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Isoxazoles and their derivatives represent privileged heteroaromatic motifs, which exhibit remarkable bio-
logical and pharmaceutical activities. Notably, metal catalyzed or mediated cyclization/functionalization
of alkynes such as alkynone oxime ethers, acetylinic oximes, propargylic amino ethers, alkynyl nitrile
oxides, and propargylic alcohols has recently attracted much attention from synthetic organic chemists
because of their high efficiency in the assembly of structurally diverse isoxazole architectures under mild
conditions with exceptional chemo-, stereo- and regioselectivities. In this review, a wide array of metal
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catalysts, such as palladium, copper, iron, gold, silver, and other metals, have been summarized and dis-
cussed in detail. Moreover, we also highlight some representative synthetic strategies along with reaction
mechanisms involved during the reaction. And, the literature has been surveyed from 2010 until the

rsc.li/frontiers-organic beginning of 2020.

1 Introduction

Among the vibrant classes of aromatic heterocyclic com-
pounds, isoxazoles, discovered by Claisen in 1888, have always
been considered as a privileged class of molecules in organic
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chemistry." As one of the important five-membered heteroaro-
matic ring scaffolds, isoxazoles exhibit significant biological
and pharmaceutical activities in natural products, pharma-
ceutical agents and preclinical candidates, including anti-
cancer, antimicrobial, antibiotic, and anti-inflammatory activi-
ties (Fig. 1).” For example, valdecoxib has been established as
a COX-2 inhibitor.? Oxacillin is used as a p-lactam antibiotic.*
NVP-AUY922 is an experimental drug candidate developed by
Vernalis for treating cancer.” Moreover, the drug ring system
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Fig. 1 Representative examples of isoxazoles with pharmacological
activities.

analysis shows that the isoxazole ring ranks 33rd among the
351 ring systems found in marketed drugs.® Besides, isoxa-
zoles can serve as synthetically versatile intermediates for the
highly efficient assembly of polyfunctionalized organic small
molecules and functional materials.” Therefore, the develop-
ment of expeditious and practical synthetic methodologies for
the rapid and direct assembly of structurally diverse polyfunc-
tionalized isoxazoles is more appealing.

Owing to their unique chemical and biological character-
istics, the development of efficient and practical synthetic
methodologies for the construction of functionalized isoxazole
building blocks has continued to capture the interest of syn-
thetic organic chemists in the fields of heterocyclic chemistry
and medicinal chemistry over the past few decades.®
Traditionally, the classical [3 + 2] cycloaddition reactions of
alkynes with nitrile oxides displayed the direct and efficient
synthetic strategies for the preparation of highly substituted
isoxazole frameworks.” However, most of these synthetic
approaches required functionalized precursors, harsh con-
ditions, and/or limited substrate scope. Undoubtedly, tran-

Prof. Wangqing Wu received her
PhD from Peking University with
Professors Zhen Yang and Chi-
Sing Lee in 2010. And then she
joined  Professor  Huanfeng
Jiang’s group as a postdoctoral
researcher at the South China
University of Technology (SCUT).
In 2014, she was promoted to
Professor and her research inter-
ests include the development and
applications of new synthetic
methods.

