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ABSTRACT: Cu®" and Zn** coordination chemistry of a new ) ¢ {,w\ .
member of the family of scorpiand-like macrocyclic ligands W.. 1 }m
derived from tris(2-aminoethyl)amine (tren) is reported. The = v :Gy' indasole -

new ligand (L1) contains in its pendant arm not only the amine A }% Tm‘m, NI fzstion }‘\{

group derived from tren but also a 6-indazole ring. Potentio- % & ® '& %

metric studies allow the determination of four protonation Vi ™ } Slon
constants. UV—vis and fluorescence data support that the last

protonation step occurs on the indazole group. Equilibrium

measurements in the presence of Cu®** and Zn’' reveal the formation of stable [ML1]**, [MHL1]*, and [ML1(OH)]*
complexes. Kinetic studies on the acid-promoted decomposition of the metal complexes were carried out using both absorbance
and fluorescence detection. For Zn*", both types of detection led to the same results. The experiments suggest that [ZnL1]**
protonates upon addition of an acid excess to form [ZnHL1]** within the mixing time of the stopped-flow instrument, which
then decomposes with a first-order dependence on the acid concentration. The kinetic behavior is more complex in the case of
Cu’". Both [CuL1]*" and [CuHL1]*" show similar absorption spectra and convert within the mixing time to a new intermediate
species with a band at 750 nm, the process being reverted by addition of base. The intermediate then decomposes with a second-
order dependence on the acid concentration. However, kinetic experiments with fluorescence detection showed the existence of
an additional faster step. With the help of DFT calculations, an interpretation is proposed in which protonation of [CuL1]* to
form [CuHL1]** would involve dissociation of the tren-based NH group in the pendant arm and coordination of a 2H-indazole
group. Further protonation would lead to dissociation of coordinated indazole, which then will convert to the more stable 1H
tautomer in a process signaled by fluorescence changes that would not be affecting to the d—d spectrum of the complex.

B INTRODUCTION decided to explore the properties of scorpiands containing in

Macrocyclic ligands with a pendant arm containing a donor the arm groups that might also display biological activity by

atom (scorpiand-like ligands) are able to undergo conforma-
tional reorganizations in which the pendant arm folds toward or
separates from the macrocyclic core in response to chemical
stimuli' Although such movements are facilitated in the
complexes by the presence of a metal center, we have shown

themselves. In this regard, the indazole ring is of great interest
due to the wide variety of pharmacological implications
observed for its derivatives, such as anti-inflammatory,
antimicrobial, antihypertensive, antiprotozoal, or antiobesity
activities.” Moreover, recently, a ruthenium indazole complex

that they can also occur in the ligand itself as a consequence of has shown interesting perspectives as an antitumoral drug.®
variations in the hydrogen bonding network and 7—7 stacking Nevegtheless, indazole, also called benzpyrazole or isoinda-
brought about by changes in the protonation state.” In metal zone, " is a heterocyclic aromatic organic compound with a rare
complexes, the coordination/dissociation of the donor atom in occurrence in nature. In fact, only three natural products
the pendant arm is also promoted by pH changes. As there is containing an indazole ring have been isolated so far:
the possibility that, on the one hand, the biological activity of nigeﬂicine,7 nigeglanine,s and nigellidine.9 By considering
these compounds could be, in part, related to this movement,
and that, on the other hand, the movement itself could promote Received: December 4, 2014
changes in the availability of chemical groups in the arm, we Published: January 30, 2015
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exclusively the ring proton associated with the nitrogen, there
are three different tautomers associated with this heterocycle
(Chart 1). 1H-Indazole and its derivatives are usually
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thermodynamically stable, thus being the dominant tautomers
vs the corresponding 2H and 3H-forms in the gas phase and in
solution.'’ In agreement with the higher stability of the 1H-
indazole tautomer, coordination to metal ions through N2 is
the preferred binding mode, and examples have been widely
reported in the literature.'’ However, only two examples of
indazole coordination via N1 to transition metal ions have been
reported in which their formation required tautomerization to
the 2H-indazole form."

Herein, we report on the synthesis of a new scorpiand-like
ligand (L1) containing an indazole moiety in the pendant arm
(Chart 1). Potentiometric, kinetic, and computational studies
on the coordination complexes of L1 with Cu** provide
evidence for the existence of a structural reorganization that
involves tautomerization, so that complex species with either
the 1H- or 2H-forms are formed depending on the pH.

