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4-Isoxazolines: Scaffolds for Organic Synthesis
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Oxygen heterocycles

This review provides coverage of the more relevant contri-
butions to the synthesis and reactivity of 4-isoxazolines (2,3-
dihydroisoxazoles). The richness of the reactivity of these

heterocycles makes them interesting building blocks for the
synthesis of both cyclic and acyclic compounds.

1. Introduction

4-Isoxazolines (2,3-dihydroisoxazoles, 1) are interesting
synthons for cyclic and acyclic compounds!!?! and are also
known for their biological activities.> 71 These heterocyclic
compounds have attracted considerable interest due to their
readiness to undergo rearrangement reactions, making
them of interest from both synthetic and mechanistic points
of view. The reactivity of this ring system is mainly due to
the relatively low thermochemical stability of the N-O bond
associated with the m system.
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The aim of this review is to cover the more relevant syn-
thetic approaches to 4-isoxazoline derivatives as well as
their reactivity, which make these heterocycles an interest-
ing scaffold for organic synthesis.

2. Synthesis of 4-Isoxazolines

The main strategy used to obtain the 4-isoxazole ring
system has been 1,3-dipolar cycloaddition between nitrones
2 (Scheme 1) and alkynes or allenes. Other methods include
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cycloaddition of oxaziridines 3 with alkynes, cyclization of
propargylic N-hydroxylamines 4, addition of Grignard rea-
gents or organolithium compounds to isoxazolium salts 5
or their reduction with hydride reagents.
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Scheme 1.

2.1. 1,3-Dipolar Cycloadditions between Nitrones and
Alkynes or Allenes

Cycloadditions between nitrones and asymmetrically
substituted alkynes can yield regioisomers.!>8 With
monosubstituted alkynes such as alkyl- or phenylacetylene,
however, 5-substituted 4-isoxazolines are obtained regiospe-
cifically. On the other hand, electron-deficient acetylenes
(e.g., methyl propiolate or cyanoacetylene) give mixture of
regioisomers or lead to the selective synthesis of 4-substi-

chemistry of allenes.
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tuted 4-isoxazolines. The regiochemistry of these 1,3-di-
polar cycloaddition reactions has been interpreted by FMO
analysis.[>°]

Efficient regioselective formation of 4-substituted
4-isoxazolines can be illustrated by the reactions between
the N-arylnitrones 7a—7¢ (Scheme 2) and methyl propiolate
or but-2-yn-2-one.'%7 However, nitrones bearing a cyclo-
hexyl or an isopropyl group on the nitrogen (7d and 7e)
afford the two possible regioisomers, the 4-substituted de-
rivative being the major product in each case.
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Scheme 2.

1,3-Dipolar cycloadditions between nitrones and the
electron-deficient allenes 12 take place regioselectively to
give the 5-methylene-isoxazolidines 13, which can be con-
verted into the corresponding 4-isoxazolines 14 upon treat-
ment with base or through thermolysis, by 1,3-hydrogen
shifts (Scheme 3).111-13]

Ph\l X benzene, 40 °C Ph X
|N + =-=/ —_— i
Me”+70_ 12 3-12h Me/N\O
7t X=C0Me CN, 13a X =CO,Me 80% (cis)
SO,Ph i :
2 nBuLi, -78 °C 13b X=CN 99% (cis)
or 80-90 °C 13¢c X =SO,Ph 98% (trans)
Ph. X
\
Me™ o 14 90%
Scheme 3.

The five-membered cyclic nitrone 16 (Scheme 4), pre-
pared through a one-pot allenyloxime domino reaction,
participates in 1,3-dipolar cycloaddition with dimethyl ace-
tylenedicarboxylate (DMAD) to give the 4-isoxazoline 17
in high yield and as a single diastereoisomer.[!¢]
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Scheme 4.

Chiral polycyclic 4-isoxazolines have also been obtained
by the 1,3-dipolar cycloaddition approach (Scheme 5).['7)
The intramolecular [4+2] cycloaddition of the a,B-unsatu-
rated oxime 18 leads to the chiral nitrone 19 via an endo-
cyclic 2-piperidine enamine. This nitrone acts as a 1,3-di-
pole in the reaction with dimethyl acetylenedicarboxylate,
affording the 4-isoxazoline 20 in a stereoselective fashion.

CO,Et
/KH/ n-oH DCM, r.t.
| Bn—N
Bn’NNCH:; 30%

18 DMAD
toluene
r.t., 30 min

y COEt

Me coMe 20 529%

Scheme 5.

Treatment of the chiral cyclic nitrone 23 (Scheme 6) with
alkynylzinc reagents led to a tandem addition/cyclization
process giving the bicyclic 4-isoxazolines 24 regio- and dia-
stereoselectively.['8] Although the outcome of the reaction is
the expected 1,3-dipolar cycloadducts the reaction follows a
two-step pathway, as demonstrated by the authors by TLC
analysis of hydrolysed aliquots of the reaction mixture,
showing the formation and disappearance of the intermedi-
ate 23.

tBu tBu
_ Me,Zn (1.3 equiv.)
+ 2 HO- -Me
O\N\ N,Me + | | N N
) § toluene, 20 °C =4
Me O R then NHHCI R Me
21 22 23
R = Ph, Bu, cyclohexen-1-yl, 60-94% l

CH,OtBu, CH,0Ac, CH(OEY), Bu
0yt
N\

ats

24 Me o

Me

Scheme 6.

Eur. J. Org. Chem. 2010, 3363-3376



4-Isoxazolines: Scaffolds for Organic Synthesis

Eur

The chiral nitrone 26 (Scheme 7) can be prepared
through the use of ethyl L-pyroglutamate (25) as the source
of chirality and subsequently reacts with DMAD to afford
the chiral 4-isoxazoline 27.'%! However, the 1,3-dipolar cy-
cloaddition between the chiral nitrone 28 and DMAD gives
a 2:1 ratio of the two diastereoisomeric fluorinated
4-isoxazolines 29 in 76% overall yield.?"!
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Scheme 7.

