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Introduction

New copper(l) complexes of bulky 5-substituted-
2-iminopyrrolyl ligands as catalysts for azide—
alkyne cycloadditionf

Tiago F. C. Cruz, (2@ Patricia S. Lopes, ©2@ M. Amélia N. D. A. Lemos, (9°
Luis F. Veiros (2% and Pedro T. Gomes () *2

Five dinuclear copper() complexes of the type [Cu{kN,kN'-5-R-NC4H,-2-C(H)=N(2,6-iPr,CgH=)}]> (la—e;
R = 2,4,6-iPrsCgH; (a), R = 2,6-Me,CgHsz (b), R = 3,5-(CF3),CgHs (c), R = 2,6-(0OMe),CgH> (d), R = CPhs
(e)) were prepared by the reaction of the respective 5-R-2-iminopyrrolyl potassium salts KLa—e and
[Cu(NCMe)4IBF,4 in moderate yields. These new copper() complexes were characterized by NMR spec-
troscopy, elemental analysis and, in selected cases, by single crystal X-ray diffraction and their structural
and electronic features further analyzed by DFT calculations and cyclic voltammetry, respectively. X-ray
diffraction studies reveal dimeric Cu structures assembled by 2-iminopyrrolyl bridging ligands adopting a
transoid conformation (complexes 1a and 1d), while complexes 1c and 1e displayed a cisoid conformation
of those moieties, with respect to the Cu(l) centers. Additionally, VT-*H NMR and *H-'H NOESY NMR
experiments on complexes 1la—e exhibited complex fluxional processes in solution, assigned to a confor-
mational inversion of the respective Cu,N4C4 metallacycles in all complexes but 1c, accompanied by a
cisoid—transoid isomerization in the cases of complexes 1d,e. The Cu() complexes were also analyzed by
cyclic voltammetry, where all complexes exhibit two oxidation processes, where the first oxidation is
reversible, with the exception of 1b and 1c, which also show the highest oxidation potentials. The oxi-
dation potentials follow clear trends related to the structural parameters of the complexes, in particular
the Cu---Cu distance and the Cu,N4C4 macrocycles torsion angles. All new 5-substituted-2-iminopyrrolyl
Cu(l) complexes 1la—e served as catalysts for azide—alkyne cycloaddition (CUAAC) reactions, being able to
generate the respective 1,2,3-triazole products in yields as high as 82% and turnover frequencies (TOFs)
as high as 859 h™, after optimizing the conditions. The activity, as measured by the TOF, is in accordance
with the oxidation potential of the corresponding complexes, the easier the oxidation, the higher the TOF
value. Complex 1-H, where R = H, proved to be a poor catalyst for the same reactions, indicating that the
5-substitution in the ligand framework is crucial in stabilizing any potential catalytic species.

radical polymerization®* and oxidation reactions.>® Of those
catalytic systems, the copper-catalyzed azide-alkyne cyclo-

The catalytic importance of copper arises from its ability to
activate molecular oxygen in copper oxygenase systems.'
Crucially, copper(1) species play important roles as catalysts for
many organic transformations, such as C-H activation,” living
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addition reaction (CuAAC) has become the most sought-after
copper-based catalytic system.® CuAAC reactions paved the way
to unprecedented catalytic activity and selectivity towards the
formation of 1,2,3-triazoles under mild conditions,”® having
been applied in both homogeneous” and heterogeneous® plat-
forms. The CuAAC reaction has had tremendous impact in the
synthesis of heterocycles,"® natural products,"* porphyrin-
based derivatives,'> dendrimers'® and polymers'* for example,
with important implications in biological and material
sciences. These types of efficient, atom-economical and
thermodynamically favored reactions that lead specifically to
one product are generally known as “click chemistry”. The
chemical competence, versatility and implications of CuAAC
reactions in click chemistry were greatly emphasized very
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recently by being the subject of the last Nobel Prize in
Chemistry 2022."°

The early copper sources used in CuAAC reactions consist
either in the CuSO,/sodium ascorbate'® or in the Cul/diiso-
propylethylamine'” catalyst systems, which have led to near
quantitative yields in the respective 1,2,3-triazole products
using catalyst loadings as low as 1 mol%.” Despite their
efficiency, these catalyst systems display a maximum turnover
frequency (TOF) of 27 h™" and their multicomponent nature
requires the use of excess amounts of the respective reducing
agent, since the catalytically active CuAAC systems are usually
Cu(1)-based. Furthermore, the separation of the catalyst from
the reaction products remains a challenge. To overcome these
hurdles, several works reported the addition of nitrogen-based
ligand systems of variable denticity, which have also led to the
acceleration of the respective CUAAC reactions.'®

The catalyst systems mentioned above are prepared in situ,
which means they are somewhat limited in terms of catalytic
activity, and it is nearly impossible to understand the mecha-
nism behind the respective reactions. To gain mechanistic
insight into CuAAC reactions and improve their activity, the
study of well-defined Cu(i) molecular systems is imperative.'®
Some examples of well-defined copper(i) complexes capable of
performing CuAAC reactions have been reported in the litera-
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ture, in which the respective copper centers were supported
by N-heterocyclic carbenes (Chart 1, A, maximum TOF =
950 h™),?° phosphines/phosphonites/phosphinites (Chart 1,
B, maximum TOF = 313 h™"),*! or nitrogen-based diimine
ligands (Chart 1, C, maximum TOF = 1920 h™").>* As a repre-
sentative example of the development of nitrogen-based
ligands toward CuAAC reactions, Tilley and co-workers, iso-
lated a series of dinuclear copper(l) intermediates using the
dinucleating ligand 2,7-bis(fluoro-di(2-pyridyl)-methyl)-1,8-
naphthyridine (Chart 1, D),® which supported the propensity
of catalytic dinuclear species in CuAAC reactions, with
cooperation between the two copper centers.>* When consider-
ing neutral dinuclear copper(1) complexes, several examples of
their preparation and structural characterization are to be
noted, the vast majority utilizing monoanionic ligand
systems such as amidinates (X = CR) or guanidinates (X = N)
(Chart 1, E).*°

On the other hand, the copper chemistry with 2-iminopyr-
rolyl ligands, another monoanionic framework, is still quite
limited. The literature concerning this ligand system is domi-
nated by Cu(u) complexes of the type [Cu(2-iminopyrrolyl),]
(Chart 1, F).>® Also referring to Cu(m) complexes bearing these
chelates, Schaper et al. reported several dinuclear complexes of
the type [{Cu(2-iminopyrrolyl)},(u-O,kN),] (Chart 1, G), which
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Chart 1

(A—C) Examples of CuAAC catalyst precursors and their maximum TOF for the formation of 1-benzyl-4-phenyl-1H-1,2,3-triazole values in

italics; (D and E) nitrogen-based ligands used to stabilize dinuclear copper complexes; and (F-1) 2-iminopyrrolyl copper complexes reported in the

literature.
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served as catalysts for the polymerization of rac-lactide.” The
first record of an isolable Cu(1) complex with 2-iminopyrrolyl
ligands came at the hands of Emslie, Blackwell and co-workers
when reporting the transoid dinuclear Cu(r) complex transoid-
[Cu{kN,kN'-NC,H;-2-C(H)=NiPr}], (Chart 1, H).>® A few years
later, our group synthesized and characterized the Cu()
complex [Cu{kN,kN-NC,H;-2-C(H)=N(2,6-iPr,CsH;)}]x, Which,
upon exposure to air, led to the formation of the bis chelated
Cu(m) complex [Cu{k’N,N'-NC,H;-2-C(H)=N(2,6-iPr,CsHs)},].*’
More recently, Heinze and co-workers synthesized the dinuc-
lear Cu(1)) complex cisoid-[Cu{kN,kN-NC,H;-2-C(H)=N(4-
tBuCeH,)}], (Chart 1, I) and studied its redox chemistry and
electronic structure.*® Of all previously considered complexes,
to the best of our knowledge, no studies including CuAAC reac-
tions have been reported.

Over the last years, our group has synthesized numerous
5-substituted-2-iminopyrrolyl ligand precursors and their sub-
sequent use as ligands for various coordination/organo-
metallic molecular systems. In one aspect, some B(u) com-
plexes have been prepared, characterized and studied as com-
ponents of emissive layers in light emitting diodes.*’ On the
other hand, we have also reported several molecular systems
with Mn,** Fe**?* and Co,**°*® and with Ni*” with appli-
cations in catalysis (as catalysts for hydrosilylation and hydro-
boration, and for oligo-/polymerization) and in magnetism (as
single-ion magnets, ie. SIMs), respectively. Considering the
great stereochemical protection and electronic tuning of the
5-substituted-2-iminopyrrolyl framework, we present herein
the first examples of Cu(1) complexes of this type. Aside from
the structural characterization and electronic structure deter-
mination of the new Cu(1) complexes, we also present their
catalytic competence towards CuAAC reactions.

