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ABSTRACT: The mechanism of the copper(I)-catalyzed azide— Wi TS e e Twa Mfr-
alkyne cycloaddition (CuAAC), an adaptable, regioselective, and 5 i ! 4

high-yielding click reaction, was investigated using the Unified
Reaction Valley Approach (URVA) and Local Mode Analysis
(LMA). The cycloaddition and ring contraction steps of catalysis
via both mononuclear and dinuclear catalysts, in the form of
Cu(I)-acetylides forming 1,4- and 1,5-products, were explored at
the B3LYP/cc-pVTZ level of theory as well as at the CCDT(T)
level. The dinuclear mechanism for 1,4-addition was found to have
the lowest activation energy and was identified as the most effective catalytic pathway. With the first cycloaddition step presenting
the highest energy barrier, single-point energy calculations showed that this barrier is lowest for the dinuclear catalyst, while LMA
suggests that regioselectivity may arise from catalyst dissociation and stronger stabilization of the final product. URVA analysis
indicated that the transition state of the first step occurs prior to any C—N bond formation, signifying that the energy barrier
originates from initial electronic structural changes. These mechanistic insights provide a basis for the design of more efficient
CuAAC catalysts.
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Bl INTRODUCTION responsible for regioselection. As a result, CUAAC has emerged
as the prototypical click reaction and remains the benchmark
against which other click transformations are evaluated.
Beyond its synthetic convenience, CuAAC has become a
model for understanding how metal catalysis can fundamen-

Click chemistry, a term proposed by Kolb, Finn, and Sharpless
in 2001, characterizes reactions that are adaptable, selective,
and high yielding that work easily together as modular
“building blocks” toward a larger synthesis.' Since its

introduction, click chemistry has evolved from a pragmatic tally reshape the mechanism of a classical pericyclic reaction.
synthetic philosophy into a broader framework for reaction Modern experimental and theoretical studies place CuAAC
design, emphasizing orthogonality, robustness, and predictable within the broader conceptual framework of Huisgen 1,3-
reactivity across chemical, biological, and materials contexts. dipolar cycloadditions, demonstrating how metal activation
The quintessential example of a click chemistry reaction is the transforms the cycloaddition into a highly polarized, stepwise
Copper(I)-Catalyzed Azide—Alkyne Cycloaddition (CuAAC), process with a strong bias toward a single regioisomer. This
discovered concurrently by the Sharpless—Fokin and Meldal understanding has informed the rational design of ligand
groups in 2002, in which a terminal alkyne reacts with an systems, heterogeneous catalysts, and bioorthogonal variants,
azide to form a 1,4-disubstituted 1,2,3-triazole in the presence as well as copper-free analogues that exploit strain or electronic
of a Cu(I) catalyst. The uncatalyzed azide—alkyne cyclo- activation.

addition had been extensively studied by Huisgen in the The mechanistic understanding of CuAAC, however,
second half of the twentieth century as a thermal 1,3-dipolar emerged more gradually and remains an area of active

cycloaddition. However, it requires elevated temperatures and
typically produces mixtures of the 1,4- and l,S-regioisomers.4
In contrast, Cu(l) catalysis transforms this reaction from a
slow, weakly polarized, concerted process into a rapid and
highly regioselective transformation that proceeds efficiently at
room temperature and delivers almost exclusively the 1,4-
regioisomer.” This dramatic change in reactivity and selectivity
arises from copper coordination to the terminal alkyne, which
lowers the activation barrier, enforces a stepwise reaction
pathway, and reorganizes the frontier orbital interactions

discussion. The first detailed mechanistic proposal, advanced
by Himo et al. in 2005 on the basis of density functional theory
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Reaction I:
Huisgen 1,3-dipolar cycloaddition
H6 N4 _He
N5=N4—N3 R1 N5 N3
(hydrogen azide) ," —_ \
K _C1=c2_
H7—C1=C2—H8 H7 H8
(acetylene) 1 2 (1,2,3-triazole)
Reaction II:
Copper(l)-catalyzed azide—alkyne cycloaddition (CuAAC)
(a) N3-H tautomer N4 _He
N4 N5 N3
NS=N4—N3 g e \ /
- v N5 N3 1,4-regioisomer
: R2 | Cl . _R3,_ci=c2
: o ug,
! H10 /C1§C2/ e _H1O H7 cus
H7 —C1=C2—Cu8- - -09_ H7 OI9 .
3 H1 4 H11 5 O9=H1o
(Cu(l) acetylide hydrate) H11
(hydrated copper metallacycle) hydrated copper-1,2,3-triazolide)
(b) N5-H tautomer (hy PP )
He N4
H6\ o He._ _N4 N3
N5—N4=N3 N|5 'il3 / 1,5-regioisomer
H R4 R5 c1=cC2
: Hio —> _Ci_ Cus W7 S
— : ’ Se2 ~<gg—H10 Cus
H7——C1::C2——Cu8---09\ H7 O? N
6 H11 7 H11 8 O9=H10
H11
Reaction llI:
Di-copper(l) CUAAC mechanism
(a) N3-H tautomer 1,4-regioisomer
_Hé Na
N5=N4—N3 N4 H6 z H6
N H10 NS SNaT N5 N3T H10
‘Cug---09_ | L / .--09
Cug~ "~ — Cus
H7—C1=C2 H11  Re ALls A Ny R7 _Cl=co=4! H11
— H7 N — 47 %,
Cu12 Cu12 “Cu12
‘ 9 *013—H14 10 O13-H14 11 ‘013—H14
(di-Cu(l) acetylide hydrate) | |
H15 H15 H15
(b) N5-H tautomer (hydrated di-copper metallacycle) (hydrated di-copper-1,2,3-triazolide)
H10
Hé /
N — -09
—Na= N4 -
N5 —N4=N3, H10 HG\NS/ Sns He_ N4Q _cus Hi1
N / H10 N5 N3
/Cu8—-—09\ | | 09" /" 15egi
_ H11 c1 Cu8-~ N ,5-regioisomer
H7 —C1=C2 / R8, .~ §CZ/\ Hit RO, ci=c2
Cu12 Cu12 H7 Cuiz
h “qa-H14
12 “013-H14 13 O13-H14 14 ota
hi1s H15 H15

Figure 1. Schematic overview of the reaction pathways investigated in this work. Reaction I: uncatalyzed Huisgen 1,3-dipolar cycloaddition
between azide and alkyne, yielding 1,2,3-triazole products.”* Reaction II: copper(I) CuAAC proceeding through a mononuclear copper acetylide
mechanism. Reaction III: dinuclear copper(I) CuAAC mechanism involving a di-Cu(I) acetylide species. Copper-catalyzed reactions, pathways
originating from (a) the N3—H and (b) NS—H azide tautomers leading to either 1,4- or 1,5-disubstituted triazole products. Individual reactants,
intermediates and products are labeled 1—14. Reaction paths connecting these species on the PES are labeled R1—R9, representing distinct
reaction paths on the potential energy surface. Copper hydration is modeled by an H,O ligand on each copper atom.

