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2H-Azirines as Synthetic Tools in Organic Chemistry

Francisco Palacios,*!?! Ana Maria Ochoa de Retana,!?! Eduardo Martinez de Marigorta,!?!
and Jests Manuel de los Santos!?!
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The versatility and the high synthetic potential including the
asymmetric syntheses of 2H-azirines as valuable precursors

for the preparation of a wide range of polyfunctional acyclic
and cyclic compounds, is discussed.

1. Introduction

Azirine is the term used to describe the smallest nitrogen
unsaturated heterocyclic system, with two carbon atoms
and one double bond in a three-membered ring. The theor-
etical, biological applications, and the synthetic chemistry
of these heterocycles have been extensively explored since
the mid-1960s. A number of general reviews on azirines
have appeared in this period.[! This microreview will focus
on the chemistry of monocyclic 2H-azirines; the chemistry

Interest in these nitrogen-containing heterocycles stems
from the general influence of ring strain upon chemical re-
activity and the potential for their derivatives to act as pre-
cursors to more elaborate heterocyclic molecules. Polariza-
tion toward the more electronegative nitrogen atom would
result in a shorter C—N bond and a longer C—C bond,
consistent with the dimensions of 2H-azirines by single-
crystal X-ray data.l! The stabilities of these heterocycles are
attributable not only to the combined effects of bond
shortening and angle compression, but also to the presence

of the electron-rich nitrogen atom. The strain energy associ-
ated with these heterocycles is principally owing to de-
formation of normal bond angles between the atoms of the
ring. The total ring-strain energy of 2H-azirine has been
estimated at about 48 kcal mol~!,I'“l although lower values
of 44.6 and 46.7 kcal mol~! have recently been reported

of fused-ring azirines will not be discussed.
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using ab initio calculations at the MP2/6-31G* and B3LYP/
6-31G* levels of theory, respectively.[¥ According to the au-
thors’ calculations, the corresponding value for the isoe-
lectric cyclopropene ring are about 10 kcal mol~! higher
than for 2H-azirine at the same levels of theory. The struc-
tures of 2H-azirine, its complexes with H* and Li*, and
the relative basicities of 2 H-azirines have been calculated by
semiempirical and ab initio MO methods.[**] These calcula-
tions showed that the azirinyl cation exhibited aromatic
properties.

The general aspects of 'H, '*C, and "N NMR spectro-
scopy of 2H-azirines have been well documented. The 'H
NMR spectrum of the parent compound 2H-azirine shows
absorptions at 6 = 1.26 (J/ = 2.05 Hz) and 6 = 9.93 for the
protons bonded to C(2) and C(3), respectively, and in the
13C NMR spectrum, C(2) resonates at & = 14.4 and C(3)
at 8 = 164.2. However, the proton bonded to C(2) shows
absorption between 6 = 0.20 and 4.00 for substituted 2H-
azirines and in the '3C NMR spectrum these azirines show
absorptions between & = 19.0 and 45.0 for C(2) and & =
160.0—170.0 for C(3). A good overview of the NMR char-
acteristics of 2 H-azirines, especially their '*C NMR spectra,
can be found in Nair’s review.['®

The azirine ring has been found in several natural prod-
ucts. Azirinomycinl® (1) (Figure 1), isolated from Strepto-
myces aureus, and its methyl ester were found to exhibit a
broad spectrum of antibiotic activity in vitro against both
Gram-positive and Gram-negative bacteria.l’” More re-
cently, the azirine-containing natural products (R)-(—)-I%
and (S)-(+)-dysidazirine!®! (2) and (S)-(+)-antazirinel®! (3)
were isolated from the marine sponge Dysidea fragilis (Fig-
ure 1).

N CO,Me
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Azirinomycin 1 (S)-(+)-Dysidazirine 2 R =nPen
(S)-(+)-Antazirine 3 R=\ Br
Br

Figure 1. Azirine-containing natural products

= G R
Y=C,P

Scheme 1
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2. Synthesis of 2H-Azirines

2.1. Construction of the Azirine Ring

There are two main synthetic strategies for the construc-
tion of the three-membered 2 H-azirine ring: (a) intramolec-
ular reactions of N-functionalized imines, vinyl azides, isox-
azoles and oxazaphospholes (routes a, b, ¢; Scheme 1), and
(b) intermolecular reactions between nitriles and carbenes
or nitrenes and acetylenes (routes d, e; Scheme 1).

2.1.1. Intramolecular Reactions

2.1.1.1. The Neber Reaction and Related Processes
(Scheme 1, route a)

The first 2H-azirine synthesis ever reported was de-
scribed by Neber et al. The azirines were formed as interme-
diates in the synthesis of amino ketones when treating ox-
ime p-toluenesulfonates 4 (X = OTs) with Dbase
(Scheme 2).['% The presence of strong electron-withdrawing
groups in the a-position to the oxime increases the acidity
of those protons, and thus favors the cycloelimination reac-
tion under milder conditions. Modifications of the Neber
reaction based on the use of ketone dimethylhydrazonium
halides 4 (X = *NR;X") instead of oxime sulfonate esters
have also been developed.[''l The Neber reaction probably
occurs either through an internal concerted nucleophilic
displacement or via a vinylnitrene, a reactive species formed
by base-promoted loss of the leaving group on the nitrogen
atom of oxime sulfonates and hydrazonium halides
(Scheme 2).1'! 4x-Electron vinylnitrenes, which are thought
to be intermediates in the synthesis of 2H-azirines from vi-
nyl azides (see next section), would then undergo electrocyc-
lization to 2H-azirines.

