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Recent advances in isoxazole chemistry

A V Galenko, A F Khlebnikov, M S Novikov, V V Pakalnis, N V Rostovskii

Institute of Chemistry, Saint Petersburg State University
Universitetskii prosp. 26, Peterhof, 198504 Saint Petersburg, Russian Federation

The preparation methods and reactions of isoxazoles are described and systematized on the basis of analysis of the literature
published from 2005 to present. In the discussion of synthesis, major attention is focused on the most efficient approaches:
condensation of hydroxylamine with 1,3-dielectrophiles and reactions of nitrile oxides with alkenes and alkynes. Five-
membered ring opening reactions leading to acyclic functionalized or other heterocyclic compounds are considered. The
transformations of isoxazole derivatives that occur without ring cleavage to form fused heterocyclic systems, as well as
reactions that lead to the introduction of C-substituents into isoxazoles, are considered. Data on the biological activity of

some isoxazole derivatives are reported.
The bibliography includes 439 references.
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I. Introduction

Isoxazoles exhibit a wide spectrum of biological activity and
show some unique physicochemical properties, which is
responsible for their use in medicine!~3 and agriculture,*
as well as in technology.> ¢ Equally important is the use of
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these compounds as various building blocks in organic
synthesis. This is, first of all, due to the fact that isoxazoles,
being aromatic heterocycles and, hence, relatively stable
compounds, have a weak oxygen—nitrogen bond. These
structural features of isoxazoles enable their modification
without five-membered heterocyclic ring opening. Never-
theless, the cyclic structure can be converted in some cases
into an acyclic functionalized compound.

Different aspects of isoxazole chemistry have been
addressed in early reviews.?>3-7-8 However, almost 10 years
have passed from publication of the last comprehensive
review 7 covering the literature on the synthesis and chem-
istry of isoxazoles from 1992 to 2004. In the present review,
we survey more recent studies on the chemistry of this
important class of heterocycles published from 2005 to
present.

I1. Synthesis of isoxazoles

I1.1. Condensation of hydroxylamine with 1,3-dielectrophiles
One of the most popular methods of synthesis of isoxazoles
is condensation of hydroxylamine with different 1,3-dielec-
trophiles — 1,3-ketoaldehydes, 1,3-diketones, 1,3-keto-
esters, 1,3-ketonitriles, 4-acetyl-2,3-dihydrofurans, ketoen-
amines, o-acyl ketene dithioacetals and 1-aryl-3,4,4-tri-
chloro-3-buten-1-ones. A major challenge for using this
approach is to choose proper conditions that will selectively
direct the reaction with hydroxylamine at one of the two
electrophilic centres.

1,3-Ketoaldehydes in an acid medium react with
hydroxylamine, as a rule, at the formyl group,® whereas in
the presence of pyridine, the reaction occurs at the ketone
group. For example, methylenebis(4,6-diarylbenzo[d]isoxa-
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zoles) 1 have been synthesized by condensation of appro-
priate 1,3-ketoaldehydes with hydroxylamine in an acid
medium followed by the oxidation of intermediate products

with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
(Scheme 1).10
Scheme 1
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Ar = Ph, 4-BrC¢H4, 4-HoNCgHy, 4-CICeHy, 4-MeOCgHa4, 2-Fu,
2-Py, 1,3-thiazol-5-yl, pyrazin-2-yl; Fu is furyl, Py is pyridyl

The reactions of steroid 1,3-ketoaldehydes 2 with
hydroxylamine hydrochloride in an aqueous alcohol solu-
tion and in the presence of pyridine proceed through differ-
ent paths to give isomeric 17B-hydroxyandrostanoisoxa-
zoles (Scheme 2).!!
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At the same time, epoxide 3 synthesized by the reaction
of the corresponding substituted chalcone with an excess of
boron trifluoride diethyl etherate has been rearranged into
2,3-diaryl-3-oxopropanal 4.!2 The latter reacts with hydrox-
ylamine hydrochloride in the presence of pyridine to form
4,5-diarylisoxazole 5 (Scheme 3).

For symmetric 1,3-diketones, the challenge of regiose-
lective condensation is removed. In particular, the conden-
sation of hydroxylamine with symmetric (E,E)-1,7-bis(4-
hydroxyphenyl)hepta-1,6-diene-3,5-dione in an acetic acid
solution leads to the only product in 59% yield, 4,4'-[(E,E)-
isoxazole-3,5-diylbis(ethene-2,1-diyl)]diphenol  exhibiting
acaricidal activity.!3

The cyclocondensation of 3-(1H-[1,2,4]triazol-3-ylsulfa-
nyl)pentane-2,4-dione with hydroxylamine gives 3-(3,5-
dimethylisoxazol-4-ylsulfanyl)-1H-[1,2,4]triazole, which

reacts with azine salts to form a polyheterocyclic system
tested as a plant growth stimulator.!'4

Scheme 3
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Copper porphyrin complexes with the 2-(1-acetyl-2-
oxopropyl) substituent can be easily converted into the
corresponding isoxazole derivatives through the condensa-
tion of the acetylacetonyl moiety with hydroxylamine.!?

A method of enantioselective addition of 1,3-dicarbonyl
compounds to nitroalkenes has been developed.!® The
reaction products have been subjected to condensation
with hydroxylamine, which gives 3,4,5-trisubstituted isoxa-
zoles 6 with high enantiomeric excess (ee) (Scheme 4).7
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If a 1,3-diketone lacks functional groups that control the
reaction direction, isomeric products can form. In partic-
ular, condensation of acyl-substituted cyclohexanones with
hydroxylamine sometimes occurs at both the endo- and
exocyclic carbonyl functionality to give 1,2- (7) and 2,1-
benzisoxazoles (8) (Scheme 5).!7

Stereoselective synthesis of isoxazole 9 with an E-alkenyl
moiety in the 5-position has been accomplished through a
three-component reaction involving PhSeLi, 1-(1-alkynyl)-
cyclopropyl ketone and 4-bromobenzaldehyde. First, 1,3-
diketone is formed, which then reacts with NH,OH with
subsequent oxidative elimination of the PhSe group
(Scheme 6).18

T Hereinafter, the yields given in multistage synthesis schemes refer to a
particular stage, unless otherwise is indicated.
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(a) PhSeLi, 1,4-dioxane, Ny, 20 °C, 20 h; (b) 1) NH,OH - HC, AcOH,
EtOH, A, 6 h (62% yield), 2) H»0,, THF, 20 °C, 2 h (89%)

The condensation of 1-aryl-4,4,4-trifluorobutane-1,3-
diones with hydroxylamine at the aroyl carbonyl group
followed by cyclization and acid dehydration afforded
3-aryl-5-(trifluoromethyl)isoxazoles 10 in high yield
(Scheme 7).1°

Scheme 7
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Examples of reactions of hydroxylamine with both
symmetric 1,3-dicarbonyl compounds (pentane-2,4-dione
and 3-methylpentane-2,4-dione) and asymmetric com-
pounds (I1-phenylbutane-1,3-dione) have been described.??
The authors have developed a method of synthesis of 3,5-
disubstituted and 3.,4,5-trisubstituted isoxazoles under

microwave (MW) radiation in a continuous-flow capillary
microreactor.

The reactions of 2,4-dioxobutanoates 11 with hydroxyl-
amine are regioselective involving the a-carbonyl group to
give 3-alkoxycarbonylisoxazoles 12, which can be easily
converted into 3-carboxy-,2! 3-hydroxymethyl-??2 and
3-aminomethylisoxazoles 2? (Scheme 8).
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Only one isomer of fused alkoxycarbonylisoxazoles 13 is
afforded upon condensation of hydroxylamine with cyclic
derivatives of 2,4-dioxobutanoates 14 (Scheme 9).24

Scheme 9
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4-[4-(3-Bromophenylmethyl)-3-hydroxyisoxazol-5-yl]be-
nzoic acid (15), obtained in low yield by condensation of
hydroxylamine with 1,3-ketoester at the ester group at low
temperatures (Scheme 10), is a potential glutamate carboxy-
peptidase II inhibitor. The reaction in a refluxing neutral
solution leads to isomeric 5-hydroxyisoxazole as the major

product.?’
Scheme 10
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(a) 1) NH,OH - HCl, NaOH, MeOH, H,0, pH 10, —35 °C;
2) NaOH, THF, H,0

A three-component one-pot synthesis of 4-arylmethyli-
dene-substituted isoxazolones from acetoacetic ester,
hydroxylamine and aromatic aldehydes in an aqueous
ethanol solution in the presence of sodium acetate has
been described.?® The authors have revealed that, on expo-
sure to visible light, the reaction completes in 15 min to give
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nearly pure target 4-arylmethylidene-3-methylisoxazol-
5(4H)-ones in 56% —89% yields. At the same time, on
refluxing the reaction mixture in the dark, the yields and
purity of the products are considerably lower. No reaction
occurs with substituted aromatic and aliphatic aldehydes
with electron-withdrawing groups.

An analogous reaction of 3-ketoesters in an aqueous
medium catalyzed by boric acid has been studied.?” The
authors have developed a protocol that affords analyti-
cally pure isoxazoles 16 in high yield at room temperature
within 1-2 h (Scheme 11). Aromatic aldehydes with elec-
tron-withdrawing substituents do not enter into this reac-
tion as well.

Scheme 11
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R = H, C], Ph; AI‘ = Ph, 4-MBOC6H4, 4-MBC5H4,
2-(3 or 4)-HOC¢H4, 4-Me>NCgHy, 2-Fu, 2-Th; Th is thienyl

The reaction of 3-acyl-substituted chromones with
hydroxylamine mainly occurs through the pyran ring
opening and subsequent recyclization to give chro-
menol[3,4-dJisoxazole derivatives 17; transformations of
the latter enable the introduction of CN and C(O)NH>
groups into the 3-position of polyfluoro- and
polychloroalkylchromones. In some cases, the reaction
of 3-(polyfluoroacyl)chromones with hydroxylamine
leads to 4-salicyloylisoxazole derivatives 18a—e
(Scheme 12).28.29

2-Unsubstituted and 2-methyl- and 2-trifluoromethyl-
chromones 19 react regioselectively with NH>,OH to give
corresponding isoxazoles 20 (Scheme 13).303!
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In addition to 1,3-dicarbonyl compounds, B-ketonitriles
have been used as 1,3-dielectrophiles in synthesis of iso-
xazoles. In most cases, the reaction of ketonitriles and
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hydroxylamine proceeds nonselectively to form both
3-amino- and 5-aminoisoxazoles. In particular, condensa-
tion of a-cyanodeoxybenzoins with hydroxylamine in boil-
ing ethanol in the presence of sodium acetate leads to a
mixture of isomeric aminoisoxazoles 21 and 22 in
25% —60% overall yield and with an isomer ratio from
1:1to 1.5:1 (Scheme 14).32

The reactions of indolyl-substituted B-ketonitriles 23,
synthesized from 7-ethoxycarbonyl-substituted indoles, are
analogous (Scheme 15).33 The authors have only sometimes
isolated  regioisomeric  5-amino-3-(indol-7-yl)isoxazole
forming in insignificant amounts. They have suggested
that 5-aminoisoxazoles unstable toward acids are hydro-
lyzed upon treatment of the reaction mixture with concen-
trated hydrochloric acid and that the hydrolysis products
are cyclized again to form 3-aminoisoxazoles.

At the same time, it has been reported ** that B-ketoni-
trile 24 reacts with hydroxylamine hydrochloride to form
only one of the two possible isomers in high yield, namely,
S-aminoisoxazole 25 (Scheme 16).

Scheme 16
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There are several examples where the regioselectivity of
the condensation of 1,3-ketonitriles with hydroxylamine has
been improved. In particular, under strict control of pH and
temperature, condensation of 3-alkyl-3-oxopropionitriles
containing small alkyl substituents can selectively give
either 3-alkyl-5-aminoisoxazoles 26 or 5-alkyl-3-aminoisox-
azoles 27 (Scheme 17).35

Scheme 17
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(a) 1) (NH20H)> H2SO4 (1.1 equiv.), NaOH, pH > 8, 100 °C, 1,5 h;
2) HCI (1 equiv.), 100 °C, 15 min; () 1) (NH,OH),H,SO4

(1.1 equiv.), NaOH, 7 < pH < 8, 45 °C, 72 h; 2) HCI (1.6 equiv.),
50 °C, 2.5 h; R = Pri, cyclo-C3Hs, cyclo-C4H7, 1-Me-cyclo-C3Hy,

1-F-cyclo-C3;Hy4

When studying the reactions of (3,5-dimethyl-1H-pyra-
zol-1-yl)-3-oxopropionitrile with dinucleophiles, El Rady 3¢
has shown that the reaction of hydrazone 28 with hydroxyl-
amine in ethanol in the presence of piperidine leads to
isoxazoles 29 (Scheme 18). It should be noted that the

Scheme 18
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same reactants react in dimethylformamide in the presence
of sodium acetate to give 1,2,3-triazole derivatives.

In reactions with a-formylnitriles, regioselectivity chal-
lenges are also absent. For example, nitrile 30 reacts with
hydroxylamine in boiling ethanol to give oxime 31, which is
cyclized in boiling acetic anhydride into isoxazole 32
(Scheme 19).37

Scheme 19
NH,OH - HCI Y
2 > NC _OH AcHN \N
WO LS S
—
EtOH Ne
NHR RN=N
30 31 32 (62%)

Formation of the isoxazole ring with the use of 2,3-
dihydrofuran as a 1,3-dielectrophile has been described.?8

Synthesis of isoxazoles 33 based on terminal acetylenes,
which are converted into alkynyl ketones, has been reported
by Harigae et al.,?® who achieved good preparative yields of
the products and high regioselectivity at the stage of con-
densation with NH>OH (Scheme 20).

Scheme 20
1) NH,OH - HCl,
1) Bu"Li, THF / H>O, TBAI
R! — —
2) R2CHO Rz | 2) TsOH, H,0
R? R?
> - \
+ /
RI /4\:/<o RN
33 (76% —92%)
R! = Ph, 4-MCOC6H4, 4-M€C6H4, 4-F3CC6H4, 4-C1C6H4,

2-MeOCsHg4, 3-MeCsHa, 1-Naph, 2-Th, 2-Fu, Et, Bu*, Cy;
Rz = Ph, 4-MCOC5H4, 4—M€C5H4, 4-C1C(,H4, 2—Py, n—C(,ng;
TBAI = BuyNI, Ts = 4-MeCsH4SO,, Cy = cyclo-CsH;

The condensation of 1-(indol-2-yl)-3-phenyl-2-propyn-
l-ones with hydroxylamine in ethanol in the presence of
pyridine has been shown to lead in some cases only to
substituted 3-(indol-2-yl)-5-phenylisoxazoles and, in other
cases, to a mixture of isomeric isoxazoles in low to moderate
yield.*? Unfortunately, no correlation between the structure
of initial alkynyl ketones and condensation regioselectivity
has been found.

0 Scheme 21

‘ =
(0] Ar
‘ ‘ NH,OH - HCI, AcONa

@?)N\ AcOH, EtOH, A
~
N~ "Me N-O
/ Ar
—
~
Me 34 (70% —80%)

Ar = 4-M€OC6H4, 4-H2NC6H4, 4-HOC6H4, 4-02NC6H4, 4-F3CC6H4,
4-CICeHa4, 3-MeOCgHa, 3-HoNCgHa, 3-HOCgH4, 3-OoNCgHa,
3-F3CCsHy, 3-CICsHy

Isoxazoles 34, containing the quinazoline ring, have
been synthesized through condensation of alkenyl ketones
with hydroxylamine.*! No details how 4,5-dihydroisoxa-
zole, which must form in condensation of alkenyl ketone
with hydroxylamine, is converted into isoxazole have been
presented. This is likely a result of oxidation with air oxygen
during long-term refluxing in ethanol (Scheme 21).

The enaminoketone moiety of molecules can also serve
as a 1,3-dielectrophile in synthesis of isoxazoles.*>~47 In

particular, the reaction yielding 2-[(5-methylisoxazol-3-
yl)methyl]benzimidazoles 35 has been  described
(Scheme 22).48
Scheme 22
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. —_—>
EtOH. A N DMF, THF
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H 0 N Me
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35 (65%)
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\

N

A protocol of condensation of aromatic enamino
ketones with hydroxylamine hydrochloride in water afford-
ing isoxazoles 36 in high yield has been reported.*® After
isolation of the products from the reaction mixture by
means of usual filtration, they do not require additional
purification (Scheme 23).

Scheme 23
R
‘O R NH:OH-HCl )\
—_—
/KA o N
Ar NMe, H20.50°C Ar o~

36 (84% —93%)

Ar = Ph, 4-C1C5H4, 4-MCOC6H4, 4-BI‘C6H4, 4-MEC6H4,
4-MeO,>CCgHy, 4-BocNHCgH4, 2-Naph, 2-Th; R = H, Me

Heterocyclization of 1,8-bis(dimethylamino)naphtha-
lene-2-carbaldehyde at the carbonyl group has been
described.’® One of the dimethylamino groups, which is
usually a poor nucleofuge, is subjected to intramolecular
nucleophilic substitution. In the case of oximes 37 (R # H),
the reaction affords 3-substituted N,N-dimethylnaph-
tho[2,1-d]isoxazole-9-amines. In the absence of a substitu-
ent in the 3-position of oxime 37 (R = H), the product is
unstable under reaction conditions and is cleaved at the
N—O bond concurrently with dehydration of the initial
oxime to give the cyano group (Scheme 24).

2-(Fluoroalkoxy)enaminones 38 have been synthesized
in almost quantitative yield by treating a-fluoroalkoxyace-
tophenones with dimethylformamide dimethylacetal.®!
Refluxing of compounds 38 in ethanol with hydroxylamine
hydrochloride leads to acyclic products of substitution of
hydroxylamine for the dimethylamino group in high yields.
Oximes 39 are converted into isoxazoles 40 only on
refluxing in benzene in the presence of p-toluenesulfonic
acid with azeotropic removal of water (Scheme 25).
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At the same time, the enamine synthesized from ethyl
3-(3-chlorophenyl)-3-oxopropionate and dimethylforma-
mide dimethylacetal reacts with hydroxylamine hydrochlor-
ide in methanol to form ethyl 5-(3-chlorophenyl)isoxazole-
4-carboxylate in 78% yield without addition of any dehy-
drating agents.*¢

Alkyl-, sulfo- and carbamoyl-substituted isoxazoles
have been synthesized through the condensation of a-acyl-
ketene dithioacetals with hydroxylamine hydrochloride fol-
lowed by the oxidation of the sulfide to sulfone with sodium
perborate in water. Advantages of this reaction are high
yields, low temperature and the use of water as a solvent.>?

The reaction of 1-(2-thienyl)-3,4,4-trichloro-3-buten-1-
one with hydroxylamine yields isoxazole 41, which is con-
verted into nitrile 42 under the action of acetic anhydride in

al al Scheme 26

NH>OH
— >

CN

AcxO / \N NH,OH
g —_—

PyH  \\ O
S 42 (44%)

1) RC(O)CI
_—
2) AcOH, A

43 (73% —85%)

R = Me, Ph, 4,5-dichloro-1,2-thiazol-3-yl

pyridine. Compound 42 reacts with NH>,OH to give the
corresponding amidoxime; O-acyl derivatives of the latter
are heterocyclized in acetic acid to give 5-substituted 3-[5-
(thien-2-yl)isoxazol-3-yl]-1,2,4-oxadiazoles 43 in good
yields (Scheme 26).53

A regioselective reaction of hydroxylamine with 3,4,4-
trichloro-3-buten-1-ones has been described.>* The conden-
sation of compounds 44 with hydroxylamine leads to
isoxazole derivatives 45 (Scheme 27).

