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Chapter 1

INTRODUCTION

1.1 Synthesis of Azirines
Functionalized small-ring heterocycles are widely recognized as versatile and valuable
synthetic building blocks. Due to the ring strain present in these types of compounds, they
exhibit a high reactivity. The presence of reactive substituents, as well as an asymmetric
carbon atom, enhance the broad applicability of small-ring heterocycles as building blocks in
organic synthesis. While the chemistry of homochiral, functionalized epoxides1 and
aziridines2 has been extensively explored during the last decades, considerably less attention
has been paid to azirines3 1, which are three-membered heterocycles possessing a carbonnitrogen double bond. Although a high degree of instability might be expected for these
compounds, numerous examples of isolated azirines have been reported.
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The highly strained and reactive azirines have great synthetic potential, as they can be
applied for the synthesis of various heterocylic compounds via ring expansion reactions3-4 and
cycloaddition reactions3,5, as well as for the preparation of functionalized amines3 and
substituted aziridines3,4 (scheme 1.1).
A number of general methods are available for the synthesis of azirines, which will be
briefly discussed below. These methods allow the preparation of a wide variety of
functionalized azirines. However, they cannot always be used for the synthesis of homochiral
azirines and, as a consequence thereof, only few examples of optically active azirines have
been reported hitherto.
In 1932, Neber and Burghard6 observed for the first time the intermediate formation of an
azirine in the synthesis of amino ketones 4 by treatment of oxime /Moluenesulfonates 3_ with
base (scheme 1.2). This formation of azirines via the Neber reaction was confirmed 20 years
later by Cram and Hatch.7
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The synthesis of azirines via the Neber reaction has been reported occasionally. ·'
However, despite modifications of the reaction, viz. using quaternary hydrazones 6 instead of
4

10

p-toluenesulfonates 3 (scheme 1.3) "· , the Neber reaction is lacking generality, due to the
subsequent reaction of azirines under the employed conditions leading to a-aminoketones.
Nonetheless, Piskunova et al." reported the synthesis of optically active 3-amino-2#-azirines
10 using the Neber reaction. Ethyl esters of both (R)- and (S)-phenylglycine were converted
into amidoximes 8, which after acylation with mesyl chloride and subsequent treatment with
sodium methoxide yielded the (R,R)- and (S.S)-azirine 10 in an overall yield of 65% and
56%, respectively (scheme 1.4). The chiral center of the phenylglycine moiety governs the
2
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introduction of the second chiral center, in the azirine ring, and compound 10 could be
obtained in a diastereomeric ratio of 96:4. It should be noted that these amino-substituted
12

azirines constitute a special class of azirines.
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Smolinsky13 was the first to report the synthesis of 2#-azirines 1 by thermolysis of vinyl
azides 11. The same conversion could also be accomplished by irradiation.14 As vinyl azides
are nowadays readily available, thermolysis or photolysis of 11 is an attractive method for the
preparation of azirines (scheme 1.5).3,15 The irradiation reaction is more favorable, as this
reaction can be performed at low temperatures, thereby preventing polymerization of the
azirines 1. In most cases, this preparation of azirines is accompanied by the formation of
small amounts of ketenimines 12, which are the product of a Curtius-type rearrangement16.
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The details of the mechanism of the conversion of vinyl azides 11 into 2#-azirines 1 have
been discussed.3,15* A plausible mechanism involves the formation of an intermediate vinyl
nitrene 13 formed by extrusion of nitrogen (scheme 1.6, route a). This vinyl nitrene then
cyclizes to the azirine 1. It is possible that these two steps actually occur in a concerted
manner (route b). Alternatively, the azide may first cyclize to triazole 15 (route c).
Subsequent loss of nitrogen would then result in the azirine.

3

/1=сн 2
11

15
scheme 1.6
Another route toward 2#-azirines involves the photolytic or thermolytic conversion of
isoxazoles 16 (scheme 1.7).17 The photolysis or thermolysis of amino-substituted isoxazoles,
for instance, leads to 2-amino-l-azirines." The photochemistry of this reaction is strongly
depended on the wavelength. Irradiation at 254 nm resulted in a 82% conversion into azirine
17. whilst irradiation at wavelengths greater than 300 nm led to recovery of the isoxazole 16.
The thermolytic conversion has to be performed at relatively high temperatures (~ 200°C). It
is assumed that at these temperatures the azirine and the isoxazole are in equilibrium.
Although several azirines have been prepared in moderate yields by this thermolytic reaction
of 16, the required high temperatures may cause severe decomposition.
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scheme 1.7
Not only isoxazoles, but also oxazaphospholines 18 can be converted thermolytically into
the corresponding azirines 1, thereby eliminating triphenylphosphine oxide (scheme 1.8).19
The oxazaphospholines 18 are obtained by the addition reaction of nitrile oxides to
phosphorous ylides. This method is therefore restricted by the availability of both nitrile
oxide and phosphorous ylide. Furthermore, the presence of electron-withdrawing groups on
either one of these compounds, lowers the yields of azirine 1 considerably, due to the
instability of the intermediatefive-memberedheterocycles 18.
4

Introduction

R

N

2

N'° PPh3
. . .
a

Rl

Λ
^ г - і .^2

A

A

Ri

R*
'3
18
scheme 1.8

1

+

p h 3 p o

R,
^3

20

Hassner and Alexanian developed an alternative route to prepare oxazaphospholines 18.
starting from α-bromo ketoximes 19 (scheme 1.9). This method allows the synthesis of 2Яazirines with specific labeling (e.g. deuterium) at the 3-position.
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The reaction of "methylene transfer" reagents with nitriles offers a direct approach to 2Hazirines. Despite the simplicity of this method, only a few examples have been reported so
far. The reaction of dimethyloxosulfonium methylide 22 with benzonitrile gave 2-phenyl-lazirine in a poor yield (scheme 1.10).21 On the other hand, the addition of a phosphinocarbene
23 to benzonitrile gave the exotic azirine 24 in an isolated yield of 85% (scheme 1.11 ). 22
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Except for the Neber reaction, none of the above-mentioned azirine syntheses allow for
the synthesis of optically active compounds. Heimgartner and coworkers tried to develop an
asymmetric version of the preparation of azirines from vinyl azides using a chiral auxiliary
(scheme 1Λ2).23 No chiral induction was observed, but the diastereomeric mixture of product
26 could be separated into the isomers 26a and 26b by chromatography, in yields of 21% and
26%, respectively.
1)COCI2
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3) NaN3

lïp
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scheme 1.12
Alternatively, the chiral center can be introduced after azirine formation (scheme 1.13).
The enantioselective esterification of azirinylmethanol 27 with anhydrides in the presence of
the chiral base brucine led to the chiral azirines 28 in moderate yields (41-79%).24 The
enantiomeric excess amounted to 24% for azirine 28 with R=CHj. Higher enantioselectivities
(up to 97%) were obtained by the lipase-catalyzed kinetic resolution of compound 27 at low
temperatures.25
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1.2 Synthesis of Optically Active 2Я-Агігіпе-2-СагЬоху1іс Esters
Optically active 2Я-агігіпе-2-сагЬоху1іс acids 1 (R3=C02H) and esters 1 (Rj=C02R*) are
of particular interest as they form an entrée to non-protein amino acids26, functionalized
aziridine esters27 and ring expansion products2*. Moreover, azirinomycin 2929, disydazirine
3030,31, and the (Z)- and (£)-isomers of antazirine 3126 are naturally occurring antibiotics,
containing the azirine ester moiety; the first-mentioned compound was isolated from
Streptomyces aureus and the latter two from the marine sponge Dysidea fragilis. Despite
these interesting features, only few routes to 2Я-агігіпе-2-сагЬоху1іс esters have been
reported. Moreover, most of these routes result in the synthesis of racemic compounds.

Br

H
(R)-disydazirine 30

COOH
(S)-azirinomycin 29

C02Me
(4E)-(S)-antazirine 3J.

figure 1.1
The most common method for the preparation of azirines, viz. the photolysis or
thermolysis of vinylazides, can also be applied for the synthesis of azirine-2-carboxylic
esters. Both 2Я-агігіпе esters 33a and ЗЯ-azirine esters 33b are accessible, startingfromthe
appropriate vinylazide 32 (scheme 1.14).,41Sb-2eb-32
R
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scheme 1.14
Alternatively, azirine-2-carboxylic esters can be obtained starting from isoxazoles 34,
which thermally2303 or photochemically lead to the formation of 33. This method has not
been used for synthetic purposes, mainly because the transformation has only been achieved
at high temperatures. This gives rise to various side reactions, thereby producing the desired

7
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azirines in only low yields. Better results (yields 87-100%) are obtained by the palladiumcatalyzed rearrangement of the isoxazole ring, using hydrogénation methods (scheme 1.15)."
R

R

'

,N

34

33
scheme 1.15

Both methods mentioned above, however, do not allow the preparation of single
enantiomers of the target compounds. Recently, elimination reactions of TV-substituted
aziridine-2-carboxylic esters were successfully used for the preparation of azirine esters 33 of
high enantiopurity. Davis et al. used chiral, non-racemic c/s-N-sulfinyl aziridinecarboxylic
esters 36, which could be obtained via a Darzens-type reaction55 of sulfinimine 35 with
methyl bromo-acetate, as a precursor in the azirine synthesis.36 ß-Elimination of sulfenic acid
from 36, using LDA as a base, afforded (S)-(+)-azirine 33a (R=Ph) with an ее higher than
95%, in a yield of 50%. Davis et al. did not observe the formation of 33b. which would arise
from the abstraction of the more acidic α-proton. They ascribed the failure of producing these
aziridine α-anions to ring strain and stereoelectronic effects.
OMe

/'
рТоГ

,H

» v A q j

1} L D A

H

35

/ад/le

\

ι
S(O)pT0l
36
scheme 1.16
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Using this strategy, Davis et al. synthesized (R)-(-)-disydazirine 30 in 42% yield.
However, attempts to prepare the methyl ester of azirinomycin 29 failed. Furthermore, the
preparation of the optically active aziridine precursor 36 is rather lengthy and the yields of the
individual steps are only moderate.
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1.3 Background and Aim of Research
In the Department of Organic Chemistry of the University of Nijmegen an extensive
research program is ongoing concerning the synthesis and reactions of functionalized smallring heterocycles, such as epoxy ketenes 37". epoxy acyl azides 3838, epoxy isocyanates 3938.
epoxy sulfones 4P39 and especially epoxy diazomethyl ketones 41 40 and aziridinecarboxylic
esters 4241. Compounds 41 and 42 are readily accessible with high enantiopurity from allylic
alcohols using the Sharpless epoxidation method42 (scheme 1.19).
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The synthetic value of epoxy diazomethyl ketones 41 was demonstrated by the total
synthesis of several naturally occurring (macro)cyclic lactones, such as colletallol43,
aspicilin44, pyrenophorol43, the macrocyclic subunit of cytochalasin B46, patulolide C47,
isopatulolide C47 and muricatacin48.
The versatility of the aziridine-2-carboxylic esters was demonstrated by their conversion
into a- as well as ß-amino acid derivatives via ring-opening reactions49, and their
transformation into 3-amino-pyrrolidin-2-ones 4450 (scheme 1.17) and functionalized
cyclopropanes 46s ' (scheme 1.18). Furthermore, aziridinecarboxylic esters have proven to be
useful precursors for the preparation of catalysts in the asymmetric reduction of ketones."

СбНв

Ts
I
/Ν

Ts
I
NH

CeH^

О

NaOEt/EtOH

/
ЕЮгС

EtOîCL/NH

Τ

COzEt
43

С
Ν
н

44

scheme 1.17

Chapter 1

H,.,

TS
I
^N

BuMgBr, 10mol%CuCN_

C0 2 Et

CeH

CeH-в

C0 2 Et
45

scheme 1.18
The studies on the reactions of aziridine-2-carboxylic esters 42, also involved their
conversion into the unsaturated counterpart, viz. the azirinecarboxylic esters 33. Some years
ago a synthesis of racemic azirinecarboxylic esters 33 from the corresponding aziridines 42
by a two-step process, involving N-chlorination and subsequent dehydrohalogenation
(scheme 1.19, bottom line), was described by the Nijmegen research group." This route can
be applied for the synthesis of optically active 2#-azirine esters 33, as the starting materials
42 can be obtained in high enantiopurity starting with a Sharpless epoxidation of allylic
alcohols 47 (scheme 1.19). Unfortunately, the yield in the dehydrohalogenation step was
rather low (9-39%). This route is also less attractive because of its length.
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scheme 1.19
A recently discovered, remarkable synthesis of optically active azirine esters 33 from
aziridine esters 42 makes use of the Swem oxidation54, which in essence is a base-induced
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.ry/j-elimination reaction of ЛГ-dimethylsulfonium intermediates 53 (scheme 1.20).55 This
method can be applied starting from the trans- as well as the c/s-aziridine esters, leading in
both cases to 2#-azirinecarboxylic esters 33a in good yields (up to 86%) and without loss of
optical purity. In neither case, a sign of the isomeric ЗЯ-azirine esters 33b with the imine
function in conjugation with the ester group, was observed. The length of the synthesis of the
precursor 42, however, still remains a drawback for general application of this method for the
synthesis of homochiral azirinecarboxylic esters.
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53
scheme 1.20
So far, the scarce studies concerning the synthesis of optically active azirine-2-carboxylic
esters 33, all involve elimination reactions of appropriately JV-substituted aziridine-2carboxylic esters.36,53,55

In all cases the azirine esters were obtained in moderate overall

yields, which was partly due to the many reaction steps necessary to prepare the TV-substituted
aziridines. A shorter route toward these precursors would improve the versatility of this route
to azirine-2-carboxylic esters.
The synthesis of aziridinecarboxylic esters 42, via a Darzens-type reaction may fulfill this
requirement. The Darzens reaction is commonly used for the synthesis of epoxides and
56

involves the reaction between an α-halo ester and an aldehyde or a ketone. By applying
57

5

59

chiral auxiliaries , chiral phase-transfer catalysts ' or enzymes , the Darzens reaction has
been used for the synthesis of optically active glycidic esters. Only recently, the reaction has
been applied to the synthesis of non-racemic aziridine esters.35,60
In preliminary studies, the reaction of α-halo esters 54 with benzalaniline 55 was
investigated (scheme 1.21). When the reaction was performed with potassium carbonate as
the base, the aziridine esters 56 were obtained in moderate yields (54-79%) with a poor
cisltrans selectivity. Better selectivity was obtained when chelating bases such as lithium
diisopropylamide (LDA) and lithium bis(trimethylsilyl)amide (LiHMDS) were used. The
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yields, however, were still disappointing (48-65%). Moreover, the reaction probably will be
limited to aryl-substituted imines.61 Because of these drawbacks, this method was not further
elaborated to an asymmetric Darzens reaction.
o
P!

Ph
+

N

base „

Η,

л

54a R=H. R'=Et
54b R=H, R'=fBu
54c R=CI, R'=Et

N
OR'
56

55

Ph
Ph,

N
OR'
56;

scheme 1.21
The aim of the research described in this thesis is the development of a short route to
optically active 2#-azirinecarboxylic esters 33 from readily available starting materials and
the exploration of the chemistry of these small-ring heterocycles. The Neber reaction could
provide an attractive alternative route towards 2#-azirinecarboxylic esters. As mentioned
earlier (see schemes 1.3 and 1.4), this reaction may be used for the synthesis of azirines after
appropriate modification. Due to the subsequent reaction of azirines, however, it is lacking
generality and the synthesis of azirine-2-carboxylic esters 33 by this method has not been
reported so far.

1.4 Outline of this Thesis
In the introductory chapter, a survey is given about the synthesis and chemistry of
azirines, especially azirinecarboxylic esters.
Chapter 2 deals with a new route toward 2Я-агігіпесагЬоху1іс esters based on the Neber
reaction, starting from readily available ß-keto esters.
It was found that the use of alkaloid bases led to an asymmetric version of the Neber
reaction.62 The optimization studies, resulting in the preparation of the azirine esters in high
optical purity, are described in chapter 3.
Chapters 4 and 5 are devoted to the reactions of azirine esters and successively deal with
the reduction of azirine esters to the corresponding aziridinecarboxylic esters and the
acylation of azirine esters leading to the initial formation of 3-halo-aziridine esters, which are
prone to give ring opening to 3-halo-vinyl amino esters.
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In chapter 6 the scope of the Neber reaction is broadened by its application to the
synthesis of 2-sulfonyl-2#-azirines and 2-sulfinyl-2H-azirines.
Summaries in English and Dutch conclude this thesis.
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SYNTHESIS OF AZIRINECARBOXYLIC ESTERS VIA
A MODIFIED NEBER REACTION

2.1 Introduction
2#-azirinecarboxylic esters 1 are important synthetic intermediates which can be applied
in the synthesis of interesting compounds such as non-natural amino acids1 and various
aziridines1·2. Furthermore, the naturally occurring 2Я-агігіпесагЬоху1іс esters azirinomycin3
(L R=Me, R'=H, R"=H) and dysidazirine4 (1, R=trans H-C I 3 H 2 7 CH=CH, R'=H,R"=Me),
having an asymmetric center in the heterocyclic ring, possess antibiotic and cytostatic
activity. Several routes to azirinecarboxylic esters have been reported. However, these are not
suitable for the synthesis of optically active products5, or they involve many reaction steps,
thereby resulting in a modest overall yield6. Therefore, a study of a short synthesis of
azirinecarboxylic esters 1 from readily available starting materials was undertaken. Prompted
by a paper of Mattay et al.\ who used the Neber reaction to prepare azirines as a key
intermediate in the synthesis of porphyrin systems, the question arose whether this reaction
could be utilized for this purpose.
О

R'
1
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2.2 The Neber Rearrangement
In the Neber rearrangement* α-amino ketones 3 are formed by treatment of sulfonate
esters of ketoximes 2 with a base. Neber and Burghard' were the first to suggest that this
rearrangement proceeds via an azirine intermediate. This was confirmed by Hatch and Cram10
after extensive studies. The mechanism of the Neber rearrangement is depicted in scheme 2.1
and comprises three steps, the last one being the hydrolysis of an imine. The first two steps,
viz. proton abstraction and ring formation (route a), are possibly concerted. Alternatively, the
ring contraction step may involve two steps, i.e. loss of a sulfonate ion to give a nitrene,
followed by formation of the azirine intermediate (route b).
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scheme 2.1
The major product of the Neber rearrangement is determined by the relative acidities of
the α-protons when two distinguishable methylene groups are present and not by the
stereochemistry of the oxime." Both geometrical isomers of the O-tosyl ketoximes are
converted to the same α-amino acid. The Neber rearrangement cannot only be performed
with tosyl substituted ketoximes but also with quaternary hydrazones.12
By proper modification the Neber reaction can be used for the synthesis of azirines.13
Piskunova et al. '""described the first synthesis of optically active azirines using this reaction.
However, due to subsequent reactions, which are a consequence of the reaction conditions
commonly used, the Neber reaction cannot generally be used for the synthesis of azirines.
The synthesis of 2Я-агігіпесагЬоху1іс esters using this method has hitherto not been reported.
The aim of the investigations

described in this chapter is the synthesis of

azirinecarboxylic esters using a modified Neber reaction as the key step. Starting from ß-keto
esters 4 and a-keto esters 8 it was assumed to be possible to obtain 2Я-агігіпесагЬоху1іс
esters 1 and ЗЯ-azirinecarboxylic esters 7, respectively, as depicted in scheme 2.2 in a
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retrosynthetic manner. In case of the synthesis of 1, the methylene proton of the precursor is
doubly activated, implying that the reaction may be performed under mild conditions, thereby
allowing the isolation of the azirine compound.
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2 3 Synthesis of Tosylated ß-Ketoxime Carboxylic Esters: the Precursors of 2HAzirinecarboxylic Esters in the Neber Reaction
ß-Keto carboxylic esters 4 are the principal starting materials for the target compounds 1.
These esters are readily available starting materials.15 The Claisen condensation16, i.e. the
condensation of esters containing an α-hydrogen, is the most commonly used method for the
synthesis of 4. However, the yields are often unsatisfactory and several more sophisticated
methods17,1819 have been developed. The ß-keto esters used for this study are commercially
available with the exception of ethyl З-охо-4-phenyl butanoate 4e (R=CH2Ph, R'=H, R"=Et)
and tert-butyl acetoacetate 4c (R=Me, R'=H, R"=fBu).
Two routes were tried for the synthesis of 4e (scheme 2.3). The first one17 involves the
reaction of monoethyl malonate 1220 with phenylacetyl chloride 1421 via the in situ generation
of the dilithium salt of 12 using two equivalents of и-butyllithium. Alternatively, 4e can be
prepared

by the SnCl2-catalyzed condensation of ethyl

diazoacetate 16 with

phenylacetaldehyde 15."* The last-mentioned method is the method of choice, as the reaction
can be performed more easily and more cleanly.
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Most methods, including the ones used for the synthesis of 4e, are limited to the
synthesis of ß-keto esters with R"=ethyl. For the synthesis of /erf-butyl acetoacetate 4c
therefore the method of Oikawa et al.I8a was used, which allows modifications in the ester
substituent. Acylation of Meldrum's acid 17 (2,2-dimethyl-l ,3-dioxane-4,6-dione) with acetyl
chloride resulted in the formation of 19, which readily underwent solvolysis with terf-butyl
alcohol (scheme 2.4).
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scheme 2.4
Most ß-keto esters 4 could be smoothly converted into the ketoxime tosylates 6 using a
simple two-step procedure (scheme 2.5). Oximation with hydroxylammonium chloride in the
presence of sodium hydroxide afforded the intermediate ketoximes 5 as a mixture of E- and
Z-isomers. These compounds have to be tosylated immediately after their preparation as
otherwise the competing formation of isoxazolones 20 takes place via an intramolecular ringclosure reaction22 (scheme 2.5). This side reaction may be the cause of the moderate yields of
the two-step procedure (table 2.1). Only ketoxime tosylate 6c was obtained in good yield.
Due to the presence of the bulky tert. -butyl group the oxime is probably forced into the Eform 5, thereby preventing ring closure. On the other hand, the ketoxime of the ß-phenyl-ß-
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keto ester 5f could not be obtained at all. Variations in reaction conditions only led to the
isolation of starting material 4f, isoxazole 20 or a mixture of these two products.
The oxime tosylates 6 are mostly obtained as an inseparable mixture of E- and Z-isomers.
Only 6c could be separated into its invertomers by fractional crystallization of the £-isomer
6c. During the recrystallization process, the ratio of 6c to 6c' increases, indicating a dynamic
equilibrium between the two invertomers, that is directed towards the crystallizing isomer 6c.
Due to the existence of this equilibrium, both E- and Z-ketoximes are converted into the same
product in the Neber reaction" and therefore no elaborate efforts were made to separate the
two invertomers.
The stereochemistry of the two invertomers could be deduced from their NMR-spectra.
As the proximity of the 0-tosyl function results in a greater deshielding than the proximity of
the unshared pair of electrons at the nitrogen atom23, the chemical shift of the C 2 -protons of
the £-isomer 6 is shifted upfield in comparison with the C2-protons of the Z-isomer 6'.
Accordingly, the C4-protons of 6 are shifted downfield when compared with the C 4 -protons
of 6'. On the basis hereof the ¿-configuration was assigned to the major isomer (table 2.1).
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Table 2.1 Synthesis of'tosylated ß-ketoxime esters 6
e)
6 :6'
R
R'
R"
yield 6
a)
a
Me
H
Me
79%
2:1
2:1
b
Me
H
Et
72%"
b)
2:1
с
Me
H
rBu
92%
a)
60%
1:2
d
иРг
H
Et
e
CHjPh
H
Et
6 3 % *>
1:2
.«>
f
Ph
H
Et
d)
g
Me
Me
Et
66%
a) mixture of 6 and 6'; b) sum of yields of 6 and 6'; с) no product formed; d)
only one isomer formed; configuration not established; e) determined by the
chemical shift of the CH2-protons.
The yields in the synthesis of 6 are capable of improvement. Furthermore, 6f could not be
obtained using the two-step procedure, depicted in scheme 2.5. Both problems are the
consequence of the formation of isoxazoles 20 and may therefore be circumvented by direct
introduction of the N-O-tosyl group in ß-keto esters 4. Conceivably, this might be
(TSH)24. However, this

accomplished by the use of O-p-tolylsulfonylhydroxylamine

compound is extremely unstable and known to decompose vigorously. Therefore, this
possibility was rejected. In situ preparation of TSH led to the formation of oxime tosylate 6b
when the reaction was performed as shown in scheme 2.6. Following the successive addition
of two equivalents of pyridine and tosyl chloride to hydroxylammonium chloride, the reaction
mixture was stirred for one hour to allow formation of TSH. Subsequent addition of ethyl
acetoacetate 4b gave compound 6b. Unfortunately, the yield was rather disappointing (41%).
Moreover, when this procedure was applied to the synthesis of 6f (R=Ph), no reaction was
observed. It is possible that the tosyl group was introduced at the nitrogen atom instead of the
oxygen atom, leading to the formation of HO-NHTs, which would not react with the ß-keto
ester.
1) pyridine (2 equiv.)

2)TsCI
NH,OH.HCI

3)4

T Q

ISL

4,

о

R - ^ ^ O E t
6b R=Me
6f R=Ph
scheme 2.6

An alternative to TSH is the stable and easy accessible
bis[trimethylsilyl]-hydroxylamine 22.

25

O-tolylsulfonyl-JV^-

Reaction of hydroxylammonium chloride with two

equivalents of chlorotrimethylsilane in the presence of ethylenediamine gave Ν,Οbis[trimethylsilyl]-hydroxylamine 21. 2 6 Metallation with и-butyllithium and coupling with
22
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tosyl chloride afforded 22. Unfortunately, treatment of ethyl 3-oxo-hexanoate 4d with 22 led
to a complex product mixture, that did not contain any detectable amount of 6d (scheme 2.7,
route A). The alternative procedure B, described by Hoffman and Buntain ,2' differs only in
order of the reactions. Reaction of ß-keto esters with 21 leads to an oximate anion via a
Peterson-type reaction, which then can be trapped with tosyl chloride (scheme 2.7, route B).
Using these conditions, the disappearance of the ester function was observed, but again it
was not possible to obtain the desired product 6b.
Munwuri
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N H 2 U H . H U ethyienediamine

+
Me3SiCI
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**
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pN'
jjj

. 0v. I
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—SL

pN'
¿j

.0.

Ns

I
21 54%
1)NaH
route В > <x 2 ) 4 b
'

3)TsCI

22 69%
) ( 4d
N

'

и

M

TsCL·

TsCL·
6b
scheme 2.7

6d

As mentioned in section 2.2, quaternary ammonium salts are an alternative for oxime
tosylates 6 as precursor in the Neber reaction.12 3-Phenyl azirines, for which the tosylated
precursors are not accessible, might be available using these precursors. Attempts to
synthesize quaternary ammonium salts of ß-keto esters 25 is depicted in scheme 2.8. Reaction
of 4b with dimethylhydrazine 232B led to the formation of hydrazone 24 in a yield of 73%,
after purification. Boiling point and spectral data29 of 24 are in accordance with literature
values. To create a good leaving group at the nitrogen atom, hydrazone 24 has to be converted
into hydrazonium salt 25. The use of standard pгoceduгesl2,2, for this conversion, i.e. reaction
of 24 with excess methyl iodide, did not lead to the formation of 25. Although isolation and
identification of products was not possible, the NMR-spectrum of the crude mixture revealed
the disappearance of the ester function. The methylation reaction may fail, due to the
occurrence of hydrazone-enehydrazine tautomerism of 24 (scheme 2.8). Acetoacetic ester
dimethylhydrazone 24 exists, due to this tautomeric equilibrium, mainly in the enehydrazine
form 24' 29 , thereby interfering with hydrazonium salt formation.
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As all methods mentioned above, failed to give substrates bearing an aromatic substituent,
only the behavior of substrates with alkyl substituents could be studied using the Neber
reaction. The results of these studies are described in the next section.

2.4 Synthesis of 2//-Azirinecarboxylic Esters via a Modified Neber Reaction
The Neber rearrangement8 involves the conversion of oxime tosylates into α-amino
ketones under basic conditions via azirine intermediates. The presence of two electronwithdrawing groups at the methylene carbon atom of 6 allows the reaction to take place under
mild conditions, thereby permitting the isolation of azirinecarboxylic esters 1. Several bases
were screened for the synthesis of lb via the Neber reaction. Non-nucleophilic bases like
potassium terf.-butoxide (KO/Bu), lithium bis(trirnethylsilyl)amide (LiHMDS), sodium
hydride (NaH) and triethylamine (E^N), are preferred, as subsequent reactions of the threemembered ring have to be avoided. The behavior of the nucleophilic sodium ethoxide
(NaOEt), which is a commonly used base in Neber reaction, was also examined.
Reaction of 6b with one equivalent of KOfBu or LiHMDS in THF at -78°C did not lead to
the desired azirine compound (table 2.2, entry 1 and 2), although neutral work-up procedures
were applied to avoid disintegration, in case the azirine ester had been formed. These strong
bases probably cause decomposition and a complex product mixture resulted. Identification
and isolation of products was not possible, but the NMR-spectrum of the crude reaction
mixture revealed that the ester function was no longer present. The same problem arose when
NaOEt was used as the base (entry 3), although the ester function remained, at least partially,
intact. One of the products might be aziridine 26, as a result of attack of the ethoxide anion at
24
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the azirine ringl№ (scheme 2.9). Moreover, in all three cases mentioned above, occurrence of
the Neber rearrangement to the corresponding amino keto ester cannot be excluded.
TsO„.

JUL — ^ L ^
6b

lb

^xrL
26

scheme 2.9
Promising results were obtained when NaH (entry 4) was used for the elimination of the
tosylate group from ketoxime 6b. Comparison of spectral data with literature values5',
showed that the azirine ester lb was indeed formed. Unfortunately, the use of NaH for the
conversion of 6b into l b led to the formation of several other products as well. Although
these impurities were only present in small amounts, it turned out to be very difficult to
obtain the pure azirine compound lb

either by bulb-to-bulb distillation or by

chromatography.
This problem did not occur when one equivalent of Et3N was used. The reaction
proceeded very cleanly, as thin-layer chromatography (TLC) as well as an NMR-analysis of
the crude material only indicated the presence of azirine ester lb beside some remaining
starting material. Purification of the azirine ester was easily accomplished by straightforward
bulb-to-bulb-distillation at 75°C in vacuo and yielded 64% of lb. After correction for the
incomplete conversion of 6b, the yield was 77%.
In view of the results obtained with triethylamine, several other tertiary amines were also
tested as a base in the Neber reaction. Aromatic amines like pyridine and 2,6-lutidine 27
proved to be too weak a base and the starting material was recovered completely. The use of a
large excess of pyridine, by performing the reaction in pyridine as the solvent did only lead to
the formation of a small amount of azirine ester lb. In addition, several side-products were
obtained and the NMR-spectrum of the crude material was very complex.
The

bicyclic

bases

l,5-diazabicyclo[4.3.0]non-5-ene

(DBN)

28

and

1,8-

diazabicyclo[5.4.0]-undec-7-ene (DBU) 29 gave slightly better results. Although complete
conversions of substrate 6b were achieved using shorter reaction times, for inexplicable
reasons, the yields were rather disappointing. Only the use of l,4-diazabicyclo[2.2.2]octane
(DABCO) 30 led to similar results as the use of Et3N and azirine l b was obtained in 67%
yield.
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Table 2.2 Screening of bases in the synthesis ofazirine ester lb via the Neber reaction
base
solvent
temperature reaction time
yield"
1
THF
J»
KO/Bu
-78°C
lh
J>>
2
THF
LiHMDS
-78°C
lh
-b)
3
NaOEt
EtOH
0°C
2.5h
4
NaH
THF
-78°C
3h
80%c)
Et3N
CHjClj
rt
64%
5
5h
-Ό
6
pyridine
CH2C12
rt
6h
7
pyridine
pyridine
rt
6h
19%
8
2,6-lutidine 27
toluene
rt
24h
J)
DBN,28
CH2C12
rt
3h
9
22%
10
CH2C12
DBU.29
rt
5h
48%
11
DABCO, 30
CH2C12
rt
5h
67%

Λ φ Q¡ «β
27

28

29

30

a) after purification; not optimized; b) no isolation and identification of products possible; c) not pure;
d) complete recovery of starting material.

The ketoxime tosylates 6 with R'=H could all be smoothly converted into 2Hazirinecarboxylic esters 1 using triethylamine as the base, in yields rangingfrom64% to 82%
after purification by distillation (table 2.3). All products show the characteristic IR-absorption
at approximately 1795 cm"1 of the C-N double bond5c. In general, the yields decreased with
reduction of the molecular weight of the products. This is due to the increased solubility in
water and the higher volatility of these compounds, resulting in some loss of material during
work-up and purification. As compound 6b could be separated into its invertomers, both Eisomer 6c and Z-isomer 6c' were converted into azirine lc (entry 3 and 4). Both isomers gave
l ç in a comparable yield of about 75%. Competition experiments involving the use of only
0.5 equivalent of base for the conversion of a mixture of 6c and 6c' showed that the ratio of
6c to 6c' remained unchanged during the reaction. This finding supports the assumption" that
the two invertomers are in a dynamic equilibrium under the conditions used.
Ketoxime tosylate 6g could not be converted into the corresponding azirine ester lg with
triethylamine. Due to the presence of the methyl group at the R'-position, the acidity and
accessibility of the α-proton is reduced, thereby precluding proton abstraction with Et3N. The
use of NaH as the base led to recovery of starting material 6g. It was therefore necessary to
26
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employ stronger bases. The use of KO/Bu and LiHMDS indeed led to the formation of azirine
ester lg, but in substantial lower yields of 59% and 21%, respectively. Unlike reported
previously for compound l b (see table 2.2), the conversion of 6g into lg with KOfBu
proceeded rather neatly and the formation of side-products was negligible. The use of
LiHMDS, on the contrary, led again to the formation of some unidentified products in
addition to the azirine ester lg. This accounts for the lower yield of l g when LiHMDS was
used in the Neber reaction

V
II

R'

*·

II
4

R"

м

и

R'
R'
1
•Ые2.3 Thesynthesis6 of azirine esters 1[ via the Neber reaction
R"
base
substrate
R
R'
yield
Me
EtjN"
64%
1
6a
Me
Η
64%
2
6b
Me
Η
Et
EtjNa)
72%
6c
Me
Η
fBu
EtjN*'
3
iBu
EtjN"
75%
4
6c'
Me
Η
6d
η?τ
Η
72%
5
Et
EtjN*
6e
CHjPh
Η
Et
Et3Na)
82%
6
-c>
Et
EtjNa)
7
Me
Me
6g
b>
-c)
CH3
СИ,
C2H5
NaH
8
6g
b)
CH3
C2H5
KOíBu
59%
9
CH3
6g
CH3
C2H5
LiHMDSb)
10
CH3
г\°/<Р
6g
a) in dichloromethane at ambient temperature; reaction time 6h; b) in THF at -78°C and
under N2; reaction time lh; c) complete recovery starting material; d) not pure.

