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Abstract. Herein we describe the synthesis and coordination
properties of two new fluorescent chemosensors, L1 and L2,
featuring [9]aneNs (1,4,7-triazacyclononane) and [12]aneNS3
(1-aza-4,7,10-trithiacyclododecane) as receptor units,
respectively, and a quinoline pendant arm with an amide
group as a functional group spacer. The optical responses of
L1 and L2 in the presence of several metal ions were
analysed in MeCN/H>O (1:4 v/v) solutions. A selective
Chelation Enhancement of Fluorescence (CHEF) effect was
observed in the presence of Zn?" in the case of L1, and in
the presence of Cd** in the case of L2, following the
formation of a 1:1 and a 1:2 metal-to-ligand complex,
respectively, as also confiirmed by potentiometric
measurements. 'H- and '®C-NMR measurements in
CD3CN/CDCI3 in combination with molecular mechanics
calculations show that for both complexes of L1 and L2 with
Zn** and Cd%, respectively, the coordination of the carbonyl
group from the pendant arm could be relevant in reaching
the observed optical selectivity.

Introduction

In the last decades, fluorescent chemosensors have
acquired an important role in the recognition and sensing of
metal cations, inorganic/organic anions and small neutral
molecules with applicative imPIications in chemical, biological
and environmental sciences.!'®

The excellent application perspectives of fluorescent
chemosensors are due to their obvious merits of unmatched
ease of use, high sensitivity and low cost.

In particular, a very active area of research is related to their
use in the development of ogtical methodologies for the
recognition of metal ions as Zn“* *##%2 and Cd** “>'%% que
to the intrinsic difficulty encountered in discriminating these

two metal ions, which can be attributed to their common
closed-shell d' configuration and highly similar chemical
properties.

Zinc is an essential transition element in living cells playing a
crucial role in many biological processes such as gene
expression, aPoptosis, signal transmission and enzyme
regulation.”"#? |t represents the structural cofactor of many
Zn“T-containing enzymes and DNA-binding proteins. Zinc
deficiency can be implicated in various diseases such as hair
loss, retarded growth in children and other neurological
disorders as epilepsy, ischemic stroke and Alzheimer's

disease.™?*! However, it becomes cytotoxic if present in
significant excess causing skin disease, prostatic
adenocarcinoma, diabetes and pancreatic islets

dysfunction.[25]

On the other hand, Cd2+, in common with other heavy metal
ions, is still used in many industrial processes and its content
in soil, water and food has grown significantly in the last
decades.® Living organisms readily absorb Cd** from the
environment, resulting in dangerous levels of cellular
concentration and adverse effects upon human health.?”%
In human beings a high exposure to cadmium causes
serious diseases such as calcium metabolic disorders and
renal dysfunctions; also, is associated with pulmonary,
prostatic and renal cancer [31-34]

For this reason, the design of new molecular sensors
capable of selectively recognizing zinc(ll) and cadmium(ll)
among other metal ions is considered a crucial task.

The most common approach to the synthesis of selective
fluorescent chemosensors is to covalently link a fluorogenic
fragment (signaling unit) to a guest-binding site (receptor
unit) via an appropriate spacer. An optical signal, such as an
enhancement or quenching of the fluorescence emission of
the signaling unit, accompanies the host-guest interaction of
the target species with the receptor unit and can be used to
quantify the detection process by determining the binding
constant and the complex stoichiometry .



The choice of the signaling and the receptor units can be
critical to achieve the thermodelnamic and/or optical
selectivity of the fluorescent probe.[3 2l

To achieve fluorescent chemosensors showing at least the
optical selectivity for a given metal ions (this is still a
favourable case for analytical applications as compared to
that of chemosensors having both thermodynamic and
optical selectivity), in the last decade, we have adopted the
synthetic strategy of linking different fluorogenic fragments to
a predefined receptor unit, The ensuing conjugated
chemosensors could show a “synergic cooperation” between
the two units resulting from a manifold of electronic levels
associated with a given combination of receptor and
signaling units, which can be selectively perturbed mainly by
the metal centre of interest in spite of the absence of a
binding affinity for it. [35-44]

Among others, great attention has been focused on the
macrocycles 1,4,7-triazacyclononane ([9]aneNs3) and 1-aza-
4,7,10-trithiacyclododecane ([12]aneNS3) as receptor units.
The binding properties of these ligands can be easily tuned
through the functionalization of the NH groups with pendant
arms having different coordinating units to obtain ligands with
a greater number of donor atoms and other supramolecular
functions.** In fact, several kind of fluorogenic fragments, in
particular quinoline-based ones, have been covalently linked
to [9]aneNs and [12]aneNSs, as reported in Scheme 1, and
despite the fact that all macrocycles can form stable 1:1
complexes with a variety of heavy metal ions, different
optical selectivities have been recorded for the resulting

chemosensors depending on the experimental conditions
used [38,41,43,44]
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Scheme 1. Chemical structures of [9]aneNs;- and [12]aneNS;-based
fluorescent chemosensors reported in the literature with the observed optical
selectivity in brackets. Dots indicate the linkage point of the pendant arm(s).

In particular, while [9]aneNs-based chemosensors La, Lg,
and Lc showed a marked Chelation Enhancement of
Fluorescence (CHEF) effect in the presence of Zn* together
with a reduced response in the presence of Cd*";¥ ligands
Lo and Le showed a different behaviour: the former is
optically selective only for Cd?* **! the latter only for
Zn** ¥4 A selective CHEF effect for Zn®* was observed for
the [12]aneNSs-based ligand Ly.*"

Following our interest in both the coordination chemistry of
[9]aneNs and [12]aneNS3 derivatives and their use in the
development of chemosensors and supramolecular
systems,[35'42’44] herein we describe the synthesis and
sensing properties towards heavy metal ions of two new
quinoline-containing derivatives of these macrocycles
characterized by the presence of a functional amide-group
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as spacer between the receptor and the signaling units
(Scheme 2).

