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Macrocyclic ligand L, in which a 2,6-bis(2-benzoxazolyl)phenol (bis-HBO) group is incorporated in tri-
ethylenetetramine, was designed and synthesized with the aim of creating a chemosensor with high
selectivity and specificity for metal cations in an agueous environment. The availability of several proton
acceptors and donors, and amine and phenol hydroxy groups, respectively, affects the keto—enol equili-
brium in both the ground and excited states, and the ligand properties show dependence on the pH of
the solution. L is fluorescent in the visible range, through an excited-state intramolecular proton transfer
(ESIPT) mechanism. The results of an exhaustive characterization of L by spectroscopic techniques and
DFT calculations, as well as of its Zn(i), Cd(n) and Pb(i) complexes, show promising properties of L as a
ratiometric metal cation chemosensor, since metal coordination prevents the ESIPT and gives rise to a
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Introduction

One of the most active research fields in host-guest chemistry
is the synthesis of molecular systems suitable for the reco-
gnition, sequestration and/or activation of metal cations,
anions or molecules of biological interest." Among the
systems useful for this purpose, chemosensors based on poly-
azamacrocycles are of particular relevance.”® These molecules
contain a macrocyclic polyamine capable of binding an analyte
and a fluorophore acting as the signaling unit, which could be
linked to the macrocyclic scaffold as a side arm or integrated
into the macrocyclic structure; the interaction of the analyte
with the receptor leads to a change in the emission properties
of the fluorophore (namely, signal transduction) constituting
the output response of the system.” In the design of fluo-
rescence sensors, particular attention must be devoted to the
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comprehension of the signal transduction mechanism, which
is regulated by specific physical-chemical processes occurring
when a ligand interacts with an analyte. The most common
mechanisms include photoinduced electron transfer (PET),
photoinduced charge transfer (PCT), twisted intramolecular
charge transfer (TICT), photoinduced energy transfer (PeT)
and excited-state intramolecular proton transfer (ESIPT). The
latter (Fig. 1 left) consists of a four-level photochemical
process in which a fluorophore undergoes a photoinduced
keto-enol tautomerization equilibrium in the excited state,
giving rise to a high Stokes shift.*° Molecules suitable for this
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Fig. 1 Left: the schematic of the ESIPT and the RPT processes in 2-(2-
hydroxyphenyl)benzimidazole (HBI), 2-(2-hydroxyphenyl)benzoxazole
(HBO) and 2-(2-hydroxyphenyl)benzothiazole (HBT).® Right: the struc-
ture of the ligand L, containing the bis-HBO fluorophore.
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process generally undergo intramolecular hydrogen bond
interaction between a H-bond donor, such as -OH or -NH-,
and an unsaturated H-bond acceptor, such as C=N- or C=O0.
The most common ESIPT fluorophores are based on systems
containing a phenol group as the H-bond donor and an
N-heterocycle as the H-bond acceptor, such as 2-(2-hydroxy-
phenyl)benzimidazole (HBI), 2-(2-hydroxyphenyl)benzoxazole
(HBO) and 2-(2-hydroxyphenyl)benzothiazole (HBT) (Fig. 1). In
the ground state, these fluorophores are stable in the enol
form (E), but upon photoexcitation (E*), a redistribution of the
electronic density takes place, resulting in higher acidity of the
hydrogen bond donor group and increased basicity of the
hydrogen bond acceptor. This determines in turn the transfer
of the acidic proton from the H-bond donor to the acceptor,
giving rise to the keto-tautomer which is the most stable form
in the first excited state (K*). In case the excited keto-form
decays radiatively, fluorescence emission is detected. The
emission wavelength is strongly red-shifted with respect to the
excitation one, since in the ground state, the enol form is
more stable than the keto form, while in the excited state, the
stability of the two tautomers is reversed, resulting in a higher
absorption energy gap between E and E* than the emission
energy gap between K* and K. After the emission, in the
ground state, the keto form K converts into the enol tautomer
E through a thermic reverse proton transfer (RPT) process
(Fig. 1, left).®

Several receptors employing the ESIPT paradigm have been
synthesized, by linking a suitable ESIPT fluorophore to a
receptor unit. In this paper we describe a preliminary study on
a new receptor based on the ESIPT fluorophore 2,6-bis(2-ben-
zoxazolyl)phenol (bis-HBO) incorporated into a polyamine
macrocycle (L, Fig. 1, right). The photochemical behavior of L
in aqueous solution, in both ground and excited states, was
investigated by several spectroscopic techniques and by DFT
calculations. The advantage of macrocyclic ligands is in fact
the combination of high selectivity and specificity for metal
cations, making them suitable for sensing in aqueous
solution.

