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The chemistry of small ring compounds (three- and four-membered rings) has 
played a considerable role in the development of modern organic chemistry. 
Foremost among these reactive molecules are the small ring heterocycles. The 
presence of one or more heteroatoms in these strained rings imparts a measurable 
dipole moment to such molecules. It also adds a new dimension of intrinsic difficulty 
concerning the synthesis and stability of such heterocyclic analogs of cyclopropanes 
and cyclobutanes. If one considers the compressed bond angles (near 60' in three- 
membered rings and near 90" in four-membered rings), the mere synthetic challenge, 
especially for the unsaturated analogs of these heterocycles, seems enormous. 
Indeed, the small ring heterocycles possess much greater reactivity toward a variety 
of reagents than do their five- or six-membered ring analogs. 

It is only since the mid-1960s that an explosive expansion in the chemistry of 
some of these heterocycles has taken place. In 1964, when the first volume of this 
series on three- and four-membered heterocycles was published, three pages were 
devoted to azirines, the unsaturated analogs of aziridines; in this volume the subject 
occupies an entire chapter. Similarly, while the chemistry of the saturated three- 
membered rings containing sulfur (e.g., thiiranes) has been relatively well established 
for some time, the analogous unsaturated compounds (thiirenes, thiirene oxides, 
etc.) have been known for only 10 years. A number of three-membered rings 
incorporating two or more heteroatoms still constitute essentially unexplored 
territory. Therefore the field of small ring heterocycles not only holds current 
intense interest but also provides a challenge for further investigations. 

Because of the overwhelming amount of material to be covered, more than two 
volumes in this series are necessary. The first is devoted to three-membered ring 
containing nitrogen and sulfur. It also covers the 3-membered rings containing 
Sulfur and another hetero atom, such as Thiaziridine-dioxide. It consists of three 
chapters: Aziridines, Azirines, and Three-Membered Rings Containing Sulfur. This 
is an area in which considerable progress has been made over the past 18 years and 
which is of importance, not only from the synthetic and mechanistic points of view, 
but also from considerations of theoretical calculations and orbital symmetry 
considerations. For instance, there has been a great deal of recent progress on regio- 
and stereoselectivity, as well as on photochemistry of these three-membered rings. 
What is even more intriguing is their use as synthons for other functional groups 
as well as for larger ring heterocycles. Furthermore, there has been increasing 
interest in the biological properties and polymerization behavior of such molecules. 

Editing this volume is especially meaningful to me, because I had the privilege 
of being involved firsthand in the exciting explorations of some of these heterocycles 
(in particular of azirines) during the past 20 years. 

An effort was made to update the chapters since the appearance of the last 
review in this series edited by Weissberger in 1964. Hence, this volume cannot 

V 
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possibly be all-inclusive but must be selective. Each chapter attempts to build 
on a previous chapter or review on this subject but from that point stands on 
its own. 

I am grateful to the authors of the chapters for their splendid cooperation 
and to my secretary, Joyce Scotto, for her help and encouragements. 

Most of all, this book is devoted to my family with love and appreciation and 
to the memory of our 16-year-old daughter Erica, who was tom from us so 
prematurely during the time this volume was being completed. 

ALFRED HASSNER 

Binghamton, New York 
January 1983 
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I . INTRODUCTION 

Eighteen years have elapsed between the original aziridine review in this series 
and the publication of this book.' During this time span the quantity and diversity 
of aziridine chemistry underwent enormous expansion . Synthetic approaches to 
the aziridine ring. modifications of functionalized aziridines. and the reactions of 
aziridines have received particular attention . As a result. applications of aziridine 
chemistry to synthesis. mechanistic studies. and biological investigations have 
become increasingly numerous . Space restrictions have made it impossible to 
include all publications or to cover all  areas in optimum depth . It is hoped. 
however. that the most useful and promising developments are covered . 
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A number of reviews have appeared during this period. The most important is 
the comprehensive book by Dermer and Ham published in 1969.1 Synthesis of 
aziridines were summarized in 1967.3 A particularly useful review of aziridine 
polymers4 appeared in 1976, and that subject is not discussed here. Two reviews 
of the Russian literature have appeared?* The rearrangements of aziridines have 
been discussed in detail in 1971' and in an earlier reference! Other more specialized 
reviews are mentioned in subsequent sections. 

This chapter is organized along lines parallel to the original chapter. A discussion 
of physical properties is followed by aziridine syntheses and aziridine transfor- 
mations (with and without ring destruction). Subsequent sections treat aziridinium 
salts, dactams, methyleneaziridines, biological applications, and so on. 

II. PHYSICAL PROPERTIES 

1. Nuclear Magnetic Resonance Spectroscopy: 
Structure and Stereochemistry at Carbon 

Applications of proton nuclear magnetic resonance 'H nmr spectroscopy have 
been especially useful in aziridine structure and stereochemical assignments. A 
particularly useful review summarizes pertinent work through 1969.9 The large 
(5-9Hz) coupling constant for the coplanar vicinal cis hydrogens compared to 
the smaller (2-6Hz) trans value allows configurational assignment to many 
aziridines? The geminal coupling constant decreases from approximately 2 to 
- 7 Hz as the electronegativity of the aziridine substituents increases.'2 

The aziridine ring exerts anisotropic effects on adjacent gro~ps.''-'~ The 
chemical shifts (relative to the corresponding alkene) of 1 and 2 are indicative of 
shifts caused by the aziridine ring. A detailed theoretical study of these effects and 
their origin has been published.m The effect seems to be the result of anisotropy of 
the nitrogen atom. 

Applications of I3C nmr to aziridines have become more frequent. An extensive 
study of diverse N-unsubstituted structures has allowed development of an empirical 
formula for shift prediction?' Three bond 13J~- coupling constants have been 
determined for aziridines" and the s character of C in 3 (30%) and 4 (34%) 
assigned from 13C-H coupling constants?2 A complete I3C analysis of mitomycin C 
(5) has been p~blished?~ 
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CH, 

<r> N 

3 4 

0 

36.8 ppm 
N-H 

32.8 ppm 
5 

Mitomycin C 

A variety of aziridines with general structure 6 have been examined by 'HI" as 
well as by "N nmr spectroscopyw and lSNJ3C coupling constants have been 
correlated with stereochemistry in ar~ylaziridines?~ The "C mnr spectra of various 
cis- and rrans-aziridines (7 and 8) have revealed important differences between the 
chemical shifts of the two ring carbons.% 

6 :wr N O  

7 

R H w H A r  

N o  
I 
R' 
8 

In the former case, the a-carbon is more deshielded than the 0. In the isomer, 8, 
the reverse is trus. This difference is explained on the basis of hyperconjugative 
delocalization between the aziridine ring and the carbonyl (structure 9) for the 
tmns isomer. Apparently, the ~ u n s  isomer allows a bisected geometrical relation- 
ship between carbonyl and ring that is favorable to structure 9. In contrast, steric 
constraints force the carbonyl of 7 into a conformation that prohibits such delocal- 
ization. Similar conclusions about cis vs. tmns differences had previously been 
identified via infrared (ir) and ultraviolet (uv) spectroscopy (see Section II,3)?' 

9 



Physical Properties 5 

Although less reliable than coupling constants, chemical shifts have also 
generated useful structural data. In one such study, solvent effects were employed 
to measure electronic transmission by the aziridine ring.% It was concluded that 
the aziridine ring was less effective in such transmissions than cyclopropane and 
epoxide rings. Other studies on chemical shifts vs. structurezp and solvent effectsm 
have been published. 

2. Nuclear Magnetic Resonance Spectroscopy: 
Conformation and Nitrogen Confrgurtion 

In addition to structural-stereochemical assignments, nmr spectroscopy has been 
able to address intriguing questions of side chain conformation and nitrogen stereo- 
chemistry. Both considerations are important because of their relationships to the 
chemical properties of aziridines. 

The conformations of some aziridine aldehydes have been studied, and trans 
conformation 10 is both less polar and more stable than the s-cis form 11. The 
former is favored (based on coupling constant analysis) by a 75 :25 ratio?' Long- 
range coupling between the N-methyl group and the pans hydrogen of 12 is larger 
than with the cis hydrogen and, as a result, the former is broader.% Studies on 
"N'H coupling in structures of type 13 have revealed that the coupling constants 
are dependent on the orientation of the lone pair?3 Similar effects have been noted 
in N-chloroaziridines.M 

10 11 

12 H 
13 

In contrast to most amines, the bonding constraints of the aziridine ring usually 
depress inversion rates until they are at least observable by nmr spectroscopy. When 
the substituent bulk of A and A' (Eq. 1) is unequal, the population of the two 
configurations is different. This fact has been used in an ingenious manner to differ- 
entiate between cis and trans isomers. The tmns isomer (14) displays a more 
complex spectrum at low temperatures because of slow interconversion between 
the two configurations. In contrast, the cis isomer (15) spectrum is essentially tern 
perature invariant because the allcis configuration is so unfavorable!' 
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14 

15 

When A = A' (as in Eq. l), the analysis of the n m r  spectra, the extraction of rate 
constants, and the determination of energies of activation are relatively straight- 
forward. In general, conjugative effects (16 and 17) stabilize the transition state and 
accelerate inversion. Electron-withdrawing groups on nitrogen hinder rehybridization 
(18), and bulky groups on nitrogen and on the ring (19) facilitate 

b? 
R 
16 

77 1 
X 
18 

17 

19 

Subsequent work has added numerous examples of these principles."* 3484047 

3. Configurational Stability at Nitrogen: Optically Active Azitidines 

The results described in the preceding section suggested the possibility that 
configuration stability at nitrogen might be attainable. In fact, a number of isomeric 
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pairs of type 20 have been s e ~ a r a t e d ~ - $ ~  and a AF* for inversion in excess of 
21 kcal/mole has been estimated.% 

20 

Configuration has also been imposed on an aziridine nitrogen by incorporation of 
the ring into bicyclic structure 21" Since 21 was formed from an optically active 
precursor (22), its optical rotatory dispersion (ORD) spectrum could be used to 
assign configuration to the Nchlorocompounds 23 and 24, which were, in turn, 
separable by gas-liquid chromatography (gl~)!~-~' 

n n 

H' -H 
21 22 

dH3 N - d"' N and vcH' 
I 

H I c.1 Cl 

23 24 

Finally, it has been possible to achieve synthesis of optically active aziridines in 
which nitrogen is the only chiral center. Chlorination of an aziridine with an 
optically active hypochlorite yielded aziridine 25. This aziridine racemized in 
4 days at O"!' It has also been possible to prepare optically active 26 either by 
resolution of the halfester with subsequent esterificationsg*@ or by partial destruc- 
tion of one antipode via aminolyses with lephedrineb' 

H 
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I 
H 

4. Ultraviolet Spectroscopy 

It has been known for a long time that cis-aziridinyl ketones (7) have uv maxima 
at shorter wavelengths and lower extinction coefficient e than their m analogs 
(8).2’* 6% Even with the advent of sterochemical assignments by nmr spectroscopy, 
this application of uv spectroscopy remains More recently, semiempirical 
calculations have confirmed that the preferred conformation of aryl- (and presum- 
ably carbonyl-) substituted aziridines is the bisected conformation 27.= As 
previously mentioned, steric factors prohibit this conformation in the cis isomer. 

27 

5. Massspectnwcopy 

Although routine mass spectra are common in most recent publications, the 
technique has not been especially important in structural assignment. Not sur- 
prisingly, little difference exists between cis and fmns isomers.& A few additional 
studies contain usefd infonnationP7* 

A significant number of aziridines with general structure 28 have been analyzed 
by x-ray crystallographic  technique^.^-^' In all cases the nitrogen is pyrimidal. 
Bond lengths of 1.48 A (C-N) and 1.46 A (C-C) are typical. Other structures deter- 
mined include 2 9 7  307 31,’8 and mitomycin A, 32.79 

28 
R = Ar. &SO, 
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29 30 31 

0 

32 
Mitomycin A 

The originally cited range (8-9.5) for aziridine pKa's* was based on relatively 
simple aziridine structures. A number of more complex systems have been studied 
and they also fall within this range. The pK,'s of structures 33;' 34:' and 35" 
illustrate this point. Compound 36" is only slightly outside this range. 

33 (8.59) 34 (8.14) 35 ( 8 5 0 )  

36 (7.17) 

The novel triimine 37, however, falls outside this range for all three of its pK,,'s 
(6.42, 2.71, and cu - 1.0). These values, however, are within good agreement of 
those calculated on the basis of inductive Somewhat less obvious are the 
pKis of mitomycins. Values of 3.2" for mitomycin C (5) and 4.3 for mitomycin B 
(38)= have been reported. It does not seem that inductive factors alone could be 
responsible for this effect. The answer is worth seeking, since the bioalkylating 
ability of the mitomycin aziridine rings is preserved under physiological conditions 
by these low ~K, 'S .~  
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37 (6.42, 2.71) 

38 
Mitomycin B (4.3) 

8. Other Physical Studies 

A dipole moment study has allowed assignment of the t m n s  configuration to the 
phenyl groups of 39.87 Dipole moment studiessa and electron diffractionw demon- 
strated that the N-phenyl group assumes the orientation of 40. This conformation 
is also found in crystallographic studies. Electron spin resonance (esr) spectroscopy 
studies of 41 have shown conformations 41aW and 41b9* to be the mast stable for 
these radicals. 

39 40 

L N - C H ,  

41 

A 
418 41b 

The structure 42, which was assigned on the basis of esr spectral evidence? has 
been shown to be incorrect?’. * 

42 
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III. SYNTHESIS OF AZIRIDINES 

1. Aziridines via Intramolecular Cyclization 

The most obvious and oldest approach to aziridine synthesis involves internal 
(neighboring group) cyclization of an amino group situated beta to a leaving group. 
The best known of these procedures are the so-called Gabriel and Wenker synthesis 
(Eq. 2). 

X = Br, Cl, 1 (Gabriel) 
X = OSO; (Wenker) 

Such reactions show the expected stereospecificity and generally fail when the 
appropriate trans coplanar geometry cannot be assumed.%*% Side reactions include 
dimerization, polymerization, and elimination. Most of the recent developments 
in this synthetic approach have been in the routes to the cyclization precursor (new 
reagents, higher yields, greater stereospecificity, more convenient techniques, etc.) 
and in the cyclization step (ease of isolation, milder conditions, etc.). The sections 
that follow are organized on the basis of the precursor employed for cyclization. 

A. Aziridines from Amino Alcohols 

Amino alcohols suitable for aziridine synthesis are readily available from epoxides 
and occasionally from the reduction of a-amino ketones. The Wenker procedure for 
converting amino alcohols to aziridines has been reviewed thoroughly.%* % Early 
workers utilized sulfuric acid to form the hydrogen sulfate ester. This approach 
remains applicable for a remarkable number of systems. The alternative use of 
CISOBH offers advantages with more sensitive  system^?'^ Some of the more 
interesting structures prepared by this method are found in Table 1. The Wenker- 
type synthesis has even been identified in the enzymatic synthesis of aziridine 43. 
Apparently the enzymatic synthesis of the hydrogen sulfate ester is followed by 
nonenzymatic cyclization?05 

- CHI-)-, C h H ,  - 2 . .  
$) NHCH, 

so; A 
43 
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TABLE 1.  AZIRIDINES FROM AMINO HYDROGEN SULFATE CYCLIZATIONSa 

46%1°' 

=b7 N 

I 
H 

H 

=h= N 
I 
H 

< N 
I 
H 
99 - 49%98 97%98 

a Wavy line indicates the new C-N bond formed in the cyclization step. 
b opt ica~y active. 

It is also possible to convert an amino alcohol to the corresponding tosylate or 
methanesulfonate ester (Eq. 3). This variation has most often been applied to 
compounds that have bulky or electron-attracting groups on nitrogen because such 
groups inhibit reaction on nitrogen. Some representative structures and yields are 
found in Table 2. This approach has been applied to the synthesis of 44Io9 and to 
a wide variety of epimino  sugar^."^-"^ 

(3) 

HN O T s  YN OWCH, 

i R 
IjN OH 
R 

44 
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TABLE 2. AZlRIDlNES FROM AMINO TOSYLATE CYCLIZATION 

X R' R' R3 Yield (96) Ref. 

Ts H CO,C,H, Ts 90 106 

Ts H COZC'HS COCH,NHCO,CH,C, H, 95 106 
Ts H CONHCH ,CO,C,H I COCH ,NHCO,CH,C,H , 67 106 
Ts CH, CO,C,H, Ts 29 106 
Ts CH, CO,C,H, COCH,NHCO,CH,C,H, 88 106 
Ts CH, CONHCH,CO,C,H, COCH,NHCO,CH,C,H, 94 107 
CH,SO, H CH,CI f-Bu 55 108 
CH,SO, H CH,O,CCH, t-Bu 32 108 

Ts H CO,C,H, COCH,C,H 63 106 

Reaction of dimesylates with hydrazine has been used to make 1-aminoaziridine 
sugar derivatives (Eq. 4).'#), 12' 

Several more recent publications have resulted in a superior route from amino 
alcohols to aziridines based on the driving force furnished by the strength of the 
phosphorus-oxygen bond. These reactions utilize reagents formed from (C6H&P 
and Br2, CIS, or CC4 in the presence of base. Examples of the products formed are 
listed in Table 3. As can be seen, the reactions are general and the yields are high. 
The reactions often proceed below 0' and are stereospecific (ring closure with 
inversion). The final step probably involves nitrogen assisted C-O rupture with 
formation of the Po bond. A similar reaction (Eq. 5 )  may also become useful!m 
Intermediates 45 and 46 were postulated 

H 

CZHSQC-N H-NCOzCzH5 
I 
P(C,HJ, 

C,HPK-R-N-CO~C,H, 

+ b C6H5), 
45 46 



TABLE 3. AZIRIDINES FROM PHOSPHINE-HALIDE-MEDIATED RING CLOSURE OF 
AMINO ALCOHOLS 

R' R' R' R4 R5 Reagent Yield(%) Ref. 

H nC,H, 
H t-Bu 
H C6H11 

H C6H5CH1 

H 
H C6H 5CH2 

H '6 SCH I 

CH, CH, 
CO,CH, CH,C6H, 

60 122 
66 122 
50 122 
54 122 
11 122 
51  122 
51  122 
74 122 
16 123 

H CH, C6H, (C,H,),PBr, 50-60 124.125 

H CH, C6H, (C6H5),PBr, 50-60 124,125 

H C,H, C6H5 (C6H5),PBr, 50-60 124,125 

CH,;CH H 
H H 
H H 
H H 
H H 
H H 
H H 
H H 

CH3 
H 

CH1C6HS 

CH1C6H, 

C6H,1 

H S  

t-BU 

- 
52 
58 
66 
80 
68 
73 
86 

126 
127 
127 
127 
127 
127 
127 
127 

14 
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The reduction of azidotosylates or methanesulfonates under conditions that 
cause immediate cyclization (Eq. 6) has been used to advantage in certain cases. 

/JOTS L [ _* (6)  

N N, NH, 

A 
This approach is particularly useful for N-unsubstituted aziridines, where selective 
esterification of the amino alcohol would not be possible. The azidoalcohols are 
available from the corresponding epoxide or via the sequence of Eq. 7. The latter 
route has been used to synthesize epimino derivatives of the juvenile h~rmone.'~' 

2. NaBH, 

CI N, 

(7) 

Although NaBH4 is the usual reducing agent for azidotosylates, nickelcatalyzed 
hydrogenations have also been employed.'32-'34 This type of aziridine synthesis has 
been utilized in the preparation of epimino sugars and sugar  derivative^.'^-'^' 
Structures 47:33 49,'% and 51l4 are among the more interesting 
molecules made by these reductive cyclizations. 

n C;H,OC,H,O 

48 (25%) 49 

A new route to aziridines from azidoalcohols has been developed recently. In 
this reaction the azidoalcohol is reacted with triphenylphosphine. The reaction is 
stereospecific, as exemplified by the formation of 52.'41 The details of the reaction 
mechanism are unclear. The yields of 53,54,55,"' 56, and 57'" are good. 
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C H  

' b h - l 5  
N N 

I 
H I 

H 
53 (72%) 54 (68%) 

56 (7846) 

N 
I 

H 
52 

55 (72%) 

57 (90%) 

A related reaction has been employed in the recent, total synthesis of dl-porfiro- 
m ~ c i n . ' ~ ~  

B. Aziridines from O-Haloamines 

The synthesis of aziridines from phaloamines (Gabriel synthesis) is very general 
and has been used extensively. The following discussion emphasizes some of the 
more interesting recent examples. The preparation of various N-arylaziridines 
(Eq. 8) via NaH-DMSO treatment takes place in approximately 80% yield.'44 

Dihaloaziridines (Eq. 9) can also be prepared by this approach when the nitrogen 
substituent is strongly electron attra~ting.'~' A novel biaziridine has been obtained 
(both dl and meso forms) as shown in Eq. Aziridines with a functional group 
on nitrogen (Eq. 11) result from the appropriate A different type of 
dihalide provides a useful route to the bicyclic aziridines 58 (Eq. 12).'48 



Synthesis of Aziridines 17 

(9) 

R 
CICH,CH,NHCH,CH-CI -3 

I 
R N 

Y 
R = CH,, C,H,, Bu, Pr, C,H,, etc. CI 

58 
R = H  (7%) 
R = CH, (42%) 
R = C,H, (75%) 

Intramolecular alkylation (Eq. 13) results in aziridine synthesis via ring contrac- 
tion!@ Presumably a bicyclic intermediate 59 is formed. 

59 

The synthesis of a silicon derivative of an aziridine has been achieved via a 
Gabriel-type reaction (Eq. 14)J50 
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(C,H,)JSiCH-CH,-NHCO,CHJ -OH- ”% (C,H,),Si -y (14) I 
I 

I H 

Steroids bearing an aziridine ring have potential biological activity. In addition to 
cyclization of steroidal iodoamine~,’~~ Eqs. 15,’52 16,’52 and 17lS3 have been 
successfir1 procedures for attaching the aziridine ring to the steroid nucleus. 

[-NHCH,CH,-CI] ---, 
L i l H ,  -N H-COCH,CI 

A number of unusual bicyclic aziridines have been prepared from amino halides. 
These are summarized in Table 4. Cyclization is also possible when the nitrogen has 
a heteroatom substituent. Examples are depicted in Eq. 18160 and Eq. 19!61 
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TABLE 4. BICYCLIC AZIRIDINES PREPARED VIA AMINO HALIDE CYCLIZATION‘ 

2096154 

- IS8 42%”’ I I1 - 

* Wavy line indicates bond generated via cyclization. 

The cyclizations described so far have been displacements by nitrogen on carbon. 
This can be reversed with appropriate substituents on nitrogen as depicted in 
Eqs. 20 and 2 1 Specific examples of Eq. 20 are located in Table 5. 

I 

-y-NHl-R H - vR N 

I t Base 

H 

CH, 
I 

C,H,CH-CH-COC,H, - 
N 

I 
H 

32% I 
NH 
I 

TABLE 5. AZIRIDINE VIA DISPLACEMENT ON NITROGEN 

7N- yNnR / - 
I 

R Yield (96) Ref. 

CON(i-Pr)C, H 51 163 
CON (CH )C, H 35 163 
COlClHS 5 164 
CO,CH, 30 164 
CON(C,Hs), 56 164 
CN 5 164 
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The contraction of a-chloro+lactams to aziridines by certain nucleophiles (Nu) 
has been reported (Eq. 22). The conversion is stereospecific, and although more 
exotic mechanisms can be considered, the intermediate shown is more reasonable. 
These reactions are found in Table 6. The extension of the Darzen's synthesis to 
aldimines produces aziridines (Eq. 23) and is mechanistically similar to the ring 
closures of this section. The reaction requires low temperatures and aprotic solvents. 
The stereochemical course of the reaction depends on the substituents and the base- 
cation pair employed. Although attempts have been made to rationalize the stereo- 
chemical outcome on the basis of these parameters, it is not clear that a satisfactory 
explanation is available. These results are given in Table 7. 

C. Aziridines from Latent @Amino Halides 

Although the direct closure of P-haloamines usually proceeds without problems, 
attempts to prepare and purify these precursors can prove to be unsatisfactory. 
For this reason a number of alternative approaches have been developed in which 

TABLE 6. AZIRIDINE VIA @-LACTAM CONTRACTION 
0 

R' R' R' X Yield (%) Ref. 

H H t-Bu 0- 94 165,166 
CH, H tBu 0- 83 165,166 
H CH, t-Bu 0- 30 165,166 
H C 6 H 5  C 6 H S  NC5H10 100 167 
H C 6 H S  C 6 H S  NC4H8 90 167 
H C 6 H S  C6H5 N(CH,CH,),O 20 167 
H pCH3OC6H4 C6Hs CsHioN 6 2  167 
H f lH3OC6H4 C6Hs CaHoN 37 167 
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TABLE 7. DARZEN'S AZIRIDINE SYNTHESES 

21 

the 

R' R' R' Base Yield Ref. 

C,H, €4 CO,C,H, KOt-Bu 2 9  168 
C6Hs CON(CiHs)i H KOtBu 65  168 
C6H5 CO, r-Bu KOt-Bu 85 169 
C,H, CO,t-Bu H [(CH,),Si],NLi - 169 
C6H, CN H KOt-BU 100 169 
C 6 H S  CH3 CO, r-Bu KOr-Bu 6 0  169 
C,H, CH3 CN KOt-Bu 90 169 

Total yield with structure shown of predominant isomer. 

amino function is generated during the course of the reaction and then, 
without isolation, converted to the aziridine. 

D. Aziridines from PIodoisocyanates 

Iodoisocyanates (generated, e.g., from silver cyanate and 12) add stereospecifically 
(mns), regiospecifically, and selectively to alkenes. The conditions are mild and the 
yields high (Eq. 24). The aziridines are produced by subsequent addition of alcohol, 
followed by cyclization and hydrolysis. Although the urethane intermediate can be 
bypassed, its formation appears to be advantageous in many instances. The scope 
and synthetic utility of this route to aziridines has been discussed in detail.'" The 
utility of this procedure is indicated in Tables 8 and 9. Use of LJA& instead of 
alkoxide or hydroxide produces the N-methylaziridines 60 and 61.'@* 184 An alter- 
native to the latent functionality of the isocyanate groups has been proposed. 
Chlorination of alkenes in acetonitrile yields intermediate 62, which can be 
converted to aziridines 63 to 66 in yields of approximately 45%.'85 
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60 61 

l.CH,OH 
2. HCL 

F' 
>=( + CI, + CH,CN - 6-h \ 3.-OH 

62 57( 
N 

H 
I 

63 64 65 66 

E. Reductive Cyclization Routes to Aziridines 

The stability of the aziridine ring toward many reducing agents allows reductive 
generation of pamino halides and, without intermediate isolation, direct cyclization 
to the aziridine. The most useful examples of this approach are found in the hydride 

TABLE 8. AZIRIDINES FROM IODOISOCYANATE CYCLIZATIONS 

N 
k 
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TABLE 9. AZIRIDINES FROM IODOISOCYANATES CYCLIZATIONS 

k 
R = H (57%))"' 
R =CH, (88%)'" 

92%"' 9556'8' 

reductions of haloazides.'" These haloazides are accessible via stereospecific 
addition of halogen azides (Hassner reaction). Haloazides are more reactive 
toward styrenes and trisubstituted alkenes.'" Haloazides can be generated from 
ICl and NaN3"' or NBS and NaN3JW The overall scheme is indicated in Eq. 25. 
LiAIHI seems to be the reducing reagent of choice. Other reagents that have been 
used include B2H6--OH'" and Pd-C or Pd-H2.'@ Examples of these reductive 
cyclizations are found in Tables 10 and 1 1. 

$ LiALH,, 57( 
(25) 

)=( + XN, - 
N 
I 
H 

X 
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TABLE 10. AZIRIDINES FROM HALOAZIDE REDUCTIONS 

H 
~ 

Reducing 
R'  R' R3 R4 Agent Yield (96) Ref. 

C 6 H S  H H H LiAlH, - 186 
H H H LiAM, - 186 

C6HSCH' H H H B'2H6 - 186 
n G H 9  

t-Bu H H H LiAlH, - 186 
C 6 H S  H C 6 H S  B,H6 81 186 
C 6 H S  H H C6HS LiAlH, 53 186 

CH3 H H CH3 LiAlH, 100 186 
C,HS H C,H, H LiAlH, 100 186 
i-R H i-Pr H LiAlH, 95 186 
C6H3 H CH3 H LiAlH, 95 186 
H (CH3)3 H UAlH, 100 186 
H (CH,), H LiAlH, 100 186 
H (CH2)S H LiAlH, 100 186 
H (CH,), H LiAlH, 100 186 

(CH,)s H H L M H ,  100 186 
C,HS C6HS H LiAlH, - 186 
CH 3 CH3 H H LiAlH, - 186 
C6H3 CH3 H H LiAlH, - 186 
C 6 H S  C 6 H S  H L A M ,  - 186 
CH, (CH,), H LiAM, 81 186 
C6HS (CH2)4 H LiAIH, Low 186 
CH3 CH3 CH3 H LiAlH, 45 186 
CH3 CH, C,Hs H LiAlH, 60 186 
CH3 CH, CH3 CH3 LiAlH, 56 1 86 
CH3 CH3 H (CH,),CH(CH,),OAc LiAlH, 65 188 

CH3 H CH3 H UAIH, 100 186 

CH3 H CZHS CH3 LiAlH, 55 188 
CH3 H CH 3 C,HS LiAlH, 55 188 
CH3 H CH3 n C S H I ,  LiAlH, 65 188 
CH3 H n-CsH1, H LiAlH, 13 188 

L W ,  13 188 
- 190 (CH 3)3Si H d H Li AlH , 

AH3 

H H H "C'H1, 

(CH,),Si H H C6HS LiAlH, - 190 

The reaction between iodoazides and trivalent phosphorus compounds also 
leads to aziridines (Eq. 26).'* Other mechanisms for th is  conversion may be 
proposed. The utility of this reaction stems from the fact that phosphorus sub- 
stituents can be removed in high yield by LNH4 reduction. In a few cases this 
approach offers advantage over the direct LiAlH4 reductive cyclization of halo 
azides. Specific examples of Eq. 26 are found in Table 12. 
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TABLE 11. AZIRIDINES FROM HALOAZIDE REDUCTIONS 

Q N "  

49% (LiAlH,)''' 

90% (LiAlH.)19a 

An especially interesting variation of this synthesis is Eq. 27.'- This sequence 
offers a new route to N-substituted aziridines as indicated in Table 13. 

R 

Alkenes that are especially reactive toward electrophilic attack add NOCI. The 
product can be reduced and cyclized to give aziridines (Eq. 28). 

H 



TABLE 12. IODOAZIDE TO AZIRIDINE CONVERSIONS BY PHOSPHINE 
AND PHOSPHITES 

R' R1 R3 R4 Yield (96) Ref. 

91 
90 
95 
91 
89 

100 
93 
80 
86 
76 

100 
71 
95 
87 
94 
95 
95 

193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 

194 

TABLE 13. AZIRIDINES FROM IODOAZIDES AND IODOBORANES'95 

R 

H (CH1)4 C6H1, 86 
H H H C6HS 73 
H (CH,), C6HS 73 
(3% H H CH3 C H ,  83 
(3% H CH, H C6HS 76 

26 
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Aziridines 67,’% 68:’ and 6919’ were synthesized by this procedure. 

27 

67 68 69 

The reductive cyclization of nitriles bearing a chloro or tosylate in the a-position 
has become a very useful and generally applied procedure (Eq. 29). 

A 
X = OTs, C1, etc. 

The precursors are, in turn, usually available via the addition of HCN to the appro- 
priate ketone or aldehyde. Examples of aziridines synthesized in this manner are 
found in Tables 14 and 15. Several mechanisms may be written. Although it is 
possible that an azirine intermediate is involved (by analogy to LiAlH4 and Rh4gX 
reactions with oxirnes that yield aziridines via azirines), it is also possible that the 
aziridine is formed in a direct, simple nucleophilic ring closure after reduction of 
the nitrile group. In support of the second possibility is the observation that a-halo- 
and a,a-dihaloimines also yield aziridines (Eq. 30). In these cases (Tables 16 
and 17) azirine intermediates seem much less likely. 

TABLE 14. AZIRIDINES FROM LiAIH, REDUCTIONS OF 
NITRILE DERIVATIVES 

R1 R’ X Yield (%I Ref. 

G H ,  H c1 82 
i€,H, H c1 72 
nC6H13 H a 67 
‘6 ScHZ H a 58 
C,H, H CI 46 

(CH,)s c1 68 
C6Hll H c1 83 

H 0 Ts 54 

198 
198 
198 
198 
198 
199 
200 

20 1 



TABLE IS. AZIRIDINES FROM LiAlH, REDUCTIONS OF NITRILE DERIVATIVESa 

- 201 33%’0’ 

72%’” 

Wavy line indicates the new C-N bond. 

RI.+C=N-R’ 

t - : p  
I 

X H  

R‘ 

X 

and 

RI-+C=N- R’ R’ I F:p and 

R‘ 

X 
RI-+C=N- R’ R’ I 

TABLE 16. AZIRIDINES FROM a-HALOIMINE REDUCTIONS WITH 
LiAIH, 

R1 R’ X R3 Yield (%) Ref. 

C*H, H CI CH2CH=CH2 55  206 
H H Br C 3 I l  44 206 
H H Br I-Bu 6 0  206 
i-Pr H Br t-Bu 4 7  206 
r-B u H Br CH, 48 206 
CH3 CH 3 CI rBu 0 207 
CH3 CH3 90 207 
CH, CH 3 c1 CH,C,H, 39 207 
CH3 CH3 CI i-Pr 78 207 
C,H’ C’H’ 85 207 

(CH,), C1 r-Bu 26 207 
(CHI), C J , ,  90 207 

CH3 CH, CI CH, 90 207 

28 
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TABLE 17. AZIRIDINES FROM a,a-DIHALOIMINE 
REDUCTIONS WITH LiAlH, 

___, 
I 
R' 

CI N-k 

29 

R' RZ Yield (96) Ref. 

86 
70 
98 
65 
90 
90 
80 
80 
84 
84 
89 
95 
55 

208 
208 
208 
208 
209 
209 
209 
209 
209 
209 
210 
210 
210 

F. Aziridines from N-halo- and N,Ndihaloamines 

Amines that bear suitable substituents can be converted to their mono- or dihalo 
derivatives. These derivatives can undergo nucleophilic addition to electrophilic 
alkenes (Eq. 31)211 with subsequent cyclization (Eq. 32). 

CF, CF, 

In some cases the intermediate N-halo compound is reduced in a separate step. In 
others, the base used for cyclization also serves as the dehalogenating agent. 
Examples of aziridines prepared by this route are illustrated in Table 18 and by 
structure 70" 
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TABLE 18. AZIRIDINES FROM N.N-DIHALOAMINE ADDITIONS 

R' R' R3 R' Yield ( W )  Ref. 

G. Aziridines via Nucleophilic Addition to Vinyl Halides 

Most of the previously discussed approaches were of greatest use for the 
synthesis of aziridines lacking electron-withdrawing substituents since most of the 
precursors were prepared via electrophilic attack on alkenes. The reactions 
described in this section involve nucleophilic attack on vinyl halides. Such reactions 
are facilitated by electron-attracting substituents. This strategy thus provides a 
complement to the other methods. The overall scheme is depicted in Eq. 33 (when 
Y is an electron-attracting group). 
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There are many variations on this theme. Either the vinyl halide or the dihalide 
(which can be dehydrohalogenated by excess amine) can be used. The reaction of 
the vinyl group with amine and halogen (usually 12) can allow direct formation of 
the desired aziridine. The stereochemical course (cis-trans mixtures almost always 
result), factors that alter the stereochemical course of the reaction, structural 
assignment, and so on, have been summarized e l s e ~ h e r e ? ~ ’ - ~ ~ ~  Som e of the more 
interesting recent applications of this synthesis are now reviewed. 

R R 

71 72 

The use of this approach for the synthesis of ketones with general structures 
71 and 72 continues because of the interesting chemistry manifested by such 
functionally substituted aziridines.m* 224-227 Aldehydes give both aziridines and 
imines (Eq. 34)?18 A similar reaction of two functional groups has been noted in 
cyclic, unsaturated ketones (Eq. 35)?29 An extension of this approach to the use of 
diamines resulted in the formation of an additional ring. This is illustrated by 
Eqs. 36,230 37,’3” and 38.13’ 

CI 

RCH=C \ / + R ” H ,  -“tJ”-’ (34) 

I 
R’ 

CHO 

R R’ Yield (%I 

H i-Pr 3 8  
H t-Bu 21 

CH3 CzHs 38 
CH3 i-Pr 5 3  
CH3 t-Bu 5 8  
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Analogous nucleophilic additions have been very useful in the synthesis of 
aziridine esters (Table 19) and nitriles (Table 20) as well as structures 73 (90%)238 
and 74 (76%).” 

TABLE 19. AZIRIDINE ESTERS AND AMIDES VIA NUCLEOPHILIC ADDITION 

I 
R’ 

R1 R’ R’ R‘ R 5  Yield (96) Ref. 
~ ~ ~- 

- 232 
- 233 

H H H C0,Pr H 25 2 34 
H H H co ,-i-PX H 76 234 
H H H CO,Bu H 44 234 
H H H CO,CH, CH,O 46 235 
H H H , CO,CH, C A O  55 235 
H H H CO,CH, i-Pro 79 235 
H H H CO,CH, C,H,CH,O 63 235 
H H CO,CH, CO,CH, CH,O 74 235 
H H CO,C,H, CO,C,H, CH,O 53 235 
H H CO,C,H, CO,C,H, ClHSO 43 235 
H H H CO,4Menthyl CH,O 60 236 
H H H CONH, CH,O 98 236 
H H H CONH, CIHSO 86 236 
H H H CONH, i-Pro 94 236 
H H H CONH, C,H,CH,O 100 236 
xo H H co ,c 1 H 5 C6HsCH, 25 237 

=x=ko+m AcO CH,OAc 

WC.HSC6H. H H CO,CH, 
COICIH, H H co,c, H I H 
H H H CO,C,H5 H 38 234 



Synthesis of Aziridines 33 

TABLE 20. AZIRIDINE NITRILES VIA NUCLEOPHILIC 
ADDITION 

R’vcN N 

I 
R’ 

R1 R’ Yield (%I Ref. 

H CH3 82 238 
H C,H, 90 238 
H CH(CH ,) 93 238 
H t-Bu 93 238 
H C 5 H 1 ,  95 238 
H 95 238 
H mc6 cH 2 98 238 
H 6 H 3 w 6 H 4 C H 2  92 238 
H CH(C6 H 5 )  I 90 238 
H C 6 H S  86 238 
m3 ‘6 H5CH2 85 238 
CH3 f l H 3 0 C 6  84 238 
CH, f l c 6 H 4 C H 2  85 238 
C6H5 C6H5CH2 81 238 
C6H5 mc6 91 238 
H H 65 239 
CH, or H WYl - 240 

dc“ I 

N 

4 CN 
73 74 

Nucleophilic addition has also been successfully applied to nitroaziridines (75)r2 
aziridine phosphonates (76),M3 and sulfonyl aziridines (Table 21). 

7s 76 
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TABLE 21. PHENYLSULFONYL AZIRIDINES 
VIA NUCLEOPHILIC ADDITION'* 

R' R' Yield (961 

2. Aziridines from Azirines 

Since synthetic approaches to azirines have grown more sophisticated and 
numerous, azirines themselves have become useful precursors of aziridines. The 
sections that follow arbitrarily separate additions to azirines that produce N-H 
groups (Eq. 39) and cycloadditions (Eq. 40). 

Y '/ 
A. Conversion of Azirines to Aziridines 

Selective catalytic reduction of azirines has been reported (Eq. 41).msB146 
More numerous are examples of azirine reduction by LiAlH4 to give the corre- 
sponding aziridines in good yield, as shown in Table 22.m7*a48 The reduction 
proceeds with good stere0specificity"B Other reducing agents such as NaBH., and 
NaAEi(OCH2CH20CH3)2 have been used" 
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The addition of sodium isopropoxide to an azirine (unisolated) has been 
shown to give cis and rmns isomers (Eqs. 42250 and 432s'). HydroxylamineZS2 and 
hydrazineZS3 add to azirines as indicated in Eqs. 44 and 45, respectively. 

H 

TABLE 22. AZIRIDINES FROM AZlRlNES VIA HYDRIDE 
REDUCTION'48 
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In both cases additional (nmr) spectral and chemical data would have supported the 
structural-stereochemical assignments. Addition of pyridine hydrochloride has 
produced the surprisingly stable salt indicated in Eq.46?54 The addition of a 
pyrazole goes as shown in Eq. 47, instead of producing the originally postulated 
structure.=’ Addition of hydrazoic acid takes place stereoselectively (stereo- 
chemistry unknown) as indicated in Eq. 48?% The bisaziridine 77 is presumably 
the result of addition to an unisolated azi1ine.2~’ 

I 

77 

Novel aziridinyl phosphonates are formed from the reaction of certain azirines with 
trialkyl phosphites (Eq. 49)?5* Presumably an intermediate formed by nucleophilic 
attack on the imine undergoes inter- or intramolecular elimination (Eq. 50). 

+ ‘‘2H50)lP 50-604& ’ 
N 

A vcm HZ 
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Besides the preceding examples in which atoms other than carbon become joined 
to the azirine ring, a variety of carboncarbon bond-forming reactions have been 
reported. Both acyl and aroyl halides add across the imine bond of azirines to 
produce stable aziridinyl halides (Eq. 5 l)?s9-261 The yields are generally high. The 
products apparently owe their stability to electron delocalization by the amide 
carbonyl. Typical examples of these addition products are given by Eqs. 52,159 
53,2” and 54”’ 

+ ROC1 - \-/ 
N N 

I c=o 
I 
R 

R = CH,, C,H,CH,, r-Bu, C,H,, CH,=CH, CH,=CH-€H,, CCl,, etc. 
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Addition of organometallic reagents to the strained imine bond of azirines 
should be a facile process, and a number of stable aziridines have been isolated in 
this manner. Equations 55,262 56,= and 57263 illustrate the addition of Grignard 
and organolithium reagents. The addition shown in Eq. 58 is particularly significant 
because it allows introduction of a pendant functional group.m A related 
Reformatsky reaction (Eq. 59) yields the analogous esters.% 

'"b + C,H,MgBr 55% , 
N 

I 
(55 )  

H 

c6H.h/C'Hs + R M g X  - 'fwc? (56) 
N 
I 

N 
R = CH, (80%) 
R = C,H, (100%) 
R = C,H, (100%) 

A 

H H  

The generality of this reaction is indicated in Table 23. Aldol-type condensations 
have also been reported (Eqs. 60 and 6 1).- 
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TABLE 23- AZIRIDINES FROM REFORMATSKY -WPE AD- 
DITIONS TO AZIRINES'65 

R' 
+ )YCO.C:H, ' Br 

I 
C4-t 

R' R' R3 Yield (96) 

Cycloadditions to azirines also yield aziridines. An initial reportx7 that the 
bicyclic structure 78 resulted from vinyl azide photolysis (via the expected inter- 
mediate azirine) has been shown to be incorrect?@-2m 

78 

Photolysis of a variety of azirines (Eq. 62) has been shown to yield products of 
structures 79 and 80. Apparently the azirine undergoes photochemical ring opening 
to a nitrile ylid which, in turn, undergoes (thermal) IJ-dipolar cycloaddition to a 
second molecule of azirine (Eq. 63). In support of this suggestion, it has been found 
that chemical generation of nitrile ylids yield similar structures (Eq. 64)?66 
Azomethine ylids (generated from aziridines) also have been added to azirines?" 
The products (81) are summarized in Table 24. 
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NYN 
R 

81 

Additions of ketenes (Eq. 65)2n3273 and phenyl isocyanate (Eq. 66)274 yield 
similar heterocyclic structures. In the latter case the reaction is reversible. Presum- 
ably intermediates of structure 82 are formed and undergo stepwise cyclization to 
the observed products. The reaction between a ketenimine and an azirine (Eq. 67) 
takes an unusual c o ~ r s e ? ~  Although the reaction probably yields intermediate 83, 
subsequent steps and the timing of the oxidation step have not been established. 
Two reports of apparent (not necessarily concerted) [4+2]  cycloadditions on 
azirines have appeared (Eqs. 68p7' 69p76 and 70?76 

R' = H; R', R3 = C,H, (6096) k 
R' = CH, ; R', R3 = C,H, (65%) 
R' = H; R' = t-Bu; R3 = CN 
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TABLE 24. AZIRIDINES FROM ADDITION OF AZOMETHINE 
YLIDS TO AZIRINES2'1 

R1 R' Yield (96) 

13 
I1 

f l c 6 H 4 C 0  80 

C 6 H S  I8 
pNO,C,H,CO 14 

v 
A 0 x- 

82 
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S 
II c 6 H y s 9 6 H 5  

NKN (68) 
C,H,C-NCO s ~ % -  c6Hvc6H5 0 

c6Hb N 

B. Aziridines from Oximes and Related Reactions 

The reaction between oximes and Grignard reagents (HochCampbell synthesis, 
Eq. 71) has been the subject of continued study. The best evidence suggests that 
the hydrogen is abstracted cis to the oxime oxygen as shown in Q. 71?" The 
specificity of this first step is solvent dependent?" Subsequent steps include 
nitrene formation and cyclization to an intermediate azirine.m2 The azirine 
intermediate has been isolated from the reaction under carefully controlled 
conditions?6* Support for the nitrene intermediate is found in the isolation of an 
indole (84) as a minor product (Eq. 72)?%1~~ 

F H  - R ' s 7 (  
N RMgX N 
'OH H 
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N 

(72) 
MgX 

84 

Under normal reaction conditions, the excess Grignard reagent adds to the azirine 
intermediate to  produce an aziridine (Eq. 73). The addition reaction is relatively 
stereoselective, and this selectivity is a complex function of azirine substituents and 
the Grignard reagent?% The reaction is not satisfactory when there are two alkyl 
groups on the cis-a carbon (Eq. 74)?6* The utility of this reaction is indicated by 
the entries in Tables 25 and 26. The reaction has also been extended to steroidal 
side chain modifications?89 

\r/ + RMgX - 
N (73) 

H 

A related aziridine synthesis that has been published recently appears to offer, 
in certain cases, advantages over the oxime reduction (Eq. 75). 



TABLE 25. AZIRIDINES FROM GRIGNARD ADDITIONS TO OXIMES 

R' R' R3 R4 Yield (%) Ref. 

CH3 H 
C6H5 CH3 

C6H5 

CH3 

H H 
H H 
H H 
H H 
H H 

H 
H 

CH, H 
CH3 CH3 

H 
CH3 H 
C,H5 H 

C 6 H 5  ' l H 5  

H H 

41 
20 
49 
23 
22 
67 
70 
75 
90 
300 
22 
36 
73 
46 
54 
40 
40 
- 

277 
277 
277 
217 
26 2 
26 2 
262 
26 2 
26 2 
278.279 
280 
280 
28 1 
28 1 
281 
282 
282 
283 

C 6 H S  C 6 H S  49 284 

a Stereochemical mixture. 

TABLE 26. OTHER AZIRIDINES FROM GRIGNARD ADDITIONS 
TO OXlMES' 

46%"' 

CJ& NH H, 

16%'" 

R = CH, (21%) 
R = C,H5 (75%6)'86 
R =C6H5 (22%) 

Wavy line indicates the atoms introduced by the Crignard reagent. 
Stereochemical mixture. 

44 
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Examples of the reaction are located in Table 27. The Hoch-Campbell synthetic 
approach has been extended to a,punsaturated oximes (Eq. 76),=* 291 a-keto- 
oximes (Eq. and a-hydroxyoximes (Eq. 78).293 These reactions are 
summarized in Tables 28 to 30. 

'OH 

R 

TABLE27. AZIRIDINES FORMED BY REACTIONS OF 
HYDRAZONE DERIVATIVES WITH GRIGNARD 
REAGENTS 

R: 
C.H*+ CbH, R,v; 

+ R'MgX - 
N 

H 

N 
I q- 

/ \  

R' R' R' Yield (76) Ref. 

H H C,H, 76 290 
H CH 3 C 6 H S  80 290 
H CH3 CH, 57 290 
CH' CH 3 CH, 40 290 
CH3 CH, C 6 H S  40 290 
H CH3 C W H ,  75 280 
CH, C H S ,  46 280 

R' 
C,Hs H CH3 93 290 
H t-Bu CH3 72 290 
H H C,Hs 54 290 
H H CH=CH, 54 280 
C 6 H S  C M H ,  61 280 
H r-Bu CHSH,  66 280 
H (CH,), C6HS 64 280 
H (CH,), CH3 46 280 
H (CH3)a C M H ,  20 280 

R$H 



TABLE 28. VINYLAZIRIDINES FROM (r,pUNSATURATED 
OXIMES 
R' 

R' R' R' R' Yield (96) 
H C 6 H 5  H C 6 H S  7 0  
H C6H5 H CH, 4 7  
CH3 CH3 CH3 C 6 H S  24 

TABLE 29. ADDITION OF GRIGNARD REAGENTS TO 
a-OXOOXIMES 

R' R' Yield ($1 Ref. 

a 3  C6HS 4 1" 2 9 2  
CH3 C2HS 3 P  292 
C 6 H S  i-BU 504 2 9 2  
C 6 H S  ClH5 64" 2 9 2  
C,H, C'HS 704 292 
C6HS C,H, 90 2 9 3  
C6H$ C2HS 64' 2 9 3  
CH' ClH, 3 w  2 9 3  

a Stereochemical mixture. 

TABLE30. AZlRlDlNES FROM THE ADDITION OF 
GRIGNARD REAGENTS TO wHYDROXY- 
0 x 1 ~ ~ 3 ' 9 3  

R' R' R' Yield (46) 

C6HS H C 6 H S  64a 

C6H5 C'HS C 6 H S  7 0  

C 6 H S  C 6 H S  C2HS 50 

C6HS H C2Hs 504 

CH3 H C6H, 5 70 

Stereochemical mixture. 

46 
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R 

47 

(78) 

C. The Reaction of Oximes with Hydrides 

The reduction of oximes with L,iAlH4 yields, in certain cases, aziridines instead 
of the expected amine (Eq. 79). The reaction is stereoselective in that only cis- 
aziridine is formed" The ring closure takes place preferentially with loss of the 
=is (sun) hydrogen?94-2% Loss of benzyl hydrogens is preferred to loss of aliphatic 
hydrogens?94 The use of LiAlD,, reveals that only one of the deuterium atoms is 
incorporated into the product and that it is located on the original imine carbon 
(Eq. 80)?97 

+ LiAIH, - H 
N sr 
\OH I 

H 

R\[r\H N + LiAID, - D* R N  

'OH I 
H 

(79) 

The proposed mechanism (Eq. 81)m is thus extremely similar to that evolved for 
the previously discussed Hoch-Campbell reaction. It is not clear whether nitrene 
intermediate or direct closure accounts for the intermediate azirine. 

Investigation of the role of solvent reveals that THF is a superior choice and that 
normal (amine) reduction products predominate in ether and dioxane.m*r)9 These 
aziridine-forming reductions are summarized in Tables 31 and 32. 

Other reagents besides LiAlH4 seem to be capable of affecting this transfor- 
mation. The use of NaAlH2(0CH2CH24CH3) in THF produces the results shown 
in Table33.m The same reagent has been used to reduce hydrazone salts as 
shown in Table 34"5 Certain Grignard reagents also result in reduction,= as 
indicated in Eqs. 82 and 83. 

The LiA& reduction of 2-isoxazolines also produces aziridines (Eq. 84).307* 
The mechanism is unproved but undoubtedly resembles the oxime reductions. The 
heterocyclic precursors appears to offer no advantages over the oximes (Table 35). 



48 Aziridines 

R LiAlH,+ .&# 
'OH b - A l - H  -. N / H  
N H  & 

N 

H 

i-BuMgBr c6HUR (82) 
C,H,CCH,R 

I1 
N 
'OH I 

H 
R = CH, (65%) 
R = C,H, (6046) 

'OH 40% c6Hwpr (83) 

C6H5CH2C i P r  
i-BuMgBi II 

N 
N 

I 

LiAM, 

N 
I 

H 

(84) 

H 



TABLE 31. AZIRIDINES VIA UAIH, REDUCTION OF 
OXIMES~ 

I 
H 

R’ R’ Yield (%I Ref. 

PclOH, CH, 25 300 
Pc lOH,CH I H 7 300 
CbHS C2HS 24 300 
CbHSCH2 ‘bHS 77 300 
‘bHS ‘bH5 25 300 
C S H J  ‘6 H S  22 300 
CbHS H 17 300 
wc6 H4 H 11  300 
f l H 3 0 C 6 H 4  H 16 300 
‘6 H S  CH3 3; 34 300 
&,OH, H 6 4  300 
BC’OH, H 16 300 

a Wavy lines indicates the new N-C bond. 

C,HSCHCCH3 H 4 0  245 

TABLE 32. AZIRIDINES FROM UAIH, REDUCTION OF OXIMES 

27%30L 

4 6 V ’  85%M2 

H 
N 

X = CH, (80%)303 
x = s (77%)303 

X = O  (65%I3O3 
X = CHOH (70%)161 

49 



TABLE33. OXIME REDUCI'IONS WITH 
NaAlH , ( W H  ,CH,WH 
R' R 

N 
'OH H 

R' R' Yield (5%) 
~ 

C 6 H S  H 52 
mc, H, H 45 
&,OH H 15 
C6HSCH1 C 6 H S  91 

C 6 H S  CH,CH, 15 
C 6 H S  C6HS 88 

TABLE 34. HY DRAZONE SALT REDUCTIONS 
WITH Na AIH JOCH ,CH,0CH3)'o' 

R' R' Yield (%I 

&NH 
70% 

syn-unri Mix. 

TABLE 35. AZIRIDINES FROM 2-ISOXAZOLINESwO' 

R' R' R3 Yield (%) 

CbH, H C 6 H S  31 
C 6 H S  H H 36 
CbHS C 6 H S  CbHS 83  
CH3 C,H, C,Hs I0 

50 
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The heterocycle 85 is converted to aziridine 86 or 87. 

5 1  

The latter results when excess LiAlH4 is used. Intermediate 88 is initially formed 
and undergoes a stereospecific 1,3-sigmatropic shift, which produces 86?09 

88 

The reduction of a,&unsaturated oximes also leads to aziridines, but the products 
are often rnixt~res?’~-~’~ An example of this reduction is shown in Eq. 85;” and 
some selected others are listed in Table 36. 

35% 

3. Aziridines via Cycloadditions to Alkenes 

In principle, there are two approaches to aziridine synthesis via cycloaddition to 
alkenes. The most direct approach is the addition of nitrenes (or “nitrenoids”) to 
alkenes (Eq. 86). 

(86) 
Y-7 x -  N 

I 
I R 
:N: 

R 
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TABLE 36. AZIRlDlNES FROM ar,&UNSATURATED OXIME 
REDUCTIONS 

A K H Q  + A r C H ? o  

HN N 
I 
OH 

A1 Yield (7%) Ref. 

C6H5 92 316 
ocI-c6 91 316 
pCIC,H, 89 316 
W H ,  ) Z W  H, - 3 16 

LiAIH, 
ACKCH-C(CHJ,-CH, __* ArCHI-(CHJ,CH, 

\ /  
N 

H 

II 
NOH 

I 

Ar Yield (461 Ref. 

C6H5 13 317 
OClc6 H4 12 317 
N c 6  76 317 
3>4C12C6H3 74 317 

The alternative is indirect in that the cycloaddition first results in a larger hetero- 
cycle, and subsequent expulsion of part of the ring produces the desired aziridine 
(Eq. 87). 

(87) 
>-( - -H - T-7 N 

N (X)n I 
N (XI, R' - R R' - 

The latter approach, best exemplified by triazoline formation and decomposition, 
is discussed first. 

A. Aziridine Synthesis via Triazolines 

The formation of aziridines from triazolines (Eq. 88) is not a new reaction. 
Originally the conversion was accomplished under thermal (usually > 100") 
conditions. Side reactions include imine formation (Eq. 89), isomerization of the 
triazoline before decomposition (Eq. 90),"'** 'I9 isomerization of the aziridine once 
formed (Eq. 91),Jzo and tar formation. 
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(89) 

S0,Ar 

More recently the photochemical decomposition of triazolines has been touted 
as a cleaner reaction with fewer of the side reactions above?1si Neither approach, 
however, is necessarily stereospecific?n* 

Triazolines are, in turn, most often prepared by 1,3-dipolar cycloaddition 
to alkenes. Addition is thus favored by alkene angle strain, conjugation, and so 
on.m*3s Occasionally triazolines may be formed from diazomethane addition to 
imines bearing electronegative substituents on carbon!5v 326-330 Typical examples 
are found in Eqs. 92526 and 93.%' 

More often, however, diazomethane addition to imines does not initiate a useful 
route to aziridines.=' 



TABLE 37. MONOCYCLIC AZIRIDINES FROM TRIAZOLINE PHOTOLYSES AND 
THERMOLY SES 

Yield 
R' R' R3 R4 RS Method" (%) Ref. 

CF3 H 
H H 
H H 
H H 
H H 
CN H 
CH3 H 
CIHS H 

CH3 H 
H H 

H H 
H H 
H H 
H H 
CH, H 
CF3 H 
CF3 H 
CF3 H 
CF3 H 
CF3 CH3 
CO,CH, H 
H H 
H H 
H H 
CF3 H 
CF3 H 
CF3 H 
CH3 CH30  
H H 
H H 
H H 
H H 
H H 
H H 
CH, H 
H H 
C01CH3 H 
C0,CH3 C6H, 
CF3 H 

CF3 H 

H 
H 
H 
H 
H 
H 
(CH 3) zN 
(CH 3 )  1 N 
H 
H 
C0,CH3 
H 
H 
CH 3 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
CN 
CO,C,H 5 

coc6 HI 

CH30  
H 
H 
H 
H 
H 
H 
H 

H 
H 
H 

H 

CH3 

H 

H A 
'OC6 I A 
C0,CH3 A 
CO,CH,C,H, A 
n-Bu A 
n-Bu A 
C 6 H S  A 
C 6 H S  A 
C'H, A 
C6H5 A 
f l H 3 0 C 6 H 4  A 
C6H5 hv  
PBK6 H4 hv 
C6HS hv 
CN A 
CH3C0, - 
CZHICOl - 

- 
c6 Sc0l 

C6HSS02 

C6H5S02 

- 
- 

flH3CH,S0, - 
P B K ~ H ,  A 
p B C 6  I A 
C 6 H S  A 
C 6 H S  hu 
C 6 H S  hv 
C6HS hu 
C 6 H S  hu 
C 6 H S  A 

N I c 6  H4 A 
C6H,C0 A 
P N O l C A  A 
C6HS A 

C6H5 A 
C6H5 A 

@H30C6H4 A 
f l H 3 C 6 H 4  A 

H A 

(CH,),C=CH- - 
cH3>=€<H - 

H 

84 
15 
34 
33 
8 
72 
50 
25 

75 
- 

- 
- 
96 

34 
44 
95 
66 
79 
50 
12 
55 
55 
63 

100 
88 
60 

95 

- 

- 

- 
- 
- 
- 
- 
- 
- 
100 

95 

90 

- 

85 

327 
326 
326 
3 26 
332 
332 
333 
333 
334 
335 
3 36 
337 
338 
322,323 
3 39 
328 
328 
328 
328 
328 
328 
340 
340 
34 1 
330 
3 29 
329 
34 2 
34 3 
343 
343 
343 
343 
343 
34 3 
343 
344 
344 
345a 

345a 

345a 

54 
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TABLE 37 CONTINUED 

R' R2 R3  R' R' Methodu (%) Ref. 
Yield 

H H 

H H 

H H 

H H 

H H 

H H 

H H 

H H 
F H 
CF3 H 
CF3 H 
CF3 H 
CF, H 
CF3 H 
CF3 H 

CF3 H 
CF,NF, H 

H H 

H 

H 

H 

H 

H 

H 

H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
CN 

,t-Bu 
CH,=C, A 94 

35 

56 

73 

83 

45 

68 

- 
64 
20 
76 
40 
23 
30 
38 
43 
25 
28 

345b 

346 

346 

346 

346 

346 

346 

337 
347 
347 
347 
347 
45 
45 
45 
330 
348 
349 

CH, CH, CH,O CH,O CO,C,H, A - 350 

a A = heat treatment; hv = photolytic reaction. 

Tables 37-42 list some of the aziridines prepared from triazolines since publi- 
cation of the original review. In some cases the triazolines were not isolated and/or 
nitrene intermediates were claimed. For reasons to be suggested later, the triazoline 
intermediacy seems to be the most probable. 

B. Aziridines Formed via Nitrene Additions to Alkenes 

Direct formation of aziridines from the addition of nitrenes to alkenes has 
been discussed extensively from the mechanistic and theoretical perspectives in a 
recent review.%' The general approaches to nitrene generation include azide 
decomposition, primary amine oxidation, and &-elimination. When azides serve 
as precursors, the alternative of 1,3-dipolar cycloaddition must be excluded for 
every case in which nitrene intermediates are proposed. Since the rate-determining 
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TABLE 38. BICYCLIC AZIRlDlNES FROM TRIAZOLINES 

67% (hu)”’ 

p - ~ ~ ~ , ~ , ~ f J  

100% (hu)”‘ 

p t l r C , H , N o  

100% (hu)’” 

p-BrC H “H.‘ 

h 
NC0,CH , 

3% ( h ~ ) ’ ~ ’  

- ( h ~ ) ’ ~ ’  

C , H , N ~ H  

87% (hu; CU’+)’” 

0 

pBrC,H,N NC,H, x 
‘0 

- (hu)”’ 

QNCbH5 
- (A)3Y 

p-BrC,H,N 

- (h~)’”  

- (hu)’3’ 

W2”’ I 

c 6  H, 
99% (hu)”’ 

0” 
46% (A)’’9 

C H , O C , H , N ~ N  H 

98% (hu; CU’+)~’* 

p-BrC,H,N 0 
- (hu)”’ 

:I@ N-C6H, 

step should be nitrene formation, reaction rates should be independent of acceptor 
concentration if nitrenes are actually involved. Nitrenes are also implicated when 
azides and other nitrene sources show similar selectivity ratios toward various 
alkenes. 

Even when the method of nitrene formation yields a singlet, intersystem crossing 
eventually may produce the triplet configuration. The propensity for intersystem 
crossing depends on the nitrogen substituent, and both electron donors and acceptors 
appear to stabilize the singlet.%’ The singlet is more likely to yield aziridine adducts 
and the triplet to display diradical character. 
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TABLE 39. AZIRIDINE DERIVATIVES OF THE UNSUBSTITUTED 2,2,1- 
BICYCLOHEF'TANE SYSTEM FROM TRIAZOLINES 

R Method' Yield (%) Ref. 

hv 
hv 
A 
A 
A 
A 
hv 
- 

94 321 
86 321 
88 359,360 
92 360 
94 360 

55 
100 
- 318,360 

f l H 3 C 6 H 4  A 92 360 
m€lCb H, A 92 360 
f 1 3 C 6 H 4 S 0 1  A 97 360 
CN A 41 36 1 
2,4,6-tNO1),-C, H i  A 90 362 
C6HSS01 A - 363 
C6H5 A 65 364 
flH3CbH40S02 A 65 364 
N c 6  H4°SoZ A I5 364 
fl, H,C* H,OSO' A 98 364 
(CiHsO)iPO hu 90 365 

' hv = photolytic reaction; A = heat treatment. 

In the case of intermolecular additions, only nitrenes attached to oxygen (89), 
nitrogen (W), and carbonyl (91) groups appear to have general synthetic utility. 
Aliphatic groups prefer rearrangement (Eq. 94) to additions. Arylnitrenes from 
various sources yield a wealth of interesting chemistry that does not usually include 

TABLE 40. OTHER AZIRIDINE DERIVATES BASED ON THE 2.2, I-BICYCLOHEPTANE 
SYSTEMS FROM TRIAZOLINES 

R' R' R3 Stereochemistry Method' Yield (96) Ref. 

H H CN ex0 A - 36 1 

H H CO,CH, ex0 
A 

hv 
- 60 

93 
- 366.367 

H H C,H, ex0 hu 91 367 
H H C6H, endo hv 91 367 
H O-r-Bu CbH, endo hv 96 367 
CO'CH, H C6H, ex0 hv 40 361 

' A = heat treatment; hv = photolytic reaction. 
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TABLE 41. AZIRIDINES FROM INTRAMOLECULAR CYCLIZATlON OF A Z I D E 6  

GN? 0 af5 
58% (A)"' 70% (A)"'. 370 

4 
3.2% (hv)"' 

69% (A)%' 94% 

R' R' R3 Method Yield (96) Ref. 

CH3 CH, H A 21 37 1 
CH, H H A 14 371 

H H H A 9 37 1 
CH, H CH3 A 9 371 

a Wavy line indicate the new bonds. 

the formation of stable aziridine~.~' Sulfonylnitrenes (92) are also not useful in 
aziridine synthesis. 

\ 
0 
II N-N U N  /c-8 / 

89 90 91 

I 
(94) 

ArSO? N .. 

92 

The reaction of cyanogen azide, however, with cyclooctatetrene gives a mixture of 
93 and !M.* 

93 (5096) 94 (14%) 



TABLE 42. OTHER AZIRIDINES FORMED FROM TRIAZOLINES 

95% (A)'7' 98% (A)3'' 

/ 
NCN 

74% (A)373 60% (A)373 86% (A)339 

91% (A)339 - (A)374 - 

CI 
48% 

9 N-R 

65% ( h ~ ) " ~  

0 

R' R' Method Yield (%) Ref. 

99.5% (hu)%' 

CH3 C 6 H S  hv 50 38 1 
CH, CH,C,H, hv 18 381 

CH,C6H5 CH,C,H5 hu 5 381 

59 
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TABLE 42 CONTINUED 

56% (hv)ua * N-C,H, 

- (h~)”’  

Yield 
R’ R’ (46) Method Ref. 

CO,CH, H 30 A 384 
H CO,CH, 85 A 384 

F! FTkF! F 

- (A)=’ 

13% (hu)uM’ 

Q N-R 

Yield 
R (%I Method Ref. 

~ ~~~ 

Ph 49 A 286 
1-Ada 36 A 286 

flH3C6H4S0X 6 A 286 

I 

A 
12% (A)=’ 

The novel product 95 has been claimed to be the result of thermal or photochemical 
addition to cyclohexene in low (4%) yield.* 

Perfluoroarylnitrenes add to allcenes in reasonable yields. One method of gener- 
ation involves the reaction of the corresponding nitroso compound with triethyl 
phosphite (Eq. 95)”* w1 The other method utilizes photolysis of the corresponding 

These reactions are summarized in Table 43. 

C6FSN0 + (C2Hs0)3P -* C6FSN (95) 
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TABLE 43. AZIRIDINES FROM PENTAFLUOROPHENYL NITRENE 

61 

R' R' R3 R' Methoda Yield (%) Ref. 

31 
60 
- 390,391 

390,391 

390,391 

18 
18 
17 
18 

- C 
hu 
- CH, H CH, H 

CH, H H a, c - 

H 
390 
39 1 
- 

H H C 35 390 
H cl c1 H hu 21 391 
cl H cl H hu 27 391 
CH, (CHI). CH, hu 11 391 
CH, H i-Pr H hu 20 391 

C = ArNO + (EtO),P; hv = Ar-N, + hv. 

a. AZIRIDINES FROM CARBONYL NITRENE 

Carbalkoxyaziridines (96) have been generated by photochemical, thermal, and 
aelimination routes.s7 

R J - +  

96 

In the latter case, reactions of carbamates 97 with base are successful for the 
synthesis of aziridines via nitrenes"l 

A~SO~-N-CO~R -N-CO~R 
base I 

H 
97 

In general the selectivities shown by the photochemical process are different from 
the other two. This has resulted in the suggestion that the photochemical route 
leads predominantly to tripleLs7 Aroylnitrenes (98) have been formed from the 
photochemical decomposition of the corresponding azides. No additions have been 
reported for the alkanoyl analogs. 
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Ar-C-N 
II 
0 
98 

In a few cases the formation of aziridines must be inferred,since these compounds 
are converted to other products under reaction conditions. Examples include 
benzene (Eq. 96)%* and a porphyrin (Eq. 97)P3 Aziridine syntheses via carbonyl 
nitrenes are found in Tables 44 and 45. As can be noted, the reactions are usually 
not stereospecific and the yields often low. Although usually not the method of 
choice, many interesting structures appear only accessible in this way. The stereo- 
and regioselectivity of carboethyoxynitrene toward steroidal systems has been 
noted “4* 395 

b. AZIRIDINES FROM AMINONITRENE ADDITIONS TO ALKENE 

The lead tetraacetate oxidation of 1,l-disubstituted hydrazine derivatives can, 
in certain cases, yield nitrenes that are efficiently trapped via intramolecular 
addition to alkenes (Eq. 98)PI4* 415 
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TABLE 45. OTHER AZIRIDINES FROM NITRENES" 

( & W O ? C , H ,  

NCO,CH, 

AcO 
- ( h ~ ) ' ~ '  - (hV)'la 

q Y  
0 Q 0 8 

- (h~)'" - (hu)"$ - (hu)." 

' C = a-elirnination; hu = photochemical reaction. 

The amino group apparently stabilizes the singlet state. The nature of the substituent 
is critical. Compounds 99-102 examplify the compounds found useful in aziridine 
synthesis!16 
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99 100 

101 102 

In contrast, structures 103-106 undergo extrusion and/or rearrangement and do 
not lead to interceptable nitrenes?16 The successful additions are stereospecific. 
The yields and generality of the method are indicated in Tables 46-52. 

Although the lead tetraacetate oxidation is mild (room temperature) and quick 
(< 30 min), other oxidation routes have been observed. Electrochemical oxidation 
of 107 gave stereospecific addition of the corresponding nitrene to cis- and trans- 

(C6HS)2NNH2 

107 

2-b~tene!’~*~~ Photochemical decomposition of 108 and 109 gave nitrenes, as 
evidenced by the stereospecific formation of new aziridines from added alkenes?‘8 
Yields of aziridines were fair, and the photochemical route offered no advantages 
over lead tetraacetate. Finally, thermolysis of I10 yielded nitrene 111, which in 
turn added to alkenes?” 



TABLE 46. PHTHALIMIDOAZIRIDINES FROM NITRENES 

R’ R’ R3 R4 Yield (96) Ref. 

‘k” 
w 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

40 
61 
42 
19; 53 
36; 5 1 
88 
75 
73 
65 
20 

100 
90 
60 
90 
- 
- 
50 

6.2 (em- 
endo mixture) 

416,417 
416 
416 
416,417 
416,417 
416 
416 
416 
416 
416 
416 
416 
416 
416 
418 
418 
419 

420 

12 415 

52 exo-3.5 endo 415 
35 421 
73 421 
83 421 
95 421 
17 421 
74 42 1 
81 421 
90 421 
83 421 
40 421 
98 421 
96 421 
50 421 
50 42 1 
62 421 
70 42 1 
18 421 
50 421 
20 421 
25 421 
43 421 
75 421 
70 426 

66 



TABLE 46 CONTINUED 

R' R' R3 R' Yield (%) Ref. 

C 6 H S  H CHO H 50 426 
'6 HS H CN H 35 426 
H -CHCH-CH,- H 69 422 
H -CH=CHCH,-CH,- H 49 422 
H -(CH=CH),- H 40 422 
H -CH,-CH=CH-CH,- H 35 422 
H (CH,), H 40 417 
H -tCH,),CH=CCHCH,),- H 50 417 
C 0 2 C H 3  (CHi), C02CH3 35 423 
C 6 H 5  H NO, H 90 4 24 
PCG H4 H NO, H 62 4 24 
CH3 H NO, H 72 4 24 
C 6 H S  H co,c, H I CO,C,H, 26 4 25 

Mc6 H4 H C0,CH3 COCH 40 425 

CH3 CO,CH, H H 100 4 26 
C,HS C6H5 H H 32 427 
H (CHi), H 49 428 
H (CHi), H 27 428 
CH3 -€X-r-Bu H H 35 429 

C 6 H S  H C0,CH3 CN 60 425 

P C G  H, H C0,CH3 C0,CH3 55 425 

TABLE 47. 3,4-DIHYDR~4-OXoQUINAZOLIN-3-Y LAZIRIDINES FROM NITRENES 
R' R' 

X R' R' R3 Re Yield (%) Ref. 

CH : CH, 
H 
H 

H 
C 6 H S  

Me 
Me 
C0,Me 
CO, Me 
CO, Me 
Cl 
C W H ,  
C W H ,  
C W H  I 

CWCH 
CH , w 

CH! 

H H 
H CH3 
H H 
Me H 
H CH3 
H c1  
H H 
H H 
H H 

H H 
H CH3 

CH 3 

H 
H 
H 
H 
H 
H 
H 

H 
H 

CH3 

81 
53 
43 
64 
41 

48 
46 
30 
36 
32 
60 
14 
69 
13 
23 
27 

H H 10 

416 
416 
416 
416 
416 

416 
4 16 
416 
416 
416 
416 
430 
430 
4 30 
430 
430 

430 

67 
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TABLE 48. 2,U)IHY DRO-U)XOBENZOXAZOLIN-3-YLAZIRIDINES FROM 
NITRENES 

R' RZ R3 R' Yield (%) Ref. 

CH3 H H 6 1  4 1 6  
C0,CH3 H H H 96 416 
C S H ,  

CH, CH3 H H 42 4 3 1  
I 

C M ( C H 3 ) z  H CH3 CH3 35 431  
C-1 CH3 H H 21 431 
C M H  I 

H H H 15 4 3 1  
1 
CH3 
C M H I  H H H 71 4 3 1  
(CHz),CH, H H H 10 4 3 1  
CH3 H H CH3 6 7  431  
CH3 H CH, H 6 0  431  

c. AZIRIDINES FROM OXYNITRENE ADDITION TO ALKENES 

Although the yields are not as high and the reaction not as thoroughly investi- 
gated, the oxidation of alkoxyamines (1 12) with lead tetraacetate results in nitrene 
(113) formation and subsequent addition to a l k e r ~ e s . ' ~ * ~ ~ ~ ~  The reaction is not 
completely stereospecific, and the nitrene formulation may be an oversimplification. 
Table 53 depicts typical examples of this procedure. 

Pb(OAc), X 
R-0-N - R-0-N R-ONH, .. 

112 113 
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TABLE 49. 1,2-DIHYDRG2-OXOQUINOLIN-l-Y LAZIRIDINES 
FROM NITRENES 

69 

R' R' R3 R4 Yield (96) Ref. 

H (CH,), H 20 416 
C0,Me H H H 29 416 
C0,Me Me H H 40 416 

TABLE 50. SUCCIMIDOAZIRIDINES FROM NITRENES 

R' R' R3 R4 RS R6 Yield (96) Ref. 

C6HS 

C6HS 

H4 

C 6 H S  

CbHS 

M H 3 O C b H S  

CO,CH, 
CO,CH, 
CO,CH, 
CO,CH, 
CO,CH, 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

CN 
CN 
CO,CH, 

H 
H 
H 
H 
H 
H 
H 

CH, 

CO,CH, 
CO,CH, 
COCH 
NO, 
NO, 
NO1 
H 
H 
H 
H 
H 

CbHSCHl  

H 

67 
40 
55 
60 
70 
41 
42 
42 
48 
65 
71 

4 25 
425 
425 
424 
4 24 
424 
432 
432 
432 
432 
432 - 

d. INTRAMOLECULAR ADDITION OF UNSTABILIZED NITRENES 

Although attempts to add alkyl nitrenes to alkenes are usually not successful, the 
analogous intramolecular reaction is an extremely useful reaction. Two procedures 
have been reported. The first utilizes lead tetraacetate oxidation and the second the 
rearrangement of N-chloroamines (Eq. 99).M2*443 



TABLE 5 1. AZIRIDINATRIAZOLES FROM NITRENES 

R’ R’ R’ R4 Yield (%) Ref. 

C6H5 H H H 35 433 
C 6 H 5  H CH, H 73 433 
H (CH,), H 31 433 
H (CHd3 H 48  433 
CH, CH, H COCH, 26 433 

TABLE 52. MISCELLANEOUS AMINOAZIRIDINES FROM NITRENES 

&HH 5 

R = C,H, (72%)‘” 
R = CO’CH, (86%)‘3’ 

25%‘” 

TABLE 53. AZIRIDINES VIA OXYAMINE OXIDATION 

70 
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The latter are stable below - lo", but rearrangement occurs above 0". The lead 
tetraacetate oxidation appears to be superior in most cases. The double bond must 
be part of a ring system and in the 6-e posi t i~n.~ '  The products are extremely 
unstable and often polymerize rapidly. Fortunately, the salts are (surprisingly) 
stable. The mechanism is unclear, but it may resemble the familiar carbenoid routes 
to cycloalkanes. Thus, the rate of oxidation has been found to be dependent on 
presence of a suitably located double bond. Examples of this reaction are found 
in Table 54. 

4. Aziridines from Carbenoid Addition to Imines 

Since the original description of dichlorocarbene addition to imines (Eq. 100) 
in 1959p"" many additional related examples have been reported. 

TABLE 54. AZIRIDINES FROM INTRAMOLECULAR NITRENE ADDITIONSu 

R = H (45%; 
R = CH, (60%; P)"' 

R = H (45%; PI"' 
R = C,H, (57%; P)"' 

64% (P)41' 82% (P)'" 

d.' SXP c& 7 1% (C)"' 90% (C)"' 
100% (P)"' 80% (P)"' 

' P = Pb(OAc), oxidation; C = rearrangement of NC1-amine. 
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Dichlorocarbene has produced a multitude of aziridines (114 and 115) from the 
corresponding diarylaldimines and t r ia ry lke t i~nines .~ '~~  The unusual vinyl- 
aziridine 116 has been obtained in 64% yield?'' 

A r z , ,  

H 'A r 
114 

'Ar 
115 

116 

The use of phase transfer catalysis in the generation of dichlorocarbene appears to  
offer superior yields?3e454 There are limitations on the synthesis. For example, 
replacement of the nitrogen substituent with alkyl groups is unsuccessful because of 
the product lability. The presence of enolizable hydrogen atoms on the ketone or 
aldehyde is incompatible with the strongly basic conditions. 

Addition of diehlorocarbene generated from organomercury reagents (Eq. 101) 
has resulted in a number of novel tetrachloroaziridines (Table 55).  

TABLE 55. TETRACHLOROAZIRIDINES FROM 
ORGANOMERCURY REAGENTS 

CI 

C , v : l  

I 
R 

R Yield (%) Ref. 

C6HS 53 455,457 
C6H11  26 455,457 
i-R 43 455,457 
G H , O , C l , N  - 456 
PCH9C6H. 78 457 
m 6 H 1 1  54 451 
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The addition of a monochlorocarbene to an imine (Eq. 102) has been described.68 

Other dihalocarbenes have been added to imines. D i b r o r n ~ ~ ~ ~ . ~ ~ ~ * *  chloro- 
bromo,459s f l u o r o c h l ~ r o ~ ~ ~ *  4s9* 460 and fluorobromo4s2* 460 all add in reasonable 
yields. The mixed halogens present structural assignment problems that are difficult 
to resolve with confidence. 

The SimmonsSmith procedure, although highly successful in alicyclic three- 
membered ring synthesis, has not been of similar utility in aziridine synthesis. A 
number of failures and one success (Eq. 103) have been reportedP6j 

The coppercatalyzed addition of diazo compounds to imines (Eq. 104) has also 
been of limited success,' as indicated in Table 56. 

Certain onecarbon transfer agents have also been employed in aziridine syntheses 
from imines. In each case the negative charge on carbon is stabilized by an adjacent 
sulfur (Table 57). The most novel use of these reagents is in the synthesis of strained 
heterocycle 117 as shown in Eq. 105.m*4n 

TABLE 56. DIAZOACETATE ADDITIONS TO IMINES 

R' R' R3 R' Yield (%) Ref. 
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TABLE 57. AZIRIDINES FROM THE ADDITION OF YLIDS TO MINES 

R’ R1 R’ R‘ R’ Reamnt Yield (%) Ref. 

C 6 H S  

‘6 H S  

C6HS 

C6H5 

C 6 H S  

C 6 H S  

c6 HS 

C6H5 

Ar 

pFC6 H4 

PCIc6 H4 

P B G  H4 

H H  
H H  
H H  
H H  
H H  
H H  

H H  

H H  

H H  
H H  
H H  
H H  

H 
H 
H 
H 
H 
CH3 

H 

H 

(CH 3llSOf$ I 44 465 
(CH3) iSEHi  - 466 
(CH 3 1 2  S W H  - 466 
(CH,),SCH, 81 467 
(CH ,I ,SCH I 76 467 
Ar-SO-CHCH 35 468 

C 6 H S  OCHl 86 469 
; $ c c H 3 ) 1  

s 
N\ 

S01C6HS 

C6H S F w H l  23 470 

h<cH 3 )  I 

H Ar (CH 3)iS*HI > 50 47 1 
H pFC6H4CH=N (CH,),QC%, 58 472 
H pCIC6H,CH=N (CH,),$CH, 54 472 
H pBrC6H4CH=N (CH3),SC%, 61 472 

pCH,0C6H4 H H H pCH,0C6H,CH=N (CH3),kH, 64 472 

117 

5. Other Aziridine Syntheses 

The syntheses of aziridines described here do not fit neatly into the rather 
arbitrary groups of the previous sections. Most of these reactions are less general 
and have been less widely applied, moreover, their mechanistic details are often 
obscure. They are no less important, however, and many contain the seeds of new 
research areas. 

Direct epimination of alkenes has been affected by several reagents. Electron- 
deficient akenes react with diphenylsulfhine to yield aziridines (Eq. 106). The 
mechanism appears to involve nucleophilic attack by nitrogen and subsequent 
ling closure. 
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The reaction is not stereospecific. Some examples of this reaction are found in 
Table 58. The reaction of 1,ldimethyldiazenium bromide (1 18) with alkenes is 
apparently electrophilic. Norbenene and norbomadiene give 119 (S9%) and 120 
(20%), re~pectively!~~ The reaction mixtures are complex. A novel reaction of 
oxaziridines with alkenes (Eq. 107) yields aziridines.478 

I19 120 118 

The mechanism is unclear and warrants further study. The epimination of electron- 
deficient alkenes by diiminosuccinonitrile (121) gives aziridines (Eq. 108) in 
reasonable yields!m 

TABLE 58. AZIRIDINES FROM ALKENE-SULFILIMINE 
REACTIONS 

I 
H 

R1 R' Yield (%) Ref. 

CH,O,C CO'CH, 46 414 
C,HsCO C6HS 13 414 
C6HS COCH , 23 415 

0 'OC6 50 474 
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CN 

121 

Ar Yield (%I 

C6HS 58 
P-cIc6 & 51 
p F C 6 b  79 

P-CH3C6& 62 

Intermediate 122 has been suggested. Electron-rich alkenes give [4 + 21 cyclo- 
addition. 

CN 
N C ~ N H ,  

122 

The reaction of phosphonate sodium salts with nitrones yields aziridines(Eq. 109) 
and has been studied in detail" 

0 
I 

)==fl- + (RO),P-CH,-X - 
N H N  X " 0- I I 

The enamine by-product (as well as stereochemistry, etc.) is solvent dependentP8'. w2 

The mechanism depicted in Eq. 110 seems to be the one most consistent with the 
available data. 



Synthesis of Aziridines 

TABLE 59. AZIRIDINES FROM PHOSPHONATE ESTERS 

77 

R' R' R3 R4 R5 R6 Yield (%) Ref. 

H H H H CH, CN 59 483 
H H H H CH, CO,C,H, 75 483-485 
H CH3 H H CH, CO,C,H, 52 484,485 

CO,C,H, 
Q 

57%"' 

Compounds prepared via this reaction are listed in Table 59. In related reactions, 
amidophosphates and iminophosphoranes react with epoxides to yield aziridines 
(Eq. 1 11). These reactions are summarized in Tables 60 and 6 1. 

\ 
~ P = N - R  + --+ 7 + 7 N - 0  (111) 

0 
/ 

I 
R 

Isoxazolines undergo ring contraction to aziridines (Eq. 112). Although in 
many cases the aziridines are unstable and rearrange further (Eq. 112), certain 
nitrogen and ring substituents allow aziridine isolation under favorable experimental 
 condition^.^^ Electron-withdrawing substituents on nitrogen and lack of C-3 
substituents favor aziridine stability. In some cases, the isoxazole (formed from 
alkyne and nitrone) is not isolable and spontaneously rearranges to an aziridine. 
Aziridines prepared in this manner are listed in Table 62. 

TABLE 60. AZIRIDINES FROM AMIDOPHOSPHATES"' 

R'-N-PO(OR'), + v$ 
I 0 N 

I Na 

R' R' R3 R4 Yield (96) 

C6HS C'HS C6HS H 38 
C6HSCH1 ClH, C6H5 H 58 
'6 SCH 1 ClHS C 6 H S  H 10 

C6H, ClH, C6H5 CH3 21 
t-Bu C6HS C 6 H S  H 30 
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TABLE 61. AZIRIDINES FROM INIMO 
PHOSPHORANES'" 

R Yield (%) 

)=( (112) 
,YO x -  I d- N I /NXo 

Thermal and photochemical ring opening of aziridines produces azomethine 
ylids (Eq. 113). The subsequent chemical interception of these intermediates is 
discussed later. Generation of these ylids in the absence of an intercepting agent 
should allow aziridine synthesis. 

TABLE 62. AZIRIDINES FROM ISOXAZOLINES 

R' R' 

c01cH3 

H 
H 
H 

H 
H 
H 
H 
H 
H 

CH, 

R3 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

R* 

H 
H 
H 
H 
H 
CN 
CN 
CO,CH, 
CO,CH, 
CO,CH, 
CO,CH, 

Yield (I) Ref. 

- 489 
- 489 
65 490 
60 490 
93 490 
- 49 1 

100 492 
46 493 
52 493 
55 493 
14 493 

CH,CO H H CO,CH, OCH, 82 493 
c01cH3 CH, H CO,CH, OCH, 15 493,494 
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A few examples of this approach can be found in the literature. The reaction of the 
ketiminium salt 123 results in a quantitative yield of 125 via the azomethine ylid 
124.w The reaction is not general, however. 

123 124 

Aldiminium salts give more complex products (Eq. I 14).@5*496 

.J 

r-Bu 
125 

1,3-Oxazolidin-5-one (126) yields aziridine 128 via intermediate 127.w 

126 127 Ar 

128 

Some azomethine yuas (e.g., 129- and 13OW) fail to undergo apparent ring 
closure because of their stability or aziridine instability. The cyclization of 131 to 
132 has been reported to take place under thermal and photochemical conditions.* 
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129 
&H, 
130 

131 132 

Photochemical ring closure of azomethine ylid 133 has resulted in the formation of 
aziridine 134.” 

Photochemically induced valence tautomerism has produced the novel structures 
135* and 136.503 

hv 

135 

CH ,0aN 

‘CH, 

136 
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More complex photochemical aziridine syntheses have also been described. The 
mechanism of Eq. 115 has been suggested to account for aziridine formation”0 

X = H (61%) 
X = CO,CH, (43%) 

The photolysis of pyridinium salts allows entry into the 6-aza[3.1.O]bicyclic 
aziridine system.* The reactions are complex because labeling demonstrates that 
the initial bicyclic intermediate undergoes isomerization (via tricyclic intermediates 
or sigmatropic shifts) before solvent capture (Eq. 116). 

Aliphatic allylamines can be photochemically cyclized to aziridines (Eq. 117).= 

An interesting new approach to aziridine synthesis via transition metal complex 
oxidation (with bromine) has been published.% The reaction is not stereospecific. 
The mechanism and generality of the reaction (Eq. 118) are unknown. A report has 
appeared concerning the addition ofN-haloamines to styrene derivatives (Eq. 119). 
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ClNH + ArCH=CH,- 
I 
R 

N 
I 

CH, 

R 

The reaction appears to involve a radical chain addition of the haloamine to the 
alkene and subsequent ring closure of the intermediate &hal~amine.~’ The reactions 
depicted in Eqs. 120- and 121* represent novel approaches to otherwise un- 
attainable aziridine derivatives. 

Finally, the novel bicyclobutane derivative first shown as 137’’’ has been shown 
to have structure 138 instead?*l Structures of type 137 are thus still unknown. 

7 R-N*N-H 137 
CH2O + RNH2 + HZNOSOBH 

RNHCHZCN 

138 
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IV. REACTIONS OF AZIRIDINES 

The reactions of aziridines can be divided into those in which the aziridine ring 
retains its integrity and those in which the ring is enlarged or opened. This is an 
arbitrary distinction because such classification often is a function of aziridine 
substituents and/or reaction conditions. In spite of such difficulties, th is  organization 
is particularly appropriate for emphasizing synthetic applications of aziridine 
chemistry . 

1. Reactions in Which the Aziridine Ring is Retained 

Section IV, 1 has five subsections. The first deals with stereochemical isomeri- 
zation of aziridines and the sometimes attendant proton exchange. The second 
covers reactions in which exocyclic bonds to the nitrogen atom are formed or 
broken. The third deals with modifications of the nitrogen substituent. The fourth 
is concerned with reactions at one of the ring carbons. The last subsection treats 
reactions on side chains that are attached to the annular carbon atoms. 

A. c&-trans Aziridine Isomerization 

There are at least two mechanisms available for aziridine cis-trans isomerism. The 
first is base catalyzed and proceeds via an intermediate anion. Concomitant isotopic 
exchange is indicative of this pathway (Eq. 122). The second mechanism can be 
either thermally or photochemically initiated and proceeds by way of an intermedi- 
ate azomethine ylid. Absence of catalysis and interception of the intermediate 
provide support for this route (Eq. 123). 

A B A H 

C 7 H C v B  L, A.7. (122) 

I I I 

A variety of aziridinylketones (Eq. 124) have been subject to basecatalyzed 
equilibration.62*64*22s-s12-s16 In most of these cases, the cis isomer is more stable 
than the trans form. Particularly revealing is the effect of solvent on the cis-trans 
equilibrium of 139 and 140.’12 
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0 

A r v i  H "$-f H 
I 
R 

I 
R 

139 140 

For this pair, the equilibrium percentage of cis ranged from 84% cis in polar solvents 
(DMSO) to 24% in apolar (r-BuOH) solvents. The reason for greater cis-isomer 
stability is not readily obvious, and since energy differences between the two 
isomers are small (cu. 1 kcal or less), speculation may not be fruitful. Although the 
enolate anions have been isolated via isotope incorporation, they have not apparently 
been converted to enol ethers (141) or esters. Such products should have chemical 
properties analogous to those of methylene aziridines. 

14 1 

Other chemistry of these anions is both unexplored and potentially useful. The 
structure of the enolate anions is not totally clear. The observation that exchange 
rates exceed epimerization rates has led to a postulate of three inte~mediates:'~ 
as shown in (Eq. 125). Structure 143 is quite analogous to a-lactam structures 
established by x-ray crystallographic studies. 

142 143 144 

It is likely that 142 and 144 are unnecessary and that the data are better explained 
by invoking 143 and familiar ion-pairing arguments. Basecatalyzed isotope exchange 
has also been observed in at least one molecule that lacks a stabilizing carbonyl 
group (Eq. 126)? 
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It is interesting to note that elimination to give a 2-azirine structure was not 
observed. 

Equilibration of aziridines via azomethine ylids (Eq. 123) has been reported for 
a variety of  structure^.'^^^^'^-^^ Here also solvent effects have been noted. Thus, 
the percentage of cis (145) in the 145-to-146 interconversion has ranged from 22% 
(CCI,) to 47% (1,3-dioxolan-2-0ne).~~~ 

Most other aziridines equilibrated by this method show greater cis stability. An 
energy barrier has been detected between the two isomeric azomethine ylids 
(Eq. 123).'19 

B. Formation and Cleavage of Bonds to the Aziridine Nitrogen 

Nucleophilic attack by the aziridine nitrogen on aliphatic halides is a useful, 
familiar, and extensively reviewed reaction.526is27 A few new examples deserve 
mention. The use of phase transfer conditions (Table 63) can give superior yields 

TABLE 63. AZIRIDINE ALKYLATION UNDER PHASE TRANSFER 
CONDITIONSsm 

R' R' R' R' Yield (%) 

n-Bu H H H 100 
i- h H H H 30 
CBu H H H 10 
C6H ScH 1 H H H 100 
cas H H H 10-15 
n-Bu C,Hs CH, ( 3 3 3  5 
C6H scH 1 C$s CH3 CH, 80 
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in direct alkylation  reaction^.^^ Reaction of chloroform with aziridines yields 
trisubstituted products (Eq. 127).529 Dihalides give similar results (Eq. 1 28).s29 

I 
H 

R R’ Yield (%I 
100 
43 
30 

H 

R R’ Yield (%) 

CH3 H 70 
CZHS H 50 
( C H ~ ) Z C H C H ~ C H ~  H 82 
CH3 CH3 57 

Aziridines have been alkylated by amino ethers (Eq. 129).530*531 

/ ’ [>NCH~N \ 
CNH + CH,OCH,N --* 

\ 

The reaction depicted in Eq. 130 also belongs in this category?” One dealkylation 
(Eq. 131) is significant because it demonstrates that the acid sensitivity of the 
aziridine ring can be o~eremphasized.~~’ 
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TABLE 64. LiAlH,CLEAVAGE OF PHOSPHORUS-AZIRIDINE 
BONDSls’ 

RvR - RY I 
H 

I 
X 

Phosphorylated aziridines are readily prepared from aziridines and the appropri- 
ate phosphorous halides, These phosphorylated aziridines have interesting biological 
properties and thus continue to attract interest. A few new should 
be added to previously cited  reference^.'^^.^ The direct conversion of phospho- 
rylated aziridines to their selenium derivatives have been achieved.”’ The reductive 
cleavage of the nitrogen-phosphorus bonds (Table 64) proceeds in high yield.’= 
This procedure has been used in a key step of a mitomycin total synthesis.143 For- 
mation of N-Si”**”’ and N-halogen bonds warrants no additional discussion.w 
The reductive (NaBH4) removal of an N-CI group has been de~cribed.’~ 

A few new examples of aziridine arylation are of interest. The reaction of 1,4- 
dibromobenzene with a metallated aziridine (Eq. 132) yields products indicative of 
a benzyne pathway (545). The reaction of perfluorobenzene with ethylenimine 
results in arylation (Eq. 133) along with side reactions.% 

6 
Br 

18% 
--* 

Nucleophilic displacement of vinyl derivatives can lead to  interesting products. 
Perfluorocycloalkenes yield 147-151. Ketene dithioacetal undergoes a single 
displacement (Eq. 134).548 
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150”’ 151”’ 

149- 

The preparation of acylvinylaziridines is accomplished in high yield (Eq. 135).549 

Michael-type additions of aziridines to alkenes and alkynes constitute general 
approaches to aziridine de~ivat ives . ’~*’~*’~~ A variety of new additions to conju- 
gated”2“” and fluorinateds% alkenes have been described. One particularly 
interesting application depicted in Eq. 136 constituted a key step in the synthesis 
of a 9-azaprostaglandin analog.’” 
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Ketenimines readily add ethylenimine (Eq. 137).5s* The addition of ethylenimine 
to nonterminal acetylenes gives a stereochemical mixture of conjugated 
ad duct^,^^^*^ as shown in Eq. 138. 

v 
N 

CH@CSO2C2HS + HN 3 
Under the same conditions the corresponding allenes give nonconjugated products 
(Eq. 139). 

(139) 

C H ~ = C S O ~ C ~ H S  + HN 4 3 
Aziridine additions to akyne 152 can give either 153 (kinetic) or 154 (thermo- 
dynamic) depending on conditions.%’ The addition of ethylenimine to 155 gives 
156 in high yields.562 

154 

Acylations of aziridines are well d o c ~ m e n t e d . ~ ~ * ~  To the list may be added 
acylations with diketene.%’ A useful study of deacylation reactionsMd concluded 
that deacylation (attack on the carbonyl) was favored when good nucleophiles 
were used; poorer nucleophiles were found to be more prone to  attack the ring. 
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155 R = H (95%) 
R = CH, (90%) 
R = OCH, (97%) 

156 

Nitriles and nitrile derivatives are quite reactive toward aziridines. Trichloro- 
acetonitrile can yield either 157 or 158 depending on reaction  condition^."^ 

157 
158 

Nitrile  oxide^,^*-^^ isocyanide dichloridesysn 572 and imino ethersSn all readily 
add the aziridine moiety. 

In contrast to most other secondary mines, aziridines react with aldehydes to 
give compounds of structures 159s30* 574 and 16057s-5n, in good yields. 

159 160 

These structures are attainable because of the combined good nucleophile-poor 
r-donor properties of the aziridine ring. Titanium tetrachloride catalyzed addition 
of ethylenimine to carbonyl groups provides access to compounds of structure 161 
as well as by-product 162.579 Other novel structures attainable with aziridines are 
illustrated by Eqs. 140y580*581 141,582 and 142."' 

161 162 
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C. Modifications of the Nitrogen Substituent 

Although relatively little has been done on the chemistry of the nitrogen 
substituent, some results are indicative of the potential in this area. The previously 
described aldehyde adducts (159) react with amines to give 163 (cf. Eq. 
1 29).s303 s31* s$4 Compounds with structure 160 (Rz = H) spontaneously isomerize 
at 20' to 164.'"' 

\ 
159 163 

164 

The phthalimido group (introduced via nitrene addition) can be cleaved without 
damage to the aziridine ring (Eq. 143)?19*s85 

- 
NH,NH, 

0 

(143) 
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Reduction of the phthalimido ring with LiAlH,, (Eq. 144) is also feasible:" 
Although acylethylenimines are cleaved by LiAIH., to the corresponding aldehyde, 
this reaction appears to follow a different course for more complex aziridine 
derivatives (e.g., Eq. 145).138*m 

The conversion of N-aminoaziridines to the corresponding hydrazones proceeds in 
high yield.'"*m*s85 A series of intriguing reactions has been found with ylids of 
structure 165. 

R 

165 
R = C,H,; H 

These compounds react with C&COX (X = CN, Br, N,) and R'N=C=O to give 
166 and 167, respectively, in good to excellent yields.s86 Reaction of 165 with 
(CH3)3SiCH=C=0 gives l68?' The latter is unstable and spontaneously undergoes 
retroene formation of 169 and 170. Diphenylketene gives an analogous initial 
adduct that undergoes a 1,3-sigmatropic shift (Eq. 

(CH),SEH=C=N-N (CH;)$iCH2CW + 
N 

168 169 170 
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The aziridine ring is surprisingly stable toward ozonolysis, as demonstrated in 
Eq. 147.- Other reactions that involve both the N-H and a carbon side chain 
are discussed in Section 111, 1, E. 

c 6 H 5  H 

D. Reactions on the Aziridine Ring Carbons 

Since cyclopropyl halides are relatively inert and a-haloamines are usually 
unstable (relative to the iminium form), the 2-haloaziridines might be expected 
to show intermediate behavior. This expectation has been fulfilled in the cases of 
a variety of substituted 2-haloaziridines for which chemical interconvenions can be 
observed without ring opening. Displacement, as depicted in Eqs. 148 and 149, 
appears to involve intermediate 171 in spite of the observed inversion.590 

*( 149) 
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The displacements followed first-order kinetics, and faster rates were noted with 
171 if R=CH3 than with R =  H. The observed inversion was ascribed to ion 
pairing and/or stereoselectivity. When R = C1, the intermediate is less stable and 
undergoes ring opening in preference to interception (see Section IV, 2, I). 

I 
C6H5 

171 

The stability of 172’% and 173”’ suggests that 171 is probably planar and that 
charge stabilization by the unshared pair plays a crucial role in reactivity. 

H 
172 

Similar conclusions follow from the N-acylaziridine analogs 174 and 175, which 
undergo the indicated displacements with ring retention.259* 

WCH’ 
C6HsvcH, C,H,MgBr ___, C6H 

N 
I 

CI C6HS 

0 x ChHs H 

1 74 
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The Bu,SnH reduction of dihaloaziridines exemplifies another approach to 
substitution on the aziridine ring carbons (Eqs. 150-1 52). 

Especially noteworthy is the retained configuration in all three cases. This behavior 
differs from the cyclopropyl analog and was explained on the basis of increased s 
character in the exocyclic bond caused by the nitrogen atom. This interesting 
observation probably warrants additional study. 

A final approach to aziridine substitution is found in the halogenation of 2- 
sulfonylaziridines (Eq. 1 53).59' Attempted elimination of HX with methoxide 
from the products regenerated 2-sulfonylaziridine. 

R' RZ X Yield (%I 
t-Bu H c1 70 
t-Bu H Br 75 
C2H5 C6HS Br 75 

Other nucleophiles produced the same results. A similar halogenation of 176 gave 
mixtures of 177 and 178. The latter failed to form 179 upon dehydrohalogenation. 
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179 

E. Reactions on the Aziridine Side Chain 

The aziridine ring is quite stable toward metal hydrides, organometallics, and 
other similar reagents. As a result, a large number of useful side chain modifications 
can be accomplished. Aziridine esters may be either totally reduced to the corre- 
sponding primary alcohol (Eq. 154)'% or partially reduced to  the aldehyde 
(Table 65). 

__* 
LiAlH, -OH vc02cH3 I N (1 54) 

I 
R R 

The latter reduction requires milder conditions and/or reagents. The reactions of 
other ketones and aldehydes with various reagents are summarized in Table 66. 

TABLE 65. SYNTHESIS OF AZIRIDINE ALDEHYDES 

R' R' Reagent Yield (%) Ref. 

H i-R LiAIH, (-70') m, 30 5 9 3  
H t-Bu LiAlH, (-70") a. 30 5 9 3  
H t-BU HAI (i-Bu), 73 594 
H 'dHll L W ,  (-700) m. 30 5 9 3  
H C6HFH1 LiAlH, (-70") a. 30 5 9 3  
CH, CH, HAI (CBu), (- 65") 85 595 
CH, CR &%I (i-Bu), (- 105') 45 595 
CH, t-Bu HAI (i-Bu), (- 800) 90 595 
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TABLE 66. ADDITIONS TO AZIRIDINE SIDE CHAIN CARBONYL GROUPS 

97 

R' R' R' X Y Yield (4%) Ref. 

H f-Bu OCH, C6HSmBr C6H, 73 592 
H t-Bu H C H J W r  CH, 55 595 
H t-Bu H C,H,MgBr c6H5 70 595 
c6H5 'JH,, c6HS LW,,NaBH, H - 596 
H t-Bu CH, L W ,  H - 597 

H t-Bu H CH ,Li CH3 
t-Bu CH, CH, (Cis) L W ,  H 
t-Bu CH, CH, (frans) L W ,  H - 597 

H t-Bu CJl, L W ,  H 93 592 
H t-Bu CJlS NaBH, H 62 592 

- 597 
- 597 

A mixture of diastereomers is usually encountered when a new chiral carbon is 
generated. The unambiguous assignment of structures to these isomers poses some 
problems, although one procedure (Section IV, 2, A) has been successfully 
applied.5w*sw A variety of factors have roles in determining the stereochemical 
course of the reaction.s9J*595-600 Diketones (Eq. 155) have also been reduced to the 
corresponding diastereomeric diok.@" 

CJ-4 W C 6 H 5  NaBH! C 6 H v C 6 H 5  (155) 

N N 
I 
R 

I 
R 

A number of other side chain reductions are also of interest. Reduction of 180 
yielded spirolactone 181.@' t-BuNscqcH, 0 CO,CH, NaBH, - '-Bu-N% HO 

180 181 

Reduction of 182 by IiAlH4 resulted in bicyclic structure 183.'M8.602 

182 183 
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TABLE 67. FORMATION OF 2-AMINOMETHYLAZIRIDINES VIA 
LiAlH, NITRILE REDUCTIONw3 

R' R' R' R' 
V c N  L z ,  V C H , N H l  

b I 
R' - 

R' R' R' Yield (56) 

H H c6H5 60 
H H c6H5cH1 68 
H CH, C6HS 75 
H CH3 C6HScH1 8 7  

H ( 3 3 3  C6H5CHCH3 75 

H CH3 ~ - B u  7 8  
(CHi), C6H&H1 79  

H CH3 CH,=CH-CH, 6 3  
H CH3 CH ACHa) 7 90 

H CH3 (CH,)$H 7 2  
H (33 F H  F H '  C6H&H1 8 6  

Reduction of side chain nitriles has been used to synthesize the corresponding side 
chain amines (Table 67). Although side chain alcohol oxidations are rare, one 
example suggests that this would be a useful reaction (Eq. l56).I6l Diimide 
reduction of the side chain proceeds without destruction of the aziridine ring 

v- =* T r  (157) 

I I 
rn*C*H, CWJ-4 

These readily accessible side chain ketones have been subjected to  a variety of 
interesting chemical reactions. For example, additions of Wittig reagents produced 
the corresponding alkenes without disruption of the aziridine ring (Table 68). The 
aldol condensation (Eq. 158) forms a novel tricyclic aziridinylketone.601 

- 
NaOl-Pr (43%) 



Reactions of Aziridines 99 

TABLE 68. VINYLAZIRIDINES VIA THE WlTTlG 

Rtd: N 
I 
R' 

R' R' R' R' Yield (%) 

H t-Bu CH, H 60 
H t-Bu C6H5 H 50 
H C6H5cH1 C6H5 H 33 
H t-Bu H C01c$5 I1 
CH3 C6H&HZ c6H5 H 50 
c6H5 (CH,)$H CH3 H 12 

C6H5 C.HFH1 C6H5 H 48 

C6H5 CkH,, C6H I H 60 
C 6 H S  (CHJ$H C6H5 H 56 

C6H5 C6H5cH1 C6H5 a 30 
C J  5 C6H5cH1 C 6 H S  c6H 5 36 
c6H5 C6H5cH1 C6H5 CH, 41 

Conversion of aziridinylketones to imines ( 184)593*606 and hydrazones (185)162 
has been reported. 

