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The synthesis, acid—base behaviour and anion recognition of neurotransmitters (dopamine, tyramine and
serotonin) in aqueous solution of different aza-scorpiand ligands functionalized with hydroxyphenyl and
phenyl moieties (L1-L3 and L4, respectively) have been studied by potentiometry, NMR, UV-Vis and fluo-
rescence spectroscopy and isothermal titration calorimetry (ITC). The analysis of the potentiometric
results shows the selective recognition of serotonin at physiological pH (Ke¢ = 8.64 x 10%) by L1. This
selectivity has an entropic origin probably coming from a fine pre-organization of the interacting partners.
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Thus, the complementarity of the receptor and the substrate allows the reciprocal formation of hydrogen
bonds, - and cation—=r interactions, stabilizing the receptors and slowing the rate of oxidative degra-
dation, and satisfactory results are obtained at acidic and neutral pH values. NMR and molecular dynamics
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Introduction

Serotonin, derived from the essential amino acid tryptophan,’
is a biogenic monoamine that acts as a neurotransmitter in
the central nervous system (CNS), being related to a wide range
of biological functions (hypertension, embryogenesis, psycho-
tic behaviour and growth of tumour and non-tumour cells).>”
Oxidative degradation of this neurotransmitter can contribute
seriously to neuronal deterioration, so oxidative stress can act
as a risk factor for the initiation and progression of neurode-
generative diseases (see Fig. 1).° Additionally, metabolites and
intermediate autoxidation products can contribute signifi-
cantly to neuronal degradation. In this sense, low molecular
weight receptors can be used to control the oxidative deterio-
ration of neurotransmitters, eventually interrupting the chain
of degradative reactions resulting in the formation of neuro-
toxic metabolites.

During the last few years, some of us have focused our
research on the development of different polyazamacrocycles
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studies reveal the rotation blockage in the neurotransmitter side chain once complexed with L1.

with antioxidant activity.” On the basis of these types of recep-
tors and their antioxidant properties, herein we report some
new ligands of this series functionalized with hydroxyphenyl
groups (L1-L4 in Chart 1). It is well known that due to the
presence of these phenolic groups in their structures, many
natural and synthetic compounds show improved antioxidant
capacity compared to other compounds lacking such groups.'’

Thus, in this paper, we have analysed the synthesis, acid-
base behaviour and anion recognition of three different neuro-
transmitters (ie. dopamine, tyramine and serotonin, see
Chart 2) in aqueous solution of these ligands in order to
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Fig. 1 Oxidation processes of serotonin should be considered as a
possible trigger of neurodegenerative diseases.
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analyse how the presence or absence of the hydroxyl group at
different positions influences the interaction with the selected
neurotransmitters, preventing their oxidation processes.

Results and discussion
Acid-base behaviour

Table 1 shows the stepwise protonation constants of L1-L4
determined in 0.15 mol dm™ NaCl at 298.1 K along with those
previously reported for the parent compound L5.'* The distri-
bution diagrams of L1-L4 are shown in Fig. S1.f For the
purpose of the discussion of the speciation, the term L refers
to the fully deprotonated species including the phenol groups.

Receptors L1-L3 present in the pH range of study (2.5-11)
four stepwise protonation constants. Therefore, the first three
values obtained can be related to the protonation of phenolate
oxygen and the secondary amino groups of the macrocyclic
cavity. However, none of these pKs can be unambiguously

Table 1 Logarithms of the stepwise protonation constants for L1-L4
determined at 298.1 K in 0.15 mol dm~® NaCl. The corresponding con-
stants for L are taken from ref. 11