A
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Scheme 2

The first optically active 2 H-azirines were synthesized us-
ing the Neber reaction on an O-mesyl derivative of amidox-
ime 6 in which a chiral phenylglycine had been introduced
as a chiral auxiliary. Treatment of this derivative with base
gave the 3-amino-2H-azirine 7 in good yield and stereo-
selectivity (96:4) with both an exocyclic and an endocyclic
stereocentre [C(2) of the azirine] (Scheme 3).'2!
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An impressive asymmetric synthesis of azirinecarboxyl-
ates with a chiral tertiary base, such as dihydroquinidine or
quinine, in toluene has been achieved based on the Neber
reaction.['¥] The enantiomeric excess obtained ranged be-
tween 44 and 82%, when a stoichiometric amount of base
was employed, but excellent results were also obtained
when 10 mol-% of quinidine were used. The stereoselectiv-
ity is attributed to the hydrogen bond formed between the
hydroxy group of the base and one of the S=O functionali-
ties of the ketoxime. Other chiral tertiary bases without the
hydroxy group, such as aspartane, brucine and strychnine,
and the use of hydroxylic solvents such as ethanol did not
produce any optically active heterocycles. This strategy has
been applied to the first synthesis of enantiomerically en-
riched 2-phosphinyl-2H-azirines 10 (R' = Ph) (Scheme 4).
Excellent chemical yields and enantiomeric excesses up to
82% in alkyl- and aryl-substituted azirines 10 have been ob-
tained.['¥ Precursor tosyloximes 9 were obtained by tosyl-
ation of B-oximo phosphane oxides 8. Compounds 8 were
easily prepared by addition of hydroxylamine to allenes!'”
for alkyl-substituted oximes, and aryl derivatives were pre-
pared by a condensation reaction of B-carbonyl phosphane
oxides and hydroxylamines.['*?] A similar strategy has been
used for the preparation of alkyl- and arylazirines 10 substi-
tuted with a phosphonate group in the 2-position (R! =
OEt).l'91 However, this method cannot be applied to the
synthesis of unsubstituted azirines 10 (R> = H, Scheme 4)
because of the inaccessibility of the corresponding tosyl-
oximes.l!”!

HO.. TsO., 0
N Q . TsCl N Q Chiral N E o
Rz)J\/PRB —_— Rz)J\/PR12 — PRy
py base R° H
8 9 10
R'= Ph, OEt
Scheme 4

The 2H-azirine-2-carboxylic and the corresponding isos-
teric phosphonic esters obtained through this method are
of particular interest because by their reduction to the cor-
responding aziridine followed by ring opening, nonprotein
amino acids!'®!8] and their isosteric analogues can be pre-
pared.

2.1.1.2. Pyrolysis and Photolysis of Vinyl Azides (Scheme 1,
route b)

A wide range of synthetic methods have been developed
for the synthesis of vinyl azides.'”l The thermal and/or
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photochemical treatment of vinyl azides 11 has become a
general method for the synthesis of 2H-azirines.['d1%a] The
first azirine synthesis by pyrolysis of vinyl azides was per-
formed in the early 1960s with yields of 50—60% of 2H-
azirines.?%! Pyrolysis has been extended to the preparation
of functionalized azirines 5 with amine, alkoxide, aldehyde,
carboxylic ester, phosphane oxide, and fluorine substitu-
ents. In some cases, it is difficult to isolate the 2H-azirines
after heating the vinyl azides, this is because of the thermal
instability of these three-membered heterocycles. However,
the photochemical reaction at low temperature can in some
instances lead to the synthesis of azirines with little poly-
merization (Table 1, Scheme 5).

Table 1. Some 2H-azirines obtained by thermolysis/photolysis of
vinyl azides

Entry R! R? R3 Conditions Reference
1 H  CO,Et Ry AT 21]
2 PO)Ph, H Me AT [14a]
3 H H CO,/Bu AT 22
4 COEt Br Ph AT 23]
5 Me Me CH,P(O)(OEt), hv (241
6 —CH,— Alkyl o [5e.25]
7 Ph Bzl Ph hv 261
N3 N
NG . 3 4LR?
R /'\I; or hv R /ﬁ;
11 5
Scheme 5

The formation of 2H-azirines by thermolysis depends
mainly on the structure of the vinyl azide.*”! Thus, azides
substituted in the 1-position with aryl, alkyl, alkoxy, amine,
or carboxylic groups give quite stable azirines, while hydro-
gen or carbonyl group substitution leads to nitriles or other
heterocycles instead of the azirine ring. When carbonyl
groups are present at the 2-position of the vinyl azide, ox-
azole formation results,?’-?8! and the presence of aryl
groups at the 2-position produces indoles”’! and in some
cases azirines.”) This cyclization of vinyl azides has re-
cently been applied to the synthesis of complex compounds
which are analogs of 2’-deoxyuridine, and exhibit appre-
ciable antiviral activity.l’] The participation of nitrenes is
not the only possible mechanistic pathway to the formation
of 2H-azirines, the most widely accepted mechanism in-
volves the concerted cyclization—elimination of N, assisted
by the n-bond.?”-31]

An efficient synthesis of 2H-azirines, which most likely
proceeds through a nonisolable vinyl azide 13, involves the
reaction of a-mono- or -disubstituted amide derivatives 12
and an azide source. Initially, the amide was treated with
phosgene/triethylamine to isolate the corresponding a-
chloro enamine which was then treated with NaN; and 3-
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amino-2 H-azirine was produced, probably via the azido en-
amine.’?) The use of the highly toxic phosgene could be
avoided by the alternative reaction of the amide enolate
with diphenyl phosphorochloridate (DPPCI) followed by
treatment with NaNj; (Scheme 6).53 Another advantage of
this method is that the isolation of the sensitive a-chloro
enamine intermediate is not necessary, and this method has
been used to prepare heterospirocyclic 3-amino-2H-azir-
ines, synthons for heterocyclic amino acids.l*¥ More re-
cently, diphenyl phosphorazidate (DPPA) has been used as
an azide source and by substitution of the oxygen atom of
amide enolates the 3-amino-2H-azirines can be obtained in
“one pot” and with very good yields (Scheme 6).133 The
reaction is the method of choice to synthesize 2,2-disubsti-
tuted 3-amino-2H-azirines 14.

0 c. R
R% R' LDA/DPPCI N
N —_— 3 T2
RY R2 RN, R
R4
12
LDA lNaNs
DPPA
;
3 N R Ns R
RN e RN R
R* R
14 13
R%=Me, R*=Ph

Scheme 6

For the synthesis of optically active 3-amino-2 H-azirines,
a modification of the above approach with a chiral substitu-
ent at the amino group of a thioamide has been used.[3°]
Chromatographic separation of the diastereomeric mixture
of 3-amino-2H-azirines gave pure diastereoisomers which,
after electrochemical cleavage of the phenylsulfonyl group,
were used as synthons in the synthesis of pentapeptides.

