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Palladium-Catalyzed Decarboxylative Intramolecular Aziridination
from 4H-Isoxazol-5-ones Leading to 1-Azabicyclo[3.1.0]hex-2-enes**
Kazuhiro Okamoto, Tomohiro Oda, Sho Kohigashi, and Kouichi Ohe*

Transition-metal-catalyzed nitrene-transfer reactions are
powerful methods for incorporating nitrogen atoms directly
into organic molecules.? Organic azides®! and N-sulfonyl-
iminoiodinanes® ! are highly reactive nitrene precursors, and
have been widely used for such reactions as olefin aziridina-
tion and C—H amination. However, they must be handled
carefully or prepared immediately before use because of their
high reactivity. Therefore, the development of catalytic
nitrene-transfer reactions that use stable precursors under
mild reaction conditions is an important topic. Our research
interest has been focused on 4H-isoxazol-5-ones, five-mem-
bered cyclic oxime esters, as candidates for stable vinylnitrene
equivalents (Scheme 1). They can be readily prepared from f3-
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Scheme 1. 4H-isoxazol-5-ones as a vinylnitrene equivalent.

ketoesters®) and are generally thermally stable. We envi-
sioned that the reaction of a 4H-isoxazol-5-one with a
palladium catalyst would give a nitrene complex,” which is
formed by the activation of the N—O bond by a low-valent
palladium speciest followed by decarboxylation. Herein, we
report a palladium-catalyzed decarboxylative intramolecular
aziridination reaction of alkene-tethered 4H-isoxazol-5-ones
to form N-fused bicyclic aziridines.

During the course of our investigations of several nitrene-
transfer reactions using 4 H-isoxazol-5-ones, we found that the
reaction of 4H-isoxazol-5-one 1a, which possesses a methallyl
group at the 4-position, in the presence of 2.5 mol% of
[Pd,(dba);] (5 mol % Pd) and 10 mol % of PPh; in 1,4-dioxane
at 80°C for 12 h gave the expected 1-azabicyclo[3.1.0]hex-2-
ene 2a® in 84 % vyield (Table 1, entry 1). Various triarylphos-
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Table 1: Palladium-catalyzed intramolecular aziridination giving

azabicyclo[3.1.0]hexene 2a."!
[Pda(dba)s] (2.5 mol%)

o /N\O ligand (10 mol%) Ph@/Me
dioxane, 80 °C, 12 h
Me ° Me

Me 1a 2a
Entry  Ligand Conversion [%]®  Yield [%]"
1 PPh, 98 84
2 P(4-MeCH,), 91 76
3 P(4-MeOC,H.), 98 83
4 P(2-furyl), 81 69
5 P(4-FC,H.)s 100 92
6 P(4-CF,CeH,)s 100 95 (8719
7 P(CeFs)s 0 0
8 P(2-MeCeH.)s 14 1
9 P(2-MeOCeH,); 9 0
10 PBu, 0 0
1 PCy, 3 0
12 P(tBu); 7 6
134 dppb 1 0
14 rac-binap 15 0

[a] The reaction was carried out with isoxazolone 1a (0.20 mmol),
[Pd,(dba);] (2.5 mol %), and ligand (10 mol %) in 1,4-dioxane (1.3 mL).
[b] The yields were determined by '"H NMR spectroscopy of the crude
products (see the Supporting Information). [c] Yield of the isolated
product. [d] 5 mol % of ligand was used. binap =2,2"-bis(diphenylphos-
phanyl)-1,1"-binaphthyl ,Cy = cyclohexyl, dba =dibenzylideneacetone,
dppb = bis(diphenylphosphanyl)butane.

phine ligands were examined for this decarboxylative intra-
molecular aziridination reaction (Table 1, entries 2-9). The
use of more electron-donating triarylphosphines resulted in
similar or lower yields (Table 1, entries 2-4), whereas the use
of more electron-withdrawing triarylphosphines increased the
yields (Table 1, entries 5 and 6) up to 95 % yield (87 % yield
upon isolation). However, the reactions with the more
electron-deficient P(C¢Fs); or ortho-substituted triarylphos-
phines did not proceed well (Table 1, entries 7-9). Trialkyl-
phosphines or bidentate phosphine ligands were not effective
for this reaction (Table 1, entries 10-14).

