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ABSTRACT: Two air-stable copper(I)—halide coordination poly-
mers 1 and 2 with NNS and NNO ligand frameworks were
synthesized and successfully utilized as efficient catalysts in an
important organic reaction, namely, copper-catalyzed azide—alkyne
cycloaddition, which is generally conducted in a mixture of water
and organic solvents. The azide—alkyne “click” reaction was
successfully conducted in pure water at r.t. under aerobic
conditions. Other green solvents, including ethanol and glycerol,
were also effectively used. Finally, deep eutectic solvents as green
and sustainable reaction media were successfully utilized. In deep
eutectic solvents, complete conversion with excellent isolated yield
was achieved in a short period of time (1 h) with low catalyst
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= Three component one pot reaction

» Air-stable well defined Cu(l)-catalyst
«Very low (ppm level) catalyst loading
« Ambient conditions (in air at r.t.)

« Easy product isolation (filtration only)
+ Green and sustainable medium

* Wide substrate scope

« Excellent isolated yields of products

loading (1 mol %) at r.t. Full conversion could also be achieved within 24 h with ppm-level (50 ppm) catalyst loading at 70 °C.
Optimized reaction conditions were used for the syntheses of a large number of 1,4-disubstituted 1,2,3-triazoles with various
functionalities. Triazole products were easily isolated by simple filtration. The reaction media, such as water and deep eutectic
solvents, were recovered and recycled in three consecutive runs. The limited waste production is reflected in a very low E-factor
(0.3—2.8). Finally, the CHEM21 green metrics toolkit was employed to evaluate the sustainability credentials of different optimized
protocols in various green solvents such as water, ethanol, glycerol, and deep eutectic solvents.

B INTRODUCTION

Sustainable chemical transformations for the syntheses of
useful chemicals are highly essential in the present era, and the
scientific community is keen to evaluate the environmental and
green aspects of a chemical process led by “The 12 Principles
of Green Chemistry”.' > These 12 principles involve catalysis
as one of the strategic factors.”™® At least one (often more)
catalytic reaction step is involved in most of the significant
chemical reactions for the production of valuable chemicals,
and catalysts play crucial roles in most of the industrial
processes impacting the economy significantly. However, a
majority of these chemical processes are dominated by scarce,
expensive, and mostly toxic noble metal catalysts. As the use of
noble metal catalysts is not sustainable, earth-abundant and
cheap (and often less toxic) base metals such as manganese,
iron, cobalt, nickel, and copper can serve as indispensable
alternatives. Employing copper complexes as catalysts instead
of noble metals for the production of agrochemical and
pharmaceutical commodities has indeed led to the discovery of
new synthetic methodologies within the toolbox of organic
synthetic chemistry.” Copper has high potential in homoge-
neous catalysis because of the following reasons: (i) copper is
earth-abundant and cheap; (ii) it has various stable oxidation
states (0 to +3) with dynamic geometries (linear, trigonal
© 2022 The Authors. Published by
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planar, square planner, tetrahedral, square pyramidal, trigonal
bipyramidal, and octahedral); (iii) it accommodates both hard
and soft ligands and forms both 6- and 7-complexes; and (iv) it
is a less toxic and sustainable base metal. Copper is usually
considered as a “metal of choice” in organometallic chemistry
and homogeneous catalysis due to its vast applications in a
. . . . 10-23 .
wide variety of organic transformations. One important
example is the copper(I)-catalyzed 1,3-dipolar cycloaddition of
organic azides and alkynes, commonly called CuAAC, which is
one of the most versatile and reliable strategies for the
synthesis of 1,4-disubstituted 1,2,3-triazole. This triazole
(containing different functional groups) is a significant class
of nitrogen-containing heterocycles that has found widespread
Lo 124251 . . 12627 .
applications in pharmaceutical, biological, and material
sciences (dyes, corrosion inhibitors, photostabilizers,
25,2831 . 32,33
etc.). Moreover, they are used as ligands or
precursors of an important class of NHCs**** for the
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Scheme 1. CuAAC Reaction in Green Reaction Media and Sustainable Features of the Present Study
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H + R—N,

green reaction media

Vaccaro et al. (Green Chem., 2016, 18, 6380)

N=N
rR-N_A~R

Catalyst: CuSO,.5H,0 (2 mol%), Na-ascorbate (10 mol%), Imidazole ligand (20 mol%)
Reaction media: Furfuryl alcohol/water azotrope

