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ABSTRACT: Copper-catalyzed azide-alkyne cycloaddition
(CuAAC) is one of the most versatile reactions in the “click
chemistry” toolbox, and its development has made the synthesis of
1,4-triazole derivatives robust and efficient. In this work, we present a
density functional theory (DFT) study on the mechanism of the
CuAAC reaction catalyzed by a dicopper complex supported by a
nonsymmetric 1,8-naphtyridine ligand bearing two different metal-
coordinating substituents (i.e., −P(tBu)2 and −C(Me)(Py)2). The
calculations showed that the cycloaddition of the azide to the alkyne
occurs in a single concerted step, in contrast with the two-step
mechanism proposed in the literature. The energies predicted for this
step indicated that the 1,4-triazole isomer of the product is formed in
a selective manner, in agreement with experiments. Further, the DFT
results showed that there is a subtle and complex interplay between
several variables, including the relative orientation of the two substrates, the position of the counter-anion, and the partial
decoordination of the 1,8-naphtyridine ligand. A series of 90 transition state calculations showed that, on average, the impact of these
variables is strong on the structures but soft on the energy barriers, highlighting the flexible nature of the bonding within the
coordination sphere of the bimetallic core of the catalyst. The insight provided by this study will be valuable for the further
development of dicopper catalysts for the CuAAC reaction.
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■ INTRODUCTION

The copper-catalyzed cycloaddition of azides with terminal
alkynes (CuAAC) yields 1,4-di-substituted 1,2,3-triazoles. It
was first reported by Tornøe et al.1 and Rostovtsev et al.2 in
2002 and has had a wide variety of applications3,4 in
chemistry,5−12 materials science,13−20 and biology21−27 during
the last 20 years. This reaction is one of the most relevant
examples of click chemistry,28 a branch of organic synthesis
focused on the development of reactions linking building
blocks via cross-couplings, cycloadditions, and other reactions
forming carbon-heteroatom bonds.
The CuAAC reaction29−34 is atom-efficient and produces

selectively 1,4-triazoles with high yields (often >95%) at room
temperature, and side products2,35−38 are rarely observed. It is
also very robust because it can support a wide pH range (4−
12) and various solvents (organic and water), and almost any
type of functional group is tolerated on both the azide and
alkyne. The catalyst for this reaction is usually a small amount
of an inexpensive CuII salt (e.g., CuSO4) in the presence of
sodium ascorbate to produce the CuI active species. All these
characteristics make the CuAAC reaction a very efficient,
cheap, and robust synthetic approach to 1,4 triazoles.

The mechanism of the CuAAC reaction was initially
assumed to be monomeric;2,39−41 the active species in the
catalytic cycle involve only one copper center. However, the
number of coppers engaged in the reaction started to be a
question in 2005, with the publication of a kinetic study42

showing second order in copper. Because copper salts are often
used in the presence of ligands generating the catalyst in situ, a
large variety of complexes are potentially accessible in solution,
ranging from mononuclear complexes to clusters with
polynuclear cores. Several experimental and computational
studies43−57 suggested that dicopper species are more active
than their monomeric counterparts, thus being the actual
active species. The mechanism of the CuAAC reaction starts
with the reduction58 of the CuII salts to CuI active species
entering the catalytic cycle. The reduction can occur via the
addition of a reducing agent (like sodium ascorbate) or via the
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Glaser Hay homocoupling of alkynes. The actual catalytic cycle
(Figure 1) starts with a CuI-alkynyl complex coordinating to

the second CuI complex. An important feature of this
mechanism is that the cycloaddition of the azide to the
resulting dicopper species is a stepwise process44,49 involving
the following reactions: (1) azide coordination to the dicopper
core yielding the first C−N bond in a six-membered
metallacycle, followed by (2) intramolecular C−N bond
formation yielding the triazolyl-CuI intermediate and dissociat-
ing one of the two coppers. In the final step, a proton transfer
from the alkyne to the triazolyl ligand allows for the
regeneration of the alkynyl CuI complex and the release of
the 1,4-triazole product.
Because of the flexibility of the system, the exact geometries

