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. Introduction

Aziridines are the nitrogen analogues of epoxides
and exhibit similar reactivity patterns as electrophilic
reagents.! They undergo highly regio- and stereose-
lective transformations and, therefore, are useful
building blocks for organic synthesis.? In addition,
aziridines may exhibit antitumor or antibiotic activity
or still other biological properties, which makes them
attractive synthetic targets in their own right.® The
asymmetric synthesis of aziridines*® and their ap-
plications® have been reviewed recently. This review
will focus on catalytic asymmetric methods for aziri-
dine synthesis based on formal nitrene transfer to
olefins or, alternatively, on carbene transfer to im-
ines. The insertion of nitrenes into CH bonds, which
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may compete with aziridination, will be included, as
well as some systems for nitrene transfer which are
either not (yet) catalytic nor enantioselective, but
may have the potential of becoming so. The topic has
been partially reviewed in 19967 and, more compre-
hensively, in 19978 and 1999,° although the latter
reviews are not generally accessible. The literature
has been reviewed until end 2002.

[I. Aziridination via Nitrene Transfer to Olefins

A. Background

The possibility of transferring nitrenes to olefins
by means of transition metal catalysts was recognized
well before asymmetric catalysis was established.
Early attempts using tosyl azide in conjunction with
Cu(l) catalysts met only limited success, however.1°
Model systems destined to mimic catalysis by cyto-
chrome P-450, capable of effecting oxygen transfer
from iodosylbenzene to organic acceptors, in the
presence of metal tetraphenylporphyrins were devel-
oped.'! The analogous formal nitrene transfer ap-
peared feasible, once the required nitrogen precur-
sors, sulfonyliminoiodinanes, were available.?13
Breslow and Gellman reported inter- and intramo-
lecular CH insertions by tosylimino phenyliodinane
(TsN=IPh) in the presence of Mn(lll)- or Fe(lll)-
porphyrins'* or [Rhy(OAc)4].*> The aziridination of
olefins by TsNI=Ph under catalysis by Fe- or Mn-
porphyrins was developed by Mansuy et al.,*® while
Groves and Takahashi described the stoichiometric
aziridination of olefins with an in situ generated
(porphyrine)manganese—imido complex.'” Although
at the time these investigations were of only limited
practical applicability, they prepared the ground for
the development of efficient systems for synthetic
catalytic nitrene transfer.

B. Cu-Catalyzed Aziridination

1. Aziridination with Bis(Oxazoline) Ligands

The group of Evans developed the formal nitrene
transfer to olefins with TsN=IPh into a synthetically
useful method.*® Cu(l) and Cu(ll) salts in MeCN were
found to be the most efficient catalyst/solvent com-
bination for nitrene transfer. Yields of aziridines were
in the range of 23—95% when the olefin was used in
5-fold excess over TsN=IPh and in the presence of
5—10 mol % of catalyst. The aziridination of oct-4-
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ene was stereospecific; however, in the case of trans-
stilbene and -methylstyrene, only partial stereospec-
ificity was observed, and stereospecificity was found
dependent on the ligand or counterion of the metal.
Subsequently, enantioselective nitrene transfer was
achieved with a selection of bis(oxazoline) ligands
such as 3.%° Reactions were carried out with 5% of
CuOTf and 6% of ligand and required ca. 24 h to go
to completion. Cinnamate esters (1la—c) were par-
ticularly well suited as substrates and afforded
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aziridines 2 with enantioselectivities in the range of
94—-97% and with yields of 60—63% in benzene (with
olefin as limiting reagent). However, simple olefins
such as trans-g-methylstyrene (1d) and styrene (1e)
were significantly less suited and gave only 70% and
63% ee, respectively. Representative examples are
given in Table 1.

The work of Evans inspired the development of bis-
(oxazoline) analogues?® which were tested with sty-
rene as substrate. One of the earliest reports on
asymmetric aziridination of styrene (1e) is that of
Masamune, who isolated the aziridine 2e in 91%
yield and with an ee of 88% with the camphor-derived
bis(oxazoline) ligand 4 (Scheme 2).2! However, this
impressive result could not be reproduced.!® Tartrate-
derived bis(oxazoline) ligands (5) were also tested for
aziridination of styrene?? and conjugated dienes?® but
produced only marginal enantioselectivity. Improve-
ment of the aziridination system was attempted by
several groups. Thus, Andersson et al. proposed the
replacement of TsN=IPh by NsN=IPh (p-nitrophen-
ylsulfonyl iminoiodinane) in order to improve yields
of aziridines. Enantioselectivities comparable to those
achieved by Evans with the same bis(oxazoline)
ligands were obtained.?* In addition, Andersson in-
vestigated anionic di-imine ligands 6 and reported
enantioselectivities of up to 34% for the same reac-
tion,?® and an ee of 33% with the chiral bis(aziridine)
ligand 7.2¢

Llewellyn et al. observed that the enantioselectivity
of the aziridination of styrene with bis(oxazoline)-

Table 1. Aziridination of Olefins with Bis(oxazoline)—Copper Complexes

olefin cat. solvent, conditions yield, % ee, % conf.
methyl cinnamate (1a) 3a CsHe (24 h, 21 °C) 63 94 (S)
phenyl cinnamate (1b) 3a CsHe (24 h, 21 °C) 64 97 (S)
t-butyl cinnamate (1c) 3a CsHe (24 h, 21 °C) 60 96 (S)
trans-g-methylstyrene (1d) 3b MeCN (3 d, —20 °C) 62 70 (S)
styrene (1e) 3b styrene (2.5 h, 0°C) 89 63 (R)
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copper catalysts was dependent upon the counter-
ion.?” This suggested the possibility of asymmetric
aziridinations by means of association of the copper
ion with a chiral anion via ion pairing. This concept
was realized by means of a chiral boronate having
binaphthol ligands (8), although at this time, the
observed enantioselectivity is only 7% (Scheme 3).