Reaction” L1 L2 L3 L4 L5

H+L s HL 9.93(1)” 10.12(2) 10.153(9) 10.006(4) 10.338(9)
H+HLSHL 911(1) 9.50(1) 9.473(9) 8.746(3)  9.395(9)
H+HLsSHL 7.92(1) 8.52(2) 8.516(8) 7.368(4)  8.23(1)
H+HLsHL 676(2) 7.29(2) 7.3419) — —

logﬂ 33.72 35.45 35.48 26.12 27.96

“Charges are omitted. ” Values in parenthesis are standard deviations
in the last significant figure.
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assigned to the protonation of the hydroxyl group. The fourth
one, with a lower value, corresponds to the protonation of the
amino group of the pendant arm in accordance with the
results for other aza-scorpiand ligands previously reported.'*'?
As expected, L4 only shows three stepwise protonation con-
stants, of which the second and third present lower values
than the corresponding ones of L1-L3 and L5, probably due to
the hydrophobic environment generated by the benzene
moiety.”® Trends of ligand protonation constants are sup-
ported by thermodynamic data obtained for ligand protona-
tion by means of isothermal titration calorimetry (ITC).
Sample data for L1 and L4 are shown in Table 2, while the
data for all ligands are shown in Table S5.f Indeed, the ITC
study showed that the successive protonation of all ligands is
accompanied by invariably favourable enthalpy changes, while
the entropic contributions become less favourable with
increasing ligand protonation and the consequent increasing
solvation, according to a general behaviour observed for polya-
mines.'* Interestingly, the lower overall basicity of L4 than that
of L1-L3 in the first three protonation steps is due to less
favourable, or more unfavourable, entropy contributions
(Tables 2 and S51) which can be related to a larger gain in
hydrophilic character (and consequent stronger solvation,
which is an entropically unfavourable process) experienced
upon protonation by the more hydrophobic L4 ligand.

A detailed analysis of the UV-Vis spectra of L1-L3 shows the
auxochromic effect associated with the deprotonation of the
phenolic moiety in the pendant arm, increasing the Anax (red
shift) from 270 nm (phenol) to 290 nm (phenolate).
Furthermore, the bathochromic shift and the absorbance
increase observed can be related to the conformational change
induced in the structure of the receptor in a similar way to
those observed for other aza scorpiand polyaminic ligands pre-
viously reported.'™'?

In order to confirm the experimental data obtained through
potentiometric and UV-Vis measurements, an exhaustive ana-
lysis of "H NMR data has been done for 11 (Table 3). These
types of experiments can provide indications of the protona-

Table 2 Thermodynamic data for the protonation of L1 and L4 deter-
mined at 298.1 K in 0.15 mol dm~ NaCl

AGe? AHP¢ TAS®?
Reaction” log K* (kymol™)  (kymol™)  (kJ mol™)
L1
H+L s HL 9.93(1)° —56.66(6) —39.02(5) 17.6(1)
HL+H S H,L 9.11(1) -51.98(6) —40.6(1) 11.4(2)
HL+HSHL  7.92(1) —45.19(6) -43.1(1) 2.1(2)
H;L+HSHL  6.76(1) -38.57(6) -38.5(1) 0.1(2)
L4
H+LSHL 10.006(4)  —57.09(2) —40.4(2) 16.7(2)
HL+H S H,L 8.746(3) —49.90(2) —48.4(2) 1.5(2)
H,L+HSH;L  7.368(4) —42.04(2) —46.6(2) —4.6(2)

“Charges are omitted. ”Obtained by means of potentiometric
measurements. °Obtained by means of ITC. ¢ Obtained from AG° =
AH°® — AS°. ®Values in parenthesis are standard deviations in the last
significant figure.

Org. Biomol. Chem., 2023, 21, 5424-5432 | 5425


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ob00562c

Open Access Article. Published on 19 June 2023. Downloaded on 4/5/2026 3:33:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 3 Calculated macroconstants (logp) obtained from NMR and
UV-Vis data compared with the ones calculated from potentiometry

Reaction NMR? EMF UV-visible

H+L $ HL 10.49 + 0.06 10.69 10.87 + 0.02
2H+ L 5 H,L 19.74 £ 0.11 20.20 20.41 + 0.09
3H+L s Hi;L 28.10 + 0.17 28.47 28.61 + 0.09
4H + L 5 H,4L 35.51+0.33 35.52 35.61 + 0.16

“ Deuteration constants.

tion sequence followed by polyamine ligands since it is well-
known that upon protonation the hydrogen nuclei bound to
the a-carbon with respect to the nitrogen atoms undergoing
the deprotonation processes are those that experience the
largest upfield shifts.'*