2.5 Two-Step Procedure for the Synthesis of Azirine Esters
In the two preceding sections a three-step synthesis of azirine-2-carboxylic esters 1 via the
Neber reaction has been described. A serious drawback of this route is the necessity to purify
the intermediate ketoxime tosylates 6 (which are obtained as oils) by chromatography. This
hampers the multigram synthesis of azirine-esters 1. To circumvent this problem, studies
were undertaken to shorten the route depicted above to a two-step procedure. As both
tosylation and dehydro-sulfonation take place under mildly basic conditions, these two steps
may be combined.
After the oximation step, oxime S was dissolved in dichloromethane and tosyl chloride
and two equivalents of triethylamine were added successively to the reaction mixture (scheme
27
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2.10). The base had to be added carefully, because the reaction proceeded exothermically. As
already stated in section 2.3, tosylation had to be performed immediately after oxime
formation to avoid an intramolecular ring-closure reaction.

II
II
гГ^-'^ОВ
4bR=Me
4d R=nPr
4e R=CH2Ph

NH2OH.HCI
NaOH
MeOH/H20

H 0

TsCI
^ N
Et3N (2 equiv.)
II
II
CH2CI2
iTN^OH

0

R^J^OEt
1b 57%
I d 23%
1e 65%

scheme 2.10
Compounds lb and Id could easily be separated from the reaction mixture by distillation
in vacuo yielding the pure azirines as colorless oils in 57% and 23% yield, respectively.
These yields were only moderate, although comparable with the overall yields in the threestep procedure. This was mainly due to exposure of the azirine to heat for prolonged times
during distillation. Decomposition of the azirines under these conditions resulted in the
formation of a considerable amount of tar residue. This problem was insurmountable in the
purification of the benzyl derivative le. The higher boiling point of this product did not allow
purification by distillation. Hardly any product could be isolated due to severe decomposition
of the azirine ester and therefore, purification had to be accomplished by chromatography,
yielding 65% of le.
Although the yields in the two-step synthesis of azirine-carboxylic esters 1 are moderate,
the products can be obtained more conveniently. Furthermore, this route permits the synthesis
of multigram quantities of 1, which can be stored for several years in the refrigerator without
any trace of deterioration.

2.6 Attempted Synthesis of ЗЯ-AzirinecarboxyIic Esters via the Neber Reaction
Whereas several routes are known toward 2Я-агігіпесагЬоху1іс esters l 5,6 , the synthesis
of the isomeric ЗЯ-azirinecarboxylic esters 7, with the double bond in conjugation with the
ester group, can only be achieved by thermolysis or photolysis of vinylazides. Even the
dehydro-elimination of N-substituted aziridinecarboxylic esters6 does not lead to the
formation of 7, even though this implies the abstraction of the more acidic proton. However,
the formation of aziridine-enolates is hampered due to ring strain and stereoelectronic effects,
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thereby excluding the formation of ЗЯ-azirine esters.61 It is therefore worthwhile to examine
whether the Neber strategy can be used for the synthesis of azirine esters 7.
For the synthesis of ЗЯ-azirinecarboxylic esters via the Neber reaction α-keto esters are
the required starting materials. Just like ß-keto esters, α-keto esters are readily available,
either commercially or by simple straightforward synthesis, e.g. conversion of ß-keto esters
into α-keto esters30, reaction of ct-azido esters with a catalytic amount of lithium ethoxide,
followed by hydrolysis of the initially formed dehydroamino esters31 or by conversion of 1,3dithiones32. The commercially available α-keto esters ethyl pyruvate 8a and ethyl 2-oxo-4phenyl-butanoate 8b were used in these studies. The a-ketoxime tosylates 10 could be
obtained in a similar fashion as ß-ketoxime tosylates 6 in yields of 72% and 53%,
respectively, as single isomers (scheme 2.11). Unlike the ß-ketoximes 5, it was possible to
obtain the intermediate a-ketoximes 9 as stable, crystalline compounds. The occurrence of an
intramolecular ring closure reaction is unlikely, as this would lead to the formation of highly
strained four-membered heterocycles.

О
N
FU. JL
.OEt
^ ^ >T

H 0

NH2OH.HCI,
KOH
».
MeOH/H20

^N
TsCI,
||
pyridine
FU.
JL
.OEt —
».
v
^ >T
CH2CI2

О
8a R=H
8b R=CH2Ph

о
9a 98%
9b quantitative
TsfX

F4

II

base

-^v

oEt

о

N

—x-*· J > Y o E t

10a 72%
10b 53%
scheme 2.11

R

7a
7b

о

The bases that gave the best results in the synthesis of 2#-azirinecarboxylic esters 1, i.e.
EtjN, DABCO and NaH, led only to the recovery of starting material, when used for the
conversion of 10a. This can be accounted for by the decreased acidity of the α-protons of 10
compared to 6, as a result of the presence of only one electron-withdrawing group adjacent to
the methylene group concerned. The use of the stronger bases LiHMDS or KOiBu in the
elimination reaction led to a partial conversion of 10a. but it was again not possible to isolate
or identify any of the products formed. This may be due to the water sensitivity or to the
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volatility of these products. The conversion of ketoxime tosylate 10b was expected to lead to
the formation of more easily obtainable products. Unfortunately, the results were much the
same as described above. The use of Et3N as the base led to complete recovery of the starting
material, whilst the use of KO/Bu led to the formation of unidentified products. However, the
IR-spectrum of the crude material in the latter case clearly revealed the presence of a nitri le
group (2250 cm"1). This can be accounted for by a Beckmann fragmentation reaction of the
ketoxime tosylate 10b under the conditions used (scheme 2.12). The Beckmann
fragmentation reaction of the oximes of α-οχο-carbonyl compounds, such as a-diketones33
and a-keto acids34, is well documented in the literature.

TsCL

τ

OEt

Ph
10b

OEt

31
C 0 2 + C2H4 + №

scheme 2.12
The results described above show that it is not possible to synthesize ЗЯazirinecarboxylic esters 7 via a Neber reaction. The use of tertiary amines or NaH as the base
leads to a complete recovery of starting material, whereas the use of stronger bases leads to
the formation of a complex reaction mixture, in which, amongst others, the Beckmann
fragmentation products are present.

2.7 Attempted Synthesis of Azetidine-2-CarboxyIic Esters via the Neber Reaction
In order to examine the scope of the Neber reaction, the synthesis of four-membered
heterocycles starting from γ-keto esters was studied. Ethyl levulinate 32 was converted into
the ketoxime tosylate 33, following the two-step procedure described above for the synthesis
of ketoxime tosylates 6 and 10. This afforded 33 in a yield of 88% (scheme 2.13). The
intermediate γ-ketoxime was tosylated directly to avoid possible intramolecular ring closure.
As might be expected, based on the results described in the previous section, triethylamine
was not able to abstract the α-proton. Neither the use of sodium hydride led to the formation
of the desired compound. A complete recovery of the starting material 33 was observed when
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these bases were employed. When the ring-closure reaction was attempted with KO/Bu, a
partial conversion of the starting material was observed. However, besides starting material
(38%) none of the products formed could be isolated or identified.
1)NH2OH.HCI, T s 0
V
NaOH
N
OEt 2) TsCI, pyridine^ < Д
32

Ö

ч

Х

^ п

а

base
y^

О
33 88%
scheme 2.13
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2.8 Conclusions
ß-Keto esters 4 can easily be converted into 2#-azirinecarboxylic esters i via a three-step
procedure, using a modified Neber reaction as the key step. The ketoxime tosylates 6, the
principal substrates for the Neber reaction, can be obtained by oximation and subsequent
tosylation of the readily available ß-keto esters 4 in yields of 60-92%. The intermediate
oximes have to be tosylated immediately after their preparation as otherwise the formation of
isoxazolones takes place νια a intramolecular ring closure reaction. Due to this competing
reaction, the synthesis of ketoxime tosylates and the corresponding azirine esters, is limited to
compounds with aliphatic substituents at the R-position (scheme 2.5). Several other methods
were investigated to obtain ketoxime tosylates bearing an aromatic substituent, but all of
them failed. The ketoxime tosylates 6 with R'=H can be converted smoothly into 2Hazirinecarboxylic esters 1 using triethylamine as the base, in yields ranging from 64% to 82%.
For the conversion of ketoxime tosylate 6g a stronger base is required and azirine ester lg
could be obtained using KOiBu in a yield of 59%.
A serious drawback of this route is the necessity to purify the intermediate ketoxime
tosylates 6, which are obtained as oils, by chromatography. This severely hampers the
multigram synthesis of azirine esters 1. Combination of the tosylation and the elimination
step by the use of two equivalents of Et3N circumvents this problem. Although the yields of
the two-step synthesis of azirinecarboxylic esters 1 are moderate (23-65%), the products can
be obtained more conveniently and on a larger (multigram) scale.
In order to examine the scope of the Neber reaction, α-ketoxime tosylates 10 and γketoxime tosylates 33, that could easily be obtained from the corresponding α-keto esters and
γ-keto-esters, respectively, were used as substrates. It was, however, not possible to
synthesize ЗЯ-azirinecarboxylic esters 7 or azetidine-2-carboxylic esters 34 via a Neber
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reaction. The use of tertiary amines or NaH leads to a complete recovery of starting material,
whilst the use of stronger bases leads to the formation of a complex reaction mixture.

2.9 Experimental Section
General Remarks
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. IR spectra were
taken on a Perkin Elmer 298 spectrophotometer. 'H-NMR spectra were recorded on a Bruker AM 100 (100
MHz, FT) in CDClj using tetramethylsilane (TMS) as internal standard. GLC was performed with a HewlettPackard HP 5890 gas Chromatograph, using a capillary column (25m) of HP-1 and nitrogen as the carrier gas.
For mass spectra a double focussing VG7070E mass spectrometer was used. GC/MS was performed on a Varían
Saturn GC/MS (Ion trap) equipped with a DB-5 column (30m χ 0.25mm). Elemental analyses were performed
on a Carlo Erba Instruments CHNS-0 EA 1108 element analyzer. Flash chromatography was carried out at a
pressure of co. 1.5 bar, using Silicagel 60H (Merck) as stationary phase.
Solvents were distilled if necessary. Diethyl ether was distilled trom sodium hydride. Hexane and
dichloromethane were distilled from calcium hydride. Ethyl acetate was distilled from potassium carbonate.
Pyridine was distilled from potassium hydroxide. Triethylamine was distilled from calcium hydride and stored
over KOH pellets. Tetrahydrofuran was distilled from lithium aluminium hydride just before use.
ferf-Butyl acetoacetate 4c was synthesized following the procedure of Welch et al.?* Ethyl З-охо-4-phenyl
butanoate 4e was synthesized following the procedure of Holmquist and Roskamp.19* Alternatively, 4e was
synthesized employing the procedure of Wierenga and Skulnick." Ethyl 2-oxo-4-phenyl butanoate 8b was a gift
from DSM-Andeno, Venlo, The Netherlands.
Methyl 3-(4-totylsulfonyloximino)butanoate 6a
Methyl 3-oxo-butanoate 4a (5.02 g, 43.3 mmol) was gradually added to a solution of hydroxylamine.HCI (3.29
g, 47.3 mmol) and NaOH (1.80 g, 45.0 mmol) in aqueous methanol (150 ml). After 30 min the solvent was
removed under reduced pressure (temperature 40°C) and the residue was extracted twice with ethyl acetate. The
combined organic layers were dried over MgSO, and concentrated in vacuo. The crude ketoxime (6.95 g) was
dissolved immediately in dichloromethane (150 ml) and p-toluenesulfonyl chloride (8.22 g, 43.1 mmol) in
dichloromethane (10 ml) and pyridine (3.41 g, 43.1 mmol) were added at room temperature. After stirring for 3
h saturated aqueous NH4C1 (50 ml) was added and the mixture was extracted three times with dichloromethane.
The combined organic layers were washed with brine and dried over MgS0 4 . Concentration in vacuo yielded
crude ketoxime tosylate 6a (14.7 g) as a brown oil. Flash chromatography (n-hexane : ethyl acetate = 3:1)
yielded 9.76 g (34.2 mmol, 79%) of a 2:1 mixture of 6a and 6a' as a yellow oil.
'H-NMR: Ê-isomer 6a δ 7.85 A of AB (d, J=8.2 Hz, 2H, aromatic H), 7.33 В of AB (d, J=8.2 Hz, 2H, aromatic
H), 3.69 (s, 3H, OCH,), 3.27 (s, 2H, СН,С02Ме), 2.45 (s, 3H ArCH,), 2.06 (s, 3H, NCCH,); Z-isomer 6a' δ
7.85 A of AB (d, J=8.2 Hz, 2H, aromatic H), 7.33 В of AB (d, J=8.2 Hz, 2H, aromatic H), 3.70 (s, 3H, OCH,),
3.45 (s, 2H, CHjC02Me), 2.45 (s, 3H ArCH,), 2.02 (s, 3H, NCCH,). IR (CCI,) of mixture of isomers: ν 31003020 (C-Η, unsat), 3000-2820 (C-Η, sat.), 1740 (C=0), 1385 (sulfonate), 1185 (sulfonate) cm 1 . MS (CI): m/z
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+

(%) 286 (MN-1, 5), 155 (S0 2 C,H 7 \ 82), 114 (M* - OTs, 52), 91 (С7НД 100), 65 (CSH5 , 28). HRMS/EI: m/z
caled. forC12H,jNO,S: 285.0671; found: 285.0671 amu.
Ethyl 3-(4-tofylsvlfonyloximino)butanoate 6b
Compound 6b was prepared following the procedure for ketoxime tosylate 6a. Oximation was carried out with
ethyl 3-oxo-butanoate 4b (9.38 g, 72.2 mmol), NH2OH.HCl (5.08 g, 73.1 mmol) and NaOH (2.67 g, 66.9
mmol). Subsequent tosylation using tosyl chloride (13.4 g, 70.0 mmol) and pyridine (5.58 g, 70.5 mmol) gave,
after work-up, 23.9 g of a brown oil. Flash chromatography (n-hexane : ethyl acetate = 4:1) yielded 15.5 g (51.7
mmol, 72%) of a 2:1 mixture of 6b and 6b' as a yellow oil.
'H-NMR: £-isomer 6b δ 7.84 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.34 В of AB (d, J=8.3 Hz, 2H, aromatic
H), 4.14 (q, J=7.13 Hz, 2H, OCHjCH,), 3.26 (s, 2H, CHjC02Et), 2.44 (s, 3H, ArCHj), 2.06 (s, 3H, NCCH,),
1.22 (t, J=7.13 Hz, 3H, OCH2CHj); Z-isomer 6b' δ 7.84 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.34 В of AB
(d, J=8.3 Hz, 2H, aromatic H), 4.15 (q, J=7.13 Hz, 2H, OCHjCHj), 3.43 (s, 2H, C H ^ E t ) , 2.44 (s, 3H,
ArCHj), 2.02 (s, 3H, NCCH,), 1.25 (t, J=7.13 Hz, 3H, OCH2CHj). IR (CC1„) of mixture of isomers: ν 30601

3020 (C-Η, unsat.), 3000-2820 (C-Η, sat.), 1735 (C=0), 1385 (sulfonate), 1185 (sulfonate) cm . MS (CI): m/z
(%) 300 (M*+ 1, 8), 254 (M*- OC2H5,6), 155 (S0 2 C,H 7 \ 87), 128 (M*- OTs, 100), 91 (C,H7\ 72), 41 (NC 2 H 3 \
11). HRMS/EI: m/z caled, for C 13 H 17 N0 5 S: 300.0906; found: 300.0908 amu.
tert-Butyl 3-(4-tofylsulfonyloximino)butanoate 6ç
Compound 6c was prepared following the procedure for ketoxime tosylate 6a. Oximation was carried out with
fert-butyl 3-oxo-butanoate 4c (5.00 g, 31.6 mmol), NH2OH.HCl (2.42 g, 34.8 mmol) and NaOH (1.39 g, 34.8
mmol). Subsequent tosylation using tosyl chloride (6.02 g, 31.6 mmol) and pyridine (2.55 g, 32.2 mmol) gave,
after work-up, 13.3 g of a brown oil. Flash chromatography (n-hexane : ethyl acetate = 3:1) yielded 9.55 g (29.2
mmol, 92%) of a 2:1 mixture of 6c and 6c' as a yellow oil. The major isomer was crystallized from diisopropyl
ether. M.p. 91-92°C.
'H-NMR: £-isomer 6c δ 7.86 A of AB (d, J=8.2 Hz, 2H, aromatic H), 7.33 В of AB (d, J=8.2 Hz, 2H, aromatic
H), 3.17 (s, 2H, CHjCOj/Bu), 2.44 (s, 3H, ArCHj), 2.04 (s, 3H, NCCHj); 1.40 (s, 9H, С(СНз)э)· IR (CCI,): ν
3080-3020 (C-Η, unsat.), 3010-2850, (C-H, sat.), 1725 (C=0), 1370 (sulfonate), 1180 (sulfonate), 1160 (C-O)
cm"1. MS (CI): m/z (%) 328 (M*+ 1, 2), 272 (M* - C,H7, 24), 173 (M"- Ts, 28), 155 (S0 2 C,H/, 13), 100 (M*Ts - O/Bu, 41), 57 (C4H,+, 100). Caled, for C, s H 2 ,N0 5 S : C, 55.03; H, 6.46; N, 4.28; S, 9.79; found: C, 55.49;
H, 6.39; N, 4.35; S, 8.99. 'H-NMR: Z-isomer 6c' δ 7.84 A of AB (d, J=8.2 Hz, 2H, aromatic H), 7.33 В of AB
(d, J=8.2 Hz, 2H, aromatic H), 3.35 (s, 2H, CHjC02/Bu), 2.45 (s, 3H, ArCHj), 2.01 (s, 3H, NCCK,), 1-44 (s,
9H, С(СІІ)з). IR (CCI,): ν 3080-3020 (C-Η, unsat.), 3010-2840, (C-Η, sat.), 1735 (C=0), 1385 (sulfonate),
1185 (sulfonate), 1155 (C-O)cm'.
Ethyl 3-(4-tolylsulfonyhximino)hexanoate 6d
Compound 6d was prepared following the procedure for ketoxime tosylate 6a. Oximation was carried out with
ethyl 3-oxo-hexanoate 4d (5.00 g, 31.6 mmol), NH2OH.HCl (2.43 g, 35.0 mmol) and NaOH (1.22 g, 30.5
mmol). Subsequent tosylation using tosyl chloride (6.04 g, 31.7 mmol) and pyridine (2.50 g, 31.6 mmol) gave,
after work-up, 15.8 g of a brown oil. Flash chromatography (n-hexane : ethyl acetate = 4:1) yielded 6.21 g (19.0
mmol, 60%) of a 1:2 mixture of 6_d and 6d' as a yellow oil.
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Ή-NMR: Ε-isomer 6d δ 7.83 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.32 В of AB (d, J=8.3 Hz, 2H, aromatic
H), 4.11 (q, J=7.1 Hz, 2H, OCHjCHj), 3.23 (s, 2H, CHjCOjEt), 2,55-2.20 (m, 2H, СН,СН2СН3), 2.44 (s, 3H,
ArCHj), 1.70-1.35 (m, 2H, CHjCHjCH,), 1.21 (t, J=7.1 Hz, 3H, OCHjCHj), 0.88 (q, J=7.1 Hz, 3H,
CH2CH2CHj); Z-isomer 6d' δ 7.83 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.32 В of AB (d, J=8.3 Hz, 2H,
aromatic H), 4.13 (q, J=7.1 Hz, 2H, OCHJCHJ), 3.37 (s, 2H, CHjCOjEt), 2,55-2.20 (m, 2H, CH^CHjCHj), 2.44
(s, 3H, ArCH,), 1.70-1.35 (m, 2H, CHjCHjCH,), 1.23 (t, J=7.1 Hz, 3H, OCHjCHj), 0.88 (q, J=7.1 Hz, 3H,
CHJCHJCHJ). IR (CCI«) of mixture of isomers: ν 3060-3030 (C-Η, unsat.), 3000-2840, (C-Η, sat), 1735 (C=0),
1

+

1380 (sulfonate), 1190 (sulfonate) cm . MS (CI): m/z (%) 328 (M + 1, 7), 299 (M* - C,H4) 7), 282 (M* OC2H5, 5), 172 CM" - Ts, 37), 156 (NT - OTs, 100), 155 (S0 2 C 7 H 7 \ 61), 91 (C7H/, 54), 43 (C,H/, 22).
HRMS/EI: m/z caled, for C15H2,NOsS: 328.1219; found: 328.01218 amu.
Ethyl 4-phenyl-3-(4-tolylsulfonyloximino)butanoate бе
Compound бе was prepared following the procedure for ketoxime tosylate 6a. Oximation was carried out with
ethyl З-охо-4-phenyl-butanoate 4e (7.81 g, 37.9 mmol), NH2OH.HCl (2.66 g, 38.3 mmol) and NaOH (1.39 g,
34.8 mmol). Subsequent tosylation using tosyl chloride (7.25 g, 38.0 mmol) and pyridine (2.97 g, 37.5 mmol)
gave, after work-up, 17.4 g of a brown oil. Flash chromatography (n-hexane : ethyl acetate = 4:1) yielded 8.87 g
(23.7 mmol, 63%) of a 1:2 mixture of 6e and 6e' as a yellow oil.
Ή-NMR: £-isomer 6e δ 7.86 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.40-6.90 (m, 7H, aromatic H), 4.05 (q,
J=7.1 Hz, 2H, OCHjCHj), 3.89 (s, 2H,PhCHj), 3.12 (s, 2H, CHjCOjEt), 2.48 (s, 3H, ArCH,), 1.19 (t, J=7.1 Hz,
3H, OCHjCHj); Z-isomer 6e' δ 7.86 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.40-6.90 (m, 7H, aromatic H),
4.05 (q, J=7.1 Hz, 2H, OCHjCHj), 3.63 (s, 2H, PhCH,), 3.28 (s, 2H, CHjC02Et ), 2.48 (s, 3H, ArCH,), 1.19 (t,
J=7.1 Hz, 3H, OCHjCHj. IR (CC14) of mixture of isomers: ν 3070-3020 (C-Η, unsat.), 3010-2880 (C-Η, sat.),
1740 (C=0), 1390 (sulfonate), 1185 (sulfonate) cm'. MS (CI): m/z (%) 376 (M + + 1, 1), 330 (M* - OC2H5, 2),
204 (M*- OTs, 15), 155 (S02C,H7+, 34), 91 (C7H7+, 100). HRMS/EI: m/z caled, for C„H2,NOsS: 375.1140;
found: 375.1140 amu.
Ethyl 2-methyl-3-(4-tolylsulfonyloximino)butanoate 6j¡
Compound 6j» was prepared following the procedure for ketoxime tosylate 6a. Oximation was carried out with
ethyl 2-methyl-3-oxo-butanoate 4g (5.00 g, 34.7 mmol), NH2OH.HCl (2.14 g, 30.8 mmol) and NaOH (1.29 g,
32.3 mmol). Subsequent tosylation using tosyl chloride (6.65 g, 34.9 mmol) and pyridine (2.77 g, 34.9 mmol)
gave, after work-up, 14.6 g of a brown oil. Flash chromatography (n-hexane : ethyl acetate = 4:1) yielded one
isomer of 6_2 (6.39 g, 20.4 mmol, 66%) as a yellow oil.
Ή-NMR: δ 7.85 A of AB (d, J=8.2 Hz, 2H, aromatic H), 7.33 В of AB (d, J=8.2 Hz, 2H, aromatic H), 4.10 (q,
J=7.1 Hz, 2H, OCHjCH,), 3.40 (q, J=7.1 Hz, IH, CHC02Et), 2.45 (s, 3H, ArCHj), 1.96 (s, 3H, NCCH,), 1.351.11 (m, 6H, ОСН2СНз, CHCHJ). IR (CCIJ: ν 3070-3020 (C-Η, unsat), 3000-2840, (C-Η, sat.), 1735 (C=0),
1385 (sulfonate), 1185 (sulfonate) cm·'. MS (CI): m/z (%) 314 (M* + 1, 6), 268 (M* - OCjHs> 13), 155
(S0 2 C,H 7 \ 100), 142 (M*- OTs, 64), 91 (C,H/, 62). HRMS/EI: m/z caled, for C M H„N0 5 S: 314.1062; found:
314.1057 amu.
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Methyl 3-methyl-2H-azirine-2-carboxylate la
Trietylamine (81 mg, 0.802 mmol) in CH2C12 (5 ml) was gradually added to a solution of ketoxime tosylate 6a
(209 mg, 0.773 mmol) in CH2C12 (10 ml) at ambient temperature. After 20 h, saturated aqueous NH,C1 (20 ml)
was added. The resulting mixture was extracted three times with CH2CI2 (20 ml). The combined organic layers
were washed with brine, dried over MgSCX, and concentrated in vacuo to give the azirine ester la. Purification
by bulb-to-bulb distillation (90°C /1 mm Hg) gave 55.6 mg (0.492 mmol, 64%) la as a colorless liquid.
'H-NMR: δ 3.73 (s, 3H, OCH,). 2.54 (s, 3H, NCCHj), 2.45 (s, IH, CHC02Me). IR (CCI,): ν 3020-2840 (C-Η,
sat), 1795 (C=N), 1730(CO), 1200(C-O)cm'. GC/MS(EI): m/z(%) 114 (M* + 1, 9), 99(M*-N, 3), 82 (M*
- OCH,, 9), 54 (M* - C02CHj, 44), 43 (100). HRMS/EI: m/z caled, for C5H,N02: 113.0477; found: 113.0477
amu.
Ethyl 3-methyl-2H-azirine-2-carboxylate lb (Et,N as the base)
Following the procedure for the synthesis of la with 6b (179 mg, 0.599 mmol) and Et,N (80 mg, 0.792 mmol)
gave, after work-up, 86 mg of a yellow liquid. Purification by bulb-to-bulb distillation (80°C / 1 mm Hg) gave
49.0 mg (0.386 mmol, 64%) lb as a colorless liquid.
'H-NMR: δ 4.17 (q, J=7.1 Hz, 2H, OCHjCHj), 2.52 (s, 3H, NCCHj), 2.42 (s, IH, CHC02Et), 1.26 (t, J=7.1 Hz,
3H, OCHjCHj). IR (CCI): ν 3020-2850 (C-Η, sat), 1795 (C=N), 1735 (C=0), 1190 (C-O) cm'. GC/MS (EI):
m/z (%) 128 (M* + I, 36), 112 (M* - CH„ 1), 99 (M* -CjH4) 5), 82 (M* - OCjH,, 17), 68 (M* - N - OC2H„ 5),
54 CM* - C0 2 C 2 H 5 ,34), 43 (100). HRMS/EI: m/z caled, for C6H,N02: 127.063; found: 127.0633 amu.
Ethyl 3-methyl-2H-azirine-2-carboxylate lb (DABCO as the base)
To a solution of DABCO (105 mg, 0.938 mmol) in CH2C12 (15 ml) was added 6b (192 mg, 0.642 mmol) in
CHjClj (5 ml). After 5 h, the reaction mixture was quenched with saturated aqueous NH4C1 (20 ml). The
aqueous layer was extracted three times with CH2C12 (20 ml). The combined organic layers were washed with
brine, dried over MgSO, and concentrated in vacuo to give the azirine ester lb. Purification by bulb-to-bulb
distillation (80°C /1 mm Hg) gave 55.0 mg (0.433 mmol, 67%) lb as a colorless liquid.
Ethyl 3-methyl-2H-azirine-2-carboxylate lb (NaH as the base)
To a suspension of NaH (22 mg, 0.917 mmol) in THF (15 ml) was added 6b (192 mg, 0.642 mmol) in THF (5
ml) at -78°C, under N 2 . After 1 h at -78°C, the reaction mixture was stirred for an additional 2 h at ambient
temperature and then quenched with saturated aqueous NH,C1 (20 ml). The resulting mixture was extracted
three times with EtjO (20 ml). The combined organic layers were washed with brine, dried over MgSO< and
concentrated in vacuo to give the azirine ester lb. Purification by bulb-to-bulb distillation (80°C / 1 mm Hg)
gave 65.0 mg (0.512 mmol, 80%) lb as a colorless liquid.
tert-Butyl 3-methyl-2H-azirine-2-carbaxylate l ç
Following the procedure for the synthesis of la with 6c (202 mg, 0.618 mmol) and Et,N (63 mg, 0.624 mmol)
gave, after work-up, 124 mg of a yellow liquid. Purification by bulb-to-bulb distillation (100°C / 0.5 mm Hg)
gave 67.8 mg (0.434 mmol, 72 %) l ç as a colorless liquid.
'H-NMR: δ 2.52 (s, 3H, NCCH,). 2.34 (s, IH, CHCOjíBu), 1.46 (s, 9H, C(CHj)3). IR (CC14): ν 2990-2860 (CH, sat), 1795 (C=N), 1725 (C=0), 1370, 1350 (C(CH3)j), 1160 (C-O) cm'. GC/MS (EI): m/z (%) 155 (M*. 11),
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100 (M* -C4H„ 37), 82 (M+ - OC4H„ 32), 57 (C,H,+, 100), 54 (M* - C0 2 C 4 H,, 42), 41 (NC2H3+, 56). HRMS/EI:
m/z caled, for C,H13N02: 155.0946; found: 155.0946 amu.
Following the procedure for the synthesis of la with 6c' (206 mg, 0.630 mmol) and Et3N (81 mg, 0.802 mmol)
gave, after work-up, 139 mg of a yellow liquid. Purification by bulb-to-bulb distillation (100°C / 0.5 mm Hg)
gave 73.2 mg (0.472 mmol, 75 %) l ç as a colorless liquid.
Ethyl 3-propyl-2H-azirine-2-carboxylate Id
Following the procedure for the synthesis of la with 6d (219 mg, 0.670 mmol) and Et,N (82 mg, 0.812 mmol)
gave, after work-up, 157 mg of a yellow liquid. Purification by bulb-to-bulb distillation (110°C / 1 mm Hg)
gave 75 mg (0.484 mmol, 72%) ld as a colorless liquid.
'H-NMR: δ 4.18 (q, J=7.1 Hz, 2H, OCHjCHj), 2.81 (t, J=7.1 Hz, 2H, CHjCHjCH,), 2.42 (s, IH, CHC02Ef),
1.80 (qt, J=7.1 Hz, J=7.1 Hz, 2H, CHjCHjCHj), 1.27 (t, J=7.1 Hz, 3H, OCH2CH,), 1.08 (t, J=7.1 Hz, 3H,
1

СН2СН2СНз). IR (CCI,): ν 3000-2860 (C-Η, sat.), 1790 (C=N), 1725 (СЮ), 1185 (C-O) cm . GC/MS (EI):
+

+

+

m/z (%) 156 (M*+ 1, 9), 127 (M - C 2 H 4 ,4), 112 (M - C 3 H„ 15), 110 (M - OC 2 H„ 34), 84 (NT - C 3 H, - C 2 H 4 ,
+

15), 82 (NT - C0 2 C 2 H s , 10), 55 (C„H7\ 30), 43 (C3H7 , 100). HRMS/EI: m/z caled, for C„H 13 N0 2 : 155.0946;
found: 155.0946 amu.
Ethyl 3-benzyl-2H-azirine2-carbaxylate le
Following the procedure for the synthesis of la with бе (1.01 g, 2.69 mmol) and Et3N (288 mg, 2.85 mmol)
gave, after work-up, 708 mg of a yellow liquid. Purification by bulb-to-bulb distillation (135°C / 0.5 mm Hg)
gave 448 mg (2.21 mmol, 82%) le as a colorless liquid.
'H-NMR: δ 7.40-7.10 (m, 5H, aromatic H), 4.16 (s, 2H, ArCHj), 4.13 (q, J=7.1 Hz, 2H, OCH^CH,), 2.50 (s, IH,
CHCOjEt), 1.21 (t, J=7.1 Hz, 3H, ОСН2СН,). IR (CCI,): ν 3100-3020 (C-Η, unsat.), 3000-2860 (C-Η, sat),
1785 (C=N), 1730 (C=0), 1195 (C-O) cm"'. GC/MS (El): m/z (%) 204 (M*+ 1, 7), 175 (M* -C2H,, 13), 158 (M f
- OC2H5, 9), 130 (M+ - C0 2 C 2 H 5 , 10), 91 (C,H,+, 100), 77 (C6H,+, 7), 65 (C5H5+, 16). HRMS/EI: m/z caled, for
C 1 2 H, 3 N0 2 : 203.0946; found: 203.0947 amu.
Ethyl 3-methyI-2H-azirine-2-carbaxylate lg
A solution of 6g (495 mg, 1.58 mmol) in THF (5 ml) was slowly added to a suspension of KOfBu (200 mg,
1.78 mmol) in THF (10 ml) at -78°C, under N 2 . After 1 h at -78°C the reaction mixture was gradually wanned to
ambient temperature and quenched with saturated aqueous NH„C1 (20 ml). The resulting mixture was extracted
three times with Et,0 (25 ml). The combined organic layers were washed with brine, dried over MgSO, and
concentrated in vacuo to give the azirine ester lg. Purification by bulb-to-bulb distillation (75°C / 1 mm Hg)
gave 132 mg (0.936 mmol, 59%) І£ as a colorless liquid.
'H-NMR: δ 4.13 (q, J=7.1 Hz, 2H, OCHjCH3), 2.47 (s, 3H, NCCHj), 1.44 (s, 3H, CCH,), 1.24 (t, J=7.1 Hz, 3H,
OCHjCHj). IR (CC14): ν 3010-2840 (C-Η, sat.), 1790 (C=N), 1720 (C=0), 1220 (C-O) cm'. GC/MS (EI): m/z
(%) 142 (M*+ 1, 12), 127 (M* - N, 1), 96 ( Г - OC 2 H s , 23), 68 (M+ - COjCjHj, 21), 42 (100). HRMS/EI: m/z
caled, for C,H M N0 2 : 141.0790; found: 141.0790 amu.
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Ethyl 3-methyl-2H-azirine-2-carboxylate lb (two-step procedure)
Ethyl 3-oxo-butanoate 4b (50.0 g, 0.38S mol) was gradually added to a solution of NH2OH.HCl (28.0 g, 0.404
mol) and NaOH (16.1 g, 0.403 mol) in a Η,Ο/MeOH mixture (40 ml : 300 ml). After 30 min the solvent was
removed under reduced pressure (temperature 40°C) and the residue was extracted twice with ethyl acetate. The
combined organic layers were washed with brine and dried over MgS0 4 . Concentration in vacuo gave oxime 5b
(S6.S g) as a yellow liquid.
The crude ketoxime was dissolved immediately in dichloromethane (300 ml) and tosyl chloride (73.5 g, 0.386
mol) was added. While stirring, triethylamine (77.0 g, 0.762 mol) was added slowly over a 30 min period at
0°C. After the addition of the base was completed, the reaction mixture was stirred for an additional 3 h at
ambient temperature. Quenching with aqeuous saturated aqueous HCl (0.05 M, 200 ml). The layers were
separated and the organic layer was washed with H 2 0 and brine and dried over MgSO<. Concentration in vacuo
gave crude azirine lb (94.8 g) as a red liquid. Distillation at reduced pressure gave azirine lb (28.0 g, 22.0 mol,
57%) as a colorless liquid. Boiling point 48°C (0.7 mm Hg). Lit" 34-35°C (0.5 mm Hg).

