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1. Introduction

The smallest possible saturated azaheterocycle, aziridine,
is well-known to organic chemists for its tremendous
potential in organic synthesis and medicinal chemistyen
though highly reactive, the aziridine skeleton occurs in
several natural products. Furthermore, many synthetic com-
pounds of biological interest contain the aziridine framework
in their structure. Compounds-4 (Figure 1) represent such
synthetic and natural products of biological interest. This fact,
combined with its unusual reactivity due to ring strain, makes
it a target of interest from both synthetic and mechanistic
points of view. A literature survey reveals an extensive
investigation of the synthesis and chemistry of aziridines
since the first synthesis by Gabriel in 1888lumerous
methods have been reported for the synthesis of differently

© 2007 American Chemical Society

Published on Web 05/09/2007



C-Heteroatom-Substituted Aziridines

Girija S. Singh was born in 1957 in Sasaram (Bihar), India. He received
his B.Sc. and M.Sc. degrees from Gorakhpur University, India, in 1977
and 1979, respectively. He received his Ph.D. degree from the Banaras
Hindu University (BHU), India, completing his doctoral thesis on the
reactions of diazoalkanes and diazoketones with imines, amines, and
hydrazones in October 1984 as a junior research fellow (1981-1982)
and a senior research fellow (1983-1985) of the Council of Scientific
and Industrial Research (CSIR), New Delhi. He was then awarded a
postdoctoral fellowship by the CSIR for one year and worked with Professor
S. N. Pandeya in the same university on the synthesis and anticonvulsant
activities of thiadiazoles and azetidinones. Before joining Professor

Chemical Reviews, 2007, Vol. 107, No. 5 2081

Matthias D’hooghe was born in Kortrijk, Belgium, in 1978. He received
his master's diploma in Bioscience Engineering—Chemistry from Ghent
University (Belgium) in 2001, and obtained the Ph.D. degree from Ghent
University in 2006 under the supervision of Prof. N. De Kimpe, studying
the synthesis and reactivity of 2-(bromomethyl)aziridines. At present, he
is working as an assistant professor in the group of Prof. N. De Kimpe at
the Department of Organic Chemistry, Faculty of Bioscience Engineering,
Ghent University, Belgium. His main research interests include the
chemistry of small-ring azaheterocycles, with a special focus on aziridines,
azetidines and p-lactams. He is the author of 27 publications in
international peer-reviewed journals.

Pandeya again in 1989 as a research associate of the University Grants
Commission, New Delhi, he worked as a research associate of the Ministry
of Environment and Forest, India, with Professor U. K. Choudhary in the
Ganga Laboratory, BHU (1987-1988). He joined the research group of
Professor T. Ibata at Osaka University, Japan, in 1992 and worked on
the reactions of ketocarbenoids and metal-catalyzed oxidations as a
postdoctoral research student sponsored by the Ministry of Education,
Science and Culture, Japan. He returned to the Chemistry Department
of BHU in July 1994 as a senior research associate (Pool Officer), where
he taught organic photochemistry and molecular rearrangements to M.Sc.
students and did independent research. He joined the University of Zambia
as a lecturer in 1996 and then the University of Botswana in 1998, where
he is currently working as an Associate Professor. He has authored over
50 publications in peer-reviewed journals and holds membership in many
professional societies including the Americal Chemical Society and the
Chemical Research Society of India. His research interests include the
development of new methodologies for the synthesis of biologically
important heterocycles, especially using diazo compounds, metal-catalyzed '
oxidations, and organic chemistry education.

Norbert De Kimpe obtained the diploma of chemical agricultural engineer
. L ) . in 1971, the Ph.D. degree in 1975, and the habilitation degree in 1985,
substituted aziridines. The presence of different functional- all from Ghent University, Ghent (Belgium). He performed postdoctoral

ities at nitrogen and other positions of the ring have been research work at the University of Massachusetts, Harbor Campus, at
observed to play a significant role in determining the Boston, MA (1979), and at the Centre National de Recherche Scientifique

P~ . . : (CNRS) in Thiais, Paris, France (1983), where he worked on unstable
geometry of the aziridine ring and its fate. This has been pi,qen sunstituted suffenyl derivatives and electron-deficient carbenium

exploited in the synthesis of diverse types of organic jons, respectively. He made his scientific career at the Belgian National
compounds with biological importance, such/&tactams, Fund for Scientific Research, where he went through all stages up to the
p g p

azinomycins, tetrahydropyridines, indolizidine and pyrrolizi- position of Research Director. During this career, he was affiliated with

; ; ; ; ; ; the Department of Organic Chemistry, Faculty of Agricultural and Applied
dr:pe alka}:quds, aIIyllcl amlne?, |anr? almlno_l_ac?gS_BeSI(;J%S Biological Sciences at Ghent University, where he has held teaching
this, aziridines are also useful chiral auxiliartetigands? positions since 1987. He is now a full professor in organic chemistry at
and monomers for polymer synthe$idhe chemistry of the latter institution. He was a guest professor at the Centre Universitaire
aziridine-2-carboxylates has been reviewed by Zwanenburg. de Recherche sur la Pharmacopée et la Médecine Traditionelle in Butare

Many aziridine derivatives contain heteroatom substituents (Rwanda) and at the Universities of Perpignan (France), Helsinki (Finland),

. - Leuven (Belgium), Siena (ltaly), Barcelona (Spain), Sofia (Bulgaria), Buenos
such as alkoxy, acetoxy, chloro, bromo, fluoro, amino, nitro, Aires (Argentina), and Pretoria (South Africa). He was awarded the degree

sulfonyl, and phosphoryl, in which the heteroatom is directly of Doctor honoris causa from the Russian Academy of Sciences in
attached to one or both carbon atoms of the ring. The Novosibirsk in 1998 and the Medal of Honour of Sofia University in 2006.
presence of these heteroatoms on the ring has been observedf is the author of 415 articles in international peer-reviewed journals.

i Froee ; .~ His research interests include (1) the synthesis of heterocyclic compounds,
to affect the reactivity of the azmdme.s in such a way that in ith focus on agrochemicals, pharmaceuticals, and natural products; (2)
many cases stable compounds are isolated and transformegyyor chemistry: and (3) the bioassay-guided isolation of physiologically
into other aziridine derivatives, whereas in other cases theactive natural products from medicinal plants.
ring undergoes cleavage affording diverse types of interesting
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literature for the synthesis @-heteroatom-substituted aziri-  or without rearrangement, functional group transformations
dines. Many reactions are reported involving nucleophilic on the ring, etc., which have never been reviewed and
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0 OCONH, W common oné/ initiated by bo_th _electrop_hilk_: and nucleo-
HoN OMe PR philic reagents. Metalated aziridines (aziridinyl anions) are
< N“ N stabilized by the presence of COPh, 0, and PO(OR)
Me NH NJ\\NJ\N groups and destabilized by hydrogen and alkyl grodpd.
o] % 4 Ring opening and electrocyclic reactions together with ring
1 2 enlargement products are also reported. M@rheteroatom-
antibiotic and anticancer anticancer substituted aziridines are stable enough to undergo nucleo-
o 1o philic displacements by various nucleophiles and reduction
MeO N/> B(OR)Z reactions affording new aziridine derivatives. In many other
, reactions, stable aziridines could not be isolated, but their
VN OMe N R intermediacy was proposed and established. The succeeding
o COOR" paragraphs of this review describe the synthesis and reactivity
3 4 of such aziridines, which have heteroatoms on one or both
antileukemic antibiotic of the carbons of the ring.

Figure 1.

the methods for the synthesis @theteroatom (oxygen, 3. C-Oxygen-Substituted Aziridines

halogens, nitrogen, sulfur, phosphorus, and silicon) substi—3 1. Introduction

tuted aziridines and their reactivity in a comprehensive way. ~

In some sections, a careful selection of leading references The most common examples in this class are 2-alkoxyazir-
had to be made due to the extensive number of studiesidines and 2-acyloxyaziridine€-Oxygen-substituted aziri-
available in the literature. Metalated aziridines are included dines are usually unstable compounds and appear mostly as

only if they are derived from or lead t€-heteroatom- intermediates en route to the final products. However, there
substituted aziridines. are some papers in the literature showing isolation of stable
2-alkoxyaziridines, 2-acetoxyaziridines, and 2-hydroxyaziri-
2. Synthesis and Chemistry of dines. The reactions describing the synthesis and chemistry
C-Heteroatom-Substituted Aziridines of such aziridines can be divided into the following headings.

The main approaches to the synthesis of aziridines can beg o Cyclization and Neber Rearrangement
classified as cyclization reactions, transfer of nitrogen to ~

olefins? transfer of carbon to imin€'$,addition across the The Neber rearrangement is perhaps the oldest known
carbon-nitrogen double bond of aziriné$,reactions of reaction to 2-alkoxyaziridine®.In some cases, stable deriva-
ylides}? aza-Darzen approach&s,* ring contraction, and  tives have been isolated. Several studies have been made on
functional group transformations (Figure3):8 Among the this rearrangement using oxime tosylateg? dimethylhy-
many reactions of aziridines, ring opening is the most drazone methiodide®,andN,N-dichloroamineg/ in which

R o)
R My ]
N / \ N
Ph.  Ph H N y
= N._O
O NH :/< fCFa
Me H (o) F3
—‘(o o~ ph
EN§<‘1—R <:N
MeO RO
T~ - oiz
& . R'HN
R .R LA
IR X R'CONHCH,COR?
X= heteroatom groups
R'-C-COR? OH, OR, CI, Br, F, NH-, ~°
NH, NO;, N3, SR, PO)R;, SiR3 '\\l ‘/\(

OMe
Ph
I R
— ‘A _Ph
Ph™ N 0 0._OMe R!
Loy Ok (I
=N <., OR? SNHR
MeO,C R'™HN"

Figure 2. Overview of important products fror@-heteroatom-substituted aziridines.
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Figure 3. General routes t€-heteroatom-substituted aziridines.

Scheme 1
I@
D
NNMe; oc N _Me
NaOCHMe:
Me _ NaOCHMe, ©))<Me
Me 85%
5 6
cat. Me,CHONa cat. Me,CHONa
Toluene, A Me,CHOH, A
79% 89%
N
We HCI Me
PhCOC-Me Me
NH,HCI 92% OCHMe,
8 7

the intervention of highly reactive alkoxyaziridines was
proposed. The first isolation of a 2-alkoxyaziridine, however,
was reported by Parceft.The reaction of isobutyrophenone
dimethylhydrazone methiodid&)(with sodium isopropoxide

in isopropanol occurred by a rapid cyclization to 2,2-
dimethyl-3-phenyl-B-azirine @), followed by a reversible
base-catalyzed addition of the alcohol to form 3,3-dimethyl-
2-phenyl-2-isopropoxyaziriding) (Scheme 1). The reaction

with <1 equiv of base at ambient temperature for a short

time period afforded azirined in 85% yield, whereas

treatment with an excess of base at reflux temperature for a

longer time produced aziridingé Heating a solution of the
azirine6 under reflux in isopropanol with a catalytic amount
of base produced 2-alkoxyaziriding in 89% vyield, and
azeotropic removal of isopropanol from a solution of the
2-alkoxyaziridine in toluene in the presence of a catalytic
amount of base regenerated the aziin€he acid hydrolysis
of 2-alkoxyaziridine7 affordeda-ketoamine hydrochloride
8.

A similar reaction using 2-phenylcyclohexanone dimeth-
ylhydrazone methiodided] afforded 2-amino-2-phenylcy-
clohexanone 12) (Scheme 2§ The Neber rearrangement

has been applied for the synthesis of imidazoline-2-thiones.

Treatment of oximel3 with alkali (potassium ethoxide in
ethanol) led to cyclization forming 2-ethoxyaziridiriet

(Scheme 3§° Treatment of aziridinel4 with hydrogen
chloride affordeda-aminoketonel5, which in turn was
transformed into imidazoline-2-thionks by reaction with
potassium thiocyanate. However, this reaction was not
successful with 1-ethoxy-2-isothiocyanatoethane (Et@CH
CH,NCS). A closely related mechanism has been proposed
in the reaction oN-chloroimidatel7 with sodium alkoxides.
The carbaniori8 led to the formation of azirin&9, which
formed 2-alkoxyaziridin@0 by addition of the alcohol. The

Scheme 2

©
H © 1. NaOEt, EtOH
NNMe3 A 1h |
2.HCI, . t.
74%
9 10
NH,
[e} NH
D OEt
12 11
Scheme 3
F
NOTs Eto_ N
N EtOK/EtOH N
0°C
N~ 86% N
13 14 F
l HCI
N=
L i
H
S G
N 91% N~
H
F
16 15 F
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Scheme 4
4
R OR" NaoR! . 2 __OoR! N
NCI  38-98% NCI R”  TOR!
17 18 19
R = H, Et, Ph, MeOCHo, R'OH
NC(CH,)z, Me NaOR!
R'=Et, Me
NH, H
OR! R'OH AN :OR1
R)\EOR1 R OR1
OR!
21 20
Scheme 5
H
N N. _OEt KOH/EtOH H
OEt O 65% L\OEt
22 23
Scheme 6
O o0
MegﬁCHN COLEt +BUOK o ]
(o} THF g
H g O \_—OH T HTW o
CO,Me
24 25
Scheme 7
Me, PbOAc,
MeONH, + C=CHOR
2 Me CH,Cl,, - 45°C
27
R = Me, Et
Me OR AcOH ,H Me
MeO Me
Me N R = Et 20%
OMe R = Me 50% RO” “OAc
28 29

cleavage of the aziridine ring afforded tleamino acid
orthoester®1 (Scheme 4§:
Some other classical cyclization reactions forming stable
2-alkoxyaziridines include the cyclization of carbamage
to 2-ethoxyaziridineZ3) (Scheme 5% and of compoun@4
to an oxygen-substituted spiroaziridia® (Scheme 6§3
Furthermore, 1-benzoyl-2-methoxy-2,3-diphenylaziridine

has been prepared as an intermediate in the asymmetric

synthesis of (amino)diaryl ketones via the Neber rearrange-
ment of ketoxime sulfonates under phase-transfer condi-
tions3*

3.3. Reactions of Nitrenes and Azides

Several nitrogen transfer reagents have been used suc-

cessfully for the aziridination of olefins. Methoxyamiriéy

is oxidized by Pb(OAg)in the presence of enol ethe2§

to give 2-alkoxy-1-methoxy-3,3-dimethylaziridin28 (Scheme
7)3% The latter compounds, on treatment with acetic acid,
afforded the ring opening produc®$.

Recently, the reaction of mono- or dialkyl-substituted
silylketene acetal80 with sulfonylazides has been reported
to form stable 1-perfluoroalkanesulfonyl-2-alkoxy-2-trim-
ethylsilyloxyaziridines31in poor to moderate yields (Scheme
8).3637The reaction occurred smoothly in many solvents such

Singh et al.

Scheme 8
R>=< + R3SO,N; R1>W<0R2
R OR? N
17-48% SO,R®
30 31
J
H,0
R N
1 N
S
~od TMSO )
so RS Rzo 3 OR
SO R R! NHSOZR3
32
R =H, Me, (CHp)s; R' = H, Me, (CH,)s;
R2 = Et, Me; R® = CF;, C4Fq
Scheme 9
OAc ho OAc
EtO,CN; + O/ . CEN—cozEt
35 36
Scheme 10
Me;SiO 1A R ozS'Meos
EtO,CN; + N\, —
2 R'" R? 2.si0, iN%
R2 OEt
37 38
O,  NHCO,Et H0 R'. _O
h—g -Me;SiOH f
R R? OSiMes
RZ N=
40 OEt
1 2= 1 2= 39
a.R'=tBu, RZ=H; b. R' = Pr, R2= Et

c. R" =R? = -(CH,),-; d. -CH,CH,CH(t-Bu)-CH,-
Scheme 11
R’I
£ OTMS  EtO,CN, R{_R?
OR + other
EtO,CHN
OR r.t products
0
41 42
RZ OTMS RZ  OTMS
R’I
OR 1
NawNco,et -Np ) N or
N 2 CO,Et
43 44

as hexane, diethyl ether, and moist and dry acetonitrile. The

formation of aziridines31 is explained through opening of

the triazole ring32, formed initially by addition of the azide

to olefin 30. The formation of another produet;aminoester

34, in the reaction is explained by hydrolysis of the aziridines

31 The presence of the alkyl groups on the ring has been

observed to affect the stability of the compounds; the ones

with more alkyl groups appeared to be more stable.
Addition of ethyl azidoformate to several alkenes is

known. For example, the photochemical reaction of ethyl
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Scheme 12 3,3,5,5-Tetramethyl-1-methoxycyclopented&)(reacted
o R » oSiMe \t/vit? areqﬁsugpnylllazidgs. éa_versu Lénqrehr scl)l\;;ant—free cond(ijtions
. . N 3 o form the bicyclic aziridines49. The latter compounds
EtOJ\N’S'Mee’ RN OSMes A g N OR® underwent rears/angement to yield the corresponc?ing enam-
OSiMes OR® 70% CO,E ines50 anda-methoxycyclopentylideneaminéd (Scheme
45 46 13)#2 Enamine50 was the major product in polar solvents,
l whereas the imin®1 was the major product in benzene.
An intramolecular addition of the azido group across the
R R2 carbon-carbon double bond of the enol ether moiety in
OR® compound52 led to the formation of triazolin®3, which,
EtOzCHN&( upon irradiation with UV light from a sunlamp (Pyrex flask)
o in moist THF, afforded benzocenobd in 84% yield via a
a7 diradical 55 and aziridine56 (Scheme 1433 Azidocarbap-
a.R'= H,R?=Me, R®=Et;b. R'= H,R?=Et,R® = Et; enems57 added across the vinyl esteB8 to yield the
c.R"=R2=R%=Me; d. R = H, R?R® = CH,CH, corresponding 2-acyloxyaziridiné® (Scheme 15%#

Scheme 13 Scheme 15
OAc

ArSO,N; N R! jLW
-850 3
80-85°C o N/ 58 N/ N

N<
OMe SOzAr CO,R 17-41% CO,R

OMe

48 49 57 59
R = 4-nitrobenzyl, Bn; R'=H, Me

[N-(p-Toluenesulfonyl)imino]phenyliodinane in the pres-
ence of copper complexes and rhodium carboxylates con-
NSOAr * NHSO,Ar stitutes an important system for asymmetric nitrene trarfer.
OMe OMe

Muller and co-workers, however, in their studies on the
aziridination of styrenes found tha¥l{(4-nitrobenzenesulfo-
51 50 nylimino]phenyliodinane&0) was more efficient in nitrogen
transfer. This group reported the aziridination of vinyl acetate
azidoformate with 1l-acetoxycyclohexerb) afforded the (61) using the reagen60 in the presence of dirhodium
bicyclic aziridine36 (Scheme 9§ Pellacani and co-workers  tetraacetate, affording 2-acetoxyaziridid2(Scheme 163}°
used GC-MS in the reaction of ethyl azidoformate with enol

silyl ether37 to detect the formation of alkoxyaziridirg8 ~ Scheme 16

en route too-aminoketonest0 (Scheme 10§ This study Ns
X ; . 0.02 mol% Rh,(OA !

was extended further by reacting ethyl azidoformate with Phi=NNs + A0 mo 2(0ACk N

other electron-rich alkenes such as ketene silyl acdtaté CH,Cly, mol. sieves, 4h ) .5~

It was observed that the latter compounds were more reactive g 61 47% 62

than enol silyl etheB7 toward the azide as they reacted with
it at room temperature, affording product® through A 20 M excess of vinyl acetate was used to suppress side

triazolines 43 and aziridines44 (Scheme 11). WheiN- reactions.
(ethoxycarbonylN,O-bis(trimethylsilyl)hydroxylamine45) Furthermore, a series of acyclic and cyclic enols has been
was used instead of ethyl azidoformate in reactions with enol transformed into the corresponding-aminoketones by
silyl ethers46, only one compound, thl-protectedx-ami- asymmetric catalytic aziridination with chiral Cu complexes,

noestert7, was obtained in yields up to 70% (Scheme 42). prepared in situ from [Cu(MeCNMPFs and optically active

Scheme 14
OMIP OMIP oMIP
\ hv, cat. K,COs3,
toluene, A moist THF, 32 h
K,CO3, 14 h -
N /Some 20 ome HN—0
55% 3
N
52 53 4
MIP = 2-methoxyisopropy!
‘ H,0
OMIP OmIP
«N OMe N OMe

55 56
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diimino ligands, by usingN-tosylimino)iodobenzene (PhINTS)
as a nitrogen sourcg.

3.4. Additions across Azirines
2H-Azirines are more susceptible to nucleophilic attack

Singh et al.

Addition of propargyl alcohol across the carbeamtrogen
double bond of methyl 2-(2,6-dichlorophenylizazirine-
3-carboxylate 73) led to the formation oftrans2-(2-
propynyloxy)aziridine-2-carboxylat®t in 84% yield (Scheme
21)52 The addition of ethyl lactate to 2,2-dimethyl-3-phenyl-

than other imines because of the strained nature of thescheme 21

carbon-nitrogen double bonéf A combination of this ring
strain with an activating group makes the nucleophilic
addition reactions favorable. Various nucleophiles add with
ease across the carbenitrogen double bond of an azirine
ring systent® Occasionally, the resulting aziridines are

isolated, but more commonly the end products are derived

from the ring opening of the intermediate aziridines and
further reactiort®2°4% Many authors have reported the
addition of aromatic and aliphatic carboxylic acids across
the carbon-nitrogen double bond of 3-phenyH2azirine
(63) and 3-ethoxy-Bi-azirine (L9) leading to the formation
of N-substituted amide65, 69, and 71 through the inter-

mediacy of 2-benzoyloxy- and 2-acetoxyaziridines, respec-

tively (Schemes 1#19)3%52 The possible mechanism of
Scheme 17
Ph o
7/ PhCO.H
N PhOCO>WN —— PhCONHCH,COPh
H
63 64 65
Scheme 18
Ph XCH,CO,H 0w G Ph N
tatlcataling j/ > . LN Ph
x— HN o
63 X7 HN
66 67
o
H o @
X=Cl,Br,1,CN X/\[(N\)J\ph DE— §<9\]/Ph
o) X N
69 68
Scheme 19
EtO RCO,H j\
— | N OCOR | — OEt
N 20°C AV R™ON
OEt H/\g/
19 70 71
R = Me, Ph

formation of the amides through C(Ph)-N bond cleavage in
2-acyloxyaziridine$6 is shown in Scheme 18.The stable
2-ethoxy-2-cyano-1-trimethylsilylaziridiné& could be iso-
lated from the reaction of 2-ethoxyaziring&8 with trimeth-
ylsilyl cyanide in the presence of a catalytic amount of
tetraethylammonium cyanide (Scheme 20).