The tetrahydroimidazo[l,5-bJisoxazoles 31 (Scheme 8)
were obtained from cycloadditions between the cyclic nitro-
nes 30 and phenylpropiolates or DMAD. These heterocy-
cles were converted into imidazoles (e.g., 32) when treated
with alkoxide or heated under vacuum. On the other hand,
oxidation with KMnO,/FeSO, gave the 4-oxo-3a,4,5,6-
tetrahydroimidazo[1,5-blisoxazoles 33.>!1 The 2-perfluoro-
alkyl-tetrahydroimidazo[1,5-b]Jisoxazoles 34 can be obtained
from the cyclic nitrones and methyl 2-perfluoroalkynoates
in a highly diasteroselective and regioselective fashion.??!

The isoxazolino[4,5-c]quinoline ring system has been
prepared by sequential double annulation starting from the
acyclic pB-(2-aminophenyl)-o,B-ynones 35 (Scheme 9) and
the N-methylnitrones 36.1>31 The initial regioselective 1,3-
dipolar cycloaddition reactions lead to the 4-isoxazolines
37, which undergo condensation to give the quinoline nu-
cleus.

Treatment of quinoxaline 4-oxides (Scheme9) with
DMAD in dioxan at reflux affords isoxazolo[2,3-a]quinox-
alines (e.g., 40) in high yields.**+>%]

The (hydroperoxyalkyl)nitrones 41 (Scheme 10) react
with acetylenes to give 2-(hydroperoxyalkyl)-4-isoxazolines
(e.g., 42) under mild conditions.?®) The authors observed
that derivatives other than the 4-isoxazoline 42a are not
very stable, significant decomposition being observed dur-
ing column chromatography. Although the estimated yield
of the crude 4-isoxazoline 42b as judged from the 'H spec-
trum was 90%, this product was isolated after silica gel
chromatography only in 67% yield.
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Cycloaddition of the nitrone 43 (Scheme 10) with (alk-
ynyl)phenyliodonium triflates has also been reported, lead-
ing to the corresponding iodonium-substituted 4-isoxazol-
ines 44 regioselectively and in moderate yields.[?”)

A study on the reactivity of alkynoates towards nitrones
“on water” in the presence of tertiary amines and phos-
phanes as organocatalysts has been reported.?®21 The reac-
tivity pattern is characterized by the formation of mixtures
of 2,3,5-trisubstituted 4-isoxazolines (e.g., 47, Scheme 11)
and N-propargylic hydroxylamines (e.g., 48) from terminal
alkynoates, whereas reactions with internal alkynoates lead
to the chemo- and regioselective synthesis of 2,3,4,5-tetra-
substituted 4-isoxazolines as illustrated by the reaction be-
tween the nitrone 45 and methyl propiolate. The 4-isoxazol-
ine synthesis proceeds via zwitterionic allenoates, generated
from the addition of the catalyst to the alkynoates, which
participate in regioselective 1,3-dipolar cycloaddition with
nitrones, followed by the elimination of the catalyst.

nPr Ph—==—CO,Et Ph nPr
{ :
N PhsP (10 mol-%) N-
Bn"+ 00— 3 EtO,C -~ "Bn
H,0, r.t, 12 h >0 46 94%
45
CO,Me
= Co,Me nPr z
Tl
PhsP (5 mol-%) MeOC™ >g " "Bn Bn
H,0, rt,12h \l}l nPr
a7 OH 48

95% (1:0.83)

Scheme 11.

1,3-Dipolar cycloadditions of nitrones and monosubsti-
tuted alkynes on solid supports are known.%3!1 With the
starting polymer-supported cyclic nitrone 4-isoxazoline 49
(Scheme 12), cycloaddition was carried out in THF at
60 °C. The cycloadduct 51 was isolated in 54 % overall yield
after basic cleavage from the resin.

The alkynyl Fischer carbene complexes 52 (R = H,
Scheme 13) undergo a cascade cycloaddition/cyclopropan-
ation process in the presence of a nitrone to afford 4-isox-

(0]

(0]

(0]

N. 0 =—Ph [N (0] NaOMe [N (0]
[N:I/ THF, 60 °C N p MeOH/THF

(')+ 1-2h 0

- Ph
49 50 51 54%

Scheme 12.

azolines (e.g., 53) in good yield. Under the same conditions,
complexes 52 with substituents at the pendant olefin group
(R = Me, Ph) undergo a cycloaddition/metathesis process
leading to the naphthalenes 54.13%1

rPh
|
-N.
(OC)sM._OMe fBu"+°0_
R=H
Il 57-82% 53
~_R —1
\
tBu E O
52 M=Cr, W “R=Me Ph Me, Ph
66-81% 54
Scheme 13.

Benzo[d]isoxazoline and naphtho[2,3-d]isoxazoline deriv-
atives have been prepared through cycloadditions between
nitrones and arynes. The arynes 56 and 59 (Scheme 14)
were generated from the benzobisoxadisilole 55 and the 2,3-
naphthoxadisilole 58, respectively, by a phenyliodination/
fluoride-induced desilylation process. Cycloadditions of the
benzyne 56 with diarylnitrones gave the benzo[d]isoxazol-
ines 57 in 50-78 % yields, whereas the naphthyne 59 reacted
with the same nitrones to give the naphtho[2,3-dJisoxazol-
ines 60 in good yields.??
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2.2. Cycloadditions of Oxaziridines with Alkynes

Troisi et al. described the synthesis of 3,5-diaryl-2-alkyl-
4-isoxazolines from aryl alkynes and 2-alkyl-2-aryloxazirid-
ine (Scheme 15).34 The oxaziridines 61 were prepared by
oxidation of the corresponding imines with m-chloroper-
benzoic acid.

toluene
A
O\ reflux, 616 h r>_>\
AN N \
Ar R BN
Ph——= R o) Ph
61 62 60-93%
Ar = Ph, pMeOCgH,, pTolyl, pyridin-2-yl
R =tBu, Et, iPr
o toluene Ar' Ar!
\ reflux, 6-16 h —
Ar1/LN~R _— /W , * R—N>H_>/~Ar2
. R™ o Ar’ o
Ar—
61 63 64

Total yield (63:64 ratio)

98% (2:98)
82% (95:5)

61b Ar' = 3-benzothiazole; R = Et; Ar? = Ph 80% (0:100)
61c Ar' = 3-benzothiazole; R = tBu; Ar? = pyridin-2-yl 90% (90:10)
61d Ar' = 3-benzothiazole; R = iPr; Ar? = Ph 70% (0:100)
61e Ar' = Ph; R = tBu; Ar? = pMeOCgH, 60% (0:100)

61a Ar' = 3-benzothiazole; R = tBu; Ar? = Ph

Scheme 15.