N H- 

d d  N N I 
I 

184 185 

The adduct 187 from 186 fails to yield the interesting enamine 

I 
t-Bu 

I 
I- Bu 

I 
t-Bu 

186 187 188 

Diketone 189 reacts with hydrazine to yield the cyclic azine 190.'16 
Aziridinylketones unsubstituted on nitrogen condense with aldehydes or ketones 

and ammonia to give the interesting bicyclic system 191,607 as summarized in 
Table 69. 
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190 189 

TABLE 69. SYNTHESIS OF 1,3-DIAZOBICYCLO( 3.1 .0]HEX-3-ENES607 

B 

Ar Ar' A B Yield (96) 
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In some cases more than one isomer is formed (with respect to configuration of 
A and B) and structurechemical assignments have been made.- Other examples 
of these condensation reactions include 192269 and 193.= 

‘ “ . ~ . ~ H 5  

CH, 
192 193 

In almost all cases hydrolysis to the original aziridinylketones is readily accom- 
plished in high yield. An interesting example of selective imine hydrolysis without 
affecting the aziridine ring is found in Eq. 1 59.609 

R R QN’ C6H5 silica gel *0 
__* 

\ \ 

N 0 
\ 
R 

R = CH,CH, (97%) 
R = C a l l  (95%) 
R = CH, (60%) 

The chemistry of 192 provides further insight into the selectivity possible with 
aziridine rings. Alkylation of 194 yields 195 as the exclusive product.610 

195 H,O I 

197 196 

Hydrolysis of 195 yields the original precursor aziridine (196). Oxidation of 194 is 
also selective for the imine nitrogen (see 197). The saturated analogs of 191 are 
available from side chain amine-aldehyde condensations (Eq. 160).611 *612 
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Aziridine esters are easily converted by hydrolysis to  the corresponding 
salts.s33*s92 In a few cases where electron-withdrawing groups were located on 
nitrogen, the acid itself has been i s ~ l a t e d . ~ ~ * ~ - ~ ' ~  The acids have been reesterified 
by diazoalkanes,m and one salt (198) has been converted to its trityl ester (199) 
with trityl br0mide.6'~ The same salt (198) forms thioester 200.6'' 

I-Bu i-Bu 

c6Hy Sg8 
200 

199 201 202 

Trityl ester 199 decarboxylates at 180°C to give 2OI.6l4 It is not clear whether the 
process is homo- or heterolytic. Salt 198 also can be converted to the ketone 202 
with C J - I ~ J . ~ . ~ ~  

The aziridinemethanolates derived from 203 and 204 react with thionyl chloride 
to give chlorides 205 and 206, respectively.'% 

2. SOCI, 

N 
I I 
t- BU 1- BU 
203 20s 

Rearranged chloride 207 is produced from 203 when NaH is used as a base. This 
reaction proceeds via a ring-opened intermediate.'* In the absence of nitrogen 
substituents, bicyclic oxaisothiazolidin-2-ones are formed (Eq. 161).616 
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N 
I 
t-Bu 
204 

1. BuLi 

85% N 
I 
t-Bu 
206 

203 / I 
I -Bu 

207 

Primary aziridine methanols are also easily converted to their tosylate deriva- 
tives!” The aziridinemethyl bromides, chlorides, and tosylates undergo nucleophilic 
displacement in high yield when reacted with good nucleophiles under poor ionizing 
conditions (Table 70). It should be noted that side reactions (polymerization, etc.) 
increase and yields diminish as the bulk of the nitrogen substituent shrinks. 

Several other unrelated reactions warrant brief mention. Hydroxylamine 208 
forms nitrone 209 in 57% yield.’52 

rABLE 70. DISPLACEMENTS OF THE AZIRIDINE METHYL 
DERIVATIVES 

X Nucleophile Y Yield (%) Ref. 

OTs NaOC,H5 0 C 3 5  100 617 
OTs Bu,NBr Br 100 617 
c1 t-BuSNa S-r-Bu 73 1 08 
c1 r-BuOK Qt-Bu 49 108 
c1 CH,ONa OCH, 88 1 08 
OTs Bu,NBr Br 36 592 
OTs CH,ONa OCH, 65 592 



104 Aziridines 

208 209 

Bicyclic aziridine 210 is partially cleaved by strong base.6" A photosynthetic 
approach to the mitomycin skeleton (Eq. 162) has been de~cribed.6'~ 

&RH*-H )j2NLi, ,? 
N 

I 
H 

210 

R = H (48%) 
R = CH, (52%) 

@y$cQc>H5 0 c1 + H N S N + B r  

0 
hu 

A final lesson in the stability of the aziridine ring toward ring opening is found 
in the brilliantly conceived and executed multistep synthesis of a porfiromycin 

The latter compound is closely related to the mitomycins, and its 
synthesis constitutes the first entry to this medicinally important natural product 
(Scheme 1). 

2. Reactions in Which the Aziridine Ring Is Destroyed 

Reactions in which the aziridine ring is opened or enlarged comprise some of 
the most useful examples in aziridine chemistry. Classification of these reactions is, 
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Scheme 1 

0 I 32% 

of necessity, rather arbitrary. We first deal with acid-catalyzed and nucleophilic 
ring openings that do not result in isomerization. Subsequent subsections discuss 
isomerizations and other ring-destroying reactions. 

A. Lewis Acid Initiated Ring Openings (Without Isomerization) 

The mechanistic details of acidcatalyzed ring openings have been reviewed!2w22 
Bimolecular ring opening can be governed either by steric factors or, where electron- 
releasing groups are attached to carbon, by positive charge development in the 
transition state. First-order ring opening has also been observed. Some of the more 
interesting developments since the earlier reviews are noted below. 

Acidcatalyzed ring opening of rigid steroidal aziridines results in trans-diaxial 
ring opening (toward acetate and azide nucle~philes).' '#*~~~ Comparisons of 
acidcatalyzed ring opening of epoxides and aziridines led to the conclusion that 
aziridines were more likely to give truns opening?% A number of recent papers 
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have discussed those factors affecting regio- and stereospecificity of aziridine ring 
openings with different proton-nucleophile  combination^.^^^*^^-^^ 4th 
usually only one carbon-nitrogen bond severed, in one unusual structure hydrolysis 
breaks both bonds (Eq. 163).- 

OUBh 

Other acid hydrolyses of note include a study of aziridine ring opening of the 
mitomycinsu*62w31 and the expansion depicted in Eq. 164.1s9 Spiroaziridine 21 1 
yields 212 in good yields.3s733S8 Bicyclic aziridines also undergo facile rupture of 
the central bond (Eq. 165).632-634 

H%H,OH 

or HCl 

N 

21 1 

R 
212 

R = C,H,, CO,CH, 

x = c1, OCH, 

R Y  

N N 
I 
X 

The potential synthetic utility of such ring openings is illustrated by the stereo- 
specific synthesis of Eq. 166 (635) and (kkdethiobiotin (213). 
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9 
107 

213 

The key step in the latter example is the acidcatalyzed ring opening of an aziridine 
in the presence of azide ion.'* The aluminum chloride catalyzed alkylation of 
benzene derivatives has been reported to give regioisomeric mixtures (Eq. 167).- 

N 
I 

Certain bifunctional nucleophiles allow cyclization after ring opening. Formation 
of 2-thiazolium salts (Eq. 168)637 and the analogous production of 2-amin0-2- 
thiazolines from aziridines and thiocyanic acid (Eq. 169)638*639 fall in this category. 

A similar heterocyclic synthesis utilized nitriles (Eq. 170).640 The reaction of 
thionyl chloride with aziridinemethanols also belongs in this class (Eq. 17 1). 

. I .  
C0,R' 

This reaction is noteworthy because two isomers are formed (because of asymmetry 
at the sulfur) with retained configuration of the two ring  carbon^.'^ The latter 
property allows spectral assignment of configuration to R2?97*596 In contrast to 
similar aziridines, N-benzylethylenimine (214) yields the novel tetramer 215 in 
95% yieid.641+43 
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R' R' 

2 14 215 

A final example of bifunctional attack on a protonated aziridine is found in 
Eq. 172.- 

When acidcatalyzed ring opening is not synchronous with nucleophilic attack, 
the intermediate carbonium ion can undergo rearrangement. Acid-catalyzed ring 
opening of 216 produces allylic isomer 217.6'' 
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ir 
216 

217 

Rearranged products 218 to 220 indicate the novel structures available from these 
 reaction^.^' 

&NH 

H+ 218 ---, 

Rearrangements of the type illustrated by Eqs. 173% and 1743'H have proved to 
be useful routes to 7-aminonorbornyl systems and diterpene alkaloid precursors, 
respectively. 

c&: NCOzCIH, 

N HCO,C,H, 

Br 
(1 73) 

Although alkylation of aziridines leads, in some selected cases, to stable 
aziridinium salts, ring opening is more frequently observed. High yields of dimeric 
structures (Eq. 175) have been obtained under controlled conditions.646 
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Aryl halides that bear appropriate activating substituents readily react with simple 
aziridine structures (Eq. 1 76).647 

Silyl halides also have opened aziridine rings (Eqs. 177 and 178).wi649 

Ring openings with acid halides are general and often useful Several 
cis ring openings have been noted (Eq. 179).''~'80 The most interesting recent 
reaction of this type is illustrated in Eq. 180. Under controlled conditions, the 
isoquinuclidine structure 221 predominated over the [3,2,1] azabicyclopentane 
system (222) by approximately 3 : 1.442 

(1 79) 

NHCOC,H, 
& + C,H5COCI - 4 

N H  
CI 

R' = R' = H R = Cp&O X=Cl  
R = C H , ; R ' = H  R = pCH&,H4S0, X=CI 

R' = R' = R = RCO, X = 0,CR 

Use of indoleacetic anhydride allowed synthesis of 223 and eventually desethyl- 
ibogaine (224). Extension of this strategy led to the synthesis of ibogamine,w 
coronaridine, and ~elbanamine.6~~ 
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In another interesting application aziridine 225 was opened with ethyl chloro- 
formate to give 226. The latter was ultimately converted to  a 9-azaprostaglandin 
analog 227.”’ 

NC(CH2) ,~CHCH(CO~C~HS)~ 

227 

Thionyl c h l ~ r i d e , ~ ’ ~  6s2 thiophosgene,6s2 and phosgene6s2o6s3 open the aziridine 
ring. The latter reaction allows synthesis of chloroisocyanates (Eq. 181). 

Carbon disulfide expands the aziridine ring to thiazolidinethiones. The 
stereochemical consequence of this reaction (Eq. 182) led to the mechanism 
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proposed in Eq. 183.6" This expansion also appears to take place with N-substituted 
a7.i~idines$'~ 

Isocyanates (Q. 184), isothiocyanates, trichloroacetaldehycd, and COS effect 
similar expansions as summarized in Tables 7 1-73. 

TABLE 71. EXPANSION OF AZIRIDINES WITH ISOCYANATES 
S 
K I-R'-N=C=S - R-N N-R' u 

I 
k 

R R' X Yield (%) Ref. 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
S 
S 
S 
S 
S 
S 

46 
57 
60 
30 
83 
46 
36 
59 
92 
85 
75 
79 
93 
92 
95 
96 
99 
99 
68 
76 
99 

65 6 
656 
65 6 
6.56 
656 
656 
656 
656 
656 
656 
656 
656 
657 
657 
657 
65 7 
65 7 
657 
6.57 
65 7 
65 7 

pacJI4soa cH,CH=CH, S 76 65 7 
pclc3,so, CHiC(CH+CH, S 72 65 7 

3c6H4SO) CH,C(CHJ=CH, S 66 657 
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TABLE 72. EXPANSION OF AZIRIDINES 
WITH CC13CH06” 

Ar Yield (%) 

~CH&CONHC,H, 66 

Diborane converts vinylaziridines in a stereospecific manner to primary allylic 
amines (Eqs. 185). 

N 
I CH,/ ’H 

H 

r 

(185b) 

The key step in this reaction is thought to proceed as shown in Eq. 186.6’” Another 
interesting ring opening of vinylaziridines is shown in Eq. 187. Depending on the 
substituent X, ring opened products or tetrahydroazepines 

Cyclooctene aziridines are opened by mercuric salts (Eq. 188). Intermediates 
228 and 229 have been pr0posed.6’~ 

TABLE 73. EXPANSION OF AZIRIDINES 
WITH cos657 

n + COS - ArSO,NvS 

0 

Ar Yield (%) 

p-CH,OCONHC,H, 92 
P C H  3c6H4 93 

w 6 H 4  95 
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- 1  
H-B'L-H 

I 
H 

@ +  H 

("7 - 
NH 
I 

H-B-H 

H 

228 229 

Another intriguing expansion results from the reaction of azidoformates with 
aziridines (Eq. 189). Yields in this reaction are indicated in Table 74. The reaction 
is stereospecific. The potential synthetic utility of this reaction stems from the fact 
that l iAlH4 reduction of 230 yields 231.660 

TABLE 74. REACTIONS OF AZIRIDINES WITH AZIDOFORMATESdd0 



Reactions of Aziridines 115 

230 

LIAIH, / 

231 

B. Nucleophilic Ring Opening (Without Resultant Isomerization) 

Most of the aziridines that undergo direct nucleophilic ring opening bear strong 
electron-accepting groups (RCO, RS02, CN, Ar, etc.) on nitrogen. The aziridines 
that do not bear such substituents require very strong nucleophiles or vigorous 
reaction conditions for ring opening. It is possible that some of the latter examples 
actually involve general acid catalysis. Actual proof of bimolecular ring opening 
has been based, in one instance, on Hammett o-p correlations and kinetic evi- 
dence.661 
Competition occurs between attack on the ring and carbonyl carbon of 232, and 
thus presents a complication in the synthetic utilization of such reactions. It has 
been shown that the poorer nucleophiles are more likely to  open the ring (Eq. 
190).566 Trityl lithium behaves like aniline, while benzyl or t-butyl lithium acts like 
the lithium anilide.= 

0 

Various nucleophiles open N-cyanosteroidal aziridines.M2 LiAlH4 has been shown 
to cleave an activated steroidal aziridine (Eq. 191).663 The trans ring opening of 
233 is best accomplished via the indirect procedure of Eq. 192.669 
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NH, 
C F&OSC 
L 

COCF, 
I 

233 

Activated aziridines have been opened by thiosulfateM5 and thiophenoxide.- 
In the latter case elimination results in isocyanate formation (Eq. 193). 

A number of nitrogen nucleophiles such as NaNSM7 and anilines' open aziridines. 
Some of the most interesting and potentially useful reactions of this type involve 
carbon nucleophiles. Certain ylides attack activated aziridines as indicated in 
Eq. 194.668 

Attacks by dianion 234M9 
yields of opened products. 

[(C2H&CCOi]Kt + 

234 

and by various other stabilized give good 

+S 

Nucleophilic ring opening of aziridines by dimethylsulfoxide405.6".674 results in 
the oxidation of one ring carbon (Eq. 195).675 
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Synthesis of larger heterocycles can result when bifunctional nucleophiles 
open the aziridine ring and subsequently recyclize. The reaction of nitrones with 
aziridines (Eq. 196) as summarized in Table 75 falls into this category. 

Also noteworthy is the high yield reaction of N-arylaziridines with ethylene oxide 
(Eq. 197)!% An N-cyan0 steroidal aziridine has been converted to 235 bySCN.662 

CN 

235 

Aziridine 236 is converted to mixtures of 237 (“abnormal”) and 238 (“normal7’) 
by different difunctional nucleophilesPn 

‘I‘ 
t-Bu 

236 

237 

X = S ; C H Y  

N 
I 
I-Bu 

238 
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TABLE 75. REACTION OF NITRONES WITH AZIRIDINES"* 

R R' Ar Yield (%) 

The most useful reactions combine carbanion nucleophiles with activated 
aziridines. The ring expansion of Eq. 198 typifies the heterocyclic synthesis that is 
possible (Table 76). The conversion is quite general, since many analogous trans- 
formations have been observed in which different carbanion-stabilizing substituents 
were 

TABLE76. RING OPENING OF AZIRIDINES BY 

,CO,R 
MALONATE SALTS6" 

X R Yield (%) 
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Mid 239 yields 240 in several steps.668 

240 
239 

An enamine has also been utilized as the nucleophile (Eq. I 99).“83 

C .  Acid-Catalyzed Rearrangement of Aziridines 

In contrast to cases of R = R‘ = H (Section IV, 2, A), 241 undergoes ring expan- 
sion when R = R’ = C& or R = H, R’ = C&IS (Eq. 200).3s8 

24 1 

A similar ring expansion is probably responsible for the isomerization of spiro- 
aziridine 242.- Proton migration (Eq. 201)uo and elimination (Eq. 202)435*436 
are other typical fates of ring-opened cations. 

242 
R = CO&H, (90%) 
R = C,H, (98%) 
R = C,H,CO (91%) 
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Although the mechanistic details are unspecified, ring openings of the type illus- 
trated in Eq. 203m* 399 are probably also analogous to Eq. 202. The acid-catalyzed 
isomerization of 243 to 244 yields a product with potential synthetic utility?n 

H 
I 

H* or 

heat 
__* 

R pP=c= CI N-Ar 

244 
243 

D. Base-Catalyzed Rearrangements and Other Reactions of Aziridines 

The unusual rearrangement of 245 to 247 is believed to go via ring opening 
of intermediate 246.265 
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247 

A similar intermediate was postulated in the conversion of 2488 to 248b.- 
In spite of the potential acidity of aziridine ring hydrogens, there are only a few 
reports of reactions initiated by deprotonation. Equations 204* and 205618 are 
among the more interesting examples. 

248b 
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One of the most unusual basecatalyzed reactions is the oxidative rearrangement of 
Eq. 206.5'sw686*687 The mechanism shown in Eq. 207 has been proposed to account 
for the experimental observations. It is known that 249 is thermally stable toward 
azomethine ylid formation under the reaction conditions. It is not clear why 253 
would be less stable. 

252 

Ring-opening isomerization of compounds of general structure 254 upon 
acetylation is probably base catalyzed.lm+ 12' 
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TTR ( C H C 0 ) O  

N pyridine 
II_ 

I R 
NH2 
254 

Bicyclic aziridine 255 is oxidatively ring opened to 256.607 

C 6 H 5 k c 6 H 5  , C 6 H , w C 6 H 5  H 
CH,O- 

NYN 
C,H, 

NUN 
C6H5 

c6H5Pc6Hs YN 
C 6 H 5  

255 

A 

'bH5 z6 

dog 257 yields variety of products derived from initial deprotc tion.=* 

C6HJ' ___* KOr-Bu c 6 H 5 & L 6 H  C6H5 

r-BuOH 
+C6H5 C 6 H 5  

c 6 H 5  

257 + 

+ 
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E. Thermal Aziridine Decomposition 

A number of thermal aziridine decompositions have been reported that do not 
appear to be concerted. Pyrolysis of 258 gives 259. This reaction is in contrast 
to the basecatalyzed transformation 255 + 256. 

258 

c 6 H x N r H 5  . o? [ C6H5 C6H5 

C6H5 N’ C6H5 C6H5 N X C H  6 I 

/ 
259 

Bicyclic aziridine 260 is thermally converted to 262. Intermediate 261 has been 

262 260 261 

N-Nitroaziridine 263 is converted thermally to 264.- No explanation exists for 
the unusual thermolysis of Eq. 208,= which probably proceeds via methanol 
elimination to a Dewar-pyrrole. 

0-P I NH 
I 
No* NO2 

263 264 
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F. Isomerizations of p - X =  Y Derivatives 

Aziridines bearing unsaturation on nitrogen rearrange under various conditions. 
These rearrangements have been alluded to in two r e v i e w ~ . 6 ~ * ~ ~ ~  A particularly 
useful chapter on aziridine rearrangements, published in 1971, contains excellent 
additional coverage.' Some of the most important isomerizations include the 
conversion of partial structure 265 to 266 and/or 267. The former occurs under 
acidic or nucleophilic conditions as well as thermally. Formation of 267 is usually 
encountered under thermal conditions. 

265 266 267 

Iodide is often used as a nucleophilic catalyst for the 265 -+ 266 isomerization.6m 
The initial displacement (Eq. 209) yields 268, which can cyclize to a 2-oxazoline. 
Under certain conditions and substituent patterns, a second displacement by I- 
yields 269, which can then close to the thermodynamically favored 

H - \ ~ H  T R' I- I 
____, 

268 

/ 
R' R' 

H++H 

NY 

269 

R R 
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Acidcatalyzed isomerization can lead to a variety of stereochemical results. S N l  
(Eq. 210), sN2 (Eq. 211) as well as SNi processes have been considered?% The 
SN1 process would lead to stereochemical scrambling, whereas the double inversion 
implicit in the sN2 pathway would give retention. The SNi route would be equiva- 
lent to a tight ion-pair mechanism and would also result in retention. 

Orientation and substituent effects on these different processes have been studied 
and found to be consistent with the proposed Isomerizations 
in sulfuric acid have been examined:% and intermediate 270 has been detected 
by nmr spectroscopy.699 

The thermolysis of 1-acyl-2-alkylaziridines generally results in the formation of 
N-allylamides (267). Considerable evidence has been accumulated in support of a 
concerted sixcenter transition state (271). First-order kinetics and a high entropy 
of activation are consistent with 271.700 The lack of a solvent effect along with a 
Hammett equation indicative of negative charge accumulation on nitrogen also 
support the postdate of 271? 

271 

Particularly revealing are the pyrolyses of Eqs. 212 and 213.m The difference is 
explainable only in terms of conformational accessibility of the respective side 
chain hydrogens. 
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Ar3-N@HJW- 110" 

0 
ArCONH ArCONH 

2: 1 

ArCONH 
7:1 

A different type of six-center transition state is depicted in Eq. 214.430 

Other thermolyses of 265 in which the side chain is absent provide a stereo- 
specific route to 2-oxazolines. Diradical 272, dipole 273, and concerted transition 
states (274) have been proposed. 

1-+ 
0- 

272 273 274 

Although some abbreviated substituent effect observations are indicative of a 
transition state with negative charge on nitrogen:= more complete mechanistic 
studies are needed. It should be noted that acid and nucleophilic catalysis must be 
excluded in such studies and that 274 is formally d i s a l l o ~ e d . ~ ~ * ~  Table 77 
summarizes recent thermal, acidic, and nucleophilic isomerization of the type 
265 -f 266. 
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TABLE 77. ISOMERIZATION OF AZIRIDINES TO FIVE-MEMBERED RINGS 

X=Y 

R' R' R' R4 X Y Agent Yield (%) Ref. 

H H  
H H  
CH, H 
H H  
H H  
H H  
H H  
CH,-O-CH, 
CH,-O-CH, 
H CH, 
H H  

C6HS 

CH3 a 3  

CH3 a 3  

c6HS 

CH, CH, 
CH, CH, 
CH, H 

CH, H 
CH, H 

( 3 3 3  H 

(CH1)3 
(CHl), 

H H  

H H  
H H  

H H  
H H  
H H  
H H  
H H  
H H  
H H  
H H  
H H  
H H  
H H  

c6H5 

0 H* 
0 H* 
0 H+ 
0 H* 
0 H+ 
0 I- 
0 -SCN 
0 1- 
0 Heat 
0 I- 
0 1- 
0 1- 
0 Heat 
0 1- 
0 H+ 
0 H+ 
0 H+ 
0 H* 
0 H* 
0 H+ 
0 H* 
0 1- 
0 Heat 
0 1- 

0 I- 
0 Heat 
0 Heat 
S Heat 
S Heat 
S Heat 
S Heat 
S Heat 
S Heat 
S Heat 
S H+ 
S H* 
S H* 
NC& H* 

61 
53 
66 
68 
71 

97 
79 
33 
96 
96 
85 

97 
11 
11 
11 
80 
80 
75 
50 

100 
34 
79 

98 
80 
70 
69 
68 
69 
65 
60 
70 

70 
92 
91 

- 

- 

- 

- 

698 
698 
698 
698 
698 
705 
706 
102 
102 

4 
4 
4 

350 
685 
707 
707 
707 
708 
708 
708 
708 
709 
709 
710 

711 
711 
711 
712 
712 
712 
712 
712 
712 
713 
714 
714 
714 
558 - 

One of the most useful applications of these rearrangements utilizes the sequence 
of Eq. 215. The utility of the sequence stems from the inertness of 275 toward 
such reagents as R'MgX and IiAlH4.nS Since 275 is readily hydrolyzed by aqueous 
acid, the entire sequence represents a convenient protecting group for carboxylic 
acids. 
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The rearrangements described in this section have been applied to a number of 
more complex systems. For example, thermolysis of mitomycin analog 276 yields 
277.ls7 

276 

In another related example, N-acylhaloaziridine 
279.145 s 259 

278 279 

277 

278 yielded oxazole 280 via 

-I 

280 

R = C,H,;R' = CH,*59 
R' = C,H,; R = C114s 

These rearrangements have been also especially useful in the synthesis of com- 
plex heterocycles. Typical examples are given by Eqs. 216,'16 217,n7*718 218,'" 
219:% and 220.5n Two related rearrangements that yield six-membered rings are 
found in Eqs. 221n9 and 222.%8*"9 
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R = CH, (89%) 

H 
I ArTNqR - H+ 

N 
'OH 
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G. Azomethine Ylids from Aziridines 

a. INTRODUCTION 

131 

One of the major discoveries made since the last review is the equilibrium that 

The latter undergo facile dipolar additions to  a dipolarophile (A=B). The net 
exists between aziridines and azomethine ylids (Eq. 223). 

result is a versatile synthesis of five-membered heterocycles. 

b. MECHANISTIC ASPECTS 

The isomeric aziridine esters 281 and 282 have been studied in great detail.’’’ 
The chemistry of these aziridines provides some of the most elegant support for the 
tenets of orbital symmetry. The stereochemical outcome of the thermal ring 
opening is defrned as conrotatory by the stereospecific interception of ylids 283 
and 284 by dipolarophiles. In the absences of dipolarophiles, however, 281 and 282 
equilibrate via 283 and 284. Formation of dimers (e.g., 288) also occurs when 
dipolarophiles are absent.= Photochemical ring opening of the 2-3 bond proceeds 
via a disrotatory process. 

281 I 
Ar 

Ar 

282 

283 284 

Ar 
I 

xYNYx A- B 

286 287 I 
Ar 

Ar = pCH,OC,H, 
X = COFH, 288 
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Thus, 281 yields 284 and 282 produces 283. The photochemical reactions of 281, 
however, were less stereospecific because of apparent competing photochemical 
interconversion of 283 and 284. Even the thermal process is not always stereo- 
specific. Stereochemical mixtures are often encountered with the less reactive 
dipolarophiles since interconversions of the 283 ia 284 type then become com- 
petitive?” It has also been noted that the additions of 283 are faster than those 
of 284.’” Aromatic nitrogen substituents appear more likely to give stereospecific 
addition than aliphatic nitrogen substituents. E m  adducts result from additions to 
norbornene der i~at ives .5~~ ’24 The energetics of these interconversions have been 
deduced from a series of carefully designed experiments.’”* Activation energies 
of approximately 29 and 22kcal/mole are required for the 281 +283 and 
282 + 284 interconversions, respectively. 

In contrast to 283, two ylids, configurations 284 and 285, must be considered 
for the thermal product from 282. It has been concluded that in at least one case, 
284 is more reactive in addition reactions.n1 Aziridines that are cis fused in a 
bicyclic system are precluded by geometrical considerations from conrotatory 
opening. Examples include 289,n1 290,- and 291.6% 

290 

In one case, 289, photochemical opening proceeded without difficulty. When the 
resultant ylid is the recipient of sufficient delocalization, forbidden disrotatory 
opening is possible (Eq. 224).n2* 723 

A variety of additional evidence has been amassed for the intermediacy of 
azomethine ylids. These ylids have been synthesized by other methods and are 
allowed to close4% or to be trapped.7w The most significant evidence comes 
from observations of photochromism in aziridines.m Flash photolysis of 281 and 
282 produces a yellow color that fades slowly on warming (reversion to  281 and 
282) or instantly on addition of a good dipolarophiIe.726 Similar observations have 
been made in a detailed study of 292. 
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0 

133 

292 293 

When X = p C H 3 0  and Y = NO2, charge stabilization in 293 is so great that it is 
visible and stable at room temperature.m Another extreme example of such 
stabilization is found in 294, which exists only in the ylid form 295.% 

Y" 
?CHO 294 O*C,H, - 295 CO,C,", 

Similar photochromism is also observable in bicyclic aziridines (296)Po7* ns Sensi- 
tivity to substituent and strain effects followed expected patterns.= 

Ar 

c*y,$Ar 

"5: R' 

297 296 

C. SYNTHETIC APPLICATIONS: FIVE-MEMBERED HETEROCYCLES 

The addition of azomethine ylids to various dipolarophiles is an experimentally 
simple reaction. Such additions constitute a versatile route to a wide variety of 
five-membered heterocycles. A useful review has appeared.n7 Some of the possible 
permutations and combinations are depicted in Table 78. Although many of these 
additions are probably concerted, it is possible that some occur in stepwise fashion. 

d. OTHER CHEMISTRY OF AZIRIDINE-DERIVED AZOMETHINE YLIDS 

In some cases, particularly when alkynes are used as dipolarophiles, aromatization 
and/or isomerization of the double bond occurs. A typical example is shown in 
Eq. 2 2 5 . ~ * 1 s 8  

A number of other similar oxidative dimerizations have been noted.748* ** 7"* 759 

Aromatization via HCN loss ( E q ,  226),760 decarbonylation (Eq. 227),227 and 
combinations of bothx1 results in novel heterocyclic syntheses. A particularly 
interesting postaddition rearrangement is depicted in Eq. 228?53*m2 The major 
product arises via a 1 &shift. 



TABLE 78. HETEROCYCLES FROM AZOMETHINE YLID: DIPOLAROPHILE 

Aziridine Dipolarophil@ Ref. 

mlcYqR I 

Ar 

c6qtjcbH5 N 

I 
Ar 

ciH\t7 N 

cbHb N 

R'O ,CCEc-CO, R 
R'O,CHC=CHCO, R 
Norbornene 
C,HsCOCSC6Hs 
O=C[ C0,R' J, 
RO,CN=NCO,R' 
C,H,N=NCO,R' 
C6H5CH0 

C6H5N$C=0 
Phenanthrene, anthracene 

C,HsCH=N-CH, 

RO,CC--CC0,R 
RO ,CCH=CHCO,R 

Norbornene 
RO,CN=NCO,R 
C6H &OCH=CHCOC,H 
Cyclohexene 

C& ,COCH=CHCOC,H 

CH ,=CHCN; CH ,=CHCO,CH, 

Norbornene (hv) 

I 
Ar' 

R'O ,C=CO,R' 
NCCH=CHCN 
CH,=CHCN 
CHI =CHCO,R' 
C6H ,CH=CHCOCH , 
Ar"N#C=O 
Ar*c';s 

518 
336 
336 
336 
519 
519 

729 
729 
729 
730 

728 

523,524,731 
523,524,731 

731 

731 
731 
731 
731 

336 

733 

721 

168 
734 
7 34 
7 34 
734 
735 

134 



TABLE 78. CONTINUED 
Aziridine Dipolarophil8 Ref. 

ArvcolR I 
R' 

R"O,CN=NCO,R" 
R"02CCH=CHC0,R" 
R'O ,Cc3CCO ,R" 4 

0 

C,H ,CH=C [CO,R' 1, 
R"CH0 

N R"DCR", R"CH=CHR" 
I (C,H,),Cfc=O; CH#C=O 

Ar' H-NSC=O, H-NSCzS, H-NSCS 
Af'-N&=O 

CH ,O,ccI5CCO,CH ICF.I*vcozcH' I 

C,H, 

R ' a C - R  *Y R"O,CCH=CHCO,R' 
I 
R 

Ar"SO$I=CHAr"' 

I 
R R'O,CCH=CHCO,R' 

R'O,CN=NCO,R' 
Ar"CH=CHCOC,H , 
C6HsCOCH=CHCOC,H, 
NfmOC6H5 

d""' 

736 
520 
5 20 

5 20 

737 
7 38 
739-742 
743 
744 
735 

329 

5 25 
5 25 

745 

227 

227 

746-748 

736,748 
749 
749,750 
750 

75 1 

27 1 

75 2 
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TABLE 78. CONTINUED 

W i n e  DimlarouhileO Ref. 

‘QCb” I 1  

*-R ‘R 

eHJ N 
I 
t -Bu 

voc2HJ N 
I 
Ts 

CJl $OCH=CHCOC,H, 
R’OJKkCC0,R’ 
R’O,CN=NCO,R’ 
R’O&CH=CHCO,R’ 

R’O$CH=CHCO,R’ 
R’OaCN=NCO,R’ 

C$l ,OaCN=NCO&!,H I 

H-@CCO,CH3 
CH jO,cclCCOICH 
Norbornene 
R’O,CCH=CHCO,R’ 