Scheme 20
EtO R Et,N"CN- SiMes
\?N7<R1 + Me,SiCN rR. N CN
MeCN R‘; :OEt
19 57-82% 72

R =H, Me; R' =H, Me

=\

OH
o cl CH,Cly 1. t,, 19h 7Y 4 cl
84% MeOC/\n
MeO,C——N o
/
73 74

2H-azirine @) afforded 2-alkoxyaziridineb) in 10% yield
(Scheme 22), but the addition to 2,3-diphenylaziri@é) (

Scheme 22
Ph Me NaH/THF PP Me
S 7<Me * MeCH(OH)COEt — = 0"\ Me
N 20°C, r. t. H
oo Et0,C” “Me
6 75

led to the formation of an oxazinon&%) via anion78 and
intermediate79 (Scheme 235¢

Scheme 23
Ph Ph
Ph. Ph MeCH(OH)CO,Et =
O NH
NaH/THF, 20°C, 24h -
N H ’ ,
80% Me™ 1, o
76 77
Ph Ph Ph  Ph
0"\ />H -Eto® J—H
[ Ne 0® NO
Me™ “co,Et Me
H O
78 79

Addition of isopropanol across 2,2-dimethyl-3-phenid-2
azirine @) afforded the corresponding 2-isopropoxyaziridine
7, which on treatment with perchloric acid was transformed
into the imidazolinium salB0 (Scheme 243°

Scheme 24
N N
Me Me,CHOH Ph Me HCIO,, MeCN
ph” | Me 7
Me  A5h W - 30/-40°C, 2h
72% © '
6 7 57%
o
Me  cio,
HN"GNH
Me
Ph
Me
Me (e}
ud
80

The presence of fluorinated alkyl groups is known to
increase the stability of the aziridine and azirine rings.
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Scheme 25
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was eliminated upon treatment with sodium alkoxides in the
corresponding alcohol to afford 2-alkoxy-2,3-bis(trifluoro-
methyl)aziridines35 (Scheme 26).

The solvolysis of azo 4-bromobenzenesulforggeinder
anhydrous conditions in ethanol, buffered with 2,6-lutidine,
led to formation of 1tert-butylamino-3,3-dimethyl-2-ethoxy-
aziridine 89) (Scheme 27). The neighboring diazo group
participation in the reaction afforded 2-ethoxyaziridiB8)(
via aziridinium sal87 and azirinium sal88. The protonation
of the aziridine89 and ring opening of the protonated
aziridine 90 led to the formation of hydrazinium acetai,
which was isolated as s&@®. This study was supported by
rate measurements and titrametric methdds.

3.5. Reactions of o-Haloimines

The synthesis and chemistry athaloimines have been
extensively investigated in recent ye&tén many reactions
of a-haloimines, 2-alkoxyaziridines have been postulated as
intermediates. The rearrangement reactions-dfiloroimines
93 using potassium cyanate or potassium thiocyanate in
methanol involved amine84 and 2-methoxyaziridine85
en route to 2-imidazolidinone99 and imidazolidine-2-

Resistance to ring opening with bases in fluorinated azirines thiones100 (Scheme 28§62 The N-cyclohexylimine deriva-
81 made possible the addition of solvent across the catbon tive afforded the highest yield, whereas tiidutylimine the

nitrogen double bond to afford stable aziridiréand 83

lowest. The energy barrier for opening of the three-membered

with ethoxy and hydroxyl groups at the 3-position (Scheme ring at the N-C, bond was lowered by the presence of the

25)56-58 Surprisingly, the perfluoroalkyl group in azirirgt

methoxy substitutent, which enabled delocalization.

Scheme 27
Ny EtOH (lutidine) N> HN> EtOH HN
] —_ | N
®e ®0 -H*
Me', 0, free, 75°C N AN Me:..
’ Me:.. OBs Me:., OBs -/
M o)
Me Q)Bs Me Me/A e
86 87 88 89
I
OBs = 4-bromobenzenesulfonate
( . HN
%/NHzNH\F(O H U EtOH Ny
©oBs o Coes Me: /< o, SH* Me: A
\\ Me 0 Me OJ
92 91 90 -
Scheme 28
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Y Y S
Y=99.Y=0
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- N NH - N N 2
R = t-Bu, cyclohexyl, ®v_ N
n-Bu, i-Pr, CH,Ph ﬁ—( Y =048-81% ﬁ—(OM =
OMe  y=522-78% e
99 98 97

100
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Scheme 29
.R S}
N NHR _ R OMe
X X i
93 101 102 103
X =Cl, Br;R=i-Pr, allyl, Et
Scheme 30
3 3 3
R'  N-R®  NaBH,/MeOH R R MeOH , NHR
¢]] / B R1 N — MeO N ° R 2
Br R? A, 0.5h-56h >L\R2 YA, MeO” omi
51-76% cl R R
104 105
R' = Me, Et; R? = Me, Et, H, Ph;
R® = j-Pr, t-Bu, c-CgH14
Scheme 31 with potassium carbonate in methanol, affording acet@B
OMe CHO (Scheme 32%? The reaction mechanism involved a skeletal
\/—40,\,,6 6N HCI, H,0, CH,Cl, >( rearrangement of the,d-dichloroaldimines to give bicyclic
HN A 6h NH aziridinium intermediate$08, which suffered ring opening
' with ring contraction to form 1-alkyl-2-(dimethoxymethyl)-
105 106 pyrrolidines109 Hydrolysis of the latter in acidic medium

gave novel 2-formylpyrrolidine&10. The overall pathway

The reaction ofa-haloimines93 with methanol in the  involved ana,a-azacyclobisalkylation of the starting sub-
presence of a base yieldad(N-alkyl)aminoacetals101 strates107.

(Schemg 29), which underwent in'gra}molecular nucleophilic Alcoholysis of a-chloros-(trimethylsilyloxy)ketimines
substitution to form 2-methoxyaziridind92 methanolysis 111 jeq to a stereospecific synthesis ofs-2-alkoxy-3-

of which afforded aminoacetald03>> Treatment of  5ing6x0laned 1570 Two possible mechanisms, both viable
a-bromo«-chloroimines104 with sodium borohydride in and producing the same stereochemical results, have been

methanol led to a convenient regiospecific synthesis of the - -
. o : proposed (Scheme 33). Imines can undergo addition of the
isomeric o-(N-alkyl)aminoacetalsl05 (Scheme 30). The alcohol with subsequent ring closure to@mlkoxyaziridine

addition of methanol to the intermediate azirinium cation 116 (path A), which can generate the transient 6-aza-2-

and methanolysis of the resulting 2-methoxyaziridines ex- oxabicyclo[3.1.0]hexane derivativEL3 in a stereospecific

plained the formation of compountD55” These aminoac- : o "
etals, for examplel05, are easily convertible into 2 manner. Alternatively, oxygen desilylation and addition of

alkylamino)isobutyraldehydes, for exampl@8, by treatment the al_cohol function across the_ imino linkage may give glther
with hydrochloric acid (Scheme 31). It is worth mentioning the cis- or transoxolane derivativell2 (path B). This
that thea-aminoaldehydes are useful bifunctional compounds reversible reaction may lead to the bicyclic aziridine
and serve as building blocks for elaboration into heterocycles. intermediatel13 having both methyls in a cis disposition.
Sterically hinderedi-aminoaldehydes are also less accessible Opening of this intermediate followed by stereospecific
because of the difficulties associated with the amination of attack of the alcohol leads to the formationats-2-alkoxy-
tertiary centers® 3-aminooxolane hydrochloridds4 The latter affordedis-

o,0-Dichloroimines107 proved to be suitable substrates 2-alkoxy-3-aminooxolane$15 upon treatment with potas-
for conversion into 2-formylpyrrolidine$10 via treatment sium carbonate.

Scheme 32
N'R R
S TR HN - R R
H MeOH R! - N OMe N® oMe
Cl K,COs ol OMe —— @W
(o] N \C' R!
107 108
. . ? 3
N. R y 5 equiv HCI (6N) N R on MeOH '1‘ R
m CH,Cly, A, 7-15h m ® T aoee% m
o] 62-77% OMe ®0oMe
110 109

R = j-Pr, t-Bu, c-hex
R' = Me, Pr
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Scheme 33
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Scheme 34
R
; -R
\ A 0. NHR 0._OMe
=2 SN BN ¢
cl e.g. NHR
t-BuOK, THF
(KoCO3), MeOH
OSiMe; NEOMS MeOH 118 119 120
17 43-95% 0-43% -
18-26% 0-2% 66-80%
R = i-Pr, t-Bu, cyclohex, s-Bu 85% - 14%
Scheme 35 reactive species undergoes a stereospecific attack of the
R R R alcohol to providecis-3-alkylamino-2-methoxytetrahydro-
N N ou ' pyrans120 exclusively.
e
H base - . .
¢l — . 3.6. 2-Alkoxyaziridines from Azomethine Ylides
_ _ The reaction of imined.25 with a-chloroacid chlorides
OSiMes OSiMe; OSiMe; 126 led to the formation of 5-alkylidene-3-oxazolin&g7.
17 121 122 The mechanism of reaction involved in situ generation of
azomethine ylided28 An intramolecular [32]-cycload-
l dition of the azomethine ylidek28 generates oxoazetidine-
o._OMe MeOH fused aziridinel29 as an intermediate (Scheme 36). The
K/\Ejj; R @HR -— E\/PN—R latter compound underwent rearrangement, possibly via the
NHR 0 o ylide 130 and oxazolinel31, to form 5-alkylidene-3-
oxazolines127.72
120 124 123
R = i-Pr, Bu, cyclohex, s-Bu 3.7. 2-Methoxyaziridine from Fischer —Carbene

. _ . Complexes

Treatment of-chloro-d-(trimethylsilyloxy)ketiminesl 17 ) ) o )
with bases and nucleophiles offers an attractive protocol for The formation and reaction of 2-alkoxyaziridines is
the formation of a variety of oxygen-containing heterocycles, reported by reaction of Fischecarbene complexes32with
including tetrahydrofuran&18and tetrahydropyrans20.7: 2-azadienel33 (Scheme 37). A nucleophilic attack of the
Treatment of ketiminesl17 under different conditions carbene at the imino nitrogen gives an intermedis4 A
afforded tetrahydrofurankl8, tetrahydropyran$20, andcis- [1,3]-OMe migration in134 formed the amine-carbene
1-(N-alkylamino)-6-methyl-2-oxabicyclo[4.1.0]heptarekd complex135. The insertion 01_‘ gB_—H_ into the metal carbene .
(Scheme 34). The formation of tetrahydropyrat®0 has and subsequent reductive elimination formed 2-methoxyazir-
been explained through involvement of 2-alkoxyaziridines idine 136 which suffered regioselective ring expansion to
121 (Scheme 35). Attack of methanol (or methoxide) across afford the isomeric 2-pyrrolidinones37.”
the imino bond with subsequent ring closure may give , .
2-alkoxyaziridines21 O-Desilylation followed by intramo- 3-8 2,2-Dimethoxyaziridine from
lecular nucleophilic addition of the hydroxyl group to the 2-Diazo-4,5-dicyanoimidazole
resulting azirinium catioi22can give the bicyclic aziridine Cycloaddition of the terminal nitrogen of 2-diazo-4,5-
123 which suffers ring opening to oxonium idi?4. This dicyanoimidazole 138 onto the electron-richr-system of
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Scheme 36
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1,1-dimethoxyethene189 generated the transient 2,2-
dimethoxyaziridinel40(Scheme 38). Aziridine ring opening,
followed by a proton transfer in the resulting intermediate
141, afforded the electron-rich azoalkethd2"

3.9. 2-Alkoxy- and 2-Acetoxyaziridines by
Displacement of 2-Chloroaziridines

Displacement of a chloro group in 1-acyl-2-chloro-3,3-
dimethyl-2-phenylaziridine$43using silver acetate afforded
2-acetoxy-1-acylaziridines44in quantitative yields (Scheme
39).75 Similarly, 1-benzoyl-2-chloro-3-methyl-2-phenylaziri-
dine (45 was transformed into 2-acetoxy-1-benzoyl-2-
methyl-3-phenylaziridine (46) (Scheme 40). 2-Chloro-1-
phenylaziridine 147) afforded 2tert-butoxy-1-phenylaziridine
(148) using potassiuntert-butoxide intert-butanol at reflux
(Scheme 41}% Replacement of the tertiary alkoxide by a
primary alkoxide lowered the reaction rate, although
2-alkoxyaziridinesl49 were obtained in good to excellent
yields (Scheme 42Y.

Singh et al.

Scheme 38
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3.10. Other Reactions

An unusual fragmentation dfl-methylpyrazolium salts
150, on heating with sodium ethoxide in toluene, led to the
formation of benzyl diiminesl51 along with the benzoic
acids’® The formation of thea-diimines 151 has been
explained by a nucleophilic addition of ethoxide at C-5 to
give 3-ethoxydihydropyrazole452 (Scheme 43), which

Scheme 37
0, 3 vaR
THF, 25°C (for R® = Ph) OMe
oM
(COW=< . >‘\(/N 92% @r
MeCN, A z
132 :
H o OTMS (for R = 2-fury) H  OTMS
R = Ph, 2-furyl 133 60% 134
1,3-OMe
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) Agﬁ{ -
W
R R
0 OMe MeO H -W Y
N N N
H
TMSO& OMe OTMS
137 136 135



C-Heteroatom-Substituted Aziridines

Scheme 41
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proceeded to 2-ethoxyaziridinés3 with subsequent oxida-
tive involvement of water in the final steps.

A few other approaches toward oxygen-substituted aziri-
dines and their ring opening include the reaction of imi-
noaziridinesl54 with carboxylic acids forming 2-acyloxyazir-
idines155 which suffered ring opening to foroe-acylamino
amides156 (Scheme 44J? N—C acyl migration in imides
157leading to the formation ai-aminoketone458(Scheme
45)8 and electrooxidative rearrangement of tosylamino
group in amined59forming 2-methoxyaziridind60, which
cleaved in methanol t8-aminoacetal461(Scheme 46§42
Highly functionalized 3-ethoxyaziridines have also been
prepared through an aza-MIRC (Michael-induced ring clo-
sure) reaction of sulfonyl-activated hydroxycarbamates with
o,S-difunctionalized acrylate® The importance of these
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suffered ring opening. However, addition of some alcohols
and carbonyl compounds across the carbgitrogen double
bond of selected azirines under milder conditions afforded
stable 2-alkoxy- and 2-acetoxyaziridines. Azirines containing
electron-withdrawing groups are especially useful in this
regard. Aziridines having alkoxy and acetoxy groups undergo
ring opening and rearrangement reactions affording reaction
products such ag-aminoketonesy-aminoalcoholsg-ami-
noesters, ang-aminoacetals. The involvement of such
aziridines has been postulated in many reactione-bf-
loimines affording biologically important heterocyclic com-
pounds.

4. C-Haloaziridines

4.1. Introduction

Contrary to 2-alkoxyaziridines, 2-haloaziridines are more
stable and hence the literature includes many studies on the
isolation of such aziridines since the first preparation of 2,2-
dichloroaziridines by Fields and Sandti.The reaction
medium may play a role in determining the stability of the
ring. 2-Alkoxyaziridines are commonly generated in alco-
holic medium and suffer from ring opening. The most
common method for the synthesis of 2-haloaziridines com-
prises carbeneimine addition, but other equally suitable
methods are also known. 2,2-Dichloroaziridines are important
from a biological point of view as they serve as precursors
for the synthesis of biologically active compounds such as
indolinones® analogues of natural alkaloids such as iso-
guinolinone& and isoquinoline8! and amidine$® Among
the 2-haloaziridines, fluorinated aziridines are comparatively
more stable than the chlorinated aziridines. Furthermore, 2,2-
dichloroaziridines are comparatively more prone to ring
cleavage than 2-chloroaziridines. In both of these classes,
however, reactions retaining the ring and with ring opening
are common. Due to the extensive number of papers on
2-chlorinated aziridines, only a selection of leading references
will be incorporated in this review.

4.2. Synthesis
4.2.1. Reactions of Imines with Carbenes or Carbenoids

Deyrup and co-workers have done pioneering work on the
synthesis of monochloroaziridines from iminé&<g7:8° This
group reported the first synthesis of a monochloroaziridine,
that is,cis-2-chloro-1,3-diphenylaziridinel47), by employ-
ing the reaction of a carbenoid witk-benzylideneaniline

products in organic synthesis has already been described iN161) (Scheme 47). The 2,2-dichloro-1,3-diphenylaziridine

the preceding paragraphs.

C-Oxygen-substituted aziridines constitute an important
class of heterocyclic compounds from both synthetic and
medicinal points of view. 2-Alkoxyaziridines were discov-

(162 was readily available by that time from an addition of
dichlorocarbene, generated from chloroform using base, to
N-benzylideneanilinel61) (Scheme 48§41 ater on, the
reactions of various Schiff bases with bromochlorocarbene,

ered long ago during studies on the Neber rearrangementbromofluorocarbene, and chlorofluorocarbene were reported
Usually such aziridines have been generated in alcohols ando give chloro-, bromo-, and fluoro-substituted aziridif&¥.

Scheme 44
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Various reagents have been used to generate carbenes @, crerco,et [ Fse: 168 EtOzC>W<c|
carbenoids. The reaction of ethyl trichloroacetate with 125°C, 24h | EtO:C 36% N

N-benzylideneaniline&63in the presence of sodium meth-
oxide afforded 2,2-dichloroaziridinel4in 50—70% yield

(Scheme 49%* Dichlorocarbene, generated from a chloro-

Ph
169

mercury esters and organomercury halides serve as precursors

form—aqueous sodium hydroxide mixture using the phase- of fluoroethoxycarbonyl and dihalocarbenes, respectively.

transfer catalyst triethylbenzylammonium chloride (TEBA),

added onto the carbemitrogen double bond of the imines
163 to form 2,2-dichloroaziridined64 in improved yields
(Scheme 50%° Similar addition of dichlorocarbene to the
imino linkage present in benzodiazepirigb afforded novel
benzodiazepine-fused dihaloaziridin&86 (Scheme 51%°
Reduction of the latter aziridines with LiAlHin tetrahy-
drofuran afforded the monochlorobisaziridih&7. Organo-

These intermediates react with the carboitrogen double
bond of aryl and alkylcarbonimidoy! chloridd€8and171

to form C-halogenated aziridine69, 170, and172(Schemes
52—54) 97-10 Recently, KF/A}O; is reported to promote the
generation of dichlorocarbene. A number of 2,2-dichloro-
aziridines have been synthesized from the reactions of
N-benzylideneamines with chloroform in aqueous acetonitrile
(Scheme 55)9* N-Benzhydrylideneamino acid esters and
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nitriles are also known to react with dichlorocarbene to afford
the corresponding 2,2-dichloroaziridin€s.

The reaction of diazomethane with fluorine-substituted
imines is reported to form 2-fluoroaziridin&s:1%Ziefman
and co-workers have used 2,2,3-trifluoro-3-(trifluoromethyl)-
oxirane (73 for the generation of difluorocarbeA®.The

latter intermediate, generated by thermal decomposition of

173 reacted with hexafluoroacetomephenylimine (74),
affording 1-phenyl-2,2-difluoro-3,3-bis(trifluoromethyl)aziri-
dine (175 in 45% yield (Scheme 56). This reaction has been

Scheme 58
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extended recently to hexafluoroacetoNearylimines and
hexafluoroaceton®-alkylimines 176 forming a variety of
1-aryl-2,2-difluoro-3,3-bis(trifluoromethyl)aziridinds’5and
1-alkyl-2,2-difluoro-3,3-bis(trifluoromethyl)aziridinets’ 7in

fair to good yields (Schemes 56 and 5%.Recently,
Khlebnikov reported on the formation of azomethine ylides
179 and 181 from the reaction of fluorocarbene with
N-substituted imines of benzophenorie& and benzalde-
hydes163 (Scheme 58)°7 A 1,3-cyclization of the ylides
afforded 2-fluoroaziridined80 and 182 The formation of
azomethine ylided79and181was proved by trapping them
with dimethylacetylenedicarboxylate. The fluorocarbene was
generated by irradiating a solution of dibromofluoromethane,
active lead, and tetrabutylammonium bromide in dichlo-
romethane with ultrasound at 4G. The ylides obtained from
the reaction of benzophenoré-substituted imines with
fluorocarbenes afforded aziridines80 in 19—47%. The
ylides 181 from benzaldehydéN-arylimines afforded ste-
reoselectivelycis-aziridines182 (Scheme 58).

4.2.2. Darzens-Type Reactions

The synthesis of 2-chloroaziridine-2-carboxylates has been
reported using a Darzens-type appro#8ihe reaction of
aldimines 163 with the anions derived from isopropyl
dichloroacetate afforded 2-chloroaziridine-2-carboxylag&s
(Scheme 59). The reaction, however, was limited only to

Scheme 59

FPIOK/-PIOH 1 o~
RCH=N-Ph + CHCL,CO,Pr-i N
163 ether, 15-48h, r.t. 0
-KCl Ph
65-96% 183

R = Ph, 3-NO,CgHj, 4-NO,CgHy, 4-CICgH,, 3-CICgH,,
2-MeCeH4, 4-MeCeH4, 4-MeOCeH4

O

aromatic imines. The use of a dibromoacetate instead of
dichloroacetate reduced the yields drastically.

