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Formation of Four-Membered Heterocycles through Electrophilic Heteroatom
Cyclization

Sylvie Robin!?! and Gérard Rousseau*!?!

Keywords: Cyclobutane compounds / Ring closure / Strained molecules

This review demonstrates the feasibility of the formation of
cyclobutane heterocycles through 4-endo and 4-exo elec-
trophile-induced processes. Cyclizations are usually ob-
served upon treatment of linear substrates with electrophiles
such as halogens (chlorine, bromine, iodine), haloreagents
{NBS, [bis(collidine)X*]Y", ...}, and more rarely with seleno
reagents and metallic salts. Results show that the formation

of B-lactones, oxetanes, and fB-lactams can be viewed as a
general process useful for synthetic purposes. Formation of
azetidines and thietanes appears more limited and has been
reported in only a few cases.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

1. Introduction

Electrophilic cyclization of unsaturated carboxylic acids
was initially exploited by Bougault.''! This reaction has been
extensively studied for the generation of a variety of hetero-
cycles (lactones, ethers, lactams, amines, carbamates, ...).[”)

It has been calculated that the formation of three-mem-
bered ring compounds through ring-closure reactions oc-
curs with small enthalpy barriers.’] Synthesis of four-mem-
bered ring systems under the same conditions as used for
the formation of three-membered ring compounds, how-
ever, occurs less readily.[*! This difficulty appears to be due
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mainly to Dunitz—Schumaker strain (1,3-carbon—carbon
interaction), which is significant in four-membered rings
but does not exist in cyclopropane compounds.P’! For cyclo-
butane compounds, only formation through nucleophile-in-
duced processes was until recently considered synthetically
useful. However, recent results obtained by us and by others
have shown that electrophilic processes could also be con-
sidered useful for synthetic purposes.

In this paper we would like to report results concerning
the synthesis of four-membered heterocycles: B-lactones,
oxetanes, B-lactams, azetidines, and thietanes. These hetero-
cycles are mostly obtained by electrophilic cyclization of
unsaturated acids, alcohols, amides, amines, or thiols. These
four-membered rings can be formed through endo or exo
cyclization modes, depending on the chain length, the sub-
stitution pattern on the chain, and on the electrophiles em-
ployed (Scheme 1).
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“Onium” ions are postulated intermediates in these reac-
tions. These ions are formed by nucleophilic attack of the
double bond onto electrophiles and subsequent ring-open-
ing of the bridged ions by frans intramolecular attack of
the nucleophilic moiety. Electrophiles such as halogens
(chlorine, bromine, or iodine), haloreagents, selenium and
sulfur derivatives, and some metallic salts (Hg**, Pb™™,
...) have been found to participate efficiently in these types
of cyclizations.

2. Preparation of 2-Oxetanones

2.1. Preparation through 4-exo Cyclization

It was reported in early work that f,y-unsaturated acids
react with iodine to give y-lactones.[! In the 1950s, van Ta-
melen claimed that 3-butenoic acid did not react with iod-
ine under Bougault’s conditions.I”! Shilov, in his pioneering
work in this area, found that this acid did indeed react with
iodine to give the B-lactone, with an activation energy 5
kcal'mol~! higher than those measured for the formation
of larger-ring lactones.[¥l However, no structural description
of the expected B-lactone was reported.

2.1.1. Halolactones

The first instance of B-lactone formation through an exo
process during bromolactonization of a [,y-unsaturated
acid was reported by Barnett and McKenna.”! They found
that B-lactone formation was possible with a rigid system
such as acid 1, as well as with the more flexible B,y-unsa-
turated acids 3 (Scheme 2). High yields were obtained by
use of bromine as electrophile.

; Bry, CH,ChL, O
CO,H 0,0 <o
CH; CH; Br
1 2
R Br Rr3
i Br,, CH,Cl 0
R? 1
HO,C™ 41 H,0 R g2 O
3 4
R'=R?>=CH;, R*=H 83%
Rl= CO,Et, RZ=R3= CH; 88% (two diastereomers)
R'=R?=R’=H 50%
Scheme 2
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In these later cases, the formation of the B-lactones 4 was
fast enough to avoid the competitive base-catalyzed iso-
merization of vinylacetic acid to crotonic acid. The behavior
of B,y-unsaturated acids in the bromolactonization reaction
was in direct contrast with the well established rule that
iodolactonization results in the formation of B-iodo-y-lac-
tones.[?! It is generally accepted that B-lactones are inher-
ently less stable than y-lactones, due to ring strain, and the
production of the less stable isomer is thus undoubtedly
under kinetic control. Barnett and McKennal!'? separated a
mixture of endo acid 5 and exo acid 1 by iodolactonization;
treatment of endo acid 5 resulted in the formation of the

I
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5 6 o
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CH;
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12, NaHCO3

[ ——-

%2}{
CHj

Scheme 3

y-lactone 6, while the exo isomer 1 did not react Scheme 3).

Subsequently, Barnett and Sohn!'!! showed that B-lac-
tones could be obtained by iodolactonization of acids 7. In
fact, it was possible to obtain either B-lactones or y-lac-
tones, depending on the reaction times. The B-lactones 8
formed during the iodolactonization of acids 7 slowly re-
arranged under the reaction conditions into the thermodyn-
amically more stable y-lactones 9. If the reaction times were
sufficiently long, the B-lactones 8 were not detected. Styryl-
acetic acid 10 was transformed into the y-lactone 11 regard-
less of the procedure used for iodolactonization, the influ-
ence of the y-phenyl substituent being strong enough to in-
duce only the formation of y-lactone. This result provides
evidence for the ionic nature of the intermediate during this
kind of reaction (Scheme 4).

R b 0 . Rg
[ NaHCO; I, KI
(0] o ether KR ether o~ O
1 hour long reaction time

Sa,b 7asb
8a : R = CH; 70-80%

8b:R=H 20-30%

@] 12 I
Pho~ A, NeHCOs n

ether P NG5S0
10 11

Scheme 4

In order to show the utility of 1,4-dihydrobenzoic acids
12, Barnett and Needham!['?*! examined iodo- and bromo-
lactonizations of these acids, substituted in the 2- and 3-
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positions. Low yields of the B-lactones were obtained on
1odolactonization. In contrast, bromolactonization afforded
the bromolactones 13 and 14 in good yields. The size of
the lactones formed in the lactonization depended on the
substituents on the carbon—carbon double bond
(Scheme 95); B-lactones were formed only when a hydrogen
was present in the y-position on the carbon—carbon double
bond (R?> = H). These observations were consistent with
the formation of bromonium intermediates possessing
higher carbonium character at the more substituted carbon
of the double bond. The presence of substituents in the y-
position directed the cyclization towards the formation of
the y-lactones. Subsequently, Ganem et al.l'?®! continued
this study. They found that when the substituent in the 2-
position of 12 had electron-withdrawing character (R! =
CH,OH, CH,OCOPh, CH,Ph) the cyclization occurred in
a 4-exo mode.