Scheme 27
O§ Ar
Cl NHzOH /—>\{ NHZOH /@\\
— —N
Ar Ar o )
cl Cl NOH
44 45 (40% —75%)

Ar = Ph, 4-MeCgHa, 2,5-Me,CsH3

I1.2. Reactions of nitrile oxides with alkenes and alkynes
Reactions of nitrile oxides with alkenes (with subsequent
spontancous or oxidative aromatization), as well as with
alkynes, afford 3,4,5-trisubstituted and 3,5-disubstituted
isoxazoles. In addition to the target reaction of cyclo-
addition to a dipolarophile, nitrile oxides are also able to
dimerize into furoxans. The proportion between these two
processes is determined by the reactivity of the dipolar-
ophile and steric factors.>®> Nitrile oxides are usually
generated in situ by one of the following methods: de-
hydrohalogenation of N-hydroximidoyl halides in the
presence of bases, oxidation of aldoximes or dehydration
of primary nitroalkanes (Scheme 28).

The data presented in this Section are systematized
according to the method of nitrile oxide generation. How-
ever, we have not completely succeeded in our effort since
many research teams dealing with 1,3-dipolar cycloaddition
of nitrile oxides to dipolarophiles simultaneously use differ-
ent methods of dipole generation. At the same time, it is not
always possible to clearly differentiate methods. For exam-
ple, the reaction of aldoximes with hypochlorites or chlor-
amine T, which is formally an oxidation reaction, proceeds
through the intermediate formation of N-hydroximidoyl
chlorides, which immediately lose HCl because of the
alkaline medium inherent in both the hypochlorite salts
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OZN\/RI Scheme 28
7H20l
OH OH OH
NTUXx O NTB + ox N7
Tl RN )\\
R! H R! X ‘ R! H
RZ R2
I =
R! R! R! R!
Y >
x
N/\ /\N\"O N/\ \ R2 N/\ R2
0 0 0

[X] is halogenating agent, X is halogen atom, Ox is oxidant, B is base

and  N-chlorotoluenesulfonamide sodium  salt
Scheme 28).

One of the earliest and best developed methods for
generation of nitrile oxides is dehydrohalogenation of
N-hydroximidoyl halides under the action of different
bases. Imidoyl halides can be obtained by different meth-
ods: by the reaction of aldoximes with N-halosuccinimides,
free halogens, hydrogen halides in the presence of oxidants,
etc. Below, we consider sequences of reactions leading to
isoxazoles through the stage of formation of nitrile oxides
and their 1,3-dipolar cycloaddition to alkenes and alkynes.

Cycloaddition of nitrile oxides, generated through dehy-
drohalogenation of N-hydroximidoyl chlorides (much more
rarely, bromides) under the action of bases, to terminal
alkynes is, in most cases, highly regioselective and leads to
3,5-disubstituted isoxazoles (see Scheme 28).5¢~ 113 For the
preferential formation of precisely 3,5-disubstituted isoxa-
zoles, the reaction is often carried out in the presence of
catalytic amounts of copper compounds. For example, 1,3-
dipolar cycloaddition of copper(I) acetylenides to nitrile
oxides gives 3,5-disubstituted isoxazoles 46 (Scheme 29).3¢
Quantum chemical calculations have shown that the process
is nonconcerted and involves the formation of metallacyclic
intermediates. Sodium ascorbate is used for reducing cop-
per(Il) to copper(I). It has been demonstrated that nitrile
oxides with electron-withdrawing substituents react more
slowly than those with electron-donating groups. This
method of generation of nitrile oxides have been used for
synthesis of isoxazoles.!14-119

(see

Scheme 29
1) CuSO4-SH>0 (0.2mol.%),
KHCOs, H,O—ButOH (1:1),
RI__d 20°C, 14h
_ , A\
I + RP—== > N N
NOH HO 0.0 o R
2) 7 _ (10 mol.%) . .
HO oH 46 (74% —98%)
NaO
‘ N
R! = Ph, 4-MeOC4Hs, 4-O,NCsHs, CoFs, COzH,MPh’
CH,OH:; R2? = CO,H, CH,OH, Ph N-g

An analogous approach has been described.!?? 3,5-Dis-
ubstituted isoxazoles 47 have been synthesized through the
cycloaddition of nitrile oxides to copper(l) acetylenides.
Nitrile oxides have been generated from both aliphatic and
(hetero)aromatic aldoximes under the action of chloramine
T in the presence of a base. Acetylenides have been
synthesized in situ from terminal acetylenes and a stoichio-

metric mixture of copper(ll) sulfate and copper chips
(Scheme 30).
Scheme 30
1) NH,OH-HCl, NaOH R!

2) TsN(CI)Na-3 H20
- f \
N R?

X

R! H ) =R,
Cu®, CuSO4 (0]
l 47 (57% —76%)
T =R
NOH .
Bl [r—=r—o]
R! H

R! = CH=CHPh, Et, Bu", Bu!, Cy, Bn, Ar, 2-Fu;
R? = Ar, CH»Ar, CH»Bu", CO-H, CH,OH

This protocol has also been used later;!?! =126 in partic-
ular, ultrasonication of the reaction mixture has been
reported.!?¢ In the latter case, it has been demonstrated
that the yields of isoxazoles increase if only copper chips are
used as the copper source.

It has been found !?7 that the cycloaddition of nitrile
oxides (generated by dehydrohalogenation of N-hydroximi-
doyl chlorides) to terminal acetylenes in the presence of
catalytic amounts of copper on iron bimetallic system gives
B-aminoenones, rather than isoxazoles, in moderate to high
yields. The latter are a result of iron-catalyzed N—O bond
cleavage in intermediate isoxazoles and reduction with
hydrogen evolved in the reaction of iron with HCI elimi-
nated from imidoyl chloride. The introduction of a base
binding HCI prevents the conversion of isoxazoles into
aminoenones.

Cycloaddition of nitrile oxides synthesized from
N-hydroximidoyl chlorides to terminal alkynes in the pres-
ence of copper(I) oxide nanocrystals as a catalyst has been
studied.!?® Under these conditions, isoxazoles are produced
in 76% —95% yields. Copper(1) acetylenides are also most
likely the intermediates in the transformation underlying a
one-pot synthesis of 3,5-disubstituted isoxazoles. The reac-
tion of aromatic aldehydes, hydroxylamine hydrochloride,
N-chlorosuccinimide and various terminal acetylenes con-
taining aromatic or aliphatic groups is catalyzed by a
specifically prepared clay with copper(I and 1) ions.!?°

Cycloaddition of furazanyl-substituted nitrile oxides,
formed by the reaction of Bu3SnSnBu3 with 3-aminofur-
azan 48, to different acetylenes, including disubstituted,
gives isoxazoles 49 in good yields (Scheme 31).130

Scheme 31

HoN —NOH NH2  N—0
I RT="R N7 (A

Bu3SnSnBuj, \ -
O Et,O

48 49 (65% —73%)
R! = H, CH,OH; R? = CH,OH, Bu!, CH,Br

3,5-Diarylisoxazoles 50 with long-chain alkoxyl sub-
stituents have been synthesized through the addition of
alkoxy-substituted benzonitrile oxides, generated in situ
from the corresponding imidoyl chlorides, to terminal
arylacetylenes tethered through a linker to a polymeric
matrix with subsequent elimination of the products from
the polymer.'3! It has been suggested by the authors that
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Scheme 32
1
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|
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NH ; b R!
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l OMe O OMe I OMe —
OMe OMe
- O—N (@ 1) @ , piperidine, DMF; 2) HOBt, DIC, DMF;
CH.CI N\ !
HCh - Ne
@ 1 » EGN, CH:Cly
| R2 (49% —90%) R!
R3 CO.H {
0
R4
L >
1) TBAF, THE: O o o. Tf:0, PyH
2) DIC, DMAP, DMF CH-Cl,

’is polymeric matrix; Y! = H, Y2 =

R3

Y 50 (31% —99%)

C=CH; Y' = C=CH, Y? = H; R, R4, R3, R* = H, OC,Ha,+ (n = 1-10); isomers: meta, para;

Fmoc is (fluoren-9-yl)methoxycarbonyl, HOBt is 2-hydroxybenzotriazole, DIC is N,N’-diisopropylcarbodiimide, TBAF = BujNF,

Tf is trifluoromethylsulfonyl, DMAP is 4-(dimethylamino)pyridine

such isoxazoles can exhibit liquid-crystalline properties
(Scheme 32, the yields are given based on the initial immo-
bilized amide).

It has been underscored by researchers dealing with
large-scale synthesis in industry !3? that generation of nitrile
oxides from aldoximes using N-chlorosuccinimide with
subsequent dehydrohalogenation has a disadvantage that
prevents safe scale-up — the reaction is highly exothermic
and has an irreproducible induction period. It has been
demonstrated that, when concentrated aqueous hydro-

o Me
e g
EGN, (CHZCl)z,
R‘ 90°C, 6h
56

chloric acid is added to the reaction mixture, the reaction
begins immediately after mixing the reactants, and the
experimenter can better control heat removal.

Dimethyl 3-chloromethylisoxazole-4,5-dicarboxylate
has been synthesized from dimethyl acetylenedicarboxylate
and chloroacetonitrile oxide in high yield.!33134  The
addition of nitrile oxide, obtained from N-hydroxy-4-fluo-
robenzimidoyl chloride in a solution of aqueous tert-butyl
alcohol in the presence of K»,COs, to tetramethyl acetylene-
diphosphonate has been reported to give tetramethyl [3-(4-

EGN, CH:Cl, | =z~ OH

20°C,5h
N~ OH
Mﬂ

R! = 4-MeO,CCH,-2-CIC¢H3; .
RY 52.(90%)

Rz 4-F3C-2-02NC6H3O(CH2)20;
R3 = 2,4-C12C6H3O(CH2)3;
R* = Alk; XR> = OAlk, NHAIk

Scheme 33
OH O OK
s O
B —
Cl MeCN, 20 °C, 3 h 1 —O0
R
51 57
58
OK O
MeCN, 0-20°C,3h
¢ R4 MXRS
(53)
/O R4
N
\ /)
R! —O0
R3X

54 (60% —85%)
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fluorophenyl)isoxazole-4,5-diyl]bis(phosphonate) in 80%
yield.!3> It has been shown 3¢ that, for asymmetric C,C-
dipolarophiles, cycloaddition of nitrile oxides is expected to
be highly regioselective and to give the target products in
good yields only when the carbon atoms of the dipolaro-
philes noticeably differ in reactivity, which is achieved by
introducing different substituents. Reactions of nitrile
oxide, prepared through dehydrohalogenation of imidoyl
chloride 51, with propargyl alcohol and B-ketoester enol
lead to only one isomeric isoxazole 52. Analogously, amide
53 leads to isoxazoles 54, whereas dialkyl-substituted ace-
tylenes and 1,3-diketone enols give a mixture of regioisom-
ers 55 and 56 (60% yield) and 57 and 58 (75% yield, 7:1),
respectively (Scheme 33).

It has been demonstrated that the presence of the nitro
group in the ortho position of substituted phenylacetylenes
59 (both terminal and internal) considerably facilitates the
cycloaddition reaction and drives it toward 5-(2-nitrophe-
nyl)isoxazoles 60 (Scheme 34).137

Scheme 34
NOH
R! NO CIJLAI ’Rl NO:
> EGN, PhMe, 80 °C
I N
}\If
2
R2 59 My

60 (68% —92%)
R! = H, Cl, Me; R?2 = H, Me, CO>Me, Br, Cl

When reactions of nitrile oxides with asymmetric disub-
stituted alkynes lead to a mixture of regioisomeric 3,4,5-
trisubstituted isoxazoles while terminal acetylenes give mix-
tures of 3,5- and 3,4-disubstituted isoxazoles, the presence
of catalytic amounts of N-heterocyclic carbenes in the
reaction mixture not only promotes the reaction and
increases the yields but also enhances the regioselectivity
of the process.!3%

In synthesis of isoxazoles through the cycloaddition of
nitrile oxides to alkenes, it is necessary to oxidize inter-
mediate isoxazolines.!3°~ 145 For example, the reaction of
nitrile oxides, produced from aromatic aldehydes, with
styrenes leads regioselectively to isoxazolines 61, which are
oxidized with MnO, to give 3,5-diarylisoxazoles 62
(Scheme 35).142 3,5-Disubstituted isoxazolines synthesized
by addition of nitrile oxide (generated by the reaction of
benzofuran- and benzothiophene-5-carbaldehyde oximes
with chloramine T) to styrene are readily oxidized by
dichlorodicyanobenzoquinone to give the corresponding
isoxazoles in high overall yields.'4¢

Scheme 35

1) NH>OH - HCl,
Na,COs3, H,O, EtOH
2) NCS, PyH, CH»Cl,

R R
MnO»

e
N\O Ar PhH ~o Ar

62 (47% —99%)

RCHO
Ar/%

61 (14% —93%)
Ar = 4-XCgH, (X = Br, Cl, Me, OBut);

R = 4-YC6H4 (Y = OC7H15-I‘1, OC8H17-1’1, OC9H19-n,
OCoH2-n, Br, NOy); NCS is N-chlorosuccinimide

Examples are known when oxidation of 5-alkyl-3-aryl-
4,5-dihydroisoxazoles (synthesized through the cycloaddi-
tion of arylnitrile oxides to 1-heptene) to isoxazole occurs in

two steps: first, isoxazoline is brominated with N-bromo-
succinimide, and the intermediate mixture of 4-bromo- and
5-bromoisoxazolines undergoes dehydrohalogenation when
treated with a base.!'4’

The cyclocondensation of arylnitrile oxides, synthesized
by dehydrohalogenation of the corresponding imidoyl
chlorides, with chalcones gives 5-aroyl-3,4-diarylisoxazoles
in ~60% yield.'*® When the reaction is carried out in
dichloromethane in presence of triethylamine at room
temperature, spontancous oxidation of the expected 4,5-
dihydroisoxazoles is of low probability in view of the fact
that other reasearchers '4° have needed to specifically oxi-
dize isoxazolines formed under analogous conditions with
chloramine T.

When the double bond involved in cycloaddition to
benzoyl nitrile oxide is the quinone C=C bond, the
intermediate isoxazoline is spontaneously oxidized to cor-
responding isoxazole 63, presumably, with air oxygen
(Scheme 36).1°° The same scheme of synthesis of isoxazoles
has been used in Ref. 151, with the only difference that
nitrile oxide has been obtained in situ by oxidation of both
(hetero)aromatic and aliphatic aldoximes with sodium
hypochlorite, while substituted naphthoquinones have
been used as dipolarophiles.

Scheme 36

R3

HOH
Rl ‘ N O
‘ Et;N | ‘
. " SR

R2 Cl PhMe, 110 °C ‘

‘ R3 R2 ‘
63 (62% —75%)
R2 = H: R! = H, Ph; R'-R2 = (CH)4; R? = H, Me, OMe

A protocol for synthesis of 3-substituted methyl isoxa-
zole-5-carboxylates based on the cycloaddition of nitrile
oxide (obtained in situ from aldoxime, N-chlorosuccinimide
and a base) to a polymer-bound acrylate residue has been
developed (Scheme 37).152 Using simple operations, such as
mixing, washing with a solvent and filtration, the authors

Scheme 37
it
~
J\/ PhSeBr_ .\ Bu'OK.
5 O~0
1 DIEA. CHxCly ZnClz, Ele
«  CHxCL
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— PhSe / >
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— o N T MeO N
\ \

R 64 (82%—-90%) R

R = Pri, Ph, 4-MeCg¢Ha, 3-MeCsHa, 4-MeOCeHy, 3-MeOCsHa,
4-FC(,H4, 4-C1C(,H4, 4-02NC(,H4, 2,6-C12C(,H3, l—Naph, 2-Fu
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have succeeded in obtaining target isoxazoles 64 in high
yields and with purity close to analytical.!3?

In synthesis of isoxazoles via 1,3-dipolar cycloaddition,
enol forms of 1,3-dicarbonyl compounds are often used as
dipolarophiles.109-136.153-163  For example, 4-triflylisoxa-
zoles 65 have been synthesized for the first time from o-
triflyl ketones and imidoyl chlorides in the presence of Et;N
(Scheme 38).104

Scheme 38
r Tf
(‘) AT\H/C1 EtsN, McOH
T + /!
NOH 0—>20°C N\ \ R
O
i 65 (61% —91%)

T

OH Hy+
Ar Tf
R/R/Tf ‘ T
+ — R — J OH
-+ -

O—N=—Ar N A ~o” R

R = Ph, 4-M6C6H4, 4-MeOC6H4, 4-C1C6H4, 4-B1‘C6H4, 4-02NC6H4,
PhCH=CH, Meg, 2-Fu, 2-Naph; Ar = Ph, 4-MeCsHa, 4-MeOCsHa4,
4-CIC¢Ha, 4-BrCsHa, 4-OoNCsHy4, 2-Naph

The cycloaddition of nitrile oxides to Meldrum’s acid
affords 3-substituted 5-hydroxyisoxazoles.®> Examples of
cycloaddition of nitrile oxides to the enol forms of
a-methylene ketones are also known.!93:166 The reaction of
enol forms of aroylnitromethanes with arylnitrile oxides
generated in situ from N-hydroximidoyl chlorides under the
action of triethylamine leads to 3,5-diaryl-4-nitroisox-
azoles.1¢7

Yet another family of dipolarophiles is represented by
ketoenamines.!98-170 Their application can be exemplified
by an efficient method of production of ethyl 3-aryl-5-
methylisoxazole-4-carboxylates 66 from aromatic aldehydes
(Scheme 39).17! An analogous approach has been success-
fully used when aliphatic aldoximes are introduced into the
reaction.!7?

The cycloaddition of nitrile oxides to enamines has given
3,4-disubstituted isoxazoles 67 in 60% —67% yields, and
recrystallization turns out to be sufficient for their purifica-
tion (Scheme 40). 173

Isoxazoles have also been synthesized through cyclo-

Scheme 39

1)NH,OH-HCl,  Ar CO,Et

Me Et;N, DMF, 20 °C
N 0+ ACHO ———=» /|
\ 2)NCS,20°C, 16h N M
3) Et;N, 20 °C ~o e
OFEt 66 (60% —93%)

Ar = 2-MCOC6H4, 3-C1C6H4, 4-C1C6H4, 2-MCO-3-BI‘C6H3,
3-NC-4-FC6H3, 2,5-(MEO)2C6H3, 2-C1-4-FC6H3, 3-Br-2-pyridyl

chloro-substituted alkenes.!7~178 In these transformations,
an intermediate isoxazoline produced by cycloaddition
becomes aromatic due to the elimination of one of the labile
substituents in the ring. Analogously, an intermediate
product of cycloaddition of benzoylnitrile oxide, generated
from aldoxime through oxidation with hypochlorite, to
I-nitro-1,2-diphenylethene spontaneously loses a nitrous
acid molecule to give 3,4,5-triphenylisoxazole.!”?

