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CONSPECTUS

N itrogen-containing heterocycdes—such as aziridines, pyrrolidines, pip- 2 = . -
eridines, and oxazolines—frequently show up as substructures in nat- [ c=C + RN-X ]
ural products. In addition, some of these species show potent biological
activities. Therefore, researchers would like to develop practical and conve- intermolecular
nient methods for constructing these heterocydes. Among the available meth- . o

. . . . intramolecular
ods, the transfer of N; units to organic molecules, especially olefins, is a

cyclization

i —

versatile method for the synthesis of N-heterocydes. This Account reviews R R
some of our recent work on the synthesis of N-heterocydles using the N—X N , R NJ\O
bond. A nitrogen—halogen bond bearing an electron-withdrawing group on L% Mg, / \mu\“‘

mediates, which can be strong electrophiles and can produce stereocon- ™y
trolled products. N-Halosuccinimides are representative sources of halonium |:|

ions, and the nitrogen of succinimide is rarely used in organic synthesis. If

the nitrogen could act as a nudeophile, after releasing halonium ions to C—C

double bonds, we expect great advances would be possible in the stereo- R
selective functionalization of olefins. We chose N-chloro-N-sodio-p-toluene-

sulfonamide (chloramine-T, CT), an inexpensive and commercially available reagent, as our desired reactant. In the presence of a
catalytic amount of Cudl or I, and AgNO;, we achieved the direct aziridination of olefins with CT. The reaction catalyzed by I, could
be carried out in water or silica—water as a green process. The reaction of iodoolefins with CT gave pyrrolidine derivatives under
extremely mild conditions with complete stereoselectivity. We also extended the utility of the N-chloro-N-metallo reagent, which
is often unstable and difficult to work with. Although CT does not react with electron-deficient olefins without a metal catalyst or
an additive, we found that N-chloro-N-sodiocarbamates react with electron-deficient olefins in the presence of a phase transfer
catalyst to give the corresponding aziridines. We also used this method to synthesize asymmetric aziridines using quaternary cin-
chona alkaloid catalysts. We also developed a facile synthetic method for preparing N-heterocycles that involves the in situ gen-
eration of an N—X bond using tert-butyl hypochlorite or tert-butyl hypoiodite (tert-BuOl). Treatment of alkenylamides containing
an active hydrogen on the nitrogen with tert-BuOl led to the production of various N-heterocydles via intramolecular cydization.
lodination of readily available sulfonamides or carboxamides with tert-BuOl generated reactive N-iodinated amides, which smoothly
reacted with olefins to give aziridines or oxazolines. The reaction of fullerene, Cg, with CT also led to aziridination: the resulting
aziridinofullerene underwent a unique rearrangement to an azafulleroid. Chlorination of readily available amide derivatives with
tert-BuOCl, followed by a reaction with Cg in the presence of an organic base, afforded aziridinofullerenes with various substit-
uents on the nitrogen. The results in this Account contribute to the development of convenient methods for constructing simple
and useful heterocycles.

the nitrogen can be converted to a halonium ion. In the presence of C—C ( )
double bonds, these species produce three-membered cydlic halonium inter- ' "m,,n“
N

Introduction cal activities." The development of practical and

Nitrogen-containing heterocycles, such as aziri- convenient methods for constructing these hetero-
dines, pyrrolidines, piperidines and oxazolines, are  cycles is highly desirable.> Among the variety of
frequently present as substructures in a number of ~ available methods, the transfer of N; units to
natural products and some show potent biologi-  organic molecules, especially olefins, is a versa-
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SCHEME 1. Utilization of the N—X Bond for Construction of N-
Heterocycles
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tile method for the synthesis of N-heterocycles. Great progress
has been made in this area, using various combinations of
nitrogen sources and catalysts or activators in the generation
of active nitrogen species that are required for the synthesis
of N-heterocycles. [N-(p-Toluenesulfonyl)imino]phenyliodinane
(PhI=NTs) has been extensively used as a primary nitrene
source for transition metal-catalyzed aziridination reactions>
including asymmetric reactions.* The formation of azepines or
aziridines by the addition of nitrenes, which can be thermally,
photochemically, or catalytically generated from azides, to
benzene or olefins is a well-known reaction in this area.> Quite
recently, a fascinating account concerning N, transfer was
reported by Yudin’s group.6 In addition, N,N-dichlorinated sul-
fonamides were elegantly used for the aminohalogenation of
electron-deficient olefins by Li et al.”

