membered ring, which follows either bimolecular
nucleophilic substitution mechanism [142, 143] or
single-electron reduction through a radical inter-
mediate.

VII.1. Heterolytic Processes

In most cases, opening of the oxirane ring occurs
as nucleophilic substitution at the ring carbon atom,
where the leaving group is the oxygen atom [142].
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These reactions are generally trans-stereoselective
and regioselective (according to the Krasuskii rule
[144]), and they involve formation of transition states
148 and 149 in neutral and acid media, respectively

(&2, S2) [142].

0% % 0oH
.
R—CH—CH, R—CH—CH,
A A
148 149

Using unsaturated epoxy ester 150 as an example,
Tokumasu et al. [145] demonstrated how Lewis acids
affect the character of the resulting ring (tetrahydro-
furan or tetrahydropyran; Scheme 77). Scheme 78
shows the mechanism of recyclization of epoxy
alcohol 151 in the presence of bis(tributylstannyl)

KASYAN et al.

ether. An activating effect of silicagel (and irradiation)
on the heterocyclization of epoxy derivative 152 was
revealed (Scheme 79). Vacuum thermolysis of epoxy-
tricyclodecenone 153 (R = COOEt) afforded unusual
rearrangement product 154 whose structure was
proved by X-ray analysis [146]. The reaction mecha-
nism is shown in Scheme 80.

Alkylation with ketones of opticaly active (R)- and
(9-1,2-epoxypropanes as the key stage and the sub-
sequent acid-catalyzed cyclization gave naturally
occurring (x)-nocardione, (S)-(-)-nocardione (155),
and (R)-(+)-nocardione B [147] (Scheme 81). Bar-
khash and co-workers studied reactions of epoxy
derivatives of terpenes in acid media. Heterocycliza-
tion products 157 and 158 were obtained by reaction of
a-(trans)-3,4-epoxycarane (156) with superacids [114]
(Scheme 82). Reactions of epoxygeraniol and epoxy
derivatives of linalool and nerolidyl acetate [148] in

Scheme 77.
H2GQ CH
AgNO3/KPFg _ 2
[e) CH,Br CH,Cl, COOMe NO3 o
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0,NO
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Scheme 79.
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/o
me Me ’/,,/ F o
- _ > %
Me\n\\\ )/Hlu.
H,C
2 o OH

COOMe
152

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 40 No. 9 2004



TRANSFORMATION OF OXIRANES

1249

Scheme 80.
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Scheme 81.
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various acid media were also examined. Scheme 83
illustrates the formation of products 160 and 161
obtained from 1,2-epoxylinalool (159) over p-zeolite
at 20°C. The magor products of rearrangements of
6,7-epoxylinalool (162) under different conditions
(in the system HSO3;—SO,FCI, —100°C, followed by
guenching with a mixture of methanol with ether;
ZrOZISOE‘) were cyclic ethers 163-165. An unusual

&
?““\- N
(@]
HO
163

162

&
W /
(©)
HO
164

scheme was developed on the basis of reactions of
epoxy derivatives of a- and p-pinene with adehydes
over askanite-bentonite clay. Presumably, it originates
from the high rate of rearrangement into carbocation
166 where the hydroxy group is remote from the
cationic center; this prevents formation of the expected
acetal and favors heterocyclization to oxabicyclo-
nonanes 167 [149] (Scheme 84). Analogous reaction
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Scheme 82.
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Scheme 87.
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+ /A
Ph MeO
MeO OMe

BuLi, —78°C to room
temperature

with aromatic salicylaldehyde afforded a new hetero-
cyclic system, 5,6-benzo-3,3,10-trimethyl-4,8-di oxatri-
cyclo[5.5.0.0*]dodeca-5,10-diene (168) (Scheme 85).
Sato et al. [150] developed a novel procedure for the
synthesis of 3-methylfurans by reaction of epoxycyclo-
akanes 169 with bases (lithium diisopropylamide)
(Scheme 86). Opening of oxiranes with bases underlies
the synthesis of dihydropyran 170 (Scheme 87).

VI1.2. Homolytic and Other Mechanisms

Although most transformations of oxiranes into
ethers follow heterolytic mechanism of cleavage of
the carbon—oxygen bond, some examples of radical-
induced opening of epoxy ring have been reported
[151-153]. Hydroxycarbinyl radicals were formed as
intermediates in the synthesis of oxepanes and other

1251

Ts Ts

— O.—0
Ph MeO™ ~07 “Ph 0o~ “ph

medium-size oxygen-containing heterocycles [154].
Examples are reactions of compound 171 and othersin
the presence of tributylstannane and AIBN [151, 154]
(Scheme 88). The reductive cyclization of epoxide 172
is accompanied by radical carbonylation of the pre-
cursor [155] (Scheme 89).