(DFT) calculations, invoked a mono-copper acetylide
intermediate that coordinates to the azide and promotes C—
N bond formation in a stepwise fashion.” Subsequent kinetic
experiments revealed a second-order dependence on copper
concentration,’ motivating the exploration of dicopper path-
ways through both experimental” and computational stud-

4851

ies."~"? In 2013, Worrell et al. provided evidence that a second

Cu(I) center is required for catalysis, supporting a dinuclear
copper acetylide as a minimal active motif.""

In the years since, mechanistic investigations have expanded
to consider the roles of higher nuclearity copper clusters

8,12,13

containing three or four Cu(I) centers, as well as the
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influence of the ligand environment, substrate electronics, and hemoglobins,”** cytochrome b3,*® and bacterioferritins,”” and the

catalyst speciation on the operative reaction pathway.'*™"

These findings suggest that CuAAC may not proceed through
a single rigid mechanism, but rather through a mechanistic
manifold in which dinuclear intermediates are often proposed
to dominate under many conditions, while alternative
pathways may become accessible depending on catalyst
structure and reaction environment. Nevertheless, a widely
discussed mechanistic picture is the stepwise dinuclear Cu(I)
mechanism proposed by Worrell et al,, in which a di-Cu(I)—
acetylide complex is proposed to coordinate the azide, form a
six-membered metallacyclic intermediate and subsequently
contract to yield the five-membered triazole product. Despite
the extensive experimental and computational literature on the
CuAAC reaction, several fundamental mechanistic questions
remain unresolved. In particular, the physical origin of copper-
induced regioselectivity, the distinct roles played by mono- and
dinuclear copper species along the reaction coordinate, and the
manner in which electronic and structural effects cooperatively
shape the reaction pathway are still not completely understood.
While previous theoretical studies have characterized sta-
tionary points on the potential energy surface (PES), a
detailed, path-resolved analysis capable of disentangling the
driving and resisting forces governing reaction progress is
lacking. In order to address these open questions, we applied
the Unified Reaction Valley Approach (URVA),"®' com-
plemented by Local Mode Analysis (LMA)*”*' to the
uncatalyzed, mononuclear, and dinuclear CuAACs model
reactions sketched in Figure 1. URVA provides a reaction-
path-centered framework for comparing how copper coordi-
nation alters the topology of PES and redistributes electronic
structure along the reaction coordinate, while LMA, employed
at all stationary points, quantifies changes in the strengths of
key bonds involved in the cyclization process.

B COMPUTATIONAL METHODS

In the following a short introduction of LMAZ*?! and URVA'™®" is
given, followed by a description of the model chemistries and
computer packages which were used for the calculations.

LMA

Information on the electronic structure of a molecule, in particular the
strength of its bonds, is encoded in the normal vibrational modes.”
However, these modes are generally delocalized, as pointed out by
Wilson,” due to a coupling of the atomic movements during the
vibration, which hinders the direct access to this valuable information.
LMA, originally introduced by Konkoli—Cremer*”*"**** provides a
unique solution to this problem by extracting local vibrational modes
and related local properties from the fundamental normal vibrational
modes. The local vibrational modes reflect the local movements of an
atomic fragment being described by an internal coordinate such as
bond length, bond angle and dihedral angle,”**" or special
coordinates such as Cremer—Pople ring puckering coordinates.”®
Over the past two decades, we have successfully applied local mode
force constants to characterize the strength of covalent bonds and
noncovalent interactions across the periodic table, analyzing
molecular systems in the gas phase, solution and protein environment,
as documented in two review articles which also provide a
comprehensive overview of the underlying local vibrational mode
theory.”>>! Some more recent applications include the assessment of
protein—ligand hydrogen bond strength patterns,”” weak and strong 7
interactions in sandwich complexes,”*” a revised pK, rule in light of
local mode force constants for the characterization of cocrystals,”>"
local vibrational mode force constants as features in drug design,”>**
the characterization of metal—ligand and hydrogen bonding in

18,29,38—40 41—45

elucidation of actinide and lanthanide bonding,.

According to eq 1 a local vibrational mode a, is defined as

K'd
BT aKd (1)
n n

where the two ingredients needed, the diagonal normal mode force
constant matrix K in normal mode coordinates and the normal mode
vectors d, in internal coordinates, can be obtained from the outzput of
vibrational frequency calculation via the Wilson GF formalism;”>>¥*¢
a standard procedure in modern quantum chemistry packages.*” That
means LMA can be applied with minimal computational costs after a
routine quantum-chemical calculation of vibrational frequencies,
optionally adding measured frequencies as input (a feature opening
LMA to the experimental vibrational spectroscopists) not only to
both single molecules in the gas Ehase, solution, or a protein but also
to periodic systems and crystals.”"*'

For each local mode a,, one can derive associated local force
constants k; describing the local vibration of the atomic fragment
under consideration,

1

ka = aTKa = —711_
dK"d, (2)

n n n

local mode frequencies, local mode infrared intensities and other local
properties.””*® Another important feature of LMA is the character-
ization of normal mode (CNM) procedure, which decomposes each
normal vibrational mode into local mode contributions.*”** CNM has
advanced the interpretation of vibrational spectra to the next level
ranging from identifying which molecular fragments couple in DNA-
base pairs to assessing the quality of Stark effect probes to elucidating
vibronic coupling in lanthanide complexes.*>***'~>*

In this work we predominantly focused on local mode stretching
force constants ki(AB) reflecting the intrinsic strength the bond/
interaction between two atoms A and B.*® For the comparison of
larger sets of kij(AB) stretching force constants, the use of a relative
bond strength order BSO n is more convenient. According to eq 3
both are connected according to the generalized Badger rule derived
by Cremer, Kraka and co-workers " via the following power
relationship:

BSOn = v(k,)" (3)

The constants v and w are calculated from kj, values of two reference
compounds with known BSO #n values and the requirement that for
force constant of zero, the corresponding BSO n value is zero. For
example, for CC bonds suitable references are ethane and ethylene
with bond orders 1, = 1 and n, = 2, respectively.”® In the case of more
complex bonding situations, e.g.,, metal—ligand bonding, guidance by
Mayer bond orders® ™" can be utilized.”