A\
Wanging Wu

2326 | Org. Chem. Front., 2020, 7, 2325-2348

View Article Online

Organic Chemistry Frontiers

sition metal-catalyzed C-H functionalization of isoxazoles rep-
resents the most straightforward and rapid synthetic
approaches for the construction of these structural motifs with
high regioselectivities.'® Nevertheless, the substrate scope of
these protocols is more limited. Alternatively, condensation
reactions from f-dicarbonyls with hydroxylamine also rep-
resented one of the most important synthetic methods for the
assembly of these functionalized heterocycles." Despite these
significant advances, these developments suffer from relatively
harsh reaction conditions and lower regioselectivities. In
recent years, metal-catalyzed -cycloisomerizations have
emerged as fascinating and flourishing synthetic method-
ologies for the construction of various high value-added isoxa-
zoles in a step- and atom-economical manner. There are two
reviews on the synthesis of isoxazoles that have been published
in recent years.'” Szostak and co-workers reviewed the recent
developments in the synthesis and reactivity of isoxazoles from
2005 to 2014."* Reactions of [3 + 2] cycloadditions, metal-free
cycloisomerization reactions, condensation reactions, and
functionalization of isoxazoles were discussed. However, the
plausible reaction mechanisms were not addressed in detail.
In 2018, Nakamura’s group reviewed the synthetic approaches
to functionalized isoxazoles, with particular focus on 1,3-
dipolar cycloaddition, condensation, cycloisomerization, and
direct functionalization.'*” However, this review considers the
limited aspects of the chemistry of isoxazoles and does not
address the advances that have taken place in the past years.
Nevertheless, the majority of such reviews reported thus far
have been restricted to selected metals or selected strategies.
To the best of our knowledge, there are no reports wherein
metal-catalyzed cyclization/functionalization of alkynes was
reviewed in particular along with recent achievements (mainly
from 2018 to 2020) for the construction of highly functiona-
lized isoxazole heteroaromatic motifs. Combining this with
our interest in palladium-catalyzed chemical transformations
of alkynes,'* we summarized the application of the ionic
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liquids as the green solvent for palladium-catalyzed coupling
reactions of alkynes and/or alkenes for the preparation of
diverse heterocyclic frameworks in 2016."> Recently, in 2019,
we also elucidated the palladium-catalyzed cascade cyclization/
alkynylation reactions for the synthesis of structurally diverse
monocyclic, bicyclic, fused polycyclic, and spirocyclic skel-
etons with excellent chemoselectivities.'® In this review, we
will present a comprehensive summary of the most recent
advancements (from 2010 until the beginning of 2020) in this
rapidly developing area of synthesis of more elaborated isoxa-
zole derivatives by metal catalyzed or metal mediated cross-
coupling from alkynes, including our recent contributions. It
is worth noting that this review will cover some synthetic
methodologies which have been recently reviewed elsewhere
and these will not be discussed in detail. In addition, we have
divided this review into seven sections according to the use of
different metal catalysts such as palladium, copper, iron, gold,
silver, and other metals.

2 Palladium catalysts

In recent years, palladium-catalyzed cross-coupling reactions
have been proven to be the most powerful and flexible syn-
thetic methodologies for the assembly of structurally diverse
complicated molecules with maximum atom and step
economy in both academic and industrial applications."” In
this research field, Chen and co-workers demonstrated a palla-
dium-catalyzed cascade cyclization-alkenylation for the syn-
thesis of trisubstituted isoxazoles from 2-alkyn-1-one O-methyl
oximes (1) with olefins (2) (Scheme 1)."® The unexpected direct
cyclization by-product, 3,5-disubstituted isoxazoles, can be
effectively inhibited by the addition of n-Bu,NBr as the addi-
tive. Employing Pd(TFA), (10 mol%) as the catalyst, CuCl,
(2 equiv.) as the metal oxidant, n-Bu,NBr (1 equiv.) as the addi-
tive, and Li,CO;z (2 equiv.) as the base, both 2-alkyn-1-one
O-methyl oximes and olefins were perfectly accommodated for

OMe 3 Pd(TFA); (10 mol%) O __R?
N7 R CuCl, (2 equiv), TBAB (1 equiv) '\
| s \m CuCl; (2 equiv), TBAB (1 equiv)_ 7y, /]
o
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Scheme 1 Palladium-catalyzed cascade cyclization/alkenylation for
the synthesis of trisubstituted isoxazoles.
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this reaction, giving the corresponding trisubstituted isoxa-
zoles in moderate to good yields. Moreover, under the opti-
mized conditions, a wide variety of functional groups such as
ether, nitrile, ketone, aldehyde, ester, and amide groups are
compatible with the reaction conditions. However, the elec-
tron-rich alkene such as vinyl acetate was not amenable to this
protocol. In addition, this protocol also provides a straight-
forward synthetic pathway for the preparation of polycyclic
naphtho[1,2-c] isoxazole (4) through palladium-catalyzed cycli-
zation-alkenylation-Heck cascade process."’

After this, the same group reported two regioselective syn-
thetic routes towards 3,5-disubstituted isoxazoles (7) from
ynones (5) (Scheme 2).>° This synthetic approach shows good
complementariness with the method reported previously for
the synthesis of trisubstituted isoxazoles.'® In their report, one
pathway takes place by the subsequent dehydration conden-
sation and palladium-catalyzed intramolecular cyclization
process (path a). The other pathway involves a cyclocondensa-
tion and subsequent acid mediated dehydration process (path
b). Moreover, the authors also emphasized that the palladium-
catalyzed cyclization approach is more advantageous in the
synthesis of sophisticated 3,5-disubstituted isoxazoles. More
importantly, the newly obtained 3,5-disubstituted isoxazoles
can be easily iodinated, which may show their further exten-
sion and potential application with the current protocol.