Alternative sources of N; units, such as haloamines and
simple amides, were recently developed for use in new meth-
ods for the synthesis of N-heterocycles. Because haloamines
and amides are readily available and inexpensive, the direct
production of N-heterocycles from such N; units would
enhance the scope and synthetic value of the reaction. The
Hofmann—Loffler—Freytag reaction is well-known as the most
famous transformation from N-haloamines.2 The method is
quite useful for formation of pyrrolidines and piperidines
because C—N bond formation takes place at the sp® carbon
via intramolecular cyclization involving a radical and ionic
mechanism. As alternative and complementary approaches,
the present study reports on investigations of some novel
methods of synthesizing N-heterocycles utilizing N—X bonds
through intermolecular and intramolecular cyclization involv-
ing cyclic halonium intermediates (Scheme 1).

SCHEME 2. CuCl-Catalyzed Aziridination of Olefins with CT
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Synthesis of Aziridines from Olefins Using
Haloamine-T

Chloramine-T (CT) is a well-known commercially available oxi-
dizing agent, which can be used as a source of chloronium
cations, nitrogen anions, or both.? As a result, CT has enjoyed
widespread use in syntheses because of its reactivity toward
a wide variety of functional groups.'® The most impressive
synthetic methodology to date, in which CT is used as a nitro-
gen source, was reported by Sharpless and co-workers. Their
procedure involves the catalytic aminohydroxylation of ole-
fins with CT, and the method has been elegantly extended to
an asymmetric version of the reaction."' Based on these pre-
vious studies, new methods for the synthesis of N-heterocy-
cles, using CT as the N; unit are now available.

c,. Q. o
L\
,N—S/
Na

Me

Chloramine-T

CT was found to be an efficient nitrogen source for the aziri-
dination of olefins. Among the transition metals, copper(l) chlo-
ride was found to be the most suitable catalyst for the
aziridination. For example, (E)-5-methylstyrene was successfully
aziridinated with CT at 25 °C in acetonitrile in the presence of a
catalytic amount of CuCl (5 mol %). Other olefins can also be
aziridinated using this method to yield the following products
(Scheme 2).'2 This was the first example of the direct aziridina-
tion of olefins utilizing CT as the N; unit. Our discovery that ole-
fins can be aziridinated with CT prompted us to examine the use
of bromamine-T (BT), which contains a N—Br bond."3

More efficient and convenient methods for one-step aziri-
dinations using CT were reported by our research group
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SCHEME 3. |,-Catalyzed Aziridination of Olefins with CT
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(I, catalyst; Scheme 3)'* and by Sharpless et al. (phenyltrim-
ethylammonium tribromide, PTAB, catalyst).'®

These two methods are applicable to a wide range of ole-
fins, and the reactions appear to proceed via the same pathway
(Scheme 4). In particular, complete stereospecificity was observed
in the aziridination of (E)- and (2)-2-octene, indicating that the
reactions are consistent with a pathway involving a cyclic iodo-
nium intermediate. Sharpless and co-workers also proposed the
same mechanism involving cyclic halonium intermediates.

The iodine-catalyzed formation of aziridines from olefins
using CT can be successfully used in aqueous systems if a
phase-transfer catalyst (PTC) is employed, because of the ionic
character of CT.'® The process has some advantages over
reactions using organic solvents as follows: it involves an
organic-solvent-free system, provides higher yields, and
requires a shorter reaction time.

Based on these results, a more advanced green process
was developed as follows. Because the PTC, which permits the
reaction to proceed in aqueous media, must be removed after
completion of the reaction, an alternative aqueous process
was devised that involves taking advantage of the adsorp-
tive nature of silica gel. Silica is as effective as an organic reac-
tion medium in water because the organic substrate adsorbs
to the silica due to hydrophobic interactions between the sur-
face of the silica and the organic molecule (Scheme 5).