Very recently, the synthesis ofis-3-aryl-2-chloro-2-
imidoylaziridines 186 has been reported via aza-Darzens-
type reaction of 3,3-dichloro-1-azaallylic anioi84 and
N-(arylsulfonyl)imines 185 with high diastereoselectivity
(Scheme 60). Reduction of the imino group in aziridih86
afforded 2-(aminomethyl)-2-chloroaziridin@87 with excel-
lent stereoselectivity?®

4.2.3. Reactions of Nitrogen-Transfer Reagents

The reaction of ethoxycarbonylnitrene, generated in situ
by triethylamine-induced-elimination of ethyl 4-nitroben-

Ph )
=N
Ph™ 478 Ph. ® R
ICHF| —— | D>=N|
Ph" ©CHF
R2 179
~—N
R! 163 19-74%
R
2 1
1/=®N’\R Ph N _H
R ©CHF Ph>A<F
181 180
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Scheme 60 afforded the cycloalkene$91 This led to the conclusion
N-SOzPh that the 2-chloroaziridines were also formed in the case of
R. _Li A the azide route and underwent rearrangement. The reaction
N A'185H with acyclic alkenes by the azide method, however, afforded
Ar1)§/CI the 2-chloroaziridine in one case (Scheme 62) together with
Cl the rearranged produci®94 and 195
184 The reaction of benzyl azid@Q0) with perfluoropropene
R R (201) and perfluoro-2-butene202) at 150°C is known to
N §9 NaCNEH “NH $O2Ph form triazolines 203 (Scheme 65)!2 The pyrolysis of
AT AcOH Ar‘/\;% Scheme 64
Ci AP Ci  Ar?
186 187 OZNOSOZONHR - .
F30 F 3
(81-99%) Joasn Y= 189 F3c>w<N .
FsC F )
Et;N R
Scheme 61 198 199
4-NO,CgH,SO,0NHCO,EL _
Q/CI 189 o R = CO,Et, SO,Ph
w " CH,Cl, EtN, 35-40°C, 3h @:_Coﬁ Scheme 65
n
CH;,N o
n=a.1;b.=2. 1 A RFC CF;
201R=F
ol 200 202R =CF,
Q EtOCONs c CHzPh CH,Ph
|
n 100°C NHCO,E R Ny A L RN
12h X oFt F[j*“ glass beads F>Q\_CF3
188 22.49% 191 .y N, F
203 204

zenesulfonyloxycarbamate9, with cyclic and acyclic vinyl
chlorides, formed 2-chloroaziridine90, 193 and 197 in
yields ranging from 17 to 48% (Schemes-633)1'° This
method for the generation of ethoxycarbonylnitrene was use
earlier by Zeifman and co-workers to synthediethoxy-
carbonyl- andN-phenylsulfonyl-substituted perfluoroaziri-
dines 199 from perfluorinated alkené98 (Scheme 6431

triazolines on glass beads afforded the corresponding
fluorinated aziridineR04. The reaction of perfluropropene
d(201) with sodium azide in dimethylformamide at low
temperature resulted in perfluoropropenylazig@s, which
decomposed at 20C to afford perfluoro(2-methyl42-
azirine) 06) (Scheme 6633 The latter isomerized in the

The reaction was highly stereospecific, so a singlet nitrene presence of hydrogen fluoride to yield perfluoro(2-methyl-

was proposed to be involved. The same nitrene, whe
generated by decomposition of the azide at 100reacted
with cycloalkenesl88 to afford cycloalkened91 as rear-
ranged product. The-chloroaziridinesl90, upon standing

naziridine) Q07). Thionitrile fluoride and thionitrile chloride

have also been used to transfer nitrogen to perfluoropropene

(201) and to some other alken&d9, forming the corre-
sponding 2,2,3-trifluoroaziridinead8and210(Schemes 67

at room temperature for several days or upon heating, and 68):14115

Scheme 62
4-NO,CgH,SO,0ONHCO,Et CO,Et
1
189 pr, N Ci
CH20|2, Et3N H . Pr
Pr>_<CL 35-40°C, 3h 193
H 102 Pr COLEt cl EtO,CHN_ _Pr
Pr Pr
EtOCON3 pr. N &, Z * C(CI)CH,Pr
100°C H Pr H  NHCO,Et
12h 193 194 195
Scheme 63
4-NO,CgH4SO,0ONHCO,Et COEt
189 H, N O
CH,Cly, Et;N Pr&Pr
Pr>_<~Pr
196 o
EtOCON, pro A _pr + EtO,CHN___Pr
0,
1 tz)g c H  NHCOEt C(CI)CH,Pr
194 195
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Scheme 66
F. F NaN3 F. F 20°C
F>:S(F DMF N?:S<F
F7y F7%
201 205
NoFMF N R r
—_— F
N A
FoF ForrF
206 207
Scheme 67
F. F
F: 1’: N=S-F F3C>W<F
S F UV light SNSRR'
201 208

R=R'=F 28%

R = R'= NCF(CF3), 12%
Scheme 68

R F N=S-Cl F>W<F

R F UV light 3ol

201 R = CF3, 210

209 R = CF,CF3, SF, Cl

The reactions of nitrenes, generated from the oxidation
of hydrazide211 and 216 by lead tetraacetate in dichlo-
romethane, with haloalkene®l2 (Schemes 69 and 70)

Scheme 69
0
z Cl
N—NH, + >=<
Cl H
o)
211
Pb(OAc),
s CH,Cly, T. t. 10min
213. 60%; 214. 90%
0 2
R1 A 2 Z
| N-N=CH—<R? — N—N<
R
S Yy H C
215 213,214
215 R'=R?=CI|,R®=H;
R'=RZ=R%®=C|
Scheme 70
0
H CI
= E:fj\N’NHZ Pb(OAC),
“h T A g
Cl H NT Me CH,Cl,, r. t. 10min
60%
212 216
0 H/,gc'
Ci
~
N Me
217

yielded 2,3-dichloroaziridine213 and 217 and 2,2,3-
trichloroaziridines214.1¢ Both trichloroethene antrans

1,2-dichloroethene reacted rapidly, whereas 1,1-dichloroeth-
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ene anctis-1,2-dichloroethene failed to give the anticipated
aziridines. The 2,3-dichloroaziridines and 2,2,3-trichloro-
aziridines deteriorated at room temperature, and when heated
at temperatures just above their melting points, the ring was
cleaved with rearrangement to give hydrazo&Sin high
yields.

The use ofN-aminophthalimide211in combination with
(diacetoxyiodo)benzene has very recently led to the success-
ful aziridination of a variety of alkenyl bromides toward the
corresponding 2-bromoaziridines such 283 which are

Phth 1488 A

1.511A%

218

thermally labile and undergo clean rearrangement into the
correspondinga-bromo hydrazone¥’ X-ray analysis of
aziridine218showed that the £-N bond was elongated by
0.023 A compared to thes£N bond, suggesting the relative
weakness of the former.

Treatment ofN-chlorobenzamide2(19) with pyridine or
potassium fluoride in a polar aprotic solvent and addition of
the resulting anior220to the carbor-carbon double bond
of perfluorinated olefirl98followed by ring closure resulted
in 1-benzoyl-2,2-difluoro-3,3-bis(trifluoromethyl)aziridine
(221) in 66% vyield (Scheme 71}8

Scheme 71
(0]
©)J\N’CI Pyridine or KF
H DMF
219
CF;
0 X G r
.Cl
@5 198 F30>W<F
6% Coph
220 221

Organic azide200and222reacted with dichlorocarbene
under solid-liquid phase-transfer catalysis to form 2,2,3,3-
tetrachloroaziridine223 together with theN-substituted
carbonimidic dichloride224 (Scheme 72)*° This reaction

Scheme 72
cl cl
CHCI3/NaOH/PhN*Et;CI
RN, o/Na 3 CI>V<CI + RNCCl,
R
200 R = PhCH, 223 224
222R = CBH17, C9H19 28-75% 15-21%

in homogeneous medium, however, afforded a noncyclic
product.

4.2.4. Additions across Azirines

There are several examples of the addition of acyl
chlorides to the imine bond of an azirine leading either to
the synthesis oC-halogenated aziridines or of rearranged
products. The reaction of 2-methyl-3-pheny-2azirine
(225, 2,3-diphenyl-1-azirine®6), and a cyclooctane-fused
azirine 228 with benzoyl chloride in refluxing benzene
formed the corresponding 1-benzoyl-2-chloroaziridines in
quantitative yields (Schemes #35)1%° Hassner and co-
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Scheme 73
COPh COPh
N PhCOCI
oo e P A P
H enzene, N “ N i
48h Cl H Cl Me
225 226 145
Scheme 74
COPh
;N ph  Phcocl o N
Ph H benzene, A >Q<Ph
cl H
76 227
Scheme 75
PhCOCI cl
N N-COPh
benzene, A
14h
228 229

workers have reported similar reactions of various acid
chlorides, including benzoyl chloride, with 2,2-dimethyl-3-
phenyl-2H-azirine @) to occur at room temperature forming
2-chloro-1-acylaziridine443in quantitative yields (Scheme
76).”®> Addition of acyl halides parallels that expected for

Scheme 76
N (IEOR
///A<Me + RCOCI m CII,/A_\\Me
Ph Me r. t. 0.2-15h PH Me
6 143

R = Me, PhCH,, t-Bu, Ph, CH,=CH, GH,=CHCH,
EtO,CCH,, CICH,, Cl,C

the addition of a nucleophile to the carbeoxygen double

bond of the acid chlorides. Electron-withdrawing substituents

increase the rate; electron-donating substituents and conjug
tion decrease the rate. Addition of phthalimidoacetyl chloride
(230) to azirine6 is reported to form 2-chloroaziridin231
(Scheme 7732 The cycloaddition of 1-chloroalkylidenema-

Scheme 77
o]
N benzene
Vi 5<Me + NCH,COCI
Ph Me 62%
(¢}
6 230

Me
Me O O
e
Cl N |
Ph
(e}
231

lononitriles232to 2-methyl-3-phenyl-B-azirine225under
thermal condition has been reported to form 2-chloroaziri-
dines 233 and 234 together with a noncyclic produ@35
(Scheme 78)??At 0 °C, aziridine233was the major product.

Hydrogen fluoride is reported to cause isomerization of 2,3-

difluoro-3-trifluoromethyl-1-azirine to 2,2-difluoro-3-trif-
luoromethyl-1-azirine, ultimately leading to the formation
of polymeric perfluoroaziridiné??

4.2.5. Reactions of a.-Haloimines

o-Haloimines are uniquely reactive, and their wide-ranging
applications in heterocyclic synthesis via 2-alkoxyaziridines

a_

Singh et al.

Scheme 78
i. R=H, CH,Cl,
Ph_ Me R CN  0°0r25°C, 0.5h
\ _
N Cl CN ii. R = Me, benzene
A 17h
225 232
Ph Me Cl Me Me H
C|~-\W4-H . Pho\— H . Ph ~_CN
N
cl” clIH
R)\/CN R)\KCN CN
CN CN
233 234 235

R=H, Me

have been describé¥.6” The reduction of trichloroacetophe-
none imineX36 constitutes a novel method for the synthesis
of 2,2-dichloro-1,3-diarylaziridine$64. The substrate®36,
easily accessible by chlorination df-arylacetophenone
imines withN-chlorosuccinimide in CGJ upon reaction with
an excess of lithium aluminum hydride in diethyl ether
furnished 1-aryl-2,2-dichloro-3-phenylaziridin&84in 64—
81% yield!?* The mechanism of formation df64 involved
the addition of hydride at the imine bond giving rise to anion
237, followed by intramolecular nucleophilic displacement
of chloride (Scheme 79). The 2,2-dichloroaziridiigsl, on
treatment with lithium aluminum hydride, generated an
intermediate azirinium chlorid238, which cleaved to give
the isomerica-iminocarbenium ion239 the reduction of
which afforded phenethylamineziO,

4.2.6. Transformations of Aziridines

The coupling of methyllithium with 2,2-dichloro-1,3-
diphenylaziridine leading to the formation of 2-chloro-2-
methyl-1,3-diphenylaziridine241) (Scheme 80) is one of
the earliest known reports on the synthesis of such com-
pounds’’84 Coupling of 1-phenyl-3-arylaziridine-2-phos-
phonates with butyllithium and trapping of the lithiated
aziridine with carbon tetrachloride forming 2-chloroaziridinyl
phosphonates is also know#i The synthesis of 1,3-diphenyl-
2-haloaziridines has been reported by reduction of 1,3-
diphenyl-2,2-dihaloaziridines using tributyltin hydride in
n-pentane at room temperature (Schemes &0 12 The
reduction of aziridines proceeded stereospecifically with
retention of configuration, indicating that the intermediate
2-fluoro-2-aziridinyl and 2-chloro-2-aziridinyl radicals were
pyramidal and configurationally stable enough to abstract
hydrogen from tributyltin hydride much more rapidly than
inversion of their configuration (Scheme 85). If the abstrac-
tion would be slower than the inversion of configuration,
product250 must have formed also in the reduction22
The formation of isomerd47 and 249 in the reduction of
164 and 247, respectively, was explained by an easy
abstraction of the relatively less hindered chlorine, which
was trans to the phenyl group, and assuming that the
2-chloro-2-aziridinyl radical retained its configuration when
it abstracted hydrogen from tributyltin.

A tin—lithium exchange ircis-aziridine 251 afforded the
C-lithiated aziridine252 which gavecis-2-chloroaziridine
253 on treatment with 1,2-dichloroethane (Scheme '86).

The photolysis of aziridine thiohydroxamic acid anhydride
254 in neat CBrC{ led to the formation of stableis- and
trans-2-bromoaziridine255 and 256 (5:1) in 25% vyield
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Scheme 79
cl
N o e
- S}
Cl LiAIH4
@—( » _4NCS,CCly @—\?4 N~ R
N N ether \ Y
2min - 1h, r. t.
236 / 7 237
R "R
l 64-81% | -CI°
H 7\
N Ho :_ cl
P \@R Ny -~ \ LiAH, “
7 R= 3Me cl N ether, A
240 66% ©® O 2g 24h
S |
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Scheme 80 Scheme 85
Ph Cl Ph cl Ph F n-BuzSnH Ph F n-BusSnH Ph F
H ’Tl Cl —0/> HC N 'Me H '}l X n-pentane H [}l fast H [}j H
Ph 66% b Ph Ph Ph
164 241 242 249
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Scheme 81
Ph n-BusSnH Ph H
Ph F n-pentane \TP \W/
Ph F N7 N,
N w + n-BuzSnH ——— V . 3 / fast 3 g
H N X r.t., 5 days HY\ H HoNF HoNF
Ph 55-60% ) Ph Ph
Ph 250
242 243
X =Cl, Br 260(Scheme 89)2° Activation of the ester group in the latter
compound as the corresponding thiohydroxamate affording
Scheme 82 261 and subsequent irradiation in the presence of CBrCl
Ph Br n-pentane Ph __-H led to a 4:1 mixture of 2-bromoaziridir@62in 62% yield,
AVETER S H\ e the major isomer being cis.
: Ph .
Ph 4.2.7. Other Reactions
244 245
The reaction of B-pyrrole 263 with sodium ethoxide
Scheme 83 under reflux for 30 h afforded a pyrrole-fused 2-chloroaziri-
Ph cl n-pentane Ph cl dine 264 together with 2-ethoxymethyl-5-methylpyridine
H\W/‘“ e + n-BuzSnH o H“'KN7"’H (265 (Scheme 9032 Jones and Rees have described the
Bh o Bh formation of pyridine derivative265 via a pyrrole-fused
aziridine 266 (Scheme 9133
246 147 The cyclization of 3-(mesyloxy)amin@&7 with potassium
Scheme 84 carbonate in DMSO at 8590 °C led to the formation of
Ph H  ph X 2,4-diaryl-3,3-dichloroazetidiné&? The N-ethylamine in this
Phg_ X n-pentane N N~ case, however, afforded an imidoyl-substituted alkgié
HOW x 7 mBwStH_——— H N X H N H in 22% isolated yield. The formation of this alkyne was
Ph ;E’é“fg: Ph Ph explained via intervention of an intermediate 2-chloroaziri-
164 X=Br21 245 147 dine 268formed by an intramolecular nucleophilic substitu-
247 248 249

164, 245, 147: X =Cl
247, 248, 249: X =Br

(Scheme 87328 A dibromide 257, obtained in the reaction
due to ring opening of the aziridine by hydrogen bromide,
could be cyclized to the corresponding 2-bromoaziridines
with sodium hydride in tetrahydrofuran (Scheme 88). The
combined yield of the 2-bromoaziridines was raised to 78%
(4:1) by conducting photolysis in the presence of 1 equiv of
pyridine to remove the hydrogen bromide.

A similar photochemical reaction was used toward a
2-bromoaziridine, used for the synthesis tf{desmethoxy-
mitomycin A.N-Alkylation of indole-3-carbaldehyd258 by
means of the chiral aziridinyl triflat259 afforded aziridine

tion of 267. The thermal rearrangement of 2-chloroaziridine
268 to the a-chloroimine 269 was followed by double
elimination of methanesulfonic acid and hydrogen chloride,
leading to the formation of alkyn271(Scheme 92). It might
be that alkynylimine271is formed by triple 1,2-elimination
of the elements of hydrogen chloride and methanesulfonic
acid without intervention of a 2-chloroaziridine.
Thermolysis of 1-methylpyrazole272 in chloroform
afforded 2-cyanopyrrole2(6) together with other prod-
ucts!* The mechanism involved fused bicyclic chloroaziri-
dines274 and 275 (Scheme 93). Chloroaziridin274 was
formed by cyclization of the dichlorocarben€H insertion
product273 A similar reaction of 1-benzylpyrazol@17)
affordeda-carboline282 as a major product (Scheme 94)
via pyrrole derivative278 and 2-chloroaziridine279. The
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Scheme 86
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CN
CN CN
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[ /  CBiCl N R N
2 CHBr,
254 Boc S R \\l/
Boc NHBoc
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255 R'=H,R?>=Br
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Scheme 88 4.3. Reactivity of C-Haloaziridines
CN CN . . -
The reactivity of chloro- and bromo-substituted aziridines
@E\S _ NaH N differs significantly from the reactivity of the fluoro-
N THF N R substituted aziridines. It is therefore appropriate to discuss
\\(CHBrz 7R, them separately.
NHBoc N
Boc . . C
257 4.3.1. Reactivity of C-Chloro- and C-Bromoaziridines

255 R'=H,R2=Br

256 R'=Br,R2=H

ylide 281, formed from an in situ generated nitre280,

afforded the produc282

In a recent paper, the interaction of(1-aryl-2,2,2-
trichloroethyl)amides derived from arenesulfonic acids with through transition stat@84 to yield o-chloroimidoyl chlo-
secondary amines or their salts in the presence of inorganicrides 285 (Scheme 95)35136 These reactions are useful for
bases such asKO; has been described, resulting in the the synthesis afi-chloroamidine286 by trapping them with

formation of chloroaziridine intermediates. Depending upon suitable amines such as piperidifie2,2-Dichloroaziridine
the solvent and reagent ratio, the reaction resultsl-ji-

dialkylamino-2-chloro-2-arylethylidene]N-[2-dialkylamino-
1-chloro-2-arylethylidene]\N-[1,2-bis(dialkylamino)-2-aryl-
ethylidene]-, andN-(1,2-dioxo-2-arylethene)amides of arenesul- of the naphthyl ring in stabilizing the transition stdtehe

fonic acids34

4.3.1.1. 2,2-Dichloroaziridines2,2-Dichloroaziridines are
extremely reactive compounds. Divergent processes and
diverse products are reported in the reactions of such
aziridines, depending on the substituents at nitrogen and the
aziridine carbon atoms. Pyrolysis of 2,2-dichloroaziridines
162 and 283 in toluene or xylene, respectively, proceeded

283 bearing a naphthyl group at nitrogen was observed to
be more reactive than 2,2-dichloroaziridit@ with a phenyl
group at nitrogen due to the larger electron-donating ability

effect of two chloro atoms combined with a 4-nitrophenyl

Scheme 89
OBn cHO OBn cHo
MeO MeO N
A\ i, CO,Me KHMDS, THF
+ TfO W/ Me N
v H N 8% N CO,M
OMe Boc OMe wLOMe
N
Boc
258 259 260
1. aq. LiOH, THF, 25°C
2. 2,2'-dithiobis(pyridine-
N-oxide), BuzP, CH,Cl,
OBn CHO
MeO OBn CHO
N MeO
M N CBrCls, hv, 500 W N\
e
tungsten lamp Me N o _
OMe VB" 0
N 62% OMe ~\__ .C—N /
IIBOC N g
Boc
262 261
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Scheme 90
Me Me
N, )\ NaOEt N . | - Me
EtOH, A, 30h OEt " ko P
ClLHC" Me cl Me N
263 264 265
Scheme 91
Me NaOEt
M
7 \ EtOH N \ EtO | N ©
N 105°C, 20h 82% EO N
ClLHC"™ Me o’ Me
263 266 265

group made the ring proton so acidic that it could be

abstracted by sodium hydride in hexamethylphosphoramide

(HMPA) or dimethoxyethane (DME) to generate a stable
carbanion287.2%7 The quenching with BD afforded the
deuterated 2,2-dichloroaziridir88 (Scheme 96).

The methanolysis of 1,3,3-triphenyl-2,2-dichloroaziridine
and 1-benzyl-3,3-diphenyl-2,2-dichloroaziridib@é8 afforded
the amides289 (Scheme 97), whereas the methanolysis of
1,3-diphenyl-2,2-dichloroaziridine afforded a mixture of
a-chloroimidate 290 (38%) and a-methoxyimidate 291
(62%) (Scheme 98Y.1%The solvolytic rearrangement of 1,3-
diphenyl-2,2-dichloroaziridine in water affordedchloro-
a-phenylacetanilid92 When this reaction was carried out
in aqueous dioxane, a mixture afchloro-a-phenylaceta-
nilide 292ando-hydroxy-a-phenylacetanilid®93(1:1) was
obtained in quantitative yield (Scheme 99)A thorough
mechanistic study provided strong evidence for the inter-
mediacy of a nonexchanging ion pair in a rate-limiting
process that was not acid-catalyzed.

Treatment of 2,2-dichloroaziridine$78 and 294 with
sulfuric acid resulted in C(3)N bond cleavage and subse-
guent migration of a chloro atom to the C-3 position to form
imidoyl chloride295 (Scheme 100}%° Subsequent intramo-
lecular Friedet-Crafts reaction o295and hydrolysis formed
oxindole 297, isoquinolinone298 and benzazepinone de-
rivatives 299 through an intermediate carbenium ion. The
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reaction of such compounds with phenol depended upon the
substituent at nitroget® The intermediate301 with a
positive charge stabilizing group, such as a benzyl group, at
nitrogen favored the von Braun type degradation to give
nitrile 302, which subsequently reacted with phenol to give
the nitrile 303 (Scheme 101). The intermediad®0 with a
2-phenylethyl group at nitrogen reacted with phenol at the
ortho position to form 2,2-diphenyl-3-phenethyliminoben-
zofuran @05, which was acid-hydrolyzed to 2,2-diphenyl-
3-benzofuranone3Q6).

Scheme 94
\
I\ CHCl I\ /.
CH,Ph _CHCHCI, Z:T‘
Ph
277 278 279
-HCI

(§<§©Q

Unlike the corresponding 1-aryl-2,2-dichloroaziridines,
1-benzoyl-2,2-dichloroaziridine808 required acid as a
catalyst for methanolysi$! The course of the reaction of
such aziridines, synthesized by cyclization of Nwrichlo-
roethylbenzamide807 (Scheme 102), was sensitive to the
nature of the substituents at C-3 as whllBenzoylaziridine
308 with a methyl group at C-3 affordeN-benzoyl-¢l)-
alanine methyl ester309 and trichloroethylamide310
(Scheme 103). Similar treatmentfbenzoyl-2,2-dichloro-
3-phenylaziridine afforded compoun®i1-313 (Scheme
103). Methanolysis of 1-benzoyl-2,2-dichloroaziridid@s,
carrying a formyl group in the C-3 substituent, afforded
o-aminolactone314 (Scheme 103). Thermolysis of these
aziridines also varied. 1-Benzoyl-2,2-dichloro-3-phenylaziri-
dine afforded the oxazole derivativ&l5 (Scheme 104),
whereas 2-(1-benzoyl-3,3-dichloroaziridin-2-yl)-2-methylpro-

Scheme 92
/\NH oMs
K,CO;
DMSO
CI cl Py
cl cl
- MsOH
- HCI \
N T
cl O al Cl
271 270
Scheme 93
\ CHCl; CN H
Z/ N — 14 \ - - . ’
N 550°C N “HCI /
Z
Me CH,CHCl, CN
H &CI
272 273 276
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Scheme 95
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NH PR E Ph n
CI cl O | cl
N. Meon S P 297 n=0;298n=1,299n=2 296
O i O -
R = Ph (76%
PhCH, EBO%; 107), afforded products with inversion of stereochemistry.
178 289 An enhanced reactivity of chloroaziridines over cyclopro-
Scheme 98 panes has been atpributed to the stabillization _of the cationic
Ph o center by the adjacent . electron pair at nitrogen. Two
MeOH Ph>_ C=N-Ph Ph explanations for the steric course were put forward: one
HON € yeo® o’ Oute + Me0>_c';:N_Ph suggesting the intermedia822as a tight ion pair in which
Ph OMe the chloride ion shielded the carbocation, promoting backside
162 290 291 attack, and the other suggesting symmetrically solvagsi
and nucleophilic attack stereoselectively from the side trans
Scheme 99 to the C-2 phenyl group.
o} /@ An unusual rearrangement of 2-chloro-2-methyl-1,3-diphe-
£20., N nylaziridine @41) has been observed (Scheme 108) upon
/ a H treatment with an excess of the sterically hindered base
Ph>w<‘3' e 292 potassiuntert-butoxide, formingN,3-diphenylpropanamide
WO Yo e oxane, (324).78 It was believed that initially M€gCOK abstracted
Ph hydrogen chloride from241 to give a 1,3-diphenyl-2-

292 293

panal (R= CMe,CHO) appeared to be stable in boiling
xylene for 24 h.