The obtained NMR data were fitted with GEMS (GEneral
Microspeciation Solver, software which implements cluster
expansion techniques and symmetry simplification),’® obtain-
ing the microspeciation scheme shown in Fig. 4. L1 has three
possible protonation sites available: A, B and C (for site label-
ling, see Fig. 5). The first proton goes to site A which is prob-
ably shared between the two equivalent sites providing
additional stability to this first protonation. This is in agree-
ment with the fact that the microconstant for site A goes from
10.17 to 9.90 when the other A site is occupied. The microspe-
cies HAL accounts for 96.7% of the total macrospecies HL'.
The species HAL should be properly labelled as HAL"~ since it
is a zwitterionic species. The subsequent protonations are
more difficult to pinpoint because the microconstant values
involved are similar to each other giving as a result a compli-
cated mixture of microspecies. This can also be seen in the
variation of all the chemical shift values, both 'H and '3C,
with pH which is at all times a soft-slope transition along the
whole pH range as well as in the behaviour of the UV-Vis
spectra (see Fig. 2 and 3). The second proton is divided
between sites A and C, with the major species being HAL>"~
(67.5%) and H*H®L*"'~ (26.6%). The fact that sites B and C get
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Fig. 2 pH dependence of the absorption spectrum of L1. [L1] = 10~*

mol dm™.
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Fig. 3 The distribution diagram for L1 overlapped with UV-Vis data for
295 nm. Determined in 0.15 mol dm™ NaCl at 298.1 + 0.1 K with [L1] =
10~* mol dm—.
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Fig. 4 Protonation site occupation scheme for L1 (white = not proto-
nated, grey = delocalized proton in equivalent protonation sites, black =
protonated), microconstants (in logarithmic units, small numbers next to
the protonation sites) and microspecies population (percent number
above each microspecies scheme) from zero protons (left) to completely
protonated (right).
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Fig. 5 Labelling of nuclei and protonation centres.

protonated after both A sites suggests that an intramolecular
hydrogen bond between B and C makes the protonation on
either site less likely because the hydrogen bond must break.
In the third protonation step, the proton goes either to B or C.
Since there is probably a proton shared between these two
sites, the microspecies HAHPL** and HAHL*" are indistin-

This journal is © The Royal Society of Chemistry 2023
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guishable. Both microspecies combined account for 93% of
the total. This is also in agreement with the UV-Vis spectra
(Fig. 3) where the largest change happens between the second
and the third proton. In the fourth protonation step, all sites
are occupied.

Recognition of neurotransmitters

The equilibrium constants for the interaction of the proto-
nated forms of L1-L4 with different neurotransmitters (dopa-
mine, serotonin and tyramine) were determined by means of
pH-metric titrations in 0.15 mol dm™ NaCl solutions at
298.1 K. Analysis of the titration curves using the Hyperquad
program afforded the equilibrium constants for the general
reaction (1):

LY + A" + mHT2H, LA+ (1)

where A" is the neurotransmitter in its completely deproto-
nated form (n = 1 for tyramine and serotonin; n = 2 for dopa-
mine) and the charge x on the ligands is —1 for L1-L3 and 0
for L4-L5. In Table 4 the binding equilibria for dopamine, ser-
otonin and tyramine with L1 are shown. A comparison of the
equilibrium constants shown in this table evidences signifi-
cant differences in the binding properties of this ligand
towards the different neurotransmitters.

L1 forms adduct species [H,LA]* 2 in the pH range of
study (2-11), with x varying from 2 to 7 for dopamine, and 2 to
6 for serotonin and tyramine. It is remarkable that a high per-
centage of formation is observed for Li-serotonin adducts,
prevailing in solution until pH 10, with values of the stepwise
formation constants in the range of ca. 4-5 logarithmic units.
To better understand the different behavior of L1 vs. neuro-
transmitters, the stability constant values reported in Table 4
can be used to calculate the percentage of complexed neuro-
transmitter per mole of ligand in a hypothetical equimolar
mixture, showing the selective recognition of serotonin at
physiological pH (see Fig. 6).

