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Abstract: Nitrogen-containing pyridine and quinoline are outstanding platforms on which excellent
ionophores and sensors for metal ions can be built. Steric and stereochemical effects can be used to
modulate the affinity and selectivity of such ligands toward different metal ions on the coordination
chemistry front. On the signal transduction front, such effects can also be used to modulate optical
responses of these ligands in metal sensing systems. In this review, steric modulation of achiral
ligands and stereochemical modulation in chiral ligands, especially ionophores and sensors for zinc,
copper, silver, and mercury, are examined using published structural and spectral data. Although it
might be more challenging to construct chiral ligands than achiral ones, isotropic and anisotropic
absorption signals from a single chiroptical fluorescent sensor provide not only detection but also
differentiation of multiple analytes with high selectivity.

Keywords: pyridine; quinoline; ionophore; sensor; steric effect; stereochemical control; metal ions;
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1. Introduction

As nitrogen-containing aromatic compounds, pyridine and quinoline can form complexes with
many metal ions because the lone pair electrons on the nitrogen are available for coordination since
they are not part of the aromatic systems. The aromatic ring of pyridine or quinoline itself is a rigid
platform, which can be incorporated into many achiral and chiral binding pockets to build ligands
of different affinities to different metal ions. Chiral pyridyl- or quinolyl-containing ligands and their
metal complexes are used as catalysts in asymmetric catalysis [1]. A recent review described the design
principle for selective metal ion binding and sensing using many achiral pyridyl-containing ligands [2].
There are some other examples of achiral pyridyl-containing ligands used for metal sensing and this
article will discuss the structural features of some of them [3—6]. This article mainly focuses on the
stereochemical approach to achieving selective metal binding and sensing using pyridyl-/quinolyl
containing ligands, especially chiral ligands. The structure-activity relationship in the modulation of
coordination chemistry and/or signal transduction using such ligands/sensors will be discussed.

2. Steric and Stereochemical Modulation of Binding Affinity and Selectivity

According to Comba [7], the design of a selective ligand for a metal ion must involve a high degree
of preorganization for the specific metal ion and also a high degree of “disorganization” or mismatch
for competing metal ions. The latter is not an easy task and it has not been addressed in detail. Still
et al. pointed out that an important principle in the rational design of synthetic host molecules is
using substitution and stereochemistry to reduce the populations of conformations unfavorable to
binding [8]. By the same token, substitution and stereochemistry manipulation should be able to reduce
the population of conformations favorable to binding, thus enabling the manipulation of selectivity.
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2.1. Steric Control of Achiral Ligands’ Selectivity to Zn®** and Cu*

Many ionophores are incorporated in sensors for metal ions and other species. Signal transduction
of many sensing events depends on the structure and conformation of the analyte-sensor complexes.
In the development of Zn?* chelators and sensors, specificity to zinc is highly desirable from
many perspectives. Over the years, some sensitive fluorescent sensors for Zn?*, which are mostly
N-containing ligands, have been developed and their selectivity against some other metal ions has
been investigated [6,9-21]. However, as predicted by the Irving-Williams series [22], Cu?>* complexes
with nitrogen donor ligands are typically found to be more stable than Zn?" complexes by several
orders of magnitude: Complexation with d'° metal ion Zn?* offers no ligand field stabilization energy
(LFSE) [23]. For example, macrocycles are ideal for the selective coordination of alkali or alkali earth
metals, which can be discriminated from each other solely on the basis of their ionic radii and charge.
However, they may be less useful in distinguishing Cu?* from Zn?* because the radii of these ions are
almost identical. This is reflected in the relative binding affinities of macrocyclic ligands toward Zn?*
and Cu?*, where the latter is favored by 10-15 orders of magnitude [21,24].

One simple Schiff base sensor exhibits Zn?*-chelation enhanced fluorescence, which suffers from
interference from Cu?*. A subtle structural change can turn such a ligand platform from an enol-imine
tautomer to a keto-enamine tautomer, which is much more selectively for 7Zn%* over Cu?* [25].

/Il redox couples [26]. They found that in
aqueous solution for 35 different tripodal ligands, many of which are tris(2-pyridylmethyl)amine
(TPA, Figure 1) analogs with different substituents, the stability constants of their Cu™ complexes are
in the relatively narrow range of 10'2-10'¢ although they are hugely different in terms of coordination
geometry and donor strength, while those of their Cu?* complexes stretch over 26 orders of magnitude.
It was suggested that ligand coordination geometry mainly impacts the complexation of Cu?*,

while imposing little effect on Cu*.
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Figure 1. Structures of (a) compound 1, tris(2-pyridylmethyl)amine (TPA) and (b) compound 2,
parabenzobis-TPA (PBTPA).

Because of its 3d'%4s? configuration, Zn?*, like Cu* [22], is not strongly influenced by constraints
in its coordination configuration. Therefore, it is necessary to make a ligand which has a high degree of
predisorganization for Cu?* so that it can show better Zn?* /Cu?* selectivity. As a d” metal, the bonding
in Cu?* complexes is partially covalent. At the same time, Cu®* prefers 4-coordinate square planar
and 5-coordinate square pyramidal geometries over tetrahedral and trigonal bipyramidal geometries
according to Crystal Field Theory [27]. C3 or pseudo-C3 symmetrical N-containing TPA derivatives
bind Cu?* much better than Zn?* as predicted by the Irving-Williams series [22]. At the same time,
they are naturally trigonal bipyramidal geometry providers and all of their Zn?* complexes are of
trigonal bipyramidal configuration to the author’s awareness. To accommodate Cu?*, this trigonal
bipyramidal configuration is often distorted to resemble a square (bi)pyramidal. This preference is
clearly demonstrated in parabenzobis-TPA (PBTPA, Figure 1) [28], one of the tripodal ligands based
on TPA. X-ray structures (Figure 2) shows that it forms a trigonal bipyramidal complex with zinc
(with Npy-Zn-Npy, bond angles of 117.3%, 114.9°, and 118.5°) and a square bipyramidal complex with
copper(Il) (with Npy-Cu-Npy, bond angles of 85.2°, 95.6°, and 164.4°). Some conformationally mobile
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chiral TPA analogs also form square pyramidal complexes with Cu?* [29]. To accommodate other
metals such as Fe3* [30] and V** [31] complexes, such distortion is also needed.

Figure 2. X-ray crystal structure of the Zn%* (a) and Cu®* (b) complexes of PBTPA. Reprinted with
permission from Reference [28]. Copyright (2003) American Chemical Society.

Karlin et al. found that tris(2-quinolylmethyl)amine (TQA) (Figure 3) and its analogs form C,
symmetrical square pyramidal complexes with Cu?* (Figure 3) [32]. Other researchers found that
steric overcrowding decreases the formation constants between TPA /TQA type of ligands and metal
ions. The extent of such a decrease is inversely proportional to the ion sizes. Significant decrease is
seen with small ions such as Zn?*, while smaller decrease is seen with larger ions such as Pb?* because
the Zn-N bond length is distorted in the Zn?*-complex with overcrowded ligands [33].

(a)

Figure 3. (a) Tris(2-quinolylmethyl)amine (TQA) and (b) X-ray structure of a TQA-Cu%* complex.
Reprinted with permission from Reference [32]. Copyright (1994) American Chemical Society.

One of the most widely used fluorescent zinc sensors is TSQ [34,35]. Its analogs Zinquin
and 2-Me-TSQ (Figure 4) show better Zn?*/Cu?* selectivity than most other fluorescent probes,
although they still bind Cu?* stronger than Zn?* [36,37]. The overall binding constant of the Cu?*
complex (logB, = 18.3 & 0.05) of Zinquin is only slightly greater than that of its Zn?* counterpart
(logpa =17.54) [12]. A complex between Zn%* and 2-Me-TSQ can be formed with a 1:2 stoichiometry
(Figure 4). The methyl groups at the 2-position of each of the two quinolones would clash with each
other in a square planar or an octahedral complex, although the bite angle of 83° accommodates these
two geometries. As a result, a distorted tetrahedral geometry is formed to relieve such steric hindrance,
as shown in its X-ray crystal structure (not shown in Figure 4) [37]. However, it may be energetically
less favorable for Cu?*, which might account for the lower than expected affinity for Cu?*. Therefore,
engineering a ligand scaffold that can exert significant steric restrictions upon metal coordination
geometry appears to be a promising approach for the design of Zn(Il)-selective fluorescence probes.
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Figure 4. The Zn%* complex of 2-Me-TSQ.

2.2. Stereochemical Control of Chiral Ligands” Zn**/Cu’* Selectivity

Although it sounds outlandish to modulate the behavior of achiral metal ions through
chiral organic ligands, it is not without precedence. Mother Nature utilizes chiral substances in
non-asymmetric processes. Lasalocid is a natural ionophore for Na* with several asymmetric carbons
in its skeleton. The metal-binding functions of its stereoisomers depend on their stereochemistry,
as do those of some tetrahydropyranoid podand ionophores [8,38,39]. Similar results have been
found in another polyether ionophore and metal-binding antibiotic, monensin, its stereoisomers,
and analogs [40]. Ca?" is selectively bound by an isomer of the hydroxylated-bistetrahydrofuran
skeleton of a potent antitumor agent, annonaceous acetogenins, against other alkali or alkali-earth metal
ions [41].

