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ABSTRACT: Ag(I)-exchanged K10 montmorillonite clay is found to be
an efficient heterogeneous catalyst for the one-pot three-component
coupling of terminal alkynes, amines, and aqueous formaldehyde (A3

coupling) to yield corresponding propargylamines in water. In all the
cases, quantitative yields of the desired products are obtained. The catalyst
is recovered by filtration and reused several times with only a slight
decrease in its catalytic activity. This atom economical methodology does
not require an additional co-catalyst or activator, and water is the only
byproduct. Interestingly, the reaction can also be performed under
solvent-free conditions in the case of aromatic and aliphatic aldehydes,
along with formaldehyde, affording propargylamine derivatives in higher
yields. A tentative mechanism is also proposed for this transformation.
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■ INTRODUCTION

Multicomponent reactions are becoming increasingly important
as they allow several starting materials to be combined readily
in one-pot to form a single compound.1−3 They deliver less
byproducts compared to classical stepwise synthetic routes.
Furthermore, in many cases, multicomponent reactions are easy
to perform due to the simpler experimental procedures, lower
costs, and less time and energy required. The A3 coupling
(aldehyde, alkyne, and amine) is one of the most widely used
tools for the synthesis of various propargylamines via C−H
bond activation.4,5 Propargylamines are frequently used as
synthetically adaptable key intermediates6−10 for the produc-
tion of many nitrogen-containing biologically active com-
pounds such as conformationally restricted peptides, oxotre-
morine analogues, β-lactams, isosteres, therapeutic drug
molecules and natural products,11 and substituted 1-aryl-3-
aminopropynes having antiulceration, sedative, hypnotic,
antispasmodic, analgesic, and anti-inflammatory effects.12 This
reaction has been catalyzed by CuI/DMSO,13 Cu(acac)2,

14

nano In2O3/DABCO,
15 CuCl2/4Å,

16 and CuI/water.17 Re-
cently, enormous progress has been made in expanding the
scope of A3 coupling by employing various transition metal
catalysts such as Ag,18−22 Au,23,24 Cu,25−33 Ir,34−36 Hg2Cl2,

37

Zr,38,39 Re,40 bimetallic systems,41 In,42 Fe,43,44 and Co.45

However, these catalytic systems suffer from disadvantages such
as the need for a stoichiometric amount of catalyst or the
catalyst not being able to be recovered and reused. Moreover,
the separation of catalyst from the reaction mixture is a tedious
task. In order to overcome this problem, catalytically active
species have been immobilized to recover and reuse the catalyst

and to reduce the overall cost of the process onto various
supports such as 12-tungstophosphoric acid,20 hydroxyapa-
tite,29 layered double hydroxides,46 alumina,47 silica,48 and
zeolites49,50 as heterogeneous catalysts. Montmorillonites clays
are composed of negatively charged layers and an interlayer
containing cationic species. The cationic species can be easily
replaced by other metal polycations, and these ion-exchanged
montmorillonites have great potential as solid acid cata-
lysts.51−59 Because of their tunable Bronsted and Lewis
acidities, both natural and ion-exchanged clays function as
efficient catalysts for various organic transformations.60 Hence,
in the present work, we report an environmentally benign and
highly efficient three-component A3 coupling catalyzed by AgI

exchanged over K10 clay for the preparation of propargyl-
amines via activation of alkyne in water.

