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Graphical Abstract

Mesoporous graphitic carbon nitride as a heterogeneous catalyst for
photoinduced copper(I)-catalyzed azide-alkyne cycloaddition

Sajjad Dadashi-Silab, Baris Kiskan, Markus Antonietti, and Yusuf Yagci'
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A new protocol has been developed for the photoinduced CuAAC click using the heterogeneous mesoporous
graphitic carbon nitride as the photocatalyst.
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A new protocol for the photoinduced copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) was developed. The
system utilizes mesoporous graphitic carbon nitride (mpg-
N3;C,y) as a heterogeneous photocatalyst to realize the in situ
reduction of copper(I) species upon UV or sunlight
irradiation. The efficiency of the system in regard to its
ability to photoinitiate the CuAAC of a variety of aliphatic
and aromatic azides and alkynes in different solvents was
examined. Photocalorimetric measurements confirmed that
the rate of the reaction depends on the light intensity and
continuous or intermittent irradiation. Importantly, because
of the heterogeneous nature of the photocatalyst, mpg-C;N,
can easily be separated and reused in further reactions
without loss of activity.

The concept of “Click Chemistry” introduced by the groups of
Sharpless' and Meldal® has opened new possibilities in the field of
synthetic chemistry. Since then, many studies have been devoted
towards better understanding the philosophy of “Click Chemistry”
and expanding its scope to various fields of chemistry ranging from
bioconjugation®’ and drug discovery® to material science’'? and
many others."?

Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) has been a
very prime example of click chemistry that is catalyzed and
influenced by copper(I) salts (Cu(l)) towards regioselectivity.
Supplementing various promoters or ligands within the system
enhances the catalytic performance of Cu(I) compounds and
accelerates the rate of reaction. Typical examples include
benzimidazole and phosphoramidite ligands, acids and bases and
polymeric ligands as reusable catalyst.'*!

The required Cu(l) to catalyze CuAAC can also be formed in an in
situ manner by reducing air stable Cu(Il) species using reducing
agents,”” electrochemical, > or photochemical®® protocols. In the
photochemical path, the process is accomplished either by direct
reduction of Cu(Il)ligand complexes by light***® or indirect
reduction by the photochemically generated active species mostly
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free radicals.”” *® Bowman and co-workers employed the indirect
reduction system to achieve a comprehensive spatiotemporal control
over the CuAAC process.”’ Multi-functional azide and alkyne
groups patterned areas in contact with light where the
photogenerated radicals reduced Cu(Il) to Cu(I). Undoubtedly, the
ability to provide spatiotemporal control over the reaction is a unique
advantage of the photoinduced click reactions over the other
conventional processes. We have recently shown that the spectral
sensitivity of such systems can be extended to higher wavelengths by
using polynuclear aromatic compounds (PAC)*®  The electron
transfer reaction of photoexcited PAC with Cu(Il) within the
exciplex generates Cu(I) species that trigger the CuAAC process. An
alternative approach was reported independently by the groups of
Bowman and Vincent who incorporated acylphosphinate oxide and
benzophenone-like photoinitiators, respectively, within the Cu(II)
catalyst as the counter anion. In the case of acylphosphinate, the
CuAAC click reaction was catalyzed by the photochemically
generated electron donor radicals stemming from acylphosphinate.”'
In the case of benzophenone photosensitizer, the catalytic action
involving Cu(I) generation is also based on the photoinduced
electron transfer process. It was proposed that quenching the triplet
aromatic ketone, most likely by the ligand, led to the formation of
ligand centered radical cation followed by hydrogen abstraction to
yield ultimately the required Cu(I) complex.** * Quite recently, Bear
et al. reported an elegant method for doping copper(I) cations within
ZnS quantum dot (QD) shells.** The CuAAC was achieved by the
release of Cu(I) ions into solution upon photoexcitation of the QDs.
Interestingly, the system operated in a ligand-free mode, and the
heterogeneous QDs being refined the Cu dopant exhibited reusability
for further usages in catalyzing the CuAAC. Readers are directed
towarzcsls more detailed and specific click reactions triggered by
light.