The present intramolecular aziridination reaction is
applicable to a variety of 4H-isoxazol-5-ones possessing a
range of substituents. Table 2 summarizes the substrate scope
of this reaction, using 5 mol % or 10 mol % of the palladium
catalyst [Pd,(dba);]/P(4-CF;C¢H,);. 4H-Isoxazol-5-ones 1b
and 1ec, bearing a 2-naphthyl group and a (p-trifluorome-
thyl)phenyl group instead of a phenyl group, gave 1-
azabicyclo[3.1.0]hexenes 2b and 2¢ in 83 % and 80 % yields,
respectively (Table 2, entries 2 and 3). The use of isoxazolone
1d, having two phenyl groups on the five-membered ring
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Table 2: Palladium-catalyzed intramolecular aziridination giving
azabicyclo[3.1.0]hexenes 2.

[Pd,(dba)s] (2.5 mol%)
. /N ~0  P(4-CF3CgHa)s (10 mol%) " N _R3
Rr? o dioxane, 80 °C, 12 h \

R2
3
R . 2

Entry Isoxazolone R R? R® Yield [%]"!
1 Ta Ph Me Me 2a 87
2 1b 2-naphthyl Me Me 2b 83
3 1c 4.CF,C¢H, Me Me 2c 80¢
4 1d Ph Ph Me 2d 884
5 Te Ph Me n-hexyl 2e 80
6 1f nPr Me n-hexyl 2f 639
7 1g Me Bn Me  2g 640
8 Th Me methallyl Me 2h 40

[a] The reaction was carried out with isoxazolone 1a (0.20 mmol),
[Pd,(dba)s] (2.5 mol%), and P(4-CF,C¢H,); (10 mol%) in 1,4-dioxane
(1.3 mL). [b] Yield of the isolated product. [c] [Pd,(dba);] (5 mol %), and
P(4-CF3CgH,); (20 mol %) were used.

(R'=R*=Ph), increased the yield of the corresponding
aziridines up to 88% (Table 2, entry4). Isoxazolone 1le,
which possesses an allyl group with a long alkyl chain (R* = n-
hexyl), gave the bicyclic aziridine in 80% yield (Table 2,
entry 5). Isoxazolones with aliphatic groups at the imine
carbon atom were also used in the present reaction, and the
yields of 1-azabicyclo[3.1.0]hexenes 2 f~2h were moderate. In
the case of isoxazolone 1h, bearing two methallyl groups, the
corresponding aziridine 2h was obtained in 40 % yield, with
one of the methallyl groups remaining intact. Furthermore,
the reaction of tricyclic isoxazolone 1i also proceeded well to
give tetracyclic compound 2i in 65 % yield [Eq. (1)].

N.g  [Pdy(dba)s] (2.5 mol%)
P(4-CF3CgHa)3 (10 mol%)

O  dioxane, 80 °C, 12 h

Me )

b Me 2i: 65% yield

Scheme 2 shows a proposed catalytic cycle for the
palladium-catalyzed intramolecular aziridination reaction of
methallyl-substituted 4H-isoxazol-5-one 1a. First, the oxida-
tive addition of isoxazolone la to a low-valent palladium
center forms the six-membered palladacycle A, which readily
undergoes decarboxylation®” to give vinylnitrene/palladium
complex B and/or four-membered azapalladacyclobutene
intermediate B’."" Then, cycloaddition of the tethered alkene
gives two possible azapalladacycles C and C'. Both inter-
mediates can undergo the reductive elimination to produce
bicyclic aziridine 2 a, and regenerate the low-valent palladium
catalyst.

The palladium-catalyzed reaction of 4H-isoxazol-5-one
1j, possessing an unsubstituted allyl group, did not give a
bicyclic aziridine,['”! instead, pyrrole 3j and pyridine 4j were
obtained in low yields.'” The selectivity towards the pyrrole
was remarkably increased using a bulky monophosphine
ligand (fBuXPhos).'¥ Under the optimized reaction condi-
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Scheme 2. A proposed catalytic cycle.

tions, pyrrole 3j was obtained in 74 % yield together with the
trace amount of pyridine 4j [Eq. (2)].