B EXPERIMENTAL SECTION

Synthesis. The synthesis of L1 has been carried out following the
general procedure described for the preparation of L2 (Chart 2),>
which consists of the reaction of 6-(2-aminoethyl)-3,6,9-triaza-1(2,6)-
pyridinacyclodecaphane (L) and the corresponding 1H-indazole-6-
carboxaldehyde in ethanol, followed by reduction with sodium
borohydride.

6-[2-(N-Methyl-1H-indazol-6-yl)ethylamino]-3,6,9-triaza-1(2,6)-
pyridinacyclodecaphane Hydrochloride (L1-3HCI-H,0). 6-(2-Amino-
ethyl)-3,6,9-triaza-1(2,6)-pyridinacyclodecaphane (0.60 g, 2.41 mmol)
and 1H-indazole-6-carboxaldehyde (0.35 g, 2.41 mmol) were dissolved
in 100 mL of dry ethanol and stirred at room temperature for 2 h.
Then, sodium borohydride (0.91 g, 24.1 mmol) was added, and the
stirring was maintained for 2 h more. Then, the solution was vacuum-
evaporated and extracted with CH,Cl,/H,0. The organic phase was
taken to dryness and redissolved in dry ethanol. The hydrochloride salt
of the product was precipitated by adding a concentrated hydro-
chloride acid solution. "H NMR (D,0, 300 MHz): 8 2.79 (t, ] = §
Hz, ] = 5.5 Hz, 4H), 2.96 (t, ] = 7.8 Hz, 2H), 3.13 (t, J= S Hz, ] = 4.1
Hz, 4H), 3.23 (t, ] = 8.2 Hz, 2H), 4.32 (s, 2H), 4.51 (s, 4H), 7.16 (d, ]
= 8.2 Hz, 1H), 7.33 (d, J = 7.8 Hz, 1H), 7.64 (s, 1H), 7.82—7.86 (m,
2H), 8.08 (s, 1H). 3C NMR (D,0, 75.43 MHz): 5 42.5, 45.9, 49.4,
50.5, 50.8, 51.8, 112.5, 122.2 (2), 122.3, 123.0, 129.4, 134.3, 139.8,
140.0, 148.9. Anal.Calcd for C,HyoN,-3HCI-H,0: C, 49.76; H, 6.76;
N, 19.34. Found: C, 49.95, H, 6.78; N 19.24.

EMF Measurements. The potentiometric titrations were carried
out at 298.1 + 0.1 K using NaCl 0.15 M as supporting electrolyte. The
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experimental procedure (burette, potentiometer, cell, stirrer, micro-
computer, etc.) has been fully described elsewhere.'® The acquisition
of the emf data was performed with the computer program PASAT."*
The reference electrode was an Ag/AgCl electrode in saturated KCI
solution. The glass electrode was calibrated as a hydrogen-ion
concentration probe by titration of previously standardized amounts
of HCl with CO,-free NaOH solutions and the equivalent point
determined by Gran’s Method,"® which gives the standard potential,
E°', and the ionic product of water (pK,, = 13.73(1)).

The computer program HYPERQUAD was used to calculate the
protonation and stability constants.'® The pH range investigated was
2.5—11.0, and the concentration of the metal ions and of the ligand
ranged from 1 X 1073 to 5 X 10> M with the M:L molar ratio varying
from 2:1 to 1:2. The different titration curves for each system (at least
two) were treated either as a single set or 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.

NMR Measurements. The 'H and *C NMR spectra were
recorded on a Bruker Avance AC-300 spectrometer operating at
299.95 MHz for 'H and at 75.43 MHz for "*C. The chemical shifts are
given in parts per million referenced to the solvent signal. Adjustments
to the desired pH were made using drops of DCI or NaOD solutions.
The pD was calculated from the measured pH values using the
correlation, pH = pD — 0.4."7

Spectrophotometric and Spectrofluorimetric Titrations.
Absorption spectra were recorded on a Shimadzu UV-2501 PC
spectrophotometer. Fluorescence spectra were obtained with a PTI
MO-5020 spectrofluorimeter. The emission spectra were measured
from 300 to SO0 nm for an excitation wavelength of 260 nm,
corresponding to the maximum of the excitation intensity. HCI and
NaOH were used to adjust the pH values that were measured with a
Metrohm 713 pH meter in both cases.