The thermolysis of solutions of the oxaziridines 61 and
alkynes in toluene affords 4-isoxazolines. The regioselectiv-
ity of the cycloaddition reaction can be explained by con-
sidering steric interactions, which is also consistent with un-
successful attempts to carry out the reactions with internal
alkynes such as I-phenylpropyne. The authors observed
that several 4-isoxazolines were unstable under the experi-
mental conditions and were converted into the correspond-
ing B-amino enones through N-O bond cleavage. The pres-
ence of an electron-withdrawing group at C-5 and/or an
electron-donating group at C-3 favours the 4-isoxazoline re-
arrangement. Nevertheless, this methodology is useful for
the synthesis of 4-isoxazolines, which are difficult to pre-
pare by other methods.

2.3. Cyclization of Propargylic N-Hydroxylamines

The aryl-substituted propargylic N-hydroxyureas 65
(Scheme 16) undergo palladium-mediated cyclization to
give the 4-isoxazolines 66 in good yields.[>> The 2,3,5-tri-
substituted 4-isoxazolines 68 were also obtained efficiently
from 5-endo-dig cyclizations of the propargylic N-hydroxyl-
amines 67 in the presence of catalytic amounts of Znl, and
DMAPDB A one-pot approach to 4-isoxazolines from the
propargylic N-hydroxylamine 69, through dual gold/iron
catalysis, has been reported.’’”! Through the use of a bisnu-
cleophilic protected hydroxylamine, the first iron(I1I)-pro-
moted propargylic substitution is followed by the gold(I1I)-
promoted cyclization in the presence of DMAP as co-cata-
lyst to furnish the 4-isoxazolines 71.
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H°~NJ\NH2 1.1 equiv. NEt;, THF/CH,CN \,T
)\ "0
N 50-87% \(:<
Ar Ar
65 66

Ar = thiophen-2-yl, pTolyl, pPNO,CgH,4, PMeOCgH,, 5-(pF CgH4O)furan-2-yl)

HO. Bn Znl, (10 mol-%) Bn
“N” DMAP (10 mol-%) R! N‘o
1 \(:<
R \ . DCM,23°C 2
R 82-97%
67 R' = iPr, Bu, Ph 68
R? = (CH,),Ph, CH,OTBOMS, Ph
HO. .
OH CbzNHOH N-CPZ
R ™\ FeCl, 2.5 mol-% R)\
nBu DCM, reflux nBu
69 70

R = thiophen-2-yl, pTolyl, pMeOCgH,,
oMeCgH,4, pCICgH,4, Ph

NaAuCl,-2H,0
DMAP\S mol-%
30 mol-% Cbz

71 45-86% nBu

Scheme 16.

One-pot catalytic asymmetric additions of alkynylzinc to
nitrones in the presence of di-zerz-butyl (R,R)-tartrate as a
chiral auxiliary, followed by cyclization, afford the corre-
sponding (S)-4-isoxazolines (e.g., 74, Scheme 17) with high
enantioselectivity. In these addition reactions, the presence
of the methylzinc salt of a product-like racemic hydroxyl-
amine as an additive leads to enantiomeric enhancement.

Bn

U
N,
Ph 0

74 73%, 91% ee Ph

5. Me,Zn
1 Bn. .OZnMe (3.2 equiv.)
‘ N 25°C, 1d
MeZnoj,Ac MepOCeH.;\Ph B, OZnMe
MeznO~ “CO,BU 2. Me,Zn (1.0 equiv.) Ph)\
72 (0.2 equi Ph. O~ Ph
(02equiv) 5 \=y; (1.0equiv) 73
Bn
- 5. Me,Zn
4. =—Ph (1.0 equiv.) (3.2 equiv.)
toluene, 0°C, 18 h 25°C, 1d
0 Bn
A 6. A ;
Phj_\z) H H Ph\;_\g
HO Ph THF,25°C, 12h MeZn  Ph
76 52%, 85% ee 75
Scheme 17.
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On the other hand, the cyclization step is accelerated by the
addition of dimethylzinc. The initially formed cyclization
product 75 could be trapped with formaldehyde to give the
4-isoxazoline 76.03%!

Aryl nitrones undergo nucleophilic additions with fluo-
roalkylated acetylides, generated from 2-bromo-3,3,3-tri-
fluoropropene through treatment with LDA. Subsequent
cyclization gives the fluoroalkylated 4-isoxazolines 78 in
moderate yields (Scheme 18).53]

1. LDA (2 equiv.) FsC
_780
FG THF, —78°C, 0.5 h >:>\
B : O‘N Ar
' 2. THF,0°C, 2 h Bn
Bn. .0~
L4 N 78a Ar=Ph 42%
(§ 78b Ar = pMeOCgH, 55%
Ar 78c Ar=1-naphthyl 65%
Scheme 18.

2.4. Addition of Organolithium Reagents to Isoxazolium
Salts

Silylated 4-isoxazolines (e.g., 80) have been prepared
from the starting 5-silylated 3-phenylisoxazolium salt 79 by

regioselective alkylation with organolithium reagents
(Scheme 19).149
Ph RLi Ph R
Et/+ Ne) SIPhZ!BU THF, 0°C Et~ 0 SithtBU
“BF, 80a R=Bu 63%
79 80b R=Ph 66%
Scheme 19.

2.5. Reduction of Isoxazolium Salts with Hydride Reagents

Alberola et al. reported that 3,4-disubstituted N-alkyl-
isoxazolium salts undergo lithium aluminium hydride or so-
dium borohydride reduction to give 4-isoxazolines. In some
cases, depending on the anion of 81 (Scheme 20) involved
and the hydride used, mixtures of 4-isoxazolines and their
borane complexes were obtained; these could be converted
into the 4-isoxazolines 82 by treatment with ether.[*!]

