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Introduction

1,3-Dipolar cycloaddition has a considerable synthet-
ic potential: e.g., it provides a good single-step route to
complex heterocyclic systems. This reaction is often high-
ly regio- and stereoselective, which allows, in some cases,
this synthetic approach to be used in total synthesis of
natural compounds.!—4In turn, the resulting cycloadducts
can serve as precursors for a wide range of polyfunctional
acyclic compounds with different topologies and, some-
times, stereochemistry, depending on the cycloaddition
conditions.! Thus, 1,3-dipolar cycloaddition is the key
step in the synthetic strategy affording various classes of
polyfunctional (including natural) compounds.

Cycloaddition reactions of alkynes with nitrones as
dipoles yield 2,3-dihydroisoxazole derivatives. The prop-
erties of these compounds have been systematically exam-

ined since the 1960s (see Ref. 5) and the collected data
provide evidence for a wide range of their possible trans-
formations.1:6—10 The relatively weak N—O bond!! can
easily undergo cleavage. In some cases, the resulting
2,3-dihydroisoxazoles are very unstable and, once formed,
immediately undergo further transformations with diffi-
cult-to-study mechanisms. That is why despite the con-
siderable synthetic material obtained over the last few deca-
des, the study of possible transformations of 2,3-dihydro-
isoxazoles is promising both for development of novel
approaches to the synthesis of various classes of com-
pounds and analysis of their mechanisms. In addition, this
can be useful for improvement of the synthetic strategy
based on 1,3-dipolar cycloaddition.

The publication of Freeman s review® was a response
to the great interest in 2,3-dihydroisoxazole derivatives. It
should be noted that more recent reviews!:’=10 covering
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isoxazole derivatives on the whole dwell on the 2,3-di-
hydroisoxazole system very briefly, without systematic
comparison of its various rearrangements. So the topics of
the present and aforementioned reviews can be thought to
be neatly demarcated. In addition, isoxazol-3-ones, which
are formally classified among 2,3-dihydroisoxazoles as
well, should be excluded from our analysis because they
exhibit quite different chemical properties and can be con-
sidered in the isomeric 3-hydroxyisoxazole form. The body
of evidence on the properties of 2,3-dihydroisoxazoles has
increased substantially in recent years, which necessitates
generalization of new data for making well-reasoned con-
clusions about the mechanisms of the observed transfor-
mations.

In this review, we analyzed available experimental data
with the aim of finding correlations between the pathways
of the transformations of 2,3-dihydroisoxazoles, the reac-
tion conditions, and the character and relative positions of
substituents in the heterocycle.

2,3-Dihydroisoxazoles:
methods for the synthesis and structures

2,3-Dihydroisoxazoles (4-isoxazolines) 1 are five-
membered heterocyclic compounds containing two singly
bonded heteroatoms (N and O). They can be obtained by
nucleophilic addition of organometallic compounds!213
or the hydride ion12:14—16 t¢ jsoxazolium salts 2; however,
the most versatile method involves 1,3-dipolar cycloaddi-
tion of nitrones 3 to alkynes 4 (Scheme 1).6.7-17.18
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With asymmetrically substituted alkynes as dipolaro-
philes, the formation of two regioisomers 1A and 1B is
possible (Scheme 2). However, the reaction is often regiose-
lective and the structure of the major product can be pre-
dicted in terms of the frontier orbital theory, particularly when
considering the atomic coefficients in the interacting
HOMO and LUMO of the dipole and dipolarophile.19:20

Recently, new methods of designing the isoxazoline
heterocycle have been developed. In particular, it has been
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demonstrated that Pd-catalyzed cyclization of N-propar-
gyl- N-hydroxyurea derivatives 5 gives substituted 2,3-di-
hydroisoxazoles 6 (Scheme 3).2! Higher yields of com-
pounds 8 in similar reactions of N-propargylhydroxyl-
amines 7 have been achieved with Znl, and DMAP as
catalysts (see Scheme 3).22
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DMAP is 4-dimethylaminopyridine

N-Benzylnitrones react with terminal alkynes in the
presence of N-propargylhydroxylamines, dimethylzinc,
and di(zert-butyl) (R,R)-tartrate 9 as a chirality source to
yield chiral N-propargylhydroxylamine derivatives, whose
cyclization with excess dimethylzinc gives 4-substituted
organozinc derivatives of isoxazoline (10) (Scheme 4).23
Subsequent reactions of compounds 10 with water or form-
aldehyde produce 4-unsubstituted (11a, R3 = H) and
4-hydroxymethylisoxazolines (11b, R = CH,OH), re-
spectively. Reactions of intermediates 10 with DCl in D,O
or with N-iodosuccinimide give deuterated or iodo prod-
ucts, respectively.24 Tt is worth noting that the enantio-
meric purity of products 11 is high (ee = 80—93%).