of the active species can vary depending on the ligands and the
reaction conditions, but the general steps remain the
same.43−46,49,50,59−61 The rate-determining step (RDS)
depends also on the reaction conditions.60 In aprotic
conditions, the proton transfer from the alkyne to the triazolyl
complex happens in one concerted step and is the RDS.
However, under protic conditions, the deprotonation of the
alkyne and the protonation of the triazolyl are decoupled in
two different steps, and their respective transition states are
stabilized compared to the concerted one. Thus, in the whole
cycle, there are three transition states60 (deprotonation,
cyclization, protonation) with similar energies, and therefore,
the RDS can vary easily depending on specific reaction
conditions and on the environment around the coppers. The
origin of the selectivity of this reaction was already discussed in
great length in the case of the copper catalyst salts.41,62 The
transition state of the 1,5 cyclization is higher in energy than
the 1,4 one because of the higher distortion needed to align the
atoms and the alignment of the charges of the carbons and
nitrogens that are less ideal than those for the 1,4 cyclization.

There is a large variety of ligands used for the CuAAC
reaction, and they serve a double purpose: to stabilize the CuI

center to avoid deactivation (preventing disproportionation
into Cu0 and CuII) and to make the reaction more efficient.
The most commonly used ligands are acetate,53,58,63,64

NHC,40,51,54,55,65−67 polydentate amines/heterocycles,68−72

and phosphines.56,57,73 Some ligands can coordinate two
coppers (like the ones based on acetate or 1,8 naphthyr-
idine74,75), promoting the formation of bimetallic active
species.
Overall, the mechanism of the CuAAC reaction is well

known for CuII catalyst salts, and the nature and the order of
the elementary step composing the catalytic cycle remain
unchanged regardless of the system. However, the reaction is
also extremely flexible because the nature of the active species
can vary (nuclearity, composition, and geometry), adapting to
the substrates and reaction conditions. The efficiency and
robustness of this reaction lie in its adaptable behavior.
A previous study76 from our group described the properties

of a dicopper complex based on a 1,8-naphthyridine ligand
([Cu2(DPEOPN)(μ-Ph)]+.NTf2

−, 1+.NTf2
− in Figure 2;

NTf2
− = bistriflimide). This complex activates the C−H

bond of alkynes via a concerted proton transfer between the
alkyne and the bridging phenyl, leading to the release of
benzene and the alkynyl-bridged dicopper complex 2+.NTf2

−

([Cu2(DPEOPN)(μ-CC(ρ-CF3-C6H4)]
+.NTf2

−).
A similar proton transfer producing copper alkynyl

complexes happens in the CuAAC reaction mechanism (Figure
1). In this article, we report a computational study on the
CuAAC reaction catalyzed by 2+. The catalytic properties of 2+

have not been reported experimentally, but a complex with a
symmetric naphthyridine ligand is known to catalyze this
reaction with similar substrates (90% yield in the cycloaddition
of p-tolylazide to p-tolylacetylene at 100 °C during 5.3 h in o-
1,2-difluorobenzene).74 The main motivation for studying 2+ is
the nonsymmetric nature of its naphthyridine ligand, which, in
contrast with symmetric ligands, differentiates the two metal
centers. The calculations revealed a mechanism that is
significantly different from those proposed for CuII salts,
including a concerted cycloaddition step. The impact of the

Figure 1. CuAAC reaction (A) and its mechanism with dinuclear
active species (B).

Figure 2. C−H activation of alkynes by 1+ (A) and CuAAC reaction
catalyzed by 2+ (B).
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environment of copper on the reaction is also described,
including partial ligand decoordination and counterion effects,
as well as the origin of the selectivity and the pathways leading
to catalyst poisoning.