Results and discussion
Synthesis and characterization of the copper(i) complexes

The reaction of the 5-substituted-2-iminopyrrolyl potassium
salts KLa-e with [Cu(NCMe),|BF, in THF gave rise, after work-
up, to the dinuclear copper complexes 1a-e (Scheme 1). These
complexes were isolated as crystalline pale-yellow to yellow
solids in good yields from concentrated toluene solutions
cooled to —20 °C, except in the case of complex 1c, bearing 5-
[3,5-(CF3),CeH;] substituents, which was isolated from
n-hexane at —20 °C. After crystallization from toluene, all com-
plexes (except from 1c, having crystallized from n-hexane) are
only partially soluble in that solvent, but well soluble in THF
or halogenated solvents. Complexes la-e exhibited different
structural isomers. According to a combination of NMR spec-
troscopy and single crystal X-ray diffraction studies (see below
in the text and in the “X-ray diffraction structural studies” and
“Dynamic behavior of the copper(i) complexes in solution”
subsections), we have assigned the configuration of the two
2-iminopyrrolyl ligands to be transoid in complexes 1a,b and
cisoid in complex 1c. Complexes 1d,e were isolated as mixtures

This journal is © The Royal Society of Chemistry 2023
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of interconvertible cisoid and transoid conformers, as pre-
sented in Scheme 1.

All complexes were characterized by 'H, "*C and "°F (for
complex 1¢) and multidimensional NMR spectroscopy, the
spectra of which being presented in Fig. S7-S25 in the ESL}
The 'H NMR spectra of complexes 1a-c present the expected
resonances for their respective 5-substituted-2-iminopyrrolyl
moieties (see the stacked spectra in Fig. 1). The resonances
corresponding to the iminic protons appear at 7.57-7.76 ppm
for the three complexes. In complexes 1a and 1b the H3 and
H4 pyrrolyl protons appear at 6.80-6.85 and 6.08-6.13 ppm,
respectively, while the same protons in complex 1c¢ appear at
6.98 and 6.70 ppm, respectively. This downfield shift of the
pyrrolyl protons and, generally, of most of the aromatic moi-
eties in complex 1c is attributed to the high degree of electron
withdrawing character of the 5-[3,5-(CF;),C¢H3] substituent.
The methine isopropyl protons of the N-(2,6-iPr,C¢H3) substi-
tuent are inequivalent at room temperature, being character-
istically split into two heptets. Generally, the "*C{'H} NMR
spectra of complexes 1a-c follow the same trends as those
observed for their respective "H NMR spectra. Additionally,
complex 1c presents a ‘’F{'H} trifluoromethyl resonance at
—63.7 ppm. The "H-'H NOESY spectra of complexes 1a,b
present NOE through-space off-diagonal cross peaks between
resonances of the respective 5-aryl and N-aryl rings, diagnostic
of transoid configurations. Namely, the meta proton resonance
of the 5-aryl ring in complex 1a (5-Ph-H,,..,), at 5 6.76, presents
a spatial correlation with N-aryl methine and methyl reso-
nances, at § 1.12 and the methyl resonances of the 5-aryl sub-
stituents in complex 1b, at § 2.35 and 1.62, present spatial cor-
relations with N-aryl methine and methyl resonances, at § 3.39
and 2.91 and at § 1.21, respectively (see Fig. S10 and S14 in
ESIf). On the other hand, the 'H-'"H NOESY spectrum of
complex 1c does not present any NOE through-space off-diag-
onal cross peaks between resonances of the respective 5-aryl
and N-aryl rings, which is, conversely, diagnostic of a cisoid
configuration.

On the other hand, compounds 1d,e display much more
complex 'H NMR spectra (see the stacked spectra in Fig. 2).
The '"H NMR spectra of complexes 1d,e systematically display
two sets of resonances corresponding to two different 2-imino-
pyrrolyl moieties, with one major and another minor species
being observed. Even considering this intriguing observation,
while the two sets of resonances are well resolved in complex
1e, compound 1d only displays spectral resolution for one of
the observed species, suggesting a complex fluxional behavior
of the latter. The dynamic processes occurring in complexes
1d,e shall be further explored in a separate section on the
article (see below in the “Dynamic behavior of the copper(i)
complexes in solution” subsection). Again, the "*C APT NMR
spectra of complexes 1d,e follow the same trends as those
observed for their respective "H NMR spectra.

The 'H-"H NOESY spectra of complexes 1d,e present NOE
through-space off-diagonal cross peaks between resonances of
the respective 5-aryl, trityl and N-aryl rings, diagnostic of trans-
oid conformations. Namely, the methoxy resonance of the

Dalton Trans., 2023, 52, 8003-8019 | 8005
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Scheme 1 Synthesis of the Cu(l) complexes 1la—e.
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Fig. 1 Stacking of the 'H NMR spectra (300 MHz, CDCls, 298 K) of

complexes la-c.
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1e R=CPh;

5-aryl ring of the major species in complex 1d, at é 3.67, pre-
sents a spatial correlation with the methyl resonance of the
N-aryl ring, at 6 0.98, and some of the 5-trityl resonances of the
major species in complex 1e, at § 6.97, present a spatial corre-
lation with the methyl resonances of the N-aryl ring, at § 0.36,
0.74, 0.91 and 1.06 (see Fig. S21 and S25 in ESI{). On the other
hand, the methoxy resonance of the 5-aryl ring of the minor
species in complex 1d, at § 3.49, does not present any NOE
through-space off-diagonal cross peak with an N-aryl ring reso-
nance, which is diagnostic of a cisoid conformation for the
minor species. We therefore conclude that both species
observed in solution for complexes 1d,e are the cisoid and the
transoid conformers.

Considering that all complexes were easily characterized by
NMR spectroscopy, ie. no paramagnetism whatsoever was
observed in the solution samples, it is clear that we are in the

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Stacking of the H NMR spectra (300 MHz, CDCls, 298 K) of complexes 1d,e: (a) full view of the spectra, and (b) expansion of the pyrrolyl/aro-

matic, O(CH3)/CH(CHs), and CH(CH?s), sections.

presence of Cu(1)-Cu(i) complexes. Even though complexes 1a-e
are in the +1 oxidation state and present a potentially reactive
“[Cu{K®N,N'-5-R-NC,H,-2-C(H)=N(2,6-iPr,CsH;)}]”  synthon,
attempts to react them with small molecules, such as N,, O,,
CS, or Sg, or with weakly coordinating molecules, such as THF
or acetonitrile, were unsuccessful, proving their chemical inert-
ness toward these substrates. However, prolonged heating of
these complexes in halogenated solvents led to the formation
of very dark red solutions, soon followed by decomposition of
the respective mixtures. In toluene solutions, however, the
complexes are indefinitely stable under dinitrogen, even after
prolonged heating at 100 °C.

X-ray diffraction structural studies

Complexes 1a and 1c-e were obtained as pale-yellow to yellow
crystalline solids suitable for single crystal X-ray diffraction
and were, therefore, characterized by this technique.
Complexes 1d,e crystallized in the triclinic system, in the P1
space group, while complexes 1a and 1c crystallized in the
monoclinic system, in the P2,/c and C2/c space groups, respect-
ively. The structures of complexes 1a, 1c, 1d and 1e are pre-
sented in Fig. 3, a selection of bond lengths and angles, as
well as their crystallographic data, being listed in Tables S1
and S2 (in the ESIY), respectively. Additionally, the molecular
structure of complex 1c is generated by a —x, —y, —z symmetry
operation of the “[Cu{kN-5-3,5-(CF;),CsH;]-NC,H,-2-C(H)=
N(2,6-iPr,CsH3)}]” fragment, with an inversion center at [0, 0, 0].

All complexes contain two copper atoms and two bridging
5-substituted-2-iminopyrrolyl ligands, with one dinuclear
entity in the respective asymmetric units. The copper centers
in all structures exhibit a nearly linear coordination geometry,
as the N-Cu-N bond angles in all complexes range from 166.1
(2) to 176.7(2)°. In all complexes, each copper center has two
coordinated nitrogen atoms from two different 2-iminopyrrolyl
ligands and a cuprophilic pseudo-contact to the other copper
atom present in the molecule (see “DFT structural studies”
subsection). In general, the Cu-N bond lengths for all com-
plexes are in the range of 1.841(4)-1.917(5) A. This observation
is in accordance with the other crystallographically character-

This journal is © The Royal Society of Chemistry 2023

ized dinuclear Cu(i) complexes of the same type.”>*° The
Cul---Cu2 distances of all complexes range between 2.4806
(10)-2.5677(11) A, rendering them longer than the other
reported dinuclear Cu(i) complexes bearing 2-iminopyrrolyl
ligands.>%3°

All complexes form Cu,N,C, ten-membered macrocyclic
cores (in which C corresponds to the two iminic and the two
ipso C2 carbon atoms of each of the 2-iminopyrrolyl ligands)
with twisted conformations, with varying degrees of torsion.
The different torsions of the twisted Cu,N,C, macrocycles
were measured by considering the two planes containing both
nitrogen atoms of the two different ligands, i.e. the N,C, coor-
dinating planes of the respective 2-iminopyrrolyl fragments,
and are summarized in Table 1.