CH , O , C M O  ,CH , 

CF ,CF=CFCF, 

7 3  

O=C 
‘CH, 

336,749 
749,753 
75 3 
75 3 

754 
75 4 

754 

755 

230 

2 30 

230 

500 
500 
723,777 
723,717 

384 

75 6 

757 

~~~ ~ ~ ~ ~ 

hu = photochemical reaction; wavy line indicates bond added to in cumulative system. 

The azomethine ylid is often intercepted via concerted electrophilic attack. A 
typical example is shown in Eq. 229.- 

Similar reactions of the dipole intermediate with water:=* 7a alcohols,n2g 764 

amines,%’ and carboxylic acidsw have been described. A particularly significant 
result occurs when the ylids are trapped with IiC104.766 
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R 

CO, H,CO,CH, 

4 &A r 

Ar -I 
R 

ArvcN - R e C R  

I 
R 

R R  R R  

' Ar X C N I -  N I Ar & H 

R 
I 
R 

0 

+ / 
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\" n (229) 
IY 
I 

A r  

A r  OH >Lr -C H (CO,C,HJ, 

H A r  

The resultant salt (298) has been observed by nmr spectroscopy and reacted under 
mild conditions with various reagents (e.g., H 2 0 ,  KCN). Other noteworthy inter- 
ceptions of these ylids are found in Eqs. 230%' and 23 1 .%' 

298 

The azomethine ylid has been shown to react with aldehydes formed via hydroly- 
sisn2* 769 and to undergo Stevens rearrangements.='* 

A large number of other reactants have been subjected to azomethine ylids. 
Many of these give interesting but complex chemistry. These reactants include 
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cyclopropenone imines,m cyclopropenones,mi phosphorous ylids,m sulfonium 
ylids,m* nitroso and oxygen.m* 785 Isonitriles react with 
aziridine generated azomethine ylids to give both open (Eq. 232)786 and cyclic 
(Eq. 233)"" products. The former process is acid catalyzed. The concertedness 
of the latter is unknown. 

R 
A r  

Hw N I E: ,CH , ___) RNC Ar &;*CH, N I 
(233) 

e. AZIRlDINE ISOMERIZATIONS AND 
RELATED REACTIONS VIA AZOMETHINE YLIDS 

Formation of both 299'14 and 30Om is initiated by ringclosing isomerization 
of an azomethine ylid. 

- rYc6H5 C H 1 d C 6  H, - C H q C ' H 5  

N 
I-BU I ;/ PBu 

I 

C,H 5 

I \  
N 

I 
I-BU 

299 
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The final products then result from aromatization of these precursors. The iso- 
merizations of 301,mg 302,790 303?97 304,% 305,'91 and 3M4@ proceed via 
azomethine ylids. 

C 6 H 5 v 6 H 5  _[I*' A -8 ] + c 6 H 5 c 0 2 h  

N I chHs<'C6H5 C6H5 N=CHC,H, 
COC6H5 

301 

N 

'6H5 

3 02 
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The intramolecular cyclization of azomethine ylids represents a recently tested 
route to novel bicyclic structures (Eqs. 234 and 235).792 Other azomethine ylid- 
type rearrangements are covered later in the discussion of vinylaziridines. 

A - C02CH, 73% 

I 
R 

I 0  
R 

COIC H 

A AfYcH' - 67% Ar \ CO,CH, 

H. Thermal Rearrangements of Vinyl- and Allylaziridines 

Aziridines bearing pendant unsaturation display especially interesting and 
diverse chemistry. The actual reaction course depends on the geometry and 
nature of the substituents. Thermolysis of compounds with structure 307 yield 
308.1".1z0338 In contrast, isomers of structure 310 give 3-pyrrolines (311) on 
heating. 

Similar 3-pyrroline formation has been noted with carbethoxy,99 phthalimidyl,430 
and other related431 793 electrondelocalizing nitrogen substituents. The importance 
of the relative geometry (cis) for the vinyl and phenyl groups in the formation of 
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310 
311 

309 has been Although either concerted or diradical mechanisms may 
be written, the lack of crossover between 307 and 310 decompositions suggests a 
concerted type of mechanism. On the other hand, the large effect of R' = CHP for 
both 307 and 310 (rearrangement is spontaneous at room temperature) requires 
explanation. Further studies of substituent electronic and steric effects would shed 
additional light on these interesting reactions. 

A second pattern is exhibited by the spontaneous rearrangement of 312 and 
3 14.12.%658b 

d F ,  N 

I 
H 

+ 

313 312 

3 14 

Isomer 315 yields a mixture of 2- and 3-pyrrolines. Other N-alkylaziridines (315) 
have been noted to give 2-pyrrolines (316) and structures related to 313.m*606 

315 316 
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Further information on the latter type isomerization is provided by the cis and 
trans aziridines 317 and 318.7w These authors favor an azomethine ylid inter- 
mediate but note that concerted pathways cannot be excluded. 

R 7 - P C , H ,  N 
I 
t-Bu 

317 

I 
I -Bu 

318 

dR 240' - 
W , H ,  

N 
I 
t-Bu 

L B u  

Cis- and nuns-2,3-divinylaziridines have been studied by various labora- 
The cis isomers undergo extremely rapid room temperature Cope 126* 

rearrangement (Eq. 236). 

By contrast, the fruns analogs require higher temperatures (300'). Although the 
stereochemistry of the latter was not defined, an azomethine ylid probably was 
involved.7w The acetylenic analog 319 rearranges to 321 via 320.*u1*"'s 

t-Bu [";"1 /-BU N 
I 
t-Bu 

319 320 32 1 

Thermal Cope-type rearrangements between C-vinyl and nitrogen substituents 
bearing appropriately located unsaturation are also known. These are depicted 
in Eqs. 237,98 238,% and 239.% 
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v\- (") 
Y Ax N+fx 

Y x=o.s 

(239) 

Synthesis of azepine derivatives via the valence tautomerism approach of Eq. 
240 has been particularly useful. Some examples of this synthesis include 322,'= 
323,'% 324,'& and 325." * 797 

/ 
C N - X  

323 

324 325 
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A related tautomerism has been applied to a p~rphyr in . ’~  The conversions of 
326 to 3 2 F e m  and of 328 to 329m represent other valence tautomerism 
routes to novel heterocyclic systems. 

8 - 
k02 R 
326 327 

The most intriguing valence tautomerism of an aziridine derivative remains to be 
demonstrated. Calculations have predicted that aziridine derivative 330 would be 
a nonclassical molecule because its ground state would be characterized by degener- 
ate isomerism without activation.m This molecule has not yet been synthesized. 

330 

Isomerism of 331 and 332 allows entry into medium-sized heterocycles.80’*802 
It is not known whether these reactions are stepwise or concerted. Sigmatropic- 
type rearrangements of 334 and 335 lead to useful bicyclic heterocycles?” 

331 

\ 
332 R 

I 
R 
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333 

P 

04- .c & 
334 

R=N 

A palladium derivative efficiently converts 335 to 336.- 

3 35 336 

Heteroanalogs of vinylaziridines have also been studied. Under mild conditions 337 
rearranges to 338 and 339 via the sequence of Eq. 241." An analog behaves 
similarly .803b 
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The ring expansions of 340158*446 and 3412n also deserve mention in this section. 

340 R = H , C 1  

341 

Pyrroles result from thermolysis (see Eq. 242)=' and dihydropyridines from the 
sequence of Eq. 243.3n*3n 

.R 

Numerous compounds of general structure 342 expand to 343.320* 361*41s*804-806 

A solvent effect suggested a polar nonconcerted mechanism (Eq. 224).- 

342 k 
343 
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I. Rearrangements and Other Ring-Opening Reactions 
of 2-Haloaziridines 

A detailed mechanistic analysis of the hydrolysis of 2,2-dichloroaziridines has 
provided evidence for the process shown in Eq. 245.M7 Additional support for the 
intermediacy of 344 has been derived from a study of the analogous monochloro- 
aziridines.590 

Ar (245) 

a- 

ArCHCONHAr’ ArCH-CONHAr’ 
1 I 
OH cl 

Numerous subsequent studies have extended the scope and added confirmation for 
the proposed m e c h a n i ~ r n . ~ * ~ ~ * ~ ~  Carbonium ion 344 has also been intercepted 
via intramolecular electrophilic aromatic substitution as indicated in Eq. 246.= 

n = 0 (96%) 
n = 1 (80%) 
n = 2 (67%) 

Thermolysis of dihaloaziridines, in an apparently analogous reaction, produces 
ehaloimidoyl halides (Eq. 247).w~809*810 Although it has been claimed that 345 
is formed directly in a concerted electrocyclic ring opening, the evidence for this 
assertion may not be adequate. 
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Ar H CI 

H CI N-Ar’ 

149 

(247) 

Analogy with the more easily studied hydrolysis suggests that 344 is also involved 
in the thermal reaction. The ring-opened carbonium ion has been intercepted as 
shown in Eqs. 248”’ and 249.812 

Equations 250pss~4s7 251?16 and 252m demonstrate that such ring openings 
are not limited to 2,2-dihaloaziridines. 

(25: 
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Closely related to the preceding reactions is the high yield conversion of 2,2- 
dihaloaziridines to ketinimines (Eq. 253).260*449*450 

Ar 

J. Hydrogenolysis of the Aziridine Ring 

The aziridine is relatively inert toward ring-opening hydrogen~lysis~'~ (Section 
III,2, A). Lithium in ethylamine affects the conversion of 346 to 347.18' 

346 341 

Sodium in liquid ammonia has been reported to give the results of Eqs. 254 and 
255.814 The origin of the product in the latter case is unclear. 

The catalytic reductions of Eqs. 256,- 257,815 258," and 259'" illustrate some 
of the published catalytic hydrogenolytic ring openings. 
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+co'H .pd-c+ HOICCHzCHCOzH 
H2 I (257) Hozc pJ N H, 

I 
H 

2: 1 

K. Deamination of Aziridines 

The deamination of aziridines includes reactions in which the aziridine nitrogen 
is removed and an alkene formed (Eq. 260).*16 Although such reactions were 
initially studied for mechanistic reasons, they have come to be employed for 
structural purposes. More recently, such reactions have also become known as 
useful synthetic routes to unsaturation. 

The deamination of unsubstituted aziridines is summarized in Tables 79 and 80. 
Some of the entries marked as stereospecific may be stereoselective. It is also 
possible that strongly electron-donating or -attracting groups might reduce stereo- 
specificity. Nitrosyl chloride presumably forms an intermediate 348, which has 
been detected in one case?" 

57' N 

I 
N II 
0 

348 
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TABLE 79. DEAMINATION OF 1-UNSUBSTITUTED AZIRIDINES 

Stereo 
R' R' R' R' specificity Reagent Yield(%) Ref. 

H H 
H H 
H H 
H H 
H H 
H H 
H CH, 
H CH, 
CH, CH, 
H @6H5-cfi4c0 

C6HS 

H C5H,, 
H H 
H H 
H H 
H CH, 

- H 
H 
H - 
H - 
CH, Yes 
CH, Yes 
H Yes 
H Yes 
CH, - 
CH, Yes 
CH, Yes 
H Yes 
H 
H 
C,H5 Yes 

CH Yes 

- 

- 
- 

C f i ,  y e s  

NOCl 
HNF, 
NOCl 
NOCl 
NOCl 
HNF, 
NOCl 
HNF, 
NOCl 
NOCl 
NOCl 
n-BuONO 
n-BuONO 
n-BuONO 
n-&ON0 
n-BuONO 
n-BuONO 

40 
80 
57 
53 
43 

52 

27 
22 
32 
92 
100 
86 
58 
87 
83 

- 

- 

817 
818 
817 
817 
817 
819 
817 
819 
817 
162 
162 
200 
200 
200 
200 
200 
200 

The stereospecificity suggests a concerted loss of N20. Although nitrosyl chloride 
was the early reagent of most recent publications have described the 
use of HNO,, BuONO, NOBF,,, and other diazotizing agents.132~142*m*303*802 
The intermediate 348 also decomposes in a concerted, stereospecific manner. 
Another reagent, HNF,, has also been used to generate 349.817-a18 

349 

Oxidation of 350 and 351 with MnO, may also proceed via 349. The reaction, 
however, is not stere~specific!~~ 

350 35 1 
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TABLE 80. DEAMINATION OF 1-UNSUBSTITUTED AZIRIDINES 

78% (isoa~nyl-NO)~" 

Ho & M 

90% (isoamyl-NO)"' 

Ho a? M 

ArSO,N 

NH 
70% (NOBF,)"" 

Oxidation of aziridines with peracids has been studied by several laboratories. The 
deamination of 352 appears stereospecific in 85-90% yield.au' The corresponding 
peracid oxidations of 353 are not s t e r e o ~ p e c i f i c . ~ ~ * ~  In one case (Q. 261) the 
intermediate aikene undergoes epoxidation.820 

352 353 

Ozonolysis of 354 results in deamination. The N-oxide intermediate was spectrally 
identified, although it was unstable above Oo.82' It was also demonstrated that 
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independently synthesized 1,2-oxazetidine 356 was stable under the reaction 
conditions, hence 355 must decompose directly to products. 

W-Q I 0- N z i  I 
/-BU 

I 
t-Bu 1-BU 

354 355 356 

N-Oxide 357 yielded 358 instead of the deamination product. N-Oxides have also 
been postulated in the low yield liver microsornal deamination of aziridines.822 

Ferrous iodide deaminates aziridines (Eq. 262) in high (nonstereospecific) yield.823 
Similarly, N-alkyl-substituted aziridines are deaminated by the process shown in 
Eq. 263.= Oxazoles are often formed as a by-product. 

R 

0 
II 

A r C 0 ~ c b H 5  + [(C6H,),I]I - ArCCH=CHC,H, 
N (263) 
R I i, KK 

Ar 0 C,H, 

Other nonoxidative procedures have been used. Aziridines react with carbenes 
to yield ylids, which subsequently decompose to the alkene. Dichlorocarbenes 
(from chloroform) and carbethoxycarbene (from ethyl diazoacetate and Cu") 
have served as the carbene sources. The former gives dichloroisocyanides as 
by-products,82s*826 (Eq. 264) and the latter yields iminesa2' (Eq. 265). 

rfH' :CCI, - vCH3 - C6H,,N=CCI, 
(264) + *N.- I CCI, 

N 
I 

GHtt C,Ht, CH,CH=CH, 
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HCCO,C,H I v - 
N 
I 
CH,CH,C,H, 

The procedure has also been applied to aziridines unsubstituted on nitrogen.82s 
The decomposition step is not totally stereospecific. 

Certain N-substituted aziridines are particularly labile toward deamination. 
N-aminoaziridines decompose with high stereospecificity to  alkenes and diimide 
(Eq. 266) between 20' and 60" in good N-Aroylazoamines also decom- 
pose stereospecifically to alkenes and N-aroylazides.828-m 

Aziridinyl hydrazones function as masked diazocompounds. Temperatures of 
approximately 150" are required. Examples of the prototype reaction are found in 
5 s .  267,'% 268,831 and 260.'% The most important application of this procedure 
has been to cyclic ag-epoxyketones (Eq. 270).832 

Although temperatures of about 150' are required, the product is removed by 
distillation as it is formed. This procedure, which has been particularly useful in 
vitamin B12 syntheses, is summarized in Table 81. Photochemical decomposition 
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has been employed with good success.8Js Photochemical decomposition of 359 
has been employed in the study of carbene 360.= 

35 9 360 

L. Ring Opening of Aziridines to  Azaallyl Intermediates 

Interest in the ring opening of the cyclopropyl ring to ally1 systems (Eq. 271) 
sparked similar studies on the aziridine rings bearing appropriate nitrogen substi- 
tuents (Eq. 272). 

[ t -x  r -+ (-;*)+x-(+;-) (271) 

N 
N-X 9 \+ (-;*)+X-(+;*) C 

The solvolysis of carbon-substituted N-chloroaziridines has demonstrated that 
nitrogenchlorine and carboncarbon cleavages occur simultaneously in a dis- 
rotatory fashion (Eq. 273)P8*49*857 For example, 361 is labile where 362 is stable.48 
The relative rates of 363,364, and 365 also support this  conclusion.^' 
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KETONES AND ALDEHYDES FROM AZIRIDINE 

Ref. 

7% 
CH 3C=C(CH,)3CH0 

d 3& 

6% 

E H  G@ 

586 

586 

586 

5 86 

832 

833 

8 34 

CI 

Nb 
36 1 362 

The stability of 366 thus must also be due to a substituent effects2. 

The novel transformation of Eq. 275 constitutes still another example?56 
The conversion of 367 to 368 may also be explained in these terms (Eq. 274).'% 
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363 (1) 364 (1500) 365 (150,000) 366 

CI 
/ mN - m+ - (274) 

36 7 368 

Other approaches to the generation of the azaallyl cation have been found. One 
of the most useful involves the use of P ~ ( O A C ) ~ . ~ ~ ~ . ~ ~  The results of Eqs. 276 and 
277 are illustrative of this procedure. Specific examples of Eq. 277 are found in 
Table 82. Aniodic oxidation of aziridines also leads to the azallyl cation inter- 
mediate (Eq. 27QW - C&CH=N-6H2 - C6H5CH0 

Pb(OAc), c6H’w I (”%) (2 76) 

A 

C6HS 
)COCH,X (278) 

CH,OH 
C6HS 

)=N-~H,  - C6HS - l e -  

‘bH5V - C,Hs C6HS 
I 

H 
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TABLE 82. LEAD TETRAACETATE OXI- 
DATION OF AZIRIDINES*39 

R n Yield (%) 

CH, 10 82 

H 10 58 
CH 3 6 58 
c6HS 6 46 
H 6 29 
CH3 9 82 

C6HS 10 85 

The anionic version of these ring openings is also k n ~ w n . ~ ' - " ~  The key findings 
are found in Scheme 2."' The corresponding radical has been found by thermolysis 
of the appropriate perester (Eq. 279).844 

H H  H 

C 6 H , T : t , H s  - H C6Hs N CbHs 
I 
Li / C H 

6 S  

C6HS C6H5 

C& N C~HS I 
H H 

Scheme 2 

C6H5 &C6H5 , 
H 

H 
38% 

H 
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M. Photochemistry of Aziridines 

General aspects of aziridine photochemistry have been reviewed."' The photo- 
chemistry of aziridinylketones has been extensively studied.@'* 22s*2m* 845-848 Initial 
n --* II* excitation of the ketone produces an excited state (depicted for convenience 
as 369), which can partition itself in at least three ways (Scheme 3). 

X y H  N & 
371 'I H x 

372 

Scheme 3 

For example, photolysis of 373 leads to 374 and 375.nS0"s Product 375 is readily 
obtainable from 372 (path C). Cyclization of 370 and subsequent aromatization 
could account for 374 (path A). Photolysis of 376 yields 377 via structure 371 
@ath B).347 The preceding is, of necessity, an abbreviated summary of the observed 
results. 
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373 374 375 

Stereochemistry of the aziridine and the nature of the solvent play critical roles in 
product distribution. Studies are further complicated by secondary thermal and 
photochemical reactions. 

The photochemical behavior of some bicyclic aziridines of structure 378 is 
relatively well understood (Scheme 4).%’* m*’#)* ”’+ 759* w9 Dipolar intermediate 
379 has been trapped by 382 and by methanol to yield 383.w*ns*7s9 Other 
products derived from 379-381 are also obtained. 

R 

bc6Hs YN R 

378 

hu 
4 

A 
H R  

379 

381 

380 

// 
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383 
Scheme 4 

A novel photochemical transformation of 384 has been observed.850 Several 
mechanisms may be postulated, but intramolecular attack on azomethine ylid 
386 might give 387, which could in turn form 385. 

cbHYcAH5 - hv N d C b H S  
OZN+ ;,&I o z N ~ N , o H  

NCr NO2 

1384 
385 

Several photochemical valence tautomerisms that involve the aziridine ring have 
been observed. Two of the more interesting are depicted in Eqs. 280 and 281.805 

q - Irv_ (-JKH5 0 /  (280) 

I 
CQCZHs 
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N. Other Ring-Opening Reactions and Rearrangements 

Solvolysis of tosylate 388 yields, in addition to aziridinyl alcohol (389), ring- 
expanded products 390 and 391.6l’ These products and the Observed rates were 
explained in terms of the bicyclic intermediate 392. 

rpTsH2;;;r* p H  + 

I 
I-BU 

I 
I I-BU I-BU 

N 
I 
I-BU 

388 389 390 391 

I 
I-BU 

392 

Equilibration of 393 and 394 in acetic acid has also been 0b~erved . l~~  

393 
BU 
394 

A nonclassical ion was proposed to account for the results. lntervention of 392 
and/or ring-opened intermediates (in the acidic medium) were not excluded. An 
intermediate resembling 392 has been postulated in the ring expansion of aziridine 
carboxylates (Eq. 282). Evidence for the intermediate included the overall stereo- 
specificity of the conversion.165*166 

The aziridine ring itself is particularly susceptible to ring opening by internal 
nucleophiles. Among the more interesting examples are those illustrated in Eqs. 
2833n and 284.601 
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r-Bu 

H 
Neighboring group participation by hydrazones leads to pyrazole formation.ss' 
Several new examples have been reported.'62* Aziridine hydrazides undergo an 
interesting fragmentation reaction that results in ring opening and diimide formation 
(Eq. 285).852* 

0 
// 

J L - i N H 2 G  y l  + HN=NH - e*&" 
N H  (285) I 
r-Bu 

N-H 
I 
r-Bu 

N 
I 
I-Bu 
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Transition metals have been inserted into the aziridine ring. Photochemical addition 
of Fe(C0)’ takes the course indicated in Eq. 286.854 Certain transition metal 
hydrides also insert into the aziridine ring (Eq. 287).85’0856 

ft 
I 
CO,CH, 

I R? 

C,H,(CO),MH + A - C,H,ICOI.-M3 

H/ ‘R’ 

(287) 
R? R’ N R’ 

M = Co, Mo, Mn 
R’ = CH,, H, t-Bu 
R’ = C,H,, CH,, H 

395 

Stereochemical studies suggest that transfer of a proton is followed by bimolecular 
(inversion) attack on the ring with subsequent closure on the carbonyl (Eq. 288). 
Reaction of benzyne with 396 yields 398 via 397.8” 

0 

! 
-M-H 

I Y I 
R 

0 
I 1  
C 

-M 
/ 

I -f+ 

/ \  
H R  

d 395 

397 

398 
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V. AZIRIDINES WITH BIOLOGICAL ACTIVITY 

The strain and reactivity of the aziridine ring has led to the hope that these 
properties might be translated into useful biological activity. Efforts in this area 
have been summarized through 1969n5* Most of the interest in the biological 
activity of aziridines has focused on those that chemically modify DNA. Aziridines 
that have this characteristic have been investigated for potential antitumor and 
insect chemosterilant activity. 

Structures 399 (TEM), 400, 401 (Trenimon), 402 (TEPA), 403 (Thio-TEPA), 
and 404 are among the synthetic compounds with useful antitumor activity?s2 

399 CH, 400 401 

S A 0 

402 403 404 

All these compounds possess two or more aziridine rings and are thus polyalkyl- 
ating agents. It has been proposed that these compounds may owe their activity 
to their ability to cross-link DNA. I t  has also been suggested that the compounds 
with quinone ring may generate oxidizing agents (e.g., H202,  02S *OH) that 
degrade DNA. Some other active synthetic agents possess but a single aziridine 
moiety. Among these are 405 (Tetramin), 406 and 407.859 

t7 
N B 

405 

406 407 

Some evidence suggests that these compounds are metabolically converted to 
dialkylating agents.= A large number of diaziridinyl quinones (related to 400) 
have been reported?n*560'm Other monoaziridines (related to 406 and 407) 
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have been prepared and t e ~ t e d . 8 ~ ~ ~  866 Phosphorus-aziridinyl compounds have 
been the subject of several s t ~ d i e s ? ~ - ' ~ *  '38 

The naturally occurring mitosanes (408-411) show both antibiotic and anti- 
tumor a~t iv i ty .~ '  

412 

0 
II 

,CH,OCN H I  

N-Z 

-HY (289) 

X Y Z 

408 (mitomycin A) C H 3 0  OCH3 H 
409 (mitomycin B) C H 3 0  OH CH3 
410 (mitomycin C) H2N OCH3 H 
41 1 (porfiromycin) H2N OCH3 CH3 

The mitosanes appear to be reductively converted to bifunctional alkylating agents 
(Eq. 289).%lm The eliminated intermediate, 413, can yield stabilized cations at 
two sites (414). Presumably the two positive charges of 414 are formed and 
consumed consecutively, not simultaneously. 

0 OH 

413 

In this manner cross-linking of DNA is possible (415). Ring opening via nucleophiles 
of unreduced mitosanes has also been demonstrated!' The generation of hydroxyl 
radicals from 412 has been proposed (Eq. 289).869 

Support for this proposal was found in the inhibition of DNA cleavage by super- 
oxide dimutase, catalase, and free-radical scavengers. It is interesting to note that 
other antitumor antibiotics (e.g., daunorubicin and adriamycin) appear to utilize 
pathways similar to  Eq. 290.8" 
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I 
H 

414 

I 
H 

415 

Aziridine derivatives have attracted attention as potential insect chemo- 
sterilants.858i871 Applications to the boll weevil have been reviewed.sn Recent 
research has revealed the immunomodulating characteristics of 41687j and 417'% 
as well as the immunostimulant tumour suppressant properties of 418.875 

flCN 
dCN cH,+cH. 4YH 

N 0 
0' x NH, 

4 16 4CONH, 418 

417 

VI. AZIRIDINIUM SALTS 

1. Introduction 

The lability of the aziridinium ion toward ring opening does not preclude 
isolation of aziridinium salts under the proper conditions. As noted in a review 
(1969):" isolation is facilitated by use of weakly nucleophiiic anions (e.g., ClOi, 
BF;), mild conditions, and appropriate substituents. Aziridinium salts can be 
distinguished from ring-opened and dimeric salts by nmr spectroscopy and their 
reaction with Na2S203. The latter reagent is specific for aziridinium  salt^^"-^^ 
and forms the basis for quantitative analysis of the aziridinium ring. The nmr 
spectra of numerous aziridinium salts have been reported and the ring protons 
are upfield relative to comparable larger cyclic and acyclic 
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2. Synthesis 

Three approaches to the synthesis of relatively stable aziridinium salts have 
proved to be fruitful. Direct protonation or alkylation is potentially the most 
versatile when the reaction conditions are mild (Eq. 291). Gabriel-type cyclization 
of Ptertiary amino halides has been utilized frequently (Eq. 292). The third 
procedure, additions of diazomethane to an iminium salt, is successful in many 
instances (Eq. 293). 

+ R’X - \N.! + X- 
N 
I 
R 

/ \  
R R ’  

X 
/ 

\N( + x- r‘ 
N 
/ \  / \  

Direct alkylation and protonation has resulted in the monocyclic salts listed in 
Table 83 and in a recent reference.@’ Most alkylations have utilized CHJ or the 
most reactive “magic” methyl (CH30S02F). A large number of bicyclic salts (419) 
have been prepared and have received x-ray crystallographic structural confir- 
mation.’OOq The interesting spiro salt 420 has been prepared from the 
aziridine and 1,4-diiodob~tane.~ The stereochemistry of aziridine alkylation has 
been the subject of a recent extensive discussion.88q 

419 

n = 5,6,8, 10, etc. 

420 
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TABLE 83. AZIRIDINIUM SALTS PREPARED FROM AZIRIDINES VIA ALKYLATION 

R' 

H 
/N\ 

R' 
R' R' R3 R' R' Yield (%) Ref. 

50 

> 90 
> 90 
> 90 
> 90 
> 90 
> 90 
> 90 
> 90 
> 90 
> 90 
> 90 
> 90 

82 
88 
89 
91 
90 
95 
90 
90 
60 
90 

- 
818 
881 
879 
819 
879 
819 
879 
819 
819 
819 
819 
819 
819 
819 
882 
882 
882 
882 
883 
883 
883 
883 
883 
883 

CH,OH H t-Bu 85 883 

The tricyclic salts 421m and 422- are readily prepared by aziridme alkylation 
with methyl iodide. These salts are unexpectedly stable. Akylation with EtC10, 
yielded strained aziridinium salt 423.*lP 

423 

Many aziridinium salts have been synthesized in good yields from the internal 
alkylation of amines in the presence of AgC104. The entries in Table 84 indicate 
the scope of this method. The same aziridinium ion (424) was isolated from the 
reaction of two dylic isomers?% 
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TABLE 84. AZIRIDINIUM SALTS VIA INTERNAL ALKYLATIONO 
~ ~~ ~ 

salt Yield (W) Ref. 

COC,H, 

c b : v H  i9 

c5HswT’ H 

0 

88 893 

61 

94 

98 

1 3  

893 

893 

894 

894 

894 

894 

a The anion, in each case, is ClO;. The wavy lines indicate the bonds closed in the 
alkylation step. 

Reaction of simple aziridines with NaBH4 has been shown to result in nitrogen- 
boron bond formation (Eq. 294).= 

Addition of diazoalkanes is the newest of the three approachesax The procedure 
is simple and the reactions are usually very clean. The reaction apparently proceeds 
in two steps (Eq. 295). 
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v-v N +  
N 
I 
R 

/ \  - 
R BH, 

R = H, CH, (42%) 

(294) 

The precursor iminium salts are readily available and often can be prepared from 
direct reaction of ammonium salt and carbonyl compound. The compounds prepared 
by this method are found in Table 85. The method is limited to simple diazoalkanes, 
and in some cases the product reactivity precludes isolation.m 

3. Reactions 

Isolation of aziridinium salts permits the introduction of additional reagents 
and observation of chemistry not possible when they are unisolated reaction 
intermediates. Hydrogenation of aziridinium salts has been reported in several 
instances (425428). 
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TABLE 85. AZIRIDINIUM SALTS FROM DIAZOALKANE ADDITION TO 
IMINIUM SALTS 

Salt Yield (%) Ref. 

/ Q 
93 

87 

90 

12 

93 (R = H) 
40 (R = CH,) 
52 (R = C,H,) 

84 

897 

898 

898 

898 

898 

877 
877 
877 

899 

900 

901 

A large number of aziridinium salts have been subjected to direct nucleophilic 
903 The potential complexity displacement with concomitant ring 

of the reaction is illustrated by the following example (Eq. 296).876 
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426"' 

42789' 

CH,OH 6 . 81% 

Aziridines 

H 

Pt 
1_ 

H, , 
Pt 
9 3% 

H* 
Pt 
75% 

- 

Q 
OC"' 

The dichotomy is reminiscent of SNI vs. sN2 displacements and probably has 
a similar explanation. Bifunctional reagents can lead to novel heterocycles 
(Eq. 297).8n 

- 
HO 

c1 
L-\ 

(297) 

The aziridinium salt is apparently in equilibrium with an amino carbonium ion 
under the reaction conditions. This ion is captured by the oxygen before nucleo- 
philic attack by the nitrogen on carbon (Eq. 298).- This two-step ring opening- 
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TABLE 86. REACTION OF AZIRIDINIUM SALTS WITH KETONES AND ALDEHYDES 

R ’ R ?  
\/ 

ring closure procedure is quite general and useful. Reactions involving ketones, 
aldehydes (Eq. 299),897i 899*904i nitriles (Eq. 300),8”* 9oo* 906 and nitrones 
(Eq. 301)8991#n have also been described (Tables 86,87, and 88, respectively). 
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TABLE 87. REACTION OF AZIRIDINIUM SALTS WITH NITRILES 

2296-9 58%'" 

One of the most useful reactions of aziridinium ions is illustrated in Eq. 302.m' 
The decomposition of the ylid is analogous to other aziridine-to-alkene decom- 

positions. The overall sequence converts a ketone to a methylene group. All the 
steps go in high yield, and in some cases results superior to those obtained by the 

TABLE 88. REACTION OF AZIRIDINIUM SALTS WITH NITRONES 

R = CH, (84%)"' 
R = H (89%)'" 
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Wittig reactions have been reported. It is interesting that the aziridinium ring does 
not suffer competitive deprotonation. The yields for the deprotonation of the spiro 
salts are shown in Table 89. 

TABLE 89. YIELDS OF METHYLENE COMPOUNDS FROM SPIRO- 
UNSATURATED AZIRIDINIUM I O N S ~ ~ *  

100% 4096 80% 

‘78% 8 1% 

VII. &-LACTAMS (AZIRINONES) 

The structural features of a-lactams (429) have stimulated considerable synthetic 
and chemical activity. In principle there are two obvious routes to this ring system 
based on “Favorskii-type” reactions.- 
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429 

The approach of Eq. 303 has predominated over that of Eq. 304 in all the recent 
literature. Apparently the milder conditions required for deprotonation in the 
former make it the method of choice. 

$y base , 
1 X H  

(303) 

0 

The routine assignment of structures to a-lactams is based on the infrared 
absorption of the carbonyl group between 1830 and 1850cm-' .-" The optical 
activity of dac tam 430 excludes mesoionic formulation 431 as a precursor or as a 
readily accessible inte~mediate.~'~ 

n C.H. 

(optically active) (optically active) 

430 

An x-ray structure analysis of 432 revealed a number of interesting features?" In 
contrast to & and larger lactams, the nitrogen atom was found to be pyramidal, 
not planar. 

432 
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In spite of this, the N,-C2 bond length was indicative of some double bond charac- 
ter. As would be expected, the two bulky groups were Runs to each other. Salts of 
a-lactams have been prepared and assigned structure 433?14 The salts were 
extremely unstable and the evidence (ir spectra) does not rule out acyclic alternatives. 

;-Bu I 

433 

I -  Bu 

The topic of a-lactam stability has been the subject of some speculation. For 
example, a review article has pointed out that bulky substituents at C-1 and N-3 
impart stability?" This is at least partly due to steric inhibition of nucleophilic 
attack on the carbonyl by the bulky substituents. Both f-butyl and adamantyl 
groups have been favorite substituents. Tables 90 and 91 summarize some of the 
recently synthesized a-lactams. 

At least one proposed a-lactam structure has not withstood chemical and spectral 
scrutiny. The reaction depicted in Eq. 305 resulted in a product to which structure 
434 was a ~ s i g n e d . ~ ~ ~ ~ ~  

C~HSCH~OCONHCH-CO~H I. COCI 

CH, 

434 

The ir absorption at l84Ocm-' and the retained optical activity were offered in 
support of this structure. Application of %nmr on unlabeled and "N-labeled 
compounds conclusively excluded 434 and supported structure 435.933 

435 

The thermal chemistry of a-lactams has been a source of considerable inter- 
est because of the apparent relationship to methylene cyclopropene. The 
thermal products (Eq. 306) include an aldehyde or ketone plus an iso- 
cyanide.910. 917.925.926.934.935 



180 

TABLE 90. a-LACTAMS‘ 

I 
R‘ 

Aziridines 

R’ R1 R’ Yield (96) Ref. 

C,H, H t-Bu 31 909 
t-Bu H t-Bu 68 910 
1-A& H 1-A& 90 911 
t-BU H 1-A& 65 916 
EA& H t-Bu 96 917 
1 -(fCH,-A&) H t-Bu 97 917 
l-(3,Sdi-CH3-A&) H t-BU 97 917 
1-(3J ,7-tri-CH,-Ada) H I-BU 98 917 

2-A& t-Bu - 98 
2-A& 1-Ada - 98 

1-A& H 1-A& - 919 
C6H 5 CF3 t-Bu - d 920 
C6HS t-BU t-BU 52 921 
C6HS H 2-A& 50 922 
C6H 5 H &Ada 55 922 
l-CH,-l-epentb H f-Bu 77 923 
l-CH,-l-che# H t- BU 91 923 

(CHJ, t-BU 80 924 
(CHJs t-BU 21 924 

t-Bu 45 9 25 
- 926 

CH3 CH, 
PCH F,H, H t-Bu 

1-Ada = l-udamantyl, etc. 
b c-pent = cyclopentyl. 

c-hex = cyclohexyL 
From N-haloamide. 

When R2 contains a @-hydrogen, elimination to give products of structure 438 
have been observed.p25 It is not known whether 437 is produced directly or via 

438 
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TABLE 9 1. a-LACTAMS 

/-Bu, 0 N/I-Ada 

zb ,/-BU 

\ 
I - -Ada 

60%’” 

& 0 
76%917,918 

R = t-Bu (80%)’’’ 
R = 1-A& (45%\”’ 

436. The fact that a [3 + 1 1  cycloaddition product is formed in Eq. 307 suggests 
that 436 is attainable. 

t-Bw + I-Ada -N-C - 
N 71% 

I 
1 -Ada 

t-Bu 

I 
1 -Ada 

Thermal cycloadditions of the sorts exemplified by Eqs. 3Oam and 30993’ also 
support the concept of an interceptable 436. Photolyses of a-lactams take a differ- 
ent c o m e  in that decarbonylation occurs without molecular reorganization 
(Eq. 310).923*9(uI 

b - 4  ‘t-Bu 

N 
I 
t-Bu 

wo N 
I 

N-t-Bu (309) 
(C6HS)2 

(C,H,)2C=C=0 

R = CH, (23%) 
R = C,H, (18%) 

R 
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Acid- or basecatalyzed ring opening of a-lactams can give results that are highly 
dependent on conditions and a-lactam structure. The reactions of Eq. 311 are 

910 

N 
I 
I-BU 

H+# R'OH RCH-CO~R' 

r' NHr-Bu 
I 

I R'o-+ RCHCONHf-BU 
I 

R'OH OR' 

The difference in reaction course appears to depend on whether the first step is 
nucleophilic attack on the carbonyl group or protoncatalyzed ring opening. In 
contrast, the compounds of Eq. 3 12 give aldehydes in high yield?". 'jq* 939 

The reactions proceed via hydrolysis of an initially formed (by loss of CO) imine. 
The difference between the reactions of Eqs. 3 1 1 and 3 12 probably stems from the 
bulk and the modest electron-releasing ability of the adamantane ring. An interesting 
application of the a-lactam reactivity to  heterocyclic synthesis is found in 
Eq. 313? 

R 
The initially formed product undergoes spontaneous or basecatalyzed cyclization. 
The yields are quite satisfactory. The one reported reaction of an elactam with 
LiAlH,, proceeds as shown in Eq. 3 14?' 
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Perhaps the most confusing part of all literature on a-lactam chemistry concerns 
the reactions of these compounds with organometallics. The definitive paper in this 
area delineates the areas of conflict and their resolution.w2 In brief, a-lactams may 
undergo prior ring opening (Jiq. 314) by metal halides present in the r e a c t i ~ n . ~ ~ - " ~  
Thus, some of the chemistry reported may be due to  reactions with these haloamides. 
The initial adduct 439 can yield a product capable of following at least two paths 
(Eq. 3 15). 

heat 
4. 

HN 
I 
R' 

440 

The product can thus often be determined by reaction 

R' R' 

N O H  
I 
R' 

H R '  

441 

conditions, ratios of 
reactants, and method of isolation. The final products are capable of interconverting 
during isolation (441 + 440). Spectral structural assignment to these closely related 
compounds is fraught with ambiguity. 

Finally, some products reportedw6 do not equate with those isolated from 
repeated reactionsw2 and/or independent ~ynthesis.~'  When the ring opening by 
halide (Eq. 314) is suppressed, formation of 440 and/or 441 predominates. 
Organometallic additions of a-lactarns are summarized in Table 92. 

A recently reported reaction of dactams that has theoretical interest is the 
reaction of an a-lactam with rn-chloroperbenzoic acid, resulting in the quantitative 
production of an oxaziridine (442). The N-oxide 443 has been suggested as an 
intermediate, but the details of the subsequent conversion to  442 are 0bscure.9'~ 

'-Biwo m-ClC6H,CO&I , r-Buw H '-Buwo H N' 
N N 
I- I BU I-BU I r-BL '0- 

442 443 
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TABLE 92. REACTIONS OF a-LACTAMS WITH ORGANOMETALLIC REAGENTS 
0 

Yield (%) 

R' R' R' M A B Not@ Ref. 

t-Bu t-Bu C,H, MgBr - 100 942 
t-Bu t-Bu C6H5 Li 67 33 (ExcessRM) 942 
1-Ada t-Bu t-Bu Li - 77 948 
t-Bu 1-A& r-Bu Li - > 75 948 
r-Bu r-Bu r-Bu Li - > 75 948 
1-A& 1-A& t-Bu Li - > 75 948 
1-A& 1-A& CH, Li 67 - low T 949 
1-A& &A& i-R Li 72 - low T 949 
1-Ada 1-A& t-Bu Li 80 - low T 949 
1-A& 1-Ada C6H, Li 64 - low T 949 
i-Bu 1-A& CH, Li 65 - low T 949 
t-BU 1-A& i-Pr Li 92 - low T 949 
t-Bu 1-A& t-Bu Li 69 - low T 949 
t-Bu 1-A& C,H5 MgBr Major - 95 0 

T = temperature. 

VIII. AZIRIDINEIMLNES 

Thz analogous aziridine imines (444) are a recent addition to heterocyclic 
literature. One suoh compound (445) has been studied by x-ray crystallography 
and found to also have a pyrimidal nitrogen?" 

vN- N 
I 
444 

rBu 

d& 445 

The first reported synthesis (Eq. 316) utilized an approach analogous to that 
which has been so successful with a-lactam preparations.%' In all cases mixtures 
of isomers (446 and 447) were obtained. 
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R* R' 
I I 

t-Bu-CH-( N-R' KOr-Bu , 
N 
R' 

I NH-R* 70-8096 

I 
R* 

446 447 

Br I 

a. R ' = R ' = C H ,  
b. R' = CH,; R' = f-Bu 
C. R' = f-Bu; R = CH, 

Interconversion of these isomers was observed as well as thennal decomposition 
(> SOo) to imines and isocyanide. No products were obtained that were suggestive 
of valence tautomerism. In contrast to these results, a later publication of a 
modified synthetic approach yielded products 448 and 449PW 

WNTR? R' R'wN-f R' 
R ' H ,  p I-BuNH 

R' CI 

Br N ," N 

R' 
I 

CR2 I-BU 
448 449 

Ratio of 
R' RZ Yield (%) 448 to 449 

a H CH3 71 92:8 
b r-Bu CH3 90 40 : 60 

D 8o 
C H - : 100 

Subsequent thennolysis of 448a and 448b gave, besides R ' C H z W ,  some products 
from the decomposition of 4498 and 449b. This result indicates that valence 
tautomerism between the two structures can take place at a rate that is competitive 
with decomposition. The reverse (449-448) was not observed. More work is 
needed to reach an understanding of the structural features required for such 
isomerizations. Two photochemical routes to aziridine imines have also been 
reported. The first involves photolysis of methylene tetrazolines (Eq. 3 1 7)PsS The 
second route involves the addition of a carbene to a diimide (Eq. 318)PM 

/ \ - I \  RkR' N N  A RxR2 (317) 
CH, N-N CH,  

R', R' = CH, 
R' = CH, 
R' = f-Bu 
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IX. METHYLENE AZIRIDINES 

The publication of the reaction and proposed mechanism shown in Eq. 319 
stimulated a search for other substituted methylene aziridines.%' Addition of a 
nitrene to allenes produced the results shown in Eq. 320.%8 

--+ C6H5CH2-- H-CONHC,H, 
KOt-Bu c 

*Z"?R R 

C6HS 

H 
N 

I 

1 (3 19) 

R& (320) 
450 N 

')=C>=,=,,, + ~ C H J C & S O ~ N H C O ~ C H ~  bsse_ 
R 

a. R = H ( 6 % )  
b. R = CH, (8%) 

The enlarged heterocycle 451 was sole product of thermolysis of 4 5 0 .  No valence 
tautomerism was observed. 

45 1 
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Similar addition of carbethoxynitrene to  a fluorinated allene produced 452.%9 Tetra- 
methylallene does not, however, undergo such addition?" 

7:; (CF,),C 

I 
CO*C*H, 

452 

Two synthetic routes to iminocyclopropenones are shown in Eq. 321.- Again, no 
valence tautomerism of th is  product to a methylene aziridine was observed. 

In contrast, the methylene aziridine 454 did yield decomposition products indicative 
of valence tautomerim.%' 

d Y7 Fi 'G++ 
NaNH, 

Br t-BU 
45 3 454 I -  BuNC 

The reaction of methylene aziridine 455 with BuLi yielded the anion 456 at 
- 78".%' This anion reacts at - 78" with various electrophiles to  give high yields 
of 457a-457c. No products of the antiaromatic type 458 were detected. Above 
50" the product 459 is produced in 36% yield, and a reasonable but complex multi- 
step mechanism for its formation was proposed. 

BuLi -d - ---+ 
'N 
I 

t-Bu t -  BU t-BU 

N 
I 

458 

455 J 456y0' 
N-I-BU 

B u Z Q  

a. R = D  459 I 
b. R =CH, 

457 c. R = (CH,),S 
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Product 460 was produced in optically active form when a chird amine was used 
in the deprotonation stepP63 Thermolysis of 460 resulted in the valence tautomers 
461 and462. 

Si(CHJ1 

Y 
(CH’)3siv N 5 (CH3)1Sik7 N 

+ 

I 

46 1 462 

6 H 1  c HI \ 
c H, 

460 

A detailed kinetic analysis of these reactions was presented, and high stereo- 
specificity in the formation of 462 noted. 

CH30zCCX!C0,CH, 

I 

465 

Addition of tetracyanoethylene to a methylene aziridine 463 yielded the spiro 
product 464964 The addition of an alkyne produces a product of less certain 
mechanistic origin. Methylene aziridines have been protonated and alkylated 
(Eq. 322).%’ 

R’ =CHI, C,H,CH,, cyclopropyl 
R’ = H; X = FSO; 
R = CH,; X = CH,CI 

The products are surprisingly stable. At 115’ 466 rearranges to 467.% 

b- /N; 77 
CH, CHI  /N< 

466 CHI CH, 
467 
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I. INTRODUCTION 

The chemistry of the small ring heterocycle, azirine,has fluorished with consider- 
able intensity in the past decade or so because of its theoretical, mechanistic, and 
synthetic applications. The theoretical and mechanistic interests are associated 
with the structure, stability, and inherent strain energy of the azirines, and the 
ability of the system to participate in and direct in several distinct ways the course 
of many mechanistically significant reactions. The synthetic potential for their 
transformations into other heterocyclic systems and for incorporation into 
compounds containing certain desirable functions is impressive. 

There are two isomeric azirines 1 and 2, and these are referred to as l-azirine 
and 2-azirine, respectively, in this chapter. The 2-azirine ring system is of interest 
theoretically. It represents a cyclic conjugated system with 4n electrons and accord- 
ing to Hiickel's rule would not be predicted to be stabilized by electron delocal- 
ization. Simple molecular orbital (MO) calculations on the parent 2azirine system 
shows DEW C= 0.00p (CYN = q + 1.5p; &-N = &x)." ' The corresponding un- 
cyclized enamine has DE,,C=0.30P, suggesting that cyclic conjugation results in 
destabilization. Therefore the 2-azirine system has been classified as antiaromatic? 
Although the intermediacy of 2azirines has been invoked in several attempts at 
their synthesis, this ring system, because of its inherent instability, has eluded 
isolation until 1981. For this reason this chapter on azirines will be devoted almost 
entirely to the chemistry of 1-azirines except for a brief mention of the attempted 
synthesis of the isomeric ring system. A number of reviews on azirines have appeared 
during the past few years?*42*50*'3*1n*2'2 

1 I 

1 2 

This chapter discusses nomenclature, physical properties, spectroscopic data, and 
particularly syntheses and reactions of l-azirines. Tables of all known I-azirines 
together with their melting points or boiling points and literative citation are also 
included. The references at the end of the chapter cover mainly the literature to 
1981. In general, only literature references directly covering aspects of 1-azirine 
chemistry are cited. 

II. NOMENCLATURE 

The two isomeric azirine ring systems (1 and 2) have been designated as W- and 
1H-azirine, respectively, by the Ring Index of the American Chemical Society' and 
chemical Abstracts. For example, the azirine 3 is named 2-methyl-3-phenyl-W- 
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azirine. In a system of nomenclature that has been used more frequently, the 
position of the double bond is designated: thus 1 and 2 are referred to as l-azirine 
and 2-azirine, respectively. Compound 3 then is named 3-methyl-2-phenyl-l-azirine, 
and this nomenclature is employed throughout the chapter. In compounds 4-7, 
however, both nomenclatures are shown for completeness. The stereochemistry 
at C-3 of the azirines is not implied necessarily by the structural representations. 

&H, 
Ph H 

3 

5 
3-AUyl-3-methyl-2phenyl-l.ezirine 

[ 2-AIlyl-2-methyl-3-phenyl-W-azirine J 

CH, /q 
4 

2-Mcthyl-l-azirine 
[ 3-Methy1-2H-azirmej 

Methyl (E) -2phenyl-l.azirine3~crylate 
[Methyl (E)-3-phenyl-W-azirme2-awylate J 

3,3-(2,2’-Biphenylene) -2-methyl-lazirie 
[ 2,2-(2,2’-Biphenylene)-3-methyCW-azirme] 

III. PHYSICAL PROPERTIES AND SPECTROSCOPIC DATA 

1. Theoretical Calculations 

Pople et al.6 have carried out calculations on the parent 1-azirine (8) and 2-azirine 
(9) systems. For l-azirine (8), an overall C, symmetry was assumed. The structure 
showed a C< bond shorter and a C-N bond longer than in acyclic molecules. For 
2-azirine (9), when nonplanarity at nitrogen and a C, symmetry are considered, the 
C-N bond again is found to be slightly lengthened, while the C=C bond is somewhat 
shorter than in cyclopropene! The angle between the plane of the N-H bond and 
the ring plane is 72.1”. When compared to aziridines, this H6Jpl angle is found to be 
larger. Calculations camed out by Clark’ showed a similar effect. Clark rationalized 
this result by suggesting that in its planar form the 2-azirine (9) is unstable because 
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of antiaromaticity arising from the delocalization of its 4n- electrons. Clark7 calcu- 
lated the inversion barrier in 2-azirine to be 35 kcal/mole, some 20 kcal/mole higher 
than the inversion barrier in aziridines, again supporting the idea of the instability 
of the planar antiaromatic form. Pople and his co-workers6 calculated the ground 
state energy of l-azirine and found it to be 40.5 kcal/mole less than that of 2-azirine, 
whereas Clark' obtained 27 kcal/mole for this difference. Apparently, 2-azirine is 
unstable, both because of ring strain and an energetically unfavorable nelectron 
structure. 

Bond lengths and bond angles for an azirine and its palladium complex have 
been measured by Hassner and his coworkers160 from X-ray data, and by Taniguchi 
and his coworkers275 from X-ray data. 

8 9 

2. Physical Characteristics 

1-Azirines crystallize as colorless or pale yellow crystals. The lower molecular 
weight azirines are colorless or pale yellow liquids that can be purified relatively 
easily by fractional distillation under reduced pressures. I-Azirines have sharp un- 
pleasant odors and are skin irritants. 

3. Infrared Spectral Data 

2-Aryl-1-azirines show in the ir spectrum a strong C=N stretching absorption at 
about 1740 cm-'. 2-Alkyl-substituted I-azirines show this absorption at about 
1775cm-'. Both absorptions are about IOOcm-' higher than those observed for 
aromatic and aliphatic Schiff bases." The spectra of lazirines with a hydrogen 
at the 2-position exhibit markedly different G N  absorptions compared to 2- 
substituted l-azirines, with values around 1650cm-'. Typical C=N stretching 
frequencies of some representative lazirines are shown in Table 1. 

4. Electronic Absorption Spestra of I-Azirines 

Table 2 summarizes the uv absorption spectra of some selected lazirines. 
2-Alkylated I-azirines show only a weak uv peak at about 230nm. 2-Arylazirines 
exhibit an intense uv absorption peak at about 240nm ( E >  13,000). There is an 
inflection on the long wavelength side of the principal absorption band in these 
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TABLE 1. IR SPECTRAL DATA (NEAT) FOR SELECTED l-AZIRINES**’ 

c=EI Absorption 
R, R l  R, (m-9 
Ph H H 1740 
Ph CH3 H 1740 
PhCH, H H 1780 
n-Bu H H 1776 
H CH3CH,CH, H 1650 
H Ph H 1655 
H ClHS C,H, 1665 

compounds (ca 285 nm). This weak band shifts to shorter wavelengths (blue shift) 
with increasing polarity of the medium, suggesting that it is associated with an m* 
transition. 

5. Nuclear Magnetic Resonance Spectral Data 

Both ‘H and 13C! nmr data have been utilized extensively in 1-azirine chemistry. 
I3C nmr spectroscopy can be particularly useful, not only for determining the 
structural characteristics of 1-azirines, but also for working out the structures of 

TABLE 2. UV ABSORPTION SPHXRA OF SOME l-AZIRINES”-” 

nBu H H Ethanol 229 112 

Ph H H Ethanol 242 1 3.000 
287 1 ,o@J 

Ph Ph H Ethanol 245 23,600 
285 1,500 
305 1,050 

Ph CH3 CH3 Ethanol 245 15,200 
277 1,500 
286 1,040 

Ph Ph Ph Ethanol 250 24,500 
285 1,400 
310 1,100 

Ph PhCO H Ether 247 30,000 
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TABLE 3. 'V CHEMICAL SHIFTS OF l-AZIRINES's~16 

Chemical shift, 6 (ppm), TMS as internal standard 

Rl Rl  R, C l  c, CH, Phenyl carbons 
Ph H H 165.7 19.6 - 126.0,129.2,129.5,132.8 
Ph CH, H 172.4 27.5 18.9 126.2,129.2.132.7 
Ph Ph H 163.8 34.6 - 124.6,127.1,128.4,129.2. 

129.3, 129.8,133.1,141.1 
Ph Ph CH, 169.2 39.1 21.0 124.3,127.8,128.2, 129.3, 

129.4,129.5,132.9,144.0 
Ph Ph m 166.7 44.7 - 124.0, 127.2, 128.2, 128.3, 

129.4, 129.7,133.4,141.8 
CH, Ph Ph 167.3 42.6 12.5 126.8,127.9, 128.3, 142.1 
CH, CH, Ph 169.9 35.6 12.1,20.9 125.6, 126.2.128.1,144.3 
CH, H Ph 164.2 33.3 12.5 1255,126.6, 128.1,141.2 
H Ph Ph 163.2 39.3 - 127.3, 128.2, 128.4.141.8 
H CH, Ph 165.9 31.9 21.7 126.0.126.6.128.1,144.1 
H H Ph 160.6 28.7 - 125.6, 127.0.127.9.140.4 

its reaction products. The "C nmr chemical shifts of some representative azirines 
reported by Nair" and by Taniguchi et 

The chemical shift of carbon-3 is in the range of - 19 to - 45 ppm; Table 4 
compares this chemical shift with those of other three-membered cyclic compounds. 
Carbon-3 of l-azirines resonates at a higher field than the ring carbons of oxiranes 
and aziridines but at a lower field than those of cyclopropanes. 

A striking difference in chemical shift exists between the heterocyclic ring 
carbons 2 and 3 of 1-azirines. Carbon-2 appears in the imine region of the "C 
spectrum (i.e., 160-1 70 ppm). For example, the imino carbons of acetophenone 
methylimine and benzalaniline occur at 166.7 and 159.5 ppm, respectively."' 

are presented in Table 3. 

TABLE4. 'T CHEMICAL SHIFTS OF AZIRINE RING CARBONS 
COMPARED TO OTHER THREE-MEMBERED CYCLIC RING 
CARBONS16-'9 

Chemical shift, 6 (ppm) 
4 - Y -  

R R' C H +  -CH,CH,- C H I U  4 H  ,-NH- 
- - 2.6 40.8 - H H 

Ph H 28.7 15.9 52.2 - 
Ph CH, 31.9 - 56.7 36.3 
Ph Ph 39.3 30.3 61.7 44 .O 
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Examination of lacJ H coupling constants allows an approximate determi- 
nation of the percentage of s character in the exocyclic orbitals of small ring 
systems?* 20-22 For 1-azirines J (C3-H) of 186-187 Hz have been observed, which 
indicate about 37% s character in the exocylic u bonds. This is consistent with 
the expected greater amount of p character of the endocyclic orbitals?3 In 3- 
phenyl-l-azirine, the C z f I  coupling constant is 242.5 Hz, which corresponds to 
about 4Wo s character of the C-H bond?6 Even if the effect of an electronegative 
nitrogen atom is taken into account, the splike hybridization of the exocyclic 
orbital of carbon-2 is stil l  appreciable. Collectively, these data also suggest that the 
nitrogen hybridization approaches sp in character? 

IV. SYNTHESIS OF 14ZIRINES 

A number of general methods are available for the synthesis of 1-azirines. These 
include the modified Neber reaction, thermolysis and photolysis of vinyl azides 
and isoxazoles, and thermolysis of oxazaphospholines. All these methods are 
discussed in this section, and representative examples to illustrate each procedure 
are mentioned. Tables 11-15 at the end of the chapter present specific examples of 
1-azirines that have been synthesized, together with the literature citations of the 
procedures used. Perusal of these tables will show that 1-azirines with many diverse 
substitution patterns are known. Substitutions at the 2-position include examples 
with aryl and alkyl groups, vinyl groups, amino groups, and fluoro groups. 
Numerous examples of 3-substituted azirines have been synthesized, including such 
groups as aryl, alkyl, aralkyl, vinyl, allyl, akenyl, hydroxymethyl, halogeno, 
carboxylic ester, aldehydo, keto, imino, and phthalimido. Spiro- and ring-fused 
azirines also are known. A number of 2-unsubstituted azirines have been synthesized. 
It is clear that choice of the method to be used for synthesis of a particular azirine 
is dependent on the structural characteristics of the azirine and the availability of 
precursor compounds. 

1. Neber and Related Reactions 

In 1932 Neber and his co-workers suggested for the first time the intermediate 
formation of a l-azirine in the conversion of oxime p-toluene-sulfonates 11 to 
aminoketones with The structure of the 1-azirine intermediate was 
confirmed by Cram and Hatch in 1953.2' They found that in the presence of tosyl 
chloride and pyridine, the oxime 10 is converted via 11 into aziridines 12, and 
lazirines 13 could then be prepared by treating 12 with sodium carbonate. 

However, the Neber reaction lacked generality, and several modified Neber 
reactions have been developed during more recent years. For example, the synthesis 
of 3,3dimethyl-2-phenyl-l-azirine (15) was carried out by the reaction of the 
dimethylhydrazone methiodide (14) with sodium isopropoxide in isopropanol?8 
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10 11 

R,=CH,,Ph 

This method was applied successfully to the preparation of certain spiroazirines. 
For example, Satom found that treatment of 17 with sodium isopropoxide resulted 
in an 8Wo yield of the spiro-1-azirine 18. However, because of the formation of 
alkoxyaziridine during the reaction with sodium isopropoxide, only poor yields of 
the azirine 20 were obtained by this method. A more practical synthesis was 
d e v e l ~ p e d ~ - ' ~  using dimethylsulfmyl carbanion as the base and dimethylsulfoxide 
as solvent. Using this modified Neber reaction, Nairm prepared pure 3-methyl-2- 
phenyl-1-azirine (3) in 63% yield from propiophenone dimethylhydrazone 
methiodide (19). Synthesis of the steroidal spiroazirine (20) using this method 
also has been reported?'S3' Padwa and Carlsen recently reported the preparation 
of a series of 3-allyl-substituted 1-azirines (21) by a modified Neber reacti0n.2~~ 33 

Acetylenic I-azirines (e.g., 22) also have been reported?' 

14 1s 16 

17 18 
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19 3 

20 

However, these modified Neber reactions do not always ensure the preparation 
of l-azirines.w*J4 For example, attempts by &to* to prepare 2-phenyl-lazirine 
from acetophenone dimethylhydrazone methiodide resulted in the formation of 
2,rldiphenylpyrrole. But the isolation of 2-phenyl-lazirine in low yields by this 
method confirms the intermediate formation of the azirine in this preparation?' 

8. R, = Ph; R, = CH,; R, = CH,-CH=CH, 
6. R, = CH,; R,  = Ph; R, = C H , C H = C H ,  

(5) 

H 
I 

c. R, = Ph; R, = CH,; R, = C H , C  Hc'CH, 
I 

H 

CH, 
I 

C 
d. R, = Ph; R, = CH,; R, = C H , C H  'H 

I 
H 

22 
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2. Thermolysis and Photolysis of Vinyl Azides 
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In 1961 Smolinsky reported the first general synthesis of lazirines by the vapor 
phase thermolysis of vinyl azides (23)?5i36 Moderate yields (50-60%) of the 
l-azirines 24 were obtained together with small amounts (5%) of the ketenimines 
25. The latter appear to be formed by migration of the group that is alpha to the 
azido function in a Curtius-type rearrangement. 

N, 
I 

R-C=CH, A + R-N=C=CH? R 
23 24 25 

a. R = P h  
b. R =&H,C,H, 
C. R =n-C,H, 

The photolysis of vinyl azides also produces azirines. Harveyand Ratts3' reported 
the synthesis of 1-azirines (28) through photolysis of P-azidocrotonates (27). The 
vinyl azides 27 were prepared by the addition of sodium a ide  in THF-H20 to the 
allenic esters 26. Ketenimines (29) were produced also in the photolysis step. 

26 27 28 29 

Advances in the preparation of vinyl azidesB4' have made the thermolysis or 
photolysis of vinyl azides the preferred general method for the synthesis of 
lazirines (see, e.g., references 8, 9, 35-37, 4249). Hassner and his co-workers 
discovered39i 4o that iodine azide, generated from iodine monochloride and sodium 
azide, adds regiospecifi~ally~' to  many olefms to give high yields of P-iodoazides 
(Hassner reaction). Elimination of hydrogen iodide from the iodoazide with base 
occurs preferentially in the direction of the azide function to give good yields of 
vinyl azides. Thus, a terminal olefm such as 1-hexene gave 2-azidohexene rather than 
the isomeric 1-azidohexene. A vicinally disubstituted olefm such as cb-2-butene (30) 
resulted in stereospecific formation of trans-2azido-2-butene (3 1). A conjugated 
olefm such as mns-methyl cinnamate (32)gave cisazidocinnamate 33. Steric effects 
in some cases may be dominant in determining the position of the azido group. 
For example, the r-butylethylene 34 gave the vinyl azide 35 rather than the vinyl 

30 31 
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1. IN 
2.b8SG I PhCWCHCO&H3 L P h - C - - C H C O & H 3  

N3 

tram-32 cis-33 

azide 36, the expected, electronically favored product. Cyclic olefins such as 
indene, 1,2dihydronaphthalene, and cyclooctene gave the corresponding vinyl 
azides. However, the iodine azide adducts from cyclopentene and cyclohexene 
produced ally1 azides. Trisubstituted olefins reacted with iodine azide regio- 
specifically so that the azido function occupied the tertiary position. The absence 
of a hydrogen geminal to the azido group precluded the synthesis of vinyl azides 
from these adducts. 

r- BuCH=CH2 
34 

r-BuCH=CHN3 

3s 

r-BuC--CH, 
I 

N3 
36 

Vinyl azides such as 1-azidostyrenes are conveniently prepared by bromine 
addition to the styrenes followed by azide ion displacement and elimination of 
hydrogen bromideP3 This method is particularly useful for the synthesis for 2- 
phenyl-lazirines. 

Free-radical addition of bromine azide complements the iodine azide method 
for the synthesis of some vinyl azides. Thus, 2-azidostyrene can be conveniently 
prepared through free-radical addition of bromine azide to styrene followed by 
base treatment of the resulting bromoazide.” 

Vinyl azides can be prepared by a number of other methods. For example, 
treatment of epoxides with azide ions and dehydration of the resulting azido- 
alcohols gives vinyl azides. The 8-hydroxyazide precursors can also be prepared 
by the reduction of olazidoketones with sodium b0roh~dride.s~ The displacement 
of activated vinyl halides and sulfmates has been utilized for the synthesis of some 
vinyl az ide~.”-~~ As mentioned previously, treatment of allenic esters with sodium 
azides gives vinyl azides?’ When hydrazoic acid is added to conjugated acetylenes, 
vinyl azides are formed?’ The basecatalyzed reaction of a-azido esters and ketones 
with aromatic aldehydes has been developed as a good method for the synthesis of 
some vinyl aides.”-@ 

Several mechanisms can be postulated for the formation of 1-azirines from the 
thermolysis or photolysis of vinyl azides?*54 One attractive pathway involves forma- 
tion of a transient vinyl nitrene species by loss of molecular nitrogen from the 
thermally or photolytically excited vinyl azided’ If the 1-azirine is formed from 
singlet vinyl nitrene, this conversion is a symmetry-allowed conrotatory electro- 
cyclization (Scheme I)!’ Although evidence for the intermediacy of a nitrene m 
the formation of 1-azirines is not available, the formation of certain side products 
provides some support for the transient existence of this fugitive species. For 
example, the formation of ketenimine, indole, and dihydropyrazine can be reason- 
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Scheme 1 A possible mechanism for the synthesis of lazirines from vinyl azides. 

ably assumed to arise from intermediate nitrene species." Two further studies 
relevant to this should be mentioned. Nair and Kim6' reported that the vinyl 
azide 37 decomposes spontaneously and exothermically at room temperature 
to give intractable polymers and two crystalline compounds (40 and 43). The 
formation of both compounds can be rationalized as occurring through the 
intermediacy of the vinyl nitrene 38. A thermally allowed [4 + 21 capture of this 
fugitive species by the vinyl azide 37 may lead to a pyrroline 39 which on subse- 
quent elimination of hydrogen azide would furnish 40. Dimerization of the vinyl 
nitrene and electrocyclization of the resulting triene 41 would give 42, which would 
undergo rapid air oxidation to the aromatic compound 43. a-Azidostyrene also 
decomposes on storage and produces 2-phenyl-l-azirine, 3,6diphenylpyridazine, 
and 2,5diphenylpyrrole.@ 

The thermolysis and photolysis of vinyl azides have been utilized extensively 
for the preparation of 1-azirines, and some representative examples are discussed 
below. 

Preparation of the parent l-azirine 8 by flash-vacuum pyrolysis of vinyl azide 
has been reportedP3 The azirine was characterized by its rotational spectrum. 
It can be trapped at liquid nitrogen temperatures but decomposes at higher 
temperature to acetonitrile. 

Hassner and Fowler' have reported the preparation of a number of I-azirines 
(44) in good to excellent yields by photolysis of the corresponding vinyl azides 
at 3500 A. 2,3-Diphenyl-l-azirine is conveniently prepared by the thermolysis 
of lazido-1 ,2diphenylethylene?9 Hassner and Fowler' also prepared the first 
ring-fused I-azirines. For example, photolysis of 1-azidocyclooctene gave 9- 
azabicyclo[6.1 .O]non-l(9)ene (45) in 93% yield. 

Smolinsky and Pryde54 prepared the spiroazirine 47a by thermolysis of 
94 1-azidoethy1idene)fluorene (46a). However, the related azirine 47b unsubstituted 
at the 2-position could be obtained only by irradiation of the vinyl azide 46b at 
- lS"P8 Other spiroazirines also have been synthesized and are mentioned in 
Table 15. 

Perfluoro-2-azidopropene (49) prepared from perfluoropropene (48) undergoes 
thermolysis to give the perfluoroazirine SO.@* In the presence of catalytic 
amounts of HF, this azirine is converted to the thermodynamically more stable 
isomer 5 1. 
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C=CH, ----* 

37 

J 

d 

[ @:<H.] 

I 37 
[391 

I 
H 

@& 
40 

43 

a. R, = Ph; R, = H; R, = H 
b. R , = P h ; R , = C H , ; R , = H  (3) 

d. R, = C,H,; R, = C,H,; R, = H 
e. R, = PhCH,; R, = H; R, = H 
f. R, = PhCHCH,; R,  = H; R, = H 
g. R,  = Ph; R, = C0,Me; R, = H 
h. R,  = Ph; R, = Ph; R, = H 

(248) 

C. R ,  = ~ - B u ;  R, = H; R, = H 
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46 47 
a. R=CH, a. R=CH, 
b. R = H  b. R = H  

48 49 50 

J 

51 

it was originally believed that thermolysis or photolysis of terminal vinyl azides 
did not give azirines.54 However, the intermediacy of the 2-unsubstituted 1-azirines 
was implied in a number of studies of decomposition of terminal vinyl azidesS* 69 

It was later reported that both photolysis and pyrolysis of terminal vinyl azides 
can result in the formation and isolation of I -azir ine~?.~~ 2-Unsubstituted l-azirines 
are thermally unstable, and their preparation and isolation generally requires 
photolysis at low temperatures. 

The preparation of some fatty acid azirines has been reported?' 
Ciabattoni and Cabell reported the synthesis and thermal isomerization of 

3chloro-l-azirines." When a solution of 52 was photolyzed at 3 5 0 A  at -No, 
the I-azirine 53 was formed exclusively as evidenced by nmr spectral data. When 
the solution of 53 was warmed in the nmr probe, the appearance and growth of 
new peaks corresponding to 54 was noted. Similarly, the vinyl azide 52a gave the 
1-azirine 54, which underwent interconversion to 53. The activation energy Ea for 
the isomerization of 53 -+ 54 was 15 kcal/mole with AS * (- 15') = - 15 eu. 

52 

I 

53 54 
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Padwa and his co-workersn-% synthesized the azirine 57 containing a carbox- 
aldehyde at the 3-position. Cinnamaldehyde dimethylacetal (55), when treated 
with iodine azide followed by dehydrohalogenation, thermolysis, and aqueous 
hydrolysis, gave 57. Azirine 57 served as a convenient starting material for the 
synthesis of a series of vinyl-substituted azirines 58y3 For example, when 57 was 
treated with the Wittig reagent, carbomethoxymethylenetriphenylphosphorane in 
benzene, methyl (E)-2-phenyl-l-azirine-3-acrylate (58a) was formed in quantitative 
yield. A similar set of Wittig reactions gave azirines the 58b-58e. 

58 57 

a. R =CO,CH, 
b. R=CN  
c. R = C-Ph 

It 
0 

d. R = C H O  
e. R = P h  

Hassner and Keogh” prepared the 2-vinyl-substituted azirine 59 by addition of 
IN3 to diphenylbutadiene followed by HN3 elimination and thermolysis. 

Another interesting class of azirines, 2-amino-l-azirines, has been reported 
by Ghosez and his co-workers.767s These compounds were prepared from 
achloroenamines by reaction with sodium azide as shown here for 62. 

Synthesis of a bisazirine by the vinyl azide route has been reported.% 
Although the thennolysis or photolysis of vinyl azides offers a convenient 

entry to many I-azirines, the yields in these transformations are not always good. 
In some cases, catalysis by tertiary mines gives higher yields. For example, it has 
been reported that diazabicyclo[2.2.2]octane (DABCO) not only accelerates the 
conversion of vinyl azides to 1-azirines, but also inhibits the formation of some of 
the by-products of the reaction.79 
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60 61 

IA 

3. F’hotolysis and Thermolysis of lsoxazoles 

In some very elegant photochemical work, Ullman and Singh reported that 
1-azirines could be generated from i s ~ x a z o l e s . ’ ~ ~ ~ * ~ ~  Irradiation of 3,Miphenyl- 
isoxazole (64a) (Azk 245 nm, E 22,000; 265 nm, E 24,000) in ether solution with 
2537 A light led to the formation of 2,5diphenyloxazole (65a) 302 nm, 
c 30,000; 315 nm, e 27,600). However, when the reaction was interrupted 
before completion, an intermediate whose structure proved to be the azirine 63a 
(A:” 247 nm, e 24,300; 350 run, c 150) was isolated. Investigation of the effect 
of wavelength revealed a striking dependence of photochemistry on wavelength. 
Irradiation of 64 at 2537A produced the 1-azirines 63, which rearranged to 
the oxazoles 65, whereas irradiation of the l-azirines 63 with 3340A light 
resulted in their conversion to the isoxazoles 64. It has also been observed that 
photolysis of 3,4,5-triphenylisoxazole gives 3-benzoyl-2,3diphenyl-l-azirine, 
2,4,5-triphenyloxazole, and N-phenylben~oylphenyllcetenirnine8~ Further mech- 
anistic aspects of isoxazole photochemistry have been 

64 63 65 

a. R , = R , = P h  

c. R, = Ph; R, = CH, 
d. R , = C H , ; R , = P h  

b. R, = Phi R, =pC,H,-OCH, 

At relatively high temperatures (- 20O0), Singh and Ullman” found that 
3-benzoyl-2-phenyl-1-azirine (63a) can be converted to 3,5diphenylisoxazole (64a). 
It is likely that at these temperatures the azirine and isoxazole are in equilibrium, 
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as evidenced by the preparation of several 1-azirine 3carboxylates (67) from the 
corresponding isoxazoles by Nishiwaki and his co-workers.84. 85 2-Amino-1-azirines 
can be prepared by the thermolysis or photolysis of amino-substituted isoxazo1es.- 

66 67 

a. A r = P h ; R = C H ,  
b. A r = P h ; R = C , H ,  

d. Ar = pC,H,CH,;  R = CH, 
e. Ar = p C , H , C l ;  R = CH, 
f. Ar = pC,H,-OCH,; R = CH, 
g. Ar = pC,H,NO,;  R = CH, 

C. A r = P h ; R = n - B u  

4. Thermolysis of Oxazaphospholines 

Huisgen and Wulff?. 89 and Bestmann and KunstmannWs 91 discovered that 
nitrile oxides add smoothly to phosphorous ylides to gives oxazaphospholines 70. 
Thermolysis of 70 results in elimination of triphenylphosphine oxide and formation 
of l-azirines (71). The method is dependent on the availability and structure of 
both the nitrile oxide and the phosphorous ylide. Electron-withdrawing groups on 
the phosphorous ylide (e.g., carbomethoxy in 73) give rise to unstable oxaza- 
phospholines (74), which convert to the ketenimine 75 at the expense of l-azirine 
formation. The presence of electron-withdrawing groups on the nitrile oxide 
(e.g., 76) also results in unstable oxazaphospholines (78), but these do convert to 
lazirines (79), albeit in low yields. 

R , - C = k - O  + P h , k R , R ,  

68 69 

+ 
Rl R, 

71 

R, = Ph;R,= R,= H (248) 
R, = Ph;R, = CH,; R, = CH, 
R,  = Ph; R, = CH,; R, =C,H, 
R, = Ph; R, = CH,; R, = H 
R, = pC,H,-Cl; R, = CH,; R, = H 
R,  = Ph; R, = CH,; R, = Ph 

(15) 

(3) 
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72 

CO,C,H, 
Ph-N=C=C( CH3 

C,H,o~c-c=i-o 
76 

79 

R = CO,C,H, 
R = Ph 

Hassner and Alexaniad2 used a-bromoketoximes (80) to prepare oxaza- 
phospholines (83). They applied their procedure for the synthesis of azirines 
that are not easily accessible via the more general vinyl azide procedure (e.g., 
2-t-butylazirine 84). This method also avoids the necessity of handling potentially 
explosive low molecular weight vinyl azides in the synthesis of simpler 1-azirines. 
It also allows the preparation of I-azirines with specific labeling (e.g., deuterium) 
at the 3-p0sition.8~ 

80 Ek 
81 

I 1. Ph.P 
2.H'/H.O 

84 83 82 

R=CH, (4) 
R = f-Bu 
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5. Addition of Methylene to Nitriles 

The reaction of “methylene transfer” reagents with nitriles offers a simple and 
direct approach to the synthesis of l-azirines. However, very little work has been 
done in this area. There is one report of the reaction of dimethyloxosulfonium 
methylide (85) with benzonitrile (86) to give 2-phenyl-1-azirine (87) in low yield?’ 

CH,= (CH,!, + Ph-CSN 4 Ph A ! 
24a 

+ 
CH,SOCH, 

86 85 

87 

V. ATTEMPTED APPROACHES TO 2-AZIRINES 

Although the 2-azirine ring system has been invoked as a transient intermediate 
in a number of studies directed towards its synthesis, it has been detected only 
recently and has not yet been isolated. Yamada, Mizoguchi, and Ayatago originally 
suggested that treatment of IH-l,2,3-triazole-4,5-dicarboxylic acid with acetic 
anhydride resulted in a 2-azirine system. However, further investigation of this 
reaction by Anderson, Gilchrist, and Rees” showed the product of this reaction 
to be an oxazole. 

Huisgen and BlaschkeW and Meinwald and Aue% studied the addition of nitrenes 
to acetylenes as an approach to obtaining 2-azirines. However, the addition of 
carbethoxy or carbomethoxy nitrene (89), generated thermally or photochemically 
from the corresponding azidoformate 88, to acetylenes 90, resulted in isolation of 
oxazoles 91, The latter could arise by one or more of several pathways including 
one that involves addition of the nitrene 89 to 90 to produce the transient 
2-aziMe intermediate 92. 

0 
II 

RO-C-N, 3 
A 

88 

0 
II 

RO-C-N 

89 

op 
_____, 

90 

R = CH,, C,H, 
R’=CH,,CJIH,,Ph 
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Another direct route to 2-azirines by photolytic decomposition of vic-triazoles 
was examined by Burgess and his co-workers.99 They envisioned that the 1,3- 
diradical 94 (or the related carbene) resulting from photochemical loss of nitrogen 
from 93 might undergo ring closure to a 2-azirine. However, irradiation of the 
triazoles 93 resulted in isolation of the ketenimine 95 and the indole 96. 

93 L 
94 

R, = R, = R, = C,H, 
R, = H; R, = R, = C,H, 
R, = R, = C,H,; R, = H 

Fowler and Hassner' attempted the dehydrohalogenation of chloroaziridines 
as a method of generating 2-azirines but succeeded only in isolating oxazoles. 

Phthalimidonitrene (97), generated by lead tetraacetate oxidation of N- 
aminophthalimide, reacts with acetylenes to give the 1-azirines 99. This work 
provides good evidence of the probable intermediate formation of a 2-azirine 
system, 98. Rees and his co-workers provided even more Compelling evidence for the 
generation of the 2-azirine intermediate by examining the pyrolysis of 4-methyl-S- 
phenyl-l-phthalimido-l,2,3-triazole and 5-methyl-4-phenyl- I-phthalirnido-l ,2,3- 
triazole."' Both triazoles gave identical mixtures of 1-azirines and their pyrolysis 
products, indicating that the products are formed from a common intermediate 
(i.e., 2-methyl-3-phenyl-I-phthalimido-2-azirine). 

The failure in all these studies to isolate the 2-azirine system is in complete 
agreement with theory, which predicts that the 2-azirine ring system is unstable 
because of ring strain and an electronically unfavorable structure. MO calculations 
show 2-azirine to be approx. 30 kcal less stable than I-azirine.'" 

Taking advantage of donor-acceptor substituent stabilization, Regitz and co- 
workerslM were able to detect the presence of 2-azirine 101 by the photoirradi- 
ation of a-diazoimine 100 in a CH2C12-glass at 77°K. The presence of 101 was 
surmised from its 1867 cm-' infrared absorption. 
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99 

R’ = H; R” = CH, 
R’ = H; R” = Pr 
R’ = H; R” = n-Bu 
R’ = C P , ;  R” = C#, 

101 

Similar C=C in frequencies ( 1  88& I890 cm-’) were observed on photolysis of 
an a-diazoiminoester in an argon matrix at 8%. When the photolysis was carried 
out in methanol, one of  the products was an ortho ester, a logical transformation 
product of  a preliminarily formed 2-azirine. 

OR qoR . +%e N - ,+-me 
NH OMe 

CN 
I 

I 
CN 

N, N-CN I 
CN 
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VI. REACTIONS OF 1-AZIRINES 
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1-Azirines are reactive and versatile substrates because of certain inherent 
features within their structure. These include high ring strain, a reactive n bond, a 
lone pair of electrons on the nitrogen, and the ability to undergo ring cleavage on 
thermal or photochemical excitation to give such reactive fugitive species as vinyl 
nitrene, iminocarbene, and nitrile ylide. 1-Azirines are capable of acting in reactions 
as nucleophiles and electrophiles, as a 2n component in thermal cycloadditions, as 
precursors of vinyl nitrenes and iminocarbenes in thermal intramolecular reactions, 
as precursors of nitrile ylides, as a 4n component in photochemical cycloadditions, 
and as a substrate in metal-induced  transformation^?^^^^ These reactions can be 
regarded in general terms as involving the participation of the C=N, the C-C, or the 
C-N bond (see la). 

1 s  : :  
la 

1. Thermal Decomposition and Rearrangement 

Thermolysis of 1-azirines may involve C-N bond cleavage or C-C bond 
cleavage.'@ Ring opening involving the weaker C-N bond to give the vinyl nitrene 
is the reverse of the thermal electrocyclic closure (Scheme 2). The possibility that 
such an electrocyclic opening might be occurring during the pyrolysis of 1-azirines 
was implied in the work of Isomura, Kobayashi, and Tanigu~hi."~ They reported 
that thermal decomposition of 3-phenyl-1-azirine (102) in refluxing hexadecane 
gave a 1 : l  mixture of indole (103) and phenylacetonitrile (104) (Scheme 2a). 
When 2-methyl-3-phenyl-1-azirine (105) was similarly treated, only 2-methylindole 
(106) was isolated. A plausible mechanism for the formation of these products 
involves cleavage of the C-N bond to generate a vinyl nitrene. This intermediate 
can undergo insertion into the phenyl group to give indole, or it can rearrange 
to give phenylacetonitrile. 

Scheme 2 Thermal equilibration between lazirine and vinyl nitrene. 

Thermal rearrangement of 2,3diphenyl-lazirine appears to be temperature 
dependent. When the azirine was heated at 250' for 3 h r  in a sealed tube, 2- 
phenylindole, 2,3,4,54etraphenylpyrrole, 2,4,5-triphenylimidazole, and l-benzyl- 



238 

107 

Azirines 
c 

L 

J 
Ph CH, CN 

104 

H -  

H 

fi# 

CH, H 

Scheme 211 Thermal rearrangement of 1-azirines to  indoles. 

2,4,5-triphenylimidazole were obtained as major products.'16 In contrast, 
thermolysis at 290' for 8 hr gave 2-phenylindole (54%) as the sole product."' 

In a further study, Isomura, Okada, and Taniguchi examined 'the thermal 
rearrangement of 3-vinyI-azirine~.'~ The results of this work also can be explained 
by C-N bond cleavage and formation of a transient vinyl nitrene. For example, the 
azirine 107 is converted thermally to 2-phenylpyrrole (1 lo), presumably through 
the intermediacy of the vinyl nitrene 10s. The formation of nitrile 114 by 
thermolysis of the azirine 111 can be explained as proceeding through the nitrene 
112. I- 1 

G?r H H  
108 

110 109 
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Padwa and his co-workers"' log examined the thermal rearrangement of ethyl-2- 
phenyl-l-azirine-3-(2-methylacrylate) (1 15). When this azirine was heated in 
xylene at 140' for 10 hr, the pyrrole 117 and the pyridine 118 were isolated. These 
transformations can best be rationalized in terms of an equilibration of the azirine 
with a transient vinyl nitrene 116, which subsequently rearranges as shown in 
Scheme 3 to the products. The transient intermediacy of the vinyl nitrene was 
supported by trapping experiments. Thus, when the thermolysis of 115 was carried 
out in the presence of tris(dimethylamino)phosphine, the yields of 117 and 118 
were significantly diminished and a 1 : 1 adduct of 116 and tris(dimethylamin0)- 
phosphine (i-e., structure 119) was isolated. 

Ring expansion of a related system, 3-methyl-3-vinyl-2-dimethylamino-I-azirine 
has been reported by Ghosez et al.77 

Thermolysis of iminoazirines results in the formation of pyrazoles (e.g., 

Rees and his ~ o - w o r k e r s ' ~ ~ ~ ~ ~ ~  examined the thermal decomposition of I-azirines 
122 generated from the flash-vacuum pyrolysis of 1,2,3-triazoles at 400-500°. Their 
results (Scheme 4) also can be explained by initial carbon-nitrogen bond cleavage. 

The pyrolysis of 2-phenyl-Lazirine3carboxamide (123) was studied by Nishiwaki 
and his co-workers.'08q '09 The pyrazine-2,Sdicarboxamide 124 can be explained 
by invoking C-N or C-C bond cleavage (Scheme 5).  Rupture of the C-N bond may 
lead to a diradical or a vinyl nitrene. 

Although the azirinyl diene 125 was reported to produce an azepine (127) 
through intramolecular cyclization of the vinyl nitrene 126,lM the structure of 
this product has been subsequently shown to be the pyrrole 128."' 

However, when the azirine 129 was subjected to thermolysis, the azepine 130 
was isolated."' 

Padwa and Carlsen studied the interesting thermal rearrangements of 3-allyl- 
substituted azirines.=* 112*113 Thermolysis of 3-allyl-3-methyl-2-phenyl-l-azirine (5) 
in toluene at 195' for 180 hr gave 1 -methyl-2-phenyl-3-azabicyclo[3.1 .O] hex-2-ene 
(132) in 90% yield. On prolonged heating, compound 132 is converted to 3-methyl- 
2-phenylpyridine (133). When the azirine 21c was subjected to similar thermolysis 

120 + 121)?05 
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Scheme 3 Thermal rearrangements of a 3-vinyl-l-azume. (Adapted from reference 105 with 
permission from the American Chemical Society.) 
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a. R, = CH,; R, = Ph; R, = Phtl :/ \::; 
b. R, = Ph; R, = Ph; R, = Phtl 
c. R ,  = CH,; R, = CH,; R, = Phtl 
d. R, F Ph;R, = CH,; R, = Phtl WR' 

R, H 
[RZq-R,] + RlCN 

t 
R,-CH=CHz 

Scheme 4 Thermolysis of lazirines generated by flash-vacuum pyrolysis of triazoles (Phtl = 
phthalimido). (Adapted from reference 119 with permission from the American 
Chemical Society.) 

conditions, the products 135 and 136 were isolated in 71 and 21% yields, re- 
spectively. 

The formation of 3-azabicyclof3.1 .O] hex-2enes probably involves initial C-N 
bond cleavage, and attack of  the neighboring TI system on the electrophilic singlet 
nitrene followed by bond reorganization (path 1 ,  Scheme 6).  An equally reasonable 

11 1 
Ph Hy&Jy": 

[ph'N*NH2] H - H,NOC Ph 

I 
Ph yfy 

H ,NOC 
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Scheme 5 Pyrolysis of 2-phenyl-l-azirine-3carboxamide. 
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Scheme 6 Mechanism of formation of azabicyclohexenes from the thermolysis of 3-allyl-2- 
phenyl-l-azirines. (Adapted from reference 33 with permission from the American 
Chemical Society.) 

mechanism (path 2) involves intramolecular addition of the nitrene to the adjacent 
n bond followed by a 1,3-~igmatropic shift of the intermediate. Formation of the 
A'-pyrroline ring system results from the latter intermediate probably by a 
homo [ 1 ,S J hydrogen migration. 

Flash-vacuum pyrolysis (500° at 0.005 mm) of 3-(2-butynyl)-3-methyl-2-phenyl- 
1-azirine (22) gives 2,5-dimethyld-phenylpyridine (138), presumably through a 
vinyl nitrene i n t e m ~ e d i a t e . ~ ~  

- 
Ph 3 

22 138 

When but-3-enyl-substituted 1-azirines (e.g., 139) are heated in toluene to  
195", 2-methylbiphenyl (140) and 2,5-dimethyld-phenylpyridine (138) are pro- 
d ~ c e d . " ~ * " ~  The mechanism of this thermolytic rearrangement (Scheme 7) can be 
explained by initial ring opening to the vinyl nitrene, followed by a 1P-hydrogen 
transfer to produce an azatriene (141). This reactive system undergoes a 1,s- 
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Scheme 7 Mechanism of thermal rearrangement of 3-(butdenyl)-2-phenyl-lazirine. 
(Adapted from reference 115 with permission from the American Chemical 
Society.) 

sigmatropic shift to give the thermodynamically more stable azatriene 142, which 
can undergo cyclization and elimination to give the observed products. The pro- 
posed sequential 1,4- and 1,s-hydrogen transfers was supported by evidence from a 
related study (Scheme 8), where the azirine 143 is converted by ring cleavage and 
1,4- and 1,5-hydrogen shifts to the dienaminal 144. This intermediate cyclizes as 
expected to give the observed product, 2-phenyl-3-methylpyridine. 

In almost all the aforementioned examples, thermolysis of the 1-azirine ring 
system examined led to products that could reasonably be explained as having 
arisen from initial C-N bond rupture. Excellent evidence for the Occurrence of 
thermal C-C bond cleavage in the vapor phase pyrolysis of some 1-azirines was 
reported by Bergman and Wendling.118*119 The y studied the pyrolysis of 3-methyl- 
2-phenyl-lazirine in the gas phase at 565" and l a t m  pressure of helium. The 
products were styrene (56%), benzonitrile (2%), and a reddish polymer. 3-Ethyl-2- 
phenyl-I-azirine gave similar results. The vapor phase pyrolysis of 3,3-dimethyl-2- 
phenyl-1-azirine at 472", however, gave styrene (1 O%), benzonitrile (6%), ace- 
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133 

Scheme 8 Dienaminal formation in the thermolysis of the azirine 143. 

tonitrile (small and variable amounts), polymer (20%), and an azadiene (24%). 
When the pyrolysis temperature was raised to 545", this azirine gave the following 
products: styrene (56%), benzonitrile (4%), 3-methyldihydroisoquinoline (5%), 
and polymer (32%). 

From these and further supporting experiments, Bergman and Wendling proposed 
(Scheme 9) that the initial bond breaking involves the C-C bond and produces a 
vinyl carbene (147) or a 1Jdiradical species (148). Hydrogen abstraction by the 
carbene(or diradical) results in formation of the key intermediate in these reactions, 
that is, the azabutadiene 149. An endothermic electrocyclization (47r electrons) 
may then generate a small steady state amount of azetine (ISO), which fragments 
to give the nitriles and styrenes observed. Electrocyclization involving 6n electrons 
produces 153, which rearranges by a 1,5-sigmatropic hydrogen shift to give the 
dihydroisoquinoline 154. 

Further support for this mechanistic scheme was provided by Ghosez and his 
co-workers, who reported the isolation in high yield of an azabutadiene by the 
pyrolysis of 3,3-dimethyl-2-dimethylamino- l - a ~ i r i n e . ' ~  The absence of products 
arising from the vinyl nitrene 146 warrants discussion. It is reasonable to assume 
that C-N bond cleavage provides a lower energy pathway than C-C bond cleavage. 
However, the nitrenes formed in these cases apparently will not undergo 1,4- 
hydrogen abstractions (cf. Padwa and Kamigata"'). Furthermore, 1,2-abstraction 
by the nitrene to form ketenimines occurs only when hydrogen is the group being 
transferred. Consequently, the only product path that seems to  be available to the 
vinyl nitrene is regeneration of the azirine. Thus, reaction products with these 
azirines are observed only when pyrolysis temperatures are high enough to cause 
the rupture of the C-C bond. 

Thermolytic products can be explained by invoking C-C bond cleavage of the 
I-azirine ring system in other cases. For example, the cis-vinyl azide 155 is smoothly 
converted to the isoxazole 156 at room temperature, whereas the trans isomer 157 
gives the oxazole 159. In both cases, vinyl nitrenes are plausible intermediates. In 
the former case, the stereochemical arrangement of the intermediate vinyl nitrene 
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Scheme 9 Thermal C-C bond cleavage in the vapor phase pyrolysis of 1-azirines. 

is favorable for a six-electron electrocyclization whereas in the latter case, a four- 
electron electrocyclization to the azirine 158 is probably the preferred pathway. 
Transformation of the azirine to the oxazole 159, would require a C-C bond 
cleaveage .I2' 

- 
155 

Ph 

157 158 159 
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The azirine 4% undergoes bond cleavage at both C-N and C-C to give products 
that can be explained as having arisen from the intermediate carbene 160.48 

47b I 

._ 

162 

2. Reactions with Azirines as Nucleophiles 

I-Azirines undergo a number of reactions in which the ring system plays the role 
of the nucleophile. The focal point of the initial nucleophilic step in these transfor- 
mations is the heterocyclic nitrogen. The basicity of the nitrogen in azirines is much 
lower than in simple aliphatic amines. Calculations based on 13C-H coupling 
constants2*1s'16 suggest a high degree o f s  character for the exocyclic bonds in this 
ring system. The basicity and nucleophilicity of I-azirines appear to be comparable 
to that of simple aliphatic nitriles.2 

A. Reactions Involving Acids and Derivatives 

The acid-catalyzed hydrolysis of I-azirines to a-aminoketones is well established. 
In fact, in many reactions of I-azirines where acid catalysis is used, formation of 
a-aminoketones is difficult to avoid. Hydrolysis of 2-substituted 1-azirines (e.g., 15) 
gives a-aminoisobutyrophenone (163).'" With 2-unsubstituted I-azirines, the 
hydrolysis products would be aminoaldehydes. The acid-catalyzed methanolysis of 
azirine 15 gives the dimethyl ketal of 163, quantitatively. 

X- 
0 kH, 
II i ei - H .OIH' Ph-C-C(CH,), 

Ph 1 

15 163 
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The reaction of HF in the presence of pyridine or triethylamine with 1-azirines 
gives products that depend on the structure of the I-azirine as well as on the solvent 
used. For example, 3,3dimethyl-2-phenyl-l-azirine (15) reacts with HF/pyridine in 
tetrahydrofuran to give the a-fluoroketone 164 almost quantitatively,'2J whereas 
2-phenyl-1-azirine (24) is converted by HF/pyridine in benzene to the difluoroamine 
165 as the major product.'" Variation of products results with the same azirine 
when different solvents are used. Thus, 3-methyl-2-phenyl-1-azirine 3 reacts with 
HF/pyridine in tetrahydrofuran to give the pyrazine 166 in 81% yield, whereas in 
benzene it is converted to the difluoroamine 167 in 75% yield.'= 

0 

PhCF, CH, NH, 
165 

166 

P ~ C F ,  ~ H C H  , 
167 

The reaction of 2-phenyl-1-azirine (24a) with benzoic acid gave N-benzoylphena- 
cylamine (168).'% The overall mechanism of the reaction in this case and in the 
two former examples involves initial protonation on nitrogen followed by addition 
of nucleophile to the azirinium ion, and finally ring opening. In the latter example 
(Scheme lo), a rearrangement following the nucleophiiic attack must occur to  
account for the observed product 168. aHaloacids behave similarly.'" 

However, thiobenzoic acid reacted with azirine 24a to give 170, presumably 
through the intermediacy of the aziridine 169.'% 
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Scheme 10 Mechanism of reaction of 2-phenyl-lrzirine and benzoic acid. 

Meek and Fowlers observed that the addition of p-toluenesulfinic acid to 3- 
methyl-2-phenyl-I-azirine (3) gave the sulfonylaziridine 171. However, reaction of 
the 2-aminoazirine 172 with p-toluenesulfinic acid12' gave the ring-opened product 
173. The reaction pathway followed in the latter case appears to be similar to 
that shown in Scheme 10 for the benzoic acid reaction with azirine (249). 
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172 
173 

Sulfonic acids react with the aminoazirine 172 to give dimeric salts containing 
the piperazine ring.'27 

Activated phenols (e.g., 174) react with the 2-aminoazirine 172 in boiling 
benzene to  give the aniline derivatives 175.'= A plausible reaction mechanism is 
shown in Scheme 11: protonation of the azirine is followed by attack of the 
phenolate ion at  the amidinium carbon atom. The resulting intermediate rearranges 
to a spiro-Meisenheimer complex, which undergoes ring opening to  give the observed 
products 175. Compound 17% can also be produced by the reaction of 172 with 
2,4-dinitrofluoroben~ene.'~~ 

2-Formyl- and 2-acetylphenols (176) convert 172 to 177.1m 
The 2-aminoazirine 172 reacts with formyl cycloalkanones 178 to give the 

1 : 1 adducts 179 as shown in Scheme 1 2.12' 
The first example of the utilization of the protonated 1-azirine system for the 

synthesis of heterocyclic compounds was reported by Leonard and Zwanenburg.'= 
They discovered that treatment of 3,3dimethyl-2-phenyl-l-azirine (15) with 
anhydrous perchloric acid and acetone or acetonitrile gave the oxazolinium 
perchlorate 180 and the imidazolinium perchlorate 181 , respectively. Using elegant 
isotope labeling studies, they proposed that the mechanism of these conversions 
involved ld-bond cleavage of the protonated azirine and reaction with the carbonyl 
group (or nitrile) to produce a resonance-stabilized carbonium-oxonium ion (or 
carbonium-nitrilium ion), followed by attack of the nitrogen unshared pair of 
electrons to complete the cyclization (Scheme 13). 

Similar results are also obtained when boron trifluoride etherate is substituted 
for perchloric acid or fluoroboric acid in these ring expansion reactions.'?9 

Leonard and Zwanenburg isolated the aziridine 182 from the reaction of azirine 
(15) and pyridinium perchlorate.'22 The structure of a similar product, prepared 
from Neber's azirine," was proposed by Cram and HatchF7 
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a. X =  2-nitro 
b. X=.Q-nitro 
c. X = 2,edinitro 
d. X = pentachloro 

Scheme 11 Mechanism of reaction of 2amino-1-aziriies and activated phenols. (Adapted 
from reference 128 with permission from Helvetica Chimica Acta, Birkhauser 
Verlag.) 
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Scheme 12 Reaction of 2.amino-l-azirines with formyl cycloalkanones. 

However, when Leonard, Muth, and NairlJO treated the azirine 15 with anilinium 
perchlorate in acetonitrile at O", they found that it was quantitatively transformed 
into a-ammonium isobutyrophenone anil perchlorate (186). The probable first step 
in this conversion is the transfer of a proton to the azirine and attack by aniline on 
the iminium bond to give 184. A second proton transfer from the anilinium to the 
more basic aziridine nitrogen would lead to intermediate 185. Cleavage at the 1,2- 
bond of the strained ring to give a resonance-stabilized iminium ion would be 
followed by a final proton transfer to yield the product 186. An intriguing feature 
of the mechanistic sequence is the effective transfer of all three protons from one 
nitrogen to the other (Scheme 14). 

Reaction of azirine 63a with hydrazine perchlorate gives the aminopyrazole 
18fxi3 The mechanism is probably similar to that of the reaction of anilinium 
perchlorate and azirine (15). The intermediate 187 is therefore the precursor to 
the pyrazole 188. 

I-Azirines react with carboxylic acid chlorides in benzene to give aziridines, 
where RCOCl has been added to the G N  b ~ n d ? ~ ' " ~ ' ~  For example, Hassner and 
coworkers found that 3-methyl-2-phenyl-lazirine (3) reacts with benzoyl chloride 
presumably through the atirinium ion 189 to give a stereoisomeric mixture of N- 
benzoyl-2chloroaziridines (190). These unstable aziridines are converted in polar 
solvents or by heating into a mixture of oxazole (191) and dichloroamide (192) 
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Scheme 13 Acid-catalyzed additions of acetone and acetonitrile to l-azirines. 

(Scheme 15). It should be noted that the rearrangement to the oxazole proceeds 
with opposite regiochemistry to that observed in the formally similar acidcatalyzed 
reaction of l-azirines with ketones reported by Leonard and Zwanenburg."' 

Sat0 and his co-workers'26 observed that the reaction of 2-phenyl-1-azirine 
(24a) with acid chlorides and anhydrides in the presence of triethylamine gave the 
oxazole directly. Thus 24a was converted to the oxazole 193 when it was treated 
with acetic anhydride and triethylamine under reflux for 6hr .  Using a lower 
temperature and a shorter reaction time they were able to  isolate the aziridine 194. 

The reaction of phthalic anhydride with the azirine 2 4 n  gives the ketoamide 
196. A likely intermediate in this conversion is 195, which on hydrolysis gives the 
observed product.'% 

When azirine 3 was treated with an excess of benzenesulfonyl chloride in 
pyridine, a mixture of sulfonamides 198 and 199 was produced.2 It is likely that 

H 
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Scheme 14 Reaction of l e e s  with anilinium perchlorates. 
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192 191 190 

Scheme 15 Reaction of lazirines with carboxylic acid chlorides. 

the chloroaziridine 197 is the precursor of 198, since the rearrangement of N- 
sulfonylaziridines to vinyl sulfonamides is known.'% 

2-Dimethylamino-3,3dimethyEl-azirine (1 72) reacts with acid chlorides to give 
N-acylamidines (e.g., 200) through 1,3-bond cleavage of the initially formed inter- 
mediate.13' Carboxylic acid anhydrides, however, convert this azirine to diacylamino 
derivatives (e.g., 201) in a reaction that involves 1,2-bond b~eaking.'~' 

Deyrup and Szabo'= have reported that alkylation of 1-azirines is possible 
with methyl triflate. Treatment of 2,3-diphenyl-l-azirine (44h) with methyl triflate 

193 I 

0 194 
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in dichloromethane gave 205. The mechanism of formation of 205 is shown in 
Scheme 16. The initial step involves alkylation of the azirine to generate inter- 
mediate 202. Ring cleavage produces cation 203, which alkylates a second molecule 
of azirine to give via 204 the observed product 205. 
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Scheme 16 Alkylation of 2.3diphenyl-l-azirine with methyl triflate. 

B. Nucleophilic Reactions Involving Cyclopropenones 
and Cyclopropenyl Cations 

Hassner and Ka~cheres'~' found that diphenylcyclopropenone (206) reacts with 
1-azirines to produce 4-pyridones (208). When R = CH3, a prototropic shift is not 
possible and intermediate 207 can be isolated (Scheme 17). 

Moerck and Battistet% reported that cyclopropenyl cations (209) convert 
I-azirines (e.g., 24a) to pyridines (210). 
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Scheme 17 Reaction of lazirines with diphenylcyclopropenone. 
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3. Reactions with Azirines as Electropbiles 

1-Azirines also undergo reactions while participating as electrophiles. The 
electrophilicity of 1-azirines is associated with the polarized nature of the C=N bond. 

A. Reactions Involving Organometallic Reagents 

Lithium aluminum hydride reduces I-azirines in a highly stereospecific manner 
to give aziridines?**' For example, 3-methyl-2-phenyl-1-azirine (3) is stereo- 
specifically and quantitatively reduced to the cis-aziridine 21 1. Approach of hydride 
occurs exclusively from the less hindered side of the azirine molecule. This reduction 
provides a useful preparation of cis-aziridines. 
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Sodium borohydride also has been reported to convert azirines to a~iridines.~' 
Eguchi and I ~ h i i ' ~ ~  observed that the l-azirine 24a generated in situ from the 

oxime 212 reacts with a Grignard reagent to give aziridine 213. 

H 
N 

Hassner and Fowler' found that 3-methyl-2-phenyl-I-azirine (3) reacted readily 
with phenylmagnesium bromide to give 2,2-diphenyl-3-methyla~iridine (214). The 
observed reactivity of 1-azirines toward Grignard reagents is an anomalous reaction 
of an imine. Generally, Grignard reagents react by a-hydrogen abstraction to give 
the enamine anion, which on work-up generates the starting imine. The failure of 
l-azirines to follow this behavior can be explained in terms of the instability of the 
enamines that would be generated from a-hydrogen abstraction of I-azirines. The 
reaction of 1-azirines with Grignard reagents exhibits similar stereospecificity as 
observed for hydride reductions.'46 

3 214 

1-Azirines undergo the Reformatsky reaction.lm For example, 3,3-dimethyl- 
2-phenyl-l-azirine (15) reacts with the a-bromoesters 215 to give 216 and 217 or 
218 (Scheme 18). 

B. Reactions with Cbrbanions 

Sato, Kato, and Ohta'41g 14' observed that 2-phenyl-l-azirine reacted 
with acetophenone in the presence of dimethylsulfmyl carbanion to give 2,4- 
diphenylpyrrole (222). A reasonable mechanism for this transformation involves 
initial nucleophilic attack by the enolate anion of acetophenone on the C=N 
bond to give 220 through 219. Intermediate 220 undergoes 1,2-bond cleavage, 
cyclization, and hydroxyl group elimination to give 222 (Scheme 19).s3* 14* 142*158 

Benzyl cyanide reacts with azirine (24)  in the presence of dimethylsulfinyl 
carbanion to give 3,4diphenyl-2-oxo-5-iminopyrroline (224), probably via inter- 
mediate 223. 

When no hydrogen is present at the 3-position of the azirine (i.e., with 3- 
disubstituted azirines), the reaction with carbanions produces different  product^.'^' 
For example, 3,3-dimethyl-2-phenyI-l-azirine (15) reacts with a-phenylethylacetate 
in dimethylsulfoxide and base to give 225,226, and 227. 
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Scheme 18 Reformatsky reaction of l-azirines. (Adapted from reference 140 with permission 
from Pergamon Press, Ltd.) 
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Scheme 19 Conversion of lazirines to pynoles by reaction with carbanions. (Adapted from 
reference 53 with permission from Academic Press, Inc.) 
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The reaction of activated methylene groups in 0-dicarbonyl compounds with 
azirines can be conducted at room temperature and under nickel(I1) catalysis to 
give high yields of pyrroles.'" 

Carbanions in the form of ylides also add to azirines. Hortmann and 
RobertsonlM reported the conversion of azirines (3, 15, 24a) with dimethyl- 
sulfonium methylide to I-azabicyclobutanes (229) in good yields. The addition of 
the methylene group probably occurs by initial nucleophilic attack by the ylide to 
give the intermediate 228, which cyclizes with expulsion of dimethyl sulfide. 

Ph 
228 229 

3 
15 
24r R, = H ; R ,  = H  

R, = H; R, = CH, 
R, = CH,; R, = CH, 

Addition of trichloromethide ion to azirine 3 was used by Hassner et al.'47 to  
generate, after work-up, the aziridine 230. When this aziridine was treated with 
base, cyclization and rearrangement occurred and the azetine 231 was isolated 
(Scheme 20).147 
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Scheme 20 Synthesis of lazetine from lazirme. 

C .  Reactions with Alcohols 

I-Azirines react with alcohols in the presence of alkoxides to give alkoxy- 
aziridines.?s*122 Further treatment with alcohol and alkoxide results in the for- 
mation of aminoketone acetals. Alkoxyaziridines are not isolated in general from 
the acidcatalyzed addition of methanol to azirines.ln 

Oxazole 232 can be isolated in about 30% yield from the reaction of the azirine 
63a and weakly alkaline methanol.” 

0 

P h J x P h  
CH OHINaHCO a -Ph t 

Ph H 0 
63a 232 

The perfluoroazirine 50 is converted by ethanolysis to ethyl-2-ethoxy-3,3,3- 
trifluoro-2-hydroxypropionate (233) and 3,3,3-trifluoro-2,2-dihydroxypropionate 
(234).14’ 

D. Reactions with Amines and Derivatives 

The reaction of aniline with 2-phenyl-I-azirine (24a) was examined by Smolinsky 
and Feuer.lM They isolated, after mild acid hydrolysis, benzanilide and smaller 
amounts of 2,s-diphenylpyrazine and 3,4-dianilino-l,2,5-triphenylpyrrole. 
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An interesting reaction of 1-azirines is with pyridine N-imines. It has been 
reported that the pyridine N-imine salts 235 react with 2-phenyl-1-azirine (24a) 
in the presence of base to give 1,9a-dihydr0-2H-pyrido[ 1,2-b] as-triazines 
(236).'50-'52 The mechanism of this transformation probably involves addition of 
the ylide from 235 to the C=N bond of the azirine followed by cyclization and 
rearrangement. 

+ R- 
n.. 

R = Ph 
R = p-C,H,-NO, 
R = rl-pyddyl I 

239 

2-Dimethylamino-3,3dimethyl-I-azirine (172) reacts with aromatic carbo- 
hydrazides (237) to give the oxadiazoles 240, probably through the intermediacy 
of 238 and 239.ls ~ - 
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241) to give zwitterionic compounds (e.g., 242).'" 
The amino azirine 172 also reacts with six-membered cyclic hydrazides (e.g., 

242 

Another interesting reaction of the amino azirine 172 is with saccharin (243), 
where ring expansion to an eight-membered ring heterocycle 244 is observed."' 
The mechanism sunnested for this transformation is shown in Scheme 21. Phthalimide -- 
undergoes a similar reaction with this amino azirine.lsS 

L J 
244 

Scheme 21 Reaction of Z-amino-l+32irine with saccharin. 

E. Reactions with Nitrones 

Nitrones attack 1-azirines nucleophilically.'M Thus, when 2,3-diphenyl-l-azirine 
(44h) was heated with isoquinoline N-oxide (245) in benzene at reflux tempera- 
tures, isoquinoline (247) and bis(benzamid0)phenylmethane (249) were isolated in 
high yields. The reaction involves initial nucleophilic attack of the nitrone oxygen 
on the C=N bond of the azirine ring. This step bears some resemblance to the 
formation of alkoxyaziridines from the reaction of 1-azirines with alkoxide ion and 
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to the initial step of carbanion reaction with 1-azirines, both of which were 
mentioned previously. Bond reorganization results in formation of isoquinoline and 
a reactive imine intermediate (246). Partial hydrolysis of the imine 246 produces 
benzamide, which reacts further with 246 to produce 249 (Scheme 22). The 
bicyclic intermediate 250 may also be the precursor of 246 (cf. 228 + 229):‘ A 
similar reaction takes place when the 3-methyl analog of 44h is treated with rn- 
chloroperbenzoic acid to produce the methyl analog of 246, presumably via an 
intermediate similar to 250.*s9 

0 
II + Ph-C-N=CHPh 

246 
1 

247 

H,O 1 
0 

246 II 
(PhCON H 1 I CH Ph 7 Ph-C-NH, 

249 248 

H 
Ph 

250 

Scheme 22 Reaction of lazirines with nitrone. 

4. Thermal Cycloadditions 

The 2r  electrons of the carbon-nitrogen double bond of 1-azirines can participate 
in thermal symmetry-allowed [4 + 21 cycloadditions with cyclopentadienones, 
isobenzofurans, triazines, tetrazines, a-ketosulfenes, diazomethane, azomethine 
ylides, nitrile ylides, and nitrile oxides. Cycloadditions also occur with hetero- 
cumulenes such as ketenes, ketenimines, complex isocyanates, and carbon disulfide. 
1-Azirines are reactive toward benzyne, and some 1-azirines form adducts with 
mesoionic compounds. It is possible also for the 2 r  electrons of I-azirines to 
participate in “ene” reactions. 
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A. Diels-Alder Reactions 

a. CYCLOPENTADIENONES 

One of the first examples of cycloaddition of the 1-azirine ring system was 
reported independently by NairIm and by Hassner and Anderson.161 16' They 
discovered that 3H-azepines (253) are formed directly when 1-azirines (25 1) and 
cyclopentadienones (252) are heated under reflux in benzene or toluene. 

25 1 

a. R,  = Ph; R, = H (241) 
b. R, = Ph; R, = CH, (3) 
c. R, =Ph;R,  =Ph(44h) 
d. R, = Ph; R, = CH,OH 
e. R, = PhCH,; R, = H (44e) 

253 
a. R,  = Ph 
b. R, =CH, 
c. R, = C,H, 

a. R, =Ph;R,  = H ; R ,  =Ph 
b. R, = Ph;R, =CH,;R, = P h  
C. R, = Ph; R, = Ph; R, = Ph 
d. R, = Ph; R, = CH,OH; R, = Ph 
e. R, = PhCH,; R, = H; R, = Ph 
f. R,  = Ph; R, = H; R, = CH, 
g. R, = Ph;R, =CH,;R, =CH, 
h. R, = Ph; R, = Ph; R, = CH, 
i. R, =PhCH,;R, = H ; R ,  =CH, 
j. R,  = Ph; R, = H; R, = C,HS 
k. R, = Ph;R, =CH,;R,  =C,H, 

Hassner and Anderson showed that the cycloaddition occurs even with relatively 
unstable 1-azirines. These are generated in sifu from the appropriate vinyl azide and 
reacted directly with the cycl~pentadienones.'~~ 

Assignment of the 3H-azepine structure in the work of both Nair and Hassner 
and Anderson was facilitated by specific utilization of the cyclopentadienone, 
2,5-dimethyl-3,4diphenylcyclopentadienone (252b), and the azirine, 2-phenyl- 
1-azirine (251a = 24a). The resulting azepine (2530 undergoes rapid deuterium 
exchange (DzO) at the 2-methyl group, whereas deuterium exchange of methyl 
protons at other positions either were very slow or did not occur. Interestingly, 
a minor product identified as 254 and isolated in the reaction of azirine 251b and 
cyclopentadienone 252a showed as expected deuterium exchange at the methyl 
group. The azepine 253f also underwent a smooth condensation with benzaldehyde 
in the presence of pyrrolidine to the styryl derivative 255.1m Further substantiation 
of structure came from nmr studies. In the azepine 253f, the methyl resonance at 
6 2.28 showed homoallylic coupling (J = 0.8 Hz) and in azepines 253e and 2531 
only singlets were observed for the benzylic protons.164 

The mechanism of formation of the 3H-azepines merits discussion.'m* 16*. 160 It 
is reasonable to assume that the first step of the cycloaddition is a symmetry- 
allowed [r4s + n2s] process to furnish an endo-adduct (256).16' At least two path- 
ways are possible from this adduct to the observed 3H-azepine product (Scheme 
23). Mechanism a involves cheletropic fragmentation of the adduct 256 to furnish 
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254 255 

an azanorcaradiene (257). The symmetry-allowed disrotatory electrocyclic ring 
opening of the azanorcaradiene to its valence tautomer, the azacycloheptatriene 
(or 2H-azepine) 258, is followed by a 1,s-suprafacial sigmatropic shift of the 
2-hydrogen to give the thermodynamically more stable 3H-azepine 253.160 In 
mechanism b, loss of carbon monoxide from 256 occurs with participation of the 
aziridine carbon-nitrogen bond to afford 258, which undergoes a 1,5-sigmatropic 
shift to give the 3Hazepine 253?62* 172 

251 + 252 - 
r 

L 
25 7 

Scheme 23 Mechanism of formation of 3H-azepmes from lazirines and cyclopentadienones. 

The main difference between these two mechanisms is that the elimination of 
carbon monoxide is concomitant with the disrotatory electrocyclic ring opening 
in mechanism b. Rate acceleration in the decarbonylation of endo-tricyclooctenones 
is known.'66* 16' Additional evidence for the concomitant participation of the 
three-membered ring in the decarbonylation of 256 came from two sets of 
experiments.'62 First, the cyclopropene adduct 260 from triphenylcyclopropene 
(259 and 252b) is converted on heating initially to the cycloheptatriene 261 and 
subsequently to the cycloheptatriene 262 (Scheme 24). Second, the cycloaddition 
of 259 and the 1,3-diphenylinden-2-one 263 gave the stable exo-adduct 264 and 
the cycloheptatriene 265 in a 1 :4 ratio. It is likely that 265 was derived from the 
unstable endocycloadduct (Scheme 25). 
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H P h  

Ph Ph 
259 252b 

Ph Ph 

C H l ~ ~ ~  Ph .- CH1j=&H3 Ph 

Ph H P h  
262 26 1 

Scheme 24 Reaction of triphenylcyclopropene and 2,Sdirnethyl-3,4diphenylcyclopenta- 
dienone. 

The 3H-azepine 254 isolated as a minor product in the reaction of azirine 251b 
and cyclopentadienone 252a must have arisen from the azepine 2538 by a further 
symmetry-allowed 1,s-sigmatropic shift. Hassner and Anderson'@ have provided 
evidence for this type of phenomenon. 

The regiochemistry of these cycloadditions has been discussed.'@ 
Hassner and Anderson'62 also reported apparently the first example of a stable 

2H-azepine system 266 from the reaction of 263 and azirines 251a-25lc. 

Ph 

Ph 
259 

+ 

Ph 264 
263 + 

265 

Scheme 25 Reaction of triphenylcyclopropene and 1,3diphenylindrn-2*ne. 



Reactions of 1-Azirines 269 

266 

a. R, = Ph; R, = H 
b. R, = Ph; R, = CH, 
c. R, = Ph; R, = Ph 

b. ISOBENZOFURANS 

1 ,3-Diphenylisobenzofuran (268) reacted readily with 3-methyl-2-phenyl-1- 
azirine (3) and with other azirines in refluxing toluene to give a cycloadduct (269), 
the primary product of a [n4s+n2s] c y ~ l o a d d i t i o n . ' ~ ~ ' ~ ~  The adduct 269 was 
assigned the ex0 stereochemistry on the basis of its nmr data. 

3 R, = Ph; R, = CH, 268 
267 R, = H; R, = tBu 

269 
a. R, = Ph; R, = CH, 
b. R, = H; R, = t B U  

The cycloadduct 269 undergoes a number of interesting reactions involving both 
the oxido bridge and the aziridine C-N bonds. Thus when 269a was treated with 
anhydrous HCl in benzene, the hydrochloride salt of 270 was isolated. The reaction 
involves protonation of the aziridine nitrogen (easily monitored by ' H nmr methods), 
followed by selective cleavage of one of the aziridine C-N bonds.16* Reductive 
cleavage of adduct 269 with lithium aluminum hydride gave the benzoazanorcarane 
271. Attack of hydride is regiospecific and stereo~pecific. '~~ Treatment of 271 
with anhydrous HCI in refluxing benzene led to isolation of the triphenyl- 
isoquinoline 272.16* Other nucleophiles such as water and alcohols also cleave the 