Tables S1, S2 and S3} show the stability constant values
obtained for all ligands with the three neurotransmitters. A
comparison of the equilibrium information shown in these
tables reinforces the selectivity of L1 vs. the rest of the ligands
for serotonin. It is remarkable that in the case of L4, the pres-

Table 4 Stepwise stability constants for the formation of neuro-
transmitter complexes with L1 in 0.15 mol dm~ NaCl at 298.1 K

Reaction” Dopamine Serotonin Tyramine
HA + HL 5 AH,L 3.37(8) 4.14(2) 3.13(3)
H,A + HL S AH,L 3.76(2) 4.23(1) 3.67(2)
H,A + H,L S AH,L 4.13(3) 4.60(1) 3.49(2)
H;A + H,L 5 AH,L 3.98(3) — —

H,A + H;L S AH;L — 4.93(2) 3.59(3)
HA + HL S AHGL 4.01(3) — —

H,A + HyL 5 AHgL — 5.11(3) 3.64(5)
H,A + H L 5 AH,L 3.95(7) — —

“Charges are omitted. ” Values in parenthesis are standard deviations
in the last significant figure.
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Fig. 6 Plot of the percentages of complexed neurotransmitters by L1
Percentages were calculated with respect to ligand concentration. [L1] =
[serotonin] = [dopamine] = [tyramine] = 1.0 x 10~ mol dm™.

ence of a benzene instead of the phenolic moiety produces a
notable overall decrease in the interaction associated with the
absence of the hydroxyl group. In this sense, Fig. 7 shows the
percentage of complexed serotonin in an equimolar mixture
with L1-L3, supposing no mixed adducts are formed. The best
results are obtained at acidic and neutral pH values. Thus, the
high affinity of L1 for serotonin could be related to the pres-
ence of an ortho-hydroxyl group in the phenolic moiety that
allows the reciprocal formation of non-covalent interactions
between the receptor and the substrate.

The relevant role played by the position of the hydroxyl
group in the structure of the ligands L1-L3 is revealed when
an analogous comparison is made with L2 and L3. In fact, L2
with a meta-hydroxyl group in the pendant arm presents a
higher affinity for tyramine. However, no significant differ-
ences have been observed in the percentage of complexed neu-
rotransmitters for L3.
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Fig. 7
L3.

Plot of the percentages of complexed serotonin by L1, L2 and
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In order to elucidate the conformation of the serotonin-
ligand adduct, different experiments were performed. Due to
the presence of the indole ring in its structure, serotonin is a
molecule particularly well-suited for the spectroscopic detec-
tion of molecular reorganizations in solution. In contrast to
tryptamine, an analogous compound without the hydroxyl
group whose fluorescence increases with the deprotonation of
its amine group, the fluorescence intensity of free serotonin
shows strong fluorescence quenching above pH 9 related to
the deprotonation of the hydroxyl group.'®™® However, in the
case of complexed serotonin, this quenching occurs at lower
pH values (see Fig. 8). This fact suggests that the negative
charge generated after the deprotonation of this group could
be stabilized through complexation with L1.

The greatest utility of the NOE lies in the fact that through
its measurement it can be evaluated how close two or more
nuclei are in a molecule. After the irradiation of a specific
proton, and depending on the distance, only the signals that
have suffered the NOE appear, that is, those that are physically
close to the irradiated one. Thus, upon irradiation of the
signal H4 (7.01 ppm) belonging to serotonin complexed with
L1 at physiological pH, the methylene protons of the side
chain of the neurotransmitter (3.23 and 3.03 ppm, signals H10
and H11, respectively) gave NOE indicating that these protons
are closest to it. This effect can be associated with the steric
hindrance to free rotation in the neurotransmitter side chain
once complexed. In fact, for free serotonin, these NOE’s are
not observed due to the free rotation of the side chain (see
Fig. 9 and 10)

In order to complement the NMR studies and have a better
insight into the possible conformation of the supramolecular
adduct formed, molecular dynamics calculations were per-
formed between cationic serotonin (protonated at the terminal
amino group) and L1 (zwitterion, with one of the macrocyclic
amines protonated and the phenol deprotonated). The results
show that the adduct is stable and both molecules stay close to

(esn)