Synthesis of ligand L

The synthesis of L is reported in Scheme 1. The macrocyclic
structure of L contains a bis-HBO fluorophore in which the
two benzoxazole groups are connected by a triethyl-
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Scheme 1 Synthetic pathway to obtain L.
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enetetramine chain through two methylene spacers; L was syn-
thesized using the Richman-Atkins annulation'® of 2,6-bis(4-
bromomethylbenzoxazol-2-yl)anisole (6) with 1,4,7,10-tetrakis
(4-toluensulfonyl)-1,4,7,10-tetraazadecane (7)"" followed by the
removal of the methyl group of anisole and the four sulfonyl
groups on the amines by treatment with HBr in acetic acid in
the presence of phenol as a scavenger. The ligand was purified
as a tetraperchlorate salt (L-4HClO,) by re-crystallization from
a hot ethanol/70% aqueous perchloric acid mixture. The key
intermediate 6 was synthesized by radical bromination with
NBS of the dimethyl-analogue 2,6-bis(4-methylbenzoxazol-2-yl)
anisole (5), which was obtained in turn by condensation of
2-methoxyisophthalic acid (2) with two equivalents of 2-amino-
3-methylphenol (3) in polyphosphoric acid (PPA) at 160 °C.
This reaction led to the de-methylation of the phenol group
(4); thus, a further methylation step was necessary to obtain
the protected fluorophore (5). 2 has been synthesized by the
oxidation of 2,6-dimethylanisole (1) with potassium permanga-
nate in an alkaline aqueous suspension.

Solution studies
Acid-base properties

L contains four secondary amines and a phenol group; thus it
can in principle behave as a tetraprotic base and a monoprotic
acid in aqueous solution, giving rise to six possible protona-
tion forms ranging from the fully protonated H,L*" to the
deprotonated H_;L~ species. The acid-base behavior of the
ligand was studied using absorption and emission spectropho-
tometry and NMR spectroscopy.

Spectrophotometric titrations

UV-Vis absorption and fluorescence electronic spectra of L
were acquired in aqueous solution at different pH values
(Fig. 2), in order to obtain information about the photo-
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Fig. 2 UV-Vis absorption spectra of L registered in aqueous solution in
the pH range 2.0-12.0, at 298 K. Experimental conditions: [L] = 1.0 X
107 mol dm~2 and pH adjusted by adding HCl or NaOH aqueous solu-
tions. The intensity increase at 405 nm as a function of pH is shown in
the inset.
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physical properties of the ligand in solution. At pH values
below 2.0, the absorption spectrum exhibits two main bands
at 293 nm (¢ = 23700 cm™' mol™ dm?®) and 342 nm (e =
16 600 cm™" mol~* dm?). Upon increasing the pH, by adding a
little amount of NaOH solution, these two bands decrease in
intensity and totally disappear at pH = 12, while starting from
pPH = 6, a new absorption band at 405 nm appears, which
reaches its maximum intensity at pH = 12 (¢ = 8700 cm ™"
mol ™" dm®); along the titration, a well-defined isosbestic point
at 367 nm is observed (Fig. 2). The two absorption bands at
293 and 342 nm were attributed to the n* < n and n* < n tran-
sitions of the protonated forms of the fluorophore, i.e., L and
HL*, while the band at 405 nm was attributed to the n* « n
transition of the corresponding deprotonated form, i.e., H_;L~
(vide infra).

The absorption trend at 405 nm as a function of pH (inset
of Fig. 2) shows that since its appearance at pH = 6.0, this
band steeply grows up to pH = 8.5, and then a decrease in the
slope occurs, followed by a further increase in the absorption
intensity up to alkaline pH values. This trend indicates that
moving from pH 6 to alkaline pH values, two consecutive
deprotonation steps involving the fluorophore occur, presum-
ably from HL' to H_,L" (vide infra).

To investigate this behavior more in depth, pH-dependent
fluorescence spectra were acquired by exciting at 405 nm,
342 nm and 367 nm, ie., corresponding to the deprotonated
and protonated forms of the fluorophore and the isosbestic
point of the pH-metric titration, respectively (Fig. 3). In alka-
line solution (pH = 12.0), when the fluorophore is deproto-
nated, by exciting at 405 nm, a single emission band at
476 nm is detected (Stokes shift = 3683 cm™', @ = 0.23)

Wavelength (nm)