Ethyl 3-propyl-2H-azirine-2-carboxylate Id (two-step-procedure)
Synthesis of azirine Id using the two-step procedure was carried out following the procedure for azirine lb.
Oximation was carried out with 4d (34.7 g, 0.220 mol), NH.OH.HCI (18.3 g, 0.263 mol), NaOH (9.72 g, 0.243
mol) and yielded 39.0 g crude oxime 5d. Tosylation/elimination with tosyl chloride (41.6 g, 0.218 mol) and
triethylamine (44.1 g, 0.437 mol) gave 76.7 g Id as a brown liquid after stirring for 5 h at ambient temperature
and work-up. Purification by distillation in vacuo gave Id (7.77 g, 50.1 mmol, 23%) as a colorless liquid.
Boiling point 62-65°C (0.4 mm Hg). Lit.* 50-53°C (0.2 mm Hg).
Ethyl 3-benzyl-2H-azirine-2-carboxylate le (two-step procedure)
Synthesis of azirine le using the two-step procedure was carried out as described above for lb. Oximation was
carried out with 4e (9.33 g, 45.3 mmol), ΝΗ,ΟΗ.ΗΟ (3.54 g, 50.9 mmol), NaOH (2.00 g, 50.0 mmol) and
yielded 9.83 g crude oxime 5e. Tosylation/elimination with tosyl chloride (8.62 g, 45.2 mmol) and
triethylamine (14.2 ml, 102 mol) gave 12.8 g ld as a brown liquid after stirring for 5 h at ambient temperature
and work-up. Purification by flash chromatography (n-hexane : ethyl acetate = 5:1) gave le (6.00 g, 29.6 mmol,
65%) as a colorless liquid.
Ethyl 2-hydroxyimino-propanoate 9a
Ethyl pyruvate 8a (2.99 g, 25.7 mmol) was gradually added to a solution of NH2OH.HCl (2.02 g, 29.1 mmol)
and KOH (1.54 g, 27.5 mmol) in H 2 0 (20 ml) and methanol (150 ml). The reaction mixture was stirred for 30
min at 0°C and for 30 min at ambient temperature. The solvent was removed under reduced pressure
(temperature 40°C) and the residue was extracted twice with ethyl acetate. The combined organic layers were
dried over MgS0 4 and concentrated in vacuo, to gave 9a (3.31 g, 25.3 mmol, 98%) as white crystals. Mp 9798°C.
Ή NMR: δ 10.05 (bs, IH, OH), 4.32 (q, J=7.1 Hz, 2H, OCHjCH,), 2.11 (s, 3H, CHjCN), 1.35 (t, J=7.1 Hz, 3H,
OCHjCHj). IR (CCL,): ν 3570 (OH), 3540-3020 (OH), 3000-2840, (C-Η, sat.), 1720 (C=0), 1160 (C-O) cm'.
MS (CI): m/z (%) 132 (M + + 1, 100), 86 (M*- OCH2CH3, 21), 58 (M*- C02CH2CH„ 10). Caled, for C 5 H,N0 3 :
С, 45.80; Η, 6.92; Ν, 10.68; found: С, 45.71; Η, 6.88; Ν, 10.56.
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Ethyl 2-hydroxyimino-4-phenyl-butanoate 9b
Compound 9b was prepared following the procedure for a-ketoxime 9a, with 8b (5.00 g, 24.2 mmol),
NH4OH.HCl (1.86 g, 26.7 mmol) and NaOH (1.07 g, 26.7 mmol) to give, after work-up, 9b (5.35 g, 24.2 mmol,
100%) as white crystals. Mp 85-87° С
Ή NMR: δ 10.12 (bs, IH, OH), 7.26-7.22 (m, 5H, aromatic H), 4.27 (q, J=7.1 Hz, 2H, OCHjCHj), 3.15-2.70
(m, 4H, СНгСНг), 1.33 (t, J=7.1 Hz, 3H, ОСН2СНз). IR (CC1„): ν 3570 (OH), 3500-3100 (OH), 3090-3010 (C1

H, unsat), 3000-2820 (C-Η, sat.), 1720 (СЮ), 700 cm . MS (CI): m/z (%) 222 (M*+ 1, 4), 204 (M* - OH,
+

100), 176 (M - OCH2CH3, 33), 159 (M* - OH, -OCH2CH3, 3), 148 (M* - C02CH2CH3, 7),
+

+

130 (M* -

+

COjCHjCH,- H 2 0, 26), 91 (C7H7 , 86), 77 (C6H, , 5), 65 (C5H5 , 10). Caled, for C 12 H 13 N0 3 : С, 65.14; Η, 6.83;
Ν, 6.33; found: С, 65.25; Η, 6.77; Ν, 6.33.
Ethyl 2-(4-tolylsulfonyloxmino)propanoale 10a
Pyridine (1.14 g, 14.4 mmol) was slowly added to a solution of a-ketoxime 9a (1.57 g, 11.9 mmol) and tosyl
chloride (2.59 g, 13.6 mmol) in dichloromethane (150 ml) at 0°C. The reaction mixture was stirred for 1 h at
0°C and for 3 h at ambient temperature. The reaction mixture was washed with saturated aqueous NR,C1 (50
ml). The organic layer was dried over MgS0 4 . Concentration in vacuo gave 4.95 g of crude product. Flash
chromatography (w-hexane : ethyl acetate = 3:1) gave a-ketoxime tosylate 10a (2.45 g, 8.59 mmol, 72%) as a
colorless oil, which solidified in the refrigerator. An analytical sample was recrystallized from n-hexane. Mp
39-41-C.
Ή NMR: δ 7.91 A of AB (d, J=8.1 Hz, 2H, aromatic H), 7.36 В of AB (d, J=8.1 Hz, 2H, aromatic H), 4.28 (q,
J=7.1 Hz, 2H, OCHjCH3), 2.46 (s, 3H, АгСН,), 2.15 (s, 3H, CHjCN), 1.32 (t, J=7.1 Hz, 3H, OCH2CHj). IR
(CC14): ν 3080-3020 (C-Η, unsat.), 3010-2840 (C-Η, sat.), 1730 (C=0), 1390 (sulfonate), 1185 (sulfonate) cnr'.
MS (CI): m/z (%) 286 (M + + 1, 0.7), 240 (M*- OCH2CH3, 2), 155 (S0 2 C 7 H 7 \ 100), 91 (C7H,\ 67). Caled, for
C12H15NOsS: C, 50.52; H, 5.30; N, 4.91; S, 11.24; found: C, 50.35; H, 5.26; N, 4.88; S, 10.94.
Ethyl 4-phenyl-2-(4-tolylsulfonyloximino)butanoate 10b
Compound 10b was prepared following the procedure for ketoxime tosylate 10a. using 9b (5.30 g, 24.0 mmol),
tosyl chloride (4.63 g, 24.3 mmol) and pyridine (1.98 g, 25.0 mmol). Flash chromatography (n-hexane : ethyl
acetate = 4:1) gave 10b (4.79 g, 12.8 mmol, 53%) as white crystals. An analytical sample was recrystallized
from diisopropylether. Mp 73-75"C.
Ή NMR: δ 7.86 A of AB (d, J=8.2 Hz, 2H, aromatic H), 7.34 В of AB (d, J=8.2 Hz, 2H, aromatic H), 7.30-7.05
(m, 5H, aromatic H), 4.20 (q, J=7.1 Hz, 2H, OCHjCH,), 3.05-2.60 (m, 4H, CHjCHj), 2.45 (s, 3H, ArCH,), 1.26
(t, J=7.1 Hz, 3H, ОСН2СНз). IR (CCI,): 3090-3010 (C-Η, unsat.), 3000-2820 (C-Η, sat.), 1725 (C=0), 1390
(sulfonate), 1185 (sulfonate) cm 1 . MS (CI): m/z (%) 376 (M+ + 1, 4), 204 (M* - OTs, 53), 160 (M* - 0C 2 H 5 OTs + 1,40), 155 (S0 2 C,H 7 \ 61), 132 (M*- C0 2 C 2 H 5 - OTs + 1, 65), 91 (C7H7+, 100). Caled, for C19H21NOsS:
C, 60.78; H, 5.64; N, 3.73; S, 8.54; found: С, 60.52; H, 5.73; N, 3.57; S, 8.08.
Ethyl 4-(4-tolylsulfonyloximino)pentanoale 33
Compound 33 was prepared following the procedure for ß-ketoxime tosylate 6a. Oximation was carried out
with ethyl kvulinate 32 (5.00 g, 34.7 mmol), NH2OH.HCl (2.65 g, 38.1 mmol) and NaOH (1.33 g, 33.3 mmol).
Subsequent tosylation using tosyl chloride (6.60 g, 34.6 mmol) and pyridine (2.74 g, 34.6 mmol) gave, after
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work-up, 12 9 g of a yellow oil Flash chromatography (л-hexane ethyl acetate = 4 1) gave 33 (9 51 g, 30 4
mmol, 88%) as a colorless oil
Ή NMR δ 7 76 A of AB (d, J=7 5 Hz, 2H, aromatic H), 7 26 В of AB (d, J=7 5 Hz, 2H, aromatic H), 3 99 (q,
J=7 1 Hz, 2H, OCHJCHJ), 2 60-2 35 (m, 4H, CHjCR,). 2 37 (s, 3H, ArCHj) 1 89 (s, 3H, CHjCN), 1 14 (t, J=7 1
Hz, 3H, OCHjCHj) IR (CCI«) ν 3080-3030 (C-Η, unsat), 3000-2820 (C-Η, sat), 1735 (C=0), 1385
+

(sulfonate), 1190 (sulfonate), cm ' MS (CI) m/z (%) 314 (M*+ 1, 6), 268 (M - OCH2CH3, 8), 155 (S0 2 C 7 H/,
+

27), 114 (M*- OC 2 H 5 - Ts, 5), 91 (C7H7 , 33), 49 (100) HRMS/EI m/z for C l 4 H„N0 5 S 214 1062, found
314 1061 amu
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CINCHONA ALKALOID MEDIATED ASYMMETRIC SYNTHESIS
OF AZIRINECARBOXYLIC ESTERS

3.1 Introduction
In the preceding chapter a short and elegant route towards racemic 2Hazirinecarboxylic esters 3 was described, which uses a modified Neber reaction as the key
step (scheme 3.1). At present, it is generally accepted that biological functions emerge
through molecular recognition, requiring the matching of chirality. Thus, in order to apply
azirine esters as synthons for the synthesis of functionalized amino acids', it is necessary to
produce the azirines 3 in enantiomerically pure form. Furthermore, the naturally occurring
2Я-агігіпесагЬоху1іс esters azirinomycin2 and disydazirine3, possessing antibiotic and
cytostatic activity, have a specific chirality. Previous routes to azirinecarboxylic esters
(chapter 1) do not permit the preparation of single enantiomers of the target compounds4.
Recently, elimination reactions of appropriately ^-substituted aziridine-2-carboxylic esters
were successfully used for the preparation of azirine esters 3 of high enantiopurity.5 However,
these routes loose part of their attractiveness because of their length and the modest overall
yield. The synthesis of optically active azirine esters 3 via an asymmetric version of the
Neber reaction, may offer interesting prospects in this respect.
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There are several methods for the preparation of enantiopure compounds.' The resolution of
racemates νια preferential crystallization of diastereomeric salts is the oldest and still most
important method in obtaining enantiopure compounds in industry.7 Alternatively, enzymes
can be used for the kinetic resolution of racemic substrates.8 Microorganisms are used for the
synthesis of homochiral compounds in fermentation processes.' Synthesis starting from
commercially available enantiopure compounds, such as α-amino acids, steroids,
carbohydrates, alkaloids and terpenes, which are in many cases obtainable from natural
sources (known as the chiral pool), is a third approach to obtain a great variety of optically
pure compounds.10 Finally, there is a rapidly expanding interest for the preparation of
enantiomerically pure compounds by asymmetric synthesis." Introduction of chirality in
asymmetric synthesis requires an enantiopure agent or auxiliary, that may be obtained from
the chiral pool. Asymmetric synthesis can be divided into two main areas, namely
enantioselective and diastereoselective synthesis. The former involves the reaction of a
prochiral molecule with a chiral reagent. The latter deals with the preferential formation of a
single diastereomer by the creation of a new stereogenic center in a chiral molecule.
Especially catalytic asymmetric synthesis is an attractive method for the preparation of
optically active products, because of the high turnover of chirality. Unlike the non-catalytic
reactions, where a stoichiometric amount of chiral auxiliary is required, only relatively few
chiral molecules of the chiral inductor are necessary to generate many chiral product
molecules.
For the synthesis of optically active azirinecarboxylic esters using the Neber reaction as the
principal step, several strategies may be considered. It should, for instance, be possible to
start from ß-keto esters containing a chiral ester function, e.g. R' is menthyl (scheme 3.1).
Proton abstraction could then be governed by the presence of this chiral group, leading to the
introduction of a chiral center in the azirine ring. Kinetic enzymatic resolution of racemic 3,
obtained via the Neber reaction, may be another way to obtain optically active azirine esters.
Both methods have some disadvantages. The first method involves the introduction and
removal of a chiral auxiliary, thereby adding at least two steps to the reaction sequence. The
latter method produces a maximum theoretical yield of only 50% of the desired enantiomer.
The use of chiral bases for the conversion of ß-keto esters 1 into azirine esters 3 lacks the
mentioned disadvantages, and was therefore the method of choice for this investigation.
Over the last decades several chiral bases have been explored for the purpose of
asymmetric synthesis. Homochiral lithium amide (HCLA) bases, are emerging as useful new
reagents in kinetically controlled deprotonation reactions.12-13 These bases can be regarded as
the chiral equivalents of lithium dialkylamides, such as lithium diisopropylamide (LDA),
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which are widely used in organic synthesis as strong bases with low nucleophilicity.
Alternatively, optically active amines have been employed as chiral auxiliaries in
deprotonation reactions to give products with high enantiopurity. Of particular interest is the
complex of jec-butyllithium and (-)-sparteine, which has been used for the enanrioselective
synthesis of a large variety of compounds.14 Other alkyllithium bases15 and homochiral amine
ligands'6 have also been applied. Chiral alcoholates, derived from alkaloids, are also efficient
bases for the synthesis of optically pure compounds.17 Only recently, the first catalytic
enantioselective proton abstraction using chiral alkoxides has been reported.18
Surprisingly, much less attention has been paid to application of chiral amines in basecatalyzed asymmetric reactions". Despite the fact that tertiary amines such as triethylamine
and pyridine are commonly used bases in organic synthesis, chiral ephedra alkaloids and
cinchona alkaloids, which possess a basic nitrogen atom, are rarely used for the synthesis of
optically active products. These classes of compounds have some interesting features; they
are inexpensive and readily available in pure form.
Base-catalyzed addition reactions to carbonyl groups and carbon-carbon double bonds
have proven to be suitable systems for catalytic asymmetric synthesis using chiral amines for
the introduction of a stereogenic center. Some examples are the cyanohydrin formation20, the
addition of methanol21 and chloral22 to ketenes and the addition of carbon nucleophiles, thiols
and selenols to α,β-unsaturated ketones23. Especially Wynberg and coworkers have
extensively studied the use of ephedra and cinchona alkaloids in the conjugate addition
reaction of aromatic thiols (scheme 3.2).M They found that solvent and concentration have a
substantial influence on the stereoselective outcome of the reaction. Moreover, it turned out
to be necessary for these catalysts to contain a hydroxyl function in order to obtain high ee's.
The experimental data led to a tentative mechanism for the reaction, which was supported by
conformational analysis of the alkaloid bases.
О

О

ее 35-72%
scheme 3.2
Another interesting reaction using an alkaloid base is the esterification of 2H25

azirinylmethanol in the presence of brucine (scheme 3.3). Although the enantiomeric excess
is only 24%, this reaction demonstrates that the azirine moiety is stable under the conditions
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used. This, as well as the results described in chapter 2, opens prospects for an asymmetric
synthesis of azirinecarboxylic esters via the Neber reaction using chiral amine bases.
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scheme 3.3

3.2 Screening of Bases for an Asymmetric Neber Reaction
In chapter 2 the preparation of racemic 2Я-агігіпесагЬоху1іс esters 3, using a modified
Neber reaction as the key step, was described. The idea of using enantiopure bases for the
conversion of the ketoxime tosylates 2 into the azirine esters 3 to obtain an enantioselective
reaction is challenging. In order to examine the relationship between the structure of the base
and the enantiomeric excess in the elimination reaction, the transformation of ketoxime
tosylate 2a, derived from ethyl acetoacetate, was investigated (scheme 3.4). The structures
and absolute configuration of the bases applied in the asymmetric version of the Neber
reaction are depicted in figure 3.1. These chiral bases are readily available from the chiral
pool and they all contain a tertiary amine function.
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scheme 3.4
In a standard procedure, a solution of 2a in dichloromethane (5 ml) was added to the
chiral base (1.25 equivalent) in CH2C12 (25 ml) at room temperature. The results of the
screening studies are shown in table 3.1. The enantiomeric excess of the azirine ester 3 was
determined by the ratio of the integrals of the methylene singlet at 2.7 and 2.5 ppm in the 'HNMR spectra using

tris[3-(trifluoromethylhydroxymethylene)-d-camphorato]ytterbium(III)

(Yb(tfc)3) as chiral shift reagent26 (20 mg of shift reagent for 20 mg of azirine ester). The ratio
of the signals for the 2#-proton at 3.9 and 4.1 ppm, respectively, was the same within
experimental error (5%). Correlation of the specific rotation of azirine 3a with literature data
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for the corresponding methyl ester3b and disydazirine3 led to the assignment of the Rconfiguration to the levorotatory enantiomer.
The use of (+)-A/-methylephedrine 4 and (+)-4-dimethylamino-3-methyl-l,2-diphenyl-2butanol 5 (Darvon alcohol) did not lead to the formation of azirine ester 3a. In both cases the
rather complex NMR-spectra of the crude products revealed the disappearance of the ester
group. Because the bases 4 and 5 have a free hydroxyl function, a transesterification of the
ketoxime tosylate 2 may have taken place. No further efforts were undertaken to elucidate the
product composition. The use of sparteine 6, strychnine 7 or brucine 8 (entry 3-5) gave the
azirine ester 3a in fair yields. Disappointingly, hardly any introduction of chirality in the
azirine ester was observed when these bases were applied in the elimination reaction.
Encouraging results were obtained when the Neber reaction was performed with cinchona
alkaloids (entry 6-12), yielding the azirine ester 3a in enantiomeric excesses of up to 47%.

4 W-methylephednne

5 Darvon alcohol

7 strychnine (R = H)
8 brucine (R = OCH3)

9 cinchonine
" (R, = H, R2 = CHCH2)
11 quimdine
(R, = OCH3, R2 = CHCH2)
13 dihydroquinidine
(Ri = OCH3, R2 = CH2CH3)

6 sparteine

10 cinchonidine
(R, = H, R2 = CHCH2)
12 quinine
(R, = OCH3, R2 = CHCH2)
14 dihydroqumine
(R, = OCH3, R2 = CH2CH3)

figure 3.1 Bases usedfor the Asymmetric Synthesis of2H-Azirinecarboxylic Esters 3 via the
Neber Reaction
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Table 3.1 Influence of the structure of the alkaloid base on the
enantioselective conversion of 2a into 3a via the Neber reaction
base
yield3'
eeb)
["ID
1
N-methylephedrine 4
2
Darvon alcohol 5
53%*
+ 0.5
3
sparteine 6
0%
4
strychnine 7
37%d)
3%
+ 2.3
brucine 8
38%d)
5%
+ 2.8
5
cinchonine 9
52%d)
33%
- 23.6
6
cinchonidine 10
43% d)
24%
+ 22.8
7
quinidine 11
37%d)
45%
- 32.6
8
quinine 12
34%d)
23%
+ 17.7
9
10
dihydroquinidine 13
47%d)
47%
- 38.9
dihydroquinidine 13
66%e)
47%
- 38.9
11
12
dihydroquinine 14
41% d)
23%
+ 19.4
a) after purification by bulb-to-bulb distillation; b) determined by 'H-NMR using Yb(tfc)j as
shift reagent; c) in chloroform; d) quenching with saturated aqueous NH„C1; e) quenching
with 0,05 M aqueous HCl.

In spite of small structural differences between the cinchona alkaloids used, significant
differences in the ee's were observed. Comparable results, approximately 45% ее, were
obtained with quinidine 11 (entry 8) and dihydroquinidine 13 (entry 10). The ethylene
function apparently influences the stereochemical outcome of the reaction only to a minor
extent. The small differences in enantioselectivity may be due to small impurities of other
cinchona alkaloids that are always present. Cinchonine 9 (entry 6) gave poorer results as
azirine ester 3a with an ее of only 33% was obtained. It is not yet clear how the methoxy
substituent at the quinoline moiety in 11-14 affects the chirality transfer in the Neber reaction.
Possible explanations are complexation of the methoxy group with the substrate in the
transition state or improved π-stacking between the quinoline moiety of the base and the tosyl
group of the substrate. Alternatively, the lower solubility of cinchonine compared to
(dihydro)quinidine might be the factor responsible for the lower enantioselectivity. The
enormous difference in enantioselectivity between the cinchona alkaloids on the one hand and
sparteine, brucine en strychnine on the other, must be attributed to the presence of the
hydroxyl group. This group enables the formation of a tightly hydrogen-bonded complex
between base and substrate in the transition state, which ensures an effective chirality
transfer.
The data in table 3.1 reveal that both enantiomers are accessible by proper choice of the
alkaloid base. Although quinidine and quinine are diastereomeric pairs as shown in figure 3.1,
their opposite stereochemistry at C8 and C, are mere characteristic of enantiomers, and they
are therefore denoted as pseudoenantiomers. Like previous reports on the use of cinchona
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alkaloids as chiral bases , it was found that quinidine gives one enantiomer in excess, while
the other predominates when quinine is employed. The diastereomeric nature of these
alkaloids is revealed by a (small) difference in the ее of the products.
Although the ee's obtained in the asymmetric Neber reaction using cinchona alkaloids are
promising, the yields are moderate. To avoid decomposition of the azirine ester 3a it was
necessary to employ mild work-up procedures. Quenching with saturated aqueous ammonium
chloride, however, did not lead to a complete removal of the base. This hampered
purification, resulting in low yields. Better results (entry 10 vs. entry 11) were obtained when
quenching was performed with 0.05 M aqueous HCl. Remnants of the base were removed
completely. Despite the acidic conditions, no trace of decomposition by the Neber
rearrangement reaction was observed, and the yield of the reaction was improved to 66%.

3.3 Optimization Studies
Having established an asymmetric version of the Neber synthesis of azirine esters 3 using
cinchona alkaloids, the influence of several factors on the enantioselectivity of the reaction
was examined. The following subsections deal successively with the effect of:
-solvent
-temperature
-concentration
-mode of addition
-amount of base
-leaving group
-additives
The results of the optimization studies will be concluded by some remarks on a possible
mechanism of the asymmetric Neber reaction

3.3.1 Solvent
In a first attempt to optimize the enantioselectivity of the asymmetric Neber reaction, the
influence of the solvent was examined. All experiments were performed using standard
conditions, namely 200 mg of substrate 2a and one equivalent of dihydroquinidine as the base
in an equal amount of solvent (25 ml). The reaction mixture was stirred for 22 hours at
ambient temperature to obtain complete conversion of the substrate 2a. In addition to

47

Chapter 3

dichloromethane, which was used as the solvent for the screening of the bases, the following
solvents were randomly chosen: ethanol, acetonitrile, diethyl ether, hexane and toluene.
The results (table 3.2) show a substantial influence of the solvent on the enantioselectivity
of the reaction. In polar solvents, and especially solvents capable of hydrogen bonding, like
ethanol and acetonitrile, a dramatic decrease in enantioselectivity was observed. In fact,
azirine ester 3 was obtained as a racemate in ethanol. Apolar and inert solvents such as
hexane and toluene on the other hand show an increase in ее in comparison with
dichloromethane. The highest ее (70%) was obtained in toluene.
TsO^
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dihydroquinidine^
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Table 3.2 Influence of solvent on the enantioselectivity of the
conversion of 2a into 3a via the asymmetric Neber reaction
yield"»
eeb>
solvent
dichloromethane
1
66%
47%
0%
ethanol
75%
2
8%
47%
acetonitrile
3
45%
4
diethyl ether
48%
5
hexane
59%
47%
toluene
74%
70%
6
carbon disulfide
63%
77%
7
iodobenzene
8
a) reaction performed in 25 ml of solvent at ambient temperature; substrate 2a
(200 mg); dihydroquinidine 13 (1.0 equiv.) as base; yield not optimized; b)
determined by 'H-NMR using Yb(tfc), as shift reagent; c) no product isolation
possible.
In the past decades, several research groups have been working on classifying systems for
solvents, which may be used for the selection of similar or dissimilar solvents for a particular
reaction. 27 Carlson and coworkers2* have designed a strategy for solvent selection, based on
polarity and polarizability of solvents. The first factor is mainly correlated to the dielectric
constant and dipole moment, whereas the second factor is to a large extent controlled by the
refractive index. Carlson et al. calculated the polarity (t,) and polarizablity (t2) for about 80
solvents from different classes (polar/apolar, protic/aprotic) and plotted these values in a
diagram, denoted as solvent space. This diagram can be used for a systematic screening of
solvents. Figure 3.2 is a simplified version of this diagram, showing the solvents used in the
asymmetric

Neber

reaction. The

results

described

above,

clearly

show

that the

enantioselectivity increases with decreased t, and increased t 2 . This indicates that solvents in
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the fourth quadrant of the diagram should favor high enantioselectivities in the Neber
reaction. Two solvents were picked, that meet this requirement, viz. carbon disulfide and
iodobenzene. These solvents are also incorporated in figure 3.2. However, no improvement of
enantioselectivity was found, using these solvents. Carbon disulfide led to a slightly lower ее
than toluene. When iodobenzene was used, isolation of the product was not possible due to
the high boiling point of the solvent. Moreover, iodobenzene is not commonly used and is a
rather expensive solvent. Other solvents in the same region of the solvent space, suffer from
the same disadvantages or contain a basic nitrogen, like for instance piperidine. Therefore,
toluene was considered the best suited solvent for the asymmetric synthesis of azirine esters.
Consequently, further optimization experiments were carried out in toluene .

t, polarity

B

3 (6% ее)

• 2 (0% ее)
t 2 polarizability
• 1 (47% ее)
В

• 8 (χ

4 (45% ее)
B

6 (70% ее)

• 5 (47% ее)
• 7 (63% ее)

fig. 3.2 Eigenvector projection of the solvent descriptor space according to Carlson.
1) dichloromethane; 2) ethanol; 3) acetonitrile; 4) diethyl ether; 5) hexane;
6) toluene; 7) carbon disulfide; 8) iodobenzene.

3.3.2 Temperature
If a reaction shows a positive reaction enthalpy, as is usually the case, the selectivity will
increase for reactions performed at lower temperature as can be deduced from the Arrhenius
equation. To study the effect of temperature, the Neber reaction was performed in toluene,
using dihydroquinidine as the base at three different temperatures, ranging from 0°C to 110°C
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(refluxing toluene). The results (table 3.3) clearly show that higher ee's are obtained at low
temperatures. In all cases the (-)-enantiomer was obtained in excess.
The temperature influences the yield only to a minor extent. Temperature, however, does
influence the reaction rate. The conversion of the starting material was complete after 5 hours
when the reaction is performed under reflux. Considerably longer reaction times were
required at ambient temperature and at 0°C (see table 3.3). Besides the kinetic factor, the
lower solubility of the alkaloid base at reduced temperatures may account for this effect.
Table 3.3 Influence of temperature on the enantioselective conversion of 2a
into 3a via the asymmetric Neber reaction
yield"
temperature
reaction time
ее«
1
0°C
24h
59%
73%
2
22°C
24h
74%
70%
3
110°C
5h
66%
57%
a) reaction performed in 25 ml toluene; substrate 2a (200 mg); dihydroquinidine 13 (1.1
equiv.) as base; yield not optimized; b) determined by 'H-NMR using Yb(tfc), as shift
reagent.

33.3 Concentration
The concentration of dihydroquinidine 13 and ketoxime tosylate 2a has a significant
effect on the enantioselectivity of the reaction (table 3.4). From reactions performed in
toluene at ambient temperature it is apparent that dilution causes a substantial increase in
selectivity.
Table 3.4 Influence of concentration on the enantioselective
conversion of 2a into 3a via the asymmetric Neber reaction
concentration 2a (mp/ml)
yield"'
ee^
Ï
40
63%
53%
2
8
56%
67%
3
2
74%
76%
a) reaction performed in toluene at ambient temperature; substrate 2a (200 mg);
dihydroquinidine 13 (1.0 equiv.) as base; yield not optimized; b) determined by 'HNMR using Yb(tfc)j as shift reagent.

33.4 Mode of Addition
As concentration had a significant effect on the enantioselectivity in the Neber reaction, it
was obvious to investigate also the mode of addition. In previous mentioned experiments, the
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ketoxime tosylate 2a was added to a suspension of alkaloid base in toluene over a period of
about 10 minutes. Inversion of the addition mode, i.e. addition of base to a solution of 2a,
would imply a smaller base concentration during addition. However, no influence of the
addition mode on the selectivity of the reaction was observed (within experimental error)
when either dihydroquinidine or quinidine was used (table 3.5). This could be the
consequence of the short addition time, relative to the time needed for complete conversion of
substrate 2a. However, extending the addition time to 18 hours and keeping the total reaction
time at 24 hours, gave the same result (entry 5 and 6).
Table 3.5 Influence of addition mode on the enantioselective
conversion of 2a into 3a via the asymmetric Neber reaction
yield4
eec)
addition modea)
base
A
74%
76%
1
dihydroquinidine
2
В
53%
76%
A
67%
68%
quinidine
3
4
В
49%
72%
A">
59%
70%
5
d)
52%
72%
6
B

a) METHOD A: addition of tosylated ketoxime 2a (200 mg / 5 ml of toluene) to 1.0
equiv. of base in 95 ml of toluene, over a period of 10 minutes. METHOD B:
addition of a solution of 1.0 equiv. of base in 95 ml of toluene to 2a (200 mg / 5 ml
of toluene) over a period of 10 minutes; b) yield not optimized; c) determined by
'H-NMR using Yb(tfc), as shift reagent; d) addition of 2a and base respectively,
over a 18 hours period. Both quinidine and 2a were dissolved in 50 ml of toluene.