The main goal was to study the effects on the
coordinating/sensing properties towards metal ions of the
planned ligands that show different binding rules related to
different macrocyclic units and to achieve Zn**/Cd™ optical
discrimination  with  structurally similar  fluorescent
chemosensors (Scheme 2).
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Scheme 2. Chemical structures of the ligands discussed in this paper.

Results and Discussion

Synthesis of L1 and L2. L1 was prepared by reacting 1,4,7-
triazacyclononane-1,4-dicarboxylic acid di-tert-butyl ester
with 1 equiv. of 2-chloro-N-8-quinolinylacetamide in
acetonitrile in the presence of KyCOs, followed by
deprotection of the amine group with trifluoroacetic acid.

L2 was prepared by reacting 1-aza-4,7,10-
trithiacyclododecane with 1 equiv. of 2-chloro-N-8-
quinolinylacetamide in acetonitrile and in the presence of
K>CO:s.

Metal complexation by L1 and L2: spectrophotometric
measurements. In order to analyse the potentialities of the
new ligands as fluorescent chemosensors for metal ions, we
performed a spectrophotometric and spectrofluorimetric
screening of L1 and L2 toward several metal ions, in
particular Cd**, Co*, Cu®*, Fe*, Hg*, K*, Mg®*, Mn*", Ni**,
Zn** and Pb** (as nitrate or perchlorate salts).

The absorption spectrum of solutions of L1 and L2 in
MeCN/H20 (1:4 v/v) shows a sharp band at 239 nm (¢ =
23950 for L1 and 26000 M cm™ for L2, respectively) and a
broad one at 307 nm (4190 for L1 and 5320 M em™ for L2,
respectively). The former is related to the weak emission
band at 505 nm with a low fluorescence quantum yield (® =
0.015 and 0.016 for L1 and L2, respectively).

Significant changes in the UV-vis spectrum of L1 were
observed onlzy upon addition of increasing amounts of zn%,
Cu®* and Hg”" to a MeCN/H20 (1:4 v/v) solution of the ligand
at pH = 74 (MOPS buffer) [MOPS = 3-N-morpholino-
propansulfonic acid] gsee Figure S1, Sl) and in the presence
of Cd?*, Cu?* and Hg*" ions in the case of L2 under the same
experimental conditions used for L1 (Figure S2, SI).
Particularly, the intensity of the bands at 239 and 307 nm
decreased with concomitant formation of two new bands at
about 260 and 360 nm.

Considering the fluorescence emission, in the case of L1, a
significant CHEF effect was observed only upon addition of
Zn*" at pH = 7.4 (Figure 1a), while L2 similarly changed its
emission OFF state in the presence of Cd** with a lower
CHEF effect also in the presence of Zn* (Figure 1b). The
other metal ions considered did not affect the emission OFF
state of L1 and L2 (Figure 1) under the experimental
conditions considered, which is due to a Photoinduced



Electron Transfer (PET) process from the nitrogen atom of
the amide-group to the quinoline m0|ety

A spectrophotometric titration of L1 with Zn** in MeCN/H,0
(1:4 viv) at pH = 7.4, showed the presence of three
isosbestic points at 250, 285 and 345 nm (Figure 2a), while a
spectrofluorimetric titration under the same experimental
conditions, confirmed the significant selective CHEF effect at
505 nm (Figure 2c).
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Figure 1. a) Normalized fluorescence emission of a) L1 and b) L2 upon
addition at pH = 7.4 (MOPS buffer) of 1 equiv. of Cd**, Co?", Cu*, Fe**, Hg”",
K', Mg, Mn®, Ni*", Zn?" and Pb?" (MeCN/H,0 1:4 v/v, 298 K, Aexe = 330 nm,
Aem = 505 nm.

The fluorescence emission intensity reached the maximum
after the addition of about 1.0 equiv. of Zn**, with a quantum
yield of 0.077. Both the absorbance and fluorescence
intensity/molar ratio plots (Figs. 2b and 2d) suggest the
formation of a 1:1 metal-to-ligand complex in solution.
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Figure 2. a) and b) Changes in the Uv-Vis spectrum and absorbance at 260
nm versus molar ratio plot for L1, respectively, upon addition of increasing
amounts of Zn*"; c¢) and d) changes in the emission spectrum and normalized
fluorescent intensity versus molar ratio plot for L1, respectively, upon addition
of increasing amounts of Zn* ([L1]= 2.58- 10° M, MeCN/H,0 (1:4 viv), pH =
7.4 (MOPS buffer), 298 K, Aexe = 330 nm, Aem = 505 nm).

The spectrophotometric titration of L2 with Cd** at pH=74
in MeCN/H20 (1:4 v/v) is shown in the Figure 3a. Neat
isosbestic points at 250, 286 and 340 nm appear while in the
spectrofluorimetric titration under the same experimental
conditions the new band at 505 nm arises which confirm the
CHEF effect (Figure 3c).

The absorption and fluorescence emission intensity linearly
increase up to the addition of about 0.4 equivs. of the metal
ion with a quantum yield of 0.068. These observations
strongly suggest the formation in solution of a complex with a
1:2 metal-to-ligand stoichiometry.
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Figure 3. a) and b) Changes in the Uv-Vis spectrum and absorbance at 260
nm versus molar ratio plot for L2, respectively, upon addition of increasing
amounts of Cd*"; c) and d) changes in the emission spectrum and normalized
fluorescent intensity versus molar ratio plot for L2, respectively, upon addition
of increasing amounts of Cd*" ([L2]= 2.24-10° M, MeCN/H,O (1:4 v/v), pH =
7.4 (MOPS buffer), 298 K, Aexc = 330 nm, Aem = 505 nm).

