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ABSTRACT ARTICLE HISTORY
1,3-Oxazole, is a distinctive five-membered nitrogen and oxygen con- Received 13 March 2021
taining heterocyclic compound. The versatility of this heterocyclic
ring system makes it as an important class of heterocyclic com-
pounds. Consequently, the compounds or derivatives containing 1,3-
oxazole scaffold are reported to possess wide variety of applications
in medicinal, pharmaceutical, agrochemical, and material sciences. In
recent years several potent molecules containingl1,3-oxazole as a
core sub-unit of the structural frame, have been reported, leading to
the significant increase in number of research articles published to
explore its broad utility and versatility. Further, it has caught the
attention of chemists globally to develop new methodologies for the
synthesis of novel promising substituted 1,3-oxazole derivatives as
building blocks. However, to date, there is no specific review on 1,3-
oxazole and it's derivatives with special emphasis on it's synthetic
methodology strategies and applications. We have collected total of
30 research articles published in peer-reviewed international journals
in last 4 years with special emphasis on metal dependent synthetic
methodology of 1,3-oxazole derivatives. Hence, this review is our sin-
cere effort to comprehensively represent the systematic interpret-
ation of literature describing the metal based catalytic strategies for
1,3-oxazole derivatives. We expect that our review will certainly
benefit organic chemists to recognize the challenges in the methods,
assist them in the selection of reactants and developing new 1,3-
oxazole analogues using various metal catalyst.
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Introduction

A heterocyclic compound or ring structure is a cyclic compound that has atoms of at
least two different elements as members of its ring(s). Heterocyclic compounds are per-
vasive in many areas of life sciences and drug discovery. The history of heterocyclic
chemistry became very well-known in the early 1800s followed by the sudden outburst
in the invention of heterocyclic compounds rose due to the necessity by the end of
World War IL" The heterocyclic compounds, in general, exist as a five or six member
ring containing hetero atoms such as nitrogen(N), oxygen (O) or sulfur (S). They play a
vital role in the biochemical processes in all living cells and occur naturally as well as
synthesized by the pharmaceutical companies.”?! Heterocyclic compounds contributes as
one of the leading researches in the field of organic chemistry. Majority of the medi-
cinal drugs in the current market contains heterocyclic compounds due to their broad
applications.”! 1,3-Oxazole belongs to one of the simple five member heterocyclic
system containing N and O separated by single C (see Fig. 1). The Oxazole derived
molecule was first reported by Ladenburg in 1876!*! through the synthesis of 2-methyl-
benzoxazole which later was classified under the name “Oxazole” by Hantzsch in
1887.151 Nonetheless, Cornforth and Cornforth in 1947 were the first to synthesize the

oxazole molecule.”) In fact, the oxazole research was progressive only after the

Kondrateva’s discovery of oxazole to function as dienes in Diels-Alder reactions.!”’
The 1,3-oxazole derivatives acquires a special interest in the oxazole chemistry not until
the late 1980s when they were primarily being isolated from naturally occurring marine
organisms.”®) They were subjected to extensive biological and synthetic studies due to
their wide range of potent biological activities.*) Some of the examples of naturally
occurring 1,3-oxazole derivatives include Halfordinol, Annuloline, Balsoxin, Texaline,
Texamine, Pimprinine, and so on.”) Both the natural and synthetic 1,3-oxazole deriva-
tives were found to possess a wide range of biological activities such as antipatho-
genic,'”! anti-inflammatory,""! anti-microbial,"*! anti-bacterial and anti-tuberculosis
properties,m] anti-mitotic agents with pro-apoptotic activity,[14] ,11°]
analgestic/anti-thrombotic/anti-cholesteremic activities, *%!
against several cell lines,!"®
ples of currently available 1,3-oxazole moiety containing drugs like Aleglitazar,
Oxaprozin,'*'*) Sulfamoxole,?®! Ditazole!"*™! are enlisted in Table 1.

The 1,3-oxazole also possesses a wide range of unique applications through its occur-
rence in naturally available peptides and polymers. The naturally occurring 1,3-oxazole
containing peptides are mostly derived from marine source through ribosomal and
non-ribosomal pathways.!®) They play a vital role in peptide chain stability thereby

anti-depressant," ~'anti-
picomolar inhibitory activity

I and anti-tumour activities.!®®'”! (refer Fig. 2). Some exam-
[18]

Ry, R; & R; = different substituents

Figure 1. Core structure of 1,3-oxazolescaffold.
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Figure 2. Array of medicinally important biological activities of 1,3-oxazole derivatives.

enabling protein-peptide recognition and DNA/RNA-peptide interactions.'®™ Some

examples of naturally occurring oxazole containing cyclic peptides include telomesta-
tin, 2! phorboxazoles,m] diazonamide,'** etc. (refer Table 1).

Aromatic and heterocyclic rings in the polymers were initially introduced in 1960s to
satisfy the requirements of aerospace industries.**! It offers a conjugated rigid structure
which in turn enhances the thermal stability of the polymers to provide good resistance
in harsh environments. The —CF; substituted oxazole containing polymers viz. poly(aryl
ether oxazole)”! were also explored to enhance the overall properties of the polymer
viz. low dielectric constant, high optical clarity, and low water absorption thereby pro-
viding unique applicability to electronic and membrane (gas separation membrane)
technologies[26] (refer Table 1).

The significance of oxazole derivatives as a lead structure in various agrochemicals
exhibiting herbicidal, fungicidal and insecticidal activities were also reported in crop
production chemistry.'*”!

This review provides the synthetic overview for the successful metal catalytic synthesis
of 1,3-oxazole derivatives. We have also tried to address the reaction pathways for each
synthetic strategy and also discussed the synthesis based on the different starting materi-
als to get the desired 1,3-oxazole derivatives in high yield.
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Table 1. Important and promising applications of 1,3-oxazole derivatives in peptide, polymer, agro-
chemical and pharmaceutical industries.