The crystalline state structures of complexes 1a and 1d
present a transoid conformation. Complex 1a displays the
longest Cul---Cu2 distance of all complexes but, by contrast,
has the shortest Cu-N bond lengths, with the Cu1-N1/Cu2-N3
and Cul-N2/Cu2-N4, ie. the Cu-Npyroy and Cu-Nijmine
lengths being equal to 1.841(5)-1.844(4) and 1.873(4)-1.876(5),
respectively. Complex 1d, also with a transoid conformation,
has the shortest Cul---Cu2 distance of all complexes, whilst
displaying slightly longer Cu-N bonds than complex 1a, in the
range of 1.865(5)-1.891(5) A. Complex 1a, owing to the high
rigidity, electron donating capability and stereochemical repul-
sion imparted by the 5-(2,4,6-iPr;CgH,) substituents, is able to
stabilize a transoid conformation with a Cu,N,C, macrocycle
torsion angle equal to 49.6°, much lower than that of complex
1d (the other transoid structure with a Cu,N,C, macrocycle
torsion angle of 67.5°), at the expense of the expansion of the
Cu,N,C; macrocycle, resulting in a Cul---Cu2 distance of
2.5677(11) A. The dihedral angles formed between either both
aryl ring planes in complex 1a or the N-(2,6-iPr,C¢H;) ring
plane of 1d with the iminopyrrolyl plane are in the range of
61.86-72.89°. On the other hand, the dihedral angles of the 5-
[2,6-(MeO),CsH3] substituent ring planes with the iminopyrro-
lyl plane in 1d are in the range of 44.79-47.83°, justified by the
observation of Cul---O2 and Cu2-:-O4 contacts, with lengths in
the range of 2.766-2.984 A.

Dalton Trans., 2023, 52, 8003-8019 | 8007
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1d

Table 1 Torsions angles between the two planes defined for the
Cu;N4C4 macrocycles, as determined by single crystal X-ray diffraction,
along with a schematic representation of the planes considered for the
calculation as a visual guide (atom color scheme: copper — orange;
nitrogen — blue; carbon — grey)

Complex Torsion (°)

1a 49.50(2)

1c 36.30(2)

1d 67.51(2)

1e 64.50(2) é

Conversely, complexes 1c¢ and 1e exhibit a cisoid confor-
mation in the crystalline state. In the case of complex 1c, all its
Cu-N bond lengths are very similar, in the range of 1.8616
(15)-1.8660(16) A (4 < 0.01 A), indicating a considerable degree
of electronic delocalization. On the other hand, the Cu-N
bond length in complex 1e is slightly different, thus implying
electronic differentiation of the two copper centers of those
complexes. Complexes 1d and 1e present the most twisted con-
figurations, with torsion angles in the 64.5-67.5° range. In
addition, in complex 1c, a weak n-stacking of adjacent 5-[3,5-
(CF3),CeHs] rings is observed, the distances between the
respective centroids being equal to 3.844 A and the angle

8008 | Dalton Trans., 2023, 52, 8003-8019

le

Fig. 3 ORTEP-3 diagrams of complexes 1a, 1c, 1d and 1e, showing 30% probability ellipsoids. All hydrogen atoms were omitted for clarity.

between those two rings equal to 5.93°. In the case of complex
1c, the stacking of adjacent 5-[3,5-(CF;),CsH;] rings in a nearly
staggered conformation is an important driving force for the
stabilization of the observed cisoid isomer. The dihedral
angles of the N-(2,6-iPr,C¢Hj3) rings with the respective imino-
pyrrolyl planes in complexes 1c¢ and 1e are in the range of
63.74-86.70°. By contrast, as expected from the stacking capa-
bility of the ortho-unencumbered 5-[3,5-(CF;),CsHs] substitu-
ents in 1c, the corresponding dihedral angles are much
smaller, being equal to 27.27°. It is also observed that the unit
cells of all crystal structures derived from single-crystal X-ray
diffraction display both conformations of the Cu,N,C, macro-
cycle, generated by a symmetry operation along the Cu---Cu
axis.

DFT structural studies

All new complexes were also the subject of computational
studies by DFT calculations.?® The structures of the complexes
were first optimized to their respective energy minima and,
subsequently, appropriate single-point calculations were
further performed (see “Computational details” of the
Experimental section). This methodology was performed on a
total of twelve structures, i.e. the cisoid and transoid isomers
of complexes 1a-e and of 1-H, the latter corresponding to the
5-unsubstituted (R = H) analogue of complexes la-e, pre-
viously reported by us.>® The coordinates of all optimized

This journal is © The Royal Society of Chemistry 2023
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structures are presented in the ESIL.{ Additionally, a summary
of the comparisons between experimental data derived from
X-ray diffraction and the calculated parameters for the corres-
ponding isomers is presented in Table 2. It was also possible
to derive the relative stability of the cisoid and transoid
isomers from DFT calculations, and the corresponding Gibbs
energy differences (AG;;qiq_iransoid)- FOI complexes 1b and 1-
H, for which no experimental structural data was available, the
values of the computationally calculated most stable cisoid
isomers are listed.

In another aspect, whilst observing the relative Gibbs ener-
gies of the cisoid or the transoid isomers of the copper com-
plexes, it is clear that the former are more thermodynamically
favored than the latter, except for complex 1a, for reasons dis-
cussed above in the “X-ray diffraction structural studies” sub-
section. For complexes 1a and 1c, the preferred isomers calcu-
lated by DFT studies seem to be in accordance with those
observed by single-crystal X-ray diffraction and NMR spec-
troscopy. For complex 1d, the DFT calculations do not necess-
arily corroborate the experimental results. Finally, for complex
le, DFT correctly predicted the transoid-cisoid equilibrium
observed in solution by NMR spectroscopy. Since the present
DFT calculations only account for isolated molecules and not
their intermolecular interactions in solution or in solid state,
the small energy differences obtained might have inappropri-
ately reproduced the molecular systems at stake. Unfortunately,
the size of the molecules studied in this work precluded a DFT
mechanistic study of the cisoid/transoid isomerization equilibria.

A Natural Population Analysis (NPA) was performed on all
complexes in their favored configurations (transoid for com-
plexes 1a,b and cisoid for complexes 1c-e) in order to further
understand the electronic nature and bonding of the Cu
centers. For all complexes, the charges of the copper atoms
bonded to pyrrolyl or iminic nitrogen atoms vary between
0.65-0.74 and 0.67-0.70, respectively. These results reinforce
the fact that both copper centers are in the +1-oxidation state.
Additionally, the Cu-Cu Wiberg indices for all complexes are
in the range of 0.06-0.07, which clearly indicates that no
copper-copper bonding is present. In view of these results and
considering that the C2-C6 bond lengths are in the range of
1.393(9)-1.419(8) A, somewhat shorter than expected for a
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C(sp®)-C(sp®) single bond,* two observations regarding the
bonding of the complexes may be noted: (1) the Cu(r) moieties
in the complexes are neutral, and (2) the negative charge of
the anionic 2-iminopyrrolyl ligands is delocalized across
both the pyrrolyl backbone and the iminopyrrolyl synthon,
i.e. the N1-C2-C6-N2 moieties. Whereas Heinze and co-
workers, while mentioning complex cisoid-[Cu{kN,kN'-NC,H;-
2-C(H)=N(4-tBuC¢H,)}], (see Chart 1, I) with similar C2-
C6 bond lengths, interpreted these Cu(1)-Cu(1) dimeric entities
as zwitterions,>® we believe that our present interpretation
more broadly describes the bonding in these copper
complexes.

Electrochemical cyclic voltammetry studies

The copper(1) complexes were also analyzed by cyclic voltam-
metry to gain insight regarding their electronic structure. The
experiments were performed in dichloromethane utilizing [N
(n-Bu)4][BF,] as a supporting electrolyte. As an example, the
cyclic voltammogram of complex 1a, at a scanning rate of
200 mV s™7, is presented in Fig. 4.

All complexes undergo a first oxidation process in a range
of potentials from 0.37 V for complex 1d to 1.00 V for complex
1c, followed by a second oxidation process occurring from 1.02
V for complex 1d to 1.31 V for complex 1c (see Table S3 in the
ESIT). The first oxidation is reversible in the analyzed range of
scan rates, from 50 mV s™* to 1 V s7%, for all complexes, except
for 1b and 1c, which are the two complexes exhibiting the
highest first oxidation potentials, showing that oxidation is
more difficult to occur in the latter complexes (see Fig. S267).
The electrochemical behavior of complex 1-H is similar to that
of complexes 1b and 1c showing an irreversible oxidation at
0.93 V.