The polymeric, metal-free, semiconducting photocatalyst
mesoporous graphitic carbon nitride (mpg-CsN,),*® known as a
“green” catalyst, is meanwhile used in a broad variety of
photocatalytic applications due to its large surface area (=200 m’
g "), surface active sites, high stability, and easily separation from
the system. The reported photocatalyst applications include
hydrogen evolution by water splitting,®’ reduction of CO,,* %
Friedel-Crafts reaction,* oxidation of benzene,*' and photoinitiation
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of free radical polymerization.*> We have recently shown that atom
transfer radical polymerization (ATRP) can successfully be realized
by photochemical means using mpg-C;N, for catalyst activation.*
The proposed ATRP mechanism is based on the in sifu generation of
Cu(I) species by the reduction of Cu(II) with the photochemically
released electrons from the semiconductor mpg-CsN,. To further
explore and take advantage of this type of redox process, it was the
intention here to develop a methodology for CuAAC, which is
similarly activated by Cu(I) ions to potentially arrive at green and
reusable click process.

In this communication, we report that a highly efficient CuAAC
process can be realized by the photochemical formation of Cu(I) ions
in a controlled manner without the need of a reducing agent or
radical initiator by using the metal free heterogeneous catalyst mpg-
C3N4.

We began with a model reaction between benzyl azide (la) and
phenylacetylene (2a) in the presence of copper(Il) chloride/
N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA)
(Cu"ClL/PMDETA) and mpg-C;N, under UV light irradiation
(Figure 1-a). The reaction was monitored by FTIR as the azide peak
decreased throughout the clicking of 1a and 2a. The reaction
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Figure 1. Kinetics of the photoinduced CuAAC using mpg-C;Ny: a)
schematic representation of photoinduced clicking benzyl azide (1a)
with phenylacetylene (2a) by mpg-C;N,; b) typical presentation of
decreasing the intensity of the azide peak in 1a as a result of clicking
with 2a monitored by FTIR (0.05 equiv of Cu(Il)); c) yield versus
irradiation time for clicking 1a with 2a calculated from FTIR spectra
loading different copper ratios.
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completed after 45 min irradiation as the azide peak around 2100
cm’ completely disappeared (Figure 1-b). The copper catalyst was
used at a ratio of 0.05 equiv. The effect of the ratio of Cu(Il) was
further investigated by loading it at the ratios of 0.01, 0.05, and 0.10
equiv. The kinetics of the reactions, which were monitored by FTIR,
showed that by using Cu(Il) at the ratio of 0.01, the reaction reached
only to 81% yield after 90 min irradiation. Whereas in others
increasing the ratio of the Cu increased the rate of the reaction
reaching to 99% of yield within 45 min for the ratio of 0.05 and 30
for 0.10 equiv (Figure 1-c). Although utilizing Cu at the ratio of 0.10
gave high yield in a low reaction time, because of element economy
it was chosen to proceed with the ratio of 0.05, which gave the same
yield in relatively low irradiation time. Control experiments in the
absence of light or mpg-C;N, gave only traces of the final triazole
product in the same irradiation time as that of utilizing mpg-C;N,. In
addition, the model reaction was also examined under natural
sunlight irradiation and it proceeded to completion within 80 min.

