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ABSTRACT: A family of coumarin−enamine chemodosimeters is
evaluated for their potential use as fluorescent molecular probes for
multiple analytes [cadmium(II), cobalt(II), copper(II), iron(II),
nickel(II), lead(II), and zinc(II)], as their chloride and acetate salts.
These fluorophores displayed excellent optical spectroscopic
modulation when exposed to ion pairs with different Lewis acidic
and basic properties in dimethyl sulfoxide (DMSO). The chemo-
dosimeters were designed to undergo excited-state intramolecular
proton transfer (ESIPT), which leads to significant Stokes shifts (ca.
225 nm) and lower-energy fluorescence emission (ca. 575 nm). A
more basic anion, e.g., acetate, inhibited the ESIPT mechanism by
deprotonation of the enol, producing a binding pocket (N^O−

chelate) that can coordinate to an appropriate metal ion.
Coordination of the metal ions enhances the fluorescent intensity via the chelation-enhanced fluorescence emission mechanism.
Subjecting the spectroscopic data to linear discriminant analysis provided insights into the source of these systems’ markedly
different behavior toward ion pairs, despite the subtle structural differences in the organic framework. These compounds are
examples of versatile, low-molecular-weight, dual-channel fluorescent sensors for ion-pair recognition. This study paves the way for
using these probes as practical components of a sensing array for different metal ions and their respective anions.

1. INTRODUCTION

Advances in chemical analysis rely heavily on the design of
molecular systems that recognize other molecules and respond
to their presence with a macroscopic change in their properties
(chemosensors).1 The use of chemodosimeters, i.e., compounds
that react covalently and irreversibly with their targets to form a
new species with different properties than the original
molecule (e.g., colorimetric or fluorometric signature), is a
strategy that is less well explored in the sensor community.2,3

Chemodosimeters can afford uncommonly high selectivity
toward their targets by coupling with chemical cascade
methods for response amplification. This approach has had
immediate applications for analytical purposes,4 but it has also
proven fruitful further afield, e.g., in the development of novel
stimuli-responsive materials.5

The choice of a signal transduction mechanism is also
critical to the success of chemical-sensing paradigms.
Fluorescent molecular probes that utilize the excited-state
intramolecular proton transfer (ESIPT) mechanism can
display interesting modulation in their optical properties.
Moreover, the donor and acceptor involved in the ESIPT form
a resonance-assisted hydrogen-bonding (RAHB) interaction.
This intramolecular hydrogen bond further delocalizes the
electron density in a π-conjugated system.6 As a result, the

ESIPT process leads to a structural change via tautomerization,
influencing the molecules’ electronic and optical properties.
This often leads to large changes in the optical response of
these molecules, such as large Stokes shifts in luminescence
emission (>200 nm), as well as new absorbance and emission
signals. Several fluorophores incorporate the cyclic RAHB
motif, including hydroxy- and amino-substituted 2-arylbenzox-
azole (HBO),7,8 2-arylbenzothiazole (HBT),9 and anthraqui-
none (AQ)10−12 as well as 3-hydroxyflavone (3HF) deriva-
tives13−15 (Figure 1). In these compounds, the enol tautomer
(E) has a distinct UV−vis absorption from the keto tautomer
(K). Therefore, it can be separately photoexcited; its excited
state E* readily undergoes proton translocation upon
excitation to form the more stable excited state of the keto
tautomer (K*; Scheme 1 and Figure 10). The fluorescence
emission of the keto tautomer is accompanied by a large
bathochromic shift. The ESIPT mechanism and the photo-
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physical properties it imparts to these fluorophores have been
extensively studied in solution, as reported in a comprehensive
review by Kwon and Park highlighting how the ESIPT
mechanism is now utilized in organic optoelectronic materials
based on these common small-organic molecules.16

Despite the successes of this research area, there are still
many challenges that need to be addressed in sensor design.
For example, the development of molecular probes to detect
structurally similar targets within a family of related analytes is
still an open challenge. One strategy relies on a small number
of similar yet cross-reactive molecular probes used together as
part of a sensor array, as demonstrated by Anslyn et al.,17

Anzenbacher et al.,18 Rotello et al.,19 Kostereli and Severin,20

and Li and Suslick.21 Previously, we reported a simple array-
sensing ensemble using a family of coumarin−enamine
molecular probes that could discriminate 10 divalent metal
chloride salts [calcium(II), cadmium(II), cobalt(II), copper-
(II), iron(II), mercury(II), magnesium(II), nickel(II), lead(II),
and zinc(II)].22 Analysis of the data generated by the array was
achieved by pattern recognition tools, such as principal
component analysis or linear discriminant analysis (LDA),
two statistical data processing methods that are well-
established in supramolecular analytical chemistry.23 Other
sensor arrays for metal ions have been reported;24−26 this
approach has also been used to discriminate small organic
molecules,27−29 more complex biomolecules such as nucleo-
tides30,31 and proteins,32,33 and biochemical processes, such as
aggregation and enzyme activity.34,35 The nature of the
intermolecular interactions between the individual analytes,
the structural features of the chemodosimeters and their
complexes, and the array components are responsible for their
discriminatory analytical power.

2. RESULTS AND DISCUSSION
Here we report a family of structurally similar chemo-
dosimeters that can now simultaneously discriminate between
ion pairs. We examined the probes’ ESIPT mechanism,
coupled with chelation-induced enhancement of the fluo-
rescence emission (CHEF) in the presence of metal(II) salts
having a basic counteranion (e.g., acetate).36,37 Using solid-
state techniques and solution studies, which include
absorbance and emission experiments, we were able to
rationalize the behavior of these coumarin−enamine probes

as ligands and chemodosimeters. Moreover, structural changes
linked to hydrogen-bond-mediated ESIPT play a pivotal role in
the discrimination of ion pairs. The ESIPT is inhibited upon
metal-ion binding to give rise to another mechanism (CHEF),
providing a distinct fluorescence response.

