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The synthesis of an easily accessible theophylline-derived copper

complex with additional ammonium functionalization has been devel-

oped. This xanthine-based metal compound turned out to be an active

initiator of the alkyne–azide cycloaddition reaction (CuAAC) and Glaser

homo-coupling reaction in aqueous media at room temperature.
Introduction

Copper catalysts are widely used in many commercial chemical
processes.1 Thus, modications and improvements in activity
and selectivity of copper initiators may affect in a signicant
way the sustainability of chemical transformations. Especially,
copper(I) complexes bearing NHC ligands have been disclosed
as active catalysts for several transformations including various
types of cycloadditions2 and homo- and hetero-coupling reac-
tions.3 In addition, current research trends have demonstrated
a renewal of the chemistry of carbon–carbon triple bonds,
where copper in the rst oxidation state plays a crucial role.4

A good example of the reaction promoted by catalytic
amounts of copper(I) complexes using alkynes as starting
materials is the Huisgen 1,3-dipolar cycloaddition.5 This
synthetic approach based on the reaction between alkyne and
azide proved to be a straightforward method leading to valuable
triazole ring.6 The heterocyclic core of 1,2,3-triazole became the
subject of considerable interest due to its utility in organic
chemistry and presented biological properties by some of its
derivatives.7 It's also worth to mention that, copper catalysts
favour the formation of 1,4-disubstituted 1,2,3-triazoles as only
isomers. Lately, most of studies on 1,3-dipolar cycloaddition
have explored activity of various modied copper(I) complexes
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containing NHC ligands.8 In general, these modern copper
initiators bearing NHC moiety possess very good stability and
can be used even in high-temperature conditions.

Another representative reaction for the construction of
complex molecules, which employs terminal alkynes is oxida-
tive homo-coupling termed as Glaser-type coupling.9 This
synthetic strategy involves dimerization of two terminal alkynes
in the presence of oxygen and catalytic amount of copper active
species in order to give 1,3-diynes. The unique structure as well
as good stability and reactivity of homo-coupled products make
them precious scaffolds in organic synthesis, supramolecular
chemistry and material science.10 Despite a great number of
examples in the literature showing the use of copper salts and
copper complexes in Glaser-type coupling, only very few of them
relate to copper compounds having NHC ligands.11 Thus, we
considered this gap in the synthesis of 1,3-diynes promoted by
NHC copper complexes under aqueous conditions as worth to
expand.

In recent decade, various transformations promoted by new
generation of water-soluble NHC copper catalysts in aqueous
media and biomass-derived solvents have been intensively
studied.12 Attaching ionic groups or strong polar substituents to
NHC ligands is a typical method to solubilize metal complexes
in green media.13 The presence of various functionalizations of
NHCs ligands such as: carboxylate,14 ester,15 sulfonate16 and
ammonium17 increase water solubility. Apart from well-known
procedures for the preparation of such NHC precursors, there
are also available natural products, which contain NHC
building blocks and may exhibit similar properties compared to
synthetic analogues.18 To date, several examples of water-
soluble transition metal complexes containing natural hetero-
cyclic core, such as carbohydrates and alkaloids derivatives have
been presented in literature.19 However, these scientic reports
were rather limited to the description of antimicrobial activity
and cytotoxicity of new metal complexes.19,20 According to our
knowledge, synthesis and catalytic activity of NHC copper
complexes based on natural products have been studied very
little up to now.21
This journal is © The Royal Society of Chemistry 2016
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Table 1 Optimization of CuAAC reaction conditions. Reaction
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In this context, our intention was to prepare copper catalytic
system based on a naturally occurring molecule with additional
ammonium functionalization to increase the aqueous solubility
of the NHC metal complex. We also intended to investigate
potential activity of novel copper compound in CuAAC trans-
formation and in Glaser-type homo-coupling in aqueous media.
As part of our studies, the recovery and the reuse of a new
presumed copper catalyst in selected reactions were
investigated.

Results and discussion

With the goal to enhance solubility in water of novel copper
complex, we have planned the synthetic route utilizing
theophylline as a basic scaffold. Theophylline like caffeine or
theobromine is a alkaloid closely related to nucleobases of DNA
or RNA, which widely occurs in nature, in the cacao tree.22

Another valuable feature of theophylline as a NHC precursor is
a suitable structure for synthetic application. As will be shown,
one of the nitrogen atom of this compound can be easily
deprotonated via substitution reaction.