URVA

URVA explores the reaction complex (RC, i.e., the union of reacting
molecules) along the path it traces out on the N,;, PES, with N,;, = 3N
— L internal coordinates (L = 6 for a nonlinear N-atomic RC and $§
for an N-atomic linear RC) starting from the transition state (TS)
down into the reactant and product channels. The motion along the
path is described by a large amplitude motion®*** and the so-called
reaction valley is sganned by the N,;, — 1 vibrations perpendicular to
the reaction path.”>~*® According to eq 4 the major focus of URVA is
on the analysis of the reaction path curvature k(s) given at each path
point s by* ™!

dzi(s) _ dn(s)
ds* ds
[(m(s)) E(s) n(s)In(s) — E(s) n(s)
lig(s)ll 4)

x(s)

https://doi.org/10.1021/acs.jpca.6c00548
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Table 1. Electronic Activation and Reaction Energy (E%, Eg), Enthalpy (H?, Hy), and Free Energy (G*, Gg), in kcal/mol, of
Reaction Paths R1—R9 from Both DFT and CCSD(T) Calculations”

DFT CCSD(T)
Path E* Ex H* Hy G* Gy E* Ex H* Hy G* Gy
Reaction 1
R1 24.3 —62.7 24.3 —-58.4 27.3 —-53.4 25.0 —66.9 25.0 —62.6 28.0 -57.7
Reaction I1
R2 20.4 13.8 19.9 14.7 25.0 20.3 25.2 17.4 24.7 18.3 29.8 23.9
R3 1.2 —61.5 0.7 —-59.3 0.9 —-59.0 -1.9 -71.3 —2.4 —69.1 -2.3 —68.9
R4 26.8 13.1 26.5 14.5 29.9 18.0 30.3 17.0 30.0 —18.4 33.4 219
RS 0.4 —-57.4 —-0.2 —-554 0.5 —-54.3 -2.3 —67.0 -2.8 —65.0 =22 —63.9
Reaction 111
R6 10.5 2.7 10.7 3.7 11.7 6.8 17.9 10.2 18.1 11.3 19.1 14.4
R7 3.0 —48.2 32 —47.4 3.7 —44.8 0.5 —61.2 0.6 —60.4 1.1 —-57.8
R8 11.4 -74 12.8 —4.1 133 -3.3 17.4 0.2 18.7 3.5 19.2 4.3
R9 1.9 —47.6 2.6 —48.5 2.6 —43.5 -1.5 -57.7 -0.8 —-55.6 -0.9 —53.6

“DFT energies were taken from IRC calculations at B3LYP/cc-pVTZ level of theory, while single point energies were calculated with DLPNO-
CCSD(T)/def2-TZVP theory. Thermochemical corrections of CCSD(T) energy were taken from DFT. Energetics are given relative to the last

point on the IRC path in the reactant’s direction.

where i?(s) is the mass-weighted Hessian matrix in Cartesian
coordinates at s and 7(s) is the mass-weighted path direction, divided
by the length of the mass-weighted gradient vector [|g(s)||.

Any electronic structure change, e.g, bond breaking/forming
processes, but also rehybridization, charge polarization and transfer,
etc. leads to distinct curvature peaks, which are directly reflected in
the scalar reaction path curvature x(s) = lik(s)ll in contrast to regions
of minimal electronic change, which are reflected by curvature minima
leading to a unique curvature pattern the so-called fingerprint of a
reaction.'®'? Deeper insights into the nature of a chemical event
reflected by a curvature peak are obtained from the decom}aosition of
the scalar reaction curvature into individual components,”* including
internal coordinates or curvilinear coordinates such as puckering
coordinates,”® providing a wealth of mechanistic information. We
have applied URVA to a wide range of reactions, including organic
reactions in the gas phase and in solution, homoigeneous catalytic
reactions, as well as reactions occurring in enzymes. w19 Recently, we
have also begun to use URVA to explore reactions in interstellar
space.”

Three mechanistic scenarios were explored in this work,
summarized as the labeled Reactions I-III in Figure 1. Reaction I
is the uncatalyzed Huisgen azide—alkyne cycloaddition, treated as a
single elementary transformation described by reaction path RI1. In
contrast, the copper-catalyzed scenarios (Reaction II and Reaction
III) were treated as two-step sequences: a first step in which a copper-
containing six-membered metallacyclic intermediate is formed,
followed by a second step corresponding to ring contraction to the
five-membered triazole product. As depicted in Figure 1 for Reaction
II (mononuclear CuAAC), the two-step sequence is represented by
R2 and R3 for the N3—H tautomer channel (species 3 — 4 — 5) and
by R4 and RS for the NS—H tautomer channel (species 6 — 7 — 8).
For Reaction III (dinuclear CuAAC), the corresponding two-step
sequences are given by R6 and R7 for the N3—H tautomer channel
(species 9 — 10 — 11) and by R8 and R9 for the NS—H tautomer
channel (species 12 — 13 — 14). In all copper-catalyzed calculations,
the catalyst was modeled as a copper acetylide (mononuclear or
dinuclear, as appropriate), with copper hydration represented by
explicit coordination of an H,O ligand at each copper center. To
enable direct comparison between the uncatalyzed and catalyzed
scenarios, the smallest reactant set was used throughout: acetylene
and hydrogen azide, together with explicit water ligand(s) on copper.
While such a simplified model does not capture the full complexity
and environmental sensitivity of CuAAC catalysis, it allows us to focus
on a qualitative mechanistic picture. Consequently, the conclusions
drawn here are not intended to be quantitatively predictive or
universally applicable, but rather to provide general insights into the
underlying reaction mechanism.