The range of oxidation potentials is consistent with other
studies on bimetallic copper(i) complexes.*® The complexes
exhibiting a reversible first oxidation process (1a, 1d and 1e)
exchange a single electron, whereas two electrons are involved
in the second oxidation wave, as can be seen in Table S3 (ESIt)
from the corresponding 7, [ox (I)]/i, [ox (II)] ratio. For the
remaining complexes 1b and 1c, the first oxidation involves
two electrons and is irreversible, while the second oxidation
involves only one electron (see the corresponding i, [ox (D)}/ip

Table 2 Comparison between selected experimental (Exp.)? and calculated (Calc.)® structural features for all complexes, as well as the Gibbs ener-

gies differences between the cisoid and transoid isomers

Cu1---Cu2 distance® (A) Cu-Npyrroiy length® (A)

CU-Nimine length® (A) Torsion® (°)

o

b
cisoidﬂtra{lsoid

Complex Exp. Calc. Exp.? Calc. Exp.? Calc. Exp. Calc. (kcal mol™
1a 2.568(1) 2.630 1.843(5) 1.876 1.875(5) 1.890 50 47 -3.8
1b — 2.564 — 1.880 — 1.882 — 48 5.6
1c 2.497(1) 2.523 1.862(2) 1.883 1.867(2) 1.881 36 48 6.0
1d 2.481(2) 2.476 1.865(5) 1.889 1.891(6) 1.907 68 72 7.7
1le 2.535(2) 2.580 1.917(5) 1.938 1.861(5) 1.873 65 60 0.7
1-H — 2.537 — 1.867 — 1.883 — 48 2.2

“Determined by single crystal X-ray diffraction. ” Determined by DFT calculations (see “Computational details” in the Experimental section).
°Transoid isomer for 1a and 1d, and cisoid isomer for 1c and 1e. ¢ Average value.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Cyclic voltammogram for the oxidation of complex 1a in a [N(n-Bu),l[BF4]/CH,Cl, solution at 200 mV s™* scan rate. Potentials in volts
measured versus FcH/FcH™. The black arrow indicates the initial potential scanning direction.

[ox (II)] ratio in Table S3 in the ESIT). Despite this, the two oxi-
dation potentials are clearly correlated, as can be seen in
Fig. S27,F for all complexes under study.

Complex 1d, which has the smallest Cul-:-Cu2 interatomic
distance, is the one that also shows the lowest first oxidation
potential. Additionally, as the Cul---Cu2 distance increases,
the first oxidation potential also increases (see Fig. S28 in the
ESIT). A notable exception is the case of complex 1¢, which is
much harder to oxidize than expected in this trend, owing to
the high electron-withdrawing ability of the ligand. A trend is
also observed with the measured torsion angle: the higher the
torsion angle, the lower the oxidation potential, i.e., the easier
the oxidation (see Fig. S29 in the ESIf).

Dynamic behavior of the copper(i) complexes in solution

While characterizing the new copper complexes in solution by
NMR spectroscopy at room temperature, we noticed that com-
plexes l1a-c showed a single entity, while complexes 1d,e
showed a mixture of two species. To understand these obser-
vations, we further explored these results by performing vari-
able-temperature NMR (VI-NMR) spectroscopy studies. Owing
to the persistent decomposition of all complexes after pro-
longed heating in halogenated solvents, the VI-NMR experi-
ments were performed in toluene-dg, in the temperature range
of —60 to 90 °C. The complete VI-NMR spectra for all com-
plexes are presented in Fig. S30-S34 in the ESL.}

In all complexes except 1c, the isopropyl groups of the
respective iminic aryl groups are inequivalent below room
temperature and tend to coalesce at higher temperatures. The
values of the Gibbs energies of activation (AG*) for the
dynamic processes operating in the copper complexes were
estimated using the Eyring equation, considering the respect-
ive rate constants of the frozen process at the resonances
coalescence temperature (see “Kinetic and thermodynamic
data derived from VI-NMR studies in complexes 1a-e” subsec-
tion in the ESIT). The values of AG* for the fluxional processes

8010 | Dalton Trans., 2023, 52, 8003-8019

associated with resonances coalescence for complexes 1a,b
and 1e are in the range of 15.9-17.9 kcal mol™" (see Table S4
in the ESI}). The fluxional processes are possibly associated
with the rotation of the respective aryl rings, since all calcu-
lated barriers are within the expected values for the rotation of
an aromatic ring.*® The presented calculations only considered
the coalescence of the methinic resonances of the respective
N-(2,6-iPr,C¢H3) substituents. Even though the methyl reso-
nances of the respective N-(2,6-iPr,CqHj) substituents also
exhibited coalescence at higher temperatures, their complex
overlapping nature prevented the gathering of accurate para-
meters. No parameters were determined for complex 1d, owing
to the overlapping and broadening of the respective CH(CHj3),,
CH(CH,), and O(CH3) 'H NMR resonances. In addition, it is
observed that the methyl protons of the 5-(2,6-Me,CcHj) sub-
stituents in complex 1b are also inequivalent, implying a hin-
dered rotation of those rings, with a rotation barrier of
15.5 kecal mol™'. By contrast with all the remaining com-
pounds, the VI-NMR spectra of complex 1c revealed to be
completely invariant with temperature, no dynamic processes
whatsoever being observed. In summary, the rotational bar-
riers recorded for all complexes except for complex 1c are
likely associated to a conformational inversion of the
Cu,N,C, metallacycle (i.e. inversion of the torsion angle
evidenced in Table 1). This fact is supported by (1) the same
energy barriers recorded across different resonances of the
complexes and (2) the observation of both conformers in the
unit cells of the molecular structures studied by single crystal
X-ray diffraction, both expected to be equivalent species in
solution.

The VI-NMR spectra of complexes 1d,e are much more
complex than those of complexes la-c, with additional pro-
cesses occurring, aside from aryl ring rotations. Fig. 5 shows
sections of the VI-'H NMR and of the room temperature
"H-"H NOESY NMR spectra of complex 1e, as a representative
example.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Sections of the (a) VT-*H NMR spectra of complex 1e (300 MHz, toluene-dg) highlighting the chemical equilibrium taking place, and of the
(b) *H-H NOESY spectrum of complex 1e (300 MHz, CDCls, room temperature) displaying chemical exchange off-diagonal cross peaks between
the minor (cisoid-1e) and major (transoid-1e) species. The assignment of the NC=H (orange circles), H3 + H4 (red circles), CH(CHz3), (green circles)
and CH(CH?s), (blue circles) resonances of the major and minor isomers are distinguished by the respective darker and lighter colored circles,

respectively. The dashed lines in (b) are a guide to the eye.

From the spectra shown in Fig. 5(a), we can depict that the
two conformers in complex 1e, transoid-1le and cisoid-1e, are
components of a chemical equilibrium, as their relative con-
centrations vary with temperature. In the case of complex 1d,
it is possible to almost exclusively observe transoid-1d or
cisoid-1d at low (<—60 °C) or at high (>90 °C) temperatures,
respectively. We have established above that the transoid con-
former was the major species for both complexes 1d,e. The
thermodynamic parameters for the equilibria observed in
complexes 1d,e were estimated via van’t Hoff analyses (see
“Isomer equilibria observed in complexes 1d,e determined by
van’t Hoff analysis” subsection in the ESIY), utilizing different
resonances whenever possible, and are presented in Table S5
and Fig. S35, S36 in the ESL{ Further evidence that chemical
equilibria are taking place in complexes 1d,e is offered by the
presence of chemical exchange off-diagonal cross peaks
between the same resonances of cisoid and transoid confor-
mers in the "H-"H NOESY NMR spectra of those complexes.
As an example, such cross peaks were clearly observed for
several resonances across complex le spectrum, namely those
corresponding to NC=H, H3, H4, CH(CHj3), and CH(CHj;),
protons, as demonstrated in Fig. 5(b).

From the thermodynamic data, it is observable that the
chemical exchange process occurring in complexes 1d,e is
nearly at equilibrium, as the respective average of the
calculated AG° values are nearly 0 kcal mol™ (-0.7 to
—0.1 kecal mol™), being endothermic (AH® = 1.2 to 2.4 kcal
mol™") processes with small entropy changes (AS° = 6.4 to
8.5 cal mol™* K™1).

In summary, the observed equilibria in complexes 1d,e is a
transoid-cisoid isomerization and is likely assisted by the
coordinative stabilization of the ortho-methoxide groups
present in complex 1d or a cogged-wheel rotation of the adja-
cent CPh; groups in complex 1e. The equilibria in complexes

This journal is © The Royal Society of Chemistry 2023

1d,e is also likely accompanied by the same conformational
metallacycle inversion process proposed for complexes 1a,b.

The occurrence of this equilibrium process in the remain-
ing complexes 1b,c cannot be ruled out. In these complexes,
where a single species was observed, the conformational
process may be operating much too quickly for it to be
observed in the NMR timescale, owing to smaller activation
energy barriers. The lack of solution dynamic behavior
observed in complex 1c is very likely related with the rigidity
imparted by the stacking of the 5-[3,5-(CF;),CsHj3], whose ortho
protons remain inequivalent in the range of temperatures
studied. This rigidity blocks the concerted process of change
in the conformation of complex 1c.