■ RESULTS AND DISCUSSION

Initially, the reaction conditions were optimized using phenyl-
acetylene, aqueous formaldehyde, and diisopropylamine as
model substrates, and the observed results are given in Table 1.
Blank control experiments showed the absence of product, and
8% yield was observed with K10 clay as the catalyst in water at
12 h (Table 1, entries 1 and 2). On the other hand, silver
nitrate as the homogeneous catalyst resulted in 63% yield in
water at 8 h (Table 1, entry 3). Moderate yields of
propargylamine were observed using AgI−K10 clay as the
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catalyst with various organic solvents (Table 1, entries 4−8). In
the absence of solvent, the AgI−K10 clay catalyst gave 55%
yield in 8 h (Table 1, entry 9). In contrast, the propargylamine
yield increased gradually in water using AgI−K10 clay as the
catalyst. To our surprise, 86% yield was observed with 50 mg of
AgI−K10 clay in water at 8 h in room temperature (Table 1,
entries 10−12). Increasing the catalyst amount to 100 mg, and
the reaction time to 12 h showed no further increase in the
yield, suggesting that the optimal loading of the catalyst is 50
mg (Table 1, entries 12 and 13). On the other hand, it is
interesting to note that the present experimental condition
resulted exclusively in the formation of propargylamine using
AgI−K10 clay as the catalyst, and no other byproducts were
observed. The catalytic activity of AgI−K10 clay was compared
with other cation-exchanged K10 clays and zeolites, and the
observed results are presented in Table 1. For example, Cu2+,
Al3+, and Ti4+ K10 clays exhibited 60%, 51%, and 42% yields,
respectively, after 8 h in water (Table 1, entries 14−16). On the
other hand, NaY gave a negligible yield, whereas under the
identical conditions AgY showed a 69% yield.
The reusability of AgI−K10 catalyst was also ascertained in

A3 coupling under the optimized conditions. After completion
of the reaction, the catalyst was recovered by filtration, washed
with acetone, and dried at 80 °C for 3 h. The recovered catalyst
was used for consecutive runs under identical conditions. It was
observed that the catalyst maintained its activity with no
significant drop in the yield up to six runs (Table 2).
These interesting results achieved with the AgI−K10 catalyst

for A3 coupling in water encouraged us to check the generality
of this reaction between aqueous formaldehyde and substituted
alkynes/amines, and the observed results are given in Table 3.

In general, the present protocol resulted in high yields of
propargylamine for a wide range of substrates. A variety of
aromatic, cyclic, and heterocyclic alkynes were studied, and in
all the cases, the reactions proceeded smoothly to give the
corresponding propargylamines. Substituted symmetric as well
as nonsymmetric amines were coupled with formaldehyde and
various alkynes to give smoothly the corresponding product in
high yields under the present reaction conditions. In some
cases, the reactions were performed in a 1:1 water:DMSO
mixture due to the poor solubility of substrates. It is very clear
from these data that the A3 coupling catalyzed by AgI−K10 had
resulted in high yield of products without affecting many
functional groups on amines/alkynes showing the high
tolerance limit of other functional groups.
These encouraging results prompted us to extend this

protocol to investigate the catalytic activity of AgI−K10 with
phenylacetylene, benzaldehyde, and pyrrolidine as substrates,
and the observed results are given in Table 4. In the absence of
catalyst, no product formation was observed, whereas K10 clay
resulted in 5% yield at 100 °C in 20 h under neat conditions
(Table 4, entries 1and 2). On the other hand, silver nitrate
afforded a 60% yield at 100 °C in 20 h under neat conditions

Table 1. Optimization of Reaction Conditions in A3 Coupling from Phenylacetylene, Aqueous Formaldehyde, and
Diisopropylaminea

entry catalyst solvent time (h) yield (%)b

1 none water 24 −
2 K10 water 12 8
3c AgNO3 water 8 63
4 AgI−K10 THF 8 41
5 AgI−K10 ACN 8 48
6 AgI−K10 toluene 8 54
7 AgI−K10 1,4-dioxane 8 35
8 AgI−K10 methanol 8 58
9 AgI−K10 neat 8 55
10 AgI−K10 water 2 21
11 AgI−K10 water 5 55
12d AgI−K10 water 8 70, 86, 85
13e AgI−K10 water 12 71, 84, 82
14 Cu2+−K10 water 8 60
15 Al3+−K10 water 8 51
16 Ti4+−K10 water 8 42
17 NaY water 8 5
18 AgY water 8 69

aReaction conditions: phenylacetylene (1 mmol), formaldehyde (37% aqueous solution) (0.2 mL), diisopropylamine (1.1 mmol), water (5 mL), and
AgI−K10 (50 mg) at room temperature. bIsolated yield and >98% selectivity determined by HPLC. c2.3 mg of AgNO3 used.

d20, 50, and 100 mg of
catalyst used, respectively. e20, 50, and 100 mg of catalyst used, respectively.