2.1.1.3. Ring Contraction of Five- and Four-Membered Het-
erocycles (Scheme 1, route c)

Thermal or photochemical treatment of isoxazoles 15
produces ring contraction to acyl-2H-azirines 16, which
sometimes rearrange to form other heterocycles like ox-
azoles 17 (Scheme 7).371 These transformations have proved
to be reversible at high temperature or with a change in the
irradiation wavelength. Although the thermal rearrange-
ment of isoxazoles has produced several azirines with good
yields,37%38 this synthesis is of limited preparative value
due to the high temperatures usually needed. Ring contrac-
tion from isoxazoles to azirines can also be promoted by
iron(IT) catalysts. Thus, 5-alkoxy- and S5-aminoisoxazoles
isomerize to 2H-azirines-2-carboxylic esters and to 2 H-azir-
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ine-2-carboxamides, respectively, in nearly quantitative
yield by reaction with FeCl, even in catalytic amounts.[**]

RZ

.0, 1
M/R 254 nm N 72 0
2 \_< 1

R 17 R
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Nm o 45(4
N nm
334 rm RZMFU

Scheme 7

Thermally induced extrusion of phosphane oxide from
1,3,5- and 1,2,5-oxazaphosphole heterocycles also leads to
2 H-azirines by ring contraction.[*?] 2 H-Azirines can also be
obtained from azete derivatives. These heterocycles are ox-
idized by dimethyl sulfoxide to give the 2H-azirine directly
or, alternatively, they can be treated with 1-diazo-1-phenyl-
ethane to form the intermediate bicyclic adduct which then
rearranges on thermal or photochemical treatment to gen-
erate hydrazono-2H-azirines.*!!

2.1.2. Intermolecular Reactions

In contrast to the cycloaddition synthesis of the parent
aziridine system from nitrenes and olefins, or from carbenes
and imine derivatives, the intermolecular cycloaddition re-
actions of carbenes to nitriles or nitrenes to alkynes is not
a general method for the synthesis of azirines, as the yields
obtained are usually not good enough for preparative ap-
plications. The addition of nitrenes to alkynes (Scheme 1,
route e), for instance, was initially developed to find a
method for the synthesis of 1H-azirines, but only small
amounts of the isomeric 2H-azirines were obtained.[*?! The
intramolecular version of this reaction is also known, giving
a much better yield of 2H-azirine derivatives.*?]

The other cycloaddition approach to 2 H-azirines involves
the reaction between carbenes and nitriles (Scheme 1, route
d), but only a few successful syntheses have so far been
achieved. 1-Naphthylcarbene (generated by ultraviolet irra-
diation) reacts with nitrile, but instead of the expected 2H-
azirines, the products from trapping the intermediate nitrile
ylides are isolated.*¥ A better result has been obtained
from the [1+2] cycloaddition reaction between a phosphan-
ylcarbene and benzonitrile, and this reaction afforded the
corresponding phosphorus-substituted 2H-azirine 18 in
good yield (Scheme 8),[>* but in spite of its simplicity, no
more examples of this approach have been reported to our
knowledge.

PR, N

"N\ PRy
Ph SiMe; Ph SiMe
18

Scheme 8
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2.2. Modification of the Nitrogen-Containing Three-
Membered Ring

2.2.1. Elimination Reaction of Aziridines

N-Substituted aziridines 19 are prone to elimination
when treated with base and thus, 2H-azirines 5 can be ob-
tained in this way. Examples of this approach include N-
chloro-,[#61 N-sulfonyl-,[*”1 and N-acyl-substituted™®! azirid-
ines (Scheme 9). This strategy has also been used for the
asymmetric synthesis of azirinecarboxylates by the elimina-
tion of N-haloaziridines, which are readily obtained by
treatment of aziridines with erz-butyl hypochlorite. Dehy-
drochlorination of the N-chloroaziridines with base (DBU)
produces the corresponding 2H-azirines, although the
yields are not good (9—39%).[41

X
U
3 N p2 base N 2
R R A R
R* R R’
19 5
a)X=_Cl R®=Ph R'=R*=H R?=CO,Me
b) X = Cl R'= R?=R%=R*=H (not isolated)

¢)X = 0S0,Ph R'=RZ?=CF; R®=R*=H (not isolated)
d)X=COPh R'=R?=alkyl R®=Ph R*=Cl

Scheme 9

Fluoride-induced elimination of silyl- and stannylazirid-
ines, obtained by addition of nitrene to vinylsilanes and -
stannanes, provide an interesting approach to azirines
(Scheme 10).°% Fluoride-mediated elimination of SiMes
and the quinazolinone ring (Q) from a chiral aziridine 20
gave optically active azirines which were not isolated, but
treated with nucleophiles in the reaction media to furnish
NH aziridines in high enantiomeric excess.[>!]

H
Me;Si H CsF N d
_ . ) —
H S Ph  KCN HA\H NC.,/ \H
A Fh H Ph
20 21 22
Scheme 10

Chiral N-sulfinylaziridines 23 provide another elimina-
tion approach (Scheme 11). Indeed, the treatment of these
derivatives with LDA/Mel afforded 2H-azirines 24 with
high enantiomeric excess (95%) but only moderate chemical
yields, and this probably because of the competitive depro-
tonation at C(2) followed by ring opening.[>?l Improvement
of the leaving ability of the N-sulfinyl group by treatment
with TMSCI at —95 °C and then with LDA, also increased
the yields to afford an elegant synthesis of 2H-azirine-2-
carboxylates 24 with no traces of the isomeric 3-carboxylate
derivatives.!>3 This procedure has been applied to the first
asymmetric synthesis of the marine cytotoxic antibiotic (R)-
(—)-dysidazirine and its (S)-(+) epimer 2 (Figure 1).5%33
This methodology did not work when applied to 2,2-disub-
stituted aziridines; however, transformation of the N-sulfi-
nyl group into the N-tosyl group by oxidation with m-
CPBA,P¥ and treatment of the corresponding 2,2-disubsti-
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tuted N-tosylaziridine with LDA afforded the chiral 2H-
azirine with good yields.[>

Ph. CO,Me N
’\Q 7< 1. TMSCI, -95 °C /7 \

H H ’ _\\\COZMe
3 2.LDA,-95°C—»>rt  Ph »
S

p-Tolyl” "o
23 24
Scheme 11

2.2.2. Azirine Resolutions

Chemoenzymatic synthesis has recently been used for the
preparation of enantiomerically pure 2H-azirines. Thus,
(S)-(+)-phenyl-2 H-azirine-2-methanol 26 and its (R)-(—)-
acetate 27 were prepared by a lipase-catalyzed kinetic res-
olution of the racemic 2H-azirinemethanol 25 (Scheme 12).
The reaction was carried out at very low temperature (—40
°C), and therefore enhanced the enantioselectivity.l>!

