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Abstract

Palladium is the most versatile metal in the transition series. Palladium can initiate a wide variety of
organic reactions such as arylation, alkylation, hydrogenation, cyclization, oxidation, cross-
coupling, isomerization, radical reactions, cascade, etc. Most of these reactions occur in mild
conditions. It can be used in both laboratory and industrial scale. Despite many uses of palladium,
new novel and efficient methods are still exploring. Now the focus is more towards sustainability of
the process. This article focuses on the synthesis of five-membered nitrogen-containing heterocycles
using palladium as a catalyst. Heterocycles plays an important role in pharmaceuticals,
agrochemicals and as veterinary products. Some of the natural products e.g. antibiotics and alkaloids
have heterocyclic moiety. In this study, we have included palladium catalyzed synthesis of pyrroles,
pyrrolidines, imidazolidines, pyrazoles, triazoles and tetrazoles of last one decay.
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Introduction

Heterocycles are the most attractive area for research due to its wide industrial and biological
applications.! The five-membered nitrogen-containing heterocycles such as pyrroles.? pyrazoles,’
pyrrolidines,* isoxazoles,’ imidazole,® imidazolidines,” triazoles,® and tetrazoles®, are the part of
various natural and pharmaceutically active compounds. These heterocyclic ring systems offers a
wide variety of biological activities varying from antioxidant,!® antibacterial,!! antimicrobial,!?
antihypertensive,!? anticancer,!* antifungal,!® lipoxygenase inhibition,!¢ anti-inflammatory'?, and
antidiabetic'3.

Among a variety of new synthetic transformations of heterocyclic compounds, transition-metal-
catalyzed reactions are one of the most intriguing and appealing methodologies for the synthesis of
heterocyclic compounds,'® as these reactions can be carried out under mild conditions from readily
available starting materials. There are two main categories for the development of heterocyclic rings;
C-Y bond formation and C-C bond formation (Fig. 1), where Y is a heteroatom.
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(i) C-C bond formation (ii) C-Y bond formation

Y : heteroatom
Fig. 1: The carbon-carbon and carbon-heteroatom bond formation

Palladium is the most attractive transition metal for the construction of C-N bond.?’ It catalyzed
a variety of reaction including amination, hydroamination, N-arylation, C-H arylation, and the
Buchwald-Hartwig reaction, etc.2!*2 This study is a survey of literature of last one decade,
describing the methods on the palladium catalyzed reactions due to its interesting chemistry as
palladium has wide range of functional group tolerance, so it avoids protecting group chemistry.
Also, palladium catalyzed reactions are highly regioselective and stereoselective in nature.?

Synthesis of Pyrroles

Yoshida et al.** from the substrate having two nucleophilic moieties 1 and 2 reacted with the
complex pi-propargyl palladium through nucleophilic cyclization, the preferred cyclic product 3 and
4 is obtained (Scheme 1).
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Scheme 1: The palladium nucleophilic cyclization of pyrroles

Zheng et al.*® developed a method for the construction of substituted pyrroles 7 from N-homoallylic
amines 5 and arylboronic acids 6. This Pd (II)-catalyzed oxidative arylative cyclization of N-
homoallylic amines proceeds via oxidative arylation of inactive alkenes, followed by intramolecular
aza-Wacker cyclization (Scheme 2).
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Scheme 2: Synthesis of substituted pyrroles 7 from N-homoallylic amines and arylboronic acids.

Torres et al.?® described a method for the synthesis of polysubstituted pyrroles 10 via a
multicomponent reaction using aryl iodides 8, imines 9, carbon monoxide, and alkynes. The acid
chloride and N-acyl iminium salts is formed in sifu through this Munchnones synthesis (Scheme 3).
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Scheme 3: Synthesis of polysubstituted pyrroles via a multicomponent reaction

A wide variety of 3-substituted 2-aryl-1H-pyrroles 13 have been synthesized in aqueous acetic acid
in presence of Pd (II) catalyst from 11 and 12.?” These pyrroles were synthesized by one-pot method
in higher yield and have good functional group tolerance (Scheme 4).
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Scheme 4: The Pd (II) catalyzed synthesis of 3-substituted 2-aryl-1H-pyrroles

Peng et al.?® synthesized 3-amino pyrroles 17 via palladium-catalyzed three-component coupling
reaction of aryl halides 14, N-tosylhydrazones 15, and isocyanides 16, in moderate to excellent yield
(Scheme 5).