A high potential of organolithium derivatives of phenyl-

Het Scheme 40
Het
| et Me,NCH(OMe), \l Ar Het
Me NMe:
) \;
N
Cl + \O
)\ — {Ar :N*O*}
Ar” SNOH 67 (60% —67%)
BlO,C N Phi N Ph N
He= | N, T o, [ s
S/ ’ N~ ? ~
e

Ar = 2-FCgHy, 2,6-C1,CsH3

selenomethylisoxazoles as nucleophiles for generation of
new carbon—carbon bonds has been reported.'®® Phenyl-
selenomethylisoxazoles 68 are obtained through the addi-
tion of arylnitrile oxides to phenyl propargyl selenide.
Substitution of an iodine atom for the phenyl selenide
residue in the addition products and subsequent iodine
elimination lead to 5-methylisoxazoles 69 in high yields
(Scheme 41).

It has been revealed '8! that the regioselectivity of the
reaction of an aliphatic nitrile oxide with a terminal alkyne
is a function of temperature, which is associated with

addition of nitrile oxides to O-trimethylsilyl derivatives of  isomerization of 3,4-disubstituted isoxazole 70 into 3,5-
carbonyl compounds,'’ enol ethers,”® a-bromo(penta-  disubstituted isomer 71 (Scheme 42).
fluorophenyl)vinylsulfonate,!”> as well as to cyano- and
Scheme 41
Ar Ar Ar
Z seh ] \ RCHX,LDA [/ '\ SePh H.0,, THF /| \
T N — > N_ =2 N
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N BN e SePh R \
| t:N, CHyCl (67% —97%) 68 (711%-83%) R
20°C,6h
Ar Cl Ar Ar
AN SePh Mel, Nal DBU
/ / THF, A / \
N DMF, 80 °C,2h N > N.
o o0 ~0 Me
SePh

(56% —86%)

69 (71% —83%)

Ar = Ph, 4-BrCsHy, 4-MeC¢Hy, 4-CIC¢Hy, 4-FCgHy, 4-Oo.NCgHa, 4-MeOCeH4; R = Me, CH=CH,, C(Me)=CH,, CO,Me, Ph;

LDA is lithium diisopropylamide, DBU is 1,8-diazabicyclo[5.4.0lundec-7-ene
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Scheme 42
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The thermal reaction of cycloaddition of alkynyl iodides
to nitrile oxides is highly regioselective due to steric factors
and leads to 4-iodoisoxazoles — starting compounds for the
Suzuki reaction.!®2  Cycloaddition of nitrile oxides to
alkynyl boronates 72 and 73 is a direct route to 3.,4,5-
trisubstituted, as well as to 3,5- and 3,4-disubstituted
isoxazoles. It is noteworthy that desilylation of 5-trimethyl-
silylisoxazoles can occur even in the presence of the bulky
boronate substituent at the C(4) atom, which can be used
for producing 3,4-disubstituted isoxazoles (Scheme 43).183

Scheme 43
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o (0]
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CsF, EtOH, MeCNi (R2 = Ph,

20 °C, 10 min R? = SiMe3)
R! = Bu", Ph, SiMe3;, CH,OBn,
CH,SPh; R? = Ph, Br, CI, Bu; /
R3 = SiMejs, Me; X = Br, Cl;
DME is dimethoxyethane,
Mes is 2,4,6-trimethylphenyl (74%) Ph

Below, we consider the reactions in which nitrile oxides,
involved in [3 + 2]-cycloaddition to multiple bonds to give
isoxazole derivatives, are generated through aldoxime oxi-
dation.

For conversion of aldoximes into nitrile oxides reacting
with alkenes and alkynes, hydrogen peroxide and a tung-
sten(VI) complex have been used.'®* However, under these
conditions, the cycloaddition reaction is not always regio-
specific and is often accompanied by partial hydrolysis of
aldoximes to aldehydes (Scheme 44).

Scheme 44
_OH
1\{ R2 [CsHsN *(Cy5H31-n)]3{POJ[WO(02)2]a} 3~
+ =]
])\ H»0>, H,O, CHCl;, 40 °C
R H
—
R! /\

30% —67%)
(30% 2 (50/ —42%)

Ph7 n-C(,ng, COzMe

(8%713%
R! = Ph, Bus; R2 =

A protocol using chromium(1V) oxide (trademark Mag-
trieve™) for direct oxidation of aldoximes to nitrile oxides
that enter into cycloaddition reactions with alkenes and
alkynes to give isoxazolines and isoxazoles in high yields has
been described.!83-186

A method for synthesis of nitrile oxides with the use of
sodium hypochlorite (bleaching method) has two modifica-
tions: homogeneous (a hypochlorite solution is added to a
solution of aldoxime and a nitrogenous base in alcohols or
tetrahydrofuran) and heterogeneous (the oxidant and the
reactants are in different phases: the oxidant is in an
aqueous solution, while the reactants are in chloroalkanes,
aromatic hydrocarbons or diethyl ether). Oxidation of
aromatic and aliphatic aldoximes with hypochlorite gener-
ates nitrile oxides that react with terminal acetylenes (prop-
argyl alcohol and its esters, propargyl halides, protected
propargylamine, substituted arylacetylenes) to give 3,5-dis-
ubstituted  isoxazoles in good to  quantitative
yields.67-70,84,91,113,187-200 n reactions with phenylacety-
lenes containing bulky substituents in the aromatic ring, the
yields of isoxazoles have decreased.!?-201-203 The yields of
the products of cycloaddition of nitrile oxides to hetaryl-
substituted acetylenes can vary from low to good.*® The
homogeneous variant of the method using hypochlorite as
the oxidant affords nucleosides with isoxazole substituents,
as a rule, in fair yields.?%* However, in some cases, the yields

Scheme 45
NH,OH-HCI Ph—=
NaHCO3;, MeOH NaOCl, Et;N,
CHCl,

NS
74 “NOH

(1%)
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of such products are low; for example, this is the case for
carbaldehyde oxime 74 — an artemisinin derivative (75)
(Scheme 45).205

The cycloaddition of nitrile oxide, generated in situ
through the treatment of chloroacetaldehyde oxime with a
sodium hypochlorite solution, to ethyl propiolate has been
used to synthesize ethyl 3-(chloromethyl)isoxazole-5-car-
boxylate.?? In this case, the target product turns out to be
contaminated with 68% of regioisomeric ethyl 3-(chloro-
methyl)isoxazole-4-carboxylate.

Treatment of a mixture of arylenedi(aldoxime) and
trimethylsilylacetylene with sodium hypochlorite enables
the synthesis of trimethylsilyl-substituted m-bis(isoxazol-3-
yl)benzene, which reacts with K,CO3 in methanol to give
compound 76 (Scheme 46).20¢

Scheme 46
(‘)H
N\ =——SiMe;
NaOCl, Et;N, CHCl
0N “Nson

K,CO3
MeOH

76 (> 50%)

N-Propargylisatin enters into the 1,3-dipolar cycloaddi-
tion reaction with 4-methoxybenzonitrile oxide at two
reaction centres; the C=C and C=0O0 bonds in the 3-posi-
tion act as dipolarophiles.207

A protocol for synthesis of substituted 4H-chro-
meno[4,3-clisoxazoles 77 through intramolecular cycloaddi-
tion of nitrile oxide to the triple bond has been reported.?%8
The reaction is characterized by unusual regioselectivity
caused by only one possible mutual orientation of the
reacting moieties (Scheme 47).

Scheme 47
/
1 = 1
R o_~ NaOCl, H;0 R o
_— >
N CH2C|3 or CHC13

R2 ~ “OH R2 TN

R3 R3 N—0O

77 (82% —90%)
R!, R2 R3 = H, Me, OMe; R2—R3 is benzo

Analogous regioselectivity has been observed earlier
by Vaidya etal,?® as well as in synthesis of
7H-indolo[3,2,1-i, j]-isoxazolo[4,3-¢][1,5]naphthyridines 78
(Scheme 48).210

The reaction of N-tert-butoxycarbonyl-3-(prop-2-yn-1-
ylamino)propanal with chloramine T also gives one
regioisomer — 5-tert-butoxycarbonyl-4,5,6,7-tetrahydro-
isoxazolo[4,3-c¢]pyridine.?!! Treatment of substituted malo-
naldehyde dioximes with sodium hypochlorite leads to
diastereomeric spiro-fused isoxazoles 79, 80 and 81, 82,

Scheme 48
R!

NaOCl, H,O
_ >
CH,Cl,

78 (63%)
R! = H, F; R? = H, COMe

which can be easily separated by usual chromatographic
methods (Scheme 49).212-214

Scheme 49
Br
Pri \\
Pi. NaOCl
CHCl,, H,O /N
\ \
s S
HO OH
NaOCl
| CHCl, H>,O
N\
OH

(77%, 69: 31)

Chloramine T has also been used for producing cyclic
derivatives of carbohydrates (substituted 4,6-dihydrofur-
0[3,4-clisoxazoles and 4,6,7,8-tetrahydrooxepino[4,3-c]iso-
xazoles) through intramolecular [3+ 2]-cycloaddition of
nitrile oxide to O-propargyl carbohydrates.?!> 1In partic-
ular, the reaction of 2-[2-(phenylethynyl)phenyl]acet-
aldehyde oxime with sodium hypochlorite gives
8 H-indeno[2,1-clisoxazole in good yield.?!®

Nitrile oxides generated from aromatic aldoximes
treated with chloramine T react with terminal acetylenes to
give 3,5-disubstituted isoxazoles.?!7~21° Mild conditions of
aldoxime oxidation (water —ethanol or DMF —ethanol sol-
utions, room temperature) make it possible to apply this
method for labelling DNA strands (Scheme 50).220-221

The regioselective formation of 3-aryl-5-benzoyl-4-phe-
nylisoxazoles through the reaction of 1,3-diphenylprop-2-
yn-1-one with alkoxy-substituted benzonitrile oxides gener-
ated in situ by oxidation of aromatic aldoximes with chlor-
amine T in boiling ethanol has been observed.???
Analogously, treatment of aldoximes and acetylenes (both
terminal and internal) with chloramine T in methanol gives
definite regioisomers of 3,5-disubstituted and 3,4,5-trisub-
stituted isoxazoles.??3 tert-Butyl hypoiodite, generated
directly in the reaction mixture from zert-butyl hypochlorite
and potassium iodide, has been used as the oxidant for
oximes.??* The reaction occurs with both aliphatic and
aromatic aldoximes, as well as with different alkenes and
acetylenes, the yields of 3,5-disubstituted and 3,4,5-trisub-
stituted isoxazolines and isoxazoles being rather high.

Nitrile oxides synthesized by oxidation of a wide range
of aromatic aldoximes with hypoiodite, generated in situ
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1) RCH=NOH
chloramine T, 20 °C

QNP

/\\

NCI

2) deprotection,
elimination

e

N NMe,

O )
R = Ph, 2-FCH, 1-Naph, $@N

’ g g

from potassium iodide and oxone
(2KHSOs-KHSO4-K»SOy4) in an aqueous methanol solu-
tion, have been introduced into the cycloaddition reaction
with terminal aliphatic alkenes and styrenes. The reaction
leads to 3,5-disubstituted isoxazolines in good yields. Ali-
phatic aldoximes, as well as phenylacetylene, have shown
unsatisfactory results under these conditions, while 3,5-
diphenylisoxazole has been obtained only in low yield.??®
The same reaction, with the difference that potassium
chloride rather than iodide was used so that the oxidant of
aldoximes was hypochlorite formed in the reaction mixture,
gave the target products in fair yields even for terminal
alkynes.?2¢

Protocols for oxidation of oximes to nitrile oxides by
hypervalent iodine compounds and reactions of the result-
ing nitrile oxides have been summarized.??’ In particular,
aldoximes are oxidized by phenyliodonium diacetate
(PIDA) to nitrile oxides, which react with alkenes and
phenylacetylenes to give, respectively, 3,5-disubstituted
4,5-dihydroisoxazoles and 3,5-diphenylisoxazole.??® The
latter is formed only in 50% yield, which is significantly
lower that the yields of isoxazolines — the products of
cyclocondensation with alkenes.

As a rule, generation of nitrile oxides from aldoximes
through the oxidation with hypervalent iodine compounds
in the presence of terminal alkynes is much worse than in
the presence of alkenes. This is believed to be due to side
reactions of active hypervalent iodine compounds with the

J "‘
Bt

R2 83
(51% —90%)
R' = Ph, 2-MeCH., Ph(CHz)z, 4-[N3(CH2)2(OCH>CH21)30]CsHu;
(0]
N

W N
& NN ﬁ

Scheme 51
PIDA

MeOH

R2 = H,

Scheme 50
o”‘i N
3 O 5 ¥y
3 p/O—RNAfOH + GT\P/O*RNAfOH
-0 Yo -6 Yo

o0.__0
“
\m JRNA = UUU U'GUG UGU GCA

terminal alkyne itself.??7 The situation is noticeably better
in the case of disubstituted acetylenes, which is supported
by available data 229239 (Scheme 51). The cycloaddition of
nitrile oxide is also promoted by strain of the cyclooctyne
moiety; however, the process can be accompanied by the
formation of both regioisomers, for example, compounds 83
and 84.

Pnenyliodonium bis(trifuoroacetate) (PIFA) has been
used as the oxidant, and the resulting nitrile oxide has
been made to react with alkynes (Scheme 52).230

Scheme 52

R2
PIFA

\ R —— \
R2)\H MeOH-H,0 (5:1) Rl/(O/<N

85 (59% —95%)

R]

R! = Ph, 4-MEOC5H4, (CH2)4OH, Z-Py; R2 = Ph, 4-MBOC6H4,
4-MeCsHa, 4-Oo.NCeH4, P\CH=CH, Cy, C¢Fs, Pr"

PIFA

)\ MeOH-H,O (5:1)

pz

OH

OH

86 (84% —95%)
R = Ph, 4-MeOCgHy4, 4-0,NCsHs, Pr?, PACH=CH, CFs

The reaction leads to 3,5-disubstituted (85) and 3.4,5-
trisubstituted (86) isoxazoles in good yields under very mild
conditions. The same oxidant,?3! as well as a milder reagent
(PIDA),?32 has been used for developing a protocol for
synthesis of '8F-labelled compounds intended for positron
emission tomography.

The use of [hydroxy(tosyloxy)iodo]benzene for oxida-
tion of aldoximes under mild conditions in an aqueous
medium with subsequent cyclization of the resulting nitrile
oxides into isoxazolines and isoxazoles has been
described.?3? This oxidant has been suggested to be suitable
for synthesis of asymmetric 3,5-disubstituted and 3,4,5-
trisubstituted isoxazoles.?** The developed method involv-
ing the treatment of an aromatic aldoxime with an oxidant
followed by the reaction with acetylene in boiling acetoni-
trile gives isoxazoles in moderate to good yields. However,
the presence of electron-donating substituents in the aro-
matic ring of oximes sharply decreases the yields of the
products.



AV Galenko, A F Khlebnikov, M S Novikov, V V Pakalnis, N V Rostovskii Russ. Chem. Rev. 84 (4) 335-377 (2015) 349

The above syntheses of isoxazolines and isoxazoles
require oxidation of initial aldoximes with stoichiometric
amounts of hypervalent iodine compounds, which are
rather expensive and sometimes difficultly available
reagents. A mixture of inexpensive and poorly available
oxone with a catalytic amount of iodoarene has been used
as the oxidant.?3® The mixture generates active hypervalent
iodine species that convert aldoximes into nitrile oxides. In
this case, 3,5-disubstituted isoxazoles have been synthesized
in 27% —75% yields.

Phenyliodonium diacetate has been used not only for
conversion of aldoximes into nitrile oxides but also for
parallel oxidation of different phenols to p-quinones,
which act as dipolarophiles in the cycloaddition reaction
giving target benzisoxazoles 87 and 88 in an overall yield of
19% —95% (Scheme 53).23¢

Scheme 53
OH
Rl
C R AN/OH PIDA
R? MeCN, H»0, 0 °C
i i
/O RI /O R2
—> N + N
A\ A\
R? R!
L] Tl
o) R 0
87 88

R' = H, Me, Bu'; R? = H, Me, HO,C(CH,),, But;

R!'-R? = (CHy)4; R?® = Ph, 4-MeOC¢Hy, 3-MeOCgH4, 2-MeOCsHa,
2,4,6-(Me0)3C¢Ho, 3,4,5-(MeO)3CsH>, 4-BnOCsHy, 4-CICsHa,
3-CIC¢Ha4, 2,4-Cl,C¢H3, 4-FCeHa, 3-FC6Ha, 4-PriCeHa, 4-AcNHCgHa,
4-HOC¢H4, 2-Naph, 4-Py, 2-Py, imidazol-2-yl, Ph(CH>),, EtO,C

A synthesis of 3,5-disubstituted isoxazoles from N-prop-
argylsaccharin, aromatic aldoximes and N-chlorosuccini-
mide on alumina under solvent-free microwave irradiation
has been described.??” Comparison of this protocol with the
classical method of synthesis of isoxazoles from the same
reactants with the use of sodium hypochlorite in the
dichloromethane—water system has shown that the new
procedure leads to higher, nearly quantitative, yields in
shorter times. Analogously, the reaction of 2-butynoate,
benzaldoxime and N-chlorosuccinimide gave ethyl 5-
methyl-3-phenylisoxazole-4-carboxylate but only in 43%
yield.238

Reactions of dehydration of primary nitroalkanes are
also used for generating nitrile oxides. Sometimes, water-
removing acylating reagents, high temperatures in the
presence of strong acids or highly basic reaction media are
used for this purpose. A classical method of dehydration of
primary nitroalkanes, which goes back to the discovery, by
Mukaiyama and Hoshino,?3° that they can be converted
into nitrile oxides, consists in the reaction of a nitro
derivative with isocyanates in the presence of catalytic
amounts of tertiary amines. This well-proven method is
still successfully used. For example, refluxing a mixture of
nitroalkane 89, phenylacetylene, phenyl isocyanate and
triethylamine in benzene gives 3-alkyl-5-phenylisoxazole 90
in high yield (Scheme 54).249-241  N-Propargylmorpholine
and 2-(2-nitroethoxy)tetrahydro-2H-pyran react with the
same reagents to give tetrahydropyranyl-protected [5-(mor-
pholinomethyl)isoxazol-3-yljmethanol.?#?