Azide-alkyne cycloaddition catalyzed by the copper(i)
complexes

Complexes 1a-e were tested as catalysts for azide-alkyne cyclo-
addition reactions. The results of the catalytic runs for com-
plexes 1la-e using phenylacetylene as the alkyne and (azido-
methyl)benzene as the azide are presented in Table 3, with
catalytic activities measured in turnover frequencies (TOF). In
a preliminary reaction, when 1 mol% of complex 1b was used
as catalyst for the bulk reaction of phenylacetylene with (azido-
methyl)benzene, the formation of the respective 1,2,3-triazole
product, 1-benzyl-4-phenyl-1H-1,2,3-triazole, was observed in a
near quantitative yield in half an hour (entry 1). By reducing
the loading of complex 1b to 0.5 and 0.1 mol%, we observed
yields of the respective 1,2,3-triazole product equal to 67 and
42%, respectively (entries 2 and 3). To optimize the reaction
conditions, we performed subsequent catalytic runs in di-
chloromethane and varied the catalyst loading, using complex
1b as reference. It was observed that by carrying out the cata-
Iytic runs in dichloromethane with 1 mol% of complex 1b, the
yield decreased to 70% (entry 4), but the reaction proceeded in

Dalton Trans., 2023, 52, 8003-8019 | 8011
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a much more controlled fashion. Also, by reducing the loading
of 1b, the catalysis yields were as low as 29% (entry 5). Taking
these optimizations into account, we proceeded our studies in
dichloromethane and using 0.5 mol% of catalyst loading.

Using the optimized conditions for complex 1b, we
screened the catalytic reactions with the remaining complexes
and observed that all of them promoted the formation of
1-benzyl-4-phenyl-1H-1,2,3-triazole, with isolated yields as high
as 82% (entries 6-11). Additionally, the TOFs observed for the
catalytic runs using complexes la-e were in the range of
281-490 h™". The least active catalyst is complex 1c, leading to
a yield of 47% (entry 8, TOF = 281 h™"), a fact justified by the
high electron withdrawing properties of the 5-[3,5-(CF;),CcHs3]
substituent, being therefore less efficient in stabilizing any
possible catalytic intermediates. Moreover, given the similar
catalytic results obtained for complex 1a (in the transoid form)
and 1e (cisoid and transoid forms in equilibrium), the struc-
tural preference of the complexes apparently does not affect
the catalytic performance.

For the sake of comparison, complex 1-H, the one contain-
ing 5-unsubstituted pyrrolyl rings (R = H), was also tested as a
catalyst, only leading to the formation of the respective 1,2,3-
triazole in 12% yield (entry 11). This latter fact is due to the
very low stereochemical protection of the copper centers (and
also to an irreversible oxidation process), whereby reaction
with the substrates used in this catalyst system might promote
the irreversible disproportionation of complex 1-H to form the
inactive Cu(m) homoleptic species [Cu{k’N,N'-NC,H;-2-C(H)=N
(2,6-iPr,C¢H3)},] and Cu(0).°

The substrate scope of the present catalyst system was also
investigated by varying both the nature of the alkynes and of
the azides present in the reactions, using complex 1a as the
reference, since it recorded the highest yield of 1-benzyl-4-
phenyl-1H-1,2,3-triazole. The catalytic results for the substrate

Table 3 Screening of the cycloaddition of phenylacetylene with (azido-
methyl)benzene catalyzed by complexes 1la—e and 1-H (the 5-unsubsti-
tuted analogue of 1a—e)

1a-e (cat.
_ Nsye 05h, ohvent Nan
O— "1 E= 08 o
Entry  Complex  mol%  Solvent  Yield*(%)  TOF (h™)
1 1b 1 Neat >99 >300
2 1b 0.5 Neat 67 266
3 1b 0.1 Neat 42 845
4 1b 1 CH,Cl, 70 208
5 1b 0.1 CH,Cl, 29 859
6 1b 0.5 CH,Cl, 60 358
7 1a 0.5 CH,Cl, 82 490
8 1c 0.5 CH,Cl, 47 281
9 1d 0.5 CH,Cl, 80 481
10 1e 0.5 CH,Cl, 69 412
11 1-H 0.5 CH,Cl, 12 73

Conditions: 0.9 mmol of phenylacetylene; 0.9 mmol of (azidomethyl)
benzene; reaction time: 0.5 h; temperature: 25 °C; solvent volume =
5 mL. “Yields determined by weighing the isolated reaction products.
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scope of the present catalyst system are presented in Table 4
and the "H NMR data of the products of catalysis are presented
in Fig. S37-542 in the ESLf

Complex 1a was also able to catalyze the cycloaddition of
phenylacetylene with different azides in respectable yields
(entries 1-3 and 6, 75-92%), the latter being lower when aliphatic
or polar group-substituted azides were used (entries 4 and 5,
25-28%). The catalyst system also promoted the cycloaddition of
2-ethynylaniline with (azidomethyl)benzene (entry 6), but was
completely ineffective when internal alkynes, such as prop-1-yn-1-
ylbenzene or but-2-yne, were used (entries 7 and 8).

The catalytic results obtained with the present system led a
TOF value as high as 859 h™" for the production of 1-benzyl-4-
phenyl-1H-1,2,3-triazole, resulting from the cycloaddition of
phenylacetylene with (azidomethyl)benzene, operating at con-
centrations of catalyst as low as 0.1 mol%. Considering the set
of activities recorded for the present catalyst system, we can
conclude it is less efficient than the mononuclear copper com-
plexes bearing NHC (maximum TOF = 950 h™")*° or diimine
ligands (maximum TOF = 1920 h™"),?* slightly better than the
catalysts bearing phosphine/phosphonite/phosphinite ligands
(maximum TOF = 313 h™")*! and considerably better than the
in situ prepared ones (maximum TOF = 27 h™").”

Table 4 Substrate scope of the azide—alkyne cycloaddition catalyzed
by complex la

N 0.5 mol% 1a N:N
SN 05h,CHClL, R h
R—=—R+ - — NN
\R" R' R
Entry Product Yield® (%) TOF (h™1)
1 N:l?I = 82 490
Sy
2 Nsn 91 545
i
3 Nan 75 450
e
4 =N 25 154
\”1‘\/’\/
5 @_{‘:rj o 28 161
\_N
\)j\ FON
6 NHz 92 554
Nsn
L
7 N:N b b
Sgg
b b

Conditions: 0.5 mol% of 1a; 0.9 mmol of alkyne; 0.9 mmol of azide;
reaction time: 0.5 h; temperature: 25 °C; solvent volume = 5 mL.
“Yields determined by weighing the isolated reaction products. ”No
cycloaddition product was observed.

This journal is © The Royal Society of Chemistry 2023
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The increased activity of the complexes reported in this
work indicates that the stereochemical hindrance imparted by
the pyrrolyl substitution properly stabilized the respective
Cu,N,C, macrocycle, providing strong evidence that the
mechanism always involves a dimeric entity and that
cooperation between the two copper centers of the complexes
is entirely possible. From the cyclic voltammetry studies, it is
also interesting to conclude that, in general, the easier the
complexes are to oxidize, i.e. the lower the oxidation potential
is, the higher the catalytic activity (TOF) obtained, as depicted
in Fig. S43 in the ESIL.T Moreover, the most active catalysts (1a,
1d and 1e) are those displaying a reversible one-electron oxi-
dation, pointing out to the possible formation of stabilized
mixed-valence Cu(u)/Cu(1) intermediate dimers. Such species
are proposed in catalytic dinuclear models for the CuAAC reac-
tions, previously established in the literature as one of the
possible pathways.>*

Conclusions

Five new dinuclear Cu(i) complexes bearing 5-substituted-2-
iminopyrrolyl ligands were synthesized and characterized,
serving as catalyst precursors for azide-alkyne cycloaddition
(CuAAQC) reactions.

The Cu(r) complexes 1la-e were synthesized by reacting the
respective potassium salts KLa-e with [Cu(NCMe),|BF, in mod-
erate yields. All complexes were isolated as pale-yellow to
yellow microcrystalline solids and were structurally character-
ized by elemental analysis, 'H, "*C and '°F (for complex 1c)
and multidimensional NMR spectroscopy, and selected cases
by single crystal X-ray diffraction. The Cu() complexes are
dinuclear entities, with two two-coordinate copper centers and
two bridging 2-iminopyrrolyl ligands, forming Cu,N,C, macro-
cycles. The X-ray structures of complexes 1a and 1d display
dimers with the 2-iminopyrrolyl ligands adopting a transoid
conformation, while those of complexes 1c and 1e show cisoid
isomers. In solution, as attested by NMR spectroscopy, com-
plexes 1a,b were identified as the transoid isomers, complex 1¢
as the cisoid isomer and complexes 1d,e as mixtures of inter-
convertible cisoid and transoid conformers.