R'X
14 R2
Pd,(dba)s (5 mol %) H
. SSEINCIF 'BUOK (2.0 equiv) RS N{%
H20 (3.0 equiv) RN
NNHTs o CH4CN, 100°C R
R2 17
85% yield
15

Scheme 5: Synthesis of 3-amino pyrroles

The substituted 1H-pyrrole 3-carbonitriles 20 were produced by the reaction of 2-(2-oxo-2-aryl
ethyl) malononitriles 18 with boronic acids 19 and palladium(II)-catalyzed provide substituted 1H-
pyrrole-3-carbonitriles via C(sp) — C(sp2) coupling followed by intramolecular C-N bond formation
(Scheme 6).2°

CN
Ar CN Pd(OAC), m
W + o OHRB-AT v

O CN Toluene ITI
Scheme 6: Synthesis of 1H-pyrrole 3-carbonitrileps

Synthesis of Pyrrolidines
A Pd-catal};lzsed reaction of vinyl iodi&egs 21 and N-tosylhydrazones 22 gelggrates pentadienyl
amines 23 in good yield (Scheme 7).3°
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Scheme 7: Pd-catalyzed reaction of vinyl iodides and N-tosylhydrazones.

He et al 3! developed methods for the synthesis of pyrrolidine derivatives 25 by palladium-catalyzed
intramolecular amination of C—H bonds at the y and d positions of picolinamide (PA) protected
amine substrates (Scheme 8).

PA

NHPA Pd(OAC)5 (5 mol %) N

Pdi(OAc), (2.5 eq.)
- R,
Rs
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R, Toluene, Ar, 110°C, 24h R>
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Scheme 8: Synthesis of pyrrolidine derivatives

A protocol for the conversion of enantioselective [3 + 2] cycloaddition of 2-trimethylsilylmethyl
allyl acetate and imines to Pyrrolidines 28 via Palladium-Catalysis was developed by Trost et al.3?
The reaction is given in Scheme 9.

ligand

.Boc 5mol-% Pd(dba),

Boc.
IN TMS} 0.1 eq. ligand )N%
Ar) ¥ AcO Toluene, 4°C, 4 h

Ar

26 27 28 Ar': 2-Naph

Scheme 9: Synthesis of Pyrrolidine

Synthesis of Imidazolidines
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In 2013, Geden and co-workers3? developed the synthesis of 2-aryl-2-imidazolines 32, by three-
component reaction, mediated by palladium catalyst. The reaction combines aryl halides 29,
isocyanides 30, and diamines 31 (Scheme 10).

By R PdCl,, dppf or dppp R
I Cs,CO3, Toluene, reflex N—¢

Ar N W R ., A ]

X + i _ +  HoN > N/‘\RZ
C NHR3 up to 96% R/3

29 30 31 32

Scheme 10: Synthesis of 2-aryl-2-imidazolines

Liu et al3* developed the synthesis of polysubstituted imidazole 38 via a palladium catalyzed
reaction. Cyclization of 2,3-allenyl amines 36 with aryl iodides 37 gives the desired product in good
yield. The reaction was carried out in presence of KoCO3, THF at 85 °C (Scheme 11).

o
NTs 7 Pd(PPh Ts, R
iy J/ R (PPh3)s N
R% N KoCO3/THF A
36 37 38

Scheme 11: Sytnhesis of polysubstituted imidazole

Synthesis of Pyrazoles
Babinski et al.35 used electrocyclization reaction for the formation of 3,4,5-trisubstituted pyrazoles

41. In this reaction, the cross coupling between enol triflates 39 and diazoacetates 40 is catalyzed by
using palladium to get desired product (Scheme 5).

5 mol % \ R'O.C H

J N v 0 S !
R ! 2 '
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Scheme 12: Formation of 3,4,5-trisubstituted pyrazole derivatives

Synthesis of Triazoles
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Wei et al.3% reported a novel method for the synthesis of substituted triazoles using Cu/Pd trans
metalation relay catalysis. The main advantage of this reaction is that triazoles can be formed in one
step from three different components i.e. azide 43, alkyne 42, and aryl halide 44. This reaction is
incredibly useful for drug development process (Scheme 13).