Zinc finger peptides bind zinc exceptionally well, with dissociation constants as low
as 5.7 pM [42], because they possess peptidyl domains 25-30 residues in length that form pre-organized
metal binding pockets highly selective for divalent zinc. Imperiali et al. explored the “hybrid approach”
by constructing and attaching peptidyl domains seven residues in length to the 8-HQ fluorophore,
which is structurally similar to TSQ. The peptidyl domain was carefully designed to try to preserve the
architecture of the zinc finger motif using minimized size and complexity. One of the reported ligands
is shown in Figure 5 [43]. The cysteine residue is key to enhancing the zinc selectivity of the ligand.

HO.___O X

|
HoN - Ser - Cys - Phe - D-Ser - Pro - Val -HN N/
OH

Figure 5. Fluorescent zinc sensor containing 8-HQ and minimized, a zinc finger protein-based
peptide sequence.

The (R,R)- or (S,5)-isomer of a bis-chiral crown ether has been reported to bind selectively
sodium against potassium due to the optimized size of the binding pocket, while its optically inactive
(R,S)-isomer does not show such selectivity [44].

Balaz et al. used single-labeled pyridylporphyrin-DNA conjugates to sensitively and selectively
detect Hg?* in water, although pyridylporphyrin rather than the nucleobase was found to play a
crucial role in Hg?* binding and sensing [45].

In a study by Castagnetto et al. recognition of Zn?* by MeBQPA (Figure 6), a chiral derivative of
TPA/TQA, benefited from both fluorescence enhancement as well as chiroptical signal increase [46].
However, Cu®* was a significant competitor for Zn?* in that system, as it is for all ligands based on the
TPA scaffold [47]. In solution, Canary et al. found that the chiral TQA derivative MeTQA (Figure 6)
forms Cu®* complexes with geometries between square pyramidal and trigonal bipyramidal, in some
cases even predominantly square pyramidal, as revealed by UV [48].
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Figure 6. Structures of chiral TPA/TQA derivatives MeBQPA and MeTQA.

To improve Zn?*/Cu?* selectivity, further preorganization to impose a trigonal bipyramidal
coordination geometry is needed. Rigidification is a common approach to preorganization, and
in principle it should also work in predisorganization. The orientation and interaction between
substitution groups can also exert influences on selectivity as shown in Zinquin complexes. Therefore,
one can envision that it is possible to construct a ligand whose structure is chirally synchronized and
mechanically rigidified so that its trigonal pyramidal configuration cannot be bent to a planar geometry.
Such manipulation would depress its Cu?* affinity, while exerting much smaller compromise, if any,
on its Zn?* affinity. In Rorabacher’s words [26], one can construct tripodal ligands which are incapable
of adapting to a planar geometry but could readily accommodate tetrahedral or distorted tetrahedral
geometries. In this way, the higher affinity of TPA/TQA derivatives to Cu** over Zn?" might be
reversed. Toward this end, a stereochemical control approach was developed to engineer improved
Zn** /Cu?* selectivity through controlling ligand stereochemistry: a ring was incorporated into the
TPA ligand by connecting two of the arms to give compounds 5 and 6 (Figure 7), in which the piper
dine ring reduces conformational mobility by rigidifying the compounds and two chiral centers are
introduced to further control the stereochemistry [49].
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Figure 7. Structures of piperidine derivatives of TPA.

For the cis-piperidine derivative 5, Cu?* and Zn?* complexation gave logB = 14.8 and 10.1,
respectively, and for trans-ligand 6 the numbers were found to be 12.0 and 11.2, respectively [49,50].
The parent compound TPA shows logp = 16.15 for its Cu?>* complex compared to 11.00 for its Zn?*
complex. Thus, the ratio of the association constants for the binding of Cu?* over Zn?* for TPA, 5, and
6is 1.4 x 10°,5 x 10%, and 6, respectively. As a pair of diastereomers, piperidine compounds 5 and 6
are expected to exhibit somewhat different affinities toward metal ions. However, the difference here is
so large mainly because the trans-piperidine ligand 6 enforces a C3 coordination environment through
the identical stereochemistry at the two chiral centers and the rigid piperidine ring, which makes it less
favorable to Cu?* binding. This qualitatively explains its dramatically improved Zn?*/Cu?* selectivity.

Semi-empirical calculations and X-ray structures show greater similarity of the [Cu(TPA)CI]*
Cu-N bond lengths in the complex with 5 than in 6 [49]. Thus, trans-ligand 6 appears to distort the
coordination sphere of the Cu?" ion, resulting in a less stable complex, while ligand 5 is preferred
significantly for Cu?*. This agrees with the observation that the binding of Cu?* is quite dependent on
ligand stereochemistry while that of Zn?* is not.
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The trans-ligand 6 was tagged with naphthalene fluorophores to prepare ligands 7 [49] and
8 [51,52] (Figure 7). The fluorescence of the naphthalene moieties is diminished by photo-induced
electron transfer (PET) in the absence of metal ion, but increases nearly 20-fold upon binding
Zn?* for compound 7. The sensitivity of compound 8 for Zn?* was found to be nanomolar in
4-(2-hydroxyethyl)-1-pieperazineethanesulfonic acid(HEPES) buffer with 1% methanol at physiological
pH. The improved selectivity that had been found for the trans chiral piperidine scaffold was also
preserved with compounds 7 and 8. Thus, stereochemical engineering of ligands by constructing an
unfriendly environment for Cu?* to depress their Cu®" affinity and enhance their Zn?* /Cu?* selectivity
has proven to be feasible.

2.3. Steric and Stereochemical Control of Ligands’ Selectivity to Ag*

Some pyridyl-containing macrocycles (Figure 8) are used as ionophores for Ag*. Their structures
and conformations affect their affinities to ions. Compounds 9, 10, and 13 are somewhat planar. Since
there is intramolecular Npy-HN-amide hydrogen bonding in these free ligands, each of their cavities
has to undergo significant conformational changes during complexation, resulting in poor affinity to
Ag*. However, since the steric requirement of methyl/benzyl substituents on amide N in 11 and 12
takes themselves out of the cavities and positions the amide C=0O toward their respective cavities, they
may undergo fewer conformational changes during complexation, thus showing higher affinities to
Ag* over Pb2*, TI*, alkali, and alkaline earth cations. The increased spacer length in 14 removes such
steric arrangement, resulting in poor selectivity [53].

N
R R
SN Nj
) (Eno @) )n
9 :R=H,n=1 11:R=Me,n=1
10: R=Et, n=1 12.R=Bz,n=1
13:R=H,n=2 14:R=Bz,n=2

Figure 8. Pyridyl-containing macrocyle ligands for Ag*. Reprinted with permission from Reference [53].
Copyright (1996) American Chemical Society.

Proper handling of ligand stereochemistry can lead to improved Ag™ affinity in some podand
ligands bearing pyridine moieties and two chiral arms (Figure 9, top) [54,55]. In principle, as a pair of
diastereomers, (5,5)- and (R,S)-15, respectively, can exhibit different binding abilities toward cations.
The (S,5) ligands can extract Ag* more selectively and more slowly in the presence of Pb?*, Cu?*, Ni?",
Co?*, and Zn?* than their corresponding meso ligands. Computer modeling and energy calculations
showed that in the optimized structures of their Ag* complexes (Figure 9, bottom), (5,5)-15 has a
symmetrical arrangement of three pyridine rings for the binding of the Ag* ion, which is equally
coordinated by two terminal pyridine rings, while the two terminal pyridine nitrogen atoms coordinate
with the Ag* ion in an asymmetrical fashion in the Ag* complex with (S,R)-15. The energy calculations
indicate that the Ag*-(5,5)-15 complex is more stable by 3.46 kcal/mol than the Ag*-(S,R)-15 complex.
Such differences are also observed in the derivatives of these two diastereomers. It was concluded that
a combination of ligand geometry and stereo-controlled substitution can improve Ag-specificity in this
class of ligands [54,55].
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Figure 9. Ag™ complexes of ligands whose Ag*-specificities are controlled by stereochemistry and
optimized structures of such complexes. Reprinted with permission from Reference [54]. Copyright
(1998) American Chemical Society.

3. Steric and Stereochemical Modulation of Signal Transduction

Many ionophores are incorporated in sensors for metal ions and other species. Signal transduction
of many sensing events depends on the structure and conformation of the analyte-sensor complexes.

3.1. Modulating Fluorescence or Luminescence

Many metal ions sensors employ fluorescence as their signal output. Generally “switch-on”
fluorescent sensors are preferred to “switch-off” ones. There have been significant endeavors to make
fluorescent sensors for Hg?". Although a number of reversible “switch-on” fluorescent sensors for
Hg?* have been reported [56-59], many other sensors exhibit fluorescence “switch-off” upon binding
Hg?*, which as a heavy metal turns to quench its sensors’ fluorescence through spin-orbit coupling.
Hancock et al recently shed some light on the structural requirements for Hg?* sensors that exhibit
chelation enhanced fluorescence (CHEF) when their photo-induced electron transfer (PET) processes
are handicapped by Hg?* [60]. The secret is that the formation of a 7t-complex between the heavy metal
and the fluorophore needs to be disrupted or eliminated. By examining some pyridyl-containing sensor,
including N-(9-anthracenylmethyl)-N-(2-pyridylmethyl)-2-pyridinemethanamine (ADPA) (Figure 10),
and other nitrogen-containing sensors from a few research groups, it is generalized that the Hg?*
ion should be held far enough away from the fluorophore, or covalently binding donor atoms,
such as S and Br, need to be employed to limit the strength of interaction between the Hg?* ion
and the fluorophore. This might be able to account for the “switch-on” fluorescence of chiroptical
mercury sensors that contain quinolyl and methionine/S-methylcysteine moieties made by the author
of this article [61].
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Figure 10. Effect of co-valent donor species on the fluorescence Hg?* /N-(9-anthracenylmethyl)-N-
(2-pyridylmethyl)-2-pyridinemethanamine (ADPA) complex. Reprinted with permission from
Reference [60]. Copyright (2012) American Chemical Society.