COOH , i\jko
R3\©[Rl NaHCOs, H,0 R@R’
R2 Bry, CH2C12 u R2
Br
12 4-exo 13 S-endo 14
R'=CH;, R”*=R*=H 29.5%
R'=R3*=H,R?=CH; 71.4%
R'=R*=R’=H 42%
R'=R?=CH;,R*=H >80%
R!=R?=H, R*= CH,0H 86%
R!'=R?=H,R*=CH,0COPh  95%
R!=Me, R2=H, R* = CH,Ph 45%

Scheme 5

The same group found that B-lactones 16 were also easily
obtained under the same conditions (Br,, NaHCO3) from
1-substituted 1,4-dihydrobenzoic acids 15.'31 As noted
above, the B-lactones are kinetic products, and on heating
they smoothly rearranged into the thermodynamically more
stable B-bromo-y-lactones 17 (Scheme 6). Todine was also
successfully used for these cyclizations.

7 q
R COOH o R }\ R
O e [ =0
BI‘Z Br ’
15 42%-85% 16 17

R = H, CH;, CH,OH, CH,Ph,
CH,CH,CH(OCH,), (with I)

Scheme 6

In order to prepare trans-fused perhydroindane substruc-
tures, Hart et al.l'¥ studied the regioselectivity of elec-
trophilic bromolactonization. Treatment of unsaturated
acid 18 under Barnett’s conditions!!? gave nearly equimolar
amounts of y-lactone 19 and B-lactone 20. The reaction
only occurred at the trisubstituted carbon—carbon double
bond. In contrast to the results obtained with flexible B,y-
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unsaturated acids, the competition between 4-exo and the
5-endo cyclizations was probably due to the strain in the
disfavored y-lactone, thus facilitating the formation of the
B-lactone (Scheme 7).

Me
BI‘2, NaHCO3
! N\ H,0, CH,Cl,
‘cooH
18
Scheme 7

Bicyclic B-lactones can be viewed as useful synthetic in-
termediates: they may be transformed, for example, into ar-
enes 21 (after dehydrobromination and subsequent carbon
dioxide extrusion),['!l into arene oxides 22,['3! or into 1,3-
diols 23 (after lithium aluminiumhydride reduction of the
lactone and bromine substitution) (Scheme 8).[1%!

T 1§ 1
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R3 J :O Rl R3 pRl R2 R3
OQTRZ T R
Br Br
13 21
g
Ii R! Ry < ,‘Ogl
i :RZ : :Rz
22 23
Scheme 8

Some other halo reagents have been also explored in
these reactions. Cook et al.l'® extensively studied the halol-
actonization of f,y-unsaturated acids and showed that nu-
merous bromine-containing reagents could be used. Bromo-
lactonization of (cyclohex-1-enyl)acetic acid 24 with N-bro-
mosuccinimide (NBS), N-bromophthalimide (NBP), or N-
bromosaccharin (NBSC) gave the y-bromo-B-lactone as the
sole product. Unsaturated acid 27, with one alkyl substitu-
ent in the y-position, gave a mixture of B- and y-lactones
on treatment with NBS. The presence of an aryl group (acid
25) or a gem-dimethyl in the y-position (acid 26) caused
exclusive formation of the corresponding y-butyrolactones.
Treatment of these acids — 24, 25, 26, and 27 — with NIS
selectively gave the y-lactones (Scheme 9).

The same groupl'”! also carried out the bromolactoniz-
ation of 2-substituted (cyclohex-1-enyl)acetic acid 28 with
1,3-dibromo-5,5-dimethylhydantoin or 3-bromo-5-isobutyl-
S-methylhydantoin. In the presence of potassium tert-bu-
toxide, the reaction resulted mainly in the formation of j-
lactones 29 (yields greater than 96%) (Scheme 10).

A. G. Meyers et al.['8 recently reported the bromolacton-
ization of the dienic acid 30 with N-bromosuccinimide. The
resultant B-lactone 31 was easily transformed into epoxide
32 by the action of sodium methoxide (Scheme 11).
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Scheme 11

Numerous attempts to improve the yields of B-lactones
have been reported. Cambie et al.l'! investigated iodolac-
tonization with the aid of thallium(1) carboxylates. When
thallium salts of B,y-unsaturated acids were treated with
iodine in benzene, mixtures of y-iodo-B-lactones and B-
iodo-y-lactones were formed. In the case of the thallium
carboxylate 24, the major product was the B-lactone 33,
rearranging quantitatively at room temperature, as previ-
ously reported in other cases, into the thermodynamically
more stable y-lactone 34. This rearrangement was not ob-
served in the case of lactone 8b (Scheme 12). Subsequently,
this group reported that the halolactonizations of these ac-
ids could be carried out with iodine in the presence of
thallium(1) acetate or by the action of iodine or bromine in
the presence of thallium(1) carbonate?’®! (Scheme 12).

Evans et al.?!l found that, in general, treatment of unsat-
urated carboxylic acids with [I(collidine), "JCl1O,~ afforded
four- to seven-membered ring lactones with high regioselec-
tivity. Treatment of 3-butenoic acid 7b with this reagent, for
example, produced the B-lactone 8b in high yield. The facile
formation of cyclic products with [I(collidine),*]C10,~ ap-
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X
O/\C()ZR WO + ©j>:0
“X 0
24 33 H 34

R=Tl I,-benzene 28 % 12 %
R=H T12C03-BI'2-CH2C12 18 % 42 %
X
CO;R
N o
7b O b
R=Tl I,-benzene 65 %
R=H leCOyBI‘z-CHzClz 51%

Scheme 12

pears to be due to the low nucleophilicity of the perchlorate
ion, thus favoring ring-closure by intramolecular hydroxy
attack, as opposed to the formation of acyclic iodoperchlor-
ate. The same iodolactone 8b was obtained in lower yield
by Royer et al.[*?l with a mixture of potassium iodide and
sodium persulfate (Scheme 13).

I

o

_~_-COOH
Z o
7b  I(coll),"CIO; CH,Cl, 72% 8b
NaHCO5-KI-Nay,S,05 62 %
Scheme 13

Davies et al.[*3l observed the formation of the B-lactone
36, in high yield, as an intermediate in the synthesis of 6-
a- and 6-B-fluoroshikimic acid when using pyridinium tri-
bromide as reagent (Scheme 14).

