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Abstract: An efficient, four-component reaction for the synthesis of hydrazono-sulfonamide adducts via 
in situ generated ketenimine was discovered. Highly porous copper benzenetricarboxylate [Cu(BTC)], 
metal-organic frameworks (MOF) was used as a heterogeneous catalyst for four-component coupling 
reaction involving aldehyde, alkyne, tosyl azide, and phenylhydrazine in one pot process. For the first 10 

time, copper(II) catalyst was utilized to generate ketenimine intermediate. The Cu(BTC) catalyst was 
recycled and reused for six times without any substantial loss in the yield. In addition, pyrene adduct (5r) 
shows remarkable aggregation induced emission enhancement (AIEE) property, which was studied in 
detail using THF: Water solvent mixtures. Adduct 5r is almost non-emissive in pure THF solution, 
however, it emits greenish-yellow colour in the aggregated state. Formation of nano-aggregates was 15 

confirmed by TEM analysis. A theoretical DFT study supports the observed photophysical changes.

Introduction 

 Multi-component reactions1 (MCRs) are consistently used as a 
powerful tool to build molecules with complex framework. 
Trapping of in situ generated reactive species to construct active 20 

motifs is the crux of MCRs mechanisms. Ketenimine2 is one of 
such functionality and perfectly suitable for in situ generation and 
further sequential reaction with other substrates leading to the 
construction of special molecules via MCR technique. Wang et 
al3, Chang et al4 and others5 developed efficient protocols for 25 

various active motifs bearing cyclic and acyclic structures by 
reacting in situ generated ketenimines with various substrates. 
Most of the literatures were reported to generate ketenimines 
using homogeneous Cu(I) catalyst and these reactions has some 
disadvantages such as metal contamination, difficult workup 30 

process, poor yield, and high cost of the catalyst. Very few 
ketenimine synthetic protocols make use of heterogeneous 
catalyst derived from Cu(I) source.5d, f, q  
 A metal organic framework6 (MOF) is very important class of 
highly porous materials that are composed of metal ions-organic 35 

ligands polymeric linkages. Unique properties of MOF’s such as 
high surface area, flexibility, pore size distribution makes them 
suitable to find potential applications in many fields such as drug 
delivery7, gas storage and separation8, sensors9, etc. Owing to 
their excellent properties and catalytic nature, chemists have 40 

employed MOF as solid catalyst for many organic 
transformations in past several years.10 These findings 
encouraged us to perform cascade reactions using Cu-MOF11 as a 
heterogeneous catalyst to generate ketenimine and its application 
in novel MCR. In the present work, we report the reactant 45 

accelerated generation of ketenimine by reaction of alkyne and 

tosyl azide using heterogeneous Cu(BTC) catalyst and which was 
further react with aromatic hydrazone (generated in situ by 
reaction of aromatic aldehyde and phenylhydrazine) to afford 
hydrazono-sulfonamide adducts in one-pot operation (Figure 1). 50 

Following this excellent method, we synthesized a small library 
of structurally diverse hydrazono-sulfonamide adducts. An 
efficient and remarkable heterogeneous Cu(BTC) catalyst was 
recovered and reused in six times without affecting the catalytic 
activity and yield of adducts. To the best of our knowledge, this is 55 

the first report application of Cu(BTC)11b, d-i MOF for generation 
of ketenimine. In continuation, aggregation Induced emission 
enhancement (AIEE) property of pyrene 
adduct (5r) was studied in detail. 
 60 

 

AIEE study

 
Figure 1. General outline of one-pot synthesis of substituted-(hydrazono-

sulfonamide) adducts 

Results and Discussion 

 In this study 4-methylbenzaldehyde (1a), phenylhydrazine (3),         65 
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phenylacetylene (2a) and tosyl azide (4) were used as model 
substrates. Various catalysts, bases and solvents were screened to 
get maximum yield. All reactions were performed under aerobic 
conditions. The product was not formed in the absence of 
catalyst. On the other hand, the reaction was performed using 5 

triethylamine (TEA) in the presence of CuI in dichloromethane 
(DCM) afforded 87% of desired product (Table 1, Entry 2). 
Structure of 5a was characterized using 1H NMR, 13C NMR, and 
ESI-MS analysis. Single crystal XRD analysis unambiguously 
confirmed the structure of 5a (see Supporting Information). 10 