■ COMPUTATIONAL DETAILS
DFT calculations were carried out with the hybrid PBE0 GGA
functional,77 as implemented in the Gaussian16 software
package.78 The Grimme dispersion model GD379 was used.
Two different basis sets,80,81 one of double-ζ quality
(def2SVP) and one of triple-ζ quality (def2TZVP), were
used. All the structures were fully optimized without any
geometry or symmetry constraint with the def2SVP basis set.
Frequency calculations were also carried out with the same
basis set, to confirm the energy-minimum nature of all
stationary points (i.e., all-real frequencies) and to estimate
the thermal corrections at 298.15 K (ET, including zero-point,
thermal, and entropy energies). A selection of transition states
was relaxed with IRC (Intrinsic Reaction Coordinate)
calculations to verify that they belong to the reaction pathway.
The potential energy of the optimized geometries was refined
by means of single-point calculations with the def2TZVP basis
set (E). The ultrafine (99,590) pruned grid was used in all
calculations for higher accuracy in the computation of the two-
electron integrals. All calculations, including both geometry
optimization and energy refinement, were performed in THF
(tetrahydrofuran) with the CPCM (conductor-like polarizable
continuum model) model,82,83 unless otherwise specified in
the text. The free energies reported in the manuscript (G)
were obtained by adding the thermal corrections to the refined
potential energies, as shown in eq 1, and corrected to the 1 M
standard state.

G E ET= + (1)

This computational methodology was benchmarked in a
previous study.76

■ RESULTS AND DISCUSSION
The CuAAC reaction is well known in the case of CuII catalyst
salts, including the characterization of the key intermediates,
both experimentally and computationally (Figure
1).40,43,44,46,49−51,54,60,84 Based on this knowledge, four
intermediates were considered for building a tentative catalytic
cycle for our system (Figure 3). The first intermediate is 2+, in
which the alkynyl is already bound to the two coppers in a
bridging position. The second intermediate (3+) results from
the coordination of the azide to 2+. The third intermediate
(4+) is a six-membered ring metallacycle resulting from the
formation of the first C−N bond. The fourth and last
intermediate (5+) originates from the formation of the second
C−N bond and corresponds to a triazolyl bridging the two
coppers. A proton transfer between this last intermediate and
the alkyne regenerates 2+, releasing the 1,4 triazole product. To
ease the description of these complexes, we used the atom
labels shown in Figure 4.
In the geometry optimization of the four intermediates

postulated in Figure 3, only three converged as energy minima,
that is, 2+, 3+, and 5+ (Figures S2, S4, and S5). The
metallacycle intermediate 4+ could not be optimized despite
numerous attempts, which, in all instances, converged into 5+.
The lack of convergence in the optimization of 4+ can be
ascribed to the steric clash between the substrate substituents
and the phosphine and pyridine arms of the DPEOPN ligand.

Thus, the cyclization step for the CuAAC reaction catalyzed by
2+ follows a mechanism different from that proposed for CuII

salts.
In 2+, DPEOPN is fully coordinated to the coppers and the

alkynyl bridges the metals symmetrically with a Cu−C1
distance of 1.95 Å. The coppers are separated to a distance
of 2.39 Å. To obtain 3+, the azide coordinates to the copper on
the phosphine side with a Cu1−N1 distance of 2.29 Å. It
cannot coordinate to the other copper because of the steric
hindrance with the pyridine (Figure S3). The coordination of
the azide breaks the symmetry of the Cu1−C1−Cu2 bridge
(2.04 and 1.92 Å). 5+ has a geometry similar to 2+, with the
triazolyl moiety bridging the coppers (2.02 Å).
Two different structural factors, that is, the partial

dissociation of DPEOPN and the pairing with the counterion

Figure 3. Four intermediates considered for the mechanism of the
CuAAC reaction catalyzed by 2+.

Figure 4. Atom labels (A) and positions A−E of NTf2
− around 2+.

Positions C and E become inequivalent after the coordination of the
azide substrate. All five positions introduce a −1 charge, making the
overall system neutral.
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(NTf2
−), were systematically explored for 2+, 3+, and 5+.