Based on the experimental results and previous reports,>*
the authors also proposed the plausible mechanism. As out-
lined in Scheme 3, the coordination of oxime ethers (6) with
Pd(TFA), gives intermediate Int-1. Then, the Pd-catalyzed 5-
endo-dig cyclization process forms the heteroaryl palladium
intermediate Int-2. Subsequently, on nucleophilic attack by
Cl7, intermediate Int-3 would be obtained through the loss of
a methyl group. After this, depalladation-protonation of inter-
mediate Int-3 affords the target products.

N _OMe Pd(TFA), (10 mol%) R2
MeO-NH, | CuCl; (1 equiv), CH3CO,H(2 equiv) N\ /:
path a R! o
o 6 % < DMSO, 2 h, 150 °C R, H
R! ] R?
J_’)\ O _R?
H,S0y4 (2 equiv) N\ /

R2 | H,N-OH o=\ OH Z’
- |
pathb N DMF, 2 h, it
8 R'7 H
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palladium catalyzed cyclization of ynone O-methyl oximes

2Me | /
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Scheme 2 Complementary regioselective
substituted isoxazoles from ynones.
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molecular cyclization.

palladium-catalyzed intra-

Building on our recent developments in palladium-cata-
lyzed coupling of alkynes®* and metal-catalyzed cross-coupling
reaction for the synthesis of heterocycle frameworks,>® our
group also successfully accomplished palladium-catalyzed
cascade cyclization/alkynylation and alkenylation of alkynone
O-methyloximes with terminal alkynes.>* Interestingly, acidic
ionic  liquid  [C,0,mim]Cl  (1-carboxymethyl-3-methyl-
imidazolium chloride) as the additive played an important role
in this chemical transformation. Other well-known halide
additives such as LiCl, LiBr, nBuyNCl, and nBu,NI were totally
ineffective for this approach. For the palladium-catalyzed
cascade cyclization/alkynylation, we optimized the cascade
cyclization/alkynylation reaction as follows: oximes (8,
0.2 mmol), alkynes (9, 1.2 equiv.), and Pd(TFA), (5 mol%) as
the catalyst, 50 mg 4 A MS as the water absorbent, [C,0,mim]
Cl (2 equiv.) as the additive, and DMSO (2 mL) at 80 °C for 8 h.
Both electron-donating (OMe, N(Me),) and electron-withdraw-
ing (CF;, CO,Me) substituents on the phenyl ring of alkynes
were well accommodated, affording the desired alkynylation
products (10) in moderate to good yields (Scheme 4). In
addition, a wide range of diverse aliphatic alkynes were also
compatible with the optimized reaction conditions, giving the
corresponding products in moderate yields.

It is particularly noteworthy that when using HOAc (1.5 mL)
and DMF (0.5 mL) as the co-solvents at 100 °C for 12 h, the
cascade cyclization/alkenylation of oximes (11) could also
couple with terminal alkynes (12) to produce the 4-vinyl substi-
tuted isoxazole derivatives (13) in moderate to good yields with
excellent stereoselectivity (Scheme 5).>* We further comprehen-
sively investigated the substrate scope and limitations of both
terminal alkynes and the oximes. As illustrated in Scheme 5, a
library of aryl/heteroaryl alkynes (12) with various substituent
groups such as alkyl, alkoxyl, halogen, trifluoromethyl, ester,
and even aldehyde groups were all well tolerated under the
current catalytic system. Unfortunately, aliphatic alkynes were
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Scheme 4 Palladium-catalyzed cascade cyclization/alkynylation of
oximes with terminal alkynes.
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Scheme 5 Palladium-catalyzed cascade cyclization/alkenylation of
oximes with terminal alkynes.

not compatible with the optimized conditions. As for the sub-
strate scope of oximes (11), various different functionalities
such as alkyl, cycloalkyl, styrenyl, and heteroaryl were well suit-
able for this transformation. The gram-scale synthesis of this
protocol also demonstrated the efficiency and practicability of
this synthetic strategy.