1
R R
N R2
R3 O,N~R1 E R?
O
R3
R4
RZ
COR5
/ N
R5 o’ \R1
Scheme 21.
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R
S x _ NaBH,, EtOH/CHCI, /\_\
/4/—( R! { 'N\|
+j -78°C, 30 min o R!
84 87-100% 85

R"=R2 = Ph; R® = 0BrCgH,, CH,=CH

R'= Ph; R? = 0FCgH,; R® = Me

R = 0CICeHq4; R? = Ph; R® = 0BrCgH,

R' = pMeCgH,; R2 = 0CICgH,; R® = 0BrCgH,

ROy Me0BF, R~ O-Me  NaBH, R~ Oy-Me
;—’\ b \g—’/ “BF
R DCM R * EOH g
86 87 85-99% It.6h 88 64-93%
R'=R2=Ph

R' = 3,4-(Me0),CgHs; R? = Ph, 3,4-(MeO),CsH;
R'=2,3,4-(Me0),CgH,; R? = 3,4-(Me0),CgHs

Scheme 20.

The synthesis of 3-unsubstituted 4-isoxazolines by treat-
ment of the 3-alkylthio-5-aryl-2-(arylmethyl)isoxazolium
halides 84 (Scheme 20) with sodium borohydride has also
been reported. The 5-aryl-2-(arylmethyl)isoxazolines 85 are
obtained in this way in high yields.*?! On the other hand,
4,5-diaryl-4-isoxazolines (e.g., 88) have been prepared by
subjecting the isoxazoles 86 to tandem N-quaternization/
sodium borohydride reduction conditions. 43

3. Reactivity of 4-Isoxazolines

3.1. 4-Isoxazolines as Building Blocks for Cyclic
Compounds

4-Isoxazolines have attracted considerable interest as a
result of their readiness to undergo rearrangement reac-
tions. The reactivity of this ring system is mainly due to the
relatively low thermochemical stability of the N-O bond
associated with the m system. The most general reactivity

R1
2 N R?
A‘IR <NE[
o] R3
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pattern involves thermal isomerization to 2-acylaziridines.
The corresponding azomethine ylides generated by conrota-
tory aziridine ring opening can either undergo ring closure
to oxazolines or undergo a proton shift followed by cycliza-
tion to afford pyrroles (Scheme 21). 4-Isoxazolines unsub-
stituted at C-3 usually provide exclusive formation of 4-ox-
azolines, whereas the rearrangements of 4-isoxazolines
bearing a methyl or RCH, substituent at C-3 afford pyr-
roles.!!-21

Baldwin etal. showed that the 4-isoxazoline 89
(Scheme 22) isomerized at 80 °C to the 4-oxazoline 90. On
the other hand, it was observed that the aziridine 92, ob-
tained directly from the reaction between the nitrone 91 and
DMAD, undergoes thermolysis to give the 4-oxazoline 94,
presumably via the azomethine ylide 93 (NMR-monitored
experiments).[*Y The key intermediates in these reactions
are therefore the acylaziridines, which undergo further re-
arrangement to give the 4-oxazolines.

Meozc 80 °C o) COzMe
I\ T
MeO,C™ g " ~tBu /N CO,Me
89 Bu g9
COMe toluene CO,Me
I DMAD WCOZMe reflx | <t o
N N - N~
Ar'+°0- 4 Y0 |
- Ar Ar  CO,Me
91 92 93
Me l
Ar = -
§QM€ 0 COMe
e .
CO,Me
Af z
94
Scheme 22.

Padwa et al. studied the reaction between methylhydrox-
ylamine and methyl propiolate (Scheme 23). The reaction
of a 1:2 mixture of the two reactants at 25 °C for 24 h gave
the 4-isoxazoline 95 in 73 % yield. The process involves the
generation of the nitrone in situ, followed by the 1,3-dipolar
cycloaddition. When the reaction was carried out at 80 °C
for 12 h, the N-methyl-1H-pyrrole 96 was obtained. The
same pyrrole could be isolated in high yield from the ther-
molysis of the 4-isoxazoline 95 at 80 °C.[43]

MeNHOH 25°C, 24 h MeO,C CO,Me
+
=—CO,Me 0 ﬁ
2 73% 0 95
95%
70% MeOZCZ_L / °C, 12 h
80°C, 12 h COzMe
Scheme 23.

Georgiev et al. reported the isolation of an intermediate
aziridine from a 4-isoxazole/pyrrole rearrangement. The
thermolysis of the spiro[adamantane-4-isoxazoline] 98
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(Scheme 24) gave the corresponding spiro[adamantane-
aziridine] 99 in 88 % yield. This result provides evidence that
similar 4-isoxazole/pyrrole rearrangements proceed with an
initial ring contraction to an aziridine ring.[ ¢!

DMAD
"."
\N o totlue1n;]a MeO,C—X\_O toluene Me020
07 rt
M , reflux, 2 h
Me MeO,C COMe
97 98 81% 99 88%

Scheme 24.

1,3-Dipolar cycloaddition reactions between nitrones in-
corporated in homoadamantane systems and electron-de-
ficient alkynes proceed at or below room temperature to
give the 4-isoxazolines 101 (Scheme 25). These cycloadducts
were further converted into homoadamantane-fused pyr-
roles on heating in toluene.™*”!

0°Corrt. A
_N-0 ———————~ Ng ——— No Rt
+ RI—=—R? Me” | \_/
Me R?

R! R2
100 R'=CO,Me; R2=H 101a 73% 102a 75%
R'=CN;RZ=H 101b 93% 102b 78%
R'=R?=CO,Me 101c 63% 102c 33%

Scheme 25.