Table 2. Reusability of AgI−K10 in A3 Coupling of
Phenylacetylene, Aqueous Formaldehyde, and
Diisopropylaminea

run 1st 2nd 3rd 4th 5th 6th

yieldb (%) 86 84 83 81 81 80
aReaction conditions: phenylacetylene (1 mmol), formaldehyde (37%
aqueous solution) (0.2 mL), diisopropylamine (1.1 mmol), water (5
mL), and AgI−K10 (50 mg) for 8 h at room temperature. bIsolated
yield and >99% selectivity determined by 1H NMR.
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(Table 4, entry 3). Attempts were made to perform the reaction
in the presence of organic solvents and water using AgI−K10 as

the catalyst. Moderate yields were observed with organic
solvents; however, high yield (65%) was achieved with water as

Table 3. A3 Coupling between Various Alkynes, Amines, and Aqueous Formaldehyde Catalyzed by AgI−K10 in Watera

entry alkyne (R) amine (R′, R″) time (h) yield (%)b

1 C6H5 CH3, C2H5 8 80
2 C6H5 C3H7, C3H7 8 86
3 C6H5 CH3, C3H7 8 83
4 C6H5 C2H5, C2H5 12 81
5 2-pyridyl C4H9, C4H9 12 85
6 3-NO2C6H4 C3H7, C3H7 10 80
7 3-H3COC6H4 C4H9, C4H9 12 76
8 3-H3COC6H4 CH3, C5H11 12 78
9 3-H3COC6H4 C3H7, C4H9 12 80
10 3,4-di-CH3C6H3 CH3, C5H11 12 81
11 3,4-di-CH3C6H3 C2H5, C2H5 12 76
12 2-CH3C6H4 C3H7, C4H9 12 78
13 3-C6H5CH2COONHC6H4 CH3, C3H7 12 81
14 cyclopropyl CH3, C3H7 12 75
15 cyclopropyl C2H5, C2H5 12 78
16 cyclopropyl CH3, C2H5 12 80
17 cyclopropyl C4H9, C4H9 12 75
18 cyclopropyl C3H7, C3H7 12 79
19c 3-COOCH3−C6H4 C4H9, C4H9 12 85
20c 3-COOCH3−C6H4 CH3, C3H7 12 81
21 3- CH3C6H4 C4H9, C4H9 12 80
22 2-FC6H4 C3H7, C3H7 12 79
23 2-FC6H4 CH3, C3H7 12 82

aReaction conditions: alkyne (1 mmol), formaldehyde (37% aqueous solution) (0.2 mL), amine (1.1 mmol), and AgI−K10 (50 mg) at room
temperature in 5 mL of water. bIsolated yield and >98% selectivity determined by 1H NMR. cReaction was carried out in a mixture of water:DMSO
(1:1).

Table 4. Optimization of Reaction Conditions for A3 Coupling between Phenylacetylene, Benzaldehyde, and Pyrrolidinea

entry catalyst solvent T (°C) yield (%)b

1 none neat 100 −
2 K10 neat 100 5
3c AgNO3 neat 100 60
4 AgI−K10 1,4-dioxane 100 38
5 AgI−K10 toluene 100 52
6 AgI−K10 DMF 100 41
7 AgI−K10 water 100 65
8 AgI−K10 neat RT 13
9 AgI−K10 neat 50 43
10 AgI−K10 neat 80 62
11d AgI−K10 neat 100 55, 85, 83
12e AgI−K10 neat 100 54, 84, 80
13 Cu2+−K10 neat 100 65
14 Al3+−K10 neat 100 50
15 Ti4+−K10 neat 100 39
16 NaY neat 100 8
17 AgY neat 100 75

aReaction conditions: phenylacetylene (1 mmol), benzaldehyde (1 mmol), pyrrolidine (1 mmol), and AgI−K10 (50 mg) for 20 h. bIsolated yield.
c2.3 mg of AgNO3 used.