Scheme 54

Ph PhNCO, Et;N
_— >
PhH, A, 40 h

“,
2,

Et:Si0 Me
89

Ph
NO,; + m

90 (84%)

Intramolecular cycloaddition of nitrile oxides obtained
from Baylis—Hillman adducts leads to naphtho[2,1-c]iso-
xazoles 91 (Scheme 55).243

Scheme 55

OAc
CO:Me  NaNO,, TBAF, CHoCl

or NaNO,, DMF

Y
R
CO-Me

CO,Me

A PhNCO, Et;N

. R Sy

<UNO; PhMe, 20 °C, A \

R

91 (60% —70%)
R = H, Ph, Bu", CH,OMe

Cycloaddition of nitrile oxides, generated from nitro
derivatives, to terminal acetylenes is employed to synthesize
heterocyclic analogues of prostaglandins 92, and mild con-
ditions of formation of the isoxazole ring make it possible to
retain the configuration of several chiral centres
(Scheme 56).244

Scheme 56

NMCZ
(@) AN=(
NMez

, MeNO, 20 °C;

92 (40% — 52%)

(b)) =—R?, PhNCO, E;N, PhH, 20 °C;
R] = H, Me; R2 = 3-MBOC6H4, 4-M602CC6H4, MEO?_C(CHz)};
R3 = 1’1-C5H11, EtOQC(CHQ)Z

On the basis of addition of nitrile oxides generated from
nitroalkanes to acetylenes 93, a simple route to synthesis of
steroid —carbohydrate conjugates 94 has been suggested
(Scheme 57).24° The Mukaiyama reaction afforded 2-(5-
arylisoxazol-3-yl)cyclopentanecarboxamides, which were
used for studying voltage-gated sodium channels responsi-
ble for pain sensation.?*®

Nitroethane and terminal acetylenes react in the
presence of phenyl isocyanate and triethylamine to give
8-methyl-7-(3-methylisoxazol-5-yl)methyl-5-(4-nitrophenyl)-8,9-
dihydro-7H-1,3-dioxo[4,5-h][2,3]benzodiazepine  (Ref. 71)
and 3-benzyloxy-9,9-dimethyl-8-[(3-methylisoxazol-5-yl)me-
thyl]-4-0x0-6,7,8,9-tetrahydro-4 H-pyrazino[1,2-a]pyrimidine-2-
carboxamide.?*” The reactions of 3-pyridylacetylenes with
aliphatic nitroalkanes in the presence of phenyl isocyanate
and triethylamine give 3-alkyl-5-(3-pyridyl)isoxazoles in
moderate to high yields.?4%-24° The reaction of phenylacety-
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Scheme 57
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lene and 3-nitropropionamide afforded, although in low
yield, N,N-di-n-pentyl(5-phenylisoxazol-3-yl)acetamide.!”3
Heating nitroethane and methyl 3-arylpropiolate with phe-
nyl isocyanate and triethylamine in toluene leads to 5-aryl-
3-methylisoxazole-4-carboxylates in high yields.?>°

The reactions of nitrile oxides prepared from nitro-
ethane by Mukaiyama’s procedure with enantiomerically
enriched ethyl-4-fluoro-2-pentynoate and 1-phenyl-4-flu-
oro-2-pentyn-1-one afforded a 92:8 mixture of isomers:
ethyl 3-methyl-5-(1-fluoroethyl)isoxazole-4-carboxylate
and ethyl 3-methyl-4-(1-fluoroethyl)isoxazole-5-carboxylate
(71% overall yield) or a 91 : 9 mixture of isomers: 4-benzoyl-
3-methyl-5-(1-fluoroethyl)isoxazole and 5-benzoyl-3-
methyl-4-(1-fluoroethyl)-isoxazole (83% overall yield).>3!
In these reactions, the configuration of chiral centres is
completely retained. Under analogous conditions, nitro-
ethane and ethyl 4-(4-bromophenyl)-4,4-difluoro-2-buty-
noate (95) react to give a mixture of isoxazoles 96 and 97
in 97% overall yield and with a considerably higher content
of the minor isomer (2:1) (Scheme 58).252

Scheme 58
F F
PhNCO, Et;N
=z + EtNO, —
EtO,C PhMe, 50 °C, 3 h
95 Br
E102C F F Et07C E

TeT 0 dfm

Various heterocyclic systems have been synthesized by a
template method.?>3 First, 2-(diethoxyphosphoryl)acetate
groups are introduced as substituents into the central 2,2'-
bipyridine moiety. These substituents then enter into the
Horner— Emmons reaction with aldehydes, and the result-
ing ester is introduced into further reactions involving the
C=C bond or the ester group. An advantage of this
method is that, at any stage, the product containing the
central bipyridine moiety can be isolated from the reaction
mixture by means of resin-bound copper(Il) species due to
the formation of strong chelates, which are then decom-
posed by tetramethylenediamine (TMEDA). The peripheral
moieties can be eliminated from the bipyridine nucleus.
Using only washing and filtering operations, the authors
have managed to obtain the products in high yield and close
to analytical purity. One of the reactions (Scheme 59)
demonstrating the wide scope of the method is the cyclo-
addition of nitrile oxide generated from nitroethane to the
phenyl acrylate bound to the bipyridine nucleus. Subse-

quent oxidation of intermediate 4,5-dihydroisoxazole with
ammonium cerium(IV) nitrate produces a mixture of

3-methyl-5-phenylisoxazole-4-carboxylate (98) and
3-methyl-4-phenylisoxazole-5-carboxylate (99) in 95%
overall yield.
Scheme 59
(0]
V4 1) KOBut 1) PANCO, EtNO,
(EtO)R //O JRCHO / 2@-c @ cut
o ). Cult Ph)
@ @
O Me 1) @ [Ce(NH4)2(NO3)e]
// 2). Cul!

-G
5

%O |

The use of arylbromoalkynes as dipolarophiles afforded
3-alkyl-5-aryl-4-bromoisoxazoles 100, although in low yield
(Scheme 60).25* The halogen atom in the 4-position of the
isoxazole ring can be replaced by an aryl group under
Suzuki reaction conditions.

Scheme 60
R! Br
PhNCO, DIEA
R! /\NO2 + Br—— / \
PhMe, 90 °C N
~ R2
(0]

100 (23% —44%)

= CO,Me, Me, CH,OTHP; R? = Ar, 3-Py, 3-Fu;

THP is tetrahydropyran-2-yl

A modified version of the classical Mukaiyama method
consists in using 1,4-phenylene diisocyanate as the dehy-
drating agent. This facilitates the purification of the product
since diisocyanate is converted into polymeric urea, which is
readily removed from the reaction mixture by filtration.
This method has afforded isoxazoles 101 in high yield
(Scheme 61)2%% and has been employed as one of the ways
to synthesize 1-(3-alkylisoxazol-5-yl)methyl-5-aryl-1H-pyr-
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Scheme 61
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101 (56% —88%

R = Me, Et, Pr

azole-3-carboxylates and 1-(3-alkylisoxazol-5-yl)methyl-3-
aryl-1H-pyrazole-5-carboxylates.?>® The same strategy has
enabled the synthesis of 5-(silyloxymethyl)isoxazole-3-carboxy-
late from silylated propargyl alcohol and nitroacetic
ester,>>” and 9-(3-propylisoxazol-5-yl)nonanoic acid from
I-nitrobutane and 10-undecynoic acid.>*® Phenylene
diisocyanate has been successfully used for multikilogram
syntheses:  N-[(3-isopropylisoxazol-5-yl)methyl]-N-(4,6-di-
chloropyrimidin-2-yl)acetamide has been prepared in
amounts of ~22 kg from N-(4,6-dichloropyrimidin-2-yl)-
N-(prop-2-ynyl)acetamide and 2-methyl-1-nitropropane.?>®

[3+2]-Cycloaddition of alkynyldimethylsilyl ethers to
alkyl(aryl)-substituted nitrile oxides, synthesized by the
Mukaiyama method or by dehydrohalogenation of
N-hydroximidoyl chlorides,?®® gives a mixture of regioiso-
meric trisubstituted isoxazoles. However, subsequent acid
hydrolysis leads to isolation of only 4-silyl-substituted
isoxazoles since 5-silyl derivatives are hydrolyzed. Cross-
coupling of 4-substituted regioisomers with aryl iodides
gives 3,4,5-trisubstituted isoxazoles.

Nitrile oxides, generated in situ using both the
Mukaiyama method and dehydrohalogenation, have been
introduced into cycloaddition to terminal acetylenes to
synthesize a wide range of isoxazole—glycoside assem-
blies.®* The synthesis of 5-{[(benzo[b][1,4]dioxan-2-yl)me-
thoxy]methyl}isoxazoles containing various substituents in
the 3-position with the use of the Mukaiyama method,
dehydrohalogenation of N-hydroximidoyl chlorides and
oxidation of oximes with sodium hypochlorite has been
reported.’® Different 5-aryl-3-(hetarylmethyl)- and 3-aryl-5-
(hetarylmethyl)isoxazoles have been synthesized using var-
ious methods, including those employing phenyl isocya-
nate.!!3

Other acylating agents are also often used as dehydrat-
ing compounds. For example, 10-(indol-3-yl)-4,10-dihydro-
benzo[6,7]oxepino[4,3-clisoxazoles 102 have been
synthesized using different combinations of the acylating

Scheme 62
R4

/
o
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102 (55% —92%)

R! = H, OEt; R? = H, Br; R® = H, Et;
R* = H, Me, Et, Bn, 4-BrCsH4CH>; R’ = H, Me

agent (PhINCO, EtO,CCl, Boc,0), solvent (CH2Cl,, THF,
PhMe, MeCN) and base (Et;N, DMAP).2%! The di-tert-
butyl dicarbonate —4-N,N-dimethylaminopyridine system in
toluene appears to be most efficient (Scheme 62). An
analogous procedure has been employed to synthesize
oxepinoisoxazoles.?%? It has been demonstrated that, in
synthesis of oxepinoisoxazoles from enantiomerically
enriched starting compounds, the configuration of chiral
centres is retained.?63

Di-tert-butyl dicarbonate, in the presence of dimethyl-
aminopyridine, converts optically active 2-aryl-1-nitropro-
panes into nitrile oxides under mild conditions; the latter
react with ethyl propiolate to give 3-alkylisoxazole-5-car-
boxylates in high yield and with complete retention of the
chiral centre configuration.?* Goff?5 has managed to
synthesize 5-phenylisoxazole 103, containing an alkaloid
substituent in the 3-position, by treating compound 104
with di-tert-butyl dicarbonate in the presence of phenyl-
acetylene and dimethylaminopyridine (Scheme 63).

Scheme 63

MeO
MeO L
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Ph 103 (30%)

Novel 3,5-disubstituted isoxazoles attached through the
C(3) atom of the ring to the 3-position of 1,2:5,6-di-O-
isopropylidene-a-D-glucofuranose have been synthesized
via intermediate nitrile oxides generated from nitro com-
pounds in the reaction with ethyl chloroformate and tri-
ethylamine.?°¢ 3-Substituted isoxazole-4,5-dicarboxylates
have been synthesized in a similar way from dimethyl
acetylenedicarboxylate and 2-(indol-3-yl)-2-(tetrahydrofur-
odioxol-5-yl)nitroethane.?¢7

It has been reported %8 that the synthesis of 3-substi-
tuted 5-phenylisoxazoles, which are formally the products
of 1,3-dipolar cycloaddition, to phenylacetylene, of nitrile
oxides generated from nitroalkanes with an electron-with-
drawing substituent in the o-position to the nitro group, is
achieved in the presence of bases, such as 1,4-diazabicy-
clo[2.2.2]octane, tetramethylenediamine or N-methylimida-
zole. It has been suggested that the reaction can also occur
without intermediate formation of nitrile oxide, through an
intermediate nitronate—dipolarophile adduct, since only
some of the starting nitro compounds give nitrile oxide
dimerization products under reaction conditions in the

R! R Scheme 64
R?>——R3 B

— >

CHCl3, EtOH, 60 °C N R2
0

R!'” O NO,

(20% —99%)

R! = Ac, Bz, EtO,C, PhSO,, MeNHC(O), PhANHC(O), Ph;

R2 = Ph, HOCH»; R; = H, HOCH»; B = DABCO, TMEDA,
DMAP, NMI etc.; DABCO is 1,4-diazabicyclo[2.2.2]octane,
NMI is 1-methylimidazole
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absence of a dipolarophile. In some cases, the fact that
nitrile oxides are reaction intermediates has been proven by
the presence of products of their side reactions.?%® Later, the
same team has comprehensively studied this reaction for a
wide range of nitro compounds and dipolarophiles in the
presence of different organic bases and has suggested the
reaction mechanism (Scheme 64).270

It has been demonstrated that the presence of catalytic
amounts of copper(Il) compounds in the reaction mixture
facilitates the generation of nitrile oxides even from inactive
nitro compounds.?’! Additions of copper(I) compounds
have afforded isoxazoles 105 from nitroalkanes and enol
forms of 1,3-dicarbonyl compounds (Scheme 65).

Scheme 65
O O
0 28w S
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1 )‘VNOZ Me = R 7\
R B, Cu(OAc), N\o Me

105 (25% —93%)

R! = Ph, OMe, OEt, NHMe; R? = Me, Ph, OMeg;
B = DABCO, NMPi, NMI, Et;N; NMPi is N-methylpiperidine

In some reactions, furoxans 106 (nitrile oxide dimerization
products) are formed, and in the case of benzoylnitro-
methane, self-condensation product 107 is identified.

Structures 106, 107

0 0
R // \\ R Bz NOZ
Mo N/\ ) Ph
o) 0
106 107 (29%)

R = OMe (68%), OEt (43%)

In addition to the above reactions, a rather large number
of reactions of cycloaddition of nitrile oxides (or their
analogues) to alkenes leading to 4,5-dihydroisoxazoles

have been studied. In the reactions of nitroacetate with
fumarates or maleates as dipolarophiles, the resulting iso-
xazoline-3,4,5-tricarboxylates have been oxidized to the
corresponding isoxazoles.?’?

5-Substituted isoxazole-3-carboxylates are obtained in
good preparative yields by the reaction of nitroacetate and
terminal acetylenes (phenylacetylene and propargyl alcohol)
catalyzed with bases in an aqueous medium.?’3 N-Methyl-2-
nitroacetamide reacts with propiolic acid and methyl pro-
piolate in an aqueous solution in the presence of sodium
alkali to give a mixture of isoxazole-3,5- and -3,4-carboxylic
acid derivatives.?’4

Similar results have been reported:?’> the reaction of
symmetric acetylenes and nitromethanes with electron-with-
drawing substituents in the a-positions catalyzed by nitro-
gen-containing heterocycles yields trisubstituted isoxazoles
108 (Scheme 66, conditions a). Earlier, the same authors
have carried out this reaction under different conditions,
namely, by long-term refluxing of the reactants in toluene in
the presence of triphenylphosphine (conditions b).27°

Scheme 66
R2
O\\ _ //O n (‘)‘ aorb
R/l \R‘ R2” S NO»

O 108
(a) pyridine or NMI, HO—-MeCN (5: 1), 20 °C (65% —85% yield);
(b) PPh3, PhMe, A (70% —90% yield);
R! = OMe, OEt, OBut, Ph; R? = OMe, OEt, Ph

The reaction of activated nitro compounds (nitroace-
tates, benzoylnitromethane, phenylsulfonylnitromethane)
with 2,3-dichloro- and 2-bromo-1,4-naphthoquinones in
the presence of bases has been studied with the aim to
synthesize naphtho[2,3-d Jisoxazole-4,9-diones with an elec-
tron-withdrawing substituent in the 3-position.?’”” The
target compounds have been obtained in low yield, and the
reaction has yielded large amounts of side products.

HI Scheme 67
O HI + Me,S lo) O 0O
—> , ? / | o 2 _ Y \
I/H\ CuO, L Rl‘z 40 Rl/z 40 RS/K/N02 [o e} NO» Rl 2 / \ R3
R Me R!/2 / N\ R3| R3 e ~
DMSO _ E——
ir\ Sk 1] cwo’ So . (o,
R2TX j 2
HI + IBA
R!2
O

109 (44% —85%)

R! = Ph, 4-MeC¢Hy, 4-MeOCsHy, 4-O:NCeHa, 4-FCHy, 4-CIC¢H4, 4-BrCeHy, 2-Th, 2-Fu, 1-Naph, 2-Naph, benzofuran-2-yl,
PhCH=CH, 4-MeOCsHsCH=CH, 4-O,NC¢HsCH=CH, Ph(CH=CH); R? = Ph, 4-MeCsH4, 4-MeOCsH,, 4-FCsHa, 4-CICsH.,
4-BrCgHy, 2-Naph; R® = EtO, Pri, Ph, 4-MeC¢Ha, 4-MeOCgH,, 4-0oNCgHy, 4-CICeHy, 4-BrCeHy; IBX is iodoxybenzoic acid
(1-hydroxy-1,2-benziodoxol-3(1 H)-one 1-oxide), IBA is 1-hydroxy-1,2-benziodoxol-3(1H)-one
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Study of dehydration of benzoylnitromethane by strong
acids in boiling toluene with subsequent cycloaddition of
the generated nitrile oxide to alkynes has demonstrated
that, in the presence of polyphosphoric acid on silica gel,
the reaction affords products in good to quantitative yields.
The acid taken in catalytic amounts can be recovered and
repeatedly used.?’® As in Refs 92 and 274, the reaction with
propiolates gives small amounts of regioisomeric 3-benzoy-
lisoxazole-4-carboxylate. The reaction with nitroacetate
leads to products in noticeably lower yields and occurs at
higher temperature in another solvent (o-dichlorobenzene
instead of toluene). This is consistent with the conclusion
that aroylnitrometanes that are more prone to enolization
than nitroacetates or amides undergo dehydration much
more easily than these compounds.268

It has been shown that polyethylene glycol promotes the
generation of nitrile oxides from activated nitro com-
pounds, such as nitroacetates and aroylnitromethanes.?”®
For example, these nitro compounds react with terminal
acetylenes in the polyethylene glycol (PEG)400— water
system at 90 °C for 4—6 h to give 3,5-disubstituted isoxa-
zoles in high yields.

A one-pot protocol involving several reactions has been
developed to synthesize trisubstituted isoxazoles.?8? The
iodination and Kornblum oxidation convert acetophenones
or arylalkenes into unstable ketoaldehydes, which are then
subjected to condensation with activated nitroalkanes to
give 2-nitro-2-butene-1,4-diones. The latter react with the
second molecule of activated nitroalkane to form isoxazoles
109 (Scheme 67).

The authors believe that the final transformation is the
Michael addition. However, taking into account the ease of
generation of nitrile oxides from activated a-acceptor-sub-
stituted nitromethanes, it cannot be ruled out that this stage
is a 1,3-dipolar cycloaddition.

In addition to specially developed methods for synthesis
of isoxazoles through 1,3-dipolar cycloaddition, examples
are available where isoxazoles have been isolated in reac-
tions that were expected to give quite different products. In
particular, fused isoxazole 110 has been obtained through
the oxidative Michael addition of nitromethyl-substituted
enones to quinones.?8! Isoxazole 110 is the product of
dehydration of the isoxazoline adduct of [3 + 2]-cycloaddi-
tion of the nitrile oxide to alkene (Scheme 68).

Scheme 68
MeO
MeO
\ L
(-
\
MeO O NO;

(a) Cs2CO3, CAN, THF, 60 °C;
CAN is ammonium cerium(IV) nitrate

110 (46%)

The cross coupling of benzyl alcohols with different
CH-acids has been studied.?82 The reaction with nitroethane
gives isoxazoles 111 as side products, sometimes in rather
high yields (Scheme 69).

Scheme 69
[Ir(COD)Cl]>, dppp, Cs2CO3
PN
Ar” “OH * EtNO: PhMe, 150 °C
Me Ar
— > NO NO,
Ar X0+ Ar/\/ 7+ Ar/Y + W
Me Me N o  Me

111 (9% — 60%)
Ar = Ph, 4-HOC5H4, 4-C1C5H4, 4-M60C6H4, 3-H2NC6H4, indol-3-yl;
COD is 1,5-cyclooctadiene, dppp is 1,3-bis(diphenylphosphino)propane

I1.3. Other methods of synthesis
The methods of synthesis of isoxazoles reviewed in this
Section are considerably less significant and are not as
versatile as the above-described approaches. Nevertheless,
sometimes such reactions are simplest and most efficient.