Amano
N PS
A
Ph CH,OH S OAc
(£)-25

N N
o //\CH,OH . o VANG

H CH20AC
(SH(+)-26 (R-(-)-27

Scheme 12

2.2.3. Oxidation of Aziridines

3-Alkylaziridine-2-carboxylates have been oxidized with
the Swern reagent to afford 2 H-azirine-2-carboxylates with
acceptable yieldsP”! and retention of configuration at C(2).
This makes this method one of the first asymmetric syn-
theses of 2 H-azirine-2-carboxylates 29 described in the liter-
ature (Scheme 13). Similarly to the above N-sulfinyl or N-
tosyl elimination route, this procedure also gives a regiose-
lective introduction of the double bond, which is not in con-
jugation with the ester function as no isomeric 2 H-azirine-
3-carboxylate has been detected. Furthermore, the oxida-
tion of either the (Z) or the (E) isomers 28 provides the
same 2 H-azirine-2-carboxylate 29, where the integrity of the
stereogenic center at C(2) is retained. This regioselectivity
resulted from the unexpected removal of the apparently less
acidic C(3) proton during the base-induced syn elimination
of the N-dimethylsulfonium intermediate. The reasons for
this behavior are not yet clear. When the Swern oxidation
was performed on a 1H-aziridine-2-carboxylate without a
C(3) proton, the corresponding 2H-azirine-3-carboxylate
was obtained with good yield, to provide an enantiomer-
ically enriched azirine in which the carboxy group is conjug-
ated with the C=N bond.’3 This methodology has been
adapted to accomplish the asymmetric synthesis of azirine-
phosphonates substituted with an aryl group, although in
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this case a mixture of both regioisomers, 2 H-azirine-2-phos-
phonate and 2H-azirine 3-phosphonate, was obtained.!8!

R H 1. DMSO/

H ;'T‘; coMe  (COCH:
A 2.Ets
E-28 1. DMSO/ IAGH
(CocCl), R CO,Me
H H
R COMe 29
lli 2. Et:N
z-28
Scheme 13

3. Reactivity of 2H-Azirines

The chemistry of 2 H-azirines, the smallest of the unsatur-
ated nitrogen heterocycles, has been extensively explored be-
cause of the high reactivity of this ring system. Their high
ring strain, reactive m-bond, lone pair of electrons on the
nitrogen atom and their ability to undergo regioselective
ring cleavage on thermal or photochemical excitation to
give reactive species such as vinylnitrenes, iminocarbenes
and nitrile ylides makes them particularly interesting in or-
ganic synthesis. They are not only capable of acting as nu-
cleophiles and electrophiles in organic reactions, but also
can act as dienophiles and dipolarophiles in cycloaddition
reactions.

3.1. Thermal and Photochemical Reactions

Thermal and photochemical reactions of azirines involve
regioselective opening of the strained three-membered ring,
to give, for example, unstable nitrenes or nitrile ylides.
These intermediates can react further in cycloaddition reac-
tions or by other processes.

3.1.1. Thermal Reactions

The major thermal reaction of 2H-azirines is generally
consistent with C(2)—N bond cleavage to form vinyl-
nitrenes.'™ Conjugated phosphazenes 32 can be trapped by
thermolysis of azirine 30 in the presence of triphenylphos-
phane, in a similar process to that reported for the prepara-
tion of N-vinylphosphazenes by the Staudinger reaction of
vinyl azides and phosphanes.® This result is consistent
with the presence of transient vinylnitrenes in the thermo-
lysis of azirines!®®! (Scheme 14).

(1]
NPh A N Ph PPhs  ppp=N Pph
P, — || T =
CN PH CN A PH ©N
30 31 32
Scheme 14

Ring expansion of 2 H-azirines to four-membered hetero-
cycles was described when a chloroform solution of phos-
phonioazirine was heated at 55 °C, and the N-protonated
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azaphosphete was afforded in very high yield.[”! Likewise,
thermal rearrangement of 2 H-azirines, with an unsaturated
group at the 2-position of the azirine ring, usually gives
five- and six-membered nitrogen-containing heterocy-
cles.I>!?l Formation of these heterocycles was shown to
proceed by a mechanism which involved a vinylnitrene. For
example, the thermolysis of aryl-substituted azirines 33 re-
sults in the formation of indoles 34 by intramolecular elec-
trocyclization of the intermediate vinylnitrene with the aro-
matic ring, as well as the formation of dihydropyrazines 35
by dimerization of the nitrene (Scheme 15).1!1 Similarly,
thermal treatment of azirines derived from phosphane ox-
ide and phosphonate led to the formation of pyrazines.[!”]