Isoxazolines 12 can be obtained by dehydration of
5-hydroxyisoxazolidines 13, which are easily accessible
through, e.g., reactions of a,B-unsaturated ketones with
N-substituted hydroxylamines or reduction of isoxazol-
idinones with diisobutylaluminum hydride (DIBAH)
(Scheme 5).25 Recently, ¢ 4-substituted isoxazolines 15
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have been obtained from enynes 14 and hydroxyl-
amines. Apparently, the first step of the reaction involves
the Michael addition to the double bond followed by in-
tramolecular cyclization through the triple bond (see
Scheme 5).

1,3-Dipolar cycloaddition of oxaziridines 16 to alkynes
17 gives 2,3-dihydroisoxazoles 18 (Scheme 6).27 The re-
action is believed?’ to involve no isomerization of oxaziri-
dines into nitrones followed by their 1,3-dipolar cycload-
dition. The argument put forward is that cycloaddition of
nitrones to alkynes is not regioselective,8 while the trans-
formation in question yields only a 5-substituted regioiso-
mer of cycloadduct 18. However, this deduction seems
not to be very convincing because many examples have
been reported that cycloaddition of acyclic nitrones to
phenylacetylene gives a 5-substituted regioisomer as the
only product.25:29-31

Scheme 6
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Reactions of 2,3-dihydroisoxazoles
with retention of the isoxazoline ring

The presence of the double C=C bond in 2,3-dihy-
droisoxazoles enables electrophilic addition to occur.32—35
Other characteristic transformations are ring opening reac-
tions usually involving cleavage of the N—O bond.®

Below we consider some examples of reactions of 2,3-di-
hydroisoxazoles with retention of the heterocycle: (1) ad-
dition to the double bond leading to isoxazolidine de-
rivatives and (2) elimination reactions giving rise to
a new double bond (in this case, isoxazoles are reaction
products).

The conjugation between the lone electron pair of the
O atom and the double C=C bond in compounds 1 facili-
tates acid-catalyzed addition reactions.34 Solvent (alco-
hol or water) molecules can act as nucleophiles in these
processes.32:33 If the double bond bears electron-withdraw-
ing substituents, base-catalyzed nucleophilic addition is
also possible.3% Examples are shown in Scheme 7.

In some cases, 2,3-dihydroisoxazoles undergo elimi-
nation to give aromatic isoxazole derivatives. The eli-
mination involves not only the heteroatomic substitu-
ent in position 3 but also the C-type substituent at
the endocyclic N atom.3¢—3% For instance, cycloaddi-
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tion of nitrone 19 to alkynes 20 in the presence of di-
methylammonium chloride yields a mixture of the corre-
sponding cycloadduct 21 and trisubstituted isoxazole 22
(Scheme 8).36

Ashburn et al.3® state that isoxazoles 22 are formed
in situ through a parallel pathway rather than from cyclo-
adducts 21. The mechanism proposed3® involves (1) con-
jugated nucleophilic addition of the nitrone O atom to the
triple bond, (2) protonation of intermediate zwitterion 23
to cation 24, (3) cyclization into intermediate 25 (it is
essentially C(4)-protonated cycloadduct 21), (4) opening
of the oxazolidine ring, and (5) elimination of isobutylene
oxide 26 (Scheme 9). However, the latter has not been
detected experimentally.36

Because intermediate 25 is a protonated form of cyclo-
adduct 21, the statement that the cycloadduct itself can-
not participate in this process seems to be untenable.