Sensor Design, Synthesis, and Characterization. We
report here on a family of hydroxycoumarin-based fluoro-
phores containing an imine−enamine functional group that
can undergo ESIPT and function as molecular probes for
colorimetric and fluorescent sensing (Figure 1), a new addition
to optical spectroscopic sensing applications.
This work aims to understand the photophysical mecha-

nisms responsible for the optical response of a family of
coumarin−enamine dyes in their interaction with metal cations
and their counterions; we also used these insights in the
development and interpretation of a pattern-based recognition
system to differentiate metal-ion pairs. We have previously
reported that these chemodosimeters give excellent discrim-
ination of 10 metal(II) chloride salts.22 In these systems,
coordination of the metal can occur via the nitrogen atom in
the pyridyl ring system (a borderline Lewis base). However,
deprotonation of the enol group by the cation’s counterion can
produce an additional binding site, forming a bidentate motif
(N^O−). The system’s affinity for metal cations is therefore
mediated not only by the cations’ own binding preferences but
also by the basicity of the anionic counterion, which can
“switch on” a new bidentate binding mode (Figure 2).
Previous work on this system had been limited to chloride

salts of metal cations. The chloride ion alone is generally not
basic enough to deprotonate the enol proton involved in
RAHB to form the N^O− bidentate binding motif in the
molecular probe (Figure 2). Therefore, it was reasonable to
assume that, for chloride salts, the coordination of the metal
ion occurs at only one of the Lewis basic sites (oxygen or
nitrogen atom) in a monodentate fashion. However,
deprotonation at the RAHB site with certain metal chlorides
can transform the preferred coordination environment to a
harder (N^O−) moiety. Such differential behavior among
metal cations was previously exploited in our prior work to
enhance the discrimination of metal ions. In this work, we
extend our studies to metal salts with a more basic counterion,
namely, acetate, to investigate the role of the counterion in
these interactions. It is known that the acetate anion can

Figure 1. Common functional groups found in fluorescent molecular probes using the ESIPT mechanism (from left to right): HBO or HBT, AQ,
3HF (R = OH or NH), and hydroxycoumarin-based imine−enamine structures.

Figure 2. Possible binding sites and coordination modes for metal binding to coumarin−enamine fluorescent probes.
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effectively remove the proton involved in the RAHB system to
form the N^O− chelating motif, thus inhibiting the ESIPT
mechanism, but upon coordination of the metal ion, the
fluorescence signal is regenerated via CHEF.36,37

The synthesis of the molecular probes 3−7 is a
straightforward three-step process. The commercially available
2,4,6-trichlorophenol and malonic acid are added together to
yield bis[2,4,6-(trichlorophenyl)malonate] (known as magic
malonate, compound 1). Compound 1 is then reacted with 3-
(diethylamino)phenol to form 7-(diethylamino)-4-hydroxy-
coumarin (2), a common intermediate for these types of
chemodosimeters.38,39 The coupling of compound 2 with
primary amines yields the desired coumarin−enamine chemo-
dosimeters (3−7) in good yields (greater than 70%). The
experimental procedures have been previously reported.22,40

The NMR spectra of probes 3−7 show that all compounds
exist as a mixture of the two E/Z stereoisomers (Scheme 1).
All crystal structures were deposited to The Cambridge

Crystallographic Data Centre: probe 3 (CCDC 2080861),
probe 4 (CCDC 2080862), probe 5 (CCDC 2080863), probe
7 (CCDC 2080864), and [Zn(3)2] (CCDC 2080948).
To understand the coordination environment of the

molecular probe, we prepared two metal coordination
compounds, [Zn(3)2] and [Zn(7)2]. Synthesis of the metal
complexes was carried out by adding the desired zinc(II)
acetate salt to a boiling methanolic solution of the desired
coumarin−enamine compounds (3 and 7) and refluxing for 3
h. The solid precipitate was collected and fully characterized to
be the pure coordination complexes [Zn(3)2] and [Zn(7)2].

Solid-State Studies: Crystal Structures of Molecular
Probes 3−7. Single-crystal X-ray analysis showed that the

Scheme 1. Synthesis of the Family of Molecular Probes 3−7a

a(i) 3-(Diethylamino)phenol, toluene Δ; (ii) addition of the appropriate aminopyridine derivative, triethylorthoformate, propan-2-ol, Δ. The
possible tautomers (keto vs enol), configurational isomers (E vs Z), and conformational isomers (s-cis vs s-trans) are shown.

Figure 3. Crystal structures of molecular probes (A) 3, (B) 4, (C) 5, and (D) 7 highlighting selected atom labeling and the displacement ellipsoids
at 50% probability. Donor−acceptor distances (Å): intramolecular hydrogen bond N(1)−H···O(3) = 2.621(2), 2.606(3), 2.656(4), and 2.616(4)°
for structures 3−5 and 7, respectively.
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four chemodosimeters 3−5 and 7 adopt their thermodynami-
cally stable E-keto enamine isomer (Figure 3 and Table 1).
The X-ray structure of compound 6 has been previously
published.40 Crystals for all four compounds were grown from
the slow evaporation of a concentrated solution of dimethyl
sulfoxide (DMSO). All of the coumarin−enamine ligands are
essentially planar, possessing a strong intramolecular hydrogen-
bonding interaction in O(3)···H−N(1), exhibiting the S(6)
ring motif, namely, a RAHB motif, yielding a continuous
pseudoring system throughout the molecule, and stabilizing
the planarity of the molecule (Figure 3), which explains the
optical properties of these chemosensors (see the Optical
Spectroscopic Studies of 3−7 section).
The molecular structures show interesting supramolecular

features. Compound 3 exhibits two sets of bifurcated
hydrogen-bonding interactions CH···O between C(11′)H

and C(9)H of the E-keto isomer and the oxygen atom O(2)
of an inversion-related molecule that is anti in orientation
(Figure S1). The crystal packing shows that the molecule
forms a π-stacking offset interaction with a ring separation of
3.61 Å. There is also evidence that the crystal packing is further
stabilized by an edge-to-face CH···π interaction between two
molecules separated by 3.44 Å (Figure S2). The overall
packing motif for probe 3 can be described as a pseudo-γ-
structure (Figure S3).
Conversely, probe 4 does not show the two sets of

bifurcated networks observed in probe 3. However, a π-
stacking interaction (3.63 Å) is observed between the electron-
rich pyridine unit of one molecule with the electron-deficient
ring system of another molecule’s coumarin backbone in an
inverted fashion (Figure S4). The introduction of the pyridine
group significantly changes the supramolecular architecture, in