The synthesis of 4-isoxazoline and pyrrole derivatives
fused to a 3.,4-dihydroisoquinoline ring system has been re-
ported. Cycloadditions between 3,4-dihydroisoquinoline N-
oxide and alkynes provided the corresponding 1,3-cycload-
ducts (e.g., 104; Scheme 26) and the sealed tube thermolysis
of these 4-isoxazolines afforded the 5,6-dihydropyrrolo[2,1-
alisoquinolines (e.g., 105).148]

MeO RZ—— Cone MeO
MeO “No bemrt,1-7h Meo N\o
- R’ —
R R'=H, Me, Ph M R
R2= H, CO,Me e0:L R
103 104 40-83%
toluene
sealed tube, 120-140 °C
MeO 7-12h
MeO N CO,Me
\

105 42-96% R' R?
Scheme 26.

The thermolysis of the amino-acid-derived nitrones 106
(Scheme 27) in the presence of DMAD at temperatures in
the 65-80 °C range produces the corresponding 4-isoxazol-
ines 107, whereas in toluene at reflux the pyrroles 108 are
isolated as single enantiomers. The same pyrrole derivatives
were obtained upon heating the 4-isoxazolines 107 in tolu-
ene at reflux. ]
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R  CO:Et X—=—CO,R! R y COEt
~NC toluene N-C.
Bn—N N Bn—N X
g Me  65-80°C,2-4h :
o H 71-83% o H Me copR
106 107
toluene
110°C,2h _~no, | tOluene
58-72% 43 63&‘ 110°C, 2-15h

R H (%OZEt CO,R!

R =Bn, iPr
X =CO,Me, H, Ph, CF4 Bn=N Ny
R!=Me, Et BRS
O H
108
Scheme 27.

The azomethine ylides generated from 4-isoxazoles can
be trapped by intramolecular 1,3-dipolar cycloaddition or
can undergo 1,5- and 1,7-ring closure to give five- and
seven-membered heterocycles. The 4-isoxazoline 110
(Scheme 28), obtained from the intermolecular 1,3-dipolar
cycloaddition between the nitrone 109 and DMAD, is con-
verted into the tricyclic compound 113 in 50% yield
through the intramolecular cycloaddition of the azomethine
ylide 112.05%

The reactivity of 4-isoxazolines bearing butadienyl
groups (e.g., 114, Scheme 28) under short-time thermolysis
conditions (280-320 °C with a contact time of ca. 10 s) has
been studied. Dihydroazepines are obtained as the major
products, together with the formation of pyrroles. The pro-
cess can be explained in terms of the involvement of inter-
mediary azomethine ylides, which undergo 1,5- and 1,7-
electrocyclization to give five-membered (e.g., 117 with loss
of methane from 116) and seven-membered heterocycles
(e.g., 118), respectively.l>!]

The reactivity of enynyl-substituted 4-isoxazolines has
also been explored. The TMS derivatives (e.g., 119, R =
TMS; Scheme 29) undergo short-time thermolysis giving
rise to annulated pyrrolines (e.g., 121). In contrast, deriva-

tives bearing a terminal alkyne (e.g., 119, R = H) lead to
bicyclic compounds (e.g., 123). The 4-isoxazolines thus act
as masked azomethine ylides, which undergo either 1,5-elec-
trocyclization or 1,7-electrocyclization to give cycloallene
intermediates followed by rearrangement to afford azepino-
pyrrole derivatives.[>?!

R
V4
Me\
\
Me~ [ Nvg” ~tBu
Me 119 R=TMS or H
280 °C
10s
Me>O\ 1,5] e; ™S
Me” IN Me
tBUM R=TMS
(6]
120 121 72%
[1,7]‘R=H
Me Me Mlgle
Me N (0] Me
) v
tBu —_—
\ Bu \ /
(0]
122 123 43%
Scheme 29.

Ring contraction of 4-isoxazoles to 2-acylaziridines can
also be achieved through a Co,(CO)g-promoted rearrange-
ment3 (Scheme 30). The optically pure isoxazoline 124
was converted by this methodology into the aziridine
ketone 125 in a diastereoselective process.

Stable azomethine ylides (e.g., 129, Scheme 31) have been
prepared by photochemical excitation of annulated 4-isox-
azoles. The proposed mechanism is based on the photo-
chemically induced N-O bond cleavage to the correspond-

COzMe
~0.f.Me _.0 M Me.}, CO Me CO,Me
P Me~\ CO;Me N COCO,Me 2 . o 2
DMAD toluene 50% Me, COMe
= CO,Me . CO,Me —» - H N L
retiux e
O/\/\Me O/\/\ O/\/\Me 0/\/\Me H
109 110 111 0
113
Me Me Me
15 Me N N Me” "N \
/s = —CH, 0=
Me ~ /= Me><_>\ o
\ 280-320°C Me” ;N7 Me Ph 116 Ph 117 9%
N. Ph. A~ ”
MeMe o” Ph 10s \IH\/\/ Me Me

O
114 115

Scheme 28.
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Ph

Coy(CO)s MeYPh

)/ 0" BU T cheN Ph.../ \..COBuU
Me 75°C,05h  H H
124 125 64%

Scheme 30.

ing diradical followed by bond reorganization to an azirid-
ine, which undergoes C-C cleavage to afford the isolable

azomethine ylide.54>°]
O
H
\ hv N
N.o”~Ph Ph H
(o)¢]
126

129

1@@

COzMe

=

MeOZC Cone

CO,Me

MeO o

m%mzm

132 Ar  CO,Me

MeO

Scheme 31.

The isoxazolo[3,2-alisoquinolines 130 (Scheme 31) are
also converted into stable azomethine ylides 132 upon heat-
ing.[’%1 However, the authors propose a mechanism involv-
ing consecutive C3-C4 bond heterolysis and 1,3-sigma-
tropic shift rather than the accepted mechanistic pathway
involving acylaziridines as intermediates.

The reactivity of the 1,2-disubstituted 1,2-dihydroquinaz-
oline 3-oxides 133 (Scheme 32) towards DMAD has been
studied. The reaction outcome varied with the nature of the
N-substituent. The dipoles 133a-133d gave the correspond-
ing 4-isoxazolines 134, accompanied in the cases of 133c
and 133d by the stable azomethine ylides 135. The N-methyl
derivative only gave azomethine ylide 135e.