Steric crowding in ligands can compromise the (CHEF) effect by small metal ions such as
Zn** ion as compared to larger ions such as Cd?* ion [33]. Steric crowding distorts the Zn-N
bond length, which allows some quenching of fluorescence by the PET mechanism. The steric
crowding increases in the following sequence for tripodal pyridyl-/quinolyl-containing ligands: TPA
< TQA < tris(6-methyl-2-pyridyl)amine (TMPA). In a complex formed between Zn?* and TQA, X-ray
crystallography shows that the Zn-N bonds are all of normal lengths (Figure 11), which means the
level of steric crowding in TQA is not severe enough to cause significant Zn-N bond length distortion.
As a result, there is larger enhancement of TQA fluorescence by Zn?* than by Cd?*, in contrast to
similar but more sterically crowded TMPA where Cd?* induced CHEF effect is stronger. The CHEF
effect for TQA increases with the decrease in metal ions sizes.
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Figure 11. In the Zn?*-TQA complex, the ligand is not overcrowded and the Zn-N bond lengths are
not distorted. Therefore, the CHEF effect induced by Zn?* is stronger that induced by bigger ions.
Reprinted with permission from Reference [33]. Copyright (2009) American Chemical Society.

Open chain TPA analogs with two chiral arms (Figure 12) have been used to tune lanthanide
luminescence [62]. Lanthanide complexes formed with (R,S)-16 ligand give stronger fluorescence
than their corresponding cousins formed with (R,R)-16 ligand. Lanthanide complexes of
another pyridyl-containing ligand with two chiral centers also exhibited interesting properties in
luminescence [63].
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Figure 12. Bis-chiral TPA-analogs that can modulate lanthanide fluorescence.

More recently, a chiral pyridyl/quinolyl-containing tripodal ligand was demonstrated to form a
series of lanthanide complexes exhibiting multiple anion-sensing profiles, which can be explained by
the presence of a fluorescent quinoline and a stereocontrolled methyl group resulting in differences in
fluorescence, CD, and Ln(III)-luminescence signals of the anion-bound complex, which are controlled
by the nature of the targeted anions [64]. It is more specific than regular fluorescence sensing.

3.2. Modulating Chiroptical Signals

Compared with achiral ligands, chiral ones can yield additional spectroscopic information such
as chiroptical signals [65]. Zinc greatly enhances the fluorescence of MeBQPA [46], while other
metal ions induce fluorescence responses. More interestingly, the ligand generates strong signals
in exciton-coupled circular dichroism (ECCD) upon formation of complexes with some metal ions
(Zn?*, Cu®*), while complexes with octahedral metal ions (Cd**, Fe?*) do not give strong CD signals
(Figure 13). Both isotropic (fluorescence) and anisotropic absorption (CD) signals from the optical
response of this single chiral ligand are employed to provide not only detection but also differentiation
of multiple analytes: Zn?" (strong fluorescence and ECCD response), Cu?* (strong ECCD but no
fluorescence), Cd%* (strong fluorescence but no ECCD) and Fe?* (neither fluorescence nor ECCD).

1.2 T
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04t
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. ‘ b
A F . S Y |
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04 e Cu'+l 4

/
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220 230 240 250 260
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Figure 13. Circular dichroism spectra of (R)-MeBQPA and complexes with Zn(ClOy);, Cd(NO3),,
Cu(ClOy),, and FeCl, in aqueous 4-(2-hydroxyethyl)-1-pieperazineethanesulfonic acid (HEPES) buffer.
Adapted with permission from Reference [46]. Copyright (1998) the Royal Society of Chemistry.

Metal ion detection by a multimode switchable chiroptical fluorescent sensor containing both
S-methylcysteine and quinoline moieties through both fluorescence enhancement and anisotropic
absorption distinguish even more metal ions [61]. We will discuss these sensors in more detail in the
“Modulating Switchable Binding Pockets in One Ligand” section.

A pyridyl-containing bidentate Hg?* sensor with a chiral-center near its naphthalene chromophore
has been reported more recently (Figure 14). The sensor exhibits significant CD changes when titrated
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with Hg?*, while many other metal ions do not induce such changes. Cold ESI-MS and 'HNMR data
suggest that Hg?* and the ligand form a 1:1 coordination polymer, which gives a negative exciton
coupled CD (ECCD) signal, suggesting that the naphthalene units in the coordination polymer are
arranged in a counterclockwise screw sense in solution. The complex’s X-ray crystallography indeed
shows a polymer-like structure, although the naphthalene units in the solid state are arranged in an
ECCD-inactive eclipsed form, likely caused by a packing effect [66].

Li*, Na*, Mg?*, +4.0
K*, Ca?*, Mn?*, %
Fe2+_ COZ+, Niz,: -g
Cu?*, Zn?*, Rb", 7N\ " % oo
No CD Ag'. Cd*, La*, - A 5
Gd*, Pb?* ¢ i P
Spectral «——— - £
Change A 7\ L 40 CD Spectral
N -
= l Change
%0 zéo 3(.10 350

Wavelength / nm

Figure 14. Hg?" induces circular dichroism (CD) changes in a chiral sensor while many other metal ions
do not. Reprinted with permission from Reference [66]. Copyright (2012) American Chemical Society.

There are other chiroptical sensors for metal ions that show changes in CD. However, they do not
contain pyridyl or quinolyl groups [67-69] and will not be discussed in further detail.

A new approach, differential circularly polarized fluorescence excitation (CPE), to metal ion
sensing using fluorescence-detected circular dichroic detection was developed, which integrates
fluorescence and exciton coupled circular dichroism methods to give better contrast than can be
achieved in either of the two parent methods. This approach uses the AF (AF = F, — Fg, Fy,
Fr = fluorescence with left and right circularly polarized excitation, respectively) [70] component of
fluorescence-detected circular dichroism (FDCD) for metal sensing. The contrast in AF signals between
a sample with both a large quantum yield and a large CD and a sample with both a small quantum
yield and a small CD will be much larger than the contrast in either fluorescence or CD signals.
The corresponding spectra of one of the sensors employed, compound 9 ((S,S) form, structure shown
in Figure 7), titrated with Zn(Il), are shown in Figure 15 [52]. Apparently, measurements in AF gave
greatly enhanced contrast over other spectroscopic methods. On the coordination chemistry front,
stereochemical control and rigidification employed in these sensors ensures improved Zn?*/Cu?*
selectivity. On the photophysical signal transduction front, the CPE approach has the potential to
improve contrast and diminish interference from background fluorescence, such as that from the
protein lyzozyme which contains tryptophan (a common source of background fluorescence in cells)
(Figure 16).
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Figure 15. Spectral response of 2 uM (S,5)-9 to Zn2* in acetonitrile. (a) Fluorescence (Ex: 300 nm);
(b) CD; (c) Fluorescence-detected circular dichroism (FDCD); (d) AF, inset: titration curve of 2 uM
(5,5)-9 with Zn(ClOy);. Reprinted with permission from Reference [52]. Copyright (2004) American
Chemical Society.
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Figure 16. Spectral responses of 3.2 uM (R,R)-9 to Zn?* at the presence of 1.0 mg/mL hen egg white
(HEW) lysozyme in 60% acetonitrile/water. (a) Fluorescence (Ex: 280 nm); (b) CD; and (c) AF [52].
Reprinted with permission from Reference [52]. Copyright (2004) American Chemical Society.

4. Modulating Two Binding Pockets in One Ligand

4.1. Modulating Ditoptic Ligands for Zn’*

There can be two or more binding pockets in one ionophore. The Zhu group designed a series
of fluorescent sensors based on a pyridyl-containing platform bearing two binding pockets with
different affinities to Zn>* (Figure 17) [71-78]. Through the modulation of PET, internal charge
transfer (ICT), conformation rigidification, and substitution, such ditopic ligands can bind low
concentration Zn?* through the high-affinity pocket (bis- or tris-(2-methylpyridyl)amine) to give
fluorescence enhancement in one wavelength channel and bind high concentration Zn?* through
both the high-affinity and low-affinity(2,2’-bipyridyl) pockets to result in fluorescence enhancement at
another wavelength channel. Such sensors have been proven to be useful in live-cell imaging of free
Zn%* over a concentration range of six orders of magnitude [79].
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Figure 17. Schematic representation of pyridyl-containing ditoptic sensors (A) for both low (B) and
high concentrations (C) of Zn?* with fluorescence enhancement at two different wavelength channels,
respectively (left); and one of such sensors (right). Reprinted with permission from Reference [72].