Table 1. Crystal Data and Structure Refinement for Compounds 3−5, 7, and [Zn(3)2]

probe 3 probe 4 probe 5 probe 7 [Zn(3)2] complex

formula C20H20N2O3 C19H19N3O3 C19H19N3O3 C18H18N4O3 C40H38N4O6Zn
fw (g mol−1) 336.38 337.37 337.37 338.36 736.11
temperature (K) 100 105 100 100 90
wavelength (Å) 1.54184 1.54184 1.54184 1.54184 1.54184
cryst syst monoclinic monoclinic orthorhombic monoclinic triclinic
space group P2(1)/n C2/c Pbca C2/c P1̅
a (Å) 5.0907(3) 24.8120(15) 6.2588(3) 24.406(5) 9.2498(3)
b (Å) 22.9118(14) 8.8859(6) 21.8222(12) 8.817(2) 11.6777(4)
c (Å) 14.2623(18) 18.6763(12) 24.0934(14) 18.603(7) 16.1812(5)
α (deg) 90 90 90 90 79.509(2)
β (deg) 92.198(3) 127.172(3) 90 126.777(12) 89.932(2)
γ (deg) 90 90 90 90 77.857(2)
V (Å3) 1662.3(3) 3281.1(4) 3290.7(3) 3206.2(15) 1678.91(9)
Z 4 8 8 8 2
Dcalcd (Mg m−3) 1.344 1.366 1.362 1.402 1.465
reflns collected 2667 12721 16971 4462 25039
unique reflns 2437 3346 2914 2341 5959
Rint 0.037 0.076 0.033 0.089 0.077
unique reflns/restraints/param 2437/0/232 3346/20/248 2914/0/231 2341/4/249 5959/2/470
S 1.12 1.00 1.04 0.99 1.03
R1 [F

2 > 2σ(F2)] 0.043 0.063 0.069 0.075 0.069
wR (F2) 0.118 0.146 0.197 0.217 0.187

Figure 4. (a) Molecular structure of [Zn(3)2], showing the displacement ellipsoids at 50%. (b) Crystal packing of [Zn(3)2], with the hydrogen-
bonding interactions highlighted. Most of the hydrogen atoms have been removed for clarity; the hydrogen-bonding distances are (a) O(2)i···
C(26) = 3.235(5) Å, O(2)i···H(26)C = 2.53 Å; (b) O(2)i···C(25) = 3.412(5) Å, O(2)i···H(25)C = 2.91 Å; (c) O(1)i···C(11) = 3.429(6) Å,
O(1)i···H(11)C = 2.59 Å (symmetry code i: −x + 1, −y + 1, −z).
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which a ladderlike structure is formed (Figure S5). The overall
packing motif is facilitated by weak nonclassical hydrogen-
bonding interactions between the nitrogen atom in the
pyridine unit and the CH group on the coumarin backbone
binding to a CH on the ethyl group of a neighboring molecule
(Figure S6), reminiscent of the classical γ-structure seen in
other aromatic systems.41 Interestingly, probe 5 does not show
any evidence of π-stacking interactions. Instead, the overall
structure is stabilized by an array of weak hydrogen-bonding
motifs between adjacent molecules in a zipper-type fashion
(Figures S7−S9). Finally, the crystal structure of probe 7 is
very similar to that of probe 4 presumably because of the
pyrimidine moiety containing two nitrogen atoms, one of
which occupies the same ortho position as probe 4. The π-
stacking distances between two adjacent molecules are
modestly shorter, 3.58 Å (probe 7) compared to 3.61 Å
(probe 4). However, the packing motifs are virtually identical
with those of probe 4 (Figures S10−S12).
Crystal Structure of [Zn(3)2] Complex. The zinc ion can

adopt an array of geometries, with a preference for tetrahedral
structures but also including square-pyramidal, trigonal-
bipyramidal, and octahedral structures, and a plethora of
pseudogeometries too.42

X-ray-quality crystals of [Zn(3)2] were obtained by the slow
evaporation of a concentrated solution of DMSO over several
days. The molecular structure of [Zn(3)2] is shown in Figure
4. Two coumarin−enamine ligands are coordinated to the
zinc(II) ion center in a chelating fashion by the oxygen and
nitrogen atoms via the keto−enamine functional group. This is
indicated by the bond lengths of the short CO bond of the
dione [O(3)−C(4)] and the CN bond of the imine moiety
[N(1)−C(9)], which are 1.280(5) and 1.310(5) Å, respec-
tively, for one of the ligands; the bond lengths for the second
ligand are essentially equivalent. In fact, there are only minor
differences in the bond lengths and bond angles of the two
monoanionic bidentate coumarin−enamine ligands. The ZnII−
O and ZnII−N bonds produce a stable six-membered chelating
motif, which is favorable for smaller metal ions.43 The lengths
of the ZnII−O bonds Zn(1)−O(3) and Zn(1)−O(6)
[1.919(3) and 1.932(3) Å, respectively] and the ZnII−N
bonds for the imine moiety, Zn(1)−N(1) and Zn(1)−N(3)
[1.998(3) and 1.981(3) Å, respectively], are in excellent
agreement with similar chelating motifs.44−46 The zinc(II)
ion’s molecular geometry is distorted tetrahedral, with all bond
angles around the zinc(II) center ranging between 109.4 and
122.0°. As discussed above, the crystal structure of compound
3 showed a π-stacking arrangement due to the organic
framework’s planarity. Interestingly, upon the zinc(II) metal
ion’s coordination, the ligand’s planarity is lost, and the aniline
group is twisted out-of-plane by approximately 30°. This twist
is stabilized by a single hydrogen-bonding interaction between
C(11)H from the ligand of one coordination molecule and the
oxygen atom on an adjacent molecule, shown in Figure 4b.
Because of the pseudotetrahedral geometry around the metal
center, there is no evidence of π−π-stacking interactions in the
crystal packing of the metal complex. Moreover, these
compounds are neutral, with no counterion or coordinating
solvent to bind to the metal centers.
We made numerous efforts to grow crystals of the other

coordination compounds to no avail. This is because the
nitrogen atoms in the aromatic ring of these ligands increase
the hydrolysis (see NMR discussion), leading to degradation of
the coordination complexes in the weeks necessary for crystals

to grow. However, this was not an issue with the spectroscopic
studies, which are completed within hours rather than weeks.
In lieu of crystal structure determination, we carried out an IR
study to help validate the binding mode of zinc(II) ions within
the enamino−ketonate (N^O−) motif. The IR study was
conducted on free ligands 3, 6, and 7 and for the
corresponding coordination complexes [Zn(X)2], where X =
3, 6, and 7, as a solid using an attenuated-total-reflectance IR
(Figures S13−S15 and Table S1). Overall, a comparison of the
IR spectra of the free ligands and zinc complexes for ligands 6
and 7 with those obtained with ligand 3 supports our
hypothesis that the binding motifs observed in the crystal
structure of [Zn(3)2] can be extended to the complexes of the
other ligands as well.