1,3-Oxazole
containing
molecules Structure Uses Ref.
Telomestatin Peptides 21
Phorboxazoles Peptides 221
Phorboxazoles Br_
A: R;-OH, Ry-H
Phorboxazoles
B: R;-H, R,-OH
Poly(ether polymers [25,26b]
oxazole)
Oxazosulfyl < Insecticides 271
F /o //S//O
F ,/Sl N -
o N
T~
Metamifop (o) Herbicides 271
m—QN o]/lLN
|
OJ\OO |
Polyamide Polymers (281
HN NHCOArC
OUN
i n
Aleglitazar , HO Antidiabetic (el
< % O ~o
=N
07/\/\0 S
Ditazole O oH Anti-inflammatory (bl
(o] /—/
| />—N
N
O OH
Sulfamoxole o, H Antibacterial 1201
A
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Table 2. Catalytic (metal dependent) reactions (reported during 2017-2020) with the overall yeilds
of 1,3-oxazole.

Sr. no. Metalbased catalyst used Reaction pathways Overall yield Ref.
1 Copper (Il) e Domino cyclization 9-100% 291
e  Radical coupling
e  Oxidative cyclization
e Intra - molecular cyclization
e Inter — molecular cyclization
e  Oxidative dehydrogenative annulation
e  Oxidative coupling
2 Palladium e  Oxidative cyclization 10-88% (28,301
e  Coupling reaction
3 Gold e  Oxidative cyclization 2-92% (31
4 Ruthenium e  Oxidative cyclization 13-96% 52
e  Coupling cyclization
5 Silver e Cycloaddition 33-91% [20,33]
e  Oxidative cyclization
6 Manganese e  Reductive annulation 42-93% (341
7 Zinc e  Oxidative addition cyclization 26-98% (351
8 Aluminum e Oxidative cyclization 41-83% (36l
9 Iridium e  Oxidative cyclization 50-99% 371
10 Scandium e  Oxidative cyclization 17-88% (s8]

Synthesis of 1,3-oxazole derivatives

This portion mainly focuses on the synthesis of 1,3-oxazole derivatives under
approaches based on the use of catalyst in the synthetic reactions.

Metal-dependent synthesis of 1,3-oxazole derivatives

This section involves the metal catalyzed synthesis of 1,3-oxazoles molecule which are
further sub-categorized by different starting materials that are used. We have also repre-
sented the overall yield based on the different reaction conditions performed (Table 2)
as well as the details of all the reviewed schemes given preceding to conclusion section
(see Table 3).

Acetophenone

Deng et al. in 2019 have reported the synthetic method utilizing copper-mediated cou-
pling cyclization of oxime 1, aryl-thiol 2, and trifluoroacetic anhydride 3 into 1,3-oxa-
zole via oxidative annulation reaction.!?*
Cu(I) to 4a gave oxime 4b which on sequential acylation and isomerization led to 4c
which transform into alkyl Cu(IIl) intermediate 4d on coordination with Cu(I) and 3b.
The reductive elimination of Cu(I) followed by isomerization produced 4f. Intermediate
4i was obtained by Oxidation-radiacal isomerization-cyclization reaction sequence,
which on further oxidation delivers final product 4. The authors enhanced catalyst
Cu(OTf), that could be able to transform a variety of oximes into structurally varied
1,3-oxazole in good to excellent yield. Thus, developed method was found to be harmo-
nious with substituted thiophenols having a range of electron-donating and withdrawing
groups. There action pathway study indicates radical formation involved in the N-O
bond breaking and C-N bond forming via one electron transfer (SET) by Cu(I).
Further, the intermediate enamine 4f was produced by exclusion and isomerization of

Here single electron transfer (SET) from
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Table 3. Review of the metal dependent reactions detailing scheme number, catalyst used, yield
and year of publication for the synthesis of 1,3-oxazole derivatives.

Scheme no. Catalyst Yield Publication year Ref.

1 Cu(OTf), 22-92% 2019 Deng et al.!**?

2 CuBr, 26-75% 2017 Xu et al.l2@

3 Mn(OAc)3.2H,0 42-93% 2017 Li et a4

4 [RuCl,(p-cymene)l, 13-96% 2019 Liu et al.B2

5 Pd 10-78% 2017 Zhang et al.”®

6 (phen)Cu(ll)(CFs); 36-78% 2020 Dong et al.%*

7 InCl; 15-94% 2020 Nan et al.*!

8 IPrAuCl 21-76% 2020 Wang et al.“"

9 Cp,ZrHCl 26-98% 2017 Zheng et al.>”!

10 Al(OTf); 41-83% 2018 Hsieh et al.>®!

1 AgOTf 37-91% 2019 Kukushkin et al.B'?
12 Pd (Il) 55-82% 2019 Zhang et al.2%d
13 IrCI(CO)(PPhs), 50-99% 2018 Hu et al.l*”!

14 AgMOF 33-83% 2019 Liu et al.*®

15 Cul 55-95% 2018 Qi et al.l?%

16 L10-Ni(ll)-(OAC).H,0 58-96% 2017 Wang et al.*?

17 MCM-41-PPh;-AuNTf, 52-92% 2017 Yang et al.>'¥

18 Pd 25-81% 2020 Dai et al.*¥

19 Pd(OAC), 25-88% 2017 Mali et al.*%!

20 Yb(OT); 38-69% 2017 Sahoo et al.*

21 [Cp*Co(MeCN)5(SbFe),] 29-77% 2018 Yu et al.”!

22 Sc(OTh)3 17-80% 2018 Niuet al.2®!

23 CuCN 32-75% 2018 Fan et al.l®

24 PhsPAuCl 22-85% 2019 An et al.B'd

25 Pd(PPhs),Cl, 35-92% 2019 Keivanloo et al.2%!
26 TMSN3 24-97% 2020 Yoneyama et al.*"!
27 cu*t 43-100% 2017 Dutta et al.l*®

28 Cu(0Ad), 10-82% 2019 Cai et al.®d

29 CuBr 9-80% 2018 Pan et al.2!

30 Cu(OAc), 55-87% 2018 Nagaraju et al.2%!

intermediate 4d which gets deprotonate after intra-molecular cyclization to produce the
desiredl,3-oxazole 4. The main drawback of this synthetic strategy is that the ortho sub-
stituted oximes were relatively not underwent cyclization reaction due to steric hin-
drance (Scheme 1).12°¢!