33.5 Amount of Base
The ratio of base to substrate had no influence on the enantioselectivity of the Neber
reaction. By performing the reaction with 0.75 or 2.0 equivalents of quinidine in toluene at
ambient temperature, azirine ester 3a was obtained in approximately 70% ее in both cases. In
the latter case, the excess of base did neither lead to racemization nor to increased ee's. Hence
azirine esters are optically stable under the conditions employed. This was supported by
monitoring studies, involving the determination of the ее as a function of reaction time. A
sample was regularly taken from the reaction mixture and after purification the ее was
determined with 'H-NMR using Yb(tfc)3 as shift reagent. As the ее of azirine ester 3a
remained constant, it may be concluded that product formation is kinetically controlled and
that the product is optically stable under the reaction conditions.
The chemical yield of the reaction, on the other hand, was affected by the substrate to
base ratio. The use of less or more than one equivalent of base led to lower yields. When 0.75
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equivalent of quinidine was employed the conversion of substrate was not complete resulting
in a yield of 52%, whereas the use of 2.0 equivalents of base apparently caused side reactions.
The yield was only 32% in this case.

3.3.6 Leaving Group
During the screening of appropriate bases for the asymmetric Neber reaction (section 2.2)
it was found that the presence of a methoxysubstituent at the quinoline moiety of cinchona
alkaloids improved the enantioselectivity. A possible explanation might be a better
interaction between base and substrate through π-stacking between the quinoline moiety of
the base and the tosyl group of the substrate. The exact nature of the π-stacking effect (either
charge-transfer or Van der Waals forces) is still subject to debate, but more and more
asymmetric bond forming reactions are controlled by designed π-stacking effects.29 In order
to study possible π-stacking in the asymmetric Neber reaction, two additional ketoxime
sulfonates 2 were synthesized. /J-Nitrobenzenesulfonyl ketoxime 2a' and mesyl ketoxime 2a"
were prepared in yields of 78% and 82%, respectively.
RCL.
и
^ V ^ x

||
0

dihydroquinidine
E

t

toluene, rt

2a R=p-toluenesulfbnyl
2a/ R=p-nitrc-benzenesulfonyl
2a" R=methanesulfonyl

Ν M

*"

^ X ^ O E t

3a c.y.=74% ee=76%
3a' c.y =65% ee=70%
3a"c.y.=48% ee=58%

scheme 3.5
The enantioselectivity obtained in the Neber reaction of these derivatives was ambiguous.
Starting from the mesyl compound 2a" azirine ester 3a was obtained in only 58% ее. As this
substituent is smaller than the p-toluenesulfonyl group a better interaction between base and
substrate would have been expected on steric grounds. The decrease in ее should therefore be
attributed to less favorable π-stacking interactions between substrate and base. On the other
hand, a minor change in selectivity was observed for 2a and the 2a'. If π-stacking, controlled
by charge transfer complexation, governs the selectivity in the Neber reaction a larger impact
would have been expected because of the different character of the para-substituents of these
substrates (methyl versus nitro). Nonetheless, highest ee's were obtained using ketoxime
tosylate 2a as the substrate in the Neber reaction.
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3.3.7 Additives
The addition of water or lithium chloride to the reaction mixture, prior to the addition of
ketoxime tosylate 2a resulted in a lower selectivity. On the other hand, it was expected that
the addition of molsieves would lead to an increase of the enantioselectivity, as traces of
moisture would be removed. However, experiments showed that molsieves had no positive
effect on the selectivity in the Neber reaction.
Table 3 6 Influence of additives on the enantioselective conversion
of 2a into 3a via the asymmetric Neber reaction
yield3»
additive
eeb>
74%
76%
1
2
H 2 0(leq.)
65%
60%
3
LiCl (1 eq.)
69%
60%
4
52%
71%
molsieves
a) reaction performed in toluene (100 ml) at ambient temperature, substrate 2a
(200 mg), dihydroqumidine 13 (1 0 equiv ) as base, yield not optimized, b)
determined by 'H-NMR using Yb(tfc)j as shift reagent

33.8 Concluding Remarks on the Optimization Experiments
A tentative mechanism for the asymmetric synthesis of azirine esters 3 can be proposed,
on the basis of the results of the optimization experiments. It was shown that the formation of
the product is kinetically controlled and that the product is chemically and optically stable
under the reaction conditions. Furthermore, the use of apolar, non-protic solvents gives
considerably higher ee's than the use of polar solvents. If the Neber reaction proceeds in a
non-concerted manner30, an enolate anion will be formed after proton abstraction and before
elimination of the tosyl group. The formation of an enolate anion, however, is unfavorable in
apolar solvents. The presence of the alcohol moiety in the alkaloid base solves this dilemma
as the hydroxyl function enables the formation of a hydrogen bond between base and
ketoxime tosylate 2, thereby facilitating enolate formation. Polar and protic solvents as well
as additives, like H 2 0 and LiCl, disturb the formation of a tight complex and result in a
lowering of the enantioselectivity in the asymmetric Neber reaction. The influence of the
concentration on the selectivity of the reaction may be accounted for by the poor solubility of
the cinchona alkaloids in apolar solvents. At high concentrations the base is barely dissolved
and therefore acts as a heterogeneous base. At low concentrations, on the other hand, the
reaction mixture is homogeneous, thereby allowing a better complexation of base to substrate.
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Furthermore, the polarity of the reaction mixture is decreased at low concentrations and there
is a smaller chance of proton abstraction by a second non-complexed base at low
concentrations. As a result the selectivity may be enhanced. Finally, the experiments indicate
that π-stacking is another possible factor governing the enantioselectivity of the reaction, as
both substituents at the quinoline moiety of the alkaloid base and the nature of the leaving
group has an effect on the ее.
During the optimization experiments only one reaction parameter was changed at the
time. By "experimental design" the effects and interactions of several factors can be studied
simultaneously, while only a minimal number of experiments has to be performed. However,
multi-variate experiments, i.e. two level factorial design31, with three variables, namely
temperature, concentration and the ratio between base and substrate, indicated no interaction
between the variables.
Based on the above-mentioned observations it is most likely that the alkaloid-mediated
asymmetric Neber reaction proceeds through an intimate complex between base and
substrate. A three-point interaction (hydrogen bonding between the hydroxyl function of the
base and the ester function of the ketoxime tosylate, π-stacking between the aromatic leaving
group and the aromatic quinoline moiety of the base and an interaction between the basic
alkaloid nitrogen and the acidic α-proton) allows the formation of such a tight complex
necessary for an effective enantioface selectivity.

3.4 Asymmetric Synthesis of Azirinecarboxylic Esters via the Neber Reaction
Having established the optimal conditions for the asymmetric synthesis of azirine esters 3,
several ketoxime tosylates 2 were converted into the azirine esters in this manner (toluene;
0°C; concentration 2 mg/ml). As the synthesis of ketoxime tosylates 2 with aryl substituents
at the R, -position was not possible (chapter 2), the asymmetric Neber reaction is restricted to
the synthesis of azirine esters with aliphatic groups.
All ketoxime tosylates gave (nearly) complete reactions after 24h except 2f. No
conversion was observed for this substrate under the conditions used. This phenomenon was
also encountered during the synthesis of racemic azirine esters. For the conversion of 2f into
the corresponding azirine ester the use of potassium /er/-butoxide was needed instead of
triethylamine. In general, the chemical yields decreased with reduction of the molecular
weight of the products. This is due to the loss of material during work-up and purification
because of the higher volatility of these compounds (see also chapter 2, section 2.4).

54

Cinchona Alkaloid Mediated Asymmetric Synthesis of Azirinecarboxylic Esters
TsO^

N

base
toluene, OOC

°

N

9

OR,
R2
2
Table 3.7 Asymmetric synthesis of azirine-carboxylic esters 3 via a cinchona alkaloid
mediated Neber reaction using optimal conditions "^
yield"»
eec)
base
R2
R3
[a]
Ri
H
Et
quinidine
43%
82%
-65.7 ( c= 0.6)
a
Me
quinine
28%
55%
+45.0 (c = 0.4)
b
Me
H
Me
quinidine
40%
81%
-77.2 (c = 0.5)
iBu
quinidine
29%
44%
-20.1 (c= 1.1)
Me
H
с
72%
80%
-73.4 (c= 1.0)
Et
quinidine
d
иРг
H
H
Et
quinidine
85%
80%
-71.1 (c= 1.5)
e
CH2Ph
quinine
58%
57%
+50.6 (c= 1.0)
Me
Et
quinidine
.«)
f
Me
a) reaction performed in toluene (100 ml) at 0°C, concentration substrate 2 mg/ml, 1 0 equiv of base, b)
after purification by bulb-to-bulb distillation, с) determined by 'H-NMR using Yb(tfc)3 as shift reagent, d)
ш chloroform; e) no conversion, complete recovery starting material.
D

The ketoxime tosylates 2 were converted into the azirinecarboxylic esters 3 using
quinidine or its pseudo-enantiomer quinine as the base, resulting in ee's of up to 82% (table
3.7). The ee's of the azirine esters 3 were determined by NMR experiments using tris[3(trifluoromethyl-hydroxymethylene)-d-camphorato]ytterbium(III) (Yb(tfc)3), as the shift
reagent, from the ratio of the integrals of the signals of the C2- and the C4-protons, which
were the same within experimental error (fig. 3.3 and table 3.8). All enantiomeric purity
assays by NMR were performed with both racemic and optically active substrates in order to
ensure the accuracy of the method used. The specific rotation of azirine 3b according to
literature is [cc£° = -98.9° (chloroform, c=0.5; 100% ee)Sband led to the assignment of the Rconfiguration to the levorotatory enantiomer. As shown in table 3.7 the enantioselectivity of
the reaction was hardly influenced by the substituent R, of the substrate. However, a
substantial decrease of the ее (44% instead of 80%) occurred when R3 was bulky, as in case
of tert -butyl 3-methyl-2#-azirine-2-carboxylate 3c. This is probably due to a disturbance of
the base-substrate complex in the transition state by steric hindrance. Both (-)- and (+)-azirine
esters 3 could be obtained by using the appropriate pseudo-enantiomer of the chiral base. The
diastereomeric nature of the alkaloid catalysts is revealed by a small but constant difference
in the ее of the products.
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fig. 3.3 NMR-spectra of ethyl 3-methyl-2H-azirine-2-carboxylate: a) base: triethylamine;
no shift reagent; b) base: triethylamine; Yb(tfc)} as shift reagent, c) base: quinidine;
Yb(tfc) as shift reagent; d) base: quinine; Yb(tfc)} as shift reagent.
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Table 3 8 The chemical shift (ppm) of the C2- and С-protons

b
a
с
d
e

c2

2.42
2.45
2.34
2.42
2 50

<Y

3 85
4 20
3 06
4.23
4.83

C2"

4.07
4.33
3.27
4 42
5 02

of

azmne

reagenta)

esters 3 using Yb(tfc), as chiral shift

c4

2.52
2.54
2.52

С '

2.71
2 70
2.62

с/'

2.52
2.62
2.50

-

-

-

4 16

4.59

4 43

a) C2 en Ct chemical shift in CHC1, without shift reagent, C 2 ' en C 4 ' chemical shift of the
(-)-enantiomer in CHC1, with Yb(tfc)3 as a shift reagent, C 2 " en C," chemical shift of the
(+)-enantiomer in CHC13 with Yb(tfc)j as a shift reagent, 20 mg shift reagent vs 20 mg
substrate (le 30 mg shift reagent vs 20 mg substrate)

3.5 Catalytic Asymmetric Synthesis of Optically Active 2//-Azirinecarboxylic Esters
A major drawback of the results described so far is that one equivalent of the alkaloid
base had to be used. However, catalytic asymmetric synthesis is a much more attractive
method for the preparation of pure enantiomers. In literature examples23'1·2''" the cinchona
alkaloid base is regenerated in situ through a proton transfer from catalyst to an enolate anion.
In the Neber reaction, a spontaneous proton shiñ from the protonated alkaloid to the
eliminated tosylate anion, which is only a very weak base, was not expected. Experiments
confirmed that the use of a catalytic amount of chiral base indeed led to only a partial
conversion of the substrate. Therefore, a method to regenerate the alkaloid base in situ needed
to be developed. The regeneration of the alkaloid base should not interfere with the proton
abstraction of the ketoxime tosylate, because this would lead to a decrease or even a complete
loss of enantioselectivity.
Several bases were screened in the asymmetric Neber reaction while a catalytic amount of
quinidine was used (table 3.9). 2,6-Lutidine and pyridine, bases that did not lead to azirine
formation under the conditions used, did not give the desired result. In the first case, the
observed conversion of ketoxime tosylate 2a into azinne ester 3a could be completely
attributed to the amount of quinidine present. The observed enantioselectivity was similar to
the Neber reaction with a stoichiometric amount of alkaloid base. The use of pyridine led to a
complex mixture from which no product could be isolated or identified. The use of the
stronger tertiary amine base Et3N (entry 3) may have led to partial regeneration of the
quinidine. The decreased ее, however, shows, that triethylamine was also responsible for
direct conversion of 2a into 3a.
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2a R = methyl
2d R = n-propyl
2e R = benzyl
Table 3.9 Screening of bases for the regeneration of the cinchona alkaloid catalyst in the
Neber reaction a>
substrate eq. quinidine
base
temp
conversion yield
¿e
.<=)
1
2a
0.20
pyridine (1 equiv.)
rt
u
2
0.25
2,6-lutidine (1 equiv.)
rt
30%
24% 70%
II
3
0.20
Et3N (1 equiv.)
rt
65%
67% 39%
II
4
0.25
K2C03 (1.5 equiv.)
rt
27%
26% 72%
u
5
0.25
KjC03 (1.5 equiv.)
reflux
100%
61% 47%
u
KJCOJ (1.5 equiv.)
86%
60% 60%
6
0.25
60°C
u
7
0.25
K2C03(1.5equiv.)e)
rt
100%
56%
8%
u
8
0.25
K2C03 (1.5 equiv.)
rt
100%d)
70% 71%
u
9
0.05
K2C03 (1.5 equiv.)
rt
40%d)
30% 64%
10
2d
0.08
K2C03 (20 equiv.)
rt
100%
63% 62%
0.05
K2COj (2.5 equiv.)
rt
74% Φ
66% 75%
11
2e
u
12
0.10
K2C03 (10 equiv.)
rt
62%
35% 80%
u
13
0.10
K2C03 (20 equiv.)
rt
91%
42% 79%
a) the achiral base was added to a solution of quinidine in toluene, followed by the addition of 2a at the
indicated temperature. The reaction mixture was quenched after 24 h; b) determined by 'H-NMR using Yb(tfc),
as shift reagent; c) no product isolation possible; d) quenching after 7 days; e) in the presence of 18-crown-6.

Subsequently, potassium carbonate was used in the catalytic Neber reaction. Performing the
elimination reaction in the presence of 0.25 equivalent of quinidine and 1.5 equivalent of
solid K 2 C0 3 in toluene at ambient temperature led only to a conversion of 27%. A raise in
temperature to 110°C led to complete conversion of starting material, but the decrease in
enantioselectivity was substantial. Conducting the reaction at an intermediate temperature, i.e.
60°C, led to incomplete conversion, but the yield of the reaction was acceptable. Moreover,
the enantioselectivity obtained in this case was encouraging, although still capable of
improvement.
Instead of raising the temperature, the addition of 18-crown-6 was used to increase the
activity of the K 2 C0 3 (entry 7). Unfortunately, this was accompanied by an almost complete
loss of enantioselectivity, indicating that in the presence of 18-crown-6 K 2 C0 3 is responsible
for proton abstraction from substrate 2.
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scheme 3.6

Alternatively, the conversion could be improved by prolonged reaction times or large
excesses of the solid base. When 1.5 equivalent of K 2 C0 3 and 0.25 equivalent of quinidine
were used the reaction was complete after 7 days at room temperature (entry 8). Moreover,
the ее was about the same as in the stoichiometric reaction. A reduction of the amount of
quinidine to 0.05 equivalent, however, led to a decrease in the conversion to 40%. The drop
in enantioselectivity indicated that not only quinidine, but also potassium carbonate acted as a
base.
Good results were obtained when 10 to 20 equivalents of potassium carbonate were added
to the reaction mixture at room temperature, using only 10 mol% of quinidine (entry 11 and
12). It was possible to obtain the azirine esters with about the same ее as in the stoichiometric
process. The yields are slightly lower due to incomplete conversion of the starting material 2.
Further experiments showed that the concentration was also an important factor in the
catalytic asymmetric Neber reaction. Performing the reaction at larger scale without proper
adjustment of the amount of solvent led to a decrease in enantioselectivity (entry 10).
Attempts to increase the enantioselectivity by lowering the temperature to 0°C were without
success, as the conversion of ketoxime tosylate 2 to azirine ester 3 was slowed down to such
an extent that almost no product was obtained after 24 hours.
Further optimization of the catalytic asymmetric Neber reaction is necessary to improve
both the chemical and the optical yield.
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3.6 Conclusions
A new, convenient route to azirinecarboxylic esters using a modified Neber reaction has
been described in this chapter. Tosylated oximes of ß-keto esters 2 can be converted into the
optically active azirine esters 3 using chiral bases. Cinchona alkaloids, especially quinidine
and dihydroquinidine, give good results, whereas bases lacking a hydroxyl-function (e.g.
sparteine, brucine and strychnine) show no chiral induction at all. Optimization studies
resulted in enantiomeric excesses of more than 80%. Best results were obtained in toluene at
0°C using a concentration of 2 mg/ml of ketoxime tosylate. Polar solvents, higher
temperatures, concentrated reaction mixtures and the presence of lithium salts or water lower
the ee's substantially. These results indicate a tightly bound complex between base and
substrate in the transition state. Hydrogen bonding and π-stacking must be important factors
governing the enantioselectivity of the reaction. Both (-)- and (+)-azirine esters can be
obtained by using the appropriate pseudo-enantiomer of the chiral base. The synthesis can
also be performed in a catalytic manner using 10 mol% of the chiral base and regenerating
this alkaloid base in situ with a large excess of solid base, such as K 2 C0 3 .

3.7 Experimental Section
General Remarks
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. Optical rotations
were determined with a Perkin-Elmer automatic Polarimeter, model 241 MC, in chloroform at 20°C. IR spectra
were taken on a Perkin Elmer 298 spectrophotometer. 'H-NMR spectra were recorded on a Bruker AM 100
(100 MHz, FT) in CDClj using tetramethylsilane (TMS) as internal standard. GLC was performed with a
Hewlett-Packard HP S890 gas Chromatograph, using a capillary column (25m) of HP-1 and nitrogen as the
carrier gas. For mass spectra a double focussing VG7070E mass spectrometer was used. GC/MS was performed
on a Varían Saturn GC/MS (Ion trap) equipped with a DB-S column (30m χ 0.25mm). Elemental analyses were
performed on a Carlo Erba Instruments CHNS-O EA 1108 element analyzer. Flash chromatography was carried
out at a pressure of ca. 1.5 bar, using Silicagel 60H (Merck) as stationary phase. All enantiomeric purity assays
by 'H-NMR using Yb(tfc)3 as a chiral shift reagent were performed with both racemic and optically active
substrates in order to ensure the accuracy of the method used.
Solvents were distilled if necessary. Toluene was distilled from sodium. Acetonitrile and carbon disulfide were
distilled from phosphorus pentoxide. Diethyl ether was distilled from sodium hydride. Hexane and
dichloromethane were distilled from calcium hydride. Ethyl acetate was distilled from potassium carbonate.
Pyridine was distilled from potassium hydroxide.
The synthesis of the ketoxime tosy lates 2a-e has been described in chapter 2.
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Ethyl 3-(4-nitrobenzenesulfonyloximino)butanoate 2a'
Ethyl 3-oxo-butanoate la (2.93 g, 22.5 mmol) was gradually added to a solution of hydroxylamonium chloride
(1.74 g, 25.0 mmol) and sodium hydroxide (0.95 g, 23.8 mmol) in aqueous methanol (150 ml). After 30 min the
solvent was removed under reduced pressure (temperature 40°C) and the residue was extracted twice with ethyl
acetate. The combined organic layers were dried over MgS0 4 and concentrated in vacuo. The crude ketoxime
(3.56 g) was dissolved immediately in dichloromethane (150 ml) and ^-nitrobenzenesulfonyl chloride (5.00 g,
22.6 mmol) in dichloromethane (10 ml) and pyridine (1.95 g, 24.6 mmol) were added at room temperature.
After stirring for 4 h, saturated aqueous NH4CI (50 ml) was added and the mixture was extracted three times
with dichloromethane. The combined organic layers were washed with 0.01 M aqueous HCl and brine. Drying
over MgS0 4 and concentration in vacuo gave a mixture of the two invertomers of ketoxime tosylate 2a' (5.83 g;
17.7 mmol, 78%) as a yellowish solid. An analytical sample was recrystallized from hexane. Mp. 60-62°C,
'H-NMR: major isomer: δ 8.41 A of AB (d, J=8.9 Hz, 2H, aromatic H), 8.17 В of AB (d, J=8.9 Hz, 2H,
aromatic H), 4.15 (q, J=7.1 Hz, 2H, OCHjCH,), 3.27 (s, 2H, CHjC02Et), 2.11 (s, 3H, NCCHj), 1.24 (t, J=7.1
Hz, 3H, OCHjCHj); minor isomer: δ 8.41 A of AB (d, J=8.9 Hz, 2H, aromatic H), 8.17 В of AB (d, J=8.9 Hz,
2H, aromatic H), 4.18 (q, J=7.1 Hz, 2H, OCHjCH,), 3.47 (s, 2H, CHjCOjEt), 2.04 (s, 3H, NCCHj). 1.27 (t,
J=7.1 Hz, 3H, OCHJCHJ). IR (CCI«) of mixture of isomers: ν 3100-3080 (C-Η, unsat.), 3010-2840 (C-Η, sat.),
1740 ( C O ) , 1390 (sulfonate), 1350 (N0 2 ), 1195 (sulfonate) cm·1. MS (CI): m/z (%) 331 (NT + 1, 8), 285 (M+ OC2Hs, 10), 186 (S0 2 C 6 H 4 N<V . 26), 144 (M* - S0 2 C 6 H 4 N0 2 ,

4 9 ) )

12

g (M+ . OS0 2 C 6 H 4 N0 2 , 100), 122

(CjH^NO/, 18). Caled, for C 12 H 14 N 2 0 7 S: C, 43.63; H, 4.27; N, 8.48; S, 9.71; found: C, 43.57; H, 4.22; N, 8.45;
S, 9.69.

Ethyl 3-(methylsulfonyloximino)butanoate 2a"
Ethyl 3-(methylsulfonyloximino)butanoate 2a" was prepared following the procedure for ketoxime tosylate 2a'.
Oximation was carried out with ethyl 3-oxo-butanoate la (9.81 g, 51.1 mmol), NH2OH.HCl (3.70 g, 53.2
mmol) and NaOH (2.02 g, 50.5 mmol). Subsequent mesylation using mesyl chloride (5.81 g, 50.7 mmol) and
pyridine (4.12 g, 52.0 mmol) gave, after work-up, 15.3 g of a brown oil. Flash chromatography (n-hexane :
ethyl acetate = 2:1) gave 9.37 g (42.0 mmol, 82%) of a 2:1 mixture of two invertomers as a yellow oil.
'H-NMR: major isomer δ 4.21 (q, J=7.1 Hz, 2H, OCHjCH,), 3.38 (s, 2H, CHjCO^t), 3.16 (s, 3H, S02CHj),
2.14 (s, 3H, NCCHj). 1-29 (t, J=7.1 Hz, 3H, OCH2CHj); minor isomer 4.21 (q, J=7.1 Hz, 2H, OCHjCHj), 3.50
(s, 2H, ClfcCOjEt), 3.16 (s, 3H, SOjCHj), 2.15 (s, 3H, NCCH,), 1.29 (t, J=7.1 Hz, 3H, OCH2CHj). IR (CO,) of
mixture of isomers: ν 3000-2800 (C-Η, sat.), 1740 ( C O ) , 1380 (sulfonate), 1185 (sulfonate) cm'. MS (EI):
m/z (%) 223 (M+, 0.1), 195 (M* - C2H4.0.1), 178 (M* - OCjHs, 16), 150 (M* - C02C2H5, 6), 144 (M* - S0 2 CH„
15), 128 (M+ - OS02CH„ 13), 116 (M* - S02CH, - CjH,, 8), 99 (M* - S02CH, - OC2H5, 21), 79 (S0 2 CH, + , 21),
71 (M+ - S0 2 CH 3 - COjCjH,, 22), 41 (C2H3N\ 36), 29 (C2HS+, 100). HRMS/EI: m/z caled, for C7H13NO,S:
223.0515; found: 223.0515 amu.

A) General procedure for the stoichiometric asymmetric synthesis of azirine esters 3
To a stirred solution of 1 equiv. alkaloid base in dry toluene (90 ml), a solution of ketoxime tosylate 2 (200 mg)
in dry toluene (10 ml) was added dropwise at 0°C. After 24 h, dilute aqueous HCl (50 ml, 0.05M) was added.
The resulting mixture was extracted three times with diethyl ether (50 ml). The combined organic layers were
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washed with brine, dried over MgS0 4 and concentrated in vacuo to give the azirine ester 3. The crude product
was purified by bulb-to-bulb distillation.
(-)Elhyl 3-methyl-2H-azirine-2-carbaxylate 3a
Following general procedure A, with 2a (201 mg, 0.672 mmol) and quinidine (162 mg, 0.449 mmol) gave, after
work-up, 116 mg of a yellow liquid. Purification by bulb-to-bulb distillation (80°C / 1 mm Hg) gave 37.0 mg
(0.291 mmol, 43%) За as a colorless liquid. The enantiomeric excess was 82%. [a]" = -65.7° (CHClj; c=0.6).
'H-NMR: δ 4.17 (q, J=7.1 Hz, 2H, OCHjCH3), 2.52 (s, 3H, NCCH,). 2.42 (s, IH, CHC02Et), 1.26 (t, J=7.1 Hz,
1

3H, OCHjCHj). IR (CCI,): ν 3020-2850 (C-Η, sat.), 1795 (C=N), 1735 (C=0), 1190 (C-O) cm· . GC/MS (EI):
+

+

+

m/z (%) 128 (M + 1, 36), 112 (M* - CH3, 1), 99 (M* - C2H„ 5), 82 (M - OC2H3, 17), 68 (M - N - OC2H„ 5),
54 (M* - C0 2 C 2 H„ 34), 43 (100). HRMS/EI: m/z caled, for C6H,NCy 127.0633; found: 127.0633 amu.
(+)Ethyl 3-methyl-2H-azirine-2-carbaxylate 3a
Following general procedure A, with 2a (199 mg, 0.666 mmol) and quinine (224 mg, 0.690 mmol) gave, after
work-up, 260 mg of a yellow liquid. Purification by bulb-to-bulb distillation (80°C / 1 mm Hg) gave 23.4 mg
(0.184 mmol, 28%) За as a colorless liquid. The enantiomeric excess was 55%. [ a ] " = +45.0° (CHC13; c=0.4).
(-)Methyl 3-methyl-2H-azirine-2-carboxylate 3b
Following general procedure A, with 2b (200 mg, 0.702 mmol) and quinidine (231 mg, 0.712 mmol) gave, after
work-up, 249 mg of a yellow liquid. Purification by bulb-to-bulb distillation (90°C / 1 mm Hg) gave 32.1 mg
(0.284 mmol, 40%) 3b as a colorless liquid. The enantiomeric excess was 81%. [ a ] " = -77.2° (CHCI3; c=0.5;
lit.5- [ a ] " = -98.9°, c=0.5, 100% ее).
'H-NMR: δ 3.73 (s, 3H, OCH,), 2.54 (s, 3H, NCCHj). 2.45 (s, IH, CHCOjMe). IR (CCI,): ν 3020-2840 (C-Η,
sat.), 1795 (C=N), 1730 (C=0), 1200 (C-O) cm 0 . GC/MS (EI): m/z (%) 114 (M*+ 1,9), 99 (M* - N, 3), 82 (M*
- OCH3, 9), 54 (M* - COjCH3, 44), 43 (100). HRMS/EI: m/z caled, for C5H,N02: 113.0477; found: 113.0477
amu.
(-)terl-Butyl 3-methyl-2H-azirine-2-carboxylate 3c
Following general procedure A, with 2ç (201 mg, 0.615 mmol) and quinidine (202 mg, 0.623 mmol) gave, after
work-up, 198 mg of a yellow liquid. Purification by bulb-to-bulb distillation (110°C / 0.5 mm Hg) gave 27.6 mg
(0.178 mmol, 29%) 3ç as a colorless liquid. The enantiomeric excess was 44%. [a]™ = -20.1° (CHC13; c=l. 1).
'H-NMR: 8 2.52 (s, 3H, NCCH,), 2.34 (s, IH, CHOtyBu), 1.46 (s, 9H, C(CHj)3). IR (CC14): ν 2990-2860 (CH, sat.), 1795 (C=N), 1725 ( C O ) , 1370, 1350 (С(СПг\), 1160 (C-O) cm'. GC/MS (EI): m/z (%) 155 (M*, 11),
100 (M* -C4H7, 37), 82 (M* - ОС4Н» 32), 57 (ОД,*, 100), 54 (M* - С0 2 С 4 Н„ 42), 41 (NC2H3+, 56). HRMS/EI:
mz caled, for C,H 13 N0 2 : 155.0946; found: 155.0946 amu.
(-JElhyl 3-propyl-2H-azirine-2-carboxylate 3d
Following general procedure A, with 2d (202 mg, 0.618 mmol) and quinidine (204 mg, 0.629 mmol) gave, after
work-up, 253 mg of a yellow liquid. Purification by bulb-to-bulb distillation (110°C / 1 mm Hg) gave 69.4 mg
(0.448 mmol, 72%) 3d as a colorless liquid. The enantiomeric excess was 80%. [ a ] " = -73.4° (CHC13; c=1.0).
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'H-NMR: S 4.18 (q, J=7.1 Hz, 2H, OCHjCH,), 2.81 (t, J=7.1 Hz, 2H, CHjCHjCH,), 2.42 (s, IH, CHC02Et),
1.80 (qt, J=7.1 Hz, J=7.1 Hz, 2H, CHjCHjCH,), 1.27 (t, J=7.1 Hz, 3H, OCH2CHj), 1.08 (t, J=7.1 Hz, 3H,
СН2СН2СНз). IR (CC14): ν 3000-2860 (C-Η, sat.), 1790 (C=N), 1725 (C=0), 1185 (C-O) cm 1 . GC/MS (EI):
m/z(%) 156 (M+ + 1,9), 127 (M* - C2H4,4), 112(M*-C,H„ 15), 110(M*- OC2H5, 34), 84 (NT- C,H7- C2H4,
15), 82 (M* - COJCJHS, 10), 55 (C4H7\ 30), 43 (C,H7*. 100). HRMS/EI: m/z caled, for C,H„N0 2 : 155.0946;
found: 155.0946 amu.
(-)Ethyl 3-benzyl-2H-a2irme-2-carboxylate 3e
Following general procedure A, with 2e (202 mg, 0.539 mmol) and quinidine (176 mg, 0.543 mmol) gave, after
work-up, 278 mg of a yellow liquid. Purification by bulb-to-bulb distillation (150°C / 0.5 mm Hg) gave 93.2 mg
(0.459 mmol, 85%) 3e as a yellowish liquid. The enantiomeric excess was 80%. [ a ] " = -71.1° (CHC1,; c=1.5).
'H-NMR: δ 7.40-7.10 (m, 5H, aromatic H), 4.16 (s, 2H, АгСЩ, 4.13 (q, J=7.I Hz, 2H, OCHjCfy), 2.50 (s, IH,
CHCOjEt), 1.21 (t, J=7.1 Hz, 3H, OCH2CHj). IR (CCI,): ν 3100-3020 (C-Η, unsat.), 3000-2860 (C-Η, sat.),
1785 (C=N), 1730(C=O), 1195 (C-O) cm·'. GC/MS (El): m/z(%)204 CM* + 1,7), 175(M*-C2H4, 13), 158 (M*
- OCjH,, 9), 130 (M* - C02C2H5, 10), 91 (С,НД 100), 77 (C6H5+, 7), 65 (C5HS+, 16). HRMS/EI: m/z caled, for
C12H„NCy 203.0946; found: 203.0947 amu.
(+)Elhyl 3-benzyl-2H-azirine-2-carboxylate 3e
Following general procedure A, with 2e (207 mg, 0.552 mmol) and quinine (180 mg, 0.555 mmol) gave, after
work-up, 239 mg of a yellow liquid. Purification by bulb-to-bulb distillation (110°C / 1 mm Hg) gave 65.3 mg
(0.322 mmol, 58%) Эе as a colorless liquid. The enantiomeric excess was 57%. [a]™ = +50.6° (CHC1,; c=l .0).
B) General procedure for the catalytic asymmetric synthesis of azirine esters 3
To a stirred solution of quinidine (0.1-0.25 equiv.) and a large excess of K2C03(s) (10-20 equiv.) in dry toluene
(90 ml), a solution of ketoxime tosylate 2 (200 mg) in dry toluene (10 ml) was added dropwise at room
temperature. After 24 h dilute aqueous HCl (50 ml, 0.05M) was added. The resulting mixture was extracted
three times with diethyl ether (50 ml). The combined organic layers were washed with brine, dried over MgS0 4
and concentrated in vacuo to give the azirine ester 3. The crude product was purified by bulb-to-bulbdistillation.
(-)Ethyl 3-me1hyl-2H-azirine-2-carboxylate 3a
Following general procedure B, with 2a (207 mg, 0.692 mmol), quinidine (55.9 mg, 0.172 mmol) and К 2 С0 3
(1.47 g, 10.6 mmol) gave, after work-up after 7 days, 142 mg of a yellow liquid. Purification by bulb-to-bulb
distillation (80°C / 1 mm Hg) afforded 61.3 mg (0.483 mmol, 70%) За as a colorless liquid. The enantiomeric
excess was 71%.
(-)Ethyl 3-propyI-2H-azirine-2-carboxylate 3d
Following general procedure B, with 2d (601 mg, 1.84 mmol), quinidine (45.0 mg, 0.139 mmol) and K2CO,
(5.00 g, 36.2 mmol) gave, after work-up, 876 mg of a yellow liquid. Purification by bulb-to-bulb distillation
(80°C/1 mmHg) gave 180 mg(l.16 mmol, 63%) 3a as ayellowish liquid. The enantiomeric excess was 62%.
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(-)Ethyl 3-benzyl-2H-azirine-2-carboxylate 3e
Following general procedure B, with 2e (200 mg, O.S33 mmol), quinidine (1S.8 mg, 0.049 mmol) and K 2 CO,
(1.49 g, 10.8 mmol) gave, after work-up, 296 mg of a yellow liquid. Purification by bulb-to-bulb distillation
(150°C / 0.5 mm Hg) gave 45.9 mg (0.220 mmol, 42%) 3e as a colorless liquid. The enantiomeric excess was
79%.
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REDUCTION OF 2tf-AZIRINECARBOXYLIC ESTERS TO
AZIRIDINECARBOXYLIC ESTERS

4.1 Introduction
Stereochemically defined aziridine-2-carboxylates 1 are useful intermediates in organic
synthesis.' The intrinsic high reactivity of the three-membered ring as well as the presence of
a reactive ester substituent ensure a great variety of transformations. There is a multitude of
data concerning thering-openingreactions of JV-substituted aziridine esters with a wide range
2
2
1 3
2W
2e 3bAi
2
1 6
of nucleophiles, such as alcohols , thiols "*"· '· , a m i n e s , azides - ) indoles "·* · ,
7
1
10
phosphites , enolates , Wittig reagents' and organometallic reagents"· , demonstrating the
accessibility to a wide variety of non-proteinogenic amino acids. Either α-amino acids or ßamino acids can be prepared by selective nucleophilic attack of the aziridine ring at the C3and the C2-position, respectively. Aziridine esters and derivatives thereof, can also be applied
as key intermediates in the synthesis of ß-lactam antibiotics" and pyrrolines12, or as chiral
auxiliaries11'1'13 and chiral ligandslld,H in asymmetric synthesis. Furthermore, optically active
aziridinecarboxylic esters can be used as building blocks for the synthesis of cytotoxic and
antibiotic natural products, like for instance actinomycin D" (in this case the aziridine ring
remains intact).
NH
C02R4
R3
1

The

commonly

applied

strategies

for

the

synthesis

of

chiral,

non-racemic

aziridinecarboxylic esters 1 are outlined in scheme 4.1. The ring-closure reaction of optically
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active ß-hydroxy amino esters 2 is the most extensively developed method. Enantiopure ßhydroxy amino esters 2 are readily available from the chiral pool. Amino acids like L-serine
and L-threonine140,16, as well as tartaric acidIOa, have been used as starting materials in
aziridine synthesis. The Sharpless aminohydroxylation reaction" of allylic alcohols provides
an alternative for the precursors 2.
The ring opening of homochiral oxiranecarboxylates 3 with azides, followed by
subsequent ring closure, renders a useful method for the synthesis of aziridinecarboxylates
i . " The overall transformation from epoxide to aziridine takes place with complete
inversion.'8Ьс As both enantiomers of a variety of oxiranecarboxylates 3 can be obtained in
high enantiopurity by the Sharpless epoxidation" of allylic alcohols, this method has an
attractive scope.
Enantioselective versions of the Gabriel-Cromwell reaction20, i.e. the reaction of α,βunsaturated α-bromocarboxylic acid derivatives 4 with primary amines, provide another route
to stereodefined aziridine-2-carboxylic acid derivatives 1. The asymmetric induction is
controlled by using stoichiometric amounts of chiral auxiliaries, as for instance Oppolzer's
camphor derived sultani.