A similar transformation of compound 27 in boiling
ethanol in the presence of 3 M HCl gives benzo[d]isoxazole
derivatives 28 (Scheme 10).37

We have found that the cycloadducts obtained from
2-imidazoline (29a) and imidazole nitrones (29b) and al-
kynes undergo an acid-catalyzed transformation into the cor-
responding trisubstituted isoxazoles 30 (Scheme 11).38:3
The formation of isoxazoles 30 can be explained by initial
protonation of the N(1) atom in position 3 of the isoxazol-
ine ring of cycloadducts 31a,b followed by elimination of
the heteroatomic substituent. The process is driven by
aromatization of the isoxazoline ring into an isoxazolium
cation. The NMR spectra of the reaction mixtures contain
signals for the protons of cation 32a.

Apparently, the presence of the heteroatomic substitu-
ent in position 3 of the isoxazoline ring, as well as the
presence of a substituent at the isoxazoline N atom that
can be eliminated as a stable cation, is a prerequisite for
acid-catalyzed formation of isoxazoles.

Scheme 9
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Reactions of 2,3-dihydroisoxazoles
with opening of the heterocycle

Transformations of 2,3-dihydroisoxazoles frequently
involve cleavage of the N—O bond in the heterocycle. The
cleavability of this bond can be enhanced by oxidation at
the N atom or its quaternization. Such transformations
occur under reduction conditions®12:40—42 or ynder the
action of peroxy acids43 and alkylating reagents.4445 Ther-
molysis® and photolysis# of 2,3-dihydroisoxazole deriva-

tives usually result in intramolecular rearrangements, also
with cleavage of the N—O bond.

Reduction. Opening of the isoxazoline ring can be
effected by its catalytic hydrogenation or by using vari-
ous reducing agents.® The initial step is hydrogenoly-
sis of the N—O bond followed by either elimination
of the amine (Scheme 12, pathway a) leading to
o,pB-unsaturated ketones 34 or intramolecular cyc-
lization (see Scheme 12, pathway b) leading to lac-
tams 35.12:33,40

Scheme 12
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Hydrogenation of fused 4-isoxazolines 36 at a less ac- Scheme 15
tive catalyst yields the corresponding f-amino ketones 37
(see Refs 41 and 47) or products of their intramolecular Bn NaBH Bn 7n
cyclization (38) (Scheme 13).41 Amino ketones 40 ob- N—-O ACOH' *N=0 ACOH
tained by reduction of 4-isoxazolines 39 with molecular R A)\RZ
hydrogen on Pt also undergo intramolecular cyclization R R?
into compounds 41 (see Scheme 13).42 43 44
In some cases, the reduction with hydrogen on plati- sin - anti = 80 : 20
num gives amino alcohols 42 (Scheme 14).15
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According to recent data,*8 reduction of isoxazolines
43 with mild reducing agents can afford isoxazolidine de-
rivatives 44 (Scheme 15). This highly stereoselective reac-
tion gives the syn-isomer as the major product, which can
further be reduced to the corresponding syrn-B-amino alco-
hol 45 in good yield (the absolute configurations of the
asymmetric centers in 45 are determined by their configu-
rations in 44). Reduction of compounds 46 with zinc in
acetic acid produces B-amino ketones 47 (see Scheme 15).

Oxidation. Oxidation of 2,3-dihydroisoxazoles with
peroxy acids usually occurs at the N atom, which makes it
more electron-deficient and facilitates opening of the het-
erocycle. Oxidation of 4-isoxazolines 48 and 49 with
m-chloroperoxybenzoic acid (mCPBA) gives o,B-unsat-
urated carbonyl compounds 50 and 51 in excellent yields

47: R2=Bu", But

(Scheme 16).42:4349 The advantage of the synthesis of
compounds 50 and 51 by cycloaddition of nitrones fol-
lowed by oxidative opening of cycloadducts 48 and 49 is
that both the reactions occur in neutral media.

Oxidation of bicyclic 4-isoxazolines 52 under the same
reaction conditions gives either tricyclic adducts 53 (see
Ref. 49) or, as with compound 54, dimeric nitroso com-
pounds 55 (Scheme 17).17

Very recently,3? the oxidation reaction has been suc-
cessfully applied to the synthesis of ketones 56, which
are the starting materials for the Nazarov cyclization
(Scheme 18).
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Quantum-chemical computations have provided con-
vincing evidence for the stepwise biradical mechanism of
the oxidation reaction.51-52

The same approach has been successfully employed in
the final steps of the synthesis of a precursor of biologi-
cally active (£)-Roseophilin.33

Alkylation. In some cases, the ring opening can be initiat-
ed by alkylating reagents.4445 A wide range of isoxazolines
1and 57 react with, e.g., methyl iodide to yield o, -unsat-
urated carbonyl compounds 58 and 59 (Scheme 19).