Fig. 3 Emission spectra of L at different pH values obtained by exciting
at 342 nm (A), 367 nm (B) and 405 nm (C). (D) Trend of the observed
emission maximum wavelength of L as a function of pH by exciting at
the isosbestic point (367 nm).
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(Fig. 3C), which is attributed to the radiative decay of the
deprotonated H ;L™ species. In acidic solution (pH = 2.0),
when the fluorophore is in the fully protonated form, upon
excitation at 342 nm two emission bands appear at 380 nm
(Stokes shift = 2924 cm™, @ = 0.05) and 507 nm (Stokes shift =
9516 cm ™', @ = 0.28) (Fig. 3A), with the second band being six
times more intense than the first one. This double-band emis-
sion suggests that under these conditions the ligand under-
goes an ESIPT process: signals at 380 nm and 507 nm can be
indeed attributed to the radiative relaxation of the enol form
and the keto form of the fluorophore, respectively. The high
intensity of the keto-form emission band means that the
ESIPT process is fast and occurs when the fluorophore is in
the protonated phenolic form. Upon increasing the pH and
keeping the excitation wavelength constant, both bands
decrease in emission intensity due to the drop in absorptivity
in the UV-Vis spectrum, and the band at 380 nm disappears at
pH = 6. Going towards alkaline pH values, the band of the keto
form at 507 nm shifts towards higher energy, reaching 476 nm
at pH = 12, corresponding to the emission of the anionic H_,L~
form (Fig. 3A).

This apparent shift of the maximum of the emission band
is the result of the simultaneous and gradual decrease in the
intensity of the keto-band and the increase in the deprotona-
tion band, partially superimposed and occurring at the same
time. The excitation at the isosbestic point (i = 367 nm,
Fig. 3B) allows one to appreciate the transition between the
keto emission band at 507 nm, related to the species L or HL",
and the deprotonation emission band at 476 nm, related to
H_,L". Fig. 3D shows the trend of the maximum emission
wavelength of the fluorophore as a function of pH and shows
that the deprotonation of the phenolic group takes place at pH
=9. The deconvolution of the emission spectrum at pH = 9 col-
lected by excitation at the isosbestic point confirms that the
apparent continuous transition from 507 nm to 476 nm of the
emission band is in fact attributable to the superimposition of
the band at 507 nm, which decreases in intensity, and that at
476 nm increases in intensity (Fig. S17).

NMR studies

The proton distribution in the acid-base species of the ligand
was assessed by combining the absorption and fluorescence
spectroscopy results with NMR data. In detail, "H-NMR spectra
at different pH values were acquired in D,O/acetonitrile-dg
40/60 v/v, in the same pH range of the spectroscopic measure-
ments (Fig. S21). The experiments were not conducted in pure
D,O due to the low solubility of the ligand at pH > 8 at the
NMR sample concentrations. The initial pH was adjusted to
11.6 directly in the NMR tube, by adding a KOD solution in
D,0, and successively the pH was decreased step-by step by
adding dropwise a DCI solution in D,O. Due to the presence of
acetonitrile, the pH values were corrected as described in the
literature, by subtracting the constant 0.9.' 2D standard corre-
lation experiments were performed to assign all signals. At pH
= 11.6, the "H-NMR spectrum shows three aliphatic and five
aromatic resonances: a multiplet at § = 2.80 ppm, integrating

This journal is © The Royal Society of Chemistry 2023
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eight protons (8H) attributed to the resonances of H1 and H2
(H1 + H2, m, 8H); a triplet at 2.87 ppm (H3, t, J = 5.5 Hz, 4H);
a singlet at 4.06 ppm (H4, s, 4H); a triplet at 6.91 ppm (H9, t,
J = 8.0 Hz, 1H); a doublet at 7.28 (H5, d, J = 7.7 Hz, 2H); a triplet
at 7.36 ppm (H6, t, J = 7.8 Hz, 2H); a doublet at 7.57 ppm (H7,
d, J = 8.0 Hz, 2H); and a doublet at 8.13 ppm (HS, d, /= 7.8 Hz,
2H). The "*C-NMR spectrum exhibits a total of fifteen signals
(see the Experimental section): eleven for the aromatic and
four for the aliphatic resonances, suggesting, together with the
'H spectrum, the presence of a C,, symmetry for the ligand in
solution, mediated on the NMR time scale due to the flexibility
of the aliphatic chain at room temperature. The trend of the
"H-NMR signals as a function of pH is shown in Fig. 4A, while
the values of the chemical shift for all protons as a function of
pH are reported in Table S1.f