Xu et al. in 2017 have reported the synthesis of substituted 1,3-oxzoles by reacting
acetophenones and coordinated cyanide anions in a copper (II) catalyzed radical cou-
pling reaction.'”*¥ The authors report that the best results were obtained when the reac-
tion conditions involve copper bromide (CuBr,) as oxidant and Kj[Fe(III)(CN)4] as a
reagent after meticulously analyzing the reaction conditions. The authors also noticed
that the substituents on acetophenone were the important factor owing to their elec-
tronic properties as different of reactants capably produced the desired final products.
The complete mechanistic observations revealed the radical formation involved in the
formation of C-O bond via 3-oxo-3-phenylpropanenitrile 7b intermediate by corre-
sponding acetophenone 5, which on elimination reaction yields the desired1,3-oxazole
(7). Nevertheless, this pathway may not work efficiently and the product did not formed
in the presence of radical scavengers (Scheme 2).120d1

Amide
Li and his coworkers in 2017 reported inexpensive and user-friendly Mn-catalyzed
method for the synthesis of 1,3-oxazole using 2-amidodihydrofurans as starting
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Ry= H, 4-t-BU, 4-OCHy, 4-F, 4-CI, 4-Br, 2-CH3, 2-CoHs, 2-F, 2-Br, 3-CHa, 4-CHy
Reaction Mechanism -
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R R " R 3 1
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1 4a 4b 4c
cu' 3p
N -H NH S N
X AN _N O« —
S o $7 YY" L RTWY
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Cu
49 4f 4de 4d
( O'\rCF3 Fsﬁ\ o FsC
| (0]
N o "N N

R: Ry R,—S R,—S R,
4h 4i 4
NIS S
RZ/SH Ry
3 3b

Scheme 1. copper-mediated coupling synthesis of varied 1,3-oxazole derivatives by acetophe-
none oxime.[*<

materials.**! Interestingly it was observed that the reaction of 2-amidodihydrofurans
resulted in highest quantity of respective 1,3-oxazoles. The method seems extended to
better-yielding aromatic and hetero-aromatic inamides. Suggested pathway involved a
y-dicarbonyl enamide 9a formed through C-O bond breaking of furan 8 in basic condi-
tion, followed by Mn-catalyzed reduction of enamine 9a converted to peroxy radical 9¢c
by Mn™? acetate. Single electron transfer from Mn(II) to peroxy radical 9¢c gave peroxy
anion 9d followed by protonation deliver intermediate 9e which was transformed into
allene 9f by elimination of peroxide. Lastly, on the reaction of allene 9f with peroxide
anion 9d intermediate gave oxazole ring 9g as final product. However, the synthesis of
substituted 1,3-oxazoles without catalyst resulted in 24% vyield of the product
(Scheme 3).3%
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oM\
(6] N
X
RS + Ks{Fe(CN)g] —frtee . R
L DMF,130°C = CN
5 6 7
26-75%

R - Ph,4-CH3Ph,4-OMePh,3-OMePh,4-COOCHj, 4-FPh,4-BrPh,3-CIPh,3-NO,Ph,2-NO,Ph,
2-CIPh,2-FPh,2"*-DifloroPh,2Br*FPh,3-DichloroPh, 2 *-DichloroPh,25-DifloroPh.

Reaction Mechanism -

O
N CuBr, o CN] cN_Oa/Cu” 0,/Cu?*
R_: @)‘y
5 7a

N—Cu

0/\ pet

C2+

Scheme 2. copper-medlated synthe5|s of substituted 1,3-oxazole by acetophenone.[zgdx]

The metal-catalyzed intra-molecular C-O cyclization of enamides is an established
method for the synthesis of substituted 1,3-oxazole derivatives. It has been demon-
strated that through this methodology 2,5-disubstituted and 2,4,5-trisubstituted oxazoles
can be synthesized in moderate to excellent yield (Scheme 4). In this work, Liu et al. in
2019 determined that treatment catalytic amount of [RuCl,(p-cymene)], and oxidant
Cu(OAc),. H,O formed an activated complex with AgSbFs to mediate this transform-
ation.”” The researchers performed several reactions for synthesizing various 2,5-disub-
stituted 1,3-oxazoles and revealed that the substrate with electron donating substituents
at ortho and para position of 11a furnished higher yields than those electron withdraw-
ing substituents. On the contrary the substrate with electron withdrawing substituents
at meta position of 11a furnished better yields than those electron donating substitu-
ents. Moreover, researches obtained good to excellent yield of 2,4,5-trisubstituted-1,3-
oxazoles from different ester-substituted substrates. In the proposed pathway silver salt
activates and generated a cationic ruthenium complex 1lc. The metalation of amide
afforded six membered metallacycle 11d and 1le and transformed to oxazole 11f by
copper acetate. It has reported that the addition KPF, as an additive decreased the cata-
Iytic efficacy.*?!