The use of MCM-41'7 gave interesting results, in that the
large specific surface area of the silica reduced the amount of
media required and the pore size of MCM-41 influenced the
efficiency of the reaction (Table 1). These results strongly sug-
gest that the reaction occurs on the silica surface.'®

In order to show the generality of these products in organic
synthesis,'? the ring opening of N-tosylaziridines with KCN,
NaNs, and Znl, was examined (Table 2).2° The reaction of the
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SCHEME 4. Plausible Pathway for I,-Catalyzed Aziridination
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TABLE 1. Silica—Water-Mediated Formation of Aziridines from
Various Olefins?

yield (%)
MCM-41 Silica gel 60

@GN ™ 75 68
@ @ﬁs y .
"

olefin aziridine

NTs
T
NTs 26 b
n-CeHig™ H-CeH13/<'I 7
49
NTs
Me
n-CsHir N n-CsHy 1& Me 4° 42¢
NTs
H-CSHﬁ/\\“‘I ."'.'-C5H11/<| S 70?
Me Me

NTs g
ANA0H AN Ay 56 58¢
/\/«\L MNLT . 79¢ 614
OH OH 5o

@ Reaction conditions: olefin (1 mmol), CT (2 mmol), I, (20 mol %), K,CO3 (2
mmol), silica (MCM-41, 0.25 g, or silica gel 60, 1 g), H,O (1.5 mL), rt, 3 h.
b Silica gel 60 (0.5 g). < Trans only. 9 Cis only.

aziridines with these water-soluble nucleophiles in water in the
absence of silica resulted in no detectable reaction products.
When silica gel 60 was added, however, the reaction pro-
ceeded to afford the regioselective ring-opening products. This
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SCHEME 5. Schematic of an Organic Reaction Using a Silica—Water
System
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TABLE 2. Ring Opening of Aziridines in a Silica—Water Reaction
Medium

T
N ) silica gel TS Ny
n~CsH13/<I * Mlv—gr5 'n~ceH,3’lj ¥ n-cﬁHw’lﬁ
Nu HNTs
A B
yield (%)

MNu (equiv) temp (°C) time (h) A B
NaN; (2) 80 24 89 0
KCN (2) 80 24 69 0
Inl, (2.5) it 48 90 6

novel silica—water reaction medium, in which hydrophobic
interactions are utilized, was applied to inclusion chemistry in
periodic mesoporous hosts. Taking advantage of the fact that
Ceo is not readily soluble in organic solvents, solvophobic
interactions between the internal surface of MCM-41 and Cgo
were induced, resulting in an organic—inorganic nanocom-
posite of highly concentrated Cgo in MCM-41.2"

To further extend the use of CT, AgNOs, a potent reagent
for capturing chloride ions, was employed in the synthesis of
nitrogen-containing heterocycles.?? The combination of CT
and AgNOs resulted in the generation of a nitrene species,
which successfully reacted not only with unfunctionalized ole-
fins but also with electron-deficient olefins and 1,6-dienes to
give aziridines and bicyclic pyrrolidines (Scheme 6).

Synthesis of Pyrrolidines by the Reaction
of lodoolefins with Chloramine-T

With the intention of expanding the utility of CT as an N unit,
this potent reagent was used in the synthesis of five-mem-
bered nitrogen heterocycles. The genesis for this process was
the result of the following experiment. The iodo group of 1-io-
dooctane was smoothly substituted by CT in acetonitrile at
room temperature to give N-tosyloctylamine (Scheme 7). To

SCHEME 6. Generation of a Nitrene Species from CT and Its
Application to the Synthesis of Aziridines and Bicyclic Pyrrolidines
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SCHEME 7. The Reaction of an lodoalkane with CT
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produce the final product from the initial substitution prod-
uct (TsNCIR), treatment with a reducing agent, such as Na,SOs;,
is required.

Considering the mechanism of the iodine-catalyzed aziri-
dination of olefins with CT, Nal generated by the substitution
should reduce the N—CI bond. If an e-iodoolefin is substituted
for the iodoalkane in the reaction with CT, iodine atom trans-
fer cyclization should take place via a cyclic iodonium inter-
mediate thus leading to the production of pyrrolidine
derivatives. Based on this working hypothesis, the treatment
of 5-iodo-1-pentene with CT in MeCN at room temperature for
48 h resulted in the production of the predicted iodomethy-
lated pyrrolidine in high yield. This method effectively gave
the corresponding pyrrolidines from a variety of e-iodoole-
fins. It is noteworthy that complete stereospecificity was
observed in the reactions involving geometric isomers of
6-iodo-2-hexenes. Bicyclic pyrrolidines also were stereoselec-
tively produced from cyclic olefins (Table 3).