The group of Hutchings prepared a copper ex-
changed zeolite (CuHY) which was found highly
efficient as heterogeneous catalyst for the aziridina-
tion of olefins using TsN=IPh.28 Modification of this
zeolite with bis(oxazoline) ligands such as 3a,b lead
to an enantioselective aziridination catalyst. The
aziridinations were studied using styrene (le) in
acetonitrile as model substrate. The highest yields
of aziridine 2e were obtained when the nitrene donor
was added in slight excess over styrene, and NsN=
IPh was found to be the most efficient nitrene source.
Under carefully controlled conditions, the yield of 2e
reached 77% with 95% ee at 25 °C or, alternatively,
99% vyield with 80% ee. Thus the heterogeneous
catalyst can give higher enantioselectivity than the
corresponding homogeneous catalyst.?® The details of
the system are not yet fully understood, but an EPR
study provided direct experimental evidence for a
copper(l1)—his(oxazoline) complex inside the Y zeolite
pores.®® The catalyst may be recovered; leaching of
Cu from the zeolite can be limited, and the leached
copper apparently does not interfere with the aziri-
dination process.3!

2. Aziridination with Chiral Diimine-Based Catalysts

The group of Jacobsen optimized chiral 1,2-diimine
derivatives®? with copper(ll) salts and found high
enantioselectivities for olefins carrying at least one
aromatic substituent.®® The crucial step in the cata-
lyst design was the recognition that multiple coor-
dination sites on the copper were crucial to catalysis
of the aziridination. Two coordination sites were
superior to four. The best ligand was the bis(imine)
9 derived from 1,2-diaminocyclohexane and 2,6-
dichlorobenzaldehyde (Scheme 4). The Jacobsen sys-
tem is complementary to the one developed by Evans
in the sense that it affords high enantioselectivities
with cis-olefins, while the latter method is more
suited for the trans isomers. The most spectacular
result of Jacobsen is that obtained with 6-cyano-2,2-
dimethylchromene (1i), which afforded the aziridine
2i with >98% ee (Scheme 4). However, aziridination
of simple olefins resulted only in low enantioselec-
tivities. Thus, styrene (1e) reacted with an ee of only
66% (Table 2). Furthermore, the Jacobsen system
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Table 2. Cu-Catalyzed Aziridination of Olefins with
Jacobsen’s Ligand 92

aziridine, ee, abs.
olefin yield, % % conf.
styrene (1e) 79 66 (R)
cis-f-methylstyrene (1f) 79 (c/t = 3:1) 67 (cis) (1R,2S)
81 (trans) (1S,2S)
1,2-dihydronaphthalene 70 87 (1R,2S)
(19)

indene (1h) 50 58 (1R,2S)
6-cyano-2,2-dimethyl- 75 >08 (BR,4R)

chromene (1i)

a—40to —78 °C, CH.Cl,, 4 A sieves, 5—10 mol % of Cu, 6—12
mol % of 9.

suffers from low turnovers, requiring 5—10 mol % of
catalyst.

In variation of the approach of Jacobsen, Kim, and
collaborators applied C,-symmetric bis(ferrocenyl-
diamines) 10 as ligands for Cu-catalyzed asymmetric
aziridinations and observed acceptable yields and
enantioselectivities with simple olefins, such as
styrene or hexene.?* These reactions proceeded in 3
h at room temperature with a 10-fold excess of olefin
and 10 mol % of catalyst. Along similar lines, a chiral
salen type ligand derived from binaphthyldiimine
(11) was tested with styrene and was found to be
unsatisfactory, giving enantioselectivities in the range
of 20%; however, the same ligand was more effective
with indene (1h) and with cinnamate esters (Table
3).%5

A series of acyclic and cyclic enol derivatives were
subjected to Cu-catalyzed asymmetric aziridination
with TsN=IPh and ligands 3a and 9, and enantiose-
lectivities of up to 52% were achieved.¢

Scott et al. introduced monomeric copper complexes
of biaryl Schiff bases 12 (Scheme 5) as catalysts for
aziridination with TsN=IPh.3” These catalysts gave
up to 99% ee in the aziridination of 6-acyl-2,2-
dimethylchromene (1j) and 88—98% in that of cin-
namate esters 1c. Essentially linear plots were
obtained for eejigand VEIrsus eeproduct, @nd the ee of the
product did not vary significantly with % conversion.
These results are consistent with the presence of a
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Table 3. Cu-Catalyzed Aziridination of Olefins with
Ligands 102 and 11°

aziridine, ee, abs.

olefin ligand yield,% %  conf.
trans-5-methylstyrene 10 75 69 n.i.
(1d)
styrene (1e) 10 88 74 n..
trans-stilbene (11) 10 65 68 n.i.
1-hexene (1m) 10 68 70 n.i.
methyl cinnamate (1a) 11 (20°C) 90 69 (2S,3R)
phenyl cinnamate (1b) 11(—20°C) 90 88 (2S,3R)
t-butyl cinnamate (1c) 11(—20°C) 91 97 (2S,3R
styrene (1e) 11 (20°C) 92 22 (9)
indene (1h) 11(20°C) 25 64 (1S,2R)
indene (1h) 11(-20°C) 25 73 (1S,2R)

a Conditions:®* in MeCN, r.t.; [olefin] = 7.5 mmol; [TsN=IPh]
= 0.73 mmol; [catalyst] = 0.08 mmol, 3 h. (b) Conditions:*® in
CH.Cl, with MS 4A; [olefin] = 1.23 mmol; [TsN=IPh] = 0.25
mmol; [catalyst] = 0.013 mmol; 24 h. (c) Without MS.