d20, 50, and 100 mg catalyst used, respectively. e20, 50, and 100 mg catalyst used, respectively, at 24 h.
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the solvent (Table 4, entries 4−7). In contrast, AgI−K10
exhibited high activity in the absence of any solvent. For
example, 85% yield was achieved under neat conditions at 100
°C in 20 h (Table 4, entry 11). Increasing the catalyst amount
to 100 mg and reaction time to 24 h, no further increase in
yield was observed, suggesting that the optimal loading of
catalyst is 50 mg (Table 4, entries 11 and 12).
Comparison of the catalytic activity of AgI−K10 with other

cation-exchanged K10 clays and zeolites clearly established that
AgI−K10 shows superior activity over other catalysts tested
under the present experimental conditions (Table 4, entries
13−17). Further, the initial reaction rate of AgI−K10 clay was
compared with silver nitrate to delineate the advantage of
heterogeneous from homogeneous catalysts, and the observed
results are given in Figure 1. As expected, silver nitrate showed

high activity until 12 h and then it started to deactivate by
showing a decrease in its activity. Although AgI−K10 exhibited
a lower reaction rate until 12 h, the activity increased as a
function of time and reached the maximum yield. These
experiments clearly explain the superior nature of AgI−K10
over homogeneous silver nitrate; however, the former catalyst
can be recycled.
One of the main concerns associated with heterogeneous

catalysts is the leaching of active species during the catalytic
reaction. To check whether the present reaction proceeds truly
by heterogeneity or by dissolved active species, a hot filtration
test was performed (Table 4, entry 5). The catalyst was filtered
in hot at 18% phenylacetylene conversion, and the filtrate was
allowed to continue to react for another 16 h. Although a
marginal increase (24%) in phenylacetylene conversion was
observed, no significant change in the product yield was
noticed. This experiment clearly confirms that catalysis by AgI−
K10 clay is heterogeneous in nature, and no silver ions were
leached out from the catalyst. A similar trend was observed
when the reaction was performed in water (Table 4, entry 7).
The reusability experiment was performed for AgI−K10 clay

to demonstrate the catalyst long-term stability for A3 coupling
of phenylacetylene, benzaldehyde, and pyrrolidine as substrates
under neat reaction conditions. It was observed that the initial
reaction rate decreased marginally from 1 to 6 runs, with no
appreciable change in its yield. These experiments clearly
confirm that the catalyst stability is retained up to six runs, with
no significant loss in its activity observed (Figure 2).
The optimized reaction conditions from Table 4 were used

to expand the scope of the AgI−K10 catalyst with other

substrates, and the observed results are given in Table 5.
Phenylacetylene and its derivatives reacted smoothly with
substituted aromatic aldehydes along with pyrrolidine to give
the corresponding propargylamines using AgI−K10 as the
catalyst at 100 °C for 20 h. On the other hand, the reaction
between phenylacetylene, benzaldehyde, and aniline/N-meth-
ylaniline failed to give the corresponding products. It is also
interesting to note that the various substituted alkynes were
found to be highly reactive with cyclopropanecarboxaldehyde/
isobutyraldehyde and pyrrolidine in the presence of AgI−K10
as the catalyst, giving high yields of the corresponding
propargylamines at room temperature for 15 h.
The interaction of AgI with the terminal alkyne and the

diffusion of organic substrate inside the clay layer was also
studied by two control experiments. The reaction of phenyl-
acetylene, benzaldehyde, and pyrrolidine in the presence of
pyridine using AgI−K10 clay as the catalyst showed a 69% yield
in 20 h, whereas in the absence of pyridine, it resulted in 85%
yield in 20 h. This experiment shows that the addition of
pyridine increases the steric hindrance as well as poisons the
Lewis acid sites by interacting with AgI cations. In another
experiment under identical experimental conditions, 4-trifluor-
ophenylacetylene reacted with benzaldehyde and pyrrolidine in
the presence of AgI−K10 clay giving a 71% yield in 20 h. The
moderate activity of 4-trifluorophenylacetylene, where a
substrate containing a substitution at the para position
encounters the diffusion limitation to reach the active sites,
shows moderate yield.