% Formation relative to Serotonine

Fig. 8 Steady-state fluorescence emission titration curves of free
(green @) and complexed serotonin (black ®) (lexc = 285 nm, ey =
338 nm) overlapped with mole fraction distribution curves for the L1-
serotonin adducts (solid lines) measured in 0.15 mol dm~> NaCl at 298.1
+ 0.1 K. [L1] = [serotonin] = 1.0 x 10~* mol dm~.
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Fig. 9 NOE studies. (A) Numbering of serotonin; (B) observed NOE
signals in serotonin upon irradiation of H4 for the complex L1 and sero-
tonin at physiological pH.
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Fig. 10 H NMR spectra at physiological pH for (1) L1; (2) L1:serotonin;
(3) serotonin; (4) observed NOE signals upon irradiation of the signal at
7.01 ppm for Ll:serotonin at physiological pH; (5) observed NOE signals
upon irradiation of the signal at 7.01 ppm for free serotonin at physio-
logical pH.

each other during the 3 ns simulation, at 300 K, with an
average distance of 4.9 A between their centres of mass. It
should be noted that no restrictions at all were used for the
simulation. The trajectories were then analysed to extract the
minimum energy conformer, as shown in Fig. 11. The supra-
molecular adduct is held together mainly by hydrogen bond
interactions, between the charged ammonium group of seroto-
nin and the pyridine nitrogen of L1 (cyan dashed lines), as
well as two m-stacking interactions: a parallel-displaced
n-stacking between the pyridine and indole rings (3.8 A
between centroids and 3.5 A as the minimum distance) and a
perpendicular T-shaped interaction between the indole and
phenol rings (3.1 A between serotonin H2 and the phenol
centroid).

The trajectories were also analysed in an effort to rational-
ize the intramolecular NOE peak that has been detected for
serotonin in the presence of L1. In Fig. 12 we present the vari-
ation of the distance, throughout the 3 ns simulation, between

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Minimum energy conformer calculated for the interaction
between serotonin (grey) and L1 at 300 K.

the two protons involved in the NOE, for both the free and
bound neurotransmitters. In the case of the free serotonin
molecule (Fig. 12A) it was observed that the aminoethyl chain
rotates preferentially to an anti-conformation where the separ-
ation of both protons is maximum, at about 4 A, which is the
upper limit for the detection of a NOE in a small molecule.
However, in the bound molecule (Fig. 12B) the rotation of the
aminoethyl chain is hindered by the interaction and both
protons stay preferentially in the eclipsed conformation, with a
separation below 2.5 A, which might explain why the NOE is
only detected in the presence of the receptor.

The formation of amino acid complexes with L1-L4 was
also studied by means of isothermal titration calorimetry in
0.15 mol dm™ NaCl, at 298.1 K, to obtain the enthalpy
changes and derived entropic terms. Sample data are reported
in Table 5 for the formation of serotonin complexes with L1,
while the data for the entire set of complexation reactions are
shown in Table S5.7 Unfortunately, this type of study was not
possible with dopamine, due to oxidation processes associated
with this neurotransmitter. As can be seen in these tables,
complexation reactions are invariably endothermic and pro-
moted by favourable entropy changes. The enthalpy changes
result from a subtle combination of favourable and unfavour-
able contributions deriving from the formation of weak bonds

J» 89% anti

F 11% eclipsed

J’ 41% anti

+ 59% eclipsed

Fig. 12 Minimum energy conformers and distance between the seroto-
nin protons H4 and H10 throughout the 3 ns molecular dynamics
simulation.
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Table 5 Thermodynamic data for the formation of L1 complexes with
serotonin determined at 298.1 K in 0.15 mol dm~ NaCl

L1 + serotonin

AGe? AH°¢ TAS®?
Reaction” logk”  (Kmol™) (kI mol™) (kJ mol™)
HA + HL & HA(HL) 4.14(2)° -23.6(1)  20.9(4) 44.5(5)
H,A+HL S HbA(HL)  4.23(1) -24.14(6) 18.5(4) 42.6(5)
H,A+H,L 5 HAH,L) 4.60(2) -26.2(1)  16.0(4) 42.2(5)
HoA + H;L S HLA(H;L)  4.94(2) -28.2(1)  14.6(4) 42.8(5)
H,A+H,L S HAHL) 5.14(3) -29.3(2)  7.9(4) 37.2(6)