Temperature & time: 30 °C, 3t0 24 h

Vaccaro et al. (Green Chem., 2018, 20, 183)
Catalyst: CuSO,.5H,0 (2 mol%), Na-ascorbate (10 mol%)

Reaction media: Polar clean/water (4:1)
Temperature & time: 50 °C, 24 h

Present work:

R H + R—Cl + NaN,

Cu(l)-halide coordination polymer

deep eutectic solvent

N=N
rR-N_~r

Reaction conditionA: Cu(l)-catalyst (1 mol%), deep eutectic solvent, r.t., 1 h

Reaction conditionB: Cu(l)-catalyst (60 ppm), deep eutectic solvent, 70 °C, 24 h

Cu(l)-halide coordination polymer

« Three component one pot reaction

¢ Air-stable well defined Cu(l)-catalyst
« Very low (ppm level) catalyst loading
* Ambient conditions (in air at r.t.)

« Green and sustainable medium

o Easy product isolation (filtration only)
¢ Reaction media recycled 5 times

* Wide substrate scope

¢ Excellent isolated yields of products

synthesis of metal complexes. In CuAAC reactions, either
Cu(I) species is generated in situ by reducing a Cu(1l) salt
(commonly by sodium ascorbate)®*”** or Cu(I) complexes
with various ligand frameworks are directly utilized.'”*'~>°
These reactions are generally performed in a mixture of water
and organic solvent, such as alcohols (+BuOH, EtOH, and
MeOH), dichloromethane, acetonitrile, and THE.*'~>° The
purification of triazole products often includes chromato-
graphic separation, which also produces a lot of solvent waste.

A key factor for the advancement of the green and
sustainable process is the use of benign solvents.”*®” Solvents
are commonly the major sources of waste generation in a vast
majority of organic syntheses, and thus, currently, chemical
industries are often concerned with selecting solvents. The use
of bio-based solvents for metal-catalyzed organic trans-
formation has attracted significant attention recently.*~*
The utilization of green and reusable solvents as reaction
media for the CuAAC reaction is very important, and some
important advancements in this regard have been reported by
Vaccaro et al. (Scheme 1). They utilized an azeotropic mixture
of water and biomass-derived furfuryl alcohol as an effective
solvent.” In the recent past, Vaccaro et al. utilized a mixture of
water and Polarclean as a safe, reusable, and sustainable
reaction medium.”' To use green and sustainable reaction
media, we searched for other potential alternatives for
sustainable development in synthetic chemistry. We focused
our attention on deep eutectic solvents (DESs), an emerging
class of green media that can balance the major disadvantages
of ionic liquids, such as high cost, complex synthesis and
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purification, high toxicity, and nonbiodegradability.”>~"°

Although the use of DESs in organic synthesis is limited as
compared with common organic solvents, current research
interest has grown significantly.”” DESs have found many
applications in various fields of material chemistry such as
solvents for electrochemically conducting polymers,”® recog-
nition of analytes (e.g, Li’, Na*) in analytical devices,”
lubrication of metal contacts,” production of carbon electro-
des for capacitors,”’ electrolytes for dye-sensitized solar
cells,*"®* and synthesis of drug solubilization vehicles.*>**
With our specific goal of exploring the potential applicability of
DES as a sustainable reaction medium in important chemical
transformations, we decided to investigate the CuAAC reaction
using DESs as solvents.

Herein, we report readily accessible and air-stable copper(I)-
halide coordination polymers with NNO and NNS ligand
moieties as very efficient and sustainable catalysts for the
CuAAC reaction in green solvents such as water, glycerol, and
DESs (Scheme 1). The green and sustainable features of the
optimized catalytic protocols are also evaluated utilizing the
CHEM21 green metrics toolkit.*®

B RESULTS AND DISCUSSION

Generally, Cu(I)-halides (often Cul) are used for CuAAC
reactions. However, the instability and insolubility of simple
copper-(I) salts in most of the reaction media (particularly
organic) are the main setbacks. Alternatively, the active species
are often generated in situ from a copper(Il) salt in the
presence of a reducing agent such as sodium ascorbate.