4.3.1.2. 2-Chloroaziridines.In contrast to 2,2-dichloro-
aziridines, there are many examples of 1,3-diphenyl-2-
chloroaziridines undergoing displacement of the chloride ion

by nucleophiles such as alkoxides, hydride, and thiolates.

Such reactions of 2-chloroaziridines forming 2-acetoxy- and

methyleneaziridine323), which was favored over its isomer
1,3-diphenyl-2-methyl-H-azirine 828 by the unfavorable
electronic characteristic of the latter and the nonplanar
arrangement of the €lC;—C,—H bonds in the aziridine.
The formation of 1,3-diphenyl-2butoxyaziridine {48 from
1,3-diphenyl-2-chloroaziridinelé7) (Scheme 41) supported
this assumption. This 2-methyleneaziridid23 underwent

a valence tautomerism into a cyclopropylidenean2&,
which suffered addition ofert-butoxide across the imino
bond. Ring opening of the cyclopropaB26in a way similar

to the Favorskii ring opening of cyclopropanones afforded

2-alkoxyaziridines have been described previously (Schemesa tert-butyl imidate327, which was converted into the final

39—-42)75784Some other examples of the formation of the
C-functionalized aziridines using lithium aluminum hydride,
methyllithium, sodium cyanide, and sodium thiophenolate
are shown in Schemes 105 and 1@&-1,3-Diphenyl-2-
chloroaziridine was cleaved with lithium aluminum hydride,
forming N-phenyl-2-phenethylamine3(9). The displace-

amide324by isobutene expulsion or by aqueous workt?p.
2-Chloroaziridines witiN-benzoyl andN-acyl groups are

known to rearrange, forming oxazoles and amides. For

example, 1-benzoyl-2-chloro-3-methyl-2-phenylaziridib2g]

and 1-benzoyl-2-chloro-2,3-diphenylaziridin@2{) rear-

ranged either in acetone or in methanol to afford oxazoles

ments, which proceeded through an aziridinyl cation (Scheme 329 and 330 and amides331, 332 and333 (Schemes 109
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Scheme 101
Ph
Cl Cl r.t. 36h cl
178.n=1
294.n=2 Ph_°
Ph
o
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THCI, EtOH
Ph_O
Ph -
0,
N-CH,-CH,-Ph 39%
305
Scheme 102
HN i NaH, DMF c R
aH,
O e g
OCl CI 35°C, 6-12h |
45-62% COPh
307 308

R = Ph, Me, C(CH3)2CHO

Scheme 103
o 0o
“Hove sy
NHCOPh H ¢
MeOH, HCI 309 310
25°C 39% 13%
o q R=Me NH.Cl + PhCO,Me +
C,/%/ MeOH, HCI, 25°C g3, gg.,})
N L LA &
CoPh R="Ph PhCHCICO,Me + PhCH(OMe)CO,Me
312 313
308 MeOH, HCI 53% 32%
25°C
R = C(CHj3),CHO PhCOHN o)
43% Me
Me ©
OMe
314
Scheme 104
cl Ph
>~ Ph.__O.__Ph
(o]
cl N xylene, 140°C \(,il /Z
COPh 81% Cl
308 315

and 110). Thex-chloroaziridine229afforded only the amide
334(Scheme 111), whereas the azirididd8 afforded only
the oxazoline hydrochlorideg35in quantitative yield, which
were converted to oxazolin36 with sodium bicarbonate
and ethereal hydrochloric acid (Scheme 182§ Treatment
of 2-chloroaziridinesl45 and 226 with phenylmagnesium
bromide gave 2,2-diphenyl-3-methylaziridirg3{) (Scheme

Chemical Reviews, 2007, Vol. 107, No. 5 2101

® Ph
N(CH,).Ph PhOH, SnCl,, benzene —N(CH.).Ph _®
Ph/§< (CHa)n Ph7<; (CHz)n -— Plé?—_N(CHz)nPh

h

300 301

Ph
Pl €N+ PhoH,
Cl

.
o 302
HQ
. 43% lPhOH
Ph=C-C=N(CH,),Ph
Ph™
: Ph
Cl —
304 303
Scheme 105
Me
NaCN-EtOH N\
_70°C,2h _ H N TN
Ph,  Me LiAlH, ether, 6h Ph
H‘w’ A then14nr.t. Ty C 317
Ph 89% H N Me NaSPh-EIOH Ph e
Ph 60°C, 10h —
316 241 95% H N ‘SPh

|
Ph
318

products or (less plausible) 2-aziriBd40. The cleavage of
the latter would lead toert-butyl benzoate and an azirinyl
anion 341 Protonation of this anion may give the thermo-
dynamically more stable 1-aziriré9.

1-Benzoyl-2-chloroaziridine and 1-acyl-2-chloroaziridine
undergo reduction with lithium aluminum hydride to furnish
2,2-dimethylaziridine842and alcohol843(Scheme 115%
Their hydrolysis in aqueous acetone afforded ketoanfidds
(Scheme 116). The displacement of chlorine in similar
aziridines to afford 2-acetoxyaziridine has been described
earlier’® The displacement of chlorine in aziridines other
than 1-benzoyl-2-chloro-3,3-dimethyl-2-phenylaziridine by
an azide group using an excess of lithium azide afforded
2-azidoaziridine845 which isomerized partly to oxazolines
346 (Scheme 117%

The formation of 2-chloroaziridine$47 and their rear-
rangement leading to the formation ofs-aziridines 316
having alkyl or aryl groups at C-2 and C-3, on the one hand,
and rearranged amin849via the azirinium catior848 on
the other hand, has also been proposed in the reaction of
o, a-dichloroimines347 with lithium aluminum hydride in
ether (Scheme 11832 This reaction has been appliedaa-
dichloroimines 350 and 352 forming different types of
carbon-substituted aziridines such as 1,2-dialkylaziridiffes,
l-aryl-2-alkyl-1#51,2,2,3-tetraalkyl- and 1,2,3-trisubstituted
aziridines316 (Schemes 119 and 128%. Similar reactions
have also been reported usiNgl-(2,2-dichloroalkylidene)-
amides (Scheme 1231)’ The initial reduction of the amide
linkage to the corresponding amine resulted in an aldimine,

113)2° The former was unreactive toward sodium hydride which is further transformed into 1-ethyl-2-alkylaziridines

or DABCO. However, treatment of either chloroaziridi226
or 227with the strong base potassiuert-butoxide afforded
1-azirine 79 and tert-butyl benzoate839 (Scheme 1143%°

353via a 1-ethyl-2-chloroaziridine.
Upon reflux in dichloromethane, 2-chloroaziridin233
and234are converted into the mixed divinylamine isomers

This result is rationalized in terms of either the intermediate 355 356 (Scheme 122) and358 359 (Scheme 123),

complex 338 which fragmented to give the observed

respectively*?> The aziridines bearing a chloromethylen-
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Scheme 106
Ph H
MeLi \—
. 0°C-r.t,30m_ H N Me
LiAIH,, ether,
I A,41gh o Ph, VC' 88% Ph
PhCH,CH;NHPh VY 320
319 70% i NaSPh-EIOH  py
Ph 60°C, 10h \_
147 (not isolated) H N 'SPh
Ph
321
Scheme 107 Treatment of 1,3-diaryl-2,2-dibromoaziridin247 with
4 Ph b Ph o Ph triethylamine in acetonitrile led to ring opening, forming
"é o Y H, bromoketenimine866 (Scheme 126%°
o Ny T | S ef Nopy Ri-f~N- .
Lo R §Ph 432 Reactivity of C-Fluoroaziridines
322

emalononitrile group (R= H) and a chloroethylidenema-
lononitrile group (R= Me) cleaved in different ways. The
former compound formed a zwitterid3b4 by cleavage of
the aziridineN—C(2) bond, whereas the latter compounds
underwentN—C(3) bond cleavage, forming the azirinium
ion 357.

4.3.1.3. 2-Bromo- and 2,2-DibromoaziridinesA mixture
of aziridines255and256in refluxing toluene in the presence
of n-tributyltin hydride and azobiscyclohexanecarbonitrile
(ABCCN) as a radical initiator afforded the dim&60
dihydroindole361, and uncyclized aziridin@62 in a 0.8:
1.5:1.1 molar ratio with the dimer being isolated in 35% yield
(Scheme 124328

The mixture of bromoaziridineg62is a synthon for+)-
desmethoxymytomycin A. Its reduction with sodium boro-
hydride provides 3-(hydroxymethyl)indole363 (Scheme
125)129.148.149The reductive radical cyclization of the latter
in the presence ai-tributyltin hydride affording the single
tetracyclic alcohoB64serves as the key step in the synthesis
of (+)-desmethoxymytomycin A365).

Fluoro-substituted aziridines are highly stable toward many
electrophilic and nucleophilic reagents and heat. A theoretical
study of the formation of stable anion intermediates via
electron capture by heterosubstituted three membered ring
compounds has been explored by Sevin and co-wotRel.

A recent investigation of the course of reactions of 2,2-
difluoroaziridines showed that it depended on the substi-
tutents at other positions of the ring as wéfl 1-Alkyl-2-
fluoroaziridines have a significantly higher thermal stability
compared to 1-aryl-2-fluoroaziridines. For example, 1-meth-
yl-2,2-difluoro-3,3-bis(trifluoromethyl)aziridinel(7) is re-
covered unchanged after 18 h at 2Z0. On the contrary,
1-aryl-2,2-difluoro-3,3-bis(trifluoromethyl)aziridind¥5 were
completely converted into a mixture of substituted anilines
367and 2-fluoro-3,3-bis(trifluoromethyl)3-indoles368 at
220°C (Scheme 127). 2,2-Difluoro-3,3-bis(trifluoromethyl)-
aziridine 369 underwent dehydrofluorination in the presence
of Et,O—BF; to form 3-fluoro-2,2-bis(trifluoromethyl)azirine
(370 (Scheme 128%3
1-Aryl-2,2-difluoro-3,3-bis(trifluoromethyl)aziridinek75
are much less sensitive toward nucleophiles. For example,

Scheme 108
Ph Me Ph cl  KOtBu Ph 0
= , _Ph
N~ M\ Me #BuoH H)m/ — Ph/\)J\H
Ph Bh A1.5h Bh
328 241 323 324
_Ph
N Ph-N o\é NPh
— KT K
Ph (o)
Ph Ph
325 326 327
Scheme 109
cl
COPh Ph. _O._Ph
i EOPh acetone \ b C'j\rﬁ Ph
Ph Me + FPh H @— N . Ph e
> < 5°C, 24h Me Me O
Cl H Cl Me
226 145 329 330
75% 25%
| -He
\ Ph Ph
Ay Ay
Ph-® / me Ph—_{
cl H Cl Me
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Scheme 110 attached to a ring carbon leads to a significant reduction of
COPh reactivity toward acid$% For example, the 2,2-difluoro-3,3-
Ph. N p  MeOH bis(trifluoromethyl)-1-(2-fluorophenyl)aziridine and 2,2-di-
CI>Q<H —_— fluoro-3,3-bis(trifluoromethyl)-1-(3-trifluoromethyl)phen-
a ylaziridine are unreactive toward concentrated sulfuric and
227 . . oo .
o hydrochloric acids. However, the latter aziridine with a
Ph. .O_ _Ph a% H . “ oh 3-trifluoromethyl group on the 1-phenyl ring reacted with
VA Ph>‘\(N Ph-" Pn T
N bl
Ph Ph O Ph O Scheme 115
331 332 333 R\fo
LiAIH,, Et,0, 0°C H
Scheme 111 C': 5N3 Me ﬁ» 5N3 Me + RCH,OH
cl R cl g Ph Me 60-80% Ph Me
N-COPh  —uoh NJJ\Ph 143 342 343
50% H
229 334 R=H, Ph
Scheme 112
Scheme 116
R._O R R R. _O O+ _R
Y MeOH 0)\% C(? NaHCO; OA\N \f H,0, acetone 0 Y
¢ Mo rih MOl HeLELO Meg? /~Me C'>4N5 Me .1, 12-14h Ph& NH
Ph Me  90-100%  PH Me 72-90% Me Ph Me 70-100% Me' Me
143 335 336 143 344
R =Me, PhCHy, t-Bu R = Me, t-Bu, Ph, CH,=CH, CICH,
Scheme 113
coph coph y Scheme 117
R
Ph>4N5 Mo Ph: N Me _ 1-PhMgBr P N me R\fo 10 Equiv. LiN3, MeOH R\(O A
. Ph H 0" N
¢’ Me CH 2 o N me r.t, 10-20m No M Me + Nayy e
145 226 337 P 345. 53-100% Ph” Ph M
Ph Me Me e
_ o o 346. 0-44%
1-phenyl-2,2-difluoro-3,3-bis(trifluoromethyl)aziridine was 143 345 346
found to be inert to the action of cesium fluoride at-BD R = Me, PhCH,, £-Bu, Ph, CHp=CHy,
°C.1% However, it reacted slowly in sulfolane at 16010 CH,=CHCHs, EtO,CCH,

°C to afford imidoyl fluoride 371 (Scheme 1293% The
aziridine with a 3-Ckgroup on the phenyl ring was observed
to be more reactive to cesium fluoride as the reaction was
completed in 12 h, in contrast to 50 h in the previous case.
The probable reason for the higher reactivity could be the
higher positive charge at C-3 of the ring due to the higher . . .
electronegativity of the substituent at nitrogen. The formation 131). The reaction involved selective heteroly§|s of the
of the product was explained through the amide i8& N—CF, bond. Both the nature and the position of a
formed by the attack of fluoride on the ring carbon bearing Substituent on the phenyl ring of the aziridine played a
two CF; groups. This behavior was contrary to the usual S|gn|f|can§ role in dgtermlnmg the course of the reaction with
observation of nucleophilic attack at the less hindered carbonStrong acids. The introduction of a 4-chloro or a 4-fluoro
of the aziridined2! group on theN-phenyl ring of 2,2-difluoroaziridines resulted
It has been observed that the introduction of a fluoro in indolinones375 after treatment with HF, B§- and water
substituent decreases the reactivity of the aziridine ring (Scheme 132). The formation of indolinongg5 involved
toward electrophiles. It has also been reported that theazirinium ions376, which cleaved to form 3-azapentadienyl
basicity of 1-alkyl-2-trifluoromethylaziridines is approxi- cations377. The latter ions cyclized, producing intermediates
mately half of the basicity of the corresponding nonfluori- 378 Aromatization 0f378by elimination of a proton formed
nated aziridine$>® Further introduction of fluorine directly  imidoyl fluorides379, which hydrolyzed to form the indoli-

trifluoromethanesulfonic acid to afford amilg¥3in good
yield (Scheme 130). The reaction of this aziridine with
hydrogen fluoride in the presence of boron trifluoride as a
catalyst afforded only polyfluorinated amird¥4 (Scheme

Scheme 114
Ph
\ﬁOCMes

COPh ph. N R \

] +-BuOK X N
Ph N R cl H o J\R  + PhCO,CMeq
o’ H 338 79 339
226. R=Me COPh N / (1:1)
227. R=Ph N -\

Ph” \R Ph R

340 341
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Scheme 118
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;
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Scheme 119 Scheme 123
Cl Me
NJ< _ PeNAH Ph.  Me
| 2 LiAIH,, ether/0°C LiAIH, N , V@ H
"< oH | RN | 80-90% N )\/CN DMF  CN
a” cl oo R/‘Q R Me
350 351 CN CN
234 R=H, Me 357
R = Me, Et, n-Pr, i-Pr, n-Bu, s-Bu. 1
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Scheme 120
j\ — Mej}m)ﬁ/m + CI%H)YCN
Cl CN Me CN
©>(N'K LiAIH, @ hd @ N 358 359
> N — ./ \. V€
ether d oW
cl” ¢ al Me . .
252 147 316 at nitrogen led to the formation of almost equal amounts of
the indolinone383 and aniline384 (Scheme 134).
Scheme 121 C-Halogen-substituted aziridines are the most extensively
j\ investigated class among teheteroatom-substituted aziri-
N LiAIH, Nl/\ LiAIH, r( N( dines. This can be attributed to the enhanced stability of the
R —— —> | R i “Wi i
C|><I\H other §><JI\H C|>/_\ R/u ring due to the presence of the electron-withdrawing group

R = n-Pr, n-Bu, n-pentyl

Scheme 122
Ph Me
ol N\ H Me_ H H
N A Ph®)<N)\(CN
CN CH20|2
R)\/ a © ¢N
CN 354
233 R=H, Me ‘
Me H Me H
| N
Ph - CN C\%\H/S/C
a M oen Ph CN
356 355

nones375 The 2,2-difluoroaziridines with a 3-chloro- or

and the easy generation of dihalocarbenes, especially dichlo-
rocarbenes, which add onto the carbaitrogen double bond

to form such aziridines. Although the most common method
for the synthesis ofC-haloaziridines is carbenrgmine
addition, other equally suitable methods are known. Efforts
are on to refine the methodologies available for the genera-
tion of dihalocarbenegiemDichloroaziridines are important
from a biological point of view as they are precursors for
the synthesis of biologically active compounds such as
indolinones, analogues of natural alkaloids such as isoquino-
linones and isoquinolines, and amidines. Among @e
haloaziridines, fluorinated aziridines are comparatively more
stable than the chlorinated aziridines. Furthermore, 2,2-
dichloroaziridines are comparatively more prone to ring
cleavage than 2-chloroaziridines. The nucleophilic displace-
ment of the chloro atom in 2-chloroaziridines is a powerful
tool for the synthesis of otheE-functionalized aziridines

3-fluorophenyl ring at nitrogen, however, afforded amines Such as 2-acetoxyaziridines, 2-azidoaziridines and 2-(phe-
380as a minor product together with the isomeric indolinones Nnylthio)aziridines. However, the course of the reactions of
381 and 382 (Scheme 133). At the same time, a similar such aziridines often depends upon the substituent present
reaction of 2,2-difluoroaziridines with a 2-fluorophenyl ring at the ring nitrogen.
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5. C-Nitrogen-Substituted Aziridines

5.1. Introduction
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group at the ring carbon(s) are scarce because the lone pair
of the exocyclic nitrogen tends to promote ring opening.
However, the presence of aromatic azaheterocycles on the
aziridine ring carbon atoms has been observed to provide
stability to the ring, presumably due to delocalization of the
lone pair at nitrogen into the aromatic system. A literature
survey reveals different types of nitrogen substituents on
aziridine ring carbon(s) such as acyclic amino, cyclic amino,
heteroaryl, azido, and nitro, which have been synthesized
using different methodologies. It would therefore be conve-
nient to further classify this group of aziridines according
to the type of substituent present on the ring. The reactivity
of such aziridines is described under a separate heading.