AcQ COOH
B C5H6NBI'3
Q & NaHCO;
<j H,O-THF
35

Scheme 14

Recently, Knapp and Zhao®¥ reported that, in the case
of acid 39, the yield of the B-lactone 41 could be dramatic-
ally improved if the tetrabutylammonium salt of the acid
was used instead of the sodium salt (Scheme 15).

O -0
2

@’COanBu4N0H O/C% BuN' % Br., (T
-78°C

N N y
COztBU COztBU COZIBU
39 40 41
71% (from 39)
Scheme 15

Eur. J. Org. Chem. 2002, 3099—3114



Formation of Four-Membered Heterocycles through Electrophilic Heteroatom Cyclization

MICROREVIEW

Structural modifications of the substrate were also able
to promote the formation of B-lactones. Gore and Narasim-
han,® for example, found that treatment of 3-(carboxyme-
thyl)isocoumarin 42 with bromine in the presence of aque-
ous sodium hydrogen carbonate exclusively resulted in the
formation of the spirobromo-B-lactone 43 (Scheme 16).

HO-°
= NaHCO3
0 Ey0,H0
Ie) Bt‘z
42

Scheme 16

Halolactonization was used by Askani and Keller®® as a
key step in a stereocontrolled synthesis of rac-isolineatin.
The highly strained bicyclo[2.2.0]lactones 45 were obtained
in excellent yields by treatment of cyclobutenoic acids 44
with bromine (Scheme 17).

O

.«COOH Br, .
83%
COOR *°” B COOR
44 45 isolineatin
R= CH3, tC4H9

Scheme 17

Furthermore, Mead and Park[®” found that treatment of
a-silyloxyalkyl-B,y-unsaturated acid 46 with bromine re-
sulted in the exclusive formation of the B-lactone 47, even
if the alkene was not in the terminal position. This result
was attributed to the Thorp—Ingold effect induced by the
a-silyloxy substituent (Scheme 18).

Q

COH 0 Br
MOBH -ﬁ—* OBn
: 2" Et,0/NaHCO; A 2

Me,BuSiO Me,BusiO T I
46 47

Scheme 18

Various other electrophilic reagents for these cyclizations
have been investigated. Motohashi et al.l’8! reported that
the intramolecular cyclization of ,y- and vy,3-unsaturated
acids could be induced by lead(1v) tetraacetate in the pres-
ence of sodium iodide. The lactones 33 and 34 were ob-
tained as a 1:1 mixture from acid 24 under these condi-
tions (Scheme 19).

o) ;
O oot Of=0 - Tl
DME o
H “
CO0 51% I L
24 33 34

Scheme 19

Shibata et al.*®* examined the diastereoselectivity of the
4-exo bromolactonization with a-substituted f,y-unsatur-
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ated acids 48 as substrates. The ao,B-trans-substituted p-lac-
tones 49 were obtained under the reaction conditions used
by Barnett.”:!'®l Treatment of these bromolactones 49[2°°]
with bis(tributyltin)oxide afforded B-hydroxy-y-butyrolac-
tones 50. A similar structural rearrangement was observed
by Black and Huang!>*! on treatment of B-lactones 49 with
silver nitrate. In both these cases y-lactones were obtained
in excellent yields (Scheme 20).

HO ~ R?
(Bu3Sn),0 R! 0
R. R? R! ) Br 5(())
4 Bry 70-90%
OH NaHCO; 0 e
o 58.82% O
48 49 AgNO; R?
CH;COOH
R! = Me, nBu, Bn, Et; R2=H RVQO
R'=Et; R?=H, Bn 0
51

Scheme 20

Even though chlorine is rarely used in halocyclizations, it
has been found to be an efficient reagent. y-Chloro-p-lac-
tones were obtained by Guthrie et al.B?% on treatment of
the sodium salts of (E)- or (Z)-aconitic acids with chlorine.
For example, treatment of the sodium salt of (E)-aconitic
acid 52 with chlorine in water provided the B-lactone 53 in
an excellent yield (Scheme 21).

O
COONa Cl O
— 1)Cly ;
NaOQOQC COONa 2) H3O+ HOOC COOH
52 53
Scheme 21

2.1.2. Selenolactones

Utilization of selenoreagents for the formation of numer-
ous heterocycles is well documented in the literature.3!]
Some attempted preparations of B-lactones have been re-
ported. However, these lactones are known to be unstable
and were not isolated. Nicolaou and Lysenko*?¥ have de-
scribed a method for internal lactonization of unsaturated
carboxylic acids by employing phenylselenenyl halides
(PhSeCl, PhSeBr). Among other examples, they have
treated (cyclohex-1-enyl)acetic acid 24 with phenylselenenyl
chloride in the presence of triethylamine. The kinetic prod-
uct, the spiro B-lactone 54, subsequently rearranged into
the more stable y-lactone 55 (Scheme 22). Murata and Su-
zukil®?® also investigated the selenolactonization with
phenylselenenyl triflate as reagent. This reagent appears to
be useful for the cyclization of B,y-, v,6-, and J,e-unsatur-
ated carboxylic acids. The reaction between phenylselenenyl
triflate and 3-butenoic acid 8b gave the y-lactone 57 (29%
at 0 °C, 11% at —78 °C) and 3-hydroxy-4-phenylselenobut-
anoic acid 58 (16% at 0 °C, 58% at —78 °C) as a mixture
on quenching of the reaction mixture with water. The latter
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compound was probably formed by hydrolysis of the inter-
mediate B-lactone 56 (Scheme 22).

COOH_PhSeCl ¢} o
CH,Cl, 0 g
Et;N SePh
26 54 55 (91%)
ohS PhSe
PhSeOTf | 1S m
COOH 22222 o] T
/\/ CH2C12 L<O>: O 0
8b 56 57
l H,O
OH
PhSe COOH
58
Scheme 22

2.2. Preparation through 4-endo Cyclization

This disfavored ring-closure process has been reported in
a few cases. The first example of B-lactone formation by
electrophilic cyclization by this mode was reported in 1937
by Tarbell and Bartlett.33 Treatment of the sodium salts of
dimethylmaleic and dimethylfumaric acid with chlorine or
bromine produced halogenated PB-lactones 60 and 62 in
modest yields (Scheme 23).