N-g [Pdz(dba)s] (5 mol%) H Me N
Ph—(’ ligand (X mol%) Ph—( [ +Ph— N\ @
Me O dioxane, 80 °C, 12 h —
Me Me
\ 1 3 4
Ligand X Yieldof 3j Yield of 4 PtBu,
iPr. iPr
P@4-CF3CqHs); 20 24% 24% O
0y
tBuXPhos 10 74% trace {BuXPhos

iPr

The reaction of isoxazolone 1k, which possesses both an
allyl group and a methallyl group, could result in a mixture of
three products (aziridine, pyrrole, and pyridine). Interest-
ingly, the reaction proceeded selectively in the presence of a
Pd/tBuXphos catalyst to give the corresponding bicyclic
aziridine 2k in 54 % yield with a small amount of pyrrole
3k as a by-product [Eq. (3); 2k/3k=6:1].

H
S N D e
y
Ph uXPhos (10 mol%) _Ph— | , Ph SR:)
J O dioxane, 80 °C, 12 h Me
Me
1k /

2k: 54% yield 3k
(2k/3k = 6:1)

Azabicyclo[3.1.0]hexenes, the products of the present
reaction, are highly reactive because of their strained N-fused
bicyclic aziridine backbone.**! Of the various addition
reactions to the activated olefins of these azabicyclo-
[3.1.0]hexenes, protonolysis of the bicyclic aziridines was
first examined. The reaction of azabicyclic compound 2a with
an excess amount of acetic acid in dichloromethane pro-
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ceeded at room temperature to give ring-opening addition
product 5ain 79 % yield (Table 3, entry 1). In this product the
electrophile (proton) was introduced at the 3-position on the
azabicyclo[3.1.0]hexene backbone, and the nucleophile (ace-
tate anion) was incorporated at the 6-position. This type of

Table 3: Addition/ring-opening reactions of azabicyclo[3.1.0]hexenes 2.

» Y
N Me conditions N
R1 \ —  » R\ Me
X

R2 R2
2 5-9
Entry Aziridine Pyrroline Conditions Yield  d.rd
(%]
OAc
N~fme
4
1 2a Ph AcOH 79 1
Me 5a
N
N 3
Ph— Me R .
2 2a Me;SiNs, H,0 62 11
Me 6a
Br
/N Me
3 2a Ph Br, 73 2:1
Br Me 7a
/N Br
4 2i Me By, 63 >20:1
Br 7i
|
N M
4 e
5 2a Ph I 67 3:1
Me 8a
Me
N Me
4
6 2a Ph H, 5% Pd/C 54 -
Me 9a
Me
N~ e
4
7 2d Phﬁ H, 5% Pd/C 61 -
Ph od

[a] See the Supporting Information for reaction details. [b] Yield of the
isolated product as a mixture of diastereomers. [c] Determined by
"H NMR spectroscopy.

reaction also proceeded with other reagents. The use of
trimethylsilyl azide and water resulted in the ring-opening
addition of hydrogen azide to give the corresponding
azidomethyl 1-pyrroline 6a (Table 3, entry 2; 62% yield).
The reaction of azabicyclo[3.1.0]hexene 2a with molecular
bromine (Br,) afforded a dibrominated 1-pyrroline (7a) in
73 % vyield with a 2:1 d.r. (Table 3, entry 3). Interestingly, the
reaction of tetracyclic aziridine 2i with molecular bromine
almost exclusively gave dibromide 7i in 63% yield (d.r. >
20:1; Table 3, entry 4). Diiodination of aziridine 2a also gave
ring-opened diiodopyrroline 8a in 67 % yield with a 3:1 d.r.
(Table 3, entry 5). Catalytic hydrogenation using a heteroge-
neous palladium catalyst also proceeded to give dihydrogen
adduct 9a in 54% yield (Table 3, entry 6). The diphenyl-
substituted bicyclic aziridine 2d also underwent catalytic
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hydrogenation to afford the pyrroline 9d in 61% yield
(Table 3, entry 7).

A carbon electrophile showed a different reactivity
toward the bicyclic aziridine. Azabicyclo[3.1.0]lhexene 2a
was treated with acetyl chloride to give the N-acetylated
enamide 10a in 91 % yield [Eq. (4)]. This result indicates that
the electrophiles first combine with the nitrogen atom
followed by the nucleophilic attack of the counter anion to
give the ring-opened enamines, and that the enamines readily
isomerize into the imines with the exception of acetyl
chloride.