Scheme 5
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catalyst which contains one ligand only, and whose
nature does not change during the course of the
reaction. Simple alkenes such as styrene (1e) were
converted with lower selectivities. This lack of selec-
tivity was attributed to the absence of secondary
binding interactions in the case of styrenes lacking
polar substituents (Table 4). Reactions proceeded well
in CH,CI, or MeCN within minutes at room temper-
ature. Thus the Scott system is superior to the other
Cu-catalyzed aziridinations with respect to reactivity,
and comparable with respect to selectivity.

3. Mechanism of the Cu-Catalyzed Aziridination

The main mechanistic issues of the Cu-catalyzed
aziridination of olefins are the formation of a copper—
nitrene intermediate, the oxidation state of the metal,
and the nature of the nitrene transfer. Experimental
evidence for a metallonitrene intermediate has been
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provided by Jacobsen.® The enantioselectivity of
aziridination of several olefins in the presence of Cu-9
catalyst was found to be independent of the substit-
uents on the iodobenzene moiety, demonstrating that
the iodobenzene is not involved in the transfer of the
nitrene. This rules out a Lewis acid mechanism
involving Phl in the selectivity-determining step. In
addition, when tosylnitrene (TsN:) was generated
photochemically from TsN3 in the presence of Cu-9,
aziridination of styrene proceeded with the same
enantioselectivity as that with TsN=IPh catalyzed
by Cu-9. DFT calculations of a model for the Jacobsen
system (13) revealed a copper-bound sulfonyl nitrene
(14) as reactive intermediate, in which one of the
oxygen atoms of the sulfonyl group is coordinated to
the metal (Scheme 6).%° In contrast, DFT calculations
for the metallonitrene (15) of the Scott system
showed no such metal—oxygen interaction but, rather,
an interaction between one of the sulfonyl oxygens
with the nitrogen of the nitrene (Scheme 6).4°

The involvement of a metallonitrene intermediate
seems now well accepted. Kinetic investigations of
Jacobsen revealed that the reaction was second-order
overall, i.e., first-order with respect to catalyst con-
centration and olefin; this is consistent with rate-
limiting attack of the metallonitrene on the olefin.38
However, further kinetic studies of Andersson and
Norrby showed that the reaction is zero-order in
olefin, despite the fact that single experiments appear
to obey first-order kinetics.?® This corresponds to rate-
limiting formation of the metallonitrene, in agree-
ment with the DFT calculations.

Since bis(oxazoline) catalysts derived from Cu(l)
and Cu(ll) result in the same level of asymmetric
induction, it was suggested that the metal is in the
+11 oxidation state in the catalyst, and TsN=IPh may
oxydize Cu(l) to Cu(ll). However, the investigations
of the Jacobsen group suggested a Cu(lll)—nitrene
species as reactive intermediate in a Cu(l)/Cu(lll)
catalytic cycle. The calculations of Andersson and
Norrby confirm that the active catalyst is a Cu(l)
species, and that Cu(ll) may enter the Cu(l)/Cu(lll)
catalytic cycle via reaction with TsN=IPh. Scott, in
turn argued that conversion of Cu(l) to Cu(ll) is not
essential for catalytic activity; either Cu(ll) is also

Table 4. Cu-Catalyzed Aziridination of Olefins with the Biphenyl Ligand (R)-122

olefin (1) t aziridine (2) yield, % ee, % abs. conf.
t-butyl cinnamate (1c) —40 °C 77 89 (2S,3R) (-)
t-butyl p-bromocinnamate (1c') r.t. 45 96 (-)
t-butyl p-bromocinnamate (1c') —40 °C 59 98 (=)
trans-$-methylstyrene (1d) —40 °C 88 (t/c = 97:3) 28 (trans) (2R,3R)
styrene (1e) r.t. 91 27 n.i.
trans-stilbene (11) —40 °C 66 5.1 n.i.
1,2-dihydronaphthalene (1g) r.t. 60 54 (2S,3R)
6-acylchromene (1j) —40 °C 87 929 n.i.

2 In CH.Cl;, 5 mol % of metal salt, 6 mol % of ligand, 5 equiv of olefin, 1 equiv of TsN=IPh.
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an active catalyst, or a fraction of it is reduced in situ
to Cu(l).

The stereochemistry of the aziridination is ambigu-
ous. Evans reported stereospecific aziridination of cis-
oct-4-ene with Cu catalysts, but aziridination of cis-
B-methylstyrene (1d) and cis-stilbene was accompanied
by formation of the trans aziridines in various
amounts, depending on the counterion. Strongly
coordinating counterions such as acetylacetonate or
chloride favored formation of the trans-aziridine.
Experiments using radical clocks to provide evidence
for a two-step radical pathway for aziridination were
not conclusive, however. In contrast, the aziridina-
tions with Jacobsen’s Cu-diimine system were clearly
not stereospecific, but aziridination of cis-stilbene
using the Cu-diimine ligand of Scott afforded a 5:95
trans/cis mixture of aziridines (at —40 °C), and no
cis-aziridine was ever observed upon reaction of the
trans-cinnamate esters.®” Thus, the current experi-
mental evidence suggests the existence of two com-
petitive pathways for aziridination: a concerted
nitrene transfer, by analogy to the concerted and
stereospecific transfer of metallocarbenes to olefins,**
and a two-step pathway, probably involving radi-
cals.*? The radical pathway is favored by substrates
providing significant stabilization of the intermediate
radicals.

The DFT calculations of Andersson and Norrby
indicate that the ground state of the intermediate
metallonitrene is a triplet, which is energetically very
close to the singlet. Stereospecific aziridination may
occur from the singlet metallonitrene (14), and the
nonspecific aziridination from its triplet state, or from
the intermediate singlet biradical 16, formed upon
radical addition of the metallonitrene 14 to the olefin.