oxido bridge at the benzylic position alpha to the aziridine nitrogen.'69 Thus, when 
269b was heated in methanol, compound 273a was isolated. In the presence of 
silica gel and moist ether, 269b was converted to 273b. 

An interesting isomerization reaction of the cycloadduct 269a was reported by 
Hassner and A n d e r ~ 0 n . l ~ ~  When 26% in benzene was stirred with Woelm neutral 
alumina, it was converted in good yields to the azepine 274. 

Although 1,3-diphenylisobenzofuran (268) reacts readily with 1-azirines mono- 
substituted at the 3-position, it is unreactive towards such 3disubstituted azirines 
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269 

a. b. R, R, = =H;R,,=t-Bu Ph; R, = CH, 

Ph CH,OH 

Ph or P h o  
274 

H 
H1o I 272 

273 
a. R=CH, 
b. R = H  

as 3,3-dimethyl-2-phenyI-I-azirine (15).’69 Cyclopentadienones (252) are also 
unreactive toward this azirine. 

c. CYCLOPENTADIENE 

3-Methyl-2-phenyl-I-azirine (3) and 2-phenyl-1-azirine (24a) are unreactive 
toward cyclopentadiene under a variety of conditions.’70 However, an electronically 
different azirine, 2-benzoyl-3-methyl-1-azirine (275), has been reported’” to react 
with cyclopentadiene (276) to give the expected [4 -I- 21 cycloadduct 277. 
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d. TRIAZINES 

One example of the reaction of a triazine (278) with an azirine (267) has been 
reported.'* The products, obtained only in low yields, are the diazepines 279 
and 280. 

+ 
H C,H,-t N-N 

267 I 
Ph 
278 

____* 

C, H,- t  
279 
+ 
H 

280 

e. TETRAZINES 

A more reactive system in which nitrogen is lost cheletropically after formation 
of the initial [4 + 21 cycloadduct is the tetrazine. Five research groups have reported 
on this cycloaddition.17j-1n A variety of heterocyclic products are produced 
depending on the structures of the azirine and tetrazine used and the reaction con- 
ditions. Azirines 249, 3, and 267 react with the tetrazines 281a-281c in toluene 
under reflux to give the triazepines 282 and 283, the pyrimidines 284, and the 
pyrazoles 285. The tetrazine 281c was the most reactive and gave the triazepine 
282b in 95% yield. Similarly, cycloaddition of 267 with 281c gave the triazepine 
282c in 82% yield, whereas the reaction of 267 with 281a afforded the pyrimidine 
284c in 92% yield.'"' 

The triazepines 282 are the primary products of these reactions with tetrazines. 
Their formation occurs very likely from initial [4 + 21 cycloaddition followed by 
nitrogen elimination and electrocyclic ring opening, and then 1,5-sigmatropic shift 
of the intermediate SH-1,2,4-triazepines. This pathway is analogous to that dis- 
cussed for the cycloaddition with cyclopentadienones. A further symmetry-allowed 
1,5-sigmatropic shift converts 282 to 283. Both 282 and 283 may then undergo 
thermal fragmentations to give pyrimidines 284 (loss of :NH) or pyrazoles 285 
(loss of R2-cS4Q'72 

Anderson and Hassner had reported originally'% the isolation of an unidentified 
product from these cycloadditions. This product appeared to be the major product 
from the azirine 3 and the tetrazines 281a and 281b. Elemental analysis showed 2 
molecules of azirine and 1 molecule of tetrazine minus Nz and CH3CN. These 
products appear to result from the addition of the pyrazoles formed in the cyclo- 
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addition with the excess azirine present in the reaction mixture. This reaction is 
similar to the addition of amines to  azirines, which has been mentioned already. 

Nair reported on further details of the therrnolysis of 2H-l,2,4-triazepines."' 
For example, when the triazepine 28% was heated in refluxing mesitylene not 
only was 285a formed (1 I%), but a second pyrazole 286 was also isolated in 29% 
yield. The pyrazoles are formed through elimination of HCN and PhCN from 282a 
or an isomeric structure. In direct competition with nitrile extrusion in the 
thermolysis of282ais a remarkable skeletal rearrangement that gives a third product 
(287) in 28% yield. The formation of the triazolylstilbene 287 from 282a requires 
an initial symmetry-allowed 1 ,S-sigmatropic shift of hydrogen to give 288. Inter- 
mediate 288 can destroy itself by nitrile elimination to furnish 285a and 286, or 
it can undergo an intramolecular [n4u + n2a] cycloaddition to give 289, which 
subsequently rearranges in a reverse Diels-Alder fashion to  287. 

H 
\ 

N-N 

Ph 
286 

Ph 
I 

C 
P h - 8  'H 

287 

289 

B. 1,3-Dipolar Cycloadditions 

a. DIAZOMETHANE AND DERIVATIVES 

The interaction of diazomethane with I-azirines was the first example of 1,3- 
dipolar cycloaddition with this ring system. This reaction was reported by 
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Logothetis178 and subsequently studied in more detail by Nair.30*179 3-Methyl-2- 
phenyl-1-azirine (3) reacts with diazomethane in ether at room temperature to  
give a 1.6: 1 : 1 mixture of the allylic azides 290, 291, and 292, respectively. 
Structural evidence for the allylic azides came from elemental analysis, ir spectra, 
and particularly the nmr data.% 

+ CH,\ /ph c=c 
H/ \CHIN, 

291 

+ H\ /Ph 

290 N, 

c=c 
H0 \ C H C H ,  

I 

292 

The mechanism of formation of the allylic azides (Scheme 26) is probably the 
result of at  least a two-step 13-Dipolar addition of diazomethane 
across the C=N bond of the azirine produces the triazoline adduct 293. The adduct 
293 can exist in equilibrium with its valence tautomer 294, and the allylic azides 
can be produced from these triazolines by ring cleavage. Allylic azides are said to 
undergo isomerization very rapidly, and triazoline intermediates were proposed 
by Gagneux, Winstein, and for the rapid equilibration of pentenyl and 
butenyl azides. Rapid equilibration of the allylic azides 290, 291, and 292 would 
explain both the appearance of the mixture as a single spot on thin layer chroma- 
tographic plates with several different solvent systems and our inability to separate 
these compounds. 

3 +CH,N, 
I 

291,292 

Scheme 26 Mechanism 

290 

IT 
294 

of formation of aUylic azides from lazirines and diazomethane. 
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3,3-Dimethyl-2-phenyl-l-azirine (15) also reacts with diazomethane to give the 
allylic azides 295 and 296, respectively, in a ratio of 1 : 3.j' This is in contrast to 
the lack of reactivity of this azirine toward cyclopentadienones and isobenzofurans. 

295 N3 

2% 

Bowie, Nussey, and Ward'" reported that treatment of 2,3-diphenyl-l-azirine 
(44h) with phenyldiazomethane gave as the major product (70%) the vinyl azide 
298. The precursor to the vinyl azide 298 may very likely be the allyl azide 297, 
formed as suggested in Scheme 26. The rearrangement of 297 to 298 represents a 
1,3-sigmatropic proton shift. Although this is a symmetry-forbidden shift, the 
prolonged heating and/or the copper powder used in this reaction may have been 
responsible for conversion of the allyl azide 297 to the thermodynamically more 
stable vinyl azide 298 and analogous rearrangements have been reported."lb 

PhPh Phph 

I I  
PhCHX-CHNj 

297 298 

The behavior of diphenyldiazomethane toward 1-azirines follows a different 
pathway.182 Diphenyldiazomethane acts as a source of diphenylcarbene in these 
reactions. Thus with 2-phenyl-1-azirine (Ha), the primary product is 1,1,3-triphenyl- 
2-azabuta-l,3diene (299). Electrophilic attack by diphenylcarbene on 299 followed 
by rearrangement produces three 1 : 2 adducts, 300,301, and 302. 

Ph 
I 

Ph 
I 

ph Ph Ph 
I 

Ph2C=N-C=CHCHPh2 

301 

Ph 
302 
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b. AZOMETHINE AND NITRILE YLJDES 
Aziridines undergo thermal ring opening in a conrotatory manner to generate 

azomethine ylides.'@ These azomethine ylides are 4n components and can par- 
ticipate in [4 + 21 cycloadditions with 1-azirines as the 2n component. For example, 
the aziridine 303 reacts with 2-phenyl-1-azirine (249) to give 304 as a stereochemical 
mixture. The cis-aziridine 305 also gives a mixture of two adducts. However, the 
tmns-aziridine 306 and the fused aziridine 307 exhibit stereospecificity in their 
cycloadditions with 24a.'" 

CH,Ph 
I 

Benzonitrile ylide 309 is generated when 308 in benzene is treated with 
triethylamine. The nitrile ylide 309 reacts with 2,3diphenyl-l-azirine (44h) to give 
2-(p-nitrophenyl)4,5,6-triphenyl-l,3-diazabicyclo[ 3.1 .O] hex3ene (310). Under 
the basic conditions of the reaction mixture 310 is converted to the dihydro- 
pyrimidine 31 1, which is subsequently oxidized to the pyrimidine 312. Another 
product 313 was also isolated. Yields were 

a 
I 

Ph-C=N-CH2-C6H4-NOz -* Ph-(Eh<H-C6H4-N02 

308 309 

c. NITRILE OXIDES 

The 4nlrelectron system of nitrile oxides can participate in 1,3-dipolar cyclo- 
addition with 1-azirines. Nair'& discovered that aromatic nitrile oxides react 
exothermically with 1-azirines to furnish carbodiimides in isolated yields 
exceeding 80%. Thus, when 3-methyl-2-phenyl-I-azirine (3) was treated with 
2,4,6-trimethylbenzonitrile oxide (314) in anhydrous ether at 0" for 15 min, the 
carbodiimide 3 15 was isolated in almost quantitative yield. The carbodiimide 
was found to be highly hygroscopic, and hydrolysis to the urea 316 proceeded 
extremely rapidly and quantitatively. 
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A possible mechanism for the formation of the carbodiimide (Scheme 27) 
assumes the initial formation of a cycloadduct from a 1,3dipolar addition between 
the nitrile oxide and the azirine. Ring cleavage of the bicyclic adduct or its valence 
tautomer is followed by a 1,Zmigration of the R group of the nitrile oxide in a 
Beckmann-type rearrangement to  give the carbodiimide. 
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27 Mechanism of formation of carbodiimides from 
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l-azlrines and nitrile oxides. 
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C. Cycloadditions with Heterocumulenes 

a. KETENES AND KETENIMINES 

Ketenes generally react with a variety of imines to form as major products 1 : 1 
adducts that are /3-lactams (317), as well as 1 :2  adducts possessing the dihydro- 
oxazinone structure 318.18' 

317 
318 

Hassner and his co-workers reported that the 1-azirines (3, 15,24a) react with 
diphenylketene (319) to give the 1 : 2 adducts 320.188-'90 Analogous cycloadditions 
were observed with t-butylcyanoketene. However, 2,3-diphenyl-l-azirine (44h) 
reacted with diphenyketene to give a 1 : 1 adduct (321). 

Ph 

Ph 

Ph Ph 
320 

240 
3 
15 

R, = H; R, = H 
R, = H; R, = CH, 
R, =CH,; R, = CH, 

a. R, = H;R, = H 
b. R, = H; R, = CH, cis and trans 
c. R,  =CH,;R, =CH, 

Ph 
Ph , 
Ph 

H 319 
Ph 

44h 

321 

The 1 : 2 adducts (bicyclic aziridines) 320 are different in structure from the 
1 : 2 adducts 318 formed from simple imines and ketenes. It was 
that the formation of 320 proceeds via the intermediacy of a reactive azirinium ion 
322. The 1 : l  adduct observed in the case of 2,3diphenyl-l-azirine (44h) was 
interpreted as resulting from the intermediate 323, where the presence of the 
3-phenyl substituent in the azirine stabilizes the cationic site resulting from initial 
monoaddition to  ketene. 
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The reactions of these I-azirines with ketenes represent nonconcerted additions 
and are formally different from the additions to 47r systems of dienes and 1,3- 
dipole compounds. 

2-Amino-1-azirines behave somewhat differently from 2-aryl- and 2-alkyl-1- 
azirines, as mentioned previously. The aminoazirine 172 reacts with diphenylketene 
(319) in a nonconcerted manner to give the 3-oxazoline 324 as the major 
product.1g1* Other products (generally minor) also have been reported from this 
and related reactions recently (Scheme 28).lwb 

Scheme 28 Reaction of aminoazirine and diphenylketene. 

Ketenimine (325) reacts with 2-phenyl-1-azirine (24a) in refluxing benzene 
to give a mixture of the bicyclic aziridine 326 (1 5%), the benzodiazepinone 327 
(1 5%), and benzophenone.192 The benzodiazepinone 327 is a secondary product of 
this reaction and is produced from the thermal rearrangement of 326 (Scheme 29). 
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+ 

H 
327 326 

Scheme 29 Reaction of l-azirine and ketenimine. 

b. ISOCYANATES 

Heterocumulenes containing a carbonyl or related unsaturation adjacent to the 
cumulative bonds usually possess high reactivity, and Nair and Kim'93*'W first 
reported on the interesting reactions of I-azirines with such isocyanates. 

Thiobenzoyl isocyanate (328) can be generated from 2-phenylthiazoline-4,5- 
dione by thermal extrusion of carbon monoxide. Isocyanate 328, prepared in sifu, 
adds stereospecifically and regiospecifically at room temperature to give high 
yields of [4 + 21 cycloadducts, the bicyclic aziridines 329.'n*'9j* lW The aziridines 
329 undergo clean acid-catalyzed hydrolysis to the ureas 330, providing excellent 
evidence for the regiospecificity of these cycloadditions. 

The cycloadducts 329 exhibit other interesting behavior. For example, when 
329a was subjected to thermolysis in refluxing benzene, ring expansion to the novel 
thiadiazepinone 331 was observed. Prolonged thermolysis of 32% at higher temper- 
atures resulted in the removal of elemental sulfur and the formation of the 
pyrimidone 332. The thiadiazepinone 331 was shown to be the intermediate in 
the thermal conversion of 329a to 332. A reasonable mechanism for the sulfur 
extrusion reaction is shown in Scheme 30. The initial formation of 331 is followed 
by a 1,5-sigmatropic shift and electrocyclization to a thiirane. Elimination of 
elemental sulfur is followed by tautomerization of the pyrimidine to the preferred 
pyrimidone structure 332."# 

The behavior of benzoyl isocyanate (333) toward I-azirines paralleled those 
observed with thiobenzoyl isocyanate, and [4 + 21 cycloadducts 334 were 
isolated.'" Hydrolysis to the ureas 335 occurred under acid-catalyzed conditions. 
Thermolysis to 336 was not observed. However, at 70°, a clean retro[4 + 21 
pericyclic reaction occurred. 

Benzoyl isothiocyanate (337) also reacts with I-azirines. The cycloaddition 
apparently occurs in a [2 + 21 fashion across the C S  bond to give thiazoles 338 
as final products.'" 

The marked difference in behavior between the exclusive [4 + 21 cycloaddition 
observed for benzoyl isocyanate (333) and thiobenzoyl isocyanate (328) and the 



Reactions of I-Azirines 28 1 

S 
Ii ,&: + Ph-C-N=C=O 

328 
Ph 

44h R = P h  
3 R = C H ,  
24a R = H  

a. R = P h  
b. R = C H ,  
c. R = H  

/N N-C-C-Ph H Y  I 
O R  

330 

/ R = Ph 

Scheme 30 Thermal rearrangements of bicyclic aziridines. 



28 2 Azirines 

0 
II 

Ph--C-N=C=O 
Ph 333 

ll 44h R = P h  
3 R = C H ,  
24a R = H  

Phy,!...p H 0 
I II 
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44h R = P h  
3 R = C H ,  
24a R = H I 

338 

apparent [2 + 21 cycloaddition in a regiospecific manner to the C=S bond of 337 
requires explanation. Orbital symmetry analysis'65 reveals a possible concerted 
[n2s + n2u] pathway for addition involving the C S  bond. A striking clue to the 
nature of the transition state came from solvent polarity studies with 24a at 75' 
(Table S), which showed a dramatic increase in product yield with increase in the 
dielectric constant of the solvent.1w This solvent dependency was interpreted as 
reflecting the presence of a polar transition state in the pathway to  the formation 
of the initial cycloadduct. The polarization of 337 (Scheme 31) is similar to 333 
except for the greater ability of sulfur to stabilize a negative charge"' (see 339). 
A dipolar transition state such as 340 could conceivably account not only for the 
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TABLE 5. REACTION OF 2-PHENYL-1AZIRINE (248) with BENZOYL ISOTHIO- 
CYANATE (337) AT 19 

Dielectric Reaction Yield of 
Solvent constant time (hr) 338 (R = HI 6) 
Benzene 2.3 2 13.4 f 1.5 
Ethyl acetate 6.0 2 19.3 i 1.5 
Nitrobenzene 34.8 2 42.1 ?: 1.5 

solvent dependency but also for the marked difference in the behaviors of 328, 
333, and 337. Whether such a transition state would transform into a relatively 
stable dipolar intermediate to favor a two-step combination is not known. 

0 0 0 0- 
II II II I 

R-C-N=C=S - R-C-N~-S  - R-C-R-&S *-.3 R-c=N-~=s 
337 339 

- 
Scheme 31 Contributing resonance structures for benzoyl isothiocyanate. R = Ph. 

340 

Interestingly, 2-amino-1-azirine (172) reacts with benzoyl isothiocyanate to give 
the 1,4-dipolar compound 341 .I% 

0 
II 

34 1 

Although isothiocyanates such as methyl isothiocyanate, phenyl isothiocyanate, 
and p-nitrophenyl isothiocyanate react with 2 - a m i n o - l - a ~ i r i n e s ~ ' ~ ~ ' ~  Kim and 
NairI9' have found them to be normally unreactive toward 2-aryl-1-azirines. 

Nair and Kim'98 also examined the reactivity of 2-pyridyl isothiocyanate 
toward 2-aryl- 1-azirines. 2-Pyridyl isothiocyanate is produced by the reaction 
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of 2-aminopyridine and carbon disulfide in the presence of triethylamine. At room 
temperature, this compound exists as a dimer (342). When the azirines (3,24a, and 
44h) were heated in toluene under reflux with the 342, thiazoles 343, the result of 
regiospecific addition of the C=S bond of the monomer to the C=N bond of the 
azirines (see 345), were isolated. Thiazoles arising from initial nucleophilic attack 
and 1,3-bond cleavage were not formed. Neither the product 344 nor its ring- 
expanded forms, the result of [4 + 21 cycloaddition, were isolated (Scheme 32). 

Ph 
44h R = P h  
3 R=CH, 
248 R = H  

/ 

fc 
S 

+ 

342 

\ 
344 I 

343 

Scheme 32 Reaction of 2-pyridyl isothiocyanate with l-azirines. 

Simple aryl isocyanates such as phenyl isocyanate, p-methylphenyl isocyanate, 
p-chlorophenyl isocyanate, and p-nitrophenyl isocyanate are unreactive toward 
2-aryl-l-a~irines.'~ However, phenyl isocyanate has been reported to react at room 
temperature with the 2-amino-1-azirine 172 to give the 2: 1 adduct 347.'% 
Adducts in a 3 :  1 ratio also have been reported.'" Azirine 172 also reacts with 
p-toluenesulfonyl isocyanate (346) at room temperature to give the ring-opened 
1 : 1 adduct 348 (Scheme 33).'" The isocyanate 346 also has been found to react 
with 2-aryEl-a~irines.'~ 

c. CARBON DISULFIDE 
Carbon disulfide is a simple heterocumulene, and most of its reactions proceed 

from initial nucleophilic attack on the central carbon.m The few cycloadditions 
known are I3dipolar in nature, with carbon disulfide as the dipolarophile."'*m 
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Scheme 33 Reactions of t-ammo-lazuines with isocyanates. 

Nair and Kimm3 discovered that 2-phenyl-I-azirine (Ma) and 3-methyl-2-phenyl- 
I-azirine (3) react with carbon disulfide in a sealed tube at 100” to give the 
thiazoles 349. These products are the result of regiospecific cycloadditions of 
carbon disulfide to the IT bond of the 1-azirines. 

R S 

cs, , S K N H  + S \N 
Ph 

349 
3 R=CH, 
24r R = H  

in general, cycloaddition of Zphenyl-1-azirine with heterocumulenes containing 
the C=S bond proceeds through a dipolar transition state where the ability of sulfur 
to stabilize the negative charge results in a lower energy electronic pathway to the 
cycloadducts. 

2-Amino-1-azirines react differently with carbon disulfide. For example, 
2dimethylamino-3,3-dimethyl-l-azirine (172) reacts smoothly with carbon disulfide 
to give crystals that have the dipolar structure 350.m*m5 In solution, the isomeric 
form 351 is the predominant structure. Thermolysis of the adduct leads to 352 in 
high yield. 
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b 

cH, CH , CH, 
350 

352 
35 1 

D. Miscellaneous Cycloadditions 

a. BENZYNE 

Nair and Kimrn reported that 2,3-diphenyl-l-azirine (W) reacts with o-benzyne, 
generated by the thermal decomposition of benzenediazonium 2carboxylate (353), 
t o  give two products. The major product, a 1 : 1 adduct produced in 50% yield, 
was identified as 2,3-diphenylindole (355). A 1 :2 adduct of azirine and benzyne, 
identified as 1,2,3-triphenylindole (357), was isolated in 14% yield. When the 
concentration of benzyne was increased, the yield of 357 also increased. 2,3- 
Diphenylindole (355) was found to  be relatively inert to benzyne, and no triphenyl- 
indole 357 could be isolated from the reaction of 355 and benzyne even after 
extended reaction times. The mechanism of formation of 2,3-diphenylindole (355) 
(Scheme 34) may be interpreted as requiring the initial formation of 354, the result 
of 1,2addition on the azirine ring system. Moreover, as 2methyl-3-phenylindole 
(358) is isolated from the reaction of 3-methyl-2-phenyl- I-azirine (3) and benzyne, 
initial 1.3-addition appears unlikely. Two reaction pathways are available for 
partitioning of intermediate 354. Ring cleavage and a concomitant 1 ,Zhydrogen 
shift to the nitrogen would give the stable aromatic indole 355. A similar 1,2- 
hydrogen shift to carbon would generate the 3H-indole system 356, which can be 
trapped by benzyne to give the 1,2,3-triphenylindole 357. The conversion of 
indolenine 356 to the indole 357 may proceed via a symmetry-allowed "ene" 
reaction (illustrated in 359). An alternative explanation involves a competitive 
interaction of benzyne with the nitrogen of 354 leading via a zwitterion to 357.50 

b. ENE REACTION 

When the azlactone 360 was heated under reflux in xylene with 2-phenyl-1- 
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Scheme 34 Reaction of 2,3diphenyl-l-azirie with benzyne. (Adapted from reference 206 
with permission from the American Chemical Society.) 

H I 9 
QCH, 

Ph Ph 
358 359 

azirine (24a), the aziridine 361 was isolated in 92% yield.'= Compound 361 is 
the product of an ene reaction as shown in Scheme 35. 

An ene reaction with dimedone also has been reported."' The ene product 
363 is an intermediate in this case and undergoes C-C (i) or C-N (ii) bond cleavage 
to give, after H20 elimination, the isolated products 364 or 365, respectively. 

c. MESOIONIC COMPOUNDS 

The mesoionic compound 366 adds to the azirine 67b at 100" to give the adduct 
367 in 92% yield.a07 The reaction is regiospecific and stereospecific. 
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Scheme 35 Ene reaction of 2-phenyl-l-azirine with an azlactone. 
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Lukac, Bieri, and Heimgartner=*- reported that the 2-dimethylamino-I-azirine 
(172) reacts with the mesoionic oxazole 368 at room temperature to give the 
adduct 370, presumably through the intermediacy of 369. The corresponding 
mesoionic dithiole shows similar behavior toward 2-amino-l-a~irines.~ 

-0. 

Ph-&$Ph 

I 
CH 
368 

Ph 

0 
Ii 

Ph I 
CH 1 

CH: CH, 

370 

368a 

172 

6I-l J 

369 

d. a-KETOSULFENES 

The reaction of benzoylsulfene 371 and related cyclic a-ketosulfenes was studied 
by Tsuge and N~guchi .”~ The a-ketosulfene 371 reacts with the azirines 3,15,24a, 
and 44h to give the [4 + 21 cycloadducts 372. 

/&R I + PhCOCH=SO, - Ph xo<;; 
Ph R, 371 H S” . 

3 R, =H;R, =CH, 0, 
15 R, = CH,; R, = CH, 372 
24a 
44h 

R, = H; R, = H 
R, = H; R, = Ph 

e. CARBENES 

Hassner et al.’47 showed that dichlorocarbene, generated from phenyl (trichloro- 
methyl) mercury, reacts with 3-methyl-2-phenyl-aziMe (3) to give the ring-opened 
product 374. No azabicyclobutane was detected.’47 It was suggested that the 
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reaction involves initial nucleophilic attack by the azirine to generate the ylide 373. 
This intermediate then undergoes ring opening with cleavage of the C-N bond to 
give 374. 

-CCI. 
I 

314 

The conversion of 1-azirines with dimethylsulfonium methylide to give 
a~abicyclobutanes '~~ was mentioned previously. 

The reaction of 1-azirines with diphenylcarbene'*' (generated by thermolysis 
of diphenyldiazomethane) was discussed in Section VI, 4, B on 1,3-dipolar 
cycloadditions. 

5. Photochemical Reactions of 1-Azirines 

Simple imines exhibit weak nm* absorption in the 235 nm region and generally 
are unreactive photochemically because of the deactivation of their excited state 
by Q/(Z) isomerization. The C=N bond of 1-azirines, being part of a small 
heterocyclic system, cannot be deactivated in this manner after photochemical 
excitation. Considerable evidence has accrued to suggest that 1-azirines participate 
in photochemical reactions through initial ring cleavage. Many studies of the photo- 
reactions of 1-azirines, both intermolecular and intramolecular, have been reported. 
Some photochemical reactions are described in two Thi s part of 
the chapter briefly discusses a wide variety of representative examples. The reader 
is referred to the original literature for more exhaustive coverage. 

A. Photochemical Excitation of I-Azirines 

2-Aryl-1-azirines show a strong uv absorption at about 240nm ( E  > l0,OOO) and 
a weak inflection on the long wavelength side of the principal band (ca. 285 nm, 
E - 500). The latter absorption is very likely associated with an nn' transition. It 
is likely that the first excited nn* singlet state of 2-aryl-I-azirines is responsible for 
its photochemistry. Padwa"' and Schrnid2l2 and their co-workers have shown that 
1-azirines undergo ring opening on nn* excitation to give nitrile ylides as reactive 
intermediates. 
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Figure 1. 
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Irradiation (255 nm) of 3,3dimethyl-2phenyl-l-azirine in a rigid matrix at - 185" : 
solid curve, uv spectrum of d n e ;  dashed curve, uv spectrum of nitrile ylide. 
(Adapted from reference 213 with permission from Heluetica ahimica Acta, Birk- 
hauser Verlag.) 
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Irradiation (255 nm) of 3,3dimethyl-2phenyl-l-azirine in a rigid matrix at - 185" : 
solid curve, uv spectrum of d n e ;  dashed curve, uv spectrum of nitrile ylide. 
(Adapted from reference 213 with permission from Heluetica ahimica Acta, Birk- 
hauser Verlag.) 

Excellent direct experimental evidence for the generation of the nitrile ylides 
was provided by Schmid and his co-workers.212-21S Irradiation of 3,3-dimethyl-2- 
phenyl-1-azirine (15) in a 2-methylpentane glass at - 185O with 255 nm light gave 
rise at 275 nm to a new absorption peak that was attributed to  the nitrile ylide 
(Fig. 1). Similarly, irradiation of 2,3-diphenyl-l-azirine (44h) gave a nitrile ylide 
absorption at 350nm. The dipolar species formed was shown to  undergo photo- 
chemical but not thermal reversion to the starting a ~ i r i n e . ~ ' ~ . " ~  The absorption 
band due to the nitrile ylide disappeared slowly in the presence of a trapping agent 
such as a dipolarophile, suggesting that a thermally allowed 1,3-dipolar cyclo- 
addition was occurring. 

Structurally, nitrile ylides may be classified as nitrilium betaines, a class of 1,3- 
dipoles containing a central nitrogen atom and a n bond orthogonal to the 4n ally1 
system (375a)?"*2'6*2'' H owever, a number of other forms (375b-375e) are 
possible for the ring-opened azirine. The structure may be partly diradical and 
partly zwitterionic.2'8 

Orbital representation. 
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B. Intermolecular Photochemical Reactions 

a. WITH ALKENES AND ALKYNES 

Padwa and S m ~ l a n o f f ' ~  reported that when a solution of 2-phenyl-1-azirine 
(24a) in excess methyl acrylate (376a) is photolyzed using a 450W high pressure 
mercury lamp with a Vycor filter for 3 hr, 2-phenyl-4carbomethoxy-A1-pyrroline 
(377a) is produced in 80% yield. Similarly, when acrylonitrile (376b) was used as 
the olefin, A'-pyrroline (37%) was isolated in 70% yield. 

A," + CH,=CHR - hv P h q  

376 

a. R=CO,CH, 

R 
Ph 

377 
Ma 

b. R = C N  a. R=CO,CH, 
b. R = C N  

However, the photochemical addition of 2,3-diphenyl-l-azirine (44h) with 
methyl methacrylate (378) afforded a mixture of 2,5-diphenyl-Cmethyl-C 
carbomethoxy-A'-pyrrolines 379 (40% yield) and 380 ( ~ W O ) . ~  

44h 378 (or 376a) R 
379, R = CH, 
(381, R = H) 

+ 

380 
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Irradiation of a mixture of 44h and methyl acrylate (376a) led to a single photo- 
product, 2,5-diphenylcis-4-carbomethoxy-A1 -pyrroline (381). 

The photoadditions of 2,3-diphenyl-l-azirine (44h) also exhibit syn stereo- 
specificity (Scheme 36). For example, irradiation of 44h with maleic and fumaric 
acid esters 382 and 383 gave totally stereospecific addition, and the isomeric 
A’-pyrrolines 384a, 3 8 4 ,  and 385a, 38523 respectively, were isolated. 

N R  

m f l k %  ,CH ‘CX’ CH ,O .C 
CH,O,C CO,CH, 

H ’ ‘H H H  
382 384a 

hv 

CH,O!C COKH, 
384b 

H’! !-CO,CH, 
CH,O,C H 

385a 

H CO,CH, 
385b 

Scheme 36 Photochemical addition of 2,3diphenyl-l-azirine with dimethyl maleate and 
dimethyl fumarate. 

The photocycloaddition of 2-phenyl-I-azirines with electron-deficient olefins 
to produce A’-pyrrolines generally shows characteristics of concerted reactions, 
including features of stereospecificity and regioselectivity. The reaction can be 
classified in simple terms as a thermal 1,Zdipolar cycloaddition of a nitrile 
ylide with a n bond?’’ If these dipolar additions proceed through a “two-plane” 
orientation complex, a number of possible arrangements can be drawn. For the 
reaction of diphenylazirine and methyl acrylate, two possible orientation com- 
plexes (386 and 387) exist. The interaction of the substituent groups in the syn 
complex 386 has both an attractive and a repulsive nature. These effects are rela- 
tively small in the anti complex 387. However, the results of this photoaddition 
(cis-A’-pyrroline, 381, is the predominant product) suggest that the n overlap of 
the ester and phenyl groups in the syn complex more than compensates for the 
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adverse van der Waals repulsion of these substituents.220*m This, however, is not 
the case when the hydrogen in the position alpha to the carbomethoxyl is replaced 
by a methyl group. There is little discrimination between the syn and anti forms, 
and both products (379 and 380) are formed. 

C02CH3 
386 

H 
387 

These photocycloadditions also exhibit regioselectivity. Frontier orbital theory 
has been used successfully to rationalize the observed regioselectivity of many 
1,3-dipolar cycloadditions.2u For example, with nitrile ylides the favored cyclo- 
adduct is that formed by the bonding of atoms with the largest coefficients in the 
dipole highest occupied molecular orbital (HOMO) and dipolarophile lowest 
unoccupied molecular orbital (LUMO). In the HOMO of the nitrile ylides under 
consideration, the electron density at the disubstituted carbon is somewhat greater 
than that at the trisubstituted carbon?" In electron-deficient olefins, the largest 
coefficient in the LUMO is on the unsubstituted carbon. This treatment adequately 
explains the photochemical reaction of diphenylazirine with methyl acrylate to 
produce only the 4-substituted regioisomer 381. Padwa2I1 explained the mixture 
of cycloadducts 388 and 389 in the reaction of 2-phenyl-I-azirine (Ma) with 
methyl methacrylate by the lowering of the LUMO coefficient at the unsubstituted 
carbon atom of the dipolarophile by the presence of the methyl group. Apparently 
the terminal coefficients in the LUMO of methyl methacrylate are more nearly 
the same than they are for methyl acrylate, resulting in the observed loss of regio- 
selectivity. 

AH + 3 7 8 - C H x  hv Ph ' 1 + Phq~~, N N 

Ph H 
24. CO,CH, CO ,CH , 

388 389 

Regioselectivity is lost also in the photochemical cycloaddition of 3,3-dimethyl- 
2-phenyl-I-azirine (15) and diethylvinyl phosphonate or dimethylvinyl phosphine 
sulfide. The two A'-pyrrolines 391 and 392 are formed in equal 

The photoaddition of azirine 15 to vinyl phosphonium salts (393a and 393b) 
and to vinyl sulfones (393c) results in the isolation of the pyrroles 394a-394c in 
the yields shown in Scheme 37. The initial photoadduct is presumably a A'- 
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+ CH,=CR,R, 
390 

I 

hv I 

39 1 392 

a. R, = PO(OC$I,),; R, = H 
b. R, = PS(CH,),; R, = H 

pyrroline from which the pyrroles are derived by elimination of (Ph)JP-HBr or 
PhS02Ha2= a-Ethoxyacrylonitrile (393d) exhibits similar behavior:% eliminating 
acetic acid to produce the pyrrole 394d (Scheme 37). 

N 
R C H  3 + CH,=CR,R, 

CHI 393 
I Ph 15 

CH; CH, 
394 

a. R, = P(Ph),Br-; R, = H (40%) 
b. R,  = $(Ph),Br-; R, = CH, (26%) 
c. R, = SOQh; R, = H (65%) 
d. R, = CN; R, = OCOCH, (55%) 

Scheme 37 W-Pyrrole formation in the photocycloaddition of 3,3dimethyl-2-phenyl-l- 
azirine and vinyl phosphonium salts, Vinyl sulfones, and a-acetoxyaaylodtrfle. 
(Adapted from reference 212 with permission from Her~myc~es.)  
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1,2-Dicyanocyclobutene (395) reacts photochemically with azirine 15 to give 
in 68% conversion the bicyclic pyrroline 396.= 'Ihe allene 397 gives the pyrroline 
398 in 90% yield."' 

C N  

15 + aCN - hv 'hN$cN 

CHI CH, 
C N  

395 
3% 

15 + CH,=C - 

398 

Other alkenes such as styrenes and vinylpyridines2'2 are also reactive toward 
I-azirines photochemically. Nonactivated alkenes such as cyclohexene are unreactive. 
The relative reactivities of a series of alkenes toward the nitrile ylide from 2,3- 
diphenyl-1-azirine (44h) are shown in Table 6."3 

Alkynes also undergo cycloaddition to the nitrile ylides derived from I-azirines. 
For example, the monosubstituted acetylene 399 adds to produce the pyrrole 400, 
presumably via initial cycloaddition and subsequent 1,5-sigmatropic shift. When the 
1,5-sigmatropic shift is prevented as in the reaction of the geminally disubstituted 
azirine 15 with dimethylacetylene dicarboxylate (401), the 2H-pyrrole 402 is the 
isolated product?'2*2m* 229 

TABLE6. RELATIVE REACTIVITY OF ALKENES 
TOWARD NITRILE YLIDE FROM AZIRINE 
44hP 

Dipolarophile Relative rate 

Methyl crotonate 1 
Methylacrylonitrile 3.6 
Methyl methacrylate 9 
Diethyl maleate 135 
Methyl acrylate 160 
Dimethyl maleate 166 
Acrylonitrile 180 
Dimethyl acetylenedicarboxylate 540 
Maleonitrile 2,300 
Diethyl fumarate 56,000 
Dimethyl fumarate 84,000 
Fumaronitrile 189,000 

"Adapted from reference 233 with permission from the 
American Chemical Society. 
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hv 
44h + CH=CCO,CH, - 

399 

400 

hv 
15 + CH,O,CC=CCO,CH, - 

CH, CH, 
401 

402 

The reactions of the photochemically generated nitrile ylides with alkenes and 
alkynes represent thermally allowed [4 + 21 cycloadditions. Under appropriate 
conditions, these nitrile ylides can participate as 47r components in [6 + 41 cyclo- 
additions. For example, irradiation of a 1 : 1 mixture of azirine 15 and 6,6- 
dimethylfulvene 403 in cyclohexane with Vycor filtered light gives two products 
(404 and 405) in a 3: 1 ratio. Compound 405 is the result of a [4 + 21 cyclo- 
addition similar to the reactions of alkenes already mentioned, and compound 404 
represents a [6 + 41 adduct.=' 

403 404 405 

b. WITH IMINES 

Generally, imines such as benzylidene-methylamine do not react with 1-azirines 
under photochemical conditions. However, the nitrile ylides derived from 1-azirines 
are reactive toward the strained C=N bond of 1-azirines. The first report describing 
such a reaction was made by Woerner, Reimlinger, and Arnold.='*P2 However, the 
structure of the product from the photolysis of 2-phenyl-1-azirine (24) was incor- 
rectly assigned as an azabicyclopentane 406. Padwa and his co-workersu3 sub- 
sequently showed that the photodimer isolated from this reaction was the diazabi- 
cyclohexane 407. 

Further detailed analysis of this photodimerization was carried out with 2,3- 
diphenyl- 1-azirine (44h).u3 Irradiation of azirine 44h in cyclohexane for 17 hr with 
300-340 nm light led to the complete disappearance of starting material and the 
formation of the photoadducts 408-411 (Scheme 38). The relative yields of these 
products varied as a function of time of irradiation. The formation of products 408 
and 409 ca? be rationalized in terms of a 1,3-dipolar cycloaddition of the nitrile 
ylide PhC=N=CHPh with the C=N bond of ground state azirine 44h. This mechanism 



298 Azirines 

407 
R P h  Ptl 

406 

is consistent with Stern-Volmer plots obtained in these studies. On further irradi- 
ation, the stereoisomeric photodimers 408 and 409 are converted to the diaza- 
hexatriene 410.m3*m Schmid and his co-~orkers"~ have shown that the nitrile 
ylide 412derived from 44h can undergo quantitative dimerization to 410 at - 160'. 
Compound 410 can therefore be formed by both pathways. The intermediacy of 
the azomethine ylide 413 in the photochemical transformation of 408 and 409 to 
410 was verified also by low temperature photolysis studies. It is very likely that 
formation of tetraphenylpyrazine (41 1) is due to the electrocyclization of 410 
followed by oxidation (Scheme 39). 

When a mixture of 2-phenyl-I-azirine (24a) and 2,3-diphenyl-l-azirine (44h) is 
photolyzed in such a way that only 44h is excited (313nm light), the sole products 
are 2-exo- and 2-endo-2,4,5-triphenyl-l,3diazabicyclo[3.l.O]hex-3ene (414).n' 
These are crossdimerization products. 

The photodimerization of these lazirines to 1,3-diazabicyclo [3.1 .O] hex-3-enes 
appears to be a general reaction that exhibits some dependence on solvent, irradi- 
ation time, and substituents, mainly because of the inherent photochemical 
instability of the 1,3diazabicyclohexenes. 

hv P h w  - 
H Ph 

44h 
Ph 

408 
. .. 

409 

410 411 

Scheme 38 Products from the photodimerization of 2,3diphmyl-l&ine. 
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- 
Ph Ph 

hv Ph, + /Ph 
H 

44h- C=N=C, - 
412 

___* 

Ph Ph 
hv 

NYN Ph 411 

408,409 413 

Scheme 39 Mechanism of photodimerization of 2,3diphenyl-l+uirine. (Adapted from 
reference 211 with permission from the American Chemical Society.) 

hv & Ph 

NYN 
4 4 h + 2 4 a  - 

ph 
414 

c. WITH ALDEHYDES, KETONES, 
AND a,P-UNSATURATED CARBONYL COMPOUNDS 

Aldehydes, both aliphatic and aromatic, react regiospecifically with 2- 
phenylazirines under photolytic conditions to give 3-oxazoline derivatives exclusively 
and in isolated yields ranging approximately from 30 to 80%?27*"s*236 Where the 
possibility of stereochemistry exists, such as with 3-monosubstituted 1-azirines, 
both cis- and trans-isomeric 3-oxazolines are produced, with the cis- isomer being 
the major product (Scheme 40, Table 7). 

The reaction of ketones with these benzonitrile ylides is similar to the aldehyde 
reactions. Schmid and his co-workers reported='*"* good yields of 3-oxazolines 
(417) generally from these reactions (Scheme 41, Table 8). Ketones with electron- 
withdrawing groups such as trifluoromethyl, ethoxycarbonyl, and nitrile in the 

415 416 

Scheme 40 General representation of the photoinduced reaction of 2-phenylazirines with 
aldehydes. 
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417 

Scheme 41 General representation of the photoinduced reaction of 2-phenylazirines with 
ketones. 

a-position react particularly smoothly. 3-Monosubstituted azirines such as 3 and 
44h react with unsymmetrical ketones to form mixtures of cis- and trans-3- 
oxazolines. It is of interest to compare these reactions with the acid-catalyzed 
addition of ketones to 1-azirines. 

Cyclic ketones also react with I-azirines under photochemical conditions (Scheme 
42).=' Irradiation of azirine 15 with cyclohexanone results in the formation of the 
spiro-3-oxazoline 418 in 86% yield. The photochemical behavior of 15 and cyclo- 
pentanone is dependent on the reaction conditions. When azirine 15 is irradiated 
and cyclopentanone slowly added, the spiro-3-oxazolie 419 is the major product. 
When cyclopentanone is irradiated first and the irradiation is continued with added 
azirine 15, the only product isolated (80%) is the 3-oxazoline 420. Product 420 
must arise from the cycloaddition of the nitrile ylide with Cpentenal. The latter is 
produced from cyclopentanone by Norrish type I cleavage and hydrogen transfer. 
Camphor and norcamphor also react after initial Norrish type I cleavage. 

418 

419 +- 
Nxo + 
CH, CH, 

420 

Scheme 42 Photochemical behavior 3,3-dimethyl-2-phenyl-lazirine in the presence of cyclic 
ketones. 
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TABLE 9 .  PHOTOADDITION OF 3,3-DIMETHYL-2-PHENYL-l-AZIRIm WITH a,B- 

Compound C=C Addition (%) C=O Addition (%) 

UNSATURATED CARBONYL COMPOUNDS.u 

CH, X H - C H O  39 46 
CH,-CH=CH-CHO - 84 
C,H,OCH=C(CHWHO - 93 
CH, =CH-COCH, 1 3  - 
(CH,),C=CHCOCH, 3 30 
(C&),OP-CH=CHCOCH, 41  31 
BF(Ph),!-CH=CHCOCH, - 59 
(CH,),C=CH-COPO(OCH ,), - 80 

' Adapted from reference 2 12 with permission from Heterocycles. 

a,P-Unsaturated carbonyl compounds may react with the benzonitrile ylides at 
the C=Ccomponent,at the C=O component, or at both, depending on the structural 
characteristics of the substrate. The reactions exhibit regiospecificity. In general, 
for relatively simple systems, the alkene and aldehyde groups appear to react at 
approximately equal rates, and both react faster than keto groups.212 Steric 
hindrance and electronic factors may alter this order of reactivity. a,&Unsaturated 
cyclic ketones such as cyclo-2-pentenone7 cyclo-2-hexenone7 and cyclo-2-heptenone 
react with azirine 15 exclusively at the C=C bond. Phosphoruscontaining a,& 
unsaturated compounds also react with 2-phenylazirines photolytically. Table 9 
summarizes some data from representative qfl-unsaturated carbonyl systems. 

1,4-@inones (e.g., 421) react at the C=C bond to  give isoindolediones (422) 
in 3040% yield.=' Positions 5 and 6 in the quinone must be unsubstituted for the 
products 422 to form. 

42 1 422 
R = H, CH,, OCH, 

d. WITH CARBOXYLIC ACID 
ESTERS, ANHYDRIDES, AND ACID CHLORIDES 

Carboxylic acid esters (423), whose carbonyl groups are activated by electron- 
withdrawing groups in the alkyl or acyl moiety, react regiospecifically with 
benzonitrile ylides derived from 2-phenylazirines (e.g., 15) to give 5-alkoxy-3- 
oxazolines (424).a40 Esters such as methyl acetate or methyl benzoate, which 
are not sufficiently activated, do not undergo these cycloadditions. Methyl 
trifluoroacetate was found to be the most reactive ester (Scheme 43). It underwent 
cycloaddition even to nitrile ylides derived from 2-alkyla~irines.~~ Cycloadditions 
of 1-azirines that are monosubstituted at C-3 give rise to trunscis mixtures of the 
5-alkoxy-3-oxazolines. 



304 Azirines 

a. R, = CF,; R, = CH, 424 
b. R, = CH,F; R, = CH, 
c. R, = CH,Cl; R, = CH, 
d. R, =CH,Br;R, =CH, 
e. R, =CO,CH,;R, =CH, 
f. R, = CN; R, = C,H, 
g. R, = CH,; R, = CH,CF, 
h. R, =CH,;R, =Ph 
i. R, = CH,; R, = CH=CH, 
j. R, = CH,; R, = ( X H  

426 (36-8M) 

Weme 43 Methyl trifluoroacetate as a dipolarophile for nitrile ytides derived photochemi- 
cally from l-aizirines. 

Ester carbonyl groups can be activated by the presence of other types of 
functionality. For example, ester carbonyls can be activated for photoaddition by 
the diethyl phosphonate residue. Thus, azirine 15 reacts photochemically with 
diethyl ethoxycarbonyl or benzyloxycarbonyl phosphonate (427) to give the corre- 
sponding 3-oxazolines (428) in almost quantitative yield?12*2M The reaction is 
regiospecific, as expected. 

tl hv gyoc 1 H,) 2 

x 15 + RO-C-POPO(OC,H,), ___* 

427 

R = C,H,,CH,Ph 
CH, CH, 

428 

Thioesters are also reactive toward these nitrile ylides. S-Methyl thiobenzoate 
(429) reacts with azirine 15 to give the 3-oxazoline 430.m However, in contrast 
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to the regiospecific addition withS-methyl thiobenzoate and other esters to produce 
A3-oxazolines, the reaction of methyl dithiobenzoate 431 with 2,3-diphenyl-1- 
azirine (44h) proceeds with the inverse regiospecificity to give A2-thiazolines (432). 
Since the azirine 44h is monosubstituted at the 3-position, a mixture of cis and 
tmns isomers is obtained (Scheme 44).f27*m 

0 
It hv 

429 
15 + PhCSCH, - N y o  

CHI CH, 

w-4 J 
0 It hv P h H P h  - Nxo 15 + PhCSCH, 
429 

CHI CH, 
430 

S 
II 

44h + PhCSCH, 
43 1 

432 

Scheme 44 Photoinduced reaction of 2-phenylazies with thioesters. 

Cycloadditions have been observed also with acyl chlorides (Scheme 45).w2 
Benzoyl chloride adds to the nitrile ylide from azirine 15 to give as the primary 
product the 5-chloro4-phenyl-3-oxazoline 433a. Because of its instability, this 
compound is best characterized as its 5-methoxy derivative 434, obtained by 

3 R, =CH,;R,  = H  
15 R, = R, =CH, 

J 
' 433 

hv + PhCOCl - 
Ph 3.15 * 

435 
Scheme 45 Photochemical reaction of 2-phenylazirines with acid chlorides. 
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methanol treatment of 433a. The primary adduct 433b, which is monosubstituted 
at C-2, undergoes elimination of HCI on treatment with triethylamine to give the 
oxazole 435. As discussed previously, the isomeric oxazole is produced in the 
thermal reaction of azirine 3 and benzoyl chloride. 

A related photochemical reaction occurs with carboxylic acid anhydrides.M2 

e. WITH NITNLES 

Under acidcatalyzed thermal conditions, 2-phenylazirines react readily with 
acetonitrile to furnish imidazolines. However, nitriles such as acetonitrile and 
benzonitrile are unreactive photochemically with 2-phenylazirines. “Activated” 
nitriles such as fluoroacetonitrile, trichloroacetonitrile, and 2- and kyanopyridine 
react to give imidazoles.212B226 Ethyl cyanoformate (436) interacts with azirine 
44h under photolytic conditions to give products of both carbonyl(437) and nitrile 
group (438) cycloadditions (Scheme 46).=’ 

p h H C N  
m5==?02c2H5 

yo + HNYN Ph 
44h f CNC0,C2H, -% N 

H Ph 
436 

437 438 

Scheme 46 Photocycloaddition of ethyl cyanofonate with 2,3diphenyl-lazirme. 

f. WITH HETEROCUMULENES 

The photoinduced combination of carbon dioxide with 2-phenyl- and 2- 
benzylazirines was first described by Schmid and his co-workers.”’ The reactions 
were carried out by passing carbon dioxide through benzene solutions of the 
I-azirines under conditions of irradiation from a high pressure mercury lamp with 
a Vycor filter. Padwa and Wetmore%’ subsequently reported a similar photo- 
addition with carbon dioxide. The regiospecifically produced adducts in these 
reactions are 3-oxazolin-S-ones (A3-oxazolin-5-ones), 4-40 (Scheme 47). 

440 

a. R, = R, = Ph; R, = H (44h) 
b. R, = Ph;R, = R, =CH, (IS) 
c. R, = PhCH,; R, = R, = H (44e) 
d. R,  = Ph; R, = CH,; R, = H (3) 

44Or (65%) 
44Ob (84%) 
44Oc (40%) 
44od (8W) 

Scheme 47 Photoinduced combination of carbon dioxide with Z-arylaZirines. 
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The photoaddition of carbon dioxide to  these nitrile ylides is reversible, and 
irradiation of 440 results in generation of the starting nitrile ylides with quantum 
yields in the order of 0.3 .m3 

When 3,3-dimethyl-2-phenyl-l-azirine (15) was photolyzed in the presence of 
carbon disulfide, only a 2 : 1 adduct, 5,5-spirobis(4,4-dimethyl-2-phenyl-2- 
thiazoline) could be isolated.lq3 

Heterocumulenes such as isocyanates 441a and 441b and isothiocyanates 441c 
and 441d undergo photoreactions with 2-phenylaz i r ine~ .~*~ '  For isocyanates, 
reaction occurs at the CZO and isothiocyanates add at the C=S bond (Scheme 48). 
No photoreaction involving the C=N bond in these compounds was observed. A 
comparison of the thermal reaction with these heterocumulenes is of interest. 
Simple isocyanates and isothiocyanates such as 441a-441d do not normally react 
under thermal conditions with 2-phenylazirines. However, the more reactive benzoyl 
isocyanate and benzoyl isothiocyanate are reactive under these conditions. 

Carbodiimides (e.g., 441e) undergo photoaddition to 2-phenylazirines (Scheme 
48).a94* m5 

hv 

"XX IS+ R-N=C=X ___+ 

4 4 1  

a. R = C H , ; X = O  
b. R = P h ; X = O  

CH, CH, 
442 

c. R = C H , ; X = S  
d. R = P h ; X = S  
e. R = C6H,-2CH,; X = N-C6H,-2CH, 

Reaction of isocyanates, isothiocyanates, and carbodiimides with 3.3dimethyl- 
Zphenyl-1-azirine under photolytic conditions. 

Scheme 48 

Ketenes react with 2-phenylazirines under thermal conditions (as previously 
discussed) to give, depending on the structure of the azirine, 1 :2 adducts (bicyclic 
aziridine) or 1 : 1 adducts (pyrrolinones).188-190 Photochemically, ketenes add to  the 
nitrile ylides derived from 2-phenylazirines with participation of the C=O bond to 
give the 3-oxazolines 444." 

24a R, = R ,  = H  
3 R, =CH,;R,  =H 
44h R, = Ph;R, = H  
IS R, = R ,  =CH, 

a. R, = P h  
b. R, = H  

hv 
___* 

444 

g. WITH AZO COMPOUNDS 

2-F'henylazirines can interact photochemically with the N=N bond of azo 
compounds. Diethylazodicarboxylate (445) has been shown to react with 2- 
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phenylazirines (3, 15, 24a, 44h) under irradiation to give A3-l,2,4-triazolines 
(446) in good yields (ca. 50-7%).%' 

&: + C,H,O*C-N=N-CO*C,H, - Ph>wc02c*H5 I \  

Ph 445 N X " C o l C , H ,  
3 R, =CH,;R, = H  R, R* 
15 R, = R ,  =CH, 446 
248 R, = R ,  = H  
44h R , = P h ; R , = H  

h. WITH ALCOHOLS 

When 2-phenylazirines dissolved in methanol are photolyzed, almost quantitative 
yields of 447 are p r o d u ~ e d . ~ * ~ ~  When deuterated methanol (CH,OD) was used, 
the corresponding deuterated methoxyimines were produced (Scheme 49). Padwa 
and Smolanoffw8 suggested that these results provided good experimental evidence 
that in the HOMO of the nitrile ylide, the electron density at the disubstituted 
carbon is greater than at the trisubstituted carbon. The usefulness of these results 
in the explanation of the regiochemical data found in the photoaddition of 2- 
phenylazirines with dipolarophiles was discussed previously. 

CHIOH(D) 

R, I 15 R, = R ,  =CH, 

44h 
248 R, = R , = H  

R, = Ph; R, = H 

447 

Scheme 49 Photochemical addition of methanol to 2-phenylazirines. 

Products arising from initial protonation of the disubstituted carbon atom of 
these photochemically generated benzonitrile ylides have been observed in cyclo- 
additions with ethyl cyanoacetatem and with ethyl acetoacetate.= 

C. In tramo lecuhr Ph o torearrangemen ts 

a. 3-AROYL-2-ARY L-1-AZIRINES 

The first example of the intramolecular photochemical rearrangement of an 
azirine was reported by Ullman and Singh.'3*mo." They discovered that the photo- 
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chemical behavior of 3-benzoyl-2-phenyl-1-aziMe was markedly dependent on the 
wavelength of light used in the irradiation. With 3130A or shorter wavelength light 
(e.g., 2537 A), 63a rearranged almost quantitatively to the oxazole 65a, whereas 
with 3340A light, quantitative conversion to the isoxazole 64a was observed. Each 
reaction apparently proceeds with virtual exclusion of the other, since spectral 
monitoring produced nearly perfect isosbestic points. Using emission spectroscopy, 
sensitization experiments, quenching studies, and MO calculations, Singh and his 
co-workersa showed that a higher energy state associated with the nitrogen ni* 
transition results in azirine C-C bond cleavage and rearrangement to oxazole, 
whereas a lower energy excited state associated with the carbonyl ni*  transition 
causes reorganization to the isoxazole. 

___* 

Ph 
65. 

PhQ Ph Ph A 
64a 63a 04'\Ph 

b. 3 -VINYL- I-AZIRINES 
Intramolecular rearrangement related to the conversion of 63a to 65a was 

reported by Padwa et al.n3n*2sa They found that irradiation of 3-vinyl-substituted 
azirines (448: E isomers) gave 23-&substituted pyrroles (449). Thermolysis of 448, 
however, results in the formation of 2,Sdisubstituted pyrroles (450), as previously 
discussed. Photolysis of the 3-iminoaziriie 120 gives the 1 ,2-diphenylimidazole 
exclusively, whereas its thermolysis affords 1,3dphenyIpyrazole (121). 

p&J .L.$ Ph 

H H 
450 449 

H H  Ph 

a. R = CO,CH, (6) 

R+Ph - 
448 

b. R=CN 
c. R=COPh 
d. R=CHO 

(5&-58d, E isomers) 

I 
Ph I20 

Ph I 
45 1 

Ph 
121 
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Evidence was provided'j to support the suggestion that these photore- 
arrangements proceed through the intermediacy of nitrile ylides (Scheme SO). 
Electrocyclization of the latter followed by a sigmatropic shift or shifts of the 
initially formed ring would give the observed products. 

H 
I 
c 

Scheme 50 Mechanism for the photorearrangement of 3-vinylazirines. 

Photolysis of (2)-2-pheny1-3-styryl-l-azirine 452 in contrast gave the benzazepine 
453. The isomeric tmns-styrylazirine, however, produces 2,3diphenylpyrrole as the 
major product. These results suggest that azirine ring cleavage and intramolecular 
cyclization proceed faster than isomerization of the styryl group. The formation of 
453 from 452 also indicates that cyclization of the nitrile ylide from 452 to the 
seven-membered compound may be a faster process than the alternative cyclization 
to the five-membered pyrrole ring. Cyclization of the nitrile ylide from the truns- 
styrylazirine to a benzazepine is precluded on structural grounds. With naphthyl 
vinylazirines however, both (2) and (E) isomers gave seven-membered rings, 
suggesting rapid C=C bond isomerization of the (E) isomers before azirine ring 

MPh - hv Php 0 

453 

Ph 
452 

C. 3-ALLYL-I-AZIRINES AND RELATED SYSTEMS 
Padwa and C a r l ~ e n ~ ~ *  I' 2s2 examined the photochemistry of 3-allyl-l-azirines, 

particularly with respect to  intramolecular cycloaddition. They reported that 
photolysis of 3ally1-3methyl-2-phenyl-l-azirine (454a) gave a 1 : 1 mixture of 
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azabicyclohexenes (456a and 45721). On further irradiation, 457a was quantitatively 
isomerized to 456a. When the allylazirine 454b (21c) was irradiated, the azabicyclo- 
hexene 456b was produced as the primary photoproduct. Photolysis of the isomeric 
3-allyl-2-methyl-3-phenyl-l-azirine 455a gave 456a and 457a. The azirine 455b gave 
the endo isomer 456b, the thermodynamically less favored one, as the exclusive 
product on irradiation. From control experiments it was determined that azirines 
454 and 455 were not being interconverted by a Cope rearrangement during the 
photolysis. The mechanism for the photoreactions has been proposed to proceed 
via C-C bond cleavage and generation of a bent nitrile ylide (carbene like) inter- 
mediate. Attack of the carbene carbon intramolecularly on the terminal position 
of the neighboring n bond generates a six-membered ring that may be regarded 
structurally as either a 1Jdipole or a 1,3-diradical intermediate. Collapse of this 
intermediate results in the formation of the observed azabicyclohexenes. The 
photoconversion of 457 to 456 was explained in terms of the six-membered ring 
(Scheme 51). Formation of the thermodynamically less favored endo isomer 456b 
from the irradiation of 4541, or 455b was attributed to the greater torsional barrier 
in the transition state for cyclization to the exo isomer. Padwa and Carlsen classified 
these reactions in general terms as nonconcerted 1 ,lcycloadditions. 

A number of additional examples of these 1 ,lcycloadditions, as well as spatial 
requirements and the role of substituents in controlling intramolecular cyclo- 
additions, have been r ep~r t ed . "~~  253-257 Several representative examples are 
discussed here. 

When the number of carbons between the azirine ring and the alkene moiety 
is increased from one (as in 454 and 455) to three, 13-dipole cycloaddition is 
favored over the 1,lcycloaddition. For example, the azirine 458 affords upon 
irradiation, a single photoproduct, the bicyclic pyrroline 459.115 Two interesting 
aspects of this conversion should be mentioned. First, the regiospecificity is opposite 
to  that which would be expected on the basis of frontier orbital arguments. Padwa 
and Kamigata"' attributed this change in regiospecificity to steric factors. Second, 
this intramolecular cyclization involves the cycloaddition of a nitrile ylide with 
an unactivated alkene, a substrate that is generally unreactive toward nitrile ylides 
in intermolecular cvcloadditions. 

The o-2-butenylphenyl-substituted 1-azirine 460, however, gave a mixture of the 
endo- and exo-benzobicyclohexenes 462, the product of 1 ,Icycloaddition of the 
nitrile ylide 461, in quantitative yield.254*25S 

The mode of cyclization of the related o-allyloxyphenyl-substituted azirine 463 
appears to be markedly controlled by the nature of the substituent groups attached 
to carbon-3 of the azirine.= 

D. Miscellaneous Photoreactions 

A number of other reactions of 2-phenylazirines induced by light have been 
investigated. For example, photolysis of a series of 3-hydroxymethyl-2-phenyl- 
1-azirine derivatives (464) was found to give 1-substituted 1-phenyl-2-azabutadienes 
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I 

462 

463 

(466) in excellent yields. The conversion involves a 1 p-shift of the substituent X. 
The rate of the rearrangement was found to be directly related to the leaving 
group ability of X.258 

X CH2 
466 

Ph 
464 

X = Cl, Br, OCOCH,, OCOCF,, OCOAX 

The photochemistry of the spiroazirine 467 has been r e p ~ r t e d . ~ ~ ' ~ ' ~  

Ph A s  
467 
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E. Concluding General Remarks on the Photochemistry of I-Azirines 

Spectroscopic data, sensitization and quenching experiments, MO calculations, 
and photoproduct analysis provide remarkably convincing evidence that 1-azirines, 
and particularly 2-phenyl-l-azirines, undergo photoreactions through initial 2-3 
bond cleavage of the first excited nn* singlet state. This ring cleavage, which is 
photochemically reversible, produces a nitrile ylide that is the reactive participant 
in almost all the photochemical reactions, both intermolecular and intramolecular, 
discussed in this chapter. We have seen that the benzonitrile ylides derived from 
2-phenylazirines can participate regiospecifically as 4n components in thermal 
1 ,3-dipolar cycloadditions with species such as electrondeficient alkenes, as well as 
with carbonyl compounds, nitriles, imines, activated esters, azo compounds, and 
heterocumulenes. The benzonitrile ylides can also participate in thermal intra- 
molecular reorganization processes such as 1 ,lcycloadditions and 1,3-dipolar 
cyclizations. Ample precedent for some of these reactions can be found in the 
superb contributions of Huisgen and his co-workers on the chemistry of thermally 
generated nitrile ylides. The photochemical reactions of 1-azirines provide excellent 
routes to the synthesis of a wide variety of heterocyclic systems, particularly five- 
membered ring heterocycles. 

6.  Metal Complexes and Metal-Induced Reactions of ldzirines 

The synthesis of metalcoordinated l-azirines and the reactions of 1-azirines 
induced by metals have opened a new area in the chemistry of this small ring 
heterocycle. The mechanistic aspects of most of these reactions are not well under- 
stood. However, as this section of the chapter unfolds it will become apparent that 
many of the teactions mentioned here resemble previously discussed thermal and 
photochemical reactions of l-azirines. Reactions of 1-azirines with some organo- 
metallic reagents (e.g., Crignard reagents, lithium aluminum hydride) and in the 
Reformatsky reaction were reviewed in an earlier part of this chapter. 

A. Synthesis of Stable Metal Complexes of I-Azirines 

The synthesis of stable 2: 1 complexes of l-azirines with AgSbF6, H2Pta6, and 
PdC12 was achieved as early as 1971 .lab The structure of the palladium and plati- 
num complexes of azirines was elucidated by Hassner, Bunnell, and Hahiwangerm 
and confirmed by x-ray crystallography. These studies revealed coordination of the 
nitrogen of the azirine with palladium in a 2 : 1 azirine/PdC12 complex with a trans 
configuration about the planar palladium. It is of interest to compare these x-ray 
data with those reported recently for an uncomplexed 1-azirine.?" Furthermore, 
the ir spectra of the series of 1-azirine-palladium chloride complexes 468 reported 
by Hassner et al.260 showed strong C=N absorption bands in the 1760-1810cm-' 
region. This represents shifts of 3040cm-'  toward higher energy on complexation. 
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468 

a. R, = pCH,-CJiH,; R, = R, = H 
b. R, =pOCH,-C&; R, = R, = H 
c. R, = Ph; R, = R, = CH, 
d. R, = Ph; R, = CH,; R, = H 
e. R, = Ph; R, = CO,CH,; R, = H 
f. R, = Ph; R, = CH(OCH,),; R, = H 
g. R, = Ph; R, = CH,OH; R, = H 
h. R, =CH,;R, =CH,;R, = H  

These palladium complexes were found to exhibit relatively high stability toward 

Stable zinc complexes of 2-amino-I-azirines have been reported.%' 
air, moisture, and uv light. Thermolysis gave a complex mixture of products. 

B. Metal-Induced Reactions 

a. INSERTION REACTIONS 

Alper and Prickett262*m studied the reaction of a series of azirines with diiron 
enneacarbonyl in benzene. They found that azirines undergo coupling and insertion 
reactions under these conditions to give diimine complexes (469) and ureadiiron 
complexes (470, 471), as well as pyrroles and ketones. The yields of the diiron 
complexes 469-471 from three commonly encountered azirines are shown in 
Table 10. A mechanism for the formation of these products, which involves initial 
12-bond cleavage and generation of a nitrene-iron carbonyl complex as inter- 
mediate, was proposed. 

A related study was reported more recently by Schmid, Heimgartner, and their 
co-workers.164 

b. DIMERIZATIONS 

Reaction of 2-aryl-1-azirines with an equimolar amount of a group 6 metal 
carbonyl [M(CO),, M = Cr, Mo, W] gives 2.5-diarylpyrazines and isomeric 
dihydropyrazines in good yields (Scheme 52).26s*as6 Conversion of 2-arylazirines 

TABLE 10. YIELDS OF INSERTION AND COUPLING PRODUCTS 
469-471 IN THE REACTION OF 1AZIRINES WITH 
FeJCO), 

Azirine Product Yield (46) 
24r R, =Ph;R, =H;R ,  = H 469 7.8 

470 1.0 
471 3.0 

3 R, =Ph;R,  =CH,;R, = H  470 9.1 
IS R, = Ph; R, = CH,; R, = CH, 470 18.8 
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24% 3.15 

+ fi - Fe(C0) 

N - Fe (CO) , 

470 

N-FeCO), 

N - Fe(C0) 
+ Other products 

to  2,5diarylpyrazines also has been reported.%' The mechanisms of these reactions 
are poorly understood. It is interesting to compare these metal-induced dimeri- 
zations with the mechanistically wellestablished photochemical dimerizations 
of 1-azirines. 

Dimerization reactions of 1-azirines with other transition metal compounds have 
been studied.* 

Alper and P r i ~ k e t t ~ ~ ~ ~  reported that 2-arylazirines can be converted to 
2.styrylindoles with rhodium carbonyl compounds (e.g., [Rh(CO)2Cl] or 
[(Ph,P),Rh(CO)CI]} or with dicobalt octacarbonyl in benzene at room tempera- 
ture (Scheme 53). The mechanism of this transformation is not understood. 
Although not formally a dimerization, the reaction is mentioned here mainly for 
convenience in presentation. 

, 

Scheme 52 Dimerization of Zmylazirines induced by molybdenum hexacarbonyl. 
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p' -R% 
R / 

R 
R = H, CH,, OCH,, Br 

Scheme 53 Intramolecular cyclition of 241rylazirines by [Rh(CO)lCI]l and Co,(CO), . 

c. INTRAMOLECULAR CYCLIZATIONS 

Taniguchi and his co-workers2" showed that treatment of 1-azirines (472) with 
catalytic amounts of dichlorobis(benzonitrile)-palladium(I1) at room temperature 
gave quantitative yields of the indoles 474. These transformations presumably 
proceed through the intermediacy of the 2 : 1 azirine-palladium chloride complex 
473. Conversion of these azirines to indoles under uncatalyzed thermolytic con- 
ditions provides a mechanistically interesting comparison with the Pd(1I)catalyzed 
conversions. The C-N bond cleavage in the latter is apparently accelerated as a 
result of the coordination of the azirine to palladium. On the other hand, some 
platinum and palladium complexes of azirines were found to be extremely stable.260 

R = H. CH,, Ph 4 74 

When 3-fonnyl-2-phenyl-1-azirine (57) was treated with Mo(CO), in tetrahydro- 
furan at room temperature for 5 hr, 3-phenylisoxazole (475) was isolated in 81% 
yield.* Photolysis converts 57 to 475 in 70% yield in 75 min. However, conversion 
of 57 to 475 by thermolysis requires 200' temperatures and reaction times of 
3 days." 

475 

Similarly, I-azirines with N-arylimines at the 3-position (e.g., 120), were cleanly 
converted to 1-aryl-3-phenylpyrazoles (e.g., 476) in high yield by treatment with 
Mo(CO)~.% 

120 
. .  

I 
Ph 

476 
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d. INTERMOLECULAR ADDITION REACTIONS 

The reaction of 1-azirines with activated ketones to give pyrrole derivatives can 
be catalyzed by nickel(I1) compounds. Excellent yields of pyrroles are generally 
obtained.'44 This and related conversions were discussed previously. 

2-Aryl-I-azirines react with carbon monoxide at room temperature in the presence 
of chlorodicarbonyl rhodium(I) dimer to give isocyanates in yields of the order 
of 70-80% (Scheme 54). It was suggested that the isocyanates could arise either 
through carbonylation of a vinyl nitrene-rhodium complex or through carbonylation 
of a metallocyclic intermediate."n 

+:,' +CO + [Rh(CO)ICI]2 - R m c , N C o  I I  

R = H ; R ,  = H  
R = Bt; R, = H 

R 
R = C H , ; R ,  = H  
R=OCH,;R,  = H  
R = H ; R ,  =CH, 

Scheme 54 Carbonylation of lazirines catalyzed by rhodium(1). 

An azirine-mediated formation of cyclopentadienone dimer from cyclopenta- 
dienyliron dicarbonyl dimer has been 

Heimgartner and his co-workers2* studied the intermolecular cycloaddition of 
acetylenes with 2-phenylazirines induced by molybdenum hexacarbonyl. They 
isolated pyrrole derivatives that appear to arise from initial [2 + 21 cycloaddition 
followed by ring opening (Scheme 55). 

Mo(CO), 
N 

RcHl + CH,O,CC=CCO,CH,- 

CHI CH, 
Ph CH J 

15 

Scheme55 Addition of acetylene carboxylic esters to 2-phenykzirines induced by 
molybdenum hexacarbonyl. 

7.  Recent References 

Recent work on 1-azirines is included in references 279-287. A noteworthy new 
development is the Pd catalyzed transformation of azirines to bicyclic p-lactams 
477,179 as shown below: 

Ph 
Pd(PPh,), I\ + c o  - Ph 
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Tables 11-15 contain the structures, molecular formulas, melting points, boiling 
points, and literature references pertaining to  preparation of most known lazirines. 
AU boiling points given have the relevant pressures accompanying them in paren- 
theses. For convenience in presentation, the compounds are classified according 
to the substitution at the 2-position of the azirine. These tables contain azirines 
with a wide range of interesting substituents at the 3-position. Ring-fused and 
spiroazirines also have been included. 

TABLE 11. 2-ARYL-1-AZIRINES 

R, 

Molecular m.p. or b.p. 
R, R l  R, formula [“C (mm)l Ref. 

Ph 

4C1-C6H, 
4-BrC6H , 
Ph 

Ph 
4€l-C,H4 
Ph 
PhCH, 
4CH ,-C6H4 
4-OCH,-C6H, 

Ph 
4€l-C6H, 
4-N0,C6H, 
Ph 
Ph 

Ph 
Ph 

4-FC6H, 

e F 3 C 6 H 4  

Ph 

Ph 
Ph 
4CH,-C,H, 
4-OCH3-C,H, 
Ph 
Ph 
Ph 

Ph 

D 
H 
H 
H 
H 
H 
CHO 
CH, 
CH, 
H 
H 
H 

CH,OH 
CO,CH, 
CO,CH, 
COCH, 
CO,CH, 

CH3 
CH=CHCN 
(E and Z) 
\=.P 

H’ ‘CHO 

‘ C d H  
H’ ‘CO,CH, 

D 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

H 
H 
H 
H 
H 

CHI 
H 

- 82  
63-66(5.5) 43 
42.5-44.5 43  
13-74.5 43  
80 (10) 36 
42-44(1.2) 43  
45-47 72-74 
37-39 (0.05) 91 
96 (15) 8.30 
74 (1.5) 8 
75-76 ( 5 )  43 

101-102.5 (2.8) 43 
29-3 1 
58-59 249 
72-73 84 

100 84 
- 81 
98-102 (1) 8.85 
45 
935-95 (15) 28,122 
- 73 

H C,,H9N0 - 73 

CH, C,,H,,NO 25 (0.05) 253 
H C,,H,,NO, 92-95(0.5) 85 
H C,,H,,NO, 100-105 (0.6) 84 
H C,,H,,NO, 108-112(0.5) 84 
‘lH5 C11H13N 37-40(0.1) 91 
H C,,H,,NO - 249 
CH, CllHIlN - 25 3 

H C,,H,,NOl - 73 



TABLE 11. CONTINUED 

R l  R, R3 formula 1°C (m)I Ref. 
Molecular m.p. or b.p. 

Ph CH=NCH,CH=CH , 
Ph CH,CH=CH, 

- 105 
48-50 (0.04) 29 

43-45 (0.1) 255 

57-60 (0.2) 255 

- 255 

- 115 

70-72 (0.01) 256 

80-81 (0.03) 33 
69-71 (0.04) 115 

Ph 
Ph 

aA 
Ph 
Ph 

Ph 

Ph 

Ph 

43-45 (0.3) 255 

49 (0.01) 29 
96-97 (4.0) 29 

63-64 (0.04) 29 

61-62 (0.1) 29 

- 115 

75-77 (0.2) 256 

- 25 5 

100-103 (0.5) 85 
59-61 39 

Ph - 253 

3 20 



TABLE 12. 2-ALKYL- AND 2-ARALKYL-1-AZIRINES 

R, 
H 
F 
F 
CI 
c1 
H 
H 
H 
H 

H 

m.p. or b.p. 
1°C (mm)] 
42-43 (760) 

- 
- 
- 
80-90 (70) 
57 (54) 
80 (760) 
68 (130) 

Ref. 

82 
65,66 
65,66 
71 
71 
37 
36 
82 

8 

75 

COZCZH, C7H,,N0, 95 (32) 37 

H C,,H,NO 40-41 81 
H C,,H,,N 108-llO(10) 8 

H C,,H,N,O, 131 100 

CHlCKCH2 C,,H,,N 52-53 (0.04) 29 

Ph CI3H,,N, 85 (0.02) 253 

H C,3H,,N,0, 46-47 100 

Ph C,,HI,N 61-62 (0.05) 29 

Ph C,,H,,N 66-67 (0.05) 29 

Ph Cl3HIsN 54-55 (0.05) 29 

32 1 



TABLE 12. CONTINUED 

Rl RZ formula [“C (mm)] Ref. 
Molecular m.p. or b.p. 

25 3 

TABLE 13. 2-AMINO-1-AZIRINES 

Molecular m.p. or b.p. 
R l  R3 formula [“C (rnrnll Ref. 

,CH3 
-N 

‘CH, 

76.196b 

196b 

76 

Ph C11H16NY - 196b 

,CH, 
-N Ph H C,SH,,NY 94-96 78 

\Ph 

32 2 



TABLE 14. 2-UNSUBSTITUTED 1-AZIRINES 

TABLE 15. RINGFUSED AND SPIRO-1-AZIRINES, BIS-1-AZIRINES 

Molecular m.p. or b.p. 
formula 1°C (rnrn)] Ref. 

C,HllN 38 (0.2) 

CSH13N 76 (20) 

CIOH9N 4 2 4 5  (0.1) 91 

Cl2H13N 59-60 (0.1 mm) 249 

24 
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TABLE 15. CONTINUED 

Molecular m.p. or b.p. 
formula 1°C (mm)l Ref. 

C,.H,N 83-85 ( d a m p . )  48 

CISHIIN 97-99 54 

c 16H I ,N, 84-85 96 

1. 

2. 
3. 

4. 

5. 

6. 

7. 
8. 
9. 

10. 
11. 
12. 
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I. INTRODUCTION 

The history of three-membered rings containing sulfur begins more than 60 
years ago with the synthesis of 2,2,3,3-tetraphenylthiirane (common name: 
tetraphenylethylene sulfide) by Staudinger and Pfenninger! * * Following the 
preparation of the first pure aliphatic thiirane - ethylene sulfide - by Dele’pine3 
in 1920, the importance of this group of compounds as reactive substances suitable 
for a variety of chemical transformations was recognized. The chemistry of this 
class of compounds gained momentum when in 1934 Dachlauer and Jackel 
discovered a simple method for their synthesis from epoxides and alkali thiocyanates 
or thiourea! The comprehensive studies conducted by Culvenor and Davies during 
the late 1940s and early 1 9 5 0 ~ ~ - ~  revealed significant and important aspects 
involved in the chemistry of thiiranes. Several summary or review articles on 
thiiranes and their chemical reactions were published since then!-’4 In addition, 
a book in Russian on the chemistry of thiiranes is a~ailable.‘~‘ 

Excluding a few isolated cases of earlier reported preparations of thiirane oxides, 
thiirane dioxides, and thiiranium salts, the chemistry of these classes of compounds 
was developed and established within the last two decades, beginning in the early 
1960s. It is no wonder that the two comprehensive reviews on thiiranes from 
1964’’ and 1966,’6 respectively, deal only with ethylene sulfides (substituted and 
unsubstituted), not with the other members of this class (i.e., thiiranium salts, 
thiirane oxides, thiirane dioxides, and closely related derivatives). 
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The principal sections in this chapter deal with thiiranes, thiiranium salts, 
W a n e  oxides, thiirane dioxides, thiirenes, thiirenium ions, thiirene oxides, 
thiirene dioxides, and threemembered rings containing sulfur and additional 
heteroatoms. The first three sections not only update the chapter on ethylene 
sulfides written by Reynolds and Fields in this series in 1964, but also include 
a comprehensive and a reasonably complete presentation of thiiranes, their 
quaternary salts and oxides. 

The relevant literature, which has been exhaustively covered through most 
of 1979, includes the literature pertaining to three-membered M g s  containing 
sulfur cited in Chemical A b s m t s  up to August 1979, and in Journal of the 
American Chemical Society, Journal of Organic Chemistry, Journal of the Chemical 
Society, Tetrahedron Letters, and Tetrahedron up to the same date. In addition a 
“Highlights” section at the end of this chapter updates the chapter with important 
more recently published material. 

I thank my friends and colleagues for their encouragement. I am particularly 
grateful for the typing assistance provided by the Research Authority of Haifa 
University in Israel. 

Most of all, I express my love for my family, my gratitude and appreciation for 
their being so helpful and encouraging, and my admiration for their patience while 
this work claimed most of my time and attention. 

11. NOMENCLATURE 

The International Union of Pure and Applied Chemistry (IUPAC) uses the name 
“thiirane” for a threemembered ring comprising one sulfur atom. However, many 
other designations had been used for this class of compounds and still are widely 
used in naming specific compounds. These include sulfides (e.g., the parent ethylene 
sulfide), alkene sulfides, episulfides, thiacyclopropanes, and thioalkylene oxides. 

Thiirane has the general structure shown in 1. 

1 

The oxidized thiiranes, cited in Section 11, are represented as follows: 

2 3 4 
thiiranium salts thiiranium oxides thiiranium dioxides 
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Although the “thiirane”-based nomenclature has been slow to find a place in the 
literature - since some names are easy to construct from the name of the corre- 
sponding olefin - the term is now receiving more and more use as the “baseline” 
for constructing the names of both thiirane derivatives and closely related three- 
membered ring systems (i.e., thiirenes, thiaziridines, etc.). 

Accordingly, the official names of the oxidized forms of thiiranes, namely, 
the commonly known episulfonium salts, episulfoxides, and episulfones, are 
thiiranium salts (i.e., 2), thirane oxides (i.e., 3), and thiirane dioxides (i.e., 4), 
respectively. 

However, for certain more complex molecules (e.g., carbohydrates), the prefix 
“epithio-” attached to the name of the sulfur-free skeleton may be the more 
convenient nomenclature. Otherwise, the term “thiirane” is used for the atomic 
grouping 1 and its appropriate derivation for the corresponding systems 2-4. 

In. THIIRANES (ETHYLENE SULFIDES) 

1. Methods of Reparation 

A. From Epoxides (Oxiranes) 

The conversion of epoxides with inorganic thiocyanate ion to yield the corre- 
sponding thiiranes appears to be the most important general method and is the 
method of choice for the synthesis of a broad spectrum of thiirane derivatives: 

CR3R4 + OCN- (1) 
/”\ 0 

RI R2C ’ - ‘ CR3R4 + CNS- + RlR2C - 
5 6 

This reaction, first described in the patent literature: has been applied to the 
synthesis of the parent thiirane (ethylene sulfide!* 17-23 methylthiirane (propylene 
sulfide)?. 2s cis- and tran~-2,3dimethylthiiranes (2-butene sulfides, optically active 
forms 27 isobutylene sulfide? cyclopentenes and cyclohexene 
sulfide:# 21*22i29 various 3-alkoxypropylene sulfides?* styrene and 
many other substituted thiiranes in yields varying normally between 40 and 58% 
(see Table 1 for details). A modification of this reaction has been used to obtain 
small yields of thiiranes from sugar epoxides?” Recently, stereoisomeric 2,2‘- 
bithiiranes were prepared in high yield from the corresponding optically active 
1,2,3,4diepoxybutane using the same m e t h ~ d ? ~  

In general, the reaction is carried out by mixing an aqueous or alcoholic solution 
of the two reactants (i.e., the epoxide and potassium thiocyanate) at room tempera- 
ture or below (0-20’). Keeping the reaction temperature within this range diminishes 
the risk of polymerization, which is rather substantial above 60°.je The use of water 
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as the reaction medium is quite convenient for the isolation of the product in many 
cases, since all thiiranes are insoluble in water, whereas the low alkane oxides are 
water soluble. An excess of either the epoxides or the thio reagent facilitates high 
yields of the desired thiiranes! At the conventional mole ratio of 1 1 , the yields 
obtained are generally lower. The crude products usually contain a certain propor- 
tion of the original reactants and are commonly purified by fractional distillation. 

The mechanism shown in Eq. 2 has been accepted for the reaction of epoxides 
with the thiocyanate ion27i19*39*40 

SCN 

B, 

This mechanism is corroborated by the observation that treatment of cyclo- 
pentene oxide @a) with potassium thiocyanate under conditions equivalent to, 
or more vigorous than, those that brought about a 73% yield of thiirane (lob) from 
cyclohexane oxide (8b) gave only recovered 8a. Furthermore, alkaline treatment 
of tran~2hydroxycyclopentylthiocyanate (i.e., the alkoxy ion 9a) did not yield 
thiirane, whereas by alkaline treatment the trans-2-hydroxycyclohexylthiocyanate 
was readily converted into the corresponding thiiraneZ9: 

9 1  b 
a. n = 1; 
b. n = 2  

The involvement of a strained intermediate 7 (two fivemembered Mgs fused 
trans) in the case of 8a, is consistent with the reaction mechanism depicted in 
Eq. 2. Support for this mechanism has come from the isolation of the oxathiolane 
11 when methyl epoxide and potassium thiocyanate were reacted in the presence 
of p-nitrobenzoyl chloride, which intercepted the intermediate of type 727 
(i.e., 7a). 

Apparently, the isolation of 11 was possible because the first two steps in the 
reaction sequence (from the epoxide to the intermediate 7 in Eq. 2) are very fast, 
whereas the last two steps (i.e., the opening of the oxathiolanimine ring 7 and the 
subsequent ring closure to form the fmal thiirane) take place at a very slow rate. 
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N- NCOC6 H4N02-p 
II II 

S 

C 

0 S 
I I I I 

CHs-CH-CH2 

/ \ p-0,NC6H,COCI 

CH3-CH-CH2 
78 11 

(4) 

It was shown that the entire reaction is accompanied by Walden inversion at both 
carbon atoms of the three-membered ring?’ This can easily be understood in terms 
of the ring opening of the starting epoxide by the nucleophilic thiocyanate ion to 
give the “trans** intermediate and the closure of both the oxathiolane and the 
thiirane rings only in the trans position. 

that the preparation of thiiranes from epoxides by the 
thiocyanate route is best carried out in weakly alkaline medium (addition of 
K2C03), to reduce the amount of 0-hydroxyisocyanates that otherwise might 
form through hydrolysis. 

It has been 

.c-0- 
I 

/ ‘C-OH 
’I 

H a 0  I - ‘C-SCN C-SCN 
\ I 

0 0 

In acid solution and at room temperature several hydroxyisothiocyanates 
decompose to yield oxathiolane derivatives and thiiranes as well as other by- 
products?’ 

Another generally used method for preparing thiiranes from the corresponding 
epoxidesm4 is the reaction of the latter with thiourea in a manner mechanistically 
analogous7 to their reaction with thiocyanate ion: 

The following thiiranes have been prepared by the reaction of the corresponding 
epoxides with thiourea (see Table 1 for details): thiirane (ethylene 
methylthiirane ,’* 21 * chloromethylthiirane ,”* 20* 21 23 -dimethylthiiraney 
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2,2dimethylthiirane? vinylthiirane (butadiene monosulfide)! 2n-b~tylthiirane;~ 
2n-hexylthiiraneps cyclohexene sulfide: 4-methylcyclohexene sulfide: 2 3 -  
diphenylthiiranes,52 various 3-alkoxypropylene sulfides:' thioglycidyl sulfides" 
and amines? various ester14* 
fatty  ester^^^*^*^^ and fatty  alcohol^.'^ 

There is some evidence, however, suggesting that at least in one cases1 the 
reaction may not have proceeded through the generally accepted double inversion 
path for conversion of epoxides to thiiranes? When the reaction is conducted in 
the presence of at least an equimolar quantity of inorganic acid, the intermediate 
12 (in Eq. 7) may be isolated as the isothiouronium salt 13 in high yields.40* 

'' and bisester thiirane~?~ and thiirane fatty 

OH OH - R1 R2-C-CR3R4 + H2N-N 
H'X' I 

GH2x- (-2 BH-X-) 
SH 

\ 14 
s-c 

NH2 
13 

Addition of alkali to the isothiouronium salts of type 13 or heating an aqueous 
solution of the salt with weak acids results in obtaining the corresponding thiiranes 
as the major products.a The best yields were obtained by neutralization with 
sodium carbonate? The nature of the products obtained on alkaline hydrolysis of 
13 depends on the procedure used. Thus, when an aqueous solution of 13 is added 
to an excess of aqueous alkali, the major product is the corresponding 2-hydroxy- 
ethanethiol (Le., 14).40 Pyrolysis of some dry 2-hydroxy - I-isothiouronium salts, 
also leads to the corresponding thiiranes as illustrated in Eq. 8. 

15 

13r 
X =acetate or benzoate 

Interestingly, in the absence of acid or alkali, the strongly increasing pH values 
of the solution in the early stage of the reaction between epoxies and thiourea has 
an adverse effect on the yields of the thiiranes. This increase of the pH values may 
be attributed either to  hydrolysis of the first intermediate (Eq. 6) or to  hydrolysis 
to ammonia of the resulting urea. 
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Taking into consideration that the given mechanism (Eq. 6) applies to all thio 
reagents, one should not be surprised to find that the cleavage of the last inter- 
mediate accompanied by the ring closure to afford the thiirane is feasible only if 
the 0-C bond is weakened by electron-withdrawing groups as in the case of 
Ouronium salts or cyanates. However, cyclization does not occur if a hydrogen 
atom or an alkyl group is attached to the oxygen atom.' This means that 
compounds of the type HS-CH2-CH2-OR (R = H or alkyl) do not undergo 
cyclization analogous to 13 under comparable reaction conditions. 

The reactions of thiocarbanilide! thioacetamide, thiobenzamide, xanthamide, 
and thiobarbituric acid with certain epoxides are similar to the reaction of the 
latter with thiourea - namely, they form thiiranes and the oxygen analog of the 
thio reactant! Nevertheless, polymerization prevents isolation of the thiiranes. 

16 17 

A recent communication56 describes a simple method for converting oxiranes 
into thiiranes stereospecifically by using 3-methylbenzothiazole-2-thione in the 
presence of trifluroacetic acid: 

Me 
I 

The reaction is run in dry CH2C12 at 0" and results in particularly high yields. 
Thus, cyclohexene oxide, styrene oxide, and cis-stilbene oxide are claimed to give 
quantitative yields of the corresponding thiiranes, whereas trantMilbene afforded 
80% of the thiirane. 

The mechanism proposed is analogous to that of the reactions for thiocyanate 
(Eq. 2) and thiourea (Eq. 6). 

The high yields and the simplicity of the above reaction make this method 
competitive with other available methods of thiirane synthesis. 

Although thiourea (as well as the other thioamides) reacts with several sub- 
stituted glycidates, no thiiranes could be prepared using this method when the 
loss of sulfur from the thiirane formed led to a highly stabilized conjugated 
system5* 6* " (i.e., 20): 

CO2C2Hs 

CHCO2C2Hj (1 1) c6H&H- /"\ CH / + (H2N)&S __+ [ C ~ H S C H ~  ] 18 

__.+ C6 HsCH=CH C O ~ C ~ H S  
20 
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B. From Cyclic Carbonates 
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The preparation of a long line of thiiranes can be accomplished by the reaction 
of alkali thiocyanates with cyclic carbonates of 1,2-dioIs (1 $dioxolones) at 
100-200°.58~59 It has been suggested that the reaction proceeds by a four-step 
mechanism including two Walden inversions analogous to  the reaction with 
epoxidesS9 : 

0 

I ' \ I  I 

I I I I 

N C W -  
I 

1 \ __* ?'S + OCN- 
-0- -c-o f\ 

I - I  \C=N- - 
NCS-C- --€-SS -Gs- 4' 

It seems reasonable that the decarboxylation occurs during or immediately after 
the attack of the thiocyanate ion on the a carbon atom. An alternative mechanism 
involving first decarboxylation of the cyclic carbonate to the epoxide, followed by 
its well-known reaction with thiocyanate (described above) can be e~cluded!~ 
Such an alternative mechanism would require three Walden inversions, with a net 
inversion of configuration, since the epoxide formation from cyclic carbonates, 
proceeds with one Walden inversion" 

In general, the yields of thiiranes obtained from cyclic carbonates and cyanate 
salts are good, provided the reaction occurs below 150" and the resultant thiirane 
distills quickly. This holds for low molecular weight thiiranes and the corresponding 
starting cyclic carbonates. Thus, the yield of the parent thiirane obtained in this way 
is 80-85% and that of methylthiirane is 51%. Higher dioxolones react slowly and 
the yields are lower (e.g., 31% yield for the cis-dimethylthiirane).s Thiiranes and 
substituted thiiranes obtained from cyclic carbonates are tabulated in Table 1 

The lack of reactivity of thiourea with the cyclic carbonates is probably due to 
its nucleophilicity being lower than that for thiocyanate ion. Nevertheless, a patent 
was issued protecting this reaction (only low yields are obtained).@' 

C .  By Pyrolysis of Thiolcarbonates and Mercaptoalkylcarbonates 

The synthesis of thiiranes by pyrolysis 
(e.g., 21) is another important process 
compounds62 : 

CH2-S A I 'c=o-- 
CHZ-0' 

21 

of certain cyclic monothiolcarbonates 
for the preparation of this class of 

FH% + c02 
CH2/ 

22 
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Starting compounds of type 21 are readily prepared by heating epoxides with 
H2S followed by treating the resulting vicinal hydroxythiol with COCl,pyridine!z 
The inherent advantage of this method is that cyclic carbonates are stable and 
therefore storable for long periods of time. The desired W a n e  can be prepared 
whenever desired by pyrolysis of the cyclic thiolcarbonates. Another advantage of 
this route is that the only by-product is carbon dioxide. Smooth decomposition 
requires alkaline catalysis (NalC03, NaOCH3)62 but is inhibited by acids. 

The cyclic thiolcarbonates may be replaced by the openchain 0- and S-carbonates 
(i,e., 23 and 24, respectively? likewise obtainable from 2-hydroxymercaptans). 

0 
I 1  

0 
il 

RDC-SCH2CH2 OH 

23 24 

In the latter cases, however, the highest yield of the resulting thiiranes is 
obtained in the absence of a catalyst. The thiiranes produced are accompanied 
with an equimolar amount of alcohol. This is in accordance with the formation of 
a cyclic thiolcarbonate as an essential intermediate along the reaction coordinate: 

+ ROH + B (14) 

21 

- FH-s + c02 
CH2/ 

22 

The generality of the pyrolysis is further demonstrated by the preparation of 
2hydroxymethylthiirane by pyrolysis of 2SW through the intermediacy of the 
corresponding thiolcarbonate : 

CHCHZOH + C2HsOH + C02 
A /"\ 

C2HSOCSCHlCHCH20H - CH2- 

0 OH 
I1 I 

25 26 (1 5 )  

Finally, a closely related synthesis - restricted to thiiranes that show a low 
tendency to polymerize - is the alkaline hydrolysis of cyclic trithiocarbonates 
(which are available from epoxides and alkali alkyl xanthates).6* 

D. From Acylated Vicinal Hydroxythiols 

The only reference up to a decade ago to describe the direct synthesis of thiirane 
by dehyration of vicinal hydroxythiol deals with the dithioglycerol2766": 
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CHZ-SH 
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(16) 

27 2a 

Other attempts to obtain thiiranes by a similar direct dehydration failedP7 However, 
the acidcatalyzed intramolecular cyclodehydration of 2-mercaptoalkanols was 
shown to be not only a general reaction of these substances, but also a plausible route 
for obtaining thiiranes particularly for the more highly substituted homologsP66 

The use of potassium hydrogen sulfate as the acidic catalyst rather than a 
mineral acid, as well as a suitable choice of conditions that reduced the suscepti- 
bility of the products to acidcatalyzed polymerization, raised the yields of the 
thiiranes to the level of 34-70%.m The method was applied to  prepare the parent 
thiirane, 2-methylthiirane and 2-mercaptomethylthiirane (i-e., 28). The cyclization 
of vicinal hydroxythiols proved to be generally possible (and successful) via 
appropriate derivatives, that is, deacetylation of either their S-acetatesp7-@ 
0-acetatesf7* or 0,S-diacetatesP7-" Thus, deacetylation of the following three 
acetates, to yield thiirane, takes place when these derivatives are heated with 
aqueous alkali solutions: 

CH2 (17) 
A A 

RlOCH2CH2SR2 (alkalij CH2- 
29 22 

a. R, = CH,CO; R, = H 
b. R, = H; R, = COCH, 
c. R, = CH,CO; R, = COCH, 

The thiiranes thus obtained should be continuously distilled during the reaction 
to reduce both possible ring opening and polymerization caused by the alkali. In 
general, the yields of this process are reported to be in the range of 25-80%. This 
method was used to prepare the following substituted thiiranes in addition to 
the parent : cyclopentenem-n and cyclohexene"* sulfides, 2-mercaptoakyl- 
thiiranes (e.g., 31)67*68* ** 73 and their homologs7 sugar thiiranes:2 and steroidal 
thiiranes.7J* * 

30 31 

a. R, = CH,CO; R, = CH,CO; R, = H; R, = H 
b. R, = H; R, = CH,CO; R, = H; R, = H 
c. R, = CH,CO; R, = CH,CO; R, = CH3; R, = H 

a. R, = CH,CO; R, = H; R, = H 
b. R, = H; R, = H; R , = H  
c. R,=CH,CO;R,=CH,;R,=H 

d. R,  =CH,CO;R, =CH,CO;R,=H;R,=CH3 d. R, = CH3CO; R, = H; R, = CH3 

This method of synthesis has been studied in detail with respect to  the prepa- 
ration of the thiirane (17). The fact that 17 is formed from both the S- and the 
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0-monoacetates of trans-2-mercaptocyclohexanol (ie., 32) supports the generally 
accepted mechanism in which 3212 is the true precursor of the final thiirane and that 
this requires 32a to undergo an isomerization (which is not required in the case of 
its isomer, 32b. 

S -  
328 - cf‘-- 17 + -0Ac (19) 

32b 32c 

E. By Alkaline Hydrolysis of Vicinal Tosylates (or Mesylates); 
Th iolace ta tes 

The synthesis of thiiranes by the alkaline hydrolysis of thiolacetates is closely 
related to the method described in the preceding section. Its most successful appli- 
cation has been in the synthesis of carbohydrate t h i i r a n e ~ ~ ’ ~ ~ ~ ’ ~  as illustrated 
below in the transformation of the 5-0-tosyld-acetylthio-a-Dglucose (33) to 
the Corresponding thiirane (ie., 34). 

Hi: c 
I HroTs 
CH~SAC 

ACWH I 
H 

33 34 

The direct conversion of the corresponding epoxides in these series, however, is 
difficult!s*N Similarly, rruns-2-acetylthiocyclopentyl p-toluenesulfonate, rrans- 
2-benzoylcyclopentyl p-toluenesulfonate, and trans-2-acetylthiocyclohexyl p- 
toluenesulfonate were converted to the corresponding thiiranes with NaOH and 
NaHC03, re~pectively~~: 

Replacement of the tosyl group with a mesyl group in 35 likewise afforded the 
thiirane 1Oa. 
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R = acetyl or benzoyl 

F. From Vicinal Halothiocyanates, Dithiocyanates, 
and Sodium Sulfide 

Thiiranes can readily be obtained by interaction of 2-halothiocyanates or of 
1,2-bisthiocyanates with sodium s ~ I f i d e ~ * ~ * ~ ~ :  

I I I 

I 
I I 

<-Hal Na,S -C, Na <-SCN 

-C-SCN -C-SCN 
__* I S &  I (23) 

I 
-C' 

These preparations, as represented by Eq. 23, are of historical interest, since they 
were used by Dele'pine in the early syntheses of ethylene sulfide. 

Usually, the starting compounds are obtainable by conversion of 1,2dihalides 
with alkali thiocyanate or by addition of thiocyanogen or thiocyanogen chloride 
to olefins. The only example described in the literature for the direct synthesis of 
a thiirane from a dihalide and alkali sulfide-- without the formation of polymeric 
thiiranes - is the following reaction: 

31 38 

It is reasonable to assume that polymerization here is probably suppressed by 
overcrowding and for steric reasons!6 However, a 20% yield of thiirane has been 
observed on reaction of 1 Jdibromoethane with hexamethylcyclotrisilthiane?2 

The conversion of vicinal halothiocyanates or dithiocyanates to thiiranes is 
generally carried out with aqueous sodium sulfide in the presence of alcohol as 
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solubilizer at room temperature or with gentle heating. The reaction yields are 
reported to vary from poor to relatively high (see Table 1 for details) for the 
following compounds, which were prepared on the basis of 2-halothiocyanates: 
thiiranes? methylthiirane,76 ethylthiirane,m and cyclohexene sulfide.% 'Ihiirane? 
methyl- and ethylthiiranes,'6 2,2dimethyl-, 3-meth~l-,'~ and 2,2,3,3-tetramethyl-m 
thiiranes, cyclohexene'' and cyclooctenea2 sulfides, 2,2-pentamethylenethiirane,8' 
and various thiirane carboxylic acids66*83 have been prepared from the corre- 
sponding dithiocyanates. In a modified method alkali is used instead of sodium 
sulfide66*8J with fair to good results. 

G. From Vicinal Hydroxythiocyanates (and 0-Mesyl- or 
0- Tosy lthiocyanates) 

Several vicinal hydroxythiocyanates - namely, thiocyanate alcohols and their 
sulfonic esters (i.e., 0-mesylates or 0-tosylates) - can be easily converted to the 
corresponding thiiranes by treatment with alkali. For example: slow addition of 
dilute potassium hydroxide to 39 yields 1729: 

39 17 

Similarly, 2-thiocyanatocyclopentanol mesylate, in the presence of aqueous sodium 
hydroxide, furnished cyclopentene sulfide in a yield of 63%, whereas the corre- 
sponding tosylate furnished only small quantities of that thiirane.= The same 
method has been successfully applied in the preparation of sugar thiiranes from 
the sugar a-thiocyanomesylate precursors"*m and in the preparation of steroidal 
thiiranes.*swpw The use of vicinal Oacetylthiocyanates (rather than 0-mesyl or 
0-tosyl) as starting materials to prepare steroidal thiiranes on treatment with 
alkali"'* can be rightly classified under the same category. 

H. By Dehydrohalogenation of 2-Haloethanethiols 

Just as epoxides are obtainable from 2-haloalcohols (chlorohydrins) and alkali, 
thiiranes are derived by treatment of 2-halomercaptans with alkali: 

Optimum yields of the thiiranes are obtained by maintaining the pH between 7.5 
and 9.5. Too high or too low pH values lead to polymerization of the thiirane 
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formed as intermediates. Therefore, weakly alkaline reagents such as NaHC03, 
CH3C02Na, NaH2P04, Na2HPO4, and NaHS (which in fact can maintain buffer 
conditions) are recommended to perform this transformation effectively.86 The 
most common reagent is NaHC03. ‘Ihe fairly unstable 2.halomercaptans are 
ordinarily formed in situ by the treatment of 2hydroxymercaptans with hydro- 
chloric acid. The crude reaction mixture obtained (the interesting component of 
which is the 2halothiol in case at hand) is treated, then, with aqueous NaHC03 
solution after the excess acid has been removed. Yields between 35 and 90% are 
reported?7* Nevertheless, the action of cold concentrated hydrochloric acid on 
certain 2hydroxythiols can lead to other products rather than to the desired 
thiiranes through the expected 2chlorothi01, as illustrated in Eq. 27.n 

CH2Rl 
I 

CHSH 
H27- I 

+ H2C qH2 (27) 

ps CHR2 I 
/ 1.HCI 

CH CH2 - 
I 
CH2SH 

I 
CH2 

I 
CHzSH CH2 SH 

41 40 42 
a. R ,  =OH; R, = SH 
b. R, = SH; R, =OH 

Cyclization of chloromercaptocarboxylic acid derivatives gave derivatives of 
thioglycidic acid.866 

Lkhydrohalogenation of 2-haloethanethiols was the method through which 
the following compounds were prepared: the parent thiirane,’* 86 2,3-dimethyl- 
thiirane,” 27 24hiomethylthiiraneT 2-methyl, 2-thiomethylthiirane,n and 
cyclopentene sulfide.= 

An interesting closely related variation of this method consists of the opening of 
an already existing thiirane ring in the course of modifying the substituent followed 
by the reclosure of the halothiol obtained with NaHC03:s2987 

S c1 SH 
I I  

CHI/\ CHCH2SH + RCOCl - RCOSCHz CH-CH2 (28) 
43 

C 

CH2 
NaHCO, /“\ RCOSCHzKH- 

U 

Yields between 35 and 99% are reported for this procedure. 
The direct dehydration of 2hydroxyethanethiol~~ has been mentioned pre- 

viously (Section 111, 1 , D). Another interesting way to obtain thiiranes from vicinal 
hydroxymercaptans is to treat compounds of type 45 with dilute alkali.’ Mecha- 
nistically, however, this reaction is probably related to the alkalinecatalyzed 
decomposition of cyclic thiolcarbonates (see Section 111, 1 , C): 
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r;co2 
45 

An indirect route for making thiiranes is the reaction of IJdihalides with 
thiourea to give the monothiouronium salt and the decomposition of the latter 
by alkali. As Eq.30 indicates, this method involves the in sihc intermediate for- 
mation of 2-haloethanethiols, which finally generate the thiiranes by reaction 
with alkali. 

[ ’  1 Br Br 
I I (H,N),CS 

R-CH-CH2 - R-CH-CH2-s-c(&H2)2 Br-% (30) 

OH- A CH2. R-CH-CH2SH + R-CH- 

Br 
I 

This indirect method was successfully applied to the synthesis of hexene 
sulfide? 2-phenylthiirane? and quino~aline-2,3-sulfide.~ 

Finally, interaction of 2-hydroxyalkyl halides with thiourea in a polar solvent 
results in the corresponding isothiouronium salts, which in turn yield the respec- 
tive thiiranes upon treatment with alkali91 (see Eq. 7). This is illustrated in Eq. 3 1. 

CH2 

1 [ TH OH 
I 

R-CH-CHz-Hal + (H,QC=S - R-CH-CH2-S-C(h,), Hal- (31) 

I OH- ,s\ 
R-CH- 

W a n e ,  2-methylthiirane, 2,3dimethylthiirane, and Zethylthiirane were pre- 
pared by using this method. The yields are reported to be “very high,” although 
detailed figures are not availableg’ 

I. Directly from Olefins 

The most significant approaches for the synthesis of thiiranes can be classified 
in two groups. The first is the indirect route described earlier: that is, olefinic 
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compounds can be raised to the desired oxidation state and the resulting epoxides, 
dihalides, chlorohydrins (and closely related compounds) can be converted to the 
thiiranes by a variety of sulfur-containing reagents, such as KCNS and (NH2)2GS. 

The direct method, however, would be the oxidation of olefms with sulfur or 
active sulfur transfer reagents to the corresponding thiiranes. 

The indirect route was almost exclusively used for laboratory synthesis till 
the end of the 1960s. The limitations involved in the use of this approach are 
particularly important with substrates containing easily oxidized functionality. The 
development of novel methods using the second approach (described in the sub- 
sections that follow) overcomes the difficulty just noted. 

a. BY ADDITION OF SULFUR 

The patent literature claims that unsaturated ketones, unsaturated carboxylic 
acids, or unsaturated carboxylic esters (and glycerides) are transformed into 
thiiranes by adding sulfur at the site ofunsaturation? However, definite compounds 
have not been isolated so far, nor is there any evidence establishing the presence of 
thiirane groups. As a matter of fact, it becomes apparent from reliable investi- 
gationsmP ’’ that the reaction of sulfur with unsaturated compounds leads primarily 
to the disulfides and polysulfides, in addition to a number of by-products not 
containing thiirane groups. 

On the other hand, ethylene, propylene, and cyclohexene are converted in low 
yields into the corresponding thiiranes by reacting the olefin with ethyl tetrasulfide 
at approximately 150’. The latter serves as a source of monoatomic sulfur on 
heating: 

(32) CH2%H2 + C ~ H S S ~ C ~ H S  - A CH2- /’\cH 2 

22 

Vapour phase photoreaction between carbonyl sulfide and olefins leads to the 
formation of thiiranes in high yields but at an extremely slow ratePSa This reaction 
shows that the problem in the “direct synthesis” of thiiranes from olefins and 
sulfur lies in the difficulty of obtaining monomeric sulfur. Furthermore, more 
recent investigations into the reaction of sulfur atom in its ’P or ‘D state with 
olefms to yield thiirane*-* may find some practical synthetic application. 

b. FROM OLEFINS AND SULFUR MONOCHLORXDE 

A two-step synthesis of thiiranes from the corresponding olefms and sulfur 
monochloride is illustrated in Eq. 33? 

ll 
C 
/ \  

+ 1. Na,S-Na,SO,(excess) or Hg-IU ‘c 
‘C *7(I‘S 
’I a a 

46 

- \ ’  / 
.C (-HCl) 
/ 

(33) 
x = 1-3 
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Synthetic procedures that reduce the amount of 46 (x = 1) to a minimum were 
worked out? since this adduct cannot be converted to the desired thiirane in the 
reductiondehydrohalogenation step. In the case of simple unsymmetrical olefms 
the isomer distribution in mixture 46 is not important in determining the yield 
because they aU can be converted to the Same thiiranes. This distribution does 
affect, however, the product distribution obtainable from unsymmetrical substituted 
olefins - depending on the relative ease of displacement of the functional groups 
in the anti-Markovnikov adducts obtained in the first step. 

The method has been applied successfully to the synthesis of the parent thiirane, 
several 2dkylthiiranes (see Table l), 2-phenylthiiranes, cis- and frms-2,3dimethyl- 
thiiranes, 2,2dimethylthiirane, cyclic thiiranes, monosubstituted alkenylthiiranes, 
and some &-substituted thiiranes obtained from the allylic-substituted olefmsPd The 
yields vary within the range of 25-65%, being usually higher when the reduction is 
carried out with exces sodium sulfide rather than with aluminium amalgam. 

Since the synthesis of these thiiranes via their sulfur monochloride adducts is 
stereospecific, the mechanism involved in Eq.34p6 which is in accordance with 
the experimental results, is illustrative. 

a H  
RI,  2- *.*’ H &‘ 

c 
R:*j I\ (34) - H/c\3/c\ - /H s,c4 C- R1\ 

H /=AR, I Ra R2 
H SzCl 

SCl 
47 

+ 
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c. FROM OLEFINS AND IODINE THIOCYANATE 

The method described in Section 111, 1, 1, b above. suffers from a major dis- 
advantage in that a large excess of the alkene must be used. A convenient procedure 
that overcomes this problem is the addition of cyclic alkenes (i.e., cyclopentene, 
cyclohexene, 1 ,SGyclooctadiene) to equimolar solutions of iodine and thiocyanogen 
followed by hydrolysis of the thiocyanate moiety in the intermediate with base and 
a final ring closure to the desired thiirane97: 

X --+ 
S 

Yields ranging from 26 to 57% were obtained97 using ether as a solvent and 
methanolic potassium hydroxide as the base. The procedure appears suitable for 
some acyclic olefms as well.mb Strictly speaking, this method belongs to the indirect 
routes already discussed (see Section 111, 1 , F). 

d. FROM OLEFINS AND ACTIVE SULFUR TRANSFER REAGENTS 

Arenethiosulfenyl chlorides, readily prepared from the corresponding thiophenols 
and sulfur dichloride,were shown to be useful active sulfur transfer reagents in their 
reaction with olefms. The disulfide adducts initially formed are easily transformed 
stereospecifically into thiiranes in moderate yields by treatment with sodium amide 
or sulfide.m Basically, this procedure of thiirane preparation can be regarded as a 
modification of the synthesis of thiiranes from olefms and sulfur dichlorides% 
described above (Section 111, 1, I, b). Also the mechanism is essentially the same, 
which explains the stereospecificity observed in the relevant cases. 

Both o-nitrobenzenethiosulfenyl- and p-toluenethiosulfenyl chloride were 
applied in the preparation of cyclohexene episulfide Y cyclopentene episulfide Y 
and cis- and trans-2,3-dimethylthiiranes (from the cis- and trms-2-butenes, respec- 
tively).m This procedure was successfully applied to the synthesis of highly strained 
norbornene thiiranesPg The reported yields are in the range of 30-84%, with 
substantially better yields obtained when the reduction step was carried out with 
sodium sulfide rather than with sodium amide? Norbomadienes yield wwndo 
mixtures of the corresponding thiiranes in about 4 : 1 molar ratio. The structure of 
the isomers can be confirmed by their nmr spectra and they can be isolated by 
preparative column chromatography. In any case, the stable orientation of the 
episulfonium salt as an intermediate in the addition stage%* 97 exerts steric control 
on this reaction. 

The experimental synthetic resultsw are included in Table 1. 
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J. From Thw ke tones, Thioesters, Th iocarboxy lie Chlorides, 
and Other Thiocarbonyl Compounds 

Aromatic thioketones react vigorously with Grignard reagents to yield substituted 

S thiiraneslaO : 

2Ar2c=s + 2ArlMgx - Ar2c- ’ ‘CAr2 + ArlArl + MgX + MgS 

48 49 (36) 

Significantly, the substitution pattern of the resulting thiirane (49) is dependent 
only on the starting thioketone (48), regardless of the Grignard reagent. “he yield 
of the thiirane, however, depends both on the type of thioketone and on the 
Grignard reagent used. Aromatic thiiranes with Ar = p-CH30C6€L, and Ar = 
p-CH3CH2W6€L, in 49 have been prepared using this method!a0 A modification 
of this method comprises the conversion of aromatic thioketones into the corre- 
sponding thiiranes by using a mixture of magnesium iodide and magnesium in 
ether”’ : 

2 A r 2 C = S  + MgIi + Mg ___* ArzC- ’ ‘CAr2 + Mg12 + MgS 

S 

(37) 
49 

2,2,3,3-Tetraanisylthiirane has been prepared by this method. The yields of this 
procedure are inferior to those of the “classic” Grignard reaction (Eq.36). To 
avoid loss of sulfur from the product (49), unnecessary heating must be avoided 
when the mixture is worked up. 

Another possible route from thioketones to thiiranes is the treatment of the 
latter with sodium acetylide. However. the main products of this procedure are 
dimeric thioketones’“ and therefore the method is synthetically unimportant. 

FROM DIAZO COMPOUNDS AND THIOCARBONYL COMPOUNDS 

Various aromatic, heterocyclic, and unsymmetrical thiiranes have been pre- 
pared by the reaction of diazo compounds with thioketones according to the 
following scheme2v10J: 

a. 

Although an unstable five-membered ring was postulated as an intermediate, which 
on loss of N2 produces the th.iirane, one cannot exclude a mechanism in which a 
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carbene or carbenoid species, generated by the diazo reagent, is inserted into the 
thiocarbonyl double bond to form the three-membered thiirane ring. 

In contrast to the postulated mechanism, which involves the formation of the 
five-membered ring! an alternative route in which a five-membered 1 Jdithiolane 
intermediate is formed in these reactions was suggested by Schonberg": 

51 

Indeed, the reaction of thiobenzophenone with diazomethane, diazoethane, and 
ethyldiazoacetate afforded only dithiolanes (51) instead of the aimed-for thiiranes? 

An illustrative example for the "diazo route" is the reaction of diphenyldiazo- 
m ethane and thio benzophenone : 

( C 6 H S h 4  + (C6H5)2eN2 - + N2 (40) 

52 53 

The noncarbonyl-substituted aliphatic diazo compounds (e.g., diphenyl- 
diazomethane, phenyldiazomethane, biphenyldiazomethane) react very readily. 
Monocarbonyl-substituted compounds (e.g., diazoacetic esters and phenylbenzoyl- 
diazomethane) react more slowly, and the dicarbonyl-substituted compounds 
(e.g., diazomalonic esters, ethylbenzoyldiazoacetate) do not react with thio- 
benzo phenone ? 

Several aryl-substituted thiiranes have been prepared by the reaction of various 
aromatic thioketones with different diazoalkanes'"* 'O3~ '06* l'* '14 (see Table 1). 
Illustrative examples are the interaction of various aryldiazomethanes with 
bis(pdimethylamino)thiobenzophenone, xanthione, and thiaxanthione, to furnish 
the corresponding thiiranes in high yield'"*'06: 

54 
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55 56 

a. x = O  
b. x = S  

a. x = O  
b. x = S  

The only exceptions among aliphatic compounds are highly fluorinated 
thiocarbonyl compounds - for example, hexafluorothioacetone, which reacts 
with diphenyldiazomethane or with ethyldiazoacetate to give the corresponding 
thiiraneslm in the same manner. 

It appears that the instability of some aliphatic or aromatic thioketones 
and/or the difficulty of their preparation in some other cases limit the general 
usefulness of the “diazo route” in the preparation of thiiranes. It has been shown, 
however, that aliphatic thioketones also react with diazomethane to give 2,2- 
diakylthiiranes!* 

Some spirocyclic vinylthiiranes can be prepared by reacting appropriate a,& 
cyclothioenones [cycloene-2-thiones (57)] with diazoalkaneslW : 

57 sa 
a. R, = CH,; R, = H 
b. R, = H; R, = CH, 

The yields of 58 are between 45 and 75% for diazomethane, diazoethane, and 
diphenyldiazomethane. However, the generality of this route is limited because 
olefms, dithiolanes, and unsaturated thioesters are generally the main products.lW 

b. FROM DIAZOALKANES AND SULFUR 

Symmetric thiiranes of the general formula 59 can be directly produced by the 
reaction of diazoalkanes with elemental sulfur106*110: 

Ar 

+ 2Nz (44) 

Ax 
\ 

\ Ar Ar 
2 /CN2 + - 

Ar 
59 
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The reaction, which was discovered simultaneously by two different research 
groups,'o6r 'lo takes place readily at room temperature. It is accelerated by uv light, 
and the products are obtained in excellent yields!o6 

Besides tetraphenyl-'06. 'lo and tetra4-methoxyphenyl-"O thiiranes, the con- 
densed ring compounds 9diazofluorenone, 9diazoxanthene and 9-diazooxanthrene 
have been converted into the corresponding symmetrical thiiranes in this way. The 
synthesis of two such symmetric dispirothiiranes is exemplified in Eq. 45. 

a. X = O  
b. X = S  

60 

a. X = O  
b. x=s 

Concerning the mechanism of the reaction between diazoalkanes and elemental 
sulfur to produce directly the symmetrical thiiranes, it is assumed that this takes 
place by the initial decomposition of the diazoalkane to give a carbene or a carbene- 
type species. The latter then coordinates with sulfur giving the corresponding 
thioketone, which reacts directly with another molecule of the diazoalkane, 
producing the thiirane as in Eq. 46!06 

(46) 

If, in fact, the mechanism above is correct, this method of thiirane preparation 
can be considered to be a variation of the general method in which thiiranes are 
produced from the treatment of thiocarbonyl compounds with diazo compounds. 

A closely related method that circumvents the inaccessibility of some of the 
diazo compounds on the one hand and either the instability of some thioketones 
or the difficulty of their preparation on the other hand, is the direct production of 
symmetrical thiiranes from the readily available ketohydrazones!" It is believed 
that this direct production of thiiranes from ketohydrazones may proceed through 
the intermediate formation of the corresponding diazoalkane (i.e.,61) which, in 
turn, gives the corresponding thioketone through its attack on sulfur and the 
simultaneous splitting off of nitrogen!12 The thioketone formed reacts further 
with another molecule of the diazo compound to give the thiirane as in the cases 
of the reaction of diazoalkanes with elemental sulfur. 
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Thus, dispiro(xanthene-9,2'-thiirane-3',9"-xanthene) (6Oa), dispiro(thioxanthene- 
9,2'-thiirane-3',9"-thioxanthene) (60b), epithiobisdiphenyleneethane (62), and the 
tetrasubstituted thiiranes (63a-63~) are produced when the corresponding 