4853

For each of the nine reaction paths, transition states (TSs) were
located and optimized using the B3LYP functional>”® in conjunction
with the cc-pVTZ basis set.”” The corresponding reactants and
products associated with each TS were identified by following the
intrinsic reaction coordinate (IRC)”® with a step size of 0.03 amu'/?
bohr. Atomic charges along the IRC reaction pathways were evaluated
using Natural Bond Orbital (NBO) analysis.””~*" All IRC, NBO, and
vibrational frequency calculations were performed consistently at the
B3LYP/cc-pVIZ level of theory. Transition-state optimizations,
frequency and IRC calculations were carried out using the Gaussian
16 software package.®” Solvent effects of water were included in all
DEFT calculations explicitly with the aforementioned H,O ligands and
implicitly with the Polarizable Continuum Model (PCM).%
Furthermore, the reaction energetics in the water solvent as well as
in the gas phase are included in the Supporting Information. Single-
point electronic energies were subsequently computed using the
ORCA program®* at the DLPNO-CCSD(T)/def2-TZVP level of
theory®¥® at each stationary point, using the first and last points of
the IRC calculations as the reactants and products. Thermochemical
corrections to the electronic energies at the DLPNO-CCSD(T) level
were taken from the corresponding B3LYP/cc-pVTZ calculations. For
URVA, the pURVA program87 was used, and for LMA, the LModeA
software.®® In addition, energy densities were evaluated within the
framework of the Quantum Theory of Atoms in Molecules
(QTAIM)*~! using the AIMALL software package.92 Bond critical
points were characterized according to the Cremer—Kraka criterion,
where negative energy density values indicate covalent bonding
interactions, while positive values correspond to predominantly
electrostatic interactions.”> The BSO was calculated relative to
CH,;NH,, CH,NH, CH;Cu, and CH,Ni. The NBO analysis was
performed with the NBO7 package.”

Empirical dispersion corrections (e.g., Grimme D3/D4) were not
included in this study due to the methodological requirements of the
URVA approach. URVA relies on highly accurate and numerically
stable IRC calculations. In our tests, the inclusion of empirical
Grimme-type dispersion corrections introduced numerical instabilities
along the IRC, leading to nonsmooth reaction curvature profiles,
which compromise the reliability of the analysis. Therefore, to ensure
a smooth and consistent reaction path, all calculations were
performed without dispersion corrections. All calculations performed
in this study are based on a closed-shell approach, and open-shell
calculations were not explored for the dinuclear copper systems in
order to maintain methodological consistency and enable a balanced
comparison between mono- and dinuclear pathways within the
computationally demanding URVA/IRC framework. A rigorous
treatment of open-shell effects would require systematic calculations
for all stationary points and full IRC paths for both systems, which is

https://doi.org/10.1021/acs.jpca.6c00548
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Table 2. For Reaction Paths R1, R2, R4, R6, and RS, Bond Length R (A), Local Mode Force Constant k* (mDyn/A), Bond
Strength Order BSO, Energy Density at Bond Critical Point H, (hartree/bohr’), and Difference in NBO Charge AQ
(Calculated for Bonds C1—NS and N3—Cu8 (N3—C2 for Reaction I)) Formed during the First Step

C1-NS N3—Cu8 (C2—N3 for Reaction I)

Species R k* BSO H, AQ R k* BSO I8, AQ
Reaction 1
(1) 4.833 0.015 0.015 0.145 3.532 0.041 0.032 0.303
TS(1,2) 2.138 0.134 0.076 —0.0010 0.164 2.135 0.199 0.102 —0.0090 0.276
(2) 1.360 5.799 1.250 —0.4623 0.171 1.348 6.718 1.394 —0.4857 0.233
Reaction 11
3 6.838 0.001 0.002 0.378 4.018 0.053 0.047 1.157
TS(3,4) 1.906 0.385 0.167 —0.0266 0.217 2.021 0.807 0.478 —0.0231 1.197
4 1.455 2417 0.653 —0.2668 0.012 1.956 1.109 0.627 —0.0310 1.255
6 7.499 0.001 0.002 0.099 4.105 0.034 0.032 0.712
TS(6,7) 1.936 0.790 0.285 —0.0247 0.121 2.043 0.538 0.339 —0.0219 0.853
7 1.420 3.668 0.890 —0.3449 0.135 1.928 1.045 0.596 —0.0346 1.009
Reaction 111
9 3412 0.021 0.019 0.227 2.121 0.435 0.283 —0.0134 1.181
TS(9,10) 1.914 0.43S5 0.183 —0.0259 0.118 1.981 1.057 0.602 —0.0276 1.239
10 1.444 2.626 0.695 —0.2836 0.107 1.907 1.668 0.887 —0.0388 1.290
12 3.694 0.007 0.009 0.274 2.309 0.054 0.048 —0.0052 0.717
TS(12,13) 2.007 0.652 0.247 —0.0175 0.247 2.055 0.529 0.334 —0.0203 0.818
13 1.409 4.042 0.956 —0.3683 0.220 1.897 1.322 0.728 —0.0395 0.998

beyond the scope of the present study. The results obtained within
the closed-shell framework provide a consistent mechanistic picture.

B RESULTS AND DISCUSSION

Energetics

Table 1 details the electronic activation and reaction energy
(E% Eg), enthalpy (H?, Hy), and free energy (G° Gy),
calculated with both DFT and CCSD(T), for each reaction
path R1—R9 explored in this study. The values of Table 1 are
calculated relative to the last point on the IRC path in the
reactant’s direction. In the following sections of this manu-
script we discuss energetics based on the results from
CCSD(T) free energies rather than DFT results, unless
otherwise noted. The simplified models of the reaction
complexes used in our study may introduce uncertainties
related to entropy/reference-state treatment, as well as the
choice of functional and solvation model. Therefore, the
reported barriers should be viewed as qualitative trends rather
than quantitatively definitive values.

The uncatalyzed reaction path R1 had an activation free
energy (G”) of 28.0 kcal/mol and was exergonic with an overall
reaction free energy (Gg) of —57.7 kcal/mol. All the catalyzed
first-step reaction paths—R2, R4, R6, and R8—were ender-
gonic, with reaction free energies of 23.9, 21.9, 14.4, and 4.3
kcal/mol, respectively. The mononuclear reactions were more
endergonic than the dinuclear reactions, and for each
mechanism, the 1,4-addition was more endergonic than the
1,5-addition. The same four reactions had activation free
energies of 29.8, 33.4, 19.1, and 19.2 kcal/mol, respectively.
The mononuclear reactions had higher G* values than the
uncatalyzed reaction, while both the dinuclear reactions had
lower G” values. Furthermore, although the G” of the
mononuclear 1,5-addition R4 was 3.6 kcal/mol greater than
that of 1,4-addition R2, the gap between the G* of dinuclear
1,5-addition R8 and 1,4-addition R6 was only 0.1 kcal/mol.
These observations are consistent with previous studies
showing that dinuclear catalysts have a lower activation energy
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than mononuclear catalysts,”~'® but the closeness in activation
energy between reaction paths R6 and R8 does not line up
with the catalyzed reaction’s selectivity for the 1,4-product.
The products of each reaction, however, are bonded to the Cu
catalysts in structurally distinct ways, and these differences may
lead to a gap in energy in later steps of catalysis.