Kinetic Experiments. The kinetic experiments were carried out at
298.1 + 0.1 K with both a Cary 50-BIO spectrophotometer and an
Applied Photophysics SX17MV stopped-flow instrument provided
with different detectors: PDA-1 diode array, fluorescence, and
absorbance. The ionic strength was adjusted to 0.15 M by adding
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the required amount of NaCl. The conventional or the stopped-flow
spectrophotometers were used depending on the time scale of the
different processes, but the data were in all cases analyzed with
SPECFIT software.'®

In the fluorescence experiments, both the absorbance and the
fluorescence were simultaneously detected. Thus, the absorbance
changes were registered at the excitation wavelength used, while the
fluorescence changes correspond to the addition of signals obtained
for all wavelengths longer than 295 nm. An FSR-WG295 filter
provided by Newport was placed in the fluorescence detector to cut off
any contribution from wavelengths below 295 nm.

The kinetic studies on complex decomposition were carried out
under pseudo-first-order conditions of acid excess, and the solutions
contained Cu®* and the ligand in 1:1 molar ratio with the pH adjusted
using NaOH and HCI solutions. Additionally, some experiments were
carried out using a sodium formate/formic acid buffer solution at pH
4. In all cases, the equilibrium speciation curves were used to
determine the composition of the solutions at the different pH values.
Reversibility studies were performed adding HCl or NaOH to a
solution containing Cu®* and L in a 1:1 molar ratio.

Computational Aspects. All calculations carried out in this study
were performed using the C.01 revision of the Gaussian 09 program
package.'” The MOLDEN® program was used in preprocessing,
preparing the input structures and in the final stages of visualizing and
analyzing the resulting geometries. Density functional theory
calculations (DFT) using Becke’s three-parameter B3LYP?' functional
with the mixed LANL2DZ (on the transition metal) and 6-
311G(2d,p)** basis sets were performed. The B3LYP functional has
become a standard in DFT and has been selected for our calculations,
given its widespread use and reliability being also fairly robust.

B RESULTS AND DISCUSSION

Acid—Base Behavior. Table 1 collects the stepwise
protonation constants of L1 obtained at 298.1 + 0.1 K in

Table 1. Logarithms of the Stepwise Protonation Constants
for L1 Determined at 298.1 + 0.1 K in 0.15 M NaCl

reaction” L1
H+L=HL 9.94(1)"
H+ HL = H,L 8.73(1)
H+ H,L = HL 7.28(1)
H+ HL = HL 1.88(9)
log f° 27.8

“Charges have been omitted. ®Numbers in parentheses are standard
deviations in the last significant figure. “log f# = X log Ky

[H,L1]*, there is an upfield shift of all the aromatic signals of
both the indazole and the pyridine, supporting the occurrence
of stacking between them (Figure 1).
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Figure 1. "H NMR spectra (aromatic region) in D,O of L1 recorded
at (A) pD = 1.91; (B) pD = 5.60; (C) pD = 8.28; (D) pD = 9.34; (E)
pD = 11.70. The spectra of the aliphatic region are shown in Figure S2
(Supporting Information).

Stacking is also evidenced by changes in the UV—vis spectra,
which present two characteristic absorption bands (4,,,, = 250—
255 nm and A, = 285—290 nm) associated with 7 —x*
transitions in the indazole ring.”> On moving from acidic to
basic pH, the band centered at 250 nm experiences an increase
in intensity and a bathochromic effect that can be ascribed to a
charge-transfer band associated with the 77—z stacking of the
aromatic rings, pyridine and indazole. However, above pH 6,
the absorption band centered at 290 nm undergoes the
opposite effect with a decrease in intensity and a hypsochromic
shift (Figure 2)

Furthermore, fluorescence emission spectra show a quench-
ing effect when [HyL1]** converts to [H,L1]*, denoting that
deprotonation of the secondary amino group closest to the
indazole fragment is occurring at this stage (Figure 3). This
deprotonation makes operative a photoinduced electron
transfer from the amine to the excited fluorophore, yielding a

0.15 M NaCl, and Figure S1 (Supporting Information) collects
the corresponding distribution diagram. L1 presents four
stepwise protonation constants in the pH range studied
(2.0—11.0). The first three protonation steps, which occur at
the secondary amino groups, have values close to those
previously reported for the analogous derivatives with
naphthalene, pyridine, anthracene, or quinoline moieties in
the pendant arm.>>** The last protonation constant detected
by potentiometry, which has a much lower value, can be
assigned to the indazole amino group, as supported by UV—vis
and fluorescence studies (vide infra).