Me Me
Me __ Me  x, H,0 X:j;{.-nCOZH
NaO,C CO,Na d 0
59 60

X=Cl (41%); X=Br (33%)

M Me
Me _ CONay, 1,0 XA f CO,H
NaO,C Me ¢}
61 O 6
X=Cl (41%) ; X=Br (33%)
Scheme 23

The authors showed that the products were not formed
by addition of chlorine to the double bond and subsequent
intramolecular substitution of a chloride by one of the
carboxylate functions. They postulated a two-step reaction
mechanism, with attack of the double bond and ring-clos-
ure occurring as quickly as possible but not really synchron-
ously. Williams et al.** have recently reinvestigated Bart-
lett’s work. The structures of the B-lactones were established
by X-ray crystallography and imply a syn-addition of the
bromine atom and the acid function to the carbon—carbon
double bond, in contrast with Bartlett’s conclusions. Willi-
ams et al. postulated the formation of an intermediate o-
lactone, subsequently opened by attack of the other carb-
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oxylate group to give the B-lactone. These two individual
steps are indeed favored exo processes (Scheme 24).

B Br
Me n/;_\nMe HOBr Mew [t r?\ Me
-0,C CO5 -0,C Co 0

— Mey__ﬁl\ie
" 0,C 0
0

Il
-0 M8 o5
ST . J\Me
(6] Me¢ O
0 @,

Scheme 24

Price and Blunt!®# observed the formation, in low yield,
of the a-bromo-B-bromolactone 64 on treatment of the so-
dium salts of cis- and trans-stilbene-a-carboxylate 63 with
bromine. Under these conditions, intermolecular reaction

Ph h
h Ph Br P
P \_.< Br,, CCl, + macrocyclic + linear
CO,Na d O polymers  polymers
63 64 18-24% 6-9% 23-30%
s P = >
> B Me
X COONa™ boBC 0 X got L
65 2-19% 66 25-27% 67 7-39%

X=H, pCl, oCl, pCH3

Scheme 25

products were also formed (Scheme 25). Similar results
were obtained by Kingsbury and Max,*>®! who studied the
reactions between bromine and the sodium salts of substi-
tuted cinnamic acids 65, containing a variety of substituents
on the aromatic ring. When the substituent was a chloro or
a methyl group, B-lactones 66 were obtained as mixtures,
the other product being compound 67, corresponding to
the addition of hypobromous acid to the olefinic double
bond (Scheme 25).

Solas and Wolinsky*®! reported that the reaction between
hypochlorous acid, produced in situ from a mixture of cal-
cium hypochlorite and water, and a,B-unsaturated B-disub-
stituted acids 68 afforded a-chloro-B-lactones 69 in low
yields. The (E)-cinnamic acid 70 similarly provided the
trans-a-chloro-B-lactone 71, but this unstable intermediate
was converted into (E)-B-chlorostyrene on decarboxylation
(Scheme 26).

R caoCl ClI_ 0
H,0 F{
H
R/K/ 0, CH,Cl, R7 0

68 69

R = CH;, CH,CH3,-(CHy)s-  10-25 %
Cl, 0
HOCI ’ -CO,
o COzH o T O
PH
70 71
Scheme 26
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More recently, Rousseau and Homsi*”! reported the pre-
paration of B-lactones by use of bis(collidine)bromine(1)
hexafluorophosphate (HBB) as the electrophilic reagent.
These cyclizations depend on the substitution pattern at the
B-position in the acids. Only formation of a polymer was
observed with the a,B-unsaturated acid 72, monosubsti-
tuted in the B-position with an alkyl group. When, however,
two substituents were present in the B-position, the B-lac-
tone was obtained in a satisfactory yield (transformation of
acid 73 into lactone 74). With cinnamic acid 70, only the
(E)-bromostyrene 75 was isolated. If an a-substituent was
introduced (acid 65) the B-lactone (compound 66) was
again observed (Scheme 27). The results obtained can be
explained in terms of the degree of stabilization of the pos-
itive charge developed on the carbon B to the acid function,
as shown in Scheme 28. Since only a single diastereomer
was obtained when Z (or E) unsaturated acid 73 was treated
with HBB, these cyclizations are postulated to be diastereo-
specific.

HBB

CoHyy X COH 5 polymer
72
Me Br, O
~ COH o
CSHI 1)\/ 2 H] ]CS """ Y
73 Me 74 60%
)Miﬁ Br, O
xCOH —
CsHii H, Ics“:Fg
73 Me74 60%
E:Z-50:50 cis:trans - 50:50
Me o
Brek
COH . ‘E{/
Ph™
0
k. P
65 66 50%
P A COH s Ph/\/ Br
70 75 85%

3. Preparation of Oxetanes

3.1. Preparation through 4-exo Cyclization

One of the first examples of the formation of oxetane by
electrophile-induced cyclization of a homoallylic alcohol
was reported by Magnus and Ehlinger,*®! who, during their
studies into the reactivity of (trimethylsilyl)allyl anion,
which can be viewed as a B-acyl anion equivalent for the
conversion of aldehydes and ketones into y-lactones, found
that, when the adamantyl derivative 76 was treated with N-
bromosuccinimide in THF, the oxetane 77 was formed ra-
ther than the five-membered ring compound. The silicon
atom directs the electrophilic cyclization of the alcohol.
These conditions appear to be limited to this adamantyl
alcohol (Scheme 29).

Me351 \PBr
OH
Y SiMe3 NBS
THF
oce
76 77 92%

Scheme 29

Rousseau et al.?? reinvestigated this reaction and showed
that oxetanes could be obtained by treatment of homoal-
lylic alcohols with bis(sym-collidine)bromine(1) hexafluoro-
antimonate. These cyclizations were diastereospecific when
the carbon of the double bond B to the silicon atom con-
tained a hydrogen atom. The (Z)- and (E)-vinylsilanes 78
and 79, for instance, afforded the diastereomeric oxetanes
82 and 83. However, the alcohol 81 gave a mixture (80:20)
of two diastereomers. This reaction was also observed with
[Br*(coll),]PF¢~, but the reaction appears to be less effici-
ent with this reagent, due to side products formed as a re-
sult of the attack of the bromonium intermediate by the
hexafluorophosphate anion. Formation of iodooxetane by
use of the corresponding iodoreagents seemed possible.
However, these reagents were found to be less efficient than

Scheme 27 the bromoreagents (Scheme 30).
RL_A
ﬁ/\coz \
/ Br
or olymer
Rl !ir 3~6’X‘0\t . 1 O } ’
HWN S
0, O
H Br
. 4 . Br O
ifR', R“=alk l -endo- trlg
R 2
R2
Br' (coIl)vPPé \
6{)/ R
\—S: -CO, Ph/\/ Br
‘H
Scheme 28
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Scheme 30

Formation of oxetanes instead of tetrahydrofurans were
also observed when the structures of the alcohols did not
allow the 5-endo mode cyclization. Different examples have
been reported. Treatment of alcohol 86 with N-bromosucci-
nimide resulted in exclusive formation of the oxetane 87.14°]
Manabe used this particular reaction to assign the B-stereo-
chemistry of the alcohol. Similar examples are the forma-
tion of oxetanes 89 and 91 on treatment of compound 88
with N-bromosuccinimide, reported by Paquette et al.[*!]
and on treatment of compound 90 with N-iodosuccinimide,
published by De la Torre et al.[*?l (Scheme 31).