As for the second-step reaction paths, R3, RS, R7, and R9,
they were all exergonic, with Gy of —68.9, —63.9, —57.8, and
—53.6 kcal/mol, respectively. The 1,4-additions and mono-
nuclear reactions had lower Gy, and thus were more exergonic,
than the 1,5-additions and dinuclear reactions, respectively.
Intriguingly, the activation free energies were all under 3 kcal/
mol when calculated with DFT; however, when calculated with
CCSD(T), all but one of the activation energies were found to
be negative. This indicates that perhaps this part of the
mechanism follows one concerted step, where the second
reaction step is simply a downbhill reaction to the final product.
The two mononuclear reaction paths R3 and RS had the two
most negative G* of —2.3 and —2.2 kcal/mol, respectively,
while dinuclear reaction path R9 had a less negative G* of —0.9
kcal/mol, and reaction R7 was the only reaction path to retain
a positive G” of 1.1 kcal/mol, and thus the only reaction path
to maintain a stepwise mechanism, which has been previously
noted in several computational studies.' "

Although the regioselectivity of cycloaddition reactions is
mainly related to their lower activation energies, we speculate
that the regioselectivity of the analyzed reactions in this study
may arise from a stronger stabilization of the final product.
According to Table 1, the reaction free energy Gy of reaction
R7, which corresponds to the final product of the 1,4-addition,
has a value of —57.8 kcal/mol, while the reaction free energy of
R9, representing the 1,5-addition, has a value of —53.6 kcal/
mol, indicating a stronger stabilization of the final product in
the 1,4-addition by about 4 kcal/mol.

Local Mode Analysis

While energetics provide a broad picture of each reaction, local
mode analysis combined with energy density and NBO
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Table 3. For Reaction Paths R1, R3, RS, R7, and R9, Bond Length R, Local Mode Force Constant k%, Bond Strength Order
BSO, Energy Density at the Bond Critical Point H,, and Difference in Charge AQ Calculated for Bonds C2—N3 and N3—Cu8
(C2—Cus8 for R9) during the Second Step, with Reaction Path R1 as Reference

C2—-N3 N3—Cu8 (C2—Cus8 for 13 and 14)

Species R k* BSO B, AQ R k* BSO B, AQ
Reaction 1
1 3.532 0.041 0.032 0.303
TS(1,2) 2.135 0.199 0.102 —0.0090 0.276
1 1.348 6.718 1.394 —0.4857 0.233
Reaction 11
4 2.514 0.437 0.184 0.356 1.956 1.105 0.625 —0.0309 1.256
TS(4,5) 2.230 0.462 0.191 0.317 2.010 0913 0.531 —0.0160 1.226
S 1.362 5.841 1.257 —0.4574 0.027 2914 0.697 0.422 0.897
7 2.597 0.290 0.136 0.041 1.927 1.050 0.598 —0.0347 1.009
TS(7,8) 2.380 0.541 0.215 0.040 1.983 0.935 0.542 —0.0255 0.996
8) 1.387 4.791 1.085 —0.4156 0.022 2.909 0.617 0.380 0.868
Reaction II1
10 2.559 0.598 0.232 0.120 1.906 1.676 0.891 —0.0389 1.292
TS(10,11) 2.231 0.324 0.147 0.093 1.996 1.007 0.577 —0.0263 1.286
11 1.378 5.475 1.198 —0.4325 0.169 2.894 0.411 0.269 0.966
13 2.626 0.453 0.189 0.319 1.846 1.951 1.014 —0.0610 1.317
TS(13,14) 2.229 0.214 0.108 0.279 1.877 1.585 0.850 —0.0500 1.268
14 1.384 5.047 1.128 —0.4294 0.134 2918 0.572 0.357 1.024

calculations was used to evaluate how selected bond strengths
evolve at stationary points (reactants, transition states, and
products) along the IRC.

Table 2 summarizes the variation in bond length, bond
strength, covalent bond character, and atomic charge differ-
ence, via LMA, for bonds C1-NS and N3—Cu8 (or C2—N3
for R1) along the uncatalyzed reaction pathway and the first
step of the catalyzed reaction pathways: R2, R4, R6, and R8.
Both bonds are formed during this step, except in the dinuclear
catalysis, where N3 is already coordinated with Cu8. For each
formation of the C1—NS bond, the same trends occur: as the
atoms get closer together, the local force constant (k°) (and
accordingly, the bond strength order) increases and the energy
density (H,) becomes more negative, so the bond becomes
more covalent. The formed C1—NS5 bond is stronger in the
1,5-additions, with k* values of 3.668 and 4.042 mDyn/A for
reaction paths R4 and RS, respectively, than in the 14-
additions, with values of 2.417 and 2.626 mDyn/A for reaction
paths R2 and RS, respectively. For both regioisomers, the
dinuclear product had a stronger C1—NS bond than the
mononuclear product, and none of these bonds were as strong
as the final C1—NS bond from the uncatalyzed reaction. Since
the final product is the same, later catalytic steps likely further
strengthen both the existing and newly formed bonds in the
triazole. Although the trends in the charge difference are less
clear than those of k%, by and large, the difference in charge
between C1 and NS decreased as the reaction progressed, with
the exception of reaction path R4, where the difference in
charge was initially much smaller, due to the azide’s flipped
conformation, and then increased to a value near those of the
other reactions.