A one-pot synthesis of 3,5-disubstituted isoxazoles 112
from terminal alkynes and activated nitro compounds
catalyzed by copper salt Cu(OAc),-H»O in the presence of
stoichiometric amounts of DDQ has been reported.?$3 This
method affords isoxazoles with carbonyl and ester groups in
the 3-position of the heterocycle (Scheme 70).

Scheme 70

Rl
o=
Cu(OAc),-H,0, DDQ

I —
NO, + ==—R?
RO Na:2COs, DCE, 20°C N \
(0]
112 (28% —75%)
R! = OMe, Ph, Bu®; R? = Ph, SiMe;, n-CgH 3, (CH»)3Cl, 2-Th, 3-Th;
DCE is 1,2-dichloroethane

R2

Intramolecular cyclocondensations can also lead to
3,5-di- and 3.,4,5-trisubstituted isoxazoles. For example, a
facile and practical synthesis of isoxazoles 113 from alkynyl
ketone oxime ethers via a silver-catalyzed cyclization and
subsequent protonation of phenols has been developed
(Scheme 71).284

Scheme 71

R2 R!

R F AgBF,, PhOH I \
N R2
O

113 (59% —86%)

\ THF, A, 1-12h
NOBn

R! = H, CO>Me, Ph, 4-MeOC¢Hy4, 4-F3CCgHa, 2-Fu;
R? = Bu", CH,OMe, CH,OAc, CH,OH, CO,Et, Ph

It should be noted that when the process is catalyzed by
copper(Il) triflate, the formation of the isoxazole ring is
followed by migration of the O-arylmethyl substituent to
the 4-position of forming heterocycle 114 (Scheme 72).283

" R! R3 Scheme 72
___, Cu©Th,
{ — R aa N/ \
~ R2
\ (@)
OR?

114 (49% —93%)

R'= Ph, 4-MCOC6H4, 4-F3CC6H4, Cy, COzMe; R2 = H, Ph, Bu“, Cy,
CHzOTBS; R3 = CH2C5H4OMB-4, CH2C(,H4NM62-4, CH2C(,H4OMC-2,
CsH4OTBS-4, CH(Me)CsH4OMe-4, CHPh,, CH,-Naph-2
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Gold-catalyzed transformations of alkynyl oxime ethers 115
occur in a similar way. These transformations through the
domino reaction involving the cyclization and Claisen
rearrangement of an intermediate cationic complex regiose-

lectively lead to  trisubstituted isoxazoles 116
(Scheme 73).286
Scheme 73
RZ
R Z
| R3 RS AuCl; (5 mol.% —20 mol.%)
N P DCE, A, 2-24h
(0]
1ns R
R3 R4 R3 R4
1 1
R \ . R \ .
—_— R> _ R
I\ 7\
N+ R? N R?
(‘) O
[Au] 116 (28% —99%)

R! = Ph, 4-MCOC6H4, 4-F3CC5H4, 2-FL1, COzMC, Cy;
R? = Cy, Bu", Ph, 2-BrCeHy, All, CH,OTBS, CH,OH;
R3 = H, Me, All; R* = H, Me, CH,OTBS; R®> = H, Me, CO,Et

Numerous functionally substituted 2-alkyn-1-one
O-methyl oximes (for example, compound 117) are cyclized
under mild conditions in the presence of iodine chloride to
give the corresponding 4-iodoisoxazoles. The latter are of
special interest since they enter into Pd-catalyzed coupling
to give 3,4,5-trisubstituted isoxazoles. This approach is one

of the methods of synthesis of valdecoxib (118)
(Scheme 74).238.287
Scheme 74
Ph % @SOzNHz
N\/\ CH2C12 >j\MC PdC]7 (5 mol. OA]), KHCO3,
OMe DMF, H-0, 85°C, 3 h
117
Ph
‘N —
NH
o / SO:NH;

Me 118 (74%)

The cyclization of N-alkoxycarbonyl O-propargylic
hydroxylamines 119 based on oxidative aromatization
leads to 4-iodo-2,5-dihydroisoxazoles 120 and 3,5-disubsti-
tuted 4-iodoisoxazoles 121. In this reaction, the iodonium
cation acts as both the iodination agent and the oxidant
(Scheme 75).28% A putative scheme of the reaction has been
reported.

Benzo-fused isoxazoles 122 can be synthesized from
ortho-azido-substituted aryl ketones in the presence of
FeBr; as the catalyst (Scheme 76).28°

An original method of synthesis of 3-substituted isoxa-
zole-4-carbaldehydes 123 through the reaction of corre-
sponding nitro compounds and oxetan-3-one has been
developed (Scheme 77).2°0 Although the mechanism of this
cascade transformation is unclear, the ease of the reaction
and high yields of the products, which are difficult to
synthesize by other methods, make this method a valuable
tool of the synthetic chemist.

Scheme 75

I(TMPy),PFs, R! I
CH,Cl,, 20 °C —
———
R! (R3 = Bn) _N 2
2. F BnOC™ g7 R
— 120 (75% — 98%)

O~ NHCO,R? NIS, BF;- E6,0, R! I
1o CH,Cls, 0°C ;
L >
(R® = Pri) N_ \ 2
(0]
. 121 (45% —96%)
I 5
I+ R2
119 — j
R30,C™
NHCOzR1

N —HI
R30,CT N R? R30,C7 ™ R2
R! I R! I
HQO
W W
R0, NN R w Ny~ TR
R30OH, CO,, H 121

R! = Ph, 2-MeCg¢Hy, 4-MeCsHy, 2-MeOCgHy, 3-MeOCsHy,
4-MeOCgHy, 2-O2NCgHy, 3-OoNC¢Hy, 4-OoNCgHy, Bu®, 1-Naph, 2-Th;
R? = H, Me; R? = Pri, Bn; TMPy is 2,4,6-trimethylpyridine;

NIS is N-iodosuccinimide

Scheme 76
R3 R3
2 . R2
R Ny FeBra (5 mol.%), MS 4A R —
O
CH,Cls, 40 °C, 16 h ~_/
R! N; R! N

122 (57% —98%)
R! = H, Me, OMe; R2 = H, CI;
R3 = H, Me, Pl‘i, Cy, Ph, 4-C1C6H4, 4-BI'C6H4, 4-FC6H4;
MS is molecular sieves

gem-Dichloroarylcyclopropanes containing acceptor
substituents in the benzene ring react with the NOCI-2 SO3
complex to chemo- and regioselectively transform into
3-aryl-5-chloroisoxazoles 124 in high yields (Scheme 78).2°!
If the benzene ring has donor substituents, the yields of
isoxazoles decrease because side reactions occur.

An efficient and simple method has been suggested for
synthesis of 3-chloromethyl-1,2-benzisoxazoles 125 through
the modified Boekelheide rearrangement under the action of
POCI; (Scheme 79).2°2 This method leads to target prod-
ucts 125 in moderate to high yields.

Yet another method of synthesis of isoxazoles, described
for the synthesis of novel furobenzisoxazole derivatives,
involves the Posner reaction of 5-hydroxy-3-methyl-
furo[3,2-g]lchromen-7-one  (126) with hydroxylamine
hydrochloride to give (5-methylfuro[2’,3":4,5]benzo[1,2-d]-
isoxazol-3-yl)acetic acid (127) (Scheme 80).293
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0N R Scheme 77
i T
<N02 I 1) EN, 20°C, 2h DIPEA, THF
+ _— > —
R O 2) MeSO,Cl, Et;N, <> 20°C, 12-48 h
o THF,—78 °C o
o
0N, R - NS R
'd i (O
I QNPrZEt &
— — S
St =LA
0 @
R —0
— I\
—H,O0 N\

123 (58% —91%)
R = Bn, CH»C¢Fs, CH»(3-Py), CH>CcH4CF3-4,
CH>CsH4NO»-4, CH2(3-Ind), CH»Cy, piperonyl,
(CH2)2C02M6, CHzCOzEt, (CH2)3OAC, (CHz)zCH:CHz,
(CH»)>NHBoc, CH>OTBS, Ph, 4-Bu'CsHy4; IND is indolyl

Scheme 78
Cl
_—
R cl R . 0
NOCI-2 S03, CHxCl N
cl 20°C

124 (15% —87%)
R = H, 3-Cl, 4-Cl, 3-Br, 4-Br, 2-NO>, 3-NO,, 4-NO,

RS RS Scheme 79
R* R#
R3 S R3 N
O NH>;OH-HCI NOH NaOCl
_— R
R? OH R2 OH
R! R!
R* RS
3
R \\+ POCI;, Et;N
, N—O-
R2 O/ CH,)Cl,
Rl

125 (30% — 65%)
R! = H, Me, NO,; R2 = H, Me, OMe; R? = H, Me, Et, Ph, Cl,
Br, NOy; R* = H, Me; R5 = H, Me, Et, Pri, Ph

Scheme 80
0 H Oy O
0=C(OF1 NH:0H-HC|
\ Na, A NaHCOs,
Ac Me McOH, A
Me OH 126 e
—
COH

127 (54%)

II1. Reactions of isoxazoles

II1.1. Isoxazole reactions involving ring opening

One of important rearrangements actively used in synthesis
of heterocycles is the Boulton—Katritzky rearrange-
ment.2%4295 This process involves the transformation of
azole 128, which has a triatomic unsaturated side chain,
into other azole 129; the side chain is involved in formation
of a new ring through bonding to the nitrogen atom of the
starting compound (Scheme 81).

Scheme 81
Y
~
T =
\
N > 4// N/Z
%(/—z// \Z’H
128 129

Recently, this recyclization has been used for trans-
forming isoxazole derivatives into imidazole derivatives. In
particular, the Boulton— Katritzky rearrangement of 3-[( V-
arylmethylideneamino)methyl]-substituted isoxazoles 130
leads to imidazoles 131 (Scheme 82).29¢:2°7 An important
condition for the synthesis of compounds 131 is that the
reaction should be carried under an inert gas atmosphere. In
the presence of air, only oxidation products 132 and 133 are
isolated.

The Boulton—Katritzky rearrangement of N-(isoxazol-
3-yD)thioureas 134 leads to 1,2,4-thiadiazoles 135. The
starting compounds are synthesized either from 3-amino-
isoxazoles and isothiocyanates,?*8 3% or from 3-isothiocya-
natoisoxazoles and amines.30!-392 Jsoxazol-3-ylthioureas
134 are unstable and, in some cases, spontancously rear-
range to 1,2,4-thiadiazoles 135 (Scheme 83).

Experimental and quantum chemical (density functional
theory (DFT) calculations) study of the base-catalyzed

rearrangement of 3-amido-5-methylisoxazole 136 has
Scheme 82
Ph Ph
Ph //7Ar Ph Ph .
N = A TN
Bu'OK Ar N N ' NH
]\ DMF, N, N \(
Ph N T PR
(6] 130 Ar Ar

o Ph (0]
. |
Bu'OK - H —
(H) NH + NH

DMF, O, NQ(

132 Ar

Ar = RC¢H4 (R = H, 2-Meg, 3-Me, 4-Me, 4-OMe, 4-CF3, 4-F, 4-Cl, 4-Br, 4-NMe»)

Ph Ph
Ph
Bu'OK ‘ ‘ -
<~ NH
N— DMF, O> (0] N>—
133 Ar Ar

131 (80% —98%)
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Scheme 83
S
\ Ac
)—NHR
Rn=c=s _ | HN N
>—>\ MeCN, DMSO m — /4 \N
N\o Me | HN g7
R
134 135

R = OMe, OEt, OBn, Me, Pr", Ph, 2-CIC¢H4 (50% —76% yields);
(Al” = 3 OzNC6H4, 4- OzNC6H4,
=0 2.C1-4-0,NCgH3, 2-CICgHy4, 3-CICgH.,

DT 4-CICgH4, 2,4-C1,CsH3, 2,5-ClLCeH3,
(Ar = Ph, 3-M6C5H4, 4-M6C(,H4,

3,4-Cl,C6H3, 2-F3CCgHy, 3-F3CCgHa)
(78% —89%);
o)
//N ‘
\ ‘ 4-BI'C6H4, 4-C1C6H4, 3-F3CC6H4,
§ Pri 4-MeOCgHy) (76% —97%)

shown that this process is a cascade reaction involving the
Boulton—Katritzky rearrangement to less stable 1,2,4-oxa-
diazole 137.39% On heating, the latter transforms into more
stable oxazole 138 (Scheme 84).

Scheme 84

HN— N
//W MIO»)NH
R™ 0
137 138
¢T BliOK T
\ F} w3 %
Me [ N R. o
0

R = Ph, 4-MeOC¢Ha, 4-CIC¢Ha, Pr!

Similar cascade processes have been described for iso-
xazolocoumarins. For example, 3-aminoisoxazolo[4,5-c]-
coumarins 139 react with carboxylic acid anhydrides or
chlorides to form corresponding amides, and their heating
in DMSO is accompanied by the Boulton—Katritzky rear-
rangement to 2-acetamido-, 2-benzoylamido- or 2-amino-
oxazoles 140 depending on the nature of the acylating agent
(Scheme 85).304.305

Isocarboxazid (141) rearranges on heating to 5-acetonyl-
2-benzyl-4-hydroxy-1,2,3-triazole 142 in DMF, ionic liquids
or as a melt. This is the first reported example of the
Boulton—Katritzky rearrangement of an acyl hydrazide
(Scheme 86).306

Scheme 86
OH
Ne HO Me
/ DMF, 150 °C / \
Bi—NH // |\  ———> N_ N O
N\O Me 1‘\1
141 Bn 142 (90%)
Nitrosylation of 3-alkylamino-5-arylamino-6 H-

anthra[l,9-¢,d]isoxazol-6-ones 143 with sodium nitrite
gives unstable N-nitroso derivatives 144, which undergo on
heating the Boulton—Katritzky rearrangement to 3-alkyl-5-
arylamino-6,11-dioxo-3H-6,11-dihydroanthra[l,2-d][1,2,3]-
triazole 2-oxides 145 (Scheme 87).307

Scheme 87
O—N
|
NHR
NaN02
O“ AcOH
\
143 O NHAr /O*
O—N 1‘\10 N= N
| N\ N R
- ‘O
\
(@) NHAr NHAr
144 145 (61% —70%)

R = Et, Bu", Bu; Ar = Ph, 4-MeCgH4, 3-MeCeHy

It has been shown?3%8 that the Cu-catalyzed reductive
isoxazole ring opening in compounds 146 under Sonoga-
shira conditions occurs at lower temperatures than the

Scheme 88
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147 (62% -65%)
O:
O

4>
146

R2
O HN

148 (66% - 74%)
(a) Pd(PPh3),Cl,, PPh3, Cul, EtsN, PhH, 45-50 °C; (b) PyH, 115 °C
(for Hal = I, R! = 4-MeCgH4NH 92% vyield); Hal = I, Br;
R! = 3-MeCeHsNH, 4-MeCcH4NH; R? = Ph, SiMes, CH,OPh

O-N 0—N ﬁ
\ \
R! X NH: |, R! N N/\Rz
—_— H
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0 o 0" o

139
(a) (R*CO),0 or R2C(0)CI; (b)) DMSO, 90 °C; R =

Scheme 85
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140 (56% —98%)

H, Me; R2 = Me, Ph, CF3; R? = Ac, Bz, H
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5-endo-dig-recyclization of aminoacetylenes 147 to indoles
148. This makes it possible to stop the cascade reaction at
the stage of formation of compounds 147 (Scheme 88).
4-Nitroisoxazoles 149 can be used for selective labelling
of the carboxyl group of acids 150 through the decomposi-
tion of the isoxazole ring by !80-labelled alkali.3%® The
reaction of 5-alkyl-3-methyl-4-nitroisoxazoles 149 with
hydroxylamine is accompanied by a rearrangement leading
to the interchange of nitrogen and oxygen atoms in the five-
membered ring (Scheme 89).310
Scheme 89

LC‘*OZH

Na'®OH, 120 °C, 3 h

(X = COH, CH:COsH) ¢ “Ar
Me — NO; 150 (61% —83%)
N "
N, .
o) NH,OH - HCI, R
X A N32C03' lOHzO, AI'
I | EtOH
149 > NO,
X = CHR!R2 Ar = 4-CIC¢Ha)
A\
N\O Me

(45% —55%)

Ar = Ph, 4-CICsH4, 4-MeOC¢Ha, 4-MeCsHy, 4-OoNCsHay;
X = CO,H, CH,CO-H, CHR'R? (R' = CO:Et, CO,Bu', H;
R2 = COzEt, COzBuI, NOz, COzH)

Reductive isoxazole ring opening under the action of
Mo(CO)s, Hz/Ni-Ra (Ni-Ra is Raney nickel), Sml, and
other reducing systems leads to enaminones, which are
widely used as starting compounds in synthesis of various
heterocycles.311-317

Ring opening in 5-methylisoxazole 151 under the action
of LDA leads to cyanoacetone dianion 152, which reacts
with dihaloalkanes and dihaloalkenes to give 2-cyanome-
thylidenetetrahydrofurans 1533!% and with 1,1-diacetylcy-
clopropane to form  spirocyclic compound 154
(Scheme 90).31°

m LDA, THF
P
N\O Me o°c,1h

Scheme 90

CN
H/ 778 'C—=20°C

151
Br/\/Cl or
Br/WBr
I R — (R =H,CH=CHy)
(6]
CN
| 153 (76% —81%)
Me% Me NC Me
O O
N (o=
Me
OH
154 (41%)

3-Arylisoxazoles 155 react with sterically hindered lith-
ium dialkylamides. Stereoselective dimerization of inter-
mediate azetine anion 156 affords syn-2,6-diaryl-3,7-
diazatetracyclo[4.2.0.0>°]octane-4,8-diones 157. This reac-
tion can be competed with by the fragmentation of inter-

mediate noncyclic anions

(Scheme 91).320-321

leading to arylnitriles

Scheme 91
Ar

1\?@ R,NLi >j >_\ .,
O

=—C=0 + ArCN
(18% —60%)
Ar
HN
—> O
Ox,

HN
156 Ar

157 (7% —80%)

Ar = Ph, 4-MeCsHy, 2-MeCsH4, 4-MeOCgH4, 3-MeOCsHa,
4-CIC¢Ha, 2-CIC6H4, 4-FCeHa, 3-FCeHa, 4-F3CCgHa, 2-F3CCsHy

The product of the reaction of 3-phenylisoxazole with
alkyllithium, which occurs through the formation of the
anion at the C(5) atom, depends on the size of the reagent
alkyl group. In particular, the reaction with terz-butyl-
lithium is mainly accompanied by fragmentation to benzo-
nitrile, while the reaction with smaller reagents (MeLi, EtLi,
Bu"Li) additionally yields enaminones. In the case of EtLi
and MeLi, 2-alkyl-4,6-diphenylpyrimidines are also pro-
duced.???

The reaction of 5-halo-3-phenylbenzo[c]isoxazoles 158
with concentrated nitric acid in chloroform leads in one
stage to acridinone nitro derivatives 159 (Scheme 92).323

Scheme 92
Y H
=N HNO; N
O —_—
S CHCls
X X ‘
158 Ph

159 (33-82%)
X =Br,Y=NO»,Z=HX=1Y=HZ=NOy;
Y = Z=NOxX = Br,1

The isoxazole ring in 3-substituted 1,2-benzisoxazoles
160 undergoes reductive opening on a chiral ruthenium

RZ
R? OH
O, a
—
e WNHCbz
160 R R!