Э

scheme 4.1
Imines 5 can serve as suitable precursors in the synthesis of optically active
aziridinecarboxylic esters 1. The asymmetric aza-Darzens reaction, i.e. the condensation of
appropriate enolates with imines 5, is a commonly applied method in this field. The chirality
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is transferred from chiral substituents on either the α-halo enolate21 or the imine22. In all cases
the c/j-aziridine

compound was obtained almost exclusively. The metal-catalyzed

decomposition of ethyl diazoacetate in the presence of imines also leads to the formation of
aziridinecarboxylic esters l. 23 However, only low ее's were obtained when chiral metal
complexes were used for the carbene formation from the diazo ester.
Asymmetric nitrene transfer to olefins leads to aziridine formation using, for instance,
bisoxazoline-copper complexes as chiral catalysts.24 Starting from α,β-unsaturated esters 6
and A4(p-toluenesulfonyl)irnino]phenyliodinane (PhI=NTs), optically active aziridine esters
1 could be obtained, although the enantioselectivity was again only moderate.25 In contrast,
the use of α,β-unsaturated acid derivatives bearing chiral auxiliaries (e.g. Oppolzer's sultam)
in this reaction, leads to the formation of aziridinecarboxylic acid derivatives with
diastereoselectivities up to 95%.26
Despite the reactions described above, most syntheses of aziridinecarboxylates 1 are not
stereospecific. Several methods have therefore been developed to effect the resolution of a
racemic aziridine mixture. Chemical resolution can either be achieved by formation of a
diastereomeric salt27 or by complexation with optically active host compounds derived from
tartaric acid.28 Alternatively, aziridinecarboxylates 1 can be resolved by enzymatic hydrolysis
or alcoholysis.29
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scheme 4.2
In chapter 3, the synthesis of optically active 2Я-агігіпе-2-сагЬохуІіс esters via a
cinchona alkaloid-mediated asymmetric Neber reaction was described. Selective reduction of
the carbon-nitrogen double bond of the azirine esters would provide a short and elegant route
toward chiral, non-racemic aziridine esters \. The reduction of C-N double bonds other than
30 3 32

the azirine moiety is well known. · '' However, most of these methods are not suitable for
the reduction of azirinecarboxylic esters, as the reducing agents applied would also lead to
reduction of the ester function. Most reported examples of azirine reduction suffer from the
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same problem.33 The reduction of 2Я-агігіпесагЬоху1іс esters has, hitherto, only been
reported twice (scheme 4.2).34,35 In both cases, the aziridinecarboxylic ester was obtained in
60% yield, using sodium borohydride (NaBH4) as the reducing agent. Haddach et al."
attributed the moderate yields to the competing addition of the solvent (ethanol) to the C-N
double bond, resulting in the formation of compound 11.
In view of the interest of the Nijmegen research team in the chemistry of 2Hazirinecarboxylic

esters, the reduction of these compounds to the corresponding

aziridinecarboxylic esters was explored. The results of these studies, using several reducing
agents, are described in the next section.

4.2 Reduction of 2#-Azirinecarboxylic Esters
Previous reports33*'33'1-34'35 have indicated that sodium borohydride is a suitable reagent for
the reduction of the carbon-nitrogen double bond in azirines. Furthermore, it is known that
this mild reducing agent is not capable of reducing ester functions. Therefore, this reagent
was explored first. The azirinecarboxylic esters 12a (R=Me), 12b (R=wPr) and 12c
(R=CH2PH) were reduced to the aziridine esters 1 with NaBH4 in moderate to good yields
(40-87%). The low yield of la may be attributed to the high volatility of this compound,
resulting in some loss of product during isolation.
J\

R

x<l>02Et

NaBH4
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Ri... ^,ΝΗ
H

^Xj

Η
l a 40%
l b 87%
1c 76%

12a R=Me
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12c R=CH2Ph
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scheme 4.3
In the above mentioned cases, the reduction of the azirine esters 12 led exclusively to the
formation of the c/i-aziridinecarboxylic esters 1, as indicated by the coupling between the
ring protons (~6 Hz). No trace of the corresponding rrans-aziridinecarboxylic esters'8''36 1'
could be detected in the NMR-spectra of the crude products. A 2D-NOESY-experiment on
compound lç confirmed the configuration of the formed product, as an interaction between
the two ring protons is clearly present. This indicates that these two protons are within a 3Â
range, which is only possible for the см-isomer. The observed selectivity is in agreement with
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previous reports on the reduction of azirine compounds with NaBH< and can be accounted for
by an exclusive approach of the hydride from the less hindered side of the azirine
33 45

molecule. "

When the reduction was performed with optically active azirines 12a and 12c no loss of
chirality was observed (scheme 4.4). The enantiopurity of the aziridine ester la (55%) was
determined by GLC-analysis of the camphanoyl derivative and was equal to the ее of the
starting material (58%), within experimental error. The asymmetric synthesis of azirine esters
via the Neber reaction, followed by reduction with sodium borohydride, provides therefore an
easy and short route toward optically active cis- aziridinecarboxylic esters.
Л\
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scheme 4.4
Although the reductions of aziridinecarboxylic esters with sodium borohydride in ethanol
proceeded rather cleanly, small amounts of impurities were present. Due to the minor amount
of these impurities, however, their isolation or identification was not possible. As mentioned
in the preceding section, Haddach et al. reported low yields for the reduction of
azirinecarboxylic esters with sodium borohydride, due to the competing addition of ethanol,
the solvent of choice for this type of reaction, to the C-N double bond of the azirine.35 To
establish whether the impurities originated from the addition of ethanol to the azirine ester,
the addition product 13 was synthesized independently by the addition of sodium ethoxide to
azirine ester 12a.
The addition reaction led to the formation of two compounds, viz. the expected 3-ethoxyaziridinecarboxylic ester 13 ( in a cis/trans ratio of 1:1) and pyrazine compound 14 (scheme
4.5). Pyrazine formation could be the result of a dimerization reaction during acidic work-up.
Indeed reaction of the aziridine adduct 13 with aqueous acid confirmed the acidic catalysis of
the dimerization process. After a few minutes 3-ethoxy-aziridine 13 was converted
completely into pyrazine 14.
However, neither of these two products appeared to be present in the initial product
mixture of the reduction reaction. The observed impurities can therefore not be ascribed to the
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addition of solvent. The observation of Haddach et al, i.e. addition of EtOH to the azirine,
may be attributed to the nature of the fiuorinated alkyl substituent of 9.
FL· .NH
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scheme 4.5
The results obtained during the reduction of azirine esters 12 to the corresponding
aziridines were significantly worse when other metal hydride systems were used. BH3.THF or
BH3.DMS still gave the aziridine ester lb, but the yields were only 23% and 26%,
respectively. Moreover, the reaction proceeded with lower selectivity. From NMR-data and
GC/MS-analyses it was concluded that the cisltrans ratio was about 5 to 1. Reduction of
azirine esters with LiBH<, ZnBH4 or L-selectride led to a complex product mixture, from
which no product isolation and identification was possible. The low yields in the firstmentioned cases, as well as the formation of multiple products in the latter ones, may be
attributed to a (partial) reduction of the ester function.
Samarium diiodide (Sml2) is a versatile reagent which is capable of reducing imines,
without affecting ester substituents.37 However, attempts to apply Sml2 in the reduction of
azirine esters were not successful. Again, a complex product mixture was obtained. A
competing reductive coupling reaction, similar to previous observations in the treatment of
aromatic aldimines with samarium diiodide3', may be the cause.

4.3 Hydrogénation of 2ff-Azirinecarboxylic Esters
An alternative approach to convert the C-N double bond of the azirine moiety into a
single bond would be by catalytic hydrogénation39, which is known as a mild method for the
reduction of C=N bonds as well as for the reduction of several other functional groups. With
regard to the hydrogénation reactions of azirines33"·40, it should be noted that in most cases the
ring system is cleaved during the process, leading to the formation of imines or the tautomeric
enamines. On the other hand, Morrow et al." have reported the hydrogénation of a steroidal
azirine to the aziridine with platinum oxide, so the ring-cleavage reaction may be depended
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on the substituents of the azirine and/or the conditions used. The catalytic hydrogénation of
azirinecarboxylic esters 12 has, hitherto, been reported only once.40 ß-Aminocrotonates were
obtained instead of aziridine- carboxylic esters when platinum or palladium catalysts were
used. The results of Morrow, however, were a reason to reinvestigate the hydrogénation of
azirine esters 12.
The conversion of azirine ester 12a under hydrogen atmosphere in ethyl acetate at
ambient temperature on a palladium-charcoal catalyst proceeded rather smoothly. After one
hour an equimolar amount of hydrogen had been consumed and the starting material was
completely converted, according to the gas chromatogram. The 'H-NMR- and the IR-spectra
of the crude product, however, indicated that aziridinecarboxylic ester 1 had not been formed.
From the NMR-data it could be deduced that a single product was formed, in which the ester
function was still intact. Combination of the IR-spectral data, that clearly showed the
presence of a NH2-moiety (v =3500 and 3320 cm'1) and the presence of an α,β-unsaturated
enone (1665 cm"'), with the NMR-data led to the assignment of structure 15 (ethyl ßaminocrotonate) to this product.
О

/4A0Et ^
H

Pri/r

12a

NH2

О

ЛЛ»
15 67%

scheme 4.6
The mechanism of this reductive ring-opening reaction of azirine esters is still not
33 40
clear. *· The C-N single bond may be reduced preferentially as this involves the loss of ring
strain. Alternatively, a two-step hydrogénation reaction with concurrent rearrangement, may
explain the formation of the ß-amino-crotonate. Harvey and Ratts40 excluded the aziridine
intermediate in the hydrogénation reaction, as they recovered aziridinecarboxylic esters
unchanged after exposure to the hydrogénation conditions. However, recent data on the
hydrogénation reaction of aziridine esters contradict the results of Harvey and Ratts.42 It
turned out that these compounds give rise to the formation of a- or ß-amino esters on
hydrogénation using a palladium catalyst and therefore it cannot be excluded that opening of
the azirine ring proceeds via an aziridine intermediate.
It may be possible that the polarity of the reaction medium influences the course of the
reaction. The reaction was therefore repeated using hexane as a solvent. Again compound 15
was the only isolated product. It can be concluded that the hydrogénation of azirine esters
does not enable the synthesis of the corresponding aziridines. As hydrogénation of optically
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active azirine esters to ß-amino-crotonates would also lead to the loss of the stereogenic
center, no further efforts in this area were undertaken

4.4 Conclusions
The reduction of the azirine-esters 12 with NaBH4 leads exclusively to the formation of
cij-aziridinecarboxylic esters i, which are important substrates for the synthesis of various
anomalous amino acids. If the reduction is performed with optically active azirines 12a
(R=Me) and 12b (R=CH2Ph) no loss of chirality is observed. Previously reported methods for
the synthesis of non-racemic aziridinecarboxylic esters (section 4.1, scheme 4.1) suffer from
some serious drawbacks. Besides the rather low enantioselectivities obtained in some cases,
most procedures involve many reaction steps, thereby resulting in low overall yields (e.g. the
conversion of epoxides into aziridines). Other methods require the use of complex and
expensive chiral catalysts (metal catalyzed aziridination of olefins) or stoichiometric amounts
of chiral auxiliaries (enantioselective Gabriel-Cromwell reactions). The use of substrates from
the chiral pool as well as procedures like the aza-Darzens reaction put severe constraints on
the substitution pattern of aziridine esters 1. Furthermore, most methods do not allow the
synthesis of cis-aziridinecarboxylic esters 1 in high enantiopurity. The asymmetric synthesis
of azirine esters via the Neber reaction, followed by reduction with sodium borohydride,
however, provides an easy and short route towards optically active c/s-aziridinecarboxylic
esters. Moreover, both (-)- and (+)-aziridine esters are accessible using the appropriate
pseudo-enantiomer of the chiral base in the Neber reaction.
The hydrogénation of azirinecarboxylic esters 12a turned out to be a rather circumstantial
route for the synthesis of the cheaply commercially available ethyl 3-amino-crotonate.

4.5 Experimental Section
General Remarks
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. Optical rotations
were determined with a Perkin-Elmer automatic Polarimeter, model 241 MC, in chloroform at 20°C. IR spectra
were taken on a Perkin Elmer 298 spectrophotometer. 'H-NMR spectra were recorded on a Bruker AM 100
(100 MHz, FT) or a Bruker AM 400 (400 MHz, FT) in CDC13 using tetramethylsilane (TMS) as internal
standard. "C-NMR spectra were recorded on a Bruker AM 100 (25 MHz, FT) or a Bruker AM 400 (100 MHz,
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FT) GLC was performed with a Hewlett-Packard HP 5890 gas Chromatograph, using a capillary column (25m)
of HP-1 and nitrogen as the earner gas For mass spectra a double focussing VG7070E mass spectrometer was
used GC/MS was performed on a Vanan Saturn GC/MS (Ion trap) equipped with a DB-5 column (30m χ
0 25mm)
Solvents were distilled if necessary

Diethyl ether was distilled from sodium hydride

Hexane and

dichloromethane were distilled from calcium hydnde Ethyl acetate was distilled from potassium carbonate
The synthesis of the azinne esters 1 has been reported in chapter 2 (racemic compounds) and chapter 3
(optically active compounds)
Ethyl cis-3-methyI-azmdme-2-carboxylate la

16

To a stirred suspension of NaBH, (151 mg, 3 97 mmol) in ethanol (25 ml), a solution of azirine ester la (500
mg, 3 94 mmol) m ethanol (5 ml) was gradually added at room temperature After 30 mm H 2 0 (10 ml) was
added The ethanol was removed in vacuo and the resulting mixture was extracted three times with diethyl ether
(25 ml) The combined organic layers were washed with bnne, dried over MgS0 4 and concentrated in vacuo to
give after work-up, 442 mg of a yellow liquid Purification by bulb-to-bulb distillation (60°C / 0 5 mm Hg)
yielded la (205 mg, 1 59 mmol, 40%) as a colorless liquid
'H-NMR (100 MHz) δ 4 23 (q, J=7 1 Hz, 2H, OCH¡CH3), 2 63 (d, J=6 1 Hz, IH, CHC0 2 ), 2 30 (dq, J „ » J , 4 *6,
IH, СНСНз), 1 31 (t, J=7 1 Hz, 3H, OCH2CHj), 1 30 (d, J-5 7 Hz, 3H, CH,), 1 3 (bs, IH, NH) ppm IR (CC1„)
ν 3270 (N-H), 3010-2890 (C-Η, sat), 1725 ( C O ) , 1190 (C-O) cm ' GC/MS (EI) m/z (%) 129 (M+, 8), 100
(>f- C2HS, 11), 84 (NT- OC2H5, 11), 73 (C0 2 C 2 H s + , 2), 55 (C 3 H 5 N\ 100), 45 (C 2 H s O\ 51) HRMS/EI m/z
caled f o r C ^ N C ^ 129 0790, found 129 0789 amu
Ethyl (-)-cis-3-methy!-azindme-2-carboxylate l a
This compound was prepared following the procedure for rac-aziridine ester la, using (-)-azirine ester 12a (104
mg, 0 819 mmol, 58% ее) and NaBH, (35 mg, 0 921 mmol), to give after work-up 109 mg of a yellow liquid
Purification by bulb-to-bulb distillation (60°C, 0 5 mm Hg) gave l a (37 2 mg, 0 288 mmol, 35%) as a colorless
liquid [ a ] " = -18 0" (CHCI,, c=0 7) Ee=55% (according to GLC of camphanoyl derivative)
Ethyl cvs-3-propyl-aziridme-2-carboxylate l b
This compound was prepared following the procedure for aziridine ester la, using azinne ester 12b (500 mg,
3 23 mmol) and NaBH4 (125 mg, 3 29 mmol), to give after work-up 491 mg of a yellow liquid Purification by
bulb-to-bulb distillation (100°C, 1 0 mm Hg) gave l b (440 mg, 2 80 mmol, 87%) as a colorless liquid
'H-NMR (100 MHz) δ 4 23 (q, J=7 1 Hz, 2H, OCHjCHj), 2 62 (bs, IH, CHC0 2 ), 2 23 (bs, IH, CHCH2), I 801 30 (m, 5H, CHjCHjCH,, NH). 1 30 (t, J=7 1 Hz, 3H, OCH2CH,), 0 94 (t, 3H, J=6 8 Hz, СН2СН2СН_,) IR
(CC1„) ν 3260 (N-H), 3000-2820 (C-Η, sat ), 1720 (C=0), 1190 (C-O) cm ' GC/MS (EI) m/z (%) 158 (M+ + 1,
21), 128 (M + - C 2 H 5 , 22), 112 (M + - OC2H5, 14), 84 (M+ - C0 2 C 2 H 5 , 43), 56 (C4H8+, 73), 41 (C 2 H 3 N + , 51)
HRMS/EI m/z caled forC,H, 5 N0 2 157 1103, found 157 1103 amu
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Ethyl CK-3-benzyl-aziridme-2-carboxylate l ç
This compound was prepared following the procedure for azindine ester la, using azinne ester 12c (201 mg,
0 990 mmol) and NaBH4 (39 2 mg, 1 03 mmol), to give after work-up 199 mg of a yellow liquid Purification
by bulb-to-bulb distillation (135°C, 0 5 mm Hg) gave l ç (154 mg, 0 751 mmol, 76%) as a colorless liquid
'H-NMR (400 MHz) δ 7 35-7 20 (m, 5H, aromatic H), 4 25 (q, J=7 1 Hz, 2H, OCHjCH,), 3 00 A of AB (dd,
J=14 8 Hz, J=6 1 Hz, IH, PhCHj), 2 82 В of AB (dd, J=14 8 Hz, J=7 3 Hz, IH, РЬСЩ 2 73 (d, J=6 1 Hz, IH,
CHCO,), 2 50 (ddd, J, 2 =J„=J, 4=.6 5, IH, CHCHj), 1 60 (bs, IH, NH), 1 28 (t, J=7 1 Hz, 3H, OCH,CH,) ppm
l5

C-NMR (100 MHz) δ 170 8 (C=0), 138 5, 128 5, 128 4, 126 9 (aromatic C), 61 4 (OÇH2CH,), 39 1, 34 7

(NÇH), 34 0 (PhCHj, 14 2 (OCH£H,) IR (CC1„) ν 3270 (N-H), 3100-3010 (C-Η, unsat ), 3000-2820 (C-H,
+

sat ), 1725 (C=0), 1195 (C-O) cm ' GC/MS (EI) m/z (%) 205 (M*, 7), 176 (M - C¡H5, 8), 160 (M+ - OC2H„
4), 132 (M*- C0 2 C 2 H„ 100), 104 (C,H,\ 67), 91 (C,H/, 38), 77 ( C J V , 26), 51 (C4H3*. 20) HRMS/EI m/z
caled forC 12 H, 5 N0 2 205 1103, found 205 1104amu
Ethyl (-)-cis-3-benzyI-aziridme-2-carboxylate le
This compound was prepared following the procedure for azindine ester la, usmg (-)-azirine ester 12c (199 mg,
0 981 mmol, 72% ее) and NaBH4 (39 0 mg, 1 03 mmol), to give after work-up 169 mg of a yellow liquid
Purification by bulb-to-bulb distillation (135°C, 0 5 mm Hg) provided lc (101 mg, 0 493 mmol, 50%) as a
colorless liquid [ a ] " = -45 0°(CHCl 3 ,c=l 1)
Ethyl 3-ethoxy-3-methyl-aziridine-2-carboxylate 13
This compound was prepared following the procedure of Haddach et al36 A solution of ethyl methyl-azinnecarboxylic ester 12a (209 mg, 1 85 mmol) m ethanol (5 ml) was added to a solution of sodium ethoxide in
ethanol (prepared from sodium (52 mg, 1 78 mmol)) and ethanol (10 ml)) The reaction mixture turned yellow
immediately After 30 mm no starting material remamed, accordmg to TLC Careful addition of aqueous HCl
(0 5 M) to the reaction mixture until pH=6 was followed by removal of ethanol under reduced pressure The
residue was extracted three times with CH2CI2 after the addition of H 2 0 The combined organic layers were
dried over MgS0 4 and concentrated m vacuo to yield 14 (146 mg, 0 579 mmol, 62%) as a yellow solid An
analytical sample was recrystallized from dusopropyl ether Mp 88°C (lit ° 88°C)
Sodium bicarbonate was added to the acidic water layer until pH=8 Extraction with CH2C12 (three tunes) The
combined organic layers were dried over MgSO, and concentrated m vacuo to yield 13 (102 mg, 0 589 mmol,
32%) as a 1 1 mixture oicis- and frara-isomers
14

'H-NMR (100 MHz) δ 4 50 (q, J=7 1 Hz, 4H, OCHjCH,), 2 81 (s, 6H, CE,), 1 45 (t, J=7 1 Hz, 6H,

OCHjCHj) ppm "C-NMR (25 MHz) δ 165 (C=0), 151 (ÇCH,), 144 (ÇCO), 62 (OÇH2CH3), 22 (CH3), 14
(OCHJÇHJ) ppm IR (KBr) ν 3020-2820 (C-Η, sat ), 1710 ( C O ) cm ' GC/MS (EI) m/z (%) 253 (M* + 1,
100), 207 (M* - OC 2 H s , 0 8), 179 (M* - C0 2 C 2 H 5 , 7), 134 (M* - C0 2 C 2 H 5 , - OC 2 H„ 4), 106 (M* - 2 C0 2 C 2 H„ 6)
13 'H-NMR (100 MHz) δ 4 14 en 4 12 (2q, J=7 1 Hz, 2H, OCHjCHj), 3 66 en 3 47 (s, IH, CHCOj), 3 60-3 30
(m, 2H, COCHjH,), 1 64 (bs, IH, NH) 1 55-1 09 (m, 9H, C0 2 CH 2 CHj, OCH2CHj, CB,) ppm IR (CCL.) ν 3410
(N-H), 3000-2820 (C-Η, sat), 1735(C=0)cm' MS (CI) m/z(%) 174 (M*+ 1, 13), 128 CM* - OC 2 H s , 3), 100
(M + - C0 2 C 2 H 5 , 5) HRMS/EI m/z caled forC,H l s NO,

76

173 1052, found 173 1049 amu
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Ethyl 3-amme-crotonate 15
A solution of ethyl methyl-azinnecarboxylate I2a (209 mg, 1 65 mmol) in ethyl acetate (50 ml) was
hydrogenated for 1 h in the presence of Pd/C (20 mg) The inorganic material was removed by filtration,
washed with ethyl acetate (3 χ 20 ml) and the combined filtrate and washings were concentrated in vacuo to
yield ethyl 3-amino-crotonate 15 (192 mg, 1 48 mmol, 90%) as a yellow liquid Purification by bulb-to-bulb
distillation (110°C / 0 5 mm Hg) gave 142 mg (1 10 mmol, 67%) 15 as a colorless liquid
'H-NMR (100 MHz)

44

δ 4 52 (s, IH, С=СЩ, 4 11 (q, J=7 1 Hz, 2H, OC&CH,), 1 91 (s, 3H, CIL), 1 25 (t,

J=7 1 Hz, 3H, OCH2CHj) ppm IR (.CCI,) ν 3500 (N-H), 3320 (N-H), 3020-2800 (C-Η, sat ), 1665 ( O O ) cm '
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REACTION OF ACYL HALIDES WITH 2tf-AZIRINECARBOXYLIC
ESTERS: A NEW ROUTE TO 3-HALOVTNYLGLYCINE ESTERS

5.1 Introduction
The highly strained and reactive 2#-azirines 1 have been extensively studied for various
synthetic purposes1,2, such as ring expansion reactions, cycloaddition reactions, preparation of
functionalized amines and substituted aziridines. Some typical reactions of azirines are shown
in scheme 5.1.
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The wide applicability of 2#-azirines 1 is due to the ambivalent nature of these small-ring
heterocycles. The lone pair of electrons on the nitrogen atom enables reactions with
electrophilic reagents, e.g. aldehydes3, acids4, acyl chlorides4'·5 and anhydrides4*5'1, whereas
the C-N double bond is susceptible to nucleophilic reagents such as metal hydrides40,6,
Grignard reagents47, enolates8, amines' and alcohols41,10. 2#-Azirine-2-carboxylic acids and
esters are of particular interest as they form an entrée to e.g. non-protein amino acids".
However, reactions of azirine esters have hitherto been restricted to the addition of
triphenylphosphine12, alkoxidesllb and protic acids like hydrogen fluoride'lb and hydrazoic
acid13, Grignard reactions14, reduction with sodium borohydride1'b15 and Raney nickel11*,
catalytic hydrogénation", the Diels-Alder reactions17 and trimerization by photolysis".
In this chapter the reaction of 2#-azirine-2-carboxylic esters" with acyl halides is
described. Reactions of non-functionalized azirines with acyl chlorides4*1 showed that JV-acyl2-chloroaziridines 2 are rather unstable and prone to rearrangement to the corresponding
oxazoles 3 and dichloroamides 4 (scheme S.2).
Ph

Ph

Plv

Cl

^N

C|X^

X

Me
Ph

Me
N

M

+

α

er Ι

Ph

О

Λ.

N

Η

Ph

Me

3

scheme 5.2

Reaction of dimethylamino-azirine 5 with acetyl chloride also led to a ring opened
product 6 via 1,3-bond cleavage of the initially formed azirinium intermediate (scheme 5.3)5d.
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5.2 Results and Discussion
The reaction of the azirinecarboxylic esters 7a (R=H), 7b (R=Ph) and 7c (R=Et) with
several acyl halides not only led to the expected substituted aziridinecarboxylic ester 8, but, in
addition, to the 3-halovinylamino ester 9 (scheme 5.4). 3-Halovinylglycine esters 9a (R,=H)
20

are interesting compounds as they may possess antibiotic activity.