Reactions of 2,3-dihydroisoxazoles 60 with methyl tri-
fluoromethanesulfonate (TfOMe) give alkylation products
61, which undergo an unusual transformation in hot meth-
anol into o,B-unsaturated amides 62 (Scheme 20).54

Opening of the isoxazoline ring can also be initiated
thermally or photochemically in the absence of any other
reagents. As a rule, such processes are accompanied by
skeletal rearrangements.

Thermally initiated ring-opening reactions passing
through acylaziridine intermediates. According to the re-
viewed data,® the general pathway of thermal rearrange-
ments of 2,3-dihydroisoxazoles 1 involves their transfor-
mation into aziridines 63, which then undergo ring open-
ing to ylides 64 capable of yielding 4-oxazoline (65), pyr-
role (66), and other products (P) (Scheme 21).

4-Isoxazolines are not always stable even at room tem-
perature; that is why their formation with subsequent ring
opening in such cases is of partly declarative character.%6
However, a large body of evidence suggests that an acy-
laziridine derivative is the key intermediate for most rear-
rangements. The sequence of transformations 4-iso-
xazolines—aziridines—4-oxazolines has been confirmed
with various nitrones and alkynes as examples.33
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* Migration also takes place.
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The thermal stability of intermediate acylaziridines
depends on the substituents in the starting isoxazoline.
For instance, heating of 3,4-diacylated compounds 67
gives stable acylaziridines 63a, while their 3,5-diacylated
isomers 68 further change into 4-oxazoles 65a under the
same conditions (Scheme 22).56

Scheme 22
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The size of the ring annulated with the 4-isoxazoline
ring seems to be crucial as well. For instance, reactions of
aldehydes 69 with methylhydroxylamine in hot toluene
yield 4-isoxazoline 70b (n = 2) or acylaziridine 71a (n = 1)
(Scheme 23).61
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Recently, it has been found?’ that Co,(CO)g-catalyzed re-
arrangement of 2,3-dihydroisoxazoles 72 into acylaziridin-
es 73a,b occurs even at 75 °C (Scheme 24); in the absence of
cobalt carbonyl, isoxazolines 72 are stable at this temperature.

Another pathway of rearrangements of 2,3-dihydro-
isoxazoles 74 leads to pyrroles; at least, two fundamental-

Scheme 24
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ly different schemes of this reaction are disputed. One
scheme involves intermediate formation of acylaziri-
dine 75, its transformation into ylide 76, proton transfer
giving rise to enamine 77, and its cyclization into a pyrrole
derivative (Scheme 25, pathway a). The assumption that
the reaction can follow the other scheme is based on the
controversial statement of the initial cleavage of the
C(3)—C(4) bond leading to enamine 78. The next steps
are the hetero-Cope rearrangement into compound 79 and
cyclization (see Scheme 25, pathway b).

Note that when substituents R* and RS are identical,
either scheme will lead to the same products, which pre-
cludes experimental distinction between the above path-
ways.07—70 For R* = R5, alternative schemes should yield
regioisomeric products. The formation of both regioiso-
meric pyrroles in this reaction has been documented.”!
The formation of amino ketone 79 as the sole product from
isoxazoline 74 with R! = Me and RZ=R3=R*=R% =
= CO,Me suggests that the reaction follows pathway b.72
However, the structures of the pyrroles obtained in most
of the relevant studies correspond to the pathway passing
through intermediate acylaziridine.12:57:58,73=75 Moreover,
according to NMR data,% thermolysis of 4-isoxazoline
80 initially leads to aziridine 81, which is transformed into
pyrrole 82 (Scheme 26).