Various Cu(I) and Cu(II) catalysts were screened using this 
protocol. All catalysts, except CuI, gave poor-to-moderate yields 
(10% to 67%) of desired adduct. 
 We preferred to use solid supported catalyst in order to 
develop a metal contamination free, environment-friendly 15 

methodology with simple workup. Very recently Konar et al12 
reported, Cu(II) MOF catalyzed Glaser type homo-coupling 
reactions. The mechanism outlined in the report suggested that 
electron rich ligands present in MOF facilitates in situ reduction 
of Cu(II) to Cu(I). Cu(I), the active species for homo-coupling 20 

reactions is oxidized into Cu(II) at the end of the reaction without 
affecting heterogeneous nature of the solid catalyst. Motivated by 
this finding, we envisaged that in situ generated hydrazones could 
reduce Cu(II) to Cu(I) species which can generate ketenimine 
intermediate. To ascertain our hypothesis, four component 25 

coupling reaction were performed using Cu(BTC) MOF as a 
heterogeneous catalyst under standard conditions. To our 
surprise, without affecting the heterogeneity nature of the 
catalyst, the reaction was progressed smoothly to furnish the 
desired product in excellent yield (Table 1, Entry 9). In fact, the 30 

yield of 5a was higher than the reaction performed using 
homogeneous catalyst.  
 Encouraged by these results, we focused our efforts to 
optimize the quantity of catalyst needed to perform the coupling 
reaction. Maximum yield (1.9 g) was obtained when 2.5 mg (1 35 

mol%) of the catalyst was used under standard reaction condition. 
Increase in the loading of catalyst did not result in higher yield. 
The reaction was carried out using lower amount of catalyst 
afforded low yield (Table 1, Entry 23 and 24). Over all, various 
inorganic and organic bases were screened, among them, TEA 40 

was found to be the best to afford 5a in good yield. Various 
solvents were screened for the coupling reactions such as 
dichloroethane (DCE), tetrahydrofuran (THF), acetonitrile 
(ACN), chloroform, toluene, xylene, 1,4-dioxane, N,N-
dimethylforamide (DMF), and DCM,  among them DCM 45 

emerged as a most suitable solvent. The equimolar mixture of 
reactants, Cu(BTC) catalyst (1 mol%), TEA (1.1 mmol) and 
DCM at room temperature was found to be the best optimized 
reaction conditions to perform the coupling reactions. 
 With optimal reaction conditions, this methodology was 50 

extended to several coupling reactions with various substituted 
benzaldehydes and alkynes (Table 2). It is evident that nature and 
position of substituent on phenyl ring of the benzaldehyde did not 
affect the yield of the reaction. Both aromatic and aliphatic 
alkynes were given their desired product in excellent yields. All 55 

the products were characterized by NMR and mass spectral 
techniques. 
 

Table 1: Screening of the reaction conditionsa 

60 

 

Entry Catalyst Base Solvent 
Time 
(min)b 

Yield 
(%)c 

1 - TEA DCM 60 - 
2 CuI TEA DCM 15 87 
3 CuI Pyridine DCM 15 43 
4 CuI DIPEA DCM 15 68 
5 CuI K2CO3 DCM 30 76 
6 CuBr TEA DCM 20 67 
7 CuCl TEA DCM 20 61 
8 Cu(BTC) TEA CHCl3 10 71 
9 Cu(BTC)d TEA DCM 5 95 

