Published on 22 June 2020. Downloaded on 1/24/2026 11:13:13 AM.

ORGANIC CHEMISTRY CCS MR #® Roval socieTy
EE2Y SOCIETY PN OF CHEMISTRY

FRONTIERS

View Article Online

REVIEW

View Journal | View Issue

Recent advances in metal catalyzed or mediated
o cyclization/functionalization of alkynes to

Cite this: Org. Chem. Front., 2020, 7, .

2325 construct isoxazoles

’ '.) Check for updates ’

Jianxiao Li, @ * Zidong Lin, Wanqing Wu® and Huanfeng Jiang@*

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-
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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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selected examples

o
12CH3 N Ph
\
PH =
95% COZ‘Bu 72% HO 72% Ph 81%  COCH, 43%  OFEt

(o)
- Ph
N
\ /)
90% NMe, N o )
0%
\ / OAc
)
N—O
{ P~pn
coli——Sondardcondiion. ., standard condition O‘
By —————————
T 58%
4 Co,Bu

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
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Scheme 2 Complementary regioselective
substituted isoxazoles from ynones.
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Scheme 3 Plausible mechanism for palladium-catalyzed intra-
molecular cyclization.

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®
RO n KI (3 equiv), TBAB (1 equiv) i
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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

SEs £\>~;LSM
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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

N OMe RS o
9 .
| + co + NH Pd(Py)2Cl2 (3 mol%) N \ H .
2 > \ N R
R N balloon Ré 29  [CPmImICI (2 equiv), PEG-400 I \(
28 60 °C, Air
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NS \ N._Ph N\/\
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Ph fraceqy 75%
0
K Ph
N
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HaC NHBn
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gram-scale transformation Ph
_OMe . 14
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| 4+ co + HNeh [Cpmim]CI (2 equiv) N\ NHBn
2!
PN balloon PEG-400 (10 mL), 4A MS (500mg) ~ Ph |
5 mmol 60°C, 18h 67%, 1.186g

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
R2
AR o N e
A L N
NS
| Py R3 Int-19
gt O R4 R pPd''CI
Int-21 Py Py
(o] 2 co
. R
NH; N / balloon
J\ \ Py
R o R* { /
29 R P\d”Cl
Py

Int-20

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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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

_OH
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Scheme 24 Gold-catalyzed
oximes.
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no ligands or additives, in CH,Cl, at 30 °C for 30 min under a
N, atmosphere, a broad range of functional groups such as
OMe, F, OH, CN, and SiMe; were all well tolerated, and
afforded the corresponding 3-substituted, 5-substituted or 3,5-
disubstituted isoxazole products 50 in good to excellent yields.
Control experiments revealed that no reaction was observed in
the absence of gold catalysts. Moreover, other gold catalysts
such as AuBr;, AuCl, and Me;PAuCl/AgBF, were also screened,
and negative results were observed.

Three years later, the Wong and Che group investigated the
cyclometallated gold-catalyzed cycloisomerization of alkynyl
oximes for the synthesis of isoxazoles (Scheme 25).**
Obviously, six-membered ring cyclometallated gold complexes
(52e-52h) show a higher catalytic activity than five-membered
ring cyclometallated gold complexes (52a-52d) for the for-
mation of 3,5-diphenylisoxazole. In the presence of 1 mol%
52e as the catalyst and 2 mol% AgOTf as the additive in
MeOH/CH,Cl, (1:1) at room temperature for 2 h, the scope
and limitations of the alkynyl oximes were then comprehen-
sively investigated.

In 2014, Ryu and co-workers developed a gold-catalyzed
cascade cyclization-oxidative alkynylation and cyclization—-
fluorination of alkynyl O-methyl oximes (54) (Scheme 26).**
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Scheme 25 The cyclometallated gold-catalyzed cycloisomerization of
alkynyl oxime.
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Further screening of the reaction conditions revealed that both
(PPh;3)AuNTf, and K;PO, were indispensable for this protocol.
The authors also explained that the role of K;PO, is to abstract
the acetylenic proton of the terminal alkyne and produce a
gold-acetylide species. Using a combination of 10 mol% of
(PPh3)AuNTf,, 2 equiv. of K3PO,, 2.5 equiv. of Selectfluor as
the catalytic system, the electron-withdrawing alkynes (55)
proceed smoothly at room temperature, thus generating two
coupling products in relatively lower yields. However, alkynes
bearing electron-donating groups on the phenyl ring were not
amenable for this cascade heterocyclization reaction.
Unfortunately, this approach can only deliver two
regioisomers.