Starting from pH = 11.6, where the presence of the deproto-
nated H L~ species can be hypothesized (see the
Spectrophotometric titrations section), and going towards
acidic pH values, a general down-field shift of all the aromatic
signals and of the two aliphatic H4 and H3 protons occurs,
until pH = 9.3. This shift is particularly evident for the signals
of the H8 and H9 atoms of the phenolate ring. This result indi-
cates that the first protonation step to give the neutral L
species mainly involves the phenolate oxygen atom and that
the OH proton is strongly shared with the benzylic amines. In
the pH range 9.3-7.0, all signals continue to shift downfield
with the main aliphatic shift observed for H2, H3 and H4,
suggesting that the second protonation step mainly involves
one of the non-benzylic amines, to give the HL" species. Upon
lowering the pH up to 5.6, no significant changes were
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Fig. 4 (A) Trend of the *H-NMR signals of L as a function of pH. Proton
labels are shown in the structure on the right. (B) Proposed disposition
of acidic protons in the species from H_;L™ to HsL3*.
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noticed, indicating the prevalence in the 7.0-5.7 pH range of
the HL' species. A further lowering of the pH from 5.7 to 2.7
induces a downfield shift of the signals of benzylic H4, ali-
phatic H2 and H3 and aromatic H5 protons, the latter being in
the ortho-position to the macrocyclic structure, suggesting that
a third protonation step occurs mainly involving a benzyl
amine to form the H,L*>* species. The last protonation step of
the polyamine chain to give the H;L*" species is detectable
only at strongly acidic pH (<2.7), as indicated by the marked
down-field displacement of the three aliphatic H1, H2 and H3
signals. Therefore, by combining the UV-Vis and NMR studies,
it is possible to conclude that under the experimental con-
ditions used, the ligand exists as the tri-protonated species
H;L*" in strong acidic media and in the deprotonated H_;L~
form at pH > 9.3. Under neutral conditions, a mixture of the
monoprotonated HL" and neutral L species is present in solu-
tion. Fig. 4B presents the proposed proton distribution in the
L species as a function of pH.

DFT calculations

DFT calculations have been carried out on the species H_;L",
L and HL', with the aim of explaining the observed absorption
and emission behavior of the ligand in aqueous solution as a
function of pH. The structures and the corresponding relative
energy values of the most stable conformations, showing the
disposition of acidic protons in the species envisaged by spec-
troscopic investigations, are reported in Fig. S3.f The three
aromatic rings of the macrocyclic ligand adopt an almost
coplanar conformation in the most stable species of the
anionic, neutral and cationic ligands. The most stable species
of the neutral and cationic ligands show a non-deprotonated
phenol group, in agreement with the NMR and UV-Vis absorp-
tion data. The absorption spectra calculated for the most
stable isomers of each protonated form (Fig. S4t), although
being red-shifted by about 50 nm compared to the corres-
ponding experimental spectra, allowed one to clearly indicate
that at higher pH the existing species is indeed the enolate
H_;L™ species. On the other hand, the calculated spectra of L
and HL' can be essentially superimposed.

To support the interpretation of the "H-NMR experiments,
the chemical shift values of the benzylic and aromatic protons
(H4 and H9 in Fig. 4, respectively) have been calculated for the
three H_,L~, L and HL" species (Fig. 5). The four values of the
H4 protons have been averaged and reported in Table 1 and,
together with those of H9, they are in good agreement with the
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3, 89 454 606 ,ta 372 aa J""‘ ,é“ o™
2 25\5(& § /3 72 5.54 fﬁq{

/“f* ,o-\f\,\ f{\ﬂfﬁﬁo}.\’\-r
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Fig. 5 Chemical shift values for the benzylic protons (H4) and for the
protons in the para position to the hydroxy phenol group (H9), obtained
by DFT calculations for the most stable isomers of the H_;L~, L and HL*
species.
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Table 1 Average of the four values of the chemical shift (in ppm) for
the benzylic hydrogens H4 and for H9, obtained by DFT calculations,
and comparison with the corresponding experimental values

H4 H9
Calculated
Species (average) Experimental  Calculated Experimental
H,L™  4.00 4.06 (pH = 6.23 6.91 (pH =
11.6) 11.6)
L 4.64 4.38 (pH = 7.28 7.35 (pH =
7.2) 7.0)
HL' 4.61 4.62 (pH = 7.33 7.39 (pH =
5.6) 5.7)

corresponding experimental data, confirming the reliability of
the calculated structures.

The presence of the ESIPT mechanism in the excited state
is also confirmed by the DFT calculation on the protonated
form of the ligand, HL'. In fact, for this species, while in the
ground state, the enol form is more stable than the keto one
by 23.5 k] mol™"; in the single electron excited state, the keto
form is more stable than the enol one by 12.6 k] mol™" (Fig. 6).
As for the neutral ligand L, the excited state of the keto form is
still less stable than that of the corresponding enol form.

Altogether, spectroscopic and theoretical studies confirm
the occurrence of an ESIPT mechanism regulating the emis-
sion of the species in which the fluorophore is in the proto-
nated phenolic form HL', whose formation starts at pH < 9.3.