■ TENTATIVE MECHANISM FOR A3 COUPLING
Considering the above experimental results and by analogy with
earlier literature reports,61−65 a tentative mechanism is
proposed as shown in Scheme 1. AgI−K10 interacts with
phenylacetylene by generating an initial silver(I)−acetylide
intermediate, and it undergoes a subsequent cleavage of one of
the oxobridges in clay. An intermediate π-silver−alkyne
complex is formed first making the alkyne proton more acidic
for further abstraction as well as the formation of iminium ion
in situ from aldehydes and secondary amines. Then the
silver(I)−acetylide intermediate adds to the iminium ion to
give the corresponding propargylamine and regenerate the
AgI−K10 catalyst for a further sequence of reactions.

■ CONCLUSIONS
AgI−K10 clay is found to be a highly efficient catalyst for the
synthesis of propargylamines from alkynes, aldehydes, and
amines in water as well as under neat conditions. The process is

Figure 1. Comparison of catalytic activity of silver nitrate (a) with
AgI−K10 clay (b) as catalysts in A3 coupling. Reaction conditions:
phenylacetylene (1 mmol), benzaldehyde (1 mmol), pyrrolidine (1
mmol) and AgI−K10 (50 mg) or AgNO3 (2.3 mg) at 100 °C. Yield
corresponds to HPLC yield.

Figure 2. Reusability experiment of AgI−K10 clay under neat reaction
conditions as given in Table 4.
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simple and allows the synthesis of a diverse range of
propargylamines in high yields. Moreover, no solvent is
required when aromatic aldehyde is used as one of the
components. The reaction is also successful with formaldehyde
and aromatic and aliphatic aldehydes with substituted amines/
alkynes. The solid catalyst can be readily recovered by filtration
and reused several times without any significant decay in its
activity, thus making this procedure more environmentally
benign. The other advantages of the present methodology are
the absence of side reactions such as aldehyde/alkyne
cyclization and no base or other co-catalysts are needed.
Further, heterogeneity tests show evidence for the absence of
leaching, and thus, the catalyst enjoys stability under the
present experimental conditions. Consequently, this protocol
offers a new approach for the synthesis of propargylamines
using a layered aluminosilicate as catalyst for the first time
under mild reaction conditions.

■ EXPERIMENTAL SECTION
General. 1H and 13C NMR spectra were recorded on 400 and 100

MHz Bruker spectrometers, respectively. Coupling constants were
reported in hertz (Hz). Infrared spectra were recorded on a Thermo
Scientific Nicolet 6700 FT-IR spectrometer. Reactions were carried
out in an oven-dried, three-necked, round-bottomed flask. Yields
reported here correspond to isolated yield of compounds as
determined by 1H and 13C NMR analyses.

Preparation of AgI−K10 Clay. K10 montmorillonite clay (Fluka)
was used as received. The silver ions were exchanged into K10
montmorillonite clay (5 g) by stirring with silver nitrate (1 M in 25
mL of water for 1 g of clay) solution at room temperature for 72 h.
The clay was filtered and washed thoroughly with distilled water. This
was dried at 100 °C under vacuum drying overnight. The BET surface
area of K10 and AgI−K10 clay were 224 and 182 m2/g, respectively. In
addition, AgI−K10 clay was characterized by powder XRD, SEM with
EDX, and UV-DRS analyses.