Subsequently, the same group also reported gold-catalyzed
cascade cyclization/fluorination of alkynyl O-methyl oximes
(58) (Scheme 27).*> Thus, the authors found that the combi-
nation of 5 mol% of (IPr)AuCl, 5 mol% of AgOTs, 2.5 equiv. of
Selectfluor, and 2 equiv. of NaHCO; in CH3;CN at room temp-
erature proved to be optimal for the cyclization/fluorination
process. Moreover, the optimization conditions revealed that
gold(i) complexes bearing bulky biphenyl-based phosphine
ligands were not effective for this transformation. As for the
other  alternative  fluorinating  reagents such as
N-fluorobenzenesulfonimide (NFSI) or N-fluoropyridinium
tetrafluoroborate (NFPY-BF,), they failed to deliver the desired
products. It is rather remarkable that NaHCOj; as the base had
a highly significant impact on the outcome of this reaction.
Alkynyl O-methyl oximes bearing a wide range of functional
groups, such as nitro, trifluoromethyl, methoxy and halides,
reacted with Selectfluor smoothly to produce the 4-fluoroisoxa-
zole products 59 in good to excellent yields (even 100% yields).

Several control experiments were carried out to gain
mechanistic insights into the details of this process. For
instance, in their NMR experiment, the authors observed the
generation of CH;OTs, which revealed that the anion OTs™ can
act as a demethylating reagent in this cascade procedure.
Significantly, the isoxazolyl-gold complex Int-35 was further
synthesized and characterized by X-ray crystallography ana-
lysis, which may provide direct evidence for this type of cata-
Iytic cycle. Based on the above observations and the previous
studies,*® a plausible reaction mechanism was subsequently

el o o 0. 2 0 2
(IPr)AuCl (5 mol%), AgOTs (5 mol%) N N R
Selectfluor (2.5 equiv) / 5 \ /)

R
J'\ )\ Z
R! N N
58 N g2 NaHCOj; (2 equiv), CH5CN, rt R's9 F R! 60 H

representative examples
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Ph 980, F 9% -7 79%
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Scheme 27 Gold-catalyzed cascade cyclization/fluorination reaction.
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Scheme 28 Plausible mechanism for the gold-catalyzed cascade cycli-
zation/fluorination reaction.

postulated in Scheme 28. With Au(i) as the catalyst, the initial
cyclization of O-methyl oximes 58 leads to the vinyl Au()
complex Int-33, which undergoes demethylation with the aid
of the anion OTs™ forming the Au(i) complex Int-34.
Subsequently, oxidation by Selectfluor generates the cationic
Au(m) intermediate Int-35 bearing both isoxazole and fluoride
groups. Finally, a reductive elimination produces the desired
4-fluoroisoxazoles 59 and the active Au(i) catalytic species.

But so far, limited strategies have been achieved towards
the alkoxyboration of the alkynes."” As their extension studies,
in 2016, Blum and co-workers disclosed a gold-catalyzed or
uncatalyzed cascade oxyboration reaction of alkynyl oximes
(61) for the synthesis of 4-borylated isoxazoles (64)
(Scheme 29).** This cascade reaction is an operationally
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Scheme 29 Oxyboration of alkynyl oximes for the synthesis of 4-bory-
lated isoxazoles.
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simple one-pot, three-step procedure, including boric esterifi-
cation, oxyboration, and further functional transformation,
delivering a wide range of 4-borylated isoxazoles in excellent
yields (ranging from 85% to 98%). More importantly, both the
metal-catalyzed and the uncatalyzed oxyboration pathways are
tolerated with some sensitive functional groups such as furyl,
bromo, nitro, and ester groups, which are not compatible with
the previous borylation strategies. Notably, this cascade pro-
cedure begins with alkynyl oximes 61, which can easily convert
into the corresponding boric ester intermediate 62 using cate-
cholborane reagent (HBcat). Then, with the metal-catalyzed
and the uncatalyzed oxyboration conditions, two pathways
afford the borylated isoxazoles 63. However, compared with
the metal-catalyzed process, the catalyst-free conditions
required higher temperatures and longer reaction times
(almost 1-21 days).

4 Iron catalysts

In recent years, iron-catalyzed or mediated chemical trans-
formations have emerged as a powerful tool for generating
new carbon-carbon and carbon-heteroatom bonds and,
hence, have become the most attractive research area in both
contemporary organic synthesis and industrial processes.*’

In 2010, Campagne and co-workers developed the one-pot
synthesis of substituted isoxazoles (68) from the propargylic
alcohols (66) (Scheme 30).°° Et;N as the base may play an
important role in yielding different heteroaromatic motifs with
high regioselectivity. With 2.5 mol% FeCl; as the catalyst, the
disubstituted isoxazoles were obtained in moderate to good
yields. Both aliphatic alkynes and aromatic alkynes were per-
fectly accommodated under the optimized reaction conditions.
From a mechanistic point of view, propargylic hydroxylamines
Int-36 in situ generated from propargylic alcohols with
N-sulfonyl-protected hydroxyl amines (67) were believed to be
the key intermediate in this chemical transformation.