To determine the most likely reaction pathway, the follow-
ing experiment was carried out. The putative intermediate B
was prepared in situ by the chlorination of an authentic sam-
ple A with -BuOCI. The subsequent addition of Nal to the mix-
ture gave the pyrrolidine in 90% yield from A (Scheme 8).
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TABLE 3. Synthesis of Various Pyrrolidines from e-lodoolefins and
CcT?

g-iodoolefin product yield (%)
'I\F‘S
NN (_7/\ i 91
w
Me/\\/\/\ | (_]/\ | 75
Me Ts Me

|
/\I/\/ 77b
Me Me
|
| e
|
| 1I\-is
I
I Ts

9 Reaction conditions: alkenyliodide (0.5 mmol), CT (1 mmol), MeCN (3 mL), rt,
48 h. b Cis/trans = 69:31. € Anhydrous CT and 12 mL of MeCN were used.

SCHEME 8. Experiment Designed To Clarify the N-Chloro
Derivative B as an Intermediate in the Production of the Pyrrolidine

n tBuOCI

—_—
MN"TS MeCN, rt., 24 h
A
Ts
Cl Nal N
! —_—
[ MN"TS 5h <_7/\I
B 90%

This result supports the view that the formation of pyrro-
lidines proceeds via the following pathway (Scheme 9). The
iodo group of an iodoolefin is substituted by CT to give an
N-chlorinated alkenylsulfonamide. The liberated iodine (I7)
reacts with the ClI group of the substituted intermediate, per-
mitting the interconversion of iodide (I7) to iodonium ion (I7),
thus generating cyclic iodonium ions. The intramolecular
cyclization of the iodonium ion proceeds smoothly to afford
pyrrolidines. The iodo group of the substrate has multiple
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SCHEME 9. Multiple Functions of the lodo Group
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roles as follows: (1) a leaving group for substitution with CT;
(2) a Lewis base for abstraction of the Cl atom; (3) an activa-
tor of the olefin moiety; (4) a stereocontrolling cyclic cation;
(5) a functional group on the product.*®

Catalytic Aziridination of Electron-Deficient
Olefins with N-Chloro-N-sodiocarbamate
and Applications to Asymmetric Synthesis

Since the nitrogen of CT has the ability to function as a
nucleophile and the chlorine atom could serve as an elimi-
nating group, electron-deficient olefins such as o,s-unsatur-
ated carbonyl compounds would be expected to be converted
to aziridines via conjugate addition followed by a cyclization
process as shown in eq 1.

0 Cl,
R / + N—Ts —_— )k<|

L[ L

However, the anticipated reaction did not proceed at all,
even though phase transfer catalysts were added to the reac-
tion to solubilize the CT. Thus, an alternative N-chloro salt,
benzyl N-sodio-N-chlorocarbamate®* (chloramine-Cbz) was
chosen for the desired aziridination. Since the pK, value (15.3)
of chloramine-Cbz is greater than that (13.5) of CT, chloram-
ine-Cbz would be predicted to attack the S-carbon of an elec-
tron-deficient olefin. Because chloramine-Cbz is only sparingly
soluble in organic solvents, benzyltriethylammonium chlo-
ride was employed as a solid—liquid phase-transfer catalyst.
As illustrated in Scheme 10, treatment of electron-deficient
olefins with chloramine-Cbz in the presence of a catalytic
amount of benzyltriethylammonium chloride in acetonitrile at
room temperature provided the desired aziridines in good
yield.