Typical Procedure of A3 Coupling Reaction Catalyzed by
AgI−K10 Clay. To a stirred solution of alkyne (1 mmol),
formaldehyde (37% aqueous solution) (0.2 mL), and amine (1.1
mmol) in water (5 mL), 50 mg of AgI−K10 clay was added. The
reaction mixture was stirred at room temperature for 8 or 12 h. The

Table 5. A3 Coupling Reaction of Substituted Alkynes, Aliphatic/Aromatic Aldehydes, and Pyrrolidine Catalyzed by AgI−K10

entry alkyne aldehyde amine isolated yield (%)

1a phenylacetylene benzaldehyde pyrrolidine 85
2a phenylacetylene 3-chlorobenzaldehyde pyrrolidine 88
3a phenylacetylene 2-methylbenzaldehyde pyrrolidine 85
4a 3-methylphenylacetylene 4-methylbenzaldehyde pyrrolidine 89
5a phenylacetylene benzaldehyde aniline −
6a phenylacetylene benzaldehyde N-methylaniline −
7b phenylacetylene cyclopropanecarbaldehyde pyrrolidine 87
8b 3-methylphenylacetylene cyclopropanecarbaldehyde pyrrolidine 90
9b 4-methoxyphenylacetylene cyclopropanecarbaldehyde pyrrolidine 92
10b phenylacetylene Isobutyraldehyde pyrrolidine 80
11b 2-ethynylpyridine Isobutyraldehyde pyrrolidine 88
12b 3-methylphenylacetylene Isobutyraldehyde pyrrolidine 81
13b phenylacetylene 3,3-dimethylbutyraldehyde pyrrolidine 75

aReaction conditions: alkyne (1 mmol), aldehyde (1 mmol), amine (1 mmol), and AgI−K10 (50 mg) at 100 °C for 20 h under neat condition.
bReaction conditions: alkyne (1 mmol), aldehyde (1 mmol), amine (1 mmol), and AgI−K10 (50 mg) at room temperature for 15 h under neat
condition.

Scheme 1. Plausible Mechanism for Three-Component Coupling Catalyzed by AgI−K10 as Catalyst
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reaction was monitored by TLC. After completion of the reaction, the
reaction mixture was diluted with ethyl acetate and then filtered. The
ethyl acetate layer was concentrated to obtain a crude product. This
was purified by column chromatography by using n-hexane/ethyl
acetate (15% ethyl acetate in n-hexane) as an eluent to afford
propargylamine. The recovered catalyst was thoroughly washed with
acetone, dried, and used for the next run. A similar reaction procedure
was followed for the reactions wherein aromatic aldehydes were used
as substrates, and the corresponding reaction conditions are given in
Tables 4 and 5.
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Enantioselective, copper(i)-catalyzed three-component reaction for the
preparation of propargylamines. Angew. Chem., Int. Ed. 2003, 42,
5763−5766.
(28) Shi, L.; Tu, Y.-Q.; Wang, M.; Zhang, F.-M.; Fan, C.-A.
Microwave-promoted three-component coupling of aldehyde, alkyne,
and amine via C−H activation catalyzed by copper in water. Org. Lett.
2004, 6, 1001−1003.
(29) Choudary, B. M.; Sridhar, C.; Kantam, M. L.; Sreedhar, B.
Hydroxyapatite supported copper catalyst for effective three-
component coupling. Tetrahedron Lett. 2004, 45, 7319−7321.
(30) Park, S. B.; Alper, H. An efficient synthesis of propargylamines
via C−H activation catalyzed by copper(I) in ionic liquids. Chem.
Commun. 2005, 1315−1317.
(31) Sreedhar, B.; Reddy, P. S.; Prakash, B. V.; Ravindra, A.
Ultrasound-assisted rapid and efficient synthesis of propargylamines.
Tetrahedron Lett. 2005, 46, 7019−7022.
(32) Likhar, P. R.; Roy, S.; Roy, M.; Subhas, M. S.; Kantam, M. L.;
De, R. L. Silica-immobilized CuI: An efficient reusable catalyst for
three-component coupling reaction of aldehyde, amine and alkyne.
Synlett 2007, 2301−2303.
(33) Patil, M. K.; Keller, M.; Reddy, B. M.; Pale, P.; Sommer, J.
Copper zeolites as green catalysts for multicomponent reactions of
aldehydes, terminal alkynes and amines: an efficient and green
synthesis of propargylamines. Eur. J. Org. Chem. 2008, 4440−4445.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc400450t | ACS Sustainable Chem. Eng. 2014, 2, 781−787786