“Charges are omitted. ”Obtained by means of potentiometric
measurements. °Obtained by means of ITC. ¢ Obtained from AG° =
AHP — TAS°. °Values in parenthesis are standard deviations in the last
significant figure.

between the interacting partners (favourable) and desolvation
effects (unfavourable) associated with the interaction of
species with opposite charge,'®*° the latter evidently prevailing
over the former. Nevertheless, the favourable entropic contri-
bution caused by the release of solvent molecules occurring
upon charge neutralization is large enough to overcome the
loss of entropy due to the substrate-receptor association and
to overcompensate for the enthalpy loss, discussed above, due
to complex desolvation. All in all, these thermodynamic data
are strongly indicative of complexation reactions largely influ-
enced by solvation/desolvation processes which, despite being
characterized by large enthalpy and entropy contributions, are
subject to marked enthalpy-entropy compensation that ulti-
mately leads to complexes of moderate stability. In the case of
complexes of serotonin with L1 (Table 5), the favourable
entropy contributions appear to exceed the enthalpy loss more
than in any other case (Table S5t) giving rise to the prominent
affinity of L1 for serotonin discussed above. This extra entropy
contribution is probably due to a better preorganization of L1
and serotonin to interact with each other in a complexation
process that requires less loss of degrees of freedom.

Conclusions

In conclusion, the systems here presented provide means for
discriminating between different neurotransmitters (dopa-
mine, tyramine, and serotonin) through non-covalent inter-
actions with functionalized aza-scorpiand-like ligands, con-
taining phenolic moieties in the attached pendant arm.
Interaction of these neurotransmitters with receptors L1-L4
has been analysed by potentiometry, NMR and calorimetric
techniques and clearly differentiated behaviours have been
observed. The high affinity of L1 for serotonin has an entropic
nature and could be related to the presence of the ortho-
hydroxyl group in the pendant arm that allows the reciprocal
formation of non-covalent interactions between the receptor
and the substrate. NMR and molecular dynamic studies reveal
the rotation blockage in the neurotransmitter side chain once
it is complexed with the aza-scorpiand ligand.
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Experimental section

The syntheses of the ligands L1-L4 have been carried out fol-
lowing a general procedure described in the literature for the
preparation of analogous receptors, which consists of the reac-
tion of the polyamine 6-(2-aminoethyl)-3,6,9-triaza-1(2,6)-pyri-
dinacyclodecaphane (L5) with the corresponding carboxalde-
hyde in dry ethanol followed by in situ reaction with sodium
borohydride.'" Later, when a benzoylated carboxaldehyde was
used, a deprotection methodology was employed to remove the
benzyl group to give the L1-L3 products as hydrobromide salts
(Scheme 1).

Synthesis of L1-L3

6-(2-Aminoethyl)-3,6,9-triaza-1(2,6)-pyridinacyclodecaphane
(2.41 mmol) and the corresponding benzyloxybenzaldehyde
(2.41 mmol) were dissolved in 100 mL of dry ethanol and
stirred at room temperature for 2 h. Then, sodium borohydride
(24.1 mmol) was added, and the stirring was continued for
further 2 h. Then, the solution was vacuum evaporated and
extracted with CH,Cl,/H,0. The organic phase was dried and
dissolved in dry ethanol. The hydrochloride salt of the product
was precipitated by adding a concentrated hydrochloric acid
solution. This intermediate product and 42.64 mmol of phenol
were dissolved in 41.37 mL of 33% HBr/HAc. The mixture was
heated at 90 °C with stirring for 48 h. After cooling, the solu-
tion was vacuum evaporated and the product obtained was
treated with an excess of acetone. After leaving the solution to
stand for 3 h, a light brown color precipitate was obtained. The
excess solvent was removed and washed again with acetone
and dried to give the pure product as a hydrobromide salt.
6-[4-(2-Hydroxyphenyl-3-azabutyl)] 3,6,9 triaza-1(2-6)-pyridi-
nacyclodecaphane (L1-HCI). '"H NMR (D,0O, 300 MHz), 6y
(ppm): 7.91 (t, J = 7.81 Hz, 1H), 7.48-7.25 (m, 4H), 7.01-6.88
(m, 2H), 4.58 (s, 4H), 4.24 (s, 2H), 3.30-3.15 (m, 6H), 3.05-2.95
(m, 2H), 2.90-2.75 (m, 4H). *C NMR (D,O, 75.43 MHz), dc
(ppm): 185.90, 155.51, 144.06, 139.23, 136.16, 130.32, 130.22,
127.54, 127.43, 124.41, 77.62, 55.13, 45.93, 21.95. Anal. calcu-
lated for C,oH,oN5O-4HBr (674.94 g mol™): C, 35.56; H, 4.93;
N, 10.37. Found: C, 35.41; H, 4.85; N, 9.96.
6-[4-(3-Hydroxyphenyl-3-azabutyl)]-3,6,9-triaza-1-(2,6)-pyridi-
nacyclodecaphane tetrabromhydrate (L2-4HBr). "H NMR (D,0,
300 MHz), 8y (ppm): 7.95 (t,J = 7.93 Hz, 1 H), 7.32 (d, ] = 7.34