ketohydrazones are allowed to react with elemental sulfur and yellow mercuric 
oxide in boiling ether or benzene and in the presence of ethanolic potassium 
hydroxide. In the absence of mercuric oxide and/or alkali, the thiiranes are not 
obtained. 

"\ /R 

R /"\/"\ S R 

63 

a. R=O 
b. R = C H , O O  - 

c. R = C H , O  

c. FROM DIAZOMETHANES AND 
THIOACID CHLORIDES OR THIOESTERS 

Chlorosubstituted aromatic thiiranes can be obtained by the reaction of 
aromatically substituted diazoalkanes with thiocarboxylic acid chlorides, 
thiophosgene, dithiocarbonic ester chlorides, and thiocarbonic ester chlorides. The 

S S 
II II 

reactions of thioesters (RC-OR)103d and dithioesters (RC-SR)'" with diazodkanes 
yield thiiranes and often the olefmic product formed by desulfurization of 
the thiirane, particularly if the thiocarbonyl group is capable of enolization. 
Thiophosgene reacts vigorously with certain diazo compounds - with diphenyl- 
diazomethane, for example, to yield the halothiirane 65a: 

C H  

(47) 
5\ /s\ 7 
P- 

C H  R 

a 
\ 

C 5\ / C = k  + \ 1- 
C6HS a C6H5 

52 64 65 

a. R = C I  a. R = C I  
b. R =C,H, 
C. R =OC,H, 
d. R=SC,H, 
e. R =Br 
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The reaction of thiobenzoyl chloride with the aliphatic diazo compounds is 
quite analogous to  that of the thiophosgene. It reacts rapidly with noncarbonyl- 
substituted diazo compounds, slowly with monocarbonyl derivatives, and not at all 
with dicarbonyl-substituted diazo compounds. 

The following thiiranes were prepared using this method: 65a and 65b and 65c 
and 65d.'13 Biphenylenediazomethane reacts with the phenylchlorothiocarbonates 
as follows: 

66 67 68 

a. X = S  
b. X = O  

a. X = S  
b. X = O  

Very similar to the foregoing is the preparation of 2,2diaryL3,3dithioaryl- 
thiiranes (69) from diaryldiazomethanes and arylthio~arbonates"~ : 

S 

Ar2C=N2 + (ArS)?C=S __f Ar2C- "C(SAr)2 + N2 (49) 
69 

a. Ar =C,H, 
b. Ar = pCH,C,H, 

Reactions of diphenyldiazomethane with thiourea, thiobenzamide, carbon 
disulfide, phenylisothiocyanate, and other thiocarbonyl compounds did not 
afford thiiranes2 However, hexafluoropropene oxide reacts with perhalogenated 
thiocarbonyl compounds in a unique reaction carried out at high temperatures 
(175400") under pressure or in a vapor phase to afford perhalogenated thiiranes in 
about 50% yield"': 

In this way, tetrafluorothiirane, chlorotrifluorthiirane, and 2,2-difluoro,3-hexa- 
fluoroethylthiirane have been prepared.'Is 

An interesting method to obtain the perchlorothiirane 71 is by the electrophilic 
attack by a dichlorocarbene - generated in situ from phenyl (bromodichloromethyl) 
mercury (70) - at a sulfur atom to form a thiophosgene (64). The thiophosgene 
thus obtained interacts with another mole of dichlorocarbene to give the final 
product in about 30% yield116: 
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\ 
a 

PhHgCClzBr + is8 - PhHgBr + 
a 

70 64 
(51) 

PhHgCC12Br + C12C=S ---+ PhHgBr + a2C- 

71 

Although such CC12 addition to the C=S bond is probably a general reaction as 
indicated by the synthesis of 65a and 65e from 70 (or PhHgCClBr2) and thiobenzo- 
phenone)16 it is quite possible that a free carbene mechanism is not operative. 
Mechanistic studies are required to answer this question. 

Finally, one can obtain thiiranes (especially substituted; e.g., 72) by the reac- 
tion of equimolar quantities of diaryldiazomethane and xanthogen acid anhydride 
at room temperature"': 

S 

C6HS 
\ 

__f 

S-C-OCH2CHj 

/c-H2cH3 
C H  

5\ 

\C-O-CH2CHs // S II 
FN2 + 

C6H5 

S 
72 (52) 

Substituted thiiranes and olefins are also obtained by treatment of nonenolizable 
thioketones (e.g., 73) with dimethylsulfoxonium methylide118 : 

S 0 
II ti Ph 

PhCCMe3 + Me2SCH; + + > CH2 ( 5 W  
t -Bu t-Bu 

73 

K. From Oxadiazolines and Thiadiazolines 

Oxadiazolines that are obtained by oxidation of aromatic ketoximes are con- 
verted to the corresponding thiiranes by the passing of dry hydrogen sulfide into 
their boiling ethanolic solution. Tetraaryl-substituted thiiranes (i.e., 76a-76c) have 
been prepared in this way"' : 
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N-N 
Ar Ar Ar 
\ 

Ar - Ar 2-\ Ar 

74 75 76 (53) 
a. A r = C , H ,  
b. Ar = pCH,C,H, 
c. Ar=pCH,OC,H, 

The chief reactions of thiocarbonyl ylides - the tetravalent sulfur compounds of 
type 79 - are ring closures to give thiiranes and formation of cycloadducts with 
suitable dipolarophiles!20 The former reaction can be used for the preparation of 
thiiranes, although the difficulties often encountered in the synthesis of the 
precursor of the starting material, the sensitive thiadiazolidine 77,’20b constitute a 
severe drawback. 

It turns out that on pyrolysis thiocarbonyl ylids are formed from thiadiazolines 
with retention of configuration, and they undergo conrotatory ring closure with 
nearly complete stereospecificity. This is illustrated in Eq. 54.’20 

EtO,CN=NCO, Et 
% N-N /I1 

H 

N-N 
\ 

77 781-78c (54) 
a. R ,  = R , =  Et; R, = R, = H 
b. R , = R , = E t ; R , = R . = H  . -  

c. R ,  = R, = r-Bu; 

d. R,R, = R,R, = 

R, = R, 

C 
= H  

12oa “i 2s 

Thus, the trans isomer 78a gives a quantitative yield of the cis (conrotatory) 
product 8Oa, the cis isomer 78b yields the trans-thiirane 80b, and 7th decomposes 
smoothly, giving in 100% yield the cbthiirane ~ O C ! ~  The overall conversion of 
the readily available trans- precursor 77c to hindered cis-2,3-di-t-butyltrane 
(8Oc) represents a particularly heartening victory of orbital symmetry over thermo- 
dynamics. 
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In a similar manner, both truns,truns and &,cis isomers of thiazoline (82a, 82b) 
afforded on pyrolysis the cis,rrms-thiirane 83 in essentially quantitative yield, 
whereas the cis,trans isomer (i.e., 82c) afforded the cis,cis-Wane (84)121 : 

R FR R p7\ 84 R 

In all  cases the formation of the isomer observed is rationalized by conrotatory 
ring closure of the thiocarbonyl ylid intermediate. Also, tetrakis (trifluoromethy1)- 
thiadiazoline (i.e., 78; R1 = R2 = R3 = & = CF3) loses nitrogen on boiling to give 
tetrakis(trfluoromethy1)thiirane .' 21u 

L. From Chloromethyl Sulfides 

The formation of thiiranes by the reaction of hydrogen fluoride with alkane- 
chloromethyl sulfides is limited essentially to the following caselU : 

CzHSSCH2Cl t HF + C2HSSCHzF t HCl ( 5 5 )  
85 86 

C2HSSCHzF - CHaCH - CH2 t HF 

M. From Dithietane Dioxides 

Highly fluorinated thioketones, which are readily dimerized to dithietanes, can 
be oxidized to their symmetric dioxides. Highly fluorinated thiiranes are obtained 
on pyrolysis of the dioxides following the loss of sulfur dioxide107: 
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(56) 
\ /s\ /R R\ "\ /R __f 101 

R 

R' /"\ S /"\ R' R' /"\ so2 A R' 
,c=s - 

R'. 

A - \ /R 
/c - c\ 

R 

R' R' 
R,R' = F, CF,. CF,Cl 

Apparently, this method is useful only for this particular type of fluorinated 
thiirane. 

N. By Conversion of Oxiranes with Phosphine Sulfides 

A principle that was demonstrated in an isolated example provided in the patent 
literature'" was used to develop a practical method for the conversion of oxiranes 
to  thiiranes. This method consists of the relatively rapid reaction of equimolar 
oxirane, phosphine sulfide, and trifluoroacetic acid in benzene at ambient tempera- 
tures followed by the neutralization of the reaction mixture and the isolation of the 
thiiranes obtained on column chr~matography.'~~ The reaction sequence including 
the proposed intermediates'= (i.e., 87-89) is illustrated in Eq. 57. 

OH 

87 

88 89 

A stereochemical consequence of the implied mechanism is that the two Walden 
inversions must take place in the overall reaction. 
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This procedure is claimed to be competitive with or superior to existing methods 
of thiirane synthesis. It was successfully applied to the synthesis of 2-phenyl- and 
2-n-hexylthiiranes as well as the thiiranes of cyclopentene, cyclohexene, and cyclo- 
octene in yields of 35-64%’= (see Table 1). Similarly, epithiochlorohydrin is 
obtained by treatment of epichlorohydrin with di(0-ethy1)dithiophosphoric acid 
and triethylamine !25c 

0. From Aldehydes and Ketones 

The direct conversions of aldehydes and ketones to homologous thiiranes have 
been concurrently, independently developed by two groups126. 12’ to become a very 
useful synthetic route. However, a Japanese groupla should be credited for being 
the first to use benzaldehyde for thiirane synthesis. These investigators condensed 
the lithio salt of several 2-(propargylthio)-2-thiazoliies 90 with benzaldehyde to 
provide the corresponding 2ethyno-3-phenylthiiranes in low yields (ca 20%). 
Apparently, the low yields discouraged further study. 

S 

N 
R-c=c-cH,-s<, ) 

R = H , P h  
90 

All the methods leading from aldehydes and/or ketones to thiiranes involve variants 
of the reaction generalized in Eq. 58?= 

RI 

(58) 

Y-R3 
II 

‘C=O + LiCH2-S-C-R4 - 
R1 S-C’ 

/ 
II 

R2 

91 Y\ 

Y’ 
11 + -0c 
\R4 
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The group represented as >C=Y-R3 acts as an alkoxide trap in intermediate 92 
and as the oxy-leaving group in intermediate 94. 

The 2-(thiomethyl)-2.oxazoline 95 - prepared by treating 4,4dimethyloxazoline- 
2-thionelJO with sodium hydride and methyl iodide in THF - was found to readily 
metallate with n-butylflithium) and may be alkylated with various carbonyl 
compounds furnishing, in a single operation, the homologated thiiranes in 61-78% 
yields. 

N-Hexylthiirane, cyclohexylthiirane, ferrocenylthiirane, 2-methyl,2-cycIohexyl- 
thiirane, cyclooctylthiirane, 2-methyl-2-benzylthiirane, and a mixture of isomers of 
adecalinothiirane have been prepared" according to Eq. 59?26 

95 

Lithio salts of several 2-thioalkyl- (or aryl-) 2-thiazolines (e.g., 96) were found to 
react with aldehydes and ketones to give alcohols. These alcohols when treated with 
base, acid, or heat gave thiirane~'~~: 

A variety of other sulfur-stabilized carbanionic reagents were found to be 
capable of effecting such transformations when condensed with aldehydes or 
ketones, after lithiaton. Thus, a metallated 2-alkylthiopyridine (98) was transformed 
with benzaldehyde into a mixture of equimolar cis-tmn~-2,3diphenylthiirane."~ 
Similarly, reagents derived by lithiation of dithiacarbamate (e.g., 99) and 0-alkyl-, 
S-alkyldithiocarbonate (e.g., 100) have also been effective for the synthesis of 
2ethyl-3-phenylthiirane (a cistrans mixture) and n-hexylthiixane, respe~tively!~' 
However, these reagents have a severe structural limitation; regardless of the base 



368 Three-Membered Rings Containing Sulfur 

96 

a. R = H  
b. R = P h  

97a -% PhJs\ 

97 

a. R = R, = H; R, = Ph 
b. R = R , = P h ; R , = H  
c. R = Ph; R, = R, = CH, 

NaOMe 
9% Ph '*.. 

Ph 

and solvent systems chosen, a-metallation was successful only when the S-alkyl 
group wasmethyl or benzyl. The cistmns mixtures of the 2,3disubstitutedthiiranes 
obtained represent another drawback of these reagents. 

S S 
II II 

QSCHIPh Et,NCSCH,Ph r - B u q O - C S C H ,  

98 99 100 

In spite of the limitations mentioned, the readily accessible optically active 
reagents of type 100 (e.g., 101), have been usedsuccessfully to induce an asymmetric 
synthesis of thiirane~!~ This is illustrated in Eq. 6 1. 

t ; P  0-C-S-CH, 

C'H 
/\ 

CH, CH, 

101 

1. LDA, THF 
R, 

R,' 
2. be0 

bR' R2 (61) 

102 

a. R , = H ; R , = P h  
b. R, = H; R, = nC,H,, 
c. R, = CH,; R, = Ph 
d. R, = H; R, ="€,HI, 
e. R, = H; R, = cyclohexane 
f. R,  = C,H,; R, = Ph 

The yields of 10%-102 are m the range of 55-77%. Reagent 101 is recom- 
mended as the reagent of choice for transformations described in Eq. 58 even when 
asymmetric induction is of no consequence?29 
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A closely related method for the conversion of aldehydes and ketones to the 
homologous thiirane is the condensation of the carbonyl compounds with metallated 
dialkyl esters of the N-alkyl- (or N-aryl-) iminodithiacarbonic ester (103) followed 
by methylation of the 2-alkylimino-l,3-oxathiolane (104) and an action of a base 
on the immonium iodide (105)!31 This route is summarized in Q. 62!3' 

CH I 3 

r s- 1 

____* 
(-NaI) 

n-Hexyl-, cyclohex-3-enyl-, 2,6dimethyl, 2-heptenyl, 2-methyl, 2-naphthyl-, 
2-phenyl, 3-t-butyl-, 2-phenyl, 2cyclohex-3eny1, 2,3diphenyl-, and 2,2dimethyl, 
3-phenylthiiranes were prepared through this method in good to  high yields'" (see 
Table 1). In this method too, one obtains mixtures of cis-tmns isomers in the 
synthesis of 2,3disubstituted thiiranes. 

To conclude: all the variations of the method described m this section provide 
an eMicient route to thiiranes from carbonyl compounds that may successfully be 
used as an alternative to the procedures involving oxiranes. 
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P. The Preparation of Vinyl-, Vinylidene-, and Spirothiiranes 

a. ALLENIC THIIRANES (ALLENE EPISULFIDES) 

In view of the fascinating chemistry associated with the cyclopropane-allene 
oxide tautomeric system132 and for other reasons as well, several attempts to prepare 
the analogous thiirane system (i.e., 106a-106c) were initiated recently!j3-'j6 The 
fust example of an allenic thiirane (IW), however, had been prepared several 
years earlier.'"' 

106d 
a. Y =CH, 
b. Y =C(CH,), 
C. YzN-Tos 

The parent methylenethiirane (106a) was generated in an auxiliary study by 
E. Block and co-w~rkers '~~  by using flash-vacuum pyrolysis technique with either 
107 or 108 as thermal precursor. These pyrolyses are consistent with the mechanistic 
picture presented in Eq. 63.'j3 

& s ,  X 600-1009, 

107 

108 A 1068 

(63) 

The thiirane 106a is also formed on pyrolysis of either 109, 110,'j3 or 8Qdioxa- 
4-thiadispiro[2.1.23)decane-9-one (i.e., 1 ll)JM 

NN(Na)Ts OKo 0 
110 

109 

111 
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The half-life of 106a was found to be of about 5min at room temperature, 
whereas in dilute solution at -30’ 106a was stable for several hours!% In 
contrast, slow heating of the dry sodium salt of 112 in wcuo, gave the stable 
tetramethylallene episulfide 113 as a colodess liquid in about 50% yieldi3’ : 

NNHTs 

112 113 

The thiiranimine 106c was prepared by reacting tosylisothiocyanate with di- 
phenyldiazomethane in anhydrous diethyl ether at Oo136: 

It is to be expected that further efforts in this area will result in new methods to 
synthesize thiiranes of type 106 with a variety of Y groups. 

b. SPIROTHIIRANES 

Several spirothiiranes have been mentioned (see, e.g., 1 0 8 ~ 3 j p  13’ 109,’3js and 
reference 131) as being prepared in fair yields (52-54%) from the lithio salts of 
either the oxazoline reagents126 or the dialkyl ester of the iminodithiacarbonic ester 
reagent’” and the corresponding ketones. Others were mentioned in Sections 111, 
1, J, a (i.e., 56) and 111, 1,O. 

Sewral spirothiiranes have been synthesized by treating tetrasubstituted dithiones 
(i.e., 11 5a) and dispirodithiones (i.e., 11 5b) with etheral diazomethane followed by 
refluxing of the resulting bisthiadiazolines (i.e., 116a, 116b) in chloroform or 
carbon tetrachloride-heme solutions. Nitrogen is readily lost, and one obtains a 
quantitative yield of the stereoisomeric mixtures of the corresponding spirothiiranes 
(e.g., 117a, 1 17b),’j9 as illustrated in Eq. 66. 

S 

115 

a. R, = R, = R, = R, = CH, 
b. R, R, = R,R, = -(CH,),-; n = 4 or 

116q b 
R, = R, = H or C,H, 
Stereoisomeric mixture 
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117a,b 

On repeated recrystallizations of the crude spirothiirane as a 70:30 trans-cis 
mixture of 117a (RS = & = H), the pure tmns-dispirothiirane (117a) was isolated. 
Essentially the Same hanscis isomeric ratio is obtained in the other cases. When 
the mixture is allowed to stand at room temperature the monospirothiirane 118 can 
be obtained from 116. 

118 

When diphenyldiazomethane is used rather than the parent diazomethane, a quanti- 
tative yield of 117 (R = C6Hs; stereoisomeric dispirothiiranes) is immediately 
formed. Thus it appears that this route represents a suitable general method of 
spirothiirane synthesis. 

c. DIVINYLTHIIRANE 

The neat mixture of cis- and mns-2,3-divinyloxiranes (119) was treated with 
saturated aqueous solution of KSCN to give, after distillation on a high vacuum 
line, a 38 :62 cis-trans mixture of 2,3-divinylthiirane (120) in 70% total yieldlm: 

119; cis-trans 120; cis-nuns 

Both the pure cis and the pure tmns forms of 120 are stable at room temperature if 
stored under nitrogen. 

Although this is one of the classical methods of thiirane synthesis, its successful 
application in this particular case of the sensitive divinylthiirane is absolutely 
dependent on the particular procedure used.'" 
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It may well be that reported unsuccessful attempts to prepare particular 
thiiranes reflect not the failure of the method used but rather its inappropriate 
application in the specific cases at hand. 

Q. Miscellaneous 

Treatment of 4,5-bis(methylthio)-1,3dithiole-2-thione with morpholine gave 
a complex mixture of products, among which w a s  a mixture of cis- and fmns- 
thiiranes obtained in a moderate yield,'4o" see Eq.68. A thiirane intermediate 
was suggested. 

2. Structure and Physical Roperties 

Considerable effort has gone into the determination of the structure of three- 
membered heterocyclic ring systems, as well as selected key parameters (e.g., bond 
lengths, orders and energies, equilibrium geometries and angles, atomic charge 
distributions, total energies of the molecule, dipole moments) of these molecules 
through empirical, semiempirical, or nonempirical approaches. For the most part 
the nonempirical calculations have been performed on molecules ofknown structure 
so that direct comparison could be ma& between calculated and experimentally 
observable properties. Only relatively recently has much attention been given to 
using such calculations in a predictive role for molecules that are as yet unknown. 

Thiiranes, as one of the first three-membered heterocyclic ring systems to be 
synthesized and characterized, became interesting (and useful) candidates for 
several theoretical investigations, empirically based as well as nonempirical. 

The first spectral studies of thiiraneIa were made in the region of 0 . 7 - 1 . 2 ~ .  
The range was later extended to 1-17j~m'~ including the Raman spectrum!46i147 

The structure of thiirane was calculated on the basis of microwave measure- 
ments, and the following bond lengths and angles were reportedIm: 

Bond length (A) Angles 

C-C C-H <HCH <CSC <HzCC - c-s 
1.819 1.492 1.078 116'0' 65'48' 151"43' 

(1 .484)leb 

These values suggest a partial double bond character of the thiirane C-C bond. 
This possibility applies to an even greater extent to the oxirane!- The reported 
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values for the lengths of the corresponding C-C and C-H bonds in methylthiirane 
are 1.5 13 and 1 .W A, re~pectively!~~ 

A. Molecular Orbital Calculations 

Nonempirical LCAO-MO-SCF (linear combination of atomic orbitals-molecular 
orbitals-selfconsistent field) calculations with Gaussian type functions have been 
performed on the parent thiirane,’50 using the bond lengths derived from microwave 
spectroscopy and a medium-sized basis set [consisting of 5s and 6p (two each for 
As, pU, and A orbitals) GTF for each C and S atom, and 2s for each hydrogen]. The 
d orbitals were not taken into consideration since ub inifw indicated their 
inclusion to have a very small effect. 

The values of total energy Et, in atomic units (a.u.), ionization potential Ip, in 
electron volts (ev), and dipole moment p, in debye units (D), of the parent thiirane, 
thus calculated’J0 are given below together with the experimental values for 
comparison: 

Calculated Experimental 

Et (a.u.) - 456.002 - 477.916 
IP (ev) 4.18 8.87”* 
c1 (D) 5.17 1.66lS3; 1 .8414 

Ab inirio LCAO-MO-SCF calculations, which were carried out with uncontracted 
Gaussian basis sets containing 64 spd functions for thiirane, resulted in obtaining 
the values of - 474.8717 8.u. and 0.97 eV for Et and 1.1, respectively.’” 

The calculated values for Et ,  Ip, and p in the parent oxirane are - 151.395 a.u., 
1 1.19 eV, and 235 D, respectively,’50 whereas the corresponding experimental Ip 
and p are 10.65 eVU2 and 1.88 D,’” respectively. 

The low ionization potential calculated and the considerably overestimated 
dipole moment for the thiirane (given above)150 are in accord with the tendency of 
the Gaussian baas set to overestimate dipole movements and its limitation when 
employed for sulfur without the inclusion of d orbitals. 

Group function calculations - which are known to improve the energy values 
significantly with respect to the SCF-MO method”’ - have been performed for 
the parent thiirar~e!’~ The ground state oneelectron dipole moment was foundlJ6 
to be 0.5572 D and the molecular energy - 474.619 a.u. compared with 0.8357 D 
and - 474.5 159 a.u. in the SCF-MO treatment with the same basis.”’ 

Systematic ab initio and semiempirical molecular Hartree-Fock-type SCF-MO 
calculations have been performed on the sulfur atom-ethylene system and its 
reaction product thiirane, to elucidate the molecular structure of the latter!” 
The values obtained for the Et and p with 42 sp basis sets were - 475.4206 a.u. 
and 1.74D, respectively. Also the highest field and lowest vacant MO coefficients 
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in linear combination of the 48spd A 0  for thiirane were ~omputed”~  without 
finding any marked differences in the MO patterns of the two sets. 

In a parallel nonempirical SCF-MO study of thiirane, it was foundlS9 that all 
its lower lying triplet and singlet states have a ringdistorted equilibrium confor- 
mation in which the terminal methylene plane is orthogonal to the CCS plane and 
there is a considerable energy barrier with respect to rotation of thismethylene. The 
calculations evolved are consistent with the available uv spectra of thiirane, which 
display two overlapping long wavelength bands with maxima around 39,000 and 
41,000cm-’. The first of these weak bands may be assigned to the nonvertical 
So + S1 transition with a calculated excitation energy of 32,970 cm-’ .lS9 

The nature of the bonding (e.g., the degree of ‘%bond bending”) in thiirane 
has been investigated through ab initio calculations using the floating spherical 
Gaussian orbital (FSGO) method!@ In accord with chemical intuition, it w a s  
demonstrated161 that the C-€ ring bond becomes progressively more bent as the 
bond length is reduced. The C-C bonds were found to be more flexible than the 
C-S bond. Thus, the perpendicular distances from bond axis to orbital center 
measured by 6 (in bohr) were calculated to be 0.1236 and 0.0755 for the C-C 
and C-S bonds, respectively, whereas the corresponding values for the C-C and 
C-O bonds in the oxirane were calculated to be 0.3429 and 0.0132, respectively.’” 
The C-C bond lengths in thiirane and oxirane are 2.8195 and 2.7817bohrs, 
respectively. Indeed, the key factor in determining 6 is the internuclear distance. 
An excellent agreement between calculated and experimental bond distances of 
thiirane has been obtained in an ub initio MO-SCF-LCAO study using a medium- 
sized contracted Gaussian basis set.‘62 

The calculated C-C and C-S distances were calculated to be 1.492 and 1.819A 
identical to the experimental values (!). Furthermore, the calcu- 

lated equilibrium geometry and orbital energies were shown’62 to be in good 
agreement with available microwave data and ionization energies of the outer- 
most orbitals obtained from a photoelectron 

B. Strain Energy 

The strain energy of thiirane was estimated from the difference between the 
heat of formation and the individual bond energies.’64 It amounts to 9kcal/mole, 
vs. 13 kcal/mole for the analogous oxirane and 25 kcal/mole for cyclopropane. 
More recent determination of the strain energy based on the difference between 
the measured and the calculated heats of formation show 18.6 for thiirane, about 
28 for oxirane, about 23 for aziridine, and 27.5 kcal/mole for cyclopropane!6b 
In any case, the thiiranes feature a lower strain energy than other saturated 
threemembered rings. The same pattern appears to hold with other classes of 
three-membered rings, for example, the unsaturated (i.e., thiirenes, oxirenes, 
cyclopropenes) and the oxidized series (i.e ., thiirane oxides, cyclopropanone). 
Three-membered rings containing a sulfur atom in the ring are generally found to 
be energetically more stable than other analogous three-membered rings. This is 
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probably due to a lower strain energy for the former, apparently associated with 
the capacity of the sulfur atom to better accommodate the extra strain of the 
small ring compared with either the carbon atom or other heteroatoms (i.e., oxygen 
and nitrogen). 

An energy profile for thiiranes (and oxiranes) as a function of the angle of twist 
around the C-C bond was proposed.'66 By interaction of the ' (n ,  u*)- and ' (0,  u*)- 
potential energy curves near the crossing points, interconversion of the two 
'(n, ufkstate molecules becomes possible, with its probability being determined by 
the energy separation, EA cis and EA mans, between the twisted triplet and the 
cis+, 0:)- and the tmns(n-uf )-states, respectively. 

C . Don or-A ccep tor Properties 

The ability of different saturated hetero rings t o  donate electrons to phenol has 
been determined by ir measurements at different temperatures. Thiiranes have been 
found to be weaker donors than cyclic ethers and these are weaker than cyclic 
imines. Among the cyclic sulfides, the five-membered rings form the strongest 
hydrogen bridges, and thiiranes the weakest. A similar relationship between ring 
strain and donor ability is found with the cyclic ethers and iminesshowinghcreased 
s character of the free electrons at the heteroatom with increasiiig ring strain.'67 
Analogous spectroscopic measurements on the iodine complexes of different cyclic 
sulfides indicate a decrease in electron donor ability in the following order: five- > 
six- > four- > threemembered rings.'@ 

A recent qualitative study of the uccepror nature of the thiirane and oxirane 
rings used the phase transition in the systems methylthiirane and methyloxirane 
with a weak n donor rnesitylene.'@ The thermograms of the mixtures recorded in 
the range from - 160 to - 50" show the formation of eutectic mixtures of the 
rn nature, confuming the idea of the sp2-sp2 nature of the C-C bond of the three- 
membered heterocyclic rings and the n-acceptor nature of the bonding orbital of its 
electrophilic center (i.e., the n*-orbital). 

D. Ultraviolet Spectrocopic Data 

The uv spectra of the several thiiranes studied2' both in solution and in the gas 
phase are characterized by a band in the region of 2600A (38,460cm-'). The 
solution spectra of the parent thiirane, methylthiirane, and cyclohexene sulfide 
have inflections in the region of 2450A. As expected the A,, of phenyl-substituted 
thiiranes ("conjugated" thiiranes) is shifted toward a higher wavelength; thus, the 
absorption bands of cis- and tran~2Jdiphenylthiiranes are at 2680 and 2695 A, 
respectively:' In analogy to the corresponding oxiranes:' such a red shift for the 
tmns isomer relative to the cis is observed. In addition a strong band in the region of 
2300A for phenyl-substituted thiiranes appear to  be characteristic. 

The uv spectra of phenylthiiranes substituted in the puru position indicate a 
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conjugation effect of the thiirane ring, suggesting a pseudo-unsaturated character 
or electron-attracting properties of the thiirane ring.'70 

Following a study about a correlation of ring size and electron distribution in 
the ring,'" comparative studies with the four-, five-, and six-membered homologs 
of thiirane'= have shown that the absorption shifts to longer wavelengths as the 
electron density on the sulfur atom increases. 

Semiempirical selfconsistent field theory (CND0/2 - complete neglect of 
differential overlap) studies have been applied to the understanding of the electronic 
spectra of rings containing either one or two bivalent sulfur atoms, including 
thiiranes!n It was shown that the uv spectra can be accounted for only if d- 
orbitals are included on the sulfur atoms; that is, the low energy excited states of 
thiirane must have large d-orbital character. The vacuum-uv spectrum of thiirane 
has also been interpreted!* 

E. Nuclear Magnetic Resonance Spectroscopic Data 

Several nmr studies (both 'H and "C) have been performed on thiiranes in 
attempts to elucidate structural features, to  determine configurational correlations, 
and to assess electronic (or charge) distribution in these molcules. In most cases, 
those studies include the analogous oxiranes and aziridines for comparison. 

A welldocumented measure for the electron density at the heteroatom is the 
chemical shift of the a- and P-CH, groups in the nmr spectrum. According to these 
measurements, the electron density at the heteroatom of saturated heterocycles 
decreases in the following order: N > O > S .  With all three types, the three- 
membered compounds show the lowest electron density at the heteroatom!74' '% 

Difficult to explain is the strong difference of the proton coupling constants of 
methylthiirane and methyloxirane, whereas no difference is found between thiirane 
and oxirane!% However, large differences have been reported for the "C-H 
couplings of thiirane, oxirane, and aziridine!" Nmr parameters of six mono- 
substituted thiiranes (121a-121g) have been recorded.'% They are summarized in 
Table2 below and may be compared with the corresponding parameters of the 
related oxiranes 122. 

121 122 
a. R = H  
b. R=MeOCH, 
C. R = t t - B ~  
d. R = t-Bu 
c. R = M e  
f. R=CH,Cl 
g. R = P h  
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TABLE 2. 

R 

MeOCH, 
n-Bu 

Me 
CH,Cl 
Ph 

Hb 

t-BU 

NMR PARAMETERS FOR THE RING PROTONS HA, Hg. HC IN 
THIIRANES (SOLVENT CCI,)"': ARRANGED IN ORDER OF 
INCREASING 6~ 

Chemical shifts, 6 (ppm) 

HA HB HC JAB JAC JBC? 
2.27 2.27 2.27 6.9 5.7 0.8 
2.58 2.05 1.75 6.0 5.3 1.1 
2.75 2.38 2.03 6.2 5.4 0.8 
2.78 2.23 2.10 6 .O 6 .O 1 .o 
2.809 2.410 2.024 6.2 5.5 0.9 
3.1 f 0.05 258 2.24 7.5 4.5 1.2 
3.67 265 2.43 6.8 5.7 1.4 

Coupling constants (Hz) 

a Sign reported negative for R = H,'79 Me,'m and P h . " O  
Neat liquid?79 

Although the same pattern is maintained in the chemical shifts (of the various 
protons) and the coupling constants of both thiiranes and oxiranes (Table 3), there 
are significant differences in the magnitude of the corresponding coupling constants. 
The vicinal coupling constants are larger and the geminal coupling constants much 
smaller for the thiiranes, which may be interpreted in terms of the lower electro- 
negativity of sulfur relative to oxygen. In analogy to corresponding oxiranes, J-cis 
exceeds J-rmns for the ring protons. This situation is opposite to that in alkenes, 
but is consistent with theoretical 

Nmr procedures based on diasteromeric interactions between enantiomeric solutes 
and optically active solvents'" were applied in a study of configurational corre- 
lations for chiral thiirane~!*~ Thus, optically active 2,2,2-trifluorophenylethanol, 
when used as an nmr solvent, causes enantiomeric spectral dissimilarities for chiral 
thiiranes. The general point to emerge from this study'= is that the relative field 
position of proton HA (121) is correlated to the absolute configuration of the 
asymmetric C atoms (it is attached to) of the threemembered rings of the thiiranes 
(or thiirane oxides - also studied) in exactly the same manner as that observed for 
the c k a l  oxiranes having the same structure and the same absolute chirality. 

An nmr study based on intramolecular hydrogen bonding was used to establish 
the absolute configuration of diastereomeric naturally occurring thiiranes!86 'Ihe 
rhwo isomers of the compounds studied show a relatively strong HCCH coupling 

TABLE 3. NMR PARAMETERS FOR THE RING PROTONS HA, HB. HC IN 
OXIRANES (SOLVENT CCI.) 

Chemical shifts, 6 (ppm) Coupling constants (Hz) 

R HA HB HC JAB JAC JBC Ref. 

H 2.54 2.54 254 4.4 3.1 - 177 
n B u  2.72 2.55 2.21 4.0 3.0 5.5 178 
Me 2.85 259 2.28 3.9 2.6 5.4 181 
CH,Cl 3.20 2.84 2.65 4.0 2.4 5.0 182 
Ph 368 2.98 2.60 3.9 2.4 5.9 180 
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(J = 9.0 Hz) vs. the erytho (J = 2-3 Hz). Also other nmr differences are apparent. 
The influence of molecular configuration on the chemical shift of the protons of 
steroidal thiiranes has been studied'87 as well. 

Three bond coupling constants ('JCH) between carbon and hydrogen in oxiranes, 
thiiranes, and cyclopropanes, and to a limited extent aziridines, were determined!88 
These coupling constants appear to be sufficiently regular to aid in the assignment of 
stereochemistry, although substantial differences occur with change in heteroatom. 
The increase in ~ C H  in the order 0, N, S, CX2 (123; X = 0, N, S, CR2) parallels 
the increase in the bond length of the ring C-C bond. 

123 

Interestingly, a similar pattern was established for the vicinal ' H coupling constants: 
the increase is in the order X = 0, N, S, CR2, although thiiranes (123; X = S) rather 
poorly obey attempted correlations with electronegativity!@' 

F. Infrared Spectroscopic Data 

As mentioned at the outset of this section, the ir absorption of thiirane was 
measured in the gaseous phaseI6 and in the liquid phase!" The Raman spectrum 
is likewise known!6* 147 The bands at 625 and 660 cm-' were assigned to the C-S 
stretching vibration of thiirane!" The force constants of thiiranes, calculated from 
spectroscopic data, have been found to be very similar to the known constants of 
oxirane!89 The potential functions for hindered internal rotation of the methyl 
group in methylthiirane has been determined from the far ir spectrum!g0 

The absolute configurations of the diasteromeric naturally occurring thiiranes 
have been established by ir studies of the effect of dilution on the inter- and intra- 
molecular hydrogen bonds'86 and were confirmed by parallel nmr studies. 

G. Selected Physical Properties 

The molar ionization potential of thiirane has been determined to be 837f 
0.1519' and 8.9-9.1 eV,'92 based on mass spectroscopy (MS) studies. 

The dipole moment of thiirane was found experimentally to be 1.6619' and 
1.84 D,'" vs. 1.95 D for methylthiirane!@ 

The molar refraction of thiirane was found to be 1733,'p4 and the equation 
R D  = 1733 + 4.6352 (2 = number of C atoms of the alkyl group) applies to 
alkyl-substituted thiiranes. It was established that the refractive indices of the 
individual thiiranes are always larger than those of the analogous oxiranes. 

The equation log p = 7.03725 - 119437(5 + 232.42) derived from vapor 
pressure measurements of thiirane was used to calculate its heat of vaporization 
(at 25') to be 7240 f 5 cal/mole!" The Hf of thiirane, derived from its heat of 
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combustion, was found to be 19.29 f 0.16 kcal/mole under saturation pressure.'4s 
Microwave and ir spectra were used to  determine the thermodynamic functions 
(l$ -H")T, H"T -@, as well as So and Cp" of thiirane?4s 

Calorimetric determinations of heat of combustion (H,) and heat of formation 
(H') at 25' for a number of thiiranes in the liquid phase furnished H, values that 
ranged between - 48 1.02 and - 1098.24 kcal/mole and H f  values between 
+ 1238 and - 19.88 kcallmole for a series of alkyl-substituted thiiranes beginning 
with the parent thiirane and ending with tetramethylthiirane.'46 The corresponding 
values for other thiiranes have been tabulated el~ewhere!~' 

Studies of the polarizability anisotropy of thiirane'% and measurements of the 
optical rotatory dispersion (ORD) and circular dichroism (CD) of optically active 
thiiranes'97*'98 have also been performed, as well as the X-ray analysis of the 
structures of certain thiiranes of steroids and thioglucosides.'99 

H. Boiling Point and Refractive Indices 

The boiling points and densities of saturated three-membered ring heterocyclic 
compounds (thiiranes, oxiranes, aziridines, etc.) are usually considerably higher 
than those of substances of a cyclic structure with the same number of carbon 
atoms. This phenomenon can be explained in terms of both electrondonating and 
electron-accepting (withdrawing) centers in the ring giving rise to  additional intra- 
molecular interactions. 

Tables 4 and 5 list characteristic physical properties (eg., boiling points and 
refractive indices) of a few selected thiiranes!' 

TABLE 4. BOILING POINTS AND REFRACTIVE INDICES OF SELECTED THIIRANES 

S 

Rl R, R,  R, B.p. ["C(mm)] n s  Ref. 

H H H H 55-56 1.4914 3,21.61, 

CH, H H H 75-77 1.4730 5,21,40,76, 
76,193 

93,118,200 
CH, H CH, H 51-515(130) 1.4765 26 
CaHsOCH, H H H 79 (65) 1.4734 52 
C6HWHZ H H H 94 (4) 15742 24 
CH,SCH2 H H H 9 8 - 9 9 ( 3 5 )  15600 52 
(CaHs)zNCHz H H H 72(14) 1.4857 52 
(CzHsO),CH H H H 84(14) 1.4613 30 
CH,COS(CH,), H H H 66 (0.05) 15504a 71 
ClCH , COSCH, H H H 88 (0.2) 1.5836a 52 

a 2 s  
"D. 
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TABLE 5 .  AROMATICSUBSTITUTED THIIRANES5 

395 

M.p. or 
R' R" R"' R"" b.p. ["C (mm)] Ref. 

C6H5 H H 2 5 - 2 8  ( 0 . 0 1 )  32 
CIH, C6Hs CH3 H 64-67 20 

CH 3 Ce.H s P<CH 3 1 2  NC6H, P4CH 3 11 NC, H, 1 34 105 

Ce.Hs C6Hs C6H5 CI 70-71 112 

'eH5 C6H5 C6H5 C6H5 178-179 2 , 1 1 7  

C6Hs CeHs C6HsS C 6 H 5 S  135 114  

3. Chemical Roperties and Reactivity 

Thiiranes are reactive species,capable of undergoing a wide spectrum of chemical 
reactions. These reactions - with very few exceptions - involve the opening of the 
three-membered ring in one mode or another, giving rise to  relief of the inherent 
strain energy, followed either by the concomitant reorganization of the ring-opened 
intermediate or by its interception by another component present in the reaction 
mixture to afford the final product(s). Thus, thiiranes are capable of undergoing 
isomerizations, dimerizations, polymerizations, fragmentations, desulfurizations, 
and oxidative or reductive cleavages. Also, the dual nature of the ring, which is both 
a donor and an acceptor, allows thiiranes to easily undergo both nucleophilic and 
electrophilic ring cleavage with a variety of reagents. The latter quality makes 
thiiranes very useful synthetic intermediates, particularly for the synthesis of 
bifunctional compounds. The sulfur atom in the thiirane ring is usually the site of 
initial attack by electrophiles of all kinds, whereas one of the C-ring atoms is 
ordinarily the center of initial attack by nucleophiles. In fact, analogous with 
epoxide chemistry, the vast majority of the thiirane reactions that have been studied 
have involved the opening of the thiirane ring and the addition of a molecule of 
reagent either in neutral conditions or under both acidic and basic conditions. 
Thiirane chemistry that involves oxidation or substitutions leaving the three- 
membered ring intact is less common and typical for certain special cases (see, 
eg., the chemistry of 2,3dili-tert-butylthiiranes; Section III ,3 ,  J). 

Considering the numerous reactions thiiranes are able to undergo, fundamental 
information is still scarce in the field!6 Some results are published in the patent 
literature or in short communications. Furthermore, several statements reported 
in the earlier literature were found to be incorrect. The recent developments of 
more convenient methods of synthesis however, has made possible some basic 
studies on the structure and chemistry of thiiranes. Indeed, much activity in the 
area of thiirane chemistry is reflected in the chemical literature of the 1970s. 

The chemistry of thiiranes is similar, in many respects, to that of oxiranes and 
the differences may be accounted for by the differences in the key structural 
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features and physical parameters of the two classes: the lower ring strain in thiiranes 
is obviously overruled by the lower bond energy of C-S vs. C-O bonds. Conse- 
quently, in reactions involving ring cleavage in the absence of either electrophiles or 
nucleophiles, thiiranes are more reactive than oxiranes. Such reactions include 
thermal desulfurization of thiiranes and closely related fragmentation reactions. As 
one would expect in reactions of this type, electron-attracting substituents enhance 
the reactivity of thiiranes drastically. 

Since the polarity of the C-S bond is smaller than that of the C-O bond and the 
electron density at the sulfur atom in thiiranes is Smaller than that at the oxygen 
atom in oxiranes, the former are expected to be less reactive toward electrophilic 
reagents than the latter. Indeed, this Seems to be observed in several cases. Less 
clear is the situation concerning the relative reactivity of thiiranes and oxiranes 
toward nucleophilic reagents: the reactivity of thiiranes seems to be about the same 
or a little higher.'6 

Mercaptoethylation appears to be the most important reaction expected of 
thiiranes from the point of view of organic synthesis. However, owing to their 
relative ease of polymerization (i-e., they are catalyzed by either acids or bases), 
thiiranes have not been as broadly applied as mercaptoethylating agents (e.g., 
E?q. 69) as have the oxiranes as hydroxyethylating agents (e.g., Eq. 70). 

X SY 
I I 

R-CK H2 + XY - R-CH-CH2SY or R-CH-CH2X 

OY I I 
R-€E H2 + XY --+ R H-CH20Y or R-CH-CH2X 

Basecatalyzed mercaptoethylations through a nucleophilic mechanism are usually 
preferred, polymerization being considered to be a special case of this reaction. 

The reactions of ethoxide ion with oxirane and thiirane are given in Eqs. 71 and 
72, respectively, to illustrate the points discussed above. 

C~HSOCH~CH~OH + CZHSO- 124 

125 

In both cases the ethoxide ion is acting as a nucleophile and 

(71) 

attacks one of the 
carbon atoms of the ring, resulting in opening of the latter to form the intermediate 
nucleophiles 124 and 126. In the oxirane sequence (Eq.71) the reaction is 
completed by the solvent (EtOH) and the ethoxide ion is regenerated. The base- 
catalyzed hydroxyethylation is thus being accomplished. 

However, in the case of the thiirane (i.e., Eq. 72), the intermediate 126 is not 
readily terminated by solvent. Rather, a polythiirane (128) is formed. This is 
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/"\ minor route C,H ,OH 
C2HSO- + CH2----CH2 - C~HSOCH~CHS-----" 

1 major route 

127 128 

understood in terms of the mercaptide ion (i.e., 126 or 127) being a weaker base 
than the ethoxide ion, but a much stronger nucleophile. The result is the continuous 
generation of mercaptide ions, which react with unreacted thiirane molecules to  
give polythiirane as the major (and most often the exclusive) reaction product 
under these conditions. Thus, the ethoxidecatalyzed reaction of oxirane in ethanol 
gives 95% yield of the glycol ether 125, whereas the same reaction of thiirane ends 
up in 100% yield of the polymerization product 128. As shown later (Section 111, 
3, F) similar results are typical for other nucleophiles. 

Reactions of unsymmetric oxiranes entailing ring opening frequently yield a 
mixture of the two possible isomers, with the product of the ring-opening reaction 
at the primary C atom prevailing (referred to  as "normal addition"; i.e., the second 
product in Eq. 69). For quite some time, however, the two possible isomers (i.e., 
the two products in Eq. 69) were difficult to isolate from reactions of unsymmetrical 
thiiranes and many reports in the literature indicated the formation of only one 
product,'6 in some cases that of normal, in others, that of "abnormal" addition. 

Following the development of new synthetic methods for the generation of 
thiiranes in nonionic media (see Section In, 2 for specifics), the emphasis on their 
synthetic use as potential mercaptoethylating agents has shifted; these compounds 
are now useful intermediates in the preparation of stereospecific olefins. Under 
such nonionic conditions, mechanistic and other systematic studies of thiirane 
reactions are more easily conducted. 

A. Isomerization 

cis-tmns Stereoisomerization of substituted thiiranes can be accomplished by 
using the reaction of potassium thiocyanate in DMF or in waterethanol.20'pm 
The yields of the isomerized product have been reported to  be 3542% for cis- 
and trans3-hydroxy and 3-acetoxyepithio-1 ,2cyclohexanesm and 14-3W0 for a 
series of steroidal thiiranes?1sa02 The results can be compared with 2045% 
yields in the case of epoxides of cyclopentene and cyclohexene and 2048% in 
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the oxirane steroid seriesF3 All stereoisomerizations were followed by nmr, and 
it is on the spectra that the configurational assignments of the starting thiiranes and 
of the fiial products were based. 

From a recent detailed kinetic study of the reaction of excited S('D2) atoms 
with ethylene,- it was concluded that the chemically activated ground state 
thiirane undergoes a unimolecular isomerization to  give vinylthiol through a bicyclic 
activated complex as depicted in Eq. 73?w 

This novel rearrangement is the formal analog of the cyclopropane-propylene 
rearrangement with respect to both structural change and mechanism. 

B. Dimerization 

Dimerization of thiirane to give dithiirane in high yields requires catalysis, high 
pressure, and/or high temperature: 

AI,o,, 220" I o s  (94%) 

or: pt, PdClJCO. 60at1n"~ 

129 

The importance of the reaction above is in the possibility of inducing thiiranes 
to undergo dimerization in view of their high tendency to polymerize. As far as the 
dithiane product is concerned, there exist alternatives for its formation - for 
instance, thermal decomposition of polythiirane .mi 

C .  Polymerization of Thiiranes 

Numerous publications on polymerization of thiiranes and closely related 
aspects can be found in scientific journals, in publications and monographs issued 
by major industrial polymer producers, and as one would expect, in the patent 
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literature all over the world. Nonetheless, comprehensive coverage and thorough 
summary of this topic (including all the relevant aspects involved) are beyond the 
scope of this chapter. Instead, this section represents a "first approximation" 
introduction, dealing briefly with some "essentials" of the subject, based primarily 
on the review of Davis and Fettes on polythiiranep and the corresponding 
section in reference 16. In addition to the references cited later in this section, the 
interested reader is referred to the following selected list of key references, some of 
which are reviews: episulfides for use in preparing polymers:" initiation mechanism 
for polymerization of episulfides by sodium naphthalene:" mechanism and kinetics 
of anionic polymerization of episulfides:'2 organozinc-nickel or cobalt catalysts 
for the polymerization of oxiranes and thiiranes?13 anionic polymerization of 
thiiranes?14 stereoregular and optically active polymers of epi~ulfides?'~ stereo- 
selective and asymmetric-selective polymerizations:'6 properties and methods of 
synthesis of several optically active polyoxiranes and p~lythiiranes?'~ selective and 
stereoselective polymerizations of oxiranes and thiiranes?'* polymerization and 
block polymerization of cyclic sulfides?l9 ABA block copolymers of dienes and 
cyclic sulfides,= copolymerization of thiiranes with isothiocyanates?' and 
elastomeric block polymers from ethylene sulfide.m 

Thiiranes undergo polymerization so readily even without initiator that poly- 
thiirane was known 80 years before the monomer was synthesized. Polythiirane, 
described as a white, amorphous, insoluble substance of the composition (C2H;OS)n, 
was obtained by the reaction of ethylene chloride or ethylene bromide with K2S 
or ~ ~ ~ ~ m 7 ,  m. ns . 

X = CI or Br 130 

The earlier reports distinguish between two modiflcations of the polymer obtained: 
products had melting points of 145' and 113'. respectively. The polymer obtained 
from reaction yith NazS is converted to dithiane on heating and was shown to con- 
tain organically combined halogen in substantial p ropor t i~n .~ '  Later papers re- 
ported that the polymers prepared either through the method shown in Eq. 75 or 
from 2,2'dichlorodiethyl sulfide and potassium sulfide or disodium ethylenedi- 
thiolate and ethylene dibromide2= did not melt below 180-190°."7 The treatment 
of 2,2'dichlorodiethyl sulfide with sodium metal resulted in evolution of gaseous 
ethylene and formation of polythiirane melting at 158-160°,228 soluble in aniline 
or nitrobenzene, and oxidizable with H202 to the corresponding polythiirane 
dioxide. The white, amorphous, insoluble polymethylthiirane was prepared more 
than a century ago from 1,2dibrom0propane.~* 226 

The polymerization of thiiranes under basic reaction conditions has been 
discussed. The polymerization tendencies of thiiranes are also encountered under 
acidic reaction conditions. Dilute hydrochloric acid, for example, instantly 
polymerizes thiiranes to an amorphous powder. The formation of the polythiirane 
thus obtained may be pictured as shown in Eq. 76. 



400 Three-Membered Rings Containing Sulfur 

Although one would expect from Eq. 76 that the chloride ion would compete 
successfully with unreacted thiirane in the nucleophilic opening of the thiirane ring, 
no better alternative mechanism has been advanced. 

Polythiirane can be obtained by the interaction of 2-hydroxyethylmercaptan 
with 50% sulfuric acid at boiling t e rnpe ra t~ re .~~  Two somewhat different modifi- 
cations (A and B) of the polymer thus obtained were reported: fraction A with 
molecular weight ranging between 1400 and 1700 melted at 193-197", and 
fraction B, which melted at 177-180", showed a molecular weight of 1720 and 
gave substantial quantities of crystalline dithiane on heating. S i a r  polymers were 
prepared by the dehydration of 2-hydroxyethylmercaptan with phosphoric acid, 
zinc chloride, phosphorous pentoxide, or sodium hydroxide.ng More recent 
repetition of this work furnished polythiirane, which melted at 158-165".m 

The pure monomer (e.g., the parent thiirane) was first prepared by Dele'pine," 
who reported that it polymerized gradually on storage at room temperature, a 
process that was accelerated by the addition of either inorganic acids (HCl, H2SO4, 
etc.) or aqueous (or alcoholic) ammonia solutions and concentrated solution of 
caustic soda?977 Some of these polymers were found to have a low degree of 
polymerization. 

The polythiirane obtained in the absence of catalysis is a white powder (m.p. 
140-150°), which is insoluble in conventional solvents.- 

Since thiiranes are expected to undergo easy nucleophilic ring opening, most 
polymerizations are accomplished using base-type catalysts. The use of aqueous 
solution of sodium hydroxide in methanol furnished polythiirane that melted at 
182-185"2" Initiation with ammonia, piperidine, pyridine, methylamine, 
hydrazine, and ethylenediamine afforded polymers whose molecular weights 
(calculated from their N content) ranged between 419 and 96O?jo Variations of 
the NH3 concentration did not affect the molecular weight of the products. 
However, in the reaction of thiirane with molar quantities of primary or secondary 
amines, polymerization predominates when polar solvents and strongly basic amines 
(e.g., diethylamine) are used23' ;otherwise, the corresponding 2-mercaptoethylamines 
are obtained in appreciable yields. Polythiiranes having molecular weights below 
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1000 and apparently pronounced crystalline structure, were prepared by means of 
sodium hydroxide, sodium ethylate, and primary aminesee By using sodium 
naphthalenate as the catalyst, polymers that melted at 208-210' were obtained. 
The use of boron trifluoride etherate furnished a polymer melting at 192-195".* 
Equation 77 gives the sequence of the latter polymerization for the case of 
2,2dimeth~lthiirane!~ 

CH2 

1 (CH&C-CH?SBF3 
I 
S 
\ 

CH2 @ (CH3)26-CH2 
I 

e tc . -+  (C2&S), 
1 (CHJ2C&H,, 

130 

The rate of thiirane polymerization is higher in basecatalyzed reactions than in 
the presence of acids. This observation can be accounted for in terms of the higher 
nucleophilicity of the thiolate ion intermediate (i.e., 131) vs. that of the sulfur site 
incorporated in the thiirane three-membered ring. The nucleophilic rupture of the 
unreacted thiirane ring by the thiolate ion in the basecatalyzed polymerization is 
apparently easier (and therefore faster under comparable reaction conditions) than 
the cleavage of the C-S bond in the thiiranium intermediate (i.e., 132) by an 
unreacted molecule of thiirane in acidcatalyzed polymerizations. 

Methyl- and ethylthiiranes have much lower tendency to polymerize than does 
the parent thiirane; the use of alkali or ammonia involves slow polymerization to 
viscous products, whereas no polymerization was observed with hydrochloric, 
nitric, or acetic acids.'6 Polymethylthiirane was prepared, however, by using 
catalytic amounts of sodium ethoxide?= NaNH2, KOH, Na, TiC4, and AlC13." 
The anionic catalysts (ca 2% of catalyst at room temperature) yielded high 
molecular weight products, whereas the acidic chlorides gave low molecular weight 
polymers. Au samples were soluble in chlorinated organic solvents (e.g., methylene 
chloride, chloroform, carbon tetrachloride), dioxane, benzene, and so on, and were 
insoluble in ether, acetone, alcohols, and water. By using naphthalenesodium in 
THF and ultra high purity reagents, it w a s  possible to obtain polymers of very low 
dispersity (Mn/Mw 1) and molecular weights of 70,000-320,00dJ3 (determined 
by osmometry, light scattering, and end group analysis). High molecular weight 
crystalline products are obtained by using complex salts of cadmium as a catalyst ?" 
These products are believed to be the isotactic modification, melting at 4041"235 

Polymerizations of different thiiranes using a variety of catalysts under various 
reaction conditions have been reported in the literature. The following are merely 
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1 . Basecatalyzed polymerization. 

selected examples: chloromethylthiirane,s cyclohexene sulfide? 80* 237 l-octene 
sulfide (polymerizes readily on addition of IiAlH4, a typical anionic catalyst): 
and 2-phenylthiirane (styrene sulfide)?’ The polymerization of the latter is 
conducted by using aluminum trialkyls or heavy metal mercaptides as catalysts,j3 
giving polymers of noncrystalline structure that melt at 50-120° and are soluble 
in organic solvents. In the presence of either basic or acidic catalysts, solid or 
viscous products with molecular weights of 1000-2000 are obtained?” The use of 
boron trifluoride as a catalyst effected the polymerization of sugar thiiranes?39 

Highly fluorinated thiiranes undergo radical polymerizations initiated by either 
irradiation or organic peroxides!” 

The preparation of different kinds of copolymer containing various percentages 
of thiiranes is claimed in the literature:’ 11s~219-nzi*~* showingabroadspectrum 
of properties and technological qualities. These (and many other) copolymers and 
block copolymers are used as elastomers, lubricating oils or greases:@ highly 
thermostable polymers, or vulcanizable, tough white gums? 

The current literature still contains many reports of investigations of the 
polymerization of thiiranes. However, there appears to be a distinct shift in the 
emphasis: many of the most recent publications describe stereoselective polymer- 
izations of thiiranes and/or polythiiranes containing specific predesigned chiral 
centers. A selected list of topics extracted from these publications is given below. 
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1. Polymerization of enantiomerically enriched monomer of rmr-butylthiirane; 
mechanism of steroselective process; temperature effect on the stereoselective 
polymerization ?41 

2. Polythiirane containing a chiral center in the side chain; synthesis and optical 
purity of 1,2epithi03-methylpentane?~' 
3. Stereoselection in the polymerization of racemic methylthiirane.m 
4. Polymerization of rran~-2,3dimethylthiirane with chiral initiators?'"' 
5 .  Stereoselective polymerization of thiiranes.m 

D. Desulfurization of Thiiranes 

The reaction of thiiranes with either nucleophiles or electrophiles results in the 
opening of the thiirane ring with concomitant formation of a mercaptide ion or a 
P-substituted mercaptan (or sulfide), respectively. In some instances, however, 
olefms are formed by the removal of sulfur from the thiirane. Several reagents have 
been found to be effective in realizing this desulfurization reaction in thiiranes: 
they include organometallics such as organolithium compounds and Grignard 
reagents, trivalent organophosphorous compounds (e.g., triphenylphosphine and 
trialkyl- or triarylphosphite), potassium rerr-butoxide, and methyl iodide. Several 
thiiranes undergo thermal fragmentation to corresponding olefins and sulfur and/or 
photolytic decomposition to olefm and other products. 

a. BY THERMAL DECOMPOSITION 

Heating of thiiranes may cause fragmentation, leading to olefm and sulfur 
particularly in the aromatically substituted series2* 'OSv "'. '14* 24s : 

Similar decompositions have been observed with acylthiomethylthiirane;5' cyclo- 
hexane sulfide? and 2-heptylthiiranePs Substitution of thiiranes with more than 
one aromatic nucleus or with electron-attracting groups such as C=O, COOH, 
COOR, CN, and C1 promotes the abstraction of sulfur6 Phenyl, cyano, and ester 
groups are particularly effective in promoting extrusion of sulfur.* Consequently, 
thiiranes with two aryl groups can be isolated and purified only by crystallization. 
not through distillation. 

Because of the facile decomposition of polyarylthiiranes to olefms, this reaction 
is regarded as one of the best methods to prepare certain arylolefms?i112 The 
addition of copper bronze promotes these desulfurizations!'* '13* 'I4 

The gas phase thermolysis of thiirane below 250' have been investigated?' and 
the amount of ethylene produced was found to be equal to the amount of thiirane 
consumed. This behavior represents a significant departure from that of the 
analogous cyclopropane and oxirane, which upon low temperature thermolysis 
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undergo isomerizations to the acyclic structures by lJ-hydrogen shifts. The low 
temperature thermolysis of cis- and rrans-2,3dimethylthiirane afforded more than 
90% cis- and about 99% truns-but-2enes, respectively, and is therefore stereospecific. 
It was c~ncluded~'  that the reaction is pseudounimolecular where the rate- 
determining step is shown in Eq. 80a. 

(80a) 
57- A \7' 

133 

\sl' + - S, +2C,H, (gob) 

The electronically excited species 133 is equivalent to a I-thiacyclopropane struc- 
ture, analogous to the intermediate postulated in the thermolysis of cyclopropanes 
and pyrazolines.w This structure (i.e., 133) accounts for all the observations. 

133 

Pyrolysis of either cis- or rruns-l,2-diethynylthiiranes (i.e., 134 or 135) yielded. 
only the desulfurized olefins 136 and 137.a99 In both cases the thermolysis occurs 
with greater than ~ W O  retention of stereochemical configuration, in accord with 
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previous results.M7 However, at relatively high concentrations a bimolecular process 
was found to dominate.m 

The analogous cis- and rransdivinylthiiranes behave differently on pyrolysis.'40 
Decomposition takes place with loss of sulfur to yield nonstereospecifically a 
mixture of cis- and rrans-l,3$-hexatrienes (20 : 80); the total yield is between 20 
and 25%. About 75% of the thermolysis, however, proceeds without loss of sulfur. 
The cis isomer rearranges smoothly at 90" with the formation of 52% 4,Sdihydro- 
thiepin (138) and 48% 2,7dihydrothiepin (139). The Pans isomer gives at 100" 
the 2,7dihydrothiepin (1 39) as the only rearrangement product.'" 

S 4 
1348 

138 139 

The formation of dihydrothiepin (138) is understood in terms of the Cope 
rearrangement, while that of dihydrothiepin (139) (from both isomers) is explained 
in terms of formation of isomeric interconvertible diradicals. The photochemical 
desulfurization of thiiranes is discussed in Section III,3, H. 

b. BY ORGANOPHOSPHOROUS COMPOUNDS 

Practically quantitative stereospecific desulfurizations can be accomplished by 
reacting thiiranes with either trialkylphosphites (gentle heating is recommended) 
or trialkyl- and/or triarylphosphines (at room temperature). 

Thus, triethylphosphite? 31v 46* 75i "' triethylphosphine: tributyl- 
p h o ~ p h i n e ~ ~ '  and triphenylphosphine'. 117* 250* 252*253 were employed to obtain 
olefms from thiiranes and the thionophosphates or the phosphine sulfides, respec- 
tively, as shown in the following equation: 

(82) 
/s\ 

R3P + RkC-----CR; - R3PS + R;C=CR; 

R = alkyl, aryl, or alkoxy (or PC1,)1'6 

Pure cis- and pure trans-2-butenes have been obtained in essentially quantitative 
yields from their respective thiiranes with the trivalent organophosphorous 
compounds just named. This method of desulfurization has been also employed 
in the overall conversion of carbonyl compounds to olefms through the conden- 
sation of carbonyls with the lithio salt of 2-(thiornethyl)-2~~azoline!~' 
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Kinetic of the reaction of triphenylphosphine with cis- and trans- 
2Jdimethylthiiranes and ethylthiirane, showed it to be first order with respect to 
the two reactants and relatively insensitive to the polarity of the reaction solvent. 
These results suggest a nucleophilic attack by the phosphorous on the sulfur to give 
the observed products (i.e., phosphine sulfide and olefm) in one step without the 
involvement of a charge-separated intermediate. 

Desulfurizations of the following thiiranes were effected by using trivalent 
organophosphorous compounds: thiiranef, ” methylthiiraneP* 3’* ethyl- 
thiirane?” 2,3dimethylthiirane,1i252 2,2dimethylthiiraneP chloromethyl- 
d1iirane,6*~”~ 2-phenylthiirane?’ cyclohexene s ~ l f i d e ~ * ~ ~ ~ ~ ~  2-methoxymethyl- 
thiirane?’lM 2ethoxy, 2-propoxy-, 2-butoxy-, 2.phenoxy- and diethoxymethyl- 
thiiranes?’ and 2-hexyl-, spirooctyl-, spironaphthyl-, 2-methyl-, 2cyclohexenyl-, 
as well as other thiiranes.“’. 126 Sugar thiiranes were also subjected to the reaction?’ 

Some investigators took advantage of this facile desulfurization method for 
alkylative coupling leading to the synthesis of secondary vinylogous amides and 
enolizable @carbony1 compounds2’” as well as for the synthesis of highly hindered 
01efms?~* 

c. BY ORCANOMETALLICS 

i. BY LITHIUM AND CRIGNARD REAGENTS. Akyl- and aryllithium 
reagents desulfurize thiiranes essentially quantitatively to form the corresponding 
olefms26v 4’ stereoselectively : the cis-thiirane yields the cis-olefm whereas the 
mns-thiirane yields the tram-olefm. The desulfurization with Crignard reagents 
appears to be less well defmed. Yet, the formation of olefm seems to be the main 
course of the reaction!’ In using these reagents one obtains in addition to the 
olefm, a metal thiolate: 

\/ yR3 + RLi (or RMgX) 

S Rl 

‘Rl 
/ 

R2 

(83) 
\ /R3 

R2 / ‘R4 

R1 - (7=C +RSLi(orRSMgX) 
Rl, ,R3 - ‘(7=C: +RSLi(orRSMgX) (83) 

The yields of olefms obtained through this route are usually lower than those 
obtained by using the trivalent organophosphorous compounds. However, the 
reaction is important for the synthesis of some thiophenols that are difficult to 
prepare by using alternative methods!’ 

A study of desulfurization of cis- and nam-2,3dimethylthiiranesm revealed 
the complete stereospecificity of this reaction excluding the intermediacy of 
2.iithio-3dcyl sulfide (i.e., 141) along the reaction coordinate. A mechanism 
involving a trigonal bipyramidal sulfurane (i.e., 140) was advanced to explain the 
observed products as depicted in route a in Eq. 83a.251*2S4 
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H 

Ic& 

CHI 

+ RLi 

14 1 

A concerted disrotatory fragmentation of the two weakest C-S bonds of the 
ring would also lead to the observed products of Eq.83a. This explanation is 
unsatisfactory however, in terms of orbital symmetry, since this cheletropic 
sulfurane ring opening is forbidden by orbital symmetry for the least motion 
pathway. 

methylthiiranef 2,3-dimethylthiiraner'. 254 cyclohexene sulfide:' and a number 
of 2alkoxymethylthiiranes?' 

ii. BY LITHIUM ALUMINUM HYDRIDE. Certain thiiranes were de- 
sulfurized quantitatively on treatment with lithium aluminum hydride'". rather 
than undergoing the expected reductive nucleophilic ring cleavage to give thiols as 
their lithium salts? 

BY DIIRON NONACARBONYL AND TRIIRON DODECACARBONYL. 
Like the organolithium-induced decompositions, the desulfurization of thiiranes with 
these iron-carbonyl reagents (in refluxing benzene) also proceed with a very high 
degree of stereospecificity?" 

cis- and rruns-2,3-Dimethylthiiranes yielded more than 93% of cis- and 97% of 
trans-butene-2, respectively, in about 80% total yield.250 The reaction originally 
reported by King2% may be envisioned as proceeding through metal n-sulfuranes 
(e.g., 142a) as illustrated in Eq. 84. 

The foregoing method of desulfurization was applied to the parent 

iii. 

142r 
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The overall result is thus comparable to that of other methods of thiirane 
desulfurization. 

d. BY POTASSIUM TERT-BUTOXIDE 

Potassium ferr-butoxide was reported to be effective in the desulfurization of 
certain thiiranes to yield the corresponding olefins?" Acetylenic thiiranes, how- 
ever, were reported to give low yields of thiophene derivatives on reaction with 

e. BY METHYL IODIDE 

KO-t-CaH9?58 

Stereospecific desulfurizations of 2,3dimethylthiiranes and other 2,3-dialkyl- 
thiiranes can be effected by treatment with methyl iodide on heatingz9"' or with 
catalytic amounts of iodine.s0 Several thiiranes (specifically, methyl-, chloromethyl-, 
and 2,3cyclohexathiiranes) react with excess methyl iodide to give a 1,2diodide 
and trimethylsulfonium iodide! 

In all the desulfurizations above the final results can be accounted for in terms 
of an unstable cyclic thiiranium intermediate, which is formed in the initial stepx9 
(Eq. 85). Indeed, open chain sulfonium salt intermediates have been isolated in the 
reaction of some thiiranes and methyl bromide?@ 

f 7 2  

I- / \  rs+"H"2 I' 

R, R4 

In analogy to  the mechanisms proposed for other thiirane desulfurizations, the 
invoked intermediacy of 142 is in accord with the stereospecificity of the reaction 
(route (I or b in Eq. 85). The formation of a crystalline salt of the approximate 
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composition C2&S - CH31 in the reaction of thiirane with methyl iodide and similar 
unstable salts with both methyl- and 2,3dimethylthiiranes3* '' also corroborates 
the reaction sequence depicted in Eq. 85. The entire question of the intermediate 
formation of three-membered sulfonium (thiiranium) salts is discussed in detail 
later (see Section VI). 

f. BY OTHER REAGENTS 

Atomic carbon is a general desulfurizing agent; its reaction with 23dimethyl- 
thiiraneM2 is an example: 

a2% 14% 

Another possible method for thiirane desulfurization is reaction with carbenes 
generated in situ from ethyl diazoacetate with the aid of Cu(acac)? as a catalyst.= 
The fragmentation of the assumed sulfide ylide intermediate (i.e., 144) proceeds 
with complete retention of stereochemistry in overall good to high yields as illus- 
trated in Eq. 87?63 

1 

143 144 - 70% 145 

a. R, =CH,; R, =i-Pr; R, = R, = H 
b. R, = CH,; R, = i-Pr; R, = R, = H 

The above reaction was successfully applied to cyclohexene sulfide and to 
cis-2Jdiphenylthiirane as well. The use of 4,4'dimethoxybenzophenone hydrazone 
as the source of carbene was also realized.= The a-fragmentation of the S-ylide 
(144) is a property characteristic of three-membered rings and is not observed in 
either four-membered S- or N-ylides?@ 

Phenyl radicals generated by the thermolysis of phenylazotriphenylmethane 
(PAT) form 0-phenylthio radicals (e.g., 146) by homolysis of the carbon-sulfur 
bond in thiiranes.= Tile loss of the thiophenoxy radical from the intermediate 146 
results in the formation of olefms nonstereospecifically=' : 
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A rotation about the central carbon-carbon bond in 146 is possible, and thus 
explains the nonstereospecificity of this desulfurization reaction. Gas phase 
desulfurization of thiiranes can be induced by methyl radicals?“ 

Reactions of arylthiiranes with nascent hydrogen (Zn-CH3C02H) also gives 
the corresponding olefins besides hydrogen sulfide.”7 

E. Electrophilic Ring Opening of Thiiranes 

The thiirane ring (similar to the oxirane ring) constitutes a peculiar electron 
donor-electron acceptor dipole system of the nn type, suggesting that its reactivity 
is determined by the features of the primary electron donor-electron acceptor 
interactions between the ring and the reactants?67 It is not surprising, therefore, 
that electrophilic ring opening of thiiranes was thoroughly studied. However, the 
mechanism involved in such openings is still controversial, and both the formation 
of an intermediate thiiranium (episulfonium) ion and the “synchronous mechanism” 
- which involves, simultaneously, both the nucleophilic and electrophilic centers 
of the thiirane ring - have been advocated. The situation is complicated by reports 
that different proportions of regioselectively ringapened products have sometimes 
been obtained with unsymmetrical thiiranes. 

summarizes the “state of the art” in this respect by claiming 
that “ . . . the formation of monomeric products is associated with a synchronous 
reaction mechanism, and the formation of polymeric products is associated with an 
epi-ionic reaction mechanism. It is obvious that the extent of electron transfer in 
the complex, determines the direction of the polarization of the ring carbon- 
carbon bond, and therefore, the order of its opening.” 

A review of electrophilic thiirane ring opening with various reagents follows. 

A recent 

a. BY CARBOXYLIC ACIDS AND ANHYDRIDES 

Acetic acid causes slow polymerization of thiirane, whereas methyl- and ethyl- 
thiiranes show no change? 76 

With excess of boiling glacial acetic acid, cyclohexene sulfide forms 26% mono- 
meric and 48% dimeric acetoxymercaptan (i.e., 147).50 the dimeric 147 was found 
to  be the major product in other similar studies as well!*29 

S + CH,CO,H - 
04c 

147 (89) 

The rates and products of solvolysis of methylthiirane in hot acetic acid have 
been determined?@ The results show that terminal attack (concerning the orien- 
tation of ring opening) is preferred, although not exclusively. 

In addition to 149 and 150, the product contained a significant proportion of two 
higher molecular weight species, most probably the two possible isomeric dimers 
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I 
H 

148 

CHjCHCHzOAc CHjCHCH2SH 
I + I 
SH OAc 

149 
Normal product (55%) 

150 
Abnormal product (45%) 

analogous to 147. By comparison with rate constants and isotope effects observed 
in the case of methyloxirane, it was concluded268 that the reaction in point proceeds 
via the protonated species 148 (i.e., thiiranium ion-type mechanism). Nevertheless, 
the ring opening of 148, by virtue of its relative stability, would require a con- 
comitant bond making while being ringapened by the acetate ion. This means a 
more “SN2” character of the ring rupture step. The ratio between the “normal” 
and the “abnormal” products (i.e., 149:lSO) is governed both by the partial 
carbonium ion character assumed by the secondary compared with the primary car- 
bon atom of the ring and by steric considerations. It is not apparent, however, why 
there is a marked difference in this respect between the results obtained with 
thiiranes and those obtained with oxiranes. 

When 2chloromethylthiirane is heated in glacial acetic acid in the presence of 
potassium acetate, one obtains the ring expansion product Zacetoxytrimethylene 
sulfide$ presumably through the Sassisted solvolysis of the chloro atom on the 
side chain. 

Trifluoroacetic acid (and its acid fluoride) is a strong initiator of polymerization 
of methylthiirane regardless of the ratios and mixing conditions of the reactants.=’ 

The reaction of thiirane,- methylthiirane:. 19’ 22di1nethylthiirane?~ and 
cyclohexene sulfide= with acetic anhydride in the presence of pyridine yields the 
corresponding diacetates of 2mercaptoethanols with the ring fission occurring at 
the primary carbon (i.e., “normal” opening) in the relevant cases. Cyclohexene 
sulfide yields the mnsdiacetate. 

R2C- CH2 + Ac20/pyridine __+ 

SAC 
I - R~C-CH~OAC 
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It is possible, however, to acylate a side chain thiol group of thiiranes with 
anhydrides or the more reactive mixed anhydrides, without apparent rupture of the 
nngn.269: 

S 0 0  0 S 
II I I  I I  ’ ‘CH2 (92) HSCHZ-CH- ’ ‘CH2 + RC-0-C-R __f RCSCH2-CH- 

The use of dicarboxylic anhydrides results in polymeric esters?m 
The efficiency of the thiirane moiety as a neighboring group in acetolysis of a 

2chloromethylthiirane was studied, and was explained only in terms of the lone 
pair on sulfur.- 

Treatment of thiiranes with excess iodine in glacial acetic acid results in the 
quantitative formation of the acetoxydisulfide. This reaction can be used in the 
iodometric determination of thiiranes?m The reaction of fatty acids with thiirane 
in benzene at 100’ yields the expected Pmercaptoethyl esters?’l 

b. BY HYDROGEN HALIDES AND ACYL HALIDES 
Hydrogen halides and acyl halides cause cleavage of the thiirane ring to yield the 

Phalothiols or PhaloS-acylthiols. Thus, thiirane? methylthiirane,’98 Zchloro- 
methylthiirane p and cyclohexene sulfide6 afforded 2-chlorothiols in fair yields 
(33-72%) in reaction with concentrated hydrochloric acid. Dilute hydrochloric 
acid, however, leads to polymers as exclusive products:* ” whereas addition of 
thiirane to an excess of concentrated hydrochloric acid enables one to isolate both 
the monomeric and the dimeric adducts”: 

S 

CH2- ’ ‘ CH2 + HCl __* HS-CH2-CH2-Cl 
15 1 R 

/-\ CHI- CH, 
______* HSCHzCHz SCHzCH2 Cl (93) 

152 

With gaseous HCl in etheral solution only 151 was ~btained,’~ and HBr gave 
@-bromoethyhercaptan.” 

Surprisingly, the ring opening of asymmetric thiiranes by hydrogen halide 
occurred with halide opening mainly at the secondary carbon atom:’ 34 leading to 
the “abnormal” product: 

S 

R-CHL‘CH2 + HCl - R-CH(ClWH2SH (94) 

No traces of the isomeric lchloro-24hiols could be detected in the cases above, in 
contrast to the presence of the “normal” addition product in all the known cases 
of “abnormal” ring opening of oxiranes. All these results were explained in terms of 
an intermediate thiiranium ion” that underwent ring opening at the secondary 
carbon atom. The cleavage of the secondary carbondfur bond’. ’ 9 ~ ~  2n would be 
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predicted of a reaction following an SNl mechanism in which the carbon-sulfur 
bond breaking of the sulfonium ion intermediate is far more nearly complete in the 
transition state than the bond-making step with the attacking nucleophile: 

S 

RICHACH2 + R2X - 
R ,  = CH,, CICH, 
R, = H, CH,CO 
X = CI,Br,I 

I 
X 

Reactions of acyl halides with thiirane and methylthiirane have been reported to 
give good yields of 2-haloalkyl thiolesters resulting from cleavage of the secondary 
carbon-sulfur bond,8*34*272 yet, in other cases mixtures of regioisomers were 
found?76 A survey of these reactions is summarized in Table 6.” 

Acetyl b r 0 m i d e , 8 . ~ ~ * ~ ~  acetyl iodide:n chloroacetyl ~ h l o r i d e , ’ ~ * ~ ’ ~ * ~ ~  chloro- 
acetyl bromide,” propionyl and butyryl bromides!’* 2n benzoyl chloride: and 
benzoyl react in the same manner as acetyl chloride. In contrast, 
benzoyl fluoride, picryl chloride, dinitrobenzoyl chloride, triphenylmethyl 
chloride and p-toluenesulfonyl chloride and fluoride react with methylthiirane 
according to a different mechanism, giving polymers as principal products! 

Phosgene and achloroalkyl ethers are also reactive toward thiiranes. The reaction 
of the former with thiirane, catalyzed by tertiary amines, proceeds in two steps273: 

OD 
COCI2 + CH2- CH2 __+ ClCHzCHzSCOCl 

S 

CH,- “CH2 
_____* (ClCH2CH2S)2CO 

SO0 
153 

Chlorocarbonates react with thiiranes analogously to phosgene?”’ 
Both phosgene and achloroalkyl ether follow the “abnormal” way in their 

addition to methylthiirane?74*275 Catalyzed by HgC12, the reaction of achloro- 
alkyl ethers takes place at room temperat~re?~’ 

Interestingly, the reactions of methylthiirane, 2,2dimethylthiirane, and 
chloromethylthiirane with hydrogen chloride, acetyl chlorides, and also with 
anhydrous chlorine, have been found, contrary to  earlier reports already men- 
tioned, to yield mixtures of isomeric products resulting from ring opening at both 
carbon-sulfur bonds (e.g., “normal” and “abnormal” products).2s Mixtures of both 
possible isomeric products were also found when thiirane was treated with 
hydrogen bromide, acetyl bromide, and with acetic anhydride, benzoyl chloride, 
and bromine ?76 
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TABLE 6. REACTIONS OF THIIRANFS AND ACYL HALIDES 

0 X 0 
ti I II 

RCH-CH, -+ R'C-X ---+ RCHCH,SCR' 

R R' X Yield(%) Ref. 

a 75 
Br 70 
I 74 
cl - 
Br - 
Br 65 
a 75 
Br 90 
Br 76 
Br 70 
Br 90 

Cl - 
Br 95 
1 71 
cl 67 
Br 49 
cl 63 
a 67 
Br 73 
Br 71 
cl - 
Br 43 
a - 
cl - 
Cl - 

a - 

269 
43,272 

272 
19 
19 

272 
272 
43.272 
43,272 
43 
43,272 

198,272 
272 
118,272 
212 
272 
272 
27 2 
272 

6 
43,272 
34 
6,8 

52 

6,198,269 

6.29 

Gas-liquid partition chromatography and nmr spectroscopy were used in 
structure assignment of mixtures of isomeric products in analogy to the mixtures 
obtained in the reactions of methyloxirane with hydrochloric or hydrobromic 
acids.m Selected results are given in Eq. 962'E6. 

In these cases, the dominance of the "normal" cleavage product (i.e., attack of 
the halide anion on the less hindered primary carbon atom of the ring) is persistently 
maintained. This is also true for the pyridinecatalyzed reaction of methylthiirane 
with acetic anhydride. In contrast, the addition of acetyl chloride to 2,2dimethyl- 
thiirane proceeds predominantly by ring opening at the tertiary C-S bond?% 

The results above are consistent with a m u m  ion intermediate in which the 
site of attack by the nucleophile (the halide anion) is affected by srmic2* as well 
as by polar factors. The importance of the polar factors is particularly manifested 
when the electronwithdrawing ability of the group attached to the sulfur in the 
thiiranium ion is strong compared with hydrogen. 
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anhydrous HX /-+ CH3CHCHzX + CHJCHCH~SH 
i I 
SH x 

1541 (76%) 154b (24%) 

a. X = CI or Br 
b. X = C I o r B r  

X 0 
CH,CX I ll 

I 
+ CH3CHCH2 + CHjCHCHzSCCH3 (96) 

X 

/ r r  
I 

SCCHj 
II 
0 

1558 (54%) 155b (46%) 
X = Clor Br 

0 
1568 156b 1 CH3CHCH20Ac + CHjCHCHzSAc X = CH,O (71%) X = CH,O (29%) 

b AC X=NO, (57%) X=NO, (43%) 
X = C H ,  (67%) x=cH, (33%) i 

SAC 
1578 (84%) 157b (16%) 

Interestingly, the addition of alkane-, arene-, and acetylthiosulfenyl chlorides 
to unsymmetrically substituted olefins yields mixtures of isomeric products?m* 219 

A recent study16' dealt with the solvolytic effects and the characteristics of the 
reaction of methylthiirane with hydrochloric acid, strong carboxylic acids (i.e., 
CF3C02H), and their acid halides and anhydrides. The data obtained (particularly 
with respect to the isomer ratio) suggests that: 

1. The yield of the monomeric products and their composition are greatly 
dependent on the order of mixing of reagents (the ratios in the reaction zone) and 
the nature of the solvent. 
2. The formation of the monomeric products involves both the nucleophilic and 
electrophilic centers of the thiirane ring according to the synchronous mechanism. 
3. The geometric parameters and the ability of the reactants to undergo hybrid- 
ization determine the nature of the products. As the ability of the reactant to 
undergo hybridization decreases, its ability to initiate polymerization increases. 

Thus, the geometry of trifluoroacetic anhydride is favorable for the synchronous 
 conversion^^^': 
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0 CH3 0 0 Me 0 
II I It I I  I II 

‘% CH, a i __* CFjCSCHCH2OCCFj + CF3C-OCHCH2SCCF3 

(97) 
\*/ \-,,I 

JH-S 

CH, 

Relevant findings, presented partially above, led to the conclusion267 that the 
thiirane ring acts as a threecentred nndipolar system of mesomerically bonded 
atoms in the electrophilic opening of that ring to form monomeric substances. 
Furthermore, the limiting epi-ionic mechanism is operative only in the cases of 
oligomerization and polymerization reactions. 

A stereochemical study* showed the fruns products to be isolated from the 
reaction of cyclohexene sulfide with acetyl chloride and hydrochloric acid, 
respectively : 

(98) 
R = H or CH,CO 

c. REACTION WITH HALOGENS 

Addition of either chlorine or bromine to thiiranes in anhydrous solvents causes 
ring cleavage to give disulfides (i.e., 158, 159)2s*276.uro according to Eq. 99251p376: 

Aqueous chlorine reacts similarly to give the two possible isomers of the 
2chlorosulfonyl The corresponding two isomeric disulfides were 
isolated in the reactions of chlorine or bromine in organic solvents with 2 2 -  
dimethylthiirane ,”6 2chl0romethylthiirane?~* and 2-phenylthiiranej4 ’for 
which an “abnormal” ring opening was claimed. 

The “abnormal” ringapening products, P-alkylQhalosulfenyl halides, were 
claimed to be isolated when methylthiirane was added to a solution of chlorine or 
bromine in a mole ratio of 1 : 1 .= However, 2nethyl-2-methoxycarbonyIthiiane 
reacted with chlorine in carbon tetrachloride to give both regioisomeric chloro- 
sulfenyl chlorides.mb 

1 2-Dichlorocyclohexane has been isolated from the reaction of cyclohexene 

X 

sx 
I - CHjCH-CH2X (99) 

X 
I 

X = CI or Br 

+ CHJCHCH2SX 
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CH3CHCHzX 
I 

- s  
I s 
I 

CH3kHCH2X 

158 
a. X = Ct (55%) 
b. X = Br (62%) 

- CH2CHX-CH3 
I 
s 
I 
S 
I 
CH2CHX-CH3 

159 
a. X = Cl (45%) 
b. X = Br (38%) 

sulfide with chlorine! 2-Methoxy- and 2ethoxythiiranes yield predominantly the 
“normal” ring-opening product in chlorooxidation or by the reaction with hydrogen 
chloride282 : 

SH S02Cl 

However, the “abnormal” regioisomeric product is assumed for the analogous 
chlorooxidation of 2-phenylthiirane” 

The cleavage of thiirane on treatment with dichlor0-3-iodopyridine~~” and the 
cleavage of thiirane derivatives by achloroethers283b almost certainly involve 
nucleophlic attack by the chloride ion on an initially formed thiiranium ion (e.g., 
Eq. 99, first step). 

Treatment of 2,3diimethylthiirane with iodine solution at room temperature 
gives the diiododisulfide, which on further treatment with warm iodine solution 
decomposes with desulfurization.m 

Since the reaction of thiiranes with halogens is quantitative and fast, thiiranes 
can be titrated with bromine solution (chloroform or carbon tetrachloride as 
solvents) whenever a quantitative determination is required. 



418 Three-Membered Rings Containing Sulfur 

d. REACTION WITH SULFUR AND PHOSPHOROUS HALIDES 
It appears that the additions of either sulfur or phosphorous halides to thiiranes 

obeys the same pattern seen when halogens are added to thiiranes. 
Thus, sulfur dichloride and disulfur dichloride yield the corresponding dimeric 

and monomeric products in reacting with thiiranes at molar ratios of 1 : 2 and 1 : 1, 
: 

CH2 + SnCl, - RTH-CHZ-S, + 1x1 

h 
Ring opening is primarily abnormal, and yields of 40435% have been reported. 

Sulfuryl chloride reacts with thiiranes in a similar manner with concomitant loss of 
sulfur dioxidesm 

Phosphoric or phosphorous halides (i.e., PC13,PF3, and POF3) were reported to 
react with thiiranes to form P-halothiol estersm: 

(102) 
/”\ 

P(O)x, -I- R-CH-CHz - (R-CHX-CH~-S)JP(O) 

X = F o r C I  160 

The correct regioisomeric structure of 160 is still an open question. 

F. Nucleophilic Ring Opening of Thiiranes 

Nucleophilic ring opening of thiiranes, with one of the C-ring atoms being the 
site of initial attack by the approaching nucleophile, is probably the most-studied 
chemical reaction of this class. The results of these cleavages are quite similar to 
those found in oxiranes, indeed; thiiranes and oxiranes display about the Same 
reactivity toward nucleophiles. 

As mentioned in the outset of this chapter, facile polymerization almost without 
exception accompanies the reaction of thiiranes with nucleophiles. If polymer- 
ization of the reacting thiirane is to be avoided, special preventive measures must be 
undertaken. Ordinarily, mercaptoalkylation products are expected of the reaction 
of thiiranes with nucleophilic reagents. 

a. REACTIONS WITH WATER, ALCOHOLS, AND PHENOLS 

The reaction of thiiranes with primary alcohols in the presence of catalytic 
amounts of boron trifluoride yields the expected fl-all~oxymercaptans~~~ accompa- 
nied by higher boiling materials. The yield of the former drops drastically, whereas 
that of the higher molecular weight materials is further facilitated when secondary 
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alcohols such as 2octanol or cyclohexanol are applied. The case of 2Jdimethyl- 
thiirane is illustrated in Eq. 103. 

1 SBF3 
I 

(CH3)2&CH2 (103) 
/”\ 

(CH312c- CHZ 

(CH3)C-CH~ SB F3 

S 
I 

OR + \  
CHz r (CH&C-CH2 

I 
(CH3)ZCCHlSH 

161 

OR CH3 
I I 

(CHJ),CCH~SCCH~ SH 
1 I 
etc. CHI 

/”\ (CHJ,C - CH, 

Methylthiirane and cyclohexene sulfide react similarly, the alkoxy group being 
added in the “abnormal” manner; the same is true in the addition of ethanol to 
phenylthiirane~?~’ 

Interestingly, both alcohols and water react with thiiranes on heating to yield 
unidentified products! 

Alkaline hydrolysis of chloromethylthiirane yields 3hydroxythietane, suggest- 
ing again a regiospecific “abnormal” ring opening: 

162 

The “abnormal” ring opening of thiiranes appears to be the favorable pattern 
in the reactions above, indicative of a regiochemical preference for fission of the 
secondary or tertiary carbon-sulfur bond. Apparently, the aliphatic alcohol (in 
Eq. 103) or the hydroxyl ion (in Eq. 104) is competitive with yet unreacted 
molecules of thihane for the incipient carbonium (or thiiranium ion).“ In a basic 
environment, the reaction of alcohols with thiiranes generally leads exclusively to 
polymeric materials:jO’ 233 as previously discussed. 
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W a n e  reacts with phenol to form 0-phenoxyethylmercaptan whereas alkali 
phenoxides react with chloromethylthiirane to yield polymers, phenoxymethyl- 
W a n e  (i.e., 163) and thietane 164, the formation of which is preferred in polar 
aprotic solvents?“ 

S 163 

ArONa + CH/~--\CH-CHZCI 

164 

Again, as with alcohols, the “abnormal” ring scission of the thiirane ring is 
responsible for the formation of thietane (164). However, 163 can result either 
through initial “normal” ring opening or through a direct displacement of chloride. 

b. BY THIOLS AND CLOSELY RELATED RS- NUCLEOPHILES 

As with alcohols, free thiols virtually do not cleave the thiirane ring! Either 
base or acid catalysis is required to facilitate the formation of 2mercaptoalkyl 
thiolethers and higher condensation products from allcyl- or aryl- thiols and 
thiiranes as depicted in Eqs. 106 and 1076*’9*m-m: 

.~ 
166 (30%) 

SH S-CgH9- 
NaOEt I I 

CH2 + nC&SH - ( C H ~ ~ C C H ~ S - C ~ H ~ V  + (CH3)2CCH2SH 
or BF, 

/s\ 
(CH3 h C- 

167 168 (107) 

In both base and acid catalysis the nucleophilic ring opening of unsymmetrical 
thiiranes appears to be nonregioselective (e.g., Eq. 107).m5 The use of mercaptan 
in excess rather than in the theoretical amount results in a substantial increase of 
the total yield, which is generally low (20-50%). An attempt to add mercaptans to 
tetrasubstituted thiiranes was unsu~cessful?~ Nucleophilic opening of the thiirane 
ring by thiols proceeds with greater difficulty than in the case of the oxirane ring. 
Aliphatic and aromatic thiols in nonpolar solvents, using homogeneous catalysis by 
bases (with Et3N, e.g.), can be unambiguously mercaptoethylated by selecting the 
necessary ratios of thiol compound and Wane.= 
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i. HYDROGEN SULFIDE AND ITS SALTS. Hydrogen sulfide reacts with 
thiirane at 45-60' to yield dithio- and trithi~glycol'~: 

/"\ 
CH2- CH2 + H2S - HSCHzCHzSH + HSCHzCHzSCHCHzSH 

169 (50%) 170 (16%) (108) 

The corresponding 1 Jdithiols are also formed upon interaction of potassium 
hydrogen sulfide with methylthiirane, cyclohexene sulfide: and lactene  sulfide^!^ 
Low yield of trithioglycerol is obtained from the reaction of KHS with chloro- 
methylthiirane! The formation of polymers is responsible for the poor yields of 
the 1 Jdithiols in these reactions. 

ii. ALKOXYMERCAPTANS. Analogous to simple mercaptans, alkoxy- 
mercaptans react with thiirane~?*'~ 2%8 Similarly, hydroxymercaptans and dithiols 
cleave the ring of methylthiirane in the presence of catalytic amounts of sodium 
ethoxide to furnish the corresponding I :  1 addition products (ca 50% yield) 
besides 2 : 1 addition products. Addition of thiols to dithioglycidol results in 
obtaining only poor yields of the expected products.% 

iii. MERCAPTIDES. The use of alkali mercaptides rather than mercaptans 
accompanied by catalytic amounts of alkali neither improves nor impairs the 
results as far as yields are concerned!* l9 

In analogy to oxiranes, reaction of thiiranes with aqueous 
solution of sodium hydrogen sulfite furnishes good yields of salts of fl-mercapto- 
sulfonic acida9 : 

iv. BISULFITES. 

/"\ 
R-CH-CH2 + NaHSOJ - 

v. THIOPHOSPHATES. Thiophosphates 
phates) react similarlym: 

SH 
I 

R-CH-CH2-S03Na (109) 

(specifically, dialkyldithiophos- 

CH2--kH2 + (R0)ZPSSH - (RO)ZPSS-CH~-CH~-SH (1 10) 
50% 

R = CH,, C,H,, nC,H,, i-C,H,, i-C,H, 

In the presence of NaOH, higher adducts are formed. 

vi. XANTHATES. In analogy to the formation of trithiocarbonates from 
metallic xanthates and oxiranes:vr)' it is assumed that the formation of cyclic 
trithiocarbonate in the reaction of carbon disulfide with thiiranes in the presence 
of alkali hydroxide in methanolic solution, involves addition of the resultant 
xanthate ion, followed by the elimination of an alkoxide ion6i42i257: 
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S 
II 

S 
I I I 
C- - -C-C- + RO- 

I - -c- 
I I I 1 

Such an example is the conversion of cyclohexene sulfide to the corresponding 
trithiocarbonate’ : 

171 

There are claims for the formation of similar trithiocarbonates from thiiranes 
and carbon disulfide under drastic conditions in the presence of a catalyst but with- 

c. REACTIONS WITH MINES 

out alkali.= 

The reaction products of thiiranes with primary or secondary amines are the 
corresponding 2-aminoethanethiols 172 : 

S 
I I  

\ I I  
‘ ’ ‘C’ --+ RIRzN-C-C-SH (1 13) RlR2NH-k ,C- 

172 

First described by Reppe and co-workers, this reaction has found wide use in 
synthesis since it has become the most general route to 172. The two principal 
side reactions encountered are further alkylation of the thiol (Eq. 114) and bis- 
alkylation of the primary amine (Eq. 115). 

’ RN(CH2 CH2 SH)2 (1 15) 
CH,-CH, A 

RNHCHZ CH2 SH 

Aqueous ammonia solution causes polymerization of th i i rane~?”~ It can there- 
fore be understood why nonpolar reaction conditions should be employed with the 
strongly basic amines if extensive polymerization is to be avoided. In general, 
monomercaptoethylation is favored by the use of a two- to threefold excess of the 



Thiiranes (Ethylene Sulfides) 423 

amine and elevated temperatures?' The conversion of a primary amine to the 
dimercaptan RN(CH2CH2SH)2 is best performed in two steps, so that the primarily 
formed mercaptoamine acts as a basic catalyst. 

Numerous aminothiols have been prepared from thiiranes and primary as well as 
secondary (aliphatic and aromatic) amines. Tables7 and 8 summarize selected 
results?5 

TABLE 7. BOILING AND MELTING POINTS AND REFRACTIVE INDICES FOR 
AMINOTHIOLS FROM THIIRANE AND ALIPHATIC OR AROMATIC 
PRIMARY AMINES 

/s\ 
RNH, + CHa-CH, - RNHCHaCHaSH 

R M.p. or b.p. ["C (mm)] nE Ref. 

C H ,  S 

C6H I 

oCH,C,H, 
mCH,C,H, 

oCH,OC,H, 
mCH,OC,H, 

Pa3C6H4 

PCH,%H, 
o-NH,C,H, 
m-NH,C,H, 
oCH,OCOC,H, 
rnCH,OCOC,H, 
&IH SOCOC6H4 

75 (63) 

57 (3) 
92 ( 5 )  
68 (19) 
82 (46) 
81 (64) (34-35)b 
81 (18) 
76 (23) 
83 (33) 
71 (28) (4143)b 
99 (7) 
97 (9) 
70 (25) 
83 (0.3) 
120 (0.6) 
84 (0.1) 
108 (2) 
111 (2) 

- 

139 (6) 

138 (12) 
132 (5) 
133 (5) 
130 (5) 
146 (5) 
163 (5) 
151 (4) 
152 (1.5) 
165 (15) 
151 (2) 
182 (3) 
185 (3) (58-58.5$' 

1.4751 

1.477w 
1.4795" 
1.4936 
1.4720 

1 A694 
1.4652 
1.4676 

1.5040 
1.4680 
1.4703 
1.4691 
1.4674 
1.5585 
1.55400 
15462" 

- 

- 

- 

1.5776'' 

1.6057 
15895 
15874 
15862 
15918 
1.5930 
15910 
1.6 320 
1.6483 
1.6019 
15936 
- 

294,295 
294 
296 
18,296 
294 
294,295 
294 
294,295,297 
294 
294 
294 
47,294 
18,294 
22 
294 
294 
18,294 
47 
47 

47 

18,22,47,287,293,298 
47,298 
47 
47,298 
47,298 
47 
47,298 
47 
47 
299 
299 
299 

pC1C6H4 130 (15) 1.6132 299 
'' Measured at 20". 

Melting point. 



TABLE 8. BOILlNG POINTS AND REFRAC"E INDICES FOR AMINOTHIOLS FROM 
THIIRANES AND SECONDARY AMINES 

2\ 
R,R,NH + CH*-CH, - R,R,NCH,CH,SH 

B.p. ["C (mm)] flg Ref. 

CN 
O Z N -  

CH,N"N- n 

-N>- 

D- 

58-59 (63) 
85 (56) 
77 (10) 
73 (13) 
66 (0.7) 
91 (10) 
93 (8) 
91 (0.8) 
85 (1) 

127 (2) 
146 (2) 
90 (17) 

79 (10) 

92 (10) 

95 (10) 

96 (0.03) 

78 (0.9) 
[ 196-198 (2)j4 

81 (22) 

R,R,NH + 

1 A630 
1 A636 
1.4614 
1.4686 
1.4620 
1.4572 
1.4723 
1.4629 
1.4600 
1.4660 
1.4658 
1.4895 

1 A991 

l J 0 2 l  

1 SO40 

- 

1.4977 
1 .5760b 

1.5004b 

43.47 
18,47,294,295,300 
47,294 
47,294 
22,47,294,295 
47.294 
47 
22,47 
18,47 
22 
22 
18,47 

22,294,2% 

18,294,296 

294 

294 

294 
47 

296,298 

Piperidino- 97-99 (1) 1.5190 22,301 

CH, 
I 

175 (16) - 6 CIHsN- 
S SH 

CH3\ / \  I /CH3 
R,RINH + ,C-CH, - R,R,NCH,C\ 

C H 3  CH, 

424 
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TABLE a CONTINUED 

Rl R, 

83-86 (2) 
138 (3) 

a9 (2) 
85-90 (2) 

94 (52) 

83-86 (2) 
126 (25) 

a1 (65) 
47 (2.5) 
51-53 (2) 
74-76 (25) 

127-131b 

1.4630 

1.4597 

1.4653 
1.4677 

- 

1.4748 

1 .4aa6 
1.4840 

1.4894 
1.4782 

22,301 
22,301 
22,301 
22,301 
22,301 
22,301 

301 

22,301 
22,301 
22,301 
22,301 
22,301 

SH 
/"\ I 

R,R,NH + R,-CH-CH, - R,R,NCH,CR, 

In the monomercaptoethylation of the weakly basic aromatic mines, the 
reaction is slow and is often facilitated by the use of ionizing solvents and by 

The presence of electrondonating substituents such as methyl or 
methoxy in the ortho or para positions of the primary arylamines does not affect 
the course of this reaction.m8 More drastic conditions (prolonged heating), how- 
ever, are required for mercaptoakylation of the more weakly basic substituted 
anilines such as esters of ortho-, meta-, and paracarboxyanilines?w 

The rates of reaction of rnethylthiirane and methyloxirane with aniline showed 
the former to be less reactive than the latter and to have the higher activation 
energy (E, = 14.64 kcal/mole, vs. 7.10kcal/mole for the methyloxirane).3m 

The attack of the aniline was shown to take place primarily on the primary 
carbon atom of either the thiirane or the oxirane rings, as would be expected for 
steric reasons. The oxirane ring is more susceptible to cleavage than is the thiirane 
because of the greater polarization of the C-O bond than of the C-S bond.= 

Several groups studied the reaction of equimolar quantities of secondary and 
primary mines with thiiranes at elevated The reaction rate was 
found to drop not only with decreasing basicity, but also in the case of steric 
hindrance, provided the higher degree of branching (or the bulky group) is near the 
site of reaction, that is, on the carbon alpha to the amino nitrogen. Thus, for 
example, the strongly basic but sterically hindered dicyclohexylamine does not 
form an adduct with thiirane at 100". The data given in Table9 provide some 
insight into the steric effects encountered in mercaptoalkylation of aliphatic 
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TABLE9. STERIC EFFECTS OF USING THIIRANES IN THE 
MERCAPTOALKYLATION OF ALIPHATIC M I N E S ’ ’  

/\ 
R,NH + C H r C H ,  __* R,NCH,CH,SH 

R,NH Yield (%) R,NH Yield (%) 

nC,H,NH, 75 (nC,H,),NH 2 9 . 4  
isoC,H,NH, 77 (iso€,H,), NH 2 4 . 3  
nC,H,NH, 66 (nC,H9)2W 2 9 . 7  
isOC,H,NH, 72 (isoC,H,),NH 6.3 

terCC,H,NH, 6 4  
sec€,H,NH, 6 8  (sect, H , NH 7 

amines with thiiranes. The lack of a definite trend in the recorded yields, even 
with the comparatively hindered ferf-butylamine, indicates that indeed there is no 
pronounced steric effect unless the steric hindrance is close enough to the reacting 
site, as observed with both diisopropylamine and di-sec-butylamine. 
Most of the studies on mercaptoalkylation of amines involved, primarily, the use 

of the parent thiirane. The reaction of amines with other thiiranes has received less 
attention, and any generalizations should be drawn with care until more data are 
available. Thus, contrary to previous studies,r)’ the “normal” ring opening is 
claimed to be exclusively operativem* in the reaction of secondary mines with 
2,2dimethylthiirane: In this reaction the tertiary mercaptan is practically the only 
product obtained: 

CH3 . 

I 
CH3, /”\ I 

CH2 __+ RlR2N-CH2-C-SH (116) 

CH3 CH3 

/”- \ 
RlR2NH + 

The reactions of secondary amines with substituted thiiranes (eg., 22dimethyl- 
thiirane) appear to occur less readily than with the parent thiirane. Neither base 
nor acid catalysis accelerates the reaction or improves the yields.18*j00 In general. 
the yields of &amino mercaptans from either primary or secondary mines 
range between 50 and 80%.’8*22*3w This includes the mercaptomethylation of 
hydroxyalkyl-, alkoxyalkyl-, and f-aminoalkylamines, and primary diamines.= 
Both h@ temperatures (e.g., 100°18*304 or 80°505) and room 
were employed in these reactions. Most studies c o n f m  the “normal” ring opening 
in the addition of amines to thiiranes?2* 306 High yields of amino mercaptans (80- 
92%) have been obtained in the reaction of methoxy- and ethoxythiiranes with a 
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100% excess of piperidine or morpholine in boiling benzene” However, only 
the starting materials were recovered upon interaction of alkoxythiiranes with 
diethylamine under the same reaction conditions. The authors attributed this 
result to a renewed cleavage of the resultant diethylamino mercaptans during 
distillation. Aqueous solutions of diethylamine exclusively involve polymerization 
of the thiirane. Similarly, secondary amines (i.e., dimethylamine, piperidine, and 
morpholine) react in solution with phenylthiirane under “normal” ring opening 
to yield the corresponding amino mercaptans (in about 60% yields)? whereas only 
sulfur-free products are obtained without the use of solvents? 

The reaction of chloromethylthiirane with secondary amines in aprotic solvents 
(e.g., ethyl ether or petroleum ether) in 1 : 1 or 1 :2  molar ratios afforded mainly 
174 and a mixture of 174 and 175, respectively, meaning a “normal” ring opening. 
In no case has it been possible to isolate 173. Only polymeric material could be 
obtained when primary amines were employed instead of secondary amines in the 
foregoing study.=’ 

173 

174 175 

In lieu of preparing and handling large amounts of thiirane, ethyl-2mercapto- 
ethylcarbonate (176) has been successfully employed in the mercaptoethylation of 
primary and secondary aminesm: 

Ethylene monothiolcarbonate, 2-mercaptoethylcarbonate, and 2-hydroxyethyl- 
thiolcarbonates have also been studied for the same purp0se”B 

The 0-mercaptoethylation of cyanamide, guanylurea, and biguanide is described 
in patent specif icat i~ns.~~* as 

In conclusion, the mercaptoallcylation reaction of amines by W a n e s  obeys the 
regioselective “normal” ring-opening mechanism and needs no catalysis; moreover, 
each hydrogen atom at the nitrogen atom of the starting amine or at the sulfur in 
the resultant mercaptoalkylamine may undergo mercaptoalkylation. Side reactions, 
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primarily polymerizations, can be suppressed by using the amine in large molar 
excess and aprotic solvents of low polarity. 

d. REACTIONS WITH ACTIVE METHYLENE COMPOUNDS 

Ethyl cyanoacetate (but neither ethyl d o n a t e  nor ethyl acetoacetate) reacts 
with thiiranes in the presence of NaOCzHS in the “normal” nucleophilic ring 
opening fashion, to give ethyl 2-iminothiophane-3carboxylate (177) in low to 
moderate yields3l0 : 

177 
a. R, = R, = H (23%) 
b. R, = CH,; R, = H (30%) 
c. R, = R, = CH, (60%) 
d. R, = Ph; R, = H3a 

The yields reflect the extent of polymerization in each case. 

e. REDUCTIVE NUCLEOPHILIC RING OPENING 

The reaction of several thiiranes with lithium aluminum hydride proceeds with 
reductive ring cleavage to give thiols as their lithium mercaptides, which are isolated 
as thiols in about 75% yields. Asymmetrical thiiranes are reduced regioselectively to 
secondary t h i ~ l s ~ ’ * ~ %  with only about 0.5% of 1-propanethiol detectable by gas- 
liquid chromatography in the case of methylthiirane2’6: 

The reaction of the latter with sodium ethanethiolate also yielded exclusively the 
“normal” product ?% 

The yields of mercaptans amounted to 20% for he~ylthiirane~’ and 7 5 4 5 %  for 
a number of alkoxymethylthiiranes.~‘ The reduction of cyclohexene sulfide41’ 
and carbohydrate thiirane~‘~ with LiAIh was also reported. By-products obtained 
in the latter reactions are solid polymers and sulfur-containing compounds but not 

The reductive cleavage of L-2,3dimethylthiirane with lithium aluminum 
H ~ s ? ~  

deuteride has been demonstrated to proceed with inversion of configuration44s m: 
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CH3 H D 

S’ CH3 ‘SH 
178 

The resistance to  reductive ring cleavage of some steroidal thiiranes at ambient 
temperatures makes it possible to reduce the carboxylic function to the correspond- 
ing alcohols without affecting ring cleavage?. 25s 

Reductive desulfurizations of thiiranes with LiAl& already have been dis- 
cussed.ns 142. 255 Reductive desulfurization may also be accomplished by Raney 
nickel in ethanol.“2i 281 

f. CATALYZED RING OPENING WITH ACETATES 

Addition reactions of acetate esters to thiiranes with the concomitant catalyzed 
opening of the threemembered ring were recently reported. 

Thus, a mixture of phenyl acetate and thiirane gave, in the presence of catalytic 
amounts of DBU, a very low yield of the addition product 179.’12 Additionof ethyl 
acetate to a solution of the bisthiirane 180 in the presence of Hg(OAc)? afforded 
the tetraacetate 181:” 

179 
a 

AcS 

AcO 
CH ,CO,C,H, + S:: 

180 181 

The scope and potential of this reaction are yet to be explored. 

G. Oxidation 

Although many attempts to oxidize thiiranes to  the correspon ing sulfoxides 
and/or sulfones failed because of ring opening” 6i2s* (e.g., Eqs. 124= and 12577), 
it is possible to  convert thiiranes to their sulfoxides by using H202 in the presence 
of catalytic amounts of V20s?14 By this means even sensitive thiirane oxides such 
as 182a have been prepared. 

OH 
I 

CH3CHCH2SO3H f HzSO4 (124) 
CHjCH A -CH2 Ha02 ~ 

S 

CG>CHz HOjSCHzCOzH + H03SCH2CH2SCH2CO2H 

(125) 
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0 

a. R = CH,OH 

Hydrogen peroxide reacts vigorously with thiiranefl ’15 whereas sulfuric acid, 
dilute or concentrated, appears to have only polymerizing influence: as is the case 
with either perbenzoic acid or dibenzoyl peroxide?” However, 2,3dipheny1,2,3- 
dibenzoylthiirane (dibenzoylstilbene sulfide) has been oxidized to the correspond- 
ing sulfoxide or sulfone depending on the amount of hydrogen peroxide used?’@ 
Oxidation of l-vinylthiirane with the Same reagent proceeds with rearrangement 
to the dihydrothiophene-laide?’6b The thiirane 183 has been oxidized to the 
corresponding sulfoxide with peracetic acid as described in a patent?l7’ and 
2methylthiirane has been oxidized with perbenzoic acid in the cold to the trans- 
2 methylthiirane-laxide sterospe~ifically.”~~ 

CI 

CI 
183 

Both cis- and trans-2,3dit-butylthiiranes have been recently oxidized to  the 
corresponding sulfoxides in 8046% yield by using a single equivalent of mchloro- 
perbenzoic acid?39 It appears, therefore, that either overcrowding at the two 
carbons of the thiirane ring or substitution of these carbons with bulky groups 
stabilizes the ring against cleavage by ordinary peroxyaxidizing agents. More 
definite conclusions in this respect must await a systematic study on the oxidation 
of thiiranes with various peroxides. 

H. The Photochemistry of Thiiranes 

An excellent essence-type review by A. Padwa’17 summarizes the state of the art 
in the photochemistry of thiiranes as of 1972. It turns out that the ease with which 
thiiranes undergo photochemical extrusion of suggests that in certain 
cases this may be the method of choice for desulfurization to obtain the corre- 
sponding olefm from the three-membered ring. 

The minor amounts (CQ. 1Wo) of hydrogen sulfide and acetylene that are also 
formed are considered to  arise by a molecular cleavage of the excited singlet state 
of the thiirane. A proposed mechanism for the formation of ethylene by derivation 
from the excited triplet state is shown in Eq. 127.%’ 
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*1 

/\ 
H2C- CH2 --% [Hs-CHJ - H2S + H ( X H  (127) 

Photolysis of thiirane in the presence of ethylene or propylene results in a low 
yield of tetrahydrothiophene and a fairly good yield of l-pentene, respectively. In 
the presence of cis-butene, direct or benzophenonesensitized photolysis yielded 
the corresponding cis- and tran~2,3dimethylthianes by losing ethylene apparently 
from intermediate 185322: 

185 

a. R, = R, = Me; R, = R, = H 
b. R, = R, = Me; R, = R, = H 

These results as well as the stereospecificity of the addition of triplet S(jP)  
atoms to olefins were explained3= in terms of the unusual properties of thiadi- 
methylene radical 184, that is, its long lifetime and particularly slow rate of rotation 
about the C-C bond. 
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- Scp)+ Cil,=CH, ---.. A s s  184 -.-. 
( 129) 

Ultraviolet irradiation of methylthiirane results in a major fomiation of polymeric 
resin and small quantities of alkyl dis~lfide’~: 

’ (CH2=CHCHZS-)z 
+ couple 

CH2=CH-CH2S* 

Similar results were obtained with tetrafluorothiirane in the presence of trace 

In analogy to the vinylcyclopropane-cyclopentene isomerization,326 the photoly- 
quantities of bis(trifluoromethyl)disulfide.nS 

sis of vinylthiacyclopropane (186) has been shown to yield t h i ~ p h e n e j ~ ~ :  

V-H HnH s H- (-2H) 
186 (130) 

Interestingly, photolysis of tetra(trifluoromethy1)thiophene gave a thiirane by 
2s + 2s cycloaddition.n@ 

Photodesulfurization of 2Jdiphenylthiirane afforded ~henanthrene’~’ through 
the initially formed cis-stilbene, whereas cis-2Jdibenzoylthiirane gave cis- and trans- 
dibenzoylstilbene accompanied by the corresponding fmns isomer of the starting 
material (Eq. 131). It was shownm that the latter desulfurization is almost totally 
stereoselective, since the transdibenzoylstilbene is the primaty reaction product. 

R, = R, = H 
R, = R, = Ph 

187 

I 
R , = R , = P h  
R, = R, = COPh 
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The desulfurization reaction is explained by assuming a cleavage of the C-S 
bond of the thiirane ring, followed by a loss of atomic sulfur. The driving force can 
be attributed to the tendency of the excited n-n* state to eliminate a-substituents 
as oddelectron species. The activation energy for sulfur extrusion is estimated to be 
between 30 and 40kcal/mole, and the energetics of sulfur extrusion from the 
thiodiradical intermediate to be less than the calculated upper limit of 67 kcal/mole 
because of the stabilized radical (by both the phenyl and benzoyl groups) obtained 
after the loss of sulfur?19 

The high stereoselectivity observed demands that rotational isomerization be a 
relatively efficient process vs. sulfur extrusion. Furthermore, the diradical formed 
must possess a relatively long lifetime for efficient loss of sulfur to occur. It was 
c o n c l ~ d e d ’ ~  that the van der Waals repulsive forces between the cisariented bulky 
groups is the decisive factor for the stereoselectivity observed in the desulfurization 
above. 

A variation of product distribution as a function of wavelength in the photolysis 
of 4,4,6,6-tetramethyl-l-thiaspiro[2,3]hexane-5one (188)’29 implies a reaction 
from two electronic states. The fact that the loss of sulfur is the major process at 
2537 A indicates that energy transfer from the n-u* state to the n-n* state is 
inefficient and that scission of the C-S bond is a rapid process. 

\ /  

2537 A 
CH,OH \ 

/ 
188 

189 

Finally, thiiranes have been suggested as photointermediates in several cases?” 
These intermediates may be desulfurized either by further irradiation or with the 
aid of an appropriate desulfurization agent. 

I. Miscellaneous Reactions 

The reaction of thiiranes with different reagents has been attempted with vary- 
ing success. Some of these reactions are given below. Their scope and potential are 
still to be explored. 

a. WITH DIPHENYLKETENE 

The reaction of diphenylketene with phenylthiirane with (or without) the 
addition of LiCl as a catalyst results in the isolation of 2,3,3-triphenyly-thiolactone 
(190) as the main product, accompanied by a small amount (2-3%) of 2,2,3- 
triphenylc yclobutanone-1 331 
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e-0 
I 

"27 - - PhCH 

20% 

190 

Interestingly, in the reactions of diphenylketene with chloromethylthiirane, 
ethoxymethylthiirane, or the parent thiirane, a ythiolactone was not isolated; 
rather, only polymeric materials were produced. 

b. WITH ISOTHIOCYANATES AND ISOCYANIDES 

The reaction of alkylisothiocyanates with thiiranes is another example of 
[2 + 31 cycloaddition of the latter with heterocumulenes?J2 However, here the 
threemembered ring of the thiirane cycloadds to the terminal carbon-sulfur 
double bond, whereas in the case of diphenylketene the addition to the central 