NIS, CH3CN, rt

I

Scheme 31

3106

Fallis et al.*)l found that endo-norborneols 92 and 94
substituted in the a-postition of the alcohol function re-
acted with phenylsulfonyl chloride to afford oxetanes 93
and 95. This cyclization did not occur with 3-buten-1-ol
(Scheme 32).

ﬁ#\ BulLi
PhSCl o \
93 60%
£ BuL1 &
CHs 5sal
o
95 20%

Scheme 32

Plumet et al. subsequently published their results on the
oxanorbornene series. They studied®*! the regio- and ste-
reoselectivity of electrophilic additions of phenylselenenyl
chloride and phenylsulfonyl chloride to isomeric 2-hydroxy-
2-methyl-7-oxabicyclo[2.2.1]hept-5-enes 96 and 98. The
formation of oxetane 99 from alcohol 98 was observed, but
no oxetane was obtained from the isomeric alcohol 96
(Scheme 33). This intramolecular electrophilic cyclization
was found to be dependent on the temperature and on the
solvent.[*4b44¢] Reactions conducted in dichloromethane at
low temperature appear to favor the formation of oxetanes,
as does the use of selenium- instead of sulfur reagents. A
similar reaction was observed when the endo-oxanorbornyl

alcohol 96 was treated with bromine or N-bromosuccinim-
ide.[#4d]

0
O -
PhXCl OH
: PhX CH;,
CH;
96 97
Q
s
f—~.LaCH;
0 0"
Ai PhXCl 99
/ ———-
CHs 70.30% +
OH Q
> Vaw)
X=Se, S Cr' CHj
PhX OH
100
0 Q
i )
A LCH; [~ LaCH;
OH o
98 101

Scheme 33

Evans et al.[>! carried out electrophilic cyclizations of un-
saturated alcohols with [I(collidine),"]CIO,~. Three- to
seven-membered ring iodoethers were obtained. Treatment
of homoallylic alcohols with this reagent produced oxetanes

Eur. J. Org. Chem. 2002, 3099—3114



Formation of Four-Membered Heterocycles through Electrophilic Heteroatom Cyclization

MICROREVIEW

in satisfactory yields. Oxetanes were obtained when the al-
cohols were a-disubstituted (alcohols 102 and 106) or y-
substituted (alcohol 104). Todoetherification of 3-butenol
108 under these conditions provided a mixture of oxetane
109 and tetrahydrofuran 110 (yield not reported)
(Scheme 34).

/\XOH

103 62%
OH 0
Y\/ e I
104 105 67%
Y,
o8~
107 64%
o O
st — [+
1
1
108 109 50 : 50110

Scheme 34

Galatsis et al.[*58] examined the cyclization of homoallylic
alcohols possessing an ester function in the allylic position.
Cyclization of compounds 111 in the presence of iodine in
acetonitrile at room temperature occurred very slowly (3
days). Addition of silver triflate to the reaction mixture sub-
stantially enhanced the rate of the reaction (1—2 hours),
a mixture of tetrahydrofuran 112 and oxetane 113 being
obtained in each case. The electrophilic cyclizations pro-
ceeded with excellent stereocontrol, only one diastereomer
(stereochemistry not determined) being observed for the
tetrahydrofuran and the oxetane derivatives obtained
(Scheme 35).

HO

10 2
R2 CO,Et L, NaHCO; ]}{{2 . o+R
R! MeCN ;
x E0,C 1 COzEt
111 112 113
RL R?=Me, Me 1 1.7 81%
1 1.1 65% (+ AgOTT)
RYLR*=(CH), 1 1.5 61%
. 1 59%(+ AgOTH)
RLR?*=Me,H 1.7 T 1%
1.7 1 65%(+ AgOTH
Scheme 35

The same group>*! reported the stereoselective prepara-
tion of substituted oxetanes from alcohols containing di-
and trisubstituted double bonds (alcohols 114 and 116 in
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7 Bl 2 Bl 2
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HO |
RiA CO:Me 1o, NeHCOs
R MeCN
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syn Rl :H, R2=Me
anti R' =Me, R?=H 3%
R'=R*=Me 90%
Scheme 36

Scheme 36). Predictably, the presence of a methyl group on
the carbon—carbon double bond completely abolished
formation of tetrahydrofuran derivatives and directed the
cyclizations to the formation of oxetanes 115 and 117. In-
corporation of the Evans chiral auxiliary on the ester func-
tion allowed™*! the formation of oxetane rings with excel-
lent diastereomeric control. Cyclization of chiral unsatur-
ated amides 118 and 120 with iodine and sodium carbonate
in acetonitrile afforded oxetanes 119 and 120 in moderate
to good yields. No formation of the tetrahydrofuran deriv-
atives was seen in these cases. A reverse diastereoselectivity
during the cyclization was observed when a methyl group
was present on the internal carbon of the alkene

£ Y

HO O

\__/ NaHC 03

1 18/|

119a 119b
R=Me 12:1  (47%)
Et 19:1  (48%)
Pro 2411 (40%)
HO O R R
O O
+
N
/I I O 0 1 0O O
120 121a 121b
R=Me 298 (63%)
Et  18:82 (84%)
Pro 19:81  (40%)

Scheme 37

During their studies on 5-endo-trig iodocyclization of
homoallylic alcohols, Knight et al.[*®] observed that treat-
ment of substituted alcohols with iodine in acetonitrile in
the presence of sodium hydrogen carbonate resulted in the
formation of two tetrahydrofuran diastereomers with good
stereoselectivity. Treatment of alcohol 124 with N-iodosuc-

3107



MICROREVIEW

S. Robin, G. Rousseau

I Me
oo, L S
Me MeCN ppe Me | B Mo~ Me

HO
122 123a 90% 123b 5%
1
— I, Me { Me
Bn/_j:Me NIS (_S* . Bn/\i
CH,Cl

Ho' Me 2 g NG Me ¢ Mo
124 123a 37.5% 125 12.5%

Scheme 38

cinimide in dichloromethane, however, gave a 3:1 mixture
of tetrahydrofuran 123a and oxetane 125 (Scheme 38).
Jung and Nichols*” found that iodocyclization of a.,B-

disubstituted homoallylic alcohols allowed the preparation
of oxetanes. Alcohol 126, for example, with an aryl group
in the a-postition of the alcohol and a vinyl group in the -
postition, gave a mixture of oxetane 127 and tetrahydrofu-
ran 128 in the presence of [I(coll)*]CIO,~ in dichlorome-
thane. The formation of the oxetanes was interpreted as the
existence of reactive rotamers favoring the 4-exo mode cyc-
lization. The resulting oxetanes were transformed into oxet-
anocin analogues 129 (Scheme 39).