Solution Studies. NMR Studies. Both the coordination
compounds [Zn(X)2], where X = 3 and 7, and the
corresponding free enamine ligands (compounds 3 and 7)
were extensively studied using one-dimensional (1D) 1H and
13C NMR and two-dimensional (2D) NMR (HSQC and
HMBC). The numbering scheme of the ligands 3 and 7 and
their respective coordination complexes are shown in Figures
S16, S25, S31, and S40, respectively. Full spectra are shown in
Figures S17−S24, S26−S30, S32−S39, and S41−S45 and
Tables S2−S5. Compounds 3 and 7 exist as two stereoisomers
(E and Z); the tautomers were not observed separately in
solution (Scheme 1). The E and Z isomers are distinguishable
in the 1H NMR spectrum due to distinct signals generated by
the NH functional groups of the E- and Z-keto enamine. These
two signals appear in the region of 13−14 ppm for E-keto and
11−12 ppm for Z-keto, depending on the ligand. The 13C
NMR spectrum proved to be more complicated to assign for
the free ligands. 13C attached proton test (APT) experiments
were carried out to unambiguously give the different chemical
shifts of the carbon atoms (Figures S19−S21 for probe 3 and
Figure S28 for probe 7).
To obtain a chelating motif to coordinate to the metal ion,

the hydrogen atom that participates in the RAHB ring system
must be removed to form the β-diketonate. In our previous
work,40 we had identified stark differences in behavior among
different anions acting as the metals’ counterions. For instance,
we observed that small, highly charged anions (hard Lewis
bases) were able to abstract a proton attached to a highly
electronegative atom. On the other hand, a stronger
nucleophile such as a cyanide ion, would prefer to add to
these structures through a Michael addition. In our previous
metal-ion-sensing study using these probes,22 we did not
systematically investigate these effects, settling on using a
noninterfering anion (i.e., chloride) instead. In the present
work, however, we investigate the impact of the anion in
generating the chelating motif described above. The first
approach was to investigate whether the relevant proton can be
abstracted with an appropriate anion. Initially, we prepared an
NMR tube containing coumarin−enamine ligand 6 and 1.3
equiv of either tetra-n-butylammonium fluoride (TBAF) or
TBACH3CO2 (Figures S46−S48). We reran the 1H NMR, and
within 30 min, it was clear that another compound was being
formed. To ascertain the nature of this new compound, we
chose to investigate whether the fluoride and acetate ions
interacted with the coumarin molecule through hydrogen
bonding or proton abstraction. Compound 7 was analyzed by
1H NMR titration at room temperature in CDCl3. Aliquots of
TBAF were added to compound 7; there was little evidence of
any hydrogen-bonding interactions. However, the two enamine
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NH signals at 13.5 and 11.7 ppm disappeared. Upon the
addition of 1 equiv of TBAF, an aldehydic proton signal was
observed at 10.4 ppm, caused by hydrolysis of the enamine
functionality. The two products of the postulated hydrolysis, 2
and 4-aminopyridine, were both identified in the 1H NMR
spectrum (Figure S46). Because fluoride was found to induce
side reactions instead of deprotonation, it was abandoned, and
we turned our attention to the acetate ion.
On the other hand, when aliquots of TBACH3CO2 were

titrated into probe 7 (Figure S47), hydrolysis was reduced to a
minimum (<5%). Therefore, we chose to use the metal acetate
salts in our ion-pair studies in DMSO for two reasons: first,
metal acetate salts have greater solubility than metal fluorides;
second, the acetate ion has been shown to be less basic than
fluoride in DMSO (pKa = 12.7 vs 15 for AcOH47 and HF,48

respectively). Furthermore, the presence of a hydrolyzed

product was further confirmed because, in the case of probe 7,
we were able to isolate and characterize its octahedral zinc(II)
complex using single-crystal X-ray crystallography.49 The solid-
state structure of the hydrolyzed compound showed that a
zinc(II) ion was coordinated in a bidentate fashion between
the two carbonyl groups. A proposed mechanism explaining
the hydrolysis is shown in the Supporting Information (SI) and
Scheme 1. Interestingly, compound 3 did not show appreciable
hydrolysis, presumably because of the lack of nitrogen atoms in
the ring system.50

The 1H and 13C NMR assignments of the [Zn(3)2] and
[Zn(7)2] coordination compounds were less challenging to
interpret. In both cases, one major species is seen. The crystal
structure for [Zn(3)2] shows that compound 3 coordinates to
the zinc(II) ion in a pseudo-Td geometry. The 1H NMR
spectrum of [Zn(3)2] shows modest chemical shifts between

Figure 5. Stacking plot of the 13C NMR-APT in CHCl3-d; (A) 95−180 ppm region; (B) 135−185 ppm region. (bottom) Probe 3. (top) Isolated
coordination complex [Zn(3)2] (*) residual probe 3.
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the free compound 3 and the coordination complex. The most
significant change in the 1H NMR spectrum is the loss of the
NH signal. However, the chemical environment of the carbon
atoms that make up the chelating motif of ligand 3 showed
significant changes in the 13C NMR spectrum upon zinc(II)
coordination and, in particular, in the 13C APT experiment, in
which the sp2-hybridized C(9)H showed a positive signal seen
at 153.6 ppm in the ligand, whereas this carbon signal shifted
downfield to 165.7 ppm in the zinc(II) complex (Δδ 12.1
ppm). Carbon 10, seen as a negative signal at 138.7 ppm in the
13C ATP experiment for the free ligand, shifted to 148.9 (Δδ
10.2 ppm) in the zinc(II) complex. Modest chemical shifts
were observed for the other carbon atoms in the six-membered
ring system, as shown in Figure 5. The same trend was seen for
compound 7 and [Zn(7)2] (Figures S28 and S43,
respectively).

1H NMR Titration with Zn(CH3CO2)2.
1H NMR titrations

were used to investigate the ion-pair binding ability of
compounds 6 and 7 to Zn(CH3CO2)2 at room temperature
in DMSO-d6. Aliquots of the metal salt were added to a 15 μM
solution of compound 6 or 7. During the NMR titrations, there
was no evidence of hydrolysis, as indicated by the absence of a
formyl proton signal and of any free amine being formed in the
solution, as shown in Figure 6 for compound 6.

Interestingly, upon the addition of Zn(OAc)2 to probe 6, a
gradual disappearance of the NH and C(9)H signals was
observed. After the addition of 1 equiv of the metal salt, there
is evidence that two species exist in solution. The first is the
free ligand; the second is a 1:1 zinc(II)/6 complex. This is seen
by a new signal appearing at 8.65 ppm assigned to the C(9)H
imine proton. An analogous titration was carried out with
compound 7 (Figure S49); again, there was no evidence of
hydrolysis; upon the addition of Zn(CH3CO2)2, two distinct
sets of signals were observed, for the free ligand and [Zn(7)2].
Unfortunately, because the proton signals shifted only
modestly upon binding, it was not possible to obtain binding
constants using NMR spectroscopy.