Zhang and his colleagues in 2017developed a novel and convenient method for con-
struction of fully substituted oxazoles via Pd-catalyzed oxidative cyclization of N-acyl
enamides and aryl iodides.”® It was reported that Pd(OAc), and Ag,CO; in TFE
(CF5CH,0H) furnished the highest yield of the oxazole. The author proposed pathway
that involved the initial alkenyl C-H activation by palladium acetate to give intermedi-
ate 14a, that reacted with aryl iodide and give intermediate 14b via oxidative addition
reaction. The catalytic pathway is completed by the generation of intermediate 14c
through reductive elimination and oxidized to give corresponding oxazole by silver
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Scheme 3. Manganese catalyzed Synthesis of substituted 1,3-oxazole using amide.*¥

catalyst. The electron donating and electron withdrawing substituents on the aryl
iodides were transformed to the corresponding products with good yields. They also
observed that this transformation is also sensitive to the steric bulk around the aryl-iod-
ide ring. The enamide derivatives have not showed much effect on reaction and
smoothly afforded desired oxazole (Scheme 5).128]

Dong et al. in 2020 reported copper catalyzed synthesis of 2,2,2-Trifluoroethyl Oxazoles
with wide substrate scope, high efficiency and with broad functional group tolerance. A
probable mechanism involves the initial radical trifluoromethylation of propargyl amide 16a
to generate vinyl radical intermediate 16b (Scheme 6). The subsequent cyclization of 16b
produces an iminium type radical intermediate 17a. The presence of TEMPO promotes the
hydrogen atom abstraction from 17atogive oxazoline 17cwhich can isomerize to more stable
oxazole 17d provided that a hydrogen atom exists at the propargyl position.*”’

Nan et al. in 2020 reported Indium catalyzed one pot method to construct oxazole
derivatives. Firstly, Indium chloride catalyst activated the triple bond of 19a by for-
mingl9c via 19b by the loss of HCI, followed by region specific ring fusion within the
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Scheme 4. Ruthenium catalyzed Synthesis of substituted 1,3-oxazole using amide.®?!

molecule 19¢ to give the precursor 20a. In situ, HCI hydrolysis of 20a, gives oxazoline
as an intermediate M1. Meanwhile, Indium chloride coordinates with the carbonyl
group of p-quinonemethides by forming an electron deficient precursor 20b, later 1,6-
addition of 20b and M1 through 20c produced 20d by the loss of H". In situ produced
HCI, hydrolyzes 20d producing end product 20e after regenerating the catalyst Indium
chloride (Scheme 7).14!

Wang et al. in 2020 reported the synthesis of poly-substituted oxazole derivative via
regio-specific Au-based catalyst to react a-alkynyl amides and alkynoates with nitriles.
The protonation of 21 results in the formation of the precursor 2la. Later, x-oxo
Au-carbene intermediate 21b was formed by the reaction of gold and N-oxide. Then
the precursor 21b is reacting with nitrile to give compound 21c. The nucleophilicity of
amide decreases in the presence of acid in which ketone was reacting with the nitrile
results in derivative 22a. Henceforth, the final compound 22 is formed by losing H"
(Scheme 8).14!
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Scheme 5. Palladium catalyzed Synthesis of 1,3-oxazole derivatives using amide.””®

Isonitrile

Zheng and colleagues in 2017 developed the synthesis of oxazole derivatives by particu-
lar reaction of isocyanoacetate and sec/tert-amides by Schwartz reagent (Cp,ZrHCI).!*”
Zinc chloride and Schwartz reagent with triethylamine (TEA) at RT were necessary for
the optimized conditions. High yield with the exception of tert-butyl substituted prod-
ucts, were obtained from tert-amides bearing alkyl groups where lower yields were
found due to steric hindrance. While significant yields of benzyl/phenyl-substituted oxa-
zoles were obtained. The proposed pathway suggested the base optimized formation of
iminium ion 23b/23z using Cp,ZrHCI reduced tert/sec-amide 23/23x, converted to oxa-
zole 25a by reaction of carbanion/enolate 23. Interestingly, no Lewis acid was required,
while triethylamine was crucial for cleaving the amide-Cp,ZrHCI 23a (Scheme 9).13%]

Nitrile

Hsieh et al. in 2018 developed a novel single-step tandem [3 4 2] type annulation of
2,2-difluoroethanol with nitriles to optimized 2,4,5-trisubstituted oxazoles using alumi-
num based reagent under acidic conditions.*®! Oxazole formed when the primary start-
ing material 26 created complex 26a with Lewis acid that became BF;-epoxide 26b and
then stable state 26c. Nucleophilic attack of nitrile 27a on 26¢ subsequently formed
26d, leading to 1,3-oxazole 28 via the formation of oxazoline 28a during intramolecular
cyclization, followed by optimization by losing HF. Additionally, the formation of
carbonyl-BF; complex 26y by 1,2-fluoride shift of 26a, which reacts with nitrile to allow
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Scheme 6. Copper catalyzed synthesis of  2,2,2-trifluoroethyl oxazoles via alkyne
oxytrifluoromethylation.%!

tandem cyclization reaction leads to oxazole. Many of the types of 2,2-difluoroethanol
substitutes, like, CHj, n-Bu, phenyl-ethynyl, 2-furyl and sterically hindered 1-naphthyl
at R; with phenyl R, were tested, and the results indicated that they all produced mod-
erate to good oxazoles. If R, is hydrogen, the corresponding oxazoles have formed with
various substitution. The researcher further revealed a methodology drawback that
nitrogen-based heteroaromatic group at R; and saturated alkyl chain was not consistent
with acidic conditions (Scheme 10).1%!

Alkynes, esters (or ketones), cyano and pyridine N-oxide as substrates achieved
alternative access to 1,3-Oxazoles derivative via gold(I)-catalyzed [2+42 + 1] cyclo-
addition. Kukushkin et al. in 2019 reported that the reaction is progressed by the
use of IprAuCl/AgOTf catalyst in acetonitrile at 80 °C produced the desired 1,3-oxa-
zole.*'*) Various nitriles reacted with alkynes produced oxazole to very high yield.
The mechanism is based on control experiments indicated the formation of gold car-
bene intermediate 29c¢ from nucleophilic oxygenation of intermediate 29a which
reacted with nitrile 29d converts to cyclised 1,3-oxazole 31 and catalyst was regener-
ated. The push-pull nitriles gave cyclic product with highest 37% yield
(Scheme 11).131
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Scheme 8. Gold catalyzed synthesis of polysubstituted oxazoles.