In 2013, Zeni and co-workers demonstrated an elegant iron-

mediated intramolecular  cyclization of  alkynone
OH O R
PhO,S. _OH (1) FeCls (2.5 mol%) N
Ar X + N _—
66 N, 67 H (2) EtsN (3 equiv), CH,Cl,
R reflux, 2 h Ar 68
representative examples
\ /
N:O/ Bu N:O/ \ / 9%
56%
PH 93% pn 87% PH 84%
possible mechanism
OH
Ar PhO,S. _OH ol
66 N 1 FeCl N N e =
+ R 3 base | \
Al
PNO:S. | LOH TN a AT A’ eg
& N Int-36 nt37 R

Scheme 30 Iron-catalyzed protocol for the one-pot synthesis of
isoxazoles.
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Scheme 31 FeClz-mediated intramolecular cyclization of alkynone
O-methyloximes.

O-methyloximes (69) with diorganyl diselenides (70) for the
assembly of a library of 4-organoselenylisoxazoles (71)
(Scheme 31).>" This selenylation approach smoothly proceeded
in the presence of 1.5 equiv. of FeCl; in CH,Cl, at room temp-
erature for 5 min, providing the desired 4-organoselenylisoxa-
zoles in moderate yields with high regioselectivity. Diaryl dise-
lenides bearing either electron-donating groups such as
methyl, or electron-withdrawing groups, such as trifluoro-
methyl, on the phenyl ring were well accommodated.
Significantly, dialkyl diselenides such as dibutyl diselenides
were also compatible with the developed conditions. Notably,
the newly obtained 4-organoselenylisoxazoles can react with
nbutyllithium, followed by trapping with several electrophiles,
to afford the functionalized isoxazoles in moderate to good
yields. In addition, the notable features of this method include
short reaction time, wide substrate scope, and the ability to
carry out the reaction under room temperature conditions
without the need for additives. However, the equivalent dosage
of FeCl; catalyst may be the limitation of this protocol.

Based on the obtained mechanistic studies and the pre-
vious literature reports, a plausible mechanism for the FeCl;-
mediated intramolecular cyclization reaction was proposed, as
demonstrated in Scheme 32. Firstly, when FeCl; and diorganyl
diselenide (R®Se), were allowed to react in CH,Cl, at room

R3SeSeR3 + FeCl; — > R%SeFeCl, + R3SeCl

70 M Int-38 Int-39
e
R3SeCl CI I"  MeCl
N'®
_ Aﬁ
patha ) )J
_OMe 3 R! SeR®
N R se nt _40 Int41 WO -R?
R! N T Me Me \ /
69 N R2 Rl 71 geR3
R3SeFeCIZ 3 \ /
path b
R! Fe\—SeR3 CI' MeCl
Cl
/ 3 Cl +
|nt—42 ol SeR Int-43 FeCly

Scheme 32 Plausible mechanism for the FeCls-mediated intra-
molecular cyclization reaction.
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temperature, reactive species R’SeFeCl, (Int-38) and R’SeCl
(Int-39) were obtained. For path a, electrophilic addition of
alkynes with R®SeCl forms the selenonium intermediate Int-
40, which can undergo sequential anti-nucleophilic attack and
the elimination of methyl chloride giving the desired products
71. Alternatively, the coordination of the iron species
R3SeFeCl, with the carbon-carbon triple bond of the alkynes
forms the iron complex Int-42. Similarly, the anti-nucleophilic
attack of the oxygen atom affords the isoxazolyliron species
Int-43, which undergoes a reductive elimination procedure to
produce the target products 4-selenylisoxazoles.

Notably, 2H-azirines as the structurally flexible organic syn-
thons have been used for the preparation of polyfunctionalized
heterocycles such as isoxazoles or oxazoles under transition
metal-catalyzed or photochemical conditions.>® In this
context, Zhao and Du and co-workers have extended the above-
mentioned strategies to the iron-catalyzed ring expansion of
2H-azirine from enaminones (72) to access isoxazoles (73) in a
one-pot manner (Scheme 33).>® Using FeCl, as an inexpensive,
nontoxic, and efficient catalyst, a wide range of functional
groups such as methoxyl, nitro, and benzyl were well tolerated
under this catalytic system, giving the desired products 73 in
satisfactory yields. Furthermore, the observations of
control experiments suggested that 2H-azirine Int-44 may be
the possible intermediate in this chemical transformation.
Then, the coordination of FeCl, with the nitrogen atom of
intermediate Int-44 gives the iron-azirine complex Int-45.
Finally, the sequential 6n-electron electrocyclization and deme-
tallization of intermediate Int-46 generate the trisubstituted
isoxazoles.