The starting point of our four-steps synthesis was the prep-
aration of ammoniummoiety. Further experiments showed that
employment of this type of functionalization in the structure of
metal complex can vitally improve the hydrophilicity of whole
molecule.23 As depicted in Scheme 1, the ammonium scaffold
has been obtained in one step.

The reaction between commercially available reagents: an
excess of a,a-dibromo-p-xylene 1 and N,N-dimethylethylamine 2
in the mixture of CH3CN/THF at room temperature led to the
formation of water-soluble quaternary ammonium salt 3 in 78%
yield. With required water-soluble moiety 3 in hand, we pro-
ceeded with the synthesis of the planned NHC copper complex.
Thus, the compound 3 was linked to the theophylline 4 using
Scheme 1 Synthesis of water soluble copper complex 7.

This journal is © The Royal Society of Chemistry 2016
alkylation conditions affording the precursor 5 in 71% yield.
Subsequently, the resulting product 5 was methylated with 3
equivalents of methyl iodine in CH3CN at 80 �C to afford the
desired water-soluble NHC salt 6 in high yield (89%). Finally,
the treatment of compound 6 with copper(I) chloride and an
excess of K2CO3 in dry acetone under reux conditions gave
a new copper complex 7 with the good yield (62%). The last step
of the presented synthesis required the purication of crude
mixture by ltration through Celite and the precipitation of the
copper compound 7 from mixture of solvents: dichloro-
methane/n-pentane. Obtained white-off powder of the copper
complex 7 was characterized by standard spectroscopic
methods. However, several attempts to obtain single crystals
suitable for X-ray analysis measurements were ineffective.

Before starting the study on activity of complex 7, we also
checked the solubility of this compound in water. The theoph-
ylline which plays a role of NHC core is generally slightly soluble
in water (8.3 mg mL�1),24 but the addition of a quaternary
ammonium group has increased the solubility to 15.5 mgmL�1.

In order to examine the activity assay of the theophylline
copper complex 7, two different reactions were selected and
tested. At rst, to illustrate the applicability of novel copper
complex 7 in three component click reaction, we initially carried
out the model reaction between phenylacetylene 8, benzyl
bromide 9 and NaN3 10 in various solvents (Table 1, entries
1–7). The results were summarized in Table 1.

It was interesting to notice that this type of 1,3-dipolar
cycloaddition reaction proceeded well in various green solvents
including: water, CPME and glycerol (Table 1, entries: 1–3, 73–
87%) as well as in MeOH (Table 1, entry 4, 75%) aer 24 hours.
As shown in Table 1, we observed also some exceptions for
conditions: phenylacetylene 8 (1.1 mmol), benzyl bromide (1.0 mmol),
sodium azide (1.1 mmol), 1 mL of solvent, 24 h

Entry Cu-cat. (mol%) Solvent (1 mL) Yielda (%)

1 7 5 Water 87
2 7 5 CPME 73
3 7 5 Glycerol 82
4 7 5 MeOH 75
5 7 5 DCM 35
6 7 5 Toluene Trace
7 7 5 DMSO Trace
8 7 2.5 Water 86
9 7 1 Water 88
10 7 0.5 Water 69
11 — — Water n.d.
12 CuI 5 Water 21
13 SIMesCuCl 5 Water/t-BuOH (3 mL) 93
14 IMesCuCl 5 Water/t-BuOH (3 mL) 65

a Isolated yields, n.d. not determined.