10 Cu(BTC) DBU ACN 5 32 
11 Cu(BTC) Cs2CO3 DCE 5 57 
12 Cu(OAc)2.H2O TEA DCM 30 33 
13 Cu(NO3)2.3H2O TEA DCM 30 28 
14 Cu(SO4)2.5H2O TEA DCM 30 10 
15 Cu(OTf)2 TEA DCM 30 13 
16 CuBr2 TEA DCM 30 22 
17 Cu2O TEA DCM 30 15 
18 Cu(BTC) DABCO THF 5 34 
19 Cu(BTC) TEA Xylene 5 57 
20 Cu(BTC) TEA Toluene 5 52 
21 Cu(BTC) TEA 1,4-Dioxane 5 44 
22 Cu(BTC) TEA DMF 5 56 
23 Cu(BTC)e TEA DCM 5 94 
24 Cu(BTC)f TEA DCM 5 85 

aReaction conditions: 1a (1 mmol), 2a (1 mmol), 3 (1 mmol), 4 (1 mmol), 
base (1.1 mmol), catalyst (1 mol%), solvent (3 mL), rt. bReaction time 
was determined by monitoring disappearance of reactants on TLC. 
cIsolated yield. d1 mol% of catalyst was used. e5 mol% of catalyst was 65 

used. f0.5mol% of catalyst was used. 

Recovery and Reusability of Cu(BTC) Catalyst 

 Heterogeneous nature of the solid catalyst was confirmed by 
reusability study for preparation of 5a. The reaction was 
performed under optimized reaction conditions. After complete 70 

conversion of reactants, the reaction mixture was filtered to 
separate the solid catalyst. TLC was used to monitor the progress 
of the reaction. Recovered catalyst was washed with DCM and 
dried in air for 10 min prior to use for the next run. The catalyst 
was recovered in very high yield (96%). 75 

 The recovered catalyst was subjected to powder XRD and FT-
IR analysis (Figure 2 & 3). A result of powder XRD and FT-IR 
spectrum indicates the crystalline nature of catalyst was intact 
even after several cycles of reactions. These results were also 
proved that the catalyst is remarkably heterogeneous. Deviation 80 

in the yield associated with the use of recycled catalyst is 
comparable to the yield obtained from reactions using fresh 
catalyst (Table 3). The catalyst was recovered and reused up to 
six times without any changes in the reaction time, yield and each 
run it was behaved as a fresh catalyst.  85 

 This methodology was scaled-up to 5g under standard 
conditions to afford 5a. The desired product was obtained in 93% 
yield, which was in accordance with the yield obtained in the 
small scale reaction. 

Page 2 of 8RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

Table 2: Cu(BTC) catalysed synthesis of hydrazono-sulfonamide 
adducts: Scope with respect to aldehydes and alkynesa 

 
Entry 1 (R1) 2 (R2) 5 (Yield%)b 

1 4-MeC6H4 (1a) Ph (2a) 5a 95 
2 4-OMeC6H4 (1b) 2a 5b 93 
3 4-CH(CH3)2C6H4 (1c) 2a 5c 93 
4 2-OEtC6H4 (1d) 2a 5d 91 
5 3-OMeC6H4 (1e) 2a 5e 90 
6 2-OMeC6H4 (1f) 2a 5f 90 
7 2,4-OMeC6H3 (1g) 2a 5g 87 
8 4-EtC6H4 (1h) 2a 5h 94 
9 C6H5 (1i) 2a 5i 92 
10 4-MeSO2C6H4 (1j) 2a 5j 88 
11 4-FC6H4 (1k) 2a 5k 91 
12 4-ClC6H4 (1l) 2a 5l 88 
13 4-BrC6H4 (1m) 2a 5m 88 
14 2-ClC6H4 (1n) 2a 5n 86 
15 3-BrC6H4 (1o) 2a 5o 90 
16 Biphenyl (1p) 2a 5p 89 
17 Thienyl (1q) 2a 5q 89 
18 1-Pyrenyl (1r) 2a 5r 80 
19 9-Anthracenyl (1s) 2a 5s 81 
20 1b 4-MeC6H4 (2b) 5t 89 
21 1m 2b 5u 87 
22 1a 4-n-pentylC6H4 (2c) 5v 90 
23 1a Cyclopropyl (2d) 5w 87 