carboncarbon double bond predominates. The yields of the iminodithiolanes 
191 obtained are good. 

191 

R = alkyl 

5,6-Dihydro4lf-l,3-thiazines are obtained from ametallated isocyanides and 
thiiranes?=' 

c. WITH SELENIUM YLJDS 

Dialkylselenonium cyano(methoxycarbony1)methylides (e.g., 192), react 
catalytically in chloroform at room temperature with aliphatic thiiranes to give 
mainly the reduced selenides and dicyanofumarate, accompanied by minor amounts 
of olefins and elemental sulfur, according to the mechanism depicted in Eq. 1 3 5 r 3  
Cyclohexene episulfide, phenylthiirane, and 2,3dimethylthiirane gave results 
comparable to that obtained with the parent thiirane?j3 No reaction took place 
with 2,3diphenylthiirane, probably because of steric hindrance. 
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R?Se=C + CH2- CH2 - R26-C-CH2CH2-S- (135) 

CN 
I 

I 
COIMe 

\ 
COIMe 

192 
R = PhCH, or Me 

+ 192 I 
-R,Se 

IS\ 
+ CH2- CH2 

major Meo2c\ 7 
R2Se + c=c 

minor / \C02Me 

Me02C C02Me 

+ CHpCH2 
\ /  

\ /cN 
MQC 

R 

/ec\cN 
\A\ /CN - R2Se+ 

-s, 
CN 

Se 

d. WITH COMPLEXED DIALKYLGERMYLENES 

Complexed dialkylgermylenes R2GeNR3 or R2CePy react with thiirane and lead 
to germathione via germathiacyclobutane. Germadithiolane (193), which is finally 
obtained, arises from condensation of germathione with another molecule of 
thiirane- : 

[ Et2Ge$] (136) 
Et2Ge.NEt3 + - 
- Et,GeTS + CH,=CH, 

193 
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J. Chemistry of cb- and tram-2.3-Di-tert-Butylthiiranes 

Interest in the chemistry of the two specially substituted thiiranes 194 and 195 
has several sources: (a) the welldocumented stabilizing effect imparted to sensitive 
three-membered rings by the bulky ferf-butyl s u b ~ t i t u e n t s ~ ~  (b) the steric hin- 
drance associated with the rerr-butyl group?% and (c) the strain introduced in 
many a,Pdi-ferr-butyl-substituted molecules because of the steric crowding that is 
inv~lved?~' Furthermore, the cis orientation of ferf-butyl groups in 1943s appears 
to be unique among three-membered rings. 

Oxidation of both cis- and fruns-2,3di-terr-butyl thiiranes (i.e., 194 and 195) 
with one equivalent of rnchloroperbenzoic acid affords the coresponding thiirane 
oxides3*: 

It is easier to obtain 196 from 194 than 197 from 195 primarily because of the 
thermal instability of the fruns oxide 197, from which the elements of sulfur 
monoxide are eliminated if heated above SO". Under no circumstances using various 
oxidation reagents could the sulfoxides be oxidized further to the corresponding 
Sdioxides: The cis isomer remained essentially intact (steric hindrance?) while both 
195 and 197 were consumed with excess oxidizing agent, but no stable products 
could be isolated.* 

Reactions of 194 with chlorine and t-butyl hypochlorite gave the open products 
198 and 199, respectively, most probably through a chlorosulfonium inter- 
mediateJs. 

Again, the trans isomer (i.e., 195) was not attacked appreciably by t-butyl 
hypochlorite even on prolonged standing. 

A crystallized moisture-sensitive sulfonium salt (e.g., 200) can be isolated by 
the treatment of 194 with methylfluorosulfonate. 

Higher temperatures were required to cause reaction between the frm isomer 
(i.e., 195) and methylfluorosulfonate. However, no characterizable products were 
isolated:* apparently because the derived salt was not stable at the higher tem- 
peratures used. Finally, neither 194 nor 195 could be forced to react with either 
p-toluenesulfonyl a ide  or dry hydrogen chloride to give the corresponding 
p-toluenesulfonyl sulfmimides or the achlorothiols, respectively. Attempts to 
prepare a complex from 194 and iron pentacarbonyl or diiron nonacarbonyl also 
failed. However, protonation - which is a reaction with minimal steric require- 
ments - did succeed quite well: both 194 and 195 could be completely protonated 
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194 194 

/ 
J 1 

when added slowly to  a solution of fluorosulfonic acid at - 60'. AIl the evidence 
points to the closed-ring ions 201a and 201b as the most logical  structure^^^': 

y 

Consideration of the results given above leads to the conclusion that in spite of 
the demonstrated protecting effect of the tert-butyl groups that prevent the three- 
membered thiirane from being attacked by external reagents, steric hindrance is a 
poor means for bringing about significant structural modifications. Nevertheless, 
in view of the relative inertness of diphenylthiirane oxides to various reagentsw 
vs. the reactivity of acyclic analogs (or closely related compounds) toward the Same 
reagents, one tends to  conclude that stereoelectronic effects should be considered 



438 Three-Membered Rings Containing Sulfur 

and tested through appropriate refined systems and measurements in both hindered 
and unhindered thiiranes as well as in their oxidized and/or unsaturated analogs. 

4. uses 

The greatest use of thiiranes is as chemical intermediates in organic synthesis in 
the laboratory and in industry. It is their high reactivity that makes them valuable 
materials for the manufacture of other sulfurcontainingmaterialsor for the finishing 
of neutral synthetic polymers. 

Potential applications of thiiranes have already been indicated in connection 
with the various chemical reactions they undergo. Mercapto compounds and 
olefins (via desulfurization) appear to be the required end products in most cases. 

Following are a few selected cases in which reaction with thiiranes furnishes 
unidentified products of commercial interest: fabric and wool can be treated with 
thiirane to impart ~nshrinkability'~* %'; the quality of various lubricant additives 
can be modified by treatment with thiiranew; the reaction products of cyanamide, 
guanylurea, and biguanide can be used as insecticides, vulcanization accelerators, 
plasticizers, or for the production of resinsm3**; copolymers of thiiranes are 
recommended as additives to lubricating oils, greases, or cutting oilsm; copolymers 
from thiirane and methylthiirane are of potential interest as elastomersns; and 
polymers of fluorinated thiiranes serve as coatings and for water-repellent 
impregnati~n."~ 

A variety of thiiranes have antituberculosis activity?2* 71*386 Several thiiranes 
were reported to be useful as insecticides, fungicides, and nematocides?" 

Thiiranes derived from unsaturated fatty acids and esters are reported to be used 
in cosmetic preparations and as lubricants?' Several thiiranes have been used to 
modify the properties of synthetic polymeric The grafting of 
cellulose was also in~es t iga ted .~~ Fluorinated thiiranes may be used as refrigerants 
or as fire extinguishing  agent^."^ 

The patent literature contains many suggestions for the direct use of thiiranes 
and for the treatment of polymers with thiiranes to achieve various desired 
properties and/or modifications; however, it is beyond the scope of this chapter 
to mention or discuss all the applications and the practical potentials of those 
products. 
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IV. THIIRANIUM SALTS (EPISULFONIUM IONS) 

Thiiranium salts comprise a class of charged, sulfurcontaining, three-membered 
rings (1) that can be approached from two perspectives. The first, apparently the 
“historical“ approach, envisions thiiranium ions as important, highly reactive 
chemical intermediate species along the reaction coordinate (a) in the addition of 
sulfenyl halides and closely related sulfur compounds to carbon-carbon double 
bonds;’ (b) in the electrophilic ring opening in thiiranes initiated by the attack of 
the electrophile on the sulfur atom of the ring (i.e., sulfur protonation, alkylation, 
arylation, acetylation, etc.)? and (c) in the neighbor-assisted solvolysis of &substi- 
tuted leaving groups in sulfides? All these processes are depicted in Eqs. 1. 

\ /  
Rsx+ c=c, 

S 
\ / \ /  

C + R*X-- 7-  \ 

R 
I 
S 

\ /+\ / c-c, 
/ 

- 

The alternative approach reflects an interest in thiiranium salts per se - that is 
as chemical entities in their own right. This approach envisions thiiranium salts as 
intriguing systems that constitute a real challenge to the chemist: synthetically, 
with respect to the preparation and isolation of stable examples, and chemically, 
by and large with respect to the thorough study of their unique properties. 

Understandably, there is no distinct difference between the two approaches. 
Rather, by emphasizing different aspects in the chemistry of the same system, they 
complement each other. Among the many factors that determine the state of the 
art in this area, two appear to dominate. The first, which has sewed to promote 
investigations in this field, is associated with the popularization of the cyclic 
“onium ion” advanced for electrophilic additions (AdE reactions) to carboncarbon 
double bonds! ‘Ihis mechanism continues to serve as a very convenient phenome- 
nological basis for the understanding of the stereochemical course of many 
reactions. Indeed, thiiranium (episulfonium) salts have long been invoked as inter- 
mediates in organic reactions of various types (Eqs. l), although until relatively 
recently there has been no evidence that they might be isolable.’ Furthermore, 
even at present, as it was 30 years ago, the thiiranium ion mechanism is universally 
used for the discussion of the addition reaction of sulfenyl chlorides to olefins.6*‘ 
The second factor, on the other hand, which served as an inhibitor in the field 
and apparently had a deterring effect on synthetic attempts, was the (justified!) 
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concept of high susceptibility of this type of compound to interception by 
nucleophiles. However, extensive investigations on analogous heterocyclic systems 
(e.g., quaternary aziridinium salts') contributed to  the renewal of interest in small 
cationic sulfurcontaining rings? 

The first physical evidence for the existence of a stable thiiranium salt was 
provided more than two decades ago by Goodman and co-workers,lo who based 
their claim for the structure of cyc1opentene-S-acetyl-thiiranium p-toluenesulfonate 
(2) on both starting materials and spectral data. Historically speaking, however, 
an earlier report" was the first to suggest the formation of the thiiranium salt by 
methylation of a terpene thiirane. 

2 3 

Later, the preparation and characterization of the stable ciscyc1ooctene-S- 
alkylthiiranium 2,4,6-trinitrobenzenesulfonates (3) were achieved," followed by 
other  example^.^ 

In many cases, product instability prevented isolation of materials other than 
dimeric or polymeric species under the given conditions? However, several rela- 
tively stable thiiranium ions have been recently 

The classical mechanistic description of the AdE reaction of sulfenyl halides to 
alkenes suggests rare-determining formation of thiiranium ion 1, which undergoes 
a nucleophilic opening by halide anion at the second step (Eq. lb). It follows, 
therefore, that if the halide is replaced in the sulfenyl compound by an anion with 
very low nucleophilicity, the thiiranium intermediate may be isolated. This was, in 
fact, the approach taken initially in the attempted preparations of thiiranium salts:9 

c w l ,  
Ag'ArSO; + RSBr - RSOSOzAr + AgBr (2) 

4 

R = methyl, ethyl, propyt, butyl, t-butyl 
Ar = 2,4,6-trinitrophenyl 

Substitution with bulky groups on the alkene to stabilize the thiiranium salt was 
attempted later" (see below). 

The uniformity and simplicity of the steric course of the addition of sulfenyl 
halides to alkenes are supposed to constitute convincing evidence in favor of the 
accepted "thiiranium ion" mechanism, whereas alternative suggestions about the 
involvement of bridged species such as covalent o-sulfurane (5) have never attracted 
serious attention .'j 

A recent critical analysis6 of existing experimental data delineates the "myth" 
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X = halogen 

and the reality concerning thiiranium ions (Table 1) and points out serious dis- 
crepancies between the regularities of RSCl AdE reactions with olefms and generally 
held views about the reactivity patterns of cationoid intermediates. Regardless of 
the correct mechanism of the reaction above, the isolation and characterization of 
several distinct thiiranium salts as well as the study of their chemistry undoubtedly 
make the latter into a respectable challenging class of compounds within the broad 
“family” of three-membered rings containing sulfur. 

1. Methods of Reparation 

Several methods are available for the preparation of thiiranium salts: (a) synthesis 
by direct addition, (b)  synthesis by alkylation, arylation, or protonation, and (c) 
synthesis by ring closure. All these three methods are illustrated in Eqs. 3. It 
appears, however, that only the first two are of general ~ t i l i t y , 6 * ~ * ’ ~ - ’ ~  whereas the 
successful use of the method represented by Eq. 3c was reported only for the 
preparation of S-methylthiiranium salts from cis-di-ferf-butylethylhylene‘6 and for the 
series of S-alkylthiiranium salts from cyclooctene?* l’ 

TABLEI. SUPPOSED AND ACTUAL CHARACTERISTICS OF 
THIIRANIUM IONS‘ 

Myth Reality 

1. Are weak electrophiles 1. Are active electrophiles of the 
having most of the positive 
charge on the sulfur 

2. Do not undergo skeletal 
rearrangements rearrangements 

3. Should be regarded as 
“strongly bridged” species 
concerning stereochemical specific reactivity 
consequences of nucleophilic 
attack 

adducts as kinetically 
controlled products nucleophiles 

5 .  Are the intermediates in the 
addition reactions of Rscl to 
olefms under typical 
conditions accepted conditions6 

bridged carbenium ion type 

2. Are able to undergo skeletal 

3. Are bridged species capable of 
interconversion and nonsterea- 

4. Givs unri-Markovnikov 4. Give preferentially Markovnikov 
adducts in reacting with 

5 .  Are, most probably, not involved 
in the addition of RSCl to 
olefm under the usually 
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Stable or quasi-stable thiiranium ions were alleged to be formed or have been 
invoked as reaction intermediates in numerous reactions." However, in view of the 
difference in the interpretation of the available experimental data between the 
groups of Helmkamp" and Smit6 - leading, eventually, to  different conclusions 
concerning the real nature of thiiranium ions - a critical reexamination of all the 
claims about thiiranium intermediacy would be appropriate. Some of the most 
important relevant aspects are dealt with later (Section IV, 3: Chemical Properties 
and Reactivity). 

The essential feature of all the procedures that lead to the isolation of relatively 
stable thiiranium salts is the use of nonnucleophilic counterions such as BF;, 
BF,, SbF,, SbCl,, TNBS-, and FSO;. The formation of the desired salts proceeds 
quite smoothly in such ordinary organic solvents as CCb, CH2C12, C2H4C12, 
CHJCH, and CH3NOz. In general, the thiiranium salts prepared were found to  be 
unstable at elevated temperatures, and only in rare cases were they isolated as pure 
 substance^.'^^^^*^^ The stability of the solutions of thiiranium salts (evaluated by 
nmr data and/or by the yields of quenching adducts) vanes from several hours at 
- 70' up to several days at ambient and even weeks at - 10" 
(and with the exclusion of moisture) in certain cases.13 

A. Synthesis by Direct Addition to  Alkenes 

Stable thiiranium salts of the alkyl series can be prepared and isolated in 
moderate to high yield (60-70%) from the reaction of alkanesulfenyl 2,4,6- 
trinitrobenzenesulfonates with cyclooctene (see Table 1, Section 111, 1, A). 
One crystallization from warm nitromethaneether or acetone-ether gave pure 
products. l2 

The products above are solids, having a sharp melting point, and their structures 
are supported by physical and chemical properties as well as spectroscopic data 
(e.g., ir).12 Reaction with 6 of other alkenes (e.g., cyclohexene) led to dimeric or 
polymeric species only, primarily because of the instability of the initial  product^.'^ 

The preparation of stable thiiranium salts by direct addition to alkenes was 
successfully applied in the synthesis of the hindered 23-di-?err-butyl thiiranium 
salt 8.16 
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a. R = C H ,  
b. R = C &  
c. R = n C &  
4. R=nC,H,  

CH, 
' CF, SO; "& + MeO,SCF, - H A  ( 5 )  

t-Bu I-Bu ~ - B u  I-Bu 
8 

As previously (e.g., 7), the nonnucleophilicity of the anion F,CSO, undoubtedly 
contributes to the relative stability of the three-membered ring product. The 
hindrance induced by the two bulky ferf-butyl groups at the ring carbon atoms 
appears to be another decisive factor with respect to the stability of thiiranium (as 
well as thiirenium) salts. Indeed, this is a well-established effect that already has 
been mentioned (see Section V, 3, J) and is also applicable to  the synthesis of 
stable thiiranium salts via ring closure (see Section 111, 1, C). 

A somewhat different approach to the synthesis of thiiranium ions is the use of 
the alkylthiolating properties of methyl(bismethy1thio)sulfonium hexachloro- 
antimonate (i.e., 10). Thus, the thiiranium hexachloroantimonates 1 la-1 lc have 
been obtained in high yields (85-9096) by addition of the appropriate alkenes 
(9a-9c) to a solution of 10 in methylene chloride at 0" or in sulfur dioxide at 
- 6Oo.l3 

a. R, = R, = R, = R, = Me 
b. R, = R, = Et; R, = R, = H 
C. R,R' = -(CHJ6-; R, = R, = H 

1 la- I Ic 

Compounds lla-llc can be obtained in pure form using ordinary methods of 
work-up. They are stable for weeks at - 10". However, some decomposition does 
occur when they are left for hours at room temperature without exclusion of 
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m~isture. '~ An attempt to isolate other members of these sulfur-methylated 
thiiranium salts in a pure form was unsu~cessful.~~ 

Cationoid reagents of the type RS*Y- (Y = BF4 or SbF6) generated in situ by 
the reaction of Rs-Hal with the corresponding silver salts proved to be generally 
useful in preparing stable solutions of thiiranium salts 12a-12c and 13a-13d.6.'5qa0 

12 

a. R, = H; R, = CH, 
b. R,  = H; R, = C,H, 
c. R,  = CH,; R, = CH, 

k, Y' 
13 

a. R, = R, = R, = H; R, = C,H,; R, = CH,; Y = BF, 

c. R, = R, = CH,; R, = R, = H; R, = CH,; Y = SbF, 
d. R, = R, =CH,;R, = R ,  =H;R,  =CH,;Y =SbF,  
e. R,  = R, = H; R, = R, = CH,; R, = CJ,Cl-p; Y = SbF, 

b. R, = R, = R, = H; R, = f-Bu; R, =C6H,; Y = BF, 

f. R,  = R, = H; R, = R, = CH,; R, = C,H,Cl-p; Y = SbF, 

The ions above have been claimed to be stable for at least several hours at 
- 30" in the nonnucleophilic solvents CH2C12, C2H4C12, SO2, and CH3N02. They 
were not isolated, however, and their structure and properties were deduced 
mainly on the basis of their mode of reaction with nucleophiles to afford the 
correspondingp-substituted thioethers as the major products6*" (see Section IV, 3). 

B. Synthesis by Sulfur Alkylation 

In principle, thiiranium salt preparation by way of sulfur alkylation includes the 
arylation, acetylation, and protonation of thiiranes as well. 

Nevertheless, the stability of the thiiranium ion thus obtained in a nonreacting 
solvent (i.e., of particularly low nucleophilicity) is intimately related to the nature 
of the incipient anion that is formed. 

The effective desulfurization of thiiranes by methyl iodide has been known for 
many years and has been previously discussed (Section III,3,  D, e). The substitution 
of methyl bromide for methyl iodide produced 15, which could have been formed 
via the intermediacy of thiiranium salt 14.9 
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r 1 

15 

If (a) the alkylation of the thiirane is very rapid (to avoid dimerization- 
polymerization by the reaction of the remaining unreacted thiirane with the 
thiiranium intermediate), (b) both the solvent and the incipient anion from the 
alkylating agent are unreactive toward the thiiranium ion, and (c) the starting 
thiirane represents a poor substrate for nucleophilic attack on carbon, a relatively 
stable thiiranium salt can be prepared. This set of conditions was actually found 
for the following caSe:'2.2' 

RjO*TJWS-+Q -+ c> + R,O 

16 (9) s s TNBS- A 17 

R = CH, or C,HS a. R=CH, 
b. R = C,HS TNBS = 2,4,6-trMtrobemme donate 

The products 17a and 17b display high stability in the solid state and can 
easily be purified by crystallization under mild conditions (47-67% yield). The 
trialkyloxonium reagent (16) is prepared from the corresponding fluoborate and 
TNB-sulfonic acid, or, more conveniently, from the reaction of the latter with 
diazomethane in methyl ether solvent.12*21 

Methylation of the cis-2,3-di-rerr-butylthiirane can be achieved on treatment 
with methylfluorosulfonate at about Oo.I6 The thiiranium salt 19 thus obtained 
can be isolated in crystalline form but this salt is very sensitive to moisture and 
decomposes on standing for a few hours at room temperature. Presumably, the 
methyl group in 19 is trans to the r-butyl substituents. 

18 19 
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Ambient or higher temperatures were required to cause reaction between the 
fmns isomer of 18 and the fluorosulfonate. However, no characterizable products 
were isolated, most probably because of the instability of the initially formed 
salt at these temperatures.I6 

Protonation of thiiranes to give the corresponding thiiranium ions was 
accomplished by using either FS03H-SbF6 in the case of 2-methylthiiraneZ2 or 
just fluorosulfonic acid in the cases of the cis- and frans-di-tert-butylthiiranes and 
tetramethylthiirane.16 Although the protonated products thus generated are stable 
at low temperatures (i.e., - 60' to - 70°), no attempt has been made to isolate 
them as such. Wherever structurally possible, the protonated species exist as a 
cis-mns isomeric mixture according to the pertinent nmr Equation 11 
shows a representative case.16 . 

62.68 

20 21s 21b 
80:20 

Since proton exchange in protonated sulfide is slow relative to the nmr time 
scale, the observation of the geometrical isomerism is possible. Furthermore, the 
fairly close analogy in chemical shifts with that of tmns-20 as well as quenching 
and comparison with other reference data corroborate the commonly accepted 
structure 22 as being the correct one for thiiranium salts, not the other possible 
alternatives (i.e., 23-25) given below (see Section IV, 2). 

22 23 24 25 

C .  Synthesis b y  Ring Closure 

Preparation by ring closure is a method of general utility and probably is the one 
most commonly used. The starting materials, the flhalo-sulfides, are readily avail- 
able (from olefins and sulfenyl halides), as are the silver complexes (i.e., AgBF4, 
AgPF6, A@bF6, AgSbC16) required to effect the ring formation. The general 
scheme of this route is given in Eq. 12. 

This reaction sequence and the conditions are ideally suited for neighboring 
group participation (on the part of the sulfur), provided neither the anion Y nor the 
solvent will intercept the cyclic thiiranium salt formed. The use of aprotic and 
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V 

26 

X = halogen 
Y = BF,. SKI,, etc. 

nonnucleophilic solvents (CH2C12, CH3N02, etc.) is thus imperative. Compounds 
7a-7d can be prepared by the treatment of cyclooctene with alkanesulfenyl 
bromides followed by the addition of the crude 1 -bromo-2-alkylthiocyclooctanes 
to a nitromethane solution of silver 2,4,6-trinitrobenzenesulfonate (AgTNBS);" 
addition of ether leads to salts in high yields (64-83%) and pure form. 

Several new stable thiiranium salts have been prepared recently through the ring 
closure method. Once again the extreme bulkiness of the substituents on the 
ring carbon atoms appears to be the main contributor to the stability of these 
adamantylideneadamantane-derived thiiranium salts: l4 

27 28 

a. x = c10. 
b. X = Br, 

(CH,Cl,-MeCN or 021,) 

X=C1;Br c. X = C l + C l ,  

This method (e.g., Eq. 12) was extensively used for the preparation of stable 
solutions of thiiranium salts (26a-26k)'S"9*20 in SO2, CH3N02, or CH2CI2- 
C2H4Cl2 (at - 70' to - 30") that can react in sifu with nucleophiles. 

Although the chemistry of thiiranium ions (salts) has been quite thoroughly 
investigated, only a handful of this class of compounds were actually isolated, 
purified, and fully characterized. The starting materials and the reagents used for 
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R24, R, 
R ~ R ,  

Y- i, 
26 

a. R, = CH,; R,R, = -(CH,),-; R, = R, = H; Y = BF, 

c. R, = CH,; R, = C,H,; R, = R, = R, = H; Y = BF, 

e. R,  = C,H,; R, = t-Bu; R, = R, = R, = H; Y = BF, 
f. R, = C,H,; R, = R, = CH,; R, = R, = H; Y = SbF, 
g. R, = C,H,; R, = R, = CH,; R, = R, = H; Y = SbF, 
h. (i) R, = 4CH,C,H,; (ii) 2,4,6-(CH,),C,H,; (3) 4ClC6H,; (iv) 4€F,C,H,; (v) C,F, 

R, = CH,; R, = R, = R, = H; Y = SbF, 
i. R, = 2,4,6-(CHJaC,H,; R, = R, = CH,; R, = R, = H; Y = SbF, 
j. R = 2,4-(N01)$,H,; R, = R, = CH,; R, = R, = H; Y = SbF, 

b. R,  = C,H,; R,R, = -(CH,),; R, = R, = H; Y = BF, 

d. R, = CH,; R,R, = -(CH,),-; R, = CH,; R, = H; Y = BF, 

k.  R,  = 2,4-(NO,),C,H,; R, = R, = CH,; R, = R, = H; Y = SbF, 

the preparation of these few, as well as the claimed yields obtained, are given in 
Table 2. 

2. Structure and Physical Properties 

The argument about the “real” structure of the thiiranium intermediates is as 
old as the chemistry of these species. Two main structures (29 and 30) have been 
advanced,’? and considerable effort has been devoted to  attempts to determine the 
structure based on experimental data.6*12-” In fact, only one of the proposed 
alternatives (i.e., 29) is a true three-membered ring ion, whereas the second (i.e., 
30) is a three-membered ring sulfurane, containing a tetracovalent sulfur atom. 

Q x- 

>LslcR 
29 

OP 
A 

30 

Difficulties in handling the very unstable thiiranium species have thus far pre- 
vented direct determination of bond distances, molecule geometries, atomic charge 
distribution, and so on. Rather, kinetic studies of the formation and interception of 
the presumed intermediate, as well as extensive studies of the product distribution 
derived from its nucleophilic ring opening, have been carried out in an attempt to 
elucidate the real nature of thiiranium ions (salts)!* 12-u) Relatively recently, 13C 
and ‘H nmr studies have been used for this p u r p o ~ e ? * ~ ~ ~ ’ ~ ~ ’ ~ ~  The experimental 
approach was accompanied by nonempirical calculations (to be discussed in Section 
IV, 2, A) on a number of model structures using LCAO-MO calc~lations,’’~ the 
CND0/2 method,= and the ab inirio SCF-MO approach.” 
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The accumulated experimental data6*9-20 as well as the results of theoretical 
calculations support the suggestion that both 29 and 30 represent “real” structures 
of the thiiranium ion (salt) and the balance between the two (or between them and 
another possible closely related structure) is rather delicate and should be subject 
to the effects of the medium (polar and nonpolar solvents), the nature of the 
substituents (electronic and steric effects), and the reagents ~ s e d ! * ~ * ~  At present, 
there are no direct experimental data enabling one to specify unambiguously the 
structure of the thiiranium ion! This gap in our knowledge has definite implications 
concerning the yet controversial mechanistic features of the addition reaction of 
RSX (X =halogen) to alkenes, which undoubtedly served as the main promoter 
of thiiranium chemi~try.6.~ Despite agreement that the reaction involves the 
formation of bridged intermediates (supported by their ability to form regioisomeric 
adducts on quenching with nucleophiles and their strong preference for rear-side 
nucleophilic attack), there is no agreement on their positive charge localization 
(i.e., mainly on sulfur or on carbon)! “he latter-factor determines the site of 
initial attack by nucleophiles and therefore is of crucial importance to the under- 
standing of thiiranium ion chemistry. 

A. Molecular Orbital Calculations 

Following the isolation and characterization of the first stable thiiranium salts,12 
LCAO-MO calculations were carried out on a number of m~dels’’~ to provide a 
reasonable structure for the intermediate. The structure with the most stable 
arrangement about sulfur was found to be the sulfurane 31, with a pseudo-square- 
pyramidal geometry. 

31 

This result, in conjunction with the observation (by nmr) of a new intermediate 
in the reaction of 7a with chloride ion, raises a question about the universal role of 
thiiranium salts in many reactions? It might well be (as already mentioned) that a 
tetracovalent sulfur intermediate is the product of the first elementary process and 
that three-membered thiiranium ion may or may not be involved contingent on the 
particular reaction conditions and the reagents employed. The reactivity, regio- 
selectivity and stereospecificity actually observed are a direct consequence of the 
intermediate structure. 

Calculations were carried out for the thiiranium ions derived from ethylene, 
propylene, isobutylene, and butadiene by the CND0/2 method to optimize the 
geometric parameters and investigate their electronic states.= The p-form inter- 
mediates but not sp3 or sp2, as so far supposed, were unexpectedly found to be 
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the most stable. Since it was found that the inclusion of the S dabi ta ls  in the 
calculations added a negligible contribution to the energy, the S orbitals only up to 
3p were considered. 

The cyclic form of the thiiranium ion was found to  be much more stable than 
the open form by about 50 kcal/mole. The main results of the MO calculations 
made on 32 are summarized in Table 3. 

32 

Comparable results from the energetic point of view were obtained for the 
corresponding thiiranium ions of propylene and butadiene regardless of the change 
in 8. Also, this kind of calculation showed that the difference in extension of the 
LuMOs on ethylenic carbon atoms in the intermediates has an important effect on 
the regiospecificity of the ring-opening of the thiiranium ion intermediates by 
nucleophiles. 

Nonempirical or Hartree-Fock-type LCAO-SCF-MO calculations, using two 
different basis sets, were carried out on a cyclic sulfurane (i.e., 30) and a thiiranium- 
chloride ion pair (i.e., 29) to obtain theoretical insights into the relative stabilities 
of the two possible reaction intermediates (particularly with respect to the addition 
reaction of sulfenyl chloride to an alkene).M The optimum conformations of the 
cyclic parent sulfurane (eg., 33) have been calculated too." 

33 

TABLE3. CALCULATED NET CHARGE DENSITIES AND BOND ENERGIES IN 
METHYLTHIIRANIUM ION INTERMEDIATES'' 

Total 
energy Net charge density Bond energy (a.u.) 

a a Qs Qc Qc* EPC Es-c' Ec-c 

0" (Sp') 0" -365890 + 0.021 +0.145 + 0.042 -0.349 -0575 - 1.349 
54" (Sp') 0" - 36.9221 + 0.251 + 0.086 + 0.020 -0.294 -0585 - 1.430 
90" ( p )  0" -36.9330 + 0.292 + 0.084 + 0.006 -0.288 -0.579 - 1.430 
90" 15" -36.9401 + 0.298 + 0.078 + 0.006 -0.301 -0579 - 1.416 
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It has been found that the configuration about the sulfur atom is an approximate 
trigonal bipyramid. The S-C bond occupies two of the equatorial positions, with 
the HSC angle between them being 95'40O. The third equatorial position is con- 
sidered to  be taken by the lone pair of electrons. The apical positions are occupied 
by the electronegative chloride and the second S-C bond of the ring. The C k l  
(axial) angle is 156'170, with the distortion from linearity in the direction of the 
equatorial S-C and S-H bonds and away from the lone pair. The positional differ- 
ences between the two carbon atoms are reflected in the different S-C bond 
lengths; the "apical" S-C bond length is 1.9397 A, whereas the "equatorial" S-C 
bond length is 1.8447A. The rather significant deviation from the ideal trigonal 
bipyramid structure is due mainly to the presence of the three-membered ring. 

The calculated energies% indicated that in the gas phase the covalent cyclic 
sulfurane is favored over the ionic species (?90kcal/mole more stable). This 
relative stability shows consistent improvement as the central sulfur becomes more 
heavily substituted. 

These results support the suggestion that thiiranium ions prevail in polar solvents 
but tetracovalent sulfur intermediates are favored in solvents of low polarity. This 
is in accord with the suggestion of Helmkamp" and Zefirov et al.6*25 that the 
thiiranium salt prevails in high polarity solvents that can solvate the halide ions 
well, but tight ion pairs or tetracovalent sulfur intermediates are favored in low 
polarity solvents. 

B. Nuclear Magnetic Resonance Spectroscopic Data 

Only a few nmr studies (both 'H and "C) have been performed on thiiranium 
and ~ l t s ' ~ * ' ~ * ' ~  in an attempt to elucidate the identity and the structural 

features of these species. The 'H nmr spectra of some selected thiiranium ions 
are collected in Table 4, which indicates that the available data are in accord 
with the assumed ring structure of the thiiranium ions (salts) containing pyramidal 
sulfur atoms. 

I3C nmr chemical shifts are supposedly more sensitive to the charge density at a 
carbon atom than are the 'H nmr chemical shifts. Having proved to be useful in 
understanding the structure of carbonium ions,% 13C nmr was used to probe the 
structural features of thiiranium ions, particularly with respect to  the formal 
positive charge on the sulfur atom. This should be reflected in a moderate to 
substantial deshielding of the ring carbon atoms, that is, a downfield shift in com- 
parison to  the respective "Cnmr signals of covalent thiiranes. Indeed, this was 
established for both isolable thiiranium salts and stable ions in polar solvents. Some 
selected recorded spectra are listed in Table 5 .  

A L16, of about 20-40 ppm is observed for the ring carbons compared with the 
13C nmr signals of the ring carbons in thiiranes. Another pattern is apparent: the 
bulkier the substituents on the ring carbon atoms, the greater is the chemical shift 
of these atoms. Whether this effect is primarily electronic or steric is still to be 
investigated. Correlation between the chemical shift of the ring carbons and the 
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relative electronegativity of the sulfur substituents, however, does not appear to 
exist. The existing nmr data do not contradict the suggestion of the comparatively 
low localization of positive charge on the ring carbon atoms, meaning a positively 
charged sulfur atom. The latter view is supported by kinetic studies on the relative 
rates of thiiranium ion f0rmation.2~ The data obtained have been interpreted in 
terms of transition states in which the positive charge resides essentially on sulfur, 
and consequently alkyl substituents about the double bond (of the “mother” 
olefin used to generate the thiiranium ion) contribute relatively little toward 
delocalization of the positive charge. The observed reactivities reflect opposing 
steric and electronic factors.?’ 

C .  Infrared Spectroscopic Data 

The relative stability of the thiiranium ion ring systems on the one hand, and the 
sparse information expected to be gained from the study of their ir spectra, are 
responsible for the lack of relevant ir data. Indeed, the retention of the three- 
membered ring of a thiiranium salt is claimed in only one case,12 based on the 
presence of a weak ir band at 3010cm-’, characteristic of the C-H stretching 
frequency in that system. Any other available ir data refer to attached functional 
groups (in the substituents and counterions) but not to the ring system per se. 

D. Physical Properties 

Since only very few thiiranium salts are stable enough to be purified, isolated, 
and fully characterized, very few physical parameters of this system have been 
determined experimentally thus far. Thiiranium salts that have been isolated, are low 
melting solids, thermally unstable and very sensitive to moisture and nucleophiles. 
Table 6 gives characteristic melting points and nmr data. 

3. Chemical Roperties and Reactivity 

Depending on structure and conditions, thiiranium salts can undergo three 
principal reactions: (a) ring opening with a nucleophde by SN2 substitution or E2 
elimination, provided the latter reaction is structurally possible and the nucleophile 
is sufficiently basic,l4 (b) attack at the positively charged s u l f ~ r ’ ~ * ~ ’  leading to  
either sulfenyl compounds9 or to ultimate desulfurization with retention of con- 
figuration of the starting alkene,14 and (c) dealkylation to afford thiirane and 
alkylated nucleophile. 

A. Nucleophilic Attack at the Carbon Atom 

Reaction u above (ring opening with a nucleophile) is operative in most cases, 
leading to the formation of &substituted sulfides. it has been investigated by many 
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research groups6i12*14-20 in their efforts to study the chemistry of thiiranium ions 
and salts. Indeed, being a charged three-membered ring system, thiiranium ions are 
highly susceptible to nucleophilic attack. Extensive experimental data show that, 
contrary to expectations, the most usual result of nonhindered thiiranium ion 
reactions with various nucleophdes is the formation of the corresponding 1,2- 
adducts arising from predominant C attack by the nucleophile.6 This reactivity 
pattern was observed in thiiranium ions derived from alkenes of all kinds. Typical 
examples are given in Eqs. 15.6*9*16*17 

(S0-90%) 
34 

Nu = OH, OCH,, OAc, F, Cl, SAr, N(CH,),, NHCOR, H(NaBH,),CH(CO$H,), 
R = CH,. C,H, 

Q - C H , e  (yH’ (1Sb) 
Nu 

(70-95%) 
35 

Nu = OH, OCH,, 04, NHCOCH,, F, Cl, Br, S(CH,),, H(NaBH,), Py 

t H ,  
36 (50-75%) 

31 

a.6 R, = R, = R, = H; R, = Ph (S0-75%) Nu = OH, OCH,, OAc, NHCOCH, 
b.I6 R, = R, = H; R, = R, = t-Bu (70-86%) NU = OH, OCH,. Cl, Br 

Significantly, the stereochemistry of the products in the cyclic cases (e.g., Eqs. 
15a and 15b) is Pans, and that of adducts 3% in Eq. 15c was assigned as threo.16 
Similarly, tmns-2,3-dimethyl(S-aryl)thiiranium ions afforded exclusively erythro 
adducts, whereas the cis isomers afforded exclusively the fhreo adducts regardless 
of the nature of the S-aryl substituent or the variation of nucleophiles used in 
quenching.15s20 It should be kept in mind, however, that thiiranium ions that 
are configurationally stable at low temperatures are capable of undergoing stereo- 
conversion when moderately heated.16 

The relative ease of the quenching reactions of thiiranium ions with various 
nucleophiles (many of the reactions of Eqs. 15 are usually complete within minutes 
even below 07 demonstrates the typical cationoid electrophilicity and consequently 
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the chemical reactivity that is to be expected of such cyclic ions. It is noteworthy 
that the ring opening in the case of 36b appears, at least on the basis of the evidence 
now available, to involve attack of a nucleophile at a (sterically badly hindered) 
neopentyl carbon rather than by the alternative “sulfurane mechanism” (first 
attack on the sulfur atom; discussed later). At any rate, o-sulfurane analogous to 
31 can presumably consume no more than one equivalent of oxidizing agent:* 
whereas oxidation to the respective sulfoxides and sulfones of 37 was carried out 
with the required amounts of mchloroperbenzoic acid.16 

Opening of the ring of thiiranium ions leads to the predominant or exclusive 
formation of regioisomer 38”19: 

R R 

\+/ __* CHj-C-CH2-SPh + CHS-C-CH2-Nu (16) 
I 
SW 

CHB-CR-CH2 Nu- I I 

SPh I 
Nu 

38 (M-adduct) 39 (alll-adduct) 

a. R = H: 38:39 = 3: l  (Nu =OAc); 38:39 = 19:l  (NU = F) 
b. R = CH,: 38:39 > 19:1 (Nu = OAc, OH, OCH,) 

Data concerning the influence of functional group substituents on the direction of 
the ring-opening attack by chloride ion” indicated that steric factors are quite 
important, preferential attack occurring at the least substituted carbon. However, 
the extent of thiiranium ion ring opening at the arcarbon decreases with decreasing 
ability of the functional group to accommodate a nucleophile (acid chloride > 
ester > amide > nitrite > sulfone)?’ 

Finally, it was shownao that although the t-butylsubstituted thiiranium ion 40 
is quite stable at - 50 to - 20’ and affords the usual 1,2adducts on quenching,” 
it undergoes rearrangement by warming to + 20°, resulting in the exclusive for- 
mation of 41. This corresponds to a 1,2-methyl shift in the thiiranium ion, with the 
subsequent intramolecular aromatic alkylation of the S-aryl moiety”: 

(CHJ)~CCHCH~SC~HS 
I 
Nu 

Nu = NHCOCH3 or 

(CH&CCHCH~-NU 
I 
SCsHS 

Nu = WH3,  OCOCH3, N(CfHS)2, Cl, CH(COOCH3)2 40 

CH3 

)7 

41 
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It thus appears that thiiranium ions (salts) should be regarded as “masked” 
carbenium ions capable of undergoing reactions that are typical for the latter, 
provided the appropriate conditions are applied. S-Chlorothiiranium ions are 
presumed to be intermediates in chlorinations of thiiranes. As expected, the final 
products of this reaction are the appropriate diasteromers (of fl-substituted sulfenyl 
chlorides) obtained by the cleavage of the carbon-sulfur bond in the thiiranium 
intermediate by the nucleophilic counterion at the carbon ring.16 

In a way, thiirane oxides may also be considered to be a special case of thiiranium 
ions. However, their reactions and chemistry are treated and discussed separately 
(see Section VII). 

Taken together, the foregoing data leave no reasonable alternatives to  the 
suggested (and widely accepted) structure of thiiranium ions.” The existence of 
bridging in these entities is strongly supported by their ability to  form both 
Markovnikov and anti-Markovnikov adducts on quenching and the preference for 
rear-side nucleophilic attack leading to trans stereochemistry in the adducts. Their 
chemical behavior in several aspects patterns that of the open carbonium ion: 
attack at carbon atom for various nucleophiles, stereomutations, and skeletal 
rearrangements. Such behavior requires substantial positive charge localization on 
the carbon atoms of the ring or a comparatively low activation barrier for the 
thiiranium ring ion-open ion transition.” However, the alternative covalent 
sulfurane structure initiated by initial attack of the nucleophile at sulfur, should be 
equally considered to be an adequate representation of the thiiranium intermediates 
under appropriate reaction conditions (see Sections IV, 2 and IV, 3, B). 

B. Nucleophilic Attack at Sulfonium Sulfur 

The reaction path in which a nucleophile attacks at the positively charged sulfur 
in the thiiranium ion (path b, above), leads to either stable or unstablesulfenyl 
compounds, or reactive sulfenyl compounds that can be added to alkenes present in 
the reaction mixture.9o12 An example is given in Eq. 18.” 

(-)j-CH3 TNBS- + Nu-+ 0 -+ o\“”’ Nu’ TNBS- 

Nu = Cl, Bt. Me$ 35 7n 

Nu- (Nu = C1, Br) I 
Nu=BrorCl 42 



Thiiranium Salts (Episulfonium Ions) 47 1 

It should be noted, that although la ultimately provides 35 on treatment with 
chloride or bromide, it reacts initially at sulfur providing an unstable o-sulfurane 
(42), which decomposes to methane sulfenyl halide and cyclooctene. Subsequent 
reaction between these two reagents provides ultimately 35. Apparently, the rate 
of nucleophilic attack at sulfur in this and other similar cases is appreciably greater 
than SN2 displacement at carbon. 

Ultimate desulfurization (with retention of configuration of the akene produced; 
e.g., 27 was observed in the reactions of the particularly hindered thiiranium salt 
28a with various nucleophiles in CDC13 at 3So.l4 

28a + Nu- - 27 + MeSSMe 

Nu = CI, Br, 1, N,, MeLi, MeS 

Desulfurization leading to adamantilideneadamantane (27) was the exclusive 
reaction (cu. 100% yield) except for the reactions with chloride and bromide, which 
are capable of demethylating 28a to give the corresponding thiirane (i.e., 43) in 
addition to 27. 

Based on 'H nmr monitoring of the reactions involved as well as trapping experi- 
ments (of the sulfenyl halide present in the reaction mixture), the following course 
of the reaction shown in Eq. 19 for the case of Br- was pr~posed '~  : 

(1 9 )  

28a + Br' -d 27 + MeSBr (20) 

It &- 
Br- (demethylation) 

0.5 MeSSMe + Br3 
1 
43 + MeBr 

A sulfurane analogous to 42 formed by initial attack at sulfur was proposed to  
be a reasonable intermediate in the reaction of Eq. 20, although its concentration is 
probably insufficient to be detectable. For the case of chloride and bromide as 
nucleophiles the desulfurization reaction is re~ersib1e.l~ Analogous processes have 
been proposed for nucleophilic displacement on silicon.28 

The treatment of 7a with iodide ion, tributyl amine, or fluoride ion yielded the 
cyclooctene as a result of desulfurization?w12 Similarly, small amounts of cis- and 
nuns-di-ferf-butylethylenes were noted in the reaction of 36b with tetrabutyl- 
ammonium iodide.16 It was also observed" that more highly polarizable nucleo- 
philes gave higher yields of cyclooctenes from 7a, demonstrating the higher 
polarizability of the positively charged sulfur compared with that of the carbon 
atom in the same three-membered thiiranium ring. 

AU the above results do suggest the intermediacy of o-sulfurane in several 
reactions of thiiranium salts with nucleophiles. It appears that in nonhindered 
thiiranium salts there is a competition between initial Cattack and S-attack and 
that steric factors (and apparently reaction conditions) affect markedly the rates of 
these competing processes. Excessive steric hindrance stops the nucleophilic attack 
on the carbon atom of the ring, whereas Sattack is suppressed in cases like 36b16 
because the attack must be syn to the t-butyl groups. 

The direct observation of the presumed sulfurane intermediate (42, Nu = C1; 
the cyclooctane equivalent of 31) was made by the rise and decay of a transient 
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nmr signal at 2.036, which could be attributed to the S-methyl group, when mixing 
equal amounts of cyclooctaneS-methylthiiranium 2,4,6-trinitrobenzenesulfonate 
(7a) and tetraphenylarsonium chloride in perde~teronitromethane.'~ The solutions 
of this intermediate were stable for at least 30min at this temperature. By the 
addition of excess chloride ion at - 5" or by warming to room temperature, the 
intermediate sulfurane decomposed to  (35, Nu = a). 

Although these results are in accord with the "sulfurane mechanism" (i.e., 
initial attack on the sulfur atom) in the reactions of several thiiranium salts with 
certain nucleophiles, they raise a question about the universal role of these salts 
(ions) in ionic sulfenyl halide addition rea~tions.2~ It is reasonable to expect a 
sulfurane intermediate to be the product of the first elementary process. Subse- 
quently, a thiiranium salt may or may not be involved, and the transition state for 
the entire process could be variable with structures of reactants and reaction 
conditions as weU.69 9* l4 

The initial attack of thiiranium salts by soft nucleophilesm at sulfur might be 
explained in terms of the empty 3d orbitals of the latter. Possibly, the effect of 
both the positive charge on the polarizable sulfur atom and the ring strain may 
make the 3d orbitals of sulfur more energetically accessible for bonding interaction 
with a n~cleophile.'~ 

C .  Dealkyh tion 

Dealkylations of thiiranium salts to afford the corresponding thiiranes and the 
alkylated nucleophiles have been observed in the reaction of the highly hindered 
thiiranium salt 28a with chlorides and bromides14 : 

X = CI or Bt 43 RX = CHJ'hCl or CH,Br 

The course of the reaction shown in Eq. 21 is illustrated in Eq. 20. This kind of 
dealkylation is obviously a much higher energy pathway than the ordinary 
nucleophilic attack on either the sulfur atom or the carbon atom of the thiiranium 
ring (leading to desulhrization or ring-opening substituted adducts). It can be 
accomplished, however, with highly hindered thiiranium salts, where the steric 
factors involved assist markedly in keeping the ring from being cleaved by the 
nucleophile. 

D. Thiiranium Ions as Intermediates in Reactions 

The inception of thiiranium chemistry can be traced back to the work of Kharash 
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et d.,’ whointerpreted the mechanism of the addition of sulfenyl halides to alkenes 
in terms of the formation of a thiiranium intermediate that is intercepted by halide 
ion to form a P-halosulfide. It was claimed later” that it is implausible to suppose 
that thiiranium ions similar to 1 could be formed at the rate-determining step of 
Ad= reaction of sulfenyl halides with alkenes. However, thiiranium ions were alleged 
to be formed and have been suggested as definite intermediates in many chemical 
reactions. Thus, the involvement of thiiranium ions has been invoked in several 
photochemical as well as in numerous reactions where the initial 
addition of positive sulfur species, RS* (usually derived from sulfenyl halides) to 
olefins has been a s s ~ m e d . 3 ~  Thiiranium ions are popular intermediates in reactions 
involving a good leaving group beta to a sulfide functional group. As already dis- 
cussed, rearrangement and a trans stereochemistry with respect to the entering 
nucleophile (as well as the leaving group) and the sulfurcontaining group often are 
observed when the above situation O C C U T S . ~  Significantly, solvolysis of w- 
halogenoalkyl sulfides reveals that the three-membered thiiranium ions are formed 
more rapidly than five-membered sulfonium ions.35 Thiiranium ylids have been also 
postulated as intermediates.= All the foregoing points, as well as additional infor- 
mation concerning thiiranium ions as reaction intermediates, are briefly reviewed 
in References 18c and 18d, t o  which the interested reader is referred. 
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The three-membered ring system containing an oxidized sulfur atom (1) shows 
some structural and chemical features that make its members interesting candidates 
for both theoretical and experimental investigations. 

0 + 
s 

\ / \ /  
C- C 

/ \ 
1 

Fortunately, thiirane oxides are thermodynamically more stable than their 
closely related thiiranium salts on the one hand and thiirane dioxides on the other 
hand. They are also more resistant to ring opening by nucleophiles or electrophiles 
than are the other two counterparts just mentioned. Until about 15 years ago they 
were rather rare;’ indeed only one example had been reported, and its structure 
was not well characterized? Since 1965 synthetic methods for the preparation of 
thiirane oxides have been explored consistently and systematically. At present, 
several well-established methods are available for their convenient preparation, the 
two major ones being the controlled oxidation of thiiranes’ and the reaction of 
sulfines with diazoalkanes4 (see Section V, 1). 

Generally speaking, thiirane oxides are rather stable compounds, provided they 
have anti- configuration with respect to the substituent(s) and sulfmyl oxygen. 
Those bearing one or more alkyl substituents and oxygen on the Same side of the 
three-membered ring were quite unstable at room temperature: intramolecular 
hydrogen abstraction from the substituent followed by ring opening occurred, and 
allylic thiosulfmates were obtained as products.’ 

Both the physical and spectroscopic characteristics and the chemical properties 
of sulfoxides have been extensively studied, including their potential as synthetic 
intermediates. The chemistry of these compounds as well as methods for their 
synthesis have been reviewed.’ 

1. Methods of Reparation 

A. By Oxidation of Thiiranes 
The straightforward oxidation of thiiranes to the corresponding thiirane oxides 

is the most logical method of obtaining the latter: 

0 
t 
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Surprisingly, however, nearly a l l  attempts to oxidize thiiranes to the corre- 
sponding sulfoxides up to 1965 resulted in ring-opened products? This result can 
be attributed either to the instability of the three-membered sulfoxides obtained or 
to the overoxidation to the corresponding thermally and/or chemically sensitive 
sulfones that could not survive the reaction conditions employed. Consequently, 
controlled oxidations under mild reaction conditions have had to  be worked out 
to make this direct and simple route applicable for differently substituted thiiranes. 

The first thiirane oxide to be prepared and structurally fully characterized 
appears to be the 2,3-diphenyl,2,3-dibenzoylthiirane oxide (2)' : 

(2) 
/"\ 

C~H&O(C~HS)C- C(C6HS)COC6HS 

2 

The oxidation was done using a limited amount of hydrogen peroxide with mild 
heating. Two isomeric thiirane sulfoxides (m.p. cu. 170' and cu. 145', respectively) 
of the four possible isomers ( D L - O ~  pair and two mesocis forms) were isolated 
depending on the upper limit of heating during the oxidation. A later study:' how- 
ever, claims all the structural assignments of the above study to be erroneous. 

The isolation of the pure parent thiirane oxide was achieved later by oxi- 
dizing thiirane either with sodium metaperiodate in methanol' or with the 
f-BuOH-H20-V2O5 system! 

The metaperiodate method is rather limited in scope and narrow in applicability: 
low yields of impure materials have been obtained, since it is difficult to extract 
the pure low molecular weight thiirane sulfoxides from the reaction mixture, and 
some of the latter are too unstable to handle under the reaction conditions. 

A systematic study was undertaken319 in an attempt to establish a reliable 
(and a general) oxidation method for the oxidation of thiiranes to the corre- 
sponding thiirane oxides, within the framework of which iodosobenzene, f-butyl 
hypochlorite, N204, H202, and organic peracids have been applied. 

It turns out that either perbenzoic acid or mchloroperbenzoic acid are the 
reagents of choice and the aprotic methylene chloride is the preferred 

0 
4 

Rl s R2 RI s R2 
I /  \ I  
I I C H P a  1 I 
R3 R4 

C- C + PhC03H (or MCPA) - < O 0  J'\(! - + RC02H (3) 
R3 R., R=Phorrn-CbF% 

Equimolar amounts of the reactants are used, and the oxidation is completed 
within minutes. Dry MI3 is flushed on the surface of the reaction to  precipitate 
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ammonium benzoate, which is practically insoluble in CH2C12. Filtration affords 
a solution of essentially pure sulfoxide in almost quantitative ~ i e l d . 3 . ~  Thiirane 
oxide, methyl-, 2,3cis-dimethyl-, chloromethyl-, phenyl-, 2,3&-diphenyl-, 2,3- 
trens-diphenyl-, and 2,2,3,3-tetraphenylthe oxides, as well as the thiirane 
oxide of cyclohexene, have been prepared through th is  method9 (see Table 1, 
Section 111, 1, A). All the above compounds are stable when stored in the refriger- 
ator but decompose gradually at room temperature and instantaneously at 100". 
Pure products can be obtained by molecular distillation (< mm) at room 
temperature? These thiirane oxides have the anti configuration with respect to 
the substituent(s) and sulfinyl oxygen as determined with the aid of nmr studies' 
(see later, Section V, 2: Structure and Physical Properties). Considering the steric 
hindrance of substituents in the peracid oxidation, the preferential formation of 
theanri isomer is to be expected. However, there is no significant deuterium isotope 
effect on the stereoselectivity on the sulfoxidation of cis-dideuteriothiirane, the two 
stereoisomers of the corresponding thiirane oxide being formed in equal amounts." 

B. From the Reaction of Sulfines with Diazoalkanes 

This alternative appears to be the most important nonoxidative method for the 
preparation of thiirane oxides, particularly aryl-substituted ones. Thus, diarylsulfines 
(3) dissolved in aprotic solvents such as pentane or ether give the thiirane oxides 
(5) in good yields in a smooth reaction with aryldiazornethanes (4), as illustrated 
in Eq. 4.". l1 

a. A r = C , H , ; X = H  
b. Ax = C,H,; X = CH, 
c. Ax/& = F1; X = H 
d. Ax/Ar = F1; X = CH, 

In view of the instability of the highly substituted thiirane oxides 5, it is essential 
that the reaction conditions be chosen in such a way that the products crystallize 
from the cooled reaction mixture; otherwise product isolation is troublesome. 
Nevertheless, it is possible to obtain pure products even in the cases of sensitive 
sulfoxides by using ordinary separation methods." 

Two independent paths may account mechanistically for the formation of 
thiirane oxides from the reaction between sulfines and aryldiazornethanes! These 
are depicted in Eqs. 5 .  
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In path Eq. Sa," nucleophilic attack of the diazocarbon at the sulfrne sulfur 
provides a zwitterionic diazonium compound (6). Subsequently, an internal 13 -  
displacement of nitrogen produces the final thiirane oxide. It appears that steric 
crowding prevents the formation of the five-membered ring adduct and favors the 
less congested three-membered ring. In fact, this mechanistic path is analogous to the 
mechanism proposed to explain the formation of epoxides from ketones and diazo 
compounds.'3 Furthermore, although thermal extrusion of nitrogen from 
thiadiazolines to give thiiranes is a common the same reaction does not 
occur in the corresponding S-oxides," except in one case,15 where a cyclic aliphatic 
sulfie gave with diazornethane a thiirane oxide as the initially isolated product 
instead of the expected five-membered ring system of the A3-1,3,4-thiadiazoline- 
I-oxide.16 These results suggest that the most probable mechanism for the non- 
stereospecific formation of thiirane oxides from sulfines and aryldiazoalkanes is 
indeed the one represented by Eq. 5a,12 although Eq. 5b cannot be excluded. 

All the thiirane oxides (8) having two asymmetric centers that have been obtained 
through this procedure are mixtures of the two possible cis and Oms configurations 
(i.e., 8a and 8b, respectively): 

t-/" 
6 S Q  # 

0 X 0 

Attempts to separate the two components by the usual chromatographic methods 
failed, owing to the instability of the thiirane oxides, which easily lose sulfur 
monoxide to give the corresponding olefinic derivatives." 



' PhH, SO" 

or NaI, DME, 25" 
(C6H5)2C=S0 + PhHgCC12Br 

The decomposition of the highly unstable gem-dihalothiirane oxide 9 leads to the 
products that are finally observed. Several sulfrnes did not react at all with 
phenyl(bromodichloromethy1)mercury. It appears, therefore, that dihalocarbenes 
(and probably other carbenoids) are not appropriate candidates for the preparation 
of thiirane oxides through their reaction with sulfines. 

- 
c6 HS 

*A - 

C. By Ring Closure of a: a'-Dibrornobenzyl Sulfoxides 

What appears to be a general and efficient nonoxidative route for the preparation 
of 2,3-diaryl-substituted thiirane oxides has been developed following the work of 
Carpino et al. on the synthesis of several thiirene oxides'* and dioxides." 

This method involves the photolytic bromination of dibenzyl sulfide followed 
by the oxidation of the isolable intermediate dibromosulfide 10 to the corre- 
sponding mixture of benzylic a,&'-dibromosulfoxides (11). 1,3-Elimination of 
bromine from the dibromide by treatment with tris(dimethy1amino)phosphine 
provides the three-membered sulfoxide stereospecificallym as shown in Eq. 7. 

(7) 

Br Br 
I I  

C~HSCH~SCH~C~HS __* C~HSCHSCHC~HS 
hv 

10 
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Although the isomer formed in higher quantity is always that thiirane oxide with 
the S=O bond and the aryl group in the 2-position having the trans configuration 
(Z/E ratio ranging from 1 :4 to 2:3), the oxidation method of preparing thiirane 
oxides (Section V, 1, A) has the advantage in that pure isomers (having the trans 
configuration with respect to the substituents) can be obtained. 

Total yields of the aryl-substituted thiirane oxides obtained by this method as 
well as the isomeric composition in each case are given in Table 1 (Section V, 1, C). 

The reaction of sulfines with a variety of dichlorocarbene precursors has been 
examined in detail4*’’ in an attempt to  synthesize (among others) the gem-2,2- 
dichlorothiirane oxide 9. However, the intended sulfoxides could not be isolated, 
although the experimental results support the previously reported suggestion” 
that the intermediate in these reactions is indeed the thiirane oxide 9 as illustrated 
in Eq. 6: 
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12 

a. mesodibromo a." R, = R, = C6H, (from Ilr) 
b. (*)-a,u'dibromo b.'O R, = R, = C6H, (from 1 lb) 

The fact that the meso-dibromide 1 l a  gave only cis-2,3-diphenylthiirane trans- 
l-oxide 12a, whereas (*)ap'-dibromobenzyl sulfoxide (1 lb) gave only trans-2,3- 
diphenylthiirane l-oxide (12b) reveals that the elimination occurred with inversion 
of configuration at each reacting center.= Such specificity in ring closure offers 
an advantage to users of this method of thiirane oxide preparation. The scope of 
the method, however, is practically limited to aryl-substituted members of this class 
of compounds. Table 1 gives preparation data for some thiirane oxides. 

2. Structure and Physical Properties 

The following bond lengths and angles have been reported for the three- 
membered ring molecule of the parent thiirane oxide" : 

Bond length (A) Angles 

C-S C-C C-H S-0 <CSC <HCH <H2CC <OSC 

1.822 1.504 1.078 1.483 48'46' 116'0' 151'43' 110'1' 

These experimentally based parameters are normal for a three-membered ring 
containing sulfur. The corresponding geometries of thiirane (see Section 111, 2)= 
are quite similar except for the CSC angle which is substantially smaller in the 
oxide (48'46' vs. 65'48' in the thiirane). In both cases, however, the data suggest 
a partial double bond character for the C-C bond. Since the C-C distance in 
the corresponding thiirane dioxide has been quoted to be the longest known 
(1.590A),u the character (and distance) of this bond appears to reciprocally 
correlate with the availability of the lone pair(s) of electrons on the sulfur atom of 
the ring (or equivalently, with its oxidation state). 

Delineation of the physical parameters of thiirane oxide with those of the 
analogous open system (i.e., DMSO)zl*M is illuminating in that only very minor 
differences, which probably are insignificant structurally and chemically, can be 
detected except for the obvious substantial difference in the <CSC of the two: 
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Thiirane oxide DMSO 
Bond length +y (S-0) 1.483 R 1.477 R 
Bond length 7 (C-S) 1.822 A 1.810 R 
Bond angle < OSC 1 l0"l' 106'43' 
Bond angle < CSC 48'46' 96'23' 
Dipole moment 3.72 D 3.96 D 

The geometrical position of the oxygen atom in thiirane oxide has been 
determined by the complete analysis of m r Z s  and microwave It is 
situated out of plane of the three-membered-ring. Thus, mono- and cis-disubstituted 
thiirane oxides can exist in two conformations; that is, the syn isomer 13a and the 
anti isomer 13b: 

13a 13b 

The chemical shifts of the hydrogen on the carbon atom adjacent to the sulfoxide 
moiety are dependent on their relative configuration with respect to the sulfoxide 
oxygen (see Section V, 2, B). At any rate, thiirane oxide exhibits an A2B2 pattern 
in its nmr spectrum, indicating a stable pyramidal configuration at sulfur? 

Extended Huckel calculations have been performed on thiirane oxide*' in an 
analysis of the irregularities in the structure of the series thiirane, thiirane oxide, 
thiirane dioxide. Contrary to  the actual situation, the overlap populations obtained 
by these calculations2' showed continuous changes along the series, the CS popu- 
lation increasing and the CC population decreasing. 

The vertical ionization energy of thiirane oxide has been determined to be 
9.78 eV.m 

A. Molecular Orbital Calculations 

A series of ab initio MO-SCF calculations using fairly extended Gaussian basis 
sets has been performed on thiirane oxide to obtain a detailed understanding of 
the electronic structure of this compound, including the influence of 3d orbitals 
in the strained three-membered ring system (compared with the situation in normal 
sulfur bond). 

The calculated total energy with optimal geometry and the 3d orbitals of the 
sulfur atom (using medium-size contracted Gaussian basis set) was found to  be 
- 549.994 a.u. This value is intermediate between - 475.3 19 a.u. and - 624.678 a.u. 
found for the corresponding thiirane and thiirane dioxide, re~pectively.?~ 
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TABLE 2. CALCULATED AND EXPERIMENTAL BOND 
LENGTHS (A) IN THIIRANE OXIDE'I 

C-C C S  !3-0 

No 3d S orbitals 1.463 1.994 1.643 
With 3d S orbitals 1505 1.822 1.504 
Experimental 1504 1.822 1.483 

Optimal C-C, C-S, and S-O distances have been determined, and the C-H bond 
distances, the HCH angles, and the CSO angle have been faed at their experimental 
values in all the calculations. Calculated bond lengths are presented in Table 2. 
There is almost complete agreement between calculated (including 3d S functions) 
and observed bond lengths. 

The largest deviation from experiment occurs for the SO bond, and this is strongly 
connected with the variation of the overlap populations. Calculated equilibrium 
geometries were found to be in good agreement with available microwave data. The 
binding mechanism was discussed in terms of a donor-acceptor complex between 
ethylene and the fragment SO. The variations of the calculated valence state orbital 
energies, together with the corresponding variations of the C< overlap populations, 
can be used to understand the discontinuous variations of the C-C and the C-S 
bond lengths in the series thiiranes, thiirane oxides, thiirane dioxides. It turns 
out that the donor-acceptor strength of the fragment X (X = S, SO, and SO2, 
respectively) and the 3d S-orbital participation are the important factors in under- 
standing the features in these three-membered ring systems. There is no evidence, 
however, for an increased 3d S population in strained sulfur compounds like 
thiirane oxides. 

B. Nuclear Magnetic Resonance Spectroscopic Data 

Nmr techniques have been extensively used in determining both the configuration 
and the stereochemistry of thiirane oxides. This technique was particularly useful 
in choosing between the isomers in the mixtures obtained in the preparation of the 
oxides. Thus, configurational assignments were based on the accumulated data of 
the anisotropy effect of the s-0 bond.J0 

An acetylenic-type anisotropy and a proximity effect of the S-0  bond in cyclic 
systems have been well d ~ u m e n t e d . ~ '  In certain five-,33 and four-34 
membered ring sulfoxides, a @-hydrogen that is syn to the S-0 bond experiences 
a profound deshielding effect, whereas a @-hydrogen that is anti to the S-O (i.e., 
syn to the lone pair of the sulfur atom) suffers from a shielding effect compared 
with the same protons of the parent sulfide. 

Indeed, the validity of this approach was unequivocally d e m ~ n s t r a t e d ~ * ~  by an 
examination of the nmr characteristics of 2,2-dimethylthiirane, unti-cis-2,3- 
dimethylthiirane, fruns-2,3-dimethylthiirane, and their corresponding sulfoxides. 
This shielding and deshielding effect of the S-0 bond in thiirane oxides on adjacent 
protons according to their stereo position (relative to this bond) is illustrated in 
Eq. 8?* 
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6 = 1.59 6 = 1.74 

1.44 6 = 1.23-+C\H3 

6 2 1.85 

1.45 6 = 1.64+CH, 

6.= 1.45 6'= 1.27 

These observations may validate the applicability of the S-0 anisotropy rule to  
the three-membered ring system. 

It is worth mentioning in this connection that although a remarkable upfield or 
downfield shift of &protons in a rigid system, depending on the direction of the 
S-0 bond, was noted in many cases, the same behavior could not be necessarily 
observed for the hydrogens directly attached to the three-membered thiirane oxide 
ring (see, e.g., 8). Occasionally, the shielding and deshielding effects of the S - 0  
bond compensate each other at these hydrogens. The principle has been used 
successfully, however, to assign the configuration of a number of aryl(tri)substituted 
thiirane oxides! 

All the above chemical shift-based assignments were further confirmed by solvent- 
induced shift studies.3s25b The geminal coupling constants in thiirane oxide 
(- 6.4 Hz) and 2methylthiirane oxide (- 6.0 Hz) were appreciably more negative 
than those in thiirane (- 0.7 Hz) and 2-methylthiirane (- 0.8 Hz), respectively25b; 
the trend to greater negative values of Jgem with increasing group electronegativity 
of the heteroatom is the converse of the usual nmr behavior of three-membered 
heterocycles. The vicinal coupling constants for the syn protons, namely 11.5 and 
1 1.7 Hz in thiirane oxide, were also abn0rmal.2~ The fact that H coupling constants 
were found to be of larger magnitude in thiirane oxides (and dioxides) than in 
thiiranes3' was interpreted in terms of the Pople-Bothner-By model for spin 
coupling.36 However, the larger 'J values for thiirane oxide were ascribed to greater 
electronegativity of the SO vs. S in thiiranes. In general, the opposite effect is found 
in other threemembered heterocycles: an increase in 'J  is found as the electro- 
negativity of the heteroatom decreases3' and the magnitude of 'JCH roughly 
pardels 'JHH in this series of compounds?* 

Chemical shifts for selected thiirane oxides are tabulated in Table 3. 
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C .  Physical Properties 

The boiling or melting points, the ir absorption of the sulfoxide group, and the 
nmr chemical shifts of selected thiirane oxides are given in Table 3. Some typical 
characteristics are apparent: except for the few low molecular weight members, 
thiirane oxides are low melting solids that are unstable on heating. They can be 
easily characterized by both ir (strong band at cu. 1065 cm-') and nmr (anisotropy 
effect of the SO bond) spectra. 

3. Chemical Roperties and Reactivity 

A. Thermal Decomposition 

It has been generally assumed that thermal decomposition of thiirane oxides 
proceeds to the corresponding olefins by elimination of sulfur monoxide, possibly 
through a concerted nonlinear cheletropic reaction" with retention of configuration 
of the liberated olefin: 

- -3 

l a  

This pattern was first observed through mass spectrometry and differential 
thermal analysis' and was used later as an effective source of sulfur monoxide4 
that reacted with dienes to  yield cyclic sulfoxides. 

Although the parent thiirane oxide is known to decompose at 100°,  thiirane 
oxides bearing alkyl groups are unstable at ambient temperature. Their decompo- 
sition pathway, however, is different from that depicted in Eq. 9 (see Eq. 1 1, below). 

Pyrolysis of thiirane oxide followed by microwave spectroscopy to determine 
the electronic state in which the sulfur monoxide is generated in Eq. 9 led to the 
conclusion that the main reaction of the thermal decomposition is the following4': 

H 

'4; ( lk i ' )  + M - CH2 = CH2('Ag) + S 0 ( 3 r )  + M a  (10) 

H 

However, the possibility of the reaction that proceeds via the SO in the 'A state 
should not be excluded completely. A later study4'* presented evidence based on 
the mechanism of the reaction of SO generated from thiirane oxide with dienes 
as well as thermochemical data that the ground state 3Zc- is formed exclusively. 
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In the presence of a-alkyl substituents bearing suitably disposed hydrogen 
atoms, there occurs a more facile pathway for the thermal decomposition of 
thiirane oxides: namely, thermal rearrangement to the allylic sulfenic acids 
(14+ 15). This rearrangement has been found and described independently by 
two  group^^*^^ and is shown in Eq. 11. 

14 

D / \ U  I R( 'H 
"I r~ J 18 

- I 15 

a. R, = R, = R, = H; R, = CH, 
b. R, = R, = R, = H; R, = CH, 

d. R, = R, = R, = R, = H 

lda-16d 

{R, 6(:: C. R,, R, = -(CH,),-; R, = R, = H 

Rxs's R ,  
178-17d 

The formation of the allylic sulfenic acids 15 may be rationalized in terms of 
an intramolecular @elimination of a hydrogen syn to the S-0  bond that is facili- 
tated by relief of strain in the ring. These acids undergo rapid dehydrative 
d imer iza t i~n~~ to a mixture of diastereomeric allylic thiosulfmates (16).3*42 The 
latter are themselves in equilibrium with the allylic sulfoxylates 17a-17d by way of 
2J-sigmatropic rearrangements?2 The yields of 16a-16d were 86,83,63, and 10% 
respectively? based on used thiirane oxides. They were characterized by spectro- 
scopic analy~es.~ The intermediacy of the sulfenic acids 15 was demonstrated by 
their interception with triethylphosphite (a well-known trapping agent for sulfenic 
acid") to give a 1 : 1 mixture of allylic mercaptan (18) and triethyl phosphate?2 

Although there is no definitive evidence for the intramolecularity of the hydrogen 
abstraction, the presence of hydrogen on acarbon of the ring substituent that is 
syn to the S-0 bond is essential for the formation of the allylic thiosulfinates. 
Other thiirane oxides afford on thermolysis only olefms and sulfur monoxide? 
However, rapid thermolysis of thiirane oxides of type 14 at high temperatures 
(200-3404, rather than at room temperature or lower, afforded mixtures of cis- 
and nnns-olefms with the concomitant extrusion of sulfur monoxide?2 The ration- 
ale proposed42 for all these observations is that thiirane oxides may thermally 
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decompose by two routes: the first is a facile rearrangement to a sulfenic acid when 
the stereochemistry is favorable (Eq. 11, 14 + 15), and the second is a pathway 
of higher activation energy (Eq. 12) that leads through a partially stereospecific 
route to the olefrns and sulfur monoxide: 

19 

2o I 
a. R, = R, = CH,; R, = R, = H 
b. R, = R, = H; R, = R, = D 
C. R, = R, = H; R, = R, = D 

22 

Diradical intermediates like 20 are readily formed in high temperature reactions of 
dipolar or ylid ~pecies.4~ 

Pyrolysis of 19b and 19c in the gas or solution phase (1 50-3504 gave deuterated 
ethylenes (i.e., 21b from 19b and 21c from 19c) with about 95% retention of 
stereochemistry.” These results indicate that thiirane oxides are not unusual in 
their thermal behavior when compared with their higher or lower oxidized analogs, 
suggesting analogous modes of extrusion of the sulfur-containing species. Although 
a rather stereochemically rigid “biradical” (20) of the type proposed in thiirane 
decompositionsM may account mechanistically for the results, a significant contri- 
bution from a concerted process cannot be ruled out. 

Pyrolysis of the stereoisomeric 2,3-diphenylthiirane oxide proceeded smoothly 
in both liquid and gas phases to produce stilbenes in more than 70% yield and 
sulfur monoxideP7 The extrusion of SO from the trans isomer proceeds almost 
stereospecifically, whereas that from the cis isomer occurs with complete loss of 
stereochemistry. This is indicative of a stepwise mechanism, not a syrnmetry- 
allowed nonlinear cheletropic reaction?’ Based on the failure of all attempts to 
trap an intermediate with 1,3-dipolarophiles, whereas a 1 : 1 adduct was obtained 
in good yield (cu. 60%) with the carbon radical scavenger di-p-anisyi thioketone,& 
the following mechanistic scheme has been proposed for the unimolecular thermal 
fragmentation of 23?7 

This scheme is essentially in accord with Eq. 12. Although the radical inter- 
mediates are capable of internal rotation about the carboncarbon bond; rotation for 
the 2Jdiphenyl case (Eq. 13) would be restricted owing to the steric repulsion of 
the two phenyl groups, conformer 24b being thermodynamically more favorable. 

At any rate, the thermal fragmentation of thiirane oxides to afford olefins and 
sulfur monoxide is a general process typical for this class of compounds. 

23-Dibenzoyl-2,3-diphenylthiirane oxide (25) behaves very differently from the 
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(13) 

I 
0 

I 
0 

thiirane oxides previously discussed. Thus, pyrolysis or photolysis of 25 yields 
monothiobenzil26 and benzil27 with little cis- (28) and trans-dibenzoylstilbene.@ 
The stereochemistry at sulfur has no effect on the mode of decomposition. A 
mechanism that involves ring expansion of the sulfoxide was suggested for the 
formation of the products in both the thermolysis and the photolysis4' and is given 
in Eq. 14. 

A or hv - 
c=o 
Ph 

I I I I I I 
Ph Ph Ph Ph ,Ph 

25 

so 
II II II It 

Ph-- Ph 

o=c!- c=o Phccph + PhccPh 
I I 
P h P h  26 27 

28 

Expansions of cyclic sulfones to cyclic sulfmates are k n ~ w n ~ ~  and the 
oxathietane may decompose to four-membered peroxides (1,2-dioxetane~).~ Strain 
in the three-membered ring 25 will dispose it to opening, but the influence of the 
electrophilic benzoyl and phenyl group can lead to the formation of the four- 
membered ring intermediate, which is less strained than its precursor. 

A similar mechanistic pathway of three-membered ring expansion to a four- 
membered ring, has been suggested for the photolytic fragmentation of the analo- 
gous 2,3diphenylthiirene oxide." 

Finally, the thermal reaction of thiirane oxide in methanol (90') gave 2- 
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methoxyethyl,2-methoxyethanethiol sulfinate 29, which was further transformed 
into 1,2,2‘-trimethoxydiethyl disulfide (30) in 85% yields3 by a Pummerer-type 
rearrangement .” 

Based on further studies the following mechanism has been proposed to 
accommodate all the experimental results” : 

(1 5 )  
A 

T-7 
S S 

t - t  - [MeOCHzCH2SOH] 
0 0.. . . .H-OMe 

v 
dehydrative 
dimerizetion 

4 

I 
MeOH 

MeOCH2CHSSCH2CHzOMe - MeOCHzCHzSSCH2CH20Me 
I 
OMe 
30 

0 
29 

B. Acid-Catalyzed Ring Opening 

The successful preparation and isolation of pure thiirane oxides bearing various 
substituents (see Section V, 1) made the systematic investigation of their acid- 
catalyzed ring openings possible. Such studies were needed to determine the scope 
of this reaction, which was first noted by Hartzell and Paige’ and studied kinetically 
later.s3 

Thus, the acid-catalyzed ring-opening reaction of thiirane oxide in methanol 
(in the presence of sulfuric acid) yields thiosulfinate (31); with acetic acid or dry 
hydrogen chloride, a mixture of disulfide (32) and thiosulfonate (33) is obtained, 
and with ethane thiol a mercaptoethyl disulfide (34) is the product.% These results 
are illustrated in Eq. 16. 

0 

0 0 

X = c1 or AcO 

EtSCH2CHZSSEt \ EtSH , 
46% 

34 

Reactions of other alcohols with thiirane oxide (in the presence of sulfuric acid) 
proceeded smoothly to give the ethyl-, isopropyl-, and f-butylthiosulfinates in yields 
of 77-95%. In the case of the reaction with hydrochloric or acetic acid it can be 
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assumed that the thermally unstable thiolsulfinates formed initially, disproportion- 
ate to the observed mixture of disulfide and thiosulfonate.ss 

The ring opening is generally stereospecific, inversion occurring at the ring 
carbon that is attacked by the nucleophile.” 

The reaction of methylthiirane oxide with various alcohols afforded a mixture of 
thiolsulfinates (isolated as alkoxymercaptans after reduction with lithium aluminum 
hydride) with a preferential attack of the nucleophile at the most substituted 
carbon of the ring. 

With 2,2dimethyl- and 1-phenylthiirane oxides ring opening occurred exclusively 
at the substituted carbon. The foregoing results are summarized in Eq. 17.54 

R2 
f, I 

R2 I 1. H*-EtSH 
Med-CH2SSCH b-OMe 2. L M H ,  

I l l  
R, 0 R, 

35 R2 c 
I 

a. R ,  = R, =CH, 
b. R, =H;R, =Ph I I 

EtSkCHzSH + EtSCH26SH 

R2 
I 

ROCHCHZSH + ROCHZCHSH 

36 37 

R1 
I 

Y2 R,  = H; R, = CH, 

38 39 

a. R ,  = H; R, = CH, 
b. R ,  = R, =CH, 
3&:39a= 20:80 

R = CH;; 36 : 37 = 75 : 25 
R = CJIH,; 36:35 = 12:28 
R = i-Pr; 36 : 37 = 68 : 32 

38b:39b = 35:65 R = t - B ~ ; 3 6 : 3 7 = 5 8 : 2 8  

Clearly, the nucleophilic alkoxide is introduced to the carbon atom of the ring 
on which a developing positive charge might be better stabilized. The bulk of the 
nucleophile, undoubtedly, also constitutes an important factor. 

In sharp contrast to the reaction with alcohols, a preferential cleavage of bond 
b (Eq. 17) was observed with thiols as nucleophiles. Therefore, steric hindrance 
on the three-membered thiirane oxide appears to play a more important role in 
determining the orientation of attack by ethyl mercaptan. 

Since sulfenic acids are too unstable to  be isolated and either undergo dehydrative 
dimerization to thiolsulfinates or are effectively trapped by mercaptans to produce 
disulfides,M the sulfenic acid 40 can be assumed to be a common intermediate of 
the acidcatalyzed ring opening reaction. The overall reaction is formulated in 
Eq. 18.54 

The experimental results of the acid-catalyzed ring-opening reaction of thiirane 
oxides have been interpreted in terms of a push-pull mechanism,”’ the transition 
state of which is shown in Eq. 19.53 
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H+ 

I 
H 

- products 

- products 

0 
I 
H 

The foregoing explains the key role of (a) the nucleophilicity of the nucleophile, 
(b)  the substituent effects, (c) the polarity of the reaction medium, and (d) the 
bulkiness of the nucleophile in detemzining the regio- and stereospecificity of the 
reaction. There is one catch, however, in this interpretation: nmr studies showed 
that thiirane oxide in FS03H-SbF6 at -78’ was protonated at sulfur, nor at 
oxygen.” 

The reaction of alkylchloromethyl ethers with thiirane oxides to  give sulfenic 
esters?9 probably by way of the thiiranium salt intermediate 41, appears to be 
analogous in many ways to the acidcatalyzed ring-opening reaction discussed here. 

E S + O  + ROCH2Cl - r$-0CH2OR] __* ClCH2CH2SCH20R ? 
(20) 

C .  Reactions with Metal Salts 

Whereas acyclic sulfoxides form complexes with various metal salts, thiirane 
oxides react with copper(1I) chloride or bromidea in benzene at room temperature 
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to give the thiosulfonate 46a. In alcoholic solution below 0' the major products 
are sulfmates (43). 

An ionic rather than free-radical mechanism has been proposed to account for 
the results above, since the presence of various olefms had no effect. In accord 
with the proposed mechanism (Eq. 21),@ thiirane oxide reacted with ethane 
sulfinyl chloride to  give a mixture of thiolsulfinates 46b and 46c. 

0 
0 II 
II tux, 

(21) /s\ __* X(CH2)2&0 

0 42 

46 

42 a. Y = Z = C I o r B r  
b. Y = C l o r B r ; Z = H  
c. Y = Z = H  

/ 
II 

t 
X(CH2)2SOS(CH2)2X k b S J C H 2 ) 2 X  X(CHZ)~SOR 

0 0 
45 44 43 

X = C l o r B r  

D. Reactions with Dienes 

Practically speaking, the reaction of thiirane oxides with dienes refers primarily 
to the reaction of the parent thiirane, although in principle it can be applied to  
other members of the family that have no &hydrogen available for abstraction 
(see Section V, 3, A). 

It was first shown by Dobson and co-workersgO that SO generated by thermolysis 
of thiirane oxide' could be trapped by dienes and trienes in the form of 2,5- 
dihydrothiophene (3-thiolene) and 2,74ihydrothiepin sulfur oxides. 

The reaction of the three geometrical isomers of 2,4-hexadiene with thiirane 
oxide afforded the three related 3-thiolene S-oxides 48 as depicted in Eq. 22.6' 

These results indicate that additions of SO to 47a and 4% are highly stereo- 
selective at carbon (of the diene), as could have been predicted from the attack 
of its ground triplet state4' on (mainly) S-trans-diene?" Stereochemical control at 
sulfur is detectable only in 1,5cis-dimethylY cis-sulfoxides, but it is noteworthy 
that the cis-dimethyl sulfoxide from 47a is exclusively the less stable isomer 48- 
trans, trans.6' 
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48 

Yield (%)* 
~ 

a. trans-trans - 0  87 13 
b. cis-trans - Trace 5 95 
c. cis-cis - 20 19 61 

* Extrapolated to zero reaction time. 

From equimolar quantities of isoprene and thiirane oxide in refluxing toluene, 
3-methyl-3-thiolene oxide is obtained in 83% yield. The high stereoselectivity of 
the SO-diene reaction is demonstrated in the following reaction, where essentially 
only sulfoxide (49) was formed6' : 

49 

It is likely that the SO-diene reaction will find a useful place in future organic 
syntheses. 
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VI. THIIRANE DIOXIDES 

1. Introduction 

The thiirane dioxides, which constitute a class of three-membered Mg con- 
taining sulfur in its highest oxidation state (l), can be traced back to the work of 
Staudinger and Pfenninger,' who synthesized l a  more than 60 years ago from 
diazoalkane and sulfur dioxide: 

1 

Furthermore, not only does the Ramberg-Ecklund rearrangement, which was 
discovered about 40 years ago: involve the intermediacy of thiirane d i~xides ,~  
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18 

but this base-induced rearrangement (a subject of extensive mechanistic studies 
in its own right4) has turned into an extremely useful synthetic for the 
formation of carboncarbon bonds from a-halosulfones: 

R,,* = H, alkyl, aryl 
X = Cl, Br, I 

The mechanistically and synthetically oriented studies of the above reaction 
played a significant role not only in the chemistry of thiirane dioxides, but also 
in the present state of the art in the whole field of sulfurcontaining three- 
membered rings. 

Although known for a long time, the three-membered ring sulfones have received 
little attention, partly because of their low stability. However, during the 19609, 
following the pioneering mechanistic studies conducted by Bordwell and Neureiter? 
a number of thiirane dioxides have been synthesized (see Section VI, 2). their 
physical and chemical properties studied, and significant aspects in their chemistry 
established.'-12 

2. Methods of Preparation 

Practically speaking, only a few methods are available for the preparation and 
isolation of thiirane dioxides if they themselves are the ultimate target of the 
synthesis. This is because they are thermally unstable and very sensitive to nucleo- 
philic reagents (bases included) that are usually present when the Ramberg- 
Ncklund route is used. 

The generation of thiiranes in situ represents the most popular approach for 
their use as chemical intermediates.'*10*12 Some formal synthetic routes for the 
preparation of thiirane dioxides are shown and discussed below: 
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(3 1 

a. base c. oxidizing agent 

X (0) H 
0. 

(X = halogen) / ~ 

b. diazoalkane d. reductive addition >=so2 
(-,I so, 

f. internal nucleophilic attack - 
Route a, in which the carboncarbon bond is formed, represents the classic 

Ramberg-Ecklund a p p r ~ a c h ~ * ~ * ~  (see Sections VI, 2, A and VI, 4, A). However, 
the expected three-membered ring, which was unequivocally proved to be an inter- 
mediate in these based-induced reactions of a-halo~ulfones,J*~* has not yet been 
isolated as such under the basic reaction conditions e m p l ~ y e d . ' ~ ' ~ ' ~  The refore, 
this route for the actual synthesis of thiirane dioxides appears to have no practical 
value in spite of being, probably, the most thoroughly studied. This route, however, 
turned out to be very productive in the preparation of arylsubstituted thiirene 
oxides13 and thiirene di~xides.'~ 

The relative stability of the unsaturated thiirene dioxides compared with that of 
the saturated thiirane dioxides under the Ramberg-Biicklund reaction conditions 
employed can be attributed mainly to two factors: (a) the pseudo-aromatic nature 
of the Hiickel-type unsaturated three-membered ring and (b) the 
low nucleophilicity of the organic base used, which is sufficient for ring closure 
of the a,a'-dihalodibenzyl precursor. 

Route b involves the formation of one carboncarbon bond, and one carbon- 
sulfur bond. It belongs to the category of sulfene chemistry.16 These intermediates 
react readily with diazoalkanes' to produce, after the loss of nitrogen, thiirane 
dioxides that are easily isolated and purified. So far, this appears to be the method 
of choice for the preparation of thiirane dioxides of all types (i.e., unsubstituted, 
alkyl and/or aryl, symmetrically and unsymmetrically substituted, thiirane dioxides). 

Route c involves the oxidation of the divalent sulfur in thiiranes through the 
corresponding sulfoxides up to the dioxide stage. Several problems are associated 
with this route (to be discussed later); thus its scope is rather limited from a practi- 
cal point of view. 

Route d requires the application of available addition reactions to thiirene 
dioxides. Specifically, catalytic hydrogenation comes into mind. However, it appears 
that, except for unique purposes such as characterization of thiirene dioxides, this 
reductive addition method has little or no preparative value for the following 
reasons: (a) the preparation of thiirene dioxides is rather laborious (see Section X), 
and (b) many of the presently known thiirene dioxides are prepared through the 
intermediacy of the corresponding saturated thiirane oxides.14 Indeed, the only 
example of this route reported in the literature is the catalytic reduction of 2,3- 
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diphenylthiirene dioxide with aluminum amalgam to cis-2,3-diphenylthiirane 
dioxide in very low yield (8%)’’ for characterization purposes: 

2 3 

Routes e and f, although formally feasible, appear to be questionable on practical 
grounds. Thus, the formation of two C-S bonds by the addition of sulfur dioxide 
to ketene, which belongs to category e, has been reported to give 2-thiiranone 
dioxide (4).’* However, the structural assignment of this adduct is in great doubt,” 
and it probably possesses the isomeric four-membered ring structure 5. 

4 5 

Similarly, a carbon-sulfur bond can, in principle, be formed via an internal 
nucleophilic attack of the sulfinate group at the 0-substituted positibn (route f). 
However, it has been shown” that this route does not yield thiirane dioxides. 
Rather, the corresponding fl-chloroalkanesulfinates 6 decompose via a trans- 
coplanar elimination reaction to chloride ion, alkene, and sulfur dioxide: 

a. erythro 
b. threo 

a. cis 
b. trans 

In fact, only routes a-c are of practical value for the preparation of thiirane 
dioxides; and they are discussed in detail below (see Sections VI; 2, A-VI, 2, C). 
However, in view of the severe limitations encountered with routes u and c, route 
b is ordinarily the method of choice for large-scale preparation and isolation of pure 
thiirane dioxides. 

A. Through the Base-Induced Reaction of eHalosulfones 

The formation of thiirane dioxides on treatment of a-halosulfones with 
an appropriate base (Ramberg-Ecklund conditions) has been unequivocally 
proved?*4 * 6*  ’ 

The reaction is generally viewed as occurring in three stages’: (a) pre-equilibrium 
a-proton abstraction leading to carbanion formation; (b) a rate-determining loss of 
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halide ion by backside intramolecular nucleophilic attack of the carbanion with 
formation of 1; and (c) loss of sulfur dioxide from 1 leading to stereospecific 
formation of olefins (see Eqs. 6): 

t 

Interestingly, thiirane dioxides (i.e., l), have not been isolated thus far in these 
base-initiated reactions. Rather, cis- and trans-olefins were the main products, and 
all attempts to obtain the three-membered ring system failed. Hence, this method is 
useful only for the in siru formation of 1 as intermediates in the synthesis of 
required olefins, acetylenes, polycyclic systems, and olefm sulfonates.6’ 7* ’* Alterna- 
tively, they may serve as in siru alkene precursors for potential trapping of the latter. 

In a striking constrast to the inaccessibility of thiirane dioxides through the 
Ramberg-Ncklund reaction, this method has been shown to be extremely useful 
and fruitful not only for the preparation of the unsaturated benzylic thiirene 
oxides” and  dioxide^'^.'^ (see Sections IX, 2 and X, 2), but also for the preparation 
of thiadiaziridine 1 ,l-dioxidesm as shown in Eqs. 7 and 8. 

r A -  . Arl  Ar Ar 

YU, 

7 n = 1 o r 2  
J 

The particular set of reaction conditions, as well as the substitution patterns that 
are crucial for the successful isolation of the Ramberg-Biicklund products (i.e., 7 
and 8) in these reactions are discussed in detail in the appropriate sections. Under 
ordinary reaction conditions (particularly in aqueous basic solutions), the thiirane 
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dioxides initially formed either decompose to alkene and sulfur dioxide or are 
cleaved by fusion of the carbon-sulfur bond. 

B. Via Sulfenes and Diazoalkanes 

The only practical and general method for the synthesis of thiirane dioxides is 
the reaction of sulfenes generated in situ with diazoalkanes.6 The sulfenes can be 
formed either by the reaction of diazoalkanes with sulfur dioxide or, more 
commonly, through the classical method of sulfene generation (e.g., dehydrohalo- 
genation of sulfonyl chlorides containing a-hydrogens with a base, usually 
triethylamine). These two methods of synthesis of thiirane dioxides are depicted 
in Eq. 9. 

R 1  

'GN2 + SO2 
/ 

R2 

Y 

\ 
R 1  

, c s 0 2  

R2 

11 (9) 

In route u the use of the diazoalkane in excess, necessarily leads to symmetrically 
substituted thiirane dioxides. When monoalkyl- or monoaryldiazoalkanes are used, 
mixtures of cis and trans isomers are formed."*" The intermediate sulfene 11, 
formed in the reaction between the diazoalkene 9 and sulfur dioxide sometimes 
gives other products - primarily ketones (12) and thiadiazolines, which in turn 
lose sulfur dioxide to produce ketazines (13). These alternative pathways are given 
in Eq. 1O.l.5.21922 
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Reaction c probably proceeds via a four-membered cyclic intermediate?l which 
upon subsequent loss of &03 yields the carbonyl compound 12. 

Reaction d (particularly with disubstituted diazoalkanes) leads to the A3-l ,3,4- 
thiadiazoline-l,ldioxide, which decomposes to give 13. In general, the prep- 
aration of thiirane dioxides by means of diazoalkanes and sulfur dioxide (route u 
Eq. 9) is carried out by adding gaseous or liquid sulfur dioxide to the solution of a 
diazoalkane preferably in anhydrous ether between 0’ and -60°, depending on 
the stability of the resulting thiirane dioxide. Other dry, inert low boiling solvents 
(e.g., hexane, benzene, acetone, carbon disulfide) have also been employed. The 
presence in the reaction mixture of such “protic” impurities as water, alcohols, 
mercaptans, and amines lowers substantially the yield of the thiirane dioxides 
by either reacting directly with the sulfur dioxide or intercepting the sulfene 
intermediateU : 

A typical procedure for the preparation of thiirane consists of 
bubbling sulfur dioxide through a chilled, (cu - 15’), distilled and dried solution 
of diazomethane.aq Evaporation of the solvent leaves the crude thiirane dioxide, 
which can be further purified by distillation under reduced pressure or recrystalli- 
zation from the appropriate solvent mixture. 

The following thiirane dioxides have been prepared through the Staudinger- 
Pfenninger method just described (see Eq. 9): the parent thiirane 
2,3 -dimethyl- p 2,3 -diphenyl- ,l * l7 - 21 25 2,3-diethyl,2,3 -di phen yl-, 2 3  -die th yl- , 
23-di-parasubstituted phenyl-,= and 2,3-tetraphenylthiirane dioxides. The latter, 
though, is an unstable crystalline 

It turns out that the cis-nuns ratio of the products varies significantly with the 
polarity of the medium in the reaction of diazoalkanes with sulfur dioxide: the 
higher the polarity of the solvent, the lower is the yield of the cis product. Thus, 
23% of the cis-23-diphenylthiirane dioxide is formed in ether, whereas the yields 
of this product in benzene or n-hexane are 41 and 60%, respectively. 

Under the reaction conditions of the Staudinger-Pfenninger procedure, the 
formation of the thiirane dioxides is usually accompanied by the formation of the 
corresponding olefins (through the loss of SO2 from the thermally unstable thiirane 
dioxides) along with small amounts of ketazines (Eq. 10). Interestingly, ethyldiazo- 
acetate does not react with sulfur dioxide,ls at least under the ordinary reaction 
conditions applied in the cases of diazoalkanes and sulfur dioxide. 

The method of choice for the preparation of either symmetrically or unsym- 
metrically substituted thiirane dioxides is the generation of sulfenes by the reaction 
of sulfonyl halides with tertiary amines (usually triethylamine) in an inert 
solvent, and the interaction of the former with an appropriate diazoalkane, route 

Table 1 gives a summary. 

b Eq. 9.16.29-32 
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The diazoalkanes 9 that have been successfully applied are those in which R1 is 
hydrogen, alkyl, cycloalkyl or aryl, whereas R2 is hydrogen, chlorine, or bromine. 
Equation 12 illustrates this method for the bench-scale preparation (80-84%) of 
2chlorothiirane dioxide (14)." 

\ 
c1 

(C,H,),N. 
ClCHzSOzCl 7 ,c=soz (1 2) 

[-(clHs)3~al 

C1 
CHaN, 
.__c 

14 

In a typical pro~edure?~- '~ a dry solution of the sulfonyl chloride in ether is 
added to a cold (< 0") etheral solution of the diazoalkane (taken in about 10% 
molar excess) and triethylamine (5-1 0% molar excess). Filtration to remove the 
triethylamine hydrochloride formed is followed by evaporation of the filtrate under 
reduced pressure to give the relatively pure thiirane dioxide. Further purification 
can be easily achieved by successive recrystallizations, preferably below room 
temperature," to avoid spontaneous fragmentation of the product into sulfur 
dioxide and the related olefin. In general, when the temperature of the reaction 
above is lowered, the yields are improved without a drastic decrease in reactivity?' 
Clearly, the lowering of reaction temperature is of particular importance in cases 
in which the thiirane dioxide is known to decompose at 0' or within this range. 
Thiirane dioxides that have been synthesized through this dehydrohalogenative 
method of sulfene formation are summarized in Table 1. 

Strictly speaking, the mechanism for the formation of thiirane dioxides from 
sulfenes (regardless of their origin) and diazolkanes is not known. However, 
supporting e v i d e n ~ e ~ * ' ~ * ~ '  suggests the zwitterion 15, which could arise by 
nucleophilic attack of the diazoalkane molecule at the sulfur atom of the sulfene, 
as a highly likely intermediate. 

17 
[R1R$%O1] R1R2C:- 

17 

R, = H; Ra = Cg, 18 
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The mechanism depicted in route u of Eq. 13 is in accord with the known 
favored attack of nucleophiles at the sulfur atom of sulfenes.16 The stereochemistry 
of the thiirane dioxide product (i.e., 16) is more difficult to account for. Thus, for 
example, the cis-2,3diphenylthiirane dioxide was formed exclusively when sulfur 
dioxide was added to phenyldiazomethane in excess, and no trans-thiirane dioxide 
was found in the reaction mixture.?" It was argued2' that the C-C distance in 15 
is elongated so that the London force attraction between the two phenyl rings 
would be stronger than the repulsive force between them:' and thus the cis isomer 
might be formed. However, it is possible that the trans isomer is also formed 
and decomposes into truns-stilbene owing to the lower stability of the truns-2,3,- 
diphenylthiirane dioxide. In fact, the yields of trans-stilbene isolated in all the runs 
of the study above21a approximately complement the yield of the cis-thiirane 
dioxide essentially up to the theoretical yield. 

Another possible explanation for the formation of the nuns-olefin is illustrated 
in Eq. 13, route b, and involves a carbene arising from a-elimination of SO2 from 
sulfene. In this case the fruns isomer 18 is formed owing to steric repulsion of the 
substituent groups (phenyl groups in this particular case). 

The sulfene intermediate 15 may give rise also to A3-1,3,4-thiadiazoline-1,1- 
dioxide (19), which would explain the formation of ketazines that often accompa- 
nies the synthesis of thiirane dioxides. 

0 2  

(14) 

I 19 

[RIR2CS02] + RIRzCN2 - N=N + RlR2C=N-N=CRlR2 
?SO,) 

13 

L 
I 

\ /CR1R2 
R1R2e 

so2 

Given the ease of elimination of sulfur dioxide from 19 to form 13,38 it is 
unlikely that 19 functions as an intermediate in the formation of thiirane dioxides. 
Alkenes, however, together with ketazines, have been isolated on pyrolysis of 
19.38*39 On the other hand, alkenes (18: Eq. 13)may be formed from intermediate 
15 or 19 via the elimination of both nitrogen and sulfur dioxide. 

C. By Oxidation of Thiiranes or Thiirane Oxides 

AU attempts to prepare thiirane dioxides by the oxidation of thiiranes have 
failedthus far,10*pv40 and usually ring opening of thiirane occurs under the reaction 
conditions employed. This is illustrated schematically in Eq. 15. 
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R = H  

R-CH-CHZSOBH 
I 

OH 

R = CH, 

(1 5) 
R = H  

Although no successful oxidation of thiiranes to the corresponding thiirane 
dioxides is known to date, the successfully controlled oxidations of the former to 
the corresponding thiirane oxides are well-established (see Section 

Indeed, the only supposedly successful preparation of a thiirane dioxide by 
oxidation of the corresponding t h i i r a ~ ~ e ~ ~  was later shown" not to be the claimed 
2,3-dibenzoyl-2,3-diphenylthiirane 20, but rather the 2-benzoyl-2,4,5-triphenyl- 
1,3-oxathiole 3,3-dioxide 21. 

V, 1, A). 

21 20 

22 

Furthermore, it turned out that the starting material was not the thiirane that 
had been sought but undoubtedly the oxathiole 22.1° The sterically hindered 
2,3di-tert-butylthiirane oxides 23a and 23b also failedM to be oxidized to 24. 

23 24 
a. R, = R, = H; R, = R, = t-Bu 
b. R, = R, = H; R, = R, = t-Bu 

Reagents investigated included mchloroperbenzoic acid, sodium peroxide, hydrogen 
peroxide, ozone, and aqueous potassium permanganate. The cis oxide (23a) was 
resistant to further reaction (steric hindrance, probably). The trans isomer (23b) 
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and also the corresponding thiirane were consumed with excess oxidizing agent, 
but no identifmble products could be is01ated.I~ 

Thus, the oxidation route for the preparation of thiirane dioxides from thiiranes, 
though probably the most logical, is practically inapplicable. 

3. Structure and Physical Properties 

A. Experimental Physical and Spectroscopic Data 

Most isolated thiirane dioxides are low melting substances (m.p. usually 35-85? 
that slowly decompose at room temperature and rapidly at about 80' or above their 
melting points to give sulfur dioxide and the related alkenes. This thermal fragmen- 
tation of thiirane dioxides is so facile that only under an inert atmosphere in the 
freezing compartment can the rate of decomposition be reduced substantially 
enough to make the systematic study of these molecules possible. 

Investigations of the molecular structure of selected thiirane dioxides by x-ray 
diffraction techniques" and by gas phase microwave spec t ro~copy~*~ '  showed the 
compounds to possess a carboncarbon bond distance of 1.616, which has been 
cited as the longest known? The angles OSO, CSC, HCH, and H2CC of the parent 
thiirane dioxide are 1 21'26', 54'40', 1 16'0', and 1 51'43', respectively.46 

The uv spectra of thiirane dioxides have not been studied because they do not 
appear to exhibit any characteristic uv absorption above 220 nm. The ir spectrum, 
however, exhibits C-H stretching vibrations at 3000-3100~m-~,  as expected for 
a three-membered ring compound, and the typical stretching frequency of the 
sulfone group is at about 1320 and 1 1 6 0 ~ m " . ~ ' ~ ~  The scissoring vibrations of 
the sulfone group in the Raman spectrum were found to be at 1375 and 1388 cm-I, 
vs. 1400 and 1418cm-' for the sulfoxide.4B The three-membered ring has little 
effect on the frequency of the sulfone group. 

The positions of the three-membered ring proton signals in the nmr spectra of 
thiirane dioxides depend on the environment of these protons' and the solvents 
used49 and are not uniquely indicative of this class of compound. The highfield 
shift of the three-membered ring protons of thiirane dioxides vs. the a-protons 
in the four-membered sulfone ring may partly be due to the diamagnetic anisotropy 
of the three-membered ring.'O 

The physical parameters of some selected thiirane dioxides are summarized 
in Table 2 for the sake of illustration. 

B. Molecular Orbital Calculations 

Ab initio MO-SCF calculations have been performed recently on the three- 
membered ring structure of the parent thiirane dioxidem following an earlier study 
based on extended Ziiickel cal~ulations.'~ Hoffman et al." concluded that the 
long C-C bond of thiirane dioxide is due to (a) the effective population of the n' 



T
A

B
L

E
 2

. 
PH

Y
SI

C
A

L
 P

A
R

A
M

E
T

E
R

S 
A

N
D

 C
H

A
R

A
C

T
E

R
IS

T
IC

 S
PE

C
T

R
O

SC
O

PI
C

 D
A

T
A

 F
O

R
 S

O
M

E 
SE

L
E

C
T

E
D

 T
H

II
R

A
N

E
 D

IO
X

ID
E

S 
so
 

R
,R

, a
R

,
R

,
 

B
on

d 
le

ng
th

 (A
) 

m
.p

. 
Ir 

st
re

tc
hi

ng
 fr

eq
ue

nc
y 
(a
n-
')
 

N
m

r 
sh

if
t 

R
, 

R,
 

R,
 

C
-C

 
C

-S
 

C
C

) 
C

-H
 

so
, 

(P
Pm

) 
R

ef
. 

H
 

H
 

H
 

1.
59

0 
1.

73
1 

19
 

31
00

; 
30

00
 

13
10

; 1
16

0 
3

.W
 

3
0

,4
6

4
9

 
v
, 

R
1

 
L

 

U
H

 
1.

58
6 

1.
76

 
c1

 
H

 
H

 
H

 
53

-5
4 

30
86

 
13

28
; 1

16
8 

3.
17

; 3
.7

5;
 4

.8
5 

32
 

C
6H

5 
H

 
H

 
39

-4
0 

(d
ec

om
p.

) 
5

,3
0

 
ci

s€
,H

, 
H

 
ci

sC
6H

, 
H

 
86

-8
8 

(d
ec

om
p.

) 
5.

21
 

cb
-C

H
, 

H
 

ci
s-

C
H

, 
H

 
1.

60
 

1.
73

0 
57

 (
de

co
m

p.
) 

3.
36

 
4,

45
 

17
,2

1,
25

 

D
ep

en
di

ng
 o

n
 th

e 
so

lv
en

ts
 u

se
d.

 



Thiirane Dioxides 513 

level of the ethylene fragment through a low-lying orbital (3bz of 1~ symmetry) in 
SO2, and (b) the action of the 3d orbitals in SO2 as effective acceptors, thus 
depopulating the orbital of CZ&. The combination of these two effects leads to 
a weakening of the carboncarbon bond. Consequently, the cleavage of this bond 
should be disrotatory, but conrotatory in thiirane itself. However, the extended 
Huckel data were not able to explain the observed discontinuity in the structural 
changes in the series thiirane, thiirane oxide, thiirane dioxide. Using a medium- 
sized contracted Gaussian basis set, optimal CC, CS, and SO distances have been 
determined,m and the calculated equilibrium geometries have been found to be 
in good agreement with available microwave data. Thus, the calculated total energy 
was foundm to be - 624.678a.u. and the carboncarbon, carbon-sulfur, and sulfur- 
oxygen bond distances (with the use of the 3d S orbitals) to be 1.590,1.755, and 
1.452 A, respectively (vs. experimental valuesM 1 S90, 1.73 1, and 1.439 A). It 
turns outmqs1 that two factors are important in explaining the structural features 
in thiirane dioxides: the donor-acceptor strength of the fragment SOz and the 3d 
sulfur orbital participation. The latter factor provides the explanation for the 
extraordinarily long carboncarbon distance in thiirane dioxides. 

4. Chemical Properties and Reactivity 

A. The Ramberg-Backlund Rearrangement 

The intriguing transformation of a-halosulfones into alkenes on treatment with 
either inorganic or organic bases has been of both synthetic and mechanistic interest. 
This rearrangement has been named after Ramberg and Mcklund, who were the 
first to report2 the final result of the reaction without going into the mechanistic 
details. Since then, this rearrangement has been extensively ~ t u d i e d ’ * ~ * ~ - ~  and has 
found wide synthetic work.7*9*12*14 Following some practical synthetic schemes 
that were first reported in the 1960~:~. ’’ the Ramberg-mcklund rearrangement 
began to show new promise as a synthetic tool in its application for (u)introduction 
of bridgehead double bonds in otherwise remotely accessible ring systems (e.g., 
25),54 (b) preparation of thiapropellanes (e.g., 26): (c) preparation of dihaloalkyl- 
s u l f o n e ~ , ~ ~  and (d) synthesis of acetylenes and olefin sulfonates (e.g., 27).6*’*12 

25 26 27 
R = Me, Et, n-R, n-Bu, etc.” 

The synthesis of alkenes through the intermediacy of thiirane dioxides that 
stereospecifically lose sulfur dioxide on heating undoubtedly constitutes an integral 
part of the Ramberg-Mcklund rearrangement complex. 

It became clear from the pioneering work of Bordwell et aL304 on the mechanism 
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of the Ramberg-Biicklund rearrangement that the three-membered ring of the 
thiirane dioxide is definitely involved in this transformation. The chemistry of 
thiirane dioxides is thus tied strongly to  the chemistry of the Ramberg-Wcklund 
reaction, and the two have usually been developed and studied concurrently and/or 
simultaneously. 

With very few exceptions, the rearrangement is general for molecules containing 
the structural elements of a sulfonyl group, an &halogen, and at least one a‘- 
hydrogen atom, that is, 28. 

H 
28 

Mechanistic studies of the Ramberg-Bgicklund reaction by Bordwell and Cooper4 
led to the present accepted mechanistic pattern depicted previously in Eq. 6. 

The reaction was found to be first order in both hydroxide ion and sulfone! 
The pre-equilibrium reversible step has been substantiated by deuterium 
labeling,“. 7vM kinetic relationship~,3*~* 56 and leaving group  effect^.^*"* s6c The 
presence of at least a steady state of carbanion intermediate (Eqs. 6) also has been 
substantiated in these studies?. 7 v  ” In a ratedetermining step involving an intra- 
molecular SN2 p~ocess ,3*~*~  the thiirane dioxide intermediate is formed with 
double inversion: which requires the carbanion and displacement centers to be 
coplanar7* 56 : 

Additional support for the mechanistic pattern above is supplied by the re- 
quirement for the existence of an a-sulfonyl proton that bisects the angle of the 
oxygen atoms of the sulfonyl g r ~ u p ~ * ’ ~  if the rearrangement is to take place in 
rigid ring systems. 

The involvement of thiirane dioxides in the rearrangement has been indirectly 
supported by subjecting authentic thiirane dioxides obtained from using alternative 
methods, primarily through sulfenes, to Ramberg-Biicklund conditions and isolating 
stereospecific alkenes and other products that one obtains in the “classical” 
Ramberg-Bgicklund reaction!. It has been concluded’* that the stereochemistry 
of the final alkene products is determined in the ring closure step (e.g., Eq. 17) 