Zhang et al. in 2019 have assembled 2,4,5-trisubstituted oxazoles through intermo-
lecular annulation reaction of O-acyl cyanohydrins with heteroarene by Pd-catalyst.**c!
The formal cyclization proceeds via direct addition of electronic-rich C-H of
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Scheme 9. Zirconium catalyzed synthesis of 5-methoxy-1,3-oxazole using isonitrile.
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Scheme 10. Aluminum catalyzed synthesis of2,4,5-trisubstituted oxazoles using nitrile.3®

heteroarene to nitriles on heating under neutral redox conditions. Both, ligand and pal-
ladium Pd (II) catalyst played an important role in this transformation. The reaction
plausibly proceeds via palladation at a heteroarene [(bpy)Pd(TFA),] 32x to give a palla-
dium complex 32a followed by coordination of cyano group of O-acyl cyanohydrin bear-
ing o-hydrogen 33 and complex 32a provides intermediate 32b, which undergoes an
addition of a hetero arene group to a cyano group to generate the ketimine Pd(II) com-
plex 32c. Finally, intramolecular cyclization of ketimine-Pd(II)complex 32¢ gives inter-
mediate 34a, which converted into product by protonolysis, elimination, aromatization
and regenerate the Pd(II) species 32x (Scheme 12). It was important to note that oxazoles
with hetero-aromatic substituents could be easily synthesized using standard reaction
condition.**

Hu and coworkers in 2018 developed an efficient chemo-selective one-pot approach
for the construction of multi-substituted oxazoles.’”! This methodology involved
Iridium-catalyzed reductive addition of isocyano-acetates to enamine intermediate of
tertiary lactams and tertiary amides to produce 2-(N-heterocycl-2-yl)-5-methoxyoxazoles
or amino 5-methoxyoxazoles. Both electron-withdrawing and electron-donating groups
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Scheme 11. Gold catalyzed synthesis of 1,3-oxazoles using nitrile.®'a’

on phenyl ring of isocyano-acetates were well tolerated and afforded the corresponding
oxazoles in moderate to excellent yield. The proposed pathway for this reaction, showed
in (Scheme 13). The reaction initiated by the base optimized generation of iso-cyanoace-
tate enolate 36b, that reacted with the enamine intermediate 36e of lactam/tert-amide
and converted to substituted1,3-oxazole 37 via nitrilium intermediate. It was noteworthy
that the desired oxazole was obtained in excellent yield from fert-amides bearing bulky
N,N-dibenzyl group.”*”!

Liu et al. in 2019 established an efficient and precise protocol aimed at regio specific
reactions of 2,5-disubstituted oxazoles by [3 + 2] cycloaddition reaction among isocya-
nides and acyl chlorides using silver-based MOF catalysts. During the optimization,
researcher observed that maximum yield of 2,5-disubstituted oxazoles were produced
with AgMOFs and dioxane/DMSO as solvent.**) This observation indicated that the
selection of solvent is crucial in achieving desired product. The use of silver acetate was
key role in oxazoles annulation reaction with excellent yield. Notably, [3 4 2] cycloadd-
ition had attractive features like substrate selection and tolerance for distinct functional
groups. The plausible pathway was hypnotized by control experiment which indicate
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the nitrilium-intermediate 40b formation with silver. The intra-molecular 1,3-H shift of
40b, would produce 40c that transformed to oxazole 40 after intramolecular nucleo-
philic addition/deprotonation sequence followed in path-A and B (Scheme 14).1**

The synthesis of a number of highly substituted butenolides and oxazoles has been
achieved by Qi and coworker’s in 2018 through copper-catalyzed [2+ 3] cyclization
reaction between o-hydroxyl ketones and aryl-acetonitriles.”*” The product was
dependent on the structure of the o-hydroxy ketones used. Tertiary a-hydroxy ketones
gave 3,4,5,5-tetrasubstituted butenolides as the single products, while secondary
o-hydroxy ketones selectively furnished 2,4,5-trisubstituted oxazoles. These reactions
were applied to the synthesis of various aryl substituted «-hydroxyl ketones and alkyl
aryl substituted nitriles substrates, but reaction could not generate desired product with
unsubstituted o-hydroxyl ketone. The proposed pathway involved the formation of oxy
anion 41d, imine intermediate 41c that undergoes Knoevenagel condensation to give
cyclized intermediates 43a, followed by subsequent dehydration to afford oxazole forma-
tion 43b (Scheme 15).[2%

Wang et al. in 2017 developed a straight forward and efficient strategy for the con-
struction of pharmaceutically active oxazole substituted tetrahydroiso-quinolines.'*?! In
this reported methodology they performed Ugi reaction of CN-cyclic azo-methine
imines 45 and iso-nitriles 44 to yield desired asymmetric product 46 with 96% of enan-
tio-selectivity in presence of Nickel-catalyst and acetonitrile as solvent. The scope of this
protocol tolerated a wide range of phenyl-substituted iso-nitriles with both electron-
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Scheme 13. Iridium catalyzed synthesis of 1,3-oxazoles using nitrile.*”!

donating and electron-withdrawing groups delivered corresponding oxazole in high
yield. The reaction pathway investigation revealed the formation of bidentate coordin-
ation of Ni' and iso-nitrile complex 45b, which is attacked by azo-methine imine to
form the oxazole 46a as final product (Scheme 16). The nickel can be replaced by other
metals. Further, It was observed that the tert-butyl ester substituted with iso-nitriles has
failed to produce corresponding oxazoles with alkyl iso-nitriles."*

Yang and coworkers in 2017 successfully implemented heterogeneous gold-catalyzed
for the synthesis of 2,5-disubstituted oxazoles via [2+2 + 1] cyclization of terminal
alkynes, nitriles, and oxygen atoms of 8-methylquinoline N-oxide.*’¥ This method suc-
cessfully derived a wide range of aromatic, hetero-aromatic and aliphatic 2,5-disubsti-
tuted oxazoles with good to excellent yield. Most importantly the MCM-41-immobilized
phosphine-gold(I) complex catalyst was easily recovered by filtration and reused around
eight time with consistent yield of desired product. The authors observed a constraint
in this protocol when they used an electron withdrawing substituted phenyl-acetylenes
derivative as the substrate with poor reactivity. The proposed pathway involved the
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Scheme 14. Silver catalyzed synthesis of 1,3-oxazoles using nitrile.3!