DPEOPN is a labile ligand undergoing partial dissociation by
decoordination of one of the pyridines.76 The resulting
complexes (and associated transition states) were labeled Xα

+

or Xβ
+ (TSXα or TSXβ; X = 2, 3, or 5), depending on which of

the two pyridines, α or β, is dissociated (Figure 4). These
dissociations are slightly endoergic, with an energy cost ranging
from +1.5 to +2.9 kcal/mol (Tables S1 and S2). The impact of
the pyridine dissociations onto the structure of these
complexes is rather small in most cases. The largest distortions
are observed in the Cu1−Cu2 distance, with a maximum
variation of +0.2 Å in 3α

+, and in the distance between the
coppers and DPEOPN, with a maximum variation of +0.12 Å,
also in 3α

+.
The interaction of the counterion with the complexes was

examined by computing the free energy of the association
reaction yielding the ion pair. Multiple positions (Y = A−E) of
NTf2

− around the complexes were considered (Figure 4), and
the corresponding complexes (and transition states) were
labeled XY and TSZY (X = 2, 3, or 5 for the intermediates and Z
= 1 to 6 for the transition state series). The Y spatial positions
of the counterion around the catalyst were formulated after
considering the three-dimensional shape of the system; that is,
above the alkynyl bridge (A), at the P and N2 chelating sides of
the ligand (B and D), and above and below the naphthyridine
plane (C and E). After placing the counterion in these
positions, the geometries were fully relaxed to either energy
minima (intermediates) or saddle points (transition states).
The association energies range from −4.5 to +3.0 kcal/mol,
with 2B, 3E, and 5E being the most stable. All three
intermediates undergo an exergonic association with NTf2

−

for at least one of the five possible A−E positions. Ion pairing
did not alter the geometries of the corresponding cationic
complexes to any great extent because NTf2

− does not
coordinate to the coppers, interacting with the complexes only
via weak interactions. In 2B, NTf2

− is close to the tBu
substituents of the phosphine (Figure 5). In 3E and 5E, the
counterion is located in the cavity formed by the two arms of
DPEOPN, maximizing its interaction with the ligand. NTf2

−

also interacts with the tolyl substituent of the azide in 3E and of
the triazolyl in 5E. For these three complexes, the combination
of the partial dissociation of DPEOPN with the association
with NTf2

− did not yield energies lower than the ones obtained
considering only ion-pairing (Tables S1 and S2).
The most stable complexes 2B, 3E, and 5E were arranged in

the tentative catalytic cycle shown in Figure 6. This mechanism
involves three steps: (A) the coordination of the azide to 2B,
yielding 3E, (B) the cyclization between the alkynyl and the
azide in 3E, yielding 5E, and (C) the proton transfer from the
alkyne to 5E, yielding the triazole product and closing the cycle.
Thermodynamics computed for this catalytic cycle showed
that the coordination of the azide is thermoneutral, with 3E
lying at −0.8 kcal/mol below 2B, whereas the cyclization step is
very exergonic, with 5E lying at −53.9 kcal/mol below 2B.
A relaxed scan on the coordination of the azide to 2B (step A

in Figure 6) did not show any energy maximum, thus
suggesting that this reaction has no significant barrier in the
potential energy surface (Figure S8). In contrast, for step B, the
calculations converged into a cycloaddition transition state
involving the formation of the two C−N bonds in a concerted
fashion (TS1). The impact of the partial dissociation of
DPEOPN and the association with the counterion was
investigated for this step, resulting in a series of 18 transition

states (Figures S10 and S11). Overall, these transition states
are within a wide range of energies: 20.0−27.3 kcal/mol. The
transition state with the lowest energy is TS1E, with NTf2

− in
position E, highlighting the importance of considering the
counterion and its possible positions in the model. In addition
to DPEOPN, NTf2

− interacts with the tolyl substituent of the
azide, which is located next to it (Figure 7A). The impact of
the interaction with the counterion on the geometry of the
transition states is minimal because most substantial
distortions are within a range of ±0.05 Å for the distances.