As occurs for other scorpiand-like ligands in which the
pendant arm approaches or leaves the macrocyclic core as a
result of a change in the protonation state,” the molecular
rearrangement of L1 is observed in the absence of transition
metal ions. Regarding this point, the "H NMR spectra recorded
at variable pH show that, on going from a pH level of 6 to 8,
corresponding to the deprotonation of [H;L1]** to give
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Figure 2. pH dependence of the absorption spectrum of L1. [L1], =
1.0 X 107° M.
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Figure 3. Fluorescence emission spectra of L1 (4. = 260 nm)
recorded at 298.1 & 0.1 K in 0.15 M NaCl at pH ranging between 2
and 11 with [L1] = 1.0 X 107> M. Steady-state fluorescence emission
titration curve of L1 (A, = 260 nm) measured in 0.15 M NaCl at
298.1 + 0.1 K with [L1] = 1.0 X 10> M (4) and mole fraction
distribution curves for the various protonated forms (solid lines).

quenching of the fluorescence. As occurs for other scorpiand-
like ligands,”>** the observed quenching of the fluorescence is
just partial. This incomplete quenching of the fluorescence
could be explained taking as a reference the hydrogen bonding
observed in the solid state for the analogous recezptor with a
naphthalene moiety that also persists in solution.” Hydrogen
bonding between the amino group in the arm and the
protonated secondary amino groups in the macrocyclic core
would somehow block the electron pair of the amino group of
the arm, hindering the electron transfer to the excited
ﬂuoro;)hore and hence leaving a residual emission.

Cu** and Zn?* Coordination. EMF Studies. Table 2
collects the stepwise stability constants for the interactions of
L1 with Cu?** and Zn?** determined in water at 298.1 + 0.1 K in
0.15 M NaCl. Under these conditions, only mononuclear

Table 2. Logarithms of the Formation Constants (log K) of
the Cu®* and Zn** Complexes with L1 Determined at 298.1
+ 0.1 K in 0.15 M NaCl

reaction Cu?t Zn*
M+ L = MLa 19.42(1)" 16.75(1)
ML + H = MHL 3.82(3) 423(2)
ML + OH = ML(OH) 2.63(4) 2.33(5)

“Charges have been omitted. “Numbers in parentheses are standard
deviations in the last significant figure.

1986

[MHL]**, [ML]**, and [ML(OH)]" complexes were detected,
the [ML]*" species being predominant over a wide pH range. It
is interesting to note that the stability constants for the [ML]*"
species are very similar to the values obtained for other
scorpiand-like ligands in which the donor atom in the tail binds
the metal ion.”>**** A priori, the geometry adopted by the
complex would prevent the implication of the 1H-indazole
tautomer in the coordination to the metal complex.
Comparison between the protonation constants of the
[ML]** complexes and the free ligand species with the same
charge ([CuL]** + H" = [CuHL]", log K = 3.82, [ZnL]** +
H* = [ZnHL]*, log K = 4.23 vs [H,L]** + H" = [H,L]**, log
K = 7.28) shows a much higher value for the free ligand,
suggesting that protonation of the [ML]** complexes brings
about the breakage of an M—N bond.”

Fluorescence Studies. Fluorescence emission studies of the
Cu’* complexes (Figure 4) reveal a strong quenching effect
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Figure 4. Steady-state fluorescence emission titration curve of Cu**-L1
(®) and the corresponding free ligand (4#) measured in 0.15 M NaCl
at 298.1 + 0.1 K with [M?>*~L1] or [L1] = 1.0 X 10> M. The
corresponding mole fraction distribution curves for Cu®* and the
various protonated forms of M**-L are shown as solid lines (1., = 260
nm).

following the formation of the monoprotonated complex
[MHL]**. This quenching is preserved for the species formed
at neutral ([ML]**) and alkaline ([ML(OH)]*) pH values.
However, a very different behavior was observed for the Zn**
complexes (see Figure S). In this system, an increase in the
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Figure 5. Steady-state fluorescence emission titration curve of Zn**-L1
(®) and the corresponding free ligand (#) measured in 0.15 M NaCl
at 298.1 + 0.1 K with [Zn**~L1] or [L1] = 1.0 X 1075 M. The
corresponding mole fraction distribution curves for Zn** and the
various protonated forms of M**-L are shown as solid lines (1., = 260
nm).
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fluorescence (chelation-enhanced fluorescence, CHEF) was
observed above pH 6 in correspondence with the complexation
of the metal ion. Coordination of the d'® Zn** by all the amino
groups of the ligands blocks the lone pairs, preventing their
photoinduced transfer to the LUMO orbitals of the
fluorophore.*® Furthermore, the formation of hydroxo-com-
plexes above pH 10 is associated with a slight deactivation of
the fluorescence.”’