aReaction conditions: 1 (1 mmol), 2 (1 mmol), 3 (1 mmol), 4 (1 mmol), 5 

TEA (1.1 mmol), Cu(BTC) (1 mol%), DCM (3 mL), rt, 5 min. bIsolated 
yield 

Mechanism 

 Most of the azide-alkyne cycloaddition reactions were 
performed using homogeneous Cu(I) catalysts. A few reactions 10 

were reported in the literature utilizing heterogeneous Cu(I) or 
Cu(II) solid catalyst.13 Yamaguchi et al14 disclosed that Cu(II) 
hydroxide supported on alumina or titania is an efficient catalyst 
for azide-alkyne cycloaddition reactions. The mechanism 
suggests that, involvement of Cu(I)-acetylide intermediate which 15 

is formed during the reaction. It also proves that acetylene 
reduces Cu(II) to Cu(I) by induction method. Corma et al15 
reported that Cu-MOF’s are efficient catalysts for ‘‘click” 
reactions. The authors thoroughly investigated the mechanism of 
the “click reaction” and hypothesized that Cu(II)-acetylide is 20 

formed during the course of reaction thus neglecting the Cu(I)-
acetylide active species concept suggested by Yamaguchi et al14. 
Ketenimines are generated from N-sulfonyl triazole by base 
mediated ring opening isomerization. In Cu(BTC) MOF, the 
copper centers are in stable +2 oxidation state. To our surprise, no 25 

reports are available using Cu(II) catalysts to generate N-sulfonyl 
triazole, which is traditionally prepared from TsN3 and alkynes 
catalyzed by Cu(I) salts. 

 
Figure 2. Powder XRD patterns of fresh and reused catalysts (a) Fresh, 30 

(b) 2nd run (c) 4th run (d) 6th run 

 
Figure 3. FT-IR spectra of fresh and reused catalysts (a) Fresh, (b) 2nd run 

(c) 4th run (d) 6th run 

Table 3: Reusability of Cu(BTC) MOFa 35 

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

Yieldb 95 93 95 94 90 91 

aReaction conditions: 1 (1 mmol), 2 (1 mmol), 3 (1 mmol), 4 (1 mmol), 
TEA (1.1 mmol), Cu(BTC) (1 mol%), DCM (3 mL), rt, 5 min. bIsolated 
yield 

 Based on the information obtained from the literatures, we 
performed few experiments to understand the mechanism of these 40 

coupling reactions. Chang et al4a disclosed three component 
coupling reactions of alkynes, azides, and amines using CuI as 
catalyst (Scheme 1, Reaction 1). The same reaction was 
performed in our laboratory using Cu(BTC) MOF as a catalyst 
(Scheme 1, Reaction 2). Surprisingly, no product was obtained 45 

(typical evolution of N2 gas was not observed) and homo-coupled 
(1,3-diyne) products was also not obtained. To check the 
involvement of radical, we conducted the coupling reaction in the 
presence of 2,2,6,6-tetramethylpyridine N-oxide (TEMPO) as a 
radical scavenger (Scheme 1, Reaction 3). However, the desired 50 

product 5a was obtained in 95% yield. Same yield was observed 
when the coupling reaction performed in the absence of TEMPO. 
The result of this experiment did not lead us to confirm the 
involvement of radical mechanism. The experiment performed in 
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the absence of base (Scheme 1, Reaction 4) was not furnished any 
product indicating the ring opening rearrangement process of N-
sulfonyl triazole did not take place. 

 
 Scheme 1. Control experiments 5 

 These results from the experiments led us to ignore alkyne as 
reductant14 and to conclude that generated hydrazones and 
reactants play vital role in the mechanism. It must be noted that 
as soon as the base was added to the reaction mixture the typical 
effervescence due to evolution of nitrogen were observed. 10 

However, when amines were used instead of hydrazones, the 
evolution of nitrogen not noticed. This process was suggested that 
in situ formed hydrazones might have been reduced Cu(II) to 
Cu(I) species, and in turn initiates triazole formation by CuAAC, 
and regains its crystalline nature by air oxidation without 15 

affecting heterogeneity. 
 Based on the literatures and experiments performed by us, a 
plausible mechanistic pathway of these coupling reactions was 
outlined (Scheme 2). The reaction of aldehyde-phenylhydrazine 
results in formation of hydrazone A which reduces Cu(II) to 20 

Cu(I), which in turn initiates triazole formation by CuAAC. This 
is followed by base mediated ring opening rearrangement to 
generate ketenimine intermediate B. Ketenimine B and hydrazone 
A coupled together to afford adduct 5. It must be noted that the 
attempts to point out the formation of Cu(I) as an active species 25 

was unsuccessful. 