In order to study ion competition, two types of measurements
were performed in MeCN/Hzo (1:4 viv) at pH = 7.4 on both
ligands: a) 5 equws of M™ were added to an equimolar
solutlon of L1 and Zn** or L2 and Cd? * (Figure 4); b) 1 equiv.
of Zn? (Cd2+) was added to an equimolar solutlon of L1 (L2)
and M™ (M™ = Cd in the case of L1 or Zn* in the case of
L2, along with Co®*, Cu®*, Fe*, Hg”, K*, Mg®*, Mn**, Ni**



and Pb?" for both ligands (Figure S3). Similar results were
obtained in both cases. The analysis of the Figures 4 and S3,
shows that Cu®* and Hg®* in the case of L1 and only Cu*" in
the case of L2 can compete in ligand binding with Zn** and
Cd** ions, respectively, inducing a significant decrease of the
fluorescence emission.

In the case of L1, the competition of cu®t is well supported
by the high affinity of this metal ion for the ligand, as
confirmed by potentiometric measurements (see below).

A similar behavior was also found in the case of Lg, which
contains three pendant arms (Scheme 1). Ccu* and Hg2+
were found to compete with Zn*" in the binding process
causing a remarkable quenching of the fluorescence
emission of the preformed 1:1 Zn“*/Lg metal complex. No
competition by Cu* and Hg2+ was observed in the case of

ligands La-Lp and Lu (Scheme
1 )'[44a]

a)
1.2

1.0 -
08
3

S06 -
=04 -

0.2

0.0 T T T T T T T T T T 1
L1+Zn2?* Cd?* Co?* Cu?* Fe®* Hg?* K* Mg?* Mn2* Ni2* Pb?*
b)
1.2 4

1.0

~ 0.8
S
8 0.6

=

~ 04

0.2 A

0.

0 T T T T T T T T T T 1
L2+Cd?* Zn2* Co?* Cu?* Fe®*Hg?* K* Mg?* Mn2* Ni2* Pb2*

Figure 4. Normalized relative fluorescence emission intensity for the ion
competition study performed by adding five equivs. of M™ to an equimolar
solution of L1 and Zn*" a) and to an equimolar solution of L2 and Cd?" b) ([L1]
=2.58-10° M, [L2] = 2.24-10° M, MeCN/H,O (1:4 viv), pH 7.4 (MOPS buffer),
298 K, Lexc = 330 nm, Aem =505 nm.

Metal complexation by L1 and L2: potentiometric
measurements. In order to further analyse the binding
features of L1 and L2 in solution, and to gain an insight into
the thermodynamic selectivity of the two ligands, we studied
metal complexation by means of = potentiometric
measurements in MeCN/H2O (1:4 v/v) solutions a 298 K.
This solvent mixture ensures sufficient solubility (at least
510 M) of both ligands and most of their metal complexes
over a wide pH range (2-10.5). However, in the case of Pb**
and ng+ complexation with L1, and Hg™* complexation with
L2, precipitation occurs above pH 7.5, probably due to the
formation of insoluble hydroxo complexes that prevents the
speciation study in the alkaline pH region.

As a necessary prerequisite for the study of metal
complexation, we initially analyzed the acid-base properties
of L1 and L2, determining their protonation constants that
are reported in Table 1. Figure S4 (see Sl) displays the
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distribution diagrams of the protonated species at different
pH values.

Table 1. Protonation constants (log K) of L1 and L2 [/ = 0.10 M, 298 K,
MeCN/H,0 (1:4 viv)].

Reaction L1 L2
L+H"=(HL)" 10.20(3) 7.96(2)
(HL)" + H" = (HoL)** 6.02(9) 3.37(1)
(HaL)?" + H* = (HaL)** 3.21(9) =
The values reported in Table 1 reflect the structural

characteristics of the ligands that contain two remarkably
different macrocyclic moieties in terms of number of
protonatable ‘amine groups. L1 can form up to three-
protonated species and displays a remarkably high first
protonation constant (log K = 10.20), slightly lower than that
reported for non-functionalised [9]aneNs in water solution
(log K = 10.60).[46] Similarly, the second protonation constant
(log K =6.02) is somewhat lower than that found for [9]aneNs
in water (log K = 6.80),[46] but it is higher, however, than the
protonation constant of quinoline (log K = 4.94).[47] These
observations strongly suggest that the second protonation
equilibrium of L1 still occurs on an amine group of the
macrocyclic unit. Considering that [9]aneNs has a ver¥ éPoor
tendency to form a three-protonated species in water, *the
third protonation step of L1 is likely to occur on the
heteroaromatic nitrogen of the quinoline moiety.

L2 exhibits only two protonation steps. Aliphatic amine
groups are normally more basic that the quinoline nitrogen
and the first protonation constant (log K = 7.96) of L2 is
similar to that previously found for other ligands containing
the [12]aneNS; unit.*"" This would suggest the first
protonation step occurs on the tertiary nitrogen atom of the
NSz macrocyclic unit, while quinoline would only be involved
in proton binding in the second protonation equilibrium.

As a first analysis of the metal binding ability of L1 and L2,
we performed potentiometric titrations in the presence of five
selected metal ions, namely Cu®', Zn?*, Cd**, Pb®* and Hg*".
The species formed in solution and the corresponding
formation constant are reported in Table 2, while the
distribution diagrams of the complexes are displayed in
Figures 5 (Zn”" complexes of L1) and Figure 6 (Cd*
complexes of L2) and Figures S5-S7 (see Sl).