Kinetics of Decomposition of Zn’* and Cu** Complexes.
The species distribution curves obtained from the equilibrium
constants were used to select the experimental conditions for
the kinetic studies on complex decomposition. This kind of
experiment has been previously reported to provide in certain
cases information not only about the ligand dissociation process
but also about structural reorganizations as those occurring in
complexes with scorpiands and other related azacyclo-
phanes.”*® To obtain more information on the kinetics of
structural reorganizations, the experiments performed adding
an excess of acid have been complemented with stopped-flow
experiments in which buffers were used to change the pH of the
solution between values corresponding to the formation of the
different major species.

For the Zn®* complexes, the speciation curves in Figure $
show that Zn**-L1 solutions in a 1:1 molar ratio only contain
[ZnL1]* at pH 8. Addition of a large excess of acid leads to
complete complex decomposition, yielding Zn** and a mixture
of [H;L1]* and [H,L1]*. The kinetics of decomposition was
studied under the same conditions of temperature and ionic
strength used for the potentiometric studies, and the reaction
was monitored at 270 nm, which is the wavelength with the
largest difference between the absorptivities of the protonated
ligand and of the [ZnL1]** species (Figure 6). The absorbance
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Figure 6. Absorption spectra of ZnL1** (dashed line), ZnHLI**
(dotted line), and protonated ligand (continuous line). [Zn*'],
[L1], = 1 X 107* M. The spectra were calculated from the spectra
recorded at different pHs by using the percentages of the different
species calculated with the equilibrium constants in Tables 1 and 2.

changes so obtained were fitted satisfactorily to a single
exponential and yielded an observed rate constant that changes
linearly with the acid concentration (Figure 7). The fit of the
data to eq 1 leads to a = (4.3 + 0.1) M~ s7%,

However, literature preececlents2’23’29 show that there is the
possibility that the rate constants in Figure 7 actually
correspond to decomposition of [ZnHL1]*", which could be
formed in a rapid step occurring within the stopped-flow
mixing time. To obtain information on this point, solutions of
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Figure 7. Plot of the dependence with the acid concentration of the
observed rate constant obtained from the variation of absorbance
during the acid-promoted decomposition of [ZnL1]** species ([NaCl]
=0.15 M, 298.1 K).

Zn*" and L1 in a 1:1 molar ratio with the pH adjusted to 4 were
mixed in the stopped-flow instrument with an acid excess, and
results similar to those in Figure 7 were obtained (see Figure
S3, Supporting Information), the value of the second-order rate
constant being now a = (4.25 + 0.06) M™" s™'. As solutions
with an initial pH of 8 contain exclusively [ZnL1]** and
solutions at pH 4 contain a mixture of [ZnL1]** and
[ZnHL1]*, the results so obtained indicate that both Zn**-
L1 complexes decompose with the same kinetics. These results
were confirmed by stopped-flow experiments with monitoring
of fluorescence, which yielded second-order rate constants of a
=(40+£01)M s for [ZnL1]* anda = (41 £ 0.1) M~ 57"
for the mixture of [ZnL1]** and [ZnHL1]** (Figures S4 and
SS, Supporting Information). Thus, it appears that [ZnL1]*"
protonates upon addition of an acid excess to form [ZnHL1]*
within the mixing time of the stopped-flow instrument, a
behavior similar to that already reported for Cu** complexes
with related scorpiand-type ligands.**>** To confirm this
hypothesis, additional experiments were carried out by mixing a
solution containing [ZnL1]** (initial pH = 8) with a sodium
formate/formic acid buffer solution at pH 4, so that the final
solution contains a significant amount of [ZnHLI1]** (see
Figure 6). Several experiments were carried out at different
wavelengths within the 265—290 nm range, and in all cases, the
only absorbance changes observed occurred within the
stopped-flow mixing time, thus confirming that protonation
of [ZnL1]* to form [ZnHL1]*" is rapid in the stopped-flow
time scale. Consequently, the second-order rate constant of
4.17 + 0.05 M~ s7', obtained by fitting together all the data
available, corresponds to the subsequent slower decomposition
of [ZnHL1]*".

koo = a[H'] (1)