which, in turn, determines the stereochemistry of the alkene precursor, namely, 
that of the thiirane dioxide intermediate. The thermal decomposition of thiirane 
dioxides to olefins and sulfur dioxide is known to be stereospecific! 

It was founde that the stereochemistry of the Ramberg-Biicklund reaction is 
remarkably insensitive to changes in the nature of the solvent and, over a wide 
range, in the nature of the base. However, with a strong hindered base (e.g., 
potassium f-butoxide), a profound change in stereochemistry of the olefmic 
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products does occur.e Thus, cis-alkene predominates in acyclic a-halosulfones 
except with f-butoxide, when the trans-alkenes are the major 59 

Under these conditions cyclic a-halosulfones undergo little or no reaction to form 
cyclic alkenes.”’ The reason for the preference of formation of cis-thiirane dioxides 
is not clear.40 Mechanistic and stereochemical studies of the Ramberg-Mcklund 
reaction suggestm that the stereochemistry (i.e., cis-trans ratio) of the thiirane 
dioxide intermediates formed in many cases is dictated to an appreciable extent 
by the formation of one of two possible diasteromeric carbanions (Eq. 6a) in a 
higher equilibrium concentration. The isomeric ratio in the three-membered ring 
intermediate determines, in the final analysis, the cis-trans ratio of the resulting 
alkenes. 

Several mechanistic explanations have been advanced for the decomposition of 
thiirane dioxides to the olefrnic final products. Since concerted thermal decompo- 
sition was believed to be symmetry forbidden according to the Woodward-Hoffmann 
rules for cyclo- and retrocycloadditions:’ a nonconcerted, yet stereospecific 
pathway was initially ~uggested.~ Thus, a tight ion pair or a rearranged species 
incorporating the -SO2- moiety into a five-membered ring was believed to be 
responsible for the stereospecificity of the reaction. 

Bordwell and co-workers” presented data in favor of a nonconcerted diradical 
or base-promoted radical anion mechanism as the route for the transformation of 
thiirane dioxide into alkene and sulfur dioxide in the Ramberg-mcklund reaction. 
However, the concerted symmetry-allowed nonlinear cheletropic path can also 
account for the available experimental data on this At present, 
there is no conclusive support for any of the paths suggested for the fragmentation 
of thiirane dioxides to alkenes and sulfur dioxide, and additional studies will be 
required? 

Acyclic a p  and a,ar’-dihalosulfones afford acetylenes and vinylsulfonic acids 
as the main reaction p r o d ~ c t s ~ * ’ ~ * ~ ~ ~ ~ ~  on treatment with base under the Ramberg- 
Mcklund reaction conditions. Smaller amounts of vinyl halides are also obtained. 
Illustrative examples are given in Eqs. 1 8.1a 57 

J 

29 
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KOH-t-BuOH r-BuCHzS02CHC1-r-Bu - 
t - B e H  + r-BuCH2SOpCC12-r-Bu 

CCI, 

H 4,. ,,* t-BU 

I S 
0, 

95% exclusive isomer 

Interestingly, the isolation of trans-di-?err-butylethyelene is in fact unusual because 
the Ramberg-bcklund method, generally leads to cis-olefins predominantly.w 

Using somewhat milder reaction conditions, stable thiirene oxides and dioxides 
(Eq. 7) can be prepared from a,&'-dihalobenzyloxides and d i ~ x i d e s . ' ~ ~ ' ~ * ' ~  The 
route by which a,& or a,a'-dihalosulfones are converted to vinylic sulfonates, 
acetylenes, and vinyl halides can be rationalized in terms of a common thiirane 
dioxide intermediate like 29. The sulfonic acid 30 arises by the concerted attack 
of hydroxide ion at tetravalent sulfur and concomitant ejection of chloride ion. 
The vinylic halide (i.e., 31) most probably results from stepwise cleavage of the 
three-membered ring to give an anion, which in suitable cases (benzylic position) 
may enjoy an appreciable lifetime. This anion then inverts and subsequently 
displaces bisulfite ion from the normal rearward positi~n.~' Based-induced 
dehydrohalogenation of 3 1 yields acetylene (32). 

Alternatively, the results may be accounted for by assuming the formation 
of thiirene (33) from intermediate 29 via loss of a second molecule of hydrogen 
halide. Loss of SOz from 33 wil l  lead to 32, whereas ring opening through nucleo- 
philic attack of the base on the sulfone sulfur in 33 will afford the vinylic sulfonate 
30.7 In fact, the existence of 33 has been demonstrated by its direct preparation 
and i s ~ l a t i o n , ' ~ ~ ~ ~  and the conversion of thiirene dioxides to  the RambergBacklund 

33 

final products (e.g., diphenylacetylene) has been also dem~nstrated.~. '~ a,a,a- 
Trihalosulfones are convertible to dihalothiirane dioxides or monohalothiirene 
dioxides (e.g., 34), which yield a&unsaturated sulfonic acids, acetylenes, and 
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P-ketosulfonic acids. Saturated dichlorosulfonic acids are also formed in certain 
cases?. s9 

R-C =C--Hal 
\ /  

s o 2  
34 

Base-induced rearrangements of a-halo- or a ,a-dihalosulfonamides to Schiff 
bases (i.e., 35) or nitriles 36, respectively, can be easily explained in an analogous 
manner, invoking a three-membered ring a-sultam as an intermediate!*’*& A case 
in point is depicted in Eqs. 19.67 

Indeed, the Schiff base 35 and the benzonitrile 36 have been isolated in 79 
and 62% yields, respectively, on based-induced cyclization attempts6’ of the 
corresponding a-halo- and a ,a-dihalosulfonamides under the Ramberg-Ecklund 
conditions. 

Finally, a fragmentation process analogous to the Ramberg-Biicklund rearrange- 
ment is responsible for the formation of some major ions in the m a s  spectra of 
benzylic 0-disulfones.6’ This appears to be a general pattern in the mass spectra of 
this class of compounds under electron impact conditions with a thiirane dioxide 
as an intermediate along the fragmentation coordinate. 

B. Surfur Dioxide Elimination and Formation of Alkenes 

Most thiirane dioxides decompose near room temperature to give sulfur 
~ 0 ~ d e 1 ~ 4 ~ s ~ 1 7 * 2 1 ~ ~ 9 ~ ~ ~  and alkenes with retention of configuration: 
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37 

a. R, = R, = H 

b. R ,  =R, = H  

R, = R, = alkyl or aryl 

R, = R, = akyl or aryl 

38 

Although the mechanism of this fragmentation is not agreed 0n7*10*11*62 (see 
Section VI, 4, A), the final result is very useful in the synthesis of alkenes with well 
defined configurations. In most established procedures the desired thiirane dioxides 
are generated in sifu through either the reaction of diazoalkanes with sulfenes (see 
Section VI, 2, B) or the base-induced cyclization of dmlosulfones (see Section VI, 
4, A). The crude thiirane dioxides thus obtained are converted without prior 
purification into the corresponding alkenes by thermal- or basecatalyzed elimination 
of sulfur dioxide. In most cases, this elimination takes place under the already 
employed reaction conditions. 

Thermal decompositions follow first-order rates and were found to correlate 
surprisingly well with the ionizing power of the medium." The rates are also 
base accelerated," although the effect is rather small? 

However, the stereochemistry of alkenes is not assured in the presence of a 
sufficiently strong base and sufficiently acidic protons in the three-membered 
ring. Under such conditions (essentially those typical for the Ramberg-Ecklund 
reaction), epimerization via a carbanion intermediate produces an equilibrium 
mixture of thiirane dioxides.&* For example, cis-2,3-dimethylthiirane dioxide 
gives a mixture of cis- and trans-butene in the presence of potassium fert-butoxide. 
cis-2,3-Diphenylthiirane dioxide epimerizes in the presence of alkoxide ions pre- 
dominantly to tran~-2,3diphenylthiirane dioxide, and consequently the nuns- 
stilbene is obtained almost quantitatively as the final product." In contrast, 
cis-2,3-dimethylthiirane dioxide eliminates sulfur dioxide without epimerization& 
to give cis-2-butene in the presence of sodium hydroxyde, whereas cis-2,3-diphenyl- 
thiirane dioxide gives a mixture of cis- and tmns-stilbenes2" under such conditions. 
These results are summarized in Eq. 21. 

R = CH, or C,H, 

R W R  + 

H ~ H  

R W R  + 

H ~ H  
The only isomer 
with R = CH, 

RWH 
H ~ R  

RWH 
H ~ R  

Predominantly 
with R = CJ& 
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It appears that the diazoalkanesulfene route should be preferred to that of the 
Ramberg-Backlund route for in situ dioxides generation in instances requiring a 
“clean” isomer of the alkene. This pragmatic conclusion may be altered in extreme 
cases with bulky substitutents (see Eq. 18b). 

Although no definite conclusionscan be drawn concerning the actual participation 
of bases in the conversion of aliphatic thiirane dioxides into alkenes, the known 
reaction of sulfones with alkali (Eq. suggests a nucleophilic attack of 
hydroxide ion on such thiirane oxides” (Eq. 22). 

Similarly, the stereospecific formation of cis-2-butene from cis-2,3-dimethyl- 
thiirane dioxide& may be rationalized in terms of a stereospecific ring opening of 
the thiirane dioxide to give the threo-sulfinate 39, which in turn decomposes 
stereospecifically to yield the cis-alkene, hydroxide ion, and sulfur dioxide”: 

C H J U C H ,  

H”H 
(23) ___* 

+ OH- + SO1 
39 

Indeed, a similar case has been demonstrated experimentally in the thermal 
decomposition of the corresponding rhreo-3chloro-2-butane sulfonate as shown in 
Eq. 24.” 

With few exceptions, good yields of alkenes are obtained through the inter- 
mediacy of thiirane dioxides obtained in situ either under the Ramberg-Mcklund 
reaction conditions or via the sulfene route. Examples of the synthesis of alkenes 
via thiirane dioxides are summarized in Table 3. 

The Ramberg-Ecklund rearrangement of appropriate uchlorosulfones to yield 
polyunsaturated propellanes6 is a closely related extension of this route of alkene 
synthesis both mechanistically and synthetically. 

C. Decomposition of Thiirane Dioxides in the Presence of Bases 

The base-promoted elimination of sulfur dioxide from thiirane dioxide has been 
mainly conducted in connection with the mechanistic studies of the Ramberg- 
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Mcklund reaction(see Section V1,4, A). In general, the thiirane dioxide (previously 
isolated or formed in situ) is treated with a large excess of the base in an appropriate 
solvent system for several hours at room temperature or be lo^.^-'*"*'^ Bases 
commonly used are 2N NaOH (in water), NaOCH3 (in methanol), KO-t-Bu (in 
t-BuOH), and n-BuIi (in tetrahydrofuran) or KOHCC14 (in t-BuOH). In some 
cases (alkyl-substituted thiirane dioxides) temperatures above 20' are used.12 It is 
often advantageous to use mixed solvents to ensure a homogeneous reaction mixture. 

The elimination of sulfur dioxide from thiirane dioxides leading to the corre- 
sponding alkenes is not the only result of their base-induced reactions; other 
products are also formed. This fact raises the question of the mechanistic pathway 
of this reaction, which is briefly discussed next. 

a. NUCLEOPHILIC ATTACK ON CARBON 

In the presence of aqueous sodium hydroxide, 2-phenylthiirane dioxide gives 
styrene and benzylsulfinate (40). These results have been interpretedllb in terms 
of initial nucleophilic attack of the hydroxide ion at the carbon atom of the three- 
membered ring or sulfur dioxide elimination as depicted in Eq. 25, which is 
comparable to Eq. 22. 

cbH5b - OH- [C6HSCHCH20H or C6HsCHS02CH20H] 

I (-HCHO) 
1 so; 

40 

Although the hydride ion (LiAlH4 or LiBH5)25 selectively attacks thiiranes 

at C-2, the sterically larger OH- species may attack at the less hindered C-3 site. 

b. NUCLEOPHILIC ATTACK ON THE SULFONE GROUPS 

A nucleophilic attack of the hydroxide (or the alkoxide) ions on the sulfirr atom 
of the thiirane dioxide ring to give sulfonic acids or similar intermediates, which 
then decompose to alkenes and bisulfite ion, has been suggested" : 
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Sulfonic acids (e.g., protonated form of 41) should be sufficiently stable to be 
isolated and identified. Indeed, analogous sulfonic acids (e.g., 42) have been 
isolated and identified in the RambergBicklund rearrangement of 2-halothiirane 
dioxides'. % : 

42 

Thus, the sulfonic acid 42 is probably formed via a nucleophilic attack of the 
base on the suifir atom of the sulfone group in the three-membered ring inter- 
mediate.% 

The reaction of the parent thiirane dioxide, the 2chloro- and 2,3<is- 
dimethylthiirane dioxides with either Grignard reagents or alkyllithium reagent has 
been studied e~tensively.'~ The fair to good yields of the sulfinates 43 obtained 
(48-82%), accompanied by the corresponding alkene (44) have been interpretedn 
in terms of initial nucleophilic attack of the basic reagent on the sulfirr atom of the 
thiirane dioxide ring as depicted in Eq. 29. 

L 

(R,SO&M + R,CH=CHRz 
43 44 

a. R,  = R ,  = H ; M = L i ; n = l ; R , = C H , o r n - C , H ,  
b. R,  = H ; R ,  = C I ; M = L i ; n = l ; R ,  =CH,orn-C,H, 
c. R, = R, =CH,;M = Li;n = 1;R,  =nC,H, 
d. R, = R, = H; M = Mg;n = 2; R, = CH, or C,H5 or (CH,),CHCH, or C,H&H, 

c. DECOMPOSITION THROUGH CARBANION FORMATION 

A different pathway of ring opening is manifested in the reaction of thiirane 
dioxides with reagents that are weak nucleophiles but strong bases (e.g., 
butyllithium). Thus, trans-2,3-diphenylthiirane sulfinate (i.e., 47) is formed in low 
yield when cis-2,3-diphenylthiirane dioxide (45) is treated with buty1lithium.'lb 

The reaction apparently proceeds via the carbanion intermediate, which rear- 
ranges with inversion of configuration. The reactions involved are outlined in 
Eq. 30." 
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Ph. ,SO,Li 

H' Ph 
c-c. 

47 

The formation of both cis- and trans-stilbene can thus be accounted for in 
accepting the interpretation above. A similar rearrangement has been observed for 
thietane 1 ,l-dioxide.n The difference between n-BuLi and OH- may exist because 
the former is too sterically hindered to attack the sulfir atom. The a-sulfonyl 
carbanion intermediate 46 possesses considerable stability. 

d. SUBSTITUENT EFFECTS 
ON THE DISPOSITION OF THIIRANE DIOXIDES 

Substitution effects in the base-induced reactions of thiirane dioxides have been 
studied systematically by treatment of sulfones with KOH-CC14-t-BuOH.'2*69* 
It was shown that the 2-halothiirane dioxide initially formed (e.g., 48) undergoes 
dehydrohalogenation to afford the thiirene dioxide intermediate (e.g., 49), which 
is opened under the reaction conditions to give the sulfone product. This is 
illustrated in Eq. 3 1 .% 

CCI,-KOH-t-BuOH 
RCH zSOzCH2 R * RCClZSOzCH2R 

48 49 

Some examples that illustrate the dependence of the final product (alkene or 
vinyl sulfonic acid) on the substitution pattern of the thiirane dioxide are given 
belown : 
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Thiirane dioxide 
formed in situ Product 

50 51 

a. R, = R4 = Ph; R, = R, = H 
b. R, = R, =H;R,  = R, = P h  

d. R, = R ,  =R,  =Ph;R,  = H  
e. R, = R, = r-Bu; R, = R, = H 

a. R, = R, = Ph; R, = R, = H 
b. R, = H; R, = Ph; R, = SOP; R, = Ph 

d. R, = R ,  = R, =Ph;R, =SOP 
e. R, = R, = r-Bu; R, = R, = H 

c. R, = R ,  =Ph;R,  =H;R, =CH, C. R j  = R ,  =Ph;R,  =H;R,  =CH, 

In accordance with previous studies, the formation of 51 (R, = CH,; R3 = 
S03H) from 49 is envisioned as followsn : 

e. DEHYDROHALQGENATION OF 
HALOSUBSTITUTED THIIRANE DIOXIDES 

Treatment of Zhalothiirane dioxides with organic bases such as triethylamine in 
organic solvents (e.g., methylene chloride) under mild conditions yield thiirene 
dioxides (e.g., 52) via a dehydrohalogenation reaction" : 

52 

This dehydrohalogenation proved to be exceptionally useful in the benzilic series, 
where the 2-3diphenylthiirene dioxide 53 could be prepared and isolated in bench- 
scale yields as  follow^.'^ 

Moreoever , in certain cases, the thermodynamically unstable and nucleophilically 
sensitive thiirene dioxides formed via the dehydrohalogenation of the 2-halothiirane 
dioxides facilitate the synthesis of unique compounds otherwise difficult to obtain. 
An example is given in Eq. 35.12 
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PhCHzSCH2Ph 
Br, MCPA - PhCH-S-CHPh - 
hv; Ccl, I I (ether) 

Br Br 

PhCH-SO2-CHPh 
I I 
Br Br 

(34) 

D. Carbon-Carbon Bond Cleavage 

a. THERMAL C-C BOND CLEAVAGE 

The thermal rearrangement of tetraphenylthiirane dioxide to give cyclic sulfones 
(i.e., 54)” probably proceeds via a homolytic cleavage of the carboncarbon bond 
to give a diradical intermediate (i.e., 52). The latter cyclyzes to the sulfone 53, 
which isomerizes to 54loo2’: 

53 54 
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Since the above reaction is accompanied by sulfur dioxide elimination (to yield 
the corresponding tetraphenylethene), the activation energies for the C-C and the 
C-S bond cleavages appear to be comparable. 

Regardless of the correct mechanism in Eq. 36, the thermal carboncarbon 
cleavage of thiirane dioxides appropriately substituted can effectively be used for 
synthetic purposes. Indeed, this has been elegantly demonstrated by Paquette et al. 
in their convenient new synthesis of thiepine dioxides through a Cope-type rear- 
rangement% of divinylthiirane dioxides, as illustrated in Eqs. 37." 

R R  

RCH =CHCHN, +#!- (-J 
R = H;CH, 

0 2  56 

In 55, carboncarbon cleavage in the Cope rearrangement (the activation energy for 
related transformationsn is cu. 12 kcal/rnole) can compete effectively with the 
customarily observed fragmentation pathway (C-S bond rupture). Interestingly, 
in the case of 57 the competition between Cope rearrangement (estimated% Ead 
cu. 19-20 kcal/mole) and its thermal fragmentation (estimated" Ead cu. 19-21 
kcal/mole) is nearly evenly balanced." 

The synthetic potential of such transformations in the thiirane dioxide series 
appears to be rather promising. 

b. WITH METAL HYDFUDES 
A reductive cleavage of the carboncarbon bond in the three-membered ring 

of the thiirane dioxides can be accomplished25*m by the typical nucleophilic 
reducing agents lithium and sodium borohydride and lithium aluminum hydride. 
Thus, 23cis-diphenylthiirane dioxide afforded 45% yield of dibenzyl sulfone (59) 
on reaction at room temperature with either LiBH, or NaBH,, but only 
&lo% yield of the sulfone on reaction with LiAlH,. The reduction of 2 ,233-  
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tetraphenylthiirane dioxide gave the corresponding sulfone in 68% yield, whereas 
the reduction of 2-phenylthiirane dioxide with the Same reagents gave no carbon- 
carbon cleavage product, but rather a carbonsulfur fission product (e.g., sulfinic 
acid salt). Based on these results and solvent effects that were found to be operative 
in these reactions, the following four-centered reaction mechanism has been 

1 H, 
B- --H 
I I L; 

Two other alternative mechanisms for the C-C bond fission cannot be excludedz5 
based on the available data. One involves an activated species like 60, which then 
reacts with complex metal hydrides by a 1,3dipolar-type reaction. 

0, 
60 

The other involves an SN2-type mechanistic route as in epoxide reduction?': 

There is no clear reason to prefer either of these mechanisms, since stereo- 
chemical and kinetic data are lacking. Solvent effects also give no clues to the 
problem. At any rate, it is possible that the carboncarbon bond strength is weakened 
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by an increasing number of phenyl substituents resulting in more C-C bond 
cleavage products, as indeed is found experimentally. AU these reductive reactions 
of thiirane dioxides with metal hydrides are accompanied by the formation of the 
corresponding alkenes via the “usual” elimination of sulfur dioxide. 

c. WITH METAL HALIDES 

Reaction of the parent thiirane dioxide with chloromethyl ethers in the presence 
of zinc chloride gave alkoxymethyl-2chloroethyl sulfones (62), presumably through 
the intermediacy of the chlorosulfmate 61.@ This transformation is depicted in 
Eq. 40. 

62 

The zinc chloride is thus acting here as a Lewis acid. 
The reaction of thiirane dioxides with metal halides such as lithium and mag- 

nesium chlorides, bromides, and iodides in ether or THF solution afforded the 
halometal sulfmates 63 in yields ranging between 50 and 65%.’l The suggested 
mechanism (for magnesium halides) is given in Eq. 41 

Hal = CI; Br; I 
R, =R, = H o r C H ,  
R, = H; R, = C1 / 

The analogy of these reactions with that of thiirane dioxides with ZnC12 (Eq. 40) 
is apparent. 

E. Reactions via Intermediate Thiirane Dioxides 

As has been shown in this section, most of the chemistry of thiirane dioxides 
involves their in sifu generation followed (ordinarily) by decomposition to alkenes 
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and sulfur dioxides under reaction conditions. In some cases, however (see Section 
VI, 4, D), carboncarbon bond cleavage occurs. 

Many reactions in which the intermediacy of thiirane dioxides has been either 
proposed or unequivocally proved are known. A brief review of selected reactions 
(which have not been previously discussed in this section) follows. 

a. REDUCTION 

Treatment of d,l- and meso-bisa-bromobenzyl sulfone with triphenylphosphine 
gave trans- and cis-stilbene, respectively, via a-sulfonyl carbanions that undergo 
cyclization at the remaining chiral center to yield trans- and cis-2,3-diphenylthiirane 
dioxides as intermediates. The reaction was assumed to  proceed via a double 
inversion mechanism - one at each chiral center as shown by Eq. 42 for the dl- 
isomer" : 

H Ph 
W 

Ph H 

H Ph 

Br (-Brz) P h w H  (-so,)r A (42) 

02 

The same mechanism apparently operates in the reduction of the meso-&,a'- 
dibromodibenzyl sulfoxide with the phosphine reagent [(CH3),N] 3P.8J 

b. REACTION OF YLIDES WITH SULFENES 

The reaction of stable phosphonium," sulf0nium,8~ and sulfoxonium ylidesM 
with in situ generated sulfenes (dehydrohalogenation of sulfonyl chlorides in the 
presence of triethylamine) to give alkenes stereospecifically can be formulated 
as follows: 

R, = H, CH,, Ph; R, = H, CH,, Ph 
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The yield of alkenes in these reactions is variable; the best is in the 63-78% 
range. Nevertheless, the trans-alkene always dominates, which provides a hint about 
the stereochemistry of the thiirane dioxide intermediates involved. The suggested 
precursors of the thiirane dioxides (i.e., 64) are similar to  those postulated in the 
Ramberg-Baicklund rea~tion.~" In at least one case, the reaction of ylides with 
sulfenes, the thiirane dioxide intermediate (e.g., 66) was claimed to have been 
isolated in modest yield." However, the structure assigned to 66 was shown 
later" to be incorrect. 

66 

C. MICHAELINDUCED RAMBERG-BXCKLUND REARRANGEMENTS 

The sulfonyl carbanion intermediate 68 may be produced upon Michael addition 
of a suitable anion to a-halosulfones carrying a Michael acceptor system (67). The 
formation of 68 then leads to a thiirane dioxide intermediate, which in turn gives 
(after sulfur dioxide elimination) the corresponding alkene. This scheme was 
successfully realized in the following case": 

P- C1-CH2-SO2-€H=CH-€H=CHz + PhS02Ta' - v 
67 

(2: 1 ratio) 

This approach appears to have potential in step-by-step polyene building. 

d. NUCLEOPHILIC SUBSTITUTION 
OF STRAINED THIIRANE DIOXIDES 

Treatment of the five-membered achlorosulfone propelane (69) with potassium 
terr-butoxide gave in 40% yield the tert-butoxypropelane 71.= No sulfur dioxide 
is eliminated from the strained three-membered ring intermediate 70. Rather, 70 
affords 71 either directly or through a dipolar intermediate 72, as depicted in 

, Eq.45." 
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&I 

69 

If (45) 

The carboncarbon bond cleavage in the thiirane dioxide intermediate (i.e., 
70) is promoted by the built-in strain on the one hand and the interactions between 
one of the sulfone oxygens and the cyclobutane ring in 70 on the other. Equi- 
libration of 69 with potassium ?err-butoxide at room temperature in THF results 
in the formation of both 71 and its an?i isomer (with respect to the four-membered 
ring) in a 1 :4 ratio. 

Carboncarbon cleavage presumably promoted by steric compression occurs in 
other strained thiirane dioxides and leads to various rearrangements in the skeleton 
of the intermediate. A case in point is the f o l l ~ w i n g ~ ~ * ~ :  

(46) 73 

J 

Other similar ~ a s e s ~ ~ * ~  involving strained thiirane dioxides are known. 
The C-C bond cleavage and the accompanying sulfur dioxide elimination from 

the postulated 73 appear to be solvent dependent: 

e. REACTIONS OF THIIRENE DIOXIDES 
Some reactions of the pseudo-aromatic 2,3-diphenyithiirene dioxide system are 

assumed to proceed through the intermediacy of an initially formed thiirane 
dioxide inte~mediate.'~ Two examples are given in Eqs. 47. 
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74 (CH,),&HCOC,H, 

f. THERMAL DECOMPOSITION OF OXATHIOLS DIOXIDES 

One of the products obtained in the pyrolysis of this class of compounds is 
rationalizedin terms of thiirane dioxide intermediates as illustrated by the following 
example”: 

(48) PhyoToph 
Ph 

Ph 
I 1  
Ph Ph 

R 
PhCC--LCOPh -, 

g. CONCLUSION 

Although the thiirane dioxide itself is not easy to isolate under the reaction 
conditions ordinarily employed, evidence based on the product pattern, the 
stereochemistry, and the kinetics involved provides convincing support for the 
concept of its actual involvement in a number of reactions. 
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VII. THJJRENES 

1. Introduction 

Unsaturated three-membered rings are of particular interest both theoretically 
and synthetically. Unsaturated three-membered heterocycles possessing a cycle of 
4n electrons (i.e., 1) are even more intriguing. 

x = N, 0, s, se, etc. 

This class of compounds, which may be considered to be the heterocyclic 
analog of cyclobutadiene, were thought for quite some time to be an elusive breed. 
Not only do they belong to the [4n] n-electron ring systems, which defy Hiickel's 
aromaticity rule, but according to Breslow's postulate' these systems possess an 
antiaromatic character. As such they offer a considerable challenge to synthesis. 
Because of their strain and putative electronic destabilization: these molecules 
are expected to manifest low thermodynamic stability and to be both unimolecularly 
and bimolecularly reactive, if they exist at all as energy However, in 
view of the interest in antiaromatic thiirenes (1; X = S)4 as reaction intermediates 
as well as in their energy relative to  the isomeric carbene 2, the zwitterion 3, the 
heterocumulene 4, and the cyclic carbene 5, calculations using Modified Inter- 
mediate Neglect Differential Overlap (MIND0/3) and a newly parameterized version 
of No Neglect Differential Overlap ("Do) have been performedS on these species. 
These calculations indicated that thiirene 1 (X = S) does lie in a local energy 
minimum, implying that if it is generated in chemical reactions under appropriate 
conditions, it should be isolable as a stable intermediate. The same conclusion 
has been reached with respect to the other antiaromatic members of series 1. 

2 3 4 5 

In spite of numerous attempts, neither the parent nor a single derivative of 
heterocyclic molecules of type 1 (namely, thiirene and its kindred systems, azirene, 
oxirene, and selenirene) had been prepared until 1976, excluding several derivatives 
of both thiirene oxide (6)' and thiirene dioxide (7)' that have been prepared by 
Carpino and co-workers. 
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6 7 

Nevertheless, 7 should probably be related to the corresponding cyclopropenones 
and the cyclopropylium cations, respectively, rather than to the antiaromatic 
species of series 1. Indeed, both thiirene oxides and thiirene dioxides (i.e., 6 and 7) 
proved to be rather stable compounds6*’ (particularly 6 ;  R = phenyl): whereas 
several thiirene molecules have been only very recently prepared and characterized 
under low temperature matrix  condition^.^*'^ Evidence for the transient existence 
of thiirenes as short-lived reaction intermediates accumulated (see Section IX, 4) 
beginning about 10 years before the first matrix-prepared thiirene. However, since 
(a) several thiirenes can be prepared and characterized (though in matrix and under 
exceptionally mild conditions):*” (b) MIND0/3 predicts the parent thiirene (1; 
X = S) to be much more stable than 5 (the difference being 78 kJ/mole),’ and (c) 
the heat of hydrogenation (which provides a measure of antiaromaticity) of 1 
(X = S) is about the same as that of cyclopropene, the preparation of a relatively 
stable thiirene possibly of the push-pull type (i.e,, a), may turn out to be successful. 
Interestingly, electron-withdrawing substituents were found to exert a marked 
stabilizing effect on the 4n-electron ring system.” 

However, attempts to prepare the thiirenes 9” and loa using various techniques 
and methodologies (excluding that of low temperature matrix) have failed thus far. 

9 
Ah 10 

2. Methods of Preparation and Characterization 

The preparation and characterization of thiirenes have been realized so far only 
through the use of low-temperature matrix isolation (and characterization) tech- 
nique. Almost in all successful known cases, the “synthesis” has been realized by 
irradiation in an argon matrix of 1,2,3-thiadiazoles (e.g., 11) with light of A = 
2350-2800 A at 8 K. 

Thus, the 268m photolysis of the parent thiadiazole (11; R, = R, = H) at 
about 8 K  afforded ethynyl mercaptan (12) and thioketene (13), along with the 
sought-for thiirene (14a)9 : 



538 Three-Membered Rings Containing Sulfur 

11 12 13 14 

a. R, =R, =H 
b. R, = H; R, = CH, 
c. R, = R, =CH, 

Evidence for the formation of thiirenes 14 in the irradiation of thiadiazoles is 
based primarily on (a) their ir spectra (see Section VII, 3), which are reminiscent 
of those of the analogous cyclopropenes,’2 (6) their transformation with light of 
X = 3300-370018 to ethynyl mercaptans and thioketenes: and (c) the expected 
label scrambling in the products of both C13 labeled and deuterated thiadiazoles 
that are photolyzed in the matrix under the same conditions? 

The latter result is illustrated in Eq. 2. 

a. C, = ‘T 
b. C, = ‘F 

The following thiirenes were prepared and characterized by using the same 
methodology: 2-methyl: 2,3-dimethyl: 2-trifl~oromethy1,’~ 2-methy1,3- 
carboethoxy,” and benzo” (see Table 1). Furthermore, what appears to be the 
first selenium-containing three-membered ring (i.e., selenirene 16) has been prepared 
and characterized in an analogous manner’: 

c$4 8K, argon \se/+ H,C=C=Se + H E C H  + HCXX3e.H (3) 
Se 

16 

Although the production of thiirenes during the photodecomposition of 1,2,3- 
thiadiazoies (11) is quite probably a general process, a word of reservation with 
respect to bicyclothiazoles (i.e., 17) is appropriate. 

17 18 
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TABLE 1. PREPARATION OF THIIRENES “GJ 
R, R, starting material Accompanying products Ref. 

R, =R, = H  
CH, H R,  =CH,: R, = H 
CH, CH, R, = R, = CH, 
CF, H R,  = CF,; R, = H 

CH, C0,Et R, =CH,;R,  =CO,Et 
R, = C0,Et; R, = CH, 

O Q y  
S“ 

CH,CH;CS 9 
(CH,),C=C=S 9 
CF,C=SH; CF,CH=C=S; 10  
C F , M H  

10 

14 

B c = s  10 

It was recently showd3 that the products obtained by either pyrolysis or 
photolysis of 17 (n = 4) could not result from the thiirene intermediate 18. 

An alternative source for the generation of thiirenes, but nevertheless, using 
the same low temperature matrix photolysis techniques, consists of the vinylene 
trithiocarbonate 19 and its derivatives. 

Thus, the X = 230nm photolysis of argon matrix isolated vinylene trithio- 
carbonate (19a) produces the parent thiirene 14a, CS2, and small amounts of 
thioketene.“ Photolysis of the bis(trifluoromethy1)  derivative^'^ leads to the 
formation of CS2 and high yields of the corresponding thiirenes as illustrated 
in Eq. 5.14 

F)fks argon, 8’; ‘3 
R 

14 

s + cs, hv 

R 19 
K 

14 

a. R = H  
b. R = CF, 

a. R = H  
b. R = C F ,  

Since electron-withdrawing disubstituted vinylene trithiocarbonates are readily 
available, they can be used as starting materials for the preparation of disubstituted 
and relatively stable thiirenes. 
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3. Structural and Spectroscopic Data 

A. Theoretical Calculations 

As already mentioned, calculations using MIND0/3 and a newly parameterized 
version of NDDO indicated the parent thiirene (1; R = H) to be potentially stable 
intermediates in reactions.' These calculations also predicted the acyclic carbene 

H - C H :  to rearrange to the corresponding antiaromatic heterocycle 1; R = H 
without activation. The heat of formation and the heat of hydrogenation of thiirene 
were calculated' to be 205.4 and 207.5 kJ/mole, respectively, vs. 138.9 and 249.8 
kJ/mole for the oxireneand 248.5 (observed 278.716) and 212.6 (observed 225.516) 
kJ/mole for the cyclopropene. The calculated structure of the thiirene' is shown 
below: 

S 
II 

161"l' I 1475' 
1.270 A 
20 

The C-H2 and C-H3 distances were calculated to be 1.086 and 1.0808, re- 
spectively.The small deviations from C', symmetry are probably due to incomplete 
convergence of the iterative (SIMPLEX) procedure used. It is interesting to note 
that while the R(C=C) was calculated by another group" to be the same as given 
above (i.e., 1.270A), the calculated values for the R(CH, vinyl), a(C=CH), and 
R(CS) were given" as 1.0748, 149O55', and 1.8108, respectively. The corre- 
sponding values for the cyclopropene are: R(C=C) = 1300 8; R(CH, vinyl) = 
1.0708, and a(C=H) 149°18'.18 

The comparison with the structural parameters of cyclopropene is appropriate 
because the available data of the latter are very useful in the estimation of thiirene 
antiaromaticity and in the assignment of its ir bands (see Section VII, 3, B). Thus, a 
measure of the antiaromatic destabilization of the thiirene could be obtained from 
the calculated heat of hydrogenation given by Eq. 6. 

14s 

The change in ring strain for the above reaction should be about the Same as for 
the hydrogenation of cyclopropene into cyclopropane. Consequently, the heat of 
hydrogenation of 14a relative to that of cyclopropane should provide a measure of 
its antiaromaticity. The corresponding numbers are 207.5' and 212.6,16 respective- 
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ly, which is remarkably surprising and unexpected. The result clearly suggests that 
antiaromatic thiirenes should possess some stability, and this indeed was demon- 
strated experimentally (Section VII, 2). 

Previous nonempirical LCAO-MO-SCF calculations with Gaussian-type functions 
on thiirene" gave values of -4454.8095a.u., 2.78eV, and 3.81 D for the total 
energy, ionization potential, and dipole moment, respectively, compared with 
- 114.7725 a.u., 9.73 eV, and 0.48 D for the corresponding parameters of the 
cyclopropene. Since the same study came up with considerably overestimated 
values for the thiirane compared with those of the cyclopropane, the result, most 
probably, reflects the limitation of the basis set employed for sulfur, which did not 
include the important d orbitals. 

B. Infrared Spectroscopic Data 

In low temperature matrix isolation synthesis, the principal tool for the detection, 
characterization, and structural identification of thiirenes is ir spectroscopy?* lo 

The seven ir bands assigned" to the parent thiirene molecule are: 3208 (w), 3 170 
(m), 1660 (w), 912 (s), 660 (m), 563 (m) and 425 (m) cm-'. These bands are 
expected for thiirene. The assignment of these bands to  C-H and C=C stretch, 
C-H in-plane and out-of-plane bend, and ring deformation was based" on the 
similarity between the fully optimized ab initio MO geometry of thiirene" and 
that of cyclopropene'* and thiirane.1° The bands at 3 166 and 31 75 cm-' reported 
for thiirene and monodeuterated thiirene9 were considered to be inconsistent with 
their structure." 

The ir spectra of several thiirenes are summarized in Table 2. The relevant data 
of the reference compounds cyclopropene and thiirane are also given. 

Not only is the similarity between the ir spectrum of cyclopropene and that of 
thiirene apparent, but also the shifts of the C=C stretching due to electron- 
withdrawing substituents on both compounds"* 14*23 are in the same direction and 
of the same order of magnitude. 

4. Chemical Roperties and Reactivity 

A. Stability 

The main feature of thiirenes is their thermal instability. The parallel behavior 
of thiirene and cyclopropene extends to  their ring-opening reaction (under the 
photolytic reaction conditions of their generation), leading to methylacetylene" 
and ethynylthiol, respectively. Alkyl substituents appear to hinder the rearrange- 
ment of thiirenes. 

Finally, electron-withdrawing substituents impart increased stability to the 
thiirene ring, which is manifested in its stability to higher temperatures on the 
warming of the frozen matrix." 
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B. Thiirenes as Intermediates in Reactions 

Thiirenes were first postulated as short-lived transients in the addition of 'D2 
sulfur atoms to alkynes?' 

Several reports in the literature provide indirect but compelling evidence for the 
transient existence of thiirenes as short-lived intermediates.% 

For example, the reaction of sulfur atoms (originated in COS) with acetylenes 
under flash photolysis conditionsQC pointed to either the corresponding thioketene 
or the thiirene structure as the reasonable species, having the decay half-lives in the 
order of a few seconds. Because thiophenes were also found in these photolyses 
and given the general behavior of the sulfur atom-olefm the inter- 
mediacy of thiirenes was concluded. The overall mechanism suggested& is given 
in Eq. 7. 

R = H; CH3CH,; CF3CH, 

Irradiation of mesoionic 2,5diphenyl-l,3dithiol4ae (21) yielded a mixture 
containing diphenylacetylene and sulfur in equivalent amounts, in addition to 
starting material. Transannular cyclization of 21 followed by a loss of COS were 
suggested to account for the results2*: 

1 21 

S +  [ PAh] - Ph- 
Photolysis of benzothiadiazole (22) has been reported= to yield thianthrene (24) 
as the sole product, which suggests the intermediacy of benzothiirene (i.e., 23): 

22 23 (9) 

24 



544 Three-Membered Rings Containing Sulfur 

Thermolysis of sodium o-bromobenzenethiolate (2%) yielded thianthrene (24a). 
whereas the 4-methyl derivative 25b afforded a 1 : 1 mixture of thianthrenes 24b 
and 24c, which can arise from a benzothiirene intermediate (26)30: 

25 26 24 

a. R = H  
b. R = C H ,  

a. R = R ,  = R ,  = H  
b. R = R ,  =CH,;R,  = H  
c. R = R, = CH,; R, = H 

Thermolysis of 6carbomethoxybenzothiadiamle gave a similar mixture of 
thihthrenes3' (24, R = C0,Me; R1 = H or C02M; R2 = H or C02Me). This result 
corroborates the suggestion that benzothiirene is indeed the intermediate in the 
thermolyses above. 

The involvement of thiirenes in the matrix photolysis of 1,2,3-thiadiazole was 
suggested'' before its actual identification and characterization based on the study 
of the photoproducts thioketene (13) and ethynylmercaptan (12) (Eq. 1). 

Finally, the chemical trapping of thiirenes from the gas phase photolysis of 
1,2,3-thiadiazoles and 4- or 5-methyl-I ,2,3-thiadiazoles with hexafluoro-2-butyne 
to yield 2,3-bis(triflurormethyl)thiophene has also been demonstrated recently= : 

R: 

28 

29 

/ 

a. R,  = R, =H 
b. R,  =CH,;R,  = H  
c. R, = H; R, = CH, 

a. R,  = R ,  = H  
b. R, = CH,; R, = H 
C. R, = H; R, = CH3 

a. R, = R, = H 
b. R,  = CH,; R, = H 
c. R, = H; R, = CH, 

Since both isomers Ilb and I lc  yield only one and the same product (29c), 
a common precursor, namely methylthiirene (28b or 2&), is mandatory. 
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VIII. THIIRENIUM IONS (THIIRENIUM SALTS) 

The history of thiirenium ions is barely more than 10 years old: several papers 
by the group of Modena and co-worker~'-~ presented evidence that species of 
this class are involved as intermediates both in the addition of arylsulfenyl halides 
to disubstituted acetylenes' and in unimolecular substitution reactions of /3- 
arylthiovinyl sulfonates. Nevertheless, these reactive species undergo either 
nucleophilic attack by the counterion under the reaction conditions or further 
chemical transformation to  give noncyclic products. These two routes for the gener- 
ation of thiirenium ions are exemplified in Eqs. 1 and 2. 

\ / 
\ ,O--SO,-Ar c=c 

c=c, \ / +-o,sA~ RS' 7 S+ 

R 

products 

I (1) 

1 I 

The thiirenium ions 1 have been postulated as intermediates for quite 
some time.'"' Their existence, however, was demonstrated by chemical, stereo- 
chemical, and kinetic studies only in the late 1960~'*~ and early 1970s: Although 
the cyclic cationic structure depicted in 1 did explain all the available experimental 
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data, and some thiirenium ions have been detected by nmr spectroscopy' as stable 
species in liquid SO2 at low temperature, their actual isolation as hexachloro- 
antimonate or tetrafluoroborate has been achieved only very recently.' The inter- 
vention of a sulfurane species of type 2 in addition reactions of sulfenyl halides to 
acetylenic compounds in low polarity solvents has also been recently invoked." 

It is worth mentioning not only the analogy and similarity between the chemistry 
of the thiirenium ions and that of the thiiranium ions, their saturated counterparts 
(see Section IV), but also the correlation in the development of the chemistry of 
both "families" as summarized below: 

1. Intermediacy postulated. 
2. 
chemical, and kinetical studies. 
3. 
4. Preparation, isolation, and characterization. 

Intermediacy demonstrated experimentally by means of chemical, stereo- 

Existence detected by low temperature spectroscopy. 

This history is probably typical for chemically and thermodynamically unstable 
three-membered rings containing sulfur and/or other heteroatoms as well. 

1. Methods of Preparation 

The observation that several alkyl-substituted thiirenium hexachloroantimonates 
are stable for long periods at low temperature in liquid sulfur dioxide' led eventually 
to the first synthesis and isolation of relatively stable thiirenium salts. As with other 
three-membered  ring^,^'-^^ bulky alkyl substituents impart special stability to this 
ring system. The only isolated member of the series that is stable at room temper- 
ature is the 1 -methyl-2,3-di-t-butylthiirenium hexachloroantimonate (3). 

The preparation of relatively stable and isolable thiirenium salts can be realized 
by the addition of sulfonium hexachloroantimonates to disubstituted acetylenes in 
dichloromethane' as depicted in Eq. 3. 

M e e - M e  + MeSCl SbC15 R 
\ 

- 'O\ c=c 
\ /  S* 

Me 
I XI,' / 

t-Bu-CS-r-Bu + (MeS)2SM6SbCl, O0 

3 
a. R=CH, 
b. R =  t-Bu 

While 3a decomposes in the solid state above -40' and is very sensitive to 
moisture, 3b can be recrystallized and is stable at room temperature. The chloride 
of 3b can also be prepared and transformed into a relatively stable tetrafluoroborate 
salt (4)9: 
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(4) 

'-B" '8" AgBF, 
t-Bu-(X-t-Bu + Mesa+ c=c 

so, \I s+ c1- 
I 
Me 

I 
Me 
4 

Since alkyl-substituted thiirenium chlorides (e.g., trimethylthiirenium ion) 
easily react with chloride ion to give methylthiovinyl chlorides, the low nucleo- 
philicity of the antimonate and borate counterions clearly contributes to the 
stability of 3 and 4. The similarity of the problems and chemistry involved in the 
preparation of thiiranium and thiirenium salts is apparent. 

2. Struchue and Physical Roperties 

Table 1 summarizes the available physical and spectral data of the isolable or 
the in situ formed thiirenium salts. A recent low temperature x-ray study16 of 1- 
methyl-2.2-di-t-butylthiirenium tetrafluoroborate (4) allowed the full characteri- 
zation of the molecular structure of this heterocyclic system, and selected relevant 
parameters are also included in Table 1. 

The general molecular structure of thiirenium salts as reflected in the parameters 
determined for 4 agrees with predictions based on theoretical calculations (see 
Section VIII, 2, A). Clearly, the sulfonium sulfur atom assumes a pyramidal confor- 
mation so that the alkyl substituent (methyl in this particular case) is out of the 
plane of the three-membered ring. 

The length of the S-C4 bond compares favorably with that for a C(sp3)-S 
bond." C2-S and C3-S bond lengths are consistent with the expected absence 
of any double bond character,I6 and the C 3 X 3  double bond can be compared 
with the analogous double bond in cyclopropene (1.294 

A. Theoretical Calculations on Thiirenium Ions 

Nonempirical SCF-MO investigations with split-valence basis sets were per- 
formed'9* m on the C2H2SH+ cation with optimization of four limiting structures 
corresponding to the pyramidal and planar thiirenium ions 5 and to the S-cis and 
S-trans vinyl cations 619: 

H H 

Y J  C= \ C 4 - H  >C=E--H 

H-S / 
S 

6b 
\ /  S+ 

H H 
5 6a 

I \ 
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TABLE 2. OPTIMIZED GEOMETRIES AND CORRESPONDING 
ENERGIES FOR 5: CYCLIC C,H,SH' 

Pyramidal PlaW 
thiirenium ion thiirenium ion 

Bonds 
C=s 
C-S 
C-H 
S-H 

Angles 
SSC 
HCC 
HSC 

Etotal 

1.2544 A 
2.0515 A 
1.0714A 
1.3682 A 

72.20" 
161 -54' 
97.58' 
- 474.0298 kcal/mole 

1.2897 A 
1.9124 A 
1.0666 A 
1.3558 A 

70.30' 
154.61" 
160.30' 
- 473.9118 kcal/mole 

It was found" that the pyramidal bridged structure (i.e., 5 with pyramidal 
conformation at the sulfur atom) was somewhat more stable than both open 
structures. The planar bridged structure was found to be on an energy maximum. 
In all these  computation^'^*^ one geometrical parameter was varied at a time and 
the remaining parameters were kept constant. The cyclic structures (e.g., 5 
pyramidal and 5 planar) have been optimized with the symmetry constraints 
characteristic to them. Table 2 summarizes the optimized geometries and the 
relative energies that were ~alculated.'~ 

B. Conclusions 

The comparison of the calculated values with those found experimentally for 
416 (see Table 1) is rather instructive. The planar bridged structure may be con- 
sidered as the transition state for the formal process of pyramidal inversion. How- 
ever, the pyramidal inversion energy is rather large (74.03 k~al/mole).'~ At any 
rate, there are very easy paths (energetically) for the interconversion of the two 
enantiomeric pyramidal thiirenium ions via the pthiovinyl open structures (i.e., 
x i s  and s-rrans 6), whereas the pure' pyramidal inversions seem to be energetically 
forbidden. Indeed, overall, the calculated results are in fair agreement with the 
available experimental results; namely the x-ray determined molecular structure of 
the thiirenium salt 4 and the easy collapse of thiirenium halides to the corresponding 
thiovinyl halides. 

Furthermore, the favored pyramidal conformation at the sulfur atom in the 
three-membered thiirenium molecule rules out any degree of aromaticity from 
being assigned to this [4n + 21 (n = 0) array of n electrons. It is not surprising, 
therefore, that in a recent study" of the structure of the intermediate phenyl- 
thiirenium ion formed by the addition of arenesulfenyl chloride to phenyl- 
substituted acetylene, the charge was depicted as delocalized into the phenyl ring, 
as best represented by structure 7 rather than by structure 8: 
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7 8 

3. Chemicalhoperties 

In view of the exceptional instability of the “ordinary” thiirenium three- 
membered ring system, it is not surprising that its chemical properties have not 
yet been extensively explored. From the available data, two distinct properties 
are apparent: first, thiirenium ions or salts are reasonably stable only at low temper- 
atures (excluding those substituted with very bulky groups like 2,3-di-ferf-butyl-); 
second, the three-membered ring is easily opened by nucleophiles to give the 
corresponding t h i ~ v i n y l s * - ~ ~ ~ - * ~  via an attack on the ring carbon, or to give acety- 
lenes and sulfenyl compounds via attack of the nucleophile at the sulfur atom,’ as 
illustrated in Eq. 5 .  

“WR’ S’ 

I 

+ x -  { 
\ 

h 
R,C-CR, + R,SX 

As expected, there is a great deal of a similarity between the chemistry of 
thiirenium ions and that of thiiranium ions. Yet, many aspects of thiirenium ion 
chemistry remain to be explored and clarified. 
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IX. THIIRENE OXIDES 

1. Introduction 

It is quite surprising that until 1965 not a single stable compound with a hetero- 
atom substituted at position 1 as in 1 had been synthesized or isolated. 

1 

Z = 0, NR,, PR,, S, Se, etc. 
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Previously, the only stable isolable compounds incorporating a heteroatom in a 
cyclopropene ring system were derivatives of the 1-azirine’ and I-diazirine’ systems 
(i.e., 2 and 3, respectively). In these systems the double bond is adjacent to the 
heteroatom(s), not ‘‘conjugated’’ to  it as in 1. 

2 3 

There is a uniqueness in systems of type 1. In cases of 2 = 0, NR, or PR3 they 
may be considered to be “classical” antiaromatic’-’ systems featuring a cyclic 
array of 4n electrons and predicted by theory to be highly unstable! 

On the other hand, on the basis of a naive analogy with the now well-known 
cyclopropemones, some kind of “aromaticity” can, in principle, be assigned in the 
case of the third-row elements by assuming d-orbital conjugation effects.’ This is 
particularly valid when position 1 is occupied by oxidized forms of the heteroatom 
(i.e., 1; Z = SO, SO,; S = NR, etc.). However, there is considerable controversy 
over whether conjugative effects can be transmitted through a center second-row 
atom using d orbitals.” 

The first members of th is  class of thiirene sulfoxide (e.g., 4)9 and thiirene 
sulfones (e.g., 5-7)’ were synthesized, isolated, and characterized by L. Carpino 
and co-workers?. 

4 5 6 7 

Thiirene sulfoxides appear to be the only unsaturated “antiaromatic” three- 
membered ring system that can be handled on a “bench scale” under ordinary 
laboratory conditions. 

2. Methods of Preparation 

Three-membered rings have been prepared by a variety of cyclization methods.“ 
One of the most useful cyclization methods for the preparation of sulfur-containing 
three-membered rings” is the Ramberg-Backlund reaction.’’ This approach also 
was developed into a general route to the corresponding thiirene oxides via reaction 
of benzylic a,a‘-dibromosulfoxides with triethylamine. In fact, all thiirene oxides 
known to date have been synthesized by this procedure,’. 9i l3 which is shown in 
Eq. 1.‘’ 

Although the route is laborious and lengthy, and the overall yield is rather low, 
it is the only method available thus far for the preparation of thiirene oxides and 
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8 
9 

10 'S' 
0 
11 

has been applied only to symmetrically aryl-substituted members (1 1)9* l3 (see 
Table 1). The alkyl-substituted analogs are unknown, and their preparation 
apparently must await the development of an appropriate alternative synthetic 
method. As a matter of fact, several methods that were exi~nined'~ for the prepa- 
ration of such unsaturated sulfoxides failed. The following is an example: 

c1 
I 

for R = C,H,; no reaction for R = CH, 

TABLE1. THIIRANE OXIDES PREPARED THROUGH THE MODIFIED RAMBERC- 
BACKLUND  ROUTE^^ 13 

R'C=C /R 

's' 
II 
0 

- 

R m.p. (C") Overall yield (%y Recrystallization solvent Ref. 

C,H, 925-93.1 14-22 Ligroin 9 ,13  

F O  157-160 (decomp.) 16.5 Benzeneligroin 13,14 

p 120-121 19 Benzeneligroin 13,14 
C 
I 

a Starting with the corresponding dibenzyl sulfide 8 @q. 1). 
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It should be emphasized that the overall yields cited in Table 1 refer to a very 
careful work-up in each step of the sequence depicted in Eq. 1. Pure recrystallized 
a,a'-dibromobenzyl sulfides (9) as well as a,a'-dibromobenzyl sulfoxides (10) 
should be obtained and isolated in the appropriate steps before being applied in 
the next step; otherwise, the overall yield will be even poorer. However the key 
cyclization step (i.e., the transformation of the 10 to 1 l), using excess of triethyl- 
mine  in refluxing methylene chloride for 24-48hr, gives the desired thiirene 
oxides in about 50% yield9. 13* l4 The cyclization of 10 (Ar"C6HS) to the thiirene 
oxide 4 can also be effected by using aqueous NaOH, although the yield is low 
(9%)?3 

3. Structure and Physical Properties 

The known thiirene oxides (1 la-1 lc) are colorless solids having relatively high 
melting points (see Table 1); they are readily soluble in common organic solvents. 
Their uv spectra closely resemble those of the analogous cyclopropenones; and a 
certain similarity can be found in the nmr spectra of the two analogously substituted 
systems? AvAr 

II 
0 
11 

a. Ax =C,H, 
b. Ar =pF-C,H, 
c. AI = m-FC,H, 

A. Conjugative Effects 

Oxidation of thiirenes into their corresponding oxides (Eq. 3) should have two 
major effects with respect to the 4n (n = 1) cyclic nelectron array: 

First, the antiaromatic properties of the thiirene system should be diminished by 
a reduction in the unshared electron density on sulfur; and second, the interaction 
of the sulfur 3d orbitals with the 2p orbitals of both the adjacent carbon and 
oxygen atoms should increase significantly. Both effects should facilitate some kind 
of conjugation of the carbon-carbon double bond n electrons with the formally 
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unoccupied 3d orbitals, giving rise to Hiickel-type stabilization associated with an 
array of 4n + 2 (n = 0) 1~ electrons. So far the experimental evidence regarding 
conjugative stabilization is not decisive. 

Based on the work of Taft and co-workers'6 on fluorobenzenes, which permitted 
the isolation of the inductive (uI) and conjugative (uR) effects, the u values of 
the 2,3-di-meta- and 2,3-di-parafluorophenylthiirene oxides (lh, 12b) were 
calculated (based on the measured shielding parameters of these  compound^)'^ and 
compared with the u values of corresponding bis(meta- and parafluorophenyl) 
cyclopropenones (13a, 13b). 

12 13 

a. para-F 
b. meta-F 

a. para-F 
b. meta-F 

These comparisons of UR (0.16 and 0.25 for 12 and 13 respectively), showed 
that the electron-withdrawing conjugative effect increases in the order thiirene 
oxide < thiirene dioxide < cyclopropene. Although this result agrees with earlier 
studies on the relative order of conjugative interaction in simple sulfoxides and 
sulfones vs. enones, it does not prove whether these are simple conjugative inter- 
actions or involve cyclic conjugative effects with transmission through the sulfur 
atom? 

It is relevant to point out in this respect that the chemical shifts of the ring 
carbon atoms in "C studies were found to be 137.3,'7 158.9,'7 and 148.5 ppm for 
2,3-diphenylthiirene oxide (4), 2,3-diphenylthiirene dioxide (9, and 2,3-diphenyl- 
cyclopropenone, respectively. These values probably reflect the relative magnitudes 
of conjugative effects in these systems. 

B. Molecular Stmcture 

The structure of 2,3-diphenylthiirene oxide (4) has been determined'" with 
molybdenum K, diffractometer data (x-ray crystallography). The following bond 
lengths and angles for the ring of 4 were determined: 

Bond lengths (A) Angles 
~~ 

c-c c-s s-0 < csc < SCC < cso 
1.305 1.784 1.467 42'9' 68'5', 68'6' 114'9', 115'0' 
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The molecule, thus, has the expected C, symmetry. The structure also facilitates 
the maximum degree of phenyl to three-membered-ring conjugation, while minimiz- 
ing the intramolecular phenyl-phenyl nonbonded interactions as was found for 
other similar phenyl-substituted three-membered systems." Although an increase 
in cyclic II delocalization from thiirene to thiirene oxide to thiirene dioxide would 
result - as was indeed found" - in a corresponding increase in the C=C distance 
and decrease in the C-S distance the interpretation of these differences as evidence 
for II delocalization is not necessarily correct." The S-0 distance is similar to bond 
lengths found in other sulfoxide compounds. Consequently, the S-O bond distance 
provides an unsatisfactory measure of S-n electron interactions.. 

C .  Mass Spectrometry 

The electron impact and chemical ionization mass spectra of thiirene oxide (4) 
have been studied?0 A common feature in the mass spectrum is the high abundance 
of the substituted acetylene ion (e.g., [Ph(xPh]*') formed by elimination of 
sulfur monoxide. In fact, this ion constitutes the base peak in the spectrum of 4. 
The molecular ion, however, has a rather insignificant intensity (0.25% Z of Mf)?o 
Excluding minor peaks that correspond to losses of 0 and H20, the majority of the 
other ions are products of further decomposition of the diphenylacetylene ion 
(m/e 178). The formation of the other ions can be rationalized in terms of fragmen- 
tation products of the monothiobenzy12' ion 14, as depicted in Eq. 4?6 

J mle, 121 
14 

L 
4 

Fragmentation studies by means of chemical ionization (CI) mass spectrometry" 
were also applied to thiirene oxides.ma The methane CI spectrum of 4 was found 
to be dominated by the (C6HSCSCC6HS + H)* ion. A distinct molecular ion species 
at an m/e value corresponding to (M + H)* was observed in this mass spectrum of 
thiirene oxide 4 (26% C 40). Furthermore, the relative intensity of the (M + H)* 
peak of 4 was shown to increase substantially in the isobutane and dimethylamine 
CI mass spectra. 

D. Theoretical Calculations 

Standard CNDO/2 calculations on models of thiirenes have been performed" 
in an attempt to obtain a picture of the bonding in these compounds. Both the 
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atomic charge densities and bond indices” of the parent thiirene, thiirene oxide, 
and thiirene dioxide have been calculated using model parameters. Although the 
trends in the carbon-carbon and carbon-sulfur bond indices qualitatively agree with 
the trends observed in the experimental bond lengths,” the sulfur-oxygen indices 
predicted that the sulfoxide distance should be smaller than the sulfone distance 
- in contrast to the experimental results. Thus, it was concluded” that oxygen 
charge densities and sulfur-oxygen bond orders provide an insensitive measure of 
S . . . nelectron interactions, and that the in-plane (C,) orbitals are primarily 
responsible for the bond length variations. The contributions of the out-of-plane 
%)-S interactions to the C-S bond orders in the thiirene series suggest that 
n delocalization may be of a magnitude comparable to that in cyclopropenones. 

The photoelectron spectra of thiirene oxide (4) was interpreted and-analyzed 
in terms of inductive and conjugative interactions between the subunit SO and 
PhC=CPh.M The inductive and conjugative abilities of the sulfoxide group were 
compared with theoretical data obtained by using the “cutoff” procedure” also 
used to calculate aromaticities and n charge transfer. From these results and corre- 
sponding data derived from the parent (unsubstituted) thiirene oxide, it was 
concluded that 4 is as much an aromatic compound as its parent system is. The 
conjugative interactions of 4 (i.e., the sum of the energetically unfavorable inter- 
action between the occupied n ~ <  orbital with occupied orbitals of SO and the 
energetically favorable interaction between the fded nc=<: orbital and vacant 
orbital of SO) have been estimated to be 0.25eV for nl,z” vs. the calculated 
value of 0.1eV using the CND0/2 method. The corresponding values for the 
2,3-diphenylcyclopropenone are 0.1-0.35 and 0.04 eV, respectively. 

E. AB Initio and Valence Electron Study 

The method of conjugative interruption in conjunction with the CND0/2% 
and an ub initio method have been applied to the intriguing series of molecules 
sllown below: 

X = CH,, C=O, C S .  and so, 

Thus the orbital interactions between the 51 orbitals of the carbon-carbon double 
bond and X subunits were quantitatively analyzed with respect to the conjugative 
and inductive ability of X, the aromaticities and the geometries of the above 
molecules. Both CND0/2 and ub initio calculations (both in sp and spd bases) 
predict the same sequence of orbitals. It was concluded that contributions from 
hyperconjugation (responsible for n charge transfer from C=C to S=O) and spiro- 
conjugationa stabilize the thiirene oxide molecule and that the d orbitals play an 
appreciable role in chemical bonding of this class of compounds. The calculated 
aromaticity and geometry of the thiirene oxide were found to be in full accord2’ 
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with the hypothesis that charge is transferred from the bonding RC=( orbital into 
the antibonding R& orbital. 

4. Chemical Roperties and Reactivity 

A. Thermal Stability 

The 2,3-diarylthiirene oxides 11 have been found to have much more thermal 
stability than both the saturated analogs (e.g., thiiranes) and the corresponding 
thiirene dioxides. Thus, the 2,3diphenylthiirene oxide 4 is far more stable than 
either of the two saturated sulfoxides 15 in spite of the significantly smaller angular 
strain in cis- and rrans-15. 

Both cis- and h.m?s-thiiranes (15) lost sulfur monoxide readily on warming" 
Sulfoxide 4 is markedly more stable than the analogous sulfone 5: thus, a solution 
of 4 in refluxing benzene showed only slight decomposition after 24 hr, whereas 
similar treatment of 5 results in complete decomposition after less than 6hrP 
Clearly, there can be no significant antiaromatic destabilizing effects ascribable to 
the presence of an unshared pair of electrons on the sulfur atom of the thiirene 
oxide. Furthermore, any stabilizing conjugative effects, if operating, are expected 
to be greater in sulfoxide rather than in sulfones.= Nonetheless, it is highly probable 
that the lesser stability of thiirene dioxides compared with that of the thiirene 
oxides simply reflects the more facile extrusion of sulfur dioxide relative to that 
of sulfur monoxide. In fact, the Same effect is probably operative in the case of the 
cis- and mns-thiirane oxides 169 vs. the cis- and tmns-thiirane dioxides 1731: the 
former were found to be more stable toward thermal decomposition than the latter. 

cis-16 tram16 

cis-1 7 trans-1 7 

Thermolysis of 4 at 130" gave bend (18) as the only isolable product," probably 
according to the scheme outlined in Eq. 5.'3 
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I- 

4 

18 

In contrast, uv irradiation of thiirene oxide 4 at 30' in a quartz vessel gave 
diphenyla~etylene'~ (86.5%). Interestingly, all aryl-substituted thiirene dioxides 
undergo a facile thermal decomposition to give the corresponding diarylacetylenes 
following the loss of sulfur dioxide'. 13: 

ArC=CAr -so \ /  A A rC -CA r 
so! 

B. Oxidation 

In contrast to the unsuccessful attempts to oxidize thiirane oxides to thiirane 
dioxides? thiirene oxides are oxidizable to the corresponding thiirene dioxides9* l3 

as illustrated in Eq. 7. Metachloroperbenzoic acid appears to be the reagent of 
choice for this purpose. 

C .  Reduction 

All attempts to reduce the carboncarbon double bond of the 2,3-diphenyl- 
thiirene oxide 4 using different reagents (e.g., PdlC, Pt sulfide/C, AI(Hg) x H20) under 
a variety of reaction conditions failed?j Raney nickel afforded only diben~yl.'~ 

D. Reactivity of the Carbon-Carbon Double Bond 

a. WITH DIAZO REAGENTS 

Treatment of 2,3-diphenylthiirene oxide (4) with phenyldiazomethane in ether 
gave the pymole 20 in very low yield, presumably via the labile intermediate 19 
as shown in Eq. 8." 
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H 
I Ph vm + PhCHN2 ether ' 

0 Ph Ph 

4 19 20 

A substantial portion of the thiirene oxide was recovered unchanged. 

b. WITH HYDROXYLAMINE 

A reaction of thiirene oxide (4) with hydroxylamine results in a mixture of the 
monoxime 21 and the dioxime 22, presumably as outlined in Eq. 9. 

22 

The proposed route bI3 is questionable, however, since the monothiobenzyl 
suggested to be the precursor in this case is nor expected to form at room 
temperature. 

c. WITH GRIGNARD REAGENTS 

magnesium bromide converts it to phenyltriphenylvinyl sulfide (23) in fair yield'': 

Ph Ph Ph 

Treatment of 2.3-diphenylthiirene oxide (4) with 2 equivalents of phenyl- 

(10) 
W vph + PhMgBr - n 

(2 eq.) a296 Ph SPh 
23 

I I  
0 4  

The formation of olefm 23 can be rationalized by attack of the Grignard reagent 
either at the carboncarbon double bond or at the sulfoxide function. The former 
alternative, however, is more likely. 

E. Reactivity of the Sulfoxide Function 

The only reaction of thiirene oxides in which the sulfoxide function is definitely 
involved in the initial step is that with isocyanates. Thus, treatment of thiirene 
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oxide (4) with tosylisocyanate (24) gave the blue imine of monothiobenzyl(25) as 
shown below: ‘’I 

‘S’ 
II 
0 

24 

4 

S 
It 

25 

This reaction appears to be general for “active” isocyanates and thiirene oxides, 
and its full scope is currently under investigation.” This reaction is important 
because the sulfoxide function of 4 does not behave chemically as ordinary 
sulfoxides do. Indeed, many oxidative reagents that proved to react smoothly 
with acyclic sulfoxides (i.e., diakyl sulfoxides and alkylaryl sulfoxides) left the 
thiirene oxides intact under comparable reaction conditions.” 
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X. THIIRENE DIOXIDES 

1. Introduction 

The Ramberg-Backlund rearrangement' (see Section VI, 4, A), in which a- 
halosulfones containing an &'-carbon atom with at least one hydrogen are first 
transformed into three-membered ring intermediates by base-induced dehydro- 
halogenation followed by further attack by base on the ring, has been known since 
1940 (see below): 

1 
X = halogen 

Acyclic ring cleavage products 

The mechanistic details of this rearrangement:.' the effects of different bases: 
and the disposition of the intermediate thiirane and thiirene have been 
studied extensively. Moreover, the intermediacy of thiirane dioxides and their 
vinyl analogs (e.g., thiirene dioxides) in these studies has been established,'-' and 
the intermediacy of a three-membered ring containing nitrogen has been suggested 
in complementary as depicted in Eq. 2.8 

R2 
I (-so,) - R,R,C=NR, 

Y 
3 4 6% b 

(2) 

R ,C=N a. X = halogen; Y = H; R, = akyl or -1 
b. X = H; Y = halogen; R, = akyl or aryl 
c. X = R, = halogen; Y = R, = H 

5 6c 
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However, it was not until a quartercentury after the original report of 
Ramberg and Biicklund’ that the first compound of type 8 was synthesized and 
characterized? 

C,H,CH--SO,-CHC,H, Et N c b H 5 ~ c 6 H ’  

(3) 8, so, 
I 
Br 

7 8 

Since special instability had been suggested for all species in class 9 that bear an 
unshared electron pair on the heteroatom,’2 the successful preparation of thiirene 
dioxides (eg., 9 ;  Z = Soz), accompanied by the successful synthesis of thiirene 
oxides13 (see Section IX, 2) opened the door for extensive research involving the 
theoretical, mechanistic, and experimental aspects of this class of intriguing com- 
pounds having (at least formally) a “Hiickel aromatic” nature? On the basis of 
analogy with cyclopropenones (e.g., lo), the thiirene dioxides may be considered to 
be a possible nonbenzenoid aromatic system in which aromaticity effects, if any, 
would require transmission through the d orbitals of the sulfur atom.14 Thus, both 
the fascinating question of Ird bonding in conjugated unsaturated sulfones and the 
aromatic nature of sulfurcontaining heterocycles can be studied using thiirene 
dioxides as a model. The most remarkable property of the thiirene oxides prepared 
thus far is their great stability relative to their saturated analogs in spite of the 
additional angle strain’ compared with the latter. This relative stability suggests that 
special conjugative effects may be operable in this case, although a clear answer 
must await additional data. 

10 

Z = 0, NR, S, SO, Se, etc. 
11 

2. Methods of Reparation 

A. By a Modified Ramberg-Backlund Reaction 

Most of the thiirene dioxides that have been synthesized thus far have been 
prepared through a modified Ramberg-Biicklund reaction in the last crucial 
cyclization step. 

Three-membered heterocycles have been prepared by a variety of cyclization 
reactions.” However, in the case of thiirene dioxides, the application of strong 
inorganic bases in aqueous solutions always resulted in the isolation of cleavage 
products, which sometimes were usable to great synthetic advantage.16 
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The successful application of the RambergBacklund reaction to the synthesis 
of thiirene dioxides required two major modifications of the original reaction': 
first, the inorganic base was replaced by the less basic and less nucleophilic organic 
base triethylamine," and second, the aqueous medium was substituted by an 
aprotic organic solvent (i.e., methylene chloride). The entire route toward the 
synthesis of 2,3-diphenylthiirene dioxide 8 - the first member of this series to  
be prepared - is given below:*'* to illustrate the most convenient (albeit rather 
lengthy and laborious) way for the preparation of diarylthiirene dioxides that is 
available to date. 

12 i r  Br 
13 (4) 

(mixture of the meso and 
racemic diastexomers) 

C03H C~HSCHSO~CHC~HS Et3N 

g 
C6HsYc6H5 

- 
I CH,CI, ' I 

Br Br 

14 

ether 

(reflux) 

8 

cr,a'-Dibromodibenzyl sulfone (14) can also be prepared by the brominative 
decarboxylation of the corresponding sulfone dicarboxylic acid (1 5).9 

C H CHSO~CHC~HS 
' I  I 
CO2H CO2H 

15 

By essentially the same scheme both 2,3-bis-(m-fl~orophenyl)thiirene'~- and 
2,3-bis(g-fluorophenyl)thiirene dioxides have been prepared (see Table 1). 

In a similar way, 2,3-diarylthiirene dioxides (8; 17a, 1%) were prepared by the 
rearrangement of a,u-dichlorobenzyl sulfones in dimethyl sulfoxide that was 
treated by triethylenediamine [TED (or DABCO)] at ambient temperaturem: 

16 a R W R  

Me,SO 

> 90% 

8 R = H  

178. R = (3 
1%. R = Me 
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Neither of these two modified Ramberg-Backlund approaches proved to work 
with a,& or a,a'-dihaloalkyl sulfones (18a-l&). Thus, dibromosulfones 18a, 18b, 
and 18d were unaffected by treatment with triethylamine in refluxing methylene 
chloride? Even the monophenylated derivatives 18c and 18e either were unaffected 
by triethylamine or depending on the conditions, were reduced to 19.w9*21 

R 1 -CH-SOZ-CH-R2 C6H&H2SO2CH2Br 
19 

I I 
X Y 

18 

a. R, = R, = H; X = Y = Br 
b. R, = R ,  = C H , ; X = Y = B r  
c. R,  = C6H,; R, = H; X = Y = Br 
d. R, =CH,;R,  = Y = B r ; X = H  
e. R, =C6H,;R,  = Y = B r ; X = H  

Interestingly, treatment of the N-chloro compound 20 with triethylamine in 
methylene chloride or with potassium ?err-butoxide in ether gave also the reduction 
product 21, not the expected a-sultam 22." 

20 " \  
21 

In refluxing methylene chloride a,a-dichlorosulfone (16; R = H) also reacts with 
TED to yield the corresponding thiirene dioxide 8, but the transformation is further 
complicated by the slow cyclization under these conditions and by a competing 
reaction of the solvent with TED.20 

B. Via Sulfenes and Diazomethane 

The preparation of alkylsubstituted thiirene dioxides via sulfenes and diazo- 
methane is based on the reactions of diazoalkanes22 with appropriate a-halosulfenes 
generated in siru by the reaction of sulfonyl halides with tertiary amines [e.g., tri- 
ethylamine in an inert solvent (see Section VI, 2, B)]. The 2halosubstituted three- 
membered thiirane dioxide ring thus formed is treated with a base to yield the 
required thiirene dioxide through dehydrohalogenation, as depicted in Eq. 7 in 
the case of the synthesis of 2-methylthiirene dioxide (24)9*23: 

In a similar manner, both the 2,3dimethyl- and the 2-methyl-3-phenylthiirene 
dioxides (i.e., 25a, 25b) have been prepared in rather low yields? 
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Br 
I CH,N, 

Br 
I 

[CH,C=SO,] - CH,CHSO,CI ‘3 
:wcH~ Et,N +cH1 

Br (-HBr) 50% 

so, so: 
(7) 

23 24 

However, in both cases, alcohol-free solutions of diazomethane” must be used 
to avoid destruction of the intermediate sulfene?’ and a stronger base such as 1.5- 
diazabicyclo [43.0] non-5-ene’’ is required for the final dehydrohalogenation step. 

C. By Debromhation of Tetrabromosulfones 

Since thiirene derivatives bearing alkyl substituents are not accessible via sulfenes 
and diazoalkanes (see above) on a large scale, the route to  dialkylthiirene dioxides 
by debromination of tetrabrornosulfones summarized in Eq. 8za-28 is of particular 
significance. 

27” 

a. R = C H ,  
b. R = CH,CH, 

28 
a. R = C H ,  
b. R = CH3CH, 

This relatively new approach makes the dialkylthiirene dioxides as easily obtainable 
as the diary1 analogs. Both the 2,2dimethyl- and 2,2diethylthiirene dioxides (28a, 
28b) have been prepared by this method% in 89 and 50% yields, respectively, in 
the last debromination-cyclization step. 
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D. In Situ Generation of Thiirene Dioxides 

Since 2Jdiphenylthiirene dioxideg enjoys greater thermal stability than cis- and 
trans-2,3-diphenylthiirane dioxides,= it can be generated in situ and then attacked 
by the base that is present in the reaction mixture to  form a variety of vinylic 
products. 

In a series of papers, Paquette et al.,4*' proved unequivocally that thiirene 
dioxides are generated in situ on treatment of &,a- and &,a'-dihalosulfones with 
strong bases (e.g., NaOH or K I-butoxide) in aqueous dioxane and are further 
transformed into ethenesulfonates,"* and alkynes4* under the reaction con- 
ditions employed. This is illustrated in Eq. 9.' 

1 30 (9) 

Rl\ c=c- / Rt [ 'ITR] R1C=CR2 

HO, s' k R,, ,R2 31 

c=c 
\ 

H0,S' H 

The vinyl halide 32 results from intermediate 30, not from the thiirene dioxide 
31. Similarly, several trichloromethyl sulfones were found3' under the Ramberg- 
Backlund reaction conditions (refluxing 2N NaOH-THF solution) to yield the 
chlorothiirene dioxide 33 at a competitive rate only when the dichlorothiirane 
proton to be extracted in the final step was appreciably acidic. Otherwise, a 
hydroxide ion attacks at tetravalent sulfur, with ring opening of the strained three- 
membered ring as depicted in Eq. 
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It turns out that a-halosulfones in general display a marked tendency for 
cyclization via alkali-induced dehydrohalogenation to form halogen-substituted 
thiirane dioxides followed by additional dehydrohalogenation, which results 
in the in situ generation of thiirene dioxides, irrespective of the degree or the 
regiochemistry of the polysubstitution (e.g., apdihalo-p* * a,a'-dihalo-,& and 
a,a,a-trihalosulfonesm). 

It is not surprising, therefore, that the in situ generation of thiirene dioxides 
could be affected by using a somewhat related approach3, as illustrated in Eq. 1 1 ! 

KOH-t-BuOH t-BuCH, SO, CHCI-t-Bu - t-BuCH2S02 CCl, t-Bu 
ca. 

3. Structure and Physical Roperties 

The structural features, the physical properties, and the spectroscopic character- 
istics of the thiirene dioxide system (35) are of special theoretical interest, since on 
the basis of analogy with cyclopropenone (36), the former is a possible nonbenzoid 
aromatic system with all the associated physical and chemical implications. 

?\ 40 0 \y 0- -O, ,? A4+A-A S S 

35 
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36 

Conjugation of the n electrons of the carboncarbon double bond with the 
LUMO sulfur 3d orbitals would be expected to stabilize the Hiickel4n + 2 (n = 0 )  
array of n electrons in the thiirene dioxide system. This has stimulated several 
s t ~ d i e s ~ ~ * ~ ' - ~ ' *  39-41 to determine whether thiirene dioxides should be considered 
to be aromatic (or "pseudo-aromatic") and to  what extent conjugation effects are 
operative in these systems. 

A. x-Ray Data 

The structure of 2,3diphenylthiirene dioxide (8) has been determined3' with 
Mo K, diffractometer data using direct methods. The selected bond lengths and 
angles of the ring system of compound 8 are summarized bel0w.3~ 

1.703 A ,o 0, < C S ,  46.7' 
< =*c, 67.2" 
< =sG 66.2" 

:c=c3 /"\ < o,so, 116.1' 

1.716 A \I - 
C2-s 
CS-S 
C,C, 1.354.4 

S-0, 1.444A 
$0, 1.453.4 

The expected C2, symmetry for this molecule has thus been established. The 
corresponding parameters for the 2,3-dimethylthiirene dioxide were found3j to be 
somewhat shorter for the bond lengths (1.692, 1.333, and 1.449A for the C2-S, 
C2-C3, and S-02, respectively) and somewhat smaller for the ring angles (46O4' 
and 144'8' for < C2SC3 and < OISOz, respectively). More significant, however, 
the changes from 1.305j3 to 1354 A for the C2-C3 bond lengths, and from 1.784 
to  1.709A for the C-S bond length in thiirene oxide and thiirene dioxide, 
respectively, are quite remarkable and were interpretedj3 in terms of substantial 
n delocalization. However, cyclic sulfones have also been found to have shorter 
carbonsulfur bond lengths than cyclic sulfoxides.34 The sulfur-oxygen bond lengths 
found in the thiirene dioxides are similar to lengths found in other -S02containing 
compounds, which does not corroborate the Hiickel-type n delocalization illustrated 
by structure 37. 

0 0  

S 
\y 

37 

Indeed, CND0/SJ5 and CND0/2% calculations of total charge densities also show 
that oxygen charges are about the same in both thiirene dioxides and thiirane 
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dioxides. On the other hand, the apparent insensitivity of the SO, bond lengths 
(and oxygen charge densities) to structural variations in the carbon skeleton portion 
of the molecule might well be due to an “insulating effect” of the LUMO sulfur d 
orbitals; that is, electronic interactions between the carbon framework and sulfur 
can occur without appreciable change in the oxygen-sulfur interactions. Based on 
the experimental results and complementary calculations, an out-of-plane n 
delocalization is suggested33 for thiirene dioxides. 

B. Theoretical Calculations and Electronic Structure 

The trends in the C-C and C-S bond indices obtained by CNDO/2 calculations 
on a model of thiirene dioxideJJ were found to agree qualitatively with the trends 
observed in the experimental bond lengths. The calculations above indicated that 
in both thiiranes and thiirenes the in-plane C(p,) orbitals are primarily responsible 
for the bond length variations, and also that the contribution of the out-of-plane 
c ( p y  jS interactions to the C-S bond order suggests n delocalization of a magnitude 
comparable to that of the cyclopropenone system. 

To justify the validity of ketone-sulfone analogies, a series of CND0/2 calcu- 
lations on a number of model cyclic unsaturated sulfones and ketones was under- 
taken.% It was found that (a) only little charge separation occurs in thiirene 
dioxides, (b) the differences in charge density on oxygen in the series of ketones 
are not reproduced by the sulfones, and (c) in contrast to cyclopropenone, thiirene 
dioxide is a weak acceptor in hydrogen bonding. It was concludedM that a com- 
parison of cyclic unsaturated sulfones and ketones is of little value, and that 
although the d,,, orbital of the sulfur atom (see 38) can and does promote resonance 
structures (e.g., 35) analogous to the predominant polar resonance structures in 
ketones (e.g., 36), the dxy orbital has a contrary effect of comparable magnitude. 

Y 

38 

The thiirene dioxide system was investigated by analysis of the inductive and 
conjugative interactions between the carboncarbon (C=C) and the sulfonyl (SO,) 
subunits and consideration of the possible “aromaticity” of this  specie^.^' By 
using a method” that makes it possible to distinguish inductive from conjugative 
effects, the C=C-S02 interactions could be evaluated and compared to the results 
obtained by the analysis of uv photoelectron spectra of thiirene  dioxide^.^' Both 
approaches revealed a strong hyperconjugative interaction between the occupied 
C=C n MO and an occupied SO, u MO1 and a modest mixing between the former 
and a vacant SO,u* which is a nearly pure sulfur d atomic orbital. The nu* inter- 
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action is responsible for a small n charge transfer from the carboncarbon double 
bond to the sulfonyl unit. In spite of this charge transfer being much smaller in 
magnitude than in the corresponding cyclopropenone, it was concluded35 that 
thiirene dioxides do tend to exhibit properties expected of an “aromatic” model. 
However, the degree (but not the nature) of this tendency is much smaller for the 
thiirene dioxides than for the corresponding ketones. In a complementary 
the photoelectron spectra of 2,3diphenyl-substituted compounds (39) were 
interpreted and analyzed in terms of inductive and conjugative interactions between 
the subunits C=C and X. The values obtained were compared with theoretical 
data obtained by using the “cutoff” 

Ph n Ph 
39 

X = CH,, CO; C = S, SO. SO, 

The calculated and experimental conjugative and inductive effects in selected 
relevant systems (39) are gathered in Table 2 and appear - in view of the various 
approximations involved - to be in satisfactory agreement. The calculated aro- 
maticities (conjugation energies: - 52.84; - 22.05, and - 21.84 kcal/mole, 
respectively) and the n charge transfer from PhC=CPh to X (245.4 x lo-’ or 
82.2 x lov3 and 81.4 x lov3, respectively) in the compounds listed in Table 239 
suggested that diphenyl-substituted molecules are as likely aromatic compounds 
as their parent systems are. 

A detailed comparison of the ab inifio and CNDO/S‘“‘ valence electron methods 
established the surprising concurring results for the two methods with respect to  
unsaturated systems represented by 39.4’ Furthermore, spiroconjugation for 
thiirene dioxide was found to be negligible relative to hyperconjugation, and the 
influence of d orbitals of sulfur on the electronic structure of this system was 
shown to be rather pronounced. Both aromaticity orders derived from the ab initio 
and CNM)/S charge transfer values concur and agree with the CNDO/S conjugation 
energy order, and both suggested that thiirene dioxides are at least to some extent 
aromatic. 

TABLE2. CALCULATEDH CNDo/2 INDUCTIVE AND CNDO/S CONJU- 
GATIVE EFFECTS OF X = CO, SO, AND SO, ON THE xI ORBITAL 
OF THE PhMPh SUBUNIT OF 39 

/& Inductive conjugative 

Ph 39 Ph Calculated ExDerimental Calculated Exmimental 

i. x=co - 0.35 - 0.75 0.04 0.1-0.35 
ii. x=so - 0.45 - 0.65 0.1 0.25 
iii. x=so, - 0.95 - 0.06 - 
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C. Ultraviolet, Infrared, and Nuclear Magnetic Resonance 
Spectroscopic Da ta 

Being a unique class of compounds, thiirene dioxide are easily characterized 
spectroscopically. A selection of spectroscopic data of some well-known members 
of this class is given in Table 3. 

The most striking feature of Table 3 is undoubtedly the anomalous asymmetric 
stretching42 frequency of the SOz group in thiirene dioxides. Usually, an internal 
correlation is observed between the asymmetric and symmetric stretching frequen- 
cies of the SOz group in sulfones as well as in other compounds containing the 
sulfonyl (-SO,-) group. In contrast, thiirene dioxides show a marked shift of the 
asymmetric absorption to lower frequencies (vs. other sulfones), accompanied by 
a lesser shift of the symmetric band to higher frequencies. The net result is that the 
Bellamy-Williams correlation4& no longer holds for these compounds. Although 
the reason for that phenomonon is not yet clear, it appears that the ring strain 
alone cannot be responsible for this e f f e ~ t . ~  

The positions of the methyl and H absorption in the nmr spectrum of 2- 
methylthiirene dioxide are of particular interest, since they are comparable to 
those observed for methyl cyclopropene (15 2.40 and 8.70 ppm, re~pectively)?~ 
The chemical shift of the methyl protons in other methyl-substituted thiirene 
dioxides is similar to that of the 2-methylthiirene dioxide. 

D. Mass Spectra 

Verification of the molecular weight of thiirene dioxides by m a s  spectrometry, 
employing the conventional electron impact (EI) ionization method, has been 
unsuccessful because of the absence or insignificant intensity of molecular ion 
peaks in their mass spectra?’ The base peak is rather characteristic, however, and 
corresponds to the formation of the disubstituted acetylene ion by loss of sulfur 
dioxide?’ 

In fact, considerable thermal decomposition may precede ionization, as suggested 
by the fact that only the relatively volatile 2,2-dimethylthiirene dioxide gave any 
evidence for the molecular ion. Retention of the positive charge with the sulfone 
function is responsible for the ion at m/e 64 (SO: .) and its decomposition product 
in the mass spectra of thiirene dioxides?* 

The CI mas  spectrometry techniques& proved to be very useful in the case of 
thiirene dioxides because by using different reagent gases (i.e., methane, isobutane, 
ammonia, and dimethylamine), the relative abundance of molecular adduct ions 
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TABLE 4. MELTING POINTS OF THIIRENE DIOXIDES 

RlwRI so. 

R, R, m.p. C'c) Ref. 

H CH, 59-60 23  
CHl CHl 101-1015 9 
CH, C,H* 117-118 (decomp.) 9 
C6HS C6HS 116-126 (decomp.) 9 
PFC6H4 PFC,H, 141-148 (decomp.) 13b 
m-FC,H, m-FC,H, 129-131 (decomp.) 19 

was enhanced, permitting the establishment of the molecular weight of the thiirene 
dioxides being investigated.qSa Thus the formation of ( R I m R z  + H)+ and 
(SO, + H)+ in the methane CI spectra occurred via the elimination of SOz from 
(M + H)+. Here too, the acetylenic ion dominated the spectra. Similar results were 
obtained with the other reagent gases. The advantage of the C1 technique over 
ordinary EI for the determination of the molecular weight of thiirene dioxides 
is thus apparent. 

E. Melting Points 

The available data are summarized in Table 4. Since thiirene dioxides easily 
lose sulfur dioxide, however, their melting points (above which they rapidly decom- 
pose) vary with the rate of heating. 

4. Chemical Properties and Reactivity 

An extensive and thorough Study of the thiirene dioxide system was possible 
"de facto" even before the successful synthesis and isolation of the first member 
of this class by Carpino el  al.9 because under the Ramberg-Backlund reaction 
conditions the in siru generation of thiirene dioxide - as a reaction intermediate - 
is straightforward and facile. It is not surprising, therefore, that the early investi- 
gations of this system concentrated around the fate of the thiirene dioxides'-' 
that were formed in siru under the basic conditions employed. These studies 
involved, in essence, nucleophilic ring opening of the thiirene dioxide by a variety 
of bases - usually in aqueous solutions - accompanied by mechanistic and kinetic 
studies of these ring openings using changing base concentrations at different 
temperatures as depicted in Eq. 13. 
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Even after this ring system has become easily accessible, the chemistry most 
explored has been reaction with a wide spectrum of nucleophiies (see below). 
Nevertheless, the door is still open for further studies of their chemical properties 
and reactivity of these three-membered Mgs. 

A. Surfur Dioxide Extrusion 

Thermal decomposition of thiirene dioxides results in the extrusion of sulfur 
dioxide and the formation of the corresponding diphenylacetylenes in high 
yields’. m* 47 : 

A - R I C X R 2  + SO2 
yield (%) 

a. R,  = R, =CH, (not spe~i t ied)~  
b. R ,  = R, = C &  (97%)9 
c. R, = R, =pCl-C,H, (> 90%)’O 
d. R, = R, =pCH,-C,H, (> 90%))’’ 

Kinetic studies47 showed that this thermally induced extrusion is facilitated by 
electrondonating substituents (e.g., alkyl groups). In addition, the data that corre- 
late best with the sum of u*p substituent constants48 suggest that a free-radical, 
stepwise (rather than a nonlinear, symmetry-allowed) concerted extrusion 
mechanism49 is operable. It is worth mentioning in this regard that the stereospecific 
extrusion of sulfur dioxide from thiirane dioxides to give alkenes was also suggested 
to be a nonconcerted processw (see Section V1,4, A). 

At present, however, there is no conclusive support for any of the paths 
suggested for the fragmentation of thiirane dioxides to the corresponding alkenes 
and sulfur dioxide.” 

Interestingly, the decomposition of thiirene dioxide (8) to diphenylacetylene 
was found to be lo4 times slower than that of its saturated analog (to trans- 
stilbene).& 

The transition metal catalyzed decomposition of thiirene dioxides has been 
investigated primarily via kinetic studies.w Zero-valent platinum and palladium 
complexes and monovalent iridium and rhodium complexes were found to affect 
this process, whereas divalent platinum and palladium had no effect. The kinetic 
data suggested the following mechanism for the decomposition of the complexes: 
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Since the rates of decomposition of thiirene dioxide complexes and those of 
thiirane dioxides were similar, it was suggestedM that upon coordination, the 
carboncarbon bond order of thiirene dioxides decreases and the ligand becomes 
thiirane dioxide-like. The role of the metal is thus to  “saturate” the carboncarbon 
double bond so that the reactivity of the coordinated thiirene dioxide approaches 
that of the thermally less stable thiirane dioxide. 

B. Reactions of Thiirene Dioxides with Nucleophiles 

a. WITH STRONG BASES 

As expected from the studies of the Ramberg-&cklund reaction,’-’ treatment 
of thiirene dioxides with sodium hydroxide in aqueous solution results in ring 
opening to give in the case of 8 the unsaturated sulfonic acid 409 characterized 
as its p-toluidine salt. 

8 40 

The same sulfonic acid (40) was obtained by direct treatment of a,a’- 
dibromodibenzyl sulfone with sodium hydroxide. On the other hand, no sulfonic 
acid was isolated on treatment of 2-methylthiirene dioxide with aqueous sodium 
hydroxide. Further studies with this compoundU revealed that the hydroxide ion 
is diverted from attack at the sulfonyl group because of the pronounced acidity of 
the vinyl proton in this compound.23 

CHIC-CH 

(1 7) 

H* or A 

y? 43 

cH1vH so, 5 [ cHbf ] 4 42 
I 

41 I 
CH!C=CSO,CI 

44 

Although sulfmate 42 was not isolated but rather converted to the isolable 1- 
propynsulfonyl chloride 44, its presence in the reaction mixture was apparent 
by conversion to  methylacetylene. The results above, combined with those of other 
studies: clearly show that acetylenic products formed from either the treatment of 
thiirene dioxides with alkali or upon Ramberg-lkicklund treatment of dihalosulfones 
do not need to arise by thermal elimination of sulfur dioxide from the three- 
membered ring. 
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By analogy to the reaction with sodium hydroxide, thiirene dioxide 8 underwent 
competitive fmt-order reactions with methoxide ions to  give, in addition to 
diphenylacetylene, the cis-172-diphenylethene sulfonate 46% 

SHsyCJ-b M I [  C,HS\ eC=C, ,C,H, 15 Cds, ,Cds 

(HeOH) /c=‘\ 
SQMe H S0,Me 

45 46 

8 C,H,C-CC,H, __ - (1 8) 
41 

The ratio of 46 to 47 was found (as expected) to be temperature dependent. Similar 
results were obtained with potassium r-butoxide (in t-butyl alcohol) and with 
hydroxide ion in 40% dioxane-water solution.& 

Mechanistically, the reaction appears to involve attack of methoxide ion on 
sulfur, leading to carbanion 45, which rapidly abstracts a proton from methanol 
so that its stereochemistry is maintained. Based on all the available data, the com- 
mon sulfurane intermediate 48 has been advanced& to account for the formation 
of 46 and 47: 

C,H,, ,SO,Me GHs, , S0,Me 
C - -3 MeOWJ + C 

II 
C ctH\ C,Hf qa  47 

ChH, 

(19) 

,,YPh 
H+ 

/ O -  

8=[ C,Hs psxoMe] < 45 - 46 

0 48 

49 

In a complementary kinetic study the relative rates of cleavage by alkoxide 
ions of diphenylcyclopropenone (49) and diphenylthfirene dioxide (8) have been 
determined at several temperatures.’* The relative rates of 8 to 49 were about 
5000 : 1. This surprising result was attributed to a marked conjugative stabilization 
of 49 as compared with that of 8. At any rate, the relative ratio appears to reflect 
the aromaticity inherent in 8 vs. that of 49. 

Finally, using the KOH-CCI,-BuOH system:’ it is possible to generate in sihr a 
variety of substituted thiirene dioxides6+ 53 as intermediates. Under these reaction 
conditions the intermediates decompose rapidly and specifically into products 
whose nature is dependent on the substitution pattern. Thus, whereas both the 
2,3-di.n-butyl- and 2chloro-3-n-butylthiirene dioxides formed in sihr give the 
expected &unsaturated sulfonic acids analogous to 40; 2,3-di-terf-butylthiirene 
dioxide yields di-terf-butylacetylene as shown in Eq. 20. 
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when R, = n-Bu; when R, = R, = t-Bu 
R, = n-Bu or CI 

b. WITH GRIGNARD AND LlTHIUM REAGENTS 

Treatment of 23-diphenylthiirene dioxide (8) with phenylmagnesium bromide 
gives diphenylacetylene and the salt of benzene sulfinic acid 50, as shown in Eq. 2 1 .' 

8 

Lithium aluminum hydride reacts similarly. These ring-opening reactions are 
thus comparable to those with aqueous sodium hydroxide discussed in Section 
X, 4, B, a. 

c. WITH SOFT NUCLEOPHILES 

old-Unsaturated sulfones,y) like other alkenes substituted with electron- 
withdrawing g r o ~ p s ~ ~  are susceptible to nucleophilic additions, and thiirene 
dioxides are no exception. However, these additions are always accompanied by 
ring cleavage (of one of the carbon-sulfur bonds) followed some times by a loss of 
the sulfur dioxide unit. A tentative pathway is described in Eq. 22. 

i. WITH HYDROXYLAMINE AND HYDRAZINE. The reaction of 
the model thiirene dioxide (8) with either hydroxylamine or hydrazine gives 
desoxybenzoin oxime (51) and desoxybenzoin azine (52) in good yields': 
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C6HS 
I 

C6H&H&=NOH 

51 
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8 

These results were rationalizedg in terms of an initial nucleophilic addition to 
the cu&unsaturated sulfone system of 8, followed by loss of sulfur dioxide and 
tautomerization. Interestingly, treatment of the corresponding thiirene oxide with 
hydroxylamine also afforded 51,’* albeit in a lower yield (i.e., 36%). Apparently, 
the same conjugative addition mechanism is operative in both cases. 

As one can see, in contrast to the previously discussed hard nucleophiles, which 
react with sulfur dioxides via attack at the sulfur center, the softer nucleophiles 
hydroxylamine and hydrazine attack initially at the vinyl carbon center. This was 
shown to be the case with other “soft” nucleophiless* 57 as is discussed below. 

Thiirene dioxides do not react with 
typical tertiary amines like triethylamine and 1,4-diazabicyclo[2.2.2] octane 
(DABCO), and therefore can be prepared from a,cu‘-dihalosulfones by using these 
bases for the dehydrohalogenationcyclization. However, they do react with the 
secondary dimethylamine and the highly reactive tertiary amine (amidine), 1 5 -  
diazabicyclo [4.3 .O] nonJ-ene (DBN).” 

Thus, the reaction of 22-diphenylthiirene dioxide (8) with diethylamine in 
benzene gives vinylamine (53) in high yields7: 

ii. WITH AMINES AND AMIDINES. 

P U  r u  r u  1 

SO, 

fast C,HS\ f 6  HS 

\ 
H N(CH,), 

(-SO,? ,c=c 

53 54 

This is accompanied by a small amount of salt (54), presumably because of a small 
amount of water present in the reagents. The reaction was found to be second 
order in amines - typical for the addition of amines to olefms in aprotic sol- 
v e n t ~ ~ * ~ ’  - and to have syn stereochemistry. Hence, a concerted addition across 
the carboncarbon double bond or a stepwise addition, involving two molecules 
of the amine per molecule of the thiirene dioxide, has been proposed.s 

DBN reacts smoothly with 8 to give a 1 : 1 adduct, the yellow betaine 55, in 
essentially quantitative yieldss* ”: 
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55 

Preliminary results show that thiirene oxides also react with amidines (e.g., 
DBU) in a similar way.% 

iii. WITH TERTIARY PHOSPHINES. Reactive phosphines react rapidly 
with 23-diphenylthiirene dioxide to give the betaines 57 in essentially quantitative 
yield56*57: 

Triphenylphosphine is not reactive toward 8 below temperatures at which the 
latter begins to undergo thermal decomposition. Betains (57) are insoluble in 
nonpolar solvents but show appreciable solubility in polar organic solvents. Their 
structure was established by x-ray crystallographic analysis.% Attack of the 
nucleophile on the vinylic carbon of the thiirene dioxide is likely. 

iv. WITH CYANIDE, BENZENESULFINATE, AND AZIDE IONS. Cyanide 
and benzenesulfmate ions react readily with thiirene dioxide (8) to give the 
vinylsulflnates 58. The latter could be trapped with CHJ to  isolate the respective 
methyl sulfones 59a and 59b, as depicted in Eq. 27.57 

CH,O,S Nu 
CH I \ I  ChH5wc.Hs  + Nu - DMF - - O z S L J N u  A 

,C=C (27) 
\ n 

so, C6H5 C6H5 ' L S ~ S  CbH, 
8 58 59 

a. Nu=CN- a. Nu=CN 
b. Nu = C,H,SO; b. Nu=C,H,SO, 

The stereochemistry of the electrocyclic ring opening following the attack of 
the nucleophile on the vinylic carbon appears to be governed by the principle of 
least 
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Treatment of 8 with lithium azide afforded, among others, the vinyl azides 60 
and 61 as the major products.@ 

CJ-4 /N, 
8 + LiN, - + ‘c=c / \  (28) 

H C6H5 

60 61 

+ 62 + 63 

The formation of the other products in this reaction [i.e., triazole (62) and 
thiatriazine dioxide (63)] was rationalized@ by assuming an initial stepwise cyclo- 
addition of the azide ion with the double bond of the thiirene dioxide, as illustrated 
in Eq. 29. 

N 

62 

Although triazole (62) was known before,6l the thiatriazine dioxide 63 is the first 
reported member of a new class of compounds. 

d. WITH SULFONIUM AND PYRIDINIUM YLIDS 

The reaction of 2,3-diphenylthiirane dioxide with equimolar acylsubstituted 
sulfonium ylids (e.g., 64) afforded besides the major product tolane (67%), 
oxathiin dioxide (65), thiete dioxide (66), and dithiin (67) in very low 
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H Ph Me Ph 
67 

64 
a. Ar=Ph 
b. Ar = P-MeCJI, 

65 66 

The formation of compounds 65-67 was rationalized62 in terms of an initial 
attack of the nucleophilic carbon of ylid 64 on the vinylic carbon of thiirene 
dioxide (8). Further 
observed products. 

transformations of the intermediate (68) will lead to the 

COA r 
1 CH $CH)Z 

68 

e. WITH a-METALLATED NITRILES 

22-Dimethylthiirene dioxide was found to act as an ambident electrophile 
in its reaction with a-metallated nitriles. Thus, two types of sulfur-containing 
cyclic products (i.e., 72 and 74) are formed in moderate yield (after appropriate 
work-up) when the metallated nitriles have no a-hydrogen atom. When a-hydrogen 
is present in the metallated nitriles, the reaction takes a different course. The 
results of the foregoing study6’ are summarized in Eq. 3 1. 

It turns out that sulfolene (72) is a result of an initial nucleophilic attack of the 
aryl-substituted carbanions (i.e., 7Oa-7Oc) on the vinylic carbon of thiirene (69) 
to form the sulfinate intermediate 71A, which upon acidification cyclizes to give 
the heterocycle 72. On the other hand, attack of the alkyl-substituted carbanions 
(i.e., 7Od-7Of) on the sulfur atom of the starting thiirene dioxide will lead through 
intermediate 71B to heterocycle 7 4  (after hydrolysis). Acyclic products (e.g., 73 
and 75) are obtained when the nitriles employed bear an a-hydrogen atom. In such 
cases, either a 1,3hydrogen shift in intermediate 71A is responsible - after sulfur 
dioxide elimination - for the formation of the vinyl nitrile 73, or an intramolecular 
anion exchange in 71B results in the formation of 75. 

In contrast to 69, 2,3-diphenylthiirene dioxide (8) suffers of nucleophilic 
attack only at the ring carbon:- the sulfinate 76 being formed in 64% yield. 
Acidification with an equimolar amount of hydrochloric acid affords sulfolene 
(77) similar to 72. 

Similar to ad-unsaturated  ketone^,^' thiirene dioxides are in general prefer- 
entially attacked by the less basic nucleophiles on the vinylic carbon atom of the 
ring, and by the strongly basic nucleophiles on the sulfonyl sulfur (see Sections IX, 
4, B-IX, 4, B, e). Ordinary ad-unsaturated sulfones normally react with nucleophiles 
to give addition only across the carboncarbon double bond, the sulfonyl group 
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so, 
69 

a. R, = 
b. R,  = 
c. R, = 
d. R,  = 
e. R, = 
f. R, = 

72 
a. R, = R ,  =Ph 
b. R, = Ph; R, =Me 

Me Me 

73 

71A 
70 E a n d Z  

c. R, =Ph 

(31) 

R, = P h ; M = N a  Me 
Ph; R, = Me; M = Na 
Ph;R, = H;M = Na 
R, = M e ; M = L i  
R, = H ; M = L i  
Me;R, = H ; M = L i  

Me 

Me 

H 
75 

e. R, = H 
f. R, =Me 

beingattacked by nucleophiles only with diffi~ulty.6~ The reason for this difference 
in behavior is not yet clear, but it most probably involves the particular electronic 
structure and geometry of this class of compounds. 

Ph 

8+7Oa THF- Ph\ ,c=c, / so;Na* 'BPh (32) 
PhK, 

CN HN so, 
76 77 
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C . Cy cloaddit io n Reactions 

The cycloaddition capability of thiirene dioxides via the carboncarbon 
double bond in the three-membered ring system has been quite extensively 
e x p l ~ r e d . ~ * ~ ~ * ~ . ~ ~  Based on the known cycloaddition capacity of asunsaturated 
sulfones with electron-rich olefins,% it could be anticipated that thiirene dioxides 
might also undergo similar cycloadditions with these “nucleophilic-type” reagents 
to initially provide cycloadducts that would eventually lead to novel medium4zed 
sulfurcontaining heterocycles and acyclic systems as well. This idea is schematically 
represented in Eq. 33. 

Since only nucleophilic-type reagents (78) have been used in these cycloadditions, 
the transformation 78 -+ 79 indicates the extent of conjugation (“aromaticity”) in 
thiirene dioxides vs. ordinary &&unsaturated sulfones. 

The first reported cycloaddition reaction of thiirene dioxide was that in which 
the latter was treated with phenyldiazomethane to give 3,4,5-triphenylpyrazole 
(82) (albeit in low yield) and the acyclic ac-diazobenzyl-l,2-diphenylvinyl sulfone 
81, both presumably originating from the 1,3-dipolar cycloaddition product 80.’ 

-- 
8 80 81 

82 

The ring-opening process leading to 81 (route a)  is analogous to  that which 
has been demonstrated to follow the cycloadditions of tosyl azide to certain 
enamines.6’ Similar results have been reported for the reaction of 2,3diphenyl- 
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cyclopropenone with 2-dia~opropane.~ Other 1 Jdipolar cycloadditions with 
thiirene dioxides were also accomplished (see later in this section). 

Thiirene dioxide (8) readily reacts with an entire spectrum of enamines to 
provide novel acyclic and cyclic systems.@ These products are represented in 
Eq. 35,in which 83 accounts, directly, or indirectly, for all the observed products.@ 

cyclobutane scission 1. elimination 

The synthetic value of the transformation above may be appreciated by exam- 
ining Table 5 ,  which summarizes selected results of the relevant study.@ 

It is generally accepted that the reaction of enamines with thiirene dioxides is 
a nonconcerted thermal (2 + 21 cy~loaddition?~ However, these transformations 
can be interpreted in terms of a concerted [4n + 21 cycloaddition in which the 
lone pair of electrons of the enamine nitrogen participates. Bond reorganization 
of the resultant zwitterion (i.e., 86) could then afford all the described products. 
Although a similar intermediate has been invoked for the corresponding reaction 
with diphenylcycl~propenone~~ such an interpretation (e.g., route b, Eq. 36) 
seems unnecessary, even though it accounts for the formation of 87 (incidentally, 
shown to have antifertility activityMb), since this compound could arise from an 
initial Michael addition with subsequent bond reorganization (e.g., route u, Eq. 36). 
In general, the cycloadditions just discussed are exothermic and much faster than 
those of diphenylcyclopropenone. Perhaps this is further evidence for the lack of 
substantial aromaticity of thiirene dioxides. 

1 J-Dipolar cycloadditions with thiirene dioxides as the dipolarophiles have been 
used in cycloaddition-extrusion reactions leading to the formation of a variety of 
heterocycles. Thus, in analogy to the cycloaddition-extrusion reactions of five- 
membered mesoionic compounds with diphenylcyclopropenone and related com- 
pounds," the reaction of the five membered oxazolone 88 with 23-diphenylthiirene 
dioxide (8) afforded thiazine (90) in good yield!' 
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Ph 

Ph 

a 
d 

Ib 

Ph 

86 81 

Ph 
89 

88 

90 

R = H or CH, 

These results suggest that the cycloaddition of 88 takes place across the 2,3-double 
bond of the thiirene dioxide to give the intermediate 89, which is followed by both 
carbon dioxide extrusion (preferentially to sulfur dioxide extrusion) and a cleavage 
of the three-membered ring. In contrast, the reaction of thiirene dioxide (8) with a 
six-membered mesoionic compoundm or with pyridinium ylids6' is known to give 
adducts resulting from extrusion of sulfur dioxide (see e.g., Eq. 38):' 



T
A

B
L

E
 5

. 
PR

O
D

U
C

T
S 

O
F

 T
H

E
 C

Y
C

L
O

A
D

D
lT

IO
N

 B
ET
WE
EN
 2

.3
-D

IA
R

Y
L

T
H

II
R

E
N

E
 D

IO
X

ID
E

S 
A

N
D

 E
NA
MI
NE
S"
 

E
na

m
in

e 
A

ry
l 

R
o

d
u

ct
P

 

R
,R

,C
=

C
H

N
~

 

a.
 R

, 
=

 C
H

,, 
R

, 
=

 H
 

b.
 R

, 
=

 R
, 

=
 C
H,
 

c.
 R

, 
=

 C
,H

,, 
R

, 
=

 H
 

0
 

\o
 

V
I 
b 

0
 

n
=

l,
2

 

c6
H

5 

c6
H

S 

3
 

R
,R

,C
=C

SO
,-

C
=C

H
-N

 
I 

I 
c6

H
5 

c6
H

5 

- 
n

=
1

,2
 

n 
=

 1
-3

 
n 

=
 1

-3
 



0
 

N 

n
=

l,
2

 

+ 

In
 a

ll
 m

e
8

 of
 m

ed
iu

m
-&

&
 

he
te

ro
cy

cl
es

, o
nl

y 
on

e 
of

 t
he

 p
os

si
le

 st
ru
ct
ur
al
 as

si
gn

m
en

ts
 is

 s
ho

w
n.

 



59 2 Three-Membered Rings Containing Sulfur 

a. R ,  = R, = H 

D. Reduction 

Only one successful selective reduction of the carboncarbon double bond in 
thiirene dioxides (i.e., without effecting any other changes in the molecule) is 
mentioned in the literature; it is observed when aluminum amalgam at -445' in 
wet ether was used to afford the cis-2,3-diphenylthiirane dioxide 92 in low yield. 

8 92 (16%) 

E .  With Transition Metal Complexes 

Zero-valent platinum and palladium complexes of the thiirenes 1,l-dioxides 
can be easily prepared by ligand exchange with platinum complexes of the type 
h P t X  at ambient temperaturew: 

93 94 

a. R, = H; R, = CH, L = (CJUQ 
b. R,  = R, = CH, 
C. R, = CH,; R, = C6H, 
d. R,  = R, = C,H, 

X = (C,H,),P;CH,=CH,;CS, 
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Of all attempted thiirene dioxides, only 93a coordinated to  Vaska's complex 
[transIrb(CO)Cl]. The structural assignments were based on both ir and nmr 
spectroscopy (i.e., coupling constants), according to which both the platinum and 
the palladium complexes of thiirene dioxides 93a and 93b were isolated at subzero 
temperatures. Attempts to isolate the complexes with 93c and 93d failed. 

Furthermore, the zero-valent palladium and platinum complexes as well as 
monovalent rhodium and iridium complexes were found" to  catalyze the decom- 
position of thiirene dioxide, whereas divalent platinum and palladium complexes 
had no effect (see Section IX, 4, A). 
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XI. THREEMEMBERED RINGS CONTAINING 
SULFUR AND ONE OR MORE ADDITIONAL HJTEROATOMS 

Although no three-membered ring with two heteroatoms had been prepared 
before 1950, several isolable compounds incorporating at least two heteroatoms 
are known to date. In this category investigation of three-membered rings contain- 
ing two nitrogen atoms (i-e., diaziridines and diazirines; 1 and 2, respectively)' or 
one nitrogen and one oxygen (i.e., oxaziranes, 3)Ie2 preceded the preparation and 
actual isolation of three-membered rings containing sulfur as one of the hetero- 
atoms. In fact, the latter are products of the 1970s. Following the synthesis of the 
first three-membered ring comprised solely of heteroatoms (i.e., oxadiazixidine, 4)? 
the synthesis of the thiadiaziridine dioxide 5 was reported? followed by the 
successful isolation and characterization of the thiaziridine dioxide system 6' and 
of the P-analog 7: 

1 2 3 

4 5 6 I 

Essentially nothing is known about the analogous unsaturated systems, that 
is, 8-1 1. 

11 
\ 8 9 

10 

However, the intermediacy of system 10 - the aza analog of the thiirene dioxide 
(e.g., 13) has been established in the base-induced successive dehydrohalogenations 
of the a,a-dibromobenzylsulfonamide 12': 

Br 



Three-Membered Rings Containing Sulfur 597 

13 

Evidence for the intermediacy of other “vinyloges” of thiirenes and thiirene 
oxides and dioxides has also been reported?*9 Interestingly, except as proposed 
reaction intermediates (discussed later), the saturated three-membered ring systems 
14-18 have not been synthesized thus far. 

0 0 0 
S 

N-N 
\ \ \ \ /  \ 

/ \ / 7\ I /”\ / 0-c N-C P C  
?\ / 
N-C 

14 15 16 17 18 

The high energy inherent in the sulfur-containing three-membered ring systems 
such as 5-6, 9-10, and 14-18, turned them by and large into very reactive species, 
which are sensitive both chemically and thermodynamically, particularly to 
nucleophiles. 

It is not surprising that in view of the welldocumented stabilizing effect im- 
parted to sensitive three-membered rings by bulky substituents,” all the successful 
syntheses and isolations of stable three-membered rings containing sulfur and 
additional heteroatoms (e.g., 5 and 6)  as well as other isolable heteroatomic three- 
membered rings (e.g., 7) are those in which the ring carbon or nitrogen atom (or 
both) are substituted with very bulky groups: the rerr-butyl, the 1,1,3,3-tetra- 
methylbutyl, and adamantyl, 19-21, respectively. 

19 20 21 

It is to be expected that the same strategy with respect to substitution will be 
adopted in future attempts to synthesize the as yet elusive sulfur-containing three- 
membered ring systems 10,14-18, and others as well. 

1. Thiaziridine Dioxides 