N 130°C N A
- >=/ I / COzMe
MGOZC Ar MeOzC t N
33
| [
H
MeochNIAr ®002Me
N
AN CoMe H
H
35 34
Scheme 15

Thermal cleavage of the C—C bond of 2H-azirines is less
common than C(2)—N bond cleavage, and requires sub-
stantially higher temperatures. These reactions are believed
to proceed with the formation of nitrile ylides which yield
2-aza-1,3-butadienes. 3-Amino-2H-azirines 36 can be
cleaved by pyrolysis at 340—400 °C.[°? 2-Azabuta-1,3-di-
enes of type 37 can be formed and they are useful heterodi-
enes for the synthesis of heterocycles 38 by a Diels— Alder
reaction with dienophiles (a=b) (Scheme 16). In the last
decade, 2-azadienes have proved to be excellent synthons
for the preparation of nitrogen heterocycles in inter- and
intramolecular reactions,[® and less drastic methods for
their preparation have recently been developed.[® Ring ex-
pansion of 3-dimethylamino-2-methyl-2-vinyl-2 H-azirine to
pyrrole, observed on thermolysis at 340 °C, also seems to
occur by breakage of the C—C bond.[®]

ROR*N )H\
N RZ  340°C N ab N2
403y X _ _ — 2/§rb
RIR'N™  CHR' Rz_\R1 R L
36 37 38
Scheme 16

3.1.2. Photochemical Reactions

2H-Azirines are photochemically highly active sub-
stances. Upon irradiation into their n—n* absorption
bands, the strained 3-membered azirine ring opens select-
ively at the C—C bond in a heterolytic fashion and results
in the formation of nitrile ylides. These species are 1,3-di-
poles and are useful intermediates in the synthesis of acyclic
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and cyclic compounds!®® (Scheme 17). On photolysis of
phenyl-2 H-azirines 39 in acetonitrile or alcohol solution
with laser light, phenylnitrile ylides 40 are formed. Elec-
tron-deficient olefins react with the nitrile ylides by 1,3-di-
polar cycloaddition to yield 5-membered nitrogen hetero-
cycles 41. But, with alcohols as solvents, the nitrile ylides
are protonated®”! to yield azallenium cations 42, which can
be trapped with alcohol leading to the formation of alkoxyi-
mine 43. When the azirine contains a good leaving group
39 (R = CH,X), the isomerization to 2-azadiene 44 has
been reported.[®8]

N ho ocH] ¥ [AL® H
SO A= | —— | TN
A R R H R
39 40 42
R= CHV A=B‘ R'OH J +H®
AN N._H Ay DR
T AR =N-R
X A-B H  H
44 41 43
Scheme 17

Ring expansion of three-membered azirine to pentagonal
heterocycles by photochemical isomerization was report-
ed.3%l Certain cyanoarenes can be photoexcited at rela-
tively low wavelength (350 nm) and this excited sensitizer
will then extract an electron from a 2H-azirine species to
form a reactive intermediate, the azaallenyl radical cation.
The photoinduced electron transfer (PET) intermediate is
more reactive than the nitrile ylide and it will add to simple
imines to give a substituted imidazole.[®”! Functionalized
fullerenes can also be prepared with this strategy, by an 1,3-
cycloaddition reaction of aryl-2H-azirines.l”]

3.2. Reaction with Electrophiles and Metal-Induced
Reactions

Although the basicity of the nitrogen atom in the azirine
ring is much lower than in simple aliphatic imines, this sys-
tem can still function as a nucleophilic reagent. Therefore,
these substrates can react with a wide range of electrophilic
compounds to give three- or five-membered nitrogen deriv-
atives. In both cases the first step may be the nucleophilic
attack of the azirine involving the nitrogen lone pair to the
electrophilic reagent with formation of azirinium salts. In-
ter- or intramolecular nucleophilic attack on C(2) or C(3)
of the ring system then follows (Scheme 18).

N _ a.pd r'\1A® ﬁ
A< /Bg< — 7 <
6_
B
8a-B & e N-A

—_— /SQB
Scheme 18
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The more simple base-acid reaction of 2H-azirines in-
volves the protonation (AB = HX) of these heterocycles to
give azirinium salts, which undergo nucleophilic attack on
the carbon skeleton of the azirine ring to give acyclic and
cyclic derivatives (see next section). 2H-Azirines also react
with acylating agents such as acyl chlorides in benzene, the
acyl and the chloride group has been added to the C—N
double bond to give the N-acyl-2-chloroaziridines’! 46 in
good yield (Scheme 19). This N-acylaziridine is converted
in polar solvents or by heating into a mixture of oxazole 47
and dichloroamide 48. However, whereas the reaction of 3-
phenyl-2 H-azirine with acid chlorides and anhydrides in the
presence of triethylamine gives the oxazole directly,[’? the
reaction of 3-amino-2H-azirines with acyl chlorides or chlo-
roquinones leads to acrylamidines.[*”-73] 2-Chloro-N-vinyl-
aziridines are obtained by reaction of the nitrogen atom of
azirine and vinyl chlorides.[’¥

COPh

Ph H Cl H 70 °C

45 46

0]
Ph

NﬁL . Ph)LNH

<° Ph~ Ph
P b o’ el

47 48

Scheme 19

Substituted azirines react with some carbonyl com-
pounds with ring expansion and lead to an elegant syn-
thesis of functionalized oxazoline derivatives. The reaction
of 2-hydroxy-2H-azirine 49 with the dioxo ester compound
50 gives 3-oxazoline>3#! 51 (Scheme 20). The reaction prob-
ably begins with a nucleophilic attack of the azirine to the
reactive carbonyl linkage followed by ring opening and in-
tramolecular nucleophilic addition with formation of the
five-membered heterocycle. The mild base-promoted reac-
tion of methyl 3-phenyl-2 H-azirine-2-acetate with aldehydes
and acetone also provides a simple route to 3-oxazolines.[”]

PhOC £ 9 o
EtO; )Q Eto)g<lL
N co,Et %N CO4Et N o P
4 2 M< —_— \
PhR™OH T P (o Ph) L POE
|
CO,Et &
49 Ph*g 51
50
Scheme 20

The reaction of simple 2H-azirines 5 with heterocumul-
enes has been reported to afford a wide range of mono-,
bi-, and tricyclic heterocycles. Whereas monoadducts 52,
formed by reaction of 2H-azirine with ketenes!’®! or N-sul-
fonylamines,!””) have been used for the preparation of five-
membered ring systems such as 5-pyrrolin-2-one or 1,2,5-
thiadiazoles 53, bicyclic aziridines 54 have been described
by the reaction of azirines and isothiocyanates.[” Likewise,
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more complex compounds have been reported when the
monoadducts 52 were trapped either with a second equiva-
lent of ketene to give the bicyclic 1,3,5-dioxazinel’”! 55 or
with a second equivalent of azirine to give tricyclic hetero-
cyclesB® 56 (Scheme 21).