formation of MCI-41-phosphine-Gold alkyne complex 47x, followed by oxygen inser-
tion and generation of carbene intermediate 50b via addition-elimination. The nucleo-
philic attack of nitrile 48 on 50b affords, intermediate 50c. The last step involved the
regeneration of MCI-41-phosphine-metal complex and intra-molecular cyclization pro-
moted the formation of desired oxazoles, 50 (Scheme 17).3'4

L. Dai et al. in 2020 reported a palladium-catalyzed tandem reaction of cyanomethyl
benzoates with arylboronic acids. The mechanism proceeds with the important steps viz
51x Reaction of palladium catalyst and Ar-boronic acid to give palladium-aryl complex
51y nitrile and palladium coordinates with each other to give precursor 51b. 51z palla-
dation of ester-nitrile forms complex of imine-palladium 51c. 51w Precursor 51c¢ proto-
nates due addition of acid and converts to imine 51d (compound 51d tautomerizes to
compound 51e i.e., interconversion of imine to enamine) and palladium catalyst was
regenerated. Cyanomethylbenzoates substituted at position-2was the vital step in the
formation of oxazoles of interest. Intermediate 53a specifically converted to 2,4-diary-
loxazoles from starting material 51a (Scheme 18).143]

Ethyne

J. Mali and coworkers in 2017 reported the palladium (II) catalyzed cyclization of acid
chlorides in the presence of propargyl-amine provides an attractive way for one pot syn-
thesis synthesize of 2-oxazolines and 2-oxazoles.**! It has been reported that the use of
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Scheme 15. Copper catalyzed synthesis of 1,3-oxazoles using nitrile.?%"

triethylamine and acetic acid, as an additive was effective in selective oxazole and oxazo-
line synthesis. In the absence of acid, this reaction delivered oxazole in poor yield that
revealed the exclusive oxazole formation required significant amount acidic medium.
At the same time authors have shown the importance of reaction timing for the select-
ive synthesis of oxazole. Moreover, the electron donating or electron withdrawing sub-
stitutions at ortho, meta or para position on phenyl ring of acid chloride were
compatible under optimized condition. The acid chloride with hetero-aromatic ring ali-
phatic group gives low yield of corresponding oxazole. The plausible reaction pathway
involved the activation of alkyne moiety by Pd (II) catalyst, which promoted the intra-
molecular cyclization and gives cyclised intermediate 56¢. The cyclised intermediate fur-
ther transformed to oxazoline 56e and 1,3-oxazole 56 under basic and acidic medium
(Scheme 19).13%!

A concise route for region specific synthesis of oxazoles from ynamides using ytter-
bium-57x was developed by Sahoo and coworker in 2017.**) The carefully optimized
reaction conditions revealed that the use of Ph3;PAuCl, Yb(OTf);, N-iodosuccinamide
in 57z is essential and optimal reaction condition to construct oxazole in best yield.
This approach smoothly transferred bulkier group substituted ynamides, naphthyl, phe-
nanthryl and optionally substituted aromatic rings. The author proposed pathway which
isillustrated in Scheme 20. The metalo-keteniminium intermediate 57k is formed from
acetonitrile by Yb(OTf)s, Then, a direct attack of ynamide on intermediate 57k results
in 57a. The Yb-iodo exchange/protodemetalation and hydration sequence of
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Scheme 16. Nickelcatalysed synthesis of 1,3-oxazoles using nitrile.[*!

intermediate 57b afforded f-iodo-keteniminium 58a. Finally, in last step nitrile attack
followed by hydration of 58d gives intermediate 58b and resulted in the formation of
1,3-oxazole 58 by intra-molecular cyclization and elimination reaction.!**!

X. Yu and coworkers in 2018 developed a novel methodology that involved
cobalt(IIT)-catalyzed cross-coupling of N-pivaloyl-oxyamides and alkynes through
[3+2] cycloaddition reaction to generate series of 2,5-disubstituted oxazoles.*”) The
optimal reaction conditions revealed the desired oxazoles are obtained in higher yields
by using combination of [Cp*Co(MeCN);(SbF¢),] (0.05 equiv.) and alkyne (1.5 equiv.)
in DCE as solvent. This method is used to synthesize a wide range of 2,5-disubstituted
oxazoles. In the proposed pathway, authors hypothesized the formation of oxazole 61
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Scheme 19. Palladium catalyzed synthesis of 1,3-oxazoles using ethyne.%

involved a key Co(IlI)-alkyne m-complex 61a as intermediate which further converts to
complex 61b by rigorous C-O and N-O bond formation and cleavage, Finally reductive
elimination and C-N bond formation affords cyclized product with Co(III) regener-
ation. Furthermore, itis concluded that para substituted phenyl alkynes are more pre-
ferred over ortho and meta substituents. Alkynes with hetero-aromatic and aliphatic
substituents are also found well tolerating the reaction conditions (Scheme 21).[45]

Ben Niu et al. in 2018 utilized Scandium and Rhodium based catalyst for the synthe-
sis of 4-amino-isoquinolin-1(2H)-one and oxazole derivatives through C-H bond
functionalization. This reaction occurred by utilizing (pivaloyloxy) benzamide 62 with
N-methyl-N-(phenylethynyl)methane sulfonamide 63 precursor in presence of Lewis
acid catalyst Sc(OTf);.*®! In this methodology the scandium metal played a dual role in
promoting C-H activation and optimized cyclization. Besides that, this reaction could
be implemented on a variety of ortho, meta and para electron rich or electron deficient
substituents on ynamides benzene ring. The overall studies demonstrated that this pro-
cess can be used to derive verity of fully substituted oxazole with moderate to good
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Scheme 20. Ytterbium catalyzed synthesis of 1,3-oxazoles using ethyne.*

yield from radially available starting material. Regarding possible pathway illustrated in
(Scheme 22), an alkyne C-N bond formation by Sc(lll) species and extrusion of pivalate
ion was proposed.’*®!