Researchers often seem to be unfamiliar with the long-
accepted (and confirmed) concepts of the reaction schemes
and sometimes propose their own sufficiently speculative
and ill-substantiated reaction pathways. An example is
the assumption that the formation of p-cyclophanylpyr-
role 83 results from nucleophilic addition of nitrone 84 as an
ene hydroxylamine tautomer to dimethyl acetylenedicarb-
oxylate (DMAD) followed by cyclization of zwitterion 85
(Scheme 27).7% This scheme is doubtful because nitrones
can be enolized only under certain conditions and an
electrophilic attack in this case occurs at the enamine C
atom or the O atom.!% A reaction of nitrone 84 with meth-
yl propiolate "surprisingly" gives a normal cycloadduct.
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The formation of pyrrole derivatives is a fairly general

pathway of thermal transformations of isoxazolines. For

instance, this transformation has been proposed’4 for the
synthesis of alkaloid-like heterocycles 86 (Scheme 28).

Scheme 28

(58—72%)

An analysis of the literature data allows the following
conclusions to be drawn. Acylaziridines are formed from
sterically unhindered 4-isoxazolines with at least one (or
better two or three) H atoms in positions 3 and 4 of the
heterocycle25:29,30,40,55—64 (gee Scheme 21). Apparently,
the only exception is the formation of an adamantyl derivative
of aziridine.®5 If a substituent in position 4 is a strong
electron acceptor and a substituent in position 3 can make an
efficient n-conjugation, the most probable product is an
ylide,33,67.76—80 which can further undergo 1,3-dipolar cyclo-
addition,3! dimerization,82 hydrolysis,?3 or a combination
of several reactions.” In some cases, ylides can be trans-
formed into oxazolines33:66:84,85 or (for ylides containing
an o-methylene fragment) pyrroles.12,57,58,63,67—75,86—92

Mechanism of formation of acylaziridines. As a rule, the
rearrangement of isoxazolines into acylaziridines is con-
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sidered to follow three possible pathways: (1) heterolytic
cleavage of the N—O bond at the rate-limiting reaction
step, (2) homolytic cleavage of the N—O bond at the rate-
limiting reaction step, and (3) a concerted process. The
first pathway seems to be very unlikely because the reac-
tion rate depends only slightly on the solvent polarity,
which has been demonstrated with several examples.$2:93
The biradical mechanism is preferred by some researchers.
In particular, it has been found32 that the rearrangement
of compound 87 into ylide 88 (Scheme 29) is a first-order
reaction and that its rate depends only slightly on the
solvent polarity (the half-conversion times in benzene and
acetonitrile at 60 °C are 52 and 70 min, respectively). At
the same time, the data obtained,3? though being consis-
tent with the single-step sigmatropic mechanism too, rule
it out because the concerted process [42 + ;2] is forbid-
den; the possibility of this reaction following the allowed
process [42, + ;2,] is passed over.

Scheme 29
(0]
N T N
(0]
— CO,Me
MeO,C 88
87

Later,38 the biradical mechanism has been also postu-
lated from the previous data.5%73 However, it has been
noticed5%73 that the rearrangement rate does not depend
on oxygen, radical inhibitors, or small amounts of acids or
bases. These facts, in contrast, provide evidence against
the radical mechanism.

To compare the biradical and concerted pathways to
acylaziridines, let us consider the stereoselectivity of
this rearrangement. Concerted processes obey the Wood-
ward—Hoffman rules of orbital symmetry and give defi-
nite stereoisomers, while biradical processes are usually
not stereoselective.

Earlier,® it has been noted that alkynes undergo stereo-
specific cycloaddition to N-alkoxy nitrones 89 and 90 to
yield isoxazolines 91 and 92; their subsequent rearrange-
ments into acylaziridines are also highly stereoselective®4
(Scheme 30).

Gree et al.% have reasonably noted that the biradical
mechanism excludes such a high stereoselectivity and that
the experimental facts are best described by the concerted
process [52; + ,2,]. Since isoxazoline can exist as two
conformers 91a and 91b, the rearrangement should give a
mixture of isomeric products 63b and 63c (Scheme 31).
With consideration that the preferred isoxazolidine con-
formation contains a pseudoaxial methoxy group,?%95 it
has been suggested® that major isomer 63b is formed from
more stable conformer 91a.
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Likewise, the rearrangement of 2,3-dihydroisoxazole
70a is also stereoselective (see Scheme 23).61