X A N
~ / | ~
N N HBr/AcOH N
NH NH NH
H EtOH/NaBH, K/NH PhOH N\)
NH, HN HN
OBn OH

Scheme 1 Synthetic route to L3.
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Hz, 2H), 7.12 (t, J = 7.30 Hz, 1H), 6.96-6.83 (m, 3H), 4.63 (s,
4H), 4.27 (s, 2H), 3.35-3.20 (m, 6H), 3.06-2.97 (m, 2H), 2.92 (t,
J = 2.9 Hz, 4H). "*C RMN (D,0, 75.43 MHz), 6 (ppm): 138.24,
136.91, 130.03, 124.85, 121.02, 115.03, 55.68, 54.81, 52.02,
45.85, 44.25. Anal. calculated for C,oH,oN;0-4HBr-2.5H,0
(719.96 g mol™): C 33.33; H 5.31; N 9.72. Found: C 33.30; H
4.67; N 9.39.

6-[4-(4-Hydroxyphenyl-3-azabutyl)]-3,6,9-triaza-1-(2,6)-pyridi-
nacyclodecaphane tetrabromhydrate (L3-4HBr). '"H NMR (D,0,
300 MHz), &; (ppm): 8.0 (t, ] = 7.91 Hz, 4 H), 7.49 (d, J = 7.38
Hz, 2H), 7.42 (d, J = 7.30 Hz, 2H), 6.99 (d, J = 6.88 Hz, 2H), 4.67
(s, 4H), 4.25 (s, 2H), 3.35-3.27 (m, 6H), 3.09 (t, J = 3.07 Hz,
2H), 2.95 (t, J = 2.85 Hz, 4H). "*C RMN (D,0, 75.43 MHz), &¢
(ppm): 138.16, 130.71, 121.35, 117.83, 53.68, 53.02, 51.70,
51.30, 45.10, 44.61. Anal. calculated for
C10HoN50-4HBr-2.5H,0 (719.96 g mol™): C 33.33; H 5.31; N
9.72. Found: C 33.51; H 3.92; N 9.50.

Synthesis of L4

6-(4-Phenyl-3-azabutyl)-3,6,9-triaza-1(2-6)-pyridinacyclodeca-
phane trichlorhydrate (L4-3HCI). 6-(2-Aminoethyl)-3,6,9-triaza-
1(2,6)-pyridinacyclodecaphane (0.60 g, 2.41 mmol) and benz-
aldehyde (0.26 g, 2.45 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 continued for further 2 h. Then, the solution was vacuum
evaporated and extracted with CH,Cl,/H,0. The organic phase
was evaporated to dryness and dissolved in dry ethanol. The
hydrochloride salt of the product was precipitated by adding a
concentrated hydrochloric acid solution. 'H NMR (DO,
300 MHz), 6y (ppm): 7.91 (t, J = 7,8 Hz, 1H), 7.51-7.32 (m
6H),4.58 (s, 4H), 4.24 (s, 2H), 3.32-3.14 (m, 6H), 3.09-2.95 (t,
2H), 2.90-2.80 (t, 4H). *C NMR (CDClj, 75.43 MHz), 5c (ppm):
149.26, 140.14, 130.26, 130.22, 129.72, 122.56, 51.90, 50.86,
49.83, 46.26, 42.72. Anal. calculated for C,oH,oN5-3HCI-2.5H,0
(492.2 g mol™): C, 48.76; H, 7.57; N, 14.22. Found: C, 49.07; H,
7.22; N, 14.15.