Optical Spectroscopic Studies of 3−7. The NMR
studies showed that both the (E)- and (Z)-keto-enamine
stereoisomers are present in the solution, but it was unable to
resolve the keto-enamine and enol-imine tautomers for each
stereoisomers, as the equilibrium between the two tautomers
of each stereoisomer is faster than the NMR time scale under
these conditions. We then turned to studying the UV−vis
absorption properties for all molecular probes (compounds 3−
7) in a 100% DSMO solution (16 μM). The UV−vis
absorption studies showed a strong absorption band at
approximately 400 nm, which was assigned to the keto
tautomer, and a weaker but distinctive band or a shoulder

Figure 6. 1H NMR (partial spectra) titration of compound 6 and Zn(CH3CO2) in DMSO-d6.

Figure 7. Normalized absorption (A) and emission (B) spectra of probes 3−7 in DMSO (16 μM).
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between 323 and 361 nm, assigned to the enol form (Figure
7A and Table 2). The electronic properties of keto versus enol
tautomers are different enough to show up as distinct bands in
the absorption spectrum; furthermore, the two tautomers
could be separated here because of the much faster time scale
of the electronic absorption experiments. In contrast to the
NMR results, we did not detect an appreciable difference in the
optical spectra of the E and Z stereoisomers, presumably
because their electronic properties are similar and so are their
absorption characteristics. The absorption and steady-state
emission spectra of molecular probes 3−7 in DMSO are
shown in Figures 7 and S50. The absorption spectra are
dominated by the keto absorption band, in excellent agreement
with the solid-state structure, wherein all of the molecular
probes were found in the thermodynamically stable keto
isomer.
The quantum yields obtained for compounds 3−7 in DMSO

are reported in Table 2. Reference compounds used in the
study are anthracene and quinine sulfate (Figure S51). The φf
yields are approximately equal, which is unsurprising because
the organic frameworks are similar. The molecular probe’s
planarity is stabilized by a robust intramolecular hydrogen-
bonding interaction, forming a pseudo ring system. The
differences in the quantum yields can be attributed to the
positions of the nitrogen atoms in the pyridyl ring.
We have previously studied the photophysical properties of

molecular probe 6 in detail.40 Because we had used DMSO as a
solvent in our previous studies, we did the same here for
consistency. In this work, the absorption spectra for
compounds 3−7 show a subtle bathochromic shift as the
number of nitrogen atoms in the aromatic moiety increases;
the incorporation of the nitrogen atoms upon going from

benzene (probe 3) to pyridine (4−6) to pyrimidine (7) seems
to slightly stabilize the electronic structure of the excited-state
enol moiety.
When the fluorescence emission of the metal-free probes in

DMSO when excited at 339 nm (enol band) is studied, a
dominant emission band is seen between 532 and 573 nm
(Table 2), with a Stokes shift between 207 and 241 nm,
assigned to the S0 ← S1 transition. This characteristically large
Stokes shift is caused by the intramolecular proton transfer that
transforms the excited-state enol tautomer into a ground-state
keto one. This is in excellent agreement with previously
published work by Chen and Hu, who showed that replacing
the hydrogen atom on the enol oxygen atom with a methyl
functional group significantly reduces the Stokes shift of the
emission band.51

The binding affinity of compounds 3−7 with an array of
metal ions as their acetate salts was then studied by UV−vis
spectroscopy in DMSO. We screened a series of metal ions by
preparing a solution of each chemoreactor in DMSO and
adding 2 equiv of metal ion [silver(I), sodium(I), calcium(II),
cadmium(II), cobalt(II), copper(II), iron(II), mercury(II),
manganese(II), nickel(II), lead(II), and zinc(II)]. In most
cases, coordination of the chemodosimeter only produced
modest spectroscopic shifts for compounds 3−5 (Figure S53).
Two metal ions [cobalt(II) and zinc(II)] shifted the
absorption maximum in the bathochromic direction. On the
other hand, compounds 6 and 7 showed the greatest shifts
upon the addition of cadmium(II) and zinc(II) acetate, and a
detailed binding study was carried out on probe 7 with
Zn(CH3CO2)2 in DMSO. Probe 7 showed two distinctive
broad bands at 339 and 411 nm in its absorption spectrum
(vide supra). Upon the addition of aliquots of zinc(II) ions, the

Table 2. Optical Properties of Molecular Probes 3−7 in DMSO (16 μM), Where Values for the Enol Tautomer Are in
Parentheses

molecular probe ϕf yield
a λabs(nm) λketo em(nm) λ em(nm) CHEF Stokes shift λ(enol) abs at 339 nm−λketo em

3 0.70 (339, 361), 401 546 455 207
4 0.78 (339,357), 406 560 503 221
5 0.65 (323, 339), 403 564 503 225
6 0.59 (339), 408 581 521 242
7 0.79 (339), 411 580 522 241

aAnthracene and quinine sulfate were used as standards.

Figure 8. (Left) Absorbance spectra of probe 7 upon the incremental addition of a 1.54 μM stock solution (0.1 up to 2.0 equiv) of Zn(CH3CO2)2
in DMSO. (Right) Nonlinear least-squares fit isotherm (blue diamonds and red crosses correspond to the experimental and calculated data,
respectively). Solid lines show the percent speciation formed of a free ligand (red) versus complex (blue) during the titration.
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band at 339 nm (enol tautomer) decreased in intensity, and a
new more intense red-shifted band appeared at 421 nm
through an isosbestic point (407 nm; Figure 8). The binding
isotherm could be fitted to a 1:2 (M/L) binding model with
log β12 = 10.7 ± 0.3 using the nonlinear least-squares fitting
program HypSpec.52

Because different stoichiometries can form in solution, the
existence of the 1:1 complex was confirmed by mass
spectrometry, whereby a solution containing equimolar
amounts of probe 7 and ZnCl2 was allowed to equilibrate
for 10 min and directly injected into the mass spectrometer.
The negative-ion-mode electrospray ionization mass spectrom-
etry spectra of this mixture shows the expected peaks at m/z
471, 473, and 475 attributed to the [Zn(7)Cl2]

− anion, with
excellent agreement with the expected isotopic distribution
(Figure S61). Fragmentation of the m/z 471 peak shows that

the coordination compound fragments to the ligand 7 seen at
m/z 337 mass units (Figure S62). Because the probe/metal
ratio was deliberately set to 1:1 in this solution, there was no
evidence of the 2:1 complex that had been observed in the
UV−vis titration.
Additionally, a simple test was carried out on the probe

alone, whereby 2 equiv of ZnX2 (X = Br−, Cl−, NO3
−,

CH3CO2
−, ClO4

−) was added to probes 4 and 7 (Figure S52).
Among the salts tested, Zn(CH3CO2)2 caused by far the
largest change of the probe’s emission intensity, suggesting that
both the cation and anion in the ion pair are necessary to
produce the greatest desired optical responses.