AcClI

N Me
Ph—Q — P
CH,Clp, RT, 12h

Me Me
2a 10a: 91% yield

In conclusion, we have developed a palladium-catalyzed
intramolecular aziridination reaction using methallyl-substi-
tuted 4H-isoxazol-5-ones as a vinylnitrene precursor. The
resulting N-fused bicyclic aziridines are readily converted into
1-pyrrolines by the addition/ring-opening reaction with var-
ious reagents. The pyrrole formation from an allyl-substituted
4H-isoxazol-5-one also supports the intermediacy of a vinyl-
nitrene/palladium B as well as an azapalladacyclobutane C.
Enantioselective aziridination and intermolecular nitrene-
transfer reactions using the present decarboxylation protocol
are in progress.

Experimental Section

General Procedure for Table 2: Isoxazolone 1 (0.20 mmol) was added
to a solution of [Pd,(dba);] (4.6 mg, 5.0 umol) and P(4-CF;C.H,);
(9.3 mg, 20 pmol) in 1,4-dioxane (1.3 mL) and the mixture was stirred
at 80°C for 12 h. The reaction mixture was filtered through a pad of
Florisil and the filtrate was concentrated under vacuum. The residue
was chromatographed on silica gel 60 NH, (Kanto Chemical, co. Itd.)
(hexane/EtOAc =20:1) to give 2.

Received: July 22, 2011
Published online: October 4, 2011

Keywords: 4H-isoxazol-5-ones - cyclization - decarboxylation -
homogeneous catalysis - palladium

[1] For reviews, see: a) P. Dauban, R. H. Dodd, Synlett 2003, 1571,
b) P. Muller, C. Fruit, Chem. Rev. 2003, 103, 2905; c) C. G.
Espino, J. Du Bois in Modern Rhodium-Catalyzed Organic
Reactions (Ed.: P. A. Evans), Wiley-VCH, Weinheim, 2005,
pp- 379-416; d) H. M. Davies, M. S. Long, Angew. Chem. 2005,
117, 3584; Angew. Chem. Int. Ed. 2005, 44, 3518; ¢) H. M.
Davies, J. R. Manning, Nature 2008, 451, 417; f) M. M. Diaz-
Requejo, P. J. Pérez, Chem. Rev. 2008, 108, 3379; g) T. G. Driver,
Org. Biomol. Chem. 2010, 8, 3831; h) F. Collet, C. Lescot, P.
Dauban, Chem. Soc. Rev. 2011, 40, 1926.

[2] For pioneering works on transition-metal-catalyzed nitrene-
transfer reactions with organic azides or N-sulfonyliminoiodi-

Angew. Chem. Int. Ed. 2011, 50, 11470-11473


http://dx.doi.org/10.1055/s-2003-41010
http://dx.doi.org/10.1002/ange.200500554
http://dx.doi.org/10.1002/ange.200500554
http://dx.doi.org/10.1002/anie.200500554
http://dx.doi.org/10.1038/nature06485
http://dx.doi.org/10.1039/c005219c
http://dx.doi.org/10.1039/c0cs00095g
http://www.angewandte.org

3

(4

—_

—_—

(5]

[6

[7

[8

[9

Angew. Chem. Int. Ed. 2011, 50, 11470-11473

—_

]

—_

—

nanes, see: a) H. Kwart, A. A. Khan, J. Am. Chem. Soc. 1967, 89,
1952; b) D. S. Breslow, M. F. Sloan, Tetrahedron Lett. 1968, 51,
5349; c) R. Breslow, S.H. Gellman, J. Chem. Soc. Chem.
Commun. 1982, 1400; d) R. Breslow, S. Gellman, J. Am. Chem.
Soc. 1983, 105, 6728; ) D. Mansuy, J.-P. Mahy, A. Dureault, G.
Bedi, G. Battioni, J. Chem. Soc. Chem. Commun. 1984, 1161.
a) P. Canonne, D. Thibault, G. Fytas, Tetrahedron 1986, 42, 4203;
b) M. Moreno-Manas, M. Pérez, R. Pleixats, Tetrahedron 1994,
50, 515.