In addition, the Xu group reported an iron-mediated
cascade cyclization approach for the synthesis of diverse isoxa-
zoles from alkynes with iron nitrate as the nitration reagent
(Scheme 34).>* Further optimization of the reaction conditions
showed that the kinds of additives were indispensable for this
type of transformation. With KI as the additive, the self-coup-
ling of alkynes can smoothly proceed in the presence of 1.5
equiv. Fe(NO;);-9H,0 in THF at 60 °C for 16 h under a nitro-
gen atmosphere, generating the corresponding products 75 in
moderate yields with high regioselectivity.

O NHyz (1) PIDA, Na,COs3, 1,4-dioxane, N O R!
P> ) reflux \ /
(2) FeCly (50 mol%), reflux, N

R1
R® 72 Ry73 R®

representative examples
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N
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o IFd®
® Fell 1
PIDA NS Fe?* s [ ]@N ) R e
72 —> Rt RR—> R! R2—> \ —Fe”, 73
Int-44 R3 Int-45 R3 Int-46 R, R3

Scheme 33 Iron-catalyzed ring expansion of 2H-azirine from
enaminones.
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Scheme 34 Iron-mediated self-coupling of alkynes.
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Scheme 35 Iron-mediated cross-coupling of terminal alkynes with
electron-deficient alkynes.

Particularly interesting is the fact that when KI and #-BuCN
were selected as the additives, the cross-coupling of terminal
alkynes (76) with electron-deficient alkynes (77) were also per-
fectly accommodated under the similar reaction conditions
(Scheme 35).>* The substrate scopes and limitations of both
terminal alkynes and electron-deficient alkynes were then
comprehensively evaluated. Remarkably, propiolamide and
alkynyl sulfonate were also tolerated well, albeit giving the
corresponding isoxazole derivatives 78 in lower yields.

5 Copper catalysts

Owing to its Earth-abundance, low cost, and relative insensitiv-
ity to water and air, the metal copper can be applied as a
tunable and multifunctional catalyst for the preparation of
value-added organic molecules in a more eco-friendly and
economic manner.’® In this regard, Maiti and Chanda and co-
workers developed a Cu-catalyzed microwave assisted 1,3-
dipolar cycloaddition reaction of readily available aromatic
aldehydes (79) with various alkynes (81) in water for the prepa-
ration of structurally diverse 3,5-disubstituted isoxazoles (82)
(Scheme 36).%° This new approach provides a rapid and highly
effective synthetic strategy for constructing polyfunctionalized
isoxazoles with good functional group tolerance. And, a wide
array of functional groups such as halide, nitro, ester, hydroxyl,
and trimethylsilyl groups were perfectly accommodated for
this transformation, affording the corresponding products in
good to excellent yields.
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Scheme 36 Cu-Catalyzed microwave assisted 1,3-dipolar cycloaddition
reaction.

Additionally, transition-metal-catalyzed cross-coupling reac-
tions involving diazo compounds also gained much attention
in recent years. In 2018, a novel and atom-economical [3 + 2]
cycloaddition reaction of p-keto esters (83) with nitrile oxides
(Int-49) (generated in situ from copper carbene (Int-47) and
tert-butyl nitrite ((BuONO)), delivering fully substituted isoxa-
zoles (85) with high regio- and stereoselectivity, was success-
fully described by Wan and Bao and co-workers (Scheme 37).%”
Gratifyingly, the authors found that the addition of Mg(OTf),
(10 mol%) as the additive was crucial for achieving high yields.
Further screening of the reaction conditions revealed that 2.5
equiv. of DABCO as the base was indispensable for this chemi-
cal transformation. The substrate scope was then evaluated,
and both the p-keto esters and diazo compounds showed a
wide substrate applicability under the optimized conditions.
Detailed mechanistic investigations revealed that copper cata-
lyst can accelerate the transfer of the diazo compounds to
form nitrile oxide Int-49 intermediates in this reaction.

o o =
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Scheme 37 Copper-catalyzed three-component cascade [3 + 2] cyclo-
addition reaction.
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Scheme 38 Copper-catalyzed three-component [3 + 2] cycloaddition
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PMP