https://doi.org/10.1021/acsomega.2c06231
ACS Omega 2023, 8, 868—878
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Scheme 2. Synthesis of Copper(I) Complexes 1 and 2 (the Molecular Structures Showing 30% Ellipsoids and Hydrogen Atoms

are Omitted for Clarity)
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However, such in situ-generated Cu(I) species are often
unstable and have a tendency to disproportionate into Cu(0)
and Cu(Il) or may get oxidized to Cu(Il) species under
aerobic conditions. Hence, often a large amount of copper salt
is required for the desired yield. However, the removal of
copper from the product is a problem, particularly when
triazoles find applications in electronics and pharmaceuti-
cals.*>™*" To avoid this situation, stable and highly active (very
low catalyst loading) Cu(I) complexes with appropriate ligands
are essential. Therefore, the synthetic catalysis community of
the present day is expected to pay attention to designing new
copper catalysts decorated with ancillary ligands for the
CuAAC reaction in sustainable organic synthesis. Yamada
and Uozumi et al. reported polymeric copper(II) catalysts with
a poly-(imidazole-acrylamide) ligand framework as very active
catalysts (0.25 mol %) for the CuAAC reaction in the presence
of sodium ascorbate (10 mol %) in a +-BuOH /water mixture.*®
Zimmerman et al. used a copper-crosslinked single-chain
metal—organic framework as a highly efficient Cu(II) catalyst
(ppm level) for the same purpose in water in the presence of a
reducing agent. Such bulky ligand frameworks not only
protected the in situ-generated Cu(I) center from further
oxidation but also significantly improved the catalytic activity
(ppm level).”” However, the above catalysts are heterogeneous
in nature and the use of a reducing agent to reduce Cu(II) to
active Cu(I) species is necessary. Furthermore, use of
polymeric copper entities is limited due to its slow rate of
dissociation to form active monomeric or dimeric Cu(I)
species. In this regard, stable Cu(I) polymers equipped with
ancillary ligands having pendant labile ligand arms are more
beneficial. The labile arm can easily decoordinate the metal
center, which helps substrate binding (alkyne coordination).
Hence, careful attention to the development of a suitable
ancillary ligand system is necessary to create a favorable
coordination linkage around the metal center. In this regard,
we have developed an NNS ligand (L,) with a bulky, labile,
and soft thioether arm (Scheme 2). We previously
demonstrated the hemilabile nature of this type of NNS
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ligands.” For a useful comparison, we also used an NNO
ligand (L,) with a harder ether arm (Scheme 2). The facile
coordination of L; with CuCl resulted in the formation of
complex 1 (Scheme 2). Similarly, the reaction of L, with CuBr
yielded complex 2 (Scheme 2). Both 1 and 2 were
characterized by 'H and "*C NMR spectroscopy, IR spectros-
copy, and elemental analysis. NNS and NNO ligand
frameworks were clearly visible in the 'H NMR spectra of
complexes 1 and 2, respectively. In the '"H NMR spectra, the
aromatic protons were observed as multiplets in the range of
8.74—7.18 ppm and 8.28—6.68 for complexes 1 and 2,
respectively. Resonance for the benzylic proton in complex 1
was observed as a singlet at 5.27 ppm. The methylene moieties
in complex 1 were observed as two triplets at 3.86 and 2.50
ppm, whereas a singlet was observed at 5.47 ppm for the
methylene protons in complex 2. In the '"H NMR spectrum of
complex 2, the methoxy protons appeared as singlets at 3.70
ppm. In the IR spectrum of free ligand L;, a sharp band was
observed at 1646 cm™", which is the characteristic peak for the
azomethine stretching vibration. The azomethine stretching
band is slightly shifted to 1651 cm™ in complex 1. In the IR
spectrum of free ligand L,, the pyrazole mixed stretching
vibration of C=N and C=C bonds was observed at 1504
cm™!, which is slightly shifted to 1517 cm™ in complex 2.
Medium-intensity bands in the range of 3000—2800 cm™" were
attributed to symmetric and asymmetric stretching vibrations
of C(sp®)—H bonds, respectively, in both 1 and 2. The
vibrational bands in the range of 1400—1610 cm™' were
assigned to pyridyl (C=N) and phenyl (C=C) stretching
vibrations.

The identities of 1 and 2 were further confirmed by single-
crystal X-ray diffractometry (XRD) (Scheme 2). XRD revealed
that 1 crystallized in the monoclinic system with space group
P2,/c, whereas 2 crystallized in the triclinic system with space
group P1. The asymmetric unit of 1 consists of a copper, a
chloride, and an NNS ligand, whereas double units of copper,
bromide, and NNO ligands are present in the asymmetric unit
of 2. The geometry around the Cu(I) center in 1 and 2 can be

https://doi.org/10.1021/acsomega.2c06231
ACS Omega 2023, 8, 868—878
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Table 1. Catalytic Performances of 1 and 2 for the Three-Component CuAAC Reaction in Pure Water, Ethanol, and Glycerol

as Green Solvents”

=
Cl Cu(l) coordination polymer (1 or 2)
+ + NaNj
water or ethanol or glycerol

ent. cat. (mol %) solvent
1 1(5) water
2 2 (5) water
3 1(2) water
4 2 (2) water
3 1(2) water
4 2 (2) water
S 1(2) water
6 1(2) water
7 1(2) water
8 1(2) water
9 1(2) water
10 1(2) ethanol
11 1(2) ethanol
12 1(2) ethanol
13 1(2) glycerol
14 1(2) glycerol

N=N
//N\/\Ph

Ph A
temp. (°C) time (h) yield (%)"
r.t. 12,8, 6 >99
r.t. 12, 8,6 >99
r.t. 6 77
r.t. 6 48
r.t. 12 >99
r.t. 12 88
rt. 10, 8 >99
70 6,5 >99
70 4 80
100 S, 4 >99
100 3 85
r.t. 8 30
70 12,8, 6 >99
70 S 86
r.t. 8, 6 >99
r.t. S 88

“Reactions conducted in a vial (10 mL) with 0.50 mmol of benzyl chloride, 0.50 mmol of phenyl acetylene, 1.25 mmol of sodium azide, S:2 mol %
of 1:2 in 2 mL of water/ethanol/glycerol at r.t.:70:100 °C. bIsolated yields of the triazole product.

described as distorted tetrahedral. Both 1 and 2 are one-
dimensional (1D) coordination polymers with the general
formula [Cu(L)X], (L: L;/L,; X: Cl/Br); however, they are
very different from each other. In species 1, the pendent
thioether arm of the NNS ligand propagates the structure in
the 1D chain. On the other hand, the bromide ion acts as the
bridging unit in 2; the ether arm of the NNO ligand remains
uncoordinated and is located roughly opposite to the metal
coordination environment. This is probably because the soft
Cu(I) center is likely to bind the soft sulfur donor and avoid
the harder oxygen donor. The intrachain Cu—Cu distances are
5.988 and 4.101 A in 1 and 2, respectively. The Cu—N bond
lengths vary from 2.063(S) to 2.259(S) A in 1 and 2. The Cu—
S (2.2440(13) A), Cu—Cl (2.2786(13) A), and Cu—Br
(2.4352(11)—2.5276(10) A) bond lengths are in the expected
range consistent with tetrahedral Cu(I) complexes.”' ~**
Mostly, the C—H--w and #---7 stacking interactions are
responsible for the solid-state stability of 1 and 2. It is worth
mentioning that both coordination polymers 1 and 2 are air-
and moisture-stable.

In homogeneous catalysis, significant attention is focused on
the manipulation of the ligand environment (electronic and
steric factors) for the development of better-performing
catalysts. However, the selection of solvents for sustainable
catalysis is often ignored. A major aspect of green chemistry is
the selection of environmentally benign and sustainable
solvents because solvents often produce the major amount of
waste mass in a synthetic process.57_60 Various organic
solvents often used in organic syntheses are considered to be
problematic or even hazardous, such as acetonitrile, toluene,
xylene, DMSO, THF, dichloromethane, chloroform, and
benzene.*® However, acetonitrile, dichloromethane, and THF
are frequently used as solvents in CuAAC reactions catalyzed
by well-defined organometallic Cu(I) complexes.™* 7%
Herein, we report the utilization of various green solvents for
the CuAAC reaction catalyzed by the well-defined Cu(I)
coordination polymers 1 and 2.

871

We started testing the catalytic activities of two Cu(I)-halide
coordination polymers 1 and 2 using pure water as a green
solvent (Table 1) under aerobic conditions at r.t. Using S mol
% catalyst loading, both 1 and 2 achieved a quantitative yield
of triazole product A in 6 h (entries 1 and 2). On reducing the
catalyst loading to 2 mol %, 1 and 2 provided 77 (entry 3) and
48% (entry 4) yields of products, respectively. The Cu(I)-
chloride coordination polymer with an NNS backbone (1)
displayed better catalytic performance as compared with the
Cu(I)-bromide coordination polymer with an NNO backbone
(2). Species 1 with 2 mol % loading also achieved full
conversion to the product in 8 h at r.t. (entry 5), which was
considered as the optimized condition at r.t. (depicted in green
in Table 1). Thereafter, we explored the performance of 1 at
elevated temperatures. Using the same catalyst loading of 2
mol %, a quantitative yield of triazole A was obtained in S h at
70 °C (entry 6). On further increasing the reaction
temperature to 100 °C, complete conversion to products was
achieved in 4 h (entry 8). Therefore, the reaction time was
reduced to half at 100 °C as compared with the reaction at r.t.
Thereafter, we shifted our focus to ethanol. Ethanol is an
attractive candidate in the context of sustainable chemistry as it
is bio-abundant, cheap, and environmentally benign. We
started with the previously optimized conditions for water
(entry S); however, 30% yield of product was noted with 2 mol
% loading of 1 in 8 h at r.t. (entry 10). Hence, the reaction
temperature was increased to 70 °C (below the boiling point
of ethanol) to achieve a better yield of the product. The
following conditions were accepted as the optimized
conditions in ethanol: 2 mol % of 1, 70 °C, 6 h (entry 11,
depicted in green in Table 1). Thereafter, we utilized glycerol,
a waste produced by the biodiesel industry, which is
considered as a valuable green solvent. Again, we started
with the previously optimized conditions for water (entry ),
and complete conversion to triazole product A was achieved in
8 h. The best conditions of the CuAAC reaction in glycerol are

https://doi.org/10.1021/acsomega.2c06231
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Table 2. Catalytic Performance of 1 for the CuAAC Reaction in Deep Eutectic Solvents as Sustainable Reaction Media”

() coordination polymer 1

/
SANCREE
+ + NaNj3

ent cat. 1 (mol %) solvent mixture (ratio)
1 2 ChCl/glycerol (1:2)
2 1 ChCl/glycerol (1:2)
3 1 ChCl/glycerol (1:2)
4 0.1 ChCl/glycerol (1:2)
S 0.1 ChCl/glycerol (1:2)
6 0.05 ChCl/glycerol (1:2)
7 0.05 ChCl/glycerol (1:2)
8 0.05 ChCl/glycerol (1:2)

deep eutectic solvent

N\)\Ph
h

P

temp. (°C) time (h) yield (%)"
r.t. 8:4:2 >99
r.t. 2:1 >99
r.t. 0.5 66
r.t. 24 >99
r.t. 18 87
r.t. 24 75
70 24 >99
70 18 82

“Reactions conducted in a vial (10 mL) with 0. 50 mmol of benzyl chloride, 0.50 mmol of phenyl acetylene, 1.25 mmol of sodium azide, 2—0.05
mol % 1 in 1 mL of ChCl/glycerol (1:2) at r.t. bIsolated yields of the triazole product. ChCl stands for choline chloride.

Scheme 3. CuAAC Reaction Using Different Optimized Reaction Conditions (Bn-N; was Synthesized In Situ by Reacting Bn-

Cl and NaN;)

A. :B.
Ph—= [1]: 2 mol% N=N
o T N\/\Ph
Bn-N water //
3 rt.8h Ph (100%)
C. : D
Ph—=
[1]: 2 mol%
P el N
BN ethanol \)\Ph :
" 70°c,6h Ph (100%)  :
E. NN ; E
Ph—— = :
[1]: 1 mol% 1 :
+ - N A~ph
BN DES r :
Ns vt 1nh Ph (100%) :

Ph—= [1]: 2 mol% 'N=N
+ 4t> //N\/\Ph
Bn-N, water g
100 OC,4h Ph (100@)
Ph—= [1]: 2 mol% N'Nj\
+ _—
Bn-N glycerol // Ph
n-Ns rt..6h Ph (100%)
Ph——
[1] 50 ppm
+ D4> N\)\Ph
Bn-N
3 70°C. 24 h Ph (100%)

the following: 2 mol % of 1, r.t, 6 h (entry 13, depicted in
green in Table 1).

Finally, we turned our attention to DESs as an emerging
class of green reaction media. Although DESs are highly
underexplored for organic transformations, they may have high
potential applicability in the CuAAC reaction. Previously, few
groups reported CuAAC reactions in DESs as reaction
media,,*®’*7*?%5 A mixture of choline chloride and glycerol
(1:2) is a commonly used DES. It is a type-1Il DES that does
not contain metal ions with probable toxicity.””~’® Therefore,
we chose choline chloride and glycerol mixture (1:2) as the
reaction media for the following CuAAC tests (Table 2). We
started with the previously optimized conditions for water
(entry S in Table 1). Using 2 mol % loading of complex 1, a
quantitative yield of triazole product A was obtained in 8 h at
r.t. (entry 1 in Table 2). Complete conversion to product A
was also achieved in 2 h (entry 1). Reducing the catalyst
loading to 1 mol %, we observed a quantitative yield of the
triazole product in just 1 h (entry 2), and this condition was
considered as one of the optimized conditions using DESs as
reaction media. Under identical reaction conditions, roughly
70% yield of the product was obtained in half an hour (entry
3). On further reduction of the catalyst loading to 0.1 mol %,
full conversion of substrates to the desired triazole product A
was noted in 24 h at r.t. (entry 4). Encouraged by this result,
we further reduced the catalyst loading to the level of S0 ppm.
However, complete conversion to the product (isolated yield
75%) could not be achieved in 24 h at r.t. (entry 6). Therefore,
the reaction temperature was increased to 70 °C, and a
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quantitative yield was achieved in 24 h with ppm-level catalyst
loading (entry 7). Hence, the second optimized condition in
the choline chloride and glycerol mixture (1:2) is as follows:
0.0S mol % of 1, 70 °C, 24 h (entry 7, depicted in green in
Table 2).

Developing a highly efficient catalyst for an organic
transformation is important; however, more importance should
be given to the development of a more sustainable catalytic
process for that chemical transformation as green and
sustainable protocols are essential in the present era. Hence,
we feel the necessity to evaluate the drawbacks and benefits of
our optimized catalytic protocol for the CuAAC reaction with
the green credentials based on “The 12 Principles of Green
Chemistry”."*~%*°™® To begin with, we did not use a
copper(1I) salt and reducing agent to generate the Cu(I) active
catalyst. The use of a well-defined and air-stable organometallic
Cu(I) catalyst for the three-component CuAAC reaction (in
situ-generated organic azides) is no doubt advantageous. We
selected six previously optimized catalytic protocols for the
CuAAC reaction and further examined the green and
sustainable aspects of these processes in various green reaction
media such as water (methods A and B), ethanol (method C),
glycerol (method D), and DES (methods E and F) (Scheme
3).

The above six catalytic protocols (methods A, B, C, D, E,
and F) for the CuAAC reaction were evaluated with the
CHEM21 green metrics toolkit, which is a quantifiable
extension of “The 12 Principles of Green Chemistry”
(summarized in Table 3).° The CHEM21 green metrics
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Table 3. Comparison of the Six Different Methods (Methods A—F)

of the CuAAC Reaction

Metric Method A Method B Method C  Method D  Method E~ Method F
Yield 100 100 100 100 100 100

e N N N N N N
Conversion 100 ~ 100 . 100 ~ 100 . 100 . 100 ~

lectivi 1 1 1 1 1 1
Selectivity 00 ~ 00 ~ 00 ~ 00 ~ 00 ~ 00 ~
Atom 80.1 80.1 80.1 80.1 80.1 80.1
economy
Reaction 60.1 60.1 60.1 60.1 60.1 60.1
mass
efficiency
Optimum  75.1 75.1 75.1 75.1 75.1 75.1
efficiency
Process 18.7 18.7 16.1 15.6 15.3 15.2
mass
intensity
Solvent water ~ water . EtOH . gly . DES . DES .
Catalyst Yes Yes Yes Yes Yes Yes

y N iy N N N N

Catalyst No No No No No No
roconary N N N N N N
Media Yes Yes No Yes Yes Yes
recovery ~ . ~ . . .
Element Cu Cu Cu Cu Cu Cu
Reactor Batch Batch Batch Batch Batch Batch
Work up Filter . Filter ~ Drying ~ Filter ~ Filter ~ Filter ~
Energy r.t. ~ r.t. ~ 70 °C . r.t. ~ r.t. ~ 70 °C ~