The photochemical behavior of the ligand is outlined in
Fig. 7: when the phenolic proton is present (L and HL'
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Fig. 6 Excited-state structures and relative energies of the most stable
enol forms of H_;L™, L and HL" (left) and of their keto tautomers (right),
obtained by TD-DFT calculations. For L and HL* species, the reported
energy values are relative to the enolic ground state on the left.
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Fig. 7 Schematic of the photophysical processes occurring in the
excited states of HL*, L and H_;L™ (E = enol form, K = keto form, D =
deprotonated form, and * indicates the corresponding first singlet
excited state).

species), the ligand may undergo a keto-enol tautomerism, in
which in the ground state the enol form is the most stable.
However, only in the excited state of HL', the keto form (K*,
44.8 k] mol™), responsible for the characteristic ESIPT-
mediated four-level double emission, is more stable than the
corresponding enol form (E*, 57.4 k] mol™"). Such stabilization
of the keto form in the excited state is not observed for the
neutral species L (K*, 98.8 k] mol™" vs. E*, 68.5 k] mol™"), so
the emission of the enol form is observed. Moreover, when the
fluorophore is deprotonated (H_,L” species), such tautomerism
cannot occur and the system acts as a normal two-level
emitter, with the emission of the deprotonated form being
observed.

Metal coordination
Spectrophotometric titrations

Ligand-metal ion interaction studies were conducted through
spectrophotometric and spectrofluorimetric titrations, by
adding Zn(u), Cd(u) and Pb(u) ions as perchlorate salts to an
aqueous solution of the ligand, buffered at pH = 7.0 using
0.001 mol dm™ Tris-HCI (Fig. 8). The aim of the experiments
was to evaluate the photophysical changes of the ligand upon
interaction with closed-shell metal ions, such as d'° Zn(u) and
Cd(u), with different sizes, and with a heavy metal ion such as
Pb(u), which possesses slight reducing properties. The employ-
ment of these metal ions allows for any change to be attribu-
ted only to the involvement of the donor atoms of L in the
bonds with the metal ions, without paramagnetic interactions
and/or ML/LM charge transfer contributions. Under these con-
ditions, the neutral L and protonated HL" species prevail in
solution. The addition of the metal ions caused a decrease in
the absorption band at 342 nm, attributed to the ligand enol
form, and the growth of the band at 405 nm, attributed to the
deprotonated form of the fluorophore, suggesting the involve-
ment of the phenolic OH group in the coordination, whose
acidity is increased by the interaction with the metal ion. The

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 UV-Vis absorption (left column) and emission (right column)
titrations of L with Zn(n) (A), Cd(i) (B) and Pb(i) (C), added as perchlorate
salts, registered in aqueous solution at pH = 7.0 (Tris-HCL 1.0 x 10~ mol
dm~3) at 298 K. [L] = 1.0 x 107> mol dm~3; excitation at the isosbestic
points 367 nm (A), 369 nm (B) and 366 nm (C).

addition of Zn(u) ions caused a linear increase in the absor-
bance of the band at 405 nm up to two equivalents, and then a
plateau is reached, suggesting the formation of the species
with a 1:2 L to Zn(n) ratio (Fig. 8A, left), as observed for an
analogous ligand lacking the OH group recently reported by
our research group."?

The addition of Cd(i) and Pb(u) ions caused an increase in
the absorbance of the deprotonation band only up to one equi-
valent, suggesting the formation of mononuclear complexes
(Fig. 8B and C left). These trends are confirmed by the fluo-
rescence titrations performed by adding the metal ions to a
buffered solution of L at pH = 7.0, and exciting at the isosbes-
tic points (4ex = 367 nm, 369 nm and 366 nm for Zn(u), Cd(u)
and Pb(u), respectively). Under these conditions, the spectrum
of L shows an intense emission band at 507 nm, attributed to
the ESIPT band of the fluorophore (see above), which
decreases upon the addition of all three metal ions tested due
to the deprotonation of the OH group involved in the metal
coordination, which finally prevents the ESIPT. Together with
the decrease in the emission band at 507 nm, the addition of
Zn(u) caused the growth of a fluorescence band at 463 nm, sig-
nificantly blue shifted with respect to the deprotonation band
of the free anionic ligand (476 nm), whose emission increases
up to two equivalents of Zn(u) and then remains constant
(Fig. 8A right). Similarly, the addition of Cd(u) up to 1 equi-
valent caused a decrease in the keto band and the appearance
of a band at 462 nm (Fig. 8B right), while the addition of Pb(u)
caused only the quenching of the band at 507 nm without the
appearance of any deprotonation band (Fig. 8C right). In both
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cases, Cd(u) and Pb(u) ions induce no variation in the emission
spectrum after the addition of 1 equivalent of metal ions. Job
plot experiments performed to monitor the intensity of emis-
sion at 463 nm for Zn(u), 462 nm for Cd(u) and 507 nm in the
case of Pb(u) clearly indicate the formation of a dinuclear
Zn(u) complex and mononuclear Cd(u) and Pb(u) complexes
(Fig. S5t). These results confirm the stoichiometry already
suggested by the UV-Vis studies. The Pb(u) complex is not fluo-
rescent, probably due to the reducing nature of Pb(u) which
can quench the emission of the fluorophore by the metal-to-
ligand PET mechanism. In the case of Zn(u) and Cd(u) ions,
the ligand acts as a ratiometric sensor, since the metal ion can
be quantified considering the ratio of the emission intensity at
463 for Zn(u) or 462 nm for Cd(u) to the emission at 507 nm.
Finally, the interaction of L with the metal ions can be eval-
uated with the naked eye by lighting up an aqueous solution
of L at pH = 7 with a UV lamp at 365 nm. Under these con-
ditions, the free L appears green. Due to the ratiometric nature
of the ESIPT signal, the presence of Zn(u) and Cd(u) ions
brings a clear change in color from green to blue, while Pb(u)
basically quenches the fluorescence emission (Fig. S61).