Copyright (2008) American Chemical Society.

4.2. Modulating Switchable Binding Pockets in One Ligand

Sauvage et al. made a molecular muscle system [80,81] employ a rotaxane dimer 17: its Cu*

complex 18?* is the extension state in which the bidentate phenanthrolinyl of a macrocyle are pulled
near to the bidentate phenanthrolinyl in the middle of the molecule by Cu*, and its Zn complex 19**
is the contraction state in which the bidentate phenanthrolinyl of the macrocycle is pulled near the
tridentate terpyridyl at the two ends of the molecule by Zn?* (Figure 18).
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Figure 18. A terpyridyl and phenanthrolyl-containing rotaxane can switchably bind Cu* and Zn?*,
resulting in extension and contraction, respectively. Adapted with permission from Reference [81].
Copyright (2003) the Royal Society of Chemistry.

4.3. Modulating Switchable Chiroptical Sensors for Metal Oxidation States

Pyridyl and phenanthrolinyl groups were incorporated in catenane [82] and rotaxane [83,84]
systems with two binding pockets that can switchably bind copper ions at different oxidation states
by turning a bischelating macrocycle containing both bidentate (phenanthroline) and tridentate
(terpyridine) moieties around a bidentate (phenanthroline) axel.

Pyridyl groups have also been used in the design of chiral sensors whose coordination chemistry
and signal transduction are sensitive to the metal ions” oxidation states.

Shanzer et al. reported such a sensor which employs a triple-stranded system that accommodated
a single metal ion in one of two sites, either a “hard” binding cavity bearing three hydroxamate
moieties preferable to Fe3* or a “soft” cavity with three bipyridyl moieties preferable to Fe?*
(Figure 19) [85]. A split CD spectrum in the UV region was three times more intense for the Fe?*
than for Fe®*, suggesting exciton interactions involving the bipyridyl groups, which originate from
the helical arrangement of each of the three strands. Since switching metal oxidation states can
be achieved through redox processes, such processes can be monitored by switchable chiroptical
sensors. Chiral tripodal ligands bearing a chiral arm and two achiral 2-methylquinolyl arms can
form propeller-like metal complexes whose configuration is dictated by the chiral centers in such
ligands as proven in many crystallographic structures in the solid state and ECCD in solution. Such
a ligand, N,N-Bis(2-quinolylmethyl)-L-methionine (L-MethBQA) (Figure 20) [86], derived from the
amino acid methionine forms a tetradentate complex with Cu?* involving three nitrogen atoms and a
carboxylate. Upon binding Cu*, the ligand reorganizes and the sulfide moiety replaces the carboxylate
from coordination. Binding Cu?* and Cu* produce opposite helical orientation of the two quinolyl
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moieties, resulting in mirror images in the ECCD spectra for the Cu* vs. Cu?* complexes. Other such
tripodal derivatives of methioninol and S-methylcysteine can also sense the oxidation states of copper
ions following the same mechanism (Figure 21) [87-90].

O

(N“ W

“NJYWW .

Figure 19. A triple-stranded ligand can switchably bind Fe?* and Fe3* at two different sites,

respectively [85].
(0]
/S o
oJa¥os
N s /\/\”/ / X O \ SN O
0 L-MethBPNaph
L-MethBQA L-CysBQA

Figure 20. Structures of L-MethBQA, L-CysBQA and a recently synthesized analog L-MethBPNaph.

CH3SCH,

Figure 21. Redox-induced inversion of helicity in copper complexes of L-MethBQA. As a result of the
presence of gearing among the three arms of the tripod near the sterically crowded tertiary amine of
the ligand, a pivot about a C-N bond results in the inversion of the propeller, giving give opposite
exciton-coupled circular dichroism (ECCD) spectra. Reprinted with permission from Reference [90].
Copyright (2006) American Chemical Society.

4.4. Modulating Switchable Chiroptical Sensors for Multiple Metal Ions

L-MehtBQA and a similar compound N,N-Bis(2-quinolylmethyl)-L-S-methylcysteine (L-CysBQA)
(Figure 20), were found to be multimode switchable chiroptical fluorescent sensors for multiple ions
including but not limited to Hg?*, Cu?* and Zn?* [61]. Quinolyl groups serve as the fluorophore
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and possess nitrogen lone pairs capable of chelating metal ions. Upon exposure to Hg?* or Zn?*
these sensors show signal enhancement in fluorescence in 30:70 acetonitrile/water. It is likely that
the interaction between the Hg?* ion and the fluorophore is limited by the covalently binding S
atom, disrupting the heavy atom effect and resulting in fluorescence enhancement [60]. However,
Cu?* quenches their fluorescence. L-CysBQA complexes with Hg?", giving rise to an exciton-coupled
circular dichroism spectrum with a positive couplet (a positive Cotton effect at a longer wavelength
followed by a negative Cotton effect at a shorter wavelength). However, Cu?** or Zn?* complexation
produces a negative ECCD couplet (Figure 22). This remarkable differentiation of Hg?* from Cu?*
and Zn?* stems from the different structures of the CD active products. The Cu?* ion binds with the
tertiary amine, the two quinolones, and the carboxylate moieties of the ligand. The two quinoline
groups form a propeller whose orientation is dictated by the stereocenter of the S-methyl cysteine arm.
However, Hg?* prefers coordination by the sulfur atom. As shown in Figure 22, for the sulfide to bind
to the metal center, the amino acid arm must pivot about the C-N bond, which inverts the orientation
of the quinoline moieties, leading to an exciton coupled CD with the opposite sign. Although crystals
of L-CysBQA complexes with these metal ions are not available, Zn?* and Cu?* coordinate with the
carboxylate instead of the sulfide in the crystals of their complexes with L-MethBQA and other similar
compounds [88-90]. In solution, the soft Cu* ion coordinates with the sulfur atoms of such ligands in
solution as demonstrated by NMR data and other evidence [88,91], which indicates that Hg?* should
coordinate the sulfur atom since it is also soft.
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Figure 22. 1-CysBQA complexes with Cu®*/Zn?* and Hg?*. The chiral center of the amino acid
dictates the orientation of the quinoline chromophores via a gearing mechanism as illustrated.
The transition dipoles in the quinolines in the two complexes invert in the sense of absolute orientation
and therefore give opposite ECCD spectra. Adapted with permission from Reference [61]. Copyright
(2011) Wiley.

The design of such sensitive and selective chiroptical fluorescent sensors for metal ions includes
innovations on both coordination chemistry and signal transduction. Take the above mentioned
mercury sensors for example. On the coordination chemistry front, ionophores are equipped with
two sets of coordination “teeth”, switchable by exposure to different metal ions. One set of “teeth”
offers high affinity for Hg?*, determining the sensitivity of the probe; the other set preferably binds
other metal ions. On the photophysical signal transduction front, the binding between Hg?* and
its preferred set of “teeth” leads to fluorescence enhancement and a positive exciton coupled CD
by design; and the coordination of the other set of “teeth” with other metal ions, such as Zn?* and
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Cu?*, triggers a fluorescence change (enhanced or quenched) and a negative exciton coupled CD.
Other metal ions produce other combinations of fluorescence and exciton coupled CD. In this way,
metal ion sensing by such chiroptical fluorescent sensors through both fluorescence and anisotropic
absorption distinguishes (Figure 23), for example, Hg?* (enhanced fluorescence with strong positive
exciton coupled CD (ECCD)), Zn?* (enhanced fluorescence and strong negative ECCD), Cu®* (strong
negative ECCD but quenched fluorescence), Ni?* (strong positive exciton coupled CD but quenched
fluorescence), Pb?* (quenched fluorescence but no ECCD), Cd?* (enhanced fluorescence but no ECCD).
More ions such as Cd?*(enhanced fluorescence and no exciton coupled CD), Ag™ (no fluorescence
change and strong positive exciton coupled CD) and alkali metal ions (no change in fluorescence or
CD) can be added to the list [92]. L-MethBQA offers similar advantages. These results further illustrate
that recognition involving both isotropic and anisotropic detection tools may be utilized to maximize
the information transmitted by a single sensor molecule [46].
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Figure 23. Chiroptically enhanced fluorescence detection and differentiation of different metal
ions by L-CysBQA through pattern recognition. Adapted with permission from Reference [61].
Copyright (2011) Wiley.

Interestingly, a pyridyl analog L-MethBPNaph (Figure 20) shows fluorescence enhancement
as well as significant spectral red-shift in emission upon exposure to HgCl, [93]. However, its CD
spectrum does not changed upon addition of HgCl,, ZnCl,, CuCly, Zn(ClOy4),, Cu(ClO4),, Ni(ClO4),
or Pb(ClOy),.

Aside from metal ions, pyridyl containing systems have been used as chiroptical sensors for
anions [64,94] and other species, some of which have been recently reviewed [93,95,96]. Recently,
a pyridyl-containing homochiral, square-shaped, D, symmetrical metal-linked macrocycle has been
shown to be a selective chiroptical and electrochemical sensor for ferrocene in the presence of other
species [97].