Furthermore, they can be

2

used for mechanistic studies on alanine racemase ', which is considered an attractive target
22

for the design of antibiotics. Hitherto, syntheses of 9 either led to racemic compounds or
23

comprised many steps . Therefore, the reaction of acyl halides with azirine esters 7, which
are easily attainable in optically active form, could be an attractive alternative for the
synthesis of these compounds.
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scheme 5.4
The ratio between aziridine 8 and compound 9 depended on the reaction conditions and
on the nature of the substituents (table 5.1). Reaction of the azirine esters 7 with acetyl
chloride or benzoyl chloride in toluene led, in most cases, to a mixture of the two compounds,
with the aziridine ester as the major component. Only reaction of 7a with acetyl chloride led
initially to the sole isolation of the aziridine ester 8a. The aziridine esters 8, however, turned
out to be unstable at ambient temperature and after a couple of days they were neatly
converted into the corresponding 3-halovinylamino esters 9. Reaction of 7a with acetyl
bromide or benzoyl chloride gave only compounds 9a' and 9a", respectively. The use of
acetyl chloride as the solvent also led to the exclusive isolation of the vinylic compound 9a.
While the reaction of azirines esters with acetyl chloride took place at ambient
temperature, the reaction with benzoyl chloride required the use of reflux conditions for 3
days, to obtain complete conversion of the starting materials. Attempts to accelerate the
reaction by the addition of a catalytic amount of dimethylaminopyridine (DMAP)24 were
unsuccessful. However, addition of DMAP to the reaction mixture led to a change in product
composition, as aziridine ester 8a" was the predominant product, with a minor amount of
9a".
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Table 5.1 The formation of 3-halo-vinylglycine esters 9 by addition of acyl
halides to azirine esters 7 ^
" additive
yield 8 (%)b) yield 9 (%)c) '
X
R2
R,
a
H
Me
CI
77
.
.
.
ad>
60
.
.
Br
a'
85
.
a"
CI
Ph
63
.
.
a"
75
15
DMAP
Ph
Me
b
CI
58
31
Et
Me
с
CI
61
32
a) reaction performed in toluene using 1 equiv. of acid chloride at room temperature (R2=Me) or
under reflux (R2=Ph); b) isolated yield of 8, immediately after purification; aziridines 8 were
unstable and gave ring opening to 9; c) isolated yield of 9, immediately after purification; d)
reaction in acetyl chloride (5 ml).
The occurrence of ring opening after addition reactions to 2#-azirines is not
uncommon.512 Moreover, it is known for decades that JV-acyl aziridines undergo thermal
reaction to 2-vinylamides.25 The formation of the isolated products can be explained as
follows. As it was observed that the N-acyl-aziridine ester 8 readily gives ring opening to
produce compound 9, it is suggested that 8 is the initially formed species and that 9 is derived
therefrom. Hence, the reaction of azirine esters 7 with acyl halides proceeds as depicted in
scheme 5.5. After N-acylation and attack of the halide ion to the C-N double bond of the
azirine moiety, the functionalized aziridine ester 8 is obtained. Alternatively, these two steps
may actually proceed in a more concerted manner. Subsequently, ring opening of this
aziridine 8 takes place initiated by deprotonation of the CH2-group at C3. This reaction may
proceed analogous to the thermal ring opening of jV-acyl-aziridines bearing aliphatic
24

26

substituents , which has been proposed to be a Chugaev type reaction, i.e. an intramolecular
proton abstraction via a favorable six-membered transition state to give imine 10 which
tautomerizes to the amide 9. It is not yet clear why the ring opening of the 3-bromo-aziridine
occurs faster than that of the corresponding chloro compound. Possibly, the acidity of the
proton to be removed is somewhat higher due to the stronger electron-withdrawing effect in
the case of bromide 8a'. Otherwise it may simply be a steric effect, where the more bulky
25

bromine atom forces the participating hydrogen atom closer to the acyl oxygen. *
When the reaction is performed in neat acetyl chloride, traces of hydrogen chloride may
accelerate the ring opening of the initially formed aziridine 8 by protonation of its acetyl
carbonyl group. The suggestion that acid promotes the conversion of 8 into 9 is supported by
the observation that chromatography of a crude mixture of 8 and 9 over slightly acidic
silicagel enhances the rate of the ring opening to 9.
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Acylation of optically active azirine ester 7a gave 2-benzoylamino-3-chloro-but-3-enoic
acid ethyl ester 9a" in 65% yield. As the optical rotation of enantiopure 9a" is not known it
was not possible to establish whether this acylation proceeds with retention of chirality at C 2 .
However, this stereogenic center is not involved in the reaction, so there is no reason to
expect razemization to occur. The observed rotation of 9a" confirms this.
CI
_C02Et

./ψ**, • л — 7a (ee=70%)

"YPh
о

9a" 65%; [a] • = -39.0°
scheme 5.6

53 Conclusions
The reaction of azirinecarboxylic esters 7 with acyl halides leads initially to a mixture of
N-acyl-aziridinecarboxylic esters 8 and 3-halovinyl-./V-acyl-amino esters 9. The aziridine
esters 8 are rather unstable and undergo smooth ring opening to 3-halovinylglycine esters 9.
When the reaction is performed with optically active azirine esters 7, which are readily
available via an asymmetric Neber reaction, optically active 3-halovinylglycine esters 9 are
obtained.
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5.4 Experimental Section
General Remarks
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. Optical rotations
were determined with a Perkin-Elmer automatic Polarimeter, model 241 MC, in chloroform at 20°C. IR spectra
were taken in CC14 or KBr, as indicated, on a Perkin Elmer 298 spectrophotometer. 'H-NMR spectra were
recorded on a Bruker AM 100 (100 MHz, FT) in CDCI3 using tetramethylsilane (TMS) as internal standard. 13CNMR spectra were recorded on a Bruker AM 100 (25 MHz, FT). GLC was performed with a Hewlett-Packard
HP 5890 gas Chromatograph, using a capillary column (25m) of HP-1 and nitrogen as the carrier gas. For mass
spectra a double focussing VG7070E mass spectrometer was used. GC/MS was performed on a Varían Saturn
GC/MS (Ion trap) equipped with a DB-5 column (30m χ 0.25mm). Elemental analyses were performed on a
Carlo Erba Instruments CHNS-O EA 1108 element analyzer. Chromatography was performed with Silicagel 60
(Merck) as stationary phase.
Solvents were distilled if necessary. Toluene was distilled from sodium. Diethyl ether was distilled from sodium
hydride. Hexane was distilled from calcium hydride. Ethyl acetate was distilled from potassium carbonate.
The synthesis of the azirine esters 7 has been described in chapter 2 (racemic compounds) and chapter 3
(optically active compounds).
Ethyl l-acetyl-3-methyl-3-chloro-aziridine-2-carboxylate 8a
Acetyl chloride (100 μΐ, 1.49 mmol) was added to a solution of ethyl 3-methyl-2//-azirine-2-carboxylate 7a
(197 mg, 1.55 mmol) in toluene at ambient temperature. When the reaction was complete according to TLC
(after 24 h), the reaction mixture was quenched with saturated NH4C1. The aqueous layer was extracted twice
with diethyl ether. The combined organic layers were washed with brine and dried over MgS0 4 . Concentration
in vacuo gave 476 mg of a yellow liquid. Purification by chromatography (n-hexane : ethyl acetate = 3:1)
yielded 8a (235 mg, 1.14 mmol, 77%) as a colorless oil.
Ή NMR: δ 4.27 (q, J=7.1 Hz, 2H, OCHjCH,), 3.44 (s, IH CH). 2.27 (s, 3H, COCH,), 1.95 (s, 3H CICCHj),
1.33 (t, J=7.1 Hz, 3H, OCHjCHj) ppm. IR (CC14): ν 3020-2840 (C-Η, sat.), 1740 (C=0), 1190 (C-O) cm 1 .
GC/MS (EI): m/z (%) 207 + 205 (M\ 22 + 69), 170 (M* - CI, 68), 134 + 132 (M* - C0 2 C 2 H„ 7 + 15), 43
(C,H30+, 100%).
The aziridine 8a opened to ethyl 2-acetylamino-3-chloro-but-3-enoate 9a at room temperature.
Ethyl 2-acetylamino-3-chloro-but-3-enoate 9a
Ethyl 3-methyl-2#-azirine-2-carboxylate 7a (196 mg, 1.54 mmol) was added to acetyl chloride (5 ml) at
ambient temperature. When the reaction was complete according to TLC (after 24 h), the reaction mixture was
quenched with saturated NH4C1. The aqueous layer was extracted three times with diethyl ether. The combined
organic layers were washed with brine and dried over MgS0 4 . Concentration in vacuo yielded 2.50 g of a
yellow liquid, which mainly contained acetic acid. Purification by chromatography (n-hexane : ethyl acetate =
3:1) gave 9a (191 mg, 0.929 mmol, 60%) as a white solid. An analytical sample was recrystallized from
diisopropyl ether. Mp = 71-73'C.
Ή NMR: δ 6.72 (bd, J=7 Hz, Ш, NH), 5.65 A of AB (d, J=1.9 Hz, IH, CiL=C), 5.47 В of AB (d, J=1.9 Hz,
IH, CHj=C), 5.39 (d, J=7.8 Hz, IH, CHNH), 4.27 (q, J=7.1 Hz, 2H, OCHjCH,), 2.09 (s, 3H, COCH3), 1.31 (t,
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J=7.I Hz, 3H, OCHJCHJ) ppm. IR (CCL.): ν 3475 (N-H), 3000-2820 (C-Η, sat.), 1740 (C=0, ester), 1690 ( C O ,
amide) cm·'. GC/MS (EI): m/z (%) 207 + 205 (M\ 7 + 22), 170 (M* - CI, 4%), 128 (M* - CI -C2H20, 61%), 43
+

(С 2 Н 3 0 , 100). Caled, for C,H12ClNCy C, 46.73; H, 5.88; N, 6.80; found: C, 46.70; H, 5.88; N, 6.51.
Ethyl 2-acetylamino-3-bromo-but-3-enoate 9a'
Acetyl bromide (127 μΐ, 1.72 mmol) was added to a solution of ethyl 3-methyl-2#-azirine-2-carboxylate 7a
(206 mg, 1.62 mmol) in toluene at ambient temperature. When the reaction was complete according to TLC
(after 24 h), the reaction mixture was quenched with saturated NH4C1. The aqueous layer was extracted twice
with diethyl ether. The combined organic layers were washed with brine and dried over MgS0 4 . Concentration
in vacuo yielded 598 mg of a yellow oil. Purification by chromatography (и-hexane : ethyl acetate = 3:1) gave
9a' (343 mg, 1.37 mmol, 85%) as a white solid. Mp = 71-73°C.
Ή NMR: δ 6.43 (bd, J=7 Hz, IH, NH), 6.10 A of AB (d, J=2.2 Hz, IH, CH^C), 5.73 В of AB (d, J=2.2 Hz,
IH, CIL=C), 5.37 (d, J=7.7 Hz, IH, CHNH), 4.27 (q, J=7.1 Hz, 2H, OQLCH,), 2.08 (s, 3H, COCHJ, 1.31 (t,
J=7.1 Hz, 3H, OCHjCHj) ppm. IR (KBr): ν 3420 (N-H), 3020-2860 (C-Η, sat.), 1740 ( C O , ester), 1690 ( C O ,
amide) cm·'. GC/MS (EI): m/z (%) 252 + 250 (M\ 13 + 16), 178 + 176 (M* - C02CjH5, 7 + 8), 170 ( M* - Br,
40), 136 + 134 ( M* - C0 2 C 2 H s - CH,CO, 53 + 51), 43 (С2Н,СЛ 100). Caled, for C,H,2BrN03: C, 38.42; H,
4.84; N, 5.60; found: C, 38.44; H, 4.91; N, 5.57.
Ethyl l-benzoyl-3-methyl-3-chloro-aziridine-2-carboxylate 8a"
Benzoyl chloride (218 μΐ; 1.88 mmol) was added to ethyl 3-methyl-2#-azirine-2-carboxylate 7a (204 mg, 1.61
mmol) in toluene (10 ml) at ambient temperature. The reaction mixture was heated under reflux after addition of
a catalytic amount of DMAP. When the reaction was complete according to TLC (after 3 days), the reaction
mixture was quenched with saturated NTL.C1. The aqueous layer was extracted once with diethyl ether. The
combined organic layers were washed with brine and dried over MgSO«. Concentration in vacuo yielded 485
mg of a yellow liquid. Purification by chromatography (л-hexane : ethyl acetate = 5:1) gave two isomers of 8a"
(major isomer (250 mg, 0.935 mmol, 58%); minor isomer (73 mg, 0.273 mmol, 17%) as colorless oils and the
crystalline compound 9a" (66 mg, 0.247 mmol, 15%).
Major isomer 8a": Ή NMR: δ 8.20-7.35 (m, 5H, aromatic H), 4.35 (q J=7.1 Hz,, 2H, OCTLCHj), 3.45 (s, IH,
CH), 1.65 (s, 3H, C1CCH,), 1.36 (t, J=7.1 Hz, 3H, OCHjCHOppm. IR (CCI«): ν 3080-3040 (C-Η, unsat.), 30002840 (C-Η, sat), 1730 ( C O , ester), 1695 ( C O , amide) cm'1. GC/MS (El): m/z (%) 232 (M+ - Cl, 0.1), 127 (M*
- C6H,CO - Cl, 4), 105 (C6HsCO+, 100), 77 (C6H5\ 42). Minor isomer 8a": 'H NMR: δ 8.25-7.35 (m, 5H,
aromatic H), 4.29 (q, J=7.1 Hz, 2H, OCHjCHj), 3.66 (s, IH CH), 2.07 (s, 3H CICCH,), 1.34 (t, J=7.1 Hz, 3H,
OCH2CHj)ppm. IR (CCl¿: ν 3080-3020 (C-Η, unsat.), 3000-2840 (C-Η, sat.), 1745 ( C O , ester), 1700 ( C O ,
amide) cm'. GC/MS (EI): m/z (%) 269 + 267 (M+, 0.2 + 0.7), 232 (M+ - CI, 2), 224 + 222 (M* - OC2H5, 0.2 +
0.7), 196 + 194 (M* - C02C2H„ 0.2 + 0.8), 127 (M* - C6H5CO - CI, 11), 105 (C6H5CO*, 100), 77 (C6HS\ 84).
The aziridine 8a" spontaneously opened to ethyl 2-benzoylamino-3-chloro-but-3-enoate 9a".
Ethyl 2-beraoylamino-3-chloro-but-3-enoate 9a"
Benzoyl chloride (218 μΐ; 1.88 mmol) was added to ethyl 3-methyl-2//-azirine-2-carboxylate 7a (200 mg, 1.57
mmol) in toluene (10 ml) at ambient temperature. The reaction mixture was heated under reflux. When the
reaction was complete according to TLC (after 48 h), the reaction mixture was quenched with saturated NH„C1.
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The aqueous layer was extracted once with diethyl ether. The combined organic layers were washed with brine
and dried over MgS0 4 . Concentration in vacuo gave 686 mg of a yellow liquid. Purification by chromatography
(и-hexane : ethyl acetate = 5:1) gave 9a" (263 mg, 0.983 mmol, 63%) as a white solid. Mp 65-66°C. The
product could be recrystallized from diisopropyl ether.
Ή NMR: δ 7.75-7.30 (m, 5H, aromatic H), 7.11 (bd, J=7.1 Hz, IH, NH), 5.75 (d, J=2.0 Hz, IH, CHj=C), 5.55
(d, J=7.1 Hz, IH, CHNH), 5.53 (d, J=2.0 Hz, IH, CHj=C), 4.31 (q, J=7.1 Hz, 2H, OCHjCH,), 1.33 (t, J=7.1 Hz,
3H, OCHjCiL) ppm. "C NMR (multipicity): 168.4 (s, C=0), 166.7 (s, C=0), 136.0 (s), 133.5 (s), 132.0 (d),
128.7 (d), 127.3 (d,), 116.3 (t, £H2=C), 62.7 (t, OCH2), 58.5 (d, CH), 14.1 (q, CH,) ppm. IR (KBr): ν 3290 (NH), 3110-3010 (C-Η, unsat.), 3000-2840 (C-Η, sat), 1750 (C=0, ester), 1640 ( C O , amide), 1530 (C=0,
amide) cm 1 . MS (EI): m/z (%) 267 (M*, 0.3), 232 CM" - Cl, 52), 196 + 194 (M* - С02С2Н5, 5 + 17), 105
(C6HjCO+, 100), 77 (С6Н5+, ). Caled, for C„HMClNO,: С, 58.33; H, 5.27; Ν, 5.23; found: С, 58.15; Η, 5.19; Ν,
5.17.

(-)-Ethyl 2-benzoylamino-3-chIoro-but-3-enoate 9a"
This compound was prepared following the procedure for the racemic product, using benzoyl chloride (218 μΐ;
1.88 mmol) and (->ethyl 3-methyl-2//-azirine-2-carboxyIate 7a (204 mg, 1.61 mmol; ee=70%). Purification by
chromatography (л-hexane : ethyl acetate = 5:1) gave ita" (282 mg, 1.05 mmol, 65%) as a white solid, [a]™ =
-39.0°(CHCl,;c=1.0).
Ethyl I-acetyI-3-benzyI-3-chloro-aziridine-2-carboxylate 8b and Ethyl 2-acetylamino-3-chloro-4-phenyl-but-3enoate 9b
Acetyl chloride (48 μΐ; 0.677 mmol) was added to ethyl 3-benzyl-2#-azirine-2-carboxylate 7b (150 mg, 0.739
mmol) in toluene (10 ml) at ambient temperature. When the reaction was complete according to TLC (after 3
days), the reaction mixture was quenched with saturated NH4C1. The aqueous layer was extracted twice with
diethyl ether. The combined organic layers were washed with brine and dried over MgS0 4 . Concentration in
vacuo furnished 307 mg of a yellow liquid. Purification by chromatography (л-hexane : ethyl acetate = 5:1)
gave 8b (111 mg, 0.392 mmol, 58%) and 3b (59 mg, 0.208 mmol, 31%) as colorless oils. The aziridine 8b
opened to 9b while standing at room temperature. Compound 9b solidified after cooling. An analytical sample
was recrystallized drom diisopropyl ether. Mp = 89°C.
8b: Ή NMR: δ 7.40-7.20 (m, 5H, aromatic H), 4.29 (q, J=7.1 Hz, 2H, OCHjCH,), 3.52 (s, IH NCH), 3.45 A of
AB (d, IH, J=15 Hz, ArCHj), 3.26 В of AB (d, J=15 Hz, IH, АгСЩ, 1.92 (s, 3H COCH,), 1.33 (t, J=7.1 Hz,
3H, OCH2CHj) ppm. IR (CCL.): ν 3090-3020 (C-Η, unsat.), 3000-2840 (C-Η, sat), 1740 ( C O , ester), 1725
(C=0, amide), 1190 (C-O) cm'. GC/MS (El): m/z (%) 284 + 282 (M* + 1, 0.2 + 0.5), 245 (M* - HCl, 47), 204
(M* - Cl - CjHjO, 20), 172 (M* - HCl - COAHj, 84), 91 (C7H7*, 40), 77 (C6HS+, 8), 43 (C2H,0*, 100).
9b_: 'H NMR: δ 7.90-7.30 (m, 5H, aromatic H), 6.95 (s, IH, C=CH), 6.65 (bd, J=7.6 Hz, IH, NH), 5.51 (d,
J=7.8 Hz, IH, CHNH), 4.28 (q, J=7.1 Hz, 2H, OCHjCH,), 2.07 (s, 3H, OCH,), 1.29 (t, J=7.1 Hz, 3H,
OCHjCH,) ppm. IR (KBr): ν 3430 (N-H), 3090-3020 (C-Η, unsat.), 3000-2860 (C-Η, sat.), 1740 (C=0, ester),
1690 (C=0, amide), cm 1 . GC/MS (El): m/z (%) 284 + 282 (M* + 1, 1 + 4), 246 (M* - Cl, 100), 240 + 238 (M* COCH,, 6 + 9), 208 (M* - C0 2 C 2 H„ 15), 166 + 164 (M* - C02C,H5 - C2H,0, 26 + 39) 102 (С, H,*, 19), 77
(C6H,*, 8), 43 (С 2 Н,0\ 98). Caled, for C^H^CINO,: С, 59.68; H, 5.72; Ν, 4.97; found: С, 59.94; Η, 5.88; Ν,
5.04.
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Ethyl l-acetyl-3-propyl-3-chloro-aziridine-2-carboxylate 8c and Ethyl 2-acetylammo-3-chloro-hex-3-enoate 9ç
Acetyl chloride (90 μΐ, 1 34 mmol) was added to ethyl 3-propyl-2#-azirine-2-carboxylate 7c (204 mg, 1 32
mmol) in toluene (10 ml) at ambient temperature When the reaction was complete according to TLC (after 24
h), the reaction mixture was quenched with saturated NH4C1 The aqueous layer was extracted once with diethyl
ether The combmed organic layers were washed with brine and dried over MgS0 4 Concentration in vacuo
furnished 401 mg of a yellow liquid Purification by chromatography (n-hexane ethyl acetate = 5 1) gave two
isomers of 8c (major isomer (176 mg, 0 754 mmol, 57%), minor isomer (11 mg, 0 047 mmol, 4%) as a colorless
oils and 9c (95 mg, 0 407 mmol, 32%) as a white solid Mp = 46°C The azindine 8_ç spontaneously gave 9c
while standing at room temperature
Major isomer 8ç Ή NMR δ 4 26 (q, J=7 1 Hz, 2H, ОС&СН,), 3 43 (s, IH NCH), 2 27 (s, ЗН COCH,), 2 201 90 (m, 2Н, CHjCHjCHj), 1 85-1 40 (m, 2H, CHjCHjCHj), 1 32 (t, JM7 1 Hz, 3H, OCH2CHj) 0 96 (t, J=7 1
Hz, 3H, CHjCHjCHj) ppm IR (CC14) ν 3000-2850 (C-Η, sat), 1750 (C=0, ester), 1725 (C=0, amide) cm '
+

+

GC/MS (El) m/z (%) 235 + 233 (M*, 5 and 15), 198 (M - Cl, 6), 156 (M* - CjH^ - Cl, 68), 43 (C 2 H 3 0 , 100)
Minor isomer 8ç 'H NMR 8 4 30 (q, J=7 1 Hz, 2H, OCHjCH3), 3 23 (s, IH NCH), 2 55-2 20 (m, 2H,
CHjCHjCH,), 2 26 (s, 3H COCHj), 1 90-1 45 (m, 2H, CH2C1¿CH3), 1 32 (t, J=7 1 Hz, 3H, OCH2CHj) 1 00 (t,
J=7 1 Hz, 3H, CHjCHjCHj) ppm IR (CCI,) ν 3000-2850 (C-Η, sat), 1760 (C=0, ester), 1720 (C=0, amide)
+

cm ' GC/MS (El) m/z (%) 235 + 233 (M*, 4 and 11), 198 (M* - Cl, 7), 156 (M* - C , ^ - Cl, 69), 43 (C 2 H 3 0 ,
100)
9ç 'H NMR δ 6 44 (d, J=7 9 Hz, Ш, NH), 5 99 (t, J=6 9 Hz, IH, CHNH), 5 32 (d, J=7 9 Hz, IH, HC=C), 4 25
(q, J=7 1 Hz, 2H, OCHjCH,), ), 2 22 (ps dq, J 4 5 *J 5 6 «7 3 Hz, 2H, СНС&СН,), 2 06 (s, 3H COCHj), 1 28 (t,
J=7 1 Hz, 3H, O C H J C H J ) 1 03 (t, J=7 5 Hz, ЗН, СН2СН2СНз) ppm IR (CCI,) ν 3430 (N-H), 3000-2840 (C-H,
sat), 1740 (C=0, ester), 1690 (C=0, amide) cm ' GC/MS (El) m/z (%) 235 (M+, 4), 233 (M+, 13), 198 (M* CI, 100), 162 + 160 (M+ - C0 2 C 2 H S , 7 and 19), 82 (CSH,NH+, 17), 67 (C 5 H 7 \ 10), 43 (C 2 H 3 0 + , 82) Caled for
C 10 H 16 ClNO 3 C, 51 40, H, 6 90, N, 5 99, found С, 51 56, H, 6 84, Ν, 6 00
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Chapter 6

SYNTHESIS OF 2-SULFONYL-2#-AZIRINES AND
2-SULFINYL-2#-AZIRINES

6.1 Introduction
In chapter 3 a convenient synthesis of optically active 2#-azirine esters 1 was developed
on the basis of a modified Neber reaction (scheme 6.1).1
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scheme 6.1
It is of interest to investigate whether this modified Neber reaction can also be applied for
2#-azirines having a heteroatomic substituent (scheme 6.2). The results described in the
chapters 2 and 3 indicate that for a successful Neber reaction two structural conditions must
be fulfilled. Firstly, the substituent X must be electron-withdrawing to ensure sufficient
acidity of the adjacent methylene protons in the intermediate ketoxime tosylates. Secondly,
the X-substituent must be compatible with the conditions used in the Neber reaction. For an
asymmetric version of the Neber reaction an additional requirement is an effective interaction
with the chiral base to achieve the desired chirality transfer. By choosing the sulfone and the
sulfoxide group as the X-substituent the above conditions seem to be fulfilled. This chapter
deals with the synthesis of 2-sulfonyl-2.f/-azirines and 2-sulfinyl-2#-azirines by an adapted
version of the Neber reaction.

scheme 6.2
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Thus far, only one report concerning the synthesis of sulfonyl 2#-azirines, involving a
related Neber reaction, has appeared2, namely the conversion of (£)-oxime carbamate 2 into
azirine 4 upon treatment with potassium permanganate or into azirine 5 on reaction with mchloroperbenzoic acid (scheme 6.3). Corkins et al.1 proposed a two-step process for these
reactions. Oxidation of sulfur produces mono-sulfone 3 as an intermediate, which then
undergoes a 1,3-elimination of methylcarbamic acid (CH3NHCOOH) to give 2#-azirine 4 in
low yield. The formation of bis(methylsulfonyl)-2#-azirine 5 was similarly explained. It is
important to note that in these reactions the acidity of the methine proton adjacent to the gemdisulfide group must be enhanced by oxidation of one of the sulfur atoms to the sulfone. A
second relevant observation of Corkins et al. is that the use of the corresponding Z-isomer of
2 as the substrate resulted only in oxidation of the sulfur atom. Hence, unlike previous cases3,
this Neber reaction proceeds with configurational preference.
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scheme 6.3

6.2 Precursors for Sulfonyl and Sulfinyl 2H-Azirines
In analogy to the synthesis of azirinecarboxylic esters it ought to be possible to prepare
sulfonyl azirines, starting from ß-keto sulfones. The required ß-keto sulfones may be
prepared from various precursors4; e.g. from sulfonyl substituted cyanides via the Thorpe
reaction5, by oxidation of the corresponding sulfides6, reaction of appropriate imines with
sulfonyl chlorides followed by hydrolysis7, sulfonylation of α-halo ketones with ptoluenesulfinate8, acylation of ge/n-dilithiosulfones with esters' and acyl chlorides10 or by
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acylation" of a-sulfonyl carbanions with esters. The last-mentioned method was selected for
the present work. The ß-keto sulfones were prepared by a Claisen condensation of methyl
sulfones with esters (scheme 6.4). The anion derived from dimethyl sulfone or methyl phenyl
sulfone using NaH as the base, reacted with esters to furnish the ß-keto sulfones 6 in
moderate to fair yields. The sulfones 6 were converted into the corresponding ketoximes 7
with hydroxylammonium chloride and sodium hydroxide in an ethanol/water mixture. Unlike
the ß-ketoxime carboxylic esters used in chapter 2, these oximes were rather stable and could
be isolated and purified by recrystallization, prior to further use. Whereas ketoxime 7a was
obtained as a single isomer, compound 7b was obtained as a mixture of the two invertomers.
As in the synthetic sequence leading to 2#-azirine esters, it may be expected that this will
cause no problem in the azirine formation.
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scheme 6.4
Unfortunately, it was not possible to tosylate the oximes 7 using the same conditions
employed for the synthesis of the corresponding ester compounds' (see chapter 2). A possible
explanation for the failure of the tosylation reaction might be the acidity of the methylene
protons of compound 7, due to the strong electron-withdrawing character of the sulfone
group. One of these protons may be abstracted under the conditions used, which may lead to
various side reactions. It is also possible that tosylation proceeded as planned, but that this
reaction was immediately followed by either a Neber reaction or a Beckmann rearrangement,
leading to azirines and amides, respectively. However, NMR- and IR-spectra of the crude
product mixtures did not reveal any of the presumed products.
Faced with the aforementioned problem in the preparation of the required precursors 8,
the attention was directed to an alternative route. Assuming that indeed the acidity of the
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methylene protons adjacent to the sulfonyl group was underlying the failure of the oxime
tosylation reaction, it seemed appropriate to prepare the ketoxime tosylates 12 from the
corresponding ß-ketoxime sulfides 10 and oxidize the sulfur atom in the subsequent step to
produce the desired precursors 8 (scheme 6.5). The ß-ketoxime sulfides 10 have less acidic
methylene protons and accordingly, possible side reactions during the tosylation will be
prevented. An additional attractive feature of this approach to the precursors 8 is, that it
allows also the synthesis of tosylated ketoxime sulfoxides 13, which are the precursors for
sulfinyl azirines 14, by adjusting the amount of oxidizing agent.
ß-Keto sulfides 10 can be prepared by several methods12. Direct sulfenylation involving
the reaction of ketones with sulfenyl thiocyanates13, arenesulfenyl chlorides14, sulfenamide
derivatives15 or disulfides16 suffer from several disadvantages. For one, formation of mixtures
of mono- and bissulfenylation products cannot always be avoided. An additional drawback is
that the ß-keto sulfides may not be stable under the conditions employed. For the synthesis of
rather simple ß-keto sulfides, the conventional approach, i.e. the introduction of sulfur at the
α-position of carbonyl compounds νια SN2 displacement of a halogen by a thiolate", remains
the most successful approach, especially when the corresponding α-halo carbonyl compounds
are readily accessible.
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Table 6.1 Precursors for the synthesis ofsulfonyl Ш-azìrines 9 and sulfinyl 2H-azirines 14
R,
R2
sulfide 10 o x i m e l l
tosyll2
sulfone8 sulfoxide 13
yield (%)
yield (%) yield (%) yield (%)
yield (%)
a
Ph
Me
88
99
95
89
93
b
Ph
Ph
84
63
84
94
с
Et
Me
85
96
93
d
Et
Ph
98
79
e
Et
/Bu
86
40
f
Ph
adamantyl
71
89
adamantyl
Et
45
90
g
For the synthesis of ß-keto sulfides lOa-d the procedure described by Tanikaga et al.l7b
was used. Treatment of benzenethiol or ethanethiol with sodium hydroxide resulted in the
formation of sodium benzenethiolate and sodium ethanethiolate, respectively, which reacted
in situ with a-chloro ketones to give ß-keto sulfides 10 in good yields (table 6.1). The ß-keto
sulfides 10 were sufficiently pure for further use.
The ß-keto sulfides 10 were treated with hydroxylammonium chloride in aqueous ethanol
resulting in the ketoximes 11 (scheme 6.5). In the case of compounds 10c and lOd this
reaction was performed at room temperature, however, for compounds 10a and 10b no
conversion was observed at this temperature. This is probably due to the insolubility of these
compounds. Raising the reaction temperature led to dissolution of these compounds, and 10a
and 10b were smoothly converted to the corresponding oximes 11a and l i b under reflux
conditions. In all cases oximes 11 were obtained in good yields (table 6.1) as a mixture of two
invertomers.
Compounds 11a and l i e were converted completely to the tosylated ß-ketoxime sulfides
12, when the tosylation was carried out with one equivalent of tosyl chloride in pyridine at
0°C. These compounds were obtained as an inseparable mixture of two invertomers. The
tosylated ketoximes 12a and 12c were not stable at room temperature and decomposed
slowly, but they could be stored for several months at -25°C. For good results, however, it is
recommended to convert these compounds immediately to the corresponding sulfones 8 or
sulfoxides 13, despite the presence of small amounts of impurities (including some starting
material).
Oxidation of the tosylated ketoximes 12a and 12c with m-chloroperbenzoic acid
(mCPBA), the final step in the synthesis of the precursors for azirine formation, yields the
corresponding sulfoxides 13 and sulfones 8 in good yields (table 6.1) using one or two
equivalents of oxidizing agent, respectively (scheme 6.5). In the former case no trace of
overoxidation to the sulfone was observed by 'H-NMR. Apparently, the first oxidation step to
the sulfoxide is faster than the second oxidation step leading to the sulfone4". The compounds
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8 and 13 were sufficiently pure for use in the Neber reaction, however, they could be purified
further by flash chromatography if desired. Compound 13c was not stable at room
temperature and had to be stored at -25°C immediately, thereby precluding further
purification. The thermal instability may be due to a syn elimination18, leading to sulfenic
acid 15 taking place at elevated temperatures (scheme 6.6).
TsOV v
N
и

,
Ο* H
\U _i и

TsCLV
*.

13c

N
и

,SOH

+ сН2=СНг

15
scheme 6.6

Oximes l i b and lid with R2=Ph could not be tosylated under the conditions mentioned
above. In both cases the starting material was recovered completely. Several reaction
conditions were screened to obtain the ketoxime tosylates 12b and 12d. Prolonged reaction
times and increasing the reaction temperature to room temperature, however, resulted in a
complex reaction mixture, from which no identifiable products could be isolated. The use of
one equivalent of the stronger base triethylamine at 0°C gave a similar result. Introduction of
the mesyl group instead of the tosyl group was also impossible.
Next the tosylation of oximes derived from the sterically more demanding keto sulfides
lOe-g was investigated. The keto sulfide 10e was prepared according to the procedure of
Boeykens and De Kimpe17c starting from pinacolone. Via α,α-dibromomethyl ketone 16 as an
intermediate Ifie was obtained in a yield of 86% (scheme 6.7). The ß-keto sulfides lOf and
10g bearing a adamantyl substituent, were synthesized in the same manner as compounds
lOa-d in good yields (table 6.1). The required α-bromo ketone 18 was acquired through a
three step reaction sequence" involving

the formation of the acid chloride of

adamantanecarboxylic acid, followed by reaction with diazomethane and subsequent
bromination (scheme 6.8).

Br2(2equiv.)

\ l

ψ
I

NaSEt (3 equiv.)
HSEt (3 equiv.)
Br
^

О
16
scheme 6.7

96

γ
SEt
О
10e

Synthesis of 2-Sulfonyl-2#-Azirines and 2-Sulfinyl-2W-Azirines

0

0
17
scheme 6.8

18

о

The ß-keto sulfide 10e (R,=Et, R2=/Bu) was converted into the oxime l i e in 40% yield
following to the same procedure as used for the preparation of oximes lla-d. The adamantyl
substituted compounds lOf and 10g could not be transformed into the corresponding oximes
11 using this procedure, which is probably caused by their limited solubility in aqueous
ethanol. Changing the reaction conditions20, i.e. the use of ethanol as the solvent and pyridine
as the base led to the oximes l l f and l l g in high yields (table 6.1).
All three ß-ketoxime sulfides with bulky substituents were subjected to the tosylation
reaction, using one equivalent of tosyl chloride and pyridine. Unfortunately, the desired
oxime tosylates were not obtained. In case of the compounds l i e and l i e unwanted products
were isolated which were identified as amides 19 and 20 on the basis of the IR-absorptions21
at 3360 and 1670 cm"1 and a broad singlet in the NMR-spectrum at approximately 6.6 ppm22.
The formation of these amides can be accounted for by a Beckmann rearrangement23 of the
oximes under the conditions of the tosylation reaction. The Beckmann rearrangement of ßketoxime sulfides has been reported previously.24

H

H
20

19
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The precursors 8a,8c and ІЗа.ІЗс were subjected to base treatment to achieve the Neber
reaction. Reaction of the sulfonyl substituted ketoxime tosylates 8a and 8c with triethylamine
as the base resulted in the formation of sulfonyl 2#-azirines 9a and 9ç in fair yields after
purification by crystallization and distillation, respectively (table 6.2). The IR-spectra of these
compounds clearly reveal the presence of the C=N bond at 1780 cm'1, characteristic for
azirine compounds. In the same manner sulfinyl 2//-azirine 14c was obtained from 13c in a
yield of 62%, although not completely pure (table 6.2). The preparation of 14a was more
troublesome, as it was impossible to purify this product. Both distillation and column
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chromatography resulted in decomposition. The NMR-spectrum of the crude material,
however, clearly revealed the formation of a 1:1 mixture of two diastereomers of 14a.

Ts

°v.