http://pubs.acs.org
mailto:pit12399@yahoo.com


(34) Fischer, C.; Carreira, E. M. Direct Addition of TMS-acetylene to
aldimines catalyzed by a simple, commercially available Ir(I) complex.
Org. Lett. 2001, 3, 4319−4321.
(35) Sakaguchi, S.; Kubo, T.; Ishii, Y. A three-component coupling
reaction of aldehydes, amines, and alkynes. Angew. Chem, Int. Ed. 2001,
40, 2534−2536.
(36) Sakaguchi, S.; Mizuta, T.; Furuwan, M.; Kubo, T.; Ishii, Y.
Iridium-catalyzed coupling of simple primary or secondary amines,
aldehydes and trimethylsilylacetylene: preparation of propargylic
amines. Chem. Commun. 2004, 1638−1639.
(37) Li, P.; Wang, L. Mercurous chloride catalyzed mannich
condensation of terminal alkynes with secondary amines and
aldehydes. Chin. J. Chem. 2005, 23, 1076−1080.
(38) Traverse, J. F.; Hoveyda, A. H.; Snapper, M. L. Enantioselective
synthesis of propargylamines through Zr-catalyzed addition of mixed
alkynylzinc reagents to arylimines. Org. Lett. 2003, 5, 3273−3275.
(39) Akullian, L. C.; Snapper, M. L.; Hoveyda, A. H. Three-
component enantioselective synthesis of propargylamines through Zr-
catalyzed additions of alkylzinc reagents to alkynylimines. Angew.
Chem., Int. Ed. 2003, 42, 4244−4247.
(40) Kuninobu, Y.; Inoue, Y.; Takai, K. Rhenium-catalyzed addition
of trimethylsilyl acetylene to aldimines. Chem. Lett. 2006, 35, 1376−
1377.
(41) Li, C.-J.; Wei, C. Highly efficient Grignard-type imine additions
via C−H activation in water and under solvent-free conditions. Chem.
Commun. 2002, 268−269.
(42) Zhang, Y.; Li, P.; Wang, M.; Wang, L. Indium-catalyzed highly
efficient three-component coupling of aldehyde, alkyne, and amine via
C−H bond activation. J. Org. Chem. 2009, 74, 4364−4367.
(43) Chen, W. W.; Nguyen, R. V.; Li, C. J. Iron-catalyzed three-
component coupling of aldehyde, alkyne, and amine under neat
conditions in air. Tetrahedron Lett. 2009, 50, 2895−2898.
(44) Zeng, T.; Chen, W.-W.; Cirtiu, C. M.; Moores, A.; Song, G.; Li,
C.-J. Fe3O4 nanoparticles: A robust and magnetically recoverable
catalyst for three component coupling of aldehyde, alkyne and amine.
Green Chem. 2010, 12, 570−573.
(45) Chen, W.-W.; Bi, H.-P.; Li, C.-J. The first cobalt-catalyzed
transformation of alkynyl C−H bond: aldehyde−alkyne−amine (A3)
coupling. Synlett 2010, 475−479.
(46) Kantam, M. L.; Prakash, B. V.; Reddy, C. R. V.; Sreedhar, B.
Layered double hydroxide-supported gold catalyst for three-
component aldehyde-amine-alkyne coupling. Synlett 2005, 2329−
2332.
(47) Kabalka, G. W.; Zhou, L.-L.; Wang, L.; Pagni, R. M. A
microwave-enhanced, solventless Mannich condensation of terminal
alkynes and secondary amines with para-formaldehyde on cuprous
iodide doped. Tetrahedron 2006, 62, 857−867.
(48) Li, P.; Wang, L. A highly efficient three-component coupling of
aldehyde, terminal alkyne, and amine via C−H activation catalyzed by
reusable immobilized copper in organic-inorganic hybid materials
under solvent-free reaction conditions. Tetrahedron 2007, 63, 5455−
5459.
(49) Naeimi, H.; Moradian, M. Encapsulation of copper(I)-Schiff
base complex in NaY nanoporosity: An efficient and reusable catalyst
in the synthesis of propargylamines via A3-coupling (aldehyde-amine-
alkyne) reactions. Appl. Catal. A: Gen. 2013, 467, 400−406.
(50) Namithran, K.; Pitchumani, K. Nickel-catalyzed solvent-free
three-component coupling of aldehyde, alkyne and amine. Eur. J. Org.
Chem. 2010, 411−415.
(51) Laszlo, P. Catalysis of organic reactions by inorganic solids. Acc.
Chem. Res. 1986, 19, 121−127.
(52) Adams, J. M. Synthetic organic chemistry using pillared, cation-
exchanged and acid-treated montmorillonite catalysts  A review.
Appl. Clay. Sci. 1987, 2, 309−342.
(53) Clark, J. H.; Kybett, A. P.; Macquarrie, D. J.; Barlow, S. J.;
Landon, P. Montmorillonite supported transition metal salts as
Friedel−Crafts alkylation catalysts. J. Chem. Soc., Chem. Commun.
1989, 1353−1354.