The electronic substituent effect of the aziridina-
tion has been examined by competition experiments.
Muller et al. reported a p-value of —0.49 (vs ¢*) for
reaction of substituted styrenes with NsN=IPh/[Cu-
(acac),] in CH,Cl,,* while Scott et al. found p = —0.65
(vs o) for cinnamate esters reacting with TsN=IPh
in the presence of Cu-12. This is in the range typical
for concerted carbene transfer to olefins** and indi-
cates an early transition state with only minor
buildup of positive charge. Pérez and co-workers
fitted the relative rate constants for TsSN=IPh aziri-
dination of substituted styrenes with a Cu-hydrido-
trispyrazolylborate catalyst in CH,Cl, with a four-
parameter equation using Hammett's o and Jackson’s
o' constants for radicals.*® Values for p* = —0.28 and
p- = + 0.34 were deduced and interpreted in terms
of an electrophilic nitrene with radical character.*6
The significance of this result is however difficult to
assess: The rate constants included only six experi-
mental points in a very narrow rate range of 0.4 log
units, which is an insufficient base for a four-
parameter equation.

4. Recent Developments

Several new achiral ligands have been introduced
for Cu-catalyzed aziridinations with TsN=IPh with
potential for development of asymmetric reactions.
Thus Halfen et al. described the synthesis of a Cu-
1-(2-pyridylmethyl)-5-methyl-1,5-diazacyclooctane tri-

Chemical Reviews, 2003, Vol. 103, No. 8 2909

Scheme 7
NSO,Ar
concerted /<<
R R'
N e}
N~ 7N /
/Cl{ //s., + /7 \
0”7 Ar R R'
14 (singlet) ﬁ
reowi Ar—lsl—N- H
stepwise
P 0 Q
R
16 (singlet)
R
NSO,Ar NSO,Ar
/<< + \<(
R R' \ R'
f
N o)
NN LY Ar—S—Ne H
Cu s’ + /=/\ [ :
7o A R R — o] >’C\'
R R'
14 (triplet) 16 (triplet)

fluoroacetate complex 17 which exhibited remarkable
efficiency in the aziridination of styrene (1e) (reaction
within 1.5 h).4” The Cu-1,4,7-triisopropyl-1,4,7-tri-
azacyclononane-bis(trifluoroacetate) (18) was equally
reactive,*® while catalysts having two pyridylmethyl-
appended diazacycloalkane ligands exhibited signifi-
cantly lower reactivity.*® A procedure for in situ
generation of Brookhart's Cu-tris(3,5-trimethylpyra-
zolyl)borate catalyst (19) was developed; the catalyst
exhibited moderate activity with arene-substituted
olefins but was less satisfactory with olefins having
only aliphatic substituents.® The tris(pyrazolyl)-
borate ligands were stabilized with trifluoromethyl
substituents and formed copper(l) ethylene adducts
(20), which were efficient catalysts for aziridination.5!

The synthetic potential of the aziridination was
markedly improved by the discovery of Dauban and
Dodd that, contrary to the generally held opinion,>?
phenyl imino iodinanes derived from aliphatic sul-
fonamides are isolable. They introduced SesN=IPh
(21) (Ses = trimethylsilylethanesulfonyl) as aziridi-
nation reagent and obtained aziridination yields in
the range of 40—68% for simple olefins with CuOTf
as catalyst.>® The Ses-reagent was used for aziridi-
nation of 11-pregnen-3,20-dione which proceeded in
53% vyield.>* The successful isolation of phenyl im-
inoiodinanes derived from unsaturated sulfonamides
opened the possibility of intramolecular aziridina-
tions which proceeded in acceptable yields with
CuOTf as catalyst,®® and a representative example
is given below (Scheme 9). The asymmetric intramo-
lecular aziridination has been reported recently, but
with Rh(ll) rather than Cu(l) catalysts (see below).
A still more recent promising development is the in
situ generation of phenyl iminoiodinanes from sul-
fonamides®® and sulfamates®” with iodosylbenzene in
the presence of molecular sieves under conditions
used for aziridination. The reaction conditions are
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compatible with the presence of asymmetric ligands
of the bis(oxazoline)-type 3.

Another direction of research in view of asymmetric
aziridination deals with replacement of the imino-
iodinane as nitrene precursor. An obvious alternative
is chloramine-T hydrate [TsNCINa-(H,0)s]. A Cu-N-
(2-pyridinylmethylene)-1-pentanamine catalyst pro-
duced aziridination of olefins in up 76% yield.>® The
procedure does not require the hazardous dehydra-
tion of the chloramine trihydrate, which is necessary
for the procedure of Komatsu with CuOTTf as cata-
lyst, or in the aziridination catalyzed by phenyl-
trimethylammonium tribromide®® or pyridinium hy-
drobromide perbromide.®* The diastereoselectivity of
the aziridination of chloramine-T catalyzed by phen-
yltrimethylammonium tribromide may differ from
that catalyzed with copper salts. Thus aziridination
of 4-tert-butyldiphenylsilyloxy-cyclopent-1-ene is trans-
selective with Cu(l)/NsN=IPh and cis-selective with
chloramine-T/PhNMe;"Br;~.62 Bromamine-T has also
been used as nitrene precursor in Cu-catalyzed
aziridinations, and good results have been reported
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when the reactions were carried out under ultra-
sound irradiation.®® The potential of both chloram-
ine-T and bromamine-T as nitrene source in the
asymmetric aziridination with copper-exchanged zeo-
lite has been examined; however, TsN=IPh was
found to be far superior.%

C. Rhodium(ll)-Catalyzed Aziridination and CH
Insertion

1. Aziridination

Rh(Il) catalysts are complementary in scope to
Cu(l) catalysts in asymmetric carbene transfer reac-
tions.%® Their use in nitrene transfer was envisaged
very early, but was abandoned when copper catalysts
were found superior in aziridinations using TsN=
IPh.18 Subsequent investigations showed, however,
that the combination of [Rhy(OAc)4] with NsN=IPh
in CH,Cl, was efficient for this transformation.® The
aziridination of hex-2-ene and -methylstyrene was
fully stereospecific, but cis-stilbene afforded a low
yield of 18% of a cis/trans mixture of aziridines. The
Hammett plot (vs ¢*) for aziridination of substituted
styrenes yielded a p-value of —0.60.#® The possible
intervention of radical pathways was tested using a
vinyl substituted cyclopropane as radical clock, but
no products derived from ring-opening were observed
under the conditions of the aziridination. However,
when electron-rich olefins were used as substrates,
some of the aziridines underwent ring-opening and
subsequent cycloaddition to the olefin present in
excess to afford pyrrolidines.