 
Scheme 2. Proposed mechanistic cycle 

Aggregation Induced Emission Enhancement 
(AIEE) study 30 

 Development of luminogens whose aggregates emits more 
efficiently than that in solution has aroused much interest in 
recent years. Tang’s group in 2001 first reported that the 
luminescence of silole molecules was stronger in the aggregation 
state than that in the solution.16 They coined ‘‘aggregation-35 

induced emission enhancement’’ (AIEE) for this unusual 
phenomenon.17 A variety of luminogens, including 
tetraphenylethene, silole, naphthalimide, indolo-carbazole and 
pyrene derivatives, were successively proved to have the same 
properties.18 Such compounds were regarded as competitive 40 

candidates for practical use as highly emissive materials. 
Moreover, the introduction of functional groups into AIEE 
molecules will favor new development of chemo or biosensors 
for detecting metal cations, biomolecules and for cell imaging.19 

Inhibition of intramolecular rotations has been reported for the 45 

main reason for AIEE character of the luminogen. Recently, 
Pitchumani et al5q reported that the AIEE was aroused from 
inhibition of C=N isomerization at higher concentration of n-
hexane. Based on the literatures, we anticipated that the prepared 
adducts could exhibit AIEE.  50 

 Initially, we screened the photophysical behaviour of all the 
adducts, among them 5r shows remarkable AIEE character. 
Adduct 5r is highly soluble in organic solvents but in-soluble in 
water. Absorption and emission properties of adduct 5r are 
recorded by maintaining concentration at 1 × 10-5 M (Figure 4). 55 

Adduct 5r is weakly fluorescent in pure THF solution but the 
moment water (90%) was added to the THF solution, it became 
slightly turbid and absorption bands was red shifted from 375 nm 
(0% water) to 425 nm (90% water). 

 60 

Figure 4. Normalized absorption and emission spectra of 5r, 1 × 10-5 M 

 Encouraged by these results, photoluminescence (PL) 
spectrum was recorded in THF:Water solvent mixture with 
increasing concentration of water (Figure 5a). The PL intensity 
was gradually increased while increasing 10% of water by each 65 

time up 80%. Surprisingly, the peaks was significantly red shifted 
from 440 nm to 530 nm when 85% and 90% of water was added 
to THF and also, the THF:water mixture was turned to greenish-
yellow under UV irradiation (see Supporting Information). These 
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remarkable photophysical changes attributed to the inhibition of 
C=N isomerization at higher concentration of water, consequently 
the non-radiative decay from excited state gets suppressed and 
formation nano-aggregates. The formation of nano-aggregates 
was further confirmed by Transmission Electron Microscopy 5 

(TEM) analysis (Figure 5b). 

 
Figure 5. PL emission spectrum of 5r (1 × 10-5 M) in THF–water 

mixtures (a), excitation wavelength 375 nm and TEM image of nano-10 

aggregates for 90% water fraction (b). 

 The ground state geometry of the 5r has been optimized using 
a density functional theory (DFT) method using B3LYP/6-31G 
basis sets. The DFT calculations were carried out using the 
Gaussian 09 program. The ground state optimized geometries and 15 

absorption behaviors of the corresponding transitions of the 
compounds were obtained from time dependant (TD) DFT using 
above mentioned functional and basis set. From the DFT results, 
the optimized structure of 5r (Figure 6b)  shows that the dihedral 
angle is 171.07. It is well clear that the adduct 5r is in S-trans 20 

conformation. The frontier molecular orbital diagram shows that 
both the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) are mainly delocalized on 
whole π moiety and sulfonyl moiety (Figure 6a). The calculated 
energy gap between HOMO and LUMO is 3.00 eV. 25 

 
Figure 6. HOMO and LUMO energy levels of 5r calculated by TD-
DFT/B3LYP/6-31G basic sets (a) and optimized geometry of 5r (b). 