5. Conclusions

Pyridyl- or quinolyl-containing compound are excellent platforms to build selective ionophores
and sensors for metal ions. Steric and stereochemical effects can be used to modulate such ionophores
and sensors in terms of coordination chemistry and/or signal transduction. On the coordination
chemistry front, a ligand’s affinity and selectivity toward metal ions can be systemically fine-tuned
or switched through modification of ligand structures by introducing/removing steric crowding or
adding chiral handles, which creates a high degree of preorganization for the specific metal ion and/or
a high degree of ‘disorganization’ or mismatch for competing metal ions. On the photophysical
signal transduction front, steric effect can be used to engineer “turn-on” fluorescent sensors for heavy
metal ions and control the extent of chelation induced enhancement of fluorescence. Stereochemical
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modification can bring additional spectroscopic information such as chiroptical signals into the signal
transduction part of sensing, which is capable of making sensing events more specific. Sensing
strategies employing both isotropic and anisotropic absorption signals from a single chiral sensory
molecule provide not only detection but also differentiation of multiple analytes.

Acknowledgments: Research Corporation for Science Advancement, Petroleum Research Fund administered by
the American Chemical Society and Pace University are gratefully appreciated for financial support.

Conflicts of Interest: The author declares no conflict of interest. The funding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Kwong, H.-L.; Yeung, H.-L.; Yeung, C.-T.; Lee, W.-S.; Lee, C.-S.; Wong, W.-L. Chiral pyridine-containing
ligands in asymmetric catalysis. Coord. Chem. Rev. 2007, 251, 2188-2222. [CrossRef]

2. Hancock, R.D. The pyridyl group in ligand design for selective metal ion complexation and sensing.
Chem. Soc. Rev. 2013, 42, 1500-1524. [CrossRef] [PubMed]

3. Zhu, L; Younes, A.H.; Yuan, Z,; Clark, RJ. 5-Arylvinylene-2,2’-bipyridyls: Bright “push-pull” dyes as
components in fluorescent indicators for zinc ions. ]. Photochem. Photobiol. A Chem. 2015, 311, 1-15.
[CrossRef] [PubMed]

4. Yuan, Z; Younes, A.H., Allen, J.R;; Davidson, M.\W.; Zhu, L. Enhancing the photostability of
arylvinylenebipyridyl compounds as fluorescent indicators for intracellular Zinc(II) ions. J. Org. Chem. 2015,
80, 5600-5610. [CrossRef] [PubMed]

5. Sreenath, K; Yuan, Z.; Allen, J.R.; Davidson, M.W.; Zhu, L. A fluorescent indicator for imaging lysosomal
Zinc(II) with Forster resonance energy transfer (FRET)-enhanced photostability and a narrow band of
emission. Chem. Eur. ]. 2015, 21, 867-874. [CrossRef] [PubMed]

6.  Younes, AH,; Zhu, L. Tunable dual fluorescence of 3-(2,2'-bipyridyl)-substituted iminocoumarin.
ChemPhysChem 2012, 13, 3827-3835. [CrossRef] [PubMed]

7.  Comba, P. Metal ion selectivity and molecular modeling. Coord. Chem. Rev. 1999, 185-186, 81-98. [CrossRef]

8.  Erickson, S.D,; Still, W.C. On the stereochemical control of complexation in tetrahydropyranoid podand
ionophores. Tetrahedron Lett. 1990, 31, 4253-4256. [CrossRef]

9.  Hirano, T,; Kikuchi, K.; Urano, Y.; Nagano, T. Improvement and biological applications of fluorescent probes
for zinc, ZnAFs. |. Am. Chem. Soc. 2002, 124, 6555-6562. [CrossRef] [PubMed]

10. Burdette, S.C.; Lippard, S.J. Meeting of the minds: Metalloneurochemistry. Proc. Natl. Acad. Sci. USA 2003,
100, 3605-3610. [CrossRef] [PubMed]

11.  Walkup, G.K.; Imperiali, B. Fluorescent chemosensors for divalent Zinc based on Zinc finger domains.
Enhanced oxidative stability, metal binding affinity, and structural and functional characterization. J. Am.
Chem. Soc. 1997, 119, 3443-3450. [CrossRef]

12.  Fahrni, C.J.; O'Halloran, T.V. Aqueous coordination chemistry of quinoline-based fluorescence probes for
the biological chemistry of Zinc. J. Am. Chem. Soc. 1999, 121, 11448-11458. [CrossRef]

13. Burdette, S.C.; Frederickson, C.J.; Bu, W,; Lippard, S.J. Zp4, an improved neuronal Zn%* sensor of the Zinpyr
family. J. Am. Chem. Soc. 2003, 125, 1778-1787. [CrossRef] [PubMed]

14. Nolan, E.M,; Lippard, S.J. Small-molecule fluorescent sensors for investigating Zinc metalloneurochemistry.
Acc. Chem. Res. 2009, 42, 193-203. [CrossRef] [PubMed]

15. Palmer, A.E.; Miranda, ].G.; Carter, K.P. Zinc: Fluorescent sensors. In Encyclopedia of Inorganic and Bioinorganic
Chemistry; John Wiley & Sons, Ltd.: New York, NY, USA, 2011.

16. Chyan, W.; Zhang, D.Y.; Lippard, S.J.; Radford, R.]. Reaction-based fluorescent sensor for investigating
mobile Zn?* in mitochondria of healthy versus cancerous prostate cells. Proc. Natl. Acad. Sci. USA 2014, 111,
143-148. [CrossRef] [PubMed]

17.  Burdette, S.C.; Walkup, G.K.; Spingler, B.; Tsien, R.Y.; Lippard, S.J. Fluorescent sensors for 7Zn?* based on
a fluorescein platform: Synthesis, properties and intracellular distribution. J. Am. Chem. Soc. 2001, 123,
7831-7841. [CrossRef] [PubMed]

18. Radford, R.J.; Chyan, W.; Lippard, S.J. Peptide-based targeting of fluorescent zinc sensors to the plasma
membrane of live cells. Chem. Sci. 2013, 4, 3080-3084. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ccr.2007.03.010
http://dx.doi.org/10.1039/C2CS35224A
http://www.ncbi.nlm.nih.gov/pubmed/23092949
http://dx.doi.org/10.1016/j.jphotochem.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26190906
http://dx.doi.org/10.1021/acs.joc.5b00503
http://www.ncbi.nlm.nih.gov/pubmed/25942357
http://dx.doi.org/10.1002/chem.201403479
http://www.ncbi.nlm.nih.gov/pubmed/25382395
http://dx.doi.org/10.1002/cphc.201200583
http://www.ncbi.nlm.nih.gov/pubmed/22969014
http://dx.doi.org/10.1016/S0010-8545(98)00249-5
http://dx.doi.org/10.1016/S0040-4039(00)97593-2
http://dx.doi.org/10.1021/ja025567p
http://www.ncbi.nlm.nih.gov/pubmed/12047174
http://dx.doi.org/10.1073/pnas.0637711100
http://www.ncbi.nlm.nih.gov/pubmed/12655069
http://dx.doi.org/10.1021/ja9642121
http://dx.doi.org/10.1021/ja992709f
http://dx.doi.org/10.1021/ja0287377
http://www.ncbi.nlm.nih.gov/pubmed/12580603
http://dx.doi.org/10.1021/ar8001409
http://www.ncbi.nlm.nih.gov/pubmed/18989940
http://dx.doi.org/10.1073/pnas.1310583110
http://www.ncbi.nlm.nih.gov/pubmed/24335702
http://dx.doi.org/10.1021/ja010059l
http://www.ncbi.nlm.nih.gov/pubmed/11493056
http://dx.doi.org/10.1039/c3sc50974e
http://www.ncbi.nlm.nih.gov/pubmed/23878718

Molecules 2016, 21, 1647 17 of 20

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mikata, Y.; Yamashita, A.; Kawamura, A.; Konno, H.; Miyamoto, Y.; Tamotsu, S. Bisquinoline-based
fluorescent Zinc sensors. Dalton Trans. 2009, 3800-3806. [CrossRef] [PubMed]

Lv, Y,; Cao, M,; Li, J.; Wang, J. A sensitive ratiometric fluorescent sensor for Zinc(II) with high selectivity.
Sensors 2013, 13, 3131-3134. [CrossRef] [PubMed]

Kimura, E.; Koike, T. Recent development of Zinc-fluorophores. Chem. Soc. Rev. 1998, 27, 179-184. [CrossRef]
Irving, H.; Williams, R.J.P. Order of stability of metal complexes. Nature 1948, 162, 746-747. [CrossRef]
Martell, A.E.; Hancock, R.D. Metal Complexes in Aqueous Solutions; Plenum Press: New York, NY, USA, 1996.
Koike, T.; Watanabe, T.; Aoki, S.; Kimura, E.; Shiro, M. A novel biomimetic Zinc(II)—fluorophore,
dansylamidoethyl—pendant macrocyclic tetraamine 1,4,7,10-tetraazacyclododecane (cyclen). ] Am.
Chem. Soc. 1996, 118, 12696-12703. [CrossRef]