(54) Cativiela, C.; Fraile, J. M.; Gaarcia, J. I.; Mayoral, J. A.; Figueras,
F.; De Menorval, L. C.; Alonso, P. J. Factors influencing the K10
montmorillonite-catalyzed Diels-Alder reaction between methyl
acrylate and cyclopentadiene. J. Catal. 1992, 137, 394−407.
(55) Izumi, Y.; Urabe, K.; Onaka, M. Development of catalyst
materials for acid-catalyzed reactions in the liquid phase. Catal. Today
1997, 35, 183−188.
(56) Tateiwa, J.; Hayama, E.; Nishimura, T.; Uemura, S. Metal
cation-exchanged montmorillonite (Mn+-mont)-catalysed aromatic
alkylation with aldehydes and ketones. J. Chem. Soc., Perkin Trans. 1
1997, 1923−1928.
(57) Guiu, G.; Gil, A.; Montes, M.; Grange, P. Tantalum-pillared
montmorillonite: I. Synthesis and physicochemical characterization. J.
Catal. 1997, 168, 450−462.
(58) Sato, H.; Hirose, K.; Nagai, K.; Yoshioka, H.; Nagaoka, Y. Vapor
phase nitration of benzene over solid acid catalysts: II. Nitration with
nitric acid (1); montmorillonite and mixed metal oxide catalysts. Appl.
Catal., A 1998, 175, 201−207.
(59) Ponde, D. E.; Deshpande, V. H.; Bulbule, V. J.; Sudalai, A.;
Gajare, A. S. Selective catalytic transesterification, transthioesterifica-
tion, and protection of carbonyl compounds over natural kaolinitic
clay. J. Org. Chem. 1998, 63, 1058−1063.
(60) Cornelis, A.; Laszlo, P. Molding clays into efficient catalysts.
Synlett 1994, 155−161.
(61) Xu, G.; Wang, Y. G. Microwave-assisted amination from aryl
triflates without base and catalyst. Org. Lett. 2004, 6, 985−987.
(62) Villemin, D.; Caillot, F. Microwave mediated palladium-
catalysed reactions on potassium fluoride/alumina without use of
solvent. Tetrahedron Lett. 2001, 42, 639−642.
(63) Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and
Practice; Oxford University Press: Oxford, 1998.
(64) Darr, J. A.; Poliakoff, M. New direction in inorganic and metal-
organic coordination chemistry in supercritical fluids. Chem. Rev. 1999,
99, 495−541.
(65) Shezad, N.; Clifford, A. A.; Rayner, C. M. Suppression of double
bond isomerisation in intramolecular Heck reactions using super-
critical carbon dioxide. Tetrahedron Lett. 2001, 42, 323−325.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc400450t | ACS Sustainable Chem. Eng. 2014, 2, 781−787787