Fluorescence Studies. The steady-state emission of
compounds 3−7 exhibits a single broad band, with an
anomalously long emission tail around 580 nm in DMSO
when excited at the enol tautomer absorption band at 339 nm.

Figure 9. Molecular probes (16 μM) plus aliquots of Zn(CH3CO2)2 acetate up to 5 equiv in DMSO [λex(enol) = 339 nm]: (A) 3, (B) 4, (C) 5, (D)
6, (E) and 7 (F) isotherms for each molecular probe.
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This long tail is due to the proton back-transfer from the enol
excited state to the keto tautomer in the ground state,
indicative of the ESIPT mechanism and in agreement with the
published work.53 Additionally, only a single emission band is
observed, corresponding to the emission of the keto tautomer;
no emission can be assigned to the excited state of the enol
tautomer, suggesting an ultrafast rate of the ESIPT mechanism.
Indeed, this process has previously been calculated to occur on
the femtosecond time scale.51

Among the metal acetate salts tested, the zinc(II) ion
produced the greatest changes in the emission spectra, as seen
in the absorbance experiment discussed above. Thus, the
photophysical and binding behaviors of compounds 3−7
toward zinc(II) acetate were studied in DMSO. Upon
excitation at 339 nm (enol tautomer), a broad emission
band assigned to the keto* tautomer was seen between 580
and 600 nm. Upon the addition of aliquots of Zn(CH3CO2)2
to the molecular probes, the ESIPT emission band (originating
from the keto tautomer) decreased in intensity, with a
concomitant increase of a new band between 455 and 522
nm (Figure 9). This hypsochromic shift indicated an inhibition
of the ESIPT mechanism by proton abstraction via the acetate
anion and zinc(II) coordination; the new band was therefore
assigned to the direct emission from the enol tautomer. All
probes exhibited a significant blue shift upon zinc(II)
coordination, indicating strong inhibition of the ESIPT
mechanism (Figure 9).
The fluorescence enhancement observed in Figure 9 can be

attributed to a CHEF mechanism. To support this, the
fluorescence emission spectra of all molecular probes were
obtained in the presence of the same series of metal ions used
in the UV−vis absorption studies [silver(I), sodium(I),
calcium(II), cadmium(II), cobalt(II), copper(II), iron(II),
mercury(II), manganese(II), nickel(II), lead(II), and zinc(II)]
but this time exciting directly at the keto absorption band (408
nm) to bypass the ESIPT mechanism. Upon the addition of 2
equiv of the metal salt, the emission of the keto excited state
was quenched (Figure S54). When zinc(II) and cadmium(II)
salts were added, they again produced the greatest changes in
the emission spectra: photophysical studies and the binding
behavior of compounds 3−7 toward these two metal(II)
acetates carried out in DMSO with excitation at 408 nm are
included in Figures S55 and S57. This behavior is a traditional
receptor−analyte mechanism. The emission enhancement was
most evident for the zinc(II) ions regardless of the choice of
the excitation wavelength (i.e., either 339 or 408 nm). This can
be explained by the extra π-electron delocalization of the ligand
and also by the enhanced rigidity of the fluorophores as a result
of metal coordination. The binding affinity in DMSO between
the molecular probes and zinc(II) was determined by
nonlinear least-squares analysis (Figures S56 and S58). For
the experimental data to fit the binding model, both 1:1 and
2:1 (probe2/metal) species had to be included (Table 3).
Because a fluorescence enhancement is seen at approximately
500 nm upon the addition of Zn(CH3CO2)2, we used
fluorescence spectroscopy to determine the limit of detection
(LOD) of zinc(II) ions upon the addition of probes 5 and 7.
The LOD was determined by least-squares linear regression.
The confidence limit of the slope is defined as B ± tSB, where t
is the Student’s t value taken from the desired confidence level
and n − 2 degrees of freedom (df); here a 95% confidence
level (t value 1.89 for df = 7 and t value 2.015 for df = 5 for
compounds 5 and 7 respectively) was adopted (Figures S59

and S60). It is accepted that the LOD is the analyte
concentration, giving a signal equal to that of the blank signal
plus three standard deviations from the blank, i.e., y = yB +
3SB. The LOD values were calculated to be 0.15 ppm for
probe 5 (obtained as the average of two measurements, λext at
339 and 408 nm) and 0.17 ppm for compound 7.
On the basis of the spectroscopic data discussed above, a

simplified energy-level diagram can be drawn, illustrating the
structures and relative energies of the electronic states of these
ligands and complexes (Figure 10) responsible for their
photophysical properties. The higher-energy enol tautomer (E)
can be photoexcited around 339 nm. The enol’s excited state
(E*) undergoes fast intramolecular proton transfer (ESIPT) to
produce the keto form in its excited state (K*); the observed
fluorescence emission of the free ligands stems from
deexcitation of this K* excited state: the corresponding
emission from the keto tautomer shows a significant bath-
ochromic shift. Upon the addition of the metal salt, the anion
in the salt induces ligand deprotonation, thus preventing the
ESIPT process. Therefore, upon coordination of the metal to
the deprotonated ligand, the emission wavelength shifts toward
blue and increases in intensity, with the latter increase being
due to chelation enhancement, as discussed above.

Multivariate Study of Metal-Ion Pairs: Acetate versus
Chloride. In the work described above, metal(II) acetate salts
displayed a significantly different colorimetric and fluorescence
response than the metal(II) chlorides studied in our previous
work.22 Nevertheless, obtaining detailed information about
which probes could selectively bind other metal(II) ion pairs
would be challenging by simple inspection of their univariate
spectroscopic response alone. Therefore, a large data set was
collected on a series of main-group and d-block acetate and
chloride salts; measurements were acquired at multiple
wavelengths, and then pattern recognition techniques were
used to interpret the data. Detailed information was obtained
about which of these coumarin−enamine probes were most
important for differentiation of ion pairs. We used fluorescent
chemodosimeters 4−7 to discriminate seven divalent metal(II)
ions, as chloride or acetate salts, using LDA for data
interpretation. Somewhat surprisingly, in our previous
communication using these fluorophores, probe 6 had been
found to significantly contribute to the discrimination of metal
chlorides, even though its p-pyridinyl nitrogen atom is the
furthest from the metal-binding site (see the Sensor Design,
Synthesis, and Characterization section) in this family of
fluorophore compounds. This result ran counter to our
working assumption at the time, i.e., that an accessible
aromatic nitrogen atom would contribute favorably to metal
coordination and, thus, better differential optical responses.