EMF measurements

Potentiometric titrations were carried out at 298.1 + 0.1 K
using 0.15 mol dm™ NaCl as the supporting electrolyte. The
experimental details (burette, potentiometer, cell, stirrer,
microcomputer, etc.) have been fully described elsewhere.”'
Acquisition of the emf data was performed with the computer
program PASAT.**?* The reference electrode used was a Ag/
AgCl electrode in saturated KCl solution. The glass electrode
was calibrated as a hydrogen-ion concentration probe by titra-
tion of previously standardized amounts of HCI 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 (pkK,, = 13.73(1)).

The computer program HYPERQUAD was used to calculate
the protonation and stability constants.”® The pH range inves-
tigated was 2.5-11.0 and the concentration of the neurotrans-
mitters and the ligands ranged from 1 x 107 to 5 x 10> mol
dm™ with an A:L molar ratio of 1:1. The different titration
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curves for each system (at least two) were treated either as a
single set or as separate 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

Different "H and "*C NMR spectra were recorded using Bruker
Avance 300, Bruker AV-400 and Bruker Neo500 spectrometers.
The chemical shifts are given in parts per million referenced
to the solvent signal and were referenced with 3-(trimethylsilyl)
propionic-2,2,3,3-d* acid sodium salt. 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.°

"H and "*C chemical shifts for L1 were fitted using a least-
squares algorithm (GEMS)'® which implements cluster expan-
sion techniques® and symmetry simplification.”® In a similar
manner, the aforementioned algorithm has also been tuned
for the fitting of spectroscopic data.

Spectrophotometric and spectrofluorimetric titrations

Absorption spectra were recorded using a Shimadzu UV-2501
PC spectrophotometer. Fluorescence spectra were obtained
with a PTI MO-5020 spectrofluorimeter. The emission spectra
were measured from 300 to 500 nm at an excitation wavelength
of 260 nm, corresponding to the maximum of the excitation
intensity. HCl and NaOH were used to adjust the pH values
that were measured with a Metrohm 713 pH meter in both
cases.

Molecular dynamics studies

Molecular dynamics simulations were carried out using Amber
2019 and GAFF potentials at 300 K.?° The process comprised a
heating stage, until a final temperature of 300 K is reached,
after which the simulation was done. A 3 ns molecular
dynamics simulation was performed. Five minimum energy
conformers were extracted from the trajectories and mini-
mized. No restraint at all was used in these studies. Files with
trajectories in the AMBER format and GAFF potentials at
300 K are available on request.

Isothermal titration calorimetry (ITC)

Reaction enthalpies (ligand, neurotransmitter protonation
enthalpies and complexation enthalpies) were determined in a
0.15 mol dm™* NaCl solution using a TAM III (TA Instrument)
microcalorimeter equipped with a precision Lund syringe
pump coupled with a 0.500 cm?® gas-tight Hamilton syringe
according to a procedure already described.>® At least two titra-
tions were performed for each system. Corrections for the
heats of dilution were applied. The computer program HypCal
(updated version of HypAH)*' was used to calculate reaction
enthalpies from calorimetric data. This program allows either
simultaneous calculation of reaction enthalpies and related
equilibrium constants or calculation of reaction enthalpies
only using independently determined equilibrium constants.

This journal is © The Royal Society of Chemistry 2023
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We adopted the second procedure: equilibrium constants were
fixed at the values determined by potentiometric titrations
while reaction enthalpies were refined. Entropic contributions
were calculated from determined equilibrium constants and
enthalpy changes according to the equation -RTInK = AH°® —
TAS°.
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