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The recent advances in the development of fluorescent heteroditopic ligands of metal ions are reviewed. The scientific
endeavour in this area is fuelled partly by the need for sensing technologies that are (1) targeting substances over large
concentration ranges and (2) capable of analysing multiple analytes simultaneously. These objectives are largely not
attainable using monotopic coordination platforms. The investigations of the fluorescent heteroditopic ligands of metal ions
have revealed surprisingly intricate interplays between metal coordination at two different sites and the photophysical states
that are accessible through those systems. The chemical complexity of fluorescent heteroditopic ligands of metal ions
warrants further investigations on the fundamental science front in order to fully acquire their potential for meeting our

practical needs.

Keywords: heteroditopic ligands; fluorescent sensor; fluoroionophore; metal coordination; large concentration range;

multiplexed sensing

1. Introduction

The formulation of supramolecular chemistry (/) has
accelerated the applications of small-molecule-based
ditopic ligands for metal ion coordination (2, 3) in the
studies of catalysis (4—172), molecular recognition
(2, 13-19), allosteric chemical systems (20—34), molecu-
lar self-assemblies (35—-38) and fundamental aspects of
structure and bonding (39-43). Not only has the
development of ditopic ligands been instrumental as
tools in the advancement of many areas in chemistry, but
also in challenging us to gain more thorough under-
standing of the coordination chemistry, photophysical
processes and many other fundamental aspects of those
delicately designed chemical systems. Selective examples
of ditopic ligands of metal ions developed under the
above-mentioned contexts are shown in Figures 1-5. Very
brief descriptions of each example are included in the
figure captions.

In this mini review, a small but rapidly growing class
of ditopic ligands, fluorescent heteroditopic ligands, will
be described. They are metal coordinating molecules
having two different binding sites whose multiple (at least
three) coordination states are distinguished by their unique
fluorescence properties. They are often discussed under
the contexts of practical objectives such as sensing or
molecular logic functions. In the limited space of this
article, attention will be focused primarily upon the
fascinating metal coordination-driven photophysical pro-
cesses embodied in these molecules. Only with a thorough
comprehension of the fundamental aspects of these

systems can we address the scientific challenges involved
in practical objectives in a rational manner.

2. Metal coordination-driven fluorescence
modulation

Before the discussion of individual accomplishments in
the field of fluorescent heteroditopic ligands, a brief
overview of common approaches applied in metal
coordination-driven fluorescence modulation (as reflected
by the changes of steady-state fluorescence observables
such as emission wavelength and fluorescence quantum
yield) is warranted. Also, a list of leading reviews and
books on this topic are cited at the end of this section to
satisfy more inquisitive readers. In this section, the metal
ions in discussion are assumed to have primarily
electrostatic interactions with ligands in both ground and
excited states. Ca®>" and Zn>" are typical examples.
Photophysical processes that involve heavy atom effect
and electron or energy transfer between ligand and metal
ion are not included.

2.1 Photoinduced electron transfer (PET)
and chelation-enhanced fluorescence (CHEF)

A ligand that undergoes intramolecular PET usually has a
fluorophore and an electron donor (e-donor) that are
covalently linked but electronically insulated in the ground
state (44). For example, compound 19 has an anthryl group
as a fluorophore and a tertiary amino group as the e-donor
(Figure 6). Upon excitation, one electron from the tertiary
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Figure 1. Binuclear catalysis. (1): Dizinc complex of 1, developed by the Lippard group (9), is a potent catalyst for tranesterification
cleavage of 2-hydroxypropyl-4-nitrophenyl phosphate (HPNP), an RNA model, in buffered aqueous solutions. (2): Dinickel complex of 2
is a synthetic model of urease (8). (3): The dizinc complex of 3 catalyses the hydrolysis of plasmid DNA (pBR322) (/0). The DNA
intercalating acridine moiety conveys additional binding affinity to double-stranded DNA. (4): Mirkin’s dichromium salen catalyst for
epoxide opening by TMSN; (/2). The catalytic activity can be enhanced by the addition of CO and Cl , which coordinate with Rh to
break the Rh—S bonds to allow cooperative catalysis by two Cr(IIl) centres.

amino group may transfer to the HOMO of the excited
anthryl group during its lifetime to form a transient radical
cation/anion pair. This transient species undergoes rapid
back electron transfer from the LUMO of the reduced
anthryl group to the oxidised e-donor so that the ligand
returns to the ground state without photon emission. The
thermodynamic prerequisite for this type of PET (45) is
that the HOMO level of the e-donor has to be higher than
that of the fluorophore. Upon metal ion coordination, the
HOMO level of the e-donating tertiary amino group is
lowered to the extent that PET is no longer feasible.
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Consequently, the non-radiative PET pathway is eliminated,
which leads to an enhancement of fluorescence quantum
yield (Pg). This process is termed CHEF (46, 47).