The plausible mechanism for the palladium-catalyzed
cascade cyclization/alkynylation and alkenylation reaction is
described in Scheme 6. The cascade cyclization/alkynylation
(left pathway) is initiated through t¢rans-oxypalladation of
oximes (8) to give an oxonium intermediate Int-4. Then, inter-
mediate Int-4 undergoes sequential removal of methyl chloride
and alkyne coordination in a weak acidic reaction medium,
generating vinylpalladium species Int-5. Subsequently, a
reductive elimination produces the desired products 10. The
other pathway, vinylpalladium catalytic species Int-6, under-

This journal is © the Partner Organisations 2020
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Scheme 6 Plausible mechanism for palladium-catalyzed cyclization/
alkynylation and alkenylation.

goes alkyne insertion giving vinylpalladium intermediate Int-7.
Next, protonolysis of vinylpalladium species Int-7 with HOAc
as the proton sources affords the corresponding alkenylation
products 13.

Based on the above-mentioned formation of 4-alkynylation
and 4-alkenylation isoxazole derivatives, this cascade cycliza-
tion/functionalization strategy was extended to the synthesis of
functionalized 4-alkynylisoxazoles. Satisfyingly, a highly regio-
selective palladium-catalyzed three-component cascade cycliza-
tion/alkynylation of alkynone O-methyloximes (14), propargyl
p-toluenesulfonate (15), and secondary amines (16) was
efficiently developed in ionic liquids (Scheme 7).>*> A whole
variety of conventional solvents such as DMSO, DMF, toluene,
and DCE were observed; however, all of them were found to be
less effective. Delightfully, the ionic liquid [Bmim]CI (1-butyl-
3-methylimidazolium chloride) was found to be the best
solvent for this transformation. In the presence of 0.5 mol% of
NHC-Pd (17) as the catalyst, [Bmim]Cl (2 mL) as the green
solvent, ligands and additive free conditions, this protocol pro-
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Scheme 7 Palladium-catalyzed three-component cascade cyclization/
alkynylation.
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vided an efficient and eco-friendly way for the assembly of
structurally diverse 4-alkynylisoxazoles (18) in moderate to
good yields. Gratifyingly, a variety of functional groups such as
alkyl, cycloalkyl, halogen, trifluoromethyl, ester, naphthyl,
styryl, and trifluoromethylsulfanyl groups were nicely compati-
ble with the current catalytic system. However, as for the sec-
ondary amines, diphenylamine and cyclohexylamine were not
amenable to this approach, and failed to afford the desired
products.

Mechanistic investigations showed that a Pd(0)/Pd(u) cata-
Iytic pathway is involved in this transformation. Therefore, we
also proposed a plausible mechanism in Scheme 8. Initially,
trans-oxypalladation of alkynone O-methyloximes (14) pro-
duces the vinyl palladium species Int-8. In the meantime, the
alkynylamine intermediate Int-9 was generated in situ from
propargyl p-toluenesulfonate (15) and secondary amines (16).
Subsequently, alkyne intermediate Int-9 coordinates with the
vinyl palladium species Int-8 and forms palladium intermedi-
ate Int-10.>° After this, a reductive elimination gives the target
products 18. Finally, the palladium(0) is additionally oxidized
by air to generate the palladium(u) active catalyst species to
complete this catalytic cycle.

Furthermore, by using a similar cascade -cyclization/
functionalization synthetic tactics, our group developed a pal-
ladium-catalyzed cascade annulation/allylation of alkynone
O-methyloximes (19) with allyl halides (20) for the rapid con-
struction of fully substituted isoxazole derivatives (21)
(Scheme 9).*” Using 3 mol% of Pd(OAc), as the catalyst and 1
equiv. nBuN,Br as the additive in DMF at 80 °C for 5-40 min,
both aromatic and aliphatic alkynone O-methyloximes (19)
with different functional groups were smoothly transformed
into the desired products in good to excellent yields with high
regioselectivities. In addition, in most cases, the yields of the
fully substituted isoxazoles ranged between 93% and 97%.
However, disubstituted allyl bromide or trisubstituted allyl
bromide such as 3-bromobut-1-ene and 3-bromo-3-methylbut-
1-ene was not compatible with the current catalytic system.