Screening experiments for enantioselective aziri-
dinations with styrene (1e) and cis-3-methylstyrene
(1f) revealed that Pirrung’s [Rho{(R)-bnp},] catalyst
Rh-2567 gave the highest enantioselectivity, with 55%
and 73%, respectively. An analogue of Doyle’'s Rh-
(I1)-carboxamidate catalyst, [Rhx{ 2S)-bepy} 4] (Rh-26),
performed less satisfactorily, with ee’s of 27% and
35%, respectively. Other chiral Rh(ll) catalysts were
significantly less efficient and lead to no or only
marginal enantioselectivity.

When NsN3; was decomposed photochemically in
the presence of [Rhy{(R)-bnp}.] (Rh-25) and styrene,
the ee of the aziridine (2e) was only 17% instead of
the 55% resulting from the aziridination with NsN=
IPh. Apparently, trapping of the intermediate nitrene
is less efficient than in the case of the Cu-catalyzed
aziridination, where the ee of the aziridination start-
ing from NsNj; is identical to that starting from
NsN=IPh.

Guthikonda and Du Bois described Rh(ll)-cata-
lyzed olefin aziridinations using the in situ generated
phenyliodinane derived from trichloroethylsulfamate
ester (27) (Scheme 11).%8 The iodinane was generated
with PhI(OACc), in the presence of MgO. The most
suitable catalyst was [Rhy(tfacam),] (tfacam = CF;-
CONHy). The aziridination of f-methylstyrene was
found to be stereospecific. Yields of aziridines were
in the range of 57—95% when the olefin was the
limiting component, and the system was suitable for
olefins having aryl and alkyl substituents. The
procedure was successfully extended to other sulfa-
mate esters and to intramolecular aziridinations, as
well as to phosphoramidates. It seems promising for
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asymmetric aziridinations, although other carbox-
amidate complexes decomposed under the conditions
of the reaction.

An intramolecular aziridination using in situ gen-
erated phenyliodinanes available from unsaturated
sulfonamides and PhI(OAc); in the presence of Al,O3
and Rh(ll) catalysts has been reported by the group
of Che.%®® Three chiral catalysts were examined.
Doyle’s [Rhy{(4S)-meox}4] catalyst Rh-30 was the
most suitable of them, giving a yield of 54% (based
on 78% conversion) and an ee of 49%.

Rojas and collaborators have used Rh(ll)-catalyzed
decomposition of phenyliodinanes prepared in situ
from carbamates and Phl=0O for amidoglycosylation
of allal carbamates such as 32. The reaction proceeds
via a hypothetical intermediate aziridine 33 which
suffers attack by acetate to afford ring-opened acetate
34. The reactions proceed also with Cu-catalysis,
albeit with lower yield.”

The PhI(OAc),-mediated aziridination of the indolyl
substituted carbamate 35 in the presence of [Rh,-
(OAC)4] results in formation of a zwitterion 36 which
undergoes addition of AcOH to afford the spiro-
oxazolidinone 37. An intermediate metallonitrene is
implicated. However, cycloalkenyl carbamates such
as 38 react with PhI(OAc), even in the absence of
catalyst to afford 39 in 75% yield.” This suggests that
the intermediate phenyliodinane reacts directly with
the electron-rich double bond of the olefin. This is the
first uncatalyzed aziridination of a phenyliodinane.
The analogous uncatalyzed intramolecular cyclopro-
panation of phenyliodonium methanides has been
observed repeatedly, however.”

2. CH Insertion

The transition metal-catalyzed aziridination with
TsN=IPh is often accompanied by competing inser-
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tion into CH bonds.” This is particularly the case
with Rh(ll) catalysts, and insertion products for inter-
and intramolecular CH insertions with [Rhy(OAC),]
were already reported in 1982.1415 The Rh(Il)-
catalyzed intermolecular insertion with NsN=IPh
has been investigated in some detail.”* Rh(ll)-car-
boxylates were found to be superior catalysts than
the Rh(ll)-carboxamidates. With olefinic substrates,
aziridination predominated over CH insertion, except
in the case of cyclohexene and cyclopentene. The
highest yields of insertion products resulted with
substrates having activating substituents, such as
phenyl groups or oxygen atoms attached to the
reacting carbon. Under optimized conditions, and
with a large excess of substrate, yields of up to 84%
were obtained. A Hammett plot for nitrene insertion
of substituted ethylbenzenes gave a p-value of —0.89
(vs o), and the intramolecular isotope effect deter-
mined with 1,3-dideuterated adamantane was 3.5.
Radical clocks provided no evidence for intermediate
radicals, and it was found that the insertion proceeds
with retention of configuration. The possibility of
realizing asymmetric CH insertions was established
with indane (40), and an ee of 31% resulted upon
reaction with NsN=IPh in the presence of Pirrung’s
[Rhx{(R)-bnp}4] catalyst Rh-25. Ikegami’'s [Rhx{(S)-
ptpa}] catalyst** Rh-41 was less suitable and gave
only 7% ee (Scheme 15). However, the reaction was
not further optimized.