5.2. C-Aminoaziridines

C-Aminoaziridines were reported as intermediates in the
literature in the mid-1960%° De Poortere and De Schryver
reported the first synthesis of a series of stable 2-aminoaziri-
dines in 197057 Photolysis of 2-triazoline885afforded the
corresponding 2-(dimethylamino)aziridine€86 (Scheme
135). In most cases, an amidiB87 was also obtained as a
product. However, 5-amino-2-triazoline failed to afford the

C-Nitrogen-substituted aziridines serve as precursors of 2-aminoaziridine as anticipated. The 2-(dimethylamino)-
amino acids and other biologically important (heterocyclic) aziridines 386 were very sensitive to moisture. These
compoundsN-Unsubstituted aziridines bearing an amino compounds hydrolyzed to yield a hemi-amir#88 that
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Scheme 132
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Scheme 135 R=H,R'=4-Cl ®
N.-Ph Ph R
N Ly o e N H + R1J\{/Nph Scheme 139
R benzene X
R NMe, R NMe, NMe, Ph Me NH ¢ NH Ph Me
385 386 387 N>w<Me Pho__ Me N % “Me
R =Me, R' = Me, Ph Q H 48% N Me 489 3
Scheme 136 394 6 395
Ph ” , :
+ N H R20H N Me2 H;0" The addition of hydroxylamine across the carbaitrogen
R — Ph” OR? double bond of 2,3-diaryl42-azirine-2-carboxamide892
R NMe; R R formed the corresponding hydroxylaminoaziridinecarbox-
386 388 amides393 (Scheme 138} Similarly, addition of cyclic
y © amines such as pyrrolidine and piperidine to 2,2-dimethyl-
Ph,N%kH + MeNH 3-phenylazirine §) led to the formation ofC-cyclic amine
R R 2 substituted aziridine$§94 and 395, respectively (Scheme
139)1%° 2,2-Dimethyl-3-phenylazirine6) reacted with the
R =Me. R' = Me. Phv R2 = H. M 389 390 hydrochloride of ethyl glycinat896 to form the aziridine
= Me R =e P Re =i, e carbamate397 (Scheme 140), which afforded dihydropy-
Scheme 137 razinone398 by ring expansior?
Ph NMe, The reaction of3-enamino ester899 with ethyl N-[(4-
N o Hy0" Me nitrobenzenesulfonyl)oxy]carbamat89in the presence of
Me a base afforded 2-[(ethoxycarbonyl)amino]-3-oxobutanoate
Me NMe, N Me (401) (Scheme 141)¢° The vyield of the product was only
386 391 26% when CaO was used in a 1:2.1 molar ratio and the

decomposed into-aminoaldehyde889and dimethylamine
(Scheme 136). Treatment of 2-(dimethylamino)azirid386
with aqueous acid afforded 3-(dimethylamino)-2,2-dimeth-
ylindoline 391 in good yield (Scheme 137).

reaction time was 48 h. The application of triethylamine in
a 1:1 molar ratio afforded the product in 40% vyield, also
after 48 h. The involvement of 3-amino-3-methylaziridine-
1,2-dicarboxylic esters400), which hydrolyzed to form the
final product in each case, was detected by GC-MS. After
HPLC purification, it was possible to isolate intermediate
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Scheme 140 Scheme 142
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aziridine400with a 2,5-di(methoxymethyl)pyrrolidine sub- ~ Scheme 143

stituent at position 3 (). The reactions of enamines with NH,

azides having a glycoside moiety are reported to form @[ ]! H R? R! R2

2-amino-1-glycosylaziridine’$* N ge NH, VIR
Melo and co-workers, during their studies on the synthesis R1/A<B 407 AN A NN

and reactivity of 2-halo-2-azirines!®>164 have carried out ' ultrasound 6-86% @

reactions of 2-bromo+2-azirine-2-ethylcarboxylate4Q2) ’

with methylamine. The reaction affordedl,2-diimine405 28% 408 409

in only 6% vyield through ethyl 2,3-bis(methyamino)-3-
phenylaziridine-2-carboxylate403), which ring opened R] =Ph, R?= COEL R'= CO,Me, R? = COPh;
followed by elimination of ammonia to yield diiming04 R=R" COMe; R' = Me, R"= CO,Me

(Scheme 142). In the presence of a large excess of methyl-

. . . ) Scheme 144
amine, using dimethylformamide or acetone as a solvent,
compound405 was isolated in 36 and 40% vyield, respec- cl HetH cl
tively. Treatment of ethyl 2-bromo-3-phenyHzazirine-2- %CC&MG S, i CO,Me
carboxylate402 and some othe€-bromoazirinest06 with & N K,CO3, MeCN et
1,2-phenylenediaminé07 afforded quinoxalined09 via a 39-99% c N
tricyclic aziridine408 (Scheme 143)%° Also, other bicyclic 73 411
aminoaziridines have been reported, for example, pyrroline N
fused aziridined®® Heti=g N\ 0 N [N BN
Furthermore, 2-aminoaziridines have also been prepared 410 N N N cro N COoMe

via stable aziridiniminium salts, obtained by reaction of

2-amino-1-azirines with RCTBF,~, upon treatment with _ CHO

different types of carbaniori§’ I\ o [N I

N (o] \
. H  Co,Et N NN N

5.3. C-Azaheteroarylaziridines CONHE H H

The aziridine adducts obtained after nucleophilic addition
of imidazoles and pyrazoles to 3-pheny2zirines were \ \ Q_Q
too unstable to be isolated but could be detected by NMR N” COEt N" COoMe N

spectroscopy?®169 A number of aromatic azaheterocycles
410 however, have been added onto methyl 2-(2,6-dichlo-

rophenyl)-H-azirine-3-carboxylate 73), leading to the  An azirine412lacking the aryl group also gave an analogous
formation of stable 1-unsubstituted 2-heteroarylaziridine-2- reaction with 1,2 4-triazole, affording the corresponding
carboxylatesA11 (Scheme 144)7° The reaction with 2-a-  azjridine413(Scheme 145). The selective hydrolysis of the

cylpyrrole afforded the corresponding product in 99% yield. ester linkage in aziridind11under basic conditions afforded

The reactions are highly stereoselective, because nucleophilegjrigine-2-carboxylic acid14in 65% yield (Scheme 146).
add to the carbonnitrogen double bond of the azirine from

the less hindered face leading to aziridines with the aryl A first approach to a chiral 2-aminoaziridine involved the

substituent and the incoming nucleophile in trans disposition. reaction of an azirine, bearing &,N-diethylsulfamoyl)-

Scheme 141
OzN@SozoNHCOZEt 0o o
RoN . H 189 RoN H OFt
Mé GOt  EtsNorCaO, CHyCly it Me™ ' COE | 18-40% NHCO,Et
COLE
399 400 401

RoN = [ > O\ MeO\/D
T Me 'Tl Me 'Il -, OMe

s
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Scheme 145 Scheme 149
N Br
N ¢
COBut 4_\\N K2COs N-N ©:/N\N_(Bf RNH, /N\N)\/NHR
(7/ - ~ \ _ORY,
N N MeCN \ COBu-t N Br NaOH @;N 30-96%
H
412 413 420 421
Scheme 146 RN
cl oz
@ NaOH ﬂ AN,N\
\ Dioxane '
CO,H
i H CO,Me 65% cl H 2 422
44 R = n-CsH44, i-Bu, n-C4gHy4, n-Bu, c-CgH44, PhCH,, n-Pr
Scheme 147 Scheme 150
o] o)
H R H
Pb(OA H
M Mt NaCOa we, N conft T N )\rEt o | N—Nj:R
Me CO,Et MeCN Het H X 2 FHTS CHCL 4 —
g NO. R i
415 27-83% 416 % 2 50-70% % ON
HetH = 410 211 423 424
X = 3-NO,, 4-NO,, H
Scheme 148 R =4-MeOCgH,, 4-CICgH,, 4-NO,CgH4
N e -
@ N LiN(SiMe3), @EN\\N RCH=NPh Scheme 151
N THF/HMPA N R =Ph, 85% i
X , =Ph, 85% 1
CHL ooc o—Cl R = p-GiCeHa, 90% RN R
H R'
417 418 Pb(OAC) NO, \—/
Ph R2NH, [ R2N: 425 RN NO,
N CHyCl 35 90% R2
R“"’L\\N 426
N:N R= Ph, 4-C|CGH4, 4-MGOCGH4, 4-N02CGH4
R'=H, Me, Et
419 R2 = phthalimido, 3,3-dibenzylmaleimido, 2,2-diphenyl-,

2,2-dibenzylsuccinimido

isobornyl unit as a chiral auxiliary in the ester moiety, with
nucleophiles, but the diastereodifferentiation of the two faces Scheme 152
of the azirine was generally not go&@.Therefore, optically NO,
active H-azirine-2-carboxylic estet1572which was easily Br
accessible either by the Swern oxidatitnor from the Osz + <:>;NH2 — N
correspondings3-ketoester oximep-toluenesulfonate by a Br \O
modified Neber elimination usingH)-dihydroquinidine as 427 428
a chiral tertiary base, was opted for this purpbderhis
azirine was electrophilic enough to react with nitrogen followed by cyclization of the resulting bromoaminég1
heterocyclest10 at room temperature within a few hours, (Scheme 149).
forming 2-heteroarylaziridine416 (Scheme 147). The ee
of the products was established by further functionalization 5.4. C-Nitroaziridines
of theha2|r|d||fne ’\llH ‘r’]\’l'th.éhe ('T"al. a}[cylatmfg t?}ge?ﬂi(ﬂ-' There are only a few papers in the literature on the
8%”;53 rggsmue(r)sm\;vag o%rtlai%e d inmellxr;trig t?etweeenvl/lql rgﬁéog_lsynthesis ofC-nitroaziridines. Some papers include the
hich imately th t' o t'b reactions of nitrostyrene423 and 425 with imidonitrenes
which was - approximately the same enantomeriC ratio i, ¢, 1-imido-2-nitroaziridined24and426 (Schemes 150
observed in the starting chiral aziridés TV\.IO other minor and 151375178 and the reaction af,3-dibromonitrostyrene
d|a§t¢reomers were aIso_detected in a 4:1 ratio dugyito 427 with cyclohexylamine in a 1:3 molar ratio toward
adqun of mdo(!e to the azirine. Thg two major dlz_istereomers 1-cyclohexyl-2-nitro-3-phenylaziridinet28 (Scheme 152y
constituted 85% of the crude mixture, indicating @ good e gynthesis of 2-nitroaziridine-1-carboxyla&@0has been
diastereoselectivity for the addition reaction. reported from the reaction of various nitroalked@9 with
Katritzky and co-workers have reported the synthesis and ethyl [(4-nitrobenzenesulfonyl)oxy]carbamal8$) in dichlo-
reactions of 1-alkyl-2-(benzotriazolyl)aziridine$l9 and romethane using calcium oxide as base (Scheme 153). The
42217 Two methods have been explored for the synthesis yields were in the range of 6284%, and the stereochemistry
of these compounds. The first method used the reaction ofwas retained in the major produéf. The methodology was
1-(chloromethyl)benzotriazole47) with lithium bis(tri- improved later on, and the reaction was carried out under
methylsilyl)amide, forming the benzotriazolyl-substituted solvent-free conditions by taking equimolar amounts of
carbenoid418 which reacted with imines toward aziridines reactants instead of the 1:3 molar ratio (one for alkene and
419 (Scheme 148). The second method was based on thehree for carbamate and base) taken in the previous'ase.
reaction of a 1,2-dibromoethylbenzotriazd20with amines In this new protocol, E)-j3-nitrostyrene 431), which failed
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Scheme 153

H  NO, NsOl\‘III;;;OZEt, Ca0 COEt CO,Et
= H N No, T HAW

R R'  CH,Cl, 1h RAR1 R NO,
429 62-84% 430

major
Ns = 4-02NC6H4802
R=R"'=(CHy)s; R=R"'=(CHy)s; R=R"'=Me; R =Et, R =Me;
R = i-Pr, R' = Me; R = cyclohexyl, R' = Me; R = CH,Ph, R = Me;
R = CH,Ph, R' = Et; R = (CH,)sMe, R" = (CH,),CO,Me

Scheme 154
H NSONHCO,Et, Ca0 ‘o o
189 - oNO; 2
P N NO2 LOYACTE =
u \ NHCO,Et
CO,E
431 Ns = 4-O,NCcH,SO, 432 (30%) 433 (5%)

to react previously, could also be converted into 2-nitroaziri-
dine 432 (Scheme 154). Acyclic compoun33 was also
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earlier (Scheme 1175%. Hydrazoic acid added onto ethyl
3-aryl-2H-azirine-2-carboxylate440, forming ethyl 3-aryl-
3-azidoaziridine-2-carboxylatdgl1in 60—75% yield (Scheme
158)184The latter compounds afforded tetrazole derivatives

Scheme 156
H  NO GOEt
_ 2 N,CO,Et H /A\ NO,
R Me CH,Cl, 120°C R Me
429 430
R = Me, i-Pr

442 on thermolysig8®

The reaction off-phenylazostyrene4é3d and of 1-phe-
nylazocyclohexeneté5) with N-aminophthalimide and lead
tetraacetate afforded 2-phenylazoNtghthalimido)aziridines
444 and 446, respectively (Schemes 159 and 188)A
similar reaction with 1-phenylazocyclopentene took a dif-

obtained in the reaction as a minor product. The authors haveferent course and did not afford either an aziridine or any
proposed two mechanisms responsible for the formation of aziridine-derived product. The reaction of 2-phenylazopro-

aziridines430 (Scheme 155). The first path (path A) may
involve a direct addition of (ethoxycarbonyl)nitrene to the
carbor-carbon double bond of the nitroalkene. Alternatively,
the NsON CO.Et anion may undergo an aza-Michael addi-
tion (path B¥®2to the carborg to the nitro group, followed
by ring closure of the resulting intermediate aniéi34 by
expulsion of a nosyloxy anion. The second possibility was

preferred, considering the electron-poor character of nitroalk-
enes that make them good Michael acceptors, but not very

suitable to undergo an electrophilic addition by a nitrene.

To test this hypothesis, the reaction of these alkenes was

carried out with ethyl azidoformate, known to generate

carboethoxynitrene. The yields of aziridines in this case were

very low (Scheme 156), which supported the involvement
of an aza-Michael addition.

Electron-rich alkyne#137, such as ethoxyacetylene and
1-ethoxy-1-butyne, reacted with dinitronaté36 to form
1-alkoxy-2,2-dinitroaziridineg39 via 3,3-dinitro-2,3-dihy-
droisooxazolet38 (Scheme 15738 Dinitronates436 were
generated in situ either by alkylation of a nitro group in
nitromethanes using diazomethane or by a reaction betwee
tetranitromethane or bromonitromethane and bicyclobutyl-
idene @35. Acetylenes containing alkyl or electron-

withdrawing substituents, such as 1-hexyne, 1-heptyne, and

phenylacetylene, did not react with nitronatés.

5.5. C-Azido- and C-Azoaziridines

The formation of a 2-azidoaziridine by treatment of 1-acyl-
2-chloroaziridine with lithium azide has been described

pene 447) afforded a bishydrazoné49, possibly through
the aziridine448 (Scheme 161).

5.6. Ring Expansion in  C-Nitrogen-Substituted
Aziridines

The reaction of 3,3-dialkyl4H3-azirine-2-amineg50with
2-amino-4,6-dinitrophenol461) in acetonitrile led to the
formation of benzoxazole derivative$52 (Scheme 162)
besides some other produété The formation of the ben-
zoxazole derivative is proposed through the intermediacy of
2,2-diaminoaziridine derivatived53(Scheme 162). The ring
opening of the latter aziridines followed by an intramolecular
proton transfer may lead to the intermedidfel, which may
cyclize to form benzoxazoline derivativd§5 Removal of
the amine moiety at C-2 of this compound may furnish the
final product452 This methodology has been extended to
the synthesis of 10-membered cyclic sulfonamid&s and
458via aziridines459, formed from the reaction of azirines
450 and 4,5-dihydro-7,8-dimethoxy-1,2-benzothiazepin-3-
one-1,1-dioxide456) (Scheme 163) The reactions were

Tarried out mainly in acetonitrile, and the overall yields were

low. In one case (R= R? = R® = R* = Me), when the
reaction was carried out in dioxane at room temperature for
24 h, sulfonamidet57 was isolated as the sole product in
64% yield.

Ring annulation of 2-(2acylpyrryl)- and 2-(2acylin-
dolyl)aziridines411 with trifluoroacetic acid in acetonitrile
formed pyrroloimidazoles461 and imidazoindole462
respectively (Schemes 164 and 16%)The cyclization was

Scheme 155
NO,
429 = : CO,Et
B R R NsO-N  NO,
NSONHCO,Et ———— > [ NsONCO,Et] ———— » ¥
189 B+ Path B R R
_ 434
Ns = 4-02NC6H4SOZ Path A -NsO NO.
i 2 l -NsO
N R 429 i GOt
[NCHO,EL] 1. N .No,
RAR1

430
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Scheme 157
CH2N2, X=H
benzene, 5°C, 0.5h R!
Path 1 \
XC(NO,)s hexane, 0°C- | O~ Nz okt | o2\ R
r.t, 24h N® o 437 ON |
Path 2 RO™ O RO™™ 9" N0Et
436 438
435
X = NO, or Br | 1e-e6%
= 1=H'R= NO 1=H R= NO, = Et-
R=Me,R'=H;R 2 R'=H;R Q% R' = Et: ON. NO,
: %7 /\\/ U o R!
Br ; Br 1 CO,Et
R= QSO R—H,R—%QR=E’( 439
af, s
Scheme 158
H
N N3H NN 80°C
- s . Et00C— R
Et0,C R 60-75%  E1OC R 12h N
N. N
N
440 441 442
R =H, 3-chloro, 4-chloro, 3-CF3
Scheme 159 1-yl)-3-(4-chlorophenyl)aziridind63in good yield (Scheme
H_ Ph o 166). It is noteworthy to mention here that direct lithiation
211, Pb(OAC),CH,Cly  Phe ”N\z"‘\ at thea-CH position of an amine is difficult, and indeed,
Ph N~ (OAc)s CHCly Nog N attempted lithiation of the-methine proton of several-(a-
H -10°C, 1.5h, 38% g aminoalkyl)benzotriazoles had failed previously. 2-(1-Ben-
443 444 zotriazolyl)aziridines419 underwent addition onto dimeth-
ylacetylenedicarboxylate by carbenarbon bond breaking,
Scheme 160 forming the pyrrole derivative€l65 via trapping of the
Ph azomethine ylided64 (Scheme 167), whereas 1-alkyl-2-(2-
N benzotriazolyl)aziridines422 with no substituent at C-3
Ph\N:N 211, Pb(OAC)4, CH,Cl, N afforded the pyrrole derivative466 by carbon-nitrogen
@ @N—N | bond cleavage (Scheme 168). The alkaline hydrolysis of
-10°C, 1.5h, 51% diethyl 1n-butylpyrrole-2,3-dicarboxylatel66 (R = Bu)
as5 0 afforded 1n-butylpyrrole-2,3-dicarboxylic acid467). A
446 similar reaction of 1-cyclohexyl-2-(2-benzotriazolyl)-2-me-
Scheme 161 thylaziridine @468 also led to pyrrole derivativél69 by

H carbon-nitrogen bond cleavage (Scheme 169).

Ph. #N” 211, Pb(OAc)4,CHoCly C-Nitrogen-substituted aziridines are precursors of amino
acids and some other biologically important heterocyclic

compounds. As mentioned befoM:unsubstituted aziridines
that bear an amino group at the ring carbon(s) are scarce,
although the presence of aromatic azaheterocycles on the
aziridine ring carbon provides stability to the ring. The
presence of the strong electron-withdrawing nitro group on
the ring carbon also imparts stability to the aziridine ring.
The lithiated anions of 2-azaheteroarylaziridines undergo ring
opening followed by cycloaddition reactions, constituting an
important method for the synthesis of pyrrole derivatives.
initiated by protonation of the carbonyl group in aziridines No paper could be found on the application of 2-nitroaziri-
411followed by intramolecular nucleophilic attack forming dines in synthesis. 2-Azidoaziridines might be useful syn-
the bicyclic aziridinegt60(Scheme 164). Protonation of the  thons for the synthesis of a tetrazole ring system.
hydroxyl group creates a carbenium ion after expulsion of
water, and this initiates a ring opening, a further retro-Claisen . : : Py
reaction. and double bond Shifts. 6. C-Sulfur-Substituted Aziridines

The aziridine#t19and422have been studied for lithiation
at the methine position (NCH—benzotriazole}’® Accord-
ingly, the aziridine419was treated witm-butyllithium and
n-butyl bromide to form 1-phenyl-2-butyl-2-(benzotriazol-

Me -10°C, 1.5h, 39%
447

H_H

Me 2 Me
SN-NPhth | N=
N PhHN N-NPhth
NJ H
1
PH
448 449

6.1. Introduction

Sulfur-containing functional groups are well-known for
imparting biological activity to these compounds. The
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Scheme 162
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W CF4COZH @\C/LHR H,0 [ Y .

.. R N
NH MeCN, r. t. N N
MeOZC/v 71-89% MeOZC)? Meozcj:
Ar Ar HO™ “Ar
411 460
- ArCHO
Ar = 2 5-dichlorophenyl
o /\
Q\fR — Q}/R
MeOQC):N MeO,C—T N
461 H
Scheme 165
discovery of the famous antibiotic thienamycine has given \COMe
impetus to studies on sulfur-functionalized small hetero- m CF3CO.H ©\/>\(Me
cycles!®-191 C-Sulfur-substituted aziridines are precursors NH MeCN, A, 3h N o
for the synthesis of sulfonic acid analogues of amino acids MeO,C ¢ 78% FN
and sulfur-containing large ring compounds. The common cl MeO,C
methods for the synthesis @fsulfur-substituted aziridines 411 462

include cyclization of the suitably substituted alkenes,

reactions of imines with diazoalkanes, addition of sulfur The metalation of such aziridines offers attractive routes for
nucleophiles across the carbemitrogen double bond of  the synthesis of diverse types of products including carbon-
azirines, and transformation of halogen-substituted aziridines.functionalized aziridines, pyrroles, and quaternary amines.
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Scheme 166
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Q Me. COzMe
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R? = n-Bu, n-decyl, Ph, Me, i-Pr
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6.2. Synthesis
6.2.1. Reactions of Olefins

The nucleophilic addition of amines onto the carbon
carbon double bond of 1-bromoalkene sulfoA@6followed

Singh et al.

aziridines from vinylsulfinylbenzene. The reaction of vinyl-
sulfinylbenzene wittiN-hydroxyN-phenylpivalamide 472
in the presence of a chiral catalyist3(Scheme 171) afforded
1-phenyl-2-benzenesulfinylaziridind {4).1°¢ Recently, the
formation of R)-4-(2-phenylsulfinyl)aziridine-1-yl)phenol
(477 has been reported in 77% isolated yield and 82% ee
by the reaction of vinylsulfinylbenzene witk-hydroxy-N-
(4-hydroxy)phenylpivalamided{5) in the presence of a new
chiral phase-transfer catalydf76 (Scheme 17237 This
catalyst was derived from the cinchona alkaléit8 (Scheme
173). The molecular assembly in the catalyst during chiral
exchange has been attributed to the formation of an ion pair
between the quaternary ammonium ion and hacyloxy
anion, with the quinoline part of the catalyst serving as a
platform for the aromatic ring of the substrate. Another
approach has been accomplished by the addition of hydrox-
amic acids onto electron-deficient olefins, resulting in either
2-(phenylsulfinyl)aziridine¥® or 2-(phenylsulfonyl)aziri-
dines!®®

Recently, the conjugate addition products &-K-(o.-
methylbenzyl)hydroxylamine have been described to undergo
an efficient diastereoselective 3-etai+ring closure reaction
after O-acylation affording 2- and 2,3-disubstitut®d-
alkylaziridines in good to excellent yield®

6.2.2. Reactions of Oximes and Imines

Bis(methanesulfonyl)isonitrosomethadg §) reacts with
diazomethane under anhydrous conditions (Scheme 174) to
afford 1-hydroxy-2,2-bis(methanesulfonyl)aziridirks().20t
Addition of thea-halosulfonyl carbanions ardhalosulfinyl
carbanions, generated through lithiation of chloromethane-
sulfonylbenzene and halomethanesulfinylbenzene, respec-
tively, to imines (Schemes 175 and 176) is a convenient
method for the preparation of 1,3-diaryl-2-(benzenesulfonyl)-
aziridines481 and 1,3-diaryl-2-(benzenesulfinyl)aziridines
48213202 The reaction of optically active (1-chloroalkyl)-
sulfinyltoluene 483 with N-benzylidene-4-methoxyaniline
afforded optically active 1-(4-methoxyphenyl)-3-phenyl-2-
alkyl-2-(4-methylbenzenesulfinyl)aziridined84 in good
overall yields (Scheme 177}3

6.2.3. Additions across Azirines

The formation ofC-sulfur-substituted aziridine485 has
been achieved by the addition of sulfur nucleophiles onto
the carbon-nitrogen double bond of 2,2-dimethyl-3-phenyl-
2H-azirine @) (Scheme 1783%42% Thiols are also known
to add onto the carboemitrogen double bond of methyl
2-(2,6-dichlorophenyl)-R-azirine-3-carboxylate7(3), form-
ing aziridine-2-carboxylate$86 (Scheme 179 A complete
diastereoselectivity is observed in the addition of thiophenol
to chiral azirine487, forming 2-(phenylthio)aziriding 8817129
The attack of thiophenoxide occurs on tBeface of the
azirine conformer (Scheme 180H-Azirine-3-carboxamide
489reacted with thiophenol to afford the anticipated 2-(phe-
nylthio)aziridine490 (Scheme 1813%"

6.2.4. Photochemical Methods

The photolysis otransg-azidovinyl 4-methylphenylsul-
fone @91 in ethanol gaverans2,3-ditosylaziridine 493

by cyclization of the resulting-bromoamines constitutes a  (Scheme 1823% The product is obtained by the addition of
common method for the preparation of aziridine-2-sulfonates p-toluenesulfinic acid across aziri92 The p-toluene-

471 (Scheme 170)92°1%

sulfinic acid is generated in the reaction medium by partial

N-Hydroxy-N-arylpivalamides have been used as nitrogen- hydrolysis of the azirine. This has been confirmed by

transfer reagents in the synthesis ©fsulfur-substituted

carrying out photolysis in the presence of another sulfinic
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Scheme 171
(0]
>‘)J\N/OH SOPh
10-20 mol? 5
+ XL SOPh (10-20 mol%) vd
33% aq. NaOH, toluene, r. t. IIDh
45%
472 474
Scheme 172 the final product. The formation of aziridine-2-thigl86was
unambiguously established by acetylation at low temperature,
providing 1-benzoyl-3-methyl-2,3-diphenylaziridin-2-yl ethane-
thioate @998).
6.2.5. Transformations of Aziridines
SOPh As mentioned earlier, 2-haloaziridines are relatively stable
o) 476 compounds and have been subjected to functional group
(10 mol %) transformationg®’’ The reaction of 2-chloro-1,3-diphenyl-

10 % aq NaOH/toluene,
r.t, 2h
7%
(R)-ee 82 %

SOPh

S

DMF/CH,Cl,
KoCO;

@-SQZCI

Scheme 174
CH,N,, EtOAc, SO,Me
MeOQS\r “OH dioxane, 0°C <N7 ;SOZMe
SO,Me 35% (IJH
479 480

acid, that is, benzenesulfinic acid, which afforded 2-(ben-
zenesulfonyl)-3-tosylaziridind94 by incorporation of the
benzenesulfinic acid.