In 2019, Zhao and Yuan and co-workers disclosed an attrac-
tive and elegant copper-catalyzed three-component [3 + 2]
cycloaddition reaction of alkynes (86), tert-butyl nitrite, and
diazo compounds (87) for the preparation of synthetically ver-
satile isoxazole derivatives (88) (Scheme 38).>® It was found
that 10 mol% Cu(OAc), can efficiently catalyze this three-com-
ponent cascade cycloaddition reaction in the presence of
1 equiv. DABCO as the base in toluene at 130 °C for 6-10 h. A
wide range of functional groups, such as halogen, pyridyl,
thienyl, ester, cycloalkyl, and carbonyl groups, were tolerated
well under the current catalytic system, affording the corres-
ponding products 88 in moderate yields. Moreover, electron-
rich alkyne substrates such as ethynyltrimethylsilane was also
compatible with this protocol. Mechanistically, similar to the
previous findings, nitrile oxides generated in situ from copper
carbene and diazo compounds were the key intermediate for
this chemical transformation.

Copper nitrate was envisioned as an effective nitration
reagent and catalyst to assemble more elaborated hetero-
cyclic structural motifs. Based on their previous research,>”
the Xu group disclosed a copper-mediated regioselective
cascade annulation approach from two different alkynes for
the formation of pharmacologically interesting polysubsti-
tuted isoxazoles (91) (Scheme 39).°° Other types of nitrogen
sources such as Fe(NO;);, Co(NOs),, KNO;z, and tBuONO
were also evaluated; however, no positive results were
obtained. Thus, copper nitrate as the nitrogen source was
essential for the success of this chemical transformation.
Moreover, PhCN as the ideal solvent had a profound effect
on the efficiency of this synthetic strategy. This cascade
annulation approach can be performed in the presence of 2
equiv. of Cu(NOj3), in PhCN at 60 °C for 2.5 h under N,
atmospheric conditions, furnishing the corresponding poly-
substituted isoxazoles 91 in moderate to good yields with
excellent regioselectivities. Importantly, dimeric isoxazole
products could also be achieved from dipropargyl amine.
Notably, the newly obtained isoxazoles can be conveniently
converted into the muscarinic antagonist 92 and the major
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Scheme 39 Copper-mediated cascade annulation approach from two
different alkynes.

depressive disorder reagent 93 by the simple synthetic trans-
formation,®" showing potential applications in pharma-
ceutical chemistry.

6 Other metal catalysts
6.1 Silver catalysts

Silver has been widely utilized for the straightforward and
rapid assembly of structurally diverse functionalized hetero-
cyclic scaffolds. In this research area, Miyata and co-workers
explored a silver-catalyzed cyclization of alkynyl oxime ethers
(94) for the construction of various functionalized di-
substituted isoxazoles (95) (Scheme 40).°> Further investi-
gations demonstrated that PhOH as the proton source is essen-
tial for the protonation process. Other types of proton sources
such as MeOH and AcOH were shown to be particularly less
effective for this transformation. Under the optimized reaction
conditions, both aromatic and aliphatic alkynyl oxime ethers
were effective substrates in this catalytic reaction, thus, giving
the corresponding disubstituted isoxazoles products in syn-
thetically useful yields with high levels of positional selectivity.
Interestingly, this approach provided a facile and environmen-
tally benign way to access the biologically active isoxazolecar-
boxylic acid 96, which can be used as the Mycobacterium tuber-
culosis phosphatase PtpB inhibitor.®

Based on the preliminary mechanistic studies, a plausible
mechanism was then postulated in Scheme 41. Firstly, the
silver-catalyzed 5-endo-dig cyclization gives an oxonium silver
intermediate Int-52, followed by sequential protonation and
the aromatization process generating the desired disubstituted
isoxazoles.
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Scheme 40 Silver-catalyzed cyclization of alkynyl oxime ethers.

6.2 Aluminium catalysts

Recently, Yang and co-workers described an elegant and practi-
cal AlCl;-mediated cascade cyclization/sulfenylation of alky-
none O-methyloximes (97) with an electrophilic source for the
synthesis of 4-sulfenyl isoxazoles (100) (Scheme 42).°* In the
presence of 1 equiv. AICl; in MeNO, at 60 °C for 3-7 h, a whole
variety of functional groups of both alkynone O-methyloximes
and N-arylsulfanylsuccinimides (98) such as alkyl, alkoxyl,
halo, ester, nitro, trimethylsilyl, and thienyl were well toler-
ated, delivering the corresponding products in good yields.
Moreover, this protocol can be performed in a gram scale
despite a slight decrease in the reaction efficiency.
Additionally, the substrate scope of the dialkyl disulfides (99)
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Scheme 41 Plausible mechanism for silver-catalyzed cyclization.
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Scheme 42 AlCls-mediated cascade cyclization/sulfenylation.

was then evaluated under similar conditions, albeit with a
slight decrease in the yields.