Table 2. Formation constants (log K) of L1 and L2 with Cu®", Zn*", Cd**, Pb*"
and Hg?' [/ = 0.10 M, 298 K, MeCN/H.0 (1:4 viv)].

Reaction cu® zn* cd* Pb** Hg?"
L1+ M = [ML1*  156(7) 11.794)  8.6(1) 10.1(1)  11.22)
[ML1* + OH = 6.52(9) 6.7009) 5.1(1)

[ML1(OH)]*

[ML1(OH)]" + OH  532(1)  5.61(9)

= [ML1(OH),]

L2 + M*" = [ML2]*  9.21(4)  8.89(3) 8.1(3)  9.28(9) 9.8(4)
[ML2* + 20H = 11.5(4) 12.03(3)  10.6(7) 13.04
[ML2(OH)] 8)



2L2 + M* = 18.4(1)  17.9(1) 16.5(1)  18.3(1) 18.9(1)
M(L2),]**

L2 + [ML2* = 89 9.0 8.0 9.1 9.1
[M(L2)]

L1 forms stable complexes with 1:1 metal-to-ligand
stoichiometry with all five metal ions considered. Beside the
formation of the complexes [ML1]2+, facile deprotonation of
metal-bound water molecules is observed to give mono- and
dihydroxylated complexed species, WhICh are the most
abundant above ca. pH 7 in the case of cu®* and zZn? *(Table
2 and Flgures 5 and S5). A stable mono 2ydroxo complex
[CAL1(OH)]" is formed also in case of the Cd“* complexation,
while precipitation at alkaline pH values precludes the
analysis of the species formed by the Pb®* and Hg
complexes above pH 7. Interestingly enough the stability
constant values found for the formation of [ML1] * complexes
are rather similar to those reported for the corresponding
complexes with the simple macrocycle [9]aneN3 |n water
solution®™ and increase in the order Cd**<Pb**<zZn**<Cu**
following the same trend observed for [9]aneNs. These
results suggest that the metals are coordinated by the
polyamine macrocycle unit, while the amide side arms are
weakly involved or not involved in metal binding, at least in
aqueous media. As already suggested for [9]aneN3, 14601 the
lower stability of larger metal ions, such as cd* , might
reflect the small and rigid cavity of the macrocycle. The
strong tendency to form hydroxo speC|es displayed in
particular by the [CuL1] and [ZnL1] complexes, is
generally attributed to metal centres not coordinatively
saturated by the ligand donors. This corroborates the
hypothesis the amide group does not participate in metal
coordination, at Ieast in the case of the smaller and more
acidic Cu** and Zn** ions. Unfortunately, no comparison can
be made between ng complexation by L1 and [9]aneN3 In
fact, the stability constant of the L1 complex with Hg has
been calculated without considering possible chloride
complexation (see Sl) and it is to be considered a conditional
constant.

100

HaL1)%*
INGEE) ZnL1p

40

Figure 5. Distribution diagram of the complex species formed by L1 and Zn*
in 1:1 molar ratio [298 K, NaCl 0.10 M in MeCN/H,0 (1:4 v/v)].

Differently from L1, L2 forms not only 1:1 metal complexes,
but also species with a 1:2 metal-to-ligand stoichiometry
(Table 2, Figures S6 and S7 in Sl). With regard to the 1:1
complexes, the data in Table 2 show that, desplte the larger
cavity of L2 W|th respect L1, all the [ML2] * complexes (M =
cu®, z cd* and Hg ") are less stable than the
correspondlng [ML1] ones, in agreement with the lower o-
donor ability of the sulfides of the NSz donor set of L2 with
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respect to the aliphatic amine donors of the [9]aneNs unit of
L1. The decrease in stability is actually more evident in the
case of the 1:1 Cu** and Zn** complexes, in agreement with
the more marked ‘hard’ character of these metal ions, which
can strongly reduce their affinity for ‘soft’ donors, such as the
sulphur atoms of L2.
The decrease in stablllty is reduced in the case of the softer
cd*, Pb and Hg ions (the stability constants of their
[ML2] * complexes are only 0.5, 0.8 and 1 4 Iog units lower
that those found for the corresponding [ML1] species). As a
result, the [ML2]2+ complexes with the five metal ions under
investigation, display rather similar stability constants,
ranging between 9.8 and 8. 1 Iog units (Table 2).
Similarly to L1, the [ML2] complex affords hydroxylated
species at alkaline pH values (Figure 6). In this case,
however, the constant for the addition of a single hydroxide
anion to the metal cannot be calculated and only the overall
constants for the equilibrium [ML2]"" + 20H = [ML2(OH)]
can be determined. This is normally due to the formation of
mono- and di-hydroxo species at very similar pH values,
which prevents to potentiometrically distinguish the equilibria
relative to the separate addltlon of a single hydroxide anion
to the [ML]2+ and [ML(OH)]" species and to calculate the
corresponding addition constants. However, the formation of
hydroxylated species is indicative of metal coordination
spheres not saturated by the ligand donors, which favour
deprotonation of metal- bound water molecules. Furthermore,
the formation of [M(L2)2] species in solution represents the
most striking difference from L1. In fact, the [ML2]
complexes can add a second ligand molecule to form
complexes having a 1:2 metal-to-ligand stoichiometry, the
constants for the addition of a second L2 molecule to the
[ML2]2+ complexes being similar or slightly lower than the
formation constants of the 1 1 species. This may reflect the
presence in the 1:1 [ML2] " complexes of free binding sites,
which can be used to interact with water molecules or with a
second Ilgand molecule. The high tendency of L2 to give
[M(L2)2] complexes strongly influence the solution
chemistry of this ligand in the presence of the five selected
metal ions. In fact, 1:2 complexes are the most abundant
species even in the presence of 1 equiv. of L2 in a wide pH
range (Figure 6) and become almost the unique species in
the presence of 2 equivs. of ligand. The 1:1 di-hydroxo
complexes ([ML2(OH),;] species) are formed in relevant
percentages only at alkaline pH values (generally above pH
9) in the presence of 1 equiv. of ligand and are almost
absent from solution containing 2 equivs. of L2 even at
strongly alkaline pH values (Figure 6).