The formation of azomethine ylides 93 (Scheme 32)
has been attributed” to an alternative pathway passing
through intermediate 94 rather than directly through acyl-
aziridine 63f (pathway a). The reason for this mechanism
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to be proposed is that N-aryl derivatives 95 are more stable
than the N-methyl analog. We find it incorrect to make an
analogy’? between the proposed mechanism and the rear-
rangement mechanism of isoxazolobenzodiazepines?® be-
cause these transformations are fundamentally different
(Scheme 33).
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Still more intricate schemes of formation of acylaziri-
dines 63 are discussed for the rearrangements of isoxazo-
lines 99 (Scheme 34).8% Apparently, the first step involves
heterolysis of the C(3)—C(4) bond rather than cleavage of
the N—O bond. 1,3-Sigmatropic shift in the resulting zwit-
terion leads to azomethine ylide 100. The formation of
these ylides through acylaziridines 101 is denied because
the n-donating substituents in Ar favor the declared scheme
(see Scheme 34). However, this fact is contradictory to
the formation of acylaziridine via homolysis of the N—O
bond (Ar should not influence the stability of a biradical);
possible formation of compound 101 according to a con-
certed mechanism has been left out.

Later,?” the same concepts have been used to propose
the following scheme for the rearrangement of 4-isoxazol-
ines 102 (Scheme 35). The final products were always the
corresponding aldehyde R2CHO and dihydroisoquinoline
derivative 103. The latter was identified only from the

Scheme 33
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NMR spectrum of the reaction mixture and the data col-
lected by an MS detector of a gas-liquid chromatograph
(column temperature 200 °C) for its molecular ion frag-
ment. According to the scheme put forward, the aldehyde
and imino carbene 104 are products of an electrocyclic
ring-opening reaction of dihydrooxazole 105. The very
complicated scheme proposed to explain the formation
of dihydroisoquinoline 103 from imino carbene 104 is
omitted here.

The assumption of possible formation of an acylaziri-
dine intermediate is refused again,®’ although this scheme
seems to be simpler and more plausible since it is consis-
tent with the main route of isoxazoline transformations
observed by many independent researchers. Apparently,
4-isoxazoline 102 is initially rearranged into acylaziridine
106, which undergoes ring opening to ylide 107 (Scheme 36).
Subsequent hydrolysis of the ylide produces an aldehyde
and intermediate 108, whose in situ intramolecular cycliza-
tion leads to dihydroisoquinoline derivative 109. A similar
sequence of transformations has been observed earlier.83

Thus, the number of the mechanisms proposed in
the literature for the rearrangement of 2,3-dihydrois-
oxazoles is more than one or two. Considering single facts
and not going into the kinetics of the process, some
researchers discuss fairly speculative schemes. In some
cases, more confusion arises from neglect of the simplest
reaction pathways.

Rearrangements with migration of the hydrogen atom.
Opening of the isoxazoline ring can be accompanied by
hydrogen migration from the C(3) atom to the N(2) atom.
Ease of this process precludes some intermediate isoxazol-
ines from being isolated. Note that hydrogen migration
almost always occurs in annulated 4-isoxazolines of
the type 110 (Scheme 37).5:59:60.92,98,99 However, pro-
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longed heating of monocyclic derivatives 18 at 110 °C Enamino ketones 111 can further undergo in situ in-
also gives the corresponding enamino ketones 111 tramolecular cyclization into 1H-pyrrole-2,3-diones 112
(Scheme 37).27 (see Scheme 37).78,100
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Two mechanisms suggested1%0 for the formation of
compound 113 include 1,2-hydride shift in compound 114
(pathway a) and proton elimination—addition (pathway b)
(Scheme 38); however, preference has been given to
neither.

A reaction of nitrone 115 with dehydrobenzene as
a dipolarophile gives phenol 116 (Scheme 39).101 The
formation of this product can be explained by a simi-
lar scheme involving proton migration to the N atom
followed by aromatization of the resulting quinonoid struc-
ture 117.