DFT calculations

The number of donor atoms of the ligand is not sufficient to
saturate the coordination requirements of two Zn(i) cations in
the dinuclear species. Thus, additional information about the
possible structures of the complexes in aqueous solution was
obtained by DFT calculations. Since all experiments were con-
ducted in 0.15 mol dm™ KCI aqueous solution, the Zn(u) ions
could presumably complete their coordination sphere with
chloride anions and/or water molecules. DFT calculations on
the hypothesized species [Zn,(H_;L)]**, [Zn,(H_,L)CI]*,
[Zn,(H_;L)CL,]" and [Zn,(H_,L)(H,O)Cl,]" have been carried
out (Fig. 9) for both the ground and first singlet excited states,
to obtain also an estimate of their absorption spectra and the
first emission band. The calculated UV-Visible spectra

e, N
Ve 2000 ISR Al
Van '

[ZnH. L]+
ES1: 14.6 kdJ/mol
Emission A: 448 nm

[Zn.H.4LCI> ~
ES1: 14.1 kJ/mol
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I 2 0 SRS "o aeTax o N
RGP SR P
[an|'|-1Lc|z]+ - [anH.| Lclzson)]’
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Fig. 9 Structure of the considered dinuclear zinc(i) complexes of
H_4L", also including Cl™ and H;O, as indicated, obtained by DFT calcu-
lations. The relative energy of the corresponding excited state structure
and the wavelength of the first emission transition are also shown.
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(Fig. S71) of the three models, presenting one or two chloride
anions, are in good agreement with the experimental spectrum
of the zinc complex, whose maximum absorption is at 405 nm
(Fig. 8A). Taking into account the experimental emission wave-
length (463 nm), the probable candidate structure is the
[Zny(H_;L)Cl,]" species (calculated emission wavelength:
462 nm), in which one chloride bridges the two Zn(u)
centers and the other is coordinated to one metal cation
(Fig. 9). Interestingly, a similar arrangement was found in the
dinuclear nickel(n) complex of a polyamino phenolic
macrocycle.'*

Experimental
Synthesis

All chemicals were purchased from Aldrich, Fluka and
Lancaster in the highest quality commercially available.
1,4,7,10-tetrakis(4-methylbenzensulfonyl)-1,4,7,10-tetraazade-
cane (7) was prepared as reported."”

2-Methoxyisophthalic acid (2). A mixture of 2,6-dimethyl-
anisole (1) (15.5 g, 114 mmol), KMnO, (50 g, 316 mmol), and
NaOH (6.20 g, 155 mmol) in water (1 dm?®) was heated at 60 °C
for 5 h. Additional KMnO, (50 g, 316 mmol) was added in
several portions and refluxed for 1 h. The mixture was cooled
down to room temperature (RT) and then filtered on a thin
layer of Celite. The filtrate was acidified with concentrated
HCI, and the resulting white precipitate was collected by fil-
tration. The product was dried under reduced pressure to
afford 15.3 g of white solid (y = 68%). "H NMR (400 MHz,
CDCl;, 25 °C) 6 = 3.64 (s, 3H), 6.98 (t,J = 7.6 Hz, 1H), 7.19 (d, J
=7.6 Hz, 2H) ppm.

2,6-Bis(4-methyl-2-oxazolyl)phenol (4). 2-Amino-3-methyl-
phenol (3) (18.4 g, 150 mmol) and 2 (14.7 g, 75 mmol) were
suspended in polyphosphoric acid (PPA, 120.0 g) and heated
overnight at 160 °C. The reaction mixture was cooled down to
RT and poured into 3 dm? of water at 0 °C. After neutralization
with Na,COj;, the mixture was filtered, and the residue was
washed with methanol and dried under reduced pressure
obtaining the product as a grey solid (y = 19.1 g, 72%). 'H
NMR (400 MHz, CDCl;, 25 °C) 6 = 2.70 (s, 6H), 7.16-7.23 (m,
3H), 7.31 (t,J = 7.7 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H), 8.30 (d,J =
7.8 Hz, 2H), 13.02 (s, 1H) ppm.