Figure 5. DFT-optimized geometries of the intermediates 2B (A), 3E
(B), and the side (C), and front (D) views of 5E. All H atoms were
removed for clarity. Representation: ball-and-stick (Cu, alkynyl, azide,
and triazolyl), tube (DPEOPN), and wire (NTf2

−). Selected
distances, in Å, for 2B, 3E, and 5E, respectively: Cu···Cu (2.38, 2.46,
2.41), Cu−Cμ (1.97P/1.95N2, 2.05P/1.92N2, 2.02P/2.03N2), Cu−P
(2.25, 2.27, 2.26), and Cu−NPy (2.08/2.08, 2.11/2.11, 2.08/2.09).

Figure 6. Tentative catalytic cycle for the CuAAC reaction using 2+ as
the catalyst. Green spheres illustrate the position of NTf2

− in each
calculated structure.
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Ion pairing is slightly favorable in one case (TS1E) and
isoenergetic or unfavorable in the others. The energy
differences between the transition states arise from the various
weak interactions with the counterion. The partial dissociation
of DPEOPN yielded higher energies in all cases. The nature of
the transition states was confirmed by IRC-driven relaxation on
their selection, which did not yield any unexpected
intermediates. The relaxation of TS1E (Figure 7) toward
products yielded the 1,4-triazolyl ring bridging the two copper
centers of 5E (Figure 6). The concerted nature of the
cycloaddition step can be ascribed to the high saturation of
the two metal centers in 2+ (Figure 5). Despite the flexible
character of the copper-ligand interactions, the Cu−C, Cu−N,
and Cu−P distances show that these bonds are preserved along
the reaction pathway. Their presence may thus hamper the
formation of additional bonds in stepwise pathways. In line
with this, these pathways had been proposed for dinuclear
complexes in which the metal centers were less saturated.44,49

The formation of the alternative isomer leading to the 1,5-
triazolyl intermediate was also computed to rationalize the
origin of the selectivity. The effects of ion-pairing with NTf2

−

and the partial dissociation of DPEOPN were ignored in the
study of the cycloaddition selectivity for simplifying the
analysis. The 1,4- and 1,5-cycloaddition energy profiles are
shown in Figure 8. Both pathways start with the addition of the
azide to 2+, which yields 3+ in the 1,4-pathway and an adduct
in the 1,5, in which the azide does not coordinate to the copper
but where its tolyl substituent undergoes a π-stacking
interaction with the substituent of the alkynyl group. However,
the azide does coordinate to the copper on the phosphine side
(d(Cu1−N3) = 2.26 Å) in the 1,5 transition state TS2 (Figure
9A). The forming bond with C1 is much shorter in TS2 than in
TS1 (2.09 versus 2.87 Å) while the forming bond with C2 is
more elongated (2.19 versus 1.94 Å). These changes cause TS2
to be 6.9 kcal/mol higher than TS1. The 1,5-triazolyl complex
(6+, Figure 9B) is coordinated to the coppers at a similar
distance from the copper (2.02 Å), but its ArCF3 substituent
can exhibit a CH−π interaction with one of the pyridine rings
(average distance of 2.80 Å). The complex 6+ is 9.4 kcal/mol
higher than 5+ (1,4-triazolyl complex). The higher energies for
the 1,5-cycloaddition arise from the stronger steric hindrance
between the azide and the alkynyl, as well as a much stronger
polarization. For example, the natural charge of Cu1 is +0.29 in
TS1 versus +0.79 in TS2 (Table S3). Overall, the 1,5

cycloaddition is thermodynamically and kinetically unfavorable
compared to the 1,4 one, and this reaction should produce
selectively 1,4 triazole, in agreement with the experiments.74