The in situ generation and Rh(ll)-catalyzed decom-
position of imino phenyliodinanes from carbamates’®
and sulfamate esters’” as described by Espino and
Du Bois markedly enlarged the potential of the
nitrene insertion. The method is similar to that
proposed by Dauban, but uses PhI(OAc), in conjunc-
tion with MgO rather than PhlI=0O (Scheme 16).
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Yields of insertion products, oxazolidinones (44, 46)
and oxathiazinanes (48), respectively, are typically
in the range of 75—91%. In both systems, the reaction
proceeds with retention of configuration at the carbon
undergoing insertion and is analogous to the corre-
sponding CH insertions of metallocarbenes.”® Al-
though at the time of this writing asymmetric CH
insertions with chiral Rh(ll) catalysts have not been
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reported, all the requirements needed are fulfilled for
further development in this direction.

D. Catalysis by Other Metals

1. Mn Catalysis

The first racemic olefin aziridination with TsN=
IPh and Mn- or Fe-porphyrin catalysts was described
by Mansuy.® Initial experiments to extend this
chemistry to chiral Mn(l11) salen complexes provided
aziridines from styrene and cis-S-methylstyrene, but
without induction.” A stoichiometric aziridination
procedure was then developed, using nitridomanga-
nese complexes, first described by Groves,'”# and
successfully exploited by Du Bois, Carreira, and co-
workers, for the amidation of enol ether derivatives,
where aziridines are likely to be formed as interme-
diates.8* The reaction was further developed by
Komatsu and collaborators, using a chiral 1,2-diami-
nocyclohexane based nitridomanganese complex 51a
(Scheme 17).82 The complex reacted with olefins such
as 49a in the presence of Ts,O or sulfonyl chlorides
to afford sulfonated aziridines 50a in yields of 50—
87% and with up to 93% ee. The reaction was
stereospecific with -methylstyrene. When acid chlo-
rides were used instead of sulfonyl chlorides as
initiators, the reaction afforded oxazolines, presum-
ably via intermediate aziridines in yields ranging
from 53% to 85%. Enantioselectivity for oxazoline
formation was high (85—92%) in the case of trans-
disubstituted styrenes, but much less with a-meth-
ylstyrene, cis-disubstituted styrenes and with styrene
itself. The chiral salen manganese(V) nitrido com-
plexes may also be activated by Brgnsted or Lewis
acids such as trifluoroacetic acid (TFA) or BFs. In this
case, olefin aziridination proceeds to the unprotected
aziridine. Thus, trans-5-methylstyrene (1d) reacted
at —78 °C in the presence of 51b and 3 equiv of TFA
to afford 50b with 91% ee, albeit with a yield of only
20%.83

Catalytic and asymmetric Mn-catalyzed aziridina-
tions using an optimized salen complex 52 have been
developed by Nishikori and Katsuki, who reached up
to 94% ee for aziridination of styrene with TsN=
IPh.84 The presence of catalytic quantities of 4-phen-
yl-pyridine-N-oxide was required to obtain high
enantioselectivities. A chiral Mn(111)—porphyrin com-
plex Mn-53 in conjunction with TsN=IPh provided
aziridination products in moderate yield and enan-
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tioselectivity.8>8 Marchon and collaborators, in turn,
examined a chiral Mn(l11)-porphyrin catalyst 54 and
reported an ee of 57% for styrene aziridination with
TsN=IPh.8” The same ligand combined with Fe(ll)
afforded also an active catalyst; however it produced
the aziridines with opposite abs. configuration than
the Mn(l11)-complex.

2. Ru Catalysis

While nitrido manganese porphyrins played a
crucial role in the development of Mn-catalyzed
aziridinations, their ruthenium counterparts were
isolated and characterized only very recently. They
react with silyl enol ethers upon activation with TFA
to afford N-trifluoroacetylated ketones. Under the
same conditions, indane reacts by CH insertion to
afford N-trifluoroacetyl indan-1-ylamine.8

Stable bis(tosyl)imidoruthenium(VI)—porphyrin
complexes 55 have been prepared by ligand displace-
ment from [Ru(l1)(por)(CO)(MeOH)] with TsN=IPh
and characterized by X-ray crystallography. They
were efficient for stoichiometric aziridination of a
variety of olefins.8® The mechanism of the reaction
has been investigated.®® The reaction is not stereo-
specific. The reactivity of the olefins (log K) is linearly
related to their oxidation potential (Ey»), and the
Hammet p-value (vs o%) is —1.1. The secondary
deuterium isotope effect at the -carbon of styrene
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was found to be ku/kp = 0.85, while that at the
o-carbon was ku/p = 0.97, indicating significant sp?
to sp® rehybridization at C(3), but no change at C(o),
consistent with a stepwise aziridination mechanism,
presumably involving a radical intermediate.

The chiral Ru-porphyrin Ru-53 affords chiral aziri-
dines, but the enantioselectivity is only about half of
that obtained with authentic Mn-53.85 However,
enantioselectivities of up to 97% were reported for
amidation of silyl enol ethers with the chiral Ru-
based Schiff base catalyst 61.°* The amidation pro-
ceeds via intermediate aziridines. With olefins as
subtrates, the aziridines are isolable. The yields given
in Scheme 19 refer to converted substrate, which is
low (20—60% with aliphatic derivatives).

An achiral Ru-porphyrin catalyst was attached to
poly(ethylene glycol) to yield a soluble polymer sup-
ported catalyst applicable to olefin epoxidation, cy-
clopropanation, and aziridination.®?> Methyltrioxorhe-
nium (MTO) is also capable of nitrene transfer with
TsN=IPh; however, the yields are low, in the range
of 28—32% with styrenes. o-Methylstyrene, with 70%
yield, is exceptionally reactive, however, although the
product rearranges partially to the corresponding
imine under the reaction conditions.®?