VT-'H NMR and "H-'H-NOESY NMR studies performed on
the Cu(1) complexes indicated that complexes 1d,e exhibit a
cisoid-transoid isomerization process. For all complexes but
1c, a conformational inversion of the respective Cu,N,C,
metallacycles was also observed. Complex 1c¢, however, owing
to a very rigid conformation imparted by zn-stacking of consecu-
tive 5-[3,5-(CF3),CsH,] substituents remained perfectly static in
solution, on the NMR timescale. The electronic features and
bonding of the Cu(r) complexes was further detailed by cyclic
voltammetry and DFT calculations, indicating that the redox
potential has a clear relationship with the structural features
of the complexes, in particular with the Cu---Cu distance and
the Cu,N,C, macrocycle torsion angle and that all copper
centers are formally neutral.

This journal is © The Royal Society of Chemistry 2023
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The new Cu(i) complexes la-e were tested as catalysts in
azide-alkyne cycloaddition reactions. The CuAAC reactions
catalyzed by 0.5 mol% of complex 1a gave rise to the respective
1,2,3-triazole products in yields in the range of 25-92%, with
TOFs equal to 154-554 h™". When extending the cycloaddition
reaction of phenylacetylene with (azidomethyl)benzene using
the remaining complexes 1a and 1c-e as catalysts, the yields in
the respective addition product were as high as 82%, with
TOFs as high as 859 h™'. Complex 1-H, the 5-unsubstituted
analogue of complexes 1a-e (R = H), was a very poor catalyst in
the CuAAC reaction, indicating that the stereochemical protec-
tion imparted by the 5-substituent is crucial in stabilizing any
hypothetical catalytic intermediates. Interestingly, the most
active catalyst precursors presently studied (1a, 1d and 1e) are
those displaying a reversible one-electron oxidation, which are
also characterized by presenting the lowest oxidation
potentials.

Experimental
General procedures

All operations were performed under dry dinitrogen atmo-
sphere using standard glovebox and Schlenk techniques
unless otherwise noted.*’ Dinitrogen gas for all operations
(purity: <1 ppm O, and H,0) was supplied by Air Liquide and
purified by passage through 4 A molecular sieves. Solvents
were pre-dried with activated 4 A molecular sieves and distilled
by heating under dinitrogen over suitable drying agents
(sodium/benzophenone for toluene and THF; CaH, for
n-hexane and dichloromethane). Solvents and solutions were
transferred using a positive pressure of dinitrogen through
stainless steel cannulae and mixtures were filtered in a similar
way using modified cannulae that could be fitted with glass
fiber filter disks. Elemental analyses were obtained from the
elemental analysis service of Instituto Superior Técnico (IST)
on a Fisons Instrument Mod EA-1108.

The 5-substituted-2-iminopyrrolyl potassium salts KLa-c
and KLe,*"”° complex 1-H*® and [Cu(NCMe),]BF,** were pre-
pared as described in the literature (or slightly adapted from
those procedures). The syntheses and characterization data of the
potassium salt KLd and its precursors are presented in the ESL{

NMR spectroscopy measurements

NMR spectra were recorded on a Bruker “AVANCE III” 300 MHz
spectrometer at 299.995 MHz ('H), 75.4296 MHz (*°C) and
282.218 MHz ('°F). The spectra were referenced internally
using the residual protio-resonances (*H) and the solvent
carbon (**C) resonances of the corresponding solvents to tetra-
methylsilane (6 = 0), and referenced externally using CFCl; (6 =
0), for '°F. All solution samples, excluding those involving pro-
ducts of the catalytic reactions, were prepared inside a glove-
box and transferred to J. Young NMR tubes. All chemical shifts
are quoted in § (ppm) and coupling constants (/) in Hz with
multiplicities abbreviated as br (broad), s (singlet), d (doublet),
t (triplet), q (quartet), h (heptet) and m (multiplet).
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X-ray diffraction

Crystallographic and experimental details of crystal structure
determinations are listed in Tables S1 and S2 of the ESLf}
The crystals were selected under an inert atmosphere, covered
with polyfluoroether oil and mounted on a nylon loop.
Crystallographic data were collected using graphite monochro-
mated Mo-Ka radiation (A = 0.71073 A) on a Bruker AXS-KAPPA
APEX 1I diffractometer equipped with an Oxford Cryosystem
open-flow dinitrogen cryostat, at 150 K. Cell parameters were
retrieved using Bruker SMART*® software and refined using
Bruker SAINT** on all observed reflections. Absorption correc-
tions were applied using SADABS.* Structure solution and
refinement were performed using direct methods with the pro-
grams SIR2014 *® and SHELXL" included in the package of
programs WINGX-Version 2014.1.*® All complexes, except for
complex 1¢, contained highly disordered toluene solvate mole-
cules in an intermediate electron density map and, therefore,
the SQUEEZE routine, included in PLATON,* was included,
since no appropriate disorder model could be applied. All
non-hydrogen atoms were refined anisotropically, and the
hydrogen atoms were inserted in idealized positions and
allowed to refine riding on the parent carbon atom. Graphic
presentations were prepared with ORTEP-3.°° Data was de-
posited in CCDC under the deposit numbers 2243570 for 1a,
2243571 for 1¢, 2243572 for 1d and 2243573 for 1e.}

Computational details

All calculations were performed using the Gaussian 09 soft-
ware package’’ and the PBEO functional. This functional uses
a hybrid generalized gradient approximation (GGA), including
25% of Hartree-Fock®® exchange with DFT*®
exchange-correlation, given by Perdew, Burke and Ernzerhof
functional (PBE).”> The geometry optimizations were accom-
plished without symmetry constraints using a standard 6-
31G** basis set> for all atoms except for copper, that used the
SDD®® basis set with a f-polarization function®® for Cu (basis
b1). Frequency calculations were performed to confirm the
nature of the stationary points. The electronic energies
obtained (Ep,) were converted to Gibbs energy at 298.15 K and
1 atm (Gp,) by using zero-point energy and thermal energy cor-
rections based on structural and vibration frequency data cal-
culated at the same level. A Natural Population Analysis
(NPA)*” and the resulting charges and Wiberg indices®® were
used to study the electronic structure and bonding of the opti-
mized species.

Single point energy calculations were performed on the geo-
metries optimized at the PBEO/b1 level, using the same func-
tional and a standard 6-311++G(d,p) basis set.>® Solvent effects
(toluene) were considered in the single point calculations
using the Polarizable Continuum Model (PCM) initially
devised by Tomasi and co-workers®® with radii and non-
electrostatic terms of the SMD solvation model, developed
by Truhlar et al.®® The Gibbs energy values presented (Gp,)
were corrected for dispersion by means of Grimme
DFT-D3 method®® with Becke and Johnson short distance

mixture
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damping,® and were derived from the electronic energy values
obtained at the PBE0-D3/6-311++G(d,p)/PBE0/b1 level (E,)
according to the following expression: Gy, = Epy + Gpy — Ep;.

Cyclic voltammetry measurements

Cyclic voltammetry experiments on ca. 3 mM solutions of com-
plexes 1a-e in dichloromethane, using [N(n-Bu),][BF,] (0.2 M)
as a supporting electrolyte, were performed at a scanning rate
of 200 mV s™" (unless otherwise specified) with a three com-
partment electrochemical cell, under dinitrogen atmosphere,
at room temperature, using a Pt disc working electrode and a
Pt wire counter electrode, with a Ag pseudo-reference electrode
connected to the main compartment by a Luggin capillary.
The redox potentials were calculated using the reference poten-
tial of the ferrocene/ferrocenium couple measured under the
same experimental conditions for each of the complexes.