The third and the last step of the CuAAC reaction consists
of the proton transfer between the alkyne and 5+, leading to
the regeneration of 2+ and the formation of the 1,4-triazole.
For this step, a concerted proton transfer was assumed, similar
to the one for the C−H activation of alkynes.76 In this case, the
triazolyl and the incoming alkyne can be arranged in four
different isomers (TS3, TS4, TS5, and TS6 in Figure 10),
depending on the approach of the alkyne (phosphine versus
pyridine sides) and on the orientation of the triazolyl. With the
added complexity of the partial dissociation of DPEOPN and

Figure 7. DFT-optimized geometries of the transition states TS1E (A)
and TS3βC (B). All H atoms were removed for clarity, except the one
involved in the C−H activation. Representation: ball-and-stick (Cu,
alkynyl, azide, and triazolyl), tube (DPEOPN), and wire (NTf2

−).
Breaking and forming bonds are shown with a dotted red line and
have these interatomic distances, in Å: In TS1E, 2.85 (N−Cμ) and
1.95 (N−C); and in TS3βC, 1.36 (Cμ−H) and 1.54 (H−C).

Figure 8. Energy profile for the 1,4- (solid black squares) and 1,5-
(dashed blue squares) cycloaddition of the azide to 2+. The energetics
of the following C−H activation step are provided in Figure 13.

Figure 9. DFT-optimized geometries of the transition state TS2 (A)
and of the intermediate 6+ (B). All H atoms were removed for clarity.
Representation: ball-and-stick (Cu, alkynyl, azide, and triazolyl), tube
(DPEOPN), and wire (NTf2

−). Breaking and forming bonds in TS2
are shown with a dotted red line (2.10 (N−Cμ) and 2.19 (N−C) Å).
Bond distances in 6+, in Å: Cu···Cu (2.38) and Cu−Cμ (2.02P/
2.03N2).
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of the association with NTf2
−, a total of 72 possible transition

states were found for this step (Figures S15−S30).
Overall, the proton-transfer transition states yield high

energy barriers, ranging from 28.7 to 42.1 kcal/mol. The
lowest barrier is associated with TS3βC (Figure 7B). The
distinct feature of TS3βC is the loose coordination of NTf2

− in
the site left by the dissociated pyridine (2.40 Å) and its
interaction with both arms of DPEOPN. To accommodate the
presence of the counterion, the transition state needs to distort
its geometry significantly relative to the 5E reactant: the copper
coordinated to NTf2

− moves out of the naphthyridine plane,
increasing the distance between the coppers to 3.19 Å (+0.79
Å). Another relevant change is the mode of coordination of the
alkynyl, which appears bound to the two coppers in an
asymmetric way, with distances of 2.17 and 2.00 Å from the
coppers on the phosphine and pyridines sides, respectively.
The coordination of the triazolyl is less affected as its distance
increases by only 0.2 to 2.21 Å. The transferred proton is
equidistant to the alkynyl and the triazolyl C atoms at 1.42 Å.
The possibility of transferring the proton keeping the triazolyl
ligand in the bridging position was also explored but without
success because of the steric hindrance introduced by the
alkyne in this hypothetical pathway.
Owing to its lowest energy barrier and structural

features,TS3βC highlights the importance of considering ion-
pairing with NTf2

− and the partial dissociation of DPEOPN to
represent correctly the reactivity of this type of naphthyridine
complexes. To be certain of the nature of these transition
states, an IRC-driven relaxation was performed on their
selection. Two additional intermediates were found for TS3βC
(Figure 11): 7+ and 8+, on the reactant- and product-sides of
the barrier, respectively. 7+is at 9.7 kcal/mol above 5+ and
contains the alkyne substrate coordinated to the Cu2 core via
its π-system (2.00 Å to C2′ and 2.07 Å to C3′). To allow for the
alkyne to coordinate, the triazolyl dissociates from Cu2 and
remains coordinated to only Cu1 (1.96 Å). 8

+ is at −10.0 kcal/
mol below 5+ and contains the 1,4 triazole product formed and
dissociated from the complex. In contrast with 2+, the alkynyl
bridges the coppers asymmetrically: in σ mode to Cu1 (1.89 Å)
and in π mode to Cu2 (2.06 Å on average). The other distinct
feature of these intermediates is that the counterion remains
close to Cu2, at 2.22 and 2.51 Å for 7+ and 8+, respectively.