The kinetics of decomposition of the [CuL1]** complex was
also studied. Solutions of Cu?* and L1 in a 1:1 molar ratio
contain, at pH 7, exclusively the [CuL1]** species (see Figures
4 and S6), and their UV—vis spectra show an absorption band
centered at ca. 640 nm similar to that observed for other
[CuL]*" complexes with related scorpiand-like ligands.”***’
However, when these solutions are mixed with an excess of
acid, the spectrum changes within the stopped-flow mixing
time, so that the initial spectra in the kinetic experiments show
a band at 750 nm. Thus, there is an initial rapid step whose rate

DOI: 10.1021/ic5029004
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Table 3. Selected Kinetic Data for the Decomposition of the Complexes Formed between Cu** and Scorpiand-Type Ligands at

298 + 0.1 K°
ligand A ¢ (sH?
L1 750 (7.6 + 0.8) x 107¢
L2 695 (52 £09) x 107*
L3 690 (0.8 £02) x 107*
L5 730 (14 £ 0.6) x 107*

b (M2 s_l)b reference
(69 £0.1) x 1073 this work
(1.16 + 0.07) 2
(0.74 + 0.03) x 1073 13
(31+02) x 1073 22

“Absorption band of the intermediate formed within the stopped-flow mixing time, except for the case of L2, which corresponds to direct
decomposition of the [CuL]*" complex. bParameters ¢ and b refer to eq kyops = ¢ + b[H']%. “Only species decomposing with a second-order

dependence with respect to the acid are included.

constant cannot be measured with the stopped-flow technique.
A similar observation has been also made for other Cu**
complexes with related scorpiands, and it has been related to
the conversion of [CuL]*" to [CuHL]**.***** Nevertheless, for
the other complexes, the rapid step is signaled by a shift of the
band to 690 nm, which coincides with the spectrum of
[CuHL]* and with the spectrum of the [CuL]*" complex with
the macrocycle lacking the pendant arm.”***° In an attempt to
obtain information that could explain the different behavior of
the L1 complex, the spectrum of solutions containing Cu** and
L1 in a 1:1 molar ratio was recorded at different pH values and
used to calculate the spectrum of the [CuHL1]** species with
the help of the speciation data. The spectrum (Figure S6,
Supporting Information) is very similar to that observed for
CuL1*" and suggests that the coordination environment of
Cu** in the [CuL1]** and [CuHL1]* species is very similar.
Moreover, stopped-flow experiments using solutions with Cu**
and L1 in a 1:1 molar ratio at an initial pH of 4, which contain a
mixture of [CuL1]** and [CuHL1]*, also show initial spectra
with the band shifted to 750 nm. Thus, the different behavior of
L1 with respect to related ligands lacking the indazole ring is
confirmed. The differences are essentially two: (i) conversion of
[CuL1]** to [CuHL1]* occurs very rapidly but does not
involve simply the dissociation of the donor atom in the
pendant arm, and (ii) the nature of the intermediate formed
within the stopped-flow mixing time in the acid-promoted
dissociation of the complex is also different. Interestingly,
although it clearly involves a structural reorganization more
complex than the simple scorpiand-type movement observed
for related ligands, the formation of the intermediate with a
band at 750 nm is reversible in several cycles, as confirmed by
sequential stopped-flow experiments involving the successive
addition of acid and base (Figure S7, Supporting Information).

After the rapid process that occurs within the stopped flow
mixing time, the intermediate generated decomposes in a
slower step whose kinetics was studied using conventional
UV—vis spectrophotometry. As expected from the speciation
curves, this slow step leads to complete decomposition of the
complex, and the spectral changes were satisfactorily fitted by a
single exponential to obtain k,y,, values that show a second-
order dependence with respect to the acid concentration
(Figure S8, Supporting Information). Similar results were
obtained for solutions containing [CuL1]*" and [CuHL1]*,
and the values obtained from the fit by eq 2 are ¢ = (6.9 + 0.8)
x 10¢s and b = (7.0 + 0.1) x 107° M2 57! for [CuL1]*
andc=(8+2)x10 s and b= (6.8 +02) x 103 M 257!
for [CuHL1]*". Because of the similarity of the data, the results
of both sets of experiments were fitted together and yielded ¢ =
(7.6 £0.8) x 1055 and b = (6.9 + 0.1) X 107> M2 s™L. The
rate law in eq 2 can be interpreted in terms of the classical
mechanism proposed by Margerum,®" although with the rate-
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determining step shifted from the breaking of the first Cu—N
bond to the second one.”® Interestingly, the [CuL]*" complex
with the macrocycle lacking of a pendant arm (L2, Chart 2)
also decomposes with a second-order dependence with respect
to the acid, but its decomposition occurs significantly faster (see
Table 3).