2,6-Bis(4-methyl-2-oxazolyl)anisole (5). Under a nitrogen
atmosphere, 4 (8.0 g, 22 mmol) was dissolved in 300 cm?® of
acetone, and then 5.8 g (42 mmol) of K,CO; were added. The
mixture was heated at 50 °C, and then CH;lI (8.8 g, 62 mmol)
was added portion wise. The reaction was refluxed overnight,
then cooled down to RT and concentrated under reduced
pressure. The residue was dissolved in CH,Cl, and washed
with saturated aqueous NaHCO; and brine, dried over Na,SOy,,
filtered and concentrated under reduced pressure to obtain 5
in a 93% yield (7.5 g, 19 mmol). "H NMR (400 MHz, CDCl;,
25 °C) § = 2.72 (s, 6H), 4.03 (s, 3H), 7.20 (dt, J = 7.6, 0.8 Hz,
2H), 7.30 (t, J = 7.8 Hz, 2H), 7.43 (t, ] = 7.7 Hz, 1H), 7.47 (d, ] =
7.8 Hz, 2H), 8.35 (d, J = 7.8 Hz, 2H) ppm.
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2,6-Bis(4-bromomethyl-2-oxazolyl)anisole (6). A solution of 5
(2.4 g, 6.0 mmol), N-bromosuccinimide (NBS, 1.25 g,
7.0 mmol) and 2,2'-azobis(2-methylpropionitrile) (AIBN, 0.2 g,
1.20 mmol) in 50 cm?® of CCl, was refluxed for 24 h, under a
nitrogen atmosphere, until the starting material was con-
sumed and then cooled down to RT. The white precipitate was
filtered off, and the filtrate was concentrated under vacuum.
The crude residue was crystalized with MeOH giving pure 6
(1.7 g) as a pink solid (y = 53%). "H NMR (400 MHz, CDCl;,
25 °C) 6 = 4.13 (s, 3H), 4.99 (s, 4H), 7.39 (t,J = 7.8 Hz, 2H), 7.46
(dd, J = 7.6, 1.0 Hz, 2H), 7.47 (t, J = 7.8 Hz, 1H), 7.60 (dd, J =
8.1, 1.0 Hz, 2H), 8.41 (d, J = 7.6 Hz, 2H) ppm.

34-Methoxy-11,14,17,20-tetratosylhexacyclo[28.3.1.12,5.126,29.09,
4.022,27}-35,36-dioxa-3,11,14,17,20,28-hexaaza-2,4,6,8,22,24,26,28,
30,32,1(34)-tetratricontaendecaene (8). Over a period of 6 h, a
solution of 6 (1.5 g, 3.0 mmol) in 100 cm® of anhydrous DMF
was added to a suspension of 7 (2.3 g, 3.0 mmol) and K,CO;
(4.0 g, 30 mmol) in 200 cm?® of anhydrous DMF, at 90 °C under
nitrogen. The reaction mixture was maintained at 90 °C for
further 12 h. Subsequently, the mixture was cooled down to RT
and then concentrated under reduced pressure to one-third of
the initial volume. Then, it was poured under stirring into cold
water (1 dm®). The resulting white precipitate (1.7 g) was fil-
tered off, washed with cold water, dried under vacuum and
used in the next step without further purification (y = 50%).
'H NMR (400 MHz, CDCl,, 25 °C) § = 2.22 (s, 6H), 2.30 (s, 6H),
3.35-3.44 (m, 8H), 3.87-3.95 (m, 4H), 3.97 (s, 3H), 4.83 (s, 4H),
6.97 (d, J = 8.1 Hz, 4H), 7.01 (d, J = 8.1 Hz, 4H), 7.37-7.43 (m,
9H), 7.46 (t, ] = 7.8 Hz, 2H), 7.52-7.60 (m, 4H), 8.32 (d,J = 7.8
Hz, 2H).