О

8a,ç

9a,ç

TsO^

АЛ -^ «*K
0

13a.c

14a.c

scheme 6.9
It was attempted to synthesize optically active sulfonyl 2tf-azirines by using chiral
tertiary amines as the base. These experiments met with no success (table 6.2), not even with
the cinchona alkaloids which gave such positive results in the asymmetric synthesis of 2Hazirine esters 1 . Although azirine 9a was obtained in rather good yields, NMR studies using
/rij[3-heptafluoropropylhydoxymethylene-(+)-camphorato]europium

III, Eu(tfc) 3 , as

shift

reagent revealed that no chirality transfer had taken place. In all cases, the ratio of the
integrals of the signals of the C 2 -protons was determined to be 1:1.
Apparently the interaction of the chiral bases with the substrates 8 is not effective, even
not with the cinchona alkaloids, which have a hydroxy 1 function capable of hydrogen bonding
with the sulfonyl group. Alternatively, hydrogen bonding between the base and one of the
sulfone oxygen atoms may occur, resulting in diastereotopic methylene protons. As
complexation to both oxygen atoms is possible, a racemic mixture will result.
Table 6.2 Synthesis of sulfonyl 2H-azirines 9 andsulfinyl 2H-azirines 14
~
Ri
R2
base
yield (%)
Me
EtjN
53
9a
Ph
quinidine
66
quinine
66
JV-Me-ephedrine
-"
sparteine
60
Me
Et 3 N
66
9c
Et
Me
Et 3 N
-b)
14a
Ph
14c
Me
EtjN
621»
Et
a) no reaction, complete recovery of starting material; b) purification of crude product
was not possible; d) not pure.
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6.4 Attempted Synthesis of Optically Active Sulfinyl 2/ï-Aziriiies from Enantiopure
Sulfoxides
The sulfoxide function is a stereogenic center by itself due to its pyramidal structure.
Consequently, the sulfinyl 2#-azirines 14 contain two stereogenic centers and therefore
consist of two racemic diastereomers. During the modified Neber reaction of precursor 13
there may be, at least in principle, a preferential formation of one of these diastereomers.
When an enantiopure precursor 13 would have been used in this Neber reaction, a complete
diastereoselective reaction should lead to the formation of a single diastereomer. An NMR
analysis of the products 14 obtained from racemic substrate 13 revealed, however, that both
diastereomers were formed in equal amounts, indicating that no diastereoselective reaction
has occurred. This lack of diastereoselectivity, was not encouraging for achieving a synthesis
of a sulfinyl azirine with an appreciable excess of one of the diastereomers. Nonetheless, the
synthesis of a suitable enantiopure precursor 13 was undertaken.
An attractive preparation of such an optically active precursor would be the asymmetric
oxidation of the oxime tosylates derived from a ß-keto sulfide using a chiral oxidant." Kagan
et al.26 as well as Modena and coworkers27 described the synthesis of optically active
sulfoxides by asymmetric oxidation using peroxy titanium complexes in the presence of
diethyl tartrate as chiral ligand. This method was attempted for substrate 12a (scheme 6.10).
A complex reaction mixture was obtained, from which no products could be isolated.
Therefore, this approach was abandoned in spite of the fact that other chiral oxidants, such as
2-sulfonyl oxaziridines28 or enzymatic oxidation systems29 would have deserved an attempt.
1)(S,S)-DET,
Ti(0-;Pr) 4 , H 2 0
2) eumene hydroperoxide

TsOv

A^

4

Ts0

^ /

Ph

12a

О

^N
S

^ P h
13a

scheme 6. JO
The alternative route to an enantiopure precursor for the Neber reaction is depicted in
scheme 6.11. In this approach an enantiopure sulfoxide is taken as the starting material,
thereby forming a more sound basis for the preparation of enantiopure precursor 13 than the
asymmetric oxidation route. Optically active sulfoxides with high enantiopurity, can
conveniently be prepared from commercially available enantiopure menthyl ptoluenesulfinate using Anderson's30 methodology. Treatment of (+)-(S)-menthyl p-toluene
sulfinate 2J. with methylmagnesium bromide following the procedure of Solladié" gave (+)99
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R-methyl p-tolyl sulfoxide 22 in 72% yield. Sulfoxide 22 was subsequently converted into ßketo sulfoxide 23 by condensation with ethyl acetate using lithium diisopropylamide (LDA)
as the condensing base in a yield of 72%." The keto sulfoxide was transformed into the ptolylsulfinyl substituted ketoxime tosylate 13h. employing the methodology described in the
preceding section, i.e. treatment with hydroxyIammonium chloride and subsequent tosylation.
The desired precursor 13h was obtained in a yield of 50% based on ß-keto sulfoxide 23.
The Neber reaction of this sulfinyl containing precursor 13h was performed with
triethylamine as the base in dichloromethane as the solvent and proceeds rather quickly.
NMR- and GC/MS-analysis of the crude material reveal the formation of sulfinyl azirine 14h.
However, the product was rather unstable. Deterioration was observed by NMR spectroscopy
by taking spectra of a sample kept at ambient temperature at intervals. Thus far, changing the
reaction conditions, i.e. shorter reaction times, other bases (/'PrNH2 and DBU) and another
solvent (DMSO) has not led to the pure sulfinyl azirine 14h. Moreover, from the NMRspectrum of the crude material taken immediately after completion of the reaction, it was
established that the reaction had taken place without diastereoselectivity, thereby precluding
the synthesis of optically active sulfinyl azirines using this strategy.

CH3Mgl
pToK

v

OMen

THF/EtjO *

1)LDA
2) CH 3 C0 2 Et

°
P

T

*>S.

21
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1) NH2OH.HCI,
NaOH
ЕЮН/Н 2 0
2)TsCI,
pyridine
ι

pTol

^OTs

О
II N v

base

> s v l > 4 Me
14h

pTol'
13h

scheme 6.11

6.5 Conclusions
The synthesis of sulfonyl 2#-azirines and sulfinyl 2№azirines using the Neber reaction
turned out to be more troublesome than the synthesis of 2№azirinecarboxylic esters. The
preparation of the ketoxime tosylates, which are the substrates in the Neber reaction, leads,
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amongst others, to the Beckmann rearrangement products, in particular when large
substituents are present. This limits the applicability of the method to compounds bearing
small aliphatic substituents at the Reposition. With triethyl amine as the base sulfonyl 2Hazirines and sulfinyl 2#-azirines are obtained in yields up to 66%. The sulfinyl compounds
are rather unstable and have not been obtained in the pure state yet. Unfortunately, no
chirality transfer is observed when alkaloid bases are used in the Neber reaction. An
alternative route toward optically active sulfinyl 2H-azirines involving chirality transfer from
a homochiral sulfoxide moiety did not meet with success.

6.6 Experimental Section
General Remarks
Melting points were determined with a Reichert thermopan microscope and are uncorrected. Optical rotations
were determined with a Perkin-Elmer automatic Polarimeter, model 241 MC, in chloroform at 20°C. IR spectra
were taken in CC14 or KBr, as indicated, on a Perkin Elmer 298 spectrophotometer. 'H-NMR spectra were
recorded on a Bruker AM 100 (100 MHz, FT) spectrometer using TMS as internal standard. GLC was
performed with a Hewlett-Packard HP 5890 gas Chromatograph, using a capillary column (25m) of HP-1 and
nitrogen as the carrier gas. For mass spectra a double focussing VG7070E mass spectrometer was used. GC/MS
was performed on a Varían Saturn GC/MS (Ion trap) equipped with a DB-5 column (30m χ 0.25mm).
Elemental analyses were performed on a Carlo Erba Instruments CHNS-0 EA 1108 element analyzer. Flash
chromatography was carried out at a pressure of ca. 1.5 bar, using Silicagel 60H (Merck) as stationary phase.
Dichloromethane was distilled from calcium hydride. Hexane was distilled from calcium hydride. Ethyl acetate
was distilled from potassium carbonate. Pyridine was distilled from potassium hydroxide. THF was distilled
from lithium aluminum hydride. Diethyl ether was distilled from sodium hydride. NaH was purified before use
by rinsing with hexane.

2-(Phenylsulfonyl)-1-phenylethanone 6a
Methyl phenyl sulfone" (3.98 g; 47.3 mmol) was dissolved in THF (30 ml) and sodium hydride (1.37 g; 57.3
mmol) was added. The mixture was heated under reflux for 1Î4 hour. After cooling, a solution of methyl
benzoate (3.19 g; 23.4 mmol) in THF (40 ml) was added over a period of 5 minutes. The reaction mixture was
heated under reflux overnight, and after cooling, the suspension was poured into a mixture of ice water (200 ml)
and 2M HCl (100 ml). After filtration, the precipitate was washed with saturated aqueous sodium bicarbonate
affording S.74 g of crude material. The product was recrystallized from ethanol to give 6a as a white solid
(3.07 g; 11.8, 50%), m.p. 90-94°C (lit." m.p. 93-94°C).
'H-NMR: δ 8.01-7.35 (m, ЮН, aromatic H), 4.74 (s, 2H, CHJ ppm.
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l-(PhenylsulfonyI)-3-phenylpropan-2-one 6b
This compound was prepared following the procedure for ß-keto sulfone 6a using methyl phenyl sulfone (4.20
g; 49.9 mmol), NaH (1.48 g; 61.6 mmol) and ethyl phenylacetate (4.15 g; 25.3 mmol). After recrystallization
from ethanol, 6b was obtained in a yield of 3.82 g (13.9 mmol; 56%), m.p. 89-90°C (lit." m.p. 89°C).
'H-NMR: δ 7.95-7.05 (m, ЮН, aromatic H), 4.16 (s, 2H, С Щ , 3.98 (s, 2Н, С Щ ppm.
2-(Phenylsulfonyl)-l-phenylethanone oxime 7a
2-(PhenyIsulfonyl)-l-phenylethanone 6a (1.00 g; 3.85 mmol) in ethanol (10 ml) was added to a solution of
hydroxylammonium chloride (0.53 g; 7.6 mmol) and sodium hydroxide (0.20 g; 5.0 mmol) in water (5 ml). The
reaction mixture was heated under reflux overnight. After cooling to room temperature, water was added until a
white solid precipitated. Recrystrallization from ethanol/water afforded a single isomer of 7a as a white solid
(580 mg; 21.1 mmol; 55%), m.p. 135-136°C.
'H-NMR: δ 8.26 (bs, IH, OH), 7.95-7.30 (m, 10H, aromatic H), 4.75 (s, 2H, CHJ ppm. IR (KBr): ν 3500-3000
(ОН), 3080-3020 (C-Η, unsat.), 3000-2860 (C-Η, sat.), 1315 (sulfone), 1160 (sulfone) cm'. Anal, caled, for
C^HuNOjS: C, 61.07; H, 4.76; N, 5.09; S, 11.65%; found: C, 60.78; H, 4.80; N, 5.12; S, 11.29%.
l-(Pherrylsulfonyl)-3-phenylpropan-2-one oxime 7b
This compound was prepared following the procedure for oxime 7a, with using ß-keto sulfone 6b (1.37 g, 5.00
mmol), NH2OH.HCl (0.345 g; 5.09 mmol) and NaOH (0.204 g; 5.10 mmol). After recrystallization from
ethanol/water, two isomers of 7b were obtained in a ratio of 1:2 (1.00 g; 3.46 mmol; 69%), m.p. 145°C.
'H-NMR: major isomer δ 8.17 (bs, IH, OH). 8.00-7.20 (m, 10H, aromatic H), 3.97 (s, 2H, CHj), 3.80 (s, 2H,
CHJ ppm; minor isomer δ 8.17 (bs, IH, OH), 8.00-7.20 (m, 10H, aromatic H), 4.11 (s, 2H, CHJ, 3.76 (s, 2H,
CHj) ppm. IR (KBr): ν 3580 (OH), 3510-3100 (OH), 3090-3010 (C-Η, unsat.), 2990-2820 (C-Η, sat.), 1330
(sulfone), 1160 (sulfone) cm'. Anal, caled, for C, 5 H ls NO,S: C, 62.27; H, 5.22; N, 4.84; S, 11.08%; found: C,
62.14; H, 5.26; N, 4.90; S, 10.88%.
l-(Phenylsulfenyl)-propan-2-one 10a
For the synthesis of this compound the procedure described by Tanikaga et al.,n was used. A suspension of
sodium benzenethiolate prepared from benzenethiol (35.0 ml, 34.1 mmol) and sodium hydroxide (13.8 g, 35.6
mmol) in water (200 ml) was added dropwise to a stirred solution of 1-chloropropanone (31.6 g, 34.2 mmol) in
ethanol/water (1:3) (150 ml) at 0°C. The mixture was stirred overnight at room temperature. The precipitated
product was extracted with dichloromethane and the extract was dried (MgSOJ and evaporated under reduced
pressure to give a yellow liquid (49.9 g, 30.1 mmol, 88%), which immediately crystallized after cooling. The
crude product was recrystallized from methanol/water (1:1) to give 10a as white crystals quantitatively, m.p.
33-34°C (lit." m.p. 32-35-C).
'H-NMR: δ 7.40-7.20 (m, 5H, aromatic H), 3.67 (s, 2H, CHJ, 2.28 (s, 3H, CHj) ppm. IR (СОД: ν 3100-3030
(C-Η,unsat.), 3000-2880(C-Η,sat.), 1710(C=0)cm'.
2-(Phenylsulfenyl)-l-phenylethanone 10b
This ketone was prepared following the procedure for ß-keto sulfide 10a using phenacyl chloride (19.8 g, 12.8
mmol), benzenethiol (13.1 ml; 12.8 mmol) and sodium hydroxide (5.20 g, 13.0 mmol) yielding a crude white
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solid (27.2 g). Recrystallization from ethanol gave 10b as white crystals (24.1 g, 10.0 mmol, 83%), m.p.: 5136

52°C (lit. m.p. 52-53°C).
'H-NMR: δ 8.05-7.15 (m, ЮН, arem.), 4.28 (s, 2H, CH¡) ppm. IR (CCI,): ν 3080-3030 (C-Η, unsat.), 1675
(C=0) cm"'.
l-(Ethylsulfenyl)-propan-2-one 10ç
This compound was prepared following the procedure for ß-keto sulfide 10a using ethanethiol (25.0 ml, 33.8
mmol), 1-chloropropanone (26.9 ml, 33.8 mmol) and sodium hydoxide (13.9 g, 34.8 mmol), furnishing 10c as a
yellow liquid (33.4 g, 28.3 mmol, 84%). The crude product was not purified further.
'H-NMR: δ 3.22 (s, 2H, COCHJ, 2.52 (q, J=7.3 Hz, 2H, CH^CHj), 2.30 (s, 3H, COCHj), 1.25 (t, J=7.3 Hz, 3H,
CHJCHJ) ppm. IR (CCI,,): ν 2990-2820 (C-Η, sat.), 1705 (C=0) cm'. GC/MS (EI): m/z (%) 118 (M*, 15), 75
(C3H7S*, 100),43(CH,CO\ 100). HRMS/EI: m/z caled, for C,H10OS: 118.0452; found: 118.0453 amu.
2-(Ethylsulfenyt)-l-phenylethanone lOd
This substituted ketone was prepared following the procedure for ß-keto sulfide 10a using ethanethiol (5.80 ml,
78.3 mmol), phenacyl chloride (12.1 g, 78.2 mmol) and sodium hydroxide (3.20 g, 80.0 mmol), furnishing lOd
as a yellow liquid (12.7 g, 76.5 mmol, 98%). The crude product was not purified further.
'H-NMR: 6 8.05-7.25 (m, 5H, aromatic H), 3.77 (s, 2H, SCHjCO), 2.58 (q, J=7.3 Hz, 2H, CHjCHjS), 1.26 (t,
J=7.3 HA 3H, CHJCHJ) ppm. IR (CCI,): ν 3080-3020 (C-Η, unsat.), 2990-2820 (C-Η, sat.), 1675 (C=0) cm'.
GC/MS (EI): m/z (%) 181 (M*+ 1, 12), 151 (M*- C2H„ 0.5), 120 (M + - SCjH«, 39), 105 (C6H5CO+, 100), 77
(C6H5+, 33), 65 (C5H5+, 3). HRMS/EI: m/z caled, for C,„H12OS : 180.0609; found: 180.0610 amu.
l-(Etbylsulfenyl)-3,3-dimethyl-2-butanone 10e
This compound was prepared as described by Boeykens and De Kimpe'7c using l,l-dibromo-3,3-dimethyI-2butanone"' 16 (3.87 g, 15.0 mmol), ethanethiol (6.65 ml, 89.8 mmol) and sodium (1.00 g, 43.4 mmol). The
crude product was purified by flash chromatography. The formed disulfides were removed first by eluation with
hexane, followed by eluation with dichloromethane to give 10e (2.06 g, 12.9 mmol, 86%).
'H-NMR"C: δ 3.44 (s, 2H, CHjCO), 2.58 (q, J=7.3 Hz, 2H, СНзСН,), 1.25 (t, J=7.3 Hz, ЗН, CH2CH,), 1.21 (s,
9Н, C(CHj)3 ) ppm.
¡-Adamantvl-2-(phenvlsulfenvl)-ethanone lOf
This compound was prepared following the procedure for ß-keto sulfide 10a. using I-adamantyl-2bromoethanone 18" (2.03 g, 7.90 mmol), benzenethiol (0.82 ml, 8.0 mmol) and sodium hydroxide (0.324 g,
8.10 mmol), affording the crude product as a white solid. After recrystallization from methanol, lOf was
obtained as a white solid (1.60 g, 55.9 mmol, 71%), m.p. 42-43°C.
'H-NMR: δ 7.60-7.15 (m, 5H, arom), 3.94 (s, 2H, CHjS), 2.15-1.65 (m, 15H, adamantyl) ppm. IR (CCI,): ν
3090-3040 (C-Η, unsat.), 2960-2800 (C-Η, sat.), 1690 (C=0) cm'. GC/MS (El): m/z (%) 286 (M+, 9), 135
(adamantyr, 100), 77 (QH 5 + , 8). HRMS/EI: m/z caled, for C„H22OS : 286.1391; found: 286.1390 amu.
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¡-Adamantyl-2-(ethylsulfenyl)-ethanone Mg
This compound was prepared following the procedure for ß-keto sulfide 10a using 1-adamanty 1-2bromoethanone 18" (1.25 g, 4.86 mmol), ethanethiol (0.36 ml, 4.86 mmol) and sodium hydroxide (0.246 g,
6.15 mmol), to give lOjj as a yellow liquid (526 mg, 2.21 mmol, 45%). The crude product was not purified
further.
'H-NMR: δ 3.39 (s, 2H, COCHj), 2.55 (q, J=7.3 Hz, 2H, CHjCH,), 2.15-1.70 (m, 15H, adamantyl), 1.24 (t,
1
J=7.3 Hz, 3H, SCHJCHJ) ppm. IR (CCI,): ν 2980-2820 (C-Η, sat.), 1690 (C=0) cm . GC/MS (EI): m/z (%) 239
(NT, 13), 135 (adamantyl*, 100). HRMS/EI: m/z caled, for C^H^OS : 238.1391; found: 238.1388 amu.
l-(Phenylsulfenyl)-propan-2-one oxime 11a
Hydroxylammonium chloride (21.6 g, 0.311 mol) and sodium hydroxide (12.4 g, 0.310 mol) were dissolved in
water (100 ml) and added to a solution of l-(phenylsulfonyI)-propan-2-one 10a (46.3 g, 0.278 mol) in methanol
(150 ml). The mixture was heated under reflux for 6 hours and then extracted with dichloromethane. The extract
was washed with water, dried (MgS04) and evaporated under reduced pressure to afford two isomers of Д а in a
ratio of 4:1 as a yellow-orange liquid (49.7 g, 0.275 mol, 99%).
'H-NMR: major isomer δ 8.53 (bs, IH, OH), 7.45-7.15 (m, 5H, aromatic H), 3.60 (s, 2H, CH¡), 1.98 (s, 3H,
CHj) ppm; minor isomer: δ 8.53 (bs, IH, OH), 7.45-7.15 (m, 5H, aromatic H), 3.82 (s, 2H, СЩ, 1.92 (s, 3H,
CHj) ppm. IR (CCI,): ν 3590 (OH), 3540-3100 (OH), 3090-3040 (C-Η, unsat.), 2980-2840 (C-Η, sat.) cm1.
GC/MS (EI): m/z (%) 181 (M*, 100), 164 (M*- OH, 59), 123 (PhSCH\ 39), 109 (PhS*, 36), 77 (C6H5\ 20), 65
(C5HS*, 30), 58 (CjHjNOir, 7). HRMS/EI: m/z caled. forC^NOS : 181.0561; found: 181.0561 amu.
2-(Phenylsulfenyl)-l-phenylelhanone oxime 11b
This oxime was prepared following the procedure for oxime 11a using 2-(phenyIsulfonyI)-1-phenytemanone
10b (4.55 g, 20.0 mmol), hydroxylammonium chloride (1.40 g, 20.1 mmol) and sodium hydroxide (0.806,20.2
mmol). Although the reaction was not complete according to cap. GC and TLC after heating under reflux for
20h, the mixture was worked up, to give a red liquid (4.54 g). After flash chromatography (hexane/ethylacetate
3:1) two isomers of lib in a ratio of 6:1 were obtained as white needles (3.06 g, 12.6 mmol, 63%), m.p. 7475°C (lit." m.p. 82°C).
Ή-NMR" major isomer: δ 8.11 (s, IH, OH), 7.70-7.15 (m, ЮН, aromatic H), 4.23 (s, 2H, СЩ ppm; minor
isomer: δ 8.11 (s, IH, OH), 7.70-7.15 (m, ЮН, aromatic H), 4.23 (s, 2H, CHJ ppm. IR (KBr): ν 3580 (ОН),
3500-3100 (ОН), 3080-3020 (C-Η, unsat) cm'. Anal, caled, for CMH„NOS: С, 69.11; H, 5.38; Ν, 5.76; S,
13.18%; found: С, 68.80; H, 5.18; Ν, 5.84; S, 12.78%.
l-(Ethylsvlfenyl)-propan-2-one oxime llç
This oxime was prepared following the procedure for oxime 11a. using l-(ethylsulfonyl)-propan-2-one 10c
(32.9 g, 0.279 mol), hydroxylammonium chloride (21.6 g, 0.311 mol) and sodium hydroxide (12.4, 0.310 mol).
The reaction mixture was stirred at room temperature for 2 hours, to give two isomers of lie (34.8 g, 0.262
mol, 94%) in a ratio of 2:1 as a yellow liquid after work-up. An analytical sample was purified by flash
chromatography (л-hexane/ethyl acetate 3:1).
'H-NMR: major isomer δ 9.22 (bs, IH, OH), 3.21 (s, 2H, CHjCN), 2.46 (q, J=7.3 Hz, 2H, CHjCH,), 2.00 (s,
3H, CNCHj), 1.23 (t, J=7.3 Hz, 3H, CH2CHj) ppm; minor isomer δ 9.22 (bs, IH, OH). 3.42 (s, 2H, CHjCN),
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2.54 (q, J=7.3 Hz, 2H, CHjCH,), 2.00 (s, 3H, CNCH,), 1.27 (t, J=7.3 Hz, 3H, CH2CHj) ppm. IR (CC14): ν 3590
(OH), 3500-3000 (OH), 3000-2840 (C-Η, sat.) cm'. GC/MS (EI): m/z (%) major isomer 134 (M* + 1, 40), 116
+

(M - OH, 2), 73 (C,HsNOH2*, 100); minor isomer 134 (M* + 1, 12), 116 (M*- OH, 2), 73 (C,H5NOH2*, 100);
HRMS/EI: m/z caled, for C5HMNOS : 133.0561 ; found: 133.0562 amu.
2-(Ethylsulfenyl)-l-phenylethanone oxime l i d
This oxime was prepared following the procedure for oxime Д а with 2-(ethylsulfonyl)-l-phenylethanone lOd
(8.34 g, 50.2 mmol), hydroxylammonium chloride (3.49 g, 50.2 mmol) and sodium hydroxide (2.01 g, 50.3
mmol). The mixture was stirred overnight at room temperature, to give two isomers of l i d in a ratio of 2:1 as
an orange liquid (7.17 g, 39.6 mmol, 79%). The crude product was not purified further.
'H-NMR major isomer: δ 9.50 (bs, IH, OH), 8.10-7.20 (m, 5H, aromatic H), 3.79 (s, 2H, CHjCN), 2.58 (q,
J=7.3 Hz, 2H, CHjCH,), 1.25 (t, J=7.3 Hz, 3H, CH2CHj) ppm, minor isomer: δ 9.50 (bs, IH, OH). 8.10-7.20
(m, 5H, aromatic H), 3.86 (s, 2H, CHjCN), 2.58 (q, J=7.3 Hz, 2H, CH^CH,), 1.25 (t, J=7.3 Hz, 3H, CH2CHj)
1

ppm. IR (CC14): ν 3580 (OH), 3500-3100 (OH), 3080-3020 (C-Η, unsat.), 2980-2840 (C-Η, sat.) cm . GC/MS
+

(EI): m/z (%) major isomer 196 (M* + 1, 100), 178 (M - OH, 8), 135 (NT - SCjH,, 34%), 117 (M* - SC2HS +

+

OH, 5%), 103 (C,H/, 54); minor isomer isomer 196 (NT + 1, 32), 178 (M - OH, 8), 166 (M - C2H5, 2%), 135
+

(M* - SC2H„ 100%), 117 (M - SC2HS - OH, 6%), 103 (C,H7\ 72), 77 (C6HS*. 43). HRMS/EI: m/z caled, for
C10H„NOS : 195.0718; found: 195.0718 amu.
l-(Ethylsulfenyl)-3,3-dimethyl-2-butanone oxime H e
This oxime was prepared following the procedure for oxime 11a with ß-keto sulfide lOe (2.06 g, 12.9 mmol),
hydroxylammoniumchloride (0.903 g, 13.0 mmol) and sodium hydroxide (0.533 g, 13.3 mmol). The solution
was heated under reflux for five days and although the reaction was still not complete, the reaction mixture was
worked up, to give a yellow liquid, which crystallized immediately (2.21 g). The oxime l i e was separated from
the starting material lOe by recrystallization from ethanol, yielding a white solid (898 mg, 5.13 mmol, 40%),
m.p. 73-74°C(lit.J,71-72°C).
'H-NMR: δ 9.19 (s, IH, OH). 3.40 (s, 2H, CH^CN), 2.70 (q, J=7.4 Hz, 2H, CHjCH,), 1.29 (t, J=7.4 Hz, 3H,
CH2CHj), 1.20 (s, 9H, С(СНз)з) ppm. IR (CCI,,): ν 3590 (OH), 3500-3000 (OH), 3000-2800 (C-Η, sat.) cm'.
l-Adamantyl-2-(phenylsulfenyl)-ethanone oxime HT
ß-Keto sulfide lOf (1.53 g, 5.35 mmol) was dissolved in ethanol (35 ml). Hydroxylammonium chloride (0.860
g, 12.4 mmol) and pyridine (2.0 ml) were added. The reaction mixture was heated under reflux overnight. After
cooling, a white solid precipitated. The fíltrate was concentrated under reduced pressure. Addition of water led
to precipitation of more product. The combined precipitates were washed with water and dried under reduced
pressure, furnishing 1 If as a white solid (1.43 g, 47.5 mmol, 89%), m.p. 174-176°C.
'H-NMR: δ 8.51 (bs, IH, OH). 7.60-7.20 (m, 5H, aromatic H) 3.79 (s, 2H, CHJ, 2.15-1.55 (m, 15H, adamantyl)
ppm. IR (CC1„): ν 3600-3100 (OH), 3090-3040 (C-Η, unsat.), 2980-2820 (C-Η, sat.) cm'. MS (EI): m/z (%)
301 (M*, 20), 161 (adamantylCN*, 22), 135 (adamantyl, 100). HRMS/EI: m/z caled, for C„H2,NOS : 301.1500;
found: 301.1499 amu.
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l-Adamantyl-2-(ethylsulfonyl)-ethanoneoxime l i g
This oxime was prepared following the procedure for oxime l l f using the ß-keto sulfide 10g (354 mg, 1.49
mmol), hydroxylammoniumchloride (214 mg, 3.08 mmol) and pyridine (1.0 ml), furnishing Ujj as a white solid
(339 mg, 1.34 mmol, 90%), m.p. 155-157°C.
'H-NMR: δ 3.38 (s, 2H, CH^CN), 2.70 (q, J=7.3 Hz, 2H, CHjCHJ, 2.20-1.50 (m, 15H, adamantyl), 1.29 (t,
J=7.3 Hz, 3H, CHJCHJ) ppm. IR (CCI,): ν 3500-3000 (OH), 3000-2840 (C-Η, sat.) cm'. GC/MS (El): m/z (%)
+

+

254 (M* + 1, 42), 236 (M - OH, 9), 193 (M - SEt, 100), 173 (M* - OH - SEt, 72), 161 (adamantylCN*, 13),
135 (adamantyl, 85). HRMS/EI: m/z caled, for C 14 H a NOS : 253.1500; found: 253.1500 amu.
l-(Phenylsulfenyl)-pronan-2-one 0-(4-tolylsulfonyl) oxime 12a
Oxime Ha (10.5 g, 58.0 mmol) was dissolved in pyridine (25 ml) at 0°C. Tosyl chloride (11.0 g, 57.7 mol) was
added portionwise. The yellow reaction mixture was stirred for 2 hours at 0°C and was then poured into ice
water (100 ml). An orange/yellow oil phase was formed, which turned into yellow crystals after addition of
hexane. After filtration, the precipitate was washed with hexane. The crystals were dissolved in EtjO and
extracted with 1M CuS0 4 until no change of colour was observed anymore. The combined organic layers were
dried (MgS0 4 ) and evaporated under reduced pressure to give two isomers of 12a in a ratio of 1:4 as white
crystals (18.4 g, 54.9 mmol, 95%). The crude product was not purified further. Mp = 36-40°C.
'H-NMR: major isomer δ 7.75 A of AB (d, J=8.4 Hz, 2H, aromatic H), 7.35-7.05 (m, 7H, aromatic H), 3.58 (s,
2H, CHJ. 2.47 (s, 3H, PhCHj, 2.07 (s, 3H, C&CN) ppm; minor isomer δ 7.75 A of AB (d, J=8.3 H A 2H,
aromatic H), 7.35-7.05 (m, 7H, aromatic H), 3.76 (s, 2H, CHJ, 2.47 (s, 3H, PhCHJ, 1.98 (s, 3H, CHjCN) ppm.
IR (CC14): ν 3100-3000 (C-Η, unsat.), 2940-2840 (C-Η, sat.), 1385 (sulfonate), 1185 (sulfonate) cm'.
l-(Ethylsulfenyl)-propan-2-one 0-(4-tolylsulfonyl)oxime 12c
This oxime tosylate was prepared following the procedure for compound 12a. using oxime l i e (3.69 g, 27.7
mmol) and tosyl chloride (5.31 g, 27.9 mmol), to give 12c as white crystals (6.72 g, 23.4 mmol, 85%). The
crude product was not purified further. The product could be purified by recrystallization from hexane. Mp =
69-70°C.
'H-NMR: δ 7.85 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.33 В of AB (d, J=8.3 Hz, 2H, aromatic H), 3.14 (s,
2H, CHjCN), 2.44 (s, 3H, PhCHj, 2.14 (q, J=7.3 Hz, 2H, CHjCHj), 2.07 (s, 3H, CHjCN), 1.03 (t, J=7.3 Hz,
3H, CH2CH,) ppm. IR (CC14): ν 3080-3020 (C-Η, unsat), 3000-2840 (C-Η, sat.), 1380 (sulfonate), 1185
(sulfonate) cm"1.
l-(PhenylsulfonyI)-propan-2-one 0-(4-lolylsuIfonyl)oxime 8a
To a solution of compound 12a (5.03 g, 15.0 mmol) in dichloromethane (100 ml) was gradually added a
solution of mCPBA (7.38 g, 29.9 mmol, dried over MgS0 4 prior to use) in dichloromethane (100 ml), at room
temperature. The mixture was stirred overnight at room temperature. After extraction with IM NaOH, the
organic layer was dried (MgS0 4 ), and evaporated under reduced pressure to give two isomers of 8a in a ratio of
4:1 as a white solid (4.90 g, 13.4 mmol, 89%), m.p. 154-160°C, which could be used as such. The product could
be purified further by flash chromatography (hexane : ethyl acetate =1:1).
'H-NMR, major isomer: δ 7.95-7.15 (m, 9H, aromatic H), 3.96 (s, 2H, CHJ. 2 4 6 (s, 3H, PhCHJ, 2.19 (s, ЗН,
CHjCN) ppm, minor isomer: δ 7.95-7.15 (m, 9Η, aromatic H), 4.22 (s, 2H, CHJ, 2.46 (s, ЗН, PhCH,), 2.20 (s,
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3H, CHjCN) ppm. IR (CC14): ν 3120-3010 (C-Η, unsat.), 3000-2820 (C-Η, sat.), 1360 (sulfonate), 1180
1

+

+

(sulfonate) cm . MS (CI): m/z (%) 368 (M + 1, 4), 212 (M - C 7 H,S0 2 , 3), 173 (C 7 H 7 S0 3 H*, 100), 155
( C ^ S C V , 42), 91 (C7H,*, 54). Anal, caled, for C 1 6 H„N0 5 S 2 : C, 52.30; H, 4.66; N, 3.81; S, 17.45%; found: C,
52.58; H, 4.57; N, 3.91; S, 17.20%.