/I\ Ag(coll),"ClO; : A gAr

HO” MAr [, CHClL 1

126 52% to 77% 127\ 128

ratios 3:1 to 10:1
HO 0O
—e \—Q—Ar

129 “OH

Ar=Ph, mMeC6H4, pMeOC6H4

Scheme 39

Howell et al.#¥ reported the first example of a [2.2.0]-
fused ketal derivative (compound 130). The key step in this
synthesis involved the iodoetherification of the 2-methyl-
eneoxetane derivative 129 (Scheme 40).

O
Phre ....,,/I
O
PH

tBuOK

40%

Scheme 40

The results of Yus et al.*) appear more surprising. These
workers obtained 1,6-dioxaspiro[3.4]octane compounds 133
by treatment of unsaturated 1,5-diols 131 with iodine in the
presence of silver(1) oxide. It is postulated that the reaction
proceeds by initial formation of oxetanes 132. The stability
of compounds 133 could be the driving force for these cyc-
lizations (Scheme 41).

Formations of oxetanes are not limited to the use of halo
reagents. However, utilization of metal salts as electrophiles
appeared much less favorable. Nishizawa et al.b% reported
the intramolecular oxymercuration of unsaturated alcohols
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Scheme 41

with mercuric triflate. Treatment of 4-butyloct-1-en-4-ol 134
with this mercuric salt in acetonitrile at —20 °C afforded a
mixture of mercury oxetane 135 and mercury tetrahydrofu-
ran 136 in a overall yield of 9% (Scheme 42). Adam et al.>!
observed the formation of the labile mercury-substituted
1,2-dioxetane 138 during the cyclomercuration of an allylic
hydroperoxide 137. Transformation of the mercury dioxet-
ane 138 into the more stable bromodioxetane 139 occurred
in a low yield (Scheme 42).

OH 0.
1) Hg(OTfa) Bu
Bu X e Bu><0)__/HgCl + Bu
Bu MeCN, -20°Cc  Bu
134 2) aq- NaCl 135 1783 136 &
H
G 0-0 0-0
\O Hg(OTfa)z BI‘Z
)——ﬁ CFCl CCl,
CF;CO,Hg 10% Br
137 138 139

Scheme 42

Murai et al.®?! carried out enzymatic bromoetherification
of prelaureatin 140 with bromoperoxidase (BPO) and lacto-
peroxidase. A mixture of six products, including the bro-
mooxetane 141 (0.05%), was obtained. Even though the
yield of this reaction is low, this interesting result provides
evidence for a possible biogenesis for these kinds of marine
products (Scheme 43).

D
(0.07%) 142

D
(0.05%) 141

+ other products (7.2 %)

Scheme 43

Murata and Suzuky!®3! carried out cyclizations of hydro-
xyalkenes with phenylselenenyl triflate. The 3-butenol 108
gave the tetrahydrofuran derivative 143 and the 4-phenylse-
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lenobutane-1,3-diol 144, probably formed by ring-opening
of the intermediate oxetane during aqueous hydrolysis
(Scheme 44).

SePh
HOK/\ PhSeOTf d e

S O SePh

108 143 (15%)
lmo*

HO OH
SePh
144 (39%)
Scheme 44

Formation of an oxetane by selenoetherification of a 1,4-
diene has been reported by Nicolaou et al.’* 2 4-Dimethyl-
1,4-pentadiene 145 reacted with phenylselenenic acid, gen-
erated in situ from diphenyldiselenide and hydrogen
peroxide, to afford a mixture of the tetrahydrofuran 146
and the oxetane 147.5%1 Similar results were obtained

with  N-phenylselenosuccinimide as the electrophile
(Scheme 45).154b]
H;C 0 HyC_ O _CH;
H3CWCH3 X ZCH + M
CH,Cl, PhSe * Phse SePh
SePh
145 146 147
(Phse)z-H202 24% 34%
0
E:N'-SePh 24% 53%

()

Scheme 45

3.2. Preparation through 4-endo Cyclization

As with the formation of B-lactones, results concerning
the formation of oxetanes by 4-endo mode cyclizations are
rare. Lown et al.’ studied the reactions between iodonium
nitrate and some unsaturated alcohols in a mixture of colli-
dine (or pyridine) and chloroform as solvent. In most cases
1,2-addition products such as iodo-nitrates or iodo-pyridin-
ium compounds were obtained. With hex-1-en-3-ol 148 in
collidine/chloroform, however, the iodo-nitrate 150 and the
claimed oxetane 149 were obtained as a mixture
(Scheme 46).

NO- I
/\(\/ 1" NO; t'/\/+/)\(\/
O

HO collidine-CHCl5 O,NO OH
148 149 150
Scheme 46

Rousseau et al.’7-3% have obtained oxetane rings by treat-
ment of allylic alcohols with bis(collidine)bromine(1) hexa-
fluorophosphate. An aryl group in the y-position of the al-
cohol was essential for these cyclizations, while the presence
of two substituents in the a-position dramatically improved

Eur. J. Org. Chem. 2002, 3099—3114

the yields. The Z and E isomers of 3-phenylprop-2-enol 151
and 153 both gave the same frans oxetane 152. These results
imply that the reactions proceed through carbocationic in-
termediates (Scheme 47).

+ - ph
Ph._~_ OH Br'(coll},PF¢ EO

151 Br'(5236%
Ph
= |
P’ “—OH .
T
153 %
pp 152 036 o
Ph\/YOH t{\
K R B LR
154 155 78-88%

R= Me, nBu, nPent

Scheme 47

Wempe and Grunwell,P7 during their studies of the
transannular rearrangement of 5-cyclodecynone 156, found
that alcohol 157 reacted with N-bromosuccinimide in the
presence of hydrogen bromide to form the dibromooxetane
158. The particular geometry of the alcohol might explain
the result obtained (Scheme 48).