Jimenez-Sanchez, A.; Ortiz, B.; Ortiz Navarrete, V.; Farfan, N.; Santillan, R. Two fluorescent schiff base
sensors for Zn%*: The Zn2* /Cu?* ion interference. Analyst 2015, 140, 6031-6039. [CrossRef] [PubMed]
Ambundo, E.A.; Deydier, M.-V.; Grall, A.].; Aguera-Vega, N.; Dressel, L.T.; Cooper, T.H.; Heeg, M.].;
Ochrymowycz, L.A.; Rorabacher, D.B. Influence of coordination geometry upon copper(II/I) redox potentials.
Physical parameters for twelve copper tripodal ligand complexes. Inorg. Chem. 1999, 38, 4233-4242.
[CrossRef]

Cotton, FA.; Wilkinson, G.; Gaus, P. Basic Inorganic Chemistry, 3rd ed.; Wiley: New York, NY, USA, 1995.
Zhu, L.; dos Santos, O.; Koo, C.W.; Rybstein, M.; Pape, L.; Canary, ].W. Geometry-dependent phosphodiester
hydrolysis catalyzed by binuclear copper complexes. Inorg. Chem. 2003, 42, 7912-7920. [CrossRef] [PubMed]
Zhang, J.; Holmes, A.E.; Sharma, A.; Brooks, N.R.; Rarig, R.S.; Zubieta, J.; Canary, ].W. Derivatization,
complexation, and absolute configurational assignment of chiral primary amines: Application of
exciton-coupled circular dichroism. Chirality 2003, 15, 180-189. [CrossRef] [PubMed]

Kojima, T.; Leising, R.A.; Yan, S.; Que, L. Alkane functionalization at nonheme iron centers. Stoichiometric
transfer of metal-bound ligands to alkane. J. Am. Chem. Soc. 1993, 115, 11328-11335. [CrossRef]

Toftlund, H.; Larsen, S.; Murray, K.S. Synthesis and spectroscopic and magnetic properties of a unique diamagnetic
binuclear .Mu.-oxo vanadium(IV) complex. Crystal structure of [(tpa)VO(Mu.-O)VO(tpa)](ClO4);
(tpa = tris(2-pyridylmethyl)amine). Inorg. Chem. 1991, 30, 3964-3967. [CrossRef]

Wei, N.; Murthy, N.N.; Karlin, K.D. Chemistry of pentacoordinate [LCull-CI]* complexes with quinolyl
containing tripodal tetradentate ligands L. Inorg. Chem. 1994, 33, 6093-6100. [CrossRef]

Williams, N.J.; Gan, W.; Reibenspies, ].H.; Hancock, R.D. Possible steric control of the relative strength of
chelation enhanced fluorescence for Zinc(I) compared to Cadmium(II): Metal ion complexing properties of
tris(2-quinolylmethyl)amine, a crystallographic, UV-Visible, and fluorometric study. Inorg. Chem. 2009, 48,
1407-1415. [CrossRef] [PubMed]

Frederickson, C.J.; Kasarskis, E.J.; Ringo, D.; Frederickson, R.E. A quinoline fluorescence method for
visualizing and assaying the histochemically reactive zinc (bouton Zinc) in the brain. J. Neurosci. Methods
1987, 20, 91-103. [CrossRef]

Koh, J.-Y.; Suh, SSW.; Gwag, B.J.; He, Y.Y.; Hsu, C.Y.; Choi, D.W. The role of zinc in selective neuronal death
after transient global cerebral ischemia. Sciernce 1996, 272, 1013-1016. [CrossRef] [PubMed]

Snitsarev, V.; Budde, T.; Stricker, T.P.; Cox, ] M.; Krupa, D.]J.; Geng, L.; Kay, A.R. Fluorescent detection of
Zn(**)-rich vesicles with zinquin: Mechanism of action in lipid environments. Biophys. ]. 2001, 80, 1538-1546.
[CrossRef]

Nasir, 5.M.; Fahrni, ].C.; Suhy, A.D.; Kolodsick, ].K.; Singer, P.C.; O'Halloran, V.T. The chemical cell biology
of zinc: Structure and intracellular fluorescence of a Zinc-quinolinesulfonamide complex. J. Biol. Inorg. Chem.
1999, 4, 775-783. [CrossRef] [PubMed]

Iimori, T.; Erickson, S.D.; Rheingold, A.L.; Still, W.C. Enantioselective complexation with a conformationally
homogeneous C2 podand ionophore. Tetrahedron Lett. 1989, 30, 6947-6950. [CrossRef]

Still, W.C.; Hauck, P.; Kempf, D. Stereochemical studies of lasalocid epimers. Ion-driven epimerizations.
Tetrahedron Lett. 1987, 28, 2817-2820. [CrossRef]

Smith, PW.; Still, W.C. The effect of substitution and stereochemistry on ion binding in the polyether
ionophore monensin. . Am. Chem. Soc. 1988, 110, 7917-7919. [CrossRef]

Sasaki, S.; Naito, H.; Maruta, K.; Kawahara, E.; Maeda, M. Novel calcium ionophores: Supramolecular
complexation by the hydroxylated-bistetrahydrofuran skeleton of potent antitumor annonaceous acetogenins.
Tetrahedron Lett. 1994, 35, 3337-3340. [CrossRef]


http://dx.doi.org/10.1039/b820763a
http://www.ncbi.nlm.nih.gov/pubmed/19417946
http://dx.doi.org/10.3390/s130303131
http://www.ncbi.nlm.nih.gov/pubmed/23467028
http://dx.doi.org/10.1039/a827179z
http://dx.doi.org/10.1038/162746a0
http://dx.doi.org/10.1021/ja962527a
http://dx.doi.org/10.1039/C5AN00789E
http://www.ncbi.nlm.nih.gov/pubmed/26192046
http://dx.doi.org/10.1021/ic990334t
http://dx.doi.org/10.1021/ic0340985
http://www.ncbi.nlm.nih.gov/pubmed/14632508
http://dx.doi.org/10.1002/chir.10158
http://www.ncbi.nlm.nih.gov/pubmed/12520510
http://dx.doi.org/10.1021/ja00077a035
http://dx.doi.org/10.1021/ic00020a035
http://dx.doi.org/10.1021/ic00104a018
http://dx.doi.org/10.1021/ic801403s
http://www.ncbi.nlm.nih.gov/pubmed/19143497
http://dx.doi.org/10.1016/0165-0270(87)90042-2
http://dx.doi.org/10.1126/science.272.5264.1013
http://www.ncbi.nlm.nih.gov/pubmed/8638123
http://dx.doi.org/10.1016/S0006-3495(01)76126-7
http://dx.doi.org/10.1007/s007750050350
http://www.ncbi.nlm.nih.gov/pubmed/10631609
http://dx.doi.org/10.1016/S0040-4039(01)93394-5
http://dx.doi.org/10.1016/S0040-4039(00)96217-8
http://dx.doi.org/10.1021/ja00231a076
http://dx.doi.org/10.1016/S0040-4039(00)76901-2

Molecules 2016, 21, 1647 18 of 20

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Krizek, B.A.; Merkle, D.L.; Berg, ]. M. Ligand variation and metal binding specificity in zinc finger peptides.
Inorg. Chem. 1993, 32, 937-940. [CrossRef]

Walkup, G.K.; Imperiali, B. Derivatives of 8-hydroxy-2-methylquinoline are powerful prototypes for Zinc
sensors in biological systems. J. Org. Chem. 1998, 63, 6727—-6731. [CrossRef]

Shibutani, Y.; Mino, S.; Long, S.S.; Moriuchi-Kawakami, T.; Yakabe, K.; Shono, T. Chiral bis(12-crown-4)-based
electrodes for sodium ion. Chem. Lett. 1997, 26, 49-50. [CrossRef]

Choi, J.K,; Sargsyan, G.; Olive, A.M.; Balaz, M. Highly sensitive and selective spectroscopic detection
of Mercury(Il) in water by using pyridylporphyrin-DNA conjugates. Chem. Eur. ]. 2013, 19, 2515-2522.
[CrossRef] [PubMed]

Castagnetto, ].M.; Canary, J. A chiroptically enhanced fluorescent chemosensor. Chem. Commun. 1998,
203-204. [CrossRef]

Anderegg, G.; Wenk, F. Pyridine derivatives as complexing agents. VIII. Preparation of a new quadridentate
and a new hexadentate ligand. Helv. Chim. Acta 1967, 50, 2330-2332. [CrossRef]

Zahn, S.; Canary, ].W. Cu(I/II) redox control of molecular conformation and shape in chiral tripodal ligands:
Binary exciton-coupled circular dichroic states. J. Am. Chem. Soc. 2002, 124, 9204-9211. [CrossRef] [PubMed]
Dai, Z.; Xu, X.; Canary, ].W. Stereochemical control of Zn(II)/Cu(Il) selectivity in piperidine tripod ligands.
Chem. Commun. 2002, 1414-1415. [CrossRef]

Xu, X. Design and Synthesis of Enantiosensors Based on Metal-Ligand Complexes. Ph.D. Thesis, New York
University, New York, NY, USA, 2000.

Dai, Z. Chiral Tripodal Ligands in Zinc Sensing. Ph.D. Thesis, New York University, New York, NY,
USA, 2004.