161 (69% —99%, 23% —57% ee)

Scheme 93

R! = Me, Pri, CH,CH,Ph, Ph; R? = H, 6-OMe, 5-OMe, 4-OMe, 5-Me,
6-Me, 5-F, 6-F; CbzOsu is N-(benzyloxycarbonyloxy)succinimide;

(R,R)-(S,S)-

(a) {Ru(p-cymol)[(R,R)-(S,S)-PhTRAP]}CI (2.5 mol.%), CbzOSu,
H> (50 atm), THF, 80 °C, 4 h
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catalyst to give, in the presence of an acylating agent,
a-substituted chiral o-hydroxybenzylamines 161 with low
enantiomeric excesses (Scheme 93).324
a-Hydroxy-B-diketones 162 have been synthesized by
N-methylation and hydroxylation of isoxazoles through the
intermediate formation of corresponding isoxazolium salts
163 (Scheme 94).32°
Scheme 94

R! R2 R! R2

Me;O *BFy - N 1
I \ 3 4 +>/j\ BF, a0C
N 3 CHxCl,20°C, 10h N 3
o R Me” o~ R

163 (76% —97%)

R! R
_ H-.O ‘O ‘(‘)
. . O BF; | —> J}O
N R! R3
M Yo R R>" OH

162 (73% —84%)
R! = Ph, Bu; R? = H, Me, COzEt, Ph; R? = Me, Bu', Ph

The formal insertion of carbenoids, generated from
diazo compounds in the presence of a rhodium catalyst,
into the N—O bond of isoxazole leads to 2H-1,3-oxazines
164.326.327 Oxazines 164 with substituent R* containing a
vinyl moiety can be transformed to functionalized 1,4-

dihydropyridines 165 and then to pyridines 166
(Scheme 95).
Scheme 95
R* RS R* R>
Rl R2
TNC N><O PhMe, A
7\ S \ — >
N_ e RO R r3 (R*= CH=CHR")
O

R2
164 (47% —96%)

g P
R3 DDQ,20°C R3 X
— o] RS B
Rl N RS R! N RS
H

165 (~ 100%) 166 (31% —80%)

R! = Me, CH,CI; R2 = H, Br; R3= Me, CH,CO,Me,
(CH,),0OTBS; R* = H, CO,Me; R® = CO,Me, CO,Et;
R® = Ar, Het, CO,Me

It has been recently demonstrated that the reaction of
isoxazoles with diazo compounds occurs through the inter-

O
HoN { R!  R2C(OEt)s,

/ { AcxO, A
P A
R' = Alk, Ar;
/N ( > AL
(0]

HCO:Na, 190 °C

-

(R! = Me)

2.
170a (61%) 169

(a) POCl3, PhNMe,, EtsN - HCI, PhMe or MeCN, A; () HOCH>CO:R?3, K>CO3,

DMF, 80°C; (¢) ArNH», HCI (gas), Pr'OH, A;

172: R' = Me, Et, Ph, 4-FCsHa, 4-MeC¢Ha, 3-CICsHa, 3-FC6Ha, 4-MeOCgHy; R = H, Me; R? = Me, Et;

R2 = H,Me) R2?
170 (48% —95%)

R! R2 . Scheme 96
R30,C R
ha(OAC)4
7 N Y
T T e
(0]
5
R4 O\ R! N COZ?
%N R3 (R®#£ OAIk) - R
> _ - s
R50,C >0
R! R2 R
R3

167 (38% —89%) 168 (21% $5%)

R! = Me, Ph; R2 = Ph, CI, Br, I; R?> = Me, Ph, OMe, OBu;
R* = H, Ph, CO,;Me, CF3; R®> = Me, Et

mediate formation of (3Z)-1-oxa-5-azahexa-1,3,5-trienes
167, which then undergo 6m-cyclization to give 2H-1,3-
oxazines 168. Theoretical and experimental evidence shows
that 2H-1,3-oxazines 168 are, as a rule, thermodynamically
more stable than corresponding (3Z2)-1-oxa-5-azahexa-
1,3,5-trienes 167. Exceptions are oxazahexatrienes forming
from 5-alkoxyisoxazoles, which makes such a reaction with
diazo esters a good approach to the synthesis of 1,4-
di(alkoxycarbonyl)-2-aza-1,3-butadienes (Scheme 96).328
The behaviour of isoxazoles in photolysis 32?331 and
thermolysis 332 has been studied. It has been suggested that
isoxazoles undergo photoinduced isomerization to oxazoles
through the rearrangement of an azirine intermediate.

I11.2. Isoxazole reactions leading to formation of fused
heterocyclic systems

Formation of fused systems from isoxazoles is possible if
the molecule contains two nucleophilic centres, one electro-
philic and one nucleophilic centres or two nucleophilic
centres. Below, we consider examples of annulation accord-
ing to this classification of initial systems.

I11.2.a. Reactions of isoxazoles containing two nucleophilic centres
Reactions of 5-aminoisoxazole-4-carboxamides 169 with
triethyl orthoformate, triethyl orthoacetate333:334 or
sodium formate33> lead to isoxazolo[5,4-d]pyrimidin-4-
(5H)-ones 170. Derivatives of these systems obtained
through the stage of formation of chloride 171 — isoxa-
zolo[5,4-d Jpyrimidines 172333 and 17333* — are novel
correctors of the mutant protein AF508-CFTR
(Scheme 97).

Analogously, 5-aminoisoxazole-4-carbonitrile 174a can
be used for synthesis of isoxazolo[5,4-d |pyrimidine 175.33¢
Chloro-substituted isoxazolo[5,4-d Jpyrimidine 176  has

Scheme 97

_CH,CO3R3
(@) R

b N

a
N —
/

N/
N\
N O R2” "N

171 (83%-96%) | .

RZ
173 (30% — 76%)

173: Ar = 2,3-M62C6H3, 3-M€OC6H4, 2-MCC5H4, 3-MCC(,H4, 3,4-(0CH20)C6H3; Rl = 4-FC6H4, 4-C1C6H4, 3-C1C6H4, 2-MCOC5H4; R2 = H, Me
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been obtained in one-pot synthesis from 5-aminoisoxazole-
4-carbonitrile 174b and N,N-dimethyldichloromethylene-
iminium chloride.337 Subsequent nucleophilic substitution
of the chlorine atom in compound 176 by an amino,
methoxy or sulfanyl group has opened the way to new
6-dimethylamino-substituted  isoxazolo[5,4-d]pyrimidines
177 (Scheme 98).

Scheme 98

NO>

1) HC(OEt)3, 20 °C
_— >

NC
2) NH3, EtOH, 20 °C
/o i
HoN O/N
174a
NC Me b
—
/A
N
HoN O/ Me,N Me,N N o
174b 176 (80%) 177 (60% —99%)

(@) 1) [CLC=NMe,] " CI—, DCE, A; 2) HCI (gas), DCE, 20 °C;
(b) amine, or NaOMe, or NaSH;

R = NHBn, NMe,, NHPr, X~ N—{ (X = CH», CHMe, O, S,

NCgHsAc-4, NCH,>CsH3(OCH-0)-3,4), OMe, SH

Condensation of 4-amino-5-benzoylisoxazole-3-carbox-
ylic acid hydrazide (178) with triethyl orthoformate gives
compounds 179, which then readily react with amines to
form 3-benzoyl-7-oxo-7H-isoxazolo[4,3-d ]pyrimidin-6-yl-
ideneformamidines 180 (Scheme 99).338

NH, Scheme 99
/
HN o}
H>N —O RIO_N< | _N  RCH:NH,,
HC(OEt); N N dioxane
/ : K =/° 80°C
O§ /N AcyO, A N
o)
7" "Ph
Ph 178 179 (68%—76%) O
a
HN. N | R! = Me, Et;
s N =N R2 = 4-Py, Ph, 4-CIC¢H.,
K -0 4-FCgH4
N
/" "Ph

180 (45% —59%) O

An analogous procedure leads to isoxazolo[4,5-d]pyri-
midines, for example, compound 181, which is an inter-
mediate in the synthesis of more complex isoxazolo[4,5-
dlpyrimidines 182 modified at the hydroxyl group
(Scheme 100).33°

Reactions of S-aminoisoxazoles 183 with 2-dimethyl-
aminomethylene-1,3-bis(dimethylamino)propane diperchlo-
rate (184) and activated malonate 185 are new methods of
synthesis of isoxazolo[5,4-b]pyridines 18634° and 187 34!
(Scheme 101).

Reactions of 5-amino-3-methylisoxazole (183a) with a
large number of o,B-unsaturated carbonyl compounds have

Scheme 100
SO.Me SO-Me
H>N
a
T HC(OE);
HzN /N ACzO,A
N o
SO,Me

R = Pri, Bu; (a) 1) POCl3, A;

2) ROZC*N/\:>70H , NaH, THF

Scheme 101
N
MCzl(I}_//NMez R
/ 2 ClO;
MesN— (184) Yy | X CHO
> N
P \ -
R MeONa, MeOH, A 0 N
I _ 186 (52% —99%)
N NH Fh OH
~o 2 ArO OAr Me
183 0 oasy 7 | X Ph
MW,250°C N
(R = Me, 0 Ilﬁ[ o)
Ar = 2,4,6-Cl3CoHy)
187 (71%)

R = Me, Pr, Bu!, 4-MeCsHy4

been described.?*? In all cases, isoxazolo[5,4-b]pyridine
derivatives 188 have been obtained in good yields
(Scheme 102).

Scheme 102
Me
m N Rl\7\H/R2 DMF
N A
No” NH: o) R2
183a

188 (50% —80%)
R! = Ph, 4-MeOCgH4; R? = Ph, CO,H, CH=CHPh

Reactions of 5-aminoisoxazoles with 3-formyl- or
3-acylchromones are widely reported in the literature. This
reaction is a simple and efficient method for synthesis of
5-(2-hydroxybenzoyl)isoxazolo[5,4-b]pyridines 189 (R? =
H.,**3 Me?3**). It is worth noting that the reaction of
5-amino-3-neopentylisoxazole (183b) with 3-trifluoroacetyl-
chromone (190) gives, as the major product, regioisomer
191 containing the trifluoromethyl group at the C(6)
atom.?*> The reaction of recyclization of 5-formyl-1,3-
dimethyluracil (192) with 5-aminoisoxazoles 183 occurs
analogously to give isoxazolo[5,4-b]pyridines 193 contain-
ing the nicotinamide moiety in high yields (Scheme 103).34¢
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Scheme 103

R2

183 189 (87% —91%)
(a) 1) MesSiClL, DMF, 100 °C; 2) H»0, UST, 20 °C (for R = H);
(b) TsOH, EtOH, 90 °C (for R? = Me);
R! = Me, Pri, Ph; R2 = H, Me; UST is ultrasonic treatment

0
|
neo-CsHy; FiC neo-CsHy; C‘) OH
O 0O (190)
/ \ - > 7 N
N AcOH, 100 °C Nl
~ NH» \ ~
O O "N CF;
183b o 191 (72%)
OHC
‘ NMe
R o . 0O O
; Me (192) | /ﬂ\
S \
N \ - acoma N | 1‘\1 NHMe
2 \ -
(6] o Me
183 N
193 (87% —96%)

R = Me, Pri, 4-MeCcH4

Condensation of 5-aminoisoxazole 183¢ with 1,3-dicar-
bonyl compounds is also observed. In particular, the reac-
tion with 4,4,4-trifluoro-1-(2-thienyl)butane-1,3-dione (194)
in acetic acid is regioselective to give isoxazolo[5,4-b]pyr-
idine 195 (Scheme 104).347

Scheme 104
ST
FiC A
O 0O (199
AcOH, A

I A
\O NH»

183c

195 (85%)

A new domino reaction based on 5-aminoisoxazole 183a
has been recently suggested for regioselective synthesis of
highly functionalized benzo[/]isoxazolo[5,4-b]quinolones
196 in high yields (Scheme 105).348

Scheme 105
(0]

Me

e

A\ + + AcOH
N\o NH, (‘) i MW, 100 °C

183a (0]

Me R (@)
—

196 (67% —89%)

R = Ph, 4-FCcHa, 4-CICcH4, 4-BrCsHy, 4-OoNCgHa, 3-O2NCgHy,
4-MeCsHay, 4-Me>2NCsHy, 3,4-(MeO)>CeH3, 3,4-(OCH20)C¢H3, 2-Th

A multicomponent reaction of 5-amino-3-methylisoxa-
zole (183a), an aromatic aldehyde and Meldrum’s acid gives
spiro(isoxazolo[1,3]dioxanopyridine)-4,6-diones 197 (Sche-
me 106).34°

Scheme 106
Me Me Me
aN
H,O
ﬂ + g + u 2
~o~ NH o Ng MW 100°C
183a

197 (77% — 88%)
Ar = Ph, 4-FC6H4, 4-C1C6H4, 4-B1‘C6H4, 4-MCOC6H4, 4-02NC6H4,
2-C1C6H4, 3,4-(MEO)2C5H3, 3,4,5-(MEO)3C6H2, 2-Th

The reaction of 5-amino-3-methylisoxazole (183a) with

methyl N-(1-chloro-2,2,2-trihaloethylidene)carbamates
gives isoxazolo[5,4-d]pyrimidinones 198 in high yield
(Scheme 107).3%0
Scheme 107
o
Me MeOsC._ EGN, PhH, M |
>/—§\ s ‘N 20°C N)/TJN\H
N 2) PhMe, A \ —
\O NH> Cl/kCXg O N CX;
183a 198
X = F (69%), Cl1 (73%)
3-Aminoisoxazoles containing two nucleophilic

nitrogen atoms are convenient initial compounds for
synthesis of different isoxazoles fused across the N=C
bond. In particular, reactions of 3-aminoisoxazole 199
with o,B-unsaturated carbonyl compounds,33! ethoxy-
methylene derivatives of 1,3-dicarbonyl compounds 332

or with 1,3-dicarbonyl compounds afford isoxazo-
lo[2,3-a]pyrimidines 200-203 in good yields
(Scheme 108).353.354

The condensation of 3-aminoisoxazole 199 with

v-ketoesters catalyzed by polyphosphoric acid (PPA) under-
lies the method of synthesis of isoxazolo[2,3-a][1,3]diazepin-
8-ones 204 (Scheme 109).333

Yet another method of synthesis of isoxazolo[2,3-a]pyr-
imidine derivatives is the L-proline-catalyzed three-compo-
nent Diels— Alder reaction of imines, generated in situ from
3-aminoisoxazole 199 and aromatic aldehydes, with nitro-
styrylisoxazoles 205.355 Isoxazolo[2,3-a]pyrimidines form
even at room temperature as a (6—9): 1 mixture of diaster-
eomers trans-206 and cis-206 in 84% —90% overall yields
(Scheme 110).

In addition to isoxazolo[2,3-a]pyrimidines, other fused
heterocycles can also be obtained from 3-aminoisoxazoles.
In particular, 3-amino-5-methylisoxazole (199) reacts with
aryl isocyanates and aryl isothiocyanates to give, respec-
tively, isoxazolo[2,3-h][1,2,4]oxadiazoles 207 (X = O) and
isoxazolo[2,3-h]-[1,2,4]thiadiazoles 207 (X = S) in high
yields.?® The reaction of 3-amino-5-methylisoxazole
with  4-chloro-2-oxo0-2 H-chromene-3-sulfonyl chloride
(208) gives 9-methyl-7,7-dioxo-7H-5,8-dioxa-7\%-thia-
7a,11-diazacyclopenta[b]phenanthren-6-one (209),357
while the reaction with methyl N-(1-chloro-2,2,2-trihalo-
ethylidene)carbamates leads to 2-trihalomethyl-4 H-isox-
azolo[2,3-a][1,3,5]triazin-4-ones 210 (Scheme 111).350



AV Galenko, A F Khlebnikov, M S Novikov, V V Pakalnis, N V Rostovskii Russ. Chem. Rev. 84 (4) 335-377 (2015) 361

A Scheme 108
N{ f R CO:E(
ro\ n = , EtOH, A
y _N__Ar Ph/<o o BG Ot ‘(\(
wed S
0~ [~ NHC(O)Ph HoN ) o-xylene, CO,Et
dioxane, A m OEt O
200 (60% — 75%) 0 Ny~ Me O)\Hk o 202 (68% ~88%)
N Ar! Arl%)kArz 199 R /N R3
Me—( [ PPA, 120 or 80 °C g Mem
O/N = ’ O/N ‘ R2
201  Ar? O 203(35%-87%)

200: Ar = Ph, 2-CIC¢Hy4, 2-MeOCgHy, 2-MeCgHa, 4-MeOCgH4, 4-O,NCeHa, 2,6-Cl,CeH3, 3,4-(OCH>0)CgH3, 3-MeO-4-HOC¢H33;

201: AAI'l = Ph, 4-C1C6H4, 4-MCC6H4, 4-M60C6H4, 2-C1C6H4; AI‘2 =
202: R! = H, Me, Et, Ph; 203: R? = H, R?® = Me; R?>-
CH,CH,N(Pr)CH,, CH,CH,N(CH>CH,Ph)CH,

Ph, 4-MCC6H4, 4-MCOC6H4, 4-C1C6H4, 2-HOC6H4;
= (CH2)3, (CH2)4, CHzN(Bl‘l)CHz, CHchzN(MC)CHz, CHzCHzN(Bn)CHz,

Scheme 109
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Me 120 ¢ C
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Scheme 110
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M \ MeCN, 20 °C
e
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/ Me
1
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Ar!, Ar? = Ph, 4-CIC¢H4, 4-MeCgH4, 4-MeOCsHa, 2-CIC6H4

Scheme 111
1) AtNCX, MeCN,  Ap N
2) I, EtOH, 20 °C «—N~¢
207
Ar = Ph, 4-MBC6H4, 4-C1C6H4,
4-BI‘C6H4, 4-MCOC6H4;
X = 0 (70%—76%), S (69% —78%)
Cl Me
SO.Cl1
H,N @\/ﬁ: 2 f<
I o)
m O O (208) N~ N
|
N o  Me EGN, PhH, A > _S0;
199 Y
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CIY CR; 209 (29%)
N\co M N
(s ~N
N WMe
1) EtsN, PhH, 20 °C N-g

2) o-xylene, A
O 210

R = F (46%), C1 (53%)

II1.2.b. Reactions of isoxazoles containing nucleophilic and
electrophilic centres
One of the isoxazole derivatives containing both the nucle-
ophilic and electrophilic centres is ethyl-5-amino-3-methyl-
isoxazole-4-carboxylate (211), which is used as a starting
compound for synthesis of different fused heterocyclic
systems. Isoxazolo[5,4-d]pyrimidine derivatives 212 have
been synthesized through condensation of isoxazole 211
and aryl isocyanates catalyzed by a solid acid catalyst —
the H3[PW2049] heteropoly acid.?>® The analogous reac-
tion with alkyl or aryl isothiocyanates in the presence of
potassium fert-butoxide leads to isoxazolo[5,4-d]pyrimi-
dines 213 (Scheme 112).3%°

Scheme 112

ArNCO, AcOH,
Z[PW12040 1,20 °C

)s

Me CO,Et
| 212(46%776%)

I\
N o  NH
RNCS, Bu'OK,
211 But OH A

J%

213 (56% —80%)
212: Ar = Ph, 4-MeCgHg, 3-MeCgHa, 3-CIC¢Ha, 4-O2NCgHa,
3,4-C12C6H3;

213:R = Et, Ph, 4-MBC5H4, 4-02NC6H4, 3-MCC5H4, 3-C1C5H4

Reactions of heteroaromatic aminonitriles with diethyl
malonate under basic conditions have been studied.?¢® In
particular, the reaction of isoxazole 214 gives isoxazolo[5,4-
b]lpyridine derivative 215 in high yield (Scheme 113).