Detailed mechanistic studies indicated that the sulfenium
cation Int-54 was the key active species in this cascade process.
Based on the obtained results, a plausible mechanism of this
cascade cyclization/sulfenylation is described in Scheme 43.
Initially, the activation of N-arylsulfanylsuccinimides (98) with
AICl; forms Int-54. After this, the electrophile attack of alkynes
gives the sulfonium cation Int-55. Subsequently, intra-
molecular nucleophilic cyclization of the oxygen atom affords
intermediate Int-57, which can undergo demethylation in the
presence of CI” to furnish the desired 4-sulfenyl isoxazoles
100.

6.3 Ruthenium catalysts

In 2014, Fokin and co-workers developed a ruthenium-cata-
lyzed cycloaddition reaction of haloalkynes (102) with nitrile
oxides for the assembly of 4-haloisoxazoles (103) with high
atom- and step-economy (Scheme 44).°> Generally, alkynyl
nitrile oxides Int-58 can be generated in situ in the presence of
DIPEA (diisopropylethylamine) as the base at ambient temp-
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I\Ille Ccr o)
O _R? CO 2 N
N No+ Sy~ R \
W/ ~— [y & <—- =
R! SR® 1 3 RT + ; -
100 MeCl R SR aInt-56
Scheme 43 Plausible mechanism for AlClz-mediated cascade cycliza-

tion/sulfenylation.
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Scheme 44 Ruthenium-catalyzed cycloaddition reaction of haloalk-
ynes with nitrile oxides.

erature. Subsequent studies indicated that [CpRuCl(cod)] was
identified as the most active catalyst for this transformation.
Under the optimized conditions, the substrate scope and limit-
ations of haloalkynes were then investigated. Satisfactorily,
various structurally diverse haloalkynes such as propiolic
amides, esters, ketones, and phosphonates were good candi-
dates, and produced the expected products in moderate to
good yields with high regioselectivities. Interestingly, 1-choro-,
1-bromo-, and 1-iodoalkynes also performed well under the
optimized conditions. Notably, the obtained 4-haloisoxazoles
can be further derivatized by palladium-catalyzed cross-coup-
ling reactions.®*®”

6.4 Platinum catalysts

In 2013, Ferreira and co-workers developed a highly efficient
platinum-catalyzed  cyclization  of  both  propargylic
N-hydroxylamines (104) and propargylic amino ethers (105) to
furnish regioisomeric isoxazoles (106 and 107) (Scheme 45).°®
Additional investigations of the monodentate phosphorus
ligands revealed that the P(OPh); was essential for this chemi-
cal transformation, while other ligands such as PCy;, PPh;,
and P(nBu); did not improve the yields. Moreover, an array of
acid additives were also evaluated, and trifluoroacetic acid
(TFA) was found to be the optimal acid for this transformation.
This robust platinum-catalyzed system displayed excellent reac-
tivity, and a wide range of sensitive functional groups, such as
vinyl, silyloxymethyl, sulfinyl, and sulfoxide groups, were well
tolerated under the current catalytic system. Notably, this
methodology could be further applied to rapidly access medic-
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Scheme 45 Platinum-catalyzed cyclizations for the synthesis of regioi-
someric isoxazoles.

inal active molecules.®® Detailed mechanistic studies indicated
that the platinum carbene intermediate Int-59 is involved in
this chemical transformation.

6.5 Scandium catalysts

In 2017, Patel and co-workers described a scandium-catalyzed
domino process of terminal aryl alkenes and alkynes with tert-
butyl nitrite for the straightforward preparation of functiona-
lized isoxazolines (110) and isoxazole (111) derivatives
(Scheme 46).”° By using 5 mol% of Sc(OTf); as the catalyst and