Recently,!? it has been demonstrated that hydrogen
migration from position 3 of the isoxazoline ring is cata-

lyzed by palladium triphenylphosphine complexes in the
presence of triethyl- or triphenylsilane. This reaction leads
to the corresponding enamino ketones 118 in moderate
yields (Scheme 40). In contrast to the reduction with hy-
drogen on Pd/C,#! the C=C bond remains intact. The
reaction is catalyzed by neither Pd/C nor palladium black
in the presence of a silane.17 In addition, the use of a silane
alone (without a palladium catalyst) or addition of tri-
ethylamine as a base is also ineffective.

Rearrangements with migration of a non-hydrogen sub-
stituent. In some cases, it is a non-hydrogen substituent
that migrates from position 3 to the N atom of the is-
oxazoline ring. Examples of such rearrangements are
much more infrequent and usually fewer, which precludes
one from making definite conclusions about their me-
chanisms.

Freeman et al.% have shown that cycloadduct 96 at
80 °C is transformed into quinoxaline derivative 98, prob-
ably through zwitterionic aziridine intermediate 97 (see
Scheme 33). Note that out of two aromatic substituents in
position 3 of the isoxazoline ring, it is the stronger
n-donor that migrates. Other examples (see below) also
display a similar substituent effect, which agrees with
the concept of a 6-complex transition state in this rear-
rangement.

In 4-isoxazoline 119d, migration of the dimethyl-
aminophenyl group takes place (Scheme 41).96 At the same
time, related compounds 119a—c undergo a different re-
arrangement leading to the corresponding 4-oxazolines
120a—c.

The migration of aromatic substituents and the styryl
group has been revealed for a number of tetrahydroimid-
azo[1,2-b]isoxazoles 122.93:102 When heated, they ei-
ther undergo ring opening into ylides 123 or yield prod-
ucts 124 and 125, depending on substituents R! and R?
(Scheme 42).
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The rearrangement rate in polar solvents (e.g., DMSO)
is appreciably higher than that in nonpolar solvents, which
suggests a polar transition state. The migratory ability of
an aromatic substituent is enhanced by n-donating sub-
stituents (this is also evident from the preceding example
of the rearrangement of compounds 119a—d).%¢ DFT
quantum chemical calculations allow plotting the reac-
tion energy (Fig. 1) versus the length of the cleaving N—O
bond (#) and the bond angle R2—C(7a)—N(4) (L). The
bond length n(N—O) and the bond angle L(R2—C—N) in
the starting compound have been taken as zeros in the
diagram. The absence of local minima on the potential

Scheme 41
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energy surface shows that the concerted pathway is ther-
modynamically most favorable in the gas phase. Accord-
ing to experimental data and DFT calculations, the rear-
rangement may be envisioned as a concerted process pass-
ing through polar transition state 126 (Scheme 43).93

For the rearrangement to occur as a concerted process,
the migrant and the lone electron pair on nitrogen, to
which the migrant moves, must be syn to each other. This
becomes evident from the rearrangements of compounds

E/kcal mol~!

Fig. 1. Reaction energy surface of the rearrangement of com-
pounds 122 into 124 in the coordinates of the N—O bond length
rand the R2—C—N bond angle L.
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Scheme 43 100 °C. In contrast, the p-dimethylaminophenyl group (as
mentioned above, it is a good migrant) is syx to the lone
CO,Me electron pair of the N(2) atom in these compounds, so it is
N Q_l this group that migrates to form compounds 128 and 121d,
s respectively. At the same time, thermolysis of 2,3-dihydro-
Me COZMe . . . . .
isoxazole 18 is accompanied by hydrogen migration (see
Scheme 37); however, much more drastic conditions are
required for this rearrangement because the fittest confor-
122 z mation for migration is thermodynamically unfavorable.
Migration of an alkyl substituent can result in contrac-
CO Me tion of an annulated four-membered ring to a three-mem-
bered onel® (Scheme 45). It should be noted that the
- i > CO Me — > 124 rearrangement of isoxazoline 129 into aziridine 132 does
‘ not change the configurations of the C(2) and C(3) atoms.
Pathway a leading to acylaziridine 130 is unfeasible, which
can be attributed!93 to unfavorable formation of a strained
126 bicyclic system. The rearrangement is believed193 to be

127 (Scheme 44)192 and 119d (see Scheme 41).%¢ The
trans-arranged bulky substituents at the adjacent N(2) and
C(3) atoms prevent the migration of the H atom even at

anonconcerted process passing through biradical or zwit-
terionic intermediate 131. In our opinion, the retention of
the configurations of the chiral centers provides unambig-
uous evidence for a concerted mechanism.