Scheme 113

Me NH>

EtO OFEt
Me CN Y

>/—§\ o
—
EtONa, EtOH, A
Ny TNH tORa, Bt

2

214 215 (81%)
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The reaction of 4-amino-5-benzoylisoxazoles 216
with nitriles in the presence of gaseous HCI has enabled
the  synthesis of  isoxazolo[4,5-d]pyrimidines 217
(Scheme 114).338,361

Scheme 114

R! NH» R2 R

R2CN, HCl (gas)
N/ \ le) dioxane, 20 °C N
\O = ’
216 Ph

R! = C(O)NHa: R? = Me, CH,Cl (81% —85%);

N
N
. :\/l D—COEL R = Me (84%)
(0]

An efficient protocol for the synthesis of isoxazolo[4,5-
blpyridine N-oxides 218—220 through the condensation of
3,5-dimethyl-4-nitroisoxazole (221) with methyl ketones
under the action of piperidine has been developed
(Scheme 115).362-364 The isoxazole : aromatic aldehyde : ke-
tone ratio is 2:1:2 in the case of substituted acetophenones
and 3:1:1 in the case of acetylacetone. The N-oxide oxygen
atom in product 220 has been eliminated with the use of
phosphorus(V) oxychloride to give isoxazolo[4,5-b]pyridines
222,363

Intramolecular cyclization is widely used for construct-
ing fused isoxazoles. For example, the reductive cyclization
of 3-methyl-4-nitro-5-styrylisoxazoles 205 under the action
of SnCl;, in the ionic liquid [HMIm]BFs (HMIm is 1-n-
hexyl-3-methylimidazolium), which plays a role of the
solvent and catalyst, gives pyrrolo[2,3-d]isoxazoles 223 in
high yields.3¢% Isoxazoles 223 can also be obtained through
the Sharpless epoxidation of 4-amino-3-methyl-5-styryl-

isoxazoles 224 with the subsequent intramolecular opening
of the oxirane ring (Scheme 116).36¢

Scheme 116
Me N02
l \ SnCl,— [HMIm]BF4, 20 °C
N — (95% —98%)
N
o Ar Me g
205 > 7 \ / Ar
Me NH, 1) Bu'OOH, Ti(OPri), N o
I \ (—)-diethyl aspartate, 25 °C
N. _ 2) 10% NaOH, — 10 °C 223
o Ar (90% —97%)
224

205: Ar = Ph, 4-MeCgHa, 2-MeCsHa, 4-MeOCsHa, 4-Me>NCeHa,
2-CIC¢H4, 4-CIC6Ha, 2,4-C1oCsH3, 2,6-Cl.CsH3,
3,4-(OCH»0)CsH3, 2-HOCsH4, 3-MeO-4-HOCsH3;

224: Ar = Ph, 4-MCC6H4, 2-M6C6H4, 4-M62NC6H4,
4-MeOCgH4, 4-CIC6Ha, 2-CICsHy, 4-O2NCsHy, 2-OoNCsHa,
2,4-Cl,CgH3, 2,6-C12CsH3, 3,4-(OCH,0)CsH3

Yet another example of intramolecular cyclization is the
reaction of 3,5-dimethylisoxazol-4-yldiazonium tetrafluoro-
borate (225) with potassium acetate in the presence of
18-crown-6 leading to 3-methyl-4 H-pyrazolo[3,4-dJisoxa-
zole 226 (Scheme 117).367

Me NO>
Ar' Me Ar?  piperidine
D R G (e
N Me O o EtOH, A
(0]
221
Me NO> A
r Me Me piperidine
SIS =
N Me O 0 o Y Me
221
R2
M N
€, 02 O 40 piperidine
N\t TMcOH. &
Me McOH,
N Me R! = ¢ R!
0 \
221

|
220 (55% - 62%) O

R? = H:R! = H, Br, Cl; R! = H, R> = OMe; R! = R? = Br, Cl

Scheme 117
.
Me N,.BF, Me g
AcOK, 18-crown-6 ~
f _ > N
\ CHCl3, N», 20 °C T\
N\ Me N\
(0] (0]

225 226 (90%)

Scheme 115

Ar! = Ph7 2-MCC6H4, 2-MCOC5H4,
2-C1C6H4, 4-C1C6H4, 4-MCOC5H4;
Ar? = Ph, 4-MeC¢Hy, 4-MeOCsHa,
2-HOCg¢H4, 4-CICcH4, 4-O2NCeHa4

Ar = Ph, 4-MCC6H4, 4-MCOC6H4,
4-C1C5H4, 2-C1C5H4, 2-M8C6H4,
4-1\/1621\IC(,I'I47 274-C12C6H3,
2,6-Cl>CgH3, 3,4-(OCH»0)CeH3

222 (54% —60%)
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o Scheme 118
Me (023 Me NH;> \
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SnCl,—-HCI, -
THF-H,0, A HN
A\ _armmen e N/ \ Mo
o ~o T\ Ar Ar = Ph, 4-CIC¢Hy, 3-CIC¢H,
CO-H CO,H N<
A : Ar 2 0o

N
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NO;
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e
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R2 228 (70% —77%) R! = H, C], Br; R? = H, Me, OMe, Cl, Br

Ar Ar

HO OH
229 (84% —89%)
Ar = Ph, 4-BrCsHy, 4-0,NCgHy, 4-CICsHy, 4-MeOCeHs, 4-MeCgH, 2-HOCsH,, 2-Fu, 2-Th

The reduction of the nitro group at the C(4) atom in Scheme 119
corresponding isoxazoles to the amino group with the Me NO,
subsequent intramolecular cyclization at the ester or keto Me N. O
group leads to isoxazolo[4,5-b]azepine derivatives 227 —229 N/ \ SnCl,, HCL, THF, H:0,4 7 =
in high yields (Scheme 118).368 370 0 N

The same sequence of reactions has been successfully o Ar
used to synthesize 6,7-dihydroisoxazolo[4,5-b]pyridin- 231 Ar" COH 230 (77% —84%)

5(4H)-ones 230 from 2-aryl-3-(3-methyl-4-nitroisoxazol-5-  Ar = Ph, 4-CIC¢Hy, 3-MeOCgH,4
yl)propanoic acid 231 (Scheme 119).37!
The reactions of 3,5-dimethyl-4-nitroisoxazole (221)
with isatins 232 have been used to synthesize new isoxazo-
lo[5',4" : 5,6]pyrido[2,3-blindoles 233. The process consists of

Scheme 120
/0
N
Me NO» O\ R! | / \ ]
_ piperidine Me 1 FC, AcOH Me R
/ \ + 0= B R N=
N\O Me N EtOH, A A N
2 H
221 232 R . , 2
(70% —78%) R? 233 (65% —79%)
R! = H, Br, Cl, F, Me, OMe; R2 = H, Me, Cl
0 O Scheme 121
I R2 [ R?
R'HN T 1) BurLi, THF, —78°c ~ R'HN /i TsOH, PhMe, A
2 buhe, Ay, — e
Me o/N 2) R3CO,Me, 20 °C o/N (R? = Ph, 4-McOC¢Ha)
_
234 0~ "R® 235
1
1) KN(SiMes), THF, 20°C  MeO CF;CO,H

N————
2) R3CO>Me, 20 °C CH>Cl, 20 °C

R! = MC, Et, Pl‘i; R2 = Ph, 4-MCOC6H4, 3-M€OC6H4, 2-M60C6H4, 2-Py, 3-Py, 4-Py; R3 = Ph, 4-M60C6H4, 4-MCC6H4, 4-FC6H4, 4-M62NC6H4,
4-PI‘iOC5H4, 4-PI‘“C6H4, 3-M82NC5H4, 3-F3CC(,H4, 3,4-(OCH20)C6H3, 3-F-4-MBOC(,H3, 3-Br-4-MeOC6H3



364 A V Galenko, A F Khlebnikov, M S Novikov, V V Pakalnis, N V Rostovskii Russ. Chem. Rev. 84 (4) 335-377 (2015)

two stages: the Knoevenagel condensation and the reduc-
tion of the nitro group with subsequent intramolecular
cyclization.?”? Compounds 233 exhibit antitumour activity
comparable with the activity of cisplatin (Scheme 120).

An excess of n-butyllithium converts 5-methylisoxazole-
4-carboxamides 234 to dianions that can be attached to the
corresponding benzoate to form ketones 235. Under acid
conditions, these ketones undergo further cyclization to
isoxazolo[4,5-c]pyridones 236.!7° In addition, a solid-phase
method of synthesis of isoxazolo[4,5-c]pyridones 236 has
been developed (Scheme 121).

The use of Weinreb amides 237 (X = Ar) instead of
benzoates has enabled the synthesis of isoxazolo[4,5-c]pyr-
idones 238 (Scheme 122).373 The cyclization of intermediate
ketones is carried out by hydrochloric acid in tetrahydro-
furan.

Scheme 122
0 0
\
Ph ) NHMe MeO\N/H\X
I M)
N e
~ o Me 237

238 (60% —99%)

(a) 1) Bu"Li, THF, —70 °C; 2) HCI, THF, 20 °C;

X = R,Ce¢Hs_, (R, = 4-MeO, 2,4-(MeO), 3,4-(OCH-0),
4-CH,OCH,CH,0OH, 4-CH,OCH>CH,OMe (42%),
4-CH,OCH,CH,OPr', 4-OPh, 4-CH,;NMe, 4-(4-methylpiperazino-
methyl), 4-Py, Me

The intramolecular cyclization of isoxazoles 239 forms
the core of 6,7-dihydroisoxazolo[4,3-c]pyridone 240, and its
diazotization gives isoxazolo[4,3-c]pyridin-4-one 241, which
mimics the structure of natural 3-acylpyridin-2-ones
(Scheme 123).374

Scheme 123
H
NH,-HCI N
R! COEt , R? —0
—>

O\ I\

N\O Me N. Me

239 240 (80%)

() Na,CO3, H>0, 20 °C; (b) 1) ButOCI, MeOH, 0 °C; 2) hv, MeOH
(R2 = H, 55%); (¢c) NaNO», 2M HCI, 0 °C (R> = NHa, 80%);
R!' = H, NH,-HCI; R? = H, NH,

Several new fused systems containing the isoxazole ring
can be obtained through cross-coupling reactions. In par-
ticular, the palladium-catalyzed intramolecular arylation of
isoxazole at the 4-position gives a series of isoxazoles
242a—d, including fused partially hydrogenated pyridine
(n=0), azepine (n=1) and azocine (n=2) rings
(Scheme 124).66

Intramolecular nucleophilic substitution of the halogen
atom by an amino group has been used for synthesis of
4,5,6,7-tetrahydroisoxazolo[3,4-b]pyridine derivatives
243375 and isoxazolo[4,3-c]quinolin-4(5H)-one derivatives
244 (Scheme 125).376

Isoxazoles fused with a hydrocarbon ring have been
synthesized. Formation of such heterocyclic systems based
on isoxazoles — naphtho[l,2-c]isoxazole 245 and 2-oxa-1-
azabenzo[e]azulenes 246 (Scheme 126) — has been
described.377-378

Scheme 124

Cl

Me

Cl

242a—-d

(a) Pd(OACc); (2 mol.%), Bu;Cl (1 equiv.), AcOK (2 equiv.), DMA,
MW, 120 °C; (b) Pd(OAc)> (2 mol.%), Cs2CO3 (2 equiv.), PPhs
(4 mol.%), Cul (2 equiv.), DMA, MW, 150 °C; DMA = AcNMe:

Compound 242 Conditions n R X Y
a a 0 Boc 1 CH
b a 0 Boc Br N
c a 1 Me 1 CH
d b 2 Boc Br CH
Scheme 125
MeO 071:1 BEMP, MO O-N
\
- s
Br
Br
NHR 243
R = 4-FC5H4CH2, PhCHMe, 4-FC6H4CHME, 3,5-F2C6H3CH2;
Me
| NEt
N\ / B t
BEMP = Q P
N
“Me
2N NaOH,
_N  MeOH, DMF, 25°C
T o o
F ~ 0o or Bu'OK, _
RHN DMF,25°C  R™ 7]
Me O Me
244 (86% —94%)
CO-Et NHBoc

R = (CH2)4C02H, (CH2)4NHBOC, 5

Scheme 126
\ CF3CO,H, 25 °C OO
_— >
/ \ \ \ Me
N\O Me N*O
245 (75%)
R2
Br R R2
= R* I
a Ph R!
R R
N I\ N
\O Me N\O Me o Me

246 (40% —50%) (11% —33%)

(a) BujSnH, AIBN, PhMe, N, A; R' = H, OH, OAc;
R2 = CO,Me, CO,Et, CN; AIBN is azobis(isobutyronitrile)
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I11.2.c. Reactions of isoxazoles containing two electrophilic centres
Annelation reactions involving isoxazoles with two electro-
philic centres are known. The presence of two carbonyl
groups in the 3- and 4-positions of isoxazole makes it
possible to obtain isoxazolo[3,4-d|pyridazine derivatives
247 by treatment with hydrazine hydrate, which is fre-
quently used in practice (Scheme 127).169,379 383

Scheme 127
o o
// \ N-N
R! R2 RI—  H—R2
/ N>H4-H0, EtOH, A
— >
N \ NG
\O N
247
R! = - R2 = Ph, 2-Th (60% — 68%);™
S0
1\‘/[e
N
R2 = ]@ “R! = Ph, 4-MeCgHa, 4-0>NCHa (51% — 55%):350
N

R2 = 2-Th: R! = Ph, 4-MeCgHy, 2-Fu, 2-Th, 1-Naph, 2-Naph
(55% —85%);3¥! R? is benzofuran-2-yl: R! = Ph, 2-Naph (89% —94%);!¢°

N, N
_ _N,
R! = Ph, 2-Fu, 2-Th, 2-Naph; R = | N—Ph, _ N—Tol
NC NC
Ph

N N Ph
(87% —92%),3%2 \ \>—Ph, | \>fTol (73% — 80%);383

S S

Me Me
Tol is p-tolyl

Isoxazole containing one keto group and one ester
group in the 3- and 4-positions reacts with hydrazine or
substituted hydrazines to produce isoxazolo[3,4-d ]pyrida-
zin-7(6 H)-ones 248 (Scheme 128).384-389

Scheme 128
R3
\ \
EtO,C N—r2 N-N
RNHNH, N R2
R —
N/ \ EtOH i
\O R! N \ 1
\O R
248
R! = Me, R3 = H: R? = Me, Et, Pri, CH,OEt (73%), cyclo-CsHo (30%),

H (60%); R' = R? = Me, R2 =Cy (24%); R = R2 = Me:

R3 = X,,CeHs_, [X» = H, 4-F, 4-CF5 (28%), 4-NO3 (96%),

4-Me, 4-OMe, 2,4-F5, 3,5-Cl, (93%), 3,5-(CF)]; R! = CH(OH)Me,
R2 = Me, R® = 4-CIC¢H,4

Reactions of isoxazoles containing one ester group and
one keto or formyl group in the 4- and 5-positions with
hydrazine hydrate or substituted hydrazines lead to isoxa-
zolo[4,5-d|pyridazin-4(5H)-ones 249 (Scheme 129)390-393

Scheme 129
M

Me  COMe X L g
/\ R2NHNH, | ~

|

EtOH
N, _0 0 7
O
R! 249 R!

R2 = H: Rl = Bl‘l, 2-C1C6H4CH2, 4-C1C6H4CH2, 2-M6C6H4CH2,
4-MeCsH4CH>, 2-Oo.NCgH4CH>, 4-OoNCsH4CH>, 2-MeOCsH4CHo,
4-MeOCcH4CH, (31% —91%);39%- 391 R! = R? = H (53%);3%?

R! = Me: R? = H, 4-HoNSO,CeHa (82% —88%) 393

or to isoxazolo[4,5-d]pyridazin-7(6 H)-ones 250
(Scheme 130) 3°4 depending on the mutual arrangement of
the ester and carbonyl groups.

Scheme 130

N>H4-H>0,
AcOH, EtOH, A
_— >

COzMe

250 (31%)

If hydroxylamine rather than hydrazine is used in
similar reactions, they afford isoxazolo[5,4-d][1,2]oxazin-4-

ones, for example, compound 251, in high yield
(Scheme 131).393
Scheme 131
Me  COsEt Me
NH,OH-HCl
I\ —— N ]
N_ _0 PyH, A S ~N
O
Me Me

251 (65%)

The reaction of o-phenylenediamine with 3-aryl-4-
formyl-5-chloroisoxazoles 252 gives, as one of the products,
isoxazolo[5,4-b]benzodiazepines 253, which are isolated
from the reaction mixture as side products (Scheme 132).395

Scheme 132
NH7
Ar CHO
e 0y
N n-Celli4, N
o Cl
252

253 (30% —45%)
Ar = Ph, 4—MCC5H4, 4—C1C5H4, 4—02NC6H4

(52% —65%)

There are heterocyclic systems containing fused isoxa-
zole and diazepine rings. In particular, the reaction of
5-acyl-4-(iodoacetylamino)isoxazoles 254 with a methanol
solution of ammonia gives isoxazolo[4,5-¢][1,4]diazepin-5-
ones 255 (Scheme 133).39¢

Scheme 133
i
R! NHC(O)CH,I HN
NH;, MeOH R! N
_—
N/ \ 20°C I
2
~o~ TCOR N~¢ e
254 255

= C(O)NH,, C(O)NHBn, Ph; R2 = Ph, Me

II1.3. Introduction of C-substituents into the isoxazole ring

The vast majority of methods for introducing aryl, hetaryl
and alkenyl groups into isoxazoles involve the functionali-
zation of the 4-position of the isoxazole ring. The introduc-
tion of a new group in this position is accomplished by
replacement of the borate moiety, halogen atom, hydrogen
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atom or through the stage of metallation. Substrates for
such reactions are 4-isoxazolylboronic acids, 4-isoxazolyl-
boronates, 4-bromo- or 4-iodoisoxazoles; the use of potas-
sium isoxazol-4-yltrifluoroborate and lithium isoxazol-4-
yltriisopropylborate as substrates has been described.

The Pd-catalyzed reaction of 3,5-dimethylisoxazol-4-
ylboronic acid 256 with hetaryl3°7-490 and alkenyl hal-
ides 401,402 gjves coupling products 257 —262 (Scheme 134).