For the N3—Cu8 bond formation, as the reaction
progressed, the bond length shortened, and the local force
constant increased from values near 0.05 mDyn/A (except for
R6, with an initial force constant of 0.435 mDyn/A) to values
greater than 1 mDyn/A. Reaction path R6’s product had the
highest local force constant of 1.668 mDyn/A, according to
Table 3. Furthermore, the dinuclear additions led to greater k”
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and stronger N3—Cu8 bonds formed, and for both the
dinuclear and mononuclear catalysts, the N3—Cu8 bonds were
stronger in the 1,4- than in the 1,5-regioisomers. Although the
N3—Cu8 bond became more covalent as each reaction
progressed, the final value between —0.03 and —0.04
hartree/bohr® is much less negative than that of the C1-NS
bond for each reaction path. Unlike the C1-NS bond
formation, the charge difference between Cu8 and N3
increased as their bond strengthened, with the 1,5-additions
having lower charge differences than the 1,4-additions, again
due to the inversion of the azide’s position. Finally, for reaction
path R6, the reaction with the lowest G?, the C1-NS bond is
one of the weakest from all the reactions, while the N3—Cu8
bond is the strongest. As N3 is originally coordinated with
Cus8, the stronger N3—Cu8 bond may stabilize the TS, while
the weaker C1—NS bond creates a less stable intermediate,
leading to a lower G“.

Table 3 describes how the bond length, bond strength,
covalent bond character, and atomic charge difference of the
bonds C2—N3 and N3—Cu8 (or C2—Cu8 for reaction path
R9) changed throughout the second-step catalyzed reaction
paths, R3, RS, R7, and R9, with reaction path R1 for reference.
For the formation of the second C—N bond of the triazole, the
trends are not as definite as with the first. For the mononuclear
reaction paths R3 and RS, the bond strength increased steadily
as the atoms moved closer, but there was no bond critical point
and thus no corresponding energy density at the TS. However,
for dinuclear reaction paths R7 and R9, the local mode force
constant decreased then increased as the atoms grew closer.
Reaction R3’s product had the greatest k, with a value of 5.841
mDyn/A, and in general, the 1,4-additions had stronger C2—
N3 bonds than the 1,5-additions, and for both, the
mononuclear reaction had a stronger bond than the dinuclear
reaction. Similar to the first step, the difference in charge
decreased throughout the reaction, except for reaction path R7,
where the difference decreased then increased. Finally, once
again, the k* of the C2—N3 bond for the products of all the
catalyzed reactions is lower than that of the uncatalyzed
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Figure 2. Plots illustrating (a) reaction energy, (b) decomposition of the reaction curvature into internal coordinates, (c) bond lengths and angles,
and (d) NBO atomic charge vs reaction parameter for reaction path R1 from URVA analysis. The bold numbers along the bottom of each figure
denote the reaction phases, bounded by the minima indicated by dashed vertical lines.

reaction, suggesting that the removal of the catalyst to form the
triazole in later steps will strengthen the entire ring’s bonds.

During the breaking of the N3—Cu8 bond (or the C2—Cu8
bond for reaction path R9), the value of k* decreases as the
atoms separate, as expected. In a reversal of the first step, the
charge difference between the atoms also decreased as the
reaction proceeded. As H,, at the bond critical point decreases
from reactants to the TS, the bond becomes less covalent. In
the products, no bond critical point is observed between the
two atoms. Of the three reactions where the N3—Cu8 bond
breaks, reaction path R7 had the greatest initial k*, with a value
of 1.676 mDyn/A, while the reaction paths R3 and RS had
initial values of 1.105 and 1.050 mDyn/A, respectively. Since
reaction path R7 also had the greatest (and only non-negative)
G® of the three, reaction path R7’s stronger N3—Cu8 bond
may have contributed to the initial energy required. For
reaction R9, the C2—Cu8 bond is stronger than in the other
reactions (k* = 1.951 mDyn/A), yet G* remains negative, likely
reflecting its distinct mechanism.

Finally, returning to the issue of regioselectivity, according to
our calculations of the chemical bonds between the Cu atom of
the catalyst and the final reaction product, the local mode force
constant of the C2—Cu8 and C2—Cul2 bonds of the product
in reaction path R7 were 1.962 and 1.963 mDyn/A for the 1,4-
addition. However, for the N3—Cu8 and C2—Cul2 bonds of
the product in reaction path R9, the local mode force constants
were 2.069 and 2.179 mDyn/A for the 1,5-addition. Thus, the
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bonds between the catalyst and the product are stronger in
reaction path R9 than those in R7. Both Cu atoms will be
removed in later catalysis steps to form the triazole, we
therefore suggest that the additional energy required to break
these stronger bonds may contribute to the observed
preference for the 1,4-product. Moreover, according to Table
3, the strength of the C2—N3 bond in the product of reaction
R?7 has a value of 5.475 mDyn/A, while in reaction R it has a
value of 5.047 mDyn/A, which could explain the stronger
stabilization of the final product in R7. Additionally, in reaction
R7, there is an additional Cu—Cu chemical bond between the
metallic centers of the catalyst, with a strength of 0.458 mDyn/
A (not shown in Table 3), which is not present in reaction R9.
Therefore, we can conclude that the regioselectivity analyzed
in this study may also arise from the stronger stabilization of
the final product of reaction R7, which is a consequence of the
stronger C2—N3 bond and the formation of a covalent bond
between the metallic centers of the catalyst.

URVA Analysis

URVA analysis was carried out along the reaction pathway for
each reaction path R1-R9 to explore the reaction’s
mechanism, and the results are illustrated in the plots below.

Figure 2 depicts the results of URVA analysis on how the
reaction energy, the curvature, the NBO atomic charge, and
the molecular geometry change throughout the uncatalyzed
reaction path RI1. The reaction phases are indicated by the
bold numbers along the bottom of each figure, and the energy
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Figure 3. Energy (kcal/mol) along the reaction pathway for (a) R2, (b) R4, (c) R6, and (d) RS, calculated with IRC and URVA analysis. The
italicized numbers denote the energy increase during each reaction phase until the TS.

change throughout each phase until the TS is noted by the
italicized numbers in Figure 2(a). The reaction energy follows
a similar path sketched by the energetics above, and reaction
phase 3 led to the greatest energy increase. However, it is the
curvature decomposition which best reveals the reaction’s
mechanism. After a period of curvature instability due to the
presence of the water solvent as the molecules initially move
closer, there are two major peaks in the curvature in reaction
phases 3 and 4. Generally, shorter peaks in the curvature
correspond to conformational changes of the reaction complex,
while taller peaks correspond to substantial changes of the
electronic structure like bond breakage and formation.” The
first peak, in reaction phase 3, is shorter, and its main internal
contributions come from bond angles, with positive con-
tributions from angles where the molecules bend toward each
other, like N4—N3—-C2, and a negative, or resisting,
contribution from existing bond angle N5—N4—N3. Fur-
thermore, the geometry and NBO charge plots show that the
first changes in bond angles and atomic charge occur at the
same place along the reaction pathway. Therefore, this peak
corresponds to a subtle bending in the molecular structure and
the first shift of charge in the reactants from N3 to N4 and NS.