Nitrene complexes of low-valent palladium or homologous
elements (nickel and platinum) are rare. Well-defined zerovalent
nickel/nitrene complexes have been reported by Hillhouse and
Mindiola, see: D. J. Mindiola, G. L. Hillhouse, J. Am. Chem. Soc.
2001, 123, 4623.

a) H. Tsutsui, K. Narasaka, Chem. Lett. 1999, 28, 45; b)T.
Nishimura, S. Uemura, J. Am. Chem. Soc. 2000, 122, 12049; c) H.
Tsutsui, K. Narasaka, Chem. Lett. 2001, 30, 526; d) M. Kitamura,
S. Chiba, O. Saku, K. Narasaka, Chem. Lett. 2002, 31, 606; ¢) S.
Zaman, M. Kitamura, K. Narasaka, Bull. Chem. Soc. Jpn. 2003,
76,1055; f) T. Nishimura, M. Nishiguchi, Y. Maeda, S. Uemura, J.
Org. Chem. 2004, 69, 5342; g) K. Sakoda, J. Mihara, J. Ichikawa,
Chem. Commun. 2005, 4684; h) Y. Tan, J. F. Hartwig, J. Am.
Chem. Soc. 2010, 132, 3676; i) M. Kitamura, Y. Moriyasu, T.
Okauchi, Synlett 2011, 643.

For examples of 1-azabicyclo[3.1.0]hexanes, see: a) R. Nicoletti,
M. L. Forcellese, Tetrahedron Lett. 1965, 6, 153; b) D. E. Horn-
ing, M. Muchowski, Can. J. Chem. 1974, 52, 1321; c) A. F.
Khlebnikov, M. S. Novikov, A. A. Amer, Tetrahedron Lett. 2002,
43,8523; d) M. Sasaki, A. K. Yudin, J. Am. Chem. Soc. 2003, 125,
14242; e) G. Chen, M. Sasaki, X. Li, A. K. Yudin, J. Org. Chem.
2006, 71, 6067.

Other transition-metal catalysts, e.g., [Ni(cod),]/PPh;, [Pt,-
(dba);]/PPh;, and [RhCI(PPhs);], were not effective for this
reaction.

For selected examples of palladium-catalyzed reactions by the
decarboxylation of cyclic esters, carbonates, and carbamates,
see: a) B. M. Trost, T. A. Runge, J. Am. Chem. Soc. 1981, 103,
7550; b) K. Ohe, T. Ishihara, N. Chatani, S. Murai, J. Am. Chem.
Soc. 1990, 112, 9646; c) S.-K. Kang, S.-G. Kim, J.-S. Lee,
Tetrahedron: Asymmetry 1992, 3, 1139; d) K. Ohe, H. Matsuda,
T. Ishihara, S. Ogoshi, N. Chatani, S. Murai, J. Org. Chem. 1993,
58,1173; ¢) R. Shintani, M. Murakami, T. Hayashi, J. Am. Chem.
Soc. 2007, 129,12356; f) R. Shintani, T. Tsuji, S. Park, T. Hayashi,
J. Am. Chem. Soc. 2010, 132, 7508.

Recently, a rhodium(III)-catalyzed reaction of oxime esters with
alkynes to give quinoline derivatives was reported by Chiba and
co-workers. 4H-Isoxazol-5-ones are used in place of the oxime

[10]

(11]

(12]

[13]

[14]

[15]

g

International Edition

esters, and the decarboxylative cyclization products were
obtained, see: P. C. Too, Y. F. Wang, S. Chiba, Org. Lett. 2010,
12, 5688.

Izumi and Alper reported a palladium-catalyzed reaction of an
allyl-substitued 2H-azirine to give pyrroles and pyridines (T.
Izumi, H. Alper, Organometallics 1982, 1, 322). They also
proposed a vinylnitrene intermediate. Although we employed
methallyl-substituted 2H-azirine 11a as a substrate for the
palladium-catalyzed intramolecular aziridination reaction, the
yield of bicyclic aziridine 2a was only 17 % [Eq. (5)].