On the other hand, decomposition of the [CuHL]*" species
formed within the mixing time for related scorpiands typically
occurs more slowly and with a first-order dependence with
respect to the acid,”*>*” except for the case of the ligand with a
pendant arm containing a 2-pyridyl group (L3, Chart 2), which
shows a second-order dependence, although its absorption
band appears at 690 nm (Table 3).** Formation of an
intermediate with a band centered at 750 nm was observed
during the decomposition of the Cu complex with the double-
scorpiand receptor L4, but it decomposes with first-order
kinetics.>* Interestingly, an intermediate with a band at a
position close (730 nm) to that observed for L1 and
decomposing with second-order kinetics was observed for the
complex with another double—scorgiand receptor (LS)
containing a pyridine spacer (Table 3).*

k20bs =c+ b[H+:|2 (2)

Although fluorescence measurements did not provide any
additional information in the case of Zn®*, experiments carried
out for Cu®* provided useful information. The data in Figure 4
show that coordination of L1 to Cu’*' leads to the
disappearance of the fluorescence associated with the ligand,
although some fluorescence is observed at pH values between
2.5 and 5.5 because of the coexistence of the nonemissive
[CuL1]*" with the emissive [H,L1]* species. Kinetic stopped-
flow experiments with fluorescence detection were carried out
using solutions containing Cu** and L1 in a 1:1 mol ratio with
the initial pH adjusted to 7.0 or 4.0, so that the decomposition
of [CuL1]*" (pH, = 7.0) and a mixture of this species with
Cu®* and [CuHL1]* (pH, = 4.0) could be monitored. From
Figure 4, it must be expected that the initial fluorescence is very
small for experiments with pH, = 4.0 and negligible for pH, =
7.0, but a fluorescence increase with time is expected to occur
as the complex decomposition takes place. Surprisingly, the
fluorescence experiments showed for both starting pH values
the existence of a kinetic step not detected in the absorbance
experiments described above. The fluorescence changes were
fitted satisfactorily by a single exponential to obtain k, values
that show a second-order dependence with respect to the acid
concentration (Figure S9, Supporting Information), so that the
fit of both series of experiments by eq 2 leads to ¢ = 0.4 + 0.2
s~ and b = (1.72 £ 0.07) X 10> M~>s™". It is important to note
that stopped-flow experiments with simultaneous absorbance
and fluorescence detection demonstrated that the fluorescence
changes occur without significant changes in the absorbance so
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Figure 9. Proposed structural reorganization during the protonation of [CuL1]** to form [CuHL1]*, and the subsequent protonation and

tautomerization of the intermediate formed during the acid-promoted decomposition. In the conversion of [CuL1]*

to [CuHL1]*, protonation of

the coordinated NH group is accompanied by tautomerization and coordination of the indazole group. In the presence of an acid excess, there is also
additional rapid protonation of the macrocyclic of the macrocyclic ring and dissociation of coordinated indazole leads to an intermediate with a free

2H-indazole group that tautomerizes to the more stable 1H form.

that they cannot be associated with decomposition of the
intermediate with an absorption band at 750 nm. As additional
experiments in which a [CuL1]** solution (pH, = 7) was mixed
in the stopped-flow with a sodium formate/formic acid buffer
solution at pH 4 did not show those fluorescence changes, it
can be also ruled out that they are associated with the
protonation of [CuL1]* to form [CuHL1]*". At this point,
DEFT calculations were carried out to obtain some information
that could lead to an understanding of these puzzling
experimental observations.