The rearrangement of 4-isoxazolines to azomethine
ylides could occur in a concerted fashion by way of an acyl-
aziridine intermediate (Pathway A, Scheme 32). However,
with this interpretation it is difficult to explain the relative
stability of the N-aryl-4-isoxazolines with respect to the N-
methyl derivative. The authors thus proposed an alternative
pathway (Pathway B) involving a cyclopropyl-fused inter-
mediate as the aziridine precursor, which could account for
the increased lability of the isoxazoline ring with increasing
electron-releasing power of the N-substituent.[>”]
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eOZC CO,Me
COCOzMe
~+.0- DMAD
Cot -2 O, - Ot
N rt,18h
R1
133 134 135
134 135
133a R' = p-NCCgH,; R? =Ph 99% -
133b R'=MeOCgH,; R2=pNO,CsH,  79% -
133¢ R'=R2=Ph 63% 14%
133d R' = pMeOCgH,; R? = Ph 32% 24%
133e R'=Me; R?2=Ph - 60%
CO,Me
Mot 2 COCOZMe
PathwayA @N+ CO,Me
MeO,C COzMe
0
N
M
N R 0L
e MeO,C
‘—, N~
Pathway B
INTR?
R1
Scheme 32.

N-(1-Naphthyl)-C,C-dimethoxycarbonylnitrone (136,
Scheme 33) reacts with acetylenes to give the 1H-benz[g]-
indoline derivatives 138 in high yields. The synthesis of
these heterocycles was interpreted in terms of the genera-
tion of the expected 4-isoxazolines as intermediates, fol-
lowed by rearrangement to the final products. From the re-
actions between nitrone 136 and propiolates, compounds
140, resulting from the regioisomeric 4-isoxazolines, were
also isolated in low yields.[>®]

_ COzMe
+
O‘I}l/ CO,Me
Ar
136 Ar = 1-naphthyl
benzene 2 o
reflux, 2-8 h| R*—=——R
R! R2 R2 R!
CO,Me c?:S<C02Me
CO,Me N CO,Me
Ar Ar
137 139
MeO,C MeO,C
HN CO.Me HN CO,Me
COR! COR?
I oL
138a R'=R2=CO,Me 89% 140a R'=Me; R2=CO,Me 3%
138b R'=Me; R2=CO,Me 81% 140b R'=Ph; R2=CO,Et 2%

138c R'=Ph; R?2=CO,Et 92%

Scheme 33.
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3.2. 4-Isoxazolines as Building Blocks for Acyclic
Compounds

N-Oxidation or quaternization of the nitrogen atom of a
2-substituted 4-isoxazole activates the system towards ring-
opening reactions.

4-Isoxazoles react with iodomethane to form ao,B-unsatu-
rated ketones via isoxazolium salt intermediates.>%% In
line with this observation, the thermolysis of the 3,3-disub-
stituted 4-isoxazolines 141 and 144 (Scheme 34) in THF at
40 °C with excess methyl iodide afforded the corresponding
a,B-enones 143 and 145 in good yields.5!

Me
1
Me Me Me -N
N Mel N+ 17| CH CO,Et
"0 © "0 2
~—\, THF, 40°C = 75-80% : }R
Eo,C R RO R g
141 142 143 R=H, Ph

Mel
THF, 40 °C, 2-3d .O
85-98% o | -

1 2 3 R3
R' = Me; R? = CO,Et; R®*=H, Ph
144 R' = Ph; R2= CO,Et; R®=H, Ph 145
R' = Ph; R2 = H; R® = CO,Et

Me
Ar_ N Mel A, CO,Et Ar,  CO,Et
H (e} — + —
= rt,2-7d  H Ph Me-N Ph
EtO,C Ph 0 Me O

146 X =H, NO,, MeO 147 31-46% 148 30-57%

Scheme 34.

The presence of an abstractable hydrogen at the 3-posi-
tion in the isoxazoline ring opens the way to a competitive
reaction route with formation of enamino derivatives.[®”
This can be illustrated by the reaction of the 4-isoxazolines
146 (Scheme 34), bearing abstractable benzylic hydrogen.
These compounds react with iodomethane to give o,B-un-
saturated ketones and enamines.

On the other hand, the 3,3-disubstituted 4-isoxazolines
149 (Scheme 35) are converted into the a,B-enals 150 upon
treatment with Mel in THF at reflux. The quaternization
of nitrogen in the 3,3-disubstituted 4-isoxazoles 149 to give
the isoxazolium salts 151, followed by thermolysis in
MeOH, however, leads to the a,B-unsaturated amides 152
in high yields through solvent-assisted heterocyclic C3-N
bond cleavage.[!]

Oxidation of the 4-isoxazole ring with mCPBA affords
o,B-unsaturated carbonyl compounds with cheletropic ex-
trusion of nitrosomethane (Scheme 36).12°6%1 The 4-isox-
azolines 153 are smoothly converted in high yields into the
o,B-unsaturated ketones 155 upon treatment with the per-
oxyacid.[®>%] Houk et al. have demonstrated that the oxi-
dation of 4-isoxazolines with mCPBA is followed by stereo-
selective cheleotropic extrusion of nitrosomethane at low
3372
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2 2
R2  COEt Mel RiL}_COaEt RiYCOREL
= / \g — ] \S _
- Me-
R' CHO THF, reflux Me N\o TfOMe ,;e/ﬁ‘o Tfo
DCM,rt,2h
150 149 151
R! R2 MeOH
reflux, 1 h
a —(CHa)s— '
b Ph Me R?
¢ pMeOCgHs; Me EtOZCf\R1
152 95-100%
Scheme 35.

temperature to give “in” alkenes (e.g., 157). The stereoselec-
tivity is reversed, however, in the oxidation of 4-isoxazolines
with a bulky group at C-3, leading to the synthesis of “out”
alkenes as the major products (e.g., 158).[64.63]

R Ph
/
R1’Z;<N‘CH3
153

R'=Me, nC;H;, CO,Me, H, (CH,),CCH
R?=S0,Ph, CN, CO,Me, H

o)
mCPBA RZ Ph | _CH,NO pp R1
ﬁ-*— —
DCM RN NCHs | 75 og9 R?
rt,12h o_

154 155

Et0,C_ R
0o /
N~
¢ N-ch
o 0
mCPBA 156 mCPBA
DCM, 0°C, 5 min DCM, 0 °C, 5 min
89% R=Ph, CeHyy, \  85-93%
in-out ratio < 1:15 34,5-(Me0);,CH,  \/1-outratio =15:1

o\lo Ro :/<O\!O

Scheme 36.