1 eq. CuCl, N
2.5 mol% Pd,(dba); N” "N-Bn
R— N;—Bn Br—Ar - _
o ¥ 0.1eq. Xphos R/\ <Ar
1.5 eq. 1.5 eq. DMF, 70°C
R: Ar, alkyl, COo,Me

Scheme 13: Synthesis of triazoles

Synthesis of Tetrazoles

Aminotetrazoles 48 synthesized by using aryl azides, 46 isocyanides, 47 and TMSN3, through one
pot synthesis.3” The reaction was catalyzed by using Pd(0)/Fe(IlI). The unsymmetric carbodiimide
was an intermediate obtained in this reaction. The product obtained in good yield (Scheme 14).

5 mol-% R N=N
Pd(PPhy), [I\II 0.1 eq. FeCl; N/ N
AN, *+ Nc-R  ———= | € YR
toluene N 1.5 eq. TMSN3 NH
12eq  LO5h |ar 100°C, 12 h Ar”
s 47 R: 2% 3%alkyl
Ph, 4-Tol
48

Scheme 14: Synthesis of tetrazoles

Conclusion
We discussed various synthetic strategies for the heterocyclic ring formation based on the palladium-
catalyzed carbon-hydrogen functionalization/intramolecular carbon-heteroatom bond formation
process. The study is focused on the palladium-catalyzed synthesis of five-membered nitrogen-
containing heterocycles, including pyrroles, pyrrolidines, imidazolidines, pyrazoles, triazoles, and
tetrazoles. The reactions included here have shown a high degree of stereoselectivity and
regioselectivity. The efficient, novel and atom economical based methods were studied for the
synthesis of palladium-catalyzed five-membered nitrogen-containing heterocycle formation.

The conclusion is that numerous effective reactions, including the cascade reaction, Huisgen
rearrangement, enamination-alkenyl hydroamination, cross coupling, alkene carboamination, and
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propargylic carbonate with bis-nucleophile reactions, have been established so far. It has been
revealed that the synthesis of medium-sized heterocyclic compounds by transition-metal-catalyzed
intramolecular C-C and C-Y (Y is heteroatom) bond formation represents an active area of research.
Here, we solely took into account five-membered rings because these heterocycles are frequently
present in natural products and have a wide variety of biological potential, making them a popular
choice for medicinal chemist. Accordingly, it can be concluded that the aforementioned procedures
offer an original, broadly applicable synthetic pathway to the above heterocyclic compounds with
good functional-group tolerance and high yields.

Acknowledgement
The authors are grateful for the Synergy Intramural Funding (RE-027) received from SGT
University, Gurugram, India.

References

1. Kerru, N.; Gummidi, L.; Maddila, S.; Gangu, K. K.; Jonnalagadda, S. B.; A Review on Recent
Advances in Nitrogen-Containing Molecules and their Biological Applications. Molecules 2020,
25, 1909.

2. Petri, G. L.; Spano, V.; Spatola, R.; Holl, R.; Raimondi, M.V.; Barraja, P.; Montalbano, A.
Bioactive Pyrrole-Based Compounds with Target Selectivity. Eur. J. Med. Chem. 2020, 15,
0223-5234.

3. Ansari, A.; Ali, A.; Asif, M.; Shamsuzzaman; Biologically Active Pyrazole Derivatives. New J.
Chem. 2016, 41, 16-41.

4. Petri, L. G.; Raimondi, M. V.; Spano, V. et al.; Pyrrolidine in Drug Discovery: A Versatile
Scaffold for Novel Biologically Active Compounds. Top. Curr. Chem. 2021, 34, 379.

5. Liu, X.; Hong D.; She, Z.; Hersh, W.H.; Yoo, B.; Chen Y.; Complementary Regioselective
Synthesis of 3,5-Disubstituted Isoxazoles from ynones. Tetrahedron 2018, 74, 6593—-6606.

6. Siwach, A.; Verma, P. K.; Synthesis and Therapeutic Potential of Imidazole Containing
Compounds. BMC Chem. 2021, 15, 12.

7. Hu, J.; Kong, B.; Liu, Y.; Xu, B.; Zhao, Y.; Gong, P.; Highly Stereoselective Synthesis of
Imidazolidines Through the Palladium(0)-Catalyzed Three-Component Reaction of 2,3-
Allenylamines, Organic Halides, and Imines. Chem. Cat. Chem. 2017, 9, 403—406.

8. Peyton, L. R.; Gallagher, S.; Hashemzadeh, M. Triazole Antifungals: A review. Drugs Today
(Barc) 2015, 51, 705-718.

9. Ghorbani-Choghamarani, A.; Moradi, P.; Tahmasbi, B.; Application in the Synthesis of 5-
423



Kamlesh Sharma, 2022 Advanced Engineering Science

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Substituted Tetrazoles. RSC Adv. 2016, 6, 56638-56646.

Brahmbhatt, H.; Molnar, M.; Pavi¢, V.; Pyrazole Nucleus Fused Trisubstituted Imidazole
Derivatives as Antioxidant and Antibacterial Agents Karbala Int. J. Mod. Sci. 2018, 4, 200—
206.

Verma, B. K.; Kapoor, S.; Kumar, U.; Pandey, S.; Arya, P.; Synthesis of New Imidazole
Derivatives as Efective Antimicrobial Agents, Indian J. Pharm. Biol. Res. 2017, 5, 1-9.

Goyal, A.; Singh, J.; Pathak, D. P.; Synthesis and Pharmacological Evaluation of Some Novel
Imidazole Derivatives for their Potential Anti-Hypertensive Activity. J. Pharm. Technol. Res.
Manag. 2013, 1, 69-79.

Hsieh, C. Y.; Ko, P. W.; Chang, Y. J.; Kapoor, M.; Liang, Y. C.; Chu, H. L.; Lin, H. H.; Horng,
J. C.; Hsu, M. H.; Design and Synthesis of Benzimidazole-Chalcone Derivatives as Potential
Anticancer Agents. Molecules 2019, 24, 3259.

El-Gamal, M. I.; Oh, C.-H.; Pyrrolo[3,2-c]pyridine Derivatives with Potential Inhibitory Effect
Against FMS Kinase: In Vitro Biological Studies, J. Enzym. Inhib. Med. Chem. 2018, 33, 1160-
1166.

Rauf, W.; Brown, J. M.; Reactive Intermediates in Catalytic Alkenylation; Pathways for
Mizoroki—Heck, Oxidative Heck and Fujiwara—Moritani Reactions. Chem. Commun. 2013, 49,
8430-8440.

Tang, X.; Wu, W.; Zeng, W.; Jiang, H.; Copper-Catalyzed Oxidative Carbon-Carbon and/or
Carbon-Heteroatom Bond Formation with O2 or Internal Oxidants. Acc. Chem. Res. 2018, 51,
1092-1105.

Li, J.; Yang, S.; Wu, W.; Jiang, H.; Recent Developments in Palladium-Catalyzed C-S Bond
Formation. Org. Chem. Front. 2020, 7, 1395-1417.

Li, J.; Hu, M.; Li, M.; Li, M.; Li, J.; Wu, W.; Jiang, H.; Palladium-Catalyzed Cascade
Cyclization/Alkynylation and Alkenylation of Alkynone O-Methyloximes with Terminal
Alkynes. Adv. Synth. Catal., 2018, 360, 2707-2719.

Li, J.; Huang R.; Li, C.; Lin, S.; Wu, W.; Jiang, H.; Functionalized 4-Alkynylisoxazoles by
Palladium-Catalyzed Three-Component Cascade Cyclization/Alkynylation. Chem. — Asian J.,
2019, /4, 2309-2315.

Li, J.; Li, F.; Zhou, C.; Li, and Wu, W.; Palladium-Catalyzed Cascade Annulation/Allylation of
Alkynyl Oxime Ethers with Allyl Halides: Rapid Access to Fully Substituted Isoxazoles. J. Org.
Chem. 2019, 84, 11958-11970.

Ghodsinia, S. S. E.; Akhlaghinia, B.; A Rapid Metal Free Synthesis of 5-Substituted-1H-
Tetrazoles Using Cuttlebone as a Natural High Effective and Low Cost Heterogeneous Catalyst.
RSC Adv. 2015, 5 , 49849-49860.

Liu, S.; Wang, H.; Dai, X.; and Shi, F.; Organic Ligand-Free Carbonylation Reactions with

424



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

A ISSN: 2096-3246 Special Issue
Volume 54, Issue 02, December, 2022

Unsupported Bulk Pd as Catalyst. Green Chem. 2018, 20, 3457-3462.

Li, J.; Yang, S.; Wu W.; Jiang, H.; Palladium-Catalyzed Cascade Cyclization/Alkynylation
Reactions. Chem. Asian J. 2019, 14, 4114-4128.

Yoshida, M. Development of Palladium-Catalyzed Transformations Using Propargylic
Compounds. Chem. Pharm. Bull. 2012, 60, 285-299.

Zhang, X.; Xu X.; Chen, G.; Yi, W.; Regioselective Synthesis of 2,3,4-Trisubstituted Pyrroles
via Pd(II)-Catalyzed Three-Component Cascade Reactions of Amines, Alkyne Esters, and
Alkenes. Org. Lett. 2016, 18, 4864—4867.

Torres, G. M.; Quesnel, J. S.; Bijou, D.; Arndtsen, B. A.; From Aryl Iodides to 1,3-Dipoles:
Design and Mechanism of a Palladium Catalyzed Multicomponent Synthesis of Pyrroles. J. Am.
Chem. Soc;. 2016, 138, 7315-7324.

Yousuf, M.; Adhikari, S.; One-Pot Synthesis of 3-Substituted 2-Arylpyrrole in Aqueous Media
via Addition-Annulation of Arylboronic Acid and Substituted Aliphatic Nitriles. Org. Lett. 2017,
19,2214-2217.

Peng, J.; Gao Y.; Zhu, C.; Liu, B.; Gao, Y.; Hu, M.; Wu, W.; Jiang, H. Synthesis of
Polysubstituted 3-Amino Pyrroles via Palladium-Catalyzed Multicomponent Reaction. J. Org.
Chem. 2017, 82, 3581-3588.

Wang, Z.; Chen, W.; Luo, H.; He, C.; Zhang, G.; Yu Y. Cascade Reactions to Substituted 1 H -
Pyrrole-3-Carbonitriles via Ligand-Free Palladium(Il)-Catalyzed C(Sp)-C(Sp 2) Coupling.
Synth. 2020, 52, 1659-1665.

Khanna, A.; Maung, C.; Johnson, K. R.; Luong, T. T.; Van Vranken, D. L.; Carbenylative
Amination with N-Tosylhydrazones. Org. Lett. 2012, 14, 3233-3235.

He, G.; Zhao, Y.; Zhang, S.; Lu, C.; Chen, G.; Highly Efficient Syntheses of Azetidines,
Pyrrolidines, and Indolines via Palladium Catalyzed Intramolecular Amination of C(Sp 3)-H and
C(Sp 2)-H Bonds at y and o Positions. J. Am. Chem. Soc. 2012, 134, 3—6.

Trost, B. M.; Silverman, S. M.; Enantioselective Construction of Pyrrolidines by Palladium-
Catalyzed Asymmetric [3 + 2] Cycloaddition of Trimethylenemethane with Imines. J. Am.
Chem. Soc. 2012, 134, 4941-4954.

Geden, J. V.; Pancholi, A. K.; Shipman, M.; Palladium-Catalyzed Multicomponent Synthesis of
2-Aryl-2-Imidazolines from Aryl Halides and Diamines. J. Org. Chem. 2013, 78 , 4158-4164.

Liu, Y.; Zhang, C.; Liang, X.; Zeng, X.; Lu, R.; Fang, Z.; Wang, S.; Liu, Y.; Hu, J.; Synthesis
of 2-Imidazolines via Palladium-Catalyzed Cyclization Reaction of 2,3-Allenyl Amines and
Aryl lodides. Synth. 2020, 52, 901-908.

Babinski, D. J.; Aguilar, H. R.; Still, R.; Frantz, D. E. Synthesis of Substituted Pyrazoles via
Tandem Cross-Coupling/ Electrocyclization of Enol Triflates and Diazoacetates. J. Org. Chem.
2011, 76, 5915-5923.

425



Kamlesh Sharma, 2022 Advanced Engineering Science

36. Wei, F.; Li, H.; Song, C.; Ma, Y.; Zhou, L.; Tung, C. H.; Xu, Z.; Cu/Pd-Catalyzed, Three-
Component Click Reaction of Azide, Alkyne, and Aryl Halide: One-Pot Strategy toward
Trisubstituted Triazoles. Org. Lett. 2015, 17, 2860—2863.

37. Pathare, R. S.; Ansari, A. J.; Verma, S.; Maurya, A.; Maurya, A. K.; Agnihotri, V. K.; Sharon,
A.; Pardasani, R. T.; Sawant, D. M.; Sequential Pd(0)/Fe(Ill) Catalyzed Azide-Isocyanide
Coupling/Cyclization Reaction: One-Pot Synthesis of Aminotetrazoles. J. Org. Chem. 2018, 83
, 9530-9537.

426