ev\cf,x ji
N Rt X=C=Y i
R @ 1 N Y
L - — “NRl' — d 1
3 2 2 &_eR
R R R3/—5<R2 r? L2
R3 52 53
Rz\,(m
R1/ X=C=Y
R X X Mo X XN R
ROCTE Y e
R N\'ﬂN\ 1 Y\QT—R1 RS
3 3
R® R R I2 54
56 55

Scheme 21

The synthesis of metal-coordinated 2H-azirines and the
reactions of azirines induced by metals have opened a new
area in the chemistry of this small-ring heterocycle. Trans-
ition metal complexes were obtained by the reaction of azir-
ine with palladium reagents®!! or with transition metal hal-
ides.”) Hegedus et al. reported an elegant synthesis of elec-
tron-rich 2-azadienes 58 when aryl-2H-azirines react with
Fischer carbenes® 57 (Scheme 22). Likewise, the reaction
of azirines with wolfram or molybdenum complexes pro-
vides ring-opened compounds by initial complexation of
the azirine nitrogen atom with the metal center.[33-84 2-
Phenyl-2 H-azirine undergoes ring-opening dehydrogenative
double silylation with o-bis(dimethylsilyl)benzene in the
presence of (ethylene)bis(triphenylphosphane)platinum
catalyst to give bis(silyl) enamines by insertion of the nitro-
gen atom between both silicon atoms.®"]

N 2 OMe )=N  R?

N_R R =
RZTRT* (CORCr= e
5 (R®=Ph) 57 58

Scheme 22

Dimerization reactions of 2H-azirines to pyrazines with
several transition metal complexes (carbonyl complexes of
Group VI metals) have been described,®®! and the bimo-
lecular cycloaddition of dimethyl acetylendicarboxylate
with 3-phenyl-2 H-azirines in the presence of hexacarbonyl-
molybdenum®” to pyrrole derivatives has been studied.
Metal-mediated higher order cycloadditions for the con-
struction of bridged heterocycles were reported by UV irra-
diation of tricarbonyl(cycloheptatriene)chromium(0) 59 and
3-phenyl-2 H-azirines at 0 °C to give 7-aza-8-phenylbicyclo-
[4.3.1]deca-2,4,7-trienes 60 by [6+3] cycloaddition coupling

2408

of a 1,3-dipole generated from the azirine to the cyclohepta-
triene ring(®®! (Scheme 23).

N
@ CH, + /N@—Ph L S—ph
i, H S

Gr-co R H
CO co
59 60
Scheme 23

3.3. Reaction with Nucleophiles

The most common reaction of azirines involves the addi-
tion of nucleophiles to the ring carbon atoms. Owing to the
strain of the three-membered ring, the electrophilic charac-
ter of the C—N double bond is higher than in a normal
imine. Therefore, azirines react with nucleophiles at the
C(3)—N double bond, to produce substituted aziridi-
nes!'>'¢ which may undergo reaction by ring opening.
Both, acid-catalyzed reactions and direct additions of a
wide range of nucleophilic reagents have been described
(Scheme 24).

H
® I®
CNR H CNTR?
=)<k ) w
Nuel NP l
© H
R3N R2 H® Ra;l, R2
NGOR! N R

Scheme 24

Acid catalyzed hydrolysis of azirines 5 to a-amino ke-
tones®! or their corresponding salts 61 represent the sim-
plest reaction of these compounds (Scheme 25). The reac-
tion involves initial protonation at the nitrogen atom fol-
lowed by addition of water to the azirinium ion and ring
opening. Interestingly, the addition of HF/Py (Olah’s re-
agent) to a highly electrophilic 3-(perfluoroalkyl)-2 H-azir-
inel?!! led to a stable 2-hydroxyaziridine 62, presumably ow-
ing to the electron-withdrawing perfluoroalkyl group. This
2-hydroxyaziridine 62 reacts with HCI to give the ring-
opened a-amino ketone. 2-Methyl-3-phenyl-2 H-azirine has
been subjected to Olah’s reagent to give the ring-opened
compound B,B-difluoroamphetamine.’ A protonated azir-
ine system has also been utilized for the synthesis of acyclic
and heterocyclic compounds.®*®! Treatment of 2.2-di-
methyl-3-phenyl-2 H-azirine with anhydrous perchloric acid
and acetone or acetonitrile gives the oxazoline perchlorate
and an imidazolinium perchlorate, while the reaction with
anilinium perchlorate gives o-ammonioisobutyrophenone
anil perchlorate.’!! Likewise, reaction of azirines with tri-
methylsilyl triflate or trityl tetrafluoroborate®? yield azirid-
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inium salts, which react with nucleophiles to give 2-ami-
noaziridines or further open-chain products.

® i
2 ’}‘Hagxe H N R? HFPy  po N _Rr?
=] - 3
R*-C g1R H,0 R R' R R!
61 5 R'=H 62
R® = CO,Et
R® = CsFy4
Scheme 25

Ring-opening reactions of azirines take place when carb-
oxylic or thiocarboxylic acid react with 2,2-disubstituted-
3-amino-2H-azirines 14 under mild conditions to furnish
diamides®3 63 (X = O) or thiodiamidesP31 63 (X = S),
respectively, in good yields (Scheme 26). In a similar way to
the previously reported hydrolysis of azirines, the first step
involves initial protonation on the nitrogen atom of the azi-
rine 14. This is then followed by the attack of the carboxylic
anion on the azirinium ion, and tandem intramolecular nu-
cleophilic addition of the nitrogen lone pair on the carb-
oxylic group, and formation of the amide and ring open-
ing (Scheme 26).