S. Fan and coworkers in 2018 developed a smooth and efficient copper-mediated
one-pot synthesis of 2-o-cyanoaryl oxazole derivatives though cyclization and coupling
of o-bromo N-propargyl benzamides with CuCN."®! The coupling efficacy was
enhanced by using L-proline as ligands with 1,10-phen and CuCN in DMAc as optimal
solvent for the successful oxazoles synthesis. The CuCN played a dual role as a Lewis
acid catalyst and C-nucleophile. The mechanistic pathways revealed the impact of o-
bromo N-propargyl benzamides substituents on the yield of final oxazole or oxazoline
under same optimized conditions. The general pathway can be proposed based on the
general aspects know to date: initially addition of copper (I) to the alkyne form copper-
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Scheme 21. Cobalt catalyzed synthesis of 1,3-oxazoles using ethyne./*”!

ligand complex, that undergoes subsequent intra-molecular cyclization and proteolysis
give oxazoline as intermediate 66b that subsequently isomerized and give oxazole 66c.
Next, copper cyanide coordinate with oxazole and phenyl ring, the resulted complex
transformed to the corresponding oxazole after oxidative addition and reductive elimin-
ation step (Scheme 23).[46]

H. An et al. in 2019 reported a facile synthetic method to derive 5-oxazole ketones
through intramolecular cyclization of N-propargylamide in presence of gold catalyst.*']
After the course of the preliminary screening, the use of Ph;PAuCl with oxidant 4-
methoxy-TEMPO is established as the best reaction conditions in acetonitrile as solvent.
This methodology provides an interesting approach to develop oxazole scaffolds with 5-
ketone substitution with an impressive functional group tolerance. Contrary to it alkyl
substituted alkynes fails to obtain corresponding cyclized product, which reveals that
aryl substituents to alkynes are necessary due to its conjugation. The electron rich sub-
stituents at aromatic ring adjacent to the carbonyl part gives better yield compared to
the electron deficient substituents. The plausible pathway is presented in (Scheme 24).

The gold catalyst initiated the cyclization of propargylated amide and generates a gold-



26 @ S. R. SHINDE ET AL.

Ph
i | 75
) N
_ Sc(OTA3-0deq. 5 X
©)J\N,OP|V + DEG. 80%%, o ©/‘\N ‘R2
H NL
SM Me
62 63 64
17-80%
R; - 4-OMePh,3-MePh,4-FPh,2-CIPh,Ph,4-OMePh,3-MePh,3,5-Me,2-Me,4-CF 3,4-Me 4-Br.
R, - Ms,Ts,OPiv,0Bz,0Me,OBoc. R,
R; - Me. a8
- 4-OMe,3-Me,4-F,2-Cl. J
R, - 4-OMe,3-Me 4-F,2-CI Q\%‘)/ N
N-Ms
/
Reaction Mechanism - o
o -OTf -HOTf (0} e}
,OP' ,OPiV ~ ,OPiV
” |v¥, ©)‘\g N
Sc(OTf)3 62b
62 62a
Ph
MS
_N se _ se! | |
N
X Ph
64a SM™ e
63
Ph PhMe
N

o& Ms o)v/@’ “Me
<N - Y OPiv
N Me NA

64c 64b

Scheme 22. Scandium and rhodiumcatalysed synthesis of 1,3-oxazoles using ethyne.®!

vinyl intermediate 68b. Subsequent attack of in situ generated NO on 68b, generates
intermediate 68c and converted to 68d by HAT (Hydrogen atom transfer) process. The
isomerized form of intermediate 68d is converted to final desired oxazole by following
a sequence of protodeauration and hydrolysis.*'®!

Keivanloo et al. in 2019 established a novel multi-component one pot synthesis of
1,3-oxazole mediated by Pd-catalyst.**®) They have screened several benzoyl chlorides,
propargylamine, and 3-chloro-quinoxaline-2-amines to synthesize corresponding oxa-
zoles in the presence of Et;N (base) and Pd(PPh;),Cl,/Cul as catalytic system in aceto-
nitrile. This methodology proceeds through coupling followed by regiospecific
cyclization of N-propargylamides with 3-chloroquinoxaline-2-amines and the resulted
coupling intermediates produced (3-(amino substituted)quinoxalin-2-yl)(2-phenyloxazol-
5-yl)methanone. The plausible catalytic pathway involved the Sonogashira coupling by
Pd(0)/Cu(l) species to give heteroaryl alkyne intermediate 72b, which undergoes 5-exo-
dig cyclization and afforded cyclized intermediate 72d. Finally, the catalytic cycle
completed by the construct oxazole ring 72e sequencing through isomerization and
aromatization (Scheme 25).13%]

H. Yoneyama et al. in 2020 described synthesis of 2,4-disubstituted oxazoles. In the
reaction mechanism TMSN3 and Bu,Sn(acac), 73x forming anorgano-tin (IV) complex
73y, followed by [2+3] cyclic addition of acetylene 73 leading to formation of N-
[dibutyl(O-acyl)stannyl]triazole 74a. A stable Bu,SnO is given out from compound 74a
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Scheme 23. Coppercatalysed synthesis of1,3-oxazoles using ethyne."*®’

via retro-ene reaction within the molecule to form N-(acyl)triazole 74b. Removal of N,
from 74c or 74d followed by ring formation leads to 2,4-disubstituted oxazole 74
(Scheme 26).[7!