a) b)

100 100
I\ (HoL22 [CAL2(OH)} \HL2*

/1cd(L2),p
80 /
/ [Cd(L2),J2*
/ \

[CdL2]>*

[CAL2(OH)}"

Figure 6. Distribution diagrams of the complex species formed by L2 in the
presence of a) 1 equiv. and b) 0.5 equivs. of cd* [298 K, NaCl 0.10 M in
MeCN/H,0 (1:4 viv)].



Metal complexation by L1 and L2: 'H-NMR
measurements. In order to gain a deeper insight into the
possible nature of the Cd®** complex with L2 and the Zn*
complex with L1, we also analyzed the complexation of
these metal ions by means of 'H-NMR measurements. The
MeCN/HO (1:4 v/v) solvent mixture used in UV-Vis,
fluorescence emission and potentiometric measurements
could not be used at the higher concentrations reguired for
'H-NMR measurements (concentration ca. 1.0-10” M) and,
therefore, the spectra were recorded in CD3CN/CDCI3 (7:3
viv).

Figure 7 shows changes observed in the 'H-NMR spectrum
upon titration of L2 with Cd* ion. "H resonance assignments
are indicated with numbers corresponding to those reported
in Figure 7 for the related H atom(s). Signal assignment was
based on relative area, fine structure analysis and
comparison with chemical shift predictions.[49"5”
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Figure 7. a) High and b) low frequency region of the "H-NMR spectra of L2 in
the presence of increasing amounts of cd*.

It is evident how resonances assigned to the macrocycle
ethylene groups, between 2.8 and 3.0 ppm, dramatically
changed upon addition of Cd** ions. Both the shift and the

6
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change in the fine structure are a clear indication of the
macrocycle being directly involved in the coordination of the
metal ion. In particular, the most noticeable change can be
observed for the sharp singlet resonance at 2.82 ppm,
attributed to the protons H3 and H4. In the free ligand, the
macrocycle ethylene groups farther from the pendant arm,
are mobile and free to change configuration. These rapid
interconversions are reflected by the sharp singlet. Upon
coordination of the Cd?* ion, the macrocyclic unit in L2
becomes more rigid and overall configuration fixed. The
protons of the ethylene groups, H3 and H4 turn from 1% to
2" order spin system and this is reflected by the appearance
of more complex multiplets in the 'H-NMR spectrum.
However, the largest shift is observed for the amide proton
and the methylene protons adjacent to the carbonyl group
(H5 in Figure 7). This cannot be explained by the exclusive
coordination of the metal ions by the macrocyclic unit and let
us hypothesize the direct involvement of the carbonyl itself
as confirmed by the fine structure of the resonance assigned
to proton H5. Upon addition of Cd* ions, a progressive
change is observed from one singlet to two doublets with a
remarkable roof effect. This is a clear indication of reduced
mobility, so that the two geminal protons become
magnetically inequivalent and their mutual J-coupling can be
observed. In addition, both the proton H5 and the NH signals
show the formation of only one complex in equilibrium with
the free ligand, whose relative concentration progressively
increases along the titration. Exchange rate appears to be
sufficiently slow on the NMR timescale, so that two distinct
resonances can be observed at the position of the free ligand
and the complex, respectively. Presumably as already
observed in solution for ligand Lg (Scheme 1),[44] also in L2
there could be the possibility of an intramolecular H-bond
between the amide NH donor from the pendant arm, and
either the carbonyl from the amide group or the quinoline
nitrogen acceptor on the same pendant arm. Therefore, the
NH shift to lower frequency observed upon metal
coordination could be due either to the breaking of this H
bond or to the electronic rearrangement of the amide group
as a consequence of a possible involvement of the carbonyl
group in metal coordination, with a consequent reduction of
the PET process responsible of the fluorescence OFF-state
of the Iigand.[45]

From the analysis of the aromatic portion of the 'H-NMR
spectra, two resonances for each of the aromatic protons,
are observed, one for the free ligand and one for the
complex. Resonance difference is less pronounced among
the quinoline protons, H15, H14 and H13 (Figure 7) shift by
+0.21, +0.11 and -0.10 ppm, respectively, in the presence of
Cd*" ions. Protons H11, H10 and H9 shift by only +0.12, ca.
+0.07 and +0.03 ppm, respectively. Chemical shift variation
is progressively attenuated by moving along the molecular
structure towards quinoline nitrogen, which allowed us to
exclude its involvement in Cd** coordination.

We acquired ¢ spectrum to monitor also the 3¢ shift upon
complex formation (Figure S8). In particular, the most
affected ">C resonances were the one attributed to the -CH,-
linking the [9]aneNs unit (A5 = -3.0 ppm) followed by the
carbonyl group (A8 = 1.7 ppm). These results also support
the direct involvement of the carbonyl group in the metal
coordination.