The asymmetric aziridination of this type of olefin was
investigated using chiral ammonium catalysts derived from

Ts (1)
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SCHEME 10. Catalytic Aziridination of Electron-Deficient Olefins
with Chloramine-Cbz
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(o]

cinchona alkaloids. As a result of optimizing the reaction con-
ditions, when the olefin containing a dimethylpyrazole sub-
stituent and the cinchonine-derived anthracenylmethylated
ammonium salt as a chiral catalyst was employed in the reac-
tion under the conditions shown in Scheme 11, the aziridina-
tion proceeded with good enantioselectivity. Removal of
pyrazole moiety was performed using a DMAP catalyst, yield-
ing the methyl ester-substituted aziridine with no change in
optical purity (Scheme 11).°

Simple Amides as N, Units for Synthesis of
Aziridines and Oxazolines

Although CT was found to be a good nitrogen source for the
synthesis of various nitrogen heterocycles, the substituent on
the nitrogen is restricted to a tosyl group. Some N-metallo-N-
chloro derivatives have been synthesized, but they are often
unstable and are not easily handled. If more readily avail-
able amides, including sulfonamides, are to be used as N
units in the synthesis of heterocycles, more general and prac-
tical processes need to be established. Although it is well-
known that t-BuQOI can function as an iodination reagent and
that it can be readily prepared from t-BuOCl and metal
iodides,?® few examples of the reagent being used in organic
reactions have been reported to date.*” In the present
Account, tert-butyl hypoiodite (t-BuOl) was found to play an
important role in the efficient and convenient cyclization of
N-alkenylsulfonamides. This reaction involves iodination of the
sulfonamide nitrogen followed by an intramolecular iodonium
ion transfer to the olefin moiety and cyclization (Scheme 12).
The method was applicable to the synthesis of, not only three-
to six-membered N-heterocycles from N-alkenylsulfonamides,
but also other heterocycles from alkenylbenzamides or alk-
enylbenzthioamides (Scheme 13).%%

SCHEME 11. Catalytic Asymmetric Aziridination of Electron-
Deficient Olefin with Chloramine-Cbz
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SCHEME 12. Intramolecular Cyclization of N-Alkenylsulfonamides
via an lodonium lon Using t-BuOl
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SCHEME 13. Cyclization Products from N-Alkenylamides Using t-
BuOlI
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Intramolecular cyclization was applied to an intermolecular
version of the reaction, that is, the reaction of amides and ole-
fins, utilizing -BuOl as a powerful oxidant. If the reaction were to
proceed successfully, metal-free ring formation would be
expected. An electrochemical process and a method using hyper-
valent iodine for aziridination represent alternative metal-free
procedures.? Che and co-workers also developed a related aziri-
dination using aminophthalimide as the nitrogen source.*®
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TABLE 4. Olefin Aziridination from a Sulfonamide Using t-BuOI?

olefin aziridine yield (%)°
Ts
N
SOR
Me
Ts
ph)\ N g1de
Me: / \
Fh Ts
= i
Ph/\l‘\!‘e N o
Q T
CD\HS 58"
Ts
n-Cets N N -
n-CgHq3 Ts
n~CsH11/\"M‘e iﬂl} 63
n-CsHy4 % “Me
S
n- 05H11 Me N
!\ 82
n-CsHq4 Me

9 Reaction conditions: p-toluenesulfonamide (0.5 mmol), olefin (1.0 mmol), t-
BuOCI (1.5 mmol), Nal (1.5 mmol), MeCN (3 mL), rt, 96 h. * Isolated yields
based on p-toluenesulfonamide. € Reaction time: 0.5 h. ¢ Reaction time: 2 h.
¢TH NMR yield. /Reaction time: 5 h. 9 Cis/trans = 41:59. " +-BuOCI and Nal: 1
mmol.

In an initial experiment, the model aziridination of styrene
with p-toluenesulfonamide was investigated. As shown in eq
2, treatment of p-toluenesulfonamide and styrene (2 equiv)
with -BuOl (1.5 equiv), prepared in situ by the reaction of
t-BuOCI and Nal, at room temperature in acetonitrile led to the
desired aziridine in 95% vyield (eq 2).

t-BuOCI, Nal Ts
\‘ 2 (1 5 equiv) N
+
PITS * HN \@_ MeCN, rt., 5 h Ph’<| )
(2 equiv) 95%

The range of functional substrates for aziridination by
t-BuOlI with p-toluenesulfonamide was explored using vari-
ous olefins under optimized conditions (Table 4). It is note-
worthy that the reaction of (E)-2-octene proceeded with
complete stereoselectivity, giving a trans-substituted aziridine
as the sole product. In contrast to (2)-p-methylstyrene, the
aziridination of (Z)-2-octene was stereoselective and stereospe-
cific and gave the corresponding cis-aziridine exclusively in
good yield. The complete stereoselective and stereospecific
aziridinations are fully consistent with a reaction pathway
involving a cyclic iodonium intermediate.