Benzyl amine

S. Dutta et al. in 2017 reported Cu-catalyzed cyclization of 1,3-dicarbonyls 75 using
benzyl amines 76 for the formation of substituted 1,3-oxazole 77 using magnetic silica-
based nano-copper catalyst.!*®) The nano-copper smoothened the C-C and C-N bond
formation in DMF. The substrates transformation is dependent on the solvent polarity.
In the mechanism iodine promoted formation of intermediate 75b from enol isomer
75a, is observed which further undergo nucleophilic attack by benzyl amine 76 on Cu-
coordinated iodo complex which gives 77b. Finally, intermediate 77b is converted to
the oxazole 77 wvia oxidation, copper-catalyzed cyclization followed by proton
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Scheme 24. Gold catalyzed synthesis of 1,3-oxazoles using ethyne.

abstraction. The time period contributes positively in the reaction conversion, while
temperature lowers the rate (Scheme 27).148]

M. Cai and his group in 2019 established a facile and efficient methodology for the
synthesis of fully substituted oxazoles through copper-catalyzed tandem oxidative cyc-
lization of benzyl amines and 1,3-dicarbonyl compounds.’*! This methodology works
well for transformation of varied benzyl amine derivatives and 1,3-dicarbonyl com-
pounds to corresponding fully substituted oxazoles with good to excellent yield. After
exploring scope of 1,3-diketones, it is revealed that a f-keto ester with different sub-
stituents is well tolerated, where in beta-ketoamide affords poor yield of corresponding
oxazole. The probable pathway indicates the creation of 2-iodoacetoacetate by the reac-
tion of 79a with iodine and TBHP and which subsequently undergoes a nucleophilic
attack of 78a results in formation of intermediate 80a. The oxidized form of A
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Scheme 25. Palladium and copper based catalysed synthesis of 1,3-oxazoles using ethyne.>%

coordinates with copper and generated intermediate 80c via intra molecular cyclization
and generate a cyclized intermediate with the expulsion of acetate ion. Final product is
proposed to form by protonolysis and oxidation steps respectively (Scheme 28).!>%¢!

In another approach, J. Pan et al. in 2018 reported the synthesis of oxazole from sub-
strate benzyl amine using Cu-catalyzed annulation between amines 81 and alkynes
82.1%" The O, activation and C-H bond functionalization are important in converting
amines and alkynes to corresponding oxazole 83. The cyclization required CuBr, and
pyridine in same ratio of toluene and dichloroethane. Variety of benzyl amines and
alkynes were applied to form the desired tri-substituted oxazole products with 9-80%
yields. The halo substituted benzyl amines and naphthyl-substituted amine gave desired
oxazole with medium yields. Phenyl substituted alkynes lowered the rate of the process
(Scheme 29).[2°]

N2 containing molecules
A. Nagaraju and coworkers in 2018 reported an efficient route for synthesis of highly
substituted 1,3-oxazoles oximes through from cabenoids.?*! The reaction involved the
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Scheme 27. Copper catalyzed synthesis of 1,3-oxazoles using benzyl amine.*®

reaction of oximes with EDA in presence of copper-catalyst under mild catalytic condi-
tion. Among different used catalyst, Cu(OAc), showed higher catalytic activity. This
protocol has successfully used for wide range of substituted oximes and ethyl diazoace-
tate to generate variety of tri-substituted 1,3-oxazoles. The electron rich group



SYNTHETIC COMMUNICATIONS® ‘ 31

R
o o 1,-0.6 mmol, N§<
S )J\/”\ e — ] =3 ~ O
R NH, R R TBHP-1.0mmol, 2

2 DMF,80 °C, 6 h.
o) R1

78 79 80
10-82%

R = Ph,4-OMePh,4-MePh,4-FPh,4-CIPh,4-CF 3Ph,3-BrPh,2-CIPh,2-OMePh,2,6-DiFPh,C 1oH,,2-furan,2-thiophene,|
2-pyridine

Ry = Me,n-Pr.CH(Me),,(Me);,Ph,CF5,CHOMe Ph

R, = OEt,0Me,O(Me)3,0CH,Ph,Ph,NHPh,Me.

Me
o o I Ph— o
—_—
P NH, e ot — HN O+ HI
78a 79a EtO  80a
Ph
o0®

Me 80e

Me
N Ph—\
N\ N
Ph AcOH Cu

AcO” “AcO EtO
EtO\ﬂ/1§(0
o) Me

80f

Me
Ph—\ le]
N N N
\/“Ph e
AUy EtO
Cu—N AcO  AcO el
bne
Eto” O D

80d

"OAc

Scheme 28. Copper catalyzed synthesis of 1,3-oxazoles using benzyl amine.[?%9!

containing aryl substituent oxime substrate showed better activity that electron deficient
group. On other side ester substitution on oxime gives high yield of corresponding oxa-
zole than keto or cyano substitutes. Reaction pathways illustrated below (Scheme 30)
revealed the copper catalyzed intramolecular rearrangement of intermediate 86a fol-
lowed by elimination of water molecule resulted in oxazole formation.**"!

Conclusion and remarks

The synthesis of various substituted 1,3-oxazole-based derivatives under metal-
dependent reactions is found to be very extensive. This review particularly focused on
the recent years (2017-2020) due to the significant progress in the development of
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Scheme 29. Copper catalyzed synthesis of 1,3-oxazoles using benzyl amine.?*"!

simple yet effective protocols for the synthesis of 1,3-oxazole heterocyclic scaffold. We
have also highlighted various protocols that are used and each of their plausible reaction
pathways based on the different starting materials used. The use of different starting
materials (SM) to develop new protocols does produce a great impact on the application
in medicinal chemistry. Here, we noticed that the use of various metals as a catalyst
such as nickel, palladium, chromium and copper in one pot synthesis of 1,3-oxazole
based derivatives produced excellent yields when used with SM such as nitrile, ethyne
and fused oxazoles. In addition, the use of metal nano-catalysts such as copper with
starting materials such as benzyl amine and fused oxazole also gave rise to excellent
yields of the desired product. In one particular case, the use of manganese attracts high
interest due to the less expense of the metal itself as well as the wide use of various aro-
matic and heteroaromatic substituents in this particular reaction to yield good desired
product. Even though there are considerable advancement can be noticed with metal
protocols, particular reactivity and selectivity of these metals still needed to be explored
for future applications and development in medicinal chemistry.
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Scheme 30. Copper catalyzed synthesis of 1,3-oxazoles using N2 containing molecules.’?%¢!

In conclusion, this review on the synthetic methodology of 1,3-oxazole will assure
organic researchers to identify the challenges in the described methods, overcome the
drawbacks and improvement in the advancing catalysts and starting materials.
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