3. Mn- and Ru-Catalyzed CH Insertions

Products derived from formal CH insertions upon
decomposition of TsN=IPh in the presence of Mn-
porphyrins have been reported by Mansuy and col-
laborators, and rationalized in terms of a radical
mechanism.” More recently, Ru- and Mn-tetrakis-



2914 Chemical Reviews, 2003, Vol. 103, No. 8

Scheme 202
—N_  N=
\MA
n
Br o7 o Br
Br Br
R><R' 68 R__R
H™ H H” "NHTs
TsN=IPh
NHTs NHTs

NHTs

6244 %, 67 % ee 63 42 %, 41 % ee 64 67 %, 77 % ee

NHTs NHTs NHTs

6544 %, 82 % ee 6663 %, 66 % ee

a Conditions: in CI,CHCHCI,, -40 °C, 24 h; 0.4 mmol of
substrate, 0.17 mmol of TsN=IPh, 10 umol of catalyst, 50 mg of
molecular sieves.

6771 %, 89 % ee

(pentafluorophenyl)porphyrins have been applied as
catalysts to the reaction, and high yields and good
substrate conversions have been achieved.®* Equile-
nin was selectively amidated at C(11) by TsN=IPh
in 45% yield.?> An asymmetric CH insertion using a
substituted (salen)Mn(l11) catalyst 68 with TsN=IPh
afforded insertion products with ee’'s up to 89%.
Cycloalkenes provided substantial amounts of inser-
tion, rather than aziridination products. (Scheme
20).%

The bis(tosyl)amidoruthenium complex of 1,4,7-
trimethyl-1,4,7-triazanonane reacted with cyclohex-
ene in the presence of AgClO, to afford the allylic
sulfonamide. Likewise, ethylbenzene, cumene, in-
dane, and tetralin underwent insertion into the
benzylic position, and the reaction became catalytic
when TsN=IPh was the terminal nitrogen source.®’

Selective amidation of unfunctionalized hydrocar-
bons has been effected with Ru cyclic amine or
bipyridine complexes with TsN=IPh with yields of
up to 93% (based on converted substrate) and with
conversions of 40—70%. A mechanism involving
hydrogen atom abstraction was proposed. These Ru
catalysts were also successfully applied to amidation
using in situ generation of imino phenyliodinanes
with PhI(OACc), in the presence of TsNH;, MsNH,,
and even benzamide, PhC(O)NH,.°® The chiral Ru-
(IN-porphyrin catalyst Ru-53 of Che catalyzed tos-
ylamidation of ethylbenzene and methylnaphtha-
lenes in moderate yields and enantioselectivities in
the range of 6—54%. The corresponding Mn(lll)
complex was significantly more effective.®®

The reactive species in the reaction of Ru-53 was
identified as a bis(tosylamido)Ru(VI) intermediate,
which was spectroscopically characterized. In the
case of Mn-53, however, an electrospray MS of the
reaction mixture provided evidence for a manganese
mono-tosylamido intermediate. The intramolecular
version of the reaction was investigated using in situ
generated phenyliodinanes derived from sulfamate
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esters, which were generated with Phl(OAc), and
Al;Os, and typical examples are shown below (Scheme
22).190 At lower temperature, the enantioselectivity
of the reaction was better; however, this improve-
ment was offset by lower yields of insertion products.

[ll. Aziridination via Carbene Addition to C=N
Double Bonds

A. Addition of Metallocarbenes to Imines

The reaction of carbenes with Schiff bases to afford
aziridines is well-known.1°t A recent example of this
is the addition of trimethylsilyldiazomethane to N-
sulfonylimines in dioxane at 40 °C 12 or in refluxing
toluene.1® The formation of aziridines upon transi-
tion metal-catalyzed decomposition of diazo com-
pounds in the presence of C=N double bonds is also
well established. Thus, Baret et al. reported aziridi-
nation of imines by ethyl diazoacetate in the presence
of copper powder'®* and a Simmons—Smith reaction
of an imino ester.’%> Phenyldiazomethane adds to
imines in the presence of zinc iodide.'®® The first
aziridination of a carbodiimide by diazoacetate esters
in the presence of Cu(l) or Rh(ll) catalysts was
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reported in 1976, but subsequent investigations
showed that the isolated product was an oxazoline.1°”
The [Rhy(OAc)4]-catalyzed decomposition of ethyl
diazoacetate!®® or methyl phenyldiazoacetate!® in the
presence of imines does, however, furnish aziridines,
and an intramolecular carbenoid addition of an imino
ether has been reported.*'° A heterogeneous catalyst
using Rh(I11)- or Mn(l11)-exchanged montmorillonite
K 10 clay produces aziridines in up to 75% yield with
methyl diazoacetate and diarylimines.'?

Initial experiments toward enantioselective aziri-
dinations of imines with diazoacetate esters were not
encouraging: with chiral Rh(ll)-carboxylate cata-
lysts, poor yields of aziridines were obtained and the
products were racemic.' This failure was attributed
to the intermediacy of ylides, formed between the
metallocarbene and the lone pair of the nitrogen of
the imine substrate. Similarily, addition of ethyl
diazoacetate to imines under catalysis by [Cu(OTf),]
produced aziridines in yields of up to 90%, but in the
presence of chiral bis(oxazoline) ligands, the yields
dropped to 50—60%, and the aziridines were race-
mic.1?

The first asymmetric aziridination of imines was
reported by Jacobsen.''® Addition of ethyl diazoac-
etate to diphenylimine (77) in the presence of a Cu-
(I)-bis(oxazoline) catalyst 3a afforded a cis/trans
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mixture of enantioenriched aziridines 78 and 79 in
modest yield together with racemic oxazolidine 80 as
secondary product (Scheme 23).