/A ¢
N Pd—IPr _OMe
7 & cr NI
NHC-Pd(ll) R
X
14 R2
MeCl
(0] 2
’
=\ N/ Int-8
\ cl
Me—N SN— Pd° b ~
R’ ll?d—N
1Pr “Me
3 =
)—z/ IPr nto R
R == N 4+ OTs
\ Pd— N N
' 18 N LN R H
M
// Int-10 > V + N
HOTs R*R3
N—R*
R3

Scheme 8 Plausible mechanism for palladium-catalyzed cascade cycli-
zation/alkynylation.
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Scheme 9 Palladium-catalyzed cascade annulation/allylation reaction.

Specifically, long linear chain alkenes were perfectly tolerated
under the optimized conditions, delivering the desired pro-
ducts in good yields. Remarkably, a 10 g scale synthesis was
also achieved, which further demonstrated the potential capa-
bilities to assemble high value-added products in synthetic
and pharmaceutical chemistry.

A plausible reaction mechanism for the palladium-cata-
lyzed cascade annulation/allylation reaction was then pro-
posed. Mechanistic studies revealed that this protocol may
involve a well-known “chain-walking” process, in which the
alkylpalladium intermediates undergo rapid p-hydride elimin-
ation and reinsertion to change the position of the palladium
on the alkyl chain, allowing the assembly of molecular com-
plexity.”® As depicted in Scheme 10, heteroaryl palladium
intermediate Int-11 is formed by sequential 5-endo-dig cycliza-

,OMe
§ Pd(OAc);
OAc” Br
x H R MeBr
=N N~
H Y y o
NGAS] R’ —
Pd" R?
AcO Int-13  R2 pq"
“OAc
Int-11
chain-walking
N\,
H
cO H X
Pd” \
Int-12 R2

Scheme 10 Plausible mechanism for palladium-catalyzed annulation/
allylation.
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tion and nucleophilic attack with Br~ as the nucleophile. And
then, alkene migration insertion occurs to afford intermediate
Int-12. Subsequently, intermediate Int-12 undergoes the rapid
p-hydride elimination and reinsertion (namely “chain-
walking”) to afford intermediate Int-13. Finally, p-X elimin-
ation produces the target products and gives Pd(u) active
species.

During these studies, trans-oxypalladation of alkynone
O-methyloximes gives the vinyl palladium species, which can
be captured by a wide range of activated alkenes, such as acry-
laldehyde, olefin ketone, acrylate, and styrene derivatives as
well as allyl halides. However, some unactivated alkenes such
as long-chain enols are still scarcely studied owing in part to
the electron-rich properties of the alkenyl motifs.>® In 2019, in
a further investigation of chain-walking synthetic strategies,
our group discovered a palladium-catalyzed cascade 5-endo
cyclization and alkylation from alkynone O-methyloximes (22)
and long-chain enols (23) for the synthesis of functionalized
B-isoxazole aldehydes/ketones (24) (Scheme 11).*>° The key to
this reaction is the choice of the oxidant and the solvent.
Moreover, the substrate scope of methyloximes (22) and long-
chain enols (23) have also been fully examined in the presence
of the 5 mol% of Pd(OAc),, 1 equiv. chloranil, 1 equiv. KI, and
1 equiv. TBAB under CH;CN conditions, thus furnishing the
desired products 24 in good to excellent yields with high
stereo- and regioselectivities. Additionally, this method dis-
played a wide tolerance for various functional groups on both
the methyloximes and long-chain enols moieties.
Mechanistically, enol migration insertion to heteroaryl palla-
dium species produces the alkyl palladium(u) species Int-14,
which undergoes rapid B-H elimination and reinsertion to
change the position of the palladium on the alkyl chain giving
alkyl palladium intermediate Int-15. Afterwards, successive
additions and elimination of HPdX produce the corresponding
alkylation products 24.