Irradiation ofN-acylthiobenzamidd95with UV light in
benzen&® and in solid staté® led to the formation of
aziridine-2-thiols496 (Scheme 183). The latter compounds,
however, suffered ring opening to afford thioketod&3 as

aziridine (147) with sodium benzenethiolate forming 1,2-
diphenyl-3-(phenylthio)aziridine3R1) has been mentioned
before in section 4.3.1 on the reactivity of the 2-chloroaziri-
dines (Scheme 106). The reduction of 1-benzyl-2-chloro-3-
methyl-2-(benzenesulfonyl)aziridind49 and 2-bromo-1-
ethyl-3-phenyl-2-(benzenesulfonyl)aziridirgg) using Na-

Hg and lithium aluminum hydride, respectively, is known
to form the corresponding 2-(benzenesulfonyl)aziridibes
and503 (Schemes 184 and 185). The use of Na-Hg in
the case ofi99also resulted in removal of the phenylsulfonyl
group, forming 1-benzyl-2-methylaziridin&@1).

The reductive cleavage of the sulfuwxygen bond in
2-(benzenesulfonyl)aziridin®04 using DIBAH afforded
trans-1-isopropyl-2-methyl-3-(phenylthio)aziridine5Q5)
(Scheme 1863 A similar reaction of 2-(benzenesulfonyl)-
1-isopropylaziridine506 with PhsP—CCl, furnished 1-iso-
propyl-2-(phenylthio)aziridine507) (Scheme 1873%2

The reaction of 2-(benzenesulfonyl)aziridines with carbon
tetrahalides in the presence of potassium hydroxide led to
the formation of 2-halo-2-(benzenesulfonyl)aziridirk39
and 502 (Scheme 1883 A similar reaction of 2-(1-
methylethanesulfonyl)aziridin€s08 however, afforded the
product 510 with both side-chain substitution and ring
hydrogen substitution, and a compous@P with only side-
chain substitution (Scheme 189). The dehydrohalogenation
in the side chain of compounB09 using potassiuntert-
butoxide furnished 2-sulfonylaziridinB11, containing an
olefinic linkage in the side chain (Scheme 190). The 2-halo-
2-(benzenesulfonyl)aziridines were unreactive toward potas-
sium cyanide or sodium thiophenoxide. However, aziridines
such as512 and513 were reduced to 2-(benzenesulfonyl)-
aziridines by sodium methoxide, sodium ethoxide, or sodium
thioethoxide (Scheme 191).

The hydroxyl group in 1-hydroxy-2,2-bis(methanesulfo-
nyl)aziridine @80) has been methylated using diazomethane
to form 1-methoxy-2,2-bis(methylsulfonyl)aziridiné14)
(Scheme 19231

Synthesis and applications of metalated aziridines (aziri-
dinyl anions), generated from 2-sulfonyl- and 2-sulfinylaziri-
dines, have been thoroughly investigat&dlhe reaction of
1-tosyl-2-(trifluoromethyl)aziridineg15 with n-butyllithium
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Scheme 178
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HS/Y 2 1 Ph Me A \“\Q{TS
Ph Me R R OZCW/\S>W<Me H N3 MeOH-H,O Ts 20% Ts H
\TN7 <Me R N 491 492 493
R =H, NHAc
6 R' = Et, Na 485 ho
PhSO,H
Scheme 179 y
H M s0,Ph
Ts" “H
cl cl R-SH, THF
Cl Cl 494
N r.t., 2h MeO,C NH . L .
MeO,C RS 521 and 1-(triphenylmethyl)aziridin&22 together with a
73 486 complex mixture of other products (Scheme 195).

R = Ph, 4-CICgH,, CH,CO,Me

in tetrahydrofuran at-100 °C formed aziridinyl aniorb16
(Scheme 1933'® This anion reacted with carbon, sulfur, and
silicon nucleophiles to afford the corresponding functional-
ized aziridines. For example, it reacted with 1,2-diphenyld-
isulfane to give (3)-2-(phenylthio)-1-tosyl-2-(trifluoromethyl)-
aziridine 617) (Scheme 193). Lithiated 2-sulfonylaziridines
518have been alkylated to give 2-alkyl-2-sulfonylaziridines
519(Scheme 1943 The C-lithiated aziridine, generated in
situ as a result of tirlithium exchange in aziridin&20,
underwent intermolecular thiomethylation with 1,2-dimeth-
ylsulfane to form 1-(triphenylmethyl)-2-(methylthio)aziridine

6.3. Reactivity of Sulfur-Substituted Aziridines

The preceding section described the reactionsCef
sulfonylaziridines leading to sulfur- or sulfur- and halogen-
substituted aziridines. However, the reductive cleavage of
the carbor-sulfur bond in 2-(benzenesulfonyl)aziridingsl
with Na—Hg offers an attractive route to the synthesis of
2-alkyl- and 2-aryl-substituted aziridine851 (Scheme
196)217

2-Alkyl-1,3-diaryl-2-(benzenesulfonyl)aziridinesl 9 af-
forded pyrrole derivativegt65 (Scheme 197) by normal
carbon-carbon bond cleavage and+f3]-dipolar cycload-
dition with dimethyl acetylenedicarboxylaté.
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Thermal ring opening of 2-halo-2-phenylsulfonyl aziridines
512and5130n heating in a sealed tube at 8D for 4—6 h
has been observed to forNsubstitutedo-haloacetamides
523 and a-phenylsulfonylacetamides24 (Scheme 19832
The formation of the products involved cleavage of the
carbon-nitrogen bond (Scheme 199) with elimination of
either halides or benzenesulfinates.

The reaction of sulfinylaziridines with ethylmagnesium
bromide is known to form aziridinylmagnesidth via a
ligand exchange reactidfi.Treatment of sulfinylaziridines
525 with tert-butyllithium at—100°C to room temperature
afforded lithiated aziridine§26, which have been quenched

forming desulfinylated aziridine§27 (Scheme 20039221
The chiral aziridine527 was used in the synthesis of chiral
o, a-dialkylamino ester$28 (Scheme 201) and amidég9
(Scheme 202). Aziridinylmagnesium derivatives prepared
according to this method also reacted with alkyl halides in
the presence of Cu(l) to offer a new methodology for the
preparation of amines30and531(Scheme 203%22?3These
amines served as a precursor for quaterriagmino acids
532 (Scheme 203j%

C-Sulfur-substituted aziridines are precursors for the
synthesis of sulfonic acid analogues of amino acids and
sulfur-containing large ring compounds. These compounds

with various electrophiles such as carbonyl compounds, are conveniently synthesized by cyclization of aminoalk-
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Scheme 194
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Scheme 196 7. C-Phosphorus-Substituted Aziridines
Rl H R!
N Na-Hg :
H 7 s0ph \7N 7.1. Introduction
R R Aziridine-2-phosphonates constitute a biologically impor-
471 351 tant class of heterocyclic compounds, and the antibacterial

a.R=CH,Ph, R"=Me; b. R=Et, R' =Ph

Scheme 197

N
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MeO,C.  CO,Me

1
RN\ R

- HSO,Ph
78-100%

activity of 1-alkoxycarbonyl-2-phosphonoaziridindshas
already been described (Figure 1). Mass spectral studies of
2-arylaziridin-2-yl phosphonates have shown that cleavage
of either a carbonyl group or PO(ORyom the molecular

ion is the primary pathway of fragmentatié#. The ring
opening reactions of such aziridines lead to the synthesis of
phosphonic analogues of amino acids, which have shown
interesting biological properties. These amino acids can then
be tethered into biologically active peptides as antibacterial
agent®52?6 and herbicide$?” a-Aminophosphonates have
been used as haptens for the generation of catalytic antibod-
ies2?822%whereag’-aminophosphonate derivatives have been
used for the preparation of enzyme inhibitors, agrochemicals,
or pharmaceutical®®

7.2. Synthesis

Most of the pathways described so far for the synthesis
of other 2-heteroatom-substituted aziridines such as cycliza-

Scheme 198 tions, olefin-nitrene reactions, carbenémine additions,
X X SO,Ph azirine additions, and Darzen reaction have also been
W SO,Ph A 60°C Kfo . kfo emplqyed for the synt'hesis d't—phqsphoru.s-.substituted
)\ T aen N N aziridines. The synthesis and biological activity of azahet-
j/ \( erocypllc pho;phonates_pubhs_hed up to 2003 _have been
512: X = CI described previousl# This section therefore describes only
513: X =Br 523 524 the representative examples of the common methods of their

synthesis and updates the studies on synthesis from 2003
onward.

enesulfonates and vinyl sulfonamide. Other important meth-

ods of synthesis involve the addition of nitrenoids to 7.2.1. Cyclization Reactions
vinylsilanes and additions across azirines and imines. A
complete diastereoselectivity is observed in the addition of
benzenethiol to a chiral azirine because of the preference of
thiophenoxide to attack the azirine on Bsfacel’12% An
enantioselective synthetic methodology has been developed, \q540is reported from bothR)- or (S)-phosphonoserine
using chiral catalyst§>19"The 2-benzenesulfonyl group on giethy| ester&33and537, by a series of reactions involving
the aziridine ring carbon can be reduced with a variety of N.tosylation,0-mesylation, and cyclization by intramolecular
reagents affording other aziridine derivatives. Slmllarly, disp|acement of the mesy| group by the amino group in
metalation of the 2-sulfonylaziridines offers attractive routes protected R)- or (S)-phosphonoserine diethyl esté&35and

for the synthesis of diverse types of compounds including 539 using sodium hydride (Schemes 204 and Z285).
amines angi-amino acids with a quaternary carbon atom. O-Mesylation was preferred to a second tosylation because

Intramolecular nucleophilic displacement of a hydroxyl
or a halogen group is the most straightforward method for
the synthesis of aziridine-2-phosphonates. The synthesis of

ptically active diethyl 1-tosylaziridine-2-phosphonab&é
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Scheme 199
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525 526 527
527.E = a. CD30, b. CH(OH)Ph, c. CH(OH)Et, d. C(OH)(Me)(Me), e. CO,Et, f. PANHCO
Scheme 201 ethylphosphonate in the presence of 2 equiv of LIHMDS at
Ph —78 °C afforded aziridines §5,253R)-(—)-542 as single
Me, N pn _ Ha/Pd(OH), Me, NHPh diastereoisomers in #5/8% vyield (Scheme 206). Sulfin-
EtOC. 'H MeOH. 59% EtO,C Ph imines having an eIectron-wnhgjrawmg group such as a
2 4-(trifluoromethyl)phenyl or 4-nitrophenyl group gave a
(-)-527e (S)-(-)-528 complex mixture of products consisting of the aziridine
Scheme 202 diastereomers and isomeric mixtures Gfaminoo-io-
dophosphonates43 The reaction of aziridine§42 with 2
Ph Hy / PA(OH) R NHPh equiv of methylmagnesium bromide at78 °C readily
R, N .Ph 2 2 A _Ph resulted in the removal of the (2,4,6-trimethylphenyl)sulfinyl
PhHNOCT  H MeOH PhHNOC group, affording the correspondigunsubstituted (8 3R)-
527f R =Me 85% 529 (—)-aziridine-2-phosphonateé®44 in good yields (Scheme

R = (CH,)gCH3 57%

of convenient purification of the former before cyclization.
The aziridines, stable at ambient temperature with no sign

207).

7.2.2. Additions across Azirines

of degradation even after 1 year, served as chiral synthons 2-Phosphorylazirines and azirine-3-phosphonates are ex-

for the synthesis off-substituteda-aminophosphonates.
The use of enantiopure sulfinimines in a Darzen-type
synthesis of 2-methyl-2-phosphonoaziriditiéand 3-phenyl-
2-phosphonoaziridines has been investigétééf>and the
diastereoselectivity in the synthesisbaminophosphonates
has been observed to depend on the sulfenyl auxiféry.
(9-(+)-Sulfinimines 541, having 4-methoxyphenyl and
phenyl groups, in reaction with 2 equiv of diethyl iodom-

pected to show a behavior similar to that of their isoelectronic
analogues azirine-2-carboxylates and can be useful as syn-
thons for phosphorus-substituted aziridif&s.A base-
mediated Neber reaction of diethyl 2-(tosyloxyimino)-
propylphosphonates@h) leads to an asymmetric synthesis
of 2H-azirine-3-phosphonatés!6 (Scheme 2083%8 Reduc-

tion of azirine-3-phosphonat&g6with sodium borohydride

in ethanol afforded 1-unsubstitutes-aziridine-2-phospho-

Scheme 203
R
1 lll Ph R R2| R
RY, EtMgBr | N Pd(OH),-C / H, R1/,_ NHR
N ——| Rr! N Ph rY, N .Ph i
<8 H o 94.08% N cul RZAH MeOH, AcOEt ~ R? CHyPh
BMg™ H ] g9.04% 530
CAN,
MeCN,
Me H,0
AC20
R!, /NHCOMe RuCls, NalOg4 R!, NHCOMe _pmap  R' NH:
2 2 pyridine r2" “CH,Ph
Ar = 4-MeOCeH, R? "CH,CO,H CCl,, MeCN, H,0 R? CH,Ph 2
532 37% 531

a.R' = CyoHyz1, R2=Me
b. R1 = Me, R2 = C10H21
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Scheme 204 Scheme 207
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90% noH L OFt R! PPh, 1N
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R'= Me, Et, Ph
.. . 2 = - -
natess547 (Scheme 209). Treatment of these aziridines with R®=Ph, Me, (CH),CH=CHy, CH=CH,
p-toluenesulfonyl chloride in triethylamine afforded 1-tosyl- Scheme 211
aziridine-2-phosphonatégl8 (Scheme 209) with enhanced
reactivity. The reaction of 2-(diphenylphosphoryhtazir- > R
! Y. _ phenylphospnory N o 3 Equiv. R2MgBr RZ N 4
ines546 with acyl chlorides at room temperature led to an YA —_— N
. : . R! PR, THF, -78°C -r. t. R! PR,
exclusive formation ofrans-1-acyl-3-chloro-2-(diphenylphos- 57.879% i
phoryl)aziridines549 (Scheme 210%7 The exclusive forma- 546 8% 550"

tion of the trans product suggested that the approach of

chloride to the cyclic compound from the opposite side of

R = OEt, Ph; R' = Me, Ph; R? = Et, Bn, CH,CH=CH,,

the phosphoryl group was preferred because of the high 2-ethyH{1,3pdioxolanyl

exocyclic dihedral angle and the presence of the bulky zenethiol was the first reported addition of a sulfur nucleo-
phosphorus group. Addition of several nucleophiles such asphile to a phosphorylated and metalated azirine.

Grignard reagents (Scheme 211), phthalimide (Scheme 212), Azirine-2-phosphonates undergo cycloaddition with 100
imidazole (Scheme 213), and benzenethiol (Scheme 214) toequiv of 2,3-dimethylbutadiene drans-piperylene in 2-4
2-phosphorylazirines and azirine-3-phosphonates is reporteddays at room temperature to furnish optically pure bicyclic
to lead to a diastereoselective synthesis of trans-functional-aziridine-2-phosphonaté&b4and555 respectively (Scheme
ized 2-phosphorylaziridines and aziridine-2-phosphonates215)?4° The reaction of an azirine-2-phophonate with
550-553 (Schemes 211214)23%° The addition of ben-  1-methoxy-3-trimethylsilyloxybuta-1,3-dien&%6) at room

Scheme 206
R
g H I\/P(OEt)z S-S P(OEt
°N LIHMDS, -78°C N"'
o O= |
P
15\ (OEY),
541

542 543
R = H, methoxy, trifluoromethyl, nitro
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+
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. . p? 33%
temperature, however, required only 5 equiv of the latter and HN Yo
. . . . - 2 Me Cl
8 h to afford a single isomer of the bicyclic aziridine-2-
phosphonat&57in quantitative yield (Scheme 216). 560
. " , , Me
7.2.3. Reactions of Olefins with Nitrenes 561
The addition of nitrenes to the carbeoarbon double bond
Scheme 219

of vinylphosphonate$58 is known to form aziridine-2- _
phosphonate559 (Scheme 21731 One of the most common Ph;;’;”s

precursors of a nitrene I8-{[(4-nitrobenzyl)sulfonyl]oxy- R—\\_ 0 Cu(OTf), MeCN R P(OEt),
carbamateX89), which is used in combination with a base P(CEt), 2183%) \W/

such as triethylamine, calcium oxide, or potassium carbonate. 558 ’ 1
Although copper complexes and rhodium carboxylates have 562

been used frequently to generate carbenditid}*there are
very few reports of their use to generate analogous nitrenoids.
The phosphoramidat®60 was used as nitrogen source in  Scheme 220

the presence of rhodium carboxamide as an oxidant for the H o

R = Ph, 1-naphthyl, 2-naphthyl, 4-CICgH,4

reaction with 4-methylstyrene to synthesize aziridine-1- gt PY 5Equiv. CHoN, R P(OEt
phosphonat&61 (Scheme 218¥5 [N-(p-Toluenesulfonyl)- f\N P(OEY, I T2 \g/\NV/ (0=
imino]phenyliodonane (Ph& NTs) (562) was used as a R 564 © Et,0 R es

72-93%

nitrogen source in the presence of copper triflate as a catalyst
for the reaction with vinyl phosphonat&88in acetonitrile
to form 1-(p-tosyl)aziridine-2-phosphonates63 (Scheme
221)%46

R', RZ = Me, Et
R'-R? = (CH,)s

group. Similar reactions of 1-phosphono-2-azadienes with
ethyldiazoacetate occurred in the presence of ytterbium(lll)
triflate as a catalyst to afford 3-(diethyoxyphosphoryl)-
aziridine-2-carboxylate§66 (Scheme 2213* The reaction
omethane afforded 1-vinyl-2-phosphonoaziridirgs5 in with trimethylsilyldiazomethane (TMSD) was possible in
good yield (Scheme 226%7 Although it is known that toluene under reflux to form 3-(trimethylsilyl)aziridin-2-
carbenes add onto an olefinic double bond, resulting in ylphosphonate§67 (Scheme 222). 1-Aryl-1-phosphono-2-
cyclopropanes, no cyclopropanation was observed in this caseaza-1,3-dienes were, however, not susceptible to aziridination
due to the electron-withdrawing effect of the phosphonate under these conditions.

7.2.4. Additions across Imines
The reaction of 1-phosphono-2-azadiebédg with diaz-

Scheme 215
R > < N P72 Q
P(Oge)z H., /\ 7z P(OMe),
r.t., 2-4 days t., 2-
m Y R Ill’(OMe)z r.t., 2-4 days | I}
H  R=Phos% (@R) o R = 4-MeOCqH,
R = 4-MeOCgH, 97% 89% OMe

(6S,7R)-(-)-554 (2R,6S,7R)-(-)-555
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methoxide, imidazole, benzenethiol, and Grignard reagents
to functionalized ketoxime-phosphine oxides and -phospho-
nates has been descril?&d.

7.3. Reactivity of C-Phosphorus-Substituted
Aziridines

Both displacement via lithiation forming another aziridine
derivative and ring opening with diverse types of reagents
forming phosphorus analogues of amino acids and amino
acid esters are known. Also, trapping of lithiated aziridine-
2-phosphonates leading to the formation of 2-chloroaziridinyl
phosphonates has been repoff@dRegioselective ring
opening of aziridine-2-phosphonic ack¥7 with a variety
of nucleophiles led to the formation of 2-substituted 1-ami-
noethanephosphonic aci#§8 (Scheme 225) in 5058%

Scheme 225

O OH NuH
Y Nu /OH

_ - p

HN= P<oH
50-58% 5

577 578

Nu = SH, SEt, SPr, SPh, SCH,CH,SH, OH,
OMe, OEt, OPr, NH,

The reaction of diethyl diazomethanephosphonate with yields2%* Catalytic hydrogenation of 1-tosylaziridine-2-

0.33 equiv of hexahydro-1,3,5-triazin&68 as precursors
of reactive N-methyleneamines in methanol afforded the
corresponding l-arylaziridine-2-phosphona®&® in good
yields (Scheme 223)° The cycloaddition of the diazo
compound to an in situ generated carbaitrogen double
bond formed the corresponding triazolines, which afforded
the aziridine-2-phosphonates after extrusion of N is
significant to note that the reaction did not require any
catalyst.

The Darzen reaction of lithiated 2-(1-chloroethyl)oxazoline
570with N-benzylideneR,P-diphenylphosphinic amidé&{1)
afforded 1-diphenylphosphinoyl-2-oxazolinylaziridines2
and 573 (Scheme 224%° The oxazolinyl group is a
promising electron-withdrawing group to facilitate the meta-
lation of aziridineg®1:252The lithiation of N-diphenylphos-
phinoyl-2-oxazolinylaziridinés72 using lithiumdiisopropy!
amide and the reaction of the lithiated intermediate wig® D
afforded a 2-phosphinoylaziridirgr6as a result of nitrogen

phosphonateS48and 1-(4-methoxyphenyl)aziridine-2-phos-
phonamides80occurred in a regioselective manner to give
o-aminophosphonatés/9 (Scheme 226) and-aminophos-

Scheme 226
Q
R\W/P(OEt)Z Pd/C, MeOH NHTs
N HCO,NH,, r. t., 24h P(OE),
Ts o)
8009,
548 81-89% 579

R = Ph, 1-naphthyl, 2-naphthyl, 4-CIC4H,

phonamides81 (Scheme 227), respectivetf?55 Acid hy-
drolysis ofa-aminophosphonamide8l afforded the corre-
sponding phosphonic acid, which was isolated as dimethyl
phosphonat&82 using diazomethane.