In addition to fluorescence enhancement upon metal
coordination, the common experimental features of a
ligand capable of intramolecular PET and CHEF include
the following: (1) the coordination of metal ion at the
e-donor site has only minor effects on the absorption
spectrum of the fluorophore, (2) protonation usually has
the same effect as metal coordination to restore the
fluorescence of the ligand, (3) a model compound with
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Figure 2. Molecular recognition. (5): Lehn’s dinuclear cryptate (2). The dicopper(I) complex of 5 and its reduced polyamine—Cu(I)
complex are receptors for succinate (/4). (6): Dicopper(Il) complex of 6 is a receptor for imidazolate (/7). (7): Dicopper(Il) complex of 7

is a receptor for the enolate of cyclopentanone (79).
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Figure 3. Allosteric chemical systems. (8): The coordination of tungsten at 2,2'-bipy site of the allosteric heterodinuclear ligand 8 by
Rebek et al. changes the Li™/K™ selectivity of the 15C5 (21). (9): A ditopic ligand that displays positive cooperativity in stepwise
coordination of Hg2+ (Hill coefficient n = 1.5) (22, 24). (10): The formation of catecholate—boron complex (boron is a metal analogue
here) enables selective binding to K*(27). (11): The coordination of Fe(II) with three bipy groups affords a pseudo-cryptand selective for
Cst(31). (12): The coordination of Re(I) at the bipy site locks the ligand conformation for simultaneous binding of K+ and C1™ (29).
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Figure 4. Ligands for self-assembly of helicates or grids. (13): 2:2 copper(I) complex affords a helicate precursor (35). (14): Double-
helical or grid-type structures can be accessed by mixing 14 with metal ion combinations of distinct coordination geometry (37). (15):
Zn(II)—Cu(I) heteroditopic complex affords a grid-type structure (38).
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Figure 5. Cation—cation interactions. (16): Disilver complex of 16 has Ag—Ag distance 3.876 A (39, 40). (17): A mixed valence
dicopper(l, IT) complex. Cu—Cu distance is 2.4493 A (43). (18): In the trimetallic complex of 18, PET from the zinc porphrin moiety to the
bound silver ions creates a charge-separated state (47, 42).
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low fluorescence high fluorescence

Figure 6. PET and CHEF. In the absence of Zn>*19 has low
fluorescence quantum yield (®g) due to non-radiative PET from
the tertiary amino group to the excited anthryl fluorophore. Upon
Zn** coordination, PET is no longer thermodynamically
favoured. Consequently, the Zn*>T complex has higher ®g (121).

the e-donor moiety removed should have high ® and (4)
cyclic voltammogram of the ligand is expected to have two
major oxidation (anodic) peaks for the e-donor and the
fluorophore, respectively. The oxidation potential of the
e-donor should be lower than that of the fluorophore.

2.2 Internal or intramolecular charge transfer (ICT)

An ICT-type fluorophore often undergoes charge redis-
tribution upon excitation. As a result, the dipole moment
of the excited state differs from that of the ground state, or
the HOMO and LUMO are physically separated in
different parts of the fluorophore. If a metal coordination
site is incorporated in an ICT fluorophore, in particular if
the coordination site is at the positive or negative end of the
dipole moment of the excited state, metal binding will
profoundly alter the energy gap between ground and
excited states, which is reflected as spectral shifts of either
absorption or emission, or both.

For example, 7-aminocoumarin undergoes charge
redistribution upon excitation. Its ground and excited
state structures can be roughly represented using the
resonance structures shown in Figure 7(B), which reveals
two important pieces of information: (1) the dipole
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Figure 7. Metal coordination-modulated ICT. (A) An ICT-type
ligand 20 undergoes emission hypsochromic shift upon
coordinating Li* at the positive end of the excited fluorophore
(122). (B) Two resonance structures of 7-aminocoumarin, which
are representative of its ground and excited state structures.

