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1 Introduction

Propargylamines are one of the most versatile classes of
compounds with numerous applications. Propargylamine
derivatives such as pargyline, rasagiline and selegiline are used
against neurodegenerative disorders like Parkinson's and Alz-
heimer's diseases."™ (—)-Deprenyl (selegiline) is found to have
an antiapoptotic function,® which makes it useful for symp-
tomatic and neuroprotective treatment (Fig. 1).°

Pargyline (N-methyl-N-propagylbenzylamine) is a mono-
amine oxidase inhibitor. Among the two isoforms of mono-
amine oxidase (MAO), MAO-B is responsible for
neurodegenerative diseases like Alzheimer's disease. Pargyline
acts as an irreversible selective MAO-B inhibitor drug.” Being
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Propargylamines are a class of compounds with many pharmaceutical and biological properties. A green
approach to synthesize such compounds is very relevant. This review aims to describe the solvent-free
synthetic approaches towards propargylamines via A®> and KA? coupling reactions covering the literature

a MAO inhibitor pargyline is also used for treating type 1 dia-
betes®, and the cardiovascular complications associated with it.”
Pargyline also inhibits lysine-specific-demethylase-1 (LSD-1).
When used along with the chemotherapeutic agent campto-
thecin, pargyline was found to enhance LSD-1 inhibition and
resulted in induced senescence and growth inhibition of cancer
cells.’ Pargyline was also identified to have inhibitory proper-
ties against proline-5-carboxylate reductase-1 (PYCR1), thus
making it useful for cancer treatments."

Rasagiline (N-methyl-1-(R)-aminoindan) and selegiline (N-
[(2R)-1-phenylpropan-2-yl]prop-2-yn-1-amine) are also MAO-B
inhibitors and are found to be effective for the treatment of
Parkinson's disease.'> The neuroprotective effects of rasagiline
were found to be dependent on the propargyl moiety and
independent of MAO-B inhibition."* Rasagiline prevents
apoptosis by reducing oxidative stress and thus stabilizing
mitochondrial membranes and has also demonstrated neuro-
restorative activities.™ It was found to be clinically effective as
monotherapy or as an adjunct to levodopa for treating Parkin-
son's disease." Rasagiline hybrid molecules are found to have
anti-Alzheimer's disease activities.®
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Fig. 1 Some drug molecules containing propargylamine backbone.

Rasagiline has shown a higher potency in MAO-B inhibition
than selegiline,'” but both are found to have similar efficacy and
neuroprotective potential.’®* Selegiline is found to assist in
slowing down the progression of the symptoms of Parkinson's
disease.” It also has anti-depressant properties,” and has
found to be effective for treating attention deficit hyperactivity
disorder (ADHD).*!

The low cost, easy availability and versatility of propargyl-
amines makes it a perfect building block for the synthesis of
diverse heterocycles like 2-oxazolidinones,* thiazolidine-2-
thione and imidazole-2-ones.>® Propargylamines are used for
the synthesis of biologically active compounds like 1,4-oxaze-
pane and 1,4-diazepane. The latter is used as an anti-
depressant, anti-palatelet, anti-convulsant and more.**
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Pharmaceutically and synthetically important heterocycles like
imidazole and imidazolines can also be synthesized from
propargylamines.*® Propargylamines are also used as an inter-
mediate for synthesizing polyfunctional aminoderivatives.”®
Synthetically important molecules such as pyrroles,” quino-
lines are also generated from propargylamines (Fig. 2).2*

However, with the increasing environmental concerns,
awaste and hazard free synthetic approach is preferred. Most of
the synthetic methodologies involves the large-scale use of
volatile organic solvents. Moreover, many of the conventional
solvents are toxic, corrosive or flammable.>® There is an exten-
sive use of solvents for different purposes such as regulating
temperature, cleaning equipment and clothing, isolation and
purification of organic compounds via recrystallization etc.*°
The role of solvents in causing a waste burden is unignorable in
the production of fine chemicals and pharmaceuticals.** Green
chemistry aims to remove intrinsic hazard of particular prod-
ucts and processes and there by aims to decrease environmental
concerns.*> Green chemistry helps to improve chemical
synthesis by enhancing product selectivity, resource and energy
efficiency, operational simplicity, environmental safety and
health.*® A new synthetic approach is being provided by green
chemistry by minimizing hazards and wastes associated with
classical approach and thus making research sustainable.**

Over the past decades green chemistry has achieved great
significance and conventional synthetic methods are getting
replaced by green chemistry.*>*® The accomplishments in the
area of green chemistry provides a great perspective that the
efficiency and functionality of chemicals can be maintained
while reducing the adverse effects caused by them.*” Method-
ologies like photocatalysis facilitated the incorporation of mild
conditions and hence has widened the scope of different
organic reactions.**™*°

Different type of solvents like halogenated solvents were
used widely regardless of the environmental and health
concerns they caused. Though they have many advantages like
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important molecules synthesized from
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their general lack of flammability, better solubility, low cost,
their adverse effects should not be neglected and hence now
they are being highly regulated.** Solvents being used in large
quantities, designing environmental friendly solvents and
solventless systems have been the most active areas in green
chemistry for the past decade.*>**

It is in such scenario; a solvent-free synthesis provides
a green synthetic alternative.

Propargylamines are mostly synthesized via A* coupling of
aldehyde, amines and terminal alkynes. When the aldehyde in
this multicomponent reaction is replaced by a ketone, it is
called KA” coupling.* Most of the synthesis of propargylamines
are metal catalyzed; only a very few has been reported to be
metal-free. A general mechanism for the synthesis of prop-
argylamines is depicted in Scheme 1. There are certain chal-
lenges associated with metal-free synthesis including long
reaction time and high temperature. The substrate scope
provided by these reactions are also less, namely a smooth
reaction with aliphatic alkynes or aliphatic ynoic acid is yet to be
achieved. Recently in 2021, Biswas et al. published a review on
metal-free multicomponent approaches for the synthesis of
propargylamines.” The green approach in the synthesis of
propargylamines are mostly achieved through a solvent-free
condition. Recently some methodologies were developed
making it more environmentally benign via a solvent and metal-
free approach.

For better clarity and brevity, this review is categorised based
on the transition metal involved in the reaction. To the best of
our knowledge, this is the first review on the solvent-free
synthesis of propargylamines, and gives an overview of the
solvent-free synthesis of propargylamines covering literature up
to 2021.
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Scheme 1 General mechanism for propargylamine synthesis.
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2 Copper catalyzed solvent-free
synthesis of propargylamines

Propargylamines are mostly synthesized through multicompo-
nent reactions catalyzed by transition metals. Copper is one of
the most used metal as it is cheap and has a great potential for
reactivity.

A methodology for synthesizing propargylamines through
Grignard-type imine addition via C-H activation was developed
by Wei et al.*® The reaction was carried out under solvent-free
conditions, catalyzed by Cu-Ru catalyst (Scheme 2). The reac-
tion when performed in water also offered good results.

In 2007, Wang and co-workers demonstrated the synthesis of
propargylamines by means of three component Mannich
coupling of aldehyde, terminal alkyne and amine via C-H
activation, catalyzed by silica supported copper catalyst
(Scheme 3).*” The reaction afforded best results when carried
out under solvent-free conditions at 80 °C using 1 mol% of
silica-CHDA-Cu as catalyst. The recovered catalyst was found to
be efficient up to 15 cycles.

In 2008, Du et al. synthesized fluorinated propargylamines
via microwave (MW) promoted one-pot three component
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Scheme 3 Synthesis of propargylamines catalyzed by silica-CHDA-
Cu.
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Scheme 4 Synthesis of fluorinated propargylamines.

reaction catalyzed by CuCl.*® Best results were attained under
neat condition with 30 mol% of CuCl (Scheme 4). Aromatic
aldehydes with electron-withdrawing groups provided good
results where as those with electron-donating groups displayed
poor results. From substrate scope studies it was also discov-
ered that anilines with electron-withdrawing substituents gave
higher yields than those with electron-donating groups.

In the same year Sommer et al. achieved a green synthesis of
propargylamines by using Cu’-modified zeolites as catalyst.*
The best results were obtained when the reaction was catalyzed
by Cu'-USY at 80 °C, under solvent-free conditions (Scheme 5).
Cage-type zeolites afforded better results than zeolites con-
taining channel pores. Proposed mechanism of the reaction is
depicted in (Scheme 6).

Later in 2009, Ramo6n and co-workers used impregnated
copper on magnetite as catalyst for the synthesis of propargyl-
amines via multicomponent acetylene-Mannich reaction of
terminal alkynes, secondary amines and aldehydes.*® The opti-
mised condition involves the use of 0.1% of copper catalyst at
120 °C under solvent-free conditions (Scheme 7). Primary
amines failed to achieve the required product via this strategy. A

Cu'-zeo (20 mg)

{ NH + PhcHO + Ph—=

solvent-free, 80 °C

Ph

Gy”

\f/
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O / Ph ) Eh\/ Ph
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Scheme 5 Synthesis of propargylamines catalyzed by Cu'-zeolite
catalyst.
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Scheme 6 Proposed mechanism of multicomponent reaction cata-
lyzed by Cu'-USY (reproduced with permission from ref. 49).

significant reduction in the yields was observed when aldehyde
was replaced by ketone which implies the selectivity of the
catalyst. Water being the only by-product, the reaction displays
very high atom efficiency. The catalyst was recovered and reused
up to ten times without losing activity.

The synthesis of propargylamines through multicomponent
reaction of aldehydes, alkynes and amines catalyzed by CuNPs/
TiO, was also reported (Scheme 8).°* The use of 0.5 mol% of the
catalyst was found to provide best results at 70 °C under solvent-
free conditions, and the desired propargylamines were obtained
in moderate to excellent yields. The catalyst was recovered and
reused up to four consecutive cycles.

An environmentally benign strategy for the synthesis of
propargylamines was disclosed in 2014.2 This A® coupling
reaction was performed in the presence of recyclable GO-CuCl,
under microwave irradiation. The reaction was found feasible
using both electron-rich and electron-deficient alkynes. The

RS R*
||| 0 RS R Cu(OH)FesO, N
N 0.1 mol%
R! RZLH * N (0.1 mo%) = R’
solvent-free, R'
120°C,3h

® N
C.

>99% >99%

Q OH N N
Scheme 7 Synthesis of propargylamines via multicomponent acety-

lene-Mannich reaction by using impregnated copper on magnetite as
catalyst.

0

>99%
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Scheme 9 Synthesis of propargylamines via KA? coupling.

gram scale synthesis of propargylamine in 88% yield further
enhances the practical application of this methodology in
industrial field.

In 2015, Palchak and co-workers demonstrated the synthesis
of tetrasubstituted propargylamines via copper(u) chloride
catalyzed three component coupling of cyclohexanone, amines
and alkynes.*® Best results were obtained when 5 mol% of CuCl,
was used at 110 °C, under solvent-free conditions (Scheme 9).

Bakherad and his co-workers reported the synthesis of
propargylamines via the multi-component reactions of terminal
alkynes, secondary amines and aldehydes catalyzed by egg shell-
supported-Cu(u) salophen complex in 2016 (Scheme 10).**
Aromatic aldehydes bearing electron-withdrawing and electron-
donating substituents showed high reactivity. Here the use of
0.2 g of catalyst at 80 °C under solvent-free conditions was
identified to be the optimum reaction conditions.

Later in the same year, Rawat and co-workers developed
a methodology for the synthesis of tetrasubstituted propargyl-
amines via KA®> coupling using hydromagnesite (Cu/HM)
nanomaterial supported copper catalyst.>®> The best results

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 10 Synthesis of propargyalmines catalyzed by eggshell-
supported-Cu(i) salophen complex.

were obtained by the usage of 0.013 mol% of Cu/HM catalyst,
under solvent-free conditions at 110 °C (Scheme 11). Here,
primary amines needed longer reaction time than secondary
amines.

The group also synthesized propargylamines via decarbox-
ylative A* and KA> coupling, catalyzed by CuO/Fe,O; NPs later
the same year.*® Decarboxylative A* coupling was investigated by
using benzaldehyde, morpholine and phenylpropiolic acid as
model substrates. The optimised condition includes the use of
5 mg of CuO/Fe,0; as the catalyst at 110 °C under solvent-free
conditions (Scheme 12). Trisubstituted propargylamines were
obtained in 92% yield. Decarboxylative KA® coupling among

Rl_— Cu/HM catal (0.013 mol%)
+ — -

o
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O Spen
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N
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¢
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92% 93% 89%

e e
¥

90% 95% 88%

(j/Me F
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Scheme 11 Cu/HM catalyzed synthesis of tetrasubstituted prop-
argylamines via KA? coupling.
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Scheme 12 CuO/Fe,O3 catalyzed synthesis of trisubstituted prop-
argylamines via decarboxylative A* coupling reaction.
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Scheme 13 CuO/Fe,O3 catalyzed synthesis of trisubstituted prop-
argylamines via decarboxylative KA? coupling reaction.

cyclohexanone, morpholine and phenylpropiolic acid was also
explored (Scheme 13). Best results were obtained upon using
5 mg of catalyst at 110 °C, under neat conditions.

KA? coupling catalyzed by Cul supported Amberlyst A-21 was
disclosed in 2017 (Scheme 14).” KA® coupling is rarely
employed for propargylamine synthesis since ketones are less
reactive than aldehydes. The catalyst successfully catalyzed KA®
reaction involving both primary and secondary amines,
aliphatic and aromatic alkynes with either cyclic or linear
ketones under solvent-free conditions.

Reddy et al. synthesized propargylamines via A* coupling,
catalyzed by novel Cul catalyst supported on protonated triti-
tanate nanotubes (Cul/HTNT).*® The optimum reaction condi-
tions were established to be the use of 20 mg Cul/HTNT-5

19438 | RSC Adv, 2021, 11, 19433-19449
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Scheme 14 Synthesis of propargylamines via KA? coupling catalyzed
by Cul supported Amberlyst A-21.

(5 wt%-Cul loaded HTNT) under solvent-free conditions at
70 °C (Scheme 15). Aryl aldehydes with electron-withdrawing
groups afforded excellent yields compared to electron-
donating groups. Higher yields were obtained from aliphatic
aldehydes. Excellent yields were given by cyclic, acyclic and
heterocyclic secondary amines. Moreover, it was observed from
the substrate scope studies that aniline was found inactive
towards this method.

In 2017, a multicomponent reaction catalyzed by novel
magnetite-supported copper nanoparticle was developed by
Shouli and co-workers for synthesizing propargylamines.* The

Cul/HTNT-5 (20mg)

solvent-free, 70 °C, 1.5h

o—r}_@
d__

<Y

95%

98% 97%

98% 97%

OMe

Scheme 15 Synthesis of propargylamines catalyzed by Cul/HTNT-5.
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Scheme 16 Synthesis of propargylamines catalyzed by Cu(i)-imine
ligand@SiO,@FesO,.

best results were found to be obtained under solvent-free
conditions at 80 °C (Scheme 16). The catalyst was magneti-
cally recoverable and can be reused up to five times without
significant loss in catalytic activity.

A new magnetically recoverable catalyst (FMNC) was
synthesized from Cu(u) complex of dendrimer ligands on the
modified MCM-41.% This catalyst was found highly efficient in
the one-pot three component reaction of aldehydes, amines and
phenylacetylene to form propargylamines (Scheme 17). Pyrro-
lidine showed more activity than the other amines like piperi-
dine and morpholine towards this strategy. Activity of
benzaldehyde was affected by halide substituents (F > Cl > Br).

In 2018, an efficient, recyclable nanocatalyst of ZnO sup-
ported CuO/Al,0; was prepared and it was used for the
synthesis of propargylamines (Scheme 18).°* ZnO was found to
be an operative promoter which helps to enhance the reduc-
ibility and distribution of copper particles. Whereas Al,O; is
added as a constitution promoter in order to increase the

. FMNC(ZOmg 0.9 mol% Cu)
100 °C, solvent-free

H
N

RCHO+[]+ \/
X

o Q= )
! : OCHs

Cl Cl

90% 91% 92%

> Q. o~

HyCO OCH;4 HyCO OCH;

93% 94% 97%

Scheme 17 Synthesis of propargylamines by A® coupling catalyzed by
FMNC.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

CuO/ZNO/AI,04 j

nanocatalyst (0.05g)
. O

O s O s
cl
94% 94% 93%

{0} 0. (0]

N N N
ONe L Ny O
HO' O MeO O oN O
87% 91% 93%

Scheme 18 Synthesis of propargylamines catalyzed by Cu/ZnO/Al,Oz
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V4

solvent-free, 80 °C

surface area, mechanical resistance and thermal stability of the
catalyst. The reaction of 4-nitrobenzaldehyde, piperidine and
phenylacetylene in the presence of 0.05 g of the nanocatalyst at
80 °C under solvent-free conditions was recognized to be the
optimum. Higher yields were given by aromatic aldehydes
having electron-donating or electron-withdrawing substituents,
secondary amines and phenylacetylene.

In 2019, Osako and co-workers synthesized propargylamines
by the three-component coupling of aldehyde or ketone, amines
and alkynes.®® They developed a copper(u)-bipyridine complex
immobilized on amphiphilic polystyrene-poly (ethylene glycol)
resin (PS-PEG-BPy-CuBr,) as catalyst. Benzaldehyde, piperi-
dine and phenylacetylene were reacted in the presence of
a copper loading of 500 mol ppm, under solvent-free conditions
(Scheme 19). Propargylamine was obtained in 96% yield.
Reaction was examined with various substrates. A three-
component coupling with ketones instead of aldehydes was
also investigated. KA®> coupling of cyclohexanone with
secondary amines and phenylacetylene in the presence of

° R R'  PSPEG-BPy-CuBr, , R

R I (0.05mol% Cu)

R TH R® solvent-free ]
110°C, Ny, 1h R

——FPh
88% E 66%
Q Q

Cgi ;Ph

97% 97% 99%

QTO

82%

Scheme 19  Synthesis of propargylamines via A® coupling catalyzed by
PS—PEG-BPy—CuBr,.
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Scheme 20 Copper-catalyzed synthesis of propargylamines via KA?
coupling.

500 mol ppm loading of PS-PEG-BPy-CuBr, at 110 °C gave the
corresponding propargylamines (Scheme 20).

In the same year, propargylamines having quaternary carbon
centre has been reported via KA*> coupling, catalyzed by Cu
dopped ZIF-8.%* The optimum conditions for the reaction was
identified to be under neat condition at 120 °C, with 10 mg of
the catalyst (Scheme 21). It was observed that aliphatic alkynes
needed a prolonged reaction time compared to phenyl acety-
lene. The acidic hydrogen of terminal alkynes was found to be
crucial in this strategy. Good recyclability was shown by the
catalyst.

Later the same year Zhang and co-workers achieved the
synthesis of propargylamines through decarboxylative A®
coupling of a-ketoacid, amine and alkyne catalyzed by magnetic
copper catalyst (Scheme 22).** From the substrate scope studies
it was found that alkynes with electron-donating and electron-
withdrawing groups gave the product in good yields. Aliphatic
alkynes also gave the desired product in excellent yields. Acyclic,
cyclic and aliphatic amines gave products with good to excellent
yields. The reaction carried out under solvent-free conditions
with 3 mg catalyst at 100 °C under Argon atmosphere was found
to be optimum, the catalyst could be reused up to six times.

Kim and co-workers synthesized a biomass-derived copper
catalyst (Cu/C) from glucose. This catalyst was found highly

A 2 U
Qe O BT

95% 95% 92%

O Oy Oy

93% 92% 96%

Cugsy/ZIF
10mg/mo|

neat, 120 °C

Scheme 21 Synthesis of propargylamines via KA? coupling catalyzed
by Cu dopped ZIF-8.
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Scheme 22 Synthesis of propargylamines catalyzed by FezO4@-
CuSiOs catalyst.

efficient towards the synthesis of propargylamines.®® An A®
coupling reaction was carried out using furfural, piperidine and
phenylacetate as model substrates and was found that solvent-
free conditions gave higher yields (Scheme 23). Cyclic, acyclic
and secondary amines provided good yields. Aromatic alde-
hydes with -NO,, —Cl and -OH functional groups showed good
to excellent yields.

Recently, Li et al. achieved the synthesis of propargylamines
through A® coupling catalyzed by CuSO, nanoparticles
anchored on the surface of polymeric composites.®® This novel
catalyst produced the desired propargylamines in good to
excellent yields under solvent-free conditions. The catalyst was
recovered and reused upto five times without considerable loss
in catalytic efficiency.

3 Zinc catalyzed solvent-free
synthesis of propargylamines

Satyanarayana and co-workers synthesized recyclable ZnO
nanoparticles as a catalyst for synthesizing propargylamines via
A coupling (Scheme 24).*” Benzaldehyde, piperidine and phe-

nylacetylene were used as model substrates. The best results
were obtained in the presence of 20 mol% of ZnO NPs. The

)

N

Cul(
0 0022 mmol Cu)
M O ST
Neat 80 °C, 4-16h
N, atmosphere
0.
A
91%, 5h 94%, 5h 80%, 10h
O S
OH O2N

91%, 4h 87%, 10h

< ®
61%, 16h

Scheme 23 Synthesis of propargylamines by A® coupling.
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Scheme 24
nanoparticles.

Propargylamine  synthesis  catalyzed by ZnO

catalyst was separated and reused up to ten runs without
significant loss of catalytic activity.

In 2016, a three component coupling of aldehydes, terminal
alkynes and amines catalyzed by Zn(OTf), for the synthesis of
propargylamines was established by Chandak and his co-
workers.®® Excellent results were obtained at 100 °C under neat
conditions (Scheme 25). Aldehydes with electron-donating
groups required longer reaction time, while those with
electron-withdrawing groups reacted rapidly. The desired
product was not obtained from heteroaromatic aldehydes. Five
and six membered cyclic secondary amines yielded desired
products in good yields.

Later, a magnetically recoverable nanocatalyst, Zn(iu)
anchored onto the magnetic natural hydroxyapatite (Zn"/HAP/

Zn(OTf), (5 mol%)

X
R'-CHO +[j+:“ [j
H solvent-free, 100 °C N
R!
J\
R?

)

@

N N

Br
SN SN
Ph Ph

96% 95% 92%

N
Br S
X N

N Ph Ph Ph

88% 90% 92%

N /\
nBu’ N
\
o Ph
SiMe; MeO

92% 81% 85%

(o)
\_/

(o)
_/
)

J

i

Scheme 25 Synthesis of propargylamines catalyzed by Zn(OTf),.
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Zn"/HAP/Fe30, (8 mol%)
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solvent-free, 110 °C R‘J\ .

R

R'CHO + R2-H + RI—

Scheme 26 Synthesis of propargylamines in the presence of Zn'"/
HAP/FezO4 under solvent-free conditions.

Fe;0,) was reported.” This nanocatalyst was used for the
synthesis of propargylamines, through one-pot, three compo-
nents A® coupling. Here, the use of 8 mol% of Zn"/HAP/Fe;0, at
110 °C, under solvent-free conditions was identified as
optimum reaction condition (Scheme 26). Benzaldehydes
substituted with electron-withdrawing groups needed more
reaction time to achieve the desired product. Whereas, benz-
aldehydes bearing electron-donating groups afforded desired
products in good to excellent yields, in shorter reaction time.
Phenylacetylenes gave good or moderate yields irrespective of
electron-withdrawing or electron-donating substituents.

A one pot, three component A® coupling for propargyl-
amine synthesis, via C-H activation of alkynes catalyzed by
[Zn(i-proline),] was reported in 2018 (Scheme 27).”° Aryl

2 H [Zn(L-proline),] (1 mol%)
R" "H R* R neat, 80 °C RSN
RA
R4

O -

‘\c.

90% 89% 91%

O

L

O i
O \
S
O,N OH O O A
F

88% 85% 7%
O ° o
N ® N

84% 82% 82%

>

Scheme 27 [Zn(L-proline),] catalyzed synthesis of propargylamines.
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Scheme 28 Synthesis of propargylamines catalyzed by ZnCl,-TiO,
NPs.

aldehydes substituted with electron-withdrawing groups
showed better results than those with electron-donating
groups. More reactivity was observed with 4-chlor-
obenzaldehyde than 4-methoxybenzaldehyde or 4-methyl-
benzaldehyde. Heterocyclic and acyclic aldehydes afforded
good yields. Though secondary amines provided good yields,
aromatic amines such as aniline gave no product. Both
substituted and unsubstituted aromatic alkynes generated
good to excellent yields of product.

Later in 2019, Kanade and co-workers used nano-
crystalline ZnCl,-TiO, as heterogenous catalyst for the
synthesis of propargylamines from aromatic aldehydes,
secondary amines and phenylacetylene (Scheme 28).”*
Excellent results were obtained when the reaction was per-
formed using 15% ZnCl, loaded TiO, nanoparticles as the
catalyst at 100 °C for 6 h. Better yields and high reactivity were
shown by aromatic aldehydes with halogen and electron-
donating substituents. Aryl aldehydes with methoxy group
at para position did not show excellent results compared to
meta or ortho substituted hydroxy aldehydes. 2-Chloro and 4-
chlorobenzaldehydes were slightly more reactive than 4-
flurobenzaldehyde and 4-bromobenzaldehyde. The catalyst
was recycled and used for five successive runs without any
significant loss in the catalytic activity. The tentative mech-
anism is shown in (Scheme 29).

4 Gold catalyzed solvent-free
synthesis of propargylamines

Gold being a biocompatible metal provides an eco-friendly
metal catalysis. Cheng and co-workers developed a novel
methodology for synthesizing propargylamines with quaternary
carbon center.”” Propargylamines were synthesized via gold
catalyzed direct intermolecular coupling of ketones, secondary
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Scheme 29 A tentative mechanism for the synthesis of propargyl-
amine catalyzed by ZnCl,-TiO, nanoparticles (NPs) (reproduced with
permission from ref. 71).

amines and alkynes. Cyclohexanone, morpholine and phenyl-
acetylene were taken as model substrates and the optimum
condition was obtained when 4 mol% of AuBr; was employed
under neat conditions at 60 °C (Scheme 30). The substrate scope
studies displayed the inability of aromatic ketones to give the
desired products. This might be due to the special stability of
conjugated aromatic ketones, which may result in difficulty in
the formation of the intermediate.

Gimeno et al. prepared mononuclear gold(i) acyclic dia-
minocarbenes (ADCs) and gold(1) ADCs were used as catalyst in
the three-component coupling of aldehydes, amines and
alkynes for the synthesis of propargylamines and indoli-
zines.” Catalytic synthesis of propargylamines were explored
(Scheme 31). Secondary amines like piperidine, pyrrolidines,
morpholines showed better results. Au(i) was used instead of
Au(m), in the absence of solvent and inert atmosphere, adding
to operational simplicity. This green protocol afforded the
propargylamines in high yields. The authors also proposed
a plausible mechanism for the reaction (Scheme 32).

o H AuBr; (4 mol%)
lj\ N. + R—= —— %
+ 3 4 —_— B

1 2 R® 'R neat, 60 °C
R R N—R*

o Q;{C

89% 82% 73%
\N/\
N

N k/N//

64% 96% 45%

Scheme 30 Synthesis of propargylamines containing quaternary
carbon center catalyzed by AuBrs.
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Scheme 32 Plausible mechanism of synthesis of propargylamines
(reproduced with permission from ref. 73).

5 Solvent-free synthesis of
propargylamines: using other metals

A nickel-catalyzed three component coupling of aldehyde,
alkyne and amine via C-H activation was demonstrated by
Namitharan et al. for the synthesis of propargylamines (Scheme
33).”* This heterogenous catalyst was supported on zeolite.
Optimization studies showed that the use of nickel-exchanged
zeolite at 80 °C under solvent-free conditions gave the best
results. The catalyst was recovered and reused up to eight cycles.

Chen and co-workers accomplished the synthesis of prop-
argylamines via one-pot three component coupling catalyzed by
manganese(u) chloride.” Reactions catalyzed by 10 mol%
MnCl, at 90 °C under solvent-free conditions achieved good
yields of the desired products (Scheme 34).

In 2015, Schneider and co-workers developed an astonishing
methodology towards the synthesis of propargylamines using
silica-xerogel-supported indium(III) composite (In/Si0,) as cata-
lyst.”® They carried out one-pot A* coupling under conventional
and microwave-assisted method (Schemes 35 and 36). This
reaction was completed within 10 min. Using microwave assisted
method and at the same time conventional method yielded the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 33 Nickel catalyzed synthesis of propargylamines via three
component coupling.
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Scheme 34 Synthesis of propargylamines catalyzed by MnCl,.

desired product in 10 h. The catalyst was found efficient, and
good yields of product were obtained even after four cycles.
Gao et al prepared a catalyst, MIL-101(Cr)-SO;Ag, for
synthesizing propargylamines via A’ coupling in 2016
(Scheme 37).”” The reaction was efficiently catalyzed with a turn
over frequency up to 6600 h™'. The para substituted aromatic
alkynes reacted slower than phenylacetylene, irrespective of the
nature of the substituents. Piperidine was found to be more
reactive than amines like morpholine and diethylamine,
however the yields can be improved by prolonged reaction time.
Yi et al. proposed A® coupling of aldehydes, alkynes and
amines, catalyzed by Pd-Cu NWs for the synthesis of prop-
argylamines.” The reaction, when conducted at 110 °C showed
excellent result and the required product was obtained in 10
minutes (Scheme 38). Benzaldehyde with electron-withdrawing
group reacted better compared to electron-donating group. Due
to steric hindrance, ortho substituted aryl aldehydes showed
a reduction in reactivity. The catalytic system was tolerant to
various functional groups. High reactivity was shown by
aromatic alkynes with both electron-donating and electron-
withdrawing substituents. Mono-substituted phenylacetylenes

RSC Adv, 2021, 11, 19433-19449 | 19443
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Scheme 35 Synthesis of propargylamines using silica-xerogel-sup-
ported indium(ii) composite (In/SiO,) under conventional method.
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Scheme 36 Synthesis of propargylamine using silica-xerogel-sup-
ported indium(m) composite (In/SiO,) under microwave assisted
method.

showed high reactivity in the order para > meta > ortho. Ethyl,
bulky n-pentyl and tert-butyl substituted phenylacetylenes
provided good yields and high reactivity. The plausible mech-
anism indicates the initiation of reaction by CH bond activation
by the coordination of terminal alkynes to Pd-Cu NWs
(Scheme 39). Pd-Cu acetylide intermediate formed undergo
nucleophilic addition with the iminium ion generated in situ
from aldehyde and secondary amine and gave the correspond-
ing propargylamines. The catalyst was easily recoverable and
can be used up to at least five cycles without significant loss in
catalytic activity.

6 Synthesis of chiral propargylamines

Propargylamines being a unique class of compounds have
achieved great significance in organic synthesis. Efforts have
been made to synthesize chiral propargylamines in its enan-
tiomerically pure form. There is a considerable amount of
development in asymmetric synthesis of propargylamines.”

19444 | RSC Adv, 2021, 1, 19433-19449
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catalyzed synthesis of

Some of the solvent-free methodologies for the synthesis of
chiral propargylamines are discussed here.

Cu(OTf),/Ph-Pybox catalyzed synthesis of chiral propargyl-
amines was established by Su and co-workers in 2015.%° This
protocol involves the reaction between aldehydes, alkynes and
amines under solvent-free ball milling condition for 60 min
(Scheme 40). Aldehydes with electron-donating and electron-
withdrawing substituents participated well in his reaction and
afforded the desired products in good yields.

A novel methodology for the synthesis of tetrasubstituted
propargylamine using copper(i) chloride was successfully
established by Periasamy and co-workers.** Highly diaster-
eomerically pure chiral propargylamines were achieved in
moderate to good yields using optically active N-methyl cam-
phanyl piperazine and 2-benzyl morpholine.

Tin(u) chloride catalyzed synthesis of propargylamines via
three components A’ coupling was reported in 2016.2> A®
coupling reaction catalyzed by 10 mol% of SnCl, under solvent-
free condition at 110 °C gave the best result (Scheme 41). Chiral
propargylamines were synthesized by incorporating chiral
amine, (S)-(+)-2-pyrrolidinemethanol in A® coupling reaction
(Scheme 42). This method exhibits excellent
diastereoselectivity.

Ortiz and co-workers synthesized a C-S-cycloaurated
complex through tin(wv)-Au(m) transmetallation from the cor-
responding chlorodimethylstannyl derivative.** Au(1) nano-
particles were used as a catalyst for the synthesis of
propargylamines via A® coupling. The use of 0.1 mol% of cata-
lyst and heating the reaction mixture at 60 °C for 8 h was found
to be the optimum condition. Here chiral propargylamines were
synthesized by using (S)-2-(methoxymethyl)pyrrolidine as chiral
reagent, with excellent diastereoselectivity.

7 Miscellaneous

In 2008, Wang et al. established an efficient silica-immobilized
NHC-Cu' complex catalyzed three-component coupling reac-
tion under solvent-free condition.** They carried out the reac-
tion using aliphatic aldehydes, alkynes and amines in the
presence of 2 mol% of SiO,-NHC-Cu' catalyst at room

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature under solvent-free condition (Scheme 43). The
environmentally benign condition and reusability of this cata-
lyst further enhanced the significance of this method.

Later the same year, Wang et al. also developed a poly-
styrene-supported N-heterocyclic carbene-Ag(i) catalyst (PS-
NHC-Ag(1)) for synthesizing propargylamines via A*> coupling.®®
The optimised conditions were found to be the use of 2 mol%

Ph
Vi
SnCl, (10 mol%
Rcho + (N 4 pp—= _SnCkU0mo) N\/
solvent-free, 100-110 °C
9-10h R

. . . . Ph Ph
Scheme 39  Plausible mechanism of A% coupling reaction catalyzed by Y Y ﬁ Pl
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Scheme 41 Synthesis of propargylamines via A” coupling catalyzed by
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Scheme 40 Synthesis of chiral propargylamines.
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Scheme 42 Diastereoselective synthesis of propargylamines.
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Scheme 43 Silica-immobilized NHC—-Cu' complex catalyzed prop-
argylamine synthesis.

PS-NHC-Ag(1) catalyst under neat condition at room tempera-
ture (Scheme 44). Aromatic aldehydes containing both electron-
donating and electron-withdrawing substituents gave good to
excellent results. Aliphatic alkynes were less reactive than
aromatic alkynes. The catalyst was recovered and reused up to
12 cycles without loss in catalytic activity.

Jeong and co-workers used lithium triflate (LiOTf) for cata-
lysing A® coupling reaction of aldehyde, secondary alicyclic
amine and alkyne for the synthesis of propargylamines under
solvent-free conditions.®*® The optimization studies showed that
20 mol% of the catalyst at 90 °C under neat conditions provided
the best result (Scheme 45). The reaction proceeds through C-H
bond activation of the terminal alkynes.

A reusable Cu-Ni bimetallic catalyst was synthesized by
Jayaram et al® The bimetallic catalyst afforded propargyl-
amines through multicomponent reaction of aldehydes,
secondary amines and phenylacetylene by C-H activation
(Scheme 46). Best results were obtained under solvent-free
conditions at 90 °C with 20 wt% of Cu-Ni. The catalyst was
magnetically recovered and reused up to five times without
considerable loss in catalytic performance.

PS-NHC-Ag(l) (2 mol%) N

_— >
solvent-free, Np, rt, 24 h 1
L No, 1t, R
)\

R—=

H+ R-cho + RF
R

@ : @

N (] ,
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94% 94% 91%

Scheme 44 Propargylamine synthesis catalyzed by PS-NHC-Ag().
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Scheme 45 Propargylamines synthesis catalyzed by LiOTf.

In 2018, Cirujano et al. developed a methodology in which
MOF-derived metal oxide cluster in porous aluminosilicates
were used for the synthesis of bioactive aza-heterocycles.
Propargylamines were synthesized through multi component
reaction between alkynes, aldehydes and amines.*

In 2019, Koukabi et al. synthesized fibroin-functionalized
magnetic carbon nanotube supported silver nanoparticles as
biocatalyst. Propargylamines were synthesized by A® coupling of
aldehydes and amines with phenylacetylene.®” Reactions carried
out at 80 °C for 2 h under solvent-free conditions with 0.02 g
CNT-Fe;0,-fibroin-Ag as catalyst was found to be optimum
(Scheme 47). The catalyst was retrieved eight times without
losing the catalytic activity.

Hydroxylated propargylamines were synthesized by decar-
boxylative A® coupling of ortho-hydroxy benzaldehydes,
secondary amines and alkynoic acids under metal and solvent-
free conditions (Scheme 48).”° Utility of recyclable chitosan-
supported copper catalyst was explored. This catalyst elimi-
nated the necessity for a N, atmosphere and reaction proceeded
well without forming any homocoupling product. The reaction

NHAr

-Ni (20 wi%
RCHO + AiH, + R—=—H —CuNi@OW%)_

90 °C, solvent-free %
R’

o} 0. 0}

() @ (]

93% 80% 95%
0.

‘ o

B () ()
TN

85% 85% 78%

Scheme 46 Synthesis of propargylamines catalyzed by Cu—Ni bime-
tallic catalyst.
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© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

was performed using equimolar amounts ortho-hydroxy benz-
aldehyde, morpholine and phenylpropiolic acid at 140 °C. Good
yields were obtained with ortho-hydroxy benzaldehydes bearing
electron-releasing and electron-with drawing substituents.
Reaction did not work when ortho-hydroxy benzaldehyde was
replaced by 2-hydroxy acetophenone. Primary amines failed to
give the desired product. The reaction conditions were found to
be selective with secondary amines. A gram scale synthesis of
ortho-hydroxy propargylamines was performed for demon-
strating reproducibility and commercial viability. It was
divulged through mechanistic investigations that the reaction
proceeds via Eschweiler-Clarke type of decarboxylation of the in
situ generated ortho quinonoid intermediate. This methodology
provides a green alternative to the contemporary metal cata-
lyzed synthesis of ortho-hydroxy propargylamines.

In 2020, protocols for one-pot synthesis polyhydroquinolines
and propargylamines using nano-sized Fe;O,4-supported Lewis
acid ionic liquid catalyst (LAIL@MNP) was established. Here,
one-pot multicomponent reaction under solvent-free sonication
was used for the synthesis of propargylamines.®* Under solvent-
free ultra sound irradiation phenylacetate, piperidine and
aldehyde along with 10 mg LAIL@MNP as catalyst afforded the
corresponding propargylamines in excellent yields (Scheme 49).
The catalyst was recovered and reused for up to five cycles
without considerable degradation in catalytic activity.

8 Conclusions

This review summarises the recent developments in solvent-free
synthesis of propargylamines. Since propargylamines have wide
range of applications in pharmaceutical field, a greener
approach for its synthesis is of great importance. Nowadays,
scientific community are more interested in developing envi-
ronmentally benign synthetic strategies. Solvent-free method
has become an emerging greener approach in organic synthesis
and much work has been ongoing in this field.

Most of the reported works for the synthesis of propargyl-
amines involve A® coupling of aldehydes, alkynes and amines.
Majority of the synthesis of propargylamines under solvent-free
conditions are catalyzed by transition metals and most of the
catalysts were copper based. A greener approach could be
provided if the reactions were metal free. Metal-free synthesis of
propargylamines and metal-free along with a solvent-free
pathway and KA? coupling reaction for propargylamines are
yet to be explored.
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