The enantioenriched aziridine-2-phosphonates react with
carbon nucleophiles (cyanide and malonate ions) (Schemes

to carbon migration of the phosphinoyl group besides the 228 and 229), nitrogen nucleophiles (sodium azide, phen-

anticipated deuterated produéd4 and575 (Scheme 224).
Very recently, a simple and efficient stereoselective
synthesis of fluoroalkyl-substituted aziridine-2-phosphine

ethylamine, and imidazole) (Schemes 230 and 231), sulfur
nucleophilesii-propylthiol and triphenylmethyl mercaptan)
(Schemes 232 and 233), and hydride (NapBHuoride (-

oxides and -phosphonates by diastereoselective addition oftetrabutylammonium fluoride), and phosphorus nucleophiles

Scheme 224
N Me 1 LDA -98°C, THF % POPh,
S ,)
o c H  POPh,
2. N=p
570
Ph 571

% POPh,
,)

% POPh,
,5

572 66% 573 6%

‘ 1. LDA, THF, -98°C, 1.5h

2.D,0
el

th

POPh,

575 576 25%
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Scheme 227 Scheme 229
Me NaH,
O’N"' diethyl malonate,
- P, Ph THF, 0°C, 30m NaCN, DMF,
NNy _HaMeOH r.1.60h r.t, 24h
Me oo (18)-(-)-883 «—————— (1S)-(+)-540 (1S)-(-)-584
° 52%, 98% ee 90%
580 Scheme 230
OMe NH,

Me (0]

0 H
' 1. HCI MeO. I & OEt
0 P y
N‘F"’\/\Ph 20N e P @ﬁ‘ﬁ Mookt
WSN s 62% HN 1. NaN3, DMF, 14h 0 0
1 HN o 2. 20% Pd(OH),,
e OMe oM Hy, 3h (1R)-(-)-585
e
70%

581 582

N oe B
(lithium diethylphosphite) (Schemes 234 and 235), allowing 05" fooet N
the rapid formation of a variety gf-substitutedo-amino 0 0 imidazole. MeCN Q &H/oEt
phosphonate583—593in either the R)- or (S-configura- rt,72h ' _©_§_H P~oEt
tions in yields ranging from 33 to 90%? In the case of 78% o 0

thiol nucleophiles, the use of a stoichiometric amount of tri-

n-butylphosphine was necessary to suppress the formation (1R)-(-)-536 oh (1R)-(+)-586

of disulfide 590and to increase the yields of the correspond- PhCH,CH;NH, —

ing sulfide products589 (60—80%). The reactions of 71%MeCN' r.-t., 14h NH

malonate, azide, phenethylamine, hydride, and fluoride ions o &H OFt

afforded products having ee values up to 98%. O"_N pl
Catalytic hydrogenation of diphenylphosphorylaziridines O H g OB

and aziridine-2-phosphonat&§0 by palladium on carbon
and ammonium formate in boiling ethanol affordémi- (1R)-(-)-587
nophosphine oxide§94 and S-aminophosphonates95 by

means of a regioselective ring opening of the®{(2) bond Scheme 231

of the ring (Schemes 236 and 237 A different behavior ; ygo';'sbg'\éﬁ 14h

was observed in the hydrogenolysis of the aziridines bearing H, 3°h (OH),, .
a methyl and a benzyl substituent at C-2 and those bearing ' (15)-(+)-585 80%
an allyl and a phenyl substituent at C-2, which afforded imidazole, MeCN, r. t., 72h .
a-aminophosphonates96 and597 by N—C(3) bond cleav- ~ (15)-(+)-540 (15)-(-)-586 68%
age (Schemes 238 and 239). A similar result was obtained |F\)/|h(c::|;\l|20|-:2N1j%

in 1-tosylaziridine-2-phosphonaté63 (Scheme 240), form- e L, (1S)-(+)-587 60%

ing a- and 3-aminophosphonates98 and 599237

The reaction of 2-phenyl¥2-azirine-3-phosphonat&46) carried out in tetrahydrofuran, and the yield of the major
with benzenethiol is reported to afford stable 3-phenyl-3- product reached up to 80%. The major product was formed
thiophenylaziridine-2-phosphonat&s53 (Scheme 214), by cleavage of the C(#)N bond in the aziridines. The minor
whereas 2-methyl+2-azirine-3-phosphonates)0 afforded products resulted from hydrogenolysis of the major product
intermediate 3-methyl-3-(phenylthio)aziridine-2-phospho- 603 The 3,4 carboricarbon double bond thus remained
nates, which cleaved regioselectively to give the allylamines intact in each case. However, in the case of the aziridines
601 Because these products were not stable enough, theyb55 the carbor-carbon double bond was reduced to afford
were converted into the hydrochloride safi82 (Scheme a bicyclic aziridine605 along with a complex mixture of
241)2%° products using the same reagents in methanol (Scheme 243).

The catalytic hydrogenation of chiral aziridine-2-phos- When tetrahydrofuran was used in place of methanol,
phonates554 over Pd/C/H in methanol resulted in the piperidine phosphate&06 resulted from C(7-N bond
formation of a new class of compounds, that is, quaternary cleavage in605. This was demonstrated by means of the
piperidine phosphonates$R(—)-603in 47—49% yield as formation of 606 by hydrogenolysis of605 Prolonged
the major products and pyridine derivativeé84 as minor treatment of eithe605 or 606in methanol afforded piperi-
products in 6-28% vyield (Scheme 242¥° However, no dine 607. The reduction of the carbercarbon double bond
pyridine derivative was observed when the reaction was in 555and not in554 has been attributed to comparatively

Scheme 228
O O H
NaH N
, _ E
EtO OEt diethylmalonate, o NB\pio t CN
0 H OEt THF, 0°C, 30m \\SIQO (')' OEt NaCN, DMF, o &H OFt
@S_N Pl Lo r.t., 24h N
I | N,
°" © B1% —_— O B

(1R)-(+)-583 (1R)-(-)-536 (1R)-(+)-584
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Scheme 232
SCPh;
H
(0] R
NaH, THF, LSt
H PhsCSH 4 H 5\0Et
N or, n-BusP,
SCH,CH,CH; B3P B‘\P/OE‘ MECN,
0 H Ot n-PrSH oN S<o <'3'\OEt Ph;CSH (1R)-(+)-589 46%
(D SN Plog  nt.2dn r.t, 24h *
o] 0 SSCPh;
36%
0 N ore
(1R)-(-)-588 @g_N o
(1R)-(-)-536 5 H §OH
(1R)-(-)-590 5%
Scheme 233
NaH, THF, Ph,CSH
n-BuzP, MeCN, or, n-BusP, MeCN,
n-PrSH, r. t., 24h PhsCSH
(1 S)-(+)-588 (15)-(+)-540 (1 S)-(-)-589
43% r.t., 24h
78%
Scheme 234
NaBHj, THF, g o0t TBAF, THF F
|| B\ OEt r.t, 18h O\\S/\ |O'OEt r. t., 24h IO| &H/OEt
“ L “  OFt 50% © 53% @‘f{ﬁ fi okt
(1R)-(-)-591 (1R)(-)-536 (1R)-(-)-592
64%\ n-BuLi, HPO(OEt),, THF,
0°C, 1.25h
0, ,OEt
P OEt
C 0 M ot
i H E\OEt
(1R)-(-)-593
Scheme 235 Scheme 237
it N Tt . Pd/C/HCO,NH, NH, O
(18)-(+)-891 =———— (1S5)(+)-540 (18)-(+)-592 AN\ 5\/':‘(OEt
54% 57% Me P(OEt), EtOH, A, 8h
33%1 n-BuLi, HPO(OEL),, THF, 550 O 58% 505
0°C, 1.25h
(18)-(+)-593 Scheme 238
H Pd/C/HCO,NH, NH,
Scheme 236 RY, N H EtOH, A, 8h /\/k
N Pd/C/HCO,NH NH, O R Y Ph P(OEt),
R, N H / 2NFig R1'N12 |||3Ph I||3(0Et) R =Me Me O
R PPh, EtOH, A 8h R 2 550 © R'= CH,Ph 596
o y 73%
s50° 58-67% 504

R =Me, R' = Et; R = Me, R' = n-C3H;; R = Ph, R' = n-C3H,

less steric hindrance in the former. The formation of
piperidine derivatives07 has been suggested by elimination
of dimethyl phosphate from piperidine derivativ&06.
Hydrogenolysis of the bicyclic aziridine-2-phosphona®&

using the same method resulted in decomposition. However,

exposure of this compound to silica gel in chloroform for 3

days afforded the bicyclic aziridin@08 (Scheme 244).
C-Phosphorus-substituted aziridines constitute a biologi-

cally important class of heterocyclic compounds. Recently,

ment of methodologies for the enantioselective synthesis of
aziridine-2-phosphonates by intramolecular cyclization of
phosphoserine diethyl ester and the cycloaddition of the
azirine-2-phosphonates. Due to the electron-withdrawing
ability of the phosphonate group, alkenes containing this
group serve as an important substrate for reaction with
carbene precursor€-Phosphorus-substituted aziridines un-

dergo displacement via lithiation, forming another aziridine

derivative, and ring opening with diverse types of reagents,
forming phosphorus analogues of amino acids and amino
acid esters. Botho- and g-aminophosphonates can be

some significant advancement has been made in the developebtained as biologically relevant compounds by ring opening
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Scheme 239 Scheme 242
Pd/C/HCO,NH, NH 0,
H 2 P(OMe
o N Et%l:, A n-CaHy (OMe), H,/Pd/C
VAN ll?(oEt)z | R
R™  "POEY,  gopp Ph O N MeOH or THF
o] 12 - 597
550 R = CH,CH=CH, (6S,7R)-554
0,
54% R=H, OMe
. . . o,
reaction depending on the other substitutent present on the P(OMe),

ring. r(
8. C-Silicon-Substituted Aziridines

(OMe)
+
H R Nx

604

N
i 2S)-(-)-603
8.1. Introduction (2S)-(-) R

C-Silylaziridines known in the literature are mainly —Scheme 243
2-(trialkylsilyl)aziridines. Despite their potential as synthetic 10 Q
intermediates, this class of aziridines has not so thoroughly P(OMe), P(OMe),
been investigated as compared to their oxygenated counter- | Ho/Pd/C N
parts trialkysilyloxiraneg®-25° C-Silylaziridines undergo N OMe
stereospecific nucleophilic ring opening, often with high OMe  MeOM. 2h
regioselectivity?®° Aziridines can be readily metalated and  (2R.6S.7R)-(-)-555 (2R.6S,7R)-(-)-605
reacted with electrophiles, offering access to an even broader
range ofC-functionalized aziridine3! They also undergo H/PdIC H,/PAIC H,/Pd/C
desilylative elimination, forming azirines and azirine-derived TR THE, 161 MeOH, 16h

products. Me 80%

Ol
i H,/Pd/C OMe
8.2. Synthesis Q 2 O /©/
Q MeOH, 16h
79% N

The most common approaches to the synthesiCof  « >y P(OMe)
silylaziridines are the reactions of vinylic silanes with azides H
or other nitrogen-providing reagents and the reactions of (25.6R)+)-606 (2S.6R)-(-)-607
imines with .trime.thylsiIyIdiazomethane. The Iatyer comppund thesis of 1-alkyl-2-silylaziridine* A similar methodology
is a versatile, simple to use, and commercially available a5 ysed to synthesize 1-aryl- and 1-heteroaryl-2-(trimethyl-
reagent®? silylaziridines (Scheme 248§>2% |n these reactions, the
. _— aromatic azides including phenyl azide undergo a 1,3-dipolar
8.2.1. Reactions of Vinylsilanes cycloaddition with vinylsilane$11to give the intermediate

One of the early papers on the synthesisassilicon- triazolines612, which then lost nitrogen to give the corre-
containing aziridines reports the reaction of vinylsilaé@9j sponding 2-(trimethylsilyl)- and 2-(trimethoxysilyl)aziridines
with phenylazide under thermal conditions, forming 1-phen- 613266.2672-Benzothienylazide afforded the desired aziridine
yl-2-silylaziridine 610 only in 11% yield (Scheme 245§3 in 93% vyield after 5 days, whereas 3-benzothienylazide
Later it was observed that this method was useful for the afforded approximately the same yield (95%) after 15 days.
synthesis of only 1-aryl-2-silylaziridines and not for the syn- Aromatic azides with electron-withdrawing groups, such as

Scheme 240
HCO,NH, / Pd, Ts HCO,NH, / Pd
TS~NH 0 MeOH, A N MaOH. A Ph NHTs
A P(OED, — R=p(oEn, o PIOED,
- 8 R = Ph 36%
599 R = Me (74%) 563 598
Et (76%)
Scheme 241
N PhS ~ NH, PhS  NH,-HCI
M AN PhSH, r. t., 48h HCl gas 2
¢ 2T PRy PPh
O  R=Ph(74%) y R =Ph e
OFEt (58%) 56%
600 601 602
l PhSH ¢
Ph. ®
H D ©
PhS}A - HJ\KNH
PR, PR,
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Scheme 244 Scheme 250
0, 0, CO,Et
P(OMe), P(OMe), =\_ 1 equiv EtCO,N; N
™SO SiO,, CHCl, ° SiMe; VAN
3 days 539
o =
OMe 51% OMe 618 619
2R,6S,7R)-(+)-557 2R,6S,7R)-(+)-
( M (2RES7R)-(+)-608 Scheme 251
Scheme 245 CaHo EtCO,N; CO.Et
hv N
Me PhN g‘/ll,ieOSiMe Y 8 days Cablons Ml
1 _.OSiMe. 3 = 3 : 3 &
X Si0SiMey “a0davs  \/  OSiMes SiMes 60% H SiMe,
y N 620 621
609 1% Phe1o
Scheme 252
Scheme 246
SiRs
. N
. r.t, -70°C — SiR Ph
X SRs + RINg — | RIN LN N—’W/ ¢ /IK/Me * _\\—SiMes —
611 5h-65d N N2 N o N hexamethyl-
5-95% 612 R! O,l\g;z OSiMeyBu-t disilazane
613 A
R = Me, OMe o
R1 = Ph, 4-MeC6H4, 4-MeOC6H4, 4-CNC6H4, 4-N02C6H4,
2-and 3-benzothienyls N
1
Scheme 247 o N)\/
U Z
o] N  OSiMe,Bu-t
o) HN—< ultrasonic GOEL . =
OZN‘Q#—O O—\ + 7 SiMe, radiation N PR SiMes
o] SiMe; 623 (dr11:1)
189 614
Scheme 248 methoxycarbonyl nitrene affordgd the_ Iowest yield (25%).
A thermal reaction of phenyl azide with vinylsilané1(l)
i hv R by refluxing in h h fforded a higher yield
N SiMe; + RN, N y refluxing in hexane, however, afforded a higher yie
1h-48h /\ (61%) of 1-phenyl-2-(trimethylsilyl)aziridines(L3) in com-
611 25-60% SiMe; parison to the photochemical method (50%). However, the
613-615 thermal reaction requice3 h for completion, whereas the
R = 613. Ph, 614. CO,E, 615. COMe photochemical reaction required only 1 h. An equimolar
S photochemical reaction of the ethoxycarbonyl azide with
cheme 249 . . - . N
dimethyldivinylsilane 618 afforded a-silylaziridine 619
CO,Me PhN; £h (Scheme 250). Retention of configuration was observed in
. N _coMe the product, 2-butyl-1-ethoxycarbonyl-3-(trimethylsilyl)aziri-
SiR'(R?), A, 2h SiR'(R2), dine 621), formed from the reaction of ethoxycarbonyl azide
616 617 with (E)-hex-1-enyltrimethylsilane Scheme 251),
Yy Yy

R'=R2=Et70%; R'=Ph, R2= Me 88%

which suggested the involvement of a singlet nitréfe.
A chiral 3-acetoxyaminoquinazolino&22has been used

4-cyano and 4-nitro, reacted smoothly, whereas those withas an aziridinating ageAf? A highly diastereoselective
electron-donating groups, such as 4-methoxy and 4-methyl,synthesis of the 2-(trimethylsilyl)aziridine derivatié@3in
afforded poor yields (10%) at room temperature even after 50% yield is reported by treatment gftrimethylsilylstyrene
65 days. However, an increase in temperature to about 70with an enantiopure 3-acetoxyaminoquinazolin6@2as the
°C increased the yields up to 80%. reagent, providing a nitrene-like intermediate in the presence
Addition of ethoxycarbonyl nitrene, generated from ethyl of hexamethyldisilazane (Scheme 232)2’4 The same
(4-nitrophenylsulfonyloxy)carbamatd §9) using a phase-  procedure using-triethylsilylstyrene afforded 2-(triethylsi-
transfer catalyst or ultrasonic irradiation, to vinylsilane lyl)aziridine 624in a slightly higher diastereomeric ratio (13:
(Scheme 247) led to the formation of 1-ethoxycarbonyl-2- 1) but in slightly lower yield (40%, Scheme 253). Using
(trimethylsilyl)aziridine 614).2%% Later this reaction was p-triphenylsilylstyrene, a 2:1 ratio of diastereomers of
extended to vinyl-a-bromovinyl- and g-methoxycarbon-  2-(triphenylsilyl)aziridine625 was obtained (Scheme 253).
ylvinyl)triakylsilanes?6° It was possible to separate the minor diastereomer by
The photochemical reaction of organic azides with alkenes crystallization from light petroleum. The diastereoselectivity
is thought to involve a nitrene intermediate. A range of was rationalized by conformational preferences within the
2-(trimethylsilyl)aziridines613—615 has been synthesized t-BuMe,SIOCH(Me)C=N unit in 3-acetoxyaminoquinazoli-
by photochemical reaction of alkoxycarbonyl azide and none622,which led to well-defined site preferences for H,
phenyl azide with vinylsilane6(l1) and silyl acrylate$16 Me, andt-BuMe;SiO in the transition stat€® Recently this
(Schemes 248 and 249Y.The reactions did not require any reaction has been extended tgSRéubstitutedE-styrenes
solvent and were generally completed withird8 h. The (R = SiMes, Me, CH,CI, CHCL) using §)-3-acetoxyamino-
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Scheme 253
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M
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disilazane

I
oAy
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Ph° “SiR,

624 R=Et, dr13:1
625 R=Ph,dr2:1

Scheme 254
Me;SiCHN, T
N-TS BINAP-CuCIO, N
0 N
)J\ 10 mol% / \
EtO,C H THF, - 78°C EtO,C T™MS
55% 626
Scheme 255
H Me3SiCHN RA__,SiMes Me
3 2
R'0,S. DY HYN 7 H + R10,5. A
N”"R? toluene, A 1-24h N NTUR?
SO,R!
627 628
12-88% 0-30%

R' = 4-MeCgH,, 4-NO,CgH,, PhCH,, 2,4,6-Me;CgH,
R2 = Ph, 4-CICgH,, 4-NO,CgHy, 4-MeOCgH,4, 2-naphthyl,
2-furyl, 3-pyridyl, styryl, phenethyl, n-pentyl, Ph

2-[1-(tert-butyldimethylsilyloxy)ethyl]quinazoline-4(3)-
one.

It has been observed that the diastereoselectivity
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Scheme 256
Ph SiMe;
o, Me Me;SiCHN, Me\\.\-w/.,,H
- .
/©/ toluene, A 30h SO;
Me 37%
Me 629
Scheme 257
; ® 9 1
R N Me3$|CHN2 N2 N_R1 $
\|// *R! 14-dioxane H H/A\‘H
H Me;Si 90 ¢ o™
40°C,3-15h L ° 40-90% R SiMe;
630 627
R = Ph, 4-MeOPh, 4-CIPh, 4-NO,Ph,
E-PhCH=CH, n-Bu, Cy, Ph
R! = Ts, trimethylsilylethanesulfonyl.
Scheme 258
Me3SiCHN, Ts
EtO,C.__N. -di N
2 \(/ Ts 1,4 dlcsxane
H 40°C EtOZC SiMe3
91%; cis:trans 11:89
626

with TMSD also afforded the corresponding 3-(trimethylsi-
lyhaziridine 629, but a very long reaction time (30 h) was
required, and yet the yield was low (Scheme 256). The high
cis selectivity has been explained by steric hindrance between
the trimethylsilyl and the bulkier arylsulfonyl groups in the
first-formed betain intermediatésandB, in which the latter
would lead to a minimum steric hindrance and afford the
cis-aziridine after rotation to the intermediafeand expul-
sion of nitrogen (Figure 4).

SiMe;

N SOZR1 N SO,R! QSZN SO,R!
_—
SlMe3 << Me;Si $
H

increased in the same sense from 5:1 to 20:1 as the electron- A 1

withdrawing character of R increaséd However, the yield

decreased with the increasing electron-withdrawing character 1
of R. A similar trend was observed using 3-acetoxyamino- Rz\‘WN “'H

2-(2,3,3-trimethylpropyl)quinazolin-4(8)-one. The result

was rationalized by proposing a tighter, more symmetrical
transition state for the aziridination of styrenes bearing more
electron-withdrawing3-substituents, which was supported

by SCF calculations.

8.2.2. Reactions of Imines

The reaction of aiN-tosyliminoester with TMSD has been

carried out in tetrahydrofuran at78 °C to afford 2-ethoxy-
carbonyl-1-tosyl-3-(trimethylsilyl)aziridine6@6) (Scheme

. SiMe
S|Me3 \ / 3
H' “H
é02R1 SOZR1
trans-627 cis-627
Figure 4.

In a similar reaction as described by Hori et %8,
Aggarwal and Ferrara have observed 1,4-dioxane as the
solvent of choice (Scheme 257%.The former group has
used the imine and TMSD in 1:1.5 molar ratio, whereas the
latter group has used a 1:2.5 molar ratio of those reactants
for the reaction to reach completion in a reasonable time.

254)277 Many chiral Lewis acid complexes have been used This reaction using theN-tosyliminoacetate followed a
as a catalyst in this reaction. Of the various complexes used different course and afforded mainly th@ans-(trimethylsi-

CuCIO,—BINAP [2,2'-bis(ditolylphosphino)binaphthyl] af-

lyl)aziridine (Scheme 258). This group also proposed the

forded the highest diastereoselectivity (cis:trans 19:1) and nucleophilic attack of TMSD across imines forming the

enantioselectivity (cis ee 72%).