Figure 8. (A) HOMO and (B) LUMO of 7-N,N-
dimethylaminocoumarin, calculated using the B3LYP
functional and 6-31G* (d,p) basis set implemented in the
Gaussian 3.0 program (reference in the Supporting Information).

moment of the excited state is larger than that of the
ground state and (2) the positive and negative ends of
the excited state dipole reside at the nitrogen atom and
carbonyl oxygen, respectively. When metal coordination
takes place at either the positive or negative ends of the
excited state dipole, the excited state is destabilised
or stabilised, respectively. Spectroscopically, respective
hypsochromic (Figure 7(A)) or bathochromic shifts of
emission are expected.

In addition to undergoing spectral shift upon
coordinating a metal ion, an ICT-type ligand usually
displays absorption or emission solvatochromism (48)
depending on the ability of solvent dipole to stabilise the
ground state relative to the excited state. Frontier
molecular orbital computation has been used extensively
to visualise the charge redistribution of an ICT fluorophore
upon excitation. As shown in Figure 8, relative to the
highest occupied molecular orbital (HOMO, Figure 8(A))
of 7-N,N-dimethylaminocoumarin, the lowest unoccupied
molecular orbital (LUMO, Figure 8(B)) is shifted from the
amino to lactone side. This figure suggests that during the
excitation to elevate one electron from HOMO to LUMO,
the electron density of 7-N,N-dimethylaminocoumarin
would shift accordingly to arrive at a charge-transferred
state, which agrees with the qualitative conclusion drawn
from analysing the resonance structures in Figure 7(B).

2.3 Excited state intramolecular proton transfer
(ESIPT)

In an ESIPT system, during the lifetime of the excited state
of the ligand (e.g. 21-enamine, Figure 9), it undergoes
an ultrafast (e.g. as short as 50fs (49)) tautomerisation to
afford a phototautomer (e.g. 21-imino). which then decays
radiatively (50). Large Stokes shifts (57) and negative
fluorescence solvatochromism (52, 53) are often observed
in ESIPT systems. When metal coordination occurs, the
accompanying deprotonation eliminates ESIPT. Conse-
quently, the emission from the metal complex resembles
the fluorescence from the deprotonated ligand, which
differs from that of the phototautomer. Caution needs to be
applied when interpreting a possible ESIPT system in an
aqueous solution because hydrogen bonding of the ligand
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Figure 9. Excited state intramolecular proton transfer (ESIPT). 2-(2'-Tosylaminophenyl)benzimidazole 21 (middle) undergoes ESIPT
in an aqueous solution in the absence of metal ion to result in fluorescence from the imino phototautomer (left). Upon Zn>" coordination,
ESIPT is disrupted, which restores fluorescence from the native deprotonated 21 (right) (50, 123).

with solvent molecules may severely disrupt the ESIPT
process (54).

2.4 Excimer/exciplex formation

Fluorophores may form excited/ground-state transient
complex upon excitation. Such a complex is termed an
excimer (between identical molecules) or an exciplex
(between different molecules). Pyrene (Figure 10) is
known to form an excimer that emits at ~475nm as a
structureless band. The excitation spectrum of pyrene
excimer still resembles the structured absorption spectrum
of pyrene. Due to its bimolecular nature, the formation
of excimer is concentration dependent. Metal coordi-
nation may be utilised to bring two pyrene moieties into
close proximity so that the effective molarity of pyrene
groups is high enough to give rise to a strong excimer
emission.

In addition to the four photophysical processes
discussed above, other approaches that have been
applied in devising fluorescent reporters for metal ions
include metal coordination-effected increase in the
energies of singlet or triplet n—m* states relative to the
fluorescent w—m* singlet excited state (55-57),
conformational rigidification of fluoroionophores
(58-60) and modulation of fluorescence resonance energy
transfer (FRET) (61). Interested readers are directed
to the cited references and leading reviews (44, 62—-68) in
this area.

4D roors
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excimer

Figure 10. Pyrene excimer formation.

3. Fluorescent heteroditopic ligands of metal ions

The real-world motivation behind the development of
fluorescent heteroditopic ligands of metal ions is to
achieve quantitative metal ion analysis over large
concentration ranges and the simultaneous detection and
quantification of two different metal ion analytes. These
goals are largely unattainable via monotopic or homo-
ditopic (69-74) systems. Depending on the identities
and/or quantities of the metal ions present, a fluorescent
ditopic ligand is capable of offering at least three
coordination states (see sections below) that are associated
with three different photophysical processes upon
excitation. For all practical purposes, the scientific
objectives are (1) achieving the largest contrast possible
in terms of fluorescence observables such as emission
wavelength and intensity between the three coordination
states and (2) spacing the binding affinities and
selectivