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We herein delineate cycloaddition of a wide range of azides with terminal alkynes using catalytic Cul and
a prolinamide ligand in aqueous media under aerobic conditions. The catalytic system is used for a ‘one-
pot’' synthesis of triazoles from aliphatic halides and alkynes. A detailed computational study predicts that
prolinamide plays a unique role in facilitating the cycloaddition in water via the formation of remarkable
metallacycle intermediates. The synthetic utility of the method is demonstrated by the synthesis of
pharmacologically relevant triazolyl diaryl amines via a Cu() catalyzed relay cycloaddition and Ullmann

Received 20th September 2020,
Accepted 15th March 2021

DOI: 10.1039/d0qo01150a

Published on 17 2564. Downloaded on 15/2/2569 13:28:12.

rsc.li/frontiers-organic coupling sequence.

Introduction

The Cu(i) catalyzed Huisgen' 1,3-dipolar cycloaddition® of
organic azides with alkynes is referred to as the prototypical
‘click reaction’ that has found diverse applications in fields
ranging from medicinal chemistry to materials science.**
While the Huisgen reaction produces a mixture of 1,4- and 1,5-
disubstituted triazole products in most cases,' Sharpless® and
Meldal®® independently reported copper(i)-catalyzed azide-
alkyne cycloaddition (CuAAC) to obtain 1,4-disubstituted 1,2,3-
triazoles regiospecifically. Triazole derivatives are privileged
scaffolds in medicinal chemistry, showing potent anti-cancer,
anti-allergic, anti-bacterial, and anti-HIV activities.>” In our
group, we have been using Cu() catalyzed and target directed
azide-alkyne cycloaddition to prepare triazole ligands for DNA
secondary structures with potent biological activities.”
Numerous strategies based on Cu(i) based catalytic
systems® have been developed to efficiently synthesize triazole
products.”'® In some instances, high temperature or micro-
wave conditions are required for copper(i) iodide catalyzed
cycloadditions. However, the reaction can be performed at
room temperature using Cu(r) in the presence of nitrogen,
sulfur, NHC or polydentate ligands."'™** Finn et al. reported
that tris(2-benzimidazolylmethyl)Jamine ligands can accelerate
copper(i)-catalyzed azide-alkyne cycloaddition with substantial
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improvements in the reaction rate as well as in yields of the tri-
azole products.'**

Reiser et al. used a heterogeneous copper(i) isonitrile
complex as an efficient catalyst for the 1,3-dipolar cyclo-
addition of azides and alkynes under mild conditions in water
(Scheme 1).°" Diez-Gonzalez et al. reported cycloaddition of
azides and alkynes using the commercially available complex
[CuBr(PPh;);] under neat conditions.” Although these
methods have been widely used for the synthesis of triazoles
from alkyl azides and alkynes, cycloaddition between substi-
tuted aromatic azides and alkynes in an aqueous environment
under ambient conditions still remains challenging.

In this context, we herein describe Cu(i) catalyzed azide-
alkyne cycloaddition in aqueous media at room temperature
using a triazolyl-prolinamide ligand, Pro-1 (Scheme 1). The
reaction proceeds with low Cu(i) and Pro-1 loading (5 mol%
Cul and 10 mol% Pro-1), providing highly pure triazole pro-
ducts in excellent yields, even obviating the need for column
chromatographic purifications. Cu(r) salts have been directly
used as catalysts in cycloaddition using polydentate nitrogen
ligands that stabilize Cu(1) intermediates and accelerate the
reactions.”"™* Inspired by this fact, we successfully employed
the triazolyl-prolinamide Pro-1 as a ligand for CuAAC reac-
tions (Scheme 1). The ligand contains two complementary
hydrophobic and hydrophilic functional groups, which makes
it ideal for assisting the reaction in aqueous media."” It is
further intriguing to find the role of Pro-1 in the catalytic cycle
as well as in the transition state of CuAAC using DFT studies.
Moreover, the synthetic utility has been demonstrated via a
relay CUAAC-Ullmann coupling process.

This journal is © the Partner Organisations 2021
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Scheme 1 Synthesis of triazole derivatives using CUAAC of azides and alkynes.

Results and discussion

We commenced our studies with the CuAAC of p-azidoanisole
(1a) with phenylacetylene (2a) as the model reaction at room
temperature in aqueous media (Table 1; see Tables S1 and S2
in ESL T for the detailed optimization study). To our delight,
the reaction proceeded satisfactorily providing the desired
product 3a in 95% yield (entry 1, Table 1). Later, DFT calcu-

Table 1 Optimization of reaction conditions?

MeO@Na . <:> — Catalyst, Ligand "
Solvent

1a 2a t8h 3a h

Entry Ligand Catalyst  Solvent Time (h) Yield” (%)
1 Pro-1 Cul H,0 8 95
2 — Cul H,0 48 20
3 Pro-1 — H,0 12 h n.r.
4 DMEDA Cul H,0 8 40
5 Phenanthroline  Cul H,O 8 51
6 L-Proline Cul H,O 8 65
7 Pro-2 Cul H,0 8 68
8 Pro-3 Cul H,0 8 40
9 Pro-1 Cu(OAc), H,0 8 21
10 Pro-1 CuO H,0 8 —
11 Pro-1 CuBr H,0 8 57
12 Pro-1 Cu(0) H,O 8 —

“Reaction conditions: 1a (1.0 mmol), 2a (1.50 mmol), Cul
(0.05 mmol), Pro-1 (0.1 mmol) in 2 mL water. ° Yield refers to the iso-
lated yield without chromatographic purification.

Nx, N,
SN (N N=N,
avas IaTas O
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lations revealed that water is an excellent solvent for the reac-
tion to occur at room temperature (Fig. 1 and 2). Further, Pro-1
was found to be the optimal ligand for this transformation,
indicating that the structure of prolinamide derivatives may be
crucial for attaining high catalytic reactivity (entry 1).'° The
synthetic details of prolinamide ligands (Pro-1, Pro-2, and Pro-3)
are given in the ESI (Schemes S1-S5, ESIf). The reaction of
p-azidoanisole (1a) with phenylacetylene (2a) proceeded satis-
factorily in the presence of 5 mol% Cul and 10 mol% Pro-1.
However, when the reaction was performed using half the
loading of Pro-1, the yield of the triazole derivative 3a
decreased (65%, Table S27).

With the optimized reaction conditions (0.1 equiv. Pro-1,
0.05 eq. Cul, in 0.1 M water at room temperature; Table 1, entry
1), we next explored the scope of the reaction by varying azides
and acetylenes (Schemes 2 and 3). It is worth noting that only a
few studies on CuAAC of aromatic azides have previously been
reported in aqueous media at room temperature.”*°

We were pleased to find that a variety of aromatic azides
containing both electron-rich and electron-deficient functional
groups (alkyl, methoxy, nitrile, nitro, ketone and halogen as
substituents) reacted efficiently providing triazole products in
excellent yields and high purity (3a-3z, Scheme 2). The ortho-
and meta-substituted aromatic azides also provided the corres-
ponding triazole products in high yields (92-95%, Scheme 2).
Importantly, aryl azides containing hydroxy and amine substi-
tuents afforded the desired products (3b, 3¢, 3u and 3v) in
excellent yields (90-94%).

The viability of this catalytic protocol was next expanded
using aliphatic, aromatic and heteroaromatic azides, nucleo-
side derived azides, and bis-azides as well as different aryl,
alkyl and heteroaromatic alkynes 2a, 2s, 2x and 5a-d
(Scheme 3). Aliphatic azides furnished the corresponding

Org. Chem. Front, 2021, 8, 2434-2441 | 2435
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Fig. 1 (a) Comparison between Fokin's mechanism and our proposed mechanistic model of CUAAC. (b) Free energy profile for the binuclear CUAAC
reaction. (c) Optimized structures of all the reaction intermediates, reactants, products and catalysts for the CuAAC reaction. Optimized transition
state (TS) structures with select bond lengths (in A). (d) TS1 of the cycloaddition. (e) TS1 with the coordinated water molecule (explicit model).

cycloaddition products (6a—6h) in 78%-96% yields (Scheme 3).
The aromatic bis-azide 4b also produced the desired bis-tri-
azole product 6g. Thus, the method can be used for the syn-
thesis of both mono- and bis-triazole derivatives.
Heteroaromatic azides such as thiazole azide 4d and coumarin
azide 4e reacted with phenylacetylene 2a to provide the corres-
ponding triazoles (6i and 6j) in high yields (Scheme 3).

2436 | Org. Chem. Front., 2021, 8, 2434-2441

Importantly, guanosine azide 4f could be coupled with
alkynes 2a and 5d under the aqueous conditions to afford the
products 6k and 6l in 74-77% yields (Scheme 3). Previously,
the triazolylnucleobase derivatives were synthesized by CuAAC
under a long reaction time."” The present method offers an
efficient approach for synthesizing nucleobase derived tri-
azoles under mild reaction conditions in high yields. Aliphatic

This journal is © the Partner Organisations 2021
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Scheme 2 Cycloaddition of aromatic azides and alkynes: “reaction per-
formed with 1 g of 1a for 8 h, Pisolated yields after chromatographic
purification.

alkynes were also found to be compatible under the optimized
conditions providing the desired triazoles 6f and 6m-o in
good yields (Scheme 3). Gram-scale experiments with 1 g each
of 1a and 4a were successfully performed affording the corres-
ponding triazoles 3a and 6¢ in excellent yields (Schemes 2 and
3).

We next examined this protocol for a one-pot sequential
synthesis of triazoles from benzyl/alkyl halides. Benzyl/alkyl
halides 7a,b were converted to the corresponding azides in situ
and then reacted with terminal alkynes 2a, 5a, 5b and 5d

This journal is © the Partner Organisations 2021
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Scheme 4 One-pot synthesis of triazoles from alkyl halides.

(Scheme 4 and Table S3, ESI}). Triazole derivatives 6 were
obtained with excellent yields without any chromatographic
purification (Scheme 4). However, we failed to isolate any tri-
azole products when the one-pot reaction was performed using
aromatic bromides."®

The well-established catalytic model for CuAAC developed
by Fokin et al. suggested that the o-bound copper acetylide
coordinates to an organic azide via the m-bound enriched
copper atom to produce complex I (Fig. 1a)."® Next, the nucleo-
philic attack at N-3 of the azide by the p-carbon of the acetylide
forms an unusual six-membered copper metallacycle II, con-
taining the n-bound copper atom. Ring contraction of the
intermediate II then provides triazole III containing the
o-bound copper atom.

Intriguingly, a bulky Cu-Pro-1 complex is generated similar
to N-heterocyclic Cu catalysts reported by Chen et al’®*'
Owing to the bulky nature of the complex, the azide is stereo-
chemically locked in a particular fashion, i.e. from below the

Org. Chem. Front, 2021, 8, 2434-2441 | 2437
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molecular plane of the Cu-Pro-1 complex (Fig. 1a). The confor-
mation of Pro-1 forces the orientation of the intermediate in
such a way that the o-bound copper atom is involved in the six
membered metallacycle IV. Intermediate IV then leads to the
formation of triazole V that contains the n-bound copper atom.
Protonolysis of V provides the desired triazole derivative.

In order to gain insight into the reaction mechanism,
density functional theory (DFT) studies were performed using
the Gaussian 16 suite of programs®? (the details of the calcu-
lations are provided in the ESIf in the “General information
on computational methods” section). The CuAAC was expected
to be initiated through the activation of Pro-1 by Cul with the
formation of the Cu-Pro-1 catalytic complex and deprotonation
of phenylacetylene to form a Cu acetylide. Subsequently, the
formation of an intermediate (A) occurred via Cu---Cu and
Cu---C weak interactions between Cu-Pro-1 and Cu acetylide
(Fig. 1b and c). The succeeding cycloaddition between p-azi-
doanisole and Cu-Pro-1-acetylide proceeded through the weak
bonding interaction between the Cu atom of the acetylide and
the nitrogen of the azide (Cu---N) (intermediate B). According
to previous literature studies, the reaction barriers for a binuc-
lear path of cycloaddition are lower than those for a mono-
nuclear one.?>**7*® We have synthesized a Cu-acetylide using
phenyl acetylene and used it to carry out the cycloaddition in
the presence of Pro-1. It was observed that the kinetics of this
mononuclear pathway proceeded slowly under the optimized
reaction conditions (for details see ESI Scheme S8 and
Table S51). Therefore, the most accepted binuclear mechanism
was used as a framework to investigate our method.

The cycloaddition step for the formation of six membered
metallacycle is considered to be the rate-determining step for
Cu-catalyzed alkyne-azide cycloaddition reaction.”®?*?° The
estimated activation energy barrier for the cycloaddition was
24.4 keal mol ™" (TS1, Fig. 1a and 2), which agrees well with the
earlier studies.>®>* However, the activation energy for a mono-
nuclear cycloaddition pathway was estimated to be 30.5 kcal
mol~" (Fig. S11), which is relatively higher than that for a
binuclear pathway. Therefore, even though the possibility of a
mononuclear reaction pathway cannot be directly ruled out,
cycloaddition preferably proceeds through a binuclear
pathway. The structure of the optimized transition state (TS1,
Fig. 1b) exhibits a bond forming interaction between the
carbon atom of the acetylide and the nitrogen atom of the
azide (C---N) with a bond distance of 1.92 A. Again, a Cu---N
interaction (with 2.04 A bond distance) is also present in the
TS forming a six-membered ring. The formation of the six-
membered metallacycle (intermediate-C and intermediate IV)
in a stereochemically locked configuration is the key difference
between our proposed and the earlier reported catalytic cycle.
The previously reported mechanism describes the formation
of a six-membered metallacycle via the bonding interaction
between the n-bound copper and azide N-3 atom while in this
case, the interaction occurs between the o-bonded Cu and
azide N-3 atom. However, the resultant six-membered metalla-
cycle is both kinetically and thermodynamically unstable.
Hence, it rapidly undergoes ring contraction to form a more

2438 | Org. Chem. Front,, 2021, 8, 2434-2441
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stable five-membered [Cu-Pro-1][(1-para-methoxyphenyl-4-
phenyl-1,2,3-triazol-5-yl-Cu] complex (D) with a very low acti-
vation barrier of 6.1 kcal mol™" (Fig. 1b and S2%). In the opti-
mized transition state (TS2) leading to the formation of the
five membered ring, the bonding interaction between the
nitrogen of the azide and the carbon of the acetylide starts
forming with a 1.98 A bond distance (Fig. S2at).

In order to mimic the experimental conditions, an SMD
model was adopted with water, dimethyl sulfoxide and
benzene as the continuum dielectrics (¢ = 78.35, 46.83 and
2.27 respectively) and the corresponding energy activation bar-
riers for transition states were determined. It was observed
that the TS structures were stabilized in the presence of polar
solvents, especially water, while for nonpolar solvents like
benzene, there was a substantial increase in activation energy
barriers. The activation barriers for TS1 are 24.4, 8.3, 14.1, and
20.5 keal mol™" respectively for the gas phase, water, DMSO
and benzene (Fig. 2). A similar trend was also observed for TS2
with activation barriers of 6.1, 2.7, 3.6 and 4.8 kcal mol™"
respectively (Fig. S21). Besides the implicit model, we have also
considered the explicit solvation model to get a more accurate
energy activation barrier as well as transition state structures.
The coordination of solvent molecules (namely water, THF,
and acetonitrile) with the o-bonded copper has been reported
to accelerate the reaction by stabilizing the transition state
structures.>®?> In the explicit model, the effect of coordination
of water molecules in the rate-determining transition state is
studied (Fig. 1e). As in the implicit model, there is a substan-
tial decrease in activation barrier (11.9 kcal mol™") for the
cycloaddition step. This reduction in energy activation barrier
in the presence of a solvent can be attributed to the transition
state stabilizing effect of the water molecule by coordinating to
o-bonded alkyne-Cu through the formation of a strong Cu-O
bond. This observation nicely corroborates with the earlier
studies.”®** This study indicates that water, a polar protic
solvent, not only is beneficial for the protonation of intermedi-
ates for the formation of the product but also substantially
stabilizes the transition state through a strong Cu-O bonding
interaction and hence water is an excellent solvent for this
cycloaddition reaction. Even though the reaction might
proceed in a polar aprotic solvent like DMSO, nonpolar sol-
vents like benzene would retard the rate of reaction to a
greater extent. This result very nicely corroborates with experi-
mental studies. In the final step of cycloaddition, complex (D)
is protonated by neighbouring Pro-1 to afford the corres-
ponding triazole product (E) and two Cu-Pro-1 complexes were
regenerated. This process was estimated to be more exoergic
by 28.1 kcal mol™. Thus, computational studies reveal in
detail the mechanistic pathways for the cycloaddition of azides
and alkynes and explain why water as a solvent facilitates this
room temperature CuAAC process.

Next, we envisioned that the Ullmann type reaction
and cycloaddition be combined to develop a new relay
process®® in a single reaction vessel, providing a class of triazo-
lyldiaryl amine derivatives. Relay processes combine multiple
steps in one-pot and significantly reduce reaction time, energy

15¢,27
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and waste of materials.>® The reactions of azidoanilines 1,
alkyne 2 and aryl halides 10 were performed in a single pot in
the presence of the Cul-Pro-1 catalytic system. The catalytic
system efficiently promoted the relay process to provide triazo-
lyldiaryl amines 11a-d in good to excellent yields (Scheme 5
and Table S4, ESIf).

Conclusions

In summary, we have developed azide-alkyne cycloaddition
(AAC) in aqueous media at room temperature using Cul and a
prolinamide ligand. The reaction is compatible with many
functional groups, thereby enabling the synthesis of 1,4-di-
substituted triazoles with diverse structural features.
Importantly, the present catalytic system can be readily
applied for the one-pot three-component preparation of tri-
azoles using alkyl halides under relatively mild conditions.
Furthermore, a Cu(i) catalyzed relay AAC and C-N bond for-
mation is delineated providing an easy access to triazolyl diaryl
amine derivatives. The reaction mechanism has been studied
by detailed DFT analysis, which indicates the formation of
unique metallacycles containing the ligand bound copper
atom and further provides evidence that water is the best
solvent. The robustness of the catalyst system, broad substrate
scope, mild conditions, wide applicability and a different
mechanistic approach render the method expeditious for the
practical synthesis of triazole derivatives.
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