Table 3. Binding Constants Obtained Using the Nonlinear
Regression Program HypSpec.

zinc(II) cadmium(II)

molecular
probe log K11 log K21 log K11 log K21

3 3.55 ± 0.14 a 4.96 ± 0.01 a
4 4.89 ± 0.15 5.53 ± 0.15 4.53 ± 0.01 5.64 ± 0.03
5 5.34 ± 0.11 a 5.32 ± 0.1 5.25 ± 0.02
6 5.55 ± 0.32 4.02b 4.86 ± 0.01 4.97 ± 0.03
7 5.72 ± 0.08 4.82b 4.97 ± 0.01 5.65 ± 0.01

aNot needed in the model. bErrors are 10−15%; log K21 corresponds
to the Probe2·Zn species.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01734
Inorg. Chem. 2021, 60, 14238−14252

14247

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01734/suppl_file/ic1c01734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01734/suppl_file/ic1c01734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01734/suppl_file/ic1c01734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01734/suppl_file/ic1c01734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01734/suppl_file/ic1c01734_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


However, the results of binding titrations of metals to probes 3
and 7, presented here in the optical spectroscopy section,
disproved that hypothesis. In fact, probe 3, which contains no
nitrogen atoms in its aromatic pendant ring, showed a metal-
ion binding affinity comparable to probe 7, one of whose two
equivalent o-pyrimidinyl nitrogen atoms must always be near
the metal-binding site. Therefore, we must conclude that
pyridinyl nitrogen atoms in the vicinity of the metal-binding
site do not contribute to the metal center’s binding environ-
ment to any appreciable degree; on the contrary, they may
even appear deleterious to the binding affinity and ion-pair
discrimination, in accordance with the binding models
proposed in this work. We also noted that the metal’s
counterion not only dramatically influences the affinity of the
ligand for a given metal, but it also causes vast differences in
the binding modes (bidentate vs monodentate).
To the best of our knowledge, using chemometrics methods

to investigate ion pairs simultaneously has only been reported
twice.54,55 Can our previously reported discrimination results
be improved upon by leveraging the counterion’s influence, in
light of the structural insights gained above? The results of
analysis of the multivariate spectral data, detailed below,

unearthed the sources of the trends mentioned above and
helped to understand these probes’ interactions with metal
ions, particularly when paired with changes in the basicity of
the metal’s counteranion. They confirmed that a change in the
counterions resulted in different degrees of deprotonation of
the ligands’ NH bond participating in the RAHB (Figure 2),
modulating the metal binding affinity in response to the whole
ion pair rather than to the nature of the metal cation alone. For
instance, a higher degree of deprotonation of this position
using a more basic counteranion improved the metal-ion
binding affinity (see the NMR discussion). As a result, these
chemodosimeters functioned as an effective dual-probe sensor
for ion pairs, i.e., particular pairings of metal ions and specific
counterions.
We chose to compare metal ions as their chloride and

acetate salts to represent counterions with very different
basicities. Seven divalent transition- and main-group-metal
acetate salts [nickel(II), cobalt(II), iron(II), lead(II), zinc(II),
cadmium(II), and copper(II)] were added to a 384-well
microplate containing fluorescent probes 4−7. All conditions
were kept constant throughout, with [dye] = 16 μM and
[metal salt] = 48 μM (3:1 salt/dye), dissolved in dry DMSO.

Figure 10. Energy diagram summarizing the proposed structures and relative energies of the electronic states responsible for photophysical
processes in probes 3−7. Highlighted are the ESIPT and keto−enol tautomerism. Coordination of metal ions such as zinc(II) induces
deprotonation of the ligand and inhibits the ESIPT, so a new emission band corresponding to the bound enol complex is observed, with a
concomitant CHEF.

Figure 11. (Left) 2D plot of LDA scores depicting the separation of 14 divalent metal salts (2+ oxidation states), highlighting the separation along
factor 1 between acetate (blue) and chloride (red) metal salts. (Right) Corresponding LDA loading plots displaying the most important
instrumental measurements to the first two factors: circles indicate absorbance measurements and squares fluorescence measurements.
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For each sample, the absorbance was measured at five
wavelengths (330, 380, 400, 430, and 600 nm); fluorescence
emission at six wavelength pairs (λexc/λem = 330/450, 330/528,
330/580, 380/450, 380/528, and 380/580 nm), i.e., in the
spectral regions displaying the most significant changes upon
the addition of metal salts to these probes (Figures S53 and
S54).
The data obtained for the chloride and acetate metal salts

exposed to compounds 4−7 were combined and subjected to
LDA to find linear combinations of the above instrumental
measurements that highlight the differences in the optical
spectroscopic responses from chemodosimeters 4−7 to these
ion pairs,56 allowing for a more straightforward interpretation
of the underlying chemical features responsible for these
probes’ responses to ion pairs. After LDA was carried out, the
data set was represented by multidimensional descriptor
variables (LDA factors, F), which, crucially, are returned by
the algorithm in decreasing order of their information content.
This allows for the straightforward dimensionality reduction of
the original data set by retaining only the first two or three
factors. The result is a 2D or three-dimensional data set,
respectively, in which each observation is represented by a pair
or a triplet of numbers (its factor scores). A graphical
representation of these results for the probes’ interaction
with metal acetates or chlorides is displayed in Figure 11 as a
2D plot (an LDA scores plot). The most striking result is a clear
separation between the chloride and acetate salts; indeed, the
difference in behavior between acetate and chloride salts was
more pronounced than the difference induced by the metal
ions’ identity, allowing us to clearly identify acetate versus
chloride “superclusters” in the scores plot. This result, which
may appear surprising at first, is in line with our previous
conclusions regarding the possible role of anions as bases in
modulating the emission properties of the ligands and
complexes (e.g., by favoring the ESIPT vs CHEF mecha-
nisms). In these results, differences along factor 1 (the
horizontal axis in the scores plot) report on the nature of
the anionic counterion in the ion pair; on the other hand,
differences along factor 2 (the vertical axis) are linked with
different cations.
It is interesting to investigate the source of these distinct and

orthogonal discrimination behaviors. We can do so by
examining the makeup of each LDA factor in terms of the
original measurements: this is expressed by the LDA factor
loadings, which are displayed graphically in a loadings plot in
Figure 11. As an example, the loadings plot in Figure 11
indicates that the source of the differences among ion-pair
samples seen along factor 1 is associated mainly with the
differences in those samples’ fluorescence emission at 528 nm
when exposed to probe 4 (λex = 380 nm). In general, the factor
loadings provided valuable information about which chemo-
dosimeters (4−7) and which types of measurement
(absorbance vs fluorescence) were most important in
discriminating among different anions and cations in each
ion pair. In fact, the loadings plot indicated a greater
contribution of fluorescence measurements linked with probes
4 and 5 to factor 1, i.e., the factor responsible for anion
separation. On the other hand, to differentiate among metal
cations, the system relied on differences in absorbance upon
interaction of these ion pairs with probe 6, which were found
to be the most important contributors to factor 2. This was in
agreement with the results we reported previously in which
probe 6 was the strongest contributor to cation separation.22