toolkit was previously utilized to evaluate various catalytic
organic transformations.’*”"*?~'%* Methods A—F were exam-
ined utilizing only the zero pass and first pass of the CHEM21
green metrics toolkit as the second pass and third pass are
considered as industrial toolkits. Favorable and undesirable
processes are flagged by green and red colors, respectively. An
amber flag presents an acceptable process with concerns.
Methods A—F were analyzed by various metrics, including
yield, conversion, and selectivity. All six methods provided
quantitative conversions and yields in specified times with
excellent selectivity, and thus, all six protocols for the CuAAC
reaction received green flags for their yield, conversion, and
selectivity. The atom economy, reaction mass efficiency, and
optimum efficiency for methods A—F are also good. Similar to
most of the homogeneous catalytic processes, solvents
constitute most of the mass intensity for all six methods, and
hence, the solvent is a crucial metric for the measure of
sustainability. Methods A—E all earned green flags as the
solvents used for the six processes (water, ethanol, glycerol,
and DES) are green solvents. Then, the following metrics were
used one by one: catalyst, catalyst recovery, element, reactor,
and work-up. All methods are catalytic protocols, and they
receive green flags for the use of catalysts. Catalysts could not
be recovered. In the CuAAC reaction, the triazole product
binds with the copper center, and the catalyst is lost with the
product. The reaction media were copper-free, and the copper
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catalyst could not be recycled. Thus, using ppm-level catalyst
loading (in method F) is very beneficial. All these methods
earned red flags for catalyst recovery. However, the recovery of
reaction media was performed very easily (just filtration of
product) when water was used as the reaction medium
(methods A and B). Similarly, reaction media were also
recovered (dilution with water and filtration) in method D
(glycerol) and methods E and F (DES). The recovered
reaction media in methods A, B, D, E, and F were also reused.
The reaction medium in method C was ethanol, in which the
triazole product was soluble. The product was isolated by
evaporating the reaction media, and thus, the reaction medium
could not be recovered in method C. The copper catalyst was
used in all methods from A to F, and hence, all methods
received amber flags for the element. Copper is an earth-
abundant and very cheap base metal (in the earth’s crust and
seawater). However, geopolitical issues often decide the
availability of the metal worldwide. A continuous flow process
is generally desirable and receives green flags. However, we
performed all six CuAAC reactions in batches; therefore,
amber flags were again assigned for reactors in methods A—F.
Then, the work-up processes were considered. Methods A and
B involved only filtration as a quick work-up process. Ethanol
was just evaporated under vacuum in method C. Methods D,
E, and F involve dilution of the reaction media with water
followed by filtration. Therefore, we utilized very common and
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Scheme 4. CuAAC Reactions of Various Alkynes with In Situ-Generated Organic Azides Using Methods A and F
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easy work-up techniques such as filtration, evaporation, and
dilution, and all six methods are assigned green flags.
Thereafter, all six methods were analyzed using energy
parameters. CuAAC reactions of methods A, D, and E were
performed at ambient temperature (r.t.), and hence, they are
favorable processes and receive green flags. Methods C and F
were carried out at 70 °C. The acceptable temperature range
for a favorable process is 0—70 °C. In addition, the reaction
temperature of a desirable process should be S °C (or more)
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below the boiling point of the used reaction medium. As
boiling points of glycerol and the used DES were much higher
than 70 °C, both methods C and F were assigned green flags
(although the reactions were performed at elevated temper-
atures). Method B was performed at 100 °C, and it received a
red flag indicative of an unfavorable process as the boiling
point of water is also 100 °C. For methods A, B, C, and D,
CuAAC reactions were performed in the presence of the same
catalyst loading (2 mol %) either at ambient temperature or
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elevated temperature (70 or 100 °C) in water, ethanol, and
glycerol. Among these four methods, method A is the most
sustainable due to the use of water at r.t. DES as a sustainable
solvent was used in methods E and F. Although the CuAAC
reaction in method F was performed at elevated temperatures,
it is still in the acceptable temperature range. In addition, the
ppm-level catalyst loading in method F is also attractive.
Therefore, we considered methods A and F as the two most
favorable processes. To establish the practical utility and
robustness of these two catalytic protocols (methods A and F),
gram-scale (10 mmol) reactions were successfully conducted.
In addition, reaction media were successfully recovered and
reused five times for methods A and F.

For the green and sustainable development, it is crucial to
quantitatively evaluate the waste (leftover reactants, by-
products, unrecovered catalysts and catalyst supports, solvent
losses, etc.) generated in the process, and thus, the E-factor is
an important parameter for sustainability.”””"'%*'%> We
calculated the E-factor of large-scale reactions for methods A
(water as the solvent) and F (DES as the solvent) for a single
run and also for three consecutive runs (see the Supporting
Information for details). The E-factor for method A is in the
range of 0.3—0.7. Method F involved a slightly higher E-factor
(24—2.8) as water was used for washing and it was not
recovered. The overall range of the E-factor for methods A and
F is very low (0.3—2.8), lower than the previous reports by
Vaccaro et al.”%”" However, Vaccaro et al. recovered the used
catalyst, and we failed to do so. We could recover the reaction
media only.