_ L
I®
N R2 (0] ‘N R2
3 —_— a
R*NHR1 * b xH RIRINTY gt
4
R L o ]
14 X=0,8 Ph—-C—X
3 | Ph Il ]
0 Rr' R2R 0=l w2
4 X0 R
R A
P m % RRON R
63 X=0,S

Scheme 26

The extension of this process to functionalized carboxylic
acids such as amino acids, offers a very interesting synthesis
of peptides with an a,a-disubstituted amino acid, as shown
in Scheme 27. 3-Amino-2H-azirines 14 react readily with
the carboxylic acid moiety of N-protected amino acids (first
coupling step) by addition across the heterocyclic double
bond followed by ring expansion to form a zwitterionic ox-
azolone which then undergoes ring opening to form the di-
amide 64. This reaction can be regarded as a peptide chain
elongation step that introduces an a,a-disubstituted amino
acid onto the C-terminal end of a peptide, as shown in
Scheme 27. This methodology has been widely applied to
the formation of peptides,'>33>%4 and various more com-
plex oligopeptides, particularly those with the o-aminoiso-
butyric acid residues such as the sequence (12—20)-non-
apeptide of the ionophore alamethicin,®! endothiodeca-
peptides,®®! the segment (1 —10)-endothiodecapeptide of the
apolar zervamicin 11A,®7 and 10-°® and 16-membered cyc-
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lic depsipeptides®! through acid-catalyzed direct amide
cyclization.

R Peptid RH_1 QRRE
Peptide 0
34/&’1(Rz+ _{—NH — RENTY
RR'N" Rt HO 5 H &) HN-Peptide
14
®
304
O H R RR*N R
‘ 0 :
3.4 NTKK Peptide «— RLZ— -Peptide
RR N)Jj( X N £ kaﬁ
RR°0 H RO N

64

Scheme 27

Heimgartner et al. have also shown that nucleophilic ad-
dition of amides or hydrazides to 3-amino-2H-azirines 14
produces triazines or oxadiazoles.['% This reaction can also
be applied to NH-acidic heterocycles with pK, < 8 to give
ring-enlarged heterocycles such as 1,2,5-thiadiazepine deriv-
atives!'°!1 65 (n = 4) or 1,2,5-thiadiazacyclododecen-6-one
1,1-dioxides!'®? 65 (n = 9) (Scheme 28). Variation of the
substrate in reactions with other NH-acidic heterocycles
demonstrates that the initial step in all these reactions is an
activation of the 3-amino-2H-azirine 14 by protonation,
since for substrates with pK;, > 8, the reaction no longer oc-

curs.
n+3S0; 3
N R? Cso gN R
3 AN nevY2 5 N
TR T By O,N7Z/RT'R4
R o} H R2
14 65
Scheme 28

Lewis acid catalyzed reactions of 3-amino-2H-azirines
with carboxylic acid derivatives have also been reported.
After activation by protonation or complexation with BFj,
3-amino-2H-azirines 14 reacted with the amino group of a-
amino acid esters to give 5-amino-3,6-dihydropyrazin-
2(1H)-ones 66 by ring enlargement!!?3! (Scheme 29). A sim-
ilar methodology was recently used for the synthesis of bis(-
steroidal) pyrazines,['% this involved a ring-fused azirine,
formed in situ from a vinyl azide with a steroidal enamino
ketone in refluxing dioxane and in the presence of pyridine-
p-toluenesulfonate (PPTS).

R3
, N R2 R NH2 BF3'E120 R4‘N /N FI\:H
RN+ HA\WOMG CHCl,, 45°C > Rz:ﬁ 1
14 R 1 N O
R (0] R i
14 66
Scheme 29

Several 2H-azirines have been reduced to cis-aziridines
with lithium aluminum hydride in a highly stereospecific
manner.'%) This reaction has been used for fluoro-substi-
tuted aziridine synthesis,>!l as well as for the formation of
cis-aziridinecarboxylates.['3] Azirines derived from phos-
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phane oxides!'¥4 10 (R! = Ph) and phosphonates!'®¥ 10
(R! = OEt) have been reduced to aziridines using sodium
borohydride, to give the cis-aziridines 67 exclusively
(Scheme 30). The high exocyclic dihedral angle at the satur-
ated carbon atom could hinder the nucleophilic attack of
the hydride ion on the iminic bond with the bulky substitu-
ent, and the diastereoselectivity of the reduction can thus
be justified. Therefore, the approach of the hydride ion is
more favorable from the side opposite to the group at the
2-position and cis-aziridines are formed exclusively. [(2H-
Azirin-2-yl)methyl]phosphonates have been subjected to re-
duction with NaBH, with the formation of disubstituted
cis-aziridines predominating.['%°!

N Q NaBH,4 2 m 01

N PR, e RALOGPRY
R2 H EtOH H H

10 cis-67

Scheme 30

Other nucleophilic reagents such as Grignard reagents
have been shown to react with 2H-azirines to give azirid-
ines. The few reports of the addition of Grignard reagents
to 2H-azirines reveal that the aziridine product is formed by
attack at the least hindered face.['°7] However, recent results
which involve the addition of methylmagnesium bromide
from the more hindered face of 2H-azirine-2-carboxylate
esters 24 have resulted in a new methodology for the asym-
metric synthesis of 3,3-disubstituted aziridine-2-carboxylate
esters¥ 68 (Scheme 31). These results, which contradict
previous reports,['%7! are likely to be a consequence of pre-
chelation of the Grignard reagent with the ester group.

N _‘\\COQMe MeMgBr Me, - COzMe
PRl —78°C, THF PR H
24 68

Scheme 31

3-Phenyl-2 H-azirines react with lithium derivatives of
1,3-dithianes to afford C-functionalized aziridines or prim-
ary allylic amines.['%1 This reaction of azirines with organo-
metallic derivatives can be extended to azaenolates derived
from oximes or N,N-dimethylhydrazones.!'*!