Regardless of the resonance considered, the complete
disappearance of the free ligand is observed upon the
addition of 0.5 equivalents of cd* (Figure S9). This is
absolutely not compatible with the formation of a simple 1:1
[CdL2]2+ complex in solution and confirms the formation of a
complex with 1:2 ML, stoichiometry as also suggested by



WILEY-VCH

spectrophotometric and potentiometric measurements. a)
Through molecular mechanlcs calculations using the 10e 8 12 913
MMFF94 force-field,*™ we compared the energy of different o ed NH J_ 0 14 4 cocy

possible complexes formed with a dn‘ferent set of donor

atoms between Cd** and L2. The [Cd(L2)2] " model with the 0.7eq

lowest energy (1054 kcal mol” , Figure 8), was the one with B N, W J\JL
three coordinating atoms per Ilgand molecule, in particular

two S atoms (consecutive along the macrocycle structure), 0.5eq ML

and the carbonyl C=0, within an overall distorted octahedral

geometry around the metal ion.
0.3eq

8 9/13/14
0.0eq NH H 12 10

8
1.8 1.4 11.0 10.6 10.2 9.8 9.4 9.0 8.6 8.2 7.8 7.4

ppm

Figure 8. Three-dimensional model for the [Cd(L2),]*" complex cation having
the lowest calculated energy.

Figure 9 shows the 'H-NMR titration of L1 with the Zn?* ion.
| Signal assignment was obtained as mentioned above for L2.

13 42
H 2 14 11

3 N’w1 (e} 10

3'( N N 6 N7\\9
NR_/ 4 8

Figure 9. a) High and b) low frequency region of the "H-NMR spectra of L1 in
the presence of increasing amounts of Zn’*,

Similarly to the case of L2, the resonance between 2.8 and
3.0 ppm, attributed to the ethylene groups of the macrocycllc
unit in L2, changed dramatically in the presence of Zn?
especially as far as the fine structure is concerned. In
particular, the proton resonance H3 changed the most, from
a simple singlet to a second-order multiplet. Similar
considerations as made in the case of L2 and Cd*' (see
above), thus suggest that mobility of the macrocyclic unit is
lost upon Zn** coordination and confirm that the macrocyclic
moiety is the main binding unit also in the case of L1.
Differently from L2, in the case of L1 the formation of two
distinct complex species during the titration are observed,
the first corresponding to a 0.5:1 Zn*/L1 molar ratio and the
second to a 1:1 molar ratio, as it is evident from the
inspection of all the spectral regions (Figure S10). Table 3
shows a comparison of the chemical shift variation with
respect to the free ligand for the two complexes formed by
L1 with Zn*; the variations for the corresponding
resonances of L2 in the presence of Cd** ion are also shown.



Table 3. Chemical shift variations (ppm) with respect to the free ligands.

Bprotont Zn(L), ™ ZnL1” [Cd(L2)]”
H8 (H9) +0.22 +0.05 +0.03
H9 (H10) nd. n.d. +0.07
H10 (H11) +0.25 +0.18 +0.12
H12 (H13) +0.07 -0.08 -0.10
H13 (H14) n.d. n.d. +0.11
H14 (H15) +0.1 +0.26 +0.21
H4 (H5) +0.14 +0.56 +0.44
H1 (H1) nd. n.d. nd.
H2 (H2) n.d. n.d. n.d.
H3 (H3/4) n.d. n.d. n.d.

[a] Numbers for L1 refers to Figure 9. Numbers in parenthesis refer to
Figure 7 and pertain to L2. Shift variation in the resonances of methylene
protons of the pendant arm are in bold.

n.d.: ‘not-determined’ due to spectral complexity.

It is interesting to note the similarity between the second
species formed by L1 at hizgher equivs. of added Zn* and
the only complex [Cd(L2),]"" formed bg/ L2 with Cd*". The
former species is formed at higher Zn“* equivalents added
and, therefore, it can be interpreted as a complex with a 1:1
Zn** to L1 stoichiometry. The observation that the largest
shift is experienced by the resonance of H4, which is the
methylene group adjacent to the carbonyl, together with the
overall similarity in the relative shifts for the entire molecule,
suggests that, analogously to L2, the carbonyl group might
be directly involved in the metal ion coordination. This is also
confirmed by the analysis of the 3C-NMR spectra (Figure
S11). In fact, similarly to L2, the most affected 3¢
resonances were the one attributed to the -CHa- linking the
macrocycle (Ad = -1.7 ppm) and to the carbonyl group (A8 =
2.5 ppm).

A carbonyl coordination to metal ions has been
demonstrated to be possible by X-ray crystallography in the
case of ligand Le (Scheme 1) featuring an urea group in
each pendant arm, in the complexes [ZnLg(Ac)](Ac) (Ac =
acetate anion) and [ZnLe(MeCN)](CIO4)2 (see Sl, Figure
S12). In the complex [CuLg](NO3) (Le features the same type
of pendant arms as in L1), the complex cation [CuLg]’
features the metal center coordinated by the three nitrogen
atoms of the macrocyclic moiety, the two nitrogen atoms
from a deprotonated N-8-quinolinylacetamide group of a
pendant arm, and the carbonyl oxygen atom from the
acetamide group of a different pendant arm.*4

The three-dimensional model for the 1:1 [ZnL1]2+ complex
cation is shown in Figure 10a and features a coordination
environment around the metal centre as predicted by 'H-"*c-
NMR measurements. On the other hand, at lower
equivalents of added Zn**, a different complex is formed
during the titration with hypothesized 1:2 metal-to-ligand
stoichiometry (Table 3). The intensity of the signals attributed
to this species formed, reaches the maximum around 0.5
equivalents of metal ion, bolstering our hypothesis of the
formation of the [Zn(L1)2]2+ species. In this case, a much
lower shift variation is observed for the resonance of H4,
which might suggest no involvement of the carbonyl oxygen
atom in metal coordination. Molecular mechanics
calculations (without the implicit presence of the solvent)
indicate that the most stable [Zn(L1)2]2+ complex (220 Kcal
mol'1), is the one where the cation is sandwiched between
the two. macrocyclic unit in an octahedral geometry with
heteroatoms in the pendant arms not involved in metal
coordination (Figure 10b).
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Figure 10. Calculated three-dimensional model of the a) [ZnL1]*" and b)
[Zn(L1)2]2+ complex cations with the lowest calculated energy.