2
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| + R? S R®
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Scheme 11 Palladium-catalyzed cascade cyclization and alkylation
reaction.
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In a subsequent study, 4-sulfenylisoxazole derivatives (27)
were efficiently assembled through a palladium-catalyzed three
component cascade annulation/sulfenylation using readily
available Na,S,0; as an odorless sulfenylation reagent
(Scheme 12).*! In this transformation, one C-O bond and two
C-S bonds were formed in the cascade process. This approach
shows a broad substrate scope and good functional compat-
ibility, including alkoxyl, halogen, trifluoromethyl, and
trifluoromethylsulfanyl groups. However, aliphatic halides
were not compatible with this cascade S-transfer reaction.
Notably, this cascade observation is the first successful case of
the direct sulfenylation of acetylinic oximes (25) using Na,S,0;
as an odorless sulfenylation reagent. More importantly, the
reaction shows excellent chemoselectivity, excellent atom and
step economy, and eco-friendliness, without any additive,
base, and ligand, thus providing a promising application in
synthetic and pharmaceutical chemistry.

Control experiments demonstrated that neither diaryl disul-
fides nor aryl thiols were possible intermediates in this three-
component cascade transformation. In addition, the free
radical pathway was also absolutely ruled out in our catalytic
system. As a result, a plausible mechanism is described in
Scheme 13. Initially, ¢trans-oxypalladation of acetylinic oximes
gives the heteroaryl palladium intermediate Int-16.
Synchronously, aryl halides reacted with Na,S,0; affording
thiosulfate complex Int-17,>> which undergoes ligand exchange
with Int-16 furnishing palladium thiosulfate complex Int-18.
Afterwards, the subsequent release of SO; and reductive elim-
ination generate the target products 27. And above all, the
ionic liquid [Cpmim]Cl (1-cyanopropyl-3-methyl imidazolium
chloride) plays a crucial role in this cascade sulfenylation reac-
tion. It not only acts as a green reaction medium, but also pro-
vides excess CI” to eliminate hydrochloride from acetylinic

~OH
.
.
! + NaS0; + @r NHCH Pd(ll)(o 25 mol%) J@
R! A [Cpmim]Cl, air, 80 °C
25
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Scheme 12 Palladium-catalyzed cascade

reaction.
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Scheme 13 Proposed mechanism for the cascade annulation/sulfeny-
lation reaction.

oximes 25, furnishing the heteroaryl palladium intermediate
Int-16.

Interestingly, this aerobic oxidation cascade annulation
strategy was successfully applied to more sophisticated cata-
Iytic systems. For instance, our group accomplished a palla-
dium-catalyzed aerobic oxidation aminocarbonylation of
O-methyloximes (28) and amines (29) with PEG-400 as an
environmentally benign medium (Scheme 14).>* Particularly,
this novel approach has opened up a new channel for the
quick assembly of diverse synthetically challenging 4-carboxa-
mide isoxazole derivatives (30) with high atom- and step-
economy. It is noteworthy that Pd(Py),Cl, could efficiently cata-
lyze this cascade aminocarbonylation in the absence of phos-
phine ligands or other additional additives. Among a variety of
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Scheme 14 Palladium-catalyzed cascade annulation/aminocarbonyla-
tion reaction.
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solvents, PEG-400 proved to be the suitable solvent for this
chemical transformation. Under the optimized conditions,
both alkynone O-methyloximes and a vast array of primary
amines were well accommodated in the transformation,
affording the corresponding 4-carboxamide isoxazoles in mod-
erate to good yields. However, aromatic amine and secondary
amine were not compatible with the current catalytic system.
Notably, with 1 atm CO as the carbonyl source, O, or air as the
terminal oxidant, ionic liquid as the green additive, and
PEG-400 as the green solvent make this cascade aminocarbo-
nylation green and practical.

Mechanistic studies suggested that a Pd(0)/Pd(u) catalytic
pathway is involved in this aminocarbonylation reaction.
Based on the experimental results, we suggested a plausible
mechanism as shown in Scheme 15. Similarly, migratory inser-
tion of CO into the C-Pd bond of the vinylpalladium inter-
mediate Int-19 gives the acylpalladium species Int-20.
Subsequently, ligand exchange of acylpalladium species Int-20
with primary amines leads to carbamoylpalladium intermedi-
ate Int-21,>* which undergoes a reductive elimination process
to produce the aminocarbonylation products 30.