Encouraged by the high catalytic activity of complex 1, we
focused our attention on exploring various aromatic and
aliphatic alkynes and organic azides (in situ generated by
reacting sodium azide and the corresponding organic
chlorides) to expand the substrate scope (Scheme 4). Organic
azides and alkynes with various arene moieties containing
electron-donating and electron-withdrawing functionalities
were tested utilizing previously optimized protocols in
methods A and F (Scheme 4). Substituted benzyl azides and
aromatic alkynes with electron-donating groups such as methyl
and methoxy groups were tested, and both methods (methods
A and F) produced the corresponding triazoles (B;, B,, B3, By,
and B;) in almost quantitative yields. Strong and weak
electron-withdrawing groups such as nitro, fluoro, and chloro
groups were also used, and we obtained excellent isolated
yields of triazole products (C,, C,, C5, C,, Cs, Cg, and C,). We
also combined substituted benzyl azides and aromatic alkynes
with either electron-donating or -withdrawing groups, and
CuAAC reactions under both methods smoothly produced the
expected triazoles (D;, D,, D3, D,, Dy, D¢, and D,). We also
successfully synthesized pyridyl 1,2,3-triazoles (E, and E,)
using 2-ethynylpyridine. Finally, several aliphatic alkynes such
as 1-hexyne, l-octyne, 1-hexadecyne, but-3-yn-1-ylbenzene,
and ethynylcyclopentane were tested, and the corresponding
triazole products (F;, F,, F; F, and Fs) were isolated in
excellent yields. However, we did not explore the use of aryl
azides due to their highly explosive nature. Therefore, various
alkynes and azides smoothly reacted to yield the expected
triazole products in excellent yields irrespective of the nature of
substituents. Present catalytic protocols are not limited to
phenyl acetylene and benzyl azide; various electron-donating
and -withdrawing groups were tolerated. Synthesized triazoles
may be directly used as monodentate or bidentate (such as
triazoles E; and E, with a pyridyl arm) ligands or can serve as
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precursors to NHCs (triazolylidenes) with electron-donating
and -withdrawing substituents.

B CONCLUSIONS

The facile coordination of the tridentate NNS (L,) and NNO
(L,) ligands with copper(I) halide yielded coordination
polymers 1 and 2, respectively. The pendant ether arm of
the NNO ligand in 2 remains uncoordinated, and bromide acts
as the bridging unit. In contrast, the thioether arm of the NNS
ligand in 1 propagates the 1D chain structure. Both 1 and 2 are
air-stable and display efficient catalytic activities for CuAAC
reactions. However, 1 displayed better catalytic activity. Using
an air-stable and well-defined copper(I) complex is advanta-
geous. The nature of solvents for the sustainable development
of chemical syntheses is crucial as solvents commonly produce
most of the waste. The CuAAC reactions were performed in
various green and sustainable solvents such as water, ethanol,
glycerol, and DESs. Several catalytic methods for the CuAAC
reaction were optimized (methods A, B, C, D, E, and F). The
CHEM21 green metrics toolkit was utilized to analyze the
advantages and setbacks of the six optimized catalytic protocols
(methods A, B, C, D, E, and F). One of the favored protocols
(method A) involved the reaction in water at r.t. in the
presence of 2 mol % catalyst loading. However, the DES
proved to be a much better reaction medium. Only 1 mol %
catalyst loading achieved complete conversion of substrates to
the desired triazole product in 1 h at rt. (method E). In
addition, ppm-level catalyst loading (S0 ppm) for complete
conversion was achieved in the DES at 70 °C (method F). The
present robust catalytic system (methods A and F) was
successfully utilized for the gram-scale synthesis of triazoles.
Finally, methods A and F were successfully used to expand the
substrate scope (26 additional substrates with various
functionalities). The catalyst could not be recovered, and the
reaction media were highly recyclable. The calculated E-factor
is very low (in the range of 0.3—2.8), and this reflects a process
with very low waste generation. The present robust and air-
stable catalytic system might be realistic for possible large-scale
applications.
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