N [PA(PPhs)4] (8 mol%) N

Ph/ﬁw/\f Ph \
© Me

11a

Me
(5)

dioxane, 100 °C, 12 h
Me
2a: 17% yield

The decarboxylation of intermediate A should give two isomers
of vinylnitrene complex B (cis and trans), and only the cis isomer
can undergo the following insertion. On the other hand, direct
insertion of an alkene moiety from azapalladacyclobutene B’ will
not give the aziridination product 2a. Taking these points into
consideration, the two intermediates B and B’ might exist in
equilibrium and the cis isomer of intermediate B might undergo
the subsequent steps.

Reactions of isoxazolones possessing other allyl groups (crotyl,
cinnamyl, and 2-methyl-3-phenylprop-2-en-1-yl) or a longer
tether (3-methylbut-3-en-1-yl group) resulted in low yields of the
corresponding aziridines or complex mixtures.

In the case of allyl-substituted isoxazolone 1j (R =H), inter-
mediate C possesses a f§ hydrogen. 3-Hydride elimination from
C followed by reductive elimination/isomerization will produce
pyrrole 3j. The other intermediate C' will undergo double f3-
hydride elimination to give pyridine 4j, and generate a
palladium dihydride species. See also Ref. [10].

tBuXphos was developed by Buchwald and co-workers and
widely used for palladium-catalyzed cross-coupling reactions.
For examples, see: a) X. Huang, K. W. Anderson, D. Zim, L.
Jiang, A. Klapars, S. L. Buchwald, J. Am. Chem. Soc. 2003, 125,
6653; b) K. W. Anderson, T. Ikawa, R. E. Tundel, S. L. Buch-
wald, J. Am. Chem. Soc. 2006, 128, 10694.

M. C. Mcmills, S. C. Bergmeier in Comprehensive Heterocyclic
Chemistry 111, Elsevier, Amsterdam, 2008, pp. 105-172.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

ewandte

Chemie

11473


http://dx.doi.org/10.1039/c39820001400
http://dx.doi.org/10.1039/c39820001400
http://dx.doi.org/10.1021/ja00360a039
http://dx.doi.org/10.1021/ja00360a039
http://dx.doi.org/10.1039/c39840001161
http://dx.doi.org/10.1016/S0040-4020(01)87644-4
http://dx.doi.org/10.1021/ja010358a
http://dx.doi.org/10.1021/ja010358a
http://dx.doi.org/10.1021/ja005558l
http://dx.doi.org/10.1246/bcsj.76.1055
http://dx.doi.org/10.1246/bcsj.76.1055
http://dx.doi.org/10.1021/jo049385k
http://dx.doi.org/10.1021/jo049385k
http://dx.doi.org/10.1039/b510039a
http://dx.doi.org/10.1021/ja100676r
http://dx.doi.org/10.1021/ja100676r
http://dx.doi.org/10.1055/s-0030-1259556
http://dx.doi.org/10.1016/S0040-4039(01)99584-X
http://dx.doi.org/10.1139/v74-202
http://dx.doi.org/10.1016/S0040-4039(02)02076-2
http://dx.doi.org/10.1016/S0040-4039(02)02076-2
http://dx.doi.org/10.1021/ja037726q
http://dx.doi.org/10.1021/ja037726q
http://dx.doi.org/10.1021/jo0607921
http://dx.doi.org/10.1021/jo0607921
http://dx.doi.org/10.1021/ja00415a024
http://dx.doi.org/10.1021/ja00415a024
http://dx.doi.org/10.1021/ja00182a038
http://dx.doi.org/10.1021/ja00182a038
http://dx.doi.org/10.1016/S0957-4166(00)82096-0
http://dx.doi.org/10.1021/jo00057a033
http://dx.doi.org/10.1021/jo00057a033
http://dx.doi.org/10.1021/ja073997f
http://dx.doi.org/10.1021/ja073997f
http://dx.doi.org/10.1021/ja1023223
http://dx.doi.org/10.1021/ol102504b
http://dx.doi.org/10.1021/ol102504b
http://dx.doi.org/10.1021/om00062a016
http://dx.doi.org/10.1021/ja035483w
http://dx.doi.org/10.1021/ja035483w
http://dx.doi.org/10.1021/ja0639719
http://www.angewandte.org