Scheme 44
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Scheme 45
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Cycloadduct 133 obtained from DMAD and nitrone
134 cannot be isolated because of its spontaneous isomer-
ization into compound 135 (Scheme 46).103
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The instability of this cycloadduct has been attributed03
to mutual repulsion between the O atoms of the amide
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group and the isoxazoline ring in structure 133a (they are
on the same side of the azetidine ring), which should sub-
stantially weaken the N—O bond. However, this explanation
seems not to be very convincing: due to the steric hindran-
ces presented by the amide group, the cycloaddition reac-
tion will rather give stereoisomer 133b, in which the afore-
mentioned "repulsion between the O atoms" is absent.

Isoxazolines with a spiro C(3) atom (as in spirobi-
cyclic system 136) undergo an interesting ring-expansion
(rather than ring-contraction) rearrangement!%4 of the
four-membered ring into a five-membered, giving product
137 (Scheme 47).

The rearrangement may beginl% with either reversible
formation of biradical or zwitterionic intermediate 138 or
heterolysis of one cyclobutane C—C bond to zwitterion
139. A subsequent intramolecular attack of the enolate
anion on the N atom leads to compound 140, which un-
dergoes opening of the isoxazoline ring. The nucleophilic
attack on the iminium N atom seems to be very unlikely
since nucleophilic addition to the N atom has never been
observed before in iminium salts: they always react with
nucleophiles at the C atom.

Thus, the migration of a substituent is among the most
uncommon rearrangements of 2,3-dihydroisoxazoles that
involves nontrivial structures and often gives "unexpected"
products. However, a study of trends in such reactions
would be useful for development of original routes to novel
compounds.

Photochemical rearrangements. According to recent
data,105,106 the aforesaid rearrangements can be induced
photochemically. For example, 2,3-dihydroisoxazoles 141
and 143 undergo isomerization into ylides 142 and acyl-
aziridine 144, respectively (Scheme 48).

When interpreting experimental data, Lopez-Calle
et al.4% have excluded the symmetry-allowed 1,3-shift of
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O/ R2 O/ R2 ceding case, the formation of a biradical intermediate.
x‘\ 145 Conclusion
0 R l To sum up, 2,3-dihydroisoxazoles can be transformed
0] into various products, depending on the reaction condi-
L A< 0 A N R tions and their substituents. Based on available data, one
|N e o can state that 2,3-dihydroisoxazoles can serve as precur-
R? sors of many classes of organic compounds. For instance,
Me Me R2

nitrogen (see Scheme 48) because they detected the for-
mation of intermediate biradical 145. In addition, photo-
induced migration of the methyl group has been found to
be possible (Scheme 49).46

addition of nucleophiles to the double bond gives tetrahy-
dro derivatives, while elimination of a good leaving group
from position 3 of the heterocycle and from the N(2) atom
leads to isoxazoles. However, most reactions are accom-
panied by opening of the heterocycle. Reduction gives
B-amino alcohols, B-amino ketones, a,B-unsaturated ke-
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tones, or their intramolecular cyclization products, de-
pending on the reaction conditions. Oxidation also yields
o,B-unsaturated ketones, which allows one to dispense
with acid or basic catalysts while synthesizing these com-
pounds. o,B-Unsaturated ketones can also be obtained by
alkylation of 2,3-dihydroisoxazole derivatives; however,
the reaction products may be enamino ketones as well.
Intramolecular rearrangements afford an especially copi-
ous variety of the resulting structures. 2,3-Dihydrois-
oxazoles can serve as precursors for substituted aziridines,
azomethine ylides, 4-oxazoles, and pyrroles; of course,
the above list of products is far from being exhaustive
(Scheme 50).

For the moment, it seems to be still difficult to gain
a deep understanding of these transformations. Analysis of
their mechanisms is complicated by the instability of
2,3-dihydroisoxazoles themselves and key intermediates.
This gives rise to different, often conflicting, opinions of
the pathways followed by one or another process. That is
the reason why much effort should now be focused on the
study of both the synthetic scope of the transformations of
2,3-dihydroisoxazoles and the mechanisms of these trans-
formations.
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