Electron-deficientN-sulfonylaldimines reacted smoothly

with TMSD in refluxing toluene to give 1-sulfonyl-3-
(trimethylsilyl)aziridines627 in good yields with high cis

selectivity (Scheme 2558 In many cases, a small amount

of C-methylatedN-sulfonylimine628was formed as minor

betaines630 followed by ring closure with loss of Nand
advocated the role of both electronic and steric factors in
determining the stereochemical outcome of the reaction. If
the developing charges in the betaine are placed gauche to
each other, the least sterically hindered transition €ate
would have the silyl group opposite the bulky imino group,

product. The sulfonyl moiety of the imines affected both the and this transition state would lead to the formation of the
yields and the stereoselectivity. Among those studied, the cis isomer Figure 5). An alternative mechanism, involving
mesitylenesulfonylaldimines gave the best yield (85%) and 1,3-dipolar cycloaddition followed by fragmentation and ring

stereocontrol (cis only). The reaction fsulfonylketimine

closure, was suggested for the formation ofttaes-aziridine
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R = Ph, n-Pr N MeSiCI, THF N 643 R = H 80%
Boc -78°C, 5-8h Boc R =Me 80%
derivative i - - 644 R = SiMe; 80%
erivative in the case of the iminoester. However, the origin = ¢44 642
of trans selectivity was not clear. .
] . i R SiMe;
The reaction ofo-silyl carbanion632 formed from the N7
reaction ofa-chloromethyltrimethylsilane in freshly distilled E
THF with a solution ofsecbutyllithium-TMEDA in cyclo- 6:;

hexane at-78 °C, with aromatic aldimines has been carried 644

out in THF at about-65 °C2°The quenching of the reaction

mixture with aqueous ammoniur_n Chlorid.e at room temper- g » 3 Transformations of Aziridines

ature and workup afforded 2-(trimethylsilyl)aziridiné83

(Scheme 259). This methodology was used earlier by Cooke The introduction of a silyl group onto an aziridine ring
and Magnus for the preparation af-epoxysilanes from  can be accomplished through a lithiated aziridine. The
the reaction of a carbonyl compouffd Both the reactivity ~lithiation of 1-methyl-2-methyleneaziridin&38) by butyl-

of the carbanion and the stereoselectivity were observed tolithium in the presence of a base at low temperature generated
depend upon the substituents at the imino nitrogen. the lithiated methyleneaziridiné39, which reacted with
Benzylidenepropylamine gave stereoselectively this trimethylsilyl chloride to form 1-methyl-2-methylene-3-
aziridine in 53% yield, whereai-benzylideneaniline af-  (trimethylsilyl)aziridine 640 (Scheme 26132 A modifica-
forded the corresponding aziridine in 77% yield as a 1:1 tion of this process by lithiation in the presence of a_chlral
mixture of cis and trans isomers. Imines obtained from lithium complexing agent at120°C, followed by trapping

ketones and from aliphatic aldehydes failed to react with the with trimethylsilyl chloride, constitutes a method to form

carbanion632 enantioenriched 2-(trimethylsilyl)aziridiné®.Furthermore,
also the lithiation and alkylation of a 2-isopropylideneazi-
The reaction of aromatic aldimines {R= Ar) with tert- ridine with trimethylsilyl chloride toward the corresponding
butyldimethylsilyldibromomethyllithium §34) formed 1,3- o-silylaziridine derivative has been report&d.
diaryl-2-bromo-2-{ert-butyldimethylsilyl)aziridines 635 Very recently, 2-methyleneaziridinyl anions have been

(Scheme 260). A nucleophilic displacement of the bromo produced by selective deprotonation of the parent aziridine
atom in the latter aziridines using a Grignard reagent or at C-3 usingseeBuLi/TMEDA. Subsequent reaction with
lithium aluminum hydride led to a novel one-pot stereose- electrophiles including MsSiCl provides the corresponding
lective synthesis of 1,3-diaryl-2€rt-butyldimethylsilyl)- C-3 substituted derivatived®

aziridines637.28! The stereochemistry of the products was  [jthiation of 1-Boc-aziridine641 formed the anior642
unambiguously established by X-ray crystallography. The that decomposed more rapidly. When the lithiation was
displacement in the 2-bromoaziridin@35took place by an  carried out in the presence of trimethylsilyl chloride, it
Svl-type process involving the cyclic iminium speci&36 afforded 1-Boc-2-trimethylsilylaziridine843and 1-Boc-2,3-
(Scheme 260). The attack of the nucleophile from the less bis(trimethylsilyl)aziridine 644) in excellent yields (Scheme
hindered site was responsible for the observed stereochem262)286 1-Bus (Bus= tert-butylsulfonyl)-protected terminal
istry. aziridines645 undergo regio- and stereoselective deproto-
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nation with lithium 2,2,6,6-tetramethylpiperidine, forming a
nonstabilized (H-substituted) aziridinyl ani@éd6 (Scheme
263). The electrophilic trapping of the latter with TMSCI
led to the formation ofrans-2-(trimethylsilyl)aziridines47
in excellent yield$®” Another example of aziridine lithiation
followed by trapping of the anion with TMSCI afforded
1-tosyl-2-trifluoromethyl-2-(trimethylsilyl)aziridine 648
(Scheme 2643® Treatment of 1-tosyl-3-phenyl-2-(trimeth-
ylsilyl)aziridine (626) with n-BuLi followed by quenching
with iodomethane gave a tricyclic trimethylsilylaziridi6d9
as a single diastereomer in 75% yield (Scheme 289)he
proposed mechanism of formation of this product involved
deprotonation of the benzylic carbon followed by intramo-
lecular nucleophilic addition of the anion across the aromatic
ring and subsequent methylation. Recently, the highly
stereoselective functionalization 0f32'S)-2-(1'-aminoalky-
l)aziridine derivatives through successive formation of aziri-
dine—borane complexes, lithiation, and treatment with a
variety of electrophiles such as different chlorotrialkyl silanes
has been described, affording the corresponding silylated
aziridines in good yield3°2%0

The ethoxycarbonyl group in 2-butyl-1-ethoxycarbonyl-
3-(trimethylsilyl)aziridine 621) has been removed by reduc-
tion with lithium aluminum hydride to form 2-butyl-3-
(trimethylsilyl)aziridine 650) (Scheme 266)7°

Many others have used aziridinyllithium derivatives for
the synthesis of functionalized aziridines through alkylation
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reactions®'2°2pecause this method constitutes a powerful
tool in organic synthesis.

8.2.4. Reduction of 2-Bromoazides

The reduction of (1-azido-2-bromoethyl)trimethylsilane,
formed from vinylsilane, using lithium aluminum hydride
was reported to form 2-(trimethylsilyl)aziridirt€® Similar
reduction of bromoazides, formed from vinylsilanes, has led
to the synthesis of many Z1-unsubstituted 2-(triphenyl/
trimethylsilyl)aziridines651-653 (Schemes 267269)27° It
was observed that altering the reaction conditions afforded
stereochemically different product&)¢2-Trimethylsilyl-1-
phenylethene affordetls-2-phenyl-3-(trimethylsilyl)aziridine
(652 using bromoazide prepared in situ from bromine and
sodium azide in a mixture of dichloromethane and aqueous
hydrochloric acid. The same alkene affordeshs-2-phenyl-
3-(trimethylsilyl)aziridine 653 when sodium azide was used
with N-bromosuccinimide in 1,4-dioxane. The first step of
the reaction involved the formation of an intermediate
bromonium ion654 (Scheme 270). The trans product is
formed through an attack of the azide ion on the bromonium
ion, whereas the cis product is obtained through stereospecific
nucleophilic attack of the azide ion on carbocatiéb6,
formed by ring opening of the bromonium id&b4 The
reduction of the azide function in bromoazidésband657
to the corresponding amine followed by cyclization afforded
the final product in each case.

8.2.5. Cyclization of 2-Halocarbamates

The cyclization of methyl 2-halo-2-(triethylsilyl)ethylcar-
bamate$558 and 660 on treatment with alkali formed the
1-methoxycarbonyl-2-(triethylsilyl)aziridinesb9) (Scheme
271) and 1-methoxycarbonyl-2-(trimethylsilyl)aziridin€4.§)
(Scheme 272324295

8.2.6. Reaction of Benzonitrile with
Silyldibromomethyllithium

The reaction oftert-butyldimethylsilyldibromometh-
yllithium (634) with benzonitrile is reported to yield 1-un-
substituted 2-(trialkysilyl)aziridines (Scheme 27%).A
nucleophilic attack o634 on nitriles produced an initial
adduct661, which cyclized intramolecularly to 2-bromo-
2H-azirine 662 When this reaction was carried out in the
presence of nucleophiles such as the Grignard reagents or
lithium aluminum hydride, the corresponding aziridir&s
were obtained, confirming the formation of 2-bromid-2



2128 Chemical Reviews, 2007, Vol. 107, No. 5 Singh et al.
Scheme 270
I BrN BG? N3 f [H] H
R)\(S"V'es 8, HH\SIMeg . Na/'\;/Br o HH\SIMeg
H R H SiMe; R H
654 655 653
H Br N ¥ [H] H
AN 3 \ )\_/Silvle3 A RH\SiM%
R SiMe; ’ Br H H
656 657 652
Scheme 271 Scheme 274
Et;;,SiW/\N,COzMe KOH Eozme
X H hexane ) N 0 N
31% SiEt, I . N N o N
658 X = halogen 659 07 N7 et CsF, DMF Y } © Et " N%Et
N Ph H
Scheme 272 Ph/L\\SiMe3 Bh
Me3Si\|/\N,COZMe NaOH-hexane EOZMe 664 65 665
a H ultrasonic irrdn. SiMe 664 led to formation of the aziriné5, which was captured
660 5 : by the quinazolinone anion to afford the aziridié@5 This
aziridine-azirine-aziridine interconversion was later used for
Scheme 273 enantioselective synthesis of quinazolinone-free aziridines
Li by employing potassium cyanide as a nucleophilic reagent.
t-BuMe,Si~_-Li Ph—C=N Nl ) The reaction of the aziridin€23 with cesium fluoride in
B Br W Ph)><SiMezBu-t dimethylformamide in the presence of potassium cyanide
' Br” Br afforded 2-cyano-3-phenylaziridinég6) (Scheme_275§97
634 661 The absoll_Jte conflguratlt_)n of a2|r|d|r&6_6was assigned as
(2R,39) by its hydrogenation and-acylation toward 1-acyl-
l aziridine 667 and nitrile 668
The silyl group in 2-phenyl-1-tosyl-3-(trimethylsilyl)-
H aziridine 627 can be substituted upon treatment with a
R. N siMe,Bu-t _MgCIor N, _SiMe,Bu-t fluoride source, tetrabutylammonium triphenyldifluorosilicate
ph}LYR LiAlH, Ph” ( (TBAT), and aldehydes as the electrophile affording aziri-
Br dines669(Scheme 276) with cis selectivity up to 9298288
663 662 The use of CDGl in place of aldehydes afforded the

R = allyl 95% (82:18)?; R = H 66% (cis:trans > 99:1)
@ Ratio cis:trans or vice versa

azirine662 The major isomer of the compourié3 (R* =
R? = H) was identified as cis on the basis of comparison
with a closely related compound.

8.3. Reactivity of C-(Trialkylsilyl)aziridines

Both silyl group displacement and ring opening reactions
have been reported f@-silylaziridines. The substitution of
the silyl group offers an attractive route for an enantiose-
lective synthesis oN-unsubstituted aziridines, whereas ring
opening reactions have led to the synthesjg-aminosilanes
andp-ketosilanes. Ring expansion of a trialkylsilylaziridine
to af-lactam derivative is also known.

8.3.1. Displacement of the Silyl Group

Treatment of £)-2-(trimethylsilyl)aziridine 664 with
cesium fluoride in dimethylformamide is reported to give
the 2-ethyl-3-(3-phenylaziridin-2-yl)quinazoline3H)one
665 (Scheme 274373 This aziridine was obtained as a single
diastereomer showing the presence of a mixture of two
invertomers (ratio 4:1) at nitrogen in itsl NMR spectrum
at —55 °C. A desilylative quinazolinone elimination from

deuterated aziridin670 (Scheme 277). An aziridine having

a trimethylsilyl group at C-2 and in the substituent on the
ring nitrogen was treated similarly. It was observed that the
trimethylsilyl group present on the aziridine ring was more
prone to attack by a fluoride ion than the trimethylsilyl group
attached to the sulfonyl group at the ring nitrogen, and the
reaction afforded th&-desilylated aziridine571 (Scheme
278). The diastereoselectivity is explained by using the
empirical model for the reaction of chiral anions with
aldehydes in the absence of chelation control proposed by
Basindale and Tayloi® In this model, large- and medium-
sized groups need to be assigned. As the nitrogen is
tetrahedral, the reactive conformatiéi?2 of the aziridine
has the tosyl group pointing away from the incoming
aldehydes and the lone pair toward it (Figure 6). Thus, this

L .o Ts
o H_M — F{21 N,"Ts RZ, N
S1J<|:1 > T F h R1” ~OH
H Ph
672 669
Figure 6.

group has been assigned as medium-sized relative to the other
ring carbon that has a substituent pointing toward the
incoming aldehyde, and which is therefore designated as
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large-sized. This substituent (Ph or H) is larger than the 8.3.2. Ring Opening Reactions
nitrogen lone pair, in botleis- andtrans-aziridines. Ring opening of 2-phenyl-1-tosyl-3-(trimethylsilyl)aziri-
The trialkylsilyl group in 1,3-diphenyl-2-(trimethylsilyl)-  dine 627 was readily accomplished with benzenethiol or
aziridine633is removed by a fluoride ion from tetramethyl- sodium azide in the presence of tetrahexylammonium
ammonium fluoride to form 1,3-diphenylaziridineg6743 chloride (Scheme 282), which led to the formation of the
(Scheme 279), probably due to the presence of moisture insingle regioisomeric 2-azido-2-(trimethylsilyl)sulfonamide
the fluoride sourcé® This behavior is similar to that 677 and 2-(phenylthio)-2-(trimethylsilyl)sulfonamid&78
observed for the corresponding 2-(trialkylsilyl)epoxide. respectively, in high yield¥8 In both cases, the ring opening
Desilylation of 2-ethoxycarbonyl-1-phenyl-2-(trimethylsilyl)-  occurred exclusively at the silicon-bearing carbon and not
aziridine617 followed by reaction with aldehydes afforded at the benzylic carbon, which indicated a larger activation
the aziridine$74(Scheme 280). Two mechanisms have been by silicon. TBAT is also reported to promote ring opening
proposed for the desilylation and concomitant reaction with via the hypervalent silicate intermedig&9, affording the
aldehydes (Scheme 28%9. The first path involved an  sulfonamide$80 (Scheme 283)7°
aziridinyl carbanior675, whereas the second path involved Ring opening reactions of differently substituted 2-(tri-
an aziridine676 with a penta-coordinated silicon. methylsilyl)aziridines have been reported with reagents such
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as hydrogen halides, trifluoroacetic acid, methyl iodide, and
trialkylsilylhalides?®® The products in many cases were

unstable, but their formation was detected by NMR spec-
troscopy. However, it has been observed that 2-(trimethyl-
silyl)aziridines failed to undergo nucleophilic ring opening,

even if they had a strong electron-withdrawing ethoxycar-
bonyl group either at the ring nitrogen or at the other ring

Singh et al.
Scheme 287
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polymeric product. A similar behavior was observed when
these aziridines were treated with trifluoromethanesulfonic
acid. However, the reaction of 2-[dimethyl(phenyl)silyl]-2-
methoxycarbonyl-1-phenylaziridine617) with trifluoro-
methanesulfonic acid afforded a stablized enani®@as a
result of the attack of trifluoromethanesulfonate at the silicon
atom of the aziridinium catio87 (Scheme 2873

Attempts to methylate 2-(trialkylsilyl)aziridines using
methyl iodide were unsuccessful. However, titenethyl-
aziridinium salt689 of cis-3-phenyl-1-propyl-2-(trimethyl-
silyl)aziridine 633 could be obtained in moderate yield
using methyl trifluoromethanesulfonate (Scheme 288).
Methylation was much slower than protonation and thus was
more susceptible to side reactions such as ring opening or

carbon atom. The possible reason suggested for the failurejegilylation. Thecis-1-methyl-3-phenyl-1-propyl-2-(trimeth-

was an electronic effect of silicon, which may destabilize
the transition state of\2 substitution in thg-position. The
prior protonation of the nitrogen, however, led to a facile
ring opening regiospecifically. Addition of hydrogen halides
to cis-2-(trimethylsilyl)aziridines (Scheme 284) afforded the
corresponding-haloamine$81 or the ammonium sal882

ylsilyl)aziridinium triflate (689 was relatively stable but
underwent solvolysis in methanol to afforgdaing opened
product690, which was the only observed case of this type
in these studies. Treatment 689 with sodium methoxide

in methanol afforded the desilylated prod&&1 An Sy1-

like process involving an intermediate/activated complex with

depending upon the reaction conditions. The reaction usinggypstantial carbocation character explained the formation of

either aqueous hydrochloric acid or hydrochloric acid in

dichloromethane afforded the same product. The protonation

has been proposed to be followed by a nucleophilic attack
a to silicon. The reaction afrans-1,3-diphenyl-2-(trimeth-
ylsilyl)aziridine with any hydrogen halide afforded polymeric
product, even at-78 °C, probably due to the nucleophilic
attack of the amin&81 onto protonated aziridine.
Treatment otis-3-phenyl-1-propyl-2-(trimethylsilyl)aziri-
dine ©33 with trifluoroacetic acid afforded the stable
aziridinium ion 683 at room temperature. The aziridinium
ion underwent nucleophilic attack of the trifluoromethylcar-
boxylate iona to the silicon on refluxing in methanol or
hexane, forming the produé84 (Scheme 2855%° An acyl
exchange in the latter compound led to the formation of
compound685. Treatment of 1-ethoxycarbonyl-2-(trimeth-
ylsilyl)aziridine (614) and 2-ethoxycarbonyl-1-phenyl-2-
trimethylsilylaziridine 617) with trifluoroacetic acid did not
afford the protonated aziridines but, directly, thering
opened product$86 in quantitative yields with no acyl
exchange (Scheme 288Y.Under similar conditionsgis- or
trans-1,3-diphenyl-2-(trimethylsilyl)aziridine formed only

the 8 ring opened product.

The reaction of 2-(trimethylsilyl)aziridine833 with tri-
methylsilyl halides has been shown to depend upon the
substituents at other ring carbon atoms. 1-Ethoxycarbonyl-
2-(trimethylsilyl)aziridine and 1-phenyl-2-(trimethylsilyl)-
aziridine reacted with trialkylsilyl halides to form the
corresponding3-haloamines692 by N-silylation followed
by attack of the halidet to the silicon (Scheme 2893 A
similar reaction ottis-3-phenyl-1-propyl-2-(trimethylsilyl)-
aziridine and otis- or trans-1,3-diphenyl-2-(trimethylsilyl)-
aziridine with trimethylsilyl halides, however, afforded a
trans-N-silylenamine 693 The phenyl group has been
proposed to stabilize the development of an adjacent positive
charge which, in turn, favored desilylation.

8.3.3 Transformation to a Bisaziridine Derivative

The o-silylaziridine 619 serves as a substrate for the
synthesis of a bisaziridine, diethyl 2,@imethylsilanediyl)-
aziridine-1-carboxylate694). The carbon-carbon double
bond present in the silicon substituent of this compound has
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been aziridinated by reaction with ethyl azidoformate in the
presence of UV light (Scheme 290).

8.3.4. Transformation to a -Lactam Derivative

Thecis-2-butyl-1-tosyl-3-(trimethylsilyl)aziridine§27) has
been used as a substrate for the synthesis gflactam
derivative. Deprotection of the tosyl group B27 using
sodium naphthalenide afforded the correspondingHN
aziridine6953% The latter was alkylated hy-butyl bromide
in the presence of 18-Cr-6 as a catalyst to give 1,2-dibutyl-
3-(trimethylsilyl)aziridine 696). Carbonylation of this aziri-
dine afforded thérans-lactam697as a single diastereomer
and regioisomer in good yield (Scheme 292Ring opening
of the aziridine resulted in an inversion of configuration
leading to atrans3-lactam697. Furthermore, the ring was
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Trialkylsilyl groups can be easily displaced with a variety
of reagents affording a broader range of aziridin€s.
Silylaziridines undergo stereospecific nucleophilic ring open-
ing, often with high regioselectivity. The more pronounced
activation of silicon-bearing carbon atoms facilitates ring
opening at this carbon.

9. Concluding Remarks

C-Heteroatom-substituted aziridines are important com-
pounds from synthetic, mechanistic, and medicinal points
of view. These compounds serve as precursors for biologi-
cally important classes of compounds including heterocycles
such asg-lactams, pyrroles, oxazoles, indoles, and cyclic
sulfonamides. Cyclization of the haloamines, carbenméne
additions, additions across azirines, olefititrene additions,
and the reaction oft-haloimines are the main approaches
to form the aziridine skeleton. Efforts are in progress to refine
these methods, and recently some new and mild reagents
have been developed to generate carbenes and nitrenes. The
stereoselectivity and enantioselectivity in the synthesis and
reactions of these aziridines have been observed to depend
on a number of factors such as the substituents on the
substrates, the reaction conditions, and the catalysts used.
Only a few papers are available on the isolatioCaixygen-
substituted aziridines. Aziridines having alkoxy and acetoxy
groups are mainly unstable and undergo ring opening and
rearrangement reactions affording products such--ami-
noketones,o-aminoalcohols,a-aminoesters, and acetals
derived froma-aminoaldehydes. The presence of electron-
withdrawing groups on the aziridine ring stabilizes it.
Accordingly,C-haloaziridines are comparatively more stable.
Among the halogen-bearing aziridines, those containing
fluorine are the most stable and have been used in the
synthesis of indole derivatives. 2,2-Dichloroaziridines are
more prone to ring opening than 2-chloroaziridines. The latter
aziridines undergo nucleophilic displacement of chlorine with
various reagents affording oth€rfunctionalized aziridines
such as 2-acetoxyaziridines, 2-azidoaziridines, and 2-(phe-
nylthio)aziridines. However, the substituents at the ring
nitrogen have also been observed to play a significant role
in determining the course of the reactions of such aziridines.
C-Nitrogen- andC-sulfur-substituted aziridines have drawn
considerable interest in recent years. Although the amino
group destabilizes the aziridine ring, many azaheteroaryl
groups stabilize it. The lithiated anions of such aziridines
undergo ring opening followed by cycloaddition, constituting

opened regioselectively at the carbon atom bearing the siliconan important method for the synthesis of pyrrole derivatives.

atom.

C-Silicon-substituted aziridines are comparatively less
investigated than their oxygen-counterparts 2-silyloxiranes.
The most common approaches to the synthesisCof
silylaziridines are the reactions of vinylic silanes with azides
or other nitrogen-providing reagents such as ethyl (4-
nitrophenylsulfonyloxy)carbamate and 3-acetoxyamino-
quinazolinone and the reactions of imines with trimethyls-
ilyldiazomethane. The latter compound is a versatile, simple
to use, and commercially available reagent. Chiral Lewis acid
complexes have been used in reactions of imines with

Similarly, metalation of 2-sulfonylaziridines offers attractive
routes for the synthesis of diverse types of compounds
including quaternary amines and quaterngigmino acids.
Recently, some diligent approaches to the asymmetric
synthesis of aziridine-2-phosphonates have been reported.
These aziridine-2-phosphonates have been used further as
precursors fora- and -aminophophonates. Very useful
enantioselective synthesesafaminosilanes and-ketosi-
lanes are reported by ring opening of 2-(trialkylsilyl)-
aziridines. Looking at the significant progress in the synthesis

trimethylsilyldiazomethane to enhance the diastereoselectivityand chemistry of such compounds, it is certain that it will

and enantioselectivity. The steric factors play a role in
deciding the stereochemical preference of the addition.

continue to appeal to synthetic and medicinal chemists in
the future.
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