Conclusions 

For the first time, Cu(II) MOF catalyzed four-component 30 

coupling reaction of aldehyde, alkyne, tosyl azide, and 
phenylhydrazine leading to hydrazono-sulfonamide adducts at 
room temperature was achieved. Merit of the present 
methodology is very simple experimental procedure, shorter 
reaction time, no column purification, easy isolation of product 35 

with excellent yield etc. Based on the control experiments, 
plausible mechanistic pathway was proposed. The heterogeneous 
Cu(II) catalyst was reused for six times without any deviation in 
the activity and reaction time. Adduct 5r shows remarkable AIEE 
characteristics properties. Weakly fluorescent nature of 5r in pure 40 

THF solution was finely tuned in aggregated state with 
remarkable red shift (90 nm) and the THF:water mixture was 
changed to greenish-yellow color under UV irradiation.TEM 
analysis confirms the formation of well defined nano-aggrregates. 
The observed photophysical changes were supported by DFT 45 

calculations. Further studies to determine the mechanism of these 
coupling reactions, synthetic and real time applications of the 
prepared adducts are under progress in our laboratory. 

Experimental Section 

Procedure for synthesis of Cu(BTC) MOF 50 

Following the reported procedure20, the Cu(BTC) MOF was 
prepared. A mixture of benzenetricarboxylic acid (BTC) (3 
mmol) and Cu(OAc)2.H2O (5.43 mmol) was stirred in a mixture 
of DMF/EtOH/H2O (1:1:1, 30 mL) at room temperature. To the 
clear solution obtained was added triethylamine (3.57 mmol). The 55 

reaction mixture was stirred for 23 h. The product formed was 
collected by filtration and washed with DMF (2 × 32 mL). It was 
dispersed in DCM (HPLC grade, 63 mL) overnight. Next day, the 
solvent was decanted and the solid was washed with fresh DCM 
(3 × 63 mL). It was then dried under vacuum at 130˚C for 12 h. 60 

Cu(BTC) MOF was obtained as deep blue colored solid in 47% 
yield. Thus obtained Cu(BTC) MOF was characterized using 
powder XRD and FT-IR techniques (see Supporting 
Information), results of which were in accordance with those 
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reported by Yaghi et al.20 In FT-IR spectra peak at 1760–1690 
cm-1 corresponding to carboxylic acid was absent. Presence of 
strong peak at 1645 cm-1 corresponding to stretching frequency of 
carboxylate anions indicated that carboxylic acid groups in BTC 
underwent deprotonation. Powder XRD pattern confirmed that 5 

the material is highly crystalline in nature. The diffraction peaks 
of obtained Cu(BTC) MOF is consistent with the previous 
reports.20, 21 

General procedure for Cu(BTC) MOF catalyzed four-
component coupling reactions  10 

To the stirring mixture of aldehyde 1 (1 mmol) and 
phenylhydrazine 3 (1 mmol) in DCM (3 mL) was added alkyne 2 
(1 mmol), azide 4 (1 mmol) and activated Cu(BTC) MOF (1 
mol%). To the above mixture, triethylamine (1.1 mmol) was 
added slowly. The whole reaction mixture was allowed agitated 15 

for 5 min at room temperature and then filtered to separate the 
catalyst from reaction mixture. To the filtrate was added 
petroleum ether and ethyl acetate mixture (1:1, 20 mL) and 
resulting mixture was stirred for 10 min. About 75% of solvent 
mixture was distilled off from filtrate under vacuum at 70 ˚C. The 20 

above crude product was cooled to 0 to 5 ˚C and triturated 
immediately in 5-8 min to afford white solid which was collected 
by filtration. The recovered catalyst was thoroughly washed with 
DCM and air dried for 10 min before using it for next reaction. 
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