Br Br
_— Br
Co2 == O e O
! HBr
0 OH

156 157 68% 158 54%

Scheme 48

4. Preparation of 2-Azetidinones

4.1. Preparation through 4-exo Cyclization

The search for new methods to prepare B-lactams has
always drawn interest, due to the potential antibiotic activ-
ity of these compounds. One of the first publications dem-
onstrating the possibility of preparing B-lactams by elec-
trophilic cyclization was by Ganem et al.’® These workers
studied the oxidative cyclization of B,y-unsaturated amido-
sulfamoyl esters to form N-sulfonylated halo-B-lactams, as
precursors of monobactam 159. Unsaturated amides were
generally transformed into lactones and not lactams when
the reactions were carried out with halogens such as brom-
ine or iodine.l® These authors found that reduction of the
pKa of the carboxamide group favored nucleophilic attack
by the nitrogen atom. Thus, treatment of N-sulfonylated
B,y-unsaturated amides 160 with bromine or iodine in aque-
ous sodium hydrogen carbonate produced N-tosyl halo B-
lactams 161 in modest to good yields (Scheme 49).

Subsequently, Cook et al.[® carried out bromolactoniz-
ation of a series of J,y- and vy,5-unsaturated N-tosylcarbox-
amides by treatment of the corresponding sodium salt with
N-bromosuccinimide in N,N-dimethylformamide. In gen-
eral, they obtained y-bromo-B-lactams and §-bromo-y-lac-
tams with high stereoselectivity. Treatment of amide 162
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with N-bromosuccinimide, for example, provided the p-lac-
tam 163 (Scheme 50).

Rajendra and Miller®'@ reported the oxidative cycliza-
tion of various substituted B,y-unsaturated hydroxamates to
give the corresponding substituted 4-(bromomethyl)-N-hy-
droxy B-lactams. Cyclizations carried out on the 3-butenoic
acid acetoxyamides 164 with bromine in the presence of
potassium carbonate in a dichloromethane/water mixture
provided the desired B-lactams 165 in excellent yields. The
amount of water required for these cyclizations depended
on the R substituent. They also studied the diastereoselec-
tivity of these reactions by introduction of substituents o
to the hydroxamates.[®'® For example, cyclization of the a-
benzylamide 166 produced frans B-lactam 167. However,
with o-methylamide 168, in which the less bulky methyl
substituent was present, electrophilic cyclization gave a dia-
stereomeric mixture of the two B-lactams 169a—b, with the
trans diastereomer 169a as the major product. Introduction
of an amino group in the a-position of the hydroxamate
(compound 170) under these reaction conditions mainly
produced the cis diastereomer. The change in the diastereo-
selectivity could be a result of modification of the con-
formation of the molecules in the transition state
(Scheme 51). Similarly, it was reported that bromine-in-
duced cyclization of O-acyl-B,y-unsaturated hydroxamates
to B-lactams was compatible with a variety of y-substituents
on the carbon—carbon double bond.[®'“l B-Lactams 173
were formed as sole products when starting from the amides
172. Even the y-vinyl amide 174 gave only the B-lactam 175.
An exception was the amide 176, possessing a y-phenyl
group, which gave a pyrrolidinone, 177, by a 5-endo cycliza-
tion process (Scheme 52). The same group reported®!d) a
short enantioselective synthesis of a PB-lactam ring with
three contiguous stereogenic centers, by oxidative cycliza-
tion of a-hydroxyethyl-B,y-unsaturated hydroxamate 178.
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Treatment of this hydroxamate with bromine in the pres-
ence of potassium carbonate in aqueous acetonitrile pro-
duced the trans diastereomer of B-lactam 179 in an 89%
yield. This result indicates that the hydroxyethyl group has
the same stereochemical influence as a bulky alkyl group
would in the cyclization reaction (Scheme 52).

Knapp and Levorsel®? have reported an interesting
method for the synthesis of iodolactams by cyclization of
N,O-bis(trimethylsilyl)imidate derivatives. These N,O-bis-
(trimethylsilyl)imidate derivatives were obtained by treat-
ment of the corresponding amide with trimethylsilyloxy
triflate. However, treatment of the imidate 181, derived
from crotonamide 180, with iodine afforded the B-lactam

R
Bl’z, K2C03 );-(‘

O \Hochz  H20, CHCN \OCbz
172a R=Et 173a-b
172b R = CH,CO,Me
174 R = vinyl - J;(_F

“OCbz
175
—Ph Br
W —
NHOCbz O7"N" 'H
OCbz
176 177
2 : 1 diastereomeric mixture
OH
Me Y M Me ~—Br
H,0, CH;CN
NHOCOBu
0 OCOtBu
178
Scheme 52
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182 in a low yield.[®?®! The initial crotonamide 180 was
found to be the major product (Scheme 53).

0SiMe,

¢} . O, H
NH, 2.2 eq Me3SiOTf Me 1)1,, THF N
NEt;, pentane 3 2) aq.NaHCO;
N 0-23°C |
180 181 182 35%
Scheme 53

4.2. Preparation through 4-endo Cyclization

Rousseau and HomsiP®”! have synthesized B-lactams by
electrophilic cyclization, in dichloromethane, of N-tosyl-
o,B-unsaturated amides, with bis(collidine)bromine(1) hexa-
fluorophosphate as electrophile. In order for the cyclization
to occur, the carbon—carbon double bond of the amides
had to be substituted in the B-position with one aryl or with
two alkyl substituents. Amide 183 only gave a polymeric
material under these cyclization conditions, while the B-dis-
ubstituted amide 184 afforded the p-lactam 185 in a modest
yield. The amide 186 gave only the trans diastereomer 187.
This result indicates that the cyclization is a diastereospec-
ific process (Scheme 54).

v -
WNHTS Br (coll); PF¢ polymer
O CH,Cl,
183 TS
Me N
WNHTS i " VO
e
0 Br
184 185 43%
ISOzAI’
N
0 H
Br
186 Ar=Tol, pNO,-Ph 187 44%

Scheme 54

Naskar and Roy!®3 found comparable results when using
N-bromosuccinimide as the electrophile. In the presence of
a catalytic amount of lithium acetate in a mixture of aceto-
nitrile and water (97:3), unsaturated amides 188 afforded the
a-bromo-B-lactams 189. In these cases an aromatic sub-
stituent on the carbon—carbon double bond appears to be
essential (Scheme 55).

LiOA R, P
% ~CONH; e ’—:\(
R NBS, MeCN/H,0 N
H (0]
188 189
R = pMe-CgH, 46%
R = pMeO-CgH, 54%
R=Ph 20%
R = 9-phenanthrenyl 53%
R = 3-thienyl 48%

Scheme 55
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5. Preparation of Azetidines

Formation of azetidines by electrophilic cyclizations ap-
pears to be a much more difficult process than the forma-
tion of oxetanes, and only a limited number of results have
been reported in the literature.

