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Exo- or endo-1H-pyrazole metal coordination
modulated by the polyamine chain length in [1 + 1]
condensation azamacrocycles. Binuclear
complexes with remarkable SOD activityt

Irene Bonastre-Sabater,? Alberto Lopera,® Alvaro Martinez-Camarena, () &
Salvador Blasco,? Antonio Doménech-Carbd, (2 € Hermas R. Jiménez,®
Begofia Verdejo, (2 @ Enrique Garcia-Esparia (2 ** and M. Paz Clares (2 *@

The Cu®* complexes of three [1 + 1] azacyclophane macrocycles having the 1H-pyrazole ring as the
spacer and the pentaamine 1,5,8,11,15-pentaazadecane (L1) or hexaamines 1,5,8,12,15,19-hexaazanona-
decane (L2) and 1,5,9,13,17,21-hexaazaheneicosane (L3) as bridges show endo- coordination of the pyra-
zolate bridge giving rise to discrete monomeric species. Previously reported pyrazolacyclophanes evi-
denced, however, exo-coordination with the formation of dimeric species of 2:2, 3:2 or even 4:2
Cu?*: L stoichiometry. The complexes have been characterized in solution using potentiometric studies,
UV-Vis spectroscopy, paramagnetic NMR, cyclic voltammetry and mass spectrometry. The measurements
show that all three ligands have as many protonation steps in water as secondary amines are in the bridge,
while they are able to form both mono- and binuclear Cu?* species. The crystal structures of the com-
plexes [Cu(HL1)BrIBr(4x(ClO4)1—xyH20 (1) and [Cu,(H_1L2)CHCIOL(ClO,4)-H,O-CoHsOH (2) have been
solved by X-ray diffraction studies. In 1 the metal ion lies at one side of the macrocyclic cavity being co-
ordinated by one nitrogen of the pyrazolate moiety and the three consecutive nitrogen atoms of the poly-
amine bridge. The other nitrogen of the pyrazole ring is hydrogen-bonded to an amine group. In 2 the
two metal ions are interconnected by a pyrazolate bis(monodentate) moiety and complete their coordi-
nation spheres with three amines and either a bromide or a perchlorate anion, which occupy the axial
positions of distorted square pyramid geometries. Paramagnetic NMR studies of the binuclear complexes
confirm the coordination pattern observed in the crystal structures. Cyclic voltamperommetry data show
potentials within the adequate range to exhibit superoxide dismutase (SOD) activity. The ICsq values cal-
culated by McCord—-Fridovich enzymatic assays show that the binuclear Cu?* complexes of L2 and L3
have SOD activities that rank amongst the highest ones reported so far.

Introduction

1H-Pyrazole is an imidazole isomer that displays different
hydrogen bond and coordination modes." Among the latter,
the most relevant ones are monodentate coordination in its
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neutral form and bis(monodentate) or exo(bidentate) coordi-
nation in its deprotonated pyrazolate form. These coordination
and hydrogen bond features have made pyrazole and its
derivatives, particularly carboxylates, well-known building
blocks in the preparation of metal-organic frameworks
(MOFs).>? On the other hand, pyrazole and its derivatives have
found interesting applications in pharmacology.*

The bis(monodentate) coordination mode of the pyrazolate
anion separates the metal ions from 3.7 to 4.0 A, distances
which are close to those found in type III copper centres of bio-
molecules such as hemocyanin or multinuclear copper

This journal is © The Royal Society of Chemistry 2024
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enzymes.® In this respect, several 1H-pyrazole open-chain
ligands and complexes have been prepared to mimic enzymes
or to analyse the electronic and magnetic properties of the
interconnected metal ions.®

Previously, others and we have extensively worked on the
synthesis and study of [2 + 2] condensation macrocycles in which
two 1H-pyrazole units were bound through methylene groups to
different polyamine chains.” This work was also extended to [3 +
2] condensation cryptands in which three pyrazole spacers were
linked to two tris(2-aminoethyl)amine (¢ren) moieties or analogue
tripodal polyamines. These macrocycles showed interesting beha-
viours regarding their metal and anion coordination, biomedical
chemistry and self-assembling properties. [2 + 2] Azamacrocycles
proved to have strong binding to metal ions, amino acids and
neurotransmitters.® Interestingly, the interaction of a [2 + 2]
macrocycle having cadaverine polyamines with Cu®>* led to the
formation of a 4:2 Cu®":ligand metallocage appropriately sized
to host a water molecule that seemed not be hydrogen bonded to
any other water molecule or to donor or acceptor groups within
the cage.’

The cryptand containing ¢ren units was able to encapsulate
metal ions and different anions within its cavity as proved by a
variety of techniques including single crystal X-ray diffrac-
tion." The combination of the pyrazole bis(monodentate)-
binding motif and polyamine organization permitted interest-
ing Cu**-cryptand cages to be obtained in which six metal ions
were shared by three cryptands through a right arrangement of
the amines in axial positions."’ Moreover, we noticed that by
regulating the pH we could reach a situation in which the pro-
tonated amino groups of the cryptand selectively hosted chlor-
ide anions and water molecules, while the pyrazole groups co-
ordinated in an exo-monodentate fashion with Cu®>" ions
linking cryptand moieties so that a 1D-helical coordination
polymer behaving as a multi-anion receptor was formed."”

In spite of all this interest in [2 + 2] 1H-pyrazole macro-
cycles, the number of research works dealing with [1 + 1] con-
densation of 1H-pyrazole azamacrocycles is much more scarce.
As far as we know, after a previous report showing the syn-
thesis and characteristics of a series of 1H-pyrazole oxygen
crown ethers as dopamine receptors,’® only three papers
coming from our own laboratory have appeared describing [1 +
1] 1H-pyrazole azamacrocycles."* ™' These papers revealed that
the binding of a single 1H-pyrazole to the ends of different
open-chain tetra-amines to produce [1 + 1] azamacrocycles
gave rise to Cu®>" complexes with exo-coordination of the 1H-
pyrazole fragments so that complexes of 2:2, 3:2 and even
4:2 Cu”":ligand stoichiometry were predominantly formed as
assessed by solution studies and X-ray diffraction (Fig. 1). The
ability of pyrazole to show an exo-binding mode was very
nicely illustrated in the case of macrocycles formed by pyrazole
and imidazole units whose Cu** complexes led to pillared
structures."” In none of these systems, discrete binuclear 2: 1
Cu** complexes were detected. However, such binuclear metal
complexes, in particular the Cu®* ones, may have great rele-
vance in biomimetic chemistry. As mentioned above, the posi-
tioning of the Cu** atoms at the ca. 3.7 A distance dictated by

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Coordination modes in [1 + 1] condensation polyazapyrazolaphanes.

the bis(monodentate) pyrazolate anion may have relevance for
instance in the mimicking of enzymes involved in the protec-
tion against reactive oxygen species (ROS). The so far explored
[2 + 2] 1H-pyrazole condensation macrocycles saturate the
space between the metal ions making difficult their transient
binding to exogenous ligands as the superoxide radical or
hydrogen peroxide anions involved in these processes.