In recent years, the use of metal nanoparticle catalysts in
cascade coupling reactions has rapidly increased. As empha-
sized in the literature, the dominant metal nanoparticle
employed in this area is the palladium nanoparticle.>® For
example, Vadde and Jonnalagadda and co-workers developed a
one-pot Cu-free nano-Pd catalyzed sequential acyl Sonogashira
coupling-intramolecular cyclization for the synthesis of various
substituted isoxazoles (34) in an environmentally benign
PEG-400/water system (Scheme 16).>® The Pd-NHC catalyst pre-
cursors can be synthesized from Pd(OAc), and NHC ligands
(33) in the presence of DBU in THF. It is worth mentioning
that an in situ generation of catalytic palladium nanoparticles
from Pd-NHC afforded significantly better results than the
direct use of commercially available palladium catalysts such

_OR
N
air Pd(Py),Cls oF |
1
cr R N
PP 28 N
30 (Py)2 R2
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AR o N e
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| Py R3 Int-19
gt O R4 R pPd''CI
Int-21 Py Py
(o] 2 co
. R
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J\ \ Py
R o R* { /
29 R P\d”Cl
Py
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Scheme 15 Proposed mechanism for the cascade annulation/amino-
carbonylation reaction.
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Scheme 16 PdNP-catalyzed regioselective one-pot synthesis of isoxa-
zoles in PEG-400.

as PdCl,, and Pd(OAc),. Notably, recycling experiments showed
that the obtained nano-Pd catalyst could be recycled up to five
times without remarkable loss of catalytic activity. Thus, reco-
verability, environmental benignity, and high catalytic activity
were some added advantages of this novel approach. As for the
plausible reaction mechanism, the oxidative addition of the
acyl chloride (31) to nano-Pd(0) gives a Pd(u) species Int-21.
Then, in the presence of a pyrrolidine base, alkyne (32) coordi-
nation forms Pd-alkyne species.

Despite the undisputable advances that have been made in
palladium-catalyzed cascade annulation/functionalization, the
synthetic methodologies for the preparation of valuable
4-haloisoxazoles have remained relatively rare. In this study,
Larock and co-workers established a metal-free electrophilic
cyclization of alkynyl O-methyl oximes for the assembly of
structurally diverse 4-bromo- and 4-iodoisoxazole derivatives
with Br, and ICl as the electrophiles.® In 2016,
Thongsornkleeb and co-workers disclosed a metal-free chlori-
native cyclization of alkynyl O-methyl oximes (35) for the syn-
thesis of 4-chloroisoxazoles in moderate to excellent yields
(Scheme 17).>” With the combination of NCS
(N-chlorosuccinimide)/TMSCI (chlorotrimethylsilane) as the
coupling system, the procedure was compatible with both elec-
tron-deficient and electron-rich alkynyl O-methyl oximes as
coupling partners in CH3;NO, at room temperature. From
the mechanistic point of view, chlorine (Cl,) and hydro-
chloric acid (HCl) were generated in situ and were confirmed
as the possible intermediates in this protocol. Notably,
4-bromo- and 4-iodoisoxazoles were also investigated using
N-bromosuccinimide (NBS) and N-iodosuccinimide (NIS) as
the halogenation reagents, respectively.

Gratifyingly, our group also exploited a palladium-catalyzed
synthetic strategy for the preparation of various valuable 4-bro-
moisoxazoles derivatives (38) from readily available O-methyl
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Scheme 17 The direct synthesis of 4-haloisoxazoles by the NXS/TMSCL
catalytic system.
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Scheme 18 Palladium-catalyzed cascade cyclization/bromination.

oximes (37) in basic ionic liquids (Scheme 18).*® It was found
that Pd(TFA), (5 mol%) can efficiently catalyze this bromina-
tion reaction in the presence of CuBr, (2 equiv.) as the bromi-
nated reagent, Na,S,0g (2 equiv.) as the oxidant, and ionic
liquid [Cpmim]Cl as the solvent at 100 °C in open air, furnish-
ing a vast array of 4-bromoisoxazoles in good to excellent
yields with high atom efficiency. Moreover, several different
solvents were examined and the results showed that the use of
various conventional solvents such as DMF, DMSO, toluene,
1,4-dioxane, and NMP significantly decreased the yields.
Presumably, the Pd(u)/Pd(wv) catalytic cycle may be involved in
this cascade cyclization/bromination process. Similar to the
previous reports, the heteroaryl palladium(u) catalytic species
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Scheme 19 Palladium-catalyzed direct C—H arylation of isoxazoles.