Conclusion

In this paper we have further applied our synthetic approach
to the development of optical selective conjugated
fluorescent chemosensors. This consists in linking different
fluorogenic fragments to macrocyclic receptors with
unselective binding properties. [9]aneNs and [12]aneNS;
macrocycles were linked to a quinoline fluorophore via a
spacer featuring an amidic function in L1 and L2,
respectively. The combination of these units resulted in a
selective optical response of L1 and L2 via a CHEF effect
towards Zn** and Cd**, respectively, despite both ligands
don’t show selective binding properties towards these metal
ions. In the case of L1, the stability of 1:1 metal-to-ligand
complexes shows the following trend:
Cu**>Zn*>Hg*">Pb?*>Cd?** with an uncommonly high
constant for the zZn?* complex. For both L1 and L2, the
coordination of the carbonyl group in the pendant arm could
be relevant in the synergic cooperation between the receptor
and the signaling units in reaching the observed optical
selectivity, which allow discrimination between Zn?" and Cd**
ions.

Experimental Section

Instruments and Materials. Microanalytical data were obtained
using a Fisons EA CHNS-O instrument (T=1000 °C). All melting
points are uncorrected. 'H- and "*C-NMR spectra were carried out at
298 K using a Varian VXR400 MHz, a Varian UNITY INOVA 500
MHz or a Bruker Avance Ill HD 600 MHz spectrometer, and peak
positions are reported relative to tetramethylsilane (SiMes). IR
spectra were recorded on a Thermo Nicolet 5700 FT-IR
spectrometer. The spectrophotometric measurements were carried
out at 298 K wusing a Thermo Nicolet Evolution 300
spectrophotometer. Uncorrected emission spectra were obtained
with a Varian Cary Eclipse fluorescence spectrophotometer.
Luminescence quantum yields were determined using quinine
sulphate in a 1M H,SO, aqueous solution (® = 0.546) as a reference.
For spectrophotometer measurements, MeCN (Uvasol, Merck) and
Millipore grade water were used as solvents. Spectrofluorimetric
titrations of the L1 and L2 with metal ions were performed by adding
to a solution of the ligand (3 mL), buffered at pH 7.4 with MOPS
[MOPS = 3-N-morpholino-propansulfonic acid], increasing volumes
of a solution of the metal ion. Solutions of the ligands in MeCN/H,O
(1:4 viv) were 2.24-10°- 2.58:10° M.

Solvents for other purposes and starting materials where purchased
from commercial sources where available.
2-chloro-N-8-quinolinylacetamide,
1,4,7-triazacyclononane-1,4-dicarboxylic acid di-tert-butyl ester
and 1-aza-4,7,10-trithiacyclododecane®™ were prepared by
published methods.

1 ,4,7-triazacyclonona}5rl?,[53]



CCDC Deposition number 2005467 contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.

Synthesis of N-8-quinolinylacetamide-1,4,7-triazacyclononane
(L1).

To a solution of 1,4,7-triazacyclononane-1,4-dicarboxylic acid di-tert-
butyl ester (0.20 g, 0.61 mmol), K.CO;3 (0.20 g, 1.45 mmol) and Et;N
(0.25 mL, 1.82 mmol) was added 2-chloro-N-8-quinolinylacetamide
(0.15 g, 0.67 mmol) in anhydrous acetonitrile (20 mL). The reaction
mixture was heated at 80°C for 24 hours under nitrogen. The solid
was filtered off, and the solvent was removed under reduced
pressure. The residue was dissolved in CH,Cl, and washed with
water. The organic phase was dried over Na,SO,, and the solvent
removed under reduced pressure to give a dark yellow solid A (N-8-
quinolinylacetamide-1,4,7-triazacyclononane-1,4-dicarboxylic ~ acid
di-tert-butyl ester,0.26 g, 85% vyield). "H-NMR (CDCls, 400 MHz): &
1.31 (m, 18 H,CHs), 2.79 (m, 4 H), 3.44-3.77 (m, 10 H), 7.44-7.56 (m,
3 H), 8.13-8.18 (m, 1 H), 8.77-8.89 (m, 2H), 11.10 (s, 1H, NH).

To a solution of A (0.26 g, 0.51 mmol) in dry CH,Cl, (10 mL) was
added trifluoroacetic acid (10 mL). The reaction mixture was stirred
at room temperature under nitrogen for 2 hours. The solvent was
removed under reduced pressure and the residue was taken in
water and the pH adjusted at 10 with NaOH 10 M. The mixture was
extracted three times with CH,Cl, (3 x 20 mL), the organic phase
was dried over Na,SO, and the solvent removed under reduced
pressure to give a yellow solid (0.10 g, 62% yield).

Anal. Found (Calcd) for C47H23NsO: C, 64.8 (65.1); H, 7.1 (7.4); N,
21.8 (22.4%). M. p.: 95°C. "H-NMR (CDCls, 500 MHz): &, 2.87 (m,
4H), 2.94 (m, 4H), 3.02 (bs, 4H), 3.52 (s, 2H, NCH.CO), 7.45 (m,
1H), 7.55 (m, 2H), 8.16 (dd, J = 8.3, 1.5 Hz, 1H), 8.74 (dd, J = 6.9,
1.9 Hz, 1H), 8.85 (dd, J = 4.2, 1.5 Hz, 1H), 11.33 (s, 1H, NH). *C-
NMR (CDCl;, 100 MHz): &c 46.9, 47.2 (NCH,CH:N), 63.8
(NCHCO), 115.6, 122.5, 122.8, 127.9, 128.7, 135.1, 136.7, 139.2,
148.5 (aromatic carbon), 171.4 (CO). IR (KBr disc, cm'1): 3400(br),
2920(br), 1680 (s), 1530(s), 1487(w), 1425(w), 1384(w),
1325(w),1132(w), 827(w), 793(w), 759(w).