DFT Calculations. The experiments described above indicate
that [CuL1]*" and [CuHL1]*" have similar absorption spectra,
which suggests that the coordination environment on the metal
center is maintained upon protonation. As first protonation
would likely occur at the aliphatic nitrogen of the pendant arm,
which is coordinated in [CuL1]*, the only way to maintain the
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coordination environment is that one of the nitrogens in the
indazole ring becomes coordinated in [CuHL1]*". The DFT
calculations were initially aimed to explore this possibility. The
starting point of the calculations was the optimization of the
geometry of the [CuLl]** species with the pendant arm
containing the stable 1H-indazole form. All attempts to obtain
stable geometries with coordinated 1H-indazole were un-
successful, and the most stable geometry obtained was always
that labeled as a-[CuL1]** in Figure 8, which contains the Cu**
ion coordinated to the four nitrogens in the macrocycle and to
the aliphatic NH group in the arm. The next step was the
optimization of the geometries for [CuL1]** considering the
2H- and 3H-indazole tautomeric forms of L1. The most stable
geometries so obtained are b-[CuL1]** and c¢-[CuL1]**
respectively. In the case of b-[CuL1]*, the 2H-indazole
group is coordinated to the metal center through N1, thus
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leading to a coordination environment that resembles that in a-
[CuL1]*". However, b-[CuL1]*" was calculated to be 27.0 kcal
mol ™! less stable than a-[CuL1]**, and so it is not expected to
be formed. In ¢-[CuL1]*, the 3H-indazole group is not
coordinated and the aliphatic NH group is coordinated in a way
similar to that found in a-[CuL1]**. However, the energy
required for achieving this tautomeric form of the indazole
group, ¢-[CuL1]*" is also less stable (21.7 kcal mol™) than a-
[CuL1]?". Thus, the calculations indicate that a-[ CuL1]** is the
preferred structure for this species. This is the same
coordination environment found for [CuL]** complexes with
related scorpiands,”**** and the observation of an absorption
band at 640 nm in all cases, including a-[CuL1]*, strongly
suggests that this is the structure actually adopted by [CuL1]*".

As the experimental results point to a similar coordination
environment in the protonated [CuHLI1]** species, the
geometries of the species resulting from protonation of a-
[CuL1]** and b-[CuL1]** were also optimized, and they are
labeled a-[CuHL1]*" and b-[CuHL1]*" in Figure 8.

In the a-[CuHL1]* geometry, there is a protonated 1H-
indazole group and the aliphatic NH remains coordinated,
whereas, in b-[CuHL1]**, the aliphatic amino group is
protonated and dissociated, and the 2H-indazole group is
coordinated through N1. The b-[CuHL1]** form results now
to be 4.3 kcal mol™! more stable than a-[CuHL1]*. Thus,
although these relative energies must be taken with care, the
whole set of calculations suggest that protonation of [CuL1]*
occurs at the NH group in the pendant arm, but it is
accompanied by tautomerization and coordination of the
indazole group, as indicated in Figure 9.

B CONCLUSIONS

A new scorpiand-like ligand containing an indazole moiety in its
pendant arm has been synthesized. No significant differences
have been observed for the acid—base behavior and the metal
ion coordination when this receptor is compared with other
scorpiand-like ligands previously reported. The DFT results in
the previous section provide a reasonable explanation for the
similarity of the UV—vis spectra of the [CuL1]** and
[CuHL1]*" species based on the possibility of tautomerization
and coordination of the indazole group in the pendant arm,
thus justifying the difference with respect to related scorpiands
lacking of this group. However, the experimental results
indicate that, in the presence of an excess of acid, [CuHL1]**
is further protonated within the stopped-flow mixing time to
form an intermediate [CuH,L1]®** (x > 1) with a maximum
at 750 nm. Given the spectral changes in the UV—vis spectrum
and the low basicity of the indazole group, it is expected that
the additional protonation step occurs at one of the nitrogens
in the macrocycle, thus causing its dissociation and an
absorption spectrum different from that of the [CuL2]**
species. As the fluorescence and absorbance changes associated
with decomposition of the intermediate with the band at 750
nm occur with very different time scales, one plausible
explanation is that conversion of [CuHL1]* to [CuH,L1]*)*
(x > 1) also involves dissociation of the bond between Cu**
and N1 of indazole. This process would result in formation of
an intermediate containing an uncoordinated 2H-indazole
group in the pendant arm, which would convert to the more
stable 1H-indazole tautomer in a process signaled by
fluorescence changes but that would not change the d—d
bands of Cu® (see Figure 9). Once the tautomerization is
completed (in less than ca. 1 s), there is the slow
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decomposition of the [Cu(H,L1)]?** (x > 1) intermediate,
which takes place during several hours.

As a whole, the results in this paper indicate that introduction
of the indazole group in the pendant arm of a scorpiand leads
to complexes that undergo reversible structural changes that
involve not only the coordination—dissociation process typical
of other tren-derived scorpiands but also coordination—
dissociation and tautomerization of the indazole group. The
occurrence of indazole tautomerization in coordination
compounds has been previously reported, but it has not been
until now that some information about its kinetics is obtained
as well as its active role in the structural reorganization of metal
complexes.

B ASSOCIATED CONTENT
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Distribution diagrams, NMR spectra for the aliphatic region at
different pH values, and plots of the dependence with the acid
concentration of the rate constant obtained for the different
Zn* and Cu®** complexes. This material is available free of
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