5.1. Preparation through 4-exo Cyclization

In the total synthesis of (+)- and (—)-epibatidine, Corey
et al.®¥ observed that an N-trifluoroacetyl derivative 190
could serve as a useful compound for the synthesis of aza-
bicyclo[3.1.1]heptane analogues of epibatidine. Treatment of
compound 190 with N-bromosuccinimide in acetic acid af-
forded azabicyclo[3.1.1]heptane 191. Treatment of the same
compound with bromine in dichloromethane resulted only
in a 1,2-addition of bromine on the carbon—carbon double
bond. These different pathways can be explained in terms
of the acidity of the NH group in dichloromethane, which
might assist the formation of a ¢is bromonium ion by hy-
drogen bonding to the terminal bromine of the Br,—olefin
IT complex. In acetic acid, the amide acts as a nucleophile,
selectively capturing the bromonium ion (Scheme 56).

COCF,
NHCOCF N
Br NHCOCF; ;) }
‘CE r NBS
Br" Ar Et,N'Br” AcOH Br” Ar
CH,Cl,

192 96% 191 85%

Scheme 56

Paulmier et al.[%3% have studied selenium-induced cycliza-
tion of homoallyl benzylamines 193. These compounds
were treated with phenylselenenyl chloride and phenylse-
lenenyl bromide in dichloromethane or acetonitrile. Con-
trary to initial observations, the presence of sodium carbon-
ate was not always necessary. Under these conditions, both
azetidines 194 and pyrrolidines 195 were obtained. The az-
etidine derivatives 194 were found to be the major products
when the solvent was acetonitrile, especially when two sub-
stituents were present on the homoallylic carbon. The
formation of the azetidines was improved when phenylse-
lenenyl chloride was used in place of phenylselenenyl brom-
ide, even if the overall yield of cyclization was lower
(Scheme 57). The mechanism of these reactions has recently
been studied in detail [0%"]

Trombini et al.[%! studied the iodocyclization of O-silyl-
ated homoallylic hydroxylamines with N-bromosuccinimide
in chloroform. Treatment of the N-methyl derivative 196,
containing a terminal double bond, under these conditions
yielded the azetidine N-oxide 197 in 17% yield, together
with isoxazolidine 198, formed through a 5-exo cyclization
(Scheme 58). In the other cases only the formation of isox-
azolidines was observed.
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5.2. Preparation through 4-endo Cyclization

Rousseau and Robinl®”l prepared azetidines by cycliza-
tion of N-cinnamyl tosylamides with bis(sym-collidine)bro-
mine(1) hexafluorophosphate as electrophile. A phenyl
group in the y-position of the amide function appears to be
necessary, since none of the desired product was obtained
from 4-methyl-N-(3-methylbut-2-enyl)benzenesulfonamide.
The presence of two substituents in the a-position of the

+ _ Ph, s
~ Br'(coll);PFg \EIT
Ph” " NHTs encn
199 2 Br 200a 71%
Ph s Ph N,Ts
== N
ol \NHTs ——
Bf. Br
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oA ey ——— tk
B Ph
202 203 64%
Me Ph, s Ph s

| . \E\i \@I

B Me Bf Me

204 205a 66.5% 205b 16.5%
Me Me Ph, N,TS
PN t(\M .
Br Me
206 207 95%
Scheme 59
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amide function (compound 206) favored the cyclization.
The same diastereomer 200a was obtained as the major
product from (E)- and (Z£)-cinnamyl amides 199 and 201.
These results suggested that the bromocyclizations proceed
through a carbocation intermediate (Scheme 59).

6. Preparation of Thietanes

Electrophile-induced cyclization of unsaturated sulfides
has only been reported a limited number of times. In the
majority of cases, formation of cyclic five-membered thio-
ethers was observed.[®® The formation of thietanes appears
to be a disfavored process. An example of the formation of
a thietane by this method has, however, been reported in
the literature. Mellor et al.l] studied the reaction of brom-
ine with the y-unsaturated thiol 208, possessing an amino
group o to the olefin. The four-membered thioether 209 was
formed as a mixture with the two thiophene derivatives 210

0
Me =/Br /u\
: qQ "N-H
Bl‘2 Me S
SH — E + Mem
NHCO,Me MeCO,HN ng
208 209 35% 210 28%
Me
Br"'z NHCO,Me
S
211 20%
Me Me " ~Br
Br, emi g
S—S§ > ]
MeCO,HN NHCOMe  MeCO,HN
212 209
Scheme 60
214a X=Cl
214b X=Br
scl, ©l clcl
el ;
z CH,Cl,
-4°C S
216 66% 217 34%
_SCly_
CH,Cl,
10°C
sc12 -
-40°C
221 53%
Scheme 61
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and 211. Interestingly, bromination of the disulfide 212 ex-
clusively afforded the thietane 209 (75% yield) (Scheme 60).

The formation of thietanes has also been achieved by
treatment of dienic compounds with sulfur dichloride. It
was shown that bicyclo[2.2.1]heptadiene 213 reacted with
sulfur dichloridel”! to give the dichlorothietane 214a (86%
yield) (Scheme 61). Similarly, treatment of compound 213
with a mixture of phosphorus oxybromide and thiobismor-
phine provided dibromothietane 214b (72% yield).[°®! This
cyclization was also observed with bicyclo[2.2.1]hepta-2,5-
diene-7-spiro-1'-cyclopropane 21571 and with bicyclo-
[2.2.2]octa-1,5-diene 218 (Scheme 61).7°4! Similarly, Lauten-
schlaeger”!! reported that methylenenorbornene 220 was
transformed into dichlorothietane 221 in the presence of
sulfur dichloride. These reactions occur through episul-
fonium intermediates. (Scheme 61).

7. Conclusion

This review demonstrates the feasibility of the production
of B-lactones, B-lactams, oxetanes, azetidines, and thietanes
through 4-endo and (or) 4-exo electrophile-induced pro-
cesses. Homoallylic alcohols without an electrostabilizing
group at the terminal carbon of the double bond gave -
lactones in good yields with a variety of reagents, including
bromine, iodine [I*(coll),]PF¢~ (or ClO,™), and N-bromo-
succinimide. Better results were observed if the reactions
were conducted on the carboxylates (potassium, sodium, or
ammonium salts). It was also reported than B-lactones
could be obtained by 4-endo mode cyclizations. The forma-
tion of oxetanes by this method appears less favorable. In
fact, when possible, homoallylic alcohols principally af-
forded tetrahydrofuran derivatives by 5-endo mode cycliza-
tions. The 4-exo process was observed when the cyclizations
were directed by electronic or geometric factors. Formation
of B-lactams appears more difficult than the formation of
the corresponding lactones, but was observed when the nu-
cleophilicity of the nitrogen atom was increased (N-sulfonyl
compounds). The formation of azetidines and thietanes has
been reported in a few cases. However, the yields reported
show that these reactions are possible. At present, the
formation of thietanes by this process appears to be of little
synthetic value.
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