2-Halo-2 H-azirines have been used for nucleophilic sub-
stitution using potassium phthalamide and aniline as nucle-
ophiles, and allow the preparation of new substituted 2H-
azirines through halide displacement.[>33] However, reaction
of these azirines with methylamine underwent not only hal-
ide displacement but also addition to the iminic double
bond to give substituted aziridine. Electron deficient azir-
ines such as methyl 2-aryl-2H-azirine-3-carboxylate 69
(Ar = 2,6-Cl,C4H3) are highly susceptible to nucleophilic
attack.['9%-1191 This azirine reacted readily with nucleophiles
such as benzenethiol, propargyl alcohol or five-membered
nitrogen heterocycles!''% to give the substituted aziridine 70
(Scheme 32). However, acyclic 3-aminoacrylates 71 are ob-
served when azirine 69 reacted with morpholine or benzyla-
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mine, while pyrroles may be prepared by this reaction with

acetylacetone.
i
N N RHN  NH»
MeQ,C.. /3 JAr A _
RX H MeO,C Ar MeOZCHAr
70a RX=Ph-S 69 71a R =Ph-CH,

0
70b RX==—/ 71 R= 0=

70c RX=NR,

Scheme 32

Reaction of methyl 3-(2-methyl-3-phenyl-2 H-azirin-2-yl)-
prop-2-enoate with some heterocyclic nucleophiles led to
the formation of 2-azadienes,''!) while the use of hydra-
zines as nucleophiles in methanol produced hexahydropyr-
rolo[3,2-c]pyrazol-5-ones.[''?l  N-Silylated or N-unsubsti-
tuted trifluoromethylaziridines may be prepared by the re-
action of trifluoromethyl anion with azirines.[''3! In a sim-
ilar way, addition of trimethylsilyl cyanide to [(2H-azirin-2-
yhmethyl]phosphonates yielded, stereoselectively, the highly
functionalized corresponding frans-aziridines,!'°®l while the
addition of cyanide to an intermediate azirinel>*!!'*l and to
3-alkoxy-2H-azirines!' ! has also been reported.

3.4. Oxidation and Reduction Reactions

Few examples of oxidation of azirines have been re-
ported. The oxidation of 2H-azirines gave acyclic or cyclic
derivatives when 2-aminoazirine and 3-chloroperbenzoic
acids are used. The mechanism of the reaction seems to
involve initial epoxidation of the C—N bond to produce
an o-nitroso ketone and o-oximino ketones.''®) A similar
mechanism may be involved in the oxidation of 2,3-di-
phenyl-2 H-azirine to isoquinoline N-oxide.[!!”]

Hydrides (LiAlH4, NaBH,) reduce 2H-azirines in a
highly stereospecific manner to give cis-aziridines (see Sec-
tion 3.3). However, catalytic hydrogenation (palladium or
Raney nickel catalyst) surprisingly results in the ring open-
ing of azirines through the N—C(2) bond.l''8] The imines,
or primary enamines, are not usually isolated and their ex-
istence has only been inferred in most instances, given that
the presence of an electron-withdrawing group on the -
carbon atom of the enamine is required in order to stabilize
the primary enamine group.[''] The reduction of azirine-
carboxylate to enamino ester does not seem to proceed first
to the aziridine which is then reduced to the enamine, since
N-unsubstituted aziridine 72 is not easy to reduce with hy-
drogen and palladium on carbont>*33118%1 (Scheme 33).
Catalytic hydrogenation of polyfunctionalized azirine with
palladium on carbon caused ring enlargement to the 4-ami-
nocoumarin derivatives by recyclization and isomerization
of the initially formed imino esters.[!2%

H
N H2-Pd/C NH2 N
N_co,Et H N H

Me™  H v Sy COZEL v CO,Et

H
72

Scheme 33
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3.5. Dienophiles or Dipolarophiles in Cycloaddition
Reactions

Strained cycloolefins are excellent dipolarophiles!!2!! and
dienophiles!'??! in [442] cycloadditions processes. In a sim-
ilar way, the strained C—N double bond of 2H-azirine ring
systems can participate not only as dienophiles but also as
dipolarophiles in thermal symmetry-allowed [4+2] cycload-
ditions with a variety of dienes and 1,3-dipoles.l'>3] The re-
activity of azirines as dienophiles is enhanced by the pres-
ence of an electron-withdrawing substituent on the carbon
atom, but there are relatively few reports of Diels—Alder
reactions of 2H-azirines. Methyl 2-aryl-2 H-azirine-3-carb-
oxylates 69 are good dienophiles and they react not only
with symmetrical dienes such as cyclopentadiene, cyclo-
hexa-1,3-diene and 2,3-dimethylbuta-1,3-diene at room
temperature, but also with unsymmetrical dienes such as
alkoxybutadienes, 2-trimethylsilyloxybuta-1,3-dienes, or 1-
methoxy-3-trimethylsilyloxybutadiene to give bicyclic prod-
ucts 73, 74 of [4+2] cycloaddition to the carbon—nitrogen
double bond. The cycloadditions are endo-selective and the
dienophile approach takes place from the less hindered face
of the azirines (Scheme 34).>4 The Diels— Alder reactions
of a chiral ester of 2H-azirine-3-carboxylic acid with cyclo-
pentadiene is highly diastereoselective.['>>] Azirines can also
be used as dienophiles with very reactive cyclic dienes such
as cyclopentadienonel!?®! or tetrazines.['?”]

X~
X~y Ar L N ®)" AN
@H MeO,C~  “Ar
COzMe H
74 69 73

Scheme 34

2 H-Azirine can also be used as dipolarophiles. Logothetis
first reported that 2-aryl-3-methyl-2 H-azirine reacts with di-
azomethane to produce the allyl azide.!'?® Nitrile oxides
can also participate in 1,3-dipolar cycloaddition with azir-
ines. Aromatic nitrile oxides react exothermically with 2-
methyl-3-phenyl-2H-azirines to furnish N,N’-disubstituted
urea derivatives in high yield.'>! Likewise, aziridines un-
dergo thermal ring opening in a conrotatory manner to gen-
erate azomethine ylides and these azomethine ylides can
participate in 1,3-dipolar cycloaddition with 2H-azirines 75
to form bicyclic heterocycles!!*% 76 (Scheme 35).

0 Ph
Ph N
N e
Ph N ph N coph
CGHﬂ C6H11
75 76

Scheme 35
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4. Conclusion

In this microreview we have presented numerous applica-
tions of 2H-azirines. The reactions discussed herein demon-
strate the versatility and the high synthetic potential of azir-
ines as valuable precursors for the preparation of poly-
functionalized acyclic and cyclic compounds. Considerable
progress has been made in the chemistry of azirines over
the last few years. However, further attractive advances in
this field may yet be seen by the creative imagination of new
azirine architectures, especially their use as intermediates in
the construction of metal complexes and biologically active
compounds derived from nonproteinogenic amino acids
and peptides. These synthetic strategies will gain import-
ance as soon as a wide range of enantiomerically pure azir-
ines becomes available.
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