RIT ST 50(0TH), (5 mol)
L2 quinoline (0.5 equiv)
+ DCE, 80°C, 5h

H,0 (moisture)
tBUONO

scope of isoxazolines o

54% Ph 72%

scope of isoxazoles

Ph  43%

Scheme 46 Scandium-catalyzed cascade cyclization of alkenes and
alkynes with tert-butyl nitrite.
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0.5 equiv. of quinoline as the base, together with DCE (1,2-
dichloroethane) as the solvent, the unactivated olefins were
allowed to react with tert-butyl nitrite, producing the isoxazo-
line products 110 in moderate yields. Additionally, this proto-
col showed excellent substrate scope and functional group
compatibility on the aromatic ring moiety, including halogen,
nitro, and carboxylic acid ester groups. However, the substrate
scope and limitations of the aliphatic olefins were not investi-
gated under the optimized conditions. Gratifyingly, under the
same reaction conditions, a wide variety of alkynes can be suc-
cessfully coupled with tert-butyl nitrite, albeit providing the
corresponding isoxazole derivatives 111 in lower yields. A
plausible mechanism involving the NO" radical from the tert-
butyl nitrite was then proposed based on the observations of
control experiments.

6.6 Rhodium catalysts

Recently, Nakamura and co-workers discovered a rhodium(i)-
catalyzed carboxylate-directed C-H functionalization of isoxa-
zoles (112) with alkynes (113) (Scheme 47).”" In the presence
of 5 mol% of [Cp*RhCl,], as the catalyst and 1 equiv. of
Ag,CO; as the oxidant in DMF at 100 °C for 2 h in open air,
this new protocol provided a facile and efficient synthetic
pathway for preparing functionalized pyranoisoxazolones (114)
in good to excellent yields with high regioselectivities and
exceptional functional group tolerance. Specifically, both sym-
metrical and unsymmetrical aliphatic internal alkynes were
perfectly accommodated, furnishing the desired products in
good yields. In addition, this approach showed high levels of
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Scheme 47 Rhodium(in)-catalyzed carboxylate-directed C—H functio-
nalizations of isoxazoles with alkynes.
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oxidant dependency. When the oxidant Ag,CO; was replaced
by Cu(OAc),-H,O under the similar reaction conditions, the
carboxylate-direct isoxazoles were allowed to react with various
alkyl and aryl alkynes to obtain the corresponding isoquino-
line derivatives (115) in moderate yields. Further investigation
showed that the hydroarylation process of isoxazolyl-4-car-
boxylic acids with alkynes could also proceed efficiently in the
presence of [Cp*Rh(CH3;CN);][SbFg], (2.5 mol%) as the catalyst,
AdCO,H (1 equiv.) as the additive, and K,CO; (0.3 equiv.) as
the base, affording the corresponding products 116 in good
yields. However, symmetrical aliphatic internal alkynes were
not compatible with the current catalytic system.

6.7 Indium catalysts

Very recently, the Li, Wu, and Hu group successfully accom-
plished a novel indium-catalyzed 1,3,4-trifunctionalization
cascade of 1,3-enynes (117) with sodium sulfinates (118) and
t-BuONO (TBN) for the synthesis of diversiform 5-sulfonylisox-
azoles (119) (Scheme 48).”? Initially, a variety of metal catalysts
such as InCl;, In(OAc);, In(OTf);, CuBr,, and FeCl; were exam-
ined, which were shown to be less effective than InBr; in this
transformation. When the reaction was performed under an
O, atmosphere, however, no desired product was detected.
Thus, the authors optimized the reaction as follows: InBr;
(10 mol%), MeCN (2 mL) at 60 °C under an argon atmosphere
for 8 h. It is noteworthy that a wide range of 1,3-enynes includ-
ing terminal and substituted internal 1,3-enynes were compati-
ble with the optimized conditions. A variety of functional
groups such as alkyl, halogen, trifluoromethyl, methoxyl,
nitro, ester, and heterocyclic groups were well tolerated, and
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Scheme 48 Indium-catalyzed 1,3,4-trifunctionalization cascade of 1,3-
enynes for the synthesis of 5-sulfonylisoxazoles.
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delivered the desired products in moderate to good yields with
excellent regioselectivities. Control experiments indicated that
this synthetic method might undergo a free radical pathway.
Based on the current experimental results and the previous
reports,”® a tentative reaction mechanism is then proposed.
Free radical reaction of sodium sulfinate 118 with BuONO
forms a sulfonyl radical (Int-61), a NO radical and ¢#BuONa.
And then, radical addition of the sulfonyl radical with 1,3-
enynes affords two resonant radical intermediates: alkyl
radical Int-62 and allenyl radical Int-63.”* Subsequently, the
radical cross coupling of allenyl radical Int-63 with the NO
radical generates the allenyl intermediate Int-64, which under-
goes successive isomerization and intramolecular nucleophilic
cyclization to produce the desired products 119 in the presence
of InBr;. The authors also demonstrated that InBr; plays an
important role in this cascade pathway. It not only acts as a
Lewis acid to activate the sulfonyl radical but also facilitates
the nucleophilic cyclization process.