The only known thiaziridine dioxide has been recently synthesized’ by the 
(see Section VI, application of the reaction of diazo compounds with sulfenes”* 

2, B) to the N-sulfonylamine 23. The synthetic scheme is shown below in Eq. 2. 
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H 

Thiaziridine dioxide (M), which crystallizes as colorless needles from pentane 
at -78', is thermally unstable and easily decomposes quantitatively to sulfur 
dioxide and ammethine (Ma). This first-order decomposition has been shown' to 
occur over more than three half-lives with K (25") = (9.05 f 0.05) x lo-' sec-'. 

A 
24 - (CCI,) (CH3)3CCH=N-C(CH3)3 + SOz (3) 

24r 

The ir and nmr spectra of 24 are in accord with the assigned structures: ir(CCL): 
1325, 1177crn-'(SOz); and nmr (CCL): 6 = 1.03 (s, t-Bu), 1.33 (s, t-Bu), and 
3.72 ppm (s, CH). 

2. Thiadiazicidine Dioxides 

Before the successful synthesis of the first member of the thiadiaziridine dioxides 
in 1972: only two ring systems comprised entirely of heteroatoms had been 
isolated and fully characterized, the disilaziridine 2512 and the oxadiazirine 26. 

25 26 

Before 1972 thiadiaziridine dioxides were postulated as intermediates in the 
classic synthesis of azoalkanes (28)14: 
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However, under the reaction conditions employed, the actual isolation of these 
postulated intermediates has not been achieved. 

A. Method of Preparation 

All known thiadiaziridine dioxides have been prepared by essentially the same 
method starting with substituted sulfamides (27): the latter are treated with a non- 
nucleophilic base to form the monoanion of the sulfamide 27 (i.e., 29), which on 
treatment with r-butyl hypochlorite give the Nchloroanion 30. 

Dehydrohalogenation in the fmd crucial step affords the desired cyclized 
thiadiaziridine dioxide system (e.g., 31) as depicted in Eq. 5!*' 

a. R, = R, = t-Bu 
b. R, = R, = (CH,),CCH,C(CH,), 
c. R, = R, = adamantyl 
d. R, = f-Bu; R, = (CH,),CCH,C(CH,), 

30 
a. R, = R 1- - t-Bu"n"e'6 (46%; 61%16) 
b. R, = R, = (CH,),CCH,C(CH,),4~1s (90%) 
c. R, = R, = adarnantyP' (95%) 
d. R,= t-Bu; R, = (CH,)3CCH,C(CH3)," (-) 

The symmetrical 2,3-di-rerr-butyl:* Is* l6 2,3-di-( 1,1,3,3)-tetramethylbutyl,"* 
and 2,3-diadamantyl? " as well as the unsymmetrical 2-rmr-buty1, 34 1,1,3,3)- 
tetramethylbutyl'' thiaziridine dioxides (i.e., 31a-31d), have thus been prepared. 
Thiaziridine (31c) was also prepared by the treatment of the corresponding 
sulfamide (i.e., 27c) with 2 mole equivalents of both potassium r-butoxide and 
r-butyl hypochlorite in r-butyl dcohol-carbon tetrachloride." It turns out that the 
order of introducing the sodium hydride and r-butyl hypochlorite into the sulfamide 
solution is crucial, since if the N-chlorination precedes the formation of the anion 
29, the a-halosulfamide formed is reduced back to the starting sulfamide 27 upon 
treatment with sodium hydride and therefore the thiaziridines (31) are not 

The synthesis of thiaziridine dioxide (31d) through the unsymmetrical sulfamide 
3Od'* opens the way for the preparation of unsymmetrical thiaziridine dioxides 
other than 31d. 

f o ~ ~ ~ ~ e d . ' ~ .  l6 
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B. Structure a n d  Physical Properties 

Thiaziridine dioxides are colorless solids [m.p. 35-36,49.5-50, 169-170" and 
160 (1.5 mm) for 31a31d, respe~tively]'~-" having the t m n s  configuration 
(concerning the nitrogen substituents). This has been unambiguously established 
by X-ray analysis for 31b19 and deduced from the smooth rearrangement of 
thiaziridine dioxide (31a) to afford trans-azoalkane (28; R = t-Bu)!6 The spectral 
data (see below) further substantiate the t m n s  configuration. 

The S-N average bond length and the N-N bond length in 31b were found to be 
1.62 and 1.67 A re~pectively,'~ the latter being significantly longer than any 
analogous distance for the C-N bond in aziridine?0 Such lengthening facilitates the 
angle NSN to maintain a value of 62" (which is near the "normal" expected value 
of 60" for a three-membered ring). The relative weakening of the N-N bond in this 
ring system is a logical consequence. 

The ir and nmr data of the known systems are given in Table 1. 
The magnetic nonequivalence of the two methyl groups closest to the ring 

nitrogens in 31b in benzene (although they are equivalent in CC4 and CHC13) 
suggest a slow inversion about both nitrogen bonds, as suggested for the di-tert- 
oc tyldiaziridinone ?' 

A competing mechanism (e.g., bond breaking, inversion, bond reformation) 
cannot be ruled out, however? 

C. Chemical Properties and Reactivity 

a. HYDROLYSIS 

The thiadiaziridine dioxides synthesized thus far are rather stable toward dilute 
acids or bases,'5-" most probably because of the hindrance effect of their bulky 
substituents. In fact, both thiaziridine dioxides 31a and 31b can be recovered 

TABLE 1. IR AND NMR DATA FOR THIADIAZIRIDINE DIOXIDES 

Ir bands; SO, Nmr chemical shift 
R, R, (an-') 6 (ppm) Ref. 

t-B u t-Bu 1395 1372a 1 . 3 2 ( ~ ) ~  15.16 
1 3 3 ( ~ ) ~  

0.96(s, 18H). 15 
1.120, 12H). 
1.78(s,4H) 

Adamantyl Adamantyl 1335 1 2 0 9  1.67, 1.93, 
2.15 (broad9 17 

a KBr. CCI,. CDCI,. Nujol. 



Three-Membered Rings Containing Sulfur 60 1 

unchanged from 2N aqueous hydrochloric acid, 2N aqueous sodium hydroxide, 
aqueous potassium permanganate, and 30% aqueous hydrogen peroxide?*” The 
reaction of 31b with 2N sodium methoxide is slow.” 

Hydrolysis of 31a occurs slowly in an open container at room temperature and 
more rapidly in refluxing wet benzene to 1,2-di-tert-butylhydrazine hydrogen 
sulfate as shown in Eq. 6. 

\ 

N-N R % t-B~&,-r-Bu 

/ 
1-BU r-Bu HS0; 

31r 32 

The hydrolysis of 31b in wet benzene is much slower, and both 31b and 31c are 
essentially stable at room temperature. 

The transformation above is consistent with the proposed mechanism for the 
azoaikane synthesis from ~ulfamides?~ 

b. THERMOLYSIS 

On prolonged reflux in pentane or benzene, the thiaziridine dioxide 31a 
smoothly decomposes to afford the traros-diazoalkane 28 (R = t-Bu) in nearly 
quantitative yield. This thermal sulfur dioxide extrusion is very similar to that 
observed in the pyrolysis of cis- and trans-2,3-diphenylthiirane dioxides?’ It is 
not known, however, whether this sulfur dioxide elimination is a stepwise or a 
concerted process.n 

The difference in thermal stability between some thiaziridine oxides is striking. 
In contrast to the smooth thermolysis of 31a, 31b can be recovered after 1 hr of 
refluxing in toluene? It does decompose, however, above 130” but product analysis 
is complicated.’ Heating of 31c in mesitylene afforded only 15% sulfur dioxide and 
43% sulfamide (27c).” Although the difference in thermal stability can be inter- 
preted in terms of added hindrance to concerted ring opening by the bulkier groups, 
the role of the adamantyl substituent compared with that of the 1,1,3,3-tetra- 
methylbutyl group must wait further study, 

Interestingly, both 31a and 31b give quantitative yields of alkyl sulfamides (i.e., 
27a, 2%) when heated in aromatic solvents with added thiophenol as represented 
in Eq. 7.’’ 

RNHSOzNHR 
27% b 

c. WITH OXIDIZING AGENTS 

Although dilute aqueous solution of hydrogen peroxide or potassium per- 
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manganate has no effect on thiaziridine dioxides, their treatment with chlorine, 
t-butyl hypochlorite, and alkaline sodium hypochlorite resulted in the isolation of 
the azoalkanes 28a-28c in good 

d. WITH REDUCING AGENTS 

Reduction of thiaziridine dioxide (31b) with hydrogen afforded the sulfamide 
27a, whereas the azoalkane 28b was obtained with W4 (see Eq.9, below), 
accompanied by small amounts of sulfamide 27?' 

e. WITH GRIGNARD AND LITHIUM REAGENTS 

Treatment of 31b with methylmagnesium bromide gave 27b, whereas the 
lithium reagent afforded the azo compound" : 

H, 
or CH,MgBr 

* R-NHSOJ'IHR 
LiAIH, 
or PhLi 

R (9) 
,N-Y R-N=N-R c----- 

R 28b 

3lb 2% 

f. MISCELLANEOUS 

The azo compound 28b is obtained when thiaziridine dioxide (31b) is treated 
with either acids (e.g., HCl gas) or bases (e.g., NaOCH3) in nonaqueous media." 

A Diels-Alder adduct is formed in the reaction of the 2,3-diphenylthiaziridine 
dioxide 31a with 1 ,3diphenylisobenzofuran.16 

Further exploration of the chemistry of the thiaziridine dioxides is required 
before the full scope of their chemical behavior and potential synthetic usefulness 
can be established. 

Oxathiiranes, having the ring structure represented by 15,are not known to date. 
However, their existence as intermediates in several reactions involving sulfmes has 
been proposed. 
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Thus, an oxathiirane (34) has been proposed23 as the thermal intermediate in 
the decomposition of thiopropenal S-oxide (33) (identified as the lachrymatory 
factor in onions) at room temperature to give largely propionaldehyde and sulfur” 
as shown in Eq. 10. 

The complicated decomposition of thiophosgene S-oxide (37) has been pictured 
similarly= : 

37 38 39 

Likewise, it has been suggested that oxathiiranes (40) intervene in the photo- 
chemical conversions of various thiocarbonyl Saxides (sulfmes) to carbonyl 
compounds26 as illustrated in Eq. 12. 

40 

Both the open structure 41 and the oxathiirane ring structure 42 were energy- 
geometry optimized2’ by means of Boyd’s MOSCF-CNDO procedure.% Oxa- 
thiirane creation (i.e., 41 -+ 42) was predicted29 to be an allowed thermal reaction,= 
although stereochemically uninteresting. 

41 42 

The electron density on the oxygen atom is a crucial factor in the energy level 
stabilization: the   HOMO of 41 and the ul lone-pair orbital of 42 drop significantly 
in energy and as a consequence the ring closure is favored by taking advantage of 
a ~HOMO*HOMO correlation, while the ~ H ~ M O - U ~  interaction is avoided (presum- 
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ably on energy grounds)” Hence the reordering of the energy levels in the system 
can be attributed to the strong asymmetric perturbations introduced by the 
heteroatom. 

Indeed, oxathiirane (44) has been observed spectroscopically by the irradiation 
of thiobenzophenone S-oxide (43) at 85 K within the region of 330nm in EPA 
glass31 : 

43 44 

The intermediacy of 44 was further confirmed by a series of accompanied photo- 
chemical experiments and  transformation^^^ as well as by comparisons with closely 
related systems. Significantly, CNDo/S calculations12 predict a weak maximum at 
h = 396 nm for the electronic absorption spectrum of unsubstituted oxathiirane 42. 

4. Oxathiirane Oxides (a-Sultines) 

Oxathiirane oxides represented by structure 17, have been proposed as intermedi- 
ates in several reactions to account for the observed products. 

/””\ I  0-c 
\ 

17 

Thus, when sulfenejj (45) is generated in the gas phase at high temperatures, 
formaldehyde and sulfur monoxide are formed” 

0 
/,* 

v 
0 

CH,=S I - O=CH,+S 

46 

It has been suggestedM* that the cyclization of the sulfene 45 into the a-sultine 
46 precedes the final fragmentation to the observed products. 

More recently, the preparation of transitory 46 at room temperature has been 
reported both in the addition of singlet methylene to sulfur dioxideJ6 and in the 
oxidation of thiocarbonyl S-oxide with perbenzoic acid?7 Equations 14 and 15 
give the overall schemes of the two claimed transformations. 
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(mainly) 

+ 
(others) 

Ar2C=S0 + PhC03H - 

The intermediacy of oxathiirane oxide (46a) is corroborated not only by kinetic 
studies3’ of the given oxidation with several different diarylthione S-oxides but 
also by the observed substituent and solvent effects, which were simiiar to those 
reported for the oxidation of thiones, alkenes, acetylenes, and diazoalkanes with 
the same peroxyacid. Furthermore, the transient formation of an a-lactone formally 
similar to 46 has been assumed% in the reaction of ketenes with peracids. 

Although only the direct observation (spectroscopically) or isolation of a stable 
member of the so far elusive oxathiirane oxide system would serve as an “ultimate 
proof” for its existence a CNDO/B semiempirical calculation predicts that the 
electrocyclic ring closure of sulfene (45) to a-sultine (46) follows an “allowed” 
pathway. Because of the evident n-vr correlation and the high lying nonbonding 
oxygen levels introduced by S-oxidation,it has been argued39 that a four-membered 
ring cyclic sulfoxylate ester of type 47 should be involved in the chemistry of the 
previously postulated oxathiirane oxide (a-sultine, 46). 

’0 
46 47 
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Attempts to prepare S-dioxides analogous to the a-sultines, namely the oxa- 
thiirane dioxides (a-sultones, 48 and 49) were unfruitful. The reaction of sulfur 
trioxide with either diazomethane or diazoethyl acetate resulted, after work-up, 
in the isolation of dimethyl sulfate and a “dimer” (50, not fully characterized), 
respectively”: 

/o\ 
EtqCCH -SO, 

49 48 
(16) 

“dimer” 
50 

Nevertheless, the isolation of “properly” substituted oxathiirane oxides (or 
dioxides) still may prove to be possible under carefully selected reaction conditions. 

5. Thiaziridiniines, Thiadiaziridines, and Thiadiaziridine Oxides 

The thiaziridinimines, thiadiaziridines, and thiadiaziridine oxides are sulfur- 
containing, three-membered ring systems; they are represented in 51-53 by the 
particular members of each class that have been proposed as intermediates in 
certain chemical reactions studied. 

,CH, P 
PhCH,- N - S HN- S Ar,-N- S 

\ /  \I ‘CH, N 

bTS H Ar2 

\ /  
C 

I I 

51 52 53 

Thus, thermolysis of 3-benzyl-5-tosylimino-l,2,3,4-thiatriazoline (54) in the 
presence of thione (55) furnished 1,2,4-dithiazolidine-S-imine (56) in moderate 
yield!’ These results have been interpreted in terms of an unstable thiaziridinimine 
intermediate (51), which is trapped by the C S  compound in a regiospecific manner 
as depicted in Eq. 17:’ 

54 P~CH~N=C=NTS 
57 

56 
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Thermolysis without the presence of 55 leads to the isolation of sulfonyl- 
carbodiimide. 

The intermediacy of dialkyl sulfurane of type 52 in the reaction of dialkyl 
sulfides with chloramine was considered.% The experimental evidence, however, 
does not substantiate this structure. 

The thermal photochemical reaction between arylazides and N-sulfinylanilines 
has been shown to yield several products; the major one is the azo aromatic 5843 : 

Ar,N3 + Ar2NS=0 2 [53]-Arl-N=N-Ar2 + other products (18) 
a. Ar, = Ph; Ar, = pMeC,H, 
b. Ar, = p-MeC,H,; Ar, = Ph 
C. Ar, = Ph; Ar, = p€IC,H, 
d. Ar, = pClC,H,; Ar, = Ph 
e. Ar, = Ph; Ar, = pOMcC,H, 

58 (major) 

The experimental results (including the formation of sulfur and sulfur dioxide 
from the presumably formed sulfur monoxide) were interpreted in terms of the 
intermediacy of thiadiaziridine oxide (53). However, a distinction between direct 
nitrene addition to the NSO bond and the concerted cycloaddition of the azide 
on the same bond before the formation of the three-membered ring could not be 
made based on the available experimental results. 

6. Thiazirines: ThreeMembered Sulfoximides 

Thiazirines, the aza analogs of thiirenes, belong to the group of antiaromatic 
compounds"; hence their preparation should be possible only at very low tem- 
peratures. In analogy with the matrix isolation and characterization of thiirene and 
selenirene4' (see Section V, 2), a number of five-membered heterocyclic compounds 
of type 59a-59c were irradiated to produce the thermally labile nitrile sulfides 
61pb apparently through the intermediacy of the three-membered ring thiazirines 
609 : 

7-f 
R-C, ,Y 

X 
b 

(19) 
A 

4 R - N - S  R-€N + S 
61 

60 

C 

59 
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Unfortunately, although the intermediacy of thiazirine (60) does account for all 
the experimental results in the investigation cited! no separate spectral peak could 
be assigned unambiguously to this compound because the complicated spectra were 
obscured by the presence of other products and starting materials. 

The oxidation of N-amino-lactams with lead tetraacetate in the presence of 
sulfoxides gave sulfoximides? Thermolysis of the dibenzylsulfoximide 62 thus 
formed resulted in an N-N bond cleavage and formation of phthalimide (63) as 
the only reaction observed. It has been proposed’ that the sulfurcontaining 
products generated in this hydrogen transfer process have the three-membered ring 
sulfoximide structure 64: 

62 63 64 

Several attempts to isolate a product other than phthalimide from the reaction 
were unsuccessful. 

7. Dithiiranes 

Preparative reactions involving the proposed intermediacy of dithiiranes (67) 
have been recently reported?’ The approach to the generation of this system is 
illustrated in Eq. 2 1 ?’ 

R1 C1 
\ /  

(21) 
+ R,R,NH _R1\ /a (3 C C (-R,R,NCOCH,) 

R( ‘S-S-COCH3 R2 ’ ‘S-SH 

65 66 
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Depending on the nature of R1 and R2,either the rearrangement of the presumed 
67 to 69 or 1,3-addition to 68 is observed. 
CNDO calculations of the parent dithiirane (67; R 1 = R 2 = H )  have been 

performed, and the geometries of the as yet elusive molecule have been optimized.@ 
Interestingly, an exception to the inverse relationship between A E H ~ M ~ - L ~ ~ ~  and 
the long wavelength Amax was found for both the dithiirane and the analogous 
oxy thiirane . 

1. 
2. 

3. 
4. 

5. 

6. 
7. 
8. 
9. 

10. 

11. 
12. 

13. 

14. 

15. 
16. 
17. 
18. 
19. 
20. 
21. 
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XII. EPILOGUE 

61 1 

This chapter constitutes a walk on the trail of the fascinating and stimulating 
sulfur containing, three-membered ring systems which, excluding the thiiranes, are 
the result of no more than two decades of effort by the chemical community. 
Therefore, although much has been accomplished thus far and several of these 
classes of compounds have been prepared, isolated, characterized, and studied, a 
tremendous amount of work remains to be done in this area. The challenge is there, 
since many of these systems have been elusive thus far and their existence has been 
inferred only indirectly or circumstantially. 

In view of the recent success in synthesizing thermally and chemically sensitive 
compounds and based on the accumulated data and experience gained, it is 
to be expected that many hitherto unknown three-membered rings containing 
sulfur (some of which have been mentioned in this chapter), will be successfully 
synthesized, characterized, and thoroughly studied in the very near future. 

XIII. THREE-MEMBERED RINGS CONTAINING SULFUR: 
1980 HIGHLIGHTS 

The interest and research activity in the exciting field of three-membered rings 
containing sulfur is still growing and, in fact, expanding. Not only have the 
chemistry, properties, and mechanisms associated with the known systems been 
further investigated and explored during the past year, but recently developed 
approaches and more sophisticated techniques and methodologies have been used 
in attempts to prepare and/or to characterize unequivocally some of the so far 
elusive sulfur-containing three-membered systems. 
This section serves to bring the interested reader up to date through a brief 

review of the 1980 literature. 
Only selected highlights of the papers published during 1980 are presented and 

occasionally discussed. In a few cases some papers of the 1979 literature are also 
briefly reviewed to complement the corresponding topics already covered. 

1. Reparation of Thiiranes Directly from Olefm 

A. By the Addition ofsurfur [111, 1, I, a]*  

While polycyclic 1,2,3-trithiolanes are produced by the reaction with elemental 
sulfur of the cyclopentadiene h e r ,  cyclopentadiene trimer, and norbornene, the 

* Bracketed section numbers reference the subsection being updated. 
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reaction of norbornadiene 1 with elemental sulfur produced the thiirane 2, although 
in small yield' : 

1 19.3% 

B. Vzb Succinimide- or Phthalimide-N-Sulfenyl Chlorides [III, 1, I, b] 

Since many of the procedures for preparing thiiranes suffer from synthetic 
limitations, a new method of preparation has been advanced? In this procedure, 
either succinimide-N-sulfenyl chloride or phthalimide-N-sulfenyl chloride, con- 
veniently prepared from the corresponding disulfides by chlorinolysis, reacts in 
methylene chloride with selected olefins to form the trans addition' products 5. 
The latter can be reduced with lithium aluminum hydride at - 78" to form thiiranes 
in yields in the range of 49-79% as illustrated in Eq. 2. 

0 

a. R, = R, = R, = R, = H 

L W 4  , 
THF, - 78' 

a. R, = R, = R, = R, = H 

b. RIRl-RlK4 = 9 

6 (58-97%0) 
n = 1.4.6 

The cyclic thiiranes 6, derived of cyclopropene, cyclohexene, and cyclooctene, 
were thus prepared. Similarly, the thiiranes of styrene and norbornene were also 
prepared in good yields. 

The mechanism proposed2 for the formation of the thiiranes involves a reduction 
of the S-N bond of the adduct 5 to form a thiol intermediate, which rapidly forms 
the thiolate anion with the excess of the hydride reagent. On warming, this anion 
readily cyclizes by nucleophilic displacement of a chloride ion! 

The route described above for the preparation of thiiranes appears to compare 
~ r y  favorably with other available routes. 
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2. Reparation of Thiiranes from 
Pyrolysis of 1,3-Oxathiolan-5-ones [ III , I ,  K] 

613 

In analogy to the pyrolysis of thiadiazoline~~ to yield ylides that undergo 
conrotatory ring closure to afford thiiranes, the 1,3-oxathiolan-5-ones (7) can also 
be converted to the corresponding thiiranes. Thus, flash-vacuum pyrolysis6 of 
1,3-0xathiolan-5-0nes gives the corresponding thiiranes in excellent yields through 
the intermediacy of thiocarbonyl ylids 8, as depicted in Eq. 3.' 

7 8 

The reaction is stereospecific, suggesting a concerted loss of carbon dioxide, and 
proceeds with inversion of configuration. Because of the ease of preparation of 
the starting lJ-oxathiolan-5-ones (Eq. 4): this method represents a preparative 
approach of considerable synthetic utility. 

7 

By using the method above, pure 2,3-diphenyl-, 2-methyl-, 3-phenyl-, 2-phenyl- 
spirocyclohexyl-, 2-methylspirocyclohexyl-, and 2-methyl, 3-propylthiiranes were 
obtained in 89-95% yield? 

3. Reparation of Thiiranes from a-Ketosdfides 
of Benzothiazole-2-Thio1 [111, 1,0] 

&Hydroxysulfides are readily converted into thiiranes by a simple treatment 
with sodium hydride in tetrahydrofuran." In fact, all the methods leading from 
aldehydes and/or ketones to thiiranes are in one way or another a variation of this 
route. 

A modified procedure to prepare thiiranes is based on the reduction of the 
a-ketosulfides 13 to the corresponding hydroxy compounds 14, and the treatment 
of the latter with sodium hydride as illustrated in Eq. 5 .  

13 
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OH 

R,+S-&z THF NaH . R , A R  , + Btz-o- 

14 

Btz = a?)-- ; R, and R, = H, alkyl, phenyl 
S 

Yields in the range of 60-95% have been claimed" for a variety of thiiranes 
prepared by using this methodology (e.g., methyl-, phenyl-, cyclohexene, methyl- 
cyclohexene-, 2-methyl, 3-spirocyclohexyl-, and 2-methyl-3-benzylthiiranes). 

4. Preparation of Spirothiiranes: Update [HI, 1, PI 

The reaction of the thioketone (9) with the 2diazopropane (10) results in the 
formation of the thiadiazoline (1 1). In analogy to the synthesis of spirothiiranes 
from tetrasubstituted dithiones' (see Section 111, 1, P, b), gentle warming of the 
solution of 11 affords the spirothiirane 12 in essentially quantitative yield": 

CN? - y-y (_N37 A & CHI. 

N=N (6) 
12 

& -k CHY 

9 10 8 N=N 

11 

In a similar manner, differently substituted spirothiiranes can be prepared by 
replacing the 2.diazopropane 10 with diazomethane, diazoethane, di-terr-butyl- 
diazomethane, phenyldiazomethane, diphenyldiazomethane, diazoethylacetate, 
diazoethylmalonate, and diazomalononitrile." 

5. Preparation of Chiral Thiirane Carboxylates 

The first examples of optically active thiirane carboxylic acid derivatives have 
been prepared recently" by the reaction of methyl-, ethyl-, or propyl-(R)cysteinate 
with sodium nitrite-hydrochloric acid. Optically pure methyl-, ethyl-, or propyl- 
(9-thiirane carboxylates (16) were thus prepared as depicted in Eq. 7. 

R = Me, Et, n-Pr 16 
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The method represents a deaminative cyclization that most probably proceeds 
via the diazonium compound 17 and an S~2-like displacement of nitrogen by the 
thiol group. 

CH:SH 
I 

17 

Although the overall yield of this method is modest (25-50%), it provides tke 
hitherto unavailable optically active alkylthiirane carboxylates as well as their free 
carboxylic acid (i.e., 16; R = H). 

6. Reparation of Thii ies  Using Silica Gel 

Silica gel can be used either as a support for potassium thiocyanate or as a 
catalyst. Thus the inorganic reagent, first being crushed with or coated onto silica 
gel, is treated with longchain, alkyl-substituted epoxides or cycloalltene epoxides 
in toluene to yield, after prolonged stirring at 90°, the corresponding thiiranes in 
good to high yieldsI4: 

Obviously, this is the classical method of Wrane synthesis. Nevertheless, the 
present modified method proceeds with high stereospecificity and requires only 
filtration and solvent evaporation for product isolation. Moreover, in certain cases 
the “classical method” (i.e., treatment of the epoxide with potassium thiocyanate 
without silica gel) yields no detectable product after many hours. 

In general, high yields of monosubstituted episulfides are produced in reasonably 
short periods, whereas disubstituted epoxides react much more slowly. In some 
extreme cases, the reaction rates are very slow and the yields are low. 

7. Chemical Roperties and Reactivity of Thiiranes 

A. Electrophilic Cleavage of Unsaturated Thiiranes [HI, 3 ,  E, c-d J 

Chlorinolysis of the unsaturated thiiranes 18 and 19 afforded the halogeno- 
sulfides 20a and 21a, respectively, and the same kinds of product are formed when 
18 and 19 are treated at room temperature with either bromine or iodine” : 
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18 20 
a. X = C1 
b. X=Br  
c. X = I  

&s 19 @ 
S 

21 
a. X =CI 
b. X=Br 

No intermediates could be detected in these transformations.” 
In contrast, reaction of the thiirane 22 with halogens did afford isolable inter- 

mediates (the disulfides 24a-24c) in addition to the final halogenosulfides 25a and 
25b and the sulfoxide 25c, depending on the stoichiometry of the reactants and on 
the reaction conditions. These results are summarized in Eq. 9!’ 

22 

SCI,  CH,Cl, I .  cAgl 
26 

X I 

a. X=Cl ;Z=S 
b. X=Br ;Z=S 23 
c. x=a;z=so 

/ 
22 + 23 - 

23 

24 
a. X=C1 
b. X=Br  
c. X = I  
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The reaction of the thiirane 22 with sulfur dichloride gave the intramolecular 
disulfide 26 in 42% yield. This reaction represents a new method of preparing a 
cyclic disulfide. In all the reactions above of unsaturated thiiranes with electrophiles, 
the thiirane ring opening is the initial step. 

B. Nucleophilic Ring Opening of Thiiranes with Dibutylamine 
[IK 3, F, cl 

The rate of ring opening of methylthiirane with dibutylamine to yield both the 
regioisomeric 2-aminopropane thiols have been studied recentlyJ6 

CH3CHCH2N(n-C4H9)2 

28a 
f I  

\ 
CHjCH--CH? + (C4R9)2NH SH 

CH jCHCHz SH 
I 

‘s’ 
N(n-C4H9)2 27 

28b 

The reaction in DMSO-toluene mixtures was found to be either second order (first 
order both in methylthiirane and dibutylamine) or third order by the participation 
of the reaction products.’6 The increased reactivity of methylthiirane compared 
with that of methyloxirane was based on the selective solvation of thiolate anion 
by DMSO in the transition state. The normal product 28a appeared in larger 
amounts under more basic conditions. 

It was e~tablished’~ that the “pull” process is an important factor in the base- 
catalyzed ring opening, as schematically depicted in 29. 

29 

C. Oxidation: Gas Phase Reaction with Ozone [111, 3 ,  GI 

The autocatalytic reaction of ozone with thiirane has been studied at room 
temperature and 8 The major products that resulted as a consequence of 
free-radical chain  reaction^'^ were C2H4, SO2, H2C0, and C02. The specific rate 
of the primary attack of ozone on thiirane was found to be immeasurably slow 
[K < lo4 cm3/(mole)(sec)J. 



618 Three-Membered Rings Containing Sulfur 

D. Themolysis of Vinyl- and Divinylthiiranes 

Pyrolysis of trans-2,3-divinylthiirane (30) under flow conditions between 360- 
460" gave rise to compounds 31-35 (31 and 34 being the major products)'8: 

30 31 32 33 

+ -  major 

3s 

This cis- and tmns-2-phenyl-3-vinylthiiranes gave rise to the substituted dihydro- 
thiophen and thiophens 37 and 38, respectively, and the diene 39: 

Q, + q!( + wph 
39 (12) 

Ph 
38 

II / 37 
AN these results can be rationalized in terms of a competition between the carbon- 
carbon and carbon-sulfur bond cleavage during the pyrolysis. Concerted opening of 
the thiirane ring (C-C bond cleavage) may explain the formation of some of the 
observed products, whereas a diradical formed as a result of C-S bond cleavage may 
lead to the conjugated polyenes." The aromatic products may result from the 
catalysis of sulfur formed during the pyrolysis. 

8. Reparation of Thiinium Salts (Episulfonium Ions) 
by Addition of Arylbis(thioaryl)sdfonium Salts to Akenes [ N, 1, A] 

The ability of arylbis(thioary1)sulfonium salts (41a41d) to serve as S-aryl 
transfer agents, has been successfully used19 for the synthesis of stable thiiranium 
salts of types 43 and 44. 
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Thus, the introduction of alkenes 40 and 42 into a solution of 41a-41d in 
methylene chloride in a 1 : 1 molar ratio at - 60’ gave almost quantitative yields 
of the sulfonium salts 43a-43d and 44b-44d, respectively, after work-up,” as 
summarized in Eq. 13. 

0 
40 

42 

- @Ar 
sbXYT 

(13) + Ar!$(SAr),SbXY; 4 3 n 4 3 d  

- 
SbCl, 

A s  ‘Ar 
4 1  

4 4 b 4  a. Ar=C,H, 
b. AI = 4CH,C,H, 
c. Ar =4ClC,H, 
d. Ar = 2,4,6-(CH,),C,H, 

X = Y = C l  
or X = C l ; Y  = F  

Interestingly, all the isolated thiiranium salts thus obtained are finely crystalline 
powders with sharp melting points; they can be stored unchanged at least for 
several days at 0-20”. 

The quenching of salts 43 and 44 with a (CH&NOAc-AcOH mixture proceeds 
in a manner usual with other thiiranium salts to produce the 1-acetoxy-2-arylthio 
adducts as the major products (see Section N, 3). 

9. Chemical Properties and Reactivities of Thiiranium Salts: 
Nucleophilic Attack at the Carbon Atom - Update [W, 3, A] 

In view of the contradictory conclusions in the literature” regarding the site 
of nucleophilic attack on the three-membered thiiranium rings, a study of the 
reaction of thiiranium salts 45a-45~ with various nucleophiles has been under- 
taken?’ The results of this study are summarized in Eq. 14. 

@-Me z- <-: 
S-attack 

Y- 
a. Y = TNBS 

4s 

o,ye 
46 

0 
b. Y = BF, 
C. Y = SbF, 

4 7  
C-&tt~ck + Z = OCOCH,, NHCOCH,, H, 

OCH,, OH, F, Cl, Br, Me$ 

Et,N, NH,CSNH,, NaCH(CO,CH,), 
S-atruck + Nucleophiles, Bu,P, (CH,),NI, 
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As one can see, reaction with many nucleophiles proceeds mainly (or preferen- 
tially) on the carbon atom of the episulfonium ring. Nevertheless, it appears that 
the site of the attack as well as the product distribution of this nucleophilic ring 
opening is dependent on the type of nucleophile on the one hand and on the 
particular set of reaction conditions on the other. 

10. Chemical Properties and Reactivities of Thiirane Oxides: 
Reactions with Organolithium Compounds 

The reactions of organolithium compounds with 25diphenylthiirane oxides 
lead to stereospecific desulfurization and to ring opening, the stereochemistry of 
which depends on the structural features2' (i.e., stereospecific only for 48). Thus, 
on treatment with BuLi (2 equiv; 0'; ether) cis- and tmns-23diphenylthiirane 
oxides gave a number of products the formation of which was rationalized as 
depicted in Eq. 15. 

Comparable results were obtained with phenyllithiwnm 

11. Structural and Spectroscopic Data on Thiirenea 

A. Theoretical Calculations: Update [ VII, 3,  A] 

The equilibrium structure and ir spectrum of thiirene using an ub initio single 
configuration method and the 4-31 G basis of Pople and HehreZJ have been 
calculated.M Geometry optimization (assuming C2, structure) gave the following 
bond distances and angles: 

C-S = 1.9782 R ,  C=C = 1.2509 A, C-H = 1.0556 R 

<HCC = 154"94' 

The energy was found to be - 473.725975 hartees, which is 2 hartees lower 
than the best previous ub initio calculation on thiirener All in all, these results 
reflect the expected antiaromaticity of thiirene, which is particularly reflected in 
the tendency of the molecule to minimize conjugation between the sulfur atom and 
the carboncarbon double bond. The force constant matrix for each vibrational 
symmetry was also calculated, followed by the computation of the ir intensities" 
The latter were found to lie too high as compared with the experimental results? 
although all the C X  and the C-H stretches are of the correct symmetry. 

The overall agreement in frequency and intensity between the calculatedm and 
experimental pattemp is very good. 
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C H C H  (1 5 )  [v"] Li+ (-Li,o) BuLi . u6 - ' + Bu,S 
d\BU 50 51 

C H C H  C6H5 'hH5 u6 Me1 . 
__* n n 

H SOLi H SOMe 
52 

C H  
C6H' 

\" + Bu,s 

~ k 6 H [  Li ' (E:) ' 53 7C6H5 51 

I I 
I J 

B. Normal Coordinate Analysis for the Infrared Spectra 

Based on detailed study of the ir spectrum of propene along with all its 
deuterated derivatives" and a recently reported analysis of the cyclopropene 
mdecule,28 the recalculated normal ir frequencies of thiirene, the deuterated 
thiirenes, and the experimental values were recently compared?' 

It has been calculateds that the present results do not affect the earlier con- 
clusions16 with regard to the spectral assignment in the thiirene molecule. The 
assignment of the in-plane bending modes, however, requires further experimental 
study. 
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12. Chemical Properties and Reactivities of 
Thiirenes as Intermediates in Reactions: Update [VII, 4, B] 

Thermal and photochemical extrusion of nitrogen from benzothiazoles (55) in 
tetrahydronaphthalene (an H-donor solvent) were shown to afford the anticipated 
thiophenols 57 and 58, followed by the conversion of the latter to the correspond- 
ing thiol acetates (by acetyl chloride, pyridine). The results have been interpreted in 
terms of a benzothiirene intermediate (56) as depicted in Eq. 16.m 

SH 

‘ 0 s  < 57 (16) 

hu; pyrex 

days (-Nd 
55 56 

4-8hr; 1.t. 
X a> 01: reflux 2-4’ 

X = OCH,, CI, CO,CH,, CH, 

58 

The intermediacy of 2,3-dialkyl-; 2-alky1, 3-aryl-; and 2-alky1, 3 c h l O r O  (or 
cyano-) thiirenes(i.e., 60) has been claimed” in the flash thermolysis of thiadiazoles 
(59) to the corresponding thioketenes (61): 

61 

13. Chemical Roperties and Reactivities of 
Thiirene Dioxides: Reactions with Soft Nucleophiles [X, 4, B, c] 

A. With Fluoride Ion, Thiophenoxide, and Azide Ion 

Treatment of 2,3-diphenylthiirene dioxide with potassium fluoride and 18- 
crownd, (crown ether mediated solid-liquid transfer” agent) in acetonitrile at 
room temperature afforded diphenylacetylene and the sulfonyl fluoride 6434: 
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62 63 64 

The softer, less basic halides bromide and iodide did not react with the thiirene 
dioxide 62. The latter was also inert toward potassium thiocyanate, selenocyanate, 
and potassium nitrite" It did react, however, with potassium thiophenoxide in 
DMF at room temperature to yield, most probably, the vinylsulfmate 65, isolated 
as the corresponding sulfone" (Eq. 19). 

The isolation of the E isomer 66 was in fact unexpected, since all tetrasubstituted 
olefms previously obtained from thiirene dioxide (62) have been assigned the cis 
configuration with respect to the two phenyl substituents (see Section X, 4) based 
on application of the principle of least motion to the ring opening to give the 
olefms." It might well be, therefore, that the E isomer of 65 is obtained through 
the isomerization of the initially formed Z isomer, that is, 

Z isomer 

The reaction of UN3 with 2,3-diphenylthiirene dioxide is given in Eq. 21 .% 
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C,H, C,H, 

62 

+ /&H C 6 H 5 y s 9 C 6 H S  

C6H5 CJ-4 
69 

(21) 
70 

c 6  H 5  

0 

72 73 71 

The azirine 69 presumably arises by cyclization of azides 67?3 The distribution 
of the products 67-73 is dependent on the reactant mole ratio and the scale of the 
reaction" The yields of benzyl71 and imidazole 73 are very small. The mechanism 
of formation of the various products in this reaction has already been discussed 
(Section X, 4, By c, iv). 

B. Summary 

The reactions above follow courses similar to those found for the reactions of 
thiirene dioxides with soft and hard nucleophiles as well as for the reaction of other 
alkyl, aryl, and vinyl sulfonyl  compound^^^ The soft, less basic nucleophiles 
(phenoxides, azides, etc.) attack the ring carbon, whereas the harder hydroxide 
ion, methoxide ion, and the like, are known to attack the sulfonyl sulfur. 

C. Cycloaddition Reactions with Diazoalkanes [ X ,  4, C J 

23-Diphenylthiirene dioxide reacts with azoalkanes 74a-74d not only under 
diazo group transfer to give 76a or 7% and 77c but also under loss of sulfur dioxide 
to form pyrazoles 78b, 78c, and 79d through a common intermediate (75) as 
depicted in Eq. 22%: 

The yields of these products are in the range of 17-5 1%. 
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62 75 
a. R , = R , = H  
b. R, = H; R, = CH, 
c. R, = H; R, = CH,OCH, (only for 74a-74C) Ph Ph 
d. R, = R, = CH, 

v 

78 

77 

76 

14. Reparation of Thiadiaziridine Dioxides: Update [XI, 2, A ]  

By using essentially the "classical" method of thiadiaziridine dioxide synthesis3' 
(see Section XI, 1) starting with the appropriately substituted sulfamides (81), 
several branched alkyl-substituted thiadiaziridine dioxides have been prepared% : 

Base yy 
t-BuoC1 rN R 1NHSOZNHRz 

\ 
R, 8o R, 81 

82 

a. R, = R, = 1,1,2,2-tetramethylpropyl 
b. R, = R, = 1,l-n-methylpentyl 
c. R, = R, = 1,ldiethylpentyl 
d. R,  = R, = cumyl 
e. R, = R, = dimethyl-2-phenylethyl 
f. R, = R, = 1,1,3-trimethyl-3-phenylbutyl 
g. R, = adamant-1-yl; R, = rerr-butyl 
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In view of other unsuccessful syntheses of thiadiaziridine dioxides, it has been 
concludedls that increasing size of the substituent at the ycarbon is responsible for 
the stability of the system. 

15. Mechanism of Thermal Decomposition of 
Thiadiaziridine Dioxides [XI, 2, C, b J 

Based on trapping experiments and isolation of rearrangement products, the 
formation of a diradical that decomposes to a nitrene intermediate has been 
postulated% for the thermal decomposition of thiadiaziridine dioxides. 

16. Oxathiiranes: Update [XI, 31 

In contrast to the thermally labile oxiranes postulated to be formed (as inter- 
mediates) either thermally or photolytically from thiobenzophenone Sacides (see 
Section XI, Q. 13)p it was found that the possible formation of a methylene 
oxathiirane does not play any major role in the photolysis of thioketene S-oxides." 

Gas phase themolytic decomposition (using a flash-vacuum thennolysis 
technique) of 1,1,3,3-tetramethyE2-thiocarbonylcyclohexane~-oxide (83) gave 
carbenes 84 and 85, the ketone 86, the ketene 87, the thioketone 88, and the 
thioketene 89 as shown in Eq. 24"14': 

C=S40- + ___* A (-j + @ : +  
.. I. 

84 85 
83 

The results were mec..anistically rationalized". 41 by a s s m u g  two primary 
processes: the extrusion of atomic oxygen leading to the thioketene 89, and the 
electrocyclic ring closure into the corresponding three-membered ring oxathiirane 
90. The latter route as well as the fate of the short-lived oxathiirane intermediate 
are summarized in Eq. 25": 

The formation of the oxathiirane intermediate 90 is kinetically controlled. Its 
decomposition, however, may be expressed in terms of kinetically vs. thermo- 
dynamically controlled processes to account for the observed products. 

Interestingly, the reaction between thioformaldehyde and singlet oxygen has 
been studied theoretically4' within the CNDo/B framework, and it was found that 
a three-membered oxathiirane-O-oxide is stabilized relative to the two starting 
materials. 
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17. Thiaziridinimines vs. Immothiiranes [XI, 51 

Thiaziridinimine has been suggested as an unstable intermediate in the thermolysis 
of some thiatriazoline~~~ but was never isolated (see Section XI, 3). In contrast, the 
analogous sulfonyliminothiirane 93 not only is a stable isolable compound, but it 
cycloadds to isothiocyanates (94) to form bis(imin0)thietanes (95)44 as depicted in 
Eq. 26: 

,R, 
N 

a. R, = R, = C,H,; X = CH, 

b. R, = R, = C,H,; R, = (CH,),C; X = C1 
R3 =PCH,OCe.H, 

18. Dithiiranes: Update [XI, 71 

A recent paper by SenningM gives more details, experimental data included, 
about the previously reported4’ attempted synthesis of the elusive dithiiranes ’ 
96a-96d. 
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96 

a. R, = R, = H  
b. R, = R,=C1 
c. R,  = C,H,S; R = 4CH,C6H,S0, 
d. R ,  = R, = C6H,C0 

The intermediacy of 96 is postulatedM by analogy with the hypothetical 

Equation 27 illustrates the transformation that is postulated to occur through 
dioxiranes in the ester analogs? 

the intermediacy of dithiirane (9649: 

19. Thiaphosphiranes 

The unknown three-membered ring system containing both sulfur and phos- 
phorus in the ring array (i.e., l,2-X5-thiaphosphirane, 101) has been recently 
synthesizede and isolated as a by-product of the following reaction: 

(28) 
S RS - RZN-P 

CHSiMej 
\\ 

CHSiMe 

99 100 

The thiaphosphirane 101 formed by the [l  + 21 cycloaddition of sulfur to 
compound 100 can be prepared quantitatively by the reaction of species 99 with 
2 equiv of sulfurm: 
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R2N 5 

R ~ N - ~ '  + 2s- 'P'I (29) 

\\ CHR S 'CHR 
101 

31P, 'H, ''C, and 29Si nmr data are given for compound 101 that substantiate the 
assigned structure. 
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in photolysis of azirine, 292 
sulfenyl halide reaction, 453-455 
in thiiranium salt synthesis. 453-455 
in triazoline synthesis, 53 

Alkene sulfide, 339 
Alkoxyaziridines, 262 
Alkoxymercaptan. in reactions with thiiranes, 

42 I 
2-Alkoxymethylthiirane, 407 
3-Alkoxypropylene sulfide. 343 
Alkylation. aziridine. 85-86. 101 
Alkylaziridines: 
in pyrroline formation, 142 
thermolysis. 126 

2-Alky1, 3-chlorothiirene, 622 
Alkyl nitrenes. 69 
Alkylthiirane carboxylate, 615 
2-Alkylthiirene. 622 
Alkynes: 
addition of aziridines. 88,89 
addition of nitrile ylid, 296 
in photolysis of azirine, 292 

Allene episulfide. 370-371 
Allenic thiirane. 370-37 I 
Allylaziridines, 141-147 
Allylazirine: 
photorearrangement. 310-31 1. 312 
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thermal rearrangement, 14 I -  I47 

from aiirine reactions. 274. 275 
Allylic a ides ,  226 

Amidine. with thiirene dioxides, reaction, 582 
Amidophosphates. 77 
Amine: 
azirine reactions with, 262-264 
mercaptaalkylation, 426, 427 
monomercaptoethylation, 422-423.425.427 
reduction of nitriles, 98 
with thiiranes. reactions. 422-428 
with thiirene dioxides. reaction. 582 

aziridine synthesis from, 11-16 

closure, 13-14 

Amino alcohols: 

with phosphine-halide-mediated ring 

Aminoaziridines, 70 
conversion, 92 
decomposition, 155 

Aminoazirine, 230. 232. 322 
with carbon disulfide, 285 
with formyl cycloalkanones. 250. 252 
with isothiocyanates. 283, 284. 285 
with ketenes. 279 
with phenols. 250, 251 
reactions. 264 
with sulfonic acids, 250 
zinc complex, 315 

Amino ethers, 86 
Amino halides: 
in ariridine synthesis, 16-20. 21, 29-30 
reductive generation of, 22 

Amino hydrogen sulfate cyclizations. I2 
a-Arninoisobutyrophenone, 247 
Amino ketone, 247 
2-Aminomethylaziridina, 98 
2-Amino-2-thiazolinc. 107 
Aminothiol. 423-425 
Amino tosylate cyclization, 13 
a-Ammonium isobutyrophenone anil 

Anhydride. in electrophilic ring opening of 

Aniline, 116 
Anilinium perchlorate, 252, 254 
Antibiotics. antitumor, 167 
2-Aralkyl- l-azirines. 321-322 
Arenethiosulfenyl chloride, 355 
N- Aroylazoamines, decomposition, I55 
Aroylnitrenes, 61 
Arylation, aziridine, 87 
N-Arylaziridines. I 17 
2-Arylazirine. metal-induced reactions, 3 15, 

316, 317, 318 

perchlorate, 252 

thiiranes, 410-412 

2-Aryl-l-azirines, 3 19-320 
with isocyanates, 284 
uv absorption, 290 

Arylbis(thioary1)sulnium salt, 6 18 
Aryldiazoalkane, 478 
Aryldiazomethane, 357 
Aryl halides in ring opening of aziridines, I 10 
Arylnitrenes. 57-58 
Arylolefins. 403 
Arylthiirane. 410 
3-Arylthiirene, 622 
Azabicyclobutanc. 261 
Azabicyclohexene, 243. 3 I I 

A7abutadiene. 245 
Azadiene, 245 
Azanorcaradiene, 267 
9-Azaprostaglandin, I I I 

Azatriene. 243-244 
Azepine: 

mechanism of formation of. 312 

analogs, 88 

from azirinyl diene, 239 
derivatives. 144 
synthesis, 266-268 

synthesis of, 261-262 

allylic. 226, 274. 275 
aziridines from intramolecular cycliurtion. 

bromine. 226 
iodine. 225,226. 230 
in nitrene formation, 55-56, 60. 61 
sodium, 226. 230 
with thiirene dioxides, 583-584, 622 
vinyl, 245, 275 

Azerine, 245 

Azide: 

58 

in synthesis of azirines, 225 
Azidoalcohol: 
azirdines from. 15 
generation, 15 
in vinyl azide synthesis, 226 

2. 3-Azido-I, 2-azirine, 227 
8-Azidocrotonates, 225 
Azidocyclooctene. 227 
I-Azido-I, 2diphenylethene, 227 
Azidoformates, I14 
a-Azido ketones. 226 
Azidostyrenes, 226 
decomposition, 227 

Azidotosylates, 15 
Azirene. 536 
Aziridinatriazoles. 70 
Aziridine: 
alkylation. 170, I7 I 
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2-amino-2-thiazolincs, 107 
antibiotic activity, 167 
antitumor activity, 166, 167 
in aziridinium salt formation, 170 
in azirine reaction with thiobenroic acid, 

bicyclic, 16. 17 
248 

from amino halide cyclizations. 18, 19 
in azirine reactions, 278, 279 
cleavage, 104 
from isocyanates, 280 
photochemistry, 161 
photochromism. 133 
ring opening, 106 
via oxidation, 123 

thermal decomposition, 125 
thermal rearrangements. 28 I 
from tnazolines. 56 

with biological activity, 166-168 
chiral center. 7 
conformation, 5-6, 10 

cyclooctene. I I3 
derivatives, see Aziridine derivatives 
dipole moment study, 10 
electron diffraction studies. 10 
electron spin resonance spectroscopy, 10 
expansion, 112-1 13 
heat of formation, 389 
infrared spectroscopy, 4 
insect chemosterilant activity, 166, 168 
isomers: 

bisected, 8 

cis, 4. 5. 8 
irons. 4. 5, 8. 10 

mass spectroscopy, 8 
methylene, 186-188 
addition reactions, 188 
decomposition products, 187 
tautomerism, 186, 187, 188 
thermolysis. 188 

nitrogen, anisotropy. 3 
nitrogen configuration, 5-6 

nitrogen inversion, 5. 6. 7 
nuclear magnetic resonance spectroscopy, 

stability of, 6-7 

34.221 
conformation and nitrogen configuration, 

structure and stereochemistry a t  carbon, 
5-6 

3-5 
optically active, 6-7 
phosphorylated. 87 
physical properties, 3-10 
racemization. 7 

reactions, see Aziridine reactions 
structure and stereochemistry, a t  carbon, 3-5 
sulfonyl, 33-34 
synthesis, see Aziridine synthesis 
tautomerim, 144, 145 
2-thiazolium salts from, 107 
ultraviolet spectroscopy, 4, 8 
x-ray crystallography. 8-9 

Aziridine aldehydes. 96 
Aziridine derivatives. 12-43 
acylvinylaziridines, 88 
alcohols, 96 
aldehydes. 96 
alkenes, 98 
aziridinemethanols, 107 
aziridine methyl bromides, 103 
aziridine methyl chlorides, 103 
epimino sugars, 12, 13. 15 
haloaziridines, 16 
juvenile hormone, 15 
ketones, 83 
by Michael-type additions, 88 
nitroaziridines. 33 
phosphonates, 33 
with side chain amines, 98 
with side chain ketones, 98 
silicon. 17 
steroids. 18, 23, 25 

in aziridine deamination, 153 
in aziridine synthesis from oximes. 43 
in aziridinium salt reactions, I77 
carboet hoxynitrene selectivity towards, 

62 
in intramolecular nttrene additions, 71 
as a-lactams. 18 1 
via reduction of azirines. 35 
ring opening, 105 
nucleophilic, I 15- I 16, I I7 

synthesized from nitrenes, 64 
sugars, 28.33, Is0 
sulfonyl, 33 
in thermolysis of aziridines. 157 
tosylates, 103 

Aziridine esters: 
hydrolysis, 102 
reduction, 9 

Aziridine halides, 37 
Aziridine imines, 184-186 
photochemistry. 185 
synthesis, 184-185 
tautomerisim, 185 
thermal decomposition, 185 
x-ray crystallography, 184 

Aziridinemethanol. 107 
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Aziridinemethanolates. 102 
Aziridinemethyl bromides and chlorides, 

Azuidine phosphonates, 33 

Aziridine reactions. 83-165 

103 

formation. 36 

acidcatalyzed rearrangements, I19-Ix) 
acidcatalyzed ring openings, 105 
acylation, 89 
by additions of alkenes and alkynes, 

aldehyde addition, 90 
aldol condensation. 98 
alkylation. 85-86, 101. 109 

88-89 

under phase transfer conditions, 85 
in synthesis of aziridinium salts, 169-170 

aminoaziridine conversion, 92 
with aniline, I16 
aromati7~tion via azomethine ylids. 140 
arylation. 87 
with aryl halides, I10 
to azaallyl intermediates, 156-1 59 
with azidoformates, I14 
in azomethine ylid derivation, 131-141 

isomerization with, 139-141 
mechanistic aspects, 131-133 
synthetic applications, 133 

basecatalyzed rearrangements. 120-123 
with benzyne, 165 
with carbenes, 154 
with carbon disulfide. I I I 
condensation, 99- 101 
Cope rearrangement, 143 
deacylation, 89 
deamination, 151-156 
with destruction of ring, 104-165 
with I, Wiiodobutane. 169 
with dimethylsulfoxide, I 16 
displacements of aziridine methyl derivatives, 

with ethyl chloroformate, I I I 
formation and cleavage of bonds to nitrogen, 

halogenation of 2-sulfonylaziridines, 95 
hydrogenolysis, 150-151 
hydrolysis of esters, 102 
imino ether addition, 90 
with isocyanates, 112 
isocyanide dichloride addition, 90 
isomenzition, 83-85. 125- I3  I 

via azomethine ylids, 139 
equilibrium of, 83-84 

with isothiocyanates. I12 
Lewis acid initiated ring openings, 105-1 I5  

103 

85-91 

with malonate salts, I18 
mechanistic aspects of, 131-133 
methanol conversion, 103 
modifications of nitrogen substituent. 

nitrile oxide addition, 90 
with nitriles and nitrile derivatives, 90 
with nitrones. I17, I18 
nucleophilic ring opening, 115-1 19 
oxidation. 153, 158. 159 
ozonolysis. 93. 153 
with phosgene, I I I 
phosphorylated, 87 
photochemistry. 160-163 
photochromism, 132-133 
in pyrazole formation. IM 
rearrangements of 2-haloaziridines, 148- I50 
reduction, 171 

91-93 

aziridine esters, 96 
dihaloaziridines, 95 
side chain nitriles, 98 

on ring carbons, 93-96 
with ring retained, 83-104 
on side chain, 96-104 
with silyl halides, I10 
Stevens rearrangement, 138 
substitution on ring carbons, 95 
synthetic applications, 133 
tautomerism in, 162 
thermal decomposition. 124-125 
thermal rearrangements. I4  1-1 47 
with thiocyanic acid, 107 
with thionyl chloride, I I I 
with thiophenoxide, I16 
with thiophosgene, I I I 
with thiosulfate, I16 
with transition metals, 165 
with trichloroacetaldehyde, I12 
vinylaziridine conversion, 1 13 
with ylids, I16 

from alkene-sulfilimine reactions, 75 
from amidophosphates, 77 
from amino alcohoIs, 11-16 

closure. 13-14 
from amino hydrogen sulfate cyclizations. I2 
from aminonitrenes. 57.62-69 
from amino tosylate cyclization, 13 
from azirines, 27, 34-51 
by cycloadditions, 39 
via hydride reduction, 35 
via oximes reacting with hydrides, 47-51 
via oximes and related reactions. 42-47 

' 

Aziridine synthesis, 11-82 

with phosphine-halide-mediated ring 
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from azomethine ylids, 78-80 
from carbenoid addition to imines, 71-74 
from carbonyl nitrenes. 57, 61-62, 63 
from a-chloro-B-lactams, 20 
by conversion, 34-42 
via cycloadditions to alkenes, 5 1-7 I 

nitrenes, 55-7 I 
amino, 62-68 
carbonyl, 61-62 
with oxygen, 69 
unstabilized, 69-7 I 

triazolines in, 52-55 
from Darzon's synthesis, 20. 21 
from dichlorocarbene. 71. 72 
enzymatic, I I 
from epimination of alkenes. 74-75 
as esters and amides, 32 
by Gabriel procedure, I I ,  I6 
in halomine additions to styrene derivatives. 

from N-haloamines. 16-20. 29-30 
from haloazide reductions, 23, 24, 25 
via haloimine reductions. 27-29 
from Hassner reaction. 23 
via Hoch-Campbell synthesis, 42,45 
from hydrazone derivatives, 45 
from iminophosphoranes, 77.78 
from intramolecular alkylation, 17 
by intramolecular cyclization, 11-34, 58 
via iodoazides, 24, 26 
via iodoboranes, 26 
from iodoisocyanate cyclizations, 2 1, 

from isoxazolines. 47, 50. 78 
from latent P-amino halides, 20-21 
from nitrile derivatives, 25-27 
as nitriles, 33 
by nucleophilic addition to vinyl halides, 

30-34 
from oximes. 42-5 I 

46 

81-82 

22-23 

via addition of Grignard reagents, 44, 

via reduction. 47-51 
from oxyamine oxidation, 70 
from oxynitrenes, 57, 69 
from pentafluorophenyl nitrene, 61 
from phosponate esters, 77 
via photolysis of pyridinium salts, 81 
in reactions with hydrides, 47-51 
by reductive cyclization routes, 22-28 
via transition metal complex oxidation, 

via triazolines, 52-55, 56, 57, 59-60 
via Wenker procedure, I I 

81-82 

Aziridinium salts, 109. 168-177 
with aldehydes. 175 
hydrogenation, 172 
with ketones. 175 
with nitriles and nitrones. 175. 176 
reactions. 172- I77 
synthesis. 169-172 

conversion of, to imines and hydrazones, 99 

acetylenic. 223 
acid-catalyzed hydrolysis, 247 
with acyl and aroyl halides, 37 
alkylation of. 255-257 
antiaromacity of. 217. 219 
aziridine synthesis from. 27. 34-51 

Aziridinyl ketone, 83. 98 

Azirine: 

by conversion, 34-42 
by cycloadditions, 39 
via hydride reduction. 35 
via oximes reacting with hydrides. 

via oximes and related reactions, 42-47 
47-5 I 

azomethine ylids added, 39.41 
basicity, 247 
chemistry, 217 
cycloadditions to, 39 
electronic absorption spectra, 219-220 
electrophiliciry of. 258 
fatty acid, 229 
with Grignard reagents, 43 
ground state energy. 219 
with hydrazine. 35 
with hydraioic acid, 36 
with hydroxylamine. 35 
infrared spectral data, 219 
from isoxazoles. 23 I 
ketenes added. 40 
nitrile ylids from, 39 
nitrogen hybridization, 222 
nomenclature. 217-218 
nuclear magnetic resonance data, 220-222 
nuckophilicity, 247 
phenyl isocyanate added, 40 
with phosphites, 36 
photochemical excitation. 290-292 
photolysis. 39 
physical characteristics, 219 
physical properties and spectroscopic data, 

preparation, 227 
with pyrazole, 36 
with pyridine hydrochloride. 36 
reduction, 34 
Reformatsky-type additions, 38. 39 

2 18-222 



678 

ring fused, 323-324 
rotational spectrum, 227 
with sodium isopropoxide, 35 
structural calculations, 218-219 
uv absorption spectra, 219 
vinyl: 
synthesis, 230 
thermal rearrangement. 238,240 

I-Azirine reactions. 237-3 18 
cycloadditions with benzyne, 286 
cycloadditions with carbenes, 289-290 
cycloadditions in ene reaction, 286-287 
cycloadditions with heterocumulenes, 

278-286 
carbon disulfide. 284286 
isocyanates, 280-284 
ketenes and ketenimines, 278-279 

Subject Index 

cycloadditions with ketosulfenes. 289 
cycloadditions with mesoionic compounds, 

Diels-Alder, 266-273 
287-289 

with cyclopentadiene, 270 
with cyclopentadienones, 266-269 
with isobenzofurans, 269-270 
with tetrazines, 27 1-273 
with triazines, 27 I 

dimerizations. 315, 316 
I ,  3-dipolar cycloadditions, 273-277 
with azomethine and nitrite ylids, 276 
with diazomethane and derivatives, 273-276 
with nitrite oxides, 276-277 

with alcohols, 262 
with amines and derivatives. 262-264 
with carbanions. 259-262 
involving organometallic reagents, 258-259 
with nitrones, 264-265 

metal complexes and metal-induced, 314-318 
dimerimtions, 3 15-3 I7 
insertion, 3 I5 
intermolecular addition, 3 18 
intramolecular cyclizations, 317 

involving acids and derivatives, 247-257 
involving cyclopropenones and 

as electrophiles, 258-265 

as nucleophiles, 247-258 

cyclopropenyl cations. 257-258 
photochemical, 290-314 
with alcohols, 308 
with aldehydes, ketones, and carbonyl 

compounds, 299-303 
with alkenes and alkynes, 292-297 
with azo compounds, 307-308 
with carboxylic acid, esters, anhydrides, 

and acid chlorides, 303-306 

excitation in. 290-292 
with heterocumulenes, 306-307 
with imines, 297-299 
intermolecular. 292-308 
intramolecular. 308-3 I I 
with nitriles, 306 

thermal cycloadditions, 265-290 
thermal decomposition and rearrangement. 

I-Azirine synthesis, 222-236 
by addition of methylene to nitriles. 234 
by Neber and related reactions, 222-224 
by thermolysis of oxazaphospholines, 

by thermolysis and photolysis: 

237-247 

232-233 

of isoxazoles, 231-232 
of vinyl azides, 225-23 I 

by Wittig reactions, 230 

in aziridine reactions. 278 
in aziridine synthesis, 252 
in azirine reactions, 248 

Azirinium ion: 

Azirinones. 177- 184 
Azirinyl diene, 239 
Azlactone, 286-287 
Azoalkane, 598,602 
Azomethine ylid: 
addition, to  dipolarophiles, 133 
in aldehydes. 138 
from aziridine, 131-141 

mechanistic aspects, 131-133 
aziridine aromatization via, 140 
adridine equilibration via, 85 
adridine isomerization via, 139 
aziridine synthesis via, 78-80 
aziridine ihermal rearrangement via. 

143 
with azirine, 39, 41 
in azirine reactions. 276 
generation, 78 
heterocycles from. 134- I36 
intramolecular cyclization, 141 
reactions, 133- I39 
Stevens rearrangements, I38 
synthetic applications, 133 
from thiaziridine dioxide decomposition. 

598 

Beckmann-type rearrangement, 277 
Benzalaniline, 221 
Benzamide, 265 
Benzanilide, 262 
Benzene sulfinate, 583-584 
Benzodiazepinone, 279 
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Benzonitrile, 244. 245 
Benzonitrile ylid: 
in azirine reactions. 276 

with carboxylic acid esters, 303, 304 
with ketones, 299 
with unsaturated carbonyl compounds, 303 

Benzophenone. 279 
Benzothiadiazole, photoylsis, 543 
Benzothiirene, 538. 543, 544, 622 
N-Benzoyl-2-chloraziridines. 252 
Benzoyl chloride, 305 
3-Benzoyl-2, 3diphenyl- I-azirine. 23 I 
Benzoyl isocyanate, 280, 283 
Benzoyl isothiocyanate, 280 
resonance structures, 283 

2-Benzoyl-3-methyl- I-azirine. 270 
N-Benzoylphenacylamine, 248 
3-Benzoyl-2-phenyl- I-azirine. 23 I 
photochemical reactions of, 309 

Benzoylsulfene, in azirine reactions, 289 
2-Benzoyl-2.4. 5-triphenyl-1, 3-oxathiole 3, 3 

N-Benzylethylenimine, 107 
I-Benzyl-2, 4, 5-triphenylimidazole, 237-238 
Benzyne: 
in aziridine arylation, 87 
in aziridine reactions, 165 
in azirine reactions, 265, 286 

photochemical. 314 

dioxide. 510 

Betain, 583 
Bisazirine. 230. 323-324 
Bisulfite, in reactions with thiiranes, 421 
Bromine aride, 226 
a-Bromoketoximes, 233 
2-rerr-Buty1, 3-( I ,  I ,  3, 3)-tetramethylbutyl 

thiaziridine dioxide, 599 
rerr-Butylthiirane, 403 
3-(2-Butynyl)-3-methyl-2-phenyl-l-azirine, 243 

Camphor, .30I  
Carbalkoxyaziridines. 61 
Carbamates, 61 
Carbanion: 
in decomposition of thiirane dioxides, 

reaction of I-azirines. 259-261 
in reaction of thiirene dioxides with base. 

522-523 

580 
Carbene, 247 
in aziridine reactions, 154 
in azirine reactions, 289-290 
diimide added. 185 
in thiirane desulfurization, 409 
in thiirane dioxide synthesis, 509 

in thiirane synthesis, 357, 359 
vinyl. 245 

Carbethoxycarbene, 154 
Carbethoxynitrene. 187 
Carbodiimides: 

formation of, 277 
in photoreactions with azirines, 307 

Carbon. as desulfurizing agent, 409 
Carbonate, thiiranes from, 345 
Carbon dioxide. in azirine reactions. 306 
Carbon disulfide, in azirine reactions, 

Carbon monoxide, reaction of, with 

Carbonyl compounds: 

284-285 

arylazirines. 3 18 

with benzonitrile ylids. 303 
conversion, to olefins, 405 

aziridine, 163 
ethyl (3-thiirane, 614 
thiirane. chiral, 614-615 

in electrophilic ring opening of thiiranes. 

in photochemical reactions of azirines, 

Carboxylate: 

Carboxylic acid: 

410412 

303 
Catalase, 167 
Chloroaziridine, 156. 255 

3-Chloro-l-azirincs, 229 
2-Chloro-3-N-butylthiirene dioxide, 580 
Chlorocarbonate reaction with thiirane. 413 
a-Chloroenamines, 230 
Chloroisocyanates, I 1  1 
Chloromethyl sulfide, in thiirane synthesis, 

364 
Chloromethylthiirane: 

dehydrohalogenation, 235 

alkaline hydrolysis. 419 
with amines, 427 
desulfuri7ation, 406 
with diphenylketene, reactions, 434 
electrophilic ring opening, 413 
with hydrogen sulfide, 421 
with methyl iodide, 408 
with phenoxides, 420 
polymerization. 402 
synthesis, 342 

with acetic acid, 41 I .  412 
with halogens, 416 
with hydrogen and acyl halides, 412 

Chloromethyl~hiirane oxide, 477 
a-Chlorosulfone, Ramberg-&cklund 

rearrangement, 519 

2-Chloromethylthiirane: 
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2-Chlorothiirane dioxide, 508 
with Grignard reagents, 522 

Chlorothiiranium ion, 470 
Chlorothiirene dioxide. 570 
Chlorotrifluorothiirane, 36 I 
Cope rearrangement: 
of aziridines, 143 
for dihydrothiepin formation, 405 
of divinylthiirane dioxides, 526 

Coronaridine, I10 
Curtius rearrangements, 225 
Cyanide, with thiirene dioxides, reaction. 

Cyclohexane sulfide, decomposition. 

2, 3-Cyclohexathiirane, 408 
Cyclohexene. thiirane oxide, 477 
Cyclohexene episulfide, 355 

Cyclohexene sulfide: 

583-584 

403 

with selenium ylid. 434 

with acetic acid, 410 
with acetic anhydride, 41 I 
with alcohol, 419 
with carbenes, 409 
conversion, to trithiocarbonate, 422 
desulfurization. 406, 407 
electrophilic ring opening, 416 
with halogens, 416-417 
with hydrogen sulfide, 421 
polymerization of. 402 
reduction, 428 
synthesis, 343. 347. 350 
ultraviolet spectroscopy, 390 

Cyclohexene thiirane, synthesis, 614 
Cyclohexylthiirane, 367 
Cyclooctane-S-methylthiiranium, 472 
Cyclooctene, 226 
Cyclooctene-S-alkylt hiiranium 2, 4, 

Cyclooctylthiirane, 367 
Cyclopentadiene. in azirine reactions. 270 
Cyclopentadienones, in Diets- Alder reactions, 

Cyclopentanone. in photochemical azirine 

Cyclopentene-S-acetyl-thiiraniurn 

Cyclopentene episulfide. 355 
Cyclopentene sulfide: 

6-trinitrobenzenesulfonate. 45 I 

266-269 

reactions. 301 

p-toluenesulfonate, 45 I 

synthesis, 347 
from 2-haloethanethiols. 351 
from hydroxythiocyanates, 350 

in steroidal thiirane preparation, 350 
in sugar thiirane preparation, 350 

Cyclopropene: 
conjugative effect. 556 
hydrogenation. 540 
infrared spectroscopy. 541 
stability, 541 
structure. 540 
vs. thiirenium ion. 548 

in I-azirine reactions, 257-258 
w. thiirene dioxides, 565. 571, 573, 574 
vs. thiirene oxides. 553. 555. 556 

Cyclopropenone. I39 

Cyclopropenone imines. 139 

Darzen's synthesis, 20. 21 
Daunorubicin. 167 
Deacylation of ariridine, 89 
a-Decalinothiirane, 367 
Desethylibogamine, I 10 
Desoxybenzoin azine, 58 I 
Desoxybenzoin oxime, 58 I 
Dethiobiotin, 106 
2. 3-Diadamantyl thiaziridine dioxide, 599 
Dialkylgermylene, 435 
2. 2-Dialkylthiirane. 358 
2. 3-Dialkylthiirane, 408 
2. 3-Dialkykhiirene, 622 
Dialkylthiirene dioxide synthesis. 569 
3, CDianilino-I, 2 5-triphenylpyrrole. 262 
2. 2-Diaryl-3, 3dithioarylthiirene. 361 
Diaryl thiirene dioxide synthesis, 566 
Diaryl thiirene oxide, thermal stability. S59 
Diazepines, 27 I 
Diaziridine. 596 
Diazirine, 5% 
Diaroacetate, 73 
Diaioalkane: 
in cycloaddition reactions with thiirene 

thiirane dioxide synthesis via. 504-509 
thiirane oxide synthesis via, 477-479 
thiirane synthesis via. 358-360 

in thiaziridine dioxide synthesis, 597 
in thiirane synthesis, 356-358 

dioxides, 624-625 

Diazo compound: 

a-Diazoimine. 235 
a-Diazoiminoester. 236 
Diazomethane: 
in I-azirine reactions. 273-275 
in thiirane synthesis, 360-362 
in thiirene dioxide synthesis, 568-569 

2. 3-Dibenzoyl-2. 3diphenylthiirane. 510 
2. 3-Dibenzoyl-2, .Miphenylthiirane oxide. 

Dibenzylsulfoximide, thcrmolysis, 608 
49 1-492 
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Diborane, 1 I3 
a-, a'-Dibromobenzyl sulfids. 555 
a. a-Dibromobenzyl sulfonamide, 596 
a. a-Dibromobenzyl sulfoxide, 555 
a, a'-Dibromobenzyl sulfoxide, 553 

a ,  a'-Dibromodibenzyl sulfone. 566 
Dibutylamine, 617 
2, 3-Di-rerr-butyl thiaziridine dioxide, 599 
2, 3-Di-rerr-butylthiirane: 

in synthesis of thiirane oxides, 479-480 

chemistry, 436-438 
methylation, 456 
oxidation. 430.436 

2. 3-Di-rerr-butylthiirane oxide. 510 
2, 3-Di-rerr-butyl thiiranium salt. 453 
2, 3-Di-N-butylthiirene dioxide. 580 
2, 3-Di-rerr-butylthiirene dioxide, 580 
a. cr-Dichlorobenzyl sulfone. 566 
Dichlorocarbene, 154 
in aziridine synthesis, 71. 72 
in azirine reactions, 289 

Dichloroisocyanides, I54 
a. a-Dichlorosulfone. 568 
2, 2-Dichlorothiirane oxide, 479 
I .  2-Dicyanocyclobucene, 296 
Dideuteriothiirane, 477 
Diels-Alder reactions, 266-273 
with cyclopentadiene. 270 
with cyclopentadienones, 266-269 
with isobenzofurans, 269-270 
with tetrazines. 27 1-273 
with triazines, 27 I 

Diene. with thiirane oxide. 496-497 
Diethylazodicarboxylate, 307-308 
2. 3-Diethyldiphenylthiirane dioxide. 505 
2, 2-Diethylthiirene dioxide, 569 
1. 2-Diethynylthiirane. 404 
Chfluoroamine from acid-catalyzed azirine 

reactions. 240 
2. 2-Difluoro, 3-hexafluoroethylthiirane. 

36 I 
a, a-Dihalosulfonamide. 517 
a. a-Dihalosulfone: 

in Ramberg-&cklund rearrangement. 5 15. 

thiirene dioxide synthesis from 570. 582 
516 

Dihalothiirane dioxides. 517 
Dihydroisoquinoline. 245 
1. 2-Dihydronaphthalene. 226 
Dihydrooxazinone. 278 
2, 3-Dihydro-2-oxobenzoxazolin-3- 

ylaziridines. 68 
3.4-Dihydr&oxoquinazolin-3-ylaziridines, 

67 

I ,  2-Dihydro-2-oxoquinolin- I-yla~iridines. 68 
Dihydropyrazine. formation. 226-227 
Dihydropyridines. 147 
Dihydrothiepin, formation. 405 
Diimide: 
added to carbene. 185 
formation. 164 

Diiminosuccinonitrile, 75 
Diithrane, 627-628 
Dimedone, ene reactions with. 287 
2-Dimethylamino-3. 3 dimethyl- I-aiirine, 255, 

3. 3-Dimethyl-Zdimethylamino- I-azirine, 245 
Dimethyloxosulfonium methylide. 234 
3.3-Dimethyl-Zphenyl- I-azirine. 222. 244 

263 

with diazomethane. 275 
with nitrile ylid, 291 
photocycloadditions. 294 
photolysis, with carbon disulfide. 307 
reactions, 250, 270 

with unsaturated carbonyl compounds. 303 
with acid, 248 

Dimethyloxosulfonium methylide, 234 
2, 5-Dimethyl-6-phenylpyridine. 243 
Dimethylsulfoxide. I 16 
Dimethylsulfoxonium methylide, 362 
2, 2-Dimethylthiirane: 
with acetic anhydride, 41 I 
with alcohol, 419 
with amines. 426 
desulfurization, 406 
electrophilic ring opening, 413, 414 
with halogens, 416,417 
nuclear magnetic resonance spectroscopy, 

485 
polymerization. 401 

with carbon, 409 
desulfurization. 406.407.409 

from photolysis of thiirane. 431 
polymerization of, 403 
reduction. 428-429 
with selenium ylid, 434 
synthesis. 342-343. 352 

2. 3-Dimethylthiirane. 355 

atereospecific, 408 

from 2-halothanethoils, 351 
from olefins. 355 

thermolysis of, 404 

alkene formation. 519 
decomposition. 5 18 
with Grignard reagents. 522 

2. 3-Dimethylthiirane dioxide, 505 

2. 2-Dimethylthiirane oxide, 494 
2. 3-Dimcthylthiirane oxide, 477 
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2. 3-Dimethylthiirene, 538 
2, 2-Dimethylthiirene dioxide, 569. 575 
2, 3Dirnethylthiirene dioxide, 505, 568 
with nitriles, 485 
structure, 572 

Di-ten-octyldiaziridinone, 600 
Dioxirane, 628 
2. 3-DI-parafluorophenylthiirene oxide, 

2. 3Diphenyl- I-azirine: 
556 

alkylation, 255-257 
with benzyne, 286 
with ethyl cyanoformate. 306 
with nitrile ylid, 291 
with nitrones, 264 
photochemical reactions, 292, 294, 297 

photodimerization. 298-299 
thermal rearrangement, 237 

stereospecific additions, 293 

Subject Index 

Diphenylcarbene, source, 275 
Diphenylcyclopropenone, 556,558 
cleavage, 580 
cycloaddition reactions of, 587-588 

in azirine reactions, 275 
in spirothiirane synthesis. 372 

Diphenyldiazomethane. 357 

2, 3-Dipheny1, 2, 3dibenzoylthiirane. 430 
2, 3-Diphenyl. 2, 3dibenzoylthiirane oxide. 

I ,  3-Diphenylinden-2-one. 267. 268 
2, 3-Diphenylindole, 286 
I. 3-Diphenylisobenzofuran. 269 
3. 5-Diphenylisoxazole, 23 I 
Diphenylketene. 92 
in azirine reactions, 278 

2, 2-Diphenyl-3-methylaziridinc. 259 
2, 5-Diphenyloxazole, 231 
2. 5-Diphenylpymine, 262 
3.6-Diphenylpyndazine. 227 
2. CDiphenylpyrrole. 224 

2, 5-Diphenylpyrrole. 227 
Diphenylsulfilimine, 74-75 
2, 3-Diphenylthiirane, 343,434 

476 

formation. 259 

with carbenes, 409 
photodesulfurization, 432 
synthesis. 367, 613 
ultraviolet spectroscopy, 390 

epimerization, 518 
as intermediate in reactions. 529 
pyrolysis of. 601 
from reduction of thiirene dioxide, 592 
with sulfonium ylids. 484 

2. 3-Diphenylthiirane dioxide, 505, 509,602 

synthesis of. 502 
2. 3-Diphenylthiirane oxide. 477, 480 
desulfurization of, 620 
with organolithium compounds, 620 
photolytic fragmentation, 492 
pyrolysis. 49 I 

2, 3-Diphenylthiirane sulfinate, 522 
2, 3-Diphenylthiirene dioxide, 502, 556, 623 
with amines, reaction, 582 
with azoalkanes. 624 
cycloaddition reactions of. 588 
with flouride ion, 622 
with Grignard reagents, 581 
with phospmes. reaction of, 583 
reactions. 53 1-532 
structure, 572 
synthesis. 524, 566, 570 

with diazo reagents, 560-561 
with Grignard reagents, 561 
oxidation, 560 
stability, 559 
structure, 556 

2. 3-Diphenylthiirene oxide, 556 

Disilazindine. 598 
2. 3-Di(l, I .  3. 3)-tetramethylbutyl thiaziridine 

Dithiane in polymerization of thiirana, 400 
I ,  2, qDithiazolidine-5-imine. 606 
Dithietane dioxide in thiirane synthesis, 

364-365 
Dithiin. 584 
Dithiirane, 608-609, 620 

Dithiocyanate, thiirane synthesis from, 

Dithiolane, 357 
Dithione in spirothiirane synthesis, 614 
Divinylthiirane, 372-373 

dioxides, 599 

formation, 398 

349-350 

pyrolysis, 405 
thermolysis, 618 

Divinylthiirane dioxides, 526 
DNA, aziridines modifying, 166, 167 

Electron spin resonance spectroscopy, 10 
Enamine with thiirene dixodes, 588, 

Enzymes in aziridine synthesis, I I 
Episulfide, 339 
polymerization, 399 
synthesis, 615 

590-59 I 

Episulfonium ion, 410, 618-620 
Epithiochlorohydrin, 366 
Epoxides: 
in preparation of thiiranes, 340-344 
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ring opening of, 105 
in synthesis of vinyl azides. 226 

Esr spectroscopy, 10 
Esters: 
aziridine: 

hydrolysis, 102 
reduction, 96 

carboxylic acid, 303 

amino. 86 
aziridine addition, 90 
in aziridine alkylation, 86 
imino, 90 

Ethoxymethylthiirane, 434 
Ethoxythiirane. 417. 426-427 
Ethyl cyanoformate. 306 
Ethylene oxide, I17 
Ethylene sulfide. 338, 340 
synthesis, 349 

Ethylenimine. 87 
acetylene added, 89 
carbonyl groups added. 90 
ketenimines added, 89 

Ethers: 

Et hyl-2-phenyl- I-azirine-3-(2-methacrylate), 

2-Ethyl-3phenylthiirane. 367 
Ethylthiirane: 

239 

desulfurization. 406 
polymerization. 401 
synthesis of. 350. 352 

Ethyl (S)-thiirane carboxylate, 614 

Fatty acid azirines. 229 
Favorskii-type reactions. 177 
Ferrocen yl t h ii ra ne, 367 
Fluoride ion, 622-623 
Fluoroacetonitrile, 306 
a-Fluoroketone. 248 

Gabriel synthesis. I I 
in aziridine synthesis from 8-haloamines. 16 
of aziridinium salts, 169 
equation. I I  
in synthesis of silicon aziridine derivative, 

17, 18 
Grignard reagent: 
in azirine reactions. 43, 259 
in conversion of arizines to aziridines, 38 
in desulfuriiation of thiirane, 403, 406407 
with hydrazone derivatives, 45 
with a-hydroxyoximes, 46 
with oximes. 42,44 
with a-oxooximes. 46 
with thiaziridine dioxide, 602 

with thiirane dioxides, 522 
in thiirane synthesis. 356 
with thiirene dioxides, 58 I 
with thiirene oxides. 561 

Halide: 
acyl and aroyl. 37 
amino: 

in aziridine synthesis, 16-21 
reductive generation, 22 

in electrophilic ring opening of thiiranes. 

in ring opening of aziridines, I10 

aryl: 

412-416 

aziridinyl, 37 
a-haloimidoyl, 148 
hydrogen, in electrophilic ring opening of 

metal, 528 
nucleophilic attack by aziridine nitrogen, 

phosphorous, in electrophilic ring opening of 

silyl, in ring opening of aziridine, I10 
sulfenyl, addition of, to alkenes, 451 
thiirenium, 550 
thiovinyl, 550 
vinyl, 226 

thiiranes. 412-416 

85-86 

thiiranes. 418 

adridine synthesis by nucleophilic addition 
to. 30-34 

Haloamines, 93 
addition of. to styrene derivatives, 81-82 
in aziridine synthesis, 16-20, 29-30 
reductive generation of. 22 

generation. 23 
reduction. in aziridine synthesis, 23. 24. 25 

Haioariridines, 16 
chemical interconvenions. 93 
hydrolysis. 148 
rearrangements and ring opening, 148-150 
reduction, 95 
thermolysis, I48 

Haloazides: 

Halocarbenes, addition, to  imines, 73 
Haloet hanethiol. dehyd rohalogenat ion, 

Haloimines. in aziridine synthesis. 27-29 
2-Halomercaptan in thiirane synthesis, 

a-Halosulfones: 

350-352 

350-352 

conversion. into alkenes 513, 515 
formation of thiirane dioxide, 502-504. 571 
in Ramberg-bcklund rearrangement, 564 
synthesis of, 500, 501 
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2-Halothiirane dioxides: 
dehydrohalogenation, 524 
Ramberg-Gcklund rearrangement of. 522 

Halothiocyanate. vicinal, thiirane synthesis, 

Hassner reaction, 23 
2-Heptylthiirane. decomposition, 403 

349-350 

in photochemical reactions of arirines, 
306-307 

Heterocumulenes: 
azirine cycloadditions, 278-285 
in photochemical reactions of azirines, 

306-307 
Hexafluorothioacetone, 358 
Hexene sulfide, synthesis, 351 
N-Hexylthiirane, 367 
Hoch-Campbell synthesis, 42.45 
Hydrazides: 
aziridine, ring opening. 164 
in azirine reactions, 264 

with azirine. 35 
derivatives of, in aziridine synthesis, 

with thiirene dioxide, 581 

H yd razine: 

62 

Hydrazoic acid, with azirine, 36 
Hydrazones: 
aziridinyl, as diazocompounds, 155 
aziridinylketone conversion, 99 
conversion of a-aminoaziridines. 92 
derivative of, in aziridine synthesis, 45 
in pyrazole formation, 164 

Hydride: 
metal 
insertion of. into aziridine ring, 165 
reaction of aziridine ring, W 
in thiirane dioxide cleavage, 526 

oxime reaction with, 47-51 
reduction, aziridine synthesis from. 35 

Hydrogen sulfate ester, I I ,  12 
Hydrogen sulfide, in thiirane reactions, 421 
2-Hydroxyethanethiols, dehydration, 35 I 
Hydroxylamine, 103 
with azirine, 35 
with thiirene dioxide, 581, 582 
with thiirene oxides, 561 

Hydroxymercaptan, vicinal, thiirane synthesis, 

Hydroxyoximes, Grignard reagents added, 46 
Hydroxysulfide, in thiirane synthesis, 613 
H ydroxythiocyanate, vicinal, thiirane 

Hydroxythiol, acylated vicinal, thiirane 

35 1 

synthesis. 350 

synthesis, 346-348 

Ibogamine, 110 
Imidazoline, 306 
lmidazolinium perchlorate, 251, 
Imine: 
aziridine, 184-186 

photochemistry. 185 
synthesis, 185-1 85 
tautomerism, 185 
thermal decomposition, 185 
x-ray crystallography, 184 

from aziridine reaction with carbenes, 

aziridine synthesis from. 71-74 
aziridinylketone conversion. 99 
cyclopropenone, I39 
diazo compounds added, 73 
halocarbene added, 73 
isomerization. 290 
with ketenes, reaction, 278 
photochemical reaction, 290 

ylids added, 74 
lminium salt, 169 
aziridinium salts from, 173 

Iminoazirine: 
photolysis, 309 
thermolysis, 239 

Irninocarbene, 237 
lminocyclopropenones, I87 
Iminodithiolane, 434 
lmino ethers, 90 
Iminophosphorana, 77, 78 
lminothiirane. 627 
Indene, 226 
Indole: 

I54 

with azirine, 297-299 

formation. 226 
from indolenine, 286 
from metal-induced reactions of azirines. 

317 
from thermal decomposition of lazirines, 

237 
from triazoles, 235 

Indole acetic anhydride, I10 
Indolenine, 286 
Infrared spectroscopy: 
of aziridines, 4 
of thiadiaziridine dioxides, 600 
of thiaziridine dioxide, 598 
of thiirane, 393 
of thiirane dioxides, 51 I 
of thiiranium salts, 466 
of thiirene, 541, 542,620,621 
of thiirene dioxides, 575 

Insect chemosterilants, 166, 168 
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Iodide: 
ferrous, in deamination of adridines, I54 
methyl, in aziridine alkylation. 170 

addition of regiospecifically. 225, 226 
in azirine synthesis, 230 

Iodine azide: 

Iodine thiocyanate. 355 
lodoazide. 255 
reduction. in aziridine synthesis. 24. 26 

Iodoboranes. aziridine synthesis, 26 
Iodoisocyanates, aziridine synthesis. 2 1-23 
Iron carbonyl reagent, 407 
Isobenzofurans, 269-270 
Isocyanate: 
in aziridine expansion, I12 
in azirine reactions, 280-284 
formation, 116 

in photoreactions with azirines. 307 
with thiirene oxides. 561 

from decomposition of aziridine irnines, 185 
as thermal product of a-lactams, 179 
with thiiranes. reactions, 434 

by metal-induced azirine reactions, 3 18 

Isocyanide: 

lsocyanide dichlorides, 90 
Isoindoledione, 303 
lsoquinolone synthesis, 264-265 
Isothiocyanate: 
in aziridine expansion, I12 
in photoreactions with azirines, 307 
with thiiranes, reactions of, 434 

lsothiouronium salt, 343 
Isoxazole: 
formation, 309 
photolysis and thermolysis of. 231-232 
from vinyl azide, 245 

lsoxazolins, in aziridine synthesis, 47, 50, 78 

Juvenile hormone, 15 

Ketene: 
added to azirines. 40 
in azinne reactions. 278-280 
photochemical, 307 

Ketenimine: 
addition of ethylenimine, 89 
in azirine reactions, 278-280 
formation, 226 
from haloaziridines. I50 
from oxazaphospholines, 232 
from triazoles. 235 
from vinyl azidn, 225 

Ketohydrazone in thiirane synthesis. 
359 

Ketone: 
as aziridine derivative, 83 
from aziridine thermolysis, I57 
aziridinium salts with, 175 
with aziridinylketones, 99, 100 
with benzonitrile ylid. 299 
in photochemical reactions of azirines, 

on side chains of aziridines, 98 
as thermal product of a-lactams. 179 
in thiirane synthesis, 367-370 

Ketosulfenes. in azirine reactions, 289 
a-Ketosulfide, in thiirane synthesis, 613 

a-Lactams, 177-184 

299-302 

aziridine synthesis, 20 
cycloaddition product, 181 
from ketenes and imines. 278 
optical activity, I78 
with organometallics, 183 
photolysis, 181 
ring opening, 182 
salts, 179 
thermal chemistry, 179 
x-ray structure analysis, I78 

in aziridine synthesis, 62, 65 

in oxidation of aziridines, 159 

in desulfurization of thiiranes, 406-407 
in reduction of azirines, 258 
with thiirene dioxide. 581 

Lead tetraacetate: 

by nitrene addition to alkenes, 69, 71 

Lithium reagents: 

Malonate salts, I18 
Mass spectroscopy: 
of aziridines, 8 
of thiirene dioxides, 575-577 
of thiirene oxides, 557 

Mercaptide in reactions with thiiranes. 421 
2-Mercaptoalkanol, 347 
Mercaptoalkylcarbonate, pyrolysis, 345-346 
2-Mercaptoalkylthiirane synthesis, 347 
2-Mercaptornethylthiirane synthesis, 347 
Mesionic compounds in adrine reactions, 

Mesylate, alkaline hydrolysis, 348-349 
0-Mesylthiocyanate, 350 
Metal complexes of azirines, synthesis of, 

314-315 
Metal salt with thiirane oxide, 495-496 
Methanesulfonate ester. aziridine synthesis, 12 
Methanol: 

287-289 

aziridine, conversion. 103 
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photochemical addition, to azirines. 308 
2-Methoxymethylthiirane, desulfurization. 406 
Methoxythiirane. 417,426-427 
2-Methyl, Ecarboethoxythiirene, 538 
2-Methy1, 2-cyclohexylthiirane, 367 
2-Methyl, 3-phenylthiirene dioxide, 568 
Methyl, 3-propylthiirane, 613 
Methylcyclohexene. 614 
CMethylcyciohexene sulfide, 343 
2-Methyl-2-benzylthiirane, 367 
2-Methyl-3-benzylthiirane, 614 
2- Methylbiphenyl. 243 
Methyl cyclopropene, 575 
I-Methyl-2-2di-I-butylthiirenium 

3-Methyldihydroisoquoline, 245 
Methylene: 
added to nitriles, 234 
in reactions with thiiranes, 428 

Methylene aziridines, 186-188 
addition reactions, 188 
decomposition products, 187 
tautomerism, 186, 187. 188 
thermolysis, 188 

Methylene cyclopropene, 179 
Methylene tetrazolines, 185 
Methylenethiiranc, 370 
2-Methylindole, 237 
Methyl iodide, 408409 
Methyl methacrylate, 292. 293, 294 
2- Methyl-2-methoxycarbnylthiirane. 4 16 
Methyloxirane, 39 I 
3-Methyl-2-phenyl-I-azirine. 218, 223, 244 

tetrafluoroborate, 548 

with benzoyl chloride, 252 
with carbenes, 289 
with carbon disulfide. 285 
with diazomethane, 274 
with nitrile oxides. 276 
reactions of, 258 
reduction of. 259 

2-MethyIspirocyclohexyIthiirane, 61 3 
Methylthiirane: 
with acetic anhydride, 41 I 
with alcohol, 419 
with alkoxymercaptans, 421 
with aniline, 425 
desulfurization, 406.407 
with halogens, 416 
with hydrogen and acyl halides, 412.413 
with hydrogen sultide, 421 
with methyl iodide, 408.409 
nuclear magnetic resonance spectroscopy, 

nucleophilic ring opening, 617 
39 1 

oxidation, 430 
polymerizarion, 40 I, 403 

protonation. 457 
reduction, 428 
solvolysis. 4 10.41 5 
structure. 388 
synthesis. 342. 350,614 
ultraviolet irradiation, 432 
ultraviolet spectroscopy, 390 
uses, 438 

synthesis, 347, 352, 613 
from 2-haloethanethiols, 35 I 

with trifluoroaoetic acid, 41 I 

2-Met hylthiirane: 

Methyl (Gthiirane carboxylate, 614 
Methylthiirane oxide, 477 
with alcohols, reactions, 494 
geminal coupling constant, 486 

Methylthiiranium ion, 462 
Methylthiirene. 544 
2-Methylthiirene, 538 
2-Methylthiirene dioxide, 575 
with sodium hydroxide, reaction, 579 
synthesis. 568 
3-Methyl-3-vinyl-2dimethylamino- lazirine. 

Microwave spectroscopy: 
of thiirane dioxides, 5 I 1 
of thiirane oxides, 484 

239 

Mitomycin, 104 
PlG of. 9 
ring opening. 106 
synthesis, 87 
thermolysis, 129 

Mitomycin A, 8.9 
Mitomycin B, 10 

Mitomycin C: 
PK. of. 9 

PK. of, 9 
C analysis, 3, 4 w 

Mitosanes, 167 
Monohalothiirene dioxides, 517 

Neber reaction in aiirine synthesis, 222 
Nitrenes: 
added to alkenes, 69 

aminoaziridines from, 70 
attached to nitrogen groups, 57.62-69 
attached to oxygen groups, 57,69 

in aziridine synthesis, 57 
aziridinatriazoles from, 70 
in aziridinc synthesis, 57, 61-69 
carbonyl, 57, 61-62,63 

in aziridine synthesis, 5 1, 55-7 I 
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generation, 55, 60. 61, 65 
phthalimidoaziridines from, 66-67 
vinyl. 226. 227 
in azirine synthesis, 226. 227 
equilibration. with azirine. 239 
intramolecular cyclization of. 239, 245-246 

Nitrenoids. 51 
Nitrile: 
addition of methylene. 234 
aziridine. 33 
in aziridine reactions, 90 
in aziridine synthesis, 27-28 
aziridinium salts with, 175. 176 
derivatives, 27-28 
a-metallated, with thiirene dioxides. 585-586 
reduction, 98 
from thermolysis of azirine, 238 

Nitrile oxides: 
in aziridine reactions, 90 
in azirine reactions, 276-277 
in oxa7aphospholine synthesis, 232 

in azirine reactions, 276 
Nitrile ylid, 237 

intramolecular photorearrangements, 3 10 
photochemical excitation, 290-291 
photolysis. 39 

with benzoyl chloride, 305 
with carbon dioxide, 307 
cycloadditions, 297 
reactivity of alkenes toward, 296 

Nitrilium betaine, 291 
Nitroaziridines, 33 
Nitrones: 
in aziridine reactions, 117, I18 
in aziridine synthesis, 76 
aziridinium salts with, 175. 176 
in azirine reactions, 264 
from hydroxylamine, 103 

N-Nitrosaziridine, I24 
Nmr spectroscopy, see Nuclear magnetic 

resonance spectroscopy 
Norbenene, 75 
Norbornadiene, 75 
Norbornene thiirane. 355 
Norcamphor, 301 
Norrish type 1 cleavage, 301 
Nuclear magnetic resonance spectroscopy: 
of aziridines, 3-6 
I3c, 3,4 
'H, 3.4 
"N, 4 

of aziridinium salts, 168 
of I-azirines, 220-222 
of thiadiaziridine dioxides, 600 

of thiaziridine dioxide, 598 
of thiirane. 391-393 
of thiirane oxides, 484,485-486 
of thiiranium salts, 463-466, 467 
of thiirene dioxides. 575 

I-Octene sulfide. polymerization, 402 
Olefin: 
addition of sulfenyl chlorides 10.450 
formation of, 409. 410 
from desulfurization of thiiranes, 403. 405 
from synthesis of thiirene dioxides, 503, 

by thermal decomposition of thiirane 

in photocycloadditions of azirines. 294 
thiirane synthesis from, 352-355.61 1-612 
and active sulfur transfer reagents, 355 
by addition of sulfur, 353,611-612 
and iodine thiocyanate, 355 
via succinimide- or phthalimide-N-sulfenyl 

chlorides, 612 
and sulfur monochloride, 353-354 

514, 515 

oxides, 489, 491 

in vinyl a7ide synthesis, 225-226 

in conversion of azirines to aziridines, 38 
with thiirane oxide, 620 

Organomercury reagents. tetrachloroaziridines 
from. 72 

Organometallic reagents: 
aziridine ring reaction, 96 
in I-azirine reactions, 258 
in desulfurization of thiiranes, 403,406-408 
in a-lactam reactions, 183 

Organophosphorous compounds, 403 
in desulfurization of thiiranes, 405 

Oxadiaziridine, 599 
Oxadiazirine, 598 
Oxadiazoles, synthesis, 263 
Oxadiazoline, in thiirane synthesis, 362-364 
Oxaisothiazolidin-2~nes, 102 
Oxathietane, 492 
Oxathiin dioxide, 584 
Oxathiirane, 602-604, 626-627 
Oxathiirane dioxide, 606 
Oxathiirane oxide, 604-606, 626 
Oxathiol dioxide, thermal decomposition of, 

1, 3-Oxathiolan-5-ones, pyrolysis, 61 3 
Oxazaphospholines, thermolysis, 232-233 
I ,  2-Oxazetidine. I54 
Oxazirane. 596 
Oxaziridine. 75 

Organolithium reagents, 403 

532 

from a-lactams. 183 
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Oxazole, 129 
from aziridines, 154, 252 

from azirines, 236, 253, 309 
formation, 305, 306 
isolation, 235,262 

formation of. 303 

regiochemistry. 253 

Oxazoline: 

from carboxylic acid esters, 303 
from ketenes, 307 
from thioesters, 304 

2-Oxazoline, 125, I27 
3-Oxazoline, 279,299-300, 30 I. 302 
Oxazolinium perchlorate, 250 
Oximes: 
aziridines from, 42-51 
with Grignard reagents. 42.44 
with Hoch-Campbell synthesis, 42.45 
with hydrides. 47-51 
reduction of, 47-51 
vinylaziridines from, 46 

Oxime p-toluene-sulfonates, 222 
Oxirane: 
bond lengths of, 389 
chiral. 392 
conversion, to thiirane, 344 

energy profile, 390 
heat of formation, 389 
as mercaptoethylating agents, 3% 
nuclear magnetic resonance spectroscopy, 

vs. oxathiirane, 626 
polymerization, 399 
reactivity, 396 
in thiirane preparation, 340-344 
vs. thiiranes. 395-397 

via phosphine sulfide, 365-366 

221, 391-392 

Oxirene, 536, 540 
Oxooximes. Grignard reagents added. 46 
Oxylhiirane, 609 
Ozonolysis, 93 

Palladium: 
in complexes with azirines, 314-315 
in complexes with thiirene dioxide, 592, 

593 
Perfluoroarylnitrenes, 60 
Perfluoro-2-azidopropene. 227 
Perfluoroazirine. 227 

Perfluorocycloalkenes, 87 
Perfluoropropene, 227 
Phenol, thiirane reactions, 420 
Phenylacetonitrile, 237 

cthanolysis, 262 

2-Phenyl-l-airine. 224. 227 
with acid chlorides, 253. 305 
acid conversion, 248 
from addition of methylene to nitriles. 234 
with anhydrides, 253 
with aniline, 262 
with azlaaone, 286-287 
with azo compounds, 307-308 
with benzoic acid, 248 
with benzoyl isothiocyanate, 283 
with carbon disulfide, 285 
with cyclopentadienones, 266 
with ketenimine. 279 
with nitriles, 306 
photochemical reactions, 293, 294, 298 
with aldehydes, 299-300 
with carboxylic acid esters. 303 
with ketones, 301, 302 

photolysis of, with alkenes and alkynes. 

with pyridine N-imines, 263 
synthesis, 226 

292-297 

3-Phenyl-I-azirine, 237 
2-Phenyl-l -azirine-3arboxamide, 239 
N-Phenylbenzoylphenylketenimine, 23 I 
Phenyldiazomethane in azirine reactions, 

275 
Phenyl isocyanate. 40 
2-Phenylindole. 237, 238 
2-Phenyl-Emethylpyridine, 244 
2-Phenylpyrrole, 238 
2-Phenylspirocyclohexylthiirane, 6 I 3 
Phenylsulfonyl aziridines. 34 
Phenylthiirane: 
wirh amines, 427 
with diphenylketene. 433 
with selenium ylid, 434 
synthesis of, 613, 614 
ultraviolet spectroscopy, 390-391 

chlorooxidation. 4 I7 
desulfurization, 406 
with halogens, 416 
polymerization, 402 
synthesis, 352 

decomposition, 521 
reduction, 527 

ring opening, 494 

2-Phen ylthiirane: 

2-Phenylthiirane dioxide: 

Phenylthiirane oxide, 477 

Phenylthiirenium ion, 550 
Phosgene, I I 1  

Phosphine, 583 
reaction, with thiirane. 413 
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formation, 147. 294. 295 
from thermal rearrangement of aziridines, 

I42 

Phosphine sulfide: 
conversion of oxiranes with, 365-366 
formation, 405 

with azirines. 36 
in nitrene addition to alkenes, 60 

Phosphonate: 
aziridine, 33 

benzyloxycarbonyt. 304 
in photocycloadditions of azirines. 294 

Phosphonium salts, vinyl. 294 
Phosphorous-aziridinyl compounds, 167 
Phosphorous ylids, 232 
Phosphorylated aziridines, 87 
Photochemistry of aziridines, 160-163 
Photochromism of aziridines. 132-133 
Phthalimide and amino azirines. 264 
Phthalimidoaziridines, 66-67 
Phthalimidonitrene. 235 
Platinum: 

Phosphites: 

synthesis, 36, 77 

in complexes of azirines, 3 14 
in complexes with thiirene dioxide, 592, 

593 
Polyarylthiirane, 403 
Polymethylthiirane, 399 

Polythiirane: 
synthesis, 401 

c h i d  center, 403 
formation, 396, 398 
synthesis, 399.400-10 I 

Polythiirane dioxide, 399 
Porfiromycin. 16. 104 
Potassium terr-butoxide, 403 
in desulfurization of thiirana. 408 

Propiophenone dimethylhydrazone 
methiodide. 223 

Propyl (9-thiirane carboxylate, 614 
Pyraiine. 248 
Pyrazine-2, Sdicarboxamide, 239 
Pyrazole: 
with azirine, 36 
formation. 164 
from thermolysis of iminoazirines, 239 

Pyridine from I-azirines, 257 
Pyridine hydrochloride with azirine. 36 
Pyridine N-imines with aiirines, 263 
Pyridinium salts in aziridine synthesis, 81 
Pyridinium ylid with thiirene dioxides. 584- 

2-Pyridyl isothiocyanate, 283-284 
Pyrimidone, formation. 280 
Pyrrole: 

585. 589 

I-azirine conversion, 260-261 

Quinone. 303 

Quinoxaline-2. 3-sulfide, synthesis. 352 
diaziridinyl. 166 

Raman spectrum: 
for thiirane, 373. 393 
for thiirane dioxides, 51 I 

517,564 
Ramberg-Bkklund rearrangement, 503. 5 13- 

Michael-induced, 530 
modified. 565-568 
in thiirane dioxide synthesis. 499, 500, 501 
in thiirene dioxide synthesis. 565-568. 579 
in thiirene oxide synthesis. 554 

Reformatsky reaction: 
in I-azirines. 259. 260 

in conversion to aziridines. 38, 39 

Saccharin and amino azirines. 264 
Selenirene. 536 
Selenium ylid, with thiiranes, 434-435 
Silica gel. in thiirane synthesis, 615 
Silicon aziridine derivatives, 17, 18 
Silyl halides, I10 
Simmons-Smith procedure, 73 
Sodium acetylide. 356 
Sodium adde, 226 

Sodium borohydride. 258 
Sodium isopropoxide. 35 
Sodium sulfide. 349-350 
Spectroscopy: 

in synthesis of azirines, 230 

electron spin resonance. of ariridines. 10 
infrared: 
of aziridines. 4 
of thiadiaziridine dioxides, 600 
of thiaziridine dioxide, 598 
of thiirane. 393 
of thiirane dioxides, 51 I 
of thiiranium salts, 466 
of thiirene. 541, 542, 620, 62 I 
of thiirene dioxides, 575 

of aziridines. 8 
of thiirene dioxides. 575-577 
of thiirene oxides, 557 

of azirtdines. 3-6 

mass: 

nuclear magnetic resonance: 

c. 3.4  
'H. 3.4 

I3 
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"N, 4 
of aziridinium salts, 168 
of lazirines. 220-222 
of thiadiaziridine dioxides. 600 
of thiaziridine dioxide, 598 
of thiirane. 391-393 
of thiirane oxides, 484, 485488 
of thiiranium salts, 463-466.467 
of thiirene dioxides, 575 

of larylazirines. 219. 220 
of 2arylazirines, 219 
of aziridines, 4.8 
of thiirane, 390-391 
of thiirane dioxides, 5 I I 
of thiirene dioxide, 575 

Spiro- lazirines, 323-324 
Spiro-Meisenheimer complex, 250 
Spiroaziridine. isomerization. I 19 
Spiroazirine: 

ultraviolet: 

photochemistry, 3 I3 
synthesis, 223. 227 

Subject Index 

3-Spirocyclohexylthiirane, 6 14 
Spirolactone, 97 
Spirothiirane, synthesis of, 370-373, 614 
Steroid as aziridine derivative, 18, 23, 25 
in azindine synthesis from oxirnes. 43 
in aziridinium salt reactions, I77 
carboethoxynitrene selectivity toward, 62 
in deamination of aziridines, 153 
from intramolecular nitrene additions, 71 
and a-lactams, 181 
via reduction of azirines, 35 
ring opening of, I05 
nucleophilic, 115-1 16. I17 

in therrnolysis of ariridines, 157 

isomerization, 397 
nmr, 393 
preparation, 350 

Stevens rearrangements. 138 
Styrene, 244. 245 

Steroidal thiirane: 

derivatives, halomines added to, 81-82 
in photochemical reactions of azirines. 2% 
in synthesis of vinyl azides, 226 

Styrene sulfide, polymerization, 402 
Succirnidoaziridine. 69 
Sugar: 
as aziridine derivative, 12, 13, 15. 28. 33 
epimino, 12, 15 

desulfuritation, 406 
polymerization, 402 
preparation, 350 

Sugar thiirane: 

Sulfene, 605 
cyclization, 604 
in thiaziridine dioxide synthesis, 597 
in thiirane dioxide synthesis. 501. 504-509 
in thiirene dioxide synthesis, 568-569 
with ylids, reaction of. 529-530 

conversion, to thiolsuhates, 494 
in thermal decomposition of thiirane oxides, 

Sulfenic acid: 

490-49 I 
Sulfinates, 226 
formation, 522 

Sulfine, 604-606 
oxathiiranes in reactions, 602 
in synthesis of thiirane oxides, 477-479 

Sulfolene, 585 
Sulfonamides, from azirine, 253 
Sulfonium ion: 
in electrophilic ring opening of thiiranes, 413 
M. thiiraniurn ions, 473 

Sulfonium salt. 436 
Sulfonium ylid. with thiirene dioxides, 

584-585 
Sulfonylaziridines. 33-34 
halogenation, 95 
synthesis. 248, 249 

Sulfonyliminothiirane. 627 
Sulfonylnitrenes. 58 
Sulfoxide of thiiranes. 485 
Sulfoximide and thiazirines. 607-608 
Sulfur: 
in electrophilic ring opening of thiiranes, 418 
in thiirane synthesis. 353 
with diazoalkanes, 358-360 
from olefins, 353 

in thiiranium salt synthesis, 455457 
Sulfur monochloride. 353-354 
Sulfurane. 459. 607 
conformations, 462 
in desulfurization of thiiranes, 406,407 
energies. calculated for. 463 
in reaction of thiiranium salts, 471472 
in reaction of thiirene dioxides with base. 

and thiirenium ions, 547 
580 

Sultam. 517. 568 
Sultone. 606 
Superoxide dimutase. 167 

TEM. 166 
TEPA. 166 
Terpene thiirane, 45 I 
2. 2,3, 3-Tetraanisylthiirane, 356 
Tetrabromosulfone, 569 
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Tetrachloroaziridines, 72 
Tetracyanoethylene, 188 
Tetracyanomcthylene, I88 
Tetrafluorothiirane, 36 I 
Tetrahydroazepines, I I3 
Tetrakis(trifluoromethy1)thiirane. 361 
Tetra4methoxyphenyIthiirane. 359 
Tetramethylallene. 187 
Tetramethylthiirane, protonation, 457 
Tetramin, 166 
Tetraphenylethylene sulfide, 338 
2, 3, 4. 5-Tetraphenylpyrrole. 237 
2. 2, 3. 3-Tetraphenylthiirane, 338, 359 
2, 2, 3. 3-Tetraphenylthiirane dioxide, 505 
reduction of, 527 
thermal rearrangement, 525 

2, 2. 3. 3-Tetraphenylthiirane oxide. 477 
Tetrazines, 27 1-273 
Tetrazolines, methylene, 185 
Thiacyclopropane. 339 
Thiadiazepinone, 280 
Thiadiaziridine, 606-607 
Thiadaziridine dioxide, 503, 598-602 
chemical properties and reactivity. 600 
with Grignard and lithium reagents. 

602 
hydrolysis. 600-601 
with oxidizing agents, 601-602 
with reducing agents. 602 
structure and physical properties, 600 
synthesis of, 596. 599,625-626 
thermal decomposition, 601,626 

Thiadiaziridine oxide, 606-607 
Thiadiazole: 
irradiation, 538 
photolysis. 537, 544 
thermolysis. 622 
thiirene synthesis from, 537-538 

Thiadiazoline: 
pyrolysis. 613 
in thiirane synthesis, 362-364 

Thianthrene, 543. 544 
Thiaphosphirane, 628-629 
Thiatriazine dioxide. 584 
Thiariridine. synthesis of. 599 
Thiariridine dioxide: 
decomposition, 596 

spectroscopic data, 598 
stability, 598-598 
synthesis, 597-598 

Thiaziridinimine. 606-607 
via iminothiiranes, 627 

Thiazirine. 607-608 

sulfur dioxide extrusion, 601 

Thiirole: 
in azirine reactions, 284, 285 
formation of, 280 

Thiazolidinethiones. I I I 
2-Thiw.olium salts, 107 
Thietane. 420 
Thiete dioxide, 584 
Thiirane: 
acetylation. 455 
acetylenic. 408 
alkylation. 455 
allenic, 370-373 
arylation. 455 
boiling point. 394 
chemical properties and reactivity, 395-438. 

chiral, 392 
chlorinations, 470 
chlorinolysis. 61 5 
copolymers containing. 402 
cyclic. 612 
desulfurization. 395, 396,403-410.455 

61 5-618 

gas phase. 410 
by methyl iodide, 408-409 
by organometalIics, 406-408 
by organophosphorous compounds, 

with photolysis, 432-433 
by potassium ferr-butoxide, 408 
stereospecific, 405 
by thermal decomposition, 403-405 

dimeri7ation. 395, 398 
dipole moment, 388. 393 
donor-acceptor properties, 390 
electrophilic cleavage of unsaturated, 

electrophilic ring opening. 395, 410-418 
by carboxylic acids and anhydrides, 

410-412 
via halogens, 416-418 
by hydrogen halides and acyl halides, 

412-416 
via sulfur and phosphorous halides, 418 

405-406 

615-617 

energy, 388 
energy profile, 390 
fluorinated: 
polymerizations. 402 
synthesis, 364-365 
uses, 438 

fragmentation, 395, 396 
gas phase thermolysis. 403 
heat of combustion, 393-394 
heat of formation, 389 
heat of vaporization. 393 
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i n f r a d  spectroscopic data on, 393 
ionization potential, 388. 393 
isomerization, 395, 397 
mercaptoethylation, 3% 
microwave spectroscopy. 388 
molar refraction, 393 
nomenclature, 339-340 
nuclear magnetic resonance spectroscopic 

nucleophilic ring opening, 395,418-429 
data on, 391-393 

via alcohols, 418-420 
via amines, 422-428 
catalyzed, with acetates, 429 
with dibutylamine. 617 
via methylene compounds, 428 
via reactions with water, alcohols, and 

phenols. 418-420 
reductive, 428-429 
via thiols and closely related nucleophiles, 

via water, 418-420 
420.422 

optical rotatory dispension, 394 
oxidation, 339, 395,429-430, 617 

in synthesis of thiirane dioxides, 509-51 I 
in synthesis of thiirane oxides. 475-477 

with ozone, autocatalytic reaction, 617 
photochemistry of, 430-433 
photolysis, 431 
physical properties, 393-395 
polarizability anisotropy. 394 
polymen7ation of, 395, 396, 397, 398-403 
with acetic acid, 410 
acidcatalyzed, 401,402 
base-catalyzed, 401,402 
catalysts for, 401-402 
due to ammonia solution. 422 
nucleophilic ring opening, 418 
solvents for, 400 
stereoselective, 403 

preparation, 340-386 
from aldehydes and ketones, 366-369 
assymetric, 368 
from chloromethyl sulfides, 364 
from cyclic carbonates, 345-346 
from dehydrohalogenation of 2- 

haloethanethiols. 350-352 
from diazo compounds, 356-358 
from diazoalkanes and sulfur, 

from diazomethanes and thioacid chlorides, 

from dithietane dioxides. 364-365 
from dithiocyanates, 349-350 
from epoxides, 340-344 

358-360 

360-362 

from hydroxythiols. acylated vicinal, 

from halothiocyanates, vicinal. 349-350 
from hydroxythiocyanates. vicinal. 350 
from ketosulfida of benzothiazole-2-thio1, 

613-614 
from olefins, 352-355 

346-348 

by addition of sulphur, 61 1-612 
via succinimide- or phthalidimide-N- 

sulfenyl chlorides, 612 
from oxadiazolines and thiadiazolines. 

from oxirane conversion, 365-366 
from pyrolysis of 1. 3-oxathiolon-5-ones, 

from sodium sulfide, 349-350 
from thiiranium salt dealkylation. 466. 

from thiocarbonyl compounds, 356-362 
from thioketones, 356 
from tosylates and thiolacetates, 348-349 
using silica gel, 615 

362-364 

613 

472 

protonation of, 455,457 
in Ramberg-Gcklund rearrangement, 564 
in reactions with complexed 

in reactions with diphenylketene, 433-434 
in reactions with fatty acids, 412 
in reactions with isothiocyanates and 

isocyanides. 434 
in reactions with selenium ylids, 434-435 
refractive indices, 394 
stability, 559 
steroidal: 

dialkylgermylenes, 435 

isomerization of, 397 
nmr of, 393 

structure, 339, 373-393.573 
molecular orbital calculations, 388-389 
strain energy, 389-390.396 

of styrene and norbornene, 612 
sugar: 
desulfurization of, 406 
polymerizations of, 402 

with sulfur dichloride, 617 
synthesis of, see Thiirane, preparation 
in synthesis of thiirane dioxides. 501 
in synthesis of thiiranium salts, 455-456 
terpene, 45 1 
thermolysis of, 618 
ultraviolet spectroscopic data on, 389. 

unsaturated, 616-61 7 
uses of. 438 

390-39 I 

Thiirane carboxylate, chiral, 614-615 
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Thiirane dioxide, 475, 499-535, 560 
carboncarbon bond cleavage. 525-528.53 I 
with metal halides. 528 
with metal hydrides, 526-528 
thermal, 525-526 

chemical properties and reactivity, 5 13-532 
decomposition. 579 
with bases, 519-525 

via carbanion formation. 522-523 
via dehydrohalogenation. 524-525 
via nucleophilic attack on carbon, 521 
via nucleophilic attack on sulfone groups, 

52 1-522 
sulfur dioxide from, 517-519 

in formation of alkenes. 517-519, 578 
with Grignard reagents. 522 
infrared spectroscopy, 51 I 
intermediate. reactions via, 528-532 

reduction, 529 
ylids with sulfenes. 529-530 

melting point, 51 I 
microwave spectroscopy. 51 I 
molecular orbital calculations. 484. 485, 

nuckophilic substitution, 530-53 I 
physical properties. 51 1-51) 
in Ramberg-Gcklund rearrangement. 51 3- 

511-513 

517,564 
Michael-induced, 530 

stability. 559 
structure. 480, 572-573 

substitution effects in base-induced reactions. 
523 

and sulfur dioxide elimination, 5 17-5 19 
synthesis, 500-5 I I 

molecular orbital calculations, 5 I 1-5 I3 

via base-induced reaction of halosulfones. 

via oxidation of thiiranes or thiirane oxides, 

via sulfenes and diazoalkanes, 504-509 

stereospecificity, 5 14 

502-504 

509-5 1 I 

thermal decomposition, 515, 532 

thermal fragmentation, 51 I 
with thiirene dioxides. 53 1-532 
in thiirene dioxide synthesis. 568 
ultraviolet spectroscopy, 5 I I 
x-ray diffraction, 5 I I 

acidcatalyzed ring opening. 493-495 
boiling point, 487-488 
bond lengths, 485 
chemical properties and reactivities, 489, 620 
and dienes, reactions with. 49fA97 

Thiirane oxide. 436. 475-497 

geminal coupling constant. 486 
infrared absorptions. 487-488 
ionization energy. 484 
and metal salts. reactions with, 495-496 
nuclear magnetic resonance spectroscopy. 

485-488 
chemical shifts in. 487-488 

with organolithium compounds, 620 
oxidation, 509-5 I I. 560 
pyrolysis, 489, 491 
structure and physical properties, 480 

molecular orbital calculations. 484-485 
synthesis. 429-430.475-480,48 1-483 
by oxidation of thiiranes, 475-477 
from reaction of sulfines with diazoalkanes, 

by ring closure of a, a’dibromobenzyl 
477-479 

sulfoxides, 479-480 
thermal decomposition, 489-493 

Thiirane sulfoxide. 476 
Thiiranium hexachloroantimonates, 454 
Thiiranium ion, 548 
in addition of sulfenyl halides, 450,45 1 
characteristics. 452 
chemical shifts and coupling constants. 464, 

465 
desulfurization, 471 
in electrophilic ring opening of thiiranes, 

410,412-413,414,450 
as intermediates in reactions. 472-473 
in I ,  2-methyl shift, 469 
nuclear magnetic resonance spectroscopy of, 

463-466 
nucleophilic attack of, 468 

opening of ring. 469 
in reactions of thiiranes with halogens, 417 
stereoconversion of. 468 
structure. 470 
vs. sulfonium ions, 473 

Thiiranium oxide, 339, 340 
Thiiranium salt, 339.340.450473 

at sulfonium sulfur, 470472 

adamantylideneadamantanederived. 458 
chemical properties and reactivities of, 463- 

dealkylation, 472 
infrared spectroscopy, 463-466 
melting point, 467 
nuclear magnetic resonance spectroscopy. 

nucleophilic attack at carbon atom, 466470, 

nucleophilic attack at sulfonium sulfur, 

m , 6  I 9-620 

463466 

6 19-620 

470-472 
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solvents, 463 
structure and physical properties, 459-466 
molecular orbital calculations, 461463 

synthesis, 452459.460 
by addition of arylbis(thioary1)sulfonium 

salts to alkenes. 618-619 
by direct addition to alkenes. 453455 
by methylation of terpene thiirane, 451 
by ring closure, 457-459 
by sulfur alkylation, 455457 

of, 450,472473 
thiiranium ions as intermediates in reactions 

Thiiranium ylid, 473 
Thiirene, 53&544 
antiaromaticity, 541 
chemical properties and reactivity, 541-544. 

622 
dipole moment, 541 
formation, 516 
heat of formation, 540 
heat of hydrogenation. 540 
infrared spectroscopy, 541,542.621 
as intermediates in reactions, 543-544.622 
ionization potential, 541 
oxidation of, 555 
preparation and characterization, 537-540 
stability of, 541 
structure of. 540-541. 573 
calculations on. 558.620 

Thiirene dioxide, 537, 564-593. 623 
with amines and amidines, 582-583 
with azide ion, 622,624 
with bases, reactions of, 579-581 
chemical properties and reactivity. 577-593, 

622-625 
conjugative effect and interactions, 556, 574 
conversion, 517 
with cyanide. benzene sulfinate, and azide 

in cycloaddition reactions, 587-592 

decomposition, via metal complexes. 593 
with enamines, 588 
with fluoride ion, 622 
with Grignard and lithium reagents, 581 
with hydroxylamine and hydrazine, 

infrared spectroscopy, 575 
as intermediates in reactions. 580 
ionization, 575 
mass spectroscopy, 575-577 
melting point for, 577 
with metal complexes, 592-593 
with a-metallated nitriles. 585-586 

ions, 583-584 

with diaroalkanes, 624-625 

58 1-582 

nuclear magnetic resonance spectroscopy, 

with nucleophiles, 622-625 

nucleophilic ring opening, 577 
photoelectron spectra, 573 
physical properties, 571-577 
with pyridinium ylids. 584-585. 588, 589 
reactions of, 531-532 
reduction of. 592 
spiroconjugation for, 574 
stability of, 559 
structure of, 571-577 
calculations on, 558 

with sulfonium ylids, 584-585 
synthesis of. 501. 565-571 

575 

reactions, 579-586 

via debromination of tetrabromosulfones, 

via dehydrohalogenation of thiirane 

via modified Ramberg-Bkklund reaction, 

in situ. 570-57 I ,  577 
via sulfenes and diazomethane, 568-569 

569 

dioxides, 524 

565-568 

in synthesis of thiirane dioxides, 501 
with tertiary phosphine, 583 
thermal decomposition of. 560, 575 

with thiophenoxide, 622,623 
ultraviolet spectroscopy. 575 
x-ray data on. 572-573 

benzylic, synthesis, 503 
chemical properties and reactivity, 559-562 
conjugative effects of, 555-556 
irradiation of. 560 
mass spectrometry, 557 
oxidation of, 560 
reactivity of carboncarbon double bond of, 

sulfur dioxide extrusion from. 578-579 

Thiirene oxide, 537, 552-562 

560-561 
with diazo reagents, 560-561 
with Grignard reagents, 561 
with hydroxylamine, 561 

reactivity of sulfoxide function of. 561-562 
reduction of, 560 
stability of, 559-560 
structure and physical properties of, 555-559 
synthesis of, 501, 553-555. 565 
valence electron study of, 558-559 

Thiirene sulfone, 553 
Thiirene sulfoxide. 553 
Thiirenium chloride, 548 
Thiirenium dioxide, 339, 340 
Thiirenium halide. 550 
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Thiirenium hexachloroantimonate, 547 
Thiirenium ion, 546-55 I 
chemical propenies. 55 I 
structure and physical properties, 548-550 
synthesis, 547-548 

Thiirenium salt, 546-55 1 
Thioacetamide, in thiirane synthesis, 344 
Thioalkylene oxide, 339 
Thiobarbituric acid, in thiirane synthesis, 344 
Thiobeniamide, in thiirane synthesis, 344 
Thiobenzoic acid, 248 
Thiobenzophenone, 357 
Thiobenzoyl chloride, 361 
Thiobenzoyl isocyanate, 280 
Thiocarbanilide, 344 
Thiocarbonic ester chloride. 360-362 
Thiocarbonyl compound: 
in thiirane synthesis, 356-362 
with diazo compounds, 356-358 
fluorinated, 358 

Thiocarbonyl ylid. 363-364 
Thiocarboxylic acid chloride, in thiirane 

synthesis, 356, 360-362 
Thiocyanate: 
with cyclic carbonates, 345 
iodine, 355 
thiirane synthesis via, 342, 355 

2-Thiocyanatocyclopntanol mcsylate, 350 
Thiocyanic acid, 107 
Thioester: 
with nitrile ylid, 304-305 
in thiirane synthesis, 356-360 

Thioglycidyl sulfide, 343 
Thioketene. 622 
Thioketone: 
in thiirane synthesis, 356 
with diazo compounds, 356-358 
fluorinated. 364 

Thiol: 
in nucleophilic ring opening of thiiranes, 

reduction of thiiranes to, 428 
420422 

Thiolacetate, alkaline hydrolysis, 348-349 
Thiolcarbonate, pyrolysis, 345-346 
2-Thiomethylthiirane: 
synthesis, 351 
from 2-haloethanethoils, 351 

Thionophosphates. 405 
Thionyl chloride, I I I 
Thiophenoxide, 116. 622. 623 
Thiophosgene. 1 I 1  
in thiirane synthesis, 360, 361 

Thiophosgene S-oxide. 603 
Thiophosphate, 42 I 

Thiopropenal S-oxide, 603 
Thiosulfate, I16 
Thiosulfinate, 493.494 
Thio-TEPA. 166 
Thiourea. 342,344 
Thiovinyl halide, 550 
Tosylate: 
from aziridine methanol, 103 
aziridine synthesis from, 12, 13 

hydrolysis of, alkaline, 248-249 
solvolysis. 163 
in synthesis of thiiranes, 248-249 

reduction with. I5 

Tosylthiocyanate, 350 
Trenimon. 166 
Triazines, 271 
Triazole: 
decomposition of. 235 
pyrolysis, 239, 24 1 

in aziridine synthesis, 52-55, 56, 57, 59-60 
from azirine reactions, 274 
photochemical decomposition, 53, 54 
preparation, 53 
thermolysis, 52, 54 

I12 

Triazolines: 

Trichloroacetaldehyde in aziridine expansion, 

Trichloroacetonitrile, 306 
Trichlorornethide ion, 261 
2-Trifluoromethylthiirene, 538 
Trimethylthiirenium ion, 548 
2,4,6-Trinitrobenzene sulfonate, 458 
Triphenylcyclopropne, 267,268 
2, 4. 5-Triphenylimidazole, 237 
I ,  2. 3-Triphenylindole, 286 
Triphenylisoquinolone, 269 
3.4, 5-Triphenylisoxazole, 23 I 
2,4, 5-Triphenyloxazole, 231 
Triphenylphospine, I5 
Trithiocarbonate, 422 

Ultraviolet spectroscopy: 
of 2-arylazirines, 219 
of aziridines, 4, 8 
of lazirines, 219, 220 
of thiirane. 390-391 
of thiirane dioxide, 51 I 
of thiirene dioxide, 575 

Urea from aziridines, 280 

Velbanamine. I10 
Vinyl azide, 584 
from azirine reactions, 275 
in azirine synthesis, 225 
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isomers of. 245 
in oxarole synthesis, 245 
thermolysis and photolysis, 225-23 I 

from carbenoid addition to imines, 72 
diborane conversion, I13 
thermal rearrangements of, 141-147 
via Wittig reaction, 99 

photorearrangement, 309-3 10 
synthesis of, 230 
thermal rearrangement. 238. 240 

Vinyl carbene, 245 
Vinylene trithiocarbonate, 539 
Vinyl halide, 226 

Vinyl aijridine, 46 

Vinyl azirine: 

Subject Index 

aziridine synthesis by nucleophilic addition 
to, 30-34 

Vinylidenethiirane, synthesis, 370-373 
Vinyl nitrene. 226 
from azirines. 237 
electrocyclization, 226 
equilibration, with azirine, 239 
intramolecular cyclization. 239, 245-246 

Vinyl phosphonium salts, 294 
Vinyl pyridine. 296 
Vinyl sultinate, 583 
Vinyl sulfone, 294 
Vinylthiacyclopropane, 432 
Vinylt hiirane: 
oxidation of, 430 
spirocyclic, 358 
synthesis, 343.370-373 

thermolysis of, 618 
via diazo compounds, 358 

Vitamin Blz synthesis, 155 

Walden inversion: 
in conversion of oxiranes. 365 
in thiirane synthesis, 345 

Water, thiirane reactions with, 418-420 
Wenker procedure. 1 I 

I I  
in aziridine synthesis from amino alcohols, 

equation for, I I 

with aziridinium salts, 177 
in synthesis of azirines, 230 

Wittig reaction, 98,99 

Wittig reagent, 98 

X-ray data: 
on aziridine, 8 
on thiirane dioxide, 51 I 
on thiirene dioxide, 572-573 

Xanthamide. 344 
Xanthate, 421-422 
Xanthogen acid anhydride, 362 

Ylid: 
from aziridine reaction with carbenes, 154 
in azirine reactions, 276 
aromethine, 39.41. 131-141. 276 
addition of, to dipolarophiles. 133 
with aldehydes. 138 
aziridine aromatization via. 140 
aziridine equilibration via. 85 
aziridine isomeril-ation via. 83. 139 
via aziridine synthesis, 78-80 
aziridine thermal rearrangements via, 143 
generation, 78 
heterocycles from, 134-1 36 
intramolecular cyclization. 141 
isomeri7ations. 139-141 
mechanistic aspects. 131-133 
reactions, 133-139 
Stevens rearrangements, I38 
synthetic applications, 133 

with carboxylic acid esters, 303, 304 
with ketones, 299 
in photochemical reactions of azirines, 314 
with unsaturated carbonyl compounds. 

benzonitrile. 276 

303 
in carbanion reactions of azirines, 261 
decomposition of. 176 
with imines, 74 
nitrile, 39, 237, 276 
alkene reactivity toward, 296 
with benzoyl chloride. 305 
with carbon dioxide. 307 
cycloadditions of. 297 
formation of. 290-291 
in intramolecular azirine 

photorearrangements, 3 10 
in nucleophilic aziridine ring opening, I16 
phosphonium, 529 
phosphorous. 139 

pyridinium. 584-585 
selenium, 434-435 
with sulfenes, reaction, 529-530 
sulfonium, 139, 529. 585 
sulfoxonium, 529 
thiiranium, 473 
thiocarbonyl, 363-364 

in synthesis of oxaraphospholincs. 232 

Zinc complexes of azirines, 315 