General procedure for the synthesis of complexes 1a-e

A solution of the appropriate 5-substituted-2-iminopyrrolyl pot-
assium salt KLa-e in THF (one equivalent) was added dropwise
to a solution of [Cu(NCMe),|BF, (one equivalent) in THF,
cooled to —20 °C, giving rise to a light grey suspension. The
suspension was stirred overnight at room temperature. The
reaction mixture was evaporated to dryness and the residue
dried under vacuum. The residue was extracted with the appro-
priate solvent, concentrated and stored at —20 °C, yielding
pale-yellow to yellow microcrystalline solids.
Transoid-[Cu{kN,kN'-5-(2,4,6-iPr;C¢H,)-NC,H,-2-C(H)=N
(2,6-iPr,CeH;)}], (1a). The general procedure was followed,
using 0.57 g (0.96 mmol) of the potassium salt KLa and 0.30 g
(0.96 mmol) of [Cu(NCMe),|BF,. The residue was washed with
n-hexane, extracted with toluene, the extracts combined, con-
centrated and stored at —20 °C, yielding a pale-yellow micro-
crystalline solid suitable for X-ray diffraction. Yield: 0.19 g (39%).
Anal. cale. for Cq4HggCu,N,4-0.5C;Hg, obtained (calculated):
C 74.54 (74.75), H 8.14 (8.36), N 5.00 (5.17). 'H NMR
(300 MHz, CDCl,, 298 K): § 7.57 (s, 2H, N=CH), 7.07 (s, 4H,
5-Ph-Hynerq + N-Ph-Hpur), 6.97 (d, 4H, N-Ph-H 1), 6.80 (d, 2H,
H3, *Jun = 3.6 Hz), 6.76 (br, 2H, 5-Ph-H,,,,), 6.08 (d, 2H, H4,
*Jun = 3.6 Hz), 3.59 (h, 2H, N-Ph-(CH(CH,),), *Jun = 6.9 Hz),
2.99 (h, 2H, 5-Ph-(CH(CHs); ortho), “Jun = 6.6 Hz), 2.91-2.71 (m,
4H, N-Ph-(CH(CHs3),) + 5-Ph-(CH(CH3)s para)), 2-35 (h, 2H, 5-Ph-
(CH(CH3)s or¢ho)y Jun = 6.6 Hz), 1.35-1.20 (m, 30H, N-Ph-(CH
(CHs),) + 5-Ph-(CH(CH3); ortho) + 5-Ph-(CH(CH3); pard)), 1.12 (d,
12H, N-Ph-(CH(CH3),), *Jau = 6.0 Hz), 0.99 (d, 6H, 5-Ph-(CH
(CH3) ortho)y Jun = 6.3 Hz), 0.35 (d, 6H, N-Ph-(CH(CH;),),
3 = 6.6 Hz), 0.19 (d, 6H, 5-Ph-(CH(CH,)s oreho)s “Jrrs = 6.6
Hz). “C{'H} NMR (75 MHz, CDCl;, 298 K): § 162.0 (N=CH),
152.1 (C5), 148.6 (N-Ph-Coyeno), 148.2 (5-Ph-Cypero), 148.0 (5-Ph-
Cipso)y 146.2 (N-Ph-Cyps,), 142.2 (5-Ph-Copino), 141.8 (N-Ph-Corino),
133.9 (C2), 132.2 (5-Ph-Cpury), 128.2 (C3), 126.2 (N-Ph-Cpury),
124.7 (N-Ph-C,pers), 123.5 (N-Ph-Coers), 121.0 (5-Ph-Cieeq), 120.7
(5-Ph-Cpera)y 116.2 (C4), 34.3 (5-Ph-CH(CH3), para)y 30.7 (5-Ph-
CH(CHa); oreho),  30.2  (5-Ph-CH(CH3); oreno)y  28.2  (N-Ph-CH
(CH;),), 27.9 (N-Ph-CH(CH,),), 26.0 (N-Ph-CH(CH,),), 24.9
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(5-Ph-CH(CHa3); orh0), 24.5-23.9 (set of resonances corres-
ponding to the remaining CH(CHj;), carbons).

Transoid-[Cu{kN,kN'-5-(2,6-Me,CH;)-NCH,-2-C(H)=N(2,6-
iPr,CeH3)}]> (1b). The general procedure was followed, using
0.29 g (0.75 mmol) of the potassium salt KLb and 0.24 g
(0.75 mmol) of [Cu(NCMe),|BF,. The residue was washed with
n-hexane, extracted with toluene, the extracts combined, con-
centrated and stored at —20 °C, yielding a pale-yellow micro-
crystalline solid. Yield: 0.23 g (55%).

Anal. calc. for C5oHs3Cu,Ny, obtained (calculated): C 71.43
(71.31), H 7.29 (6.94), N 6.56 (6.65). "H NMR (300 MHz, CDCl,,
298 K): & 7.58 (s, 2H, N=CH), 7.16-7.05 (m, 6H, 5-Ph-H,;0;, +
5-Ph-Hpyq), 7.04-6.91 (m, 6H, N-Ph-Her, + N-Ph-H,r), 6.85
(d, 2H, H3, *Ju = 3.6 Hz), 6.13 (d, 2H, H4, *Jypy = 3.6 Hz), 3.39
(h, 2H, CH(CH3),, *Juu = 6.6 Hz), 2.91 (h, 2H, CH(CHs),, *Ju =
6.0 Hz), 2.35 (s, 6H, CH;), 1.62 (s, 6H, CHj;), 1.22 (d, 6H,
CH(CHs),, *Jaqu = 6.3 Hz), 1.19 (d, 6H, CH(CH;),, *Juy = 5.7
Hz), 1.06 (d, 6H, CH(CHj),, *Juu = 5.1 Hz), 0.32 (d, 6H, CH
(CH3),, *Jun = 5.1 Hz). **C{'"H} NMR (75 MHz, CDCl3, 298 K): &
160.9 (N=CH), 152.0 (C5), 145.8 (N-Ph-Cy,), 141.9 (N-Ph-
Corno), 141.8 (N-Ph-Coppo), 137.1 (5-Ph-Copno), 137.0 (5-Ph-
Cortho), 134.3 (C2), 127.3 (C3), 127.2 (N-Ph-Cyer,) 126.4 (5-Ph-
Coneta)y 124.0 (5-Ph-Cpyra), 123.6 (N-Ph-Cpyy), 114.3 (C4), 28.2
(CH(CH,3),), 24.4 (CH(CH,),), 24.1 (CH(CH,),), 23.7 (CH
(CH3),), 22.1 (CH(CHa),), 21.3 (CHs), 21.1 (CHj). 5-Ph-Cips
resonance absent.

Cisoid-[Cu{kN,kN"-5-[3,5-(CF;),CH;]-NC4H,-2-C(H)=N(2,6-
iPr,C¢H3)}]> (1c). The general procedure was followed, using
0.51 g (1 mmol) of the potassium salt KLc and 0.32 g (1 mmol)
of [Cu(NCMe),]BF,. The residue was extracted with n-hexane,
the extracts combined, concentrated and stored at —20 °C,
yielding a yellow-light green microcrystalline solid suitable for
X-ray diffraction. Yield: 0.33 g (63%).

Anal. calc. for CsoH;6Cu,Fi,Ny, obtained (calculated): C
56.97 (56.76), H 4.49 (4.38), N 5.23 (5.30). "H NMR (300 MHz,
CDCl;, 298 K): § 8.03 (br, 4H, 5-Ph-H,,1), 7.76 (s, 2H, N=CH),
7.45 (br, 2H, 5-Ph-H,u), 7.15 (m, 4H, N-Ph-He), 7.03 (m,
2H, N-Ph-H,4), 6.98 (d, 2H, H3, *Juy = 3.6 Hz), 6.70 (d, 2H,
H4, *Jyy = 3.9 Hz), 3.38 (h, 2H, CH(CHj,),, *Juy = 6.9 Hz), 2.89
(h, 2H, CH(CH,3)y, *Juu = 6.6 Hz), 1.26 (d, 6H, CH(CH3),, *Jin =
7.2 Hz), 1.05 (d, 6H, CH(CH3),, *Jun = 7.2 Hz), 0.43 (d, 6H, CH
(CH3)5, *Jun = 6.9 Hz), 0.41 (d, 6H, CH(CHj),, *Juu = 6.9 Hz).
BC{'H} NMR (75 MHz, CDCl;, 298 K): § 161.69 (N=CH), 148.7
(C5), 145.2 (N-Ph-Cys,), 141.4 (N-Ph-Cyyzno), 141.2 (N-Ph-Cprino),
138.5 (5-Ph-Cjps,), 136.5 (C2), 131.3 (q, 5-Ph-Cpera Jor = 33
Hz), 128.9 (C3), 126.7 (N-Ph-C,;¢14), 125.8 (br, 5-Ph-Cyyz10), 123.9
(N-Ph-Cpgry), 123.8 (N-Ph-Cyrera), 123.2 (q, CFs, Yor = 271 Hz),
119.7 (h, 5-Ph-Cpara “Jor = 3.0 Hz), 110.1 (C4), 28.8 (CH(CHs),),
28.4 (CH(CHj,),), 24.0 (CH(CH,),), 23.3 (CH(CH,),), 23.2 (CH
(CH3),), 21.6 (CH(CHj),). "F{'H} NMR (282 MHz, CDCl;,
298 K): 6 —63.7 (CF3).

[Cu{kN,kN'-52,6-OMe),CsH;]-NC,H,-2-C(H)=N(2,6-iPr,CsH;)} |
(1d). The general procedure was followed, using 0.36 g
(0.84 mmol) of the potassium salt KLd and 0.27 g (0.84 mmol)
of [Cu(NCMe),]BF,. The residue was washed with n-hexane,
extracted with toluene, the extracts combined, concentrated
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and stored at —20 °C, yielding a yellow microcrystalline solid.
Yield: 0.15 g (40%).