6.8 Iron and palladium co-catalysts

Bimetallic cooperative catalyzed couplings were also identified
as one of the most powerful and fascinating catalytic systems
for the synthesis of heteroaromatic scaffolds in the chemical
and pharmaceutical industries.”> In this context, the
Campagne and Vrancken group demonstrated a Fe/Pd-co-cata-
lyzed cascade one-pot, four-step cyclization of propargylic alco-
hols (120) for the assembly of functionalized trisubstituted iso-
xazoles (122) (Scheme 49).”° A range of aryl iodides (121) were
allowed to react with propargylic hydroxylamines Int-65 in the
presence of Fe/Pd cooperative catalysis conditions, and
afforded the desired products in acceptable yields with high
regioselective. However, a minor drawback in this synthetic
strategy is the requirement of more synthetic steps for this
process. A plausible mechanism was then proposed based on
the obtained results and the previous literature precedents.
Initially, an iron-catalyzed propargylic substitution by

(1) CbzNHOH (1.1 equiv)
FeCls (5 mol%), 60 °C, 2 h
oH (2) Pd,(dba)s (10 mol%), bpy (20 mol%) LO_R!
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Scheme 49 Iron and palladium-co-catalyzed cascade cyclization of
trisubstituted isoxazoles.
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N-protected hydroxylamine forms intermediate Int-65. After
this, nucleopalladation of the aryl palladium complex gener-
ated in situ from aryl iodides gives vinylpalladium intermediate
Int-66. Subsequently, a reductive elimination process affords
the trisubstituted isoxazoline Int-67. Finally, the subsequent
hydrogenation deprotection and oxidative aromatization
furnish the target products 122.

7. Summary

Isoxazoles and their derivatives have been identified as impor-
tant and synthetically useful aromatic heterocycles. In particu-
lar, polysubstituted isoxazole architectures display significant
biological and pharmaceutical activities. As a consequence,
extensive studies have been established to developing novel
and efficient synthetic methodologies for the assembly of
structurally diverse isoxazole scaffolds in the past years.
Generally, there are four representative synthetic strategies
typically applied for the preparation of these heterocyclic
frameworks, including [3 + 2] cycloaddition reactions of
alkynes with nitrile oxides, transition metal-catalyzed C-H
functionalization of isoxazoles, condensation reactions from
B-dicarbonyls with hydroxylamine, and metal-free and metal-
catalyzed cycloisomerizations. Among these elegant transform-
ations, transition-metal-catalyzed  cascade  cyclization/
functionalization of alkynes has emerged as flourishing and
fascinating research fields for the straightforward synthesis of
various high value-added functionalized isoxazoles in a step-
and atom-economical manner. In particular, a variety of
alkynes including alkynone oxime ethers, acetylinic oximes,
propargylic amino ethers, alkynyl nitrile oxides, and pro-
pargylic alcohols have been investigated for these cascade
cyclization/functionalization process. And a wide array of
metal catalysts, such as palladium, copper, iron, gold, silver,
and other metals have been typically employed in recent years.
It is worth mentioning that palladium catalysts occupy a privi-
leged position mainly due to their remarkable versatility and
high catalytic activity. Some of the described approaches in
this review manifested that the developed metal catalyzed or
mediated cascade cyclization reaction could provide rapid and
straightforward approaches for the preparation of structurally
flexible pharmaceuticals and biologically active isoxazole mole-
cules by further structural modification and synthetic trans-
formations. Undoubtedly, metal catalyzed or mediated cycliza-
tion/functionalization of alkynes represents the most straight-
forward and efficient synthetic methodologies for the rapid
and precise construction of these important frameworks.
Despite the significant achievements, there remain some
challenges and problems that need to be overcome. More
importantly, metal-free synthetic methodologies also present
an important and alternative development trend in this field
in the recent five years.”” More environmentally friendly syn-
thetic methodologies, such as photocatalytic synthesis, electro-
chemical synthesis, and enzymatic synthesis would be fasci-
nating research fields in the future. In light of the ever-increas-
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ing importance of complicated isoxazole skeletons in pharma-
ceutical agents, preclinical candidates, and material aspects,
the development of green and efficient alternatives to the con-
struction of these special heterocyclic architectures in an eco-
friendly manner will become an important and promising
research area. This review will provide a new perspective for
the synthesis of functionalized isoxazoles and can be further
applied by a large number of synthetic and pharmaceutical
chemists. We also believe that the exploration of metal cata-
lyzed or mediated synthesis of isoxazoles from alkynes will
continue to be flourishing and captivating.
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