Because we had found that probe 6 has slightly higher affinity
for metal cations than the other probes, we conclude that the
discrimination among metal cations is based mainly on their
differences in affinity toward the coumarin−enamine family of
ligands. Incidentally, this result further supports our amended
binding hypothesis that having a pyridinyl nitrogen atom closer
to the binding site is, in fact, a hindrance to metal-ion binding.
The binding affinity of these ligands for metal cations is

significantly improved by the introduction of a basic
counteranion. Indeed, probes 4 and 5, which had not
contributed much to the discrimination of metal chlorides in
our previous study, gained much greater importance in the
presence of the more basic acetate ion. Furthermore, in the
current study, the separation among metal ions that had
acetate as counteranion was much less pronounced than that
among chloride salts likely because the acetate anion effectively
increased all binding affinities; this, in turn, reduced the
differences among metal ions, making their differentiation
more challenging.
NiCl2, CoCl2, and FeCl2 were well-separated from the other

four metal chlorides (PbCl2, CdCl2, ZnCl2, and CuCl2) along
factor 2, suggesting that the former three metal chlorides may
themselves force deprotonation of the proton participating in
RAHB (Figure 2) as a consequence of their stronger affinity to
the ligand, whereas the latter four cations do not, leading to
weaker binding. Differences in the binding mode can explain
the distinctive discrimination between these two groups of
metal(II) chloride salts. In fact, acetate is basic enough to
deprotonate the fragment involved in RAHB to form the
N^O− bidentate binding motif. The coumarin−enamine anion
can then coordinate any of the metal ions with roughly
comparable affinities (Table 3); this is reflected by the relative
lack of discriminatory power among different metal ions (i.e.,
along factor 2 in the scores plot) when acetate is the
counterion. On the other hand, the chloride supercluster
contains two well-separated groups of metal cations, and, more
in general, the separation among the cations is better with this
counterion. This can be explained by assuming that the metal
center initially binds in a monodentate fashion to either of the
two different heteroatoms acting as possible ligands in the
chemodosimeter. In fact, these coumarin−enamines contain
both a hard Lewis basic site (oxygen atoms) and a borderline
basic site (nitrogen atom). All of the metal(II) ions considered
in this study are borderline Lewis acids except for cadmium-
(II), classified as a soft Lewis acid. However, nickel(II),
cobalt(II), and iron(II), which behave similarly in these
multivariate studies, have smaller atomic radii (approximately
70 pm) than cadmium(II), zinc(II), lead(II), and copper(II)
(87, 88, 109, and 119 pm, respectively). HSAB theory suggests
that the three smaller metal ions [nickel(II), cobalt(II), and
iron(II)] will prefer to coordinate to the oxygen atom, the
harder Lewis basic site; the other metal ions will have a higher
affinity for the softer/borderline nitrogen atom. Additionally,
monodentate binding to the nitrogen atom will inductively
weaken the enol’s OH bond: chloride may then be basic
enough to deprotonate the enol to form the bidentate motif,
liberating HCl and completing the coordination sphere.
We also found evidence to disprove the previously advanced

hypothesis that an ortho nitrogen atom on the aromatic ring
improves the metal binding affinity in this class of compounds.
Indeed, studying probe 7, whose pyrimidine (1,3-diazine) ring
forces at least one nitrogen proximal to the metal binding site,
showed that this was detrimental to differential metal binding
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and anion discrimination. We look forward to further studies to
identify the role of the nitrogen atoms in the binding pocket,
which could explain these experimental results more clearly,
given their counterintuitive trend. The prominent role and
differential responses of compounds 4−6 confirmed that these
coumarin−enamine fluorophores can act as analytically useful
dual-probe sensors for ion pairs.

3. CONCLUSION
In summary, we present an in-depth analysis of the metal
binding behavior and corresponding structural and spectro-
scopic responses of a family of coumarin−enamine fluorescent
probes as multiple-channel sensors. We identified multiple
mechanisms responsible for the observed responses to main-
group and transition-metal salts. The free probes experience
ESIPT, leading to large Stokes shifts and low-energy emission,
which is sensitive to the Brønsted and Lewis basicity of the
metals’ counteranions. Metal ions also inhibit the ESIPT
mechanism, which is replaced by either CHEF, e.g., for
zinc(II) and cadmium(II), or quenching by photoinduced
electron transfer for other metal ions. Multivariate analysis of
the spectral data highlighted the structural features of the
chemodosimeters 4−7 responsible for their sensitivity to each
class of analyte (i.e., anion vs cation). These results suggested
that the degree of deprotonation of the RAHB motif by the
counteranion was responsible for modulation of the affinity of
these ligands toward the accompanying metal cations, resulting
in a system that is sensitive not only to the nature of the metal
cation but also to its counteranion, making it a sensor for ion
pairs.

4. EXPERIMENTAL PROCEDURE
General Procedure for the [Zn(X)2] Complex (X = Probe 3 or

7). The synthesis and full characterization for molecular probes 3−7
have previously been published.22,40

Either probe 3 or 7 (0.45 mmol) was dissolved in hot MeOH (10
mL), then Zn(OAc)2 (0.22 mmol) was added to the solution, and the
reaction was refluxed for 3 h. The solution was allowed to cool,
forming a yellow precipitate. The solid was filtered and washed with
cold MeOH. The yields for [Zn(7)2] and [Zn(3)2] were 85.9 mg
(0.19 mmol, 52%) and 100.2 mg (0.14 mmol, 63%), respectively. 1D
and 2D NMR spectra, IR spectra, and X-ray tables for [Zn(3)2] are
reported in the Supporting Information. HRMS-ESI for [Zn(3)2].
Calcd for [C40H39N4O6Zn]

+ ([M + H]+): m/z 735.2161. Found: m/z
735.2162. HRMS-ESI for [Zn(7)2]. Calcd for [C36H35N8O6Zn]

+ ([M
+ H]+): m/z 739.1971. Found: m/z 739.1977. Calcd for
[C36H34N8O6Zn + Na]+ ([M + Na]+): m/z 761.1791. Found: m/z
761.1778.
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