Hexacyclo[28.3.1.12,5.126,29.09,4.022,27]-35,36-dioxa-3,11,14,17,
20,28-hexaaza-2,4,6,8,22,24,26,28,30,32,1(34)-tetratricontaen-
decaen-34-ol tetraperchlorate (L-4HClO,). The protected
macrocycle (8, 1.70 g, 1.5 mmol) was stirred overnight, under a
nitrogen atmosphere, in 15 cm® of HBr/HCOOH and phenol
(2.5 g, 27.0 mmol) at 90 °C. A brown precipitate gradually
appeared. After 24 h, the reaction was stopped and cooled
down to RT and filtered. The brown solid was dissolved in
2 cm?® mixture of ethanol/water (99/1), and by adding to this
solution two drops of 10% HCIO, ethanolic solution, 0.87 g of
pure L-4HCIO, were obtained (y = 64%). "H NMR (400 MHz,
D,0, 25 °C) 6 = 3.21 (s, 4H), 3.39 (s, 8H), 4.63 (s, 4H), 7.21 (t, ]
= 8.1 Hz, 1H), 7.34-7.43 (m, 4H), 7.66 (dd, J = 7.3, 1.5 Hz, 2H),
8.21 (d, J = 7.8 Hz, 2H) ppm. *C NMR (100 MHz, D,0, 25 °C) §
=46.3, 49.7, 50.2, 51.5, 108.9, 112.6, 122.3, 123.6, 125.6, 129.2,
138.1, 143.2, 149.8, 153.2, 162.7 ppm. Anal. for
C,gH3,CLNgO; 4 (900.4): caled C 37.35, H 3.81, N 9.33; found C
37.2,H 3.8, N 9.4.

Computational details

The geometries of the ligand (L) and of its anion (H,L™) and
protonated cation (HL') were fully optimized by DFT calcu-
lations, by using the M06-L functional® and the 6-31G(d,
p)'®"” basis set. Vibrational frequency calculations, within the
harmonic approximation, were performed to confirm that the
optimized geometries represented a minimum in the potential
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energy surface and also to calculate the relative standard Gibbs
free energy. The implicit water solvent effects were evaluated
by using the “conductor-like polarized continuum model”
(CPCM)."™® Time-dependent (TD) DFT calculations™®*° were
performed on the most stable isomers found for H L™, L and
HL', with the aim of calculating the UV-Vis absorption spectra
and also to obtain the optimized structure of their first singlet
excited state. The latter was also exploited to estimate their
lowest-energy electronic transition. '"H NMR chemical shift
values of the selected hydrogen atoms, in water solution, have
been calculated by using the GIAO method,*" by subtracting
the isotropic shift of each hydrogen atom from the isotropic
shift of the hydrogen atom of tetramethylsilane. All calcu-
lations were performed using the Gaussian 16 program
package.?

UV-Vis and fluorescence measurements

Spectrophotometric measurements were carried out at 298.1 K
using a Varian Cary 100 spectrophotometer equipped with a
temperature control unit. Uncorrected emission spectra were
obtained with a Varian Cary Eclipse fluorescence spectrophoto-
meter. Luminescence quantum yields were determined using
2,2"-biphenol in acetonitrile (® = 0.29).>*

NMR studies

'H and "*C NMR spectra were recorded on a Bruker Avance 400
instrument, operating at 400.13 and 100.61 MHz, respectively,
and equipped with a variable temperature controller. The
temperature of the NMR probe was calibrated using 1,2-etha-
nediol as a calibration sample. Chemical shifts (§ scale) are
presented in ppm and referenced to the residual solvent peak.
Coupling constants (J values) are given in hertz (Hz). "H-'H
and "H-"?C correlation experiments were performed to assign
the signals.

PH titrations were performed at 298.1 K, in a mixed aceto-
nitrile-d;/D,0 60 : 40 v/v solution to prevent solubility issues.

Concluding remarks

The photophysical properties of a new macrocyclic ligand con-
taining the 2,6-bis(benzoxazole-2-yl)phenol fluorophore (bis-
HBO) inserted in a tetraaminomacrocyclic structure have been
investigated. In aqueous solution, at pH < 9, the ligand
absorbs at 342 nm and its emission is characterized by an
ESIPT double band at 380 and 507 nm, the lower energy band
being much more intense than the higher energy one, denot-
ing that the ESIPT mechanism in the excited state is efficient
and fast, as confirmed by DFT calculation. DFT calculations
also allowed us to explore the conformational/protonation
space of the three species of the ligand, namely, H_,L", L and
HL', and to obtain the excited state structures of the most
stable isomers of each species, as well as an estimate of their
UV-Vis absorption and 'H-NMR spectra, which resulted in
good agreement with the corresponding experimental data.
Finally, the occurrence in solution of chloride coordination to
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the dinuclear Zn(i) complex was also inferred by a comparison
between experimental and calculated UV-Vis absorption
spectra. In fact, Zn(u), Cd(u) and Pb(u) coordination of L
induced the occurrence of slight but significant changes in
both absorption and fluorescence spectra of the ligand,
attributable to the deprotonation of the OH phenol group fol-
lowing metal coordination. Interestingly, the new ligand
revealed a ratiometric behavior upon metal ion coordination,
due to the activation or deactivation of the ESIPT process.
Further studies are necessary to test the possibility of using it
as a specific and/or selective fluorescent chemosensor.
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