The second peak, in reaction phase 4, is higher and sharper,
corresponding to bond formation. Additionally, the CI1-N$§
and C2—N3 bonds being formed both contribute positively to
the curvature, while the existing bonds, N3—N4 and C1-C2,
have a negative contribution, as they are changing from a triple
to a double bond. Since the C1—-NS and C2—N3 contribute to
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the curvature peak at the same value of s, the two bond
formations occur simultaneously. Furthermore, the plot of the
reaction geometry in Figure 2(c) shows that the length of the
C1-NS and C2—N3 bonds stay close together throughout the
reaction before leveling at the same value of s as the second
curvature peak. Therefore, the uncatalyzed Reaction Is
mechanism consists of one major step of concurrent bond
formation, with slight preparation beforehand in the form of
bending.

To compare the mechanisms of the catalyzed reactions,
Figures 3 and 4 illustrate the energy and reaction curvature
decomposition, respectively, along the reaction pathway for the
first-step reaction paths: R2, R4, R6, and R8. First, although all
four reactions were endothermic when calculated with
CCSD(T), one reaction path, R8, was exothermic when
calculated with DFT, as shown in Figure 3. Hammond’s
Postulate, which has previously been applied to URVA by
Cremer and Kraka,” proposes that, for a more exothermic
reaction, the TS structure more closely resembles the products
and, for an endothermic reaction, the TS structure more
closely resembles the reactants.”® In keeping with this
postulate, for the more endergonic mononuclear reaction
paths R2 and R4, the TS is very close to the products along the
reaction pathway, while for dinuclear reaction paths R6 and
RS, the TS is more equally positioned between the reactants
and the products. Additionally, the reaction phase that
corresponds to the greatest energy increase was phase 3 for
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Figure 4. Decomposition of the reaction curvature into internal coordinates for (a) R2, (b) R4, (c) R6, and (d) R8, from URVA analysis. The bold

numbers along the bottom of each figure denote the reaction phases.

reaction paths R2 and R8 and phase 4 for reaction paths R4
and R6.

As for the reaction curvature, the overall structure of the first
step for each reaction is similar to that of the uncatalyzed
reaction: initial curvature instability, followed by a soft peak
and then a sharp peak right before the products are formed,
according to Figure 4. For both dinuclear reactions, the first
peak is longer and flatter than those of the mononuclear and
uncatalyzed reactions, and there is an additional sharp peak
just after the second. Looking to the internal coordinates
contributing to each peak, the first shorter peak (in reaction
phase 3 for reaction paths R2 and R8 and reaction phase 4 for
reaction paths R4 and R6) has the same contributions as the
uncatalyzed reaction, with positive contributions from angles
like N4—N3—Cu8 and negative contributions from existing
angles like N5—N4—N3 and C1—-C2—Cu8. Once again, there
is an initial bending and electronic structure change before the
bond formation.

With the second peak (in reaction phase 4 for reaction path
R2, reaction phase S for reaction paths R4 and R6, and
reaction phases 4 and S for reaction path R8), the positive
contributions include the C1—NS and N3—Cu8 bonds, after
some initial resistance. Although both bonds contribute
positively to the reaction curvature, the N3—Cu8 contribution
is slight offset from the C1—NS5 contribution, suggesting that
the C1—NS bond forms first causing the N3—Cu8 bond to
form right after. As for the dinuclear reactions’ third, sharp
peak (in reaction phases 6 and 7 for reaction path R6 and

4858

reaction phase 6 for reaction path R8), the contributions once
again arise from coordinates that correspond to bending,
specifically the N3—Cu8—C2 angle and the C1-C2-CI2
angle, as well as mostly positive contributions from the Cu8—
Cul2 bond. Therefore, this third peak seems to correspond to
the two Cu atoms shifting into position after the 6-membered
ring is formed. Since these sharp peaks occur after the TS in
each reaction, the formation of the C1—NS and N3—Cu8
bonds does not contribute to the activation energy. Instead,
only the initial bending and electronic reorganization
associated with the first peak contributes, corresponding to
the phase with the greatest energy increase in all four reactions.
For that first peak in the dinuclear reactions, the supporting
contribution from the N4—N3—Cu8 angle was greater than
that of the mononuclear reactions and of the analogous N4—
N3—C2 angle in the uncatalyzed Reaction I Furthermore,
there were additional components contributing positively to
the reaction curvature, like the C1—C2—Cul2 angle and the
N3—Cu8—C2 angle. The increase in supporting contributions
in this initial step may correspond to the lowered G” for the
dinuclear reactions. The mechanism of the first-step reaction
paths follows that of the uncatalyzed reaction pretty closely,
with the exception of the separation between the two bond
formations.

The second step reaction paths, however, take a different
path. Figures 5 and 6 show the energy and reaction curvature,
respectively, along the reaction pathway for the second step
reaction paths, R3, RS, R7, and R9. As mentioned above, each
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italicized numbers denote the energy increase during each reaction phase until the TS.

reaction is exergonic with a very small G* when calculated with
DEFT, according to Figure S. Furthermore, note that the TS is
much closer to the reactants than the products along the
reaction pathway for all the reactions, except for reaction path
R7, where the TS is closer to the middle. Once again, following
Hammond’s postulate, the more exergonic reactions have
earlier transition states, while the less exergonic reactions’
transition states occur further along the reaction pathway.

As for the reaction mechanisms, in general, each reaction’s
curvature had around 3 major peaks: a shorter peak, followed
by a sharp peak, followed by a second shorter peak. For the
first peak (in reaction phase 2 for reaction paths R3 and RS,
reaction phases 2 and 3 for reaction path R7, and reaction
phases 1 and 2 for reaction path R9), the positive and negative
components remained generally consistent between the four
reactions, with supporting contributions from angles including
C1-C2—Cu8 and C2—Cu8—09, and resisting contributions
from bonds like C2—N3 and N3—Cu8. Similar to the first
mechanism, this first bump in the curvature represents the
molecular bending into the TS, bringing C2 and N3 closer
together to prepare for bond formation. Reaction path R7 had
greater resistive contributions from components like C2—N3
and N3—Cu8—C2. The TS of reaction path R7 was the only
significantly nonplanar TS, and the existing bond angles resist
the twisting of the two Cu atoms out of the plane. This greater
resistance and bending may contribute to reaction path R7
being the only second step reaction that did not have a
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negative G% and thus, the only nonconcerted mechanism based
on the CCSD(T) method.