Anal. calc. for CsoHsgCu,N40,4-0.5C,Hg, obtained (calcu-
lated): C 67.89 (67.48), H 6.87 (6.56), N 5.56 (5.88). At 298 K,
the NMR spectra of complex 1d consists of two different con-
formers (transoid-1d and cisoid-1d), in a 4.0:1 ratio of trans-
oid-1d : cisoid-1d, which varies with temperature, being
reported as follows: "H NMR (300 MHz, CDCl;, 298 K): § 7.69
(s, 2H, N=CH of cisoid-1d), 7.52 (s, 2H, N=CH of transoid-
1d), 7.46-6.99 (m, 6H of transoid-1d + 10H of cisoid-1d,
complex set of overlapping resonances corresponding to H4 of
cisoid-1d, 5-Ph-H,,, of cisoid-1d and N-Ph-H,,,¢, + N-Ph-Hpgro
of transoid-1d and cisoid-1d), 6.95 (t, 2H, 5-Ph-H,,, of trans-
oid-1d, *Jy; = 8.4 Hz), 6.87 (d, 2H, H3 of cisoid-1d, *Jiy =
3.9 Hz), 6.84 (d, 2H, H3 of transoid-1d, *Ju3; = 3.6 Hz), 6.56 (d,
4H, 5-Ph-H,,, of cisoid-1d, *Ji = 5.1 Hz), 6.54 (d, 2H, H4 of
transoid-1d, */;; = 3.9 Hz), 6.32 (d, 4H, 5-Ph-H,,,.,, of transoid-
1d, *Jyy = 8.4 Hz), 3.67 (s, 12H, OCH; of transoid-1d), 3.49 (s,
12H, OCHj; of cisoid-1d), 3.48-2.93 (m, 4H of transoid-1d + 4H
of cisoid-1d, complex set of overlapping resonances corres-
ponding to CH(CHj3;), of transoid-1d and cisoid-1d), 1.40-0.13
(m, 24H of transoid-1d + 24H of cisoid-1d, complex set of over-
lapping resonances corresponding to CH(CHj;), of transoid-1d
and cisoid-1d). *C{"H} NMR (75 MHz, CDCl;, 298 K): § 162.5
(N=CH of cisoid-1d), 160.6 (N=CH of transoid-1d), 158.5
(5-Ph-Cy40 of transoid-1d), 157.5 (5-Ph-C,,, Of transoid-1d),
147.6 (C2 of cisoid-1d), 147.1 (C2 of transoid-1d), 145.3 (C5 of
transoid-1d), 144.5 (C5 of cisoid-1d), 142.2 (N-Ph-C,yp, Of
transoid-1d), 142.0 (N-Ph-C,,, of cisoid-1d), 141.6 (overlap-
ping of 5-Ph-C,,,, of transoid-1d and cisoid-1d), 135.0 (N-Ph-
Cipso Of cisoid-1d), 133.61 (N-Ph-Cj,, of transoid-1d), 129.18
(5-Ph-Cypesq Of cisoid-1d), 129.0 (N-Ph-C,, of transoid-1d),
128.4 (N-Ph-Cpg of cisoid-1d), 128.1 (5-Ph-C,qy, of transoid-
1d), 127.1 (C3 of transoid-1d), 126.1 (N-Ph-C,,., of transoid-
1d), 125.4 (5-Ph-C,,,, of cisoid-1d), 124.0 (C3 or C4 of cisoid-
1d), 123.6 (C3 or C4 of cisoid-1d), 116.7 (C4 of transoid-1d),
104.2 (N-Ph-C,er, Of cisoid-1d), 104.1 (5-Ph-C,,, of transoid-
1d), 55.3 (OCH; of cisoid-1d), 55.2 (OCH; of transoid-1d), 28.3
(CH(CHj3), of cisoid-1d), 28.0 (CH(CHj;), of transoid-1d), 25.22
(CH(CHj;), of cisoid-1d), 24.94 (CH(CHj), of transoid-1d),
23.12 (CH(CHy), of cisoid-1d).

[Cu{kN,kN'-5-CPh;-NC,H,-2-C(H)=N(2,6-iPr,C¢H3)},  (1e).
The general procedure was followed, using 0.46 g (0.87 mmol)
of the potassium salt KLe and 0.27 g (0.87 mmol) of [Cu
(NCMe),|BF,. The residue was washed with n-hexane, extracted
with toluene, the extracts combined, concentrated and stored
at —20 °C, yielding a pale-yellow microcrystalline solid suitable
for X-ray diffraction. Yield: 0.31 g (64%).

Anal. calc. for C;,H;oCu,N,-C;Hg, obtained (calculated): C
78.57 (78.38), H 6.83 (6.49), N 4.71 (4.63). At 298 K, the NMR
spectra of complex 1le consists of two different conformers
(transoid-1e and cisoid-1e), in a 2.5:1 ratio of transoid-
1e: cisoid-1e, which varies with temperature, being reported as
follows: 'H NMR (300 MHz, CDCl;, 298 K): § 7.68 (s, 2H,
N=CH of cisoid-1e), 7.51 (s, 2H, N=CH of transoid-1e),
7.49-6.80 (m, 36H of transoid-1e + 36H of cisoid-1e, overlap-
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ping set of resonances corresponding to the CPh; + N-Ph
protons of transoid-1e and cisoid-1e), 6.75 (d, 2H, H3 of trans-
oid-1e, *Juy = 3.3 Hz), 6.69 (d, 2H, H3 of cisoid-1e, *Jyy =
2.7 Hz), 6.18 (d, 2H, H4 of cisoid-1e, *Jyy = 2.7 Hz), 5.66 (d,
2H, H4 of transoid-1e, *Jy; = 3.3 Hz), 3.46-3.24 (m, 2H of
transoid-le + 2H of cisoid-1e, CH(CHj3), of transoid-le +
CH(CH3;), of cisoid-1e), 2.92 (h, 2H, CH(CHj3;), of transoid-1e,
*Jun = 6.9 Hz), 2.35 (m, 2H, CH(CH3;), of cisoid-1e), 1.25 (d,
6H, CH(CH,), of cisoid-1e, *Jyy = 6.3 Hz), 1.12 (d, 6H, CH
(CH3), of cisoid-1e, *Jyy = 6.3 Hz), 1.06 (d, 6H, CH(CH;), of
transoid-1e, *Jy = 6.9 Hz), 1.02 (d, 6H, CH(CHj,), of cisoid-1e,
*Jun = 6.3 Hz), 0.91 (d, 6H, CH(CH3), of transoid-1e, *Jyy; =
6.9 Hz), 0.74 (d, 6H, CH(CH,), of transoid-1e, >y = 6.9 Hz),
0.65 (d, 6H, CH(CHS), of cisoid-1e, *Jyy; = 6.3 Hz), 0.36 (d, 6H,
CH(CH;), of transoid-le, *Jjyy = 6.9 Hz). “C{'H} NMR
(75 MHz, CDCl;, 298 K): 5 163.9 (N=CH of 1eg), 160.5 (N—CH
of transoid-1e), 160.0 (C5 of transoid-1e), 158.4 (C5 of cisoid-
1e), 147.2 (CPh; of transoid-1e), 145.9 (N-Ph-Cj,, of transoid-
1e), 142.0 (N-Ph-C,p, of transoid-1e), 141.9 (N-Ph-C,., of
cisoid-1e), 141.8 (N-Ph-C,,, of transoid-1e), 141.5 (N-Ph-Cy10
of cisoid-1e), 135.5 (C2 of cisoid-1e), 135.1 (C2 of transoid-1e),
131.1-129.1 (set of resonances corresponding to CPh; + N-Ph
CH carbons of transoid-1e and cisoid-1e), 128.6 (C3 of trans-
oid-1e), 128.5-125.9 (set of resonances corresponding to CPh;
+ N-Ph CH carbons of transoid-1e and cisoid-1e), 125.8 (C3 of
cisoid-1e), 125.5-123.1 (set of resonances corresponding to
CPh; + N-Ph CH carbons of transoid-1e and cisoid-1e), 119.6
(C4 of transoid-1e), 116.6 (C4 of cisoid-1e), 28.1 (CH(CH3;), of
transoid-1e), 28.0 (CH(CHj), of cisoid-1e), 27.9 (CH(CHj;), of
cisoid-1e), 27.8 (CH(CHj;), of transoid-1e), 27.3 (CH(CHzs), of
cisoid-1e), 25.2 (CH(CHj3), of cisoid-1e), 24.7 (CH(CHj3), of
cisoid-1e), 24.1 (CH(CHj;), of transoid-1e), 24.0 (CH(CHz;), of
cisoid-1e), 23.4, (CH(CHj;), of transoid-1e), 23.2 (CH(CHj3), of
transoid-1e), 22.4 (CH(CHj;), of transoid-1e). CPh; and N-Ph-
Cjpso Of cisoid-1e absent.

General procedure for the alkyne-azide cycloadditions
catalyzed by complexes 1a-e

In a dinitrogen-filled glove box, a glass ampoule was charged
with the desired amount of copper complex, the azide
(0.9 mmol) and the alkyne (0.9 mmol) and the appropriate
solvent was added. The ampoule was closed with a glass
stopper and stirred for the desired time at 25 °C. After the
desired time, the mixture was exposed to air and all volatile
materials were evaporated under reduced pressure. The
resulting solids were dried under vacuum, to give the
respective 1,2,3-triazoles. The yields were determined by
weighing the respective solids. The "H NMR spectra of the
products of the catalytic reactions are presented in Fig. S37-
S42 of the ESI,f corresponding to those reported in the
literature.®
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