Dai, Z.; Proni, G.; Mancheno, D.; Karimi, S.; Berova, N.; Canary, ].W. Detection of zinc ion by differential
circularly polarized fluorescence excitation. . Am. Chem. Soc. 2004, 126, 11760-11761. [CrossRef] [PubMed]
Kumar, S.; Hundal, M.S.; Kaur, N.; Singh, R.; Singh, H.; Hundal nee Sood, G.; Ripoll, M.M.; Aparicio, J.S.
Synthetic ionophores. 13. Pyridine-diamide—diester receptors: Remarkable effect of amide substituents on
molecular organization and Ag* selectivity. J. Org. Chem. 1996, 61, 7819-7825. [CrossRef] [PubMed]
Tsukube, H.; Shinoda, S.; Uenishi, J.i.; Hiraoka, T.; Imakoga, T.; Yonemitsu, O. Ag*-specific pyridine podands:
Effects of ligand geometry and stereochemically controlled substitution on cation complexation and transport
functions. J. Org. Chem. 1998, 63, 3884-3894. [CrossRef]

Tsukube, H.; Yamada, T.; Shinoda, S. Chirality technology in metal separation: Stereochemical design of
Ag* ion-specific ionophores for practical membrane separation. Ind. Eng. Chem. Res. 2000, 39, 3412-3418.
[CrossRef]

Nolan, E.M.; Lippard, S.J. A “turn-on” fluorescent sensor for the selective detection of mercuric ion in
aqueous media. J. Am. Chem. Soc 2003, 125, 14270-14271. [CrossRef] [PubMed]

Nolan, E.M.; Racine, M.E.; Lippard, S.J. Selective Hg(II) detection in aqueous solution with thiol derivatized
fluoresceins. Inorg. Chem. 2006, 45, 2742-2749. [CrossRef] [PubMed]

Yoon, S.; Albers, A.E.; Wong, A.P.; Chang, C.J. Screening mercury levels in fish with a selective fluorescent
chemosensor. J. Am. Chem. Soc. 2005, 127, 16030-16031. [CrossRef] [PubMed]

Guo, X,; Qian, X,; Jia, L. A highly selective and sensitive fluorescent chemosensor for Hg2+ in neutral buffer
aqueous solution. J. Am. Chem. Soc. 2004, 126, 2272-2273. [CrossRef] [PubMed]

Lee, H.; Lee, H.-S.; Reibenspies, J.H.; Hancock, R.D. Mechanism of “turn-on” fluorescent sensors for
mercury(Il) in solution and its implications for ligand design. Inorg. Chem. 2012, 51, 10904-10915. [CrossRef]
[PubMed]

Carney, P; Lopez, S.; Mickley, A.; Grinberg, K.; Zhang, W.; Dai, Z. Multimode selective detection of mercury
by chiroptical fluorescent sensors based on methionine/cysteine. Chirality 2011, 23, 916-920. [CrossRef]
[PubMed]

Yamada, T.; Shinoda, S.; Sugimoto, H.; Uenishi, J.-1.; Tsukube, H. Luminescent lanthanide complexes with
stereocontrolled tris(2-pyridylmethyl)amine ligands: Chirality effects on lanthanide complexation and
luminescence properties. Inorg. Chem. 2003, 42, 7932-7937. [CrossRef] [PubMed]

Matsumoto, K.; Suzuki, K.; Tsukuda, T.; Tsubomura, T. A chiral 2,6-bis(oxazolinyl)pyridine ligand with
amide groups to form isomorphous complexes through all the lanthanoid series. Inorg. Chem. 2010, 49,
4717-4719. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/ic00058a030
http://dx.doi.org/10.1021/jo980563h
http://dx.doi.org/10.1246/cl.1997.49
http://dx.doi.org/10.1002/chem.201202461
http://www.ncbi.nlm.nih.gov/pubmed/23239513
http://dx.doi.org/10.1039/a705443b
http://dx.doi.org/10.1002/hlca.19670500817
http://dx.doi.org/10.1021/ja0120429
http://www.ncbi.nlm.nih.gov/pubmed/12149026
http://dx.doi.org/10.1039/b111259g
http://dx.doi.org/10.1021/ja047213z
http://www.ncbi.nlm.nih.gov/pubmed/15382888
http://dx.doi.org/10.1021/jo960859s
http://www.ncbi.nlm.nih.gov/pubmed/11667739
http://dx.doi.org/10.1021/jo9721148
http://dx.doi.org/10.1021/ie990880u
http://dx.doi.org/10.1021/ja037995g
http://www.ncbi.nlm.nih.gov/pubmed/14624563
http://dx.doi.org/10.1021/ic052083w
http://www.ncbi.nlm.nih.gov/pubmed/16529499
http://dx.doi.org/10.1021/ja0557987
http://www.ncbi.nlm.nih.gov/pubmed/16287282
http://dx.doi.org/10.1021/ja037604y
http://www.ncbi.nlm.nih.gov/pubmed/14982408
http://dx.doi.org/10.1021/ic301380w
http://www.ncbi.nlm.nih.gov/pubmed/23005898
http://dx.doi.org/10.1002/chir.21015
http://www.ncbi.nlm.nih.gov/pubmed/21935989
http://dx.doi.org/10.1021/ic020726r
http://www.ncbi.nlm.nih.gov/pubmed/14632510
http://dx.doi.org/10.1021/ic901743q
http://www.ncbi.nlm.nih.gov/pubmed/20438091

Molecules 2016, 21, 1647 19 of 20

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Masaki, M.E; Paul, D.; Nakamura, R.; Kataoka, Y.; Shinoda, S.; Tsukube, H. Chiral tripode approach toward
multiple anion sensing with lanthanide complexes. Tetrahedron 2009, 65, 2525-2530. [CrossRef]

Canary, ].W.; Mortezaei, S.; Liang, J. Transition metal-based chiroptical switches for nanoscale electronics
and sensors. Coord. Chem. Rev. 2010, 254, 2249-2266. [CrossRef]

Ikeda, M.; Matsu-ura, A.; Kuwahara, S.; Lee, S.S.; Habata, Y. Hg2+—sensing system based on structures of
complexes. Org. Lett. 2012, 14, 1564-1567. [CrossRef] [PubMed]

Du, G,; Liu, K; Liu, B;; Ye, L.; Jiang, L. A chiroptical chemodosimeter for fast and specific detection of
Mercury(Il) ions in aqueous media. Anal. Methods 2015, 7, 8550-8553. [CrossRef]

Caricato, M.; Leza, N.J.; Roy, K.; Dondi, D.; Gattuso, G.; Shimizu, L.S.; Vander Griend, D.A.; Pasini, D.
A chiroptical probe for sensing metal ions in water. Eur. J. Org. Chem. 2013, 2013, 6078-6083. [CrossRef]
Zhu, Y; Xu, L; Ma, W,; Xu, Z; Kuang, H.; Wang, L.; Xu, C. A one-step homogeneous plasmonic
circular dichroism detection of aqueous mercury ions using nucleic acid functionalized gold nanorods.
Chem. Commun. 2012, 48, 11889-11891. [CrossRef] [PubMed]

Nehira, T.; Parish, C.A.; Jockusch, S.; Turro, N.J.; Nakanishi, K.; Berova, N. Fluoresence-detected
exciton-coupled circular dichroism: Scope and limitation in structural studies of organic molecules.
J. Am. Chem. Soc. 1999, 121, 8681-8691. [CrossRef]

Zhang, L.; Clark, R.J.; Zhu, L. A heteroditopic fluoroionophoric platform for constructing fluorescent probes
with large dynamic ranges for zinc ions. Chem. Eur. ]. 2008, 14, 2894-2903. [CrossRef] [PubMed]

Zhang, L.; Zhu, L. Photochemically stable fluorescent heteroditopic ligands for Zinc ion. J. Org. Chem. 2008,
73, 8321-8330. [CrossRef] [PubMed]

Wandell, RJ.; Younes, A.H.; Zhu, L. Metal-coordination-mediated sequential chelation-enhanced
fluorescence (CHEF) and fluorescence resonance energy transfer (FRET) in a heteroditopic ligand system.
New. J. Chem. 2010, 34, 2176-2182. [CrossRef]

Younes, A.H.; Zhang, L.; Clark, R.J.; Davidson, M.W.; Zhu, L. Electronic structural dependence of
the photophysical properties of fluorescent heteroditopic ligands—Implications in designing molecular
fluorescent indicators. Org. Biomol. Chem. 2010, 8, 5431-5441. [CrossRef] [PubMed]

Kuang, G.-C.; Allen, ].R.; Baird, M.A.; Nguyen, B.T.; Zhang, L.; Morgan, T.].; Levenson, C.W.; Davidson, M.W,;
Zhu, L. Balance between fluorescence enhancement and association affinity in fluorescent heteroditopic
indicators for imaging zinc ion in living cells. Inorg. Chem. 2011, 50, 10493-10504. [CrossRef] [PubMed]
Sreenath, K.; Clark, R.J.; Zhu, L. Tricolor emission of a fluorescent heteroditopic ligand over a concentration
gradient of Zinc(Il) ions. J. Org. Chem. 2012, 77, 8268-8279. [CrossRef] [PubMed]

Sreenath, K.; Yi, C.; Knappenberger, K.L.; Zhu, L. Distinguishing forster resonance energy transfer and
solvent-mediated charge-transfer relaxation dynamics in a Zinc(II) indicator: A femtosecond time-resolved
transient absorption spectroscopic study. Phys. Chem. Chem. Phys. 2014, 16, 5088-5092. [CrossRef] [PubMed]
Zhu, L.; Yuan, Z.; Simmons, J.T.; Sreenath, K. Zn(Il)-coordination modulated ligand photophysical
processes—The development of fluorescent indicators for imaging biological Zn(II) ions. RSC Adv. 2014, 4,
20398-20440. [CrossRef] [PubMed]