Compounds 263 and 264, the products of the Suzuki
cross-coupling reaction of acceptor-substituted 403 and steri-
cally hindered aryl halides 44 with isoxazol-4-ylboronic acid
pinacol ester 265, have been obtained in high yields
(Scheme 135). This reagent has also been used for 1,1-
difunctionalization of ethylene with the participation of
vinyl ethers, which gives the product of alkylation of the
isoxazole system at the 4-position. In particular, the three-
component palladium-catalyzed reaction of boronate 265,
ethylene and cyclohexen-1-ylnonaflate gives substituted
isoxazole 266 in moderate yield (see Scheme 135).405

4-Halo-substituted isoxazoles are often used as initial
compounds for introduction of an aryl, hetaryl or alkenyl
substituent into the isoxazole ring. For example, the Suzuki
cross-coupling of 4-bromo-3,5-dimethyl-isoxazole 267a
with 2,6-dimethyl-substituted phenylboronic acids 268 cat-
alyzed by N-heterocyclic palladium carbene complexes
leads to arylation products 111 in 67% to 87% yield
(Scheme 136).406-408 Arylation of 5-alkylsulfanyl-4-iodo-3-
(4-methylsulfonylphenyl)isoxazoles 269a,b [R! = Me (a), Et
(b)] to corresponding 4-arylisoxazoles 270 has been success-
fully accomplished by para-substituted arylboronic acids
with the use of the Pd(PPhs)4 catalyst.#%® Triallyl(aryl)si-
lanes can be used as alternative arylating agents. In partic-
ular, cross-coupling product 111a has been synthesized

Scheme 135
C(O)NH»
HzN(O)C4< :F Cl
e
a
Me \\ Me
N—O
Me 263 (100%)
Me Me Me
Me\/ _Me Br Me Me
O\B 0 Me _ Me
b 7\ Me
Me— N Me Ny TMe
N—O 264 (89%)
265 ‘(‘:Her ONf
CH, [ J Me
c i
Me \\ Me
N—O
266 (52%)

(a) Cat (2 mol.%), NaOH, THF, MeOH, 70 °C; 403

(b) Pda(dba)s, BI-DIME, K3PO4, PhMe, H»0, 100 °C; 404

(¢) Pda(dba)s (5 mol.%), DMA, NaHCOs3, dba (15 mol.%),

A; 405 dba is dibenzylideneacetone, Nf is perfluorobutanesulfonyl;

(6]
s,
BI-DIME = P
MeO O OMe

- —
=0 @O
N N
\ \
Bn Br Bn
Me \\ Me < a
N—O
257 (50%)
R
F
Me — )\vBr Me B(OH),
F R
/ - |
N\ \ Me b N/ \ M
1o) 0 e
258 (71%) 256
R = 3,4-(MeO),CsH3,
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/ \) H N7\ /—Cl
_ /N <«
Me N ¢
/
N \ Me
O
259 (91%)

Scheme 134

N Me
261 (95%)

o}
\

Ph

262
(E:Z = 12:1,82% yield)

Cl

(a) PA(PPh3)>Cly, KF, TBAI, THF, H,0; 402 (b) Pd(dppf)Clz (10 mol.%), Cs>COs3, THF, 90 °C, 8 h; 40! (¢) Pd(PPh3)4 (5 mol.%), K»>COs,
MW, 120 °C, 10 min; 3*7 (d) Pd(PPhs)4, NaHCO3, DME, H,0, 20 °C, 13 h; 3? (¢) SPhos, Pd(OAc),, Et3N, 1,4-dioxane, 20 °C, 5 h; 400
(/) Pd(PPh;3)4, CuTC, THF, 25 °C, 15 h; 3¢ dppfis 1,1’-bis(diphenylphosphino)ferrocene,

SPhos is 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl, CuTC is copper(I) thiophene-2-carboxylate
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from bromide 267a and triallyl(phenyl)silane in 61% yield
(see Scheme 136).410

Scheme 136
Me
B(OH), Me Me
R Me (268) 1‘\1/ N
a (0] /
Me Br Me Me
I p— 111 (67% —87%)
N \ R = H, Me
\O Me
267a s Me —~ Ph
s
/
1\?\X\Me
(0]
111a (61%)

(a) Pd-Cat (1 mol.% —2 mol.%), KOH or Bu'OK, DME or PhMe;
(b) All5SiPh, TBAF -3 H,0, PdCl, (5 mol.%), PCy3 (10 mol.%),
DMSO, H»0, 80 °C, 18 h

MeOsS

MeO>S
POAE O
I
o \
SR] NﬁgC03 DME
270 (80% —94%)

Pd(PPhg)4 (3 mol.%),

269a,b
R! = Me (a), Et (b); R2 = H, F, Br, Me, Et

The Suzuki reaction of 4-haloisoxazoles 267 is also
suitable for the synthesis of 4-hetaryl-substituted isoxazoles,
for example, compounds 271 and 272; however, their yields
are essentially lower than the yields of arylation products
(Scheme 137).411.412 At the same time, these substrates
afford high yields of hetarylation products 273 in the
Stille—Migita reaction of 267 with 2-(tributylstannyl)thio-
phene catalyzed by the new Pd-PEPPSI-IPent system con-
taining a sterically hindered ligand (see Scheme 137).413

To introduce an alkenyl substituent in the 4-position of
the isoxazole ring, the catalytic reaction of 4-iodoisoxazole
267 with vinylsilanes or vinyldisiloxanes is used. Under
alkaline conditions, the latter are at equilibrium with vinyl-
silanolates, which precisely enter into cross-coupling in the
presence of Pd(dba),, as, for example, in the synthesis of
isoxazole 274 from iodide 267b (Scheme 138).#!4 The use of
vinylsilanes in the synthesis of isoxazoles 275 with the o,f3-
unsaturated carbonyl moiety has been suggested by Wagner
and co-workers.*!> The key reagent in the described syn-
thetic one-pot sequence (Hiyama coupling— Narasaka acy-
lation) is 1,2-disilylethylene 276. At the first stage, this
alkene undergoes Pd-catalyzed coupling with iodoisoxazole
267b accompanied by the substitution of the methyl-
di(ethoxy)silyl group, and then, in one-pot mode, the
resulting vinylsilane is acylated in the presence of a rhodium
catalyst to give compound 275. The same research group
has reported another interesting example of introduction of
the alkenyl substituent into the isoxazole ring with the use
of an enyne system. This protocol implies that the vinyl-
silane required for the Hiyama cross-coupling is generated
by hydrosilylation of enyne 277 and, without isolation, is
subjected to coupling with isoxazole 267b in the presence of
the Pd — Rh catalyst and tetra-n-butylammonium fluoride to

Scheme 137
(\3/
o N.
NN g’ i
N= \O
—_— >

a /
(R =H,Hal = Br) N

0" 271 (24%)

O\ /O Me O\N
_B—B_ \ /
O (6] Me

R Hal
] >
N\ \ R 5 I \ Me
Ie) (R = Me, Hal = 1) I\ Me
267 O
272 (40%)
X

@—SnBug Me S
> /

N\ Me
(R = Me, Hal = Br) o

273 (85%)

(a) Pd(Amphos)Cl,, Na>CO3, DME, N5, 80 °C;

() Pd(dppf)Cl> (4 mol.%), K,CO3, DMSO, N, 80 °C;

(¢) Pd-PEPPSI-IPent (4 mol.%), CsF, MS 4 A, 1,4-dioxane, 80 °C;
Pd(Amphos)Cl, is bis[di(zert- butyl)(4-methylaminophenyl)-
phosphino]dichloropalladium(11);

Et-_Et /~\ EtFt
N_ N
Elj/Et

Pd-PEPPSI-IPent = Et Pd Et

give alkenylation product 278 in moderate yield.#'¢ It
should be noted that all reactions of iodoisoxazole 267b
shown in Scheme 138 occur with high E-stereoselectivity.

The only example of formation of 4-alkynyl-substituted
isoxazole has been described,*!” where tetrasubstituted
methane compound 279 and an analogous 1,3,5,7-tetrasub-
stituted adamantane compound have been synthesized by
the Sonogashira reaction.

Lithium isoxazolyltriisopropylborate 280a and potas-
sium isoxazolyltrifluoroborate 280b, synthesized from,
respectively, isoxazolyl bromide 267a and isoxazolylbor-
onic acid 256, are another two convenient nucleophilic
substrates for the Suzuki reaction, especially for coupling
with acceptor-substituted aryl chlorides, which can be
successfully used for modifying the substituents in the
isoxazole ring resulting in compounds 111b and 281
(Scheme 139).418:419 Magnesium isoxazol-4-yltriisopropyl-
borate has also been successfully used for the Suzuki
arylation at the 4-position involving ethyl 4-bromoben-
zoate.*20

The possibility of direct arylation of the ring based on
the Pd-catalyzed activation of the C(4)—H bond has been
studied for 3,5-dimethylisoxazole 282 as an example
(Scheme 140).421-428 As a whole, these reactions proceed
under more severe conditions, but afford products 111 in
good yields. An exception is 2-bromobenzonitrile, which is
arylated to give the product in low yield. It is worth noting
that the arylating agents are not only aryl bromides and aryl
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_ siMesPh R Scheme 138
Ph ! —O0
_ 1) (EtO);MeSi  (276), o
Me Me I polyion gel Pd, Me
/ \ (‘PhCH:CH&Mez)ZO m NH4F, 1,4-dioxane, 60 °C _ f \
N\o Me KOH, Pd(dba),, MeOH N\O Me 2) (RCO)0, [RhCI(CO)2l, 90 °C N\O Me
274 (53%) 267b 275
R = Pri (60%),
Me CH>=CMe (40%)
= Me
\ . < ) :>
(277) OH 4 o)
- C — / |
(EtO).SiHMe, Pd(PPhs3)>Cls, — N
polyion gel Pd—Rh, CuCl, EtsN, THF
TBAF, 1,4-dioxane Me
278 (50%) 279 (54%) 4
Scheme 139 Few experiments on the direct arylation of other iso-
N . xazoles have shown that the yields can essentially depend on
the nature of the substituent at the C(5) atom. For example,
3-methyl-5-phenyl- (284a) and 5-hydroxymethyl-3-methyl-
o isoxazoles (284b) under such conditions give coupling prod-
M B 1 . . . .
€ ' Me B(OPr)sLi Me ucts 285a,b in considerably lower yields than their 3,5-
a Cl .
A\ — O\ Y, A\ dimethyl analogue (Scheme 141).422,424
N\o Me Ngo Me ' NQO Me Scheme 141
267a 280a 111b (71%) R?
) Me Me R?
(@) 1) BuLi, THF, PhMe; 2) B(OPri);, — 7820 °C; Br R
(b) Cat (3 mol.%), KsPOy, 40 °C >/—B\ . N ) R
N I Pd(OAC); (1 mol.% o
Me  BOH),  Me  BFK Me R S0 R A e
RCI 284 R' 5
>7/§;\ a >7’§;\ >/f§\\ 84a.b 854,
N, Me N\o Me N\o Me R' = Ph, R2 = CI, R® = NH (a, 53%); 4
o R' = CH,OH, R? = H, R3 = CN (b, 38%)“2
256 280b 111b, 281

(a) KHF>, MeOH, H,O0; (b) Pd(OAc)2, RuPhos, Na,COs, EtOH;
R = 4-NCC¢Hy4 (111b, 71%), 2-Py (281, 95%);
RuPhos is 2-dicyclohexylphosphino-2',6'-diisopropoxybiphenyl

iodides but also sometimes aryl chlorides, as in the synthesis
of compound 283.42!

Scheme 140
Me Ar
ArBr W
N
a ~ o Me
Me
111

A\ —
I\?\Z)\Me Cl

b N\O Me

283 (76%)

(a) Pd(C3Hs)(dppb)Cl, AcOK, 130—150 °C; (b) Pd(OAc)>

(5 mol.%), Bu"Ad,P (5§ mol.%), K3;PO4, NMP, 125 °C;

Ar = 4-NCCgH4 (75%), 4-MeO2CCsHy (81%), 4-ONCesHy (86%),4
4-AcCsHy (71%), 2-NCCsHy (23%),%?7 3-(EtCONHCH,)CgH4
(73%),*3 4-HoN-3-CICHs3 (71%),%?* 5-cyano-3-pyridyl;*2¢

Ad is 1-adamantyl, NMP is N-methyl-2-pyrrolidone,

dppb is 1,4-bis(diphenylphosphino)butane

As distinct from direct arylation, direct alkenylation
reactions of isoxazoles have been much less studied: only
one study #?? is available (Scheme 142). Moderate yields of
4-alkenylisoxazoles 286 have been achieved in the reaction
of 3,5-dimethyl- (282) and 3-methyl-5-phenylisoxazoles
(284a) with both styrene and some electron-deficient

alkenes.
Scheme 142
R2
Me Pd(OAc), (10 mol.%), \
Cu(OAc),, DMA Me
e
N_ R 120°C,1-8h / \
o N\ R!
(0]
282, 284a

286 (50% — 68%)
R! = Me, Ph; R? = CO,Bu", CO,But, Ph, C(O)NMe,

Another way to introduce a C-substituent into the
4-position of the isoxazole ring implies its metallation and
subsequent Pd-catalyzed cross-coupling reactions or reac-
tions with electrophilic reagents. For example, Zn deriva-
tives 287, forming under mild conditions from bromide
267a, can be smoothly introduced into the Negishi reaction
with aryl bromides (Scheme 143).430-431 Arylation products
111 are produced in high yield even in the case of ortho-
substituted aryl bromides.*32
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Scheme 143
¢ Br
Me Br Me ZnX - LiCl
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/ - / —_—
N>j\ Me N\ \ Me b
(@) (0]
267a 287
(a) Mg, LiCl, ZnCl, or Mg,
Zn(OPiv),, LiCl; (b) [Pd(dba),],
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/ \ R, = 3-MeO (90%),43°
N o~ Me 2-F-4-NC (99%),43!
1 2,4,6-Mes (82%);432

X = Br, Cl, OPiv; OPiv is pivaloate,
tfp is tris(2-furyl)phosphine;

—

Cl Cl

Pd-PEPPSI-IPr =

Cl

Being rather strong nucleophiles, 4-isoxazolylzinc deriv-
atives 288 readily enter into condensation reactions with
isocyanates #33 and aldehydes*3* to form a new C(4)—C
bond (Scheme 144).

Scheme 144
|
D C13C/LNCO Me C(O)NH>»
2) K>COs3, MeOH, 20 °C / \
X = Q) RN Me
Me 7ZnX (6]
| (98%)
N/ \ al CHO o
~ Me :©/ Licl H
o Cl Y Me Cl
288 >
(X = CI, Br) I
Cl
N\ Me
(83%)

In recent years, few new examples of alkenylation and
arylation of isoxazoles through the formation of their
organometallic derivatives have been reported. In particu-
lar, new asymmetric photochromic bishetarylethenes 289

Scheme 145
Me Me
1) PriMgCl, THF
2) CuBr-SMe; 0 AN 7R
3)[Ox], THF N\ N
Me I Me Me
| rE FF 272 (82%)
N €
(0] F
/\
267b Me s  TAr
(290)

BurLi, THF, —78°C

289 (38% —47%)

Ar = CsH4X-4 (X = H, Me, OMe, F, CN)

have been synthesized through lithiation of iodoisoxazole
267b with subsequent coupling with fluoride 290
(Scheme 145).#35 The oxidative homocoupling of the cup-
rate reagent prepared from the same isoxazole 267b has
enabled the synthesis of bis(isoxazole) 272 in 82% yield,
which is essentially higher than the yield achieved in the
Suzuki reaction (see Scheme 137).43¢

Some electrophilic 2-trifluoroacetylazoles revealed high
activity in the reaction of C-hydroxyalkylation of different
five-membered nitrogen-containing heterocycles, including
5-amino-3-methylisoxazole (183a). The latter has been con-
verted into hydroxy derivatives 291 in moderate to high
yields (Scheme 146).437

Scheme 146
o FiC Het
Me Me OH
F3CJ\Het
o\ —— /N
N\O NH» PhMe, 60 °C N\ NH,
183a 291 (53% —89%)
Q N._NH

Het = \(A >\Ph’ ((43 \(43 :/%
J Y N

A new catalytic method suggested by Boogaerts and
Nolan 4?8 for carboxylation of arenes, as well as of a rather
large number of N-heterocycles, including isoxazole, is one
of a few recently published examples of introduction of a
C(5)-substituent into the isoxazole system (Scheme 147).
The carboxylation of unsubstituted isoxazole by this
method is catalyzed by the NHC gold(I) hydroxide complex.
The reaction occurs with high regioselectivity at the most
acidic C—H bond to give isoxazole-5-carboxylic acid (292)
in 91% yield.

U
(0]
IPrAuOH = Q\ Y

Pri AU Pri
OH

Scheme 147
1) CO,, IPrAuOH,

KOH, THF, 20 °C m
e
2) aq. HCI N CO-H

0
292 (91%)

Recently, an efficient protocol has been developed for
the introduction of the trifluoromethyl group into the
S-position of isoxazol-4-yl(trifluoromethyl)sulfones 293
through additive trifluoromethylation in the Me;SiCF3—
AcOK system (Scheme 148).43° The reaction is highly dia-
stereoselective and afford oxazolines 294 in high yields.
Some decrease in the yield of the addition product (to 64%)
is observed for the 5-methyl-substituted substrate. Oxazo-
lines 294 formed in this reaction are convenient synthons for
further ring functionalization. In particular, their fluorina-
tion with Selectfluor®, as well as bromination and chlori-
nation with corresponding N-halosuccinimides, gives
completely functionalized isoxazoline derivatives 295—297
in high yield with good diastereoselectivity.
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Scheme 148
Ar SO.CF; Ar. R s0,cF, Pho X SO.CF;
N b N
I\?j\R N A i r—m N
o 0 R O “pn

293 294 (64% —98%)
(93:7-100:0 dr)

295: X = F (89%, 80:20 dr);
296: X = Br (96%, 95:5 dr);
297: X = C1(84%,85:15 dr)
(@) 1) MesSiCFs, AcOK, DMSO; 2) 1 N HC;

(b) Selectfluor, or NBS, or NCS, MeCN;

Ar = Ph, 4-MCC6H4, 4-MCOC6H4, 4-C1C6H4, 4-BI'C6H4, 4-02NC6H4,
2-Naph; R = Me, Ph, 4-M€C6H4, 4-MCOC6H4, 4-C1C(,H4, 4-B1‘C5H4,
4-02NC5H4, 2-Naph

As can be seen from the above material, the chemistry of
isoxazole continues to attract attention of synthetic chem-
ists, which results in the successful development of both the
methods for synthesis of isoxazole derivatives and their
synthetic applications. The necessity to develop synthetic
methods opening the way to novel derivatives of this
heterocyclic series is dictated primarily by the needs of
pharmaceutical chemistry in efficient drugs. A huge variety
of transformations of isoxazoles due to the weak N—O
bond and easy introduction of functional groups into the
heterocyclic ring, as well as due to the possibility of
activation of the C—H bonds of the ring, determines a
very wide range of their applications in organic synthesis. It
involves functionalization reactions of acyclic compounds,
the synthesis of nitrogen-containing heterocycles through
recyclization reactions, the introduction of isotopic labels,
etc. It is evident that the synthetic potential of isoxazoles is
far from being exhausted by the processes considered in this
review. In the coming years, we should expect to see the
development of new synthetically significant reactions with
their participation, in particular, reactions with highly
reactive intermediates, as well as reactions catalyzed by
transition metal compounds.

The review was prepared with financial support of the
Russian Foundation for Basic Research (Project No. 14-03-
00187) and St Petersburg State University (Grants
12.50.1565.2013, 12.38.239.2014 and 12.38.217.2015).
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