RSC Adv., 2016, 6, 44248–44253 | 44249
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Scheme 2 Catalytic activity of theophylline-based copper complex (7)
in three component CuAAc reaction. Reaction conditions: benzyl
halide (1.0 mmol), NaN3 (1.1 mmol), alkyne (1.1 mmol), Cu cat. 7 (1
mol%), H2O (1 mL), rt, 24 h.
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transformations carried out in traditional solvents such as:
DCM, toluene and DMSO. The use of these solvents provided
denitely lower yields (Table 1, entries 5–7, up to 35%). As the
survey of solvents revealed that the best medium for three
component click reaction catalysed by new copper complex 7 is
water, we were interested in whether it was possible to reduce
the catalyst loading of this catalytic reaction. To determine
optimal conditions, we conducted three experiments with
reduced amount of complex 7 (Table 1, entries 8–10, 2.5 mol%
to 0.5 mol%). The catalytic amount of 1 mol%, was found to be
optimal for the studied reaction (Table 1, entry 9) to obtain the
product 11 with 88% yield. Further decreasing of catalyst
loading to 0.5 mol% led to lower yield 69% (Table 1, entry 10).
Moreover, no product was detected in the absence of theoph-
ylline based complex 7 (Table 1, entry 11), showing that the
presence of copper compound is essential for this reaction.
Finally, we also proceeded the benchmark reaction with CuI
(Table 1, entry 12). We found, that under optimized conditions,
compound 11 was obtained only with 21% yield using CuI. This
result revealed the advantage of new copper complex 7 over
traditional copper catalytic system. To compare the activity of
water-soluble theophylline-based complex 7 and well-known
NHC copper complexes, we enriched Table 1 (entries 13–14)
with results provided by Nolan and co-workers.12c The tradi-
tional NHC copper complexes such as: SIMesCuCl and IMes-
CuCl showed diverse reactivity (65–93%), depending on used
nature of NHC ligand. Furthermore, authors applied complexes
in higher loading (5 mol%) and in the mixture of solvents: H2O/
t-BuOH.

With the optimized conditions in hands, we surveyed the
reaction scope using different substituted benzyl halides and
alkynes in water (Scheme 2).

The reactions employing aliphatic and aromatic terminal
alkynes with various substituents proceeded smoothly and
a series of 1,4-substituted triazoles (Scheme 2, examples: 11–24)
were afforded in very good yields (73–93%). In general, no clear
trend was observed between steric or electronic factors of
substrates and the formation of 1,4-substituted triazoles.
However, in most cases substrates with electron-rich substitu-
ents (Scheme 2, examples: 14, 15, 16, 19 and 23) worked more
efficiently toward CuAAC transformation, affording appropriate
1,4-triazoles with higher yields (89–93%). It should be also
noted that the presence of the electron-rich methyl group in
benzyl bromide have caused the prolongation of the CuAAC
reaction time from 24 hours to 48 hours (Scheme 2, examples:
15, 16 and 19). Interestingly, theophylline based complex 7
turned out as a tolerant and an active catalyst of the tricky S-
bearing triazole (Scheme 2, example 24).

Continuing the exploration of catalytic performance of new
copper complex 7 in aqueous media, we then conducted model
transformation of Glaser-type homo-coupling. To optimize the
reaction conditions, phenylacetylene 8 was selected as
a substrate. The benchmark reaction was performed in water at
room temperature (Table 2).

The preliminary experiment indicated that product 25 was
not detected in 24 hours in the absence of any base (Table 2,
entry 1). Thus, next trials were performed with the addition of 50
44250 | RSC Adv., 2016, 6, 44248–44253
mol% of Et3N in various green media including: water, CPME
and glycerol (Table 2, entries 2–4). The results of these three
experiments showed that the combination of Et3N with water
improved the efficiency of the formation of 25 (Table 2, entry 2,
79%). While studying other compounds with basic character, it
turned out that better reactivity was obtained using pyridine
(Table 2, entries: 5–6). In order to improve the reaction efficiency
by reducing the catalyst's loading and the amount of the base, we
continued evaluation studies. A decrease in the catalyst loading
to 2.5 mol% and 1 mol%, allowed to afford the product 25 in
92% yield (Table 2, entries: 7–8). Further reduction of loading of
copper complex 7 to 0.5 mol% diminished yield of the expected
1,3-diyne 25 to 84% (Table 2, entry 9). Next, the amount of base
was under investigation (Table 2, entry 10). It turned out, that no
improvements in the yield was observed, when the loading of
pyridine was reduced to 25 mol% (Table 2, entry 10, 77%).
Considering the key role of copper compounds in the model
reaction, another two experiments were carried out (Table 2,
entries 11–12). Performing the Glaser homo-coupling reaction
without any copper compounds or using standard catalytic
systems such as CuI didn't improve yields of 1,3-diyne 25.