Some other sulfonamides (o-nitrobenzenesulfonamide and
alkylsulfonamides) can also function as competent nitrogen
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sources in aziridination. Among them, alkylsulfonamides are
good nitrogen sources, giving the corresponding aziridines in
high yields. For example, the treatment of styrene with 2-(tri-
methylsilyl)ethanesulfonamide (SESNH,) in the presence of
t-BuOl led to the production of N-SES-aziridine in 97% vyield
(eq 3). As mentioned above, the SES group can be readily
deprotected to afford N-unsubstituted aziridine.

Buocl, Nal
0\\ g (1.5 equiv) N'SES

25 et R
PA™SS + N NAsiMe, MeeN L 30 prd @)
(2 equiv) 97%

An efficient and convenient method for the synthesis of
aziridines from olefins and sulfonamides using -BuOI was also
developed. These preliminary findings provide the first exam-
ple of the metal-free aziridination of olefins using readily avail-
able sulfonamides as the nitrogen source.?'

To demonstrate the utility of this unique system, the reac-
tion of benzamide instead of sulfonamides was examined.
When benzamide and styrene were treated with t-BuOl in
acetonitrile at room temperature, an oxazoline was obtained
in 53% yield without the formation of an N-benzoylaziridine
(eq 4). Although an example of the multistep preparation of
oxazolines from benzamide and olefins has been reported,?
this is the first report of the direct synthesis of an oxazoline
from readily available starting materials.

Ph *ausocu Na}l _{Ph
2 equiv [0}
it il S5 \
B o’LNHz wecN.rt.5h A N @
(2 equiv) Ph i

Some other amides were examined for their potential use
in the synthesis of oxazoline from styrene (Table 5). The reac-
tion of styrene with p-methoxybenzamide using t-BuOIl under
the above conditions afforded the oxazoline in 37% yield. An
electron-deficient amide, p-nitrobenzamide, was found to be
reactive, giving the desired oxazoline in 67% yield along with
the regioisomer in 119% yield; the two compounds could be
easily separated by silica gel chromatography. Although the
efficiency of the reactions needs to be improved, an aliphatic
amide also functioned as a component of an oxazoline. Since
p-nitrobenzamide was found to act as a good component for
the synthesis of oxazolines, some unfunctionalized olefins
were subjected to the reaction using the amides and ¢-BuOl.
o-Methylstyrene was smoothly converted into one regioiso-
mer of oxazoline by a reaction with p-nitrobenzamide. When
(E)-p-methylstyrene was employed, two regioisomers were
produced in 72% yield; the reaction gave trans-oxazolines
exclusively, and the stereochemistry of the starting olefin was
preserved. The reaction of 1,2-dihydronaphthalene with p-ni-
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TABLE 5. Synthesis of Oxazolines from Olefins with p-
Nitrobenzamide

time
(h)

yield
(%)

product

o (ratio)

Ar?

0=
PhJ\ ° 7 PP\/“

Ar Ar
P - 2 e N -
= x| 72 N o}
Ph Ph’k___’ PR
(90 10)
Ar
H, 9%
.
Ar Ar
o) =
PCet N 24 50 /(/\(N %
n-CgHis n-CgHi3
(70 30)
Ar
o~
NN 96 7 S
Ar
o
96 68 N

Tk

9Ar = p‘NOzC5H4.

trobenzamide proceeded to afford the corresponding oxazo-
line as the sole product. Mono- and disubstituted aliphatic
olefins were also used in the reaction, and in the reactions of
(E)- and (2)-3-hexene, complete stereoselectivity was observed,
indicating that a cyclic iodonium intermediate might be
involved in the reaction path. From another synthetic view-
point, the present method can be regarded as an aminohy-
droxylation of olefins, since oxazolines are easily converted
into the corresponding S-amino alcohols.