This reactivity feature of 4-isoxazolines has been used in
the formal synthesis of (*)-roseophilin. The pyrrolyl vinyl
ketone 160 (Scheme 37), prepared by oxidation of the 4-
isoxazoline 159, underwent Nazarov cyclization to give the
5,5'-fused keto pyrrole 161. n-Allyl palladium macrocycli-
zation afforded 162, which can be converted into the target
molecule.[6®]

The proline-derived  bicyclic  4-isoxazolines 163
(Scheme 38), each bearing a carboxylic substituent at C-3,
afford the acyclic nitrosoalkyl-substituted o,B-unsaturated
ketones 165 upon treatment with mCPBA.[¢7]

Reduction of 4-isoxazoles can lead to B-amino ketones
or B-amino alcohols.[®®71 Hootelé et al. reported that B-
amino ketones are obtained in good yields by hydro-
genolysis in the presence of Pd/C in ethanol (e.g., 167,
Scheme 39).[68]

Hydrogenolysis of 4-isoxazolines has also been used to
prepare B-amino ketones, which are key intermediates in
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OTBDMS
~""0TBDMS
= 4
MeO,C N\_NTs
cyclohexene N

\ -30 °C, DCM MeO,C o

Me 42-60%
159 160

1. HCI, MeOH, 0 °C

2. Ac,0, NEt;, DCM
3. 10 mol-% Sc(0OTf),

LiCIO,, 80 °C, CI(CH,),Cl
Pd(0)
Scheme 37.
ROZC COZEt ROZC COZEt
mCPBA
N‘O DCM, r.t., 5 min ha©)
R = Me, Bn -0
163 164
/ 80-85%
CO,R
ON Nl\rcozlzt
Ph 165
Scheme 38.
4 b Ak
N ) pPacEoH ol Ph
Ph n=1 60% H
166 n=2 86% 167
R1
[( NaBH4, AcOH
Ph “Bn | s98o% R NBn
dr80:20 - 91:9
170 R2 = Ph 168 zinc powder
_ ACOH/H,0 = 3:1
zinc powder, AcOH 59-96% R2 - Ph
63-96% (using syn-isoxazoline)
Bn\NH OH B"‘NH 0
R’ Ph R R2
171 R'=M 169
= Me, iPr, tBu, Ph
R'! = Me, iPr, Cy, Ph R? = nBu, tBu

Scheme 39.

the reported synthesis of tetraponerine alkaloids.[®®! The
synthesis of B-amino ketones from the 4-isoxazolines 168

(R? # Ph, Scheme 39) upon treatment with a suspension of
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Zn powder in glacial acetic acid has also been reported.[’”!
When 4-isoxazolines bearing a phenyl group at C-5 were
subjected to the same reaction conditions, f-amino alcohols
were obtained instead of B-amino ketones, although with
limited scope. However, more efficient processes are ob-
served on carrying out the reduction with sodium boro-
hydride in acetic acid followed by N-O bond cleavage with
Zn powder in acetic acid. This synthetic strategy leads to
the diasterecoselective synthesis of the syn-B-amino alcohols
1710791,

4-Tsoxazoles with a hydrogen at the 3-position can un-
dergo a rearrangement involving cleavage of this C-H
bond, together with N-O bond cleavage induced by the
prototropic process, affording enamine B-carbonyl com-
pounds.l”'-731 The dimer 173 (Scheme 40), which in solution
exists in equilibrium with the monomer, a C-alkoxynitrone,
reacts with methyl propiolate to give the enamine B-carbox-
aldehyde 175 via the bicyclic 4-isoxazoline 174.72) On the
other hand, the 2-imidazoline nitrone 176 (Scheme 40) re-
acts with propiolates to afford the ene-1,1-diamines 178
through rearrangement of the initially formed 4-isoxazoline
cycloadducts 177. In the presence of acetylenedicarboxyl-
ates as dipolarophiles, the nitrone 176 is converted into the
2,3,5,6-tetrahydro-1H-pyrrolo[1,2-alimidazole-5,6-diones
(e.g., 179).1 Similar chemistry can be carried out by start-
ing with the 4,5-dihydro-1H-imidazole 3-oxide 18073

0, =—CcoM
2 _ NaH >~ 2Me
N+ T “g55,
OH CDCl,
sealed tube
172 110°C, 4h
CO,Me
o 7F 0  COMe
- N\ _— —(
N-g 89% N CHO
174 175
//Ph NEt, //Ph
N 60°C, 18 h N H
e | N o
ph” N* R'—==—CO,R? pr” N |
(o= o} R!

176

DMAD t NEt,, 60 °C 118—80%
~ Ph
N N  CO,R?
J: COMe  R'=Me; R2= Et J: »—=(
=~
o N R'= (CH)Me; RZ=Me  pp” "N COR'
o R' = (CH,)sMe: R? = Me, Et
R'=Ph; R? = Et

179 58% R"=H; R? = Me, Et, CHMe,, CMe; 178
H
CHCl, r.t, 2 h LN come
R CO,Me N Cor
R =H, Me

181 63-66%

Scheme 40.
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The Pd(PPh;)4-promoted N-O bond cleavage of proline-
derived bicyclic 4-isoxazolines in the presence of silanes also

furnished enamine f-carbonyl  compounds (c.g., 183
Scheme 41).167]
CO,Et 20 mol-% Pd(PPhs), EtO,C
A HSiPh, PN
N-o o NH O
R’ DCM, 40°C, 2 h R
R’ R
R'=H, Me
182 183 53-73%
Scheme 41.