Int-25 can be oxidized into the palladium(iv) active species Int-
26 in the presence of 2 equiv. Na,S,0g in this approach.

In 2015, based on their program on sustainable C-H acti-
vation, the Takenaka and Sasai group developed a palladium-
catalyzed direct C-H arylation of isoxazoles (39) for the prepa-
ration of a library of 5-arylisoxazoles (41) in good yields with
high regioselectivity (Scheme 19).>° In the presence of 5 mol%
of PdCl,(MeCN),, 10 mol% of 1,2-bis(diphenylphosphino)
benzene (DPPBz) and 2 equiv. of AgF in N,N-dimethyl-
acetamide (DMA) at 100 °C for 24 h, both electron-donating
(Me, MeO) and electron-withdrawing (CF;, COMe, CO,Me, CN)
substituents on the phenyl ring of aryl and heteroaryl iodides
were amenable for this transformation. Further screening of
the reaction conditions revealed that both DPPBz as the ligand
and AgF as the additive were indispensable for this chemical
transformation. Moreover, this protocol also displayed a wide
tolerance for various functional groups on the isoxazole
moiety, such as alkyl, cycloalkyl, aryl, vinyl, and hydrogen
atom, and good yields of the corresponding products were
obtained. Additionally, the intermolecular competition KIE
experiments (kuy/kp = 3.4) indicated that the C-H activation
was involved in the rate-limiting step.

In the proposed mechanism (Scheme 20), oxidative
addition of the aryl iodides 40 with the Pd(0) complex forms
aryl palladium intermediates Int-27. Then, anion exchange of
the resulting Int-27 species with AgF affords the fluoride-palla-
dium intermediates Int-28. Afterwards, C-H bond activation of
produces palladium complex Int-29.
Subsequently, the reductive elimination delivers the target
5-arylisoxazole products. More importantly, the Pd-I inter-
mediate Int-27 was also successfully synthesized and applied
in this coupling reaction.

Recently, Jurberg and co-workers developed a palladium-
catalyzed cross-coupling strategy for the synthesis of 3,5-di-
substituted isoxazoles using 5-(pseudo)halogenated isoxazoles
as the platform molecule (Scheme 21).*° With triflate substi-
tuted isoxazoles (42) as the optimal substrate, the well-known
Sonogashira and Suzuki cross-coupling can be easily achieved,
thus generating the corresponding alkynylation products (44)
and arylation (46) products in moderate to good yields.

isoxazoles 39
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Scheme 21 Palladium-catalyzed coupling of 5-(pseudo)halogenated
isoxazoles.

3 Gold catalysts

In 2010, Miyata and co-workers reported a gold-catalyzed
domino reaction of alkynyl oxime ethers (47) to access syn-
thetically challenging trisubstituted isoxazoles (Scheme 22).*'
In the presence of 5 mol% of AuCl; as the catalyst and DCE as
the solvent under reflux conditions for 2 h, oxime ethers (47)
underwent a subsequent 5-endo cyclization and an allyl
oxonium Claisen type [3.3]-c rearrangement delivering the
corresponding products 48 in moderate yields. In addition, a
variety of functional groups such as furyl, trifluoromethyl,
ester, allyl, hydroxyl, and silyloxymethyl (OTBS) were compati-
ble with this protocol. Moreover, the newly developed reaction
can be further applied for the straightforward synthesis of
fused isoxazole heterocycles.

A plausible mechanism of this domino reaction was then
proposed, as shown in Scheme 23. Similar to the palladium-
catalyzed reaction pathway, nucleophilic addition of alkynyl
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Scheme 23 Plausible catalytic cycle for gold-catalyzed domino
reaction.

oxime ethers (47) gives the heteroaryl gold catalytic species Int-
30. Subsequently, intermediate Int-30 undergoes the Claisen-
type [3.3]-c rearrangement process, affording gold intermedi-
ate Int-32. Finally, further aromatization of gold intermediate
Int-32 generates 4-allylisoxazoles and liberates the catalytic
gold species.

In the same year, Perumal and co-workers developed an
AuCl;-catalyzed cycloisomerization of o,fB-acetylenic oximes
(49) (Scheme 24).*> Using 1 mol% AuCl; as the catalyst, with
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Scheme 24 Gold-catalyzed
oximes.

cycloisomerization of a,p-acetylenic
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