The proposed pathway for the synthesis of oxazoline is
shown in Scheme 14. Two equivalents of t-BuOl, generated in
situ, initially react with an amide, but not with olefins, to give
a diiodinated amide A. This occurs because a Lewis acid or UV

SCHEME 14. Plausible Reaction Pathway Leading to Oxazolines

R
R! 0 t-BuOC A
—_ s % BuOClI, Nal . 9°N
k2 R7NH, MeCN, rt. s
R" R
2 t-BuOl T,,:
2 tBUOH
— R 'I —
=N
(@] (_")e o] \\.RZ
R! 3l = \
o =, ng or RN R?_\,
RJLN’I — 1 — or
i R, R
! NARE , 00X
A a! R, NI
B L7 R
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SCHEME 15. Addition—Cyclization of Haloamine-T to Cso

X

~

eN

—Ts
(CgH17)sCHaN®
toluene

X =ClI reflux, 10 min 89%
X =Br rt, 60 min 91%

Based on converted Cgg

Ceo

(CaHr)sCHN®

light is required®’« for olefins to react with +-BuOl. The active
species A functions as an iodonium source, which reacts with
olefins to generate the cyclic iodonium intermediate B, fol-
lowed by the addition of the amide counteranion (O~ or N°),
yielding adduct C. It is assumed that the route to aziridines
from olefins and sulfonamides involves the same pathway.

A simple synthetic method for the direct formation of
oxazolines from unfunctionalized olefins and readily avail-
able amides is reported. The method can be viewed as the
aminohydroxylation of olefins. Because of this, the findings
reported herein promise to have significant influence in the
area of synthetic organic chemistry.>?

Introduction of an N, Unit to Cgo Utilizing
Haloamine Salts

In contrast to normal electron-deficient olefins depicted in eq
1, fullerene (Cgo) can function as a strong electron acceptor.
Thus, the reaction of Cgo with CT was examined, and the
desired aziridination was found to proceed. CT was first con-
verted into its ammonium salt because of its low solubility in
toluene. The reaction of Cgo With an equimolar amount of ion-
exchanged CT in toluene under reflux for 10 min gave the
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SCHEME 16. Plausible Pathway for the Rearrangement

R1
R'=S0,Tol-p @ Ll /Nf
R2=S0,Ph o b)
Q% \_~
¢
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|I (hF..-l--R1
N
g™
B

1 Cc
R =
N
Z ]
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closed [6,6]-bridged aziridinofullerene in 89% yield (Scheme
15). Since bromide is a better leaving group than chloride, when
bromamine-T was used, the reaction proceeded even at room
temperature to afford the desired aziridine with a high degree of
selectivity (919%). Since it is known that a nitrene is generated
from the reaction of CT with AgNOs (Scheme 6),%2 this reaction
system was employed in the reaction with Cso, but no adduct
was formed. Moreover, the treatment of Cgo with ion-exchanged
CT under an atmosphere of oxygen gave the same result as that
shown in Scheme 15, indicating that the reaction did not involve
radical species such as a triplet nitrene. Therefore, the active spe-
cies in the present reaction appears to be the anionic nitrogen of
CT, and the aziridination can be regarded as an aza-version of
the Bingel reaction.>*

Interestingly, the addition of MS4A to the reaction system not
only improved the efficiency of the reaction but also produced
opened [5,6]-bridged azafulleroid as a main product (eq 5). Since
the aziridinofullerene underwent rearrangement at 180 °C in
o-dichlorobenzene for 5 h to give the azafulleroid in 58% yield,
the effect of MS4A on the formation of the azafulleroid was
readily apparent. This finding indicates that the azafulleroid was
formed under thermodynamic control and the aziridinofullerene
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TABLE 6. Aziridination of Cgg with Various Amides

Cgp (1 equiv)

‘Buocli DBU (1 equiv)
H.N-R - -
MeOH toluene, rt, 30 min \
amide (equiv) time (min) yield (%)®®
2 15 15 80 (26
HN? OBu (1:5) (26)
0
H;NJ"O”CmHsa (1.0) 300 60 (15)
o)
HZNJLOI\(\/\ (1.0) 300 57 (17)
i 15 30 77 (35
HQNJILNMGQ () ( }
j)L (1.0) 10 66 (35)
HoN""N("CioHas)y
.(I)L (1.0) 60 8 (7)
H,N”"Ph '
0
HZNJ\rLb (1.5) 120 61 (11)
0
|_OEt (1.5) 30 60 (28)
HoN™" “OEt
0
H'Ph (1.5) 30 100 (50)
HN™"“Ph