These calculations highlight the relevance of performing the
IRC exploration of the potential energy surface to reveal the
existence of hidden reaction intermediates.85

The last topic investigated for the CuAAC reaction was the
poisoning of the catalytic system. The major potential source
of poisoning is the coordination of the azide to 2+, which can
occur in ways hampering the cycloaddition to the alkynyl.
Thus, several off-cycle adducts shown in Figure S31 were
computed. The energy reference for this section is azide + 2+,
and the energies of the intermediates are gathered in Table S4.
Overall, four adducts (9β

+, 10+, 10β
+, and 11α

+, see Figure 12)
were obtained, and their energies are higher than those of 3+.
In these intermediates, the azide is coordinated to the copper
on the phosphine side via its terminal nitrogen. The difference
between these intermediates arises from the orientation of the
substituent of the azide (toward the top, near the pyridine, or
close to naphthyridine) and of the coordination of DPEOPN
(full or partial). The association with the counter-ion does not
lead to intermediates with an energy lower than that of 3E and,
therefore, there is no poisoning found for the CuAAC reaction.
The energy profile of the full mechanism summarized in Figure
13 suggests that the RDS is the C−H activation of the alkyne.
In contrast, other studies have indicated that this step is faster
than the cycloaddition,74 although for systems based on
symmetric naphthyridine ligands, which, in contrast to the
ligand of this study, do not differentiate the two metal centers.
Our results also suggest that intermediate 5E could be detected
experimentally, depending on the concentration of the alkyne
relative to the catalyst.

■ CONCLUSIONS
In this work, we reported a mechanism for the CuAAC
reaction starting with the coordination of the azide on Cu1 of
2B, forming 3E (Figure 13). This first step is thermoneutral
(−0.8 kcal/mol) and there is no barrier other than the energy
cost originating from the entropy penalty. In the next step, the
alkynyl and azide ligands undergo a cycloaddition to create two
C−N bonds in TS1E. This first transition state is moderate in
energy, with a barrier of 20.0 kcal/mol, and leads to the
exergonic formation (−53.9 kcal/mol) of intermediate 5E. In
contrast with previous studies, the cycloaddition follows a
concerted pathway with a selectivity for the 1,4 product,
consistent with experiments. The third and last steps of the

Figure 10. Different possible isomers for the transition states of the
proton transfer between the alkyne and 5+.

Figure 11. DFT-optimized geometries of the intermediates 7+ (A)
and 8+ (B). All H atoms were removed for clarity, except the one
involved in the C−H activation. Representation: ball-and-stick (Cu,
alkynyl, azide and triazolyl), tube (DPEOPN), and wire (NTf2

−).
Selected distances, in Å, for 7+ and 8+, respectively: Cu···Cu (3.44,
2.85), Cu−CPyr (1.96, 3.31), and Cu−Calkyne (2.00CH/2.07, 2.02CH/
2.13).
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CuAAC reaction consist of proton transfer from the alkyne to
the triazolyl in 5E, regenerating 2B and producing the 1,4
triazole product. This step involves the highest energy barrier

(28.7 kcal/mol), which is associated to the transition state
TS3βC. In this mechanism, the counterion plays a key role
because it is bound to the copper core in the lowest-energy
transition state and the two intermediates directly connected
to it. There is also a clear preference for the position of NTf2

−

around the complexes: the cavity formed by the arms of
DPEOPN (positions C and E), with the exception of 2B. The
partial dissociation of DPEOPN has also an important effect as
it allows to lower the energy of TS3βC by 6.0 kcal/mol
compared to TS3C, its fully coordinated equivalent. Catalyst
poisoning by coordination of the azide to 2+ was excluded.
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