Based on the presented survey, the optimal conditions for
Glaser-type homo-coupling were proposed as follows: 1 mol% of
catalyst combined with 50 mol% of pyridine and the use of
water as a solvent (Table 2). Having demonstrated methodology
of Glaser-type homo-coupling reaction, we next focused on the
scope using copper complex 7. To our delight, new catalyst 7
This journal is © The Royal Society of Chemistry 2016
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Table 2 Optimization of Glaser homo-coupling reaction conditions. Reaction conditions: phenylacetylene 8 (1.0 mmol), base, 1 mL of solvent,
rt, 24 h

Entry Cu-cat. (mol%) Solvent (1 mL) Base Yielda (%)

1 7 5 Water — n.d.
2 7 5 Water Et3N (50 mol%) 79
3 7 5 CPME Et3N (50 mol%) 56
4 7 5 Glycerol Et3N (50 mol%) 78
5 7 5 Water Pyridine (50 mol%) 91
6 7 5 Water (i-Pr)2EtN (50 mol%) 55
7 7 2.5 Water Pyridine (50 mol%) 92
8 7 1 Water Pyridine (50 mol%) 92
9 7 0.5 Water Pyridine (50 mol%) 84
10 7 1 Water Pyridine (25 mol%) 77
11 — — Water Pyridine (50 mol%) n.d.
12 CuI 5 Water Pyridine (50 mol%) 15

a Isolated yields, n.d. not determined.
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promoted the reaction of alkynes bearing a variety of functional
groups (Scheme 3).

The results showed that 1,3-diynes containing electron-
donating and electron-withdrawing substituents and as well
as heterocyclic moiety were formed with very high yields using
complex 7 (Scheme 3, examples 25–30, 79–93%). In addition,
also aliphatic terminal alkyne with hydroxyl group was selec-
tively coupled to afford internal 1,3-diyne 31 with 86% yield
(Scheme 3). Based on conducted experiments, the advantage of
Scheme 3 Catalytic activity of theophylline-based copper complex 7
in Glaser-type cross-coupling reaction. Reaction conditions: alkyne
(1.0 mmol), pyridine (50 mol%), Cu cat. 7 (1.0 mol%), H2O (1.0 mL), rt,
24 h.

This journal is © The Royal Society of Chemistry 2016
merging water and new catalytic system 7 was the facile isola-
tion of desired 1,3-diynes.

At the present time, the common practice in metal catalysed
reactions in green media, is the probe of recycling of the ob-
tained catalyst.25 To demonstrate the catalytic efficiency of
copper complex 7, we carried out both examined trans-
formations: CuAAC reaction and Glaser-type homo-coupling
reaction once more to investigate the possible recovery of initi-
ator 7 from the previous run. The reuse test was executed in 1mL
of water, using 1 mol% of catalyst 7 and in case of Glaser-type
transformation with 50 mol% of pyridine. Aer the completion
of each reaction, monitoring by with TLC plate, Et2O was added
to the ask and using the extraction step, product was set apart
from the reactionmixture. The aqueous phase with the catalyst 7
was reused for the next course. Observed recyclability for both
reactions was disclosed on Fig. 1.
Fig. 1 The recyclability test of complex 7.

RSC Adv., 2016, 6, 44248–44253 | 44251
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In case of CuAAC transformation, the copper complex 7 was
applied to the reaction four times, giving 67% of isolated
product 11 in the fourth run. A signicant decrease in the
recovery of initiator 7 was observed for Glaser-type homo-
coupling. In each run, the product 25 was obtained with lower
yield, giving in the third time only 34% of the desired
compound 25. In the fourth run, the product 25 was not
detected. This outcome might be a consequence of the deacti-
vation of the copper initiator 7 under Glaser reaction conditions
aer longer time of use.
Conclusions

In summary, the synthesis of easy accessible novel water-
soluble copper complex containing theophylline moiety has
been presented. The catalyst bearing ammonium functionali-
zation displayed high activity in three component click reaction
and in Glaser homo-coupling reaction under mild conditions. A
broad range of 1,4-substituted triazoles and 1,3-diynes have
been formed by the incorporation of 1 mol% of new simple
copper complex at room temperature in water. Presented cata-
lytic system is a good example of sustainable approach due to its
ability to be recycle up to fourth times in water in three
component click reaction. In case of Glaser homo-coupling
reaction, the novel initiator allows to obtain the expected
homo-dimer only three times, however in each run with
diminished yield. Further investigations into the utility of this
new water-soluble copper complex bearing theophylline moiety
in other catalytic reactions are in progress.
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Chem., 2014, 16, 3515; (c) D. Wang, N. Li, M. Zhao, W. Shi,
C. Ma and B. Chen, Green Chem., 2010, 12, 2120; (d)
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