9Based on converted Cgo. ® The numbers in parentheses are isolated yields.

was selectively formed under Kinetic control under the relatively
mild conditions used for this reaction.

cl,
N~ Ts (CgH17)sCHaN®
MS4A i |
toluene, reflux, 10 min = \' B

90%
Based on converted Cgg 63

60

To clarify the reaction pathway, isolated N-tosylaziridinof-
ullerene and MS4A were heated in toluene under reflux, but
the reaction did not proceed at all. In contrast, when the aziri-
dinofullerene was treated with ion-exchanged CT under reflux
in the presence of MS4A, the N-tosylazafulleroid was obtained,
indicating that the azafulleroid is formed from the aziridinof-
ullerene. A catalytic amount of chloramines (N-chloro-N-sodio-
benzenesulfonamide, chloramine-B) could permit the rear-
rangement to proceed. Based on these results, a proposed
mechanism for the rearrangement of aziridinofullerene is
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shown in Scheme 16 (illustrated by a part of fullerene). The
most highly strained carbon on aziridinofullerene A is first
attacked by a chloramine to give the diaminated intermedi-
ate, B. The reaction illustrated by the curved arrows in inter-
mediate B leads to thermodynamically stable azafulleroid D
through the closed [5,6]-bridged intermediate, C. Although the
function of MS4A is unclear at present, the ability to elimi-
nate nitrogen anions generated in situ may be enhanced by
the sodium cation in MS4A.3>

Although the aziridination is unique and unprecedented,
the method essentially requires the use of chloramine salts,
some of which are not stable. Thus, a practical aziridination of
Ceo With a variety of simple amides, many of which are com-
mercially available, was subsequently developed.® In order to
expand the generality of the aziridination of Ceo, a facile
method for the chlorination of amides and their deprotona-
tion in situ needed to be developed. tert-Butyl hypochlorite
(t-BuOCl), in methanol, was employed in the chlorination of
various amides, and the solvent was exchanged with tolu-
ene followed by addition of Cgp and a base. As shown in Table
6, various amides were applicable to the aziridination of Ceo.

The aziridinofullerenes obtained by our original method
underwent rearrangement to the corresponding azafulleroids
(eq 6), in which reaction was catalyzed by chloramine-B (CB)
in the presence of MS4A as shown in Scheme 16.

Cly  (CaHir)sCHaN®
oN—S0,Ph(CB)
(10-20 mol%)
MS4A R
toluene, reflux, 0.5-24 h
13-50%

R = Cbz, Boc, SO,Ph, P(O)(OEt),, P(O)Phy

(6)

Conclusion

The present study investigated the N—X bond for its poten-
tial use in the synthesis of N-heterocycles. The efficient and
convenient synthesis of N-heterocycles, such as aziridines and
pyrrolidines, was achieved using CT as an N; unit. It is note-
worthy that iodine-catalyzed aziridination not only proceeded
with stereospecificity but could also be used in reactions in
aqueous media using a novel silica—water system. Noncata-
Iytic reactions of CT and e-iodoolefins presented unique ionic
jodine atom transfer cyclization with the iodo group on the
substrates serving multiple functions. The results of the CT
studies allow simplification of the N, units. We also found that
N-chloro-N-sodiocarbamates react with electron-deficient ole-
fins in the presence of a phase transfer catalyst to give the cor-
responding aziridines. The method was applied to the catalytic

N—X Bonds in the Synthesis of N-Heterocycles Minakata

asymmetric synthesis of aziridines using quaternary cincona
alkaloid catalysts. The use of ¢-BuOl supported the reactions
of simple amides, including sulfonamides and olefins, which
are readily available reagents, leading to the production of
aziridines and oxazolines. Fullerene, Cgo, Was also aziridinated
by CT and readily available amides, and the resulting aziridi-
nofullerene underwent a unique rearrangement to an azaful-
leroid. The heterocycles produced in the present study are
useful building blocks for organic syntheses. In addition, the
evolution of the N—X bond for the synthesis of these hetero-
cycles based on this research promises to lead to a variety of
highly general synthetic procedures that will be useful in syn-
thetic organic chemistry.
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