The second, sharp peak (in reaction phase 3 for reaction
paths R3, RS and R9 and reaction phase 4 for reaction path
R7) corresponds to the C2—N3 bond formation, with a large
positive contribution from the C2—N3 component during each
reaction. There is also a simultaneous and significant, but
smaller, contribution from the N3—Cu8 bond in each reaction
(as well as the analogous C2—Cu8 bond in reaction path R9),
signifying the concurrent breaking of the Cu bond; however,
the smaller nature of the contribution indicates that a greater
molecular reorganization is required for the formation of the
C2—N3 bond. For the final, shorter peak (in reaction phase 4
for reaction paths R3 and RS and reaction phase $ for reaction
path R7), the C2—Cu8—09 angle contributes positively
during each reaction, while the N3—Cu8 bond is the greatest
resistive contribution. Thus, this last peak appears to
correspond to the Cu atoms and H,O ligands shifting into
place after the S-membered ring has been formed. Additionally,
reaction path R9 has two slightly taller peaks in reaction phases
4 and S in the place of the one shorter bump, where the
resistive contribution from N3—Cu8 and the positive
contribution from C2—Cul2—013 are split between the first
and second peaks, respectively. The sharper, positive
contribution of the Cu8—Cul2 bond as the Cu8 and Cul2
atoms move apart indicates that this first bump corresponds to
the breaking of the Cu8—Cul2 bond, while the second is a
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Figure 7. (a) Change of N3—Cu8 and C2—Cu8 bond lengths in 1,4-addition reaction R2 involving one-Cu catalyst (broken line) and R6 with two-
Cu catalyst (solid line). (b) Change of N3—Cu8 and C2—Cu8 bond lengths in 1,5-addition reaction R4 involving one-Cu catalyst (broken line)

and R8 two-Cu catalyst (solid line).

similar reorganization of the Cu atoms relative to the triazole
after the bond formation and breaking.

Figure 7 panels (a) and (b) show changes of the N3—Cu8
and C2—Cu8 bond lengths in 1,4-addition and 1,5-addition
reactions involving the one-Cu catalyst (broken line) and the
two-Cu catalyst (solid line). According to Figure 7(a) the N3—
Cu8 bond in reaction R6 with the two-Cu catalyst is shorter
than this bond in reaction R2 with the one-Cu catalyst, which
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indicates that the N3—Cu8 bond is formed more easily in the
reaction with the two-Cu catalyst than in the one-Cu catalyst,
which is consistent with the smaller activation free energy Gy
of reaction R6 (19.1 kcal/mol) relative to reaction R2 (29.8
kcal/mol). Similarly, according to Figure 7(b) the N3—Cu8
bond in R8 with the two-Cu catalyst is shorter than in R4 with
the one-Cu catalyst at the initial phase of the reaction, which
also indicates that the N3—Cu8 bond is formed more easily in
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the reaction with the two-Cu catalyst, and consequently the
activation free energy Gy in reaction R8 (19.2 kcal/mol) is
smaller than in reaction R4 (33.4 kcal/mol). These results are
consistent with Figure 4(a),(c) showing that the supporting
contribution of the N4—N3—Cu8 bond angle (broken purple
line) to the reaction curvature in phase 4 of R6 with the two-
Cu catalyst is bigger than the contribution of this bond angle in
phase 3 of R2 with the one-Cu catalyst, and similar in reactions
R8 and R4 according to Figure 4(b),(d). The bigger
supporting contributions of the N4—N3—Cu8 bond angle in
reactions R6 and R8 take place on the reaction path before the
TS; therefore, they also could contribute to the smaller
activation energies of the reactions with the two-Cu catalyst.

In this study, we used the URVA and LMA methods to
analyze the mechanisms of the investigated reactions. The
URVA method specifies the sequence of all chemical events
occurring along the reaction paths, for example, providing
details about which chemical bonds are formed or cleaved first
or specifying the concerted or stepwise character of a chemical
reaction. Moreover, URVA provides insight into which
geometrical parameters of the reaction complex, such as
bond lengths or bond angles, support or resist the electronic
structure changes occurring from reactants to products. In our
study, URVA confirmed the stepwise mechanism of the
analyzed reactions, indicating which bond angles contribute to
the activation energies. On the other hand, the LMA method
delivers a quantitative measure of the strength of covalent
bonds and nonbonding interactions, such as hydrogen bonds
or van der Waals interactions, and in our study, LMA
characterized the stronger stabilization of the final product,
which could explain the reaction regioselectivity. Therefore,
the URVA and LMA methods together provide deep
mechanistic insight into the analysis of the investigated
chemical reactions, offering valuable parameters for future
catalyst modification.

B CONCLUSION

In this study, two steps of two proposed catalysis mechanisms
for the CuAAC, including both the 1,4- and 1,5-regioisomers,
were analyzed using URVA and local mode analysis. The
dinuclear mechanism for 1,4-addition (reaction paths R6 and
R7) was found to have the lowest activation energy and was
determined to be the most effective catalysis mechanism. The
CuAAC’s regioselectivity via a dinuclear mechanism was
proposed to arise from later steps involving the removal of
the Cu catalyst that were out of the focus of this study and the
stronger stabilization of the final product. While appearing as
two steps when calculated with DFT, CCSD(T) single-point
energy calculations revealed that each mechanism occurred as
one concerted step, except for the dinuclear 1,4-addition.
URVA analysis suggested that the stepwise nature stemmed
from the rotation of the two-Cu catalysts before the TS.
Furthermore, URVA revealed that the TS of the first step
occurs before any bond formation, indicating that the
activation energy arises from the initial bending and electronic
structure shifting prior to the TS in every studied reaction.
In the future, open-shell calculations and a wider selection of
CuAAC reactants could be explored to expand the scope of
mechanistic understanding. While extrapolated from a minimal
reactant model, the results of this study offer broad insight into
the mechanisms of both the uncatalyzed and catalyzed
reactions, possibly opening the door to the design of more
efficient and effective Cu(I) catalysts for the CuAAC.
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