A mechanism was proposed in which attack of the
imine by the metallocarbene affords a Cu-complexed
azomethine ylide intermediate 81 which subse-
guently breaks down to afford chiral aziridines or,
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alternatively, dissociates to a free azomethine ylide
82. This then cyclizes to racemic aziridines, or
undergoes cycloaddition with diethyl fumarate (formed
upon diazo decomposition of ethyl diazoacetate) to
furnish the pyrrolidine 80.

Trimethylsilyldiazomethane adds to imino esters
83 in the presence of chiral Cu-BINAP or bis-
(oxazoline) catalysts 84 and 3a, respectively, to afford
aziridines 85 and 86 with high cis-stereospecificity
and with ee’s up to 72% (Scheme 25). Ethyl diazoac-
etate was found less suitable for this reaction. It was
suggested that the aziridination with trimethylsilyl-
diazomethane proceeds via attack of the diazo com-
pound on the Lewis acid activated imine (see below),
while that of ethyl diazoacetate involves a metallo-
carbene intermediate.*4

B. Lewis-Acid-Catalyzed Aziridination of Imines.

Brookhart and Templeton developed an aziridina-
tion procedure based on Lewis-acid-catalyzed addi-
tion of ethyl diazoacetate to imines.'*®> The Lewis
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acids used were BFj3, AICI;, and TiCl,, and yields of
aziridines were in the range of 42—93%. The typical
secondary products of carbenoid reactions, i.e., di-
ethyl fumarate and maleate, were not observed under
the conditions of the reaction, and it was concluded
that a mechanism involving attack of the diazo
compound to a Lewis-acid activated imine 87 was
operative. Enamines were isolated as secondary
products, and their formation was attributed to
proton loss of the intermediate adduct 88.

A wide range of Lewis acids was found to be
effective as catalysts for aziridination of imines, such
as SnCl4,% methylrhenium trioxide,’” a tungsten-
(11) methylene complex,*'8 the iron Lewis acid [(7°-
CsHs)Fe(CO)(THF)]T[BF4]~,1*° lanthanide triflates,*?°
[INCl5],12t and [Mo(OTf)(#3-C3sHs)(CO).(phen)].122 A
set of chiral ligands was tested in combination of [Zn-
(OTf),] and [Yb(OTf)s], but only low ee's were ob-
tained.'?®

The breakthrough occurred in 1999, when Wulff
reported the aziridination of benzhydryl imines 90
with ethyl diazoacetate in the presence of VAPOL-
BH3.12* The system provided aziridines 93 with very
high cis diastereoselectivity and up to 99% ee.
Further optimization resulted in an improved cata-
lyst obtained from B(OPh); and VAPOL (91) or
VANOL (92).7% These ligands produced aziridines
with cis/trans ratios in the range of >50:1 and
enantioselectivities 90—98% ee. Some secondary prod-
ucts 94 and 95 were observed in the range of a few
percent. The system was applied to an efficient
synthesis of (—)-chloroamphenicol. Other ligands
such as BINOL or BANOL were less efficient for
these transformations.?¢

C. Aziridination via Chiral Sulfonium Ylides

As an extension of his methodology for epoxide
synthesis, Aggarwal has developed an aziridination
procedure based on asymmetric carbene transfer via
a chiral, in situ generated sulfonium ylide.*?” The
generation of aziridines from sulfur ylides and imines
is a known process;'?® Aggarwal’s innovation consists
of the generation of a carbene via diazo decomposition
with [Rhy(OAc)4] or [Cu(acac);], its association to a
chiral sulfide, and subsequent transfer to an ap-
propriate imine.

Asymmetric reactions were examined using N-Ses-
aldimines (97), phenyldiazomethane, and a chiral
sulfide 96 derived from (+)-camphorsulfonyl chloride.
The procedure afforded aziridines 98 with a trans/
cis ratio of ca. 3:1, and ee’s of 85—95%. Replacement
of [Rhy(OAc)4] by [Cu(acac),] had no effect on the
enantioselectivity, when equimolar amounts of sul-
fide and imine were used; however, a slight decrease
in ee was observed when the amount of sulfide was
reduced to 20 mol %. The effect was attributed to
direct aziridination of the imine with the copper-
complexed carbene, competing with the ylide path-
way. This direct aziridination is, however, not com-
petitive in the case of [Rhy(OAc),].1?°

The procedure is applicable to other imines bearing
electron-withdrawing groups such as POPh,, COOBN,
COOt-Bu, etc., and may be extended to other diazo
compounds such as N,N-diethyldiazoacetamide or
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ethyl diazoacetate, although enantioselectivities in
these latter cases are in the range of only 30—58%
(with trans-(R,R)-2,5-dimethylthiolane). Further im-
provement resulted by the in situ generation of the
diazo precursor via deprotonation of tosyl hydrazones
99 in dioxane at 40 °C.%° The TcBoc activated imines
and sulfide 100 provided the best combination with
respect to yield, enantioselectivity, and diastereose-
lectivity of aziridines 101. The amount of sulfide
could be reduced to 5% without loss of yield and
enantioselectivity, and the procedure became ap-
plicable to imines derived from aliphatic aldehydes
and alkenyl diazomethanes.

V. Conclusion

Until a few years ago, the field of asymmetric
catalytic aziridination was relatively underdeveloped
in comparison to that of asymmetric epoxidation or
cyclopropanation of olefins. This might change. Three
different approaches for catalytic aziridinations have
been developed: nitrene transfer to olefins, carbene
transfer to imines via metal carbenes, and carbene
transfer to imines via chiral sulfonium ylides. Sub-
stantial progress has been made with repect to all
these approaches: the efficiency of the catalytic
systems has been much improved, and synthetically
useful enantioselectivities have been achieved in
selected reactions. Further research should focus on
catalysts tailored to specific substrates and reagents
and develop the approaches into synthetically inter-
esting methodologies.
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