Zhang, L.; Murphy, C.S.; Kuang, G.-C.; Hazelwood, K.L.; Constantino, M.H.; Davidson, M.W.; Zhu, L.
A fluorescent heteroditopic ligand responding to free Zinc ion over six orders of magnitude concentration
range. Chem. Commun. 2009, 7408-7410. [CrossRef] [PubMed]

Jiménez, M.C.; Dietrich-Buchecker, C.; Sauvage, ].-P. Towards synthetic molecular muscles: Contraction and
stretching of a linear rotaxane dimer. Angew. Chem. Int. Ed. 2000, 39, 3284-3287. [CrossRef]
Jimenez-Molero, M.C.; Dietrich-Buchecker, C.; Sauvage, J.-P. Towards artificial muscles at the nanometric
level. Chem. Commun. 2003, 1613-1616. [CrossRef]

Livoreil, A.; Dietrich-Buchecker, C.O.; Sauvage, J.-P. Electrochemically triggered swinging of a [2]-catenate.
J. Am. Chem. Soc. 1994, 116, 9399-9400. [CrossRef] [PubMed]

Armaroli, N.; Balzani, V.; Collin, J.-P.; Gavifia, P.; Sauvage, ].-P.; Ventura, B. Rotaxanes incorporating two
different coordinating units in their thread: Synthesis and electrochemically and photochemically induced
molecular motions. J. Am. Chem. Soc. 1999, 121, 4397-4408. [CrossRef]

Kern, ]J.-M.; Raehm, L.; Sauvage, J.-P.; Divisia-Blohorn, B.; Vidal, P--L. Controlled molecular motions in
copper-complexed rotaxanes: An XAS study. Inorg. Chem. 2000, 39, 1555-1560. [CrossRef] [PubMed]
Zelikovich, L.; Libman, ]J.; Shanzer, A. Molecular redox switches based on chemical triggering of iron
translocation in triple-stranded helical complexes. Nature 1995, 374, 790-792. [CrossRef]


http://dx.doi.org/10.1016/j.tet.2009.01.061
http://dx.doi.org/10.1016/j.ccr.2010.03.004
http://dx.doi.org/10.1021/ol3002943
http://www.ncbi.nlm.nih.gov/pubmed/22397642
http://dx.doi.org/10.1039/C5AY02177D
http://dx.doi.org/10.1002/ejoc.201300884
http://dx.doi.org/10.1039/c2cc36559f
http://www.ncbi.nlm.nih.gov/pubmed/23125979
http://dx.doi.org/10.1021/ja990936b
http://dx.doi.org/10.1002/chem.200701419
http://www.ncbi.nlm.nih.gov/pubmed/18232042
http://dx.doi.org/10.1021/jo8015083
http://www.ncbi.nlm.nih.gov/pubmed/18850742
http://dx.doi.org/10.1039/c0nj00241k
http://dx.doi.org/10.1039/c0ob00482k
http://www.ncbi.nlm.nih.gov/pubmed/20882250
http://dx.doi.org/10.1021/ic201728f
http://www.ncbi.nlm.nih.gov/pubmed/21905758
http://dx.doi.org/10.1021/jo3016659
http://www.ncbi.nlm.nih.gov/pubmed/22924325
http://dx.doi.org/10.1039/c3cp55382e
http://www.ncbi.nlm.nih.gov/pubmed/24504046
http://dx.doi.org/10.1039/c4ra00354c
http://www.ncbi.nlm.nih.gov/pubmed/25071933
http://dx.doi.org/10.1039/b918729d
http://www.ncbi.nlm.nih.gov/pubmed/20024244
http://dx.doi.org/10.1002/1521-3773(20000915)39:18&lt;3284::AID-ANIE3284&gt;3.0.CO;2-7
http://dx.doi.org/10.1039/b302326p
http://dx.doi.org/10.1021/ja00099a095
http://www.ncbi.nlm.nih.gov/pubmed/27715033
http://dx.doi.org/10.1021/ja984051w
http://dx.doi.org/10.1021/ic991163v
http://www.ncbi.nlm.nih.gov/pubmed/12526464
http://dx.doi.org/10.1038/374790a0

Molecules 2016, 21, 1647 20 of 20

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Zahn, S.; Canary, J.W. Electron-induced inversion of helical chirality in copper complexes of
N,N-dialkylmethionines. Science 2000, 288, 1404-1407. [CrossRef] [PubMed]

Canary, ] W. Redox-triggered chiroptical molecular switches. Chem. Soc. Rev. 2009, 38, 747-756. [CrossRef]
[PubMed]

Barcena, H.S.; Liu, B.; Mirkin, M.V,; Canary, ].W. An electrochiroptical molecular switch: Mechanistic and
kinetic studies. Inorg. Chem. 2005, 44, 7652-7660. [CrossRef] [PubMed]

Das, D.; Dai, Z; Holmes, A.E.; Canary, ].W. Exploring the scope of redox-triggered chiroptical
switches: Syntheses, X-ray structures and circular dichroism of cobalt and nickel complexes of
N,N-bis(arylmethyl)methionine derivatives. Chirality 2008, 20, 585-591. [CrossRef] [PubMed]

Zahn, S.; Das, D.; Canary, ].W. Redox-induced ligand reorganization and helicity inversion in copper
complexes of N,N-dialkylmethionine derivatives. Inorg. Chem. 2006, 45, 6056—-6063. [CrossRef] [PubMed]
Holmes, A.E.; Zahn, S.; Canary, ].W. Synthesis and circular dichroism studies of N,N-bis(2-quinolylmethyl)amino
acid Cu(Il) complexes: Determination of absolute configuration and enantiomeric excess by the exciton
coupling method. Chirality 2002, 14, 471-477. [CrossRef] [PubMed]

Lee, J.; Dai, Z.; Pace University, New York, NY, USA. Unpublished work. 2016.

Dai, Z.; Lee, J.; Zhang, W. Chiroptical switches: Applications in sensing and catalysis. Molecules 2012, 17,
1247-1277. [CrossRef] [PubMed]

Meudtner, R-M.; Hecht, S. Helicity inversion in responsive foldamers induced by achiral halide ion guests.
Angew. Chem. Int. Ed. 2008, 47, 4926-4930. [CrossRef] [PubMed]

Muller, G. Luminescent chiral Lanthanide(III) complexes as potential molecular probes. Dalton Trans. 2009,
9692-9707. [CrossRef] [PubMed]

Dai, Z.; Mortezaei, S.; Canary, J].W. Spectroscopic analysis: Chiroptical sensors. In Comprehensive Chirality;
Carreira, E.M., Yamamoto, H., Eds.; Elsevier: Amsterdam, The Netherlands, 2012; Volume 8, pp. 600-624.
Agnes, M.; Nitti, A.; Vander Griend, D.A.; Dondi, D.; Merli, D.; Pasini, D. A chiroptical molecular sensor for
ferrocene. Chem. Comm. 2016, 52, 11492-11495. [CrossRef] [PubMed]

® © 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1126/science.288.5470.1404
http://www.ncbi.nlm.nih.gov/pubmed/10827947
http://dx.doi.org/10.1039/b800412a
http://www.ncbi.nlm.nih.gov/pubmed/19322467
http://dx.doi.org/10.1021/ic051048m
http://www.ncbi.nlm.nih.gov/pubmed/16212392
http://dx.doi.org/10.1002/chir.20519
http://www.ncbi.nlm.nih.gov/pubmed/18196593
http://dx.doi.org/10.1021/ic060660q
http://www.ncbi.nlm.nih.gov/pubmed/16842014
http://dx.doi.org/10.1002/chir.10079
http://www.ncbi.nlm.nih.gov/pubmed/12112340
http://dx.doi.org/10.3390/molecules17021247
http://www.ncbi.nlm.nih.gov/pubmed/22293845
http://dx.doi.org/10.1002/anie.200800796
http://www.ncbi.nlm.nih.gov/pubmed/18496819
http://dx.doi.org/10.1039/b909430j
http://www.ncbi.nlm.nih.gov/pubmed/19885510
http://dx.doi.org/10.1039/C6CC05937F
http://www.ncbi.nlm.nih.gov/pubmed/27532289
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Steric and Stereochemical Modulation of Binding Affinity and Selectivity 
	Steric Control of Achiral Ligands’ Selectivity to Zn2+ and Cu2+ 
	Stereochemical Control of Chiral Ligands’ Zn2+/Cu2+ Selectivity 
	Steric and Stereochemical Control of Ligands’ Selectivity to Ag+ 

	Steric and Stereochemical Modulation of Signal Transduction 
	Modulating Fluorescence or Luminescence 
	Modulating Chiroptical Signals 

	Modulating Two Binding Pockets in One Ligand 
	Modulating Ditoptic Ligands for Zn2+ 
	Modulating Switchable Binding Pockets in One Ligand 
	Modulating Switchable Chiroptical Sensors for Metal Oxidation States 
	Modulating Switchable Chiroptical Sensors for Multiple Metal Ions 

	Conclusions 