Alternatively, the cleavage of the N-O bond can be ac-
companied by the migration of a substituent from the
3-position of the isoxazole ring to the nitrogen atom.[”]
Huisgen et al. described the rearrangement of the 4-isox-
azoline 185 (Scheme 42) to the enamine B-carbonyl com-
pound 186, a process involving a ring expansion reac-

tion.l’4!
CHCl, Me
Me rt,20h o:% N.
o) _+N'\ - . —
3 - NC————=¢CN NC
Scheme 42.

The reactivity pattern for the thermal rearrangement of
the bicyclic 4-isoxazolines 187 is shown in Scheme 43.13
The outcome of the reaction is determined by the nature of
the C-7a substituent. When R is an alkyl group only the
pathway leading to the ylides 188 is observed. On the other
hand, a competing pathway is observed in the case of conju-
gated m-systems (Ar or CH=CHPh) involving the migration
of the R group to N-4, with the formation of the ene-1,1-
diamines 189. With aryl groups such as phenyl or p-meth-
oxyphenyl groups, both products are formed, whereas with
p-dimethylaminophenyl or styryl groups exclusive forma-
tion of the ene-1,1-diamines 189 is observed.

Me02C>_J2
DU CO,Me
SR
CO,Me
40 2 N 188
wd-N toluene
7 COMe ——— and/or
"/ R M€ reflux R 0
187 N>:2~002Me
Ratio of products H COMe
R 188 189
Me 100 - 189
tBu 100 -
PNO,CeH, 100 -
Ph 85 15
PMeOCeH, 25 75
pMe,NCgH, - 100
CH=CHPh - 100
Scheme 43.
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The acid-catalysed rearrangements of the regioisomeric
4-isoxazolines 190 and 193 (Scheme 44) lead to different
outcomes, yielding the enamino derivatives 192 and the
amines 195, respectively. In the case of the 4-isoxazolines
190 the process involves the initial addition of water to the
carbonyl group at C-3, providing benzoic acid as a good
leaving group. The extended conjugation of the 4-acyl-4-
isoxazolines stabilized the heterolytic N-O cleavage with
1,7-H migration. The cross conjugation in the N,O-vinyl
system of 193 causes a lower electron density on C-4 of the
S-acyl regioisomer than in the 4-acyl derivative, making the
reaction pathway to the enamine unfavourable. The 4-isox-
azolines 193 are therefore converted into the amines 195 via
aziridine intermediates.!”®)

0O O HO oH O o

THF - PhCO,H
2 2 2
Ph«—iR HClag. |Ph R o6-98% R!
\ - \ —_— =
Ph/N‘O R' reflux, 2 h ph/N\O R! PhHN R2
0
190 191
192
0
R THF Q R .
Ph HCI aq. Ph quantitative
R — COR?
ph—N- reflux, 1 h N
© Ph O
0
193 194
o R?
R' = H; R2 = OMe, OEt, Me
R1 = Ph: R2 = OFt PhHN (6]

195 R?
Scheme 44.

The acetylenic allene 196 (Scheme 45) reacts with benzyl-
hydroxylamine to produce the 4-isoxazoline 197 in good
yield. Catalytic hydrogenation of this heterocycle leads to
N-O bond cleavage followed by benzylamine elimination
and formation of the cyclohexenyl aldehyde 198.17]

SO,Ph

1. BANHOH Bn ey "
= DCM,rt.6h N
” zZ — -0
MeO.C 2. benzene = CO,Me
COMe reflux, 2 h COMe
196 197 85%
PtO, _
H, (65 psi)
EtOAc, 12 h
SO,Ph
Me
CO,Me
OHC CO,Me 198 63%
Scheme 45.

The tetrahydroimidazo[l,5-b]isoxazole-2,3-dicarboxyl-
ates 199 (Scheme 46) undergo thermal or amine-induced
ring-opening to give the imidazole derivatives 200.7%7°1 On
the other hand, diastereoselective rearrangement of 199 in
the presence of methoxide gives the tetrahydro-1H-pyr-
rolo[1,2-cJimidazole-6-olates 201. Acidic hydrolysis of these
heterocycles followed by intramolecular transformylation
affords the 2,5-dihydro-1H-pyrrole derivatives 203.501 A
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similar rearrangement was observed when the monocyclic
isoxazoline derivative 204 was treated with methoxidel®!!
(Scheme 46).

thermal: 67-91%

piperidine: 70-85% Ph
R1—N/§]/
R' = pTolyl, pMeOCgH,, pCICsH, N
R2=H, Ph R2
200
MeOH/MeONa Ph  co,Me
Ph
R COMe refux, 1-3h R~ z
N)— \ N ) ON
R? N\o COMe R?=H MeO I a
199 201 62-70%
R' = Ph, pTolyl, pMeOCgH, )
’ ’ TFA, 5 min
o pCICgH,, pBrCeH,
HJ[“N Ph co,Me DMSO, 80 °C R+ Ph co,Me
Sy LRy
HN CF,CO, M2.N
OH 1= ph, pTolyl c/)// ONa
pMeOCgH, o
203 91-99% 202 51-74%
Ph CO,Me 1. MeOH/MeONa Ph CO,Me
{ rt, 28 h y {
Ph 1, N
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Scheme 46.
Conclusions

The reactions discussed in this review demonstrate that
4-isoxazoles are interesting building blocks for organic syn-
thesis. Their readiness to undergo rearrangement reactions
makes them suitable for use as building blocks for a range
of cyclic and acyclic compounds. Pyrroles, oxazolines and
aziridines are examples of heterocyclic compounds that can
be obtained from the thermal rearrangement of 4-isoxazol-
ines. The N-oxidation or quaternization of nitrogen in 4-
isoxazoles activates the systems to undergo ring-opening re-
actions and provides routes to a,B-unsaturated carbonyl
compounds and o,B-unsaturated amides. The reduction of
4-isoxazoles allows the synthesis of -amino carbonyl com-
pounds and B-amino alcohols. Acyclic compounds can also
be obtained through thermal and base-induced rearrange-
ment of 4-isoxazolines.

Despite the progress already achieved, the scope of 4-
isoxazoline chemistry, as well as mechanistic studies on
their rearrangements, still remains a field that warrants fur-
ther exploration.
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