¡-(Ethylsulfonyl)-propan-2-one 0-(4-tolylsulfonyl)oxime 8c
This oxime tosylate was prepared following the procedure for compound 8a, using 12c (9.80 g, 34.1 mmol) and
mCPBA (17.1 g, 69.5 mmol), affording two isomers of 8c in a ratio of 9:1 as a white solid (10.4 g, 32.6 mmol,
96%), m.p. 89-94°C.
'H-NMR: major isomer 8 7.85 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.36 В of AB (d, J=8.3 Hz, 2H, aromatic
H), 3.80 (s, 2H, CHjCN), 2.78 (q, J=7.4 Hz, 2H, CHjCH,), 2.46 (s, 3H, PhCH,), 2.21 (s, 3H, CHjCN), 1.24 (t,
J=7.4 H A 3H, CHjCH,) ppm; minor isomer δ 7.85 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.36 В of AB (d,
J=8.3 Hz, 2H, aromatic H), 4.05 (s, 2H, CHjCN), 2.78 (q, J=7.4 Hz, 2H, CHjCH,), 2.46 (s, 3H, PhCHj), 2.20 (s,
3H, CHjCN), 1.24 (t, J=7.4 Hz, 3H, CH2CH,) ppm. IR (CC14): ν 3100-3020 (C-Η, unsat.), 3000-2840 (C-H,
sat.), 1375 (sulfonate), 1185 (sulfonate) cm'. MS (CI): m/z (%) 320 (M* + 1, 7), 173 (C,H7SO,H*, 100), 155
+

+

+

(C 7 H 7 S0 2 \ 52), 148 (M - C 7 H 7 S0 2 > 20), 91 (C7H7 , 49), 77 (C6H5 , 34). Anal, caled, for C 1 2 H„N0 5 S 2 : C, 45.13;
H, 5.36; N, 4.39; S, 20.08%; found: C, 44.96; H, 5.36; N, 4.37; S, 19.41%.
l-(Phenylsulfinyl)-propan-2-one 0-(4-tolylsulfonyl)oxime 13a
This oxime tosylate was prepared following the procedure for compound 8a, using 12a (5.08 g, 15.2 mmol) and
mCPBA (3.66 g, 14.8 mmol), affording two isomers of 13a in a ratio of 4:1 as a white solid (4.98 g, 93%). An
analytical sample was recrystallized from hexane. M.p. 110-111°C.
'H-NMR: major isomer δ 7.90-7.20 (m, 9H, aromatic H), 3.64 (s, 2H, CHj), 2.47 (s, 3H, PhCHj), 2.01 (s, 3H,
CHjCN) ppm; minor isomer δ 7.90-7.20 (m, 9Η, aromatic H), 3.88 and 3.71 (AB, 2H, J=13 Hz, С Щ , 2.47 (s,
3H, PhCHj), 1.95 (s, 3H, CHjCN) ppm. IR (CCIJ: ν 3100-3000 (C-Η, unsat.), 3000-2860 (C-Η, sat.), 1365
(sulfonate), 1185 (sulfonate) cm'. MS (CI): m/z (%) 352 (M* + 1, 0.03), 173 (C 7 H 7 S0 3 H\ 100), 155 (C,H7S<V,
40), 91 (C 7 H,\ 59). Anal, caled, for C 1 6 H„N0 4 S 2 : C, 54.68; H, 4.88; N, 3.99; S, 18.25%; found: С, 54.65; H,
4.83; N, 4.02; S, 17.71%.
l-(Ethylsulfinyl)-propan-2-one 0-(4-tolylsulfony¡) oxime 13ç
This oxime tosylate was prepared following the procedure for compound 8a, using 12c (10.0 g, 34.8 mmol) and
mCPBA (8.55 g, 34.7 mmol), affording 13c (9.84 g, 32.5 mmol, 93%) as a yellowish oil.
'H-NMR: δ 7.85 A of AB (d, J=8.2 Hz, 2H, aromatic H), 7.35 В of AB (d, J=8.2 Hz, 2H, aromatic H), 3.68 A of
AB (d, J=13.2 Hz, IH, CHjCN), 3.40 В of AB (d, J=13.2 Hz, IH, CHjCN), 2.57 (q, J=7.5 Hz, 2H, CHjCHj),
2.46 (s, 3H, PhCHj), 2.15 (s, 3H, CH,CN), 1.21 (t, J=7.5 Hz, 3H, CH2CH,) ppm. IR (CCI,): ν 3000-2840 (C-Η,
sat.), 1385 (sulfonate), 1185 (sulfonate) cm'. MS (CI): m/z(%) 304(M* + 1, 0.01), 173 (C 7 H 7 SOjH\ 100), 155
(C 7 H 7 S(V, 34), 91 (C 7 H 7 \ 53). HRMS/EI: m/z caled, for C, 2 H 17 NO,S 2 : 303.0599; found: 303.0599 amu.
2-(Phenylsulfonyl)-3-methyl-2H-azirine9b
Compound 8a (291 mg, 0.793 mmol) was dissolved in dichloromethane (10 ml) and triethylamine (83.8 mg,
0.82 mmol) was added. The solution was stirred overnight at room temperature and then extracted with 0.05M

107

Chapter б

HCl and with saturated aqueous sodium bicarbonate. The organic layer was dried (MgS0 4 ) and evaporated
under reduced pressure to give the crude product as a pale brown solid. After recrystallization from л-hexane /
<>

ethyl acetate 21a was obtained as pale brown crystals (82.1 mg, 42.1 mmol, 53%), m.p. 84-86 C.
'H-NMR: δ 7.95-7.45 (m, 5H, aromatic H), 3.23 (s, IH, CH), 2.71 (s, ЗН, CH,) ppm. IR (КВг): ν 3090-3040
(C-Η, unsat), 1780(C=N), 1325 (sulfonate), 1150 (sulfonate)cm'.MS (Cl): m/z(%) 196 (M* + 1,0.08%), 141
(PhS0 2 \ Π), 125 (PhSCr, 69), 97 (CSH5S*. 5), 77 (C 6 H S \ 50), 54 (CH 3 CNCH\ 100), 43 (C2H5N*, 83). Anal,
caled, for C,H,N0 2 S: С, 55.37; Η, 4.65; Ν, 7.17; S, 16.42%; found: С, 55.40; H, 4.59; Ν, 7.29; S, 16.33%.
2-(Ethylsulfonyl)-3-methyl-2H-œirine9t
This compound was prepared following the procedure for azirine 9a, using compound 8c (205 mg, 0.643 mmol)
and triethylamine (92 μΙ, 0.660 mmol), to give the crude product as a yellow liquid. After bulb-to-bulb
distillation (110°C, 0.5 mm Hg) 9ç was obtained as a colorless liquid (62.3 mg, 0.424 mmol, 66%).
'H-NMR: δ 3.15 (s, IH, CH). 3.08 (q, J=7.3 Hz, 2H, CHjCH,) 2.71 (s, 3H, CHjCN), 1.46 (t, J=7.4 Hz, 3H,
CHjCHj) ppm. IR (CCI,): ν 3000-2840 (C-Η, sat.), 1785 (C=N), 1320 (sulfone), 1140 (sulfone) cm'. MS (El):
+

+

m/z (%) 148 (M +1, 2), 77 (CH 3 CH 2 SO\ 8), 61 (CH3CH2S , 2), 54 (CH3CNC1T, 100), 43 ( C 2 H,N\ 82).
HRMS/EI: m/z caled, for C s H,N0 2 S : 147.0354; found: 147.00351 amu.
2-(Elhylsulfinyl)-3-methyl-2H-azirine 14ç
This compound was prepared following the procedure for azirine 9a, using compound 13c (992 mg, 3.27 mmol)
and triethylamine (460 μΐ, 3.30 mmol), to give the crude product as a yellow liquid. After bulb-to-bulb
distillation (120°C, 0.5 mm Hg) 14c was obtained as a mixture of two diastereomers in a ratio of 1:1, as a
colorless liquid (265 mg, 2.02 mmol, 62%). The product was not completely pure.
'H-NMR: δ 3.11 en 3.02 (s, IH, CH). 2.80 en 2.77 (q, J=7.3 Hz, 2H, CHjCH,), 2.70 en 2.67 (s, 3H, CHjCN),
1.42 en 1.34 (t, J=7.4 Hz, 3H, CHjCHJ ppm. IR (CCI,): ν 2980-2880 (C-Η, sat.), 1780 (C=N) c m ' .
(+)-(R)-Methyl p-tolyl sulfoxide 22
For the synthesis of this enantiopure sulfoxide the procedure described by Solladié31 was followed. To a
solution of (->(S)-menthyl^-toluenesulfmate 21 (5.03 g, 17.1 mmol) in diethyl ether (20 ml) and THF (10 ml)
at 0°C under nitrogen was added dropwise a solution of methylmagnesium chloride, freshly prepared from
magnesium (1.00 g, 41.1 mmol) and methyl iodide (3.1 ml, 49.7 mmol) in diethyl ether (10 ml). After the
addition was complete, the mixture was stirred at room temperature for 1 hour and then quenched by addition of
saturated NR.C1 (10 ml). The aqueous layer was extracted twice with diethyl ether. The combined organic
layers were washed with brine and dried (MgSO<). After evaporation a yellow solid was obtained (4.89 g). This
mixture of product and menthol was recrystallized from hexane (100 ml) to give 22 as white crystals (1.90 g,
12.3 mmol, 72%). Alternatively, the product could be purified by flash chromatography (hexane/ethyl acetate
3:1). m.p. 73-75°C (lit.31 m.p. 74.5°C). [a]™ =+159° (acetone; c=1.0). Lit" [a]™ = +168° (acetone; c=1.8).
'H-NMR: δ 7.56 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.33 В of AB (d, J=8.3 Hz, 2H, aromatic H), 2.71 (s,
3H, SOCH3), 2.42 (s, 3H, PhCHj) ppm.
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l-(p-Tolylsulfinyl)-propan-2-one 23
For the synthesis of this ketone the procedure described by Solladié" was used. Diisopropylamine (1.6S ml,
11.8 mmol) was dissolved in THF (20 ml) at 0°C under nitrogen and a 15% butyllithium solution in hexane
(6.00 ml, 9.74 mmol) was added. After 15 minutes, the solution was cooled to -78°C. A solution of (+)-(R)methyl p-tolyl sulfoxide 22 (1.00 g, 6.49 mmol) in THF (20 ml) was added dropwise to the reaction mixture.
The temperature was allowed to reach 0°C and then cooled again to -78°C. Ethyl acetate (3.00 ml, 30.7 mmol)
in THF (10 ml) was added gradually to the reaction mixture. The temperature was allowed to reach room
temperature, and then the reaction mixture was heated under reflux for 4 h. The reaction mixture was quenched
with aqueous saturated NH4C1 (10 ml). The organic layer was separated and washed with water. The aqueous
layer was extracted with dichloromethane. The combined organic layers were washed with brine, dried
(MgS0 4 ) and evaporated under reduced pressure to give a yellow oil (1.23 g). After flash chromatography
(ethyl acetate), 23 was obtained as a liquid (922 mg, 4.70 mmol, 72%), which solidified after cooling. An
analytical sample was recrystalized from diisopropyl ether. Mp = 38-39°C. [ a ] " = +238° (CHC1,; c=1.0).
'H-NMR: δ 7.55 A of AB (d, J=8.2 Hz, 2H, aromatic H), 7.34 В of AB (d, J=8.2 Hz, 2H, aromatic H), 3.89 A of
AB (d, J=16 Hz, IH, CHj), 3.74 В of AB (d, J=16 Hz, IH, CH¡), 2.43 (s, 3H, PhCH,), 2.24 (s, 3H, COCHj)
1

ppm. IR (ССУ: ν 3100-3000 (C-Η, unsat.), 3000-2840 (C-Η, sat), 1710 (СЮ) cm . GC/MS (EI): m/z (%) 196
+

( M \ 18%), 180 (M* - О, 4), 139 (C 7 H, S\ 100), 91 (C7H,*, 24), 77 (C 4 H 5 , 22), 65 (C 5 H 5 \ 18), 43 (C 2 H 5 0*,
23). Anal, caled, for C l ( ) H 1 2 0 2 S (196.269): C, 61.20; H, 6.16; S, 16.34%; found: С, 61.25; H, 6.21; S, 16.12%.
l-(p-Tolylsulfinyl)-propan-2-one 0-(4-tolylsulfonyl)oxime 13h
This oxime tosylate was prepared following the procedure for compound 12a. using ß-keto sulfoxide 23 (748
mg, 3.81 mmol), hydroxylammonium chloride (293 mg, 4.22 mmol) and sodium hydroxide (231 mg, 4.12
mmol). The reaction mixture was stirred overnight at room temperature. After addition of water, the mixture
was extracted with dichloromethane (2x). The combined organic layers were washed with water, dried (MgS0 4 )
and evaporated under reduced pressure to give two isomers of the oxime in a ratio of 1:1.4 as a colorless oil.
'H-NMR: major isomer δ 9.33 (bs, IH, OH). 7.54 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.32 В of AB (d,
J=8.3 Hz, 2H, aromatic H), 3.73 A of AB (d, J=12 Hz, IH, CHJ, 3.56 В of AB (d, J=12 Hz, IH, CHJ, 2.41 (s,
3H, PhCHj), 1.91 (s, 3H, ratio, CH,CN) ppm; minor isomer δ 9.33 (br.s, IH, OH), 7.59 A of AB (d, J=8.3 Hz,
2H, aromatic H), 7.32 В of AB (d, J=8.3 Hz, 2H, aromatic H), 3.95 A of AB (d, J=12 Hz, IH, CHJ, 3.73 В of
AB (d, J=12 Hz, IH, CHj), 2.41 (s, 3H, PhCHj), 1-81 (s, 3H, CH.CN) ppm. IR (CCI,): ν 3580 (OH), 3500-3000
(OH), 3060-3000 (C-Η, unsat.), 3000-2800 (C-Η, sat.) cm 1 .
The crude oxime was tosylated immediately analogously to compound 12a. using tosyl chloride (880 mg, 4.62
mmol) and pryridine (15 ml). The mixture was stirred at 0°C for 2.5 hours and then poured into ice water (15
ml). The mixture was extracted with dichloromethane (2x) and the combined organic layers were washed with
IM HCl (2x) and saturated aqueous sodium bicarbonate, dried (MgS0 4 ) and evaporated under reduced pressure
to give a yellow oil (1.34 g). After flash chromatography (ethyl acetate), two isomers of 13h in ratio of 1:1
were obtained as a colorless oil (691 mg, 1.89 mmol, 50%), which solidified after cooling. An analytical sample
was recrystalized from diisopropyl ether. Mp = 97-98°C. [a]™ = +8.8" (CHC13; c=1.0).
'H-NMR: major isomer δ 7.81 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.60-7.15 (m, 6H, aromatic H), 3.70 and
3.55 (AB, J=12 Hz, 2H, С Щ , 2.46 (s, 3H, S0 2 PhCHj). 2.43 (s, 3H, SOPhCHj), 1.98 (s, 3H, CHjCN) ppm;
minor isomer δ 7.81 A of AB (d, J=8.3 Hz, 2H, aromatic H), 7.60-7.15 (m, 6H, aromatic H), 3.87 A of AB (d,
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J=12 Hz, IH, CHj), 3.69 В of AB (d, J=12 Hz, Ш, С Щ , 2.46 (s, 3H, SOjPhCHJ, 2.40 (s, 3H, SOPhCH,), 1.92
(s, 3H, CHjCN) ppm. IR (CCI<): ν 3060-3020 (C-Η, unsat.), 3000-2840 (C-Η, sat.), 1360 (sulfonate), 1185
(sulfonate) cm'. MS (CI): m/z (%) 366 (M* + 1, 0.03), 173 ( C ^ S O j l T , 100), 155 (C 7 H 7 S0 2 + , 37), 91 (C,H7*.
55). Anal, caled, for C„H, 9 N0 4 S 2 : C, 58.87; H, 5.24; H, 3.83; S, 17.55%; found: C, 55.80; H, 5.34; N, 3.90; S,
17.01%.
2-(p-Tolylsulfinyl)-3-methyl-2H-azirine 14h
Azirine 14h was prepared following the procedure for azirine 8a. Compound 22 (113 mg, 0.310 mmol) was
dissolved in dichloromethane (5 ml) and triethylamine (36 mg, 0.356 mmol) was added. The mixture was
stirred overnight at room temperature. The color of the solution had turned into vivid yellow. The mixture was
then washed with 0.05M HCl and with saturated aqueous sodium bicarbonate, dried (MgS0 4 ) and evaporated
under reduced pressure to give two diastereomers of 14h in a ratio of 1:1 as a yellow oil (39 mg). Attemptes to
purify the crude product led to decomposition.
'H-NMR: δ 7.60-7.15 (m, 4H, aromatic H), 3.19 and 3.10 (s, IH, CH), 2.61 and 2.59 (s, 3H, CH,N), 2.39 (s,
3H, PhCHj) ppm. MS (EI): m/z (%) 193 (M*, 54), 123 (C,H,S\ 55), 91 (C,H7+, 12), 77 (С б Н,\ 11), 43 (C 2 H,N\
100).
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Summary

Functionalized small-ring heterocycles are important building blocks in organic synthesis.
The chemistry of homochiral epoxides 1 and aziridines 2 has been extensively explored
during the last decades. Considerably less attention has been paid to azirines 3, although this
class of compounds has great synthetic potential. Azirines can, for instance, be employed in
the synthesis of substituted aziridines, functionalized amines or complex heterocyclic
compounds.
R^Q/R· R / < | >
1
2

^<i-K
3

A literature survey of the synthesis of racemic as well as optically active azirines 3 is
given in chapter 1, with emphasis on the synthesis of 2#-azirinecarboxylic esters 3
(R'=C02R"). Hitherto, only few examples of optically active azirines have been reported.
Moreover, the enantioselective methods suffer from the drawback that many reaction steps
are involved, resulting in modest overall yields. In this thesis a new asymmetric route toward
functionalized azirines from readily available starting materials is described, as well as some
reactions of azirinecarboxylic esters.
In chapter 2 the synthesis of racemic 2#-azirinecarboxylic esters 7 using a modified
Neber reaction as the key step is described. The ketoxime tosylates 6, the principal substrates
for the Neber reaction, were obtained by oximation and subsequent tosylation of the readily
available ß-keto esters 4 (scheme 1). Treatment of ketoxime tosylates 6 with the base
triethylamine smoothly afforded 2tf-azirinecarboxylic esters 7. For the conversion of
ketoxime tosylates with a methyl substituent at the α-position a stronger base was required
(KOrBu).
The intermediate oximes 5 had to be tosylated immediately after their preparation as
otherwise the formation of isoxazolones 8 takes place (scheme 1). Due to this competing
reaction, the synthesis of azirine esters is limited to compounds with aliphatic substituents.
Several other methods were investigated to obtain ketoxime tosylates bearing an aromatic
substituent, but all of them failed.
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The multigram synthesis of azirine esters 7 is severely hampered by the necessity to
purify the ketoxime tosylates 6 by chromatography. Combination of the tosylation and the
elimination step by the use of two equivalents of Et3N circumvented this problem (scheme 2).
Although the yields in the two-step synthesis of azirinecarboxylic esters 7 were moderate, the
products could be obtained more conveniently and on a larger scale.
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In order to examine the scope of the Neber reaction, a-ketoxime tosylates 10 and γketoxime tosylates 13, that could easily be obtained from the corresponding a-keto esters and
γ-keto esters, respectively, were used as substrates. It was, however, not possible to
synthesize ЗЯ-azirinecarboxylic esters 12 or azetidine-2-carboxylic esters 15 via an
elimination reaction of the corresponding ketoxime tosylates.
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In chapter 3 the synthesis of optically active 2#-azirinecarboxylic esters is described by
using chiral bases for the elimination step in the Neber reaction (scheme 4). Cinchona
alkaloids, especially quinidine and dihydroquinidine, gave good results, whereas bases
lacking a hydroxyl function (e.g. sparteine, brucine and strychnine) show no chiral induction
at all. Both (-)- and (+)-azirine esters could be obtained by using the appropriate pseudoenantiomer of the chiral base.
Systematic optimization studies resulted in enantiomeric excesses of more than 80%. The
use of apolar, non-protic solvents gave considerably higher ee's than the use of polar
solvents. High temperatures, concentrated reaction mixtures and the presence of lithium salts
or water lowered the ee's substantially. Best results were obtained in toluene at 0°C using a
concentration of 2 mg/ml of ketoxime tosylate.
Based on the results of the optimization experiments it is most likely that the alkaloidmediated Neber reaction proceeds through an intimate complex between base and substrate.
A three-point interaction (hydrogen bonding between the hydroxyl function of the base and
the ester function of the ketoxime tosylate, π-stacking between the aromatic leaving group
and the aromatic quinoline moiety of the base and an interaction between the basic alkaloid
nitrogen and the acidic α-proton) allows the formation of such a tight complex necessary for
effective enantioface selectivity.
TsCL
14

X^C0 2 R'

alkaloid base
toluene, 0°C

ц
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^
U
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scheme 4
A major drawback of the method described above is that one equivalent of the alkaloid
base had to be used. Catalytic asymmetric synthesis would be a much more attractive method
for the preparation of optically active azirine esters. Regeneration of the alkaloid base in situ,
however, should not interfere with proton abstraction of the ketoxime tosylate, because this
would lead to a decrease or even a complete loss of enantioselectivity. The use of K 2 C0 3 for
regenerating the alkaloid base fulfilled this requirement and resulted in a catalytic asymmetric
Neber reaction, requiring only 10 mol% of chiral base.
Chapters 4 and 5 deal with reactions of 2#-azirinecarboxylic esters. The reduction of the
azirine esters 15, which is described in the first-mentioned chapter, led to the formation of
aziridinecarboxylic esters 7, important substrates for the synthesis of various anomalous
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amino acids. Several reducing agents were screened for this conversion but only the use of
sodium borohydride gave satisfactory results. The reduction with NaBH4 led to the exclusive
formation of c/i-aziridinecarboxylic esters 7 (scheme 5), which are difficult to obtain by other
methods. Full retention of chirality was observed in the reduction of optically active azirines.
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i *
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^ < | C02Et + R ¿ < | C02Et

н

H
15 40-85%
scheme 5

7
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Catalytic hydrogénation forms an alternative approach to convert the C-N double bond of
the azirine moiety into a single bond. The hydrogénation of azirinecarboxylic ester 7 (R=Me),
however, did not lead to the formation of the corresponding aziridine, but turned out to be a
rather circumstantial route for the synthesis of ethyl 3-amino-crotonate 16 (scheme 6).

Z

16
scheme 6

The reaction of azirinecarboxylic esters 7 with acyl halides is described in chapter 5. This
reaction led to a mixture of the expected JV-acyl-aziridinecarboxylic esters 18 and the 3halovinyl-iV-acyl-amino esters 19 (scheme 7). The aziridine esters 18 were rather unstable and
underwent smooth ring opening to 3-halovinylglycine esters 19, resulting in yields up to 85%.
When the reaction was performed with optically active starting material, optically active 3halovinylglycine ester 19 (R,=H, R2=Ph, X=C1) was obtained.
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R^^^C02Et + R A X
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°γΚ
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scheme 7
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In the final chapter 6, the results concerning the synthesis of azirines bearing sulfur
substituents are presented. The synthesis of sulfonyl 2#-azirines and sulfinyl 2#-azirines
using the Neber reaction turned out to be more troublesome than the synthesis of 2Яazirinecarboxylic esters. It was found that ß-ketoxime tosylates 22 could not be directly
prepared from ß-keto sulfones. Ал alternative approach, starting from ß-keto sulfides 20 was
more successful and could be used for the precursors of both sulfonyl 2#-azirines 23 and
sulfinyl 2№azirines 25 (scheme 8). With triethyl amine as the base sulfonyl 2#-azirines 23
and sulfinyl 2#-azirines 25 were obtained in yields up to 66% and 62%, respectively. The
method, however, was restricted to compounds bearing small aliphatic substituents at the Re
position. When larger groups were present, tosylation immediately led to the Beckmann
rearranged products. Unfortunately, no chirality transfer was observed when alkaloid bases
were used in this version of the Neber reaction.
Attempts to synthesize optically active sulfinyl 2№azirines employing a homochiral
sulfoxide moiety for chirality transfer were not successful (scheme 9).
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In conclusion it can be stated that the Neber reaction provides an appealing route toward
2#-azirinecarboxylic esters and, to a lesser extent, sulfonyl 2#-azirines and sulfinyl 2Hazirines. By using either a stoichiometric or a catalytic amount of the readily available
cinchona alkaloids, the azirine esters can be obtained in ее's up to 82%. An attractive feature
of this method is that both enantiomers are available by selecting the appropriate pseudoenantiomer of the chiral base. The utility of the cinchona alkaloid mediated Neber reaction is
further enhanced as it provides an entry to valuable chiral compounds such as aziridines.
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Gefiinctionaliseerde kleine heterocyclische ringsystemen zijn belangrijke bouwstenen in
de organische chemie. De chemie van homochirale epoxides 1 en aziridines 2 is uitgebreid
bestudeerd in de afgelopen decennia. Aanzienlijk minder aandacht is uitgegaan naar azirines
3, hoewel deze klasse van verbindingen vele synthetische toepassingen kent. Uitgaande van
azirines zijn bijvoorbeeld gesubstitueerde aziridines, gefunctionaliseerde amines en
complexe heterocyclische verbindingen toegankelijk.

R

R^<i-

1

'

R-^L-K'
2

R-^J/"'
3

Een literatuuroverzicht van de synthese van zowel racemische als optisch actieve azirines
wordt gegeven in hoofdstuk 1, waarbij de nadruk ligt op de synthese van 2Hazirinecarbonzure esters 3 (R'=C02R"). Slechts enkele voorbeelden van crurale, nietracemische azirines zijn tot nu toe beschreven. Deze enantioselectieve methoden hebben
bovendien het nadeel dat het omslachtige meerstapssyntheses betreft, hetgeen resulteert in
een lage totaalopbrengst. In dit proefschrift wordt een nieuwe asymmetrische synthese van
gefiinctionaliseerde azirines beschreven waarbij wordt uitgegaan van eenvoudig toegankelijke
uitgangsstoffen. Daarnaast worden enkele reacties van azirinecarbonzure esters behandeld.
In hoofdstuk 2 is de synthese van racemische 2#-azirinecarbonzure esters 7 beschreven,
waarbij een gemodificeerde Neber reactie een sleutelpositie vervuld. Ketoxim tosylaten 6, de
substraten voor de Neber reactie, werden verkregen door omzetting van de goed toegankelijke
ß-keto esters 4 in de corresponderende oxims, gevolgd door tosylering (schema 1).
Behandeling van deze ketoxim tosylaten 6 met triethylamine als base gaf op eenvoudige
wijze de 2H-azirinecarbonzure esters 7. Voor de omzetting van ketoxim tosylaten met een
methylsubstituent op de α-positie was een sterkere base vereist, namelijk KOfBu.
De intermediaire oxims 5, moeten onmiddellijk getosyleerd worden, daar anders de
vorming van isoxazolonen 8 optreedt (schema 1). Tengevolge van deze nevenreactie is de
synthese van azirine esters beperkt tot verbindingen met alifatische substituenten. Pogingen
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om ketoxim tosylaten met een aromatische substituent via alternatieve methodes te
verkrijgen, leverden geen bruikbare resultaten op.
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De synthese van azirine esters 2 op grote schaal wordt bemoeilijkt doordat de ketoxim
tosylaten 6 door middel van chromatografie gezuiverd moeten worden. Dit probleem wordt
omzeild door het samenvoegen van de tosylering- en de eliminatiestap. Dit kon worden
bewerkstelligd door het gebruik van twee equivalenten triethylamine bij de tosyleringsreactie
(schema 2). Hoewel de opbrengsten in deze twee-staps synthese van azirinecarbonzure esters
7 lager waren, heeft deze methode als voordeel dat de producten gemakkelijk en op
multigram-schaal toegankelijk zijn.
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Om de algemene toepasbaarheid van de Neber reactie te onderzoeken zijn ook a-ketoxim
tosylaten 10 en γ-ketoxim tosylaten 13, als substraat ingezet in deze reactie. Deze
verbindingen zijn gemakkelijk verkrijgbaar uitgaande van respectievelijk ct-keto esters of γketo esters. Het bleek echter niet mogelijk om ЗЯ-azirinecarbonzure esters 12 en azetidine-2carbonzure esters 1§ via deze benadering te synthetiseren.
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In hoofdstuk 3 wordt de synthese van optisch actieve 2#-azirinecarbonzure esters
beschreven, gebruik makend van chirale basen voor de eliminatie-stap in de Neber reactie
(schema 4). Bij gebruik van cinchona alkaloïden, met name kinidine en dihydrokinidine,
werden goede resultaten verkregen. Alkaloïden zonder hydroxylfunctie, zoals sparteine,
brucine en strychnine daarentegen leidden niet tot chiraliteitsoverdracht. Zowel (-)- als (+)azirine esters zijn toegankelijk door keuze van het geschikte pseudo-enantiomeer van de
cinchona alkaloïden.
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Door de systematische optimalisatie van de reactiecondities konden de 2Hazirinecarbonzure esters verkregen worden met een enantiomere overmaat van meer dan 80%.
Het gebruik van apolaire, niet-protische oplosmiddelen leidde tot aanzienlijk hogere ee's dan
het gebruik van polaire oplosmiddelen. Reactie bij hoge temperaturen, in geconcentreerde
reactiemedia of in aanwezigheid van lithiumzouten of water gaf een aanmerkelijk lagere ее.
Het beste resultaat werd verkregen bij uitvoering van de reactie in tolueen bij 0°C met een
concentratie van 2 mg ketoxim tosylaat per ml oplosmiddel.
De resultaten van de optimalisatie-experimenten geven aan dat de asymmetrische Neber
reactie hoogst waarschijnlijk verloopt via een stevig gebonden complex tussen alkaloïde base
en substraat. De vorming van een dergelijk complex, dat noodzakelijk is voor het verkrijgen
van een effectieve enantioselectiviteit, is mogelijk door een drie-punts-interactie, namelijk
waterstofbrugvorming tussen de hydroxylgroep van de base en de estergroep van het ketoxim
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tosylaat, "π-stacking" tussen de tosylgroep en de aromatische quinoline-eenheid van de base
en interactie tussen het basische stikstofatoom van het alkaloïde en het zure a-proton.
Een groot nadeel van de hierboven beschreven methode is het gebruik van een
stoichiometrische hoeveelheid van de alkaloïde base. Het zou aantrekkelijker zijn indien
optisch actieve azirine esters via een katalytische asymmetrische syntheseroute verkregen
zouden kunnen worden. Hiertoe is het noodzakelijk om de alkaloïde base in situ te
regenereren, zonder dat hierbij de proton abstractie van het ketoxim tosylaat beïnvloed wordt.
Dit zou immers leiden tot een afname of zelfs een volledig verlies van enantioselectiviteit.
Indien K2C03 gebruikt wordt voor de regeneratie van de alkaloïde base wordt aan deze
voorwaarde voldaan. Optisch actieve azirine esters konden worden verkregen via een
katalytische asymmetrische Neber reactie, waarbij slechts 10 mol% van de chirale base nodig
was.
In de hoofdstukken 4 en S worden reacties van 2tf-azirinecarbonzure esters behandeld.
Het eerstgenoemde hoofdstuk gaat in op de reductie van azirine-esters 15, waarbij
aziridinecarbonzure esters 7 gevormd worden. Dit zijn belangrijke substraten voor de
synthese van verscheidene niet-natuurlijk voorkomende aminozuren. Meerdere reductiemiddelen zijn onderzocht voor deze omzetting, maar alleen natriumboorhydride gaf
bevredigende resultaten. De reductie met NaBH4 leidde uitsluitend tot de vorming van cisaziridinecarbonzure esters 7 (schema 5), verbindingen die moeilijk via andere methodes
toegankelijk zijn. De reductie van optisch actieve azirine esters verliep met volledig behoud
van chiraliteit.
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Een alternatieve benadering om de C-N dubbele band van de azirine-ring om te zetten in
een enkelvoudige band is door middel van katalytische hydrogenering. De hydrogenering van
azirinecarbonzure ester 7 (R=Me), leidde niet tot het corresponderende aziridine, maar bleek
een omslachtige route voor de synthese van ethyl 3-amino-crotonaat 16 te zijn (schema 6).
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De reactie van azirinecarbonzure esters 7 met zuurhalides wordt beschreven in hoofdstuk
5. Deze reactie gaf een mengsel van de verwachte N-acyl-aziridinecarborizure esters 18 naast
3-halovinyl-.N-acyl-armno esters 19 (schema 7). De aziridine-esters 18 bleken tamelijk
instabiel te zijn en gaven gemakkelijk ringopening tot 3-halovinylglycine esters 19 met
opbrengsten tot 85%. Indien de reactie uitgevoerd werd met optisch actieve uitgangsstof,
werd de optisch actieve 3-halovinylglycine ester 19 (R,=H, R2=Ph, X=C1) verkregen.
X
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17R' = Me, Ph
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^J\/C°2Et

19

°
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schema 7
In het laatste hoofdstuk, hoofdstuk 6, worden de resultaten gepresenteerd met betrekking
tot de synthese van zwavel-gesubstitueerde azirines. De synthese van sulfonyl 2#-azirines en
sulfïnyl 2ñ-azirines via de Neber reactie verliep moeizamer dan de synthese van 2Hazirinecarbonzure esters. Het bleek dat ß-ketoxim tosylaten 22 niet rechtstreeks uitgaande van
ß-keto sulfones verkregen konden worden. Een alternatieve benadering, uitgaande van ß-keto
sulfides 20 was meer succesvol en had als bijkomend voordeel dat hiermee de precursors
voor zowel sulfonyl 2#-azirines 23 als voor sulfïnyl 2#-azirines 25 beschikbaar werden
(schema 8). Met triethylamine als base werden sulfonyl 2#-azirines 23 en sulfinyl 2#azirines 25 verkregen in opbrengsten tot respectievelijk 66% en 62%. Deze methode bleef
echter beperkt tot de synthese van verbindingen met kleine alifatische substituenten op de R'positie. Bij verbindingen met grotere substituenten werd de tosyleringsreactie onmiddellijk
gevolgd door een Beckmann omlegging. Helaas werd geen chiraliteitsoverdracht
waargenomen in het geval dat alkaloïden toegepast werden in deze versie van de Neber
reactie.
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Pogingen om optisch actieve sulfinyl 2#-azirines te synthetiseren door een homochirale
sulfoxide-eenheid te gebruiken voor chiraliteitsoverdracht leverden evenmin het gewenste
resultaat op (schema 9).
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Tot besluit kan gesteld worden dat de Neber reactie een aantrekkelijke route naar 2Hazirinecarbonzure esters en, in mindere mate, sulfonyl 2H-azirines en sulfinyl 2#-azirines
biedt. Door gebruik te maken van een stoichiometrische dan wel een katalytische hoeveelheid
van de goed beschikbare cinchona alkaloïden, kunnen azirine-esters verkregen worden in een
enantiomere overmaat tot 82%. Een bijkomend voordeel van deze methode is dat beide
enantiomeren toegankelijk zijn door de juiste keuze van pseudo-enantiomeer van deze chirale
base. De toepasbaarheid van deze asymmetrische Neber reactie wordt vergroot doordat
nieuwe routes naar waardevolle chirale, niet-racemische verbindingen, zoals bijvoorbeeld
aziridines, geopend worden.
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