Synthesis of N-8-quinolinylacetamide-1-aza-4,7,10-
trithiacyclododecane (L2).

To a solution of 1-aza-4,7,10-trithiacyclododecane (0.15 g, 0.67
mmol) and EtsN (0.37 mL, 2.6 mmol) was added 2-chloro-N-8-
quinolinylacetamide (0.22 g, 1.0 mmol) in anhydrous acetonitrile (20
mL). The reaction mixture was heated at 80°C for 48 hours under
nitrogen and 24 hours at room temperature. The solid was filtered
off, and the solvent was removed under reduced pressure. The
residue was dissolved in CHxCl, and washed with water. The
organic phase was dried over Na,SO,, and the solvent removed
under reduced pressure to give a yellow solid (0.15 g, 55% yield).
Anal. Found (Calcd) for C19H2sN30S3: C, 55.8 (56.0); H, 5.9 (6.2); N,
9.9 (10.3); S, 23.1 (23.6%. M. p.: 170°C. "H-NMR (CDCls, 500 MHz):
O 2.86 (m, 12H), 2.99 (m, 4H), 3.43 (s, 2H, NCH>CO), 7.46 (m, 1H),
7.55 (m, 2H), 8.17 (m, 1H), 8.77 (m, 1H), 8.86 (m, 1H), 11.19 (s, 1H,
NH). ®C-NMR (CDCls, 100 MHz): 8¢ 31.2, 32.4 (CH,S), 50.3
(CH2N), 63.5 (NCH,CO), 115.5, 122.3, 122.7, 127.8, 128.9, 135.2,
136.5, 138.9, 149.5 (aromatic carbon), 170.9 (CO). IR (KBr disc, cm’
') 3266(br), 2928(br), 1685 (s), 1525(s), 1484(w), 1422(w), 1383(w),
1323(w), 1113(w), 829(w), 794(w), 759(w), 676(w), 561(w).

Potentiometric Measurements All pH measurements (pH
-log[H]) employed for the determination of ligand protonation and
metal complex stability constants were carried out in 0.10 M NaCl
MeCN/H,O (1:4 v/v) solution at 298.1 + 0.1 K by means of
conventional titration experiments under an inert atmosphere. The
choice of the solvent mixture was dictated by the low solubility of the
ligands and or their metal complexes in pure water. The equipment
and the procedure used were previously described.* The standard
potential E° and the ionic product of water (pK,, = 14.20(1) at 298.1 +
0.1 K in 0.10 M NaCl) were determined by Gran's method.™ At least
three measurements (with about 100 data points for each) were
performed in the pH range 2-10.5. In all experiments, the ligand
concentration [L] was about 110 M. In the complexation
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experiments for all systems, with the exception of the Pb*-L1, Hg*-
L1 and H92+-L2 system, in which the measurements were performed
in the pH range 2-7.5, due to complex precipitation at higher pH
values. Metal ion to ligand molar ratio was varied from 0.2:1 to
1.8:1. The computer program HYPERQUAD®" was used to
calculate the equilibrium constants from the emf data. In the case of
HgZ+, under the experimental conditions employed, the formation of
metal—chloride complexes is expected to occur. The formation of
such complexes was not taken into account in calculations; hence,
the stability constants of Hg2+ complexes reported (see above) must
be referred to the specific composition of the medium employed
[0.10 M NaCl, MeCN/H;0O (1:4 v/v)].

Molecular mechanics. Molecular three-dimensional models were
drawn with the MarvinSketch software®™ and their energy calculated
in the absence of solvent through its algorithm for conformer search
and geometry optimization. The MMFF94 force-field™ was used to
describe all the bonded potential energy terms. A total of 30
conformers were determined and the ones with the lowest potential
energy were considered in the discussion.

Supporting Information

Supporting Information as noted in the text are provided: absorption
spectra of L1 in the presence of 1 equiv. of Zn*, Hg* and Cu®*
(Figure S1), and L2 in the presence of 1 equiv. of Cd*, Hg*" and
Cu”* (Figure S2); normalized relative fluorescence emission intensity
for the ion competition study of L1 and L2 (Figure S3); distribution
diagrams of protonated species of L1 and L2 (Figure S4);
distribution diagrams of complexes formed by L1 and L2 (Figures S5
and S6); distribution diagrams of complexes formed by L2 with 0.5
equivs. of Cu*, Zn*, Pb*" and Hg®* (Figure S7); "*C-NMR spectra of
L2 and L2 in the presence of 0.5 equivs. of Cd®* (Figure S8);
"H-NMR spectra of L2 in the presence of increasing amounts of cd*
(Figure S9); 'H-NMR spectra of L1 in the presence of increasing
amounts of Zn** (Figure 8102;13C-NMR spectra of L1 and L1 in the
presence of 1.0 equivs. of Zn*" (Figure S11);
Crystallographic ~ details for the  crystal
[ZnLe(MeCN)](CIO4), (Figure S12) CCDC 2005467

structure  of
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The sensing and recognition properties of two new fluorescent chemosensors featuring [9]aneNs (L1) and [12]aneNS; (L2) as
receptor units and a quinoline pendant arm with an amide group as functional group spacer, have been studied. The
combination of these units resulted in a selective optical response of L1 and L2 via a CHEF effect towards Zn*" and Cd*',
following the formation of a 1:1 and a 1:2 metal-to-ligand complex, respectively.
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