A series of experiments were carried out to further explore the effect
of light intensity on the process. For this purpose, we turned to
photodifferential scanning calorimetry (photo-DSC) to investigate
the calorimetric behavior of the photoinduced CuAAC between the
model substitutes 1a and 2a (see Supporting Information). The
obtained thermograms provide a real-time measure of the reaction
rate (Figure 2). As anticipated, the rate of the reaction increased by
increasing the light intensity. Bowman et al. found that the intensity
of light did not have significant influence on the rate of click
reaction between multi-functional azide and alkyne groups to afford
polymers containing triazole rings. It was attributed to the fact that
the effect of light was confined to the very first step of the reaction
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Figure 2. Calorimetric traces of the photoinduced CuAAC in the
presence of mpg-CsN, deploying benzyl azide (1a) and
phenylacetylene (2a) as the model substitutes: a) effect of light
intensity on the rate of photoinduced CuAAC (inset: real time
conversion of the reaction), and b) effect of continuous and
intermittent irradiation on the rate of the reaction measured by
photoDSC.
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that is to photolysis of the initiator to form free radicals capable of
reducing Cu(II).** However, in our system it is obvious that the
intensity of light has a noticeable influence on the rate and yield of
the reaction as presented in Figure 2-a. Apparently, more intense
light facilitates the formation of surface localized charge carriers to
reduce Cu(Il).

Figure 2-b shows the calorimetric measurements of the system in
which two samples were exposed to light; one under continuous
irradiation and the other for only 3 min. The samples were kept in
the dark for initially 2 min and no heat change was observed
indicating the necessity of light in the initiation step. Exposing to
light started the reaction where by turning the light off (after 3 min
irradiation) the rate of the reaction dropped dramatically yet
continued to occur in a lower rate with respect to the continuous
irradiation. This persistence of the reaction in the dark implies that
the in situ formed Cu(l) species are not completely consumed by
oxidation/reduction processes. An integration under the heat-time
graph revealed that the conversion of the sample under continuous
irradiation was 1.2 times greater than that of the 3 min irradiated
sample.

The scope of the reaction was examined for a variety of azide groups
using 2a as the alkyne part (Scheme 1). Tolerance for variations in
the azide component is excellent. As shown in Scheme 1, the system
worked out well for all tested azides having different functionalities.
When an azide with highly aromatic group, anthracene 1b, with
respect to phenyl ring la, was incorporated, the reaction rate
increased significantly. Although the reactions with phenyl azide
(1¢) proceeded rather slowly, acceleration was observed when fluoro
(1d) or nitro (1e) groups were attached at the para position. This was
in line with the previously reported studies that revealed electron
withdrawing or donating substituents on the azide substrate result in
a rate increase.” In addition, ester functionalized (1f) and
unsaturated azides (1g) reacted fully with 2a.

The applicability of the system was also investigated in various
alkyne compounds applying 1a as the azide component (Scheme 2).
Compared with 2a, the rate of clicking slightly decreased in the case
of pyridine (2b) and thiophene (2¢) substitutes, but still reacted in
relatively short time with high yields. In the case of propargyl
moieties, propargylamine (2e) and propargyl alcohol (2f) reacted
rather slowly. Notably, the reaction with propargyl acrylate (2d) was
fast with high yield.

The model reaction proceeded quite well in a variety of solvents,
especially in MeCN in accordance with the previous studies.*®
However, the reaction was rather inefficient in alcohols and water
(Table S1). Importantly, the heterogeneous nature of this system
affords easily filtration of the photocatalyst off the system and
utilizing it for further reactions. The model reaction was repeated
five times loading the same mpg-C;N, catalyst. The yield of the
indicating
preservation of the photocatalyst during the photoinduced CuAAC
(Figure S2). FTIR analysis further proved this structural as the
spectral behavior of mpg-C;N, before and after irradiation was the
same (Figure S3).

reaction remained almost constant for all cycles
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Scheme 1. Azide Scope for the Photoinduced CuAAC using mpg-
C;3N,.
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Scheme 2. Alkyne Scope for the Photoinduced CuAAC using mpg-
CsNy.
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Conclusions

In conclusion, we have demonstrated the CuAAC process
stimulated by the photoinduced electrons to the in situ
The
photoreduction process was realized by using mpg-C;N, under

formation of Cu(I) to catalyze the click reaction.

UV light in which the heterogeneous nature of the photocatalyst
made it to be successfully used for several times for the
initiation of CuAAC. It was found by photocalorimetric
measurements that the rate of the process is highly reliant on
the intensity of light. The system showed an efficacious
performance for a wide range of azides and alkynes in several
media.
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