In the recent years, various reactions of epoxy
derivatives in the presence of transition metal-con-
taining radical species have attracted specific interest;
in particular, such transition metal reagent is bis(cyclo-
pentadienytitanium(l11) chloride which was synthe-
sized for the first time in 1972 [156, 157]. At present,
Cp.TiCl is one of the most promising in the chemistry
of oxiranes [158, 159]; it is used as catalyst for
deoxygenation and cyclization [156, 157]. Scheme 90
shows the mechanism of action of Cp,TiCl in the
reaction with epoxy derivative 173.

Scheme 88.

BusSnH, AIBN
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©i§LCHzBr
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=
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Scheme 89.
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New heterocyclic systems are formed by the action
of Cp.TiCl in reactions of epoxycyclohexane (174)
with electron-deficient olefins such as methyl meth-
acrylate and ethyl acrylate [156, 160] (Scheme 91).
A procedure for the synthesis of polysubstituted tetra-

KASYAN et al.

hydrofurans 175 was developed on the basis of the
simplest oxiranes [152] (Scheme 92). Likewise, afuro-
furan lignan, (x)-sesamine (176), was synthesized
[161, 162] (Scheme 93). Kumar et al. [163] demon-
strated the determining role of single-electron

Scheme 92.
0 | (1) Cp,TiICUTHF HO CH,
R (2) H*/H,0
+ BrCH,C=CH ——>
OH R™
175
Scheme 93.
Ari H
o] 0
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OH Ar o)
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A
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Scheme 94
Q WOH
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Scheme 95.
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/\A = Cl R HCl
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Scheme 96.
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oxidation in the initiation of cascade cyclization of
epoxides 177 and 178 and other oxiranes in neutra
medium, which leads to cyclic ethers and polyethers
(Scheme 94); this process is likely to be important in
the synthesis of natural compounds.

Apart from the above mechanisms, biocatalytic
hydrolysis of 2,3-substituted racemic epoxy derivatives
was studied. The reaction is catalyzed by epoxide
hydratase, and it involves intermediate formation of
vicina diols; spontaneous formation of cyclic ethers
was also observed as a result of enzymatic cascade
reactions [164]. Cyclic compound 179 was obtained
with an enantioselective purity of 70-90% in the
presence of some microorganisms [164] (Scheme 95).

In 20002003, a series of works were published,
which described the synthesis of oxygen-containing
heterocycles by reaction of epoxy derivatives with
olefins. High reactivity of epoxycyclobutanes was

utilized in the synthesis of hydrophilic ribbon mole-
cules which were studied since 1997. Ribbon mole-
cules were obtained from epoxycyclobutane blocks
180 (X = COOR, COCI, CONHR, etc.) and dipolaro-
philes of the norbornene series [165] (Scheme 96).
Munro and Newman [166] isolated aldehydes and
unsaturated al cohols together with tetrahydrofuran 182
in the acid-catalyzed reaction with cyclododecene
(181) (Scheme 97). An dternative pathway includes
transformation of tungsten-containing compounds
derived from 2,3-epoxyhexyl 2-alkynyl ether 183
[106] (Scheme 98). The presence of boron trifluoride—
ether complex favors [3+3]-cycloaddition of epoxide.
The cyclization of intermediate 184 is highly dia-
stereoselective: bicyclic compound 185 is formed as
the only product, and functional groups present in
the initial molecule are conserved. The cycloaddition
begins with opening of the oxirane ring via exo-attack
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by the 2-propynyltungsten moiety. Enantioselective
synthesis of bicyclic oxygen-containing compounds
was effected with the use of chiral epoxides.

Alkenyltungsten substrate 186 undergoes intra-

molecular [3+2]-cycloaddition with participation of
the oxirane fragment. Bicyclic lactone 187 is formed
when the substrate has cis configuration, and the corre-
sponding trans-epoxide gives rise to tetrahydropyran
derivative 188 [167] (Scheme 99). The same authors
reported on stereocontrolled synthesis of a large group
of new bicyclic lactones containing nitrogen atoms as
aresult of cyclization via regioselective exo-attack on
the oxiranering [167].
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