Regarding this point, our group has been synthesizing and
studying pyridinaphane macrocyclic receptors whose copper or
manganese complexes had the capacity to scavenge superoxide
radical anions promoting their disproportionation into hydro-
gen peroxide and dioxygen. In particular, mononuclear
manganese complexes of tetraazapyridinaphane ligands
having pending polyamine chains and binuclear copper com-
plexes of hexaazapyridinaphane macrocycles have shown inter-
esting superoxide dismutase (SOD) mimicking potentiality
in vitro (see Fig. 2)."*"°

Moreover, we have reported that grafting of the active amines
onto boehmite nanoparticles (y-AlO(OH), BNPs) giving rise to
amino-nanozyme systems led to a significant activity increase
due to the positive charge of the BNPs and accumulation of the
complexes on the surface.’®*! Literature reports show interesting
properties in imaging and in therapeutic intervention against
Alzheimer’s disease of metal complexes of the derivatives of the
molecule 3,6,9-triaza-1-(2,6)-pyridinacyclodecaphane (py22 or
pyclen), which constitutes the macrocyclic core of our pending
pyridinaphane ligands.”® In this line, we have recently shown
that the Cu>* complexes of a py22 derivative with a carboxylate

Dalton Trans., 2024, 53,16480-16494 | 16481
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Fig. 2 Ligand drawing.

group at the para position developed a striking SOD activity,
while when grafted to BNPs amino-nanozymes were obtained dis-
playing mitoROS scavenging properties and the ability to disag-
gregate mutant huntingtin deposits in cells.”®

As mentioned above, in this work, we turn our attention
towards macrocyclic polyamines and we want to learn how
replacing the pyridine aromatic spacer by a 1H-pyrazole one
influences the superoxide dismutase activity in 2:1
Cu*": macrocycle binuclear systems. It has been shown that
the way in which superoxide anions approach and bind to the
active centre of the enzyme is a key factor in the catalytic cycle.
Since the 1H-pyrazole spacer has the possibility to donate and
accept hydrogen bonds, it may have some relevant effect on
the catalysis of superoxide disproportionation.>® 1In this
context, here we report on the Cu®>" complexes of the newly syn-
thesized ligand 3,7,10,13,17-pentaaza-1-(3,5)-pyrazolacycloocta-
decaphane (L1) and their potential capability to behave as
superoxide dismutase mimics. Moreover, we have extended
these studies to the 1H-pyrazole hexaaza-macrocycles
3,7,10,14,17,21-hexaaza-1-(3,5)-pyrazolacyclodocosaphane and
3,7,11,15,19,22-hexaaza-1-(3,5)-pyrazolacyclotetracosaphane,
hereafter (L2) and (L3). We have used penta- and hexaamines
in the bridges to avoid exo-binding to metal ions of the 1H-pyr-
azole unit and to permit endo coordination facilitating the for-
mation of monomeric binuclear complexes involving just one
macrocycle. We have used a handful of experimental tech-
niques to establish the acid-base and Cu** coordination chem-
istry in solution of the three ligands and we describe the
crystal structure of the mononuclear complex [Cu(HL1)Br]
BI(14x)(ClO4)(1—xYH,O (1) and the binuclear one [Cu,(H_,L2)Cl
(C104)](Cl0,)-H,0-C,H;0H (2).

Results and discussion
Synthetic procedures

The synthesis of L1 was carried out employing the modifi-
cation of the Richman-Atkins procedure®® we had previously

16482 | Dalton Trans., 2024, 53, 16480-16494
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used for the synthesis of L2 and L3, and related tetraaza
pyrazolacyclophanes.'**° The procedure comprises the cyclisa-
tion reaction between the protected pyrazole moiety 3,5-bis
(chloromethyl)-1-(tetrahydropyran-2-yl)-pyrazole ~ and  the
corresponding tosylated pentaamine followed by the removal
of the protecting groups in acid media using a hydrobromide/
acetic acid mixture and phenol (Scheme 1). Protection of the
pyrazole group is necessary to avoid side-reactions.>®

Acid-base behaviour

Table 1 shows the stepwise and cumulative protonation con-
stants of L1, L2 and L3 determined by means of pH-metric
titrations employing the HYPERQUAD software.”” Distribution
diagrams calculated with the program HySS>® are collected in
the ESI (Fig. S1-S37). As shown in Table 1, the macrocycles
display in the pH range available for potentiometric titrations
(2.5-11.0) as many constants as the number of secondary
amine groups present in their structures.

As observed in previous related systems neither protonation
nor deprotonation of the 1H-pyrazole units occurs within the
explored pH range.”?**° For the three macrocycles, the values
of the logarithms of the protonation constants decrease as the
number of positive charges in the receptor increases, following
the expected trend for polyazamacrocycles, which can be
ascribed to an increase of the electrostatic repulsions between
the positively charged protonated amines.*" L3 has, in general,
higher basicity than L2 in all the protonation steps, while L1
has less basicity in all of them. Similar trends were obtained
for pyridinaphanes with analogous polyaminic bridges."® The
greater number of carbon atoms between the secondary amino
groups in L3 leads to larger inductive effects and to a greater
minimization of electrostatic repulsions between the charged
ammonium groups, resulting in higher stepwise protonation
constants.’® As a matter of fact, L3 presents six orders of mag-
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Scheme 1 Ligand synthesis.
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Table 1 Logarithms of the stepwise protonation constants of L1, L2
and L3 determined in 0.15 M NaCl at 298.1 + 0.1 K

Reaction® L1 L2 L3

L+H =2 HL 9.61(2)" 10.06(1)° 10.72(1)°
HL +H 2 H,L 9.26(2) 9.24(1) 9.80(1)
H,L + H 2 H3L 7.35(3) 8.09(1) 8.63(1)
H;L+H 2 H,L 6.35(3) 6.50(1) 7.46(1)
H,L+H 2 H;L 3.09(3) 5.41(1) 6.90(1)
HsL + H 2 H¢L — 4.42(2) 6.02(1)
log #* 35.66(3) 43.72(2) 49.53(1)

“ Charges omitted. * Numbers in parenthesis are standard deviation in
the last significant figure. “ Taken from ref. 16. ¢ Calculated as log f =
% log Kyju.

nitude greater overall basicity than L2 (see the last entry in
Table 1). The variations of the pyrazole UV band at ca. 205 nm
with the pH value indicate that the amine groups closer to the
pyrazole moieties are the first ones being protonated, since
from pH 9 downwards no changes in absorptivity occur (see
Fig. S1-S3 in the ESIY).

Cu** coordination

The stability constants of the Cu** complexes of the pyrazole
cyclophanes L1, L2 and L3 have been obtained by potentio-
metric titration using the HYPERQUAD set of programs for the
analysis of the data (Table 2).>” Distribution diagrams have
been produced with the program HySS (Fig. 3, Fig. S4 and
S51).”® The titrations were carried with Cu®":L molar ratios
from 1:2 to 2:1 in the pH range 2.5-11.0. L1, L2 and L3 form
mono- and binuclear monomeric complexes of [Cu(H,L)]*"*
or [Cu,(H,L)]*?" stoichiometries. For L1 the x and y values
range from 2 to 1 and from —1 to -3, respectively. For L2 and
L3, x varied from 3 to —1 and from 4 to —1, respectively, while
x changed from 0 to —2 for both systems.

Table 2 Logarithms of the stability constants for the Cu?*-L1, Cu®*-
L2 and Cu?*—L3 systems, determined in 0.15 M NaCl at 298.1 + 0.1 K

Reaction” L1 L2 L3
Cu+L+4H 2 CuH,L 43.71(3)
Cu +L+3H 2 CuH,L 38.04(4) 38.97(4)
Cu+L+2H 2 CuH,L 30.49(2)° 34.82(2) 34.42(1)
Cu+L+Hz CuHL 27.03(1) 30.77(4) 28.21(2)
Cu+L2 CulL 19.63(3)  22.56(5) 19.23(3)
Cu+L2 CuH_,L+H 9.21(4)  11.15(6) 8.62(3)
2Cu + L 2 Cu,(H(H_,L)) 30.44(6)  28.00(4)
2Cu +L 2 Cuy(H—y ) + H 20.50(2) 26.68(2) 23.20(1)
2Cu + L 2 CuyH_,L)(OH) + 2H 13.20(3) 16.58(4) 11.95(4)
2Cu + L 2 Cu,(H_,L)(OH), + 3H 2.84(4)

CuH,L + H 2 CuH,L 4.74(3)
CuH,L + H 2 CuH,L 3.21(3)  4.55(4)
Cu(H,(H_,L)) + H 2 CuH,L 3.46(2)  4.06(4)  6.20(2)
Cu(H(H_,L)) + H 2 Cu(H,(H_,L)) 7.40(3)  8.20(4)  8.98(2)
Cu(H_,L) + H 2 Cu(H(H_,L)) 10.41(5) 11.41(7) 10.61(4)
Cu + Cu(H(H_;L)) 2 Cuy(H_,(HL)) 7.87(7)  8.77(5)
Cu,(H(H_,L)) 2 Cu,(H_,L)+ H —3.76(6) —4.80(4)
Cu,(H_,L) + H,0 2 Cuy(H_,L)(OH) + H —7.30(2) —10.10(4) —11.25(4)
Cu,(H_,L)(OH) 2 Cu,(H_,L)(OH), + H —10.36(5)

“Charges omitted. ” Numbers in parenthesis are standard deviation in
the last significant figure.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Distribution diagram for the system Cu?*—L1 overlapped with
the absorbance at 259 nm [L1] = 1 x 103 M, (A) [Cu®*] =1 x 10~ M and
(B) [Cu?"1 =2 x 107> M.

HR-ESI-MS studies, performed at variable pH, permitted
the identification of most of the species detected in the poten-
tiometric studies, confirming their mono- and binuclear
nature (Table 3). Fig. S6-S281 show the experimental and cal-
culated spectra for the detected species.

In contrast to related shorter derivatives having tetraamine
bridges,'*'> which showed the formation of dimeric bi-, tri or
tetranuclear complexes (Cu®':L stoichiometries 2:2. 3:2 or
4:2) (Fig. 1), for L1, L2 and L3 we have only been able to
detect mono- and binuclear monomeric complexes. The larger
size and number of amine groups, along with the greater flexi-
bility of these ligands, permit an enough number of nitrogen
donors to point inside their cavities, giving rise to an endo-
coordination instead of the preferred exo-coordination mode
observed for the parent tetraamine pyrazole macrocycles.'*"”

The formation of discrete binuclear complexes for L1 and
L3 has also been checked by paramagnetic NMR spectroscopy.
We have recorded the "H NMR spectra, measured the 'H trans-
versal relaxation times, 7,, and analysed the temperature
dependence of the chemical shifts. The "H NMR spectrum of
the system Cu®*-L1 in a 2 : 1 molar ratio recorded in D,O at pH
= 7 shows, in the downfield region, five well-resolved isotropi-
cally shifted signals (a—c, f and g) and three signals (d), (e) and
(E). In addition, it displays four signals (h-k) shifted upfield
(Fig. S29%). Chemical shift values, linewidths at half-height,
transversal relaxation time values (7,) and assignments are
reported in the ESI (Table S1}). The assignment of the isotropi-

Dalton Trans., 2024, 53,16480-16494 | 16483
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Table 3 Experimental and calculated m/z peaks found for the mono- and binuclear Cu?*-L1, Cu?*-L2 and Cu?*-L3 systems by ESI-MS

L1 L2 L3

Ligand Species Found Calculated Found Calculated Found Calculated
[CuL* 186.0950 186. 1018 214.6258 214.6252 228.6411 228.6401
[CuL(Cl)]+ 407.1608 407.1725 464.2193 462.2199 492.2513 492.2512
[CuL(ClO,)]" 417.1433 417.1522 528.1984 528.1995 556.2309 556.2308
[CuH,lL]Jr 371.1837 371.1959 — — 456.2742 456.2745
[Cu,H_,L(CD)** — — 263.0712 263.0705 277.0871 277.0862
[Cu,H_,L(CIO,)* — — 295.0610 295.0604 309.0775 309.0760
[CuZH_ZL]ZJr 216.5522 216.5638 245.0833 245.0822 259.0992 259.0979
[CuZH,ZL(Cl)]+ 470.0763 470.0965 525.1331 525.1338 553.1654 553.1651
[Cu,H_,L(ClO,)]" — — 589.1125 589.1135 617.1452 617.1448
cally shifted signals, as well as the description of the character- H,pz
istic properties of the binuclear Cu®" system have been per- N\
formed taking into account previous reports.'>*? a / o

The isotropically shifted signals show linewidths, measured /
at h.alf—hei.ght, .of around ~70 Hz, except for signals a-c and h- o N HN—N N o
k with a linewidth of 2960 to 850 Hz, respectively. Transversal H\ / \ /H
relaxation time values were below 1 ms, in the case of signals B

. : Cu Cu p

a-c and h-k, and 4 ms for signals f and g. The assignments of H/ \H
the isotropically shifted signals by means of the integration of o N N 4
signals and the transversal relaxation times of the paramag-
netic signals are shown in Table S1.f Chemical shift values, o NH oL
transversal relaxation times and the broad linewidth at half-

. 24 . . (04 (04
height of the Cu®"-L1 system in 2 : 1 molar ratio are character-
istic of a spin-coupled binuclear Cu®".">'%???3 The pattern of
paramagnetic signals for the macrocyclic protons supports the
formation of monomeric binuclear complexes with the nitro- Hpz
gen coordination pattern shown in Scheme 2. /

The paramagnetic "H NMR spectrum of the system Cu**-L3 o o
for 2:1 molar ratio in D,O at 298 K and pH = 6 is shown in /
Fig. S30.1 & HN—N 100

The hyperfine-shifted resonances, linewidth at half-height B NH NH B
and T, values are reported in Table S2.1 The pattern of para- /
magnetic signals for this system also suggests in this case the Cu Cu H
formation of monomeric binuclear complexes in which the a NH \N a
metal centres are bound to four nitrogen atoms as represented o o
in Scheme 2.

Variable temperature 'H NMR spectra of both systems were NH HN
recorded from 283 to 323 K. Isotropically shifted signals are p & ‘\/‘ o p
temperature dependent following a Curie behaviour except for o o

some signals belonging to B-CH, or H,,Pz protons of the
macrocyclic ligand that show an anti-Curie or temperature
independent behaviour. In the Curie behaviour the paramag-
netically shifted signals decrease with increasing temperature
(see Tables S1 and S2t). The anti-Curie dependence results are
indicative of spin-coupled dicopper(n) systems with antiferro-
magnetic coupling.

An interesting point concerns the actual protonation degree
of the pyrazole moiety. As previously mentioned, 1H-pyrazole
may either bind a proton behaving as a base or deprotonate to
give the pyrazolate anionic form. In the absence of metal ions,
these equilibria occur either at very acidic or very basic pH
values falling outside the pH range of the technique.”*°

16484 | Dalton Trans., 2024, 53,16480-16494

Scheme 2 Nitrogen coordination pattern found in binuclear Cu?®*
complexes of L1 and L3 suggested by paramagnetic *H NMR spectra.

Formation of binuclear complexes induces the ready deproto-
nation of pyrazole to give rise to the preferred bis(monoden-
tate) binding mode of this unit.">'" However, a point that has
not yet been fully addressed is the protonation state of pyrazole
in the case of formation of mononuclear complexes, although
the two nitrogen atoms of the pyrazole moiety can very hardly
converge into a single metal ion since the formation of a three-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Representation of the most stable structure for the monoproto-
nated Cu?*-L1 complex. (A) [Cu(Hp(H_;L1)I** and (B) [Cu(HLD)**.
Structure B is ca. 8.8 kJ mol™* more stable than A.

membered chelate ring would be required. To shed some light
on this aspect, we have recorded the variation with the pH of
the UV spectra for all three systems both in 1:1 and 2:1
Cu®": L molar ratios and the corresponding plots are given in
Fig. 4A and B for L1 and in Fig. S4 and S5f for L2 and L3.
Fig. 3A, which shows the distribution diagrams versus pH for
the system Cu”*:L1 in a 1:1 molar ratio overlapped with the
absorbance of pyrazole at 247 nm, shows that the formation of
the mononuclear complexes at pH 3-4 produces an increase in
the absorbance which reaches a plateau and remains thereon
constant. The formation of binuclear complexes (Fig. 3B) pro-
duces a further increase of absorbance of about 20%. Since in
binuclear complexes the pyrazole is deprotonated, one might
think that the binding of the first metal ion already polarizes
the N-H bond of pyrazole to a considerable extent, polariz-
ation that would be assisted by hydrogen bonding with an
amine group. Interestingly, calculations about the location of
the residual electron density around the pyrazole in the crystal
structure of the mononuclear complex [Cu(HL1)Br]
Br(11x)(ClO4)1—xYH,O (1) (vide infra) show that the residual
electron density of the proton would be at about 80% located
in the amine group and 20% in the pyrazole nitrogen (see
below).

This indicates the formation of a relatively strong hydrogen
bond with proton transfer from the pyrazole to the amine
group. DFT calculation about the mono- and diprotonated
species assuming that the proton is either in the polyamine
chain or in the pyrazole ring, for the monoprotonated species
(A) [Cu(Hy(H_L1)P** or (B) [Cu(HL1)]*" (Fig. 4), and for the
diprotonated species (A) [Cu(H;(H_;L1)]*" and (B) [Cu(H,L1)]*"
(Fig. 5), reveals close energies between both structures, in both

Fig. 5 Representation of the most stable structure for the diprotonated
Cu?*—L1 complex. (A) [Cu(Hs(H_;L1)]** and (B) [Cu(H,L1)]**. Structure B
is ca. 1.0 kJ mol™ more stable than A.

This journal is © The Royal Society of Chemistry 2024
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A)
Fig. 6 Representation of the most stable structure for the monoproto-
nated Cu?*-L2 complex. (A) [Cu(Ho(H_;L2)]** and (B) [Cu(HL2)1**.

Structure B is ca. 25.3 kJ mol™ more stable than A.

cases the structures with the proton located in the pyrazole
ring being slightly favoured.

Similar calculations were performed for the diprotonated
complex of L2, structures (A) [Cu(Hy(H_,L2)]*" and (B) [Cu
(HL2)]*" as shown in Fig. 6. The calculations denote a greater
stabilisation of the structure in which the proton is placed at
the pyrazole ring (structure B). In this case, the data do not
suggest hydrogen bond formation between the pyrazole and
the amine group in structure B, whereas hydrogen bonding is
observed between protonated and non-protonated amines in
the chain. In this structure hydrogen bonding is observed both
within the chain and between the pyrazole N-H and an amine
group of the chain.

Therefore, all the data seem to suggest that coordination of
a single metal ion does not induce neat deprotonation of the
pyrazole ring, even though hydrogen bonding with adjacent
amine groups of the polyamine chain may contribute to the
stabilisation of the structure.

Distribution diagrams in Fig. 3 for the system Cu”*-L1 and
in Fig. S4 and S57 for the systems Cu®**-L2 and Cu**-L3 show
that the formation of mono- or binuclear complexes is clearly
controlled by the Cu®* : L molar ratio used. In all three systems
for 1:1 molar ratio only mononuclear complexes form, while
for 2:1 molar ratio binuclear complexes prevail in a broad pH
window. In the case of the systems Cu®*-L2 and Cu”>*-L3 for
2:1 molar ratio the species [Cu,(H_,L)]** predominates from
pH values of ca. 4 and 5 to 10 and 11, respectively. L2 due to
its hydrocarbon sequence will provide alternate 5- and 6-mem-
bered chelate rings favouring a stronger interaction with the
metal ions than the only 6-membered chelate ring sequence of
L3.>* Consequently, in the Cu>*-L2 binuclear system the pyra-
zole is more strongly polarized and its deprotonation occurs at
more acidic pH values. The structure of the [Cu,(H_,L)]**
species of L2 and L3 should essentially correspond to that
observed for crystals 2 discussed in the next section. Next
deprotonation to give [Cu,y(H_;L)(OH)]*" would likely imply the
loss of a proton by a coordinated water molecule. The values of
the pK,s of these processes of 10.10 and 11.25 log units found
for L2 and L3 (Table 2), respectively, suggest that the OH™
formed is not bridging both metal centres.

The system Cu®*-L1, even though related, has several parti-
cularities as there is the absence of a [Cu,(H(H_,L))]*" species
and the formation of both mono- and bis(hydroxylated) binuc-
lear species. The pK, obtained for the formation of the first
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hydroxylated species [Cuy(H_,L1)(OH)]** (pK. = 7.30) may
imply that the hydroxide formed is bridging both metal
centres.”® However the pK, for the formation of the second one
(pKa = 10.36) suggests again that this step corresponds to the
deprotonation of a coordinated water molecule without giving
rise to the formation of a bridging hydroxide ligand. Electronic
spin resonance (esr) spectra, recorded at the pH values where
the maximum formation of the mononuclear and binuclear
complexes occur, somehow support the formation of hydrox-
ide bridging ligands in the binuclear complexes of L1. While
the formation of the different 1:1 complexes (Fig. S317) pro-
vides a signal for high spin monomeric Cu** that practically
does not change with pH, the signal corresponding to the
[Cu,(H_,L1)]** species (pH = 6) (Fig. S32) shows a significant
decrease in intensity due to an antiferromagnetic coupling of
the Cu”* ions though the deprotonated pyrazolate bridge; the
formation of a further hydroxo bridge between the metal ions
(pH = 9) completely vanishes the signal. This is in agreement
with previous reports in which Cu®" ions were interconnected
through 3,6-bis(2-pyridyl)pyridazine and hydroxo bridging
ligands.?®*”

The variations at pH = 6 in the visible spectra of L1 and L2
recorded upon addition of increasing amounts of Cu** denote
some differential features for both systems (Fig. 7).

For L1, a d-d band centred at 560 nm is observed until a
1:1 molar ratio of Cu®**: L is reached (¢ = 115 L mol™" em™),
then this band stops increasing in intensity and a new band
bathochromically shifted at 716 nm appears that reaches its
maximum intensity for 2:1 Cu®":L1 molar ratio (¢ = 140 L
mol ™" em ™) (Fig. 7A).

In the case of L2, however, for Cu®": L2 ratios below 1 a con-
tinuous increase of the band at 570 nm is observed that pro-
gressively shifts bathochromically to 600 nm increasing its
intensity until a 2:1 molar ratio is reached (¢ = 240 L mol™"
cm ™) (Fig. 7B).

Interestingly, in the case of the largest ligand, L3, the
addition of increasing amounts of Cu®" at pH = 6 just leads to
an increase in the absorbance of a band centred at 262 nm
which reaches its maximum for 2 : 1 Cu®>*-L3 without a signifi-
cant shift in the wavelength of the band.

For a 1:1 Cu®*-L1 molar ratio, spectra recorded at pH
values of 5, 8 and 11 where the mononuclear [CuHL1]*",
[CuL1]** and [CuL1(OH)]" species predominate, respectively,
are practically the same with a d-d band centred at around
560 nm (¢ = 130 L mol™* ¢cm™), only a small hypsochromic
shift is observed for the last species (Fig. 8A).

While for pH values below 5 the spectra reveal character-
istics of the mononuclear species with an absorption band at
560 nm, at pH 6.6 the [Cu,(H_,L1)]*" species predominates
(Fig. 8B), in addition to the band at 560 nm, a new band
centred at 710 nm (¢ = 141 L mol~* cm ™) is observed. The for-
mation of the hydroxylated species [Cu,(H_;L1)(OH)]** and
[Cu,(H_4L1)(OH),]", which predominate at pH values of 9 and
11 (Fig. 8B), leads to hypsochromic shifts of the less energetic
band that now appears centred at ca. 650 nm (¢ = 148 L mol
em™'; 134 mol™* em™). These spectral changes suggest a geo-

16486 | Dalton Trans., 2024, 53, 16480-16494

View Article Online

Dalton Transactions

0.4

&

0.3

cu2+

0.2 Cu:L

Absorbance

600 700

B) 0.4
Q
Q
[
©
<
o
1%
2
<
400 500 600 700 800 900
0) Wavelength (nm)
0.4 2Cu:L
0.3
)]
Q
[
©
£ 02
o
1%
el
<
0.1
0.0
400 500 600 700 800 900

Wavelength (nm)

Fig. 7 Variation in the UV-Vis spectra of systems (A) Cu?*:L1, (B)
Cu?*: L2 and (C) Cu?*-L3 upon increasing additions of Cu?* at pH = 6,
the initial concentration of the ligands 1 x 107> M.

metry change from essentially square planar for the mono-
nuclear species as supported by the crystal structure 1
(vide infra) to a more pyramidal geometry®® once the binuclear
complex is formed following the deprotonation of the pyrazole
moiety.

Crystal structure of [Cu(HL1)Br|Br(;.)(ClO4)1—xYH,O (1)

Crystals of 1 evolved by slow diffusion of acetone into an
aqueous solution containing L1-6HBr, Cu(ClO,),-6H,0 at pH
6. The crystals are composed of [Cu(H,(H_,L1))Br]** cations,
bromide and perchlorate counter-anions and crystallization
water molecules. Crystallographic data of the structures are
provided in Table S3.+

The Cu”" ion is coordinated with an almost square pyrami-
dal geometry (Addison parameter 1 = 0.03)*° to one of the

This journal is © The Royal Society of Chemistry 2024
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nitrogen donors of the pyrazole moiety, which acts as a mono-
dentate ligand, and the three amine groups at the side of the
coordinated pyrazole nitrogen donor that confirm the equator-
ial plane of the square pyramid (Fig. 9). As in previous cases,
the shortest Cu”’-N distance is the one with the pyrazole
moiety.

The elevation of the Cu®" atom over the plane defined by
the equatorial donor atoms is 0.29 A. The molecule is rather
flat with the angle between the mean planes defined by the co-
ordinated and non-coordinated donor atoms of 22°. A list of
bond distances and angles is shown in Table 4. As previously
mentioned, one point of interest regards the nature of the pyr-
azole ligand in the mononuclear complexes. The location of

Fig. 9 View of the X-ray crystal structure of the complex cation [Cu
(Ha(H_4L1))Br]?*.

This journal is © The Royal Society of Chemistry 2024
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Table 4 Selected bond distances (A) and angles (°) for 1
Distances (A) Angles (°)
Cul-N1 1.985(2) N1-Cul-N2 81.9(1)
Cul-N2 2.057(3) N2-Cul-N3 90.5(1)
Cul-N3 2.021(3) N3-Cul-N4 84.9(1)
Cul-N4 2.074(3) N1-Cul-N4 97.9(1)
Cul-Brl 2.713(7) N1-Cul-Brl 102.69(7)
N2-Cul-Brl 96.61(7)
N3-Cul-Brl 94.21(8)
N4-Cul-Brl 99.21(7)

the residual electron density indicates that only about 22(5)%
would remain in the pyrazole nitrogen and the other 78(5)%
would be shifted towards amine N5 that, thereby, would gain a
significant ammonium group characteristic. Therefore, in this
case coordination of only one copper to the pyrazole polarizes
the N-H bond facilitating its partly transfer to an amine
group. The situation might be interpreted as if a strong intra-
molecular hydrogen bond between the ammonium and the
pyrazolate would be formed (N-H---N 1.75(4) A, 160(4)°). The
uncoordinated side of the molecule is of interest since
different guests could be bound taking advantage of coulom-
bic interactions, hydrogen bonding and the assistance of the
coordinated metal ion as a Lewis acid centre.

Also, it is interesting to remark that the coordination behav-
iour of this [1 + 1] pyrazole azacyclophane differs from that
exhibited by related pyrazolaphanes with tetraamine bridges
in which the formation of dimeric binuclear complexes was
always observed. As commented before, the larger number of
nitrogen atoms and greater flexibility of these ligands allow
the convergence of an enough number of nitrogen atoms
inwards facilitating the formation of monomeric complexes.

Cl‘ystal structure Of [CuZ(H_lLZ)Cl(CIO4)](CIO4)‘HzO‘CszoH (2)

Crystals of 2 were obtained by slow diffusion of ethanol into
an aqueous solution of L2-6HCI and Cu(ClO,),-6H,0 at pH =
7. The asymmetric unit consists of [Cu,(H_;L2)CI(CIO,)]"
cations, a perchlorate counter-anion and crystallisation water
and ethanol molecules. The pyrazole moiety is deprotonated
coordinating as a bis(monodentate) bridging ligand to the
Cu®" centres, which are placed at a distance of 4.213(3) A
(Fig. 10).

This distance is larger than those found in complexes
where two pyrazolate moieties were simultaneously bridging
the two Cu®>* metal ions. This was the case of monomeric com-
plexes of either [2 + 2] pyrazole azamacrocycles”® or dimeric
complexes of [1 + 1] azamacrocycles.""® In all these examples
the Cu®>'~Cu** distance was about 4 A. The copper atoms com-
plete their coordination spheres with three consecutive amine
groups at each side of the bridge and with either a chloride or
a perchlorate anion that points towards different sides of the
macrocyclic cavity. The coordination geometry for Cul is
slightly distorted square pyramidal, and essentially regular
square pyramidal for Cu2, with the chloride or perchlorate
anions occupying the strongly elongated axial positions.

Dalton Trans., 2024, 53,16480-16494 | 16487
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Fig. 10 View of the crystal structure of the binuclear cation complex
[Cua(H_1L2)C(CLO4)T*.

Addison parameters are A = 0.23 and 4 = 0.05, respectively.*®
The shortest Cu-N distances are those established with the
nitrogen atoms of the pyrazole rings. The distances and angles
of the coordination sites are reported in Table 5.

The elevation of the metal ion with respect to the mean
equatorial plane defined by the coordinated nitrogen atoms is
0.23 A for Cul while Cu2 is completely embedded in the
plane. The angle between the equatorial planes of both sites is
64°. In the tridimensional arrangement the binuclear com-
plexes are organised in couples interconnected by a hydrogen
bond network involving the chloride anion bound to Cul, the
ethanol molecules and two of the coordinated amine groups to
Cu1 (N2-H2, N3-H3) (see Fig. 10).

Electrochemistry

The reduction potential is one of the most important chemical
properties when designing superoxide dismutase mimetics, as
at physiological pH it must be less negative than the reduction
potential for the oxygen/superoxide anion couple (E® 0,/0, =
—0.33 V vs. NHE) but less positive than the superoxide anion/
water couple (E° O, /H,O = +0.89 V vs. NHE).*® The voltam-
metric response of the studied complexes was highly homo-
geneous. As shown in Fig. 11 and Fig. S33,} the cyclic voltam-
mograms consist of two more or less overlapped cathodic
peaks at ca. —0.40 (C1) and —0.75 V (C2) vs. Ag/AgCl. In the
subsequent anodic scan, a typical stripping peak was recorded
at —0.10 V (A2) followed by a second weak oxidation wave at

Table 5 Selected bond distances (A) and angles (°) for 2

Distances (A) Angles (°)

Cul-N1  1.972(9) N1-Cul-N2 80.8(4) N1-Cul-Cll  84.8(3)
Cul-N2  2.081(9) N2-Cul-N3 92.9(4) N2-Cul-Cli  117.0(3)
Cul-N3  1.998(9) N3-Cul-N4 852(4) N3-Cul-Cli  89.1(3)
Cul-N4  2.11(1) N1-Cul-N4 104.9(4) N4-Cul-Cl1  89.1(3)
Cul-Cli  2.741(3)

Cu2-N5  2.00(1) N5-Cu2-N6 87.1(6) N5-Cu2-022 84.0(5)
Cu2-N6  2.02(1) N6-Cu2-N7 88.9(7) N6-Cu2-022 90.8(6)
Cu2-N7  2.04(1) N7-Cu2-N8$ 82.5(6) N7-Cu2-022 78.4(6)
Cu2-N8 1.97(1) N5-Cu2-N8 107.3(5) N8-Cu2-022 108.3(5)
Cu2-022  2.65(2)
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potentials between —0.05 and +0.18 V (A1) depending on the
studied complex. Experiments performed in different potential
ranges revealed that the process A2 is coupled with the pre-
vious signal C2. This denotes that this cathodic process leads
to the formation of copper metal. In turn, the signal C1 can be
attributed to the Cu®" reduction to Cu®. This signal often
appears as a separate peak (L1) or as a shoulder (L2, L3) pre-
ceding the cathodic peak C2.

This suggests that there is no direct Cu”"L — Cu'L — Cu® +
L reduction via two successive one-electron reductions. The
peak Al appears at potentials at which the oxidation of Cu'-
chloride complexes to the corresponding Cu”**-chloride com-
plexes occurs. Given the high concentration of NaCl in the sup-
porting electrolyte solution, it is conceivable that these signals
reflect the formation of Cu'-chloride complexes when the
deposit of metallic copper generated in the cathodic process
C2 is oxidized in the oxidative dissolution process A2.
Interestingly, the peak current per mole of copper of process
C2 is the same (within the range of experimental uncertainty)
for all four tested complexes. This feature suggests that in the
case of the binuclear complexes, both metal centres are
reduced simultaneously and independently.

This voltammetry can be interpreted in terms of the coexis-
tence of two reductive pathways, the first one involving the one
electron reduction of the parent Cu"L and CullL complexes to
analogue Cu'L and CulL ones (C1 peak). As judged from pre-
vious studies on Cu-receptor complexes,'®*'™** the progress
from the process C1 to the process C2 involves some previous
coordinative rearrangement of the Cu' intermediate.
Alternatively, this species can undergo disproportionation so
that the peak C2 is equivalent to the two-electron reduction of
the Cu'L and Cul'L complexes to Cu metal. The apparent
formal electrode potential of the Cu"/Cu' couple was calcu-
lated as the half peak potential of the signal C1. The calculated
apparent formal electrode potentials are representative of the
potential SOD activity of the complexes. These values remain
intermediate between —0.33 V and +0.89 V vs. NHE as desired,
but presenting significant variations between the different
species, being more positive for the binuclear complexes
(+0.10 V for Cu,L1 and —0.05 V vs. NHE for Cu,L2 and Cu,L3)
than for the corresponding mononuclear species (—0.10 V for
CuL1 and —0.15 V vs. NHE for CuL2 and CuL3).

This journal is © The Royal Society of Chemistry 2024
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Evaluation of the superoxide dismutase activity

In view of the interesting SOD activity of the analogous com-
plexes of the ligands L4 and L5 containing pyridine instead of
1H-pyrazole rings, and taking into account the ability of the
uncoordinated pyrazole nitrogen to form hydrogen bonds (vide
supra), we made preliminary assays about the potentiality of
the Cu®** complexes of L1-L3 to behave as SOD mimics. SOD
activity was evaluated at physiological pH by means of the
indirect enzymatic assay McCord-Fridovich,** which allows
calculating the IC5, and catalytic constant (k.,) values for both
the mononuclear and binuclear Cu>* complexes of L1, L2 and
L3 as well as for the free L1, L2 and L3 macrocycles. Table 6
shows these values along with the previously reported ones for
the Cu®>'-L3 and Cu”**-L4 pyridine-based analogous binuclear
systems," and for the native CuZn-SOD enzyme and the free
Cu”" ion in aqueous solution.

As we can see in Table 6, both the mononuclear and binuc-
lear Cu®*-L1, Cu®-L2 and Cu®"-L3 systems exhibit SOD
activity. However, in all three systems the binuclear complexes
show clearly higher antioxidant activity than the mononuclear
ones. The non-saturated coordination spheres of the metal
ions in the binuclear complexes and the close proximity
between the metal ions should likely contribute to the
enhanced activity of these complexes. Furthermore, the activity
found for the binuclear systems of L2 and L3 is very remark-
able with ICs, and k., values close to those reported for the
native enzyme, constituting two of the as far as we know best
results reported in the literature. In order to facilitate the dis-
cussion of the results, Fig. 12 plots the k. values for the
mononuclear and binuclear Cu**-L1, Cu*'-L2 and Cu*'-L3
systems, as well as those of the binuclear complexes of the pyr-
idinaphanes L4 and L5. Interestingly, the replacement of the
pyridine moiety by the pyrazole one leads to a slight enhance-
ment in the SOD activity of the systems.

One plausible explanation might be the presence of the N-
H in the 1H-pyrazole moiety, which might be involved in
hydrogen bonding with the incoming superoxide anion. On
the other hand, the imidazole of the His-61 residue in the
native CuZn-SOD enzyme seems to play a key role during the
catalytic pathway, allowing the formation and breaking of an
imidazolate bridge.>"?

Table 6 [Cso and ke values for the Cu?*-L1, Cu?*-L2 and Cu?*-L3
systems and for the free L1, L2 and L3 ligands obtained by the McCord-
Fridovich method, along with some examples reported in the literature

System 1Cs (kM) eae (10° M1 s7h Ref.
CuL1 1.72(1) 2.7

Cu,L1 0.6(1) 7.9

CulL2 7.34(4) 0.4

Cu,L2 0.06(1) 53.0

CuL3 5.90(34) 0.5

Cu,L3 0.03(1) 104.0

Cu,L4 0.22 (4) 13.5 19
Cu,L5 0.11 (2) 27.9 19
CuZn-SOD 0.010(2) 430.0 19
Cu(Clo,), 1.1(1) 2.7 19

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Plot of the k.. values for the mononuclear and binuclear
Cu?*-L1, Cu?*-L2, Cu?*-L3, Cu?*-L4 and Cu?*-L5 systems.

Finally, preliminary studies on hydrogen peroxide removal
performed using the xylenol orange method** show moderate
capacity of the binuclear complexes. A more thorough analysis
of the ROS scavenging capacity of these systems is currently
under study.

Conclusions

The studies presented here show that the polyamine length
and the number of nitrogen atoms of the bridges in pyrazolaa-
zacyclophanes regulate the endo- or exo-coordinate binding
modes of the bis(monodentate) pyrazolate moiety. While
shorter tetraamine bridges give rise to exo-coordination with
the formation of dimeric species of 2:1, 3:2 or 4:2 Cu®*":L
stoichiometry, longer pentaamine or hexaamine bridges lead
to the formation of discrete monomeric binuclear complexes.
In these complexes a single pyrazolate bridge connects the
metal ions which complete their coordination spheres with
the nitrogen atoms of the bridges and, if necessary, with
exogenous ligands. This has been proven both in solution by a
variety of experimental techniques and by solid state by X-ray
diffraction analysis. The presence of a single pyrazolate bis
(monodentate) bridge places the metal ions at distances close
to those shown by copper enzymes participating in ROS
removal, at the time that leave enough room to allow the
binding of the substrates to the metal centre. This situation
has produced two of the potential SOD mimics with the
highest activity so far reported in the literature with ICs, values
approaching those displayed by the native enzymes. Further
studies on the biological capacity of these complexes and
derivatives are currently underway.

Experimental section

The synthesis of L2 and L3 was performed as described in ref.
16. The compounds gave satisfactory elemental microanalysis
and spectroscopic characterization results. 1H-3,5-Bis(chloro-
methyl)pyrazole and 3,5-bis-(chloromethyl)-1-(tetrahydropyran-
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2-yl)-pyrazole were prepared as described in the literature.”®*®
The tosylated amine 1,5,8,11,15-penta(p-tosylsulfonyl)-pentaa-
zapentadecane was prepared as described in ref. 47.

Synthesis of 11-tetrahydropyran-2-yl-3,7,10,13,17-pentaaza-
3,7,10,13,17-p-toluensulfonyl-1-(3,5)-pyrazolacyclooctadecaphane.
The tosylated amine 1,5,8,11,15-penta(p-tosylsulfonyl)-pentaa-
zapentadecane (5.0 mmol) and K,CO; (50.0 mmol) were sus-
pended in 250 mL of anhydrous acetonitrile in a round-
bottom flask. 3,5-Bis-(chloromethyl)-1-(tetrahydropyrane-2-yl)-
pyrazole (5.0 mmol) was dissolved in 150 mL of anhydrous
acetonitrile and dropwise added over one hour. The suspen-
sion was refluxed for 48 h under a nitrogen atmosphere, and
then filtered off. The solution was vacuum evaporated to
dryness. Purification was carried out by column chromato-
graphy (silica gel, dichloromethane/acetone 25/1) to give the
product as a white solid. Yield: 64%. '"H NMR (300 MHz,
CDCl;) § 7.72-7.63 (m, 10H), 7.37-7.27 (m, 10H), 6.18 (s, 1H),
5.56 (d, J = 8.2 Hz, 1H), 4.56 (d, J = 14.9 Hz, 1H), 4.36 (d, J =
15.2 Hz, 1H), 4.06 (dd, J = 23.7, 15.1 Hz, 2H), 3.93 (m, 1H),
3.74 (m, 1H), 3.36-2.84 (m, 1H), 2.47-2.39 (m, 17H), 2.24 (m,
15H), 1.90 (m, 1H), 1.76-1.56 (m, 8H). *C NMR (300 MHz,
CDCl3): & 149.70, 143.70, 144.10, 138.10, 139.80, 128.90,
105.50, 100.10, 68.10, 50.10, 49.10, 48.70, 47.90, 29.90, 24.40,
25.30, 23.30, 21.30.

Synthesis of 3,7,10,13,17-pentaaza-1-(3,5)-pyrazolacycloocta-
decaphane (L1-6HBr-2H,0). The protected macrocycle
(2.0 mmol) and phenol (12 equivalents per protective group)
were suspended in HBr-AcOH 33% (12 L per protective group).
The mixture was stirred at 90 °C for 14 h and then was cooled.
The resulting residue was filtered off and washed with acetone
to give L1 as its hydrobromide salt. Yield: 75%. 'H NMR
(300 MHz, D,0) 6 6.85 (s, 1H), 4.42 (s, 4H), 3.57 (s, 8H),
3.42-3.25 (m, 8H), 2.27-2.15 (m, 4H). *C NMR (75 MHz, D,0)
5 141.06, 112.25, 47.16, 46.35, 46.14, 44.98, 25.32. ESI-MS (m/
2): caleulated for [L + H]": 310.5. Found: 310.3. Elemental ana-
lysis: calculated for C;5H3;N5-6HBr-2H,0: N, 19.25; H, 7.42; C,
32.45. Found: N, 19.19; H, 6.75; C, 32.85.

Electromotive force measurements. The potentiometric titra-
tions were carried out at 298.1 + 0.1 K using NaCl 0.15 M as
the supporting electrolyte. The experimental procedure
(burette, potentiometer, cell, stirrer, microcomputer, etc.) has
been fully described elsewhere.*® The acquisition of the emf
data was performed with the computer program PASAT*® The
reference electrode was a Crison 52 40 Ag/AgCl electrode in 0.5
M NacCl solution. A Wilhelm bridge filled with 0.5 M NaCl was
used to separate the glass and reference electrodes. The glass
electrode (Crison 52 50 Ag/AgCl) was calibrated as an hydro-
gen-ion concentration probe by titration of previously standar-
dized amounts of HCl with CO,-free NaOH solutions and
determining the equivalent point by Gran’s method,>>*!
which gives the standard potential, £'°, and the ionic product
of water (pK, = 13.73(1)). The computer program
HYPERQUAD?® was used to fit the protonation and stability
constants. Solutions containing the ligand salts with Cu®**:L
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molar ratios varying from 2:1 to 1:2 were titrated with NaOH
with Cu®" concentrations ranging from 2.0 x 107 M to 1.1 x
10~ M. The different titration curves for each system were
treated as separated curves without significant variations in
the values of the stability constants. Finally, the sets of data
were merged together and treated simultaneously to give the
final stability constants. When more than one model fits the
experimental data, the most reliable chemical model was
chosen by performing F tests at the 0.05 confidence level.>*>?

NMR measurements. The 'H and *C NMR spectra were
recorded on a Bruker Advance DPX 300 MHz and a Bruker
Advance DPX 400 MHz spectrometer operating at 299.95 MHz
and 399.95 MHz for '"H NMR and at 75.43 MHz and 100.58 MHz
for *C NMR. tert-Butyl alcohol was used as a reference standard
(6 = 1.24 ppm for 'H and & = 70.36 ppm for *C).>* Adjustments
to the desired pH were made using drops of DCl and/or NaOD
solutions. The pD was calculated from the measured pH values
using the correlation, pH = pD — 0.4.°>

X-ray analysis. The crystals were measured on a Bruker D8
Venture X-ray diffractometer using MoKa radiation (1 =
0.71073 A) equipped with an Oxford low temperature unit
operating at 120 K. Indexing, strategy and data collection were
performed with APEX3 software suite. OLEX2 °® was used as
front-end for solving and refining. The initial structure was
solved with direct methods using SHELXS and then refined
with SHELXL2018.%” Initially, an isotropic refinement was pet-
formed on the non-hydrogen atoms. Then, anisotropic refine-
ment was done.

Computational studies. The modelling of the Cu®** com-
plexes was performed using the density functional theory com-
putational method as well as the Becke three-parameter Lee-
Yang-Parr hybrid functional (B3LYP).”*®° All the gas-phase
optimizations were carried out by using the Ahlrichs’ basis set
def2-TZV(P)°" for all atoms except for copper, for which we
employed the MDF10 Stuttgart-Dresden effective core poten-
tial.®* The influence of dispersion was also taken into account
by means of Grimme’s dispersion (IOp(3/124 = 30)) correction,
while the effect of the polarizable solvent (water) was con-
sidered by using the default SCRF method of the Polarizable
Continuum Model.®*** Vibrational frequencies were computed
for each minimum energy structure and, for each one of them,
the zero-point correction was also calculated and applied.
Computations were carried out using the program Gaussian09
C.01.%° gMolden®® and PyMOL®” were used for visual inspec-
tion and to create the molecular graphics.

Mass spectrometry. HR-ESI mass spectra of solutions (water/
methanol 50/50 vol/vol) containing a given ligand and Cu
(Cl0,),-6H,0 in 1:1 and 2 : 3 molar ratios were acquired in the
positive ion mode using a Triple TOF 5600 hybrid quadrupole
time-of-flight (TOF) mass spectrometer. N, was used as a
curtain and nebulizing gas. The experiments were performed
at a voltage of 5300 V and GS1 and GS2 (35 psi) ion source gas
at 723.15 K. The AB SCIEX Peak View software was used for the
analysis of the data.

UV-vis spectroscopy. UV-vis spectra of the samples contain-
ing Cu®" and the ligand s in 1:1 and 2:1 molar ratios (1.0 x

This journal is © The Royal Society of Chemistry 2024
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107> M) were recorded with an Agilent 8453 spectrometer at
298.15 K.

Electron paramagnetic resonance spectroscopy. X-band EPR
spectra (v = 9.47 GHz) of the frozen-matrix aqueous solutions
at 70 K and Q-band EPR spectra (v = 34.03 GHz) of Cu®": L2 at
1:1 molar ratio were recorded under non-saturating con-
ditions on a Bruker ER 200 D spectrometer equipped with a
helium cryostat.

Paramagnetic NMR spectroscopy. The paramagnetic NMR
measurements were acquired on a Bruker Avance400 spectro-
meter operating at 399.91 MHz. One-dimensional spectra were
recorded in D,O solvent with presaturation of the H,O signal
during part of the relaxation delay to eliminate the H,O signal.
Relaxation delay times of 100-400 ms, spectral widths in the
range of 40-80 KHz and acquisition times of 60-300 ms were
used. 1D spectra were processed using exponential line-broad-
ening weighting functions as apodization with values of 20-30
Hz. Chemical shifts were referenced to residual solvent
protons of D,O resonating at 4.76 ppm (298 K) relative to TMS.
Sample concentrations of the complexes for paramagnetic "H
NMR were 5 mmol dm™> for Cu,(L1) and 10 mmol dm™? for
Cu,(L3). Transversal relaxation times were obtained measuring
the line broadening of the isotropically shifted signals at half-
height through the equation 7, " = TAvy,.

Electrochemical measurements. Cyclic voltammetry experi-
ments were performed on Cu(ClO,),-6H,0 plus ligand solu-
tions in 0.10 M Tris buffer at pH 7.4. Electrochemical experi-
ments were performed with a CH 4401 potentiostat in a con-
ventional three-electrode cell using a glassy-carbon working
electrode (BS MF2012, geometrical area 0.071 cm?) previously
cleaned and activated with an aqueous suspension of alumina
on a soft surface, dried and cleaned. An AgCl (3 M NaCl)/Ag
and a platinum-wire auxiliary electrode completed the three-
electrode arrangement. The cyclic voltammograms were
recorded at scan rates of 10-2000 mV s~ ' in solutions option-
ally deaerated by bubbling Ar for 10-15 min.

Superoxide dismutase assay. The SOD-like activity was deter-
mined by using the nitro blue tetrazolium (NBT) method.**
The assays were carried out in a pH = 7.4 50 mM HEPES buffer
at 298.1 K. The xanthine (2.2 x 10™* M)/xanthine oxidase
system was used to generate a reproducible and constant flux
of superoxide anions. The rate of reduction of NBT (7.3 x 107>
M) to blue formazan was followed spectrophotometrically at
560 nm. Data in the absence of the complex were used as a
reference. The rate of NBT reduction was inhibited after the
addition of the complex solutions at increasing concentrations
prepared in 50 mM Tris-HCI buffer. The percentage of inhi-
bition of the NBT reduction was used as a measure of the SOD
activity of the compounds. The concentration of the complex
required to yield 50% inhibition of NBT reduction (ICs,) was
determined from a plot of percentage inhibition versus
complex concentration. The ICs, data have been calculated
from the mean values of at least three independent measure-
ments. The catalytic constant was calculated from the ICs,
using the equation ke, = kngr[NBT]/ICso where kypr = (5.9 =+
0.5) x 10° M~* s71.% Blank experiments were recorded with the
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ligands and/or the nanoparticles alone without observing any
effect. Moreover, kinetics with the BNP + Cu®" system were also
determined in the absence of the ligands, and no significant
difference in the catalytic activity of solutions of free Cu**
without BNP was observed.

Data availability

Crystallographic data for compounds 1 and 2 have been de-
posited at the CCDC repository under the accession numbers
2240668 and 2215780.F

'H and "*C NMR spectra of compounds L1, L2 and L3,
mass spectra of the Cu®>" complexes, distribution diagrams of
the free ligands and metal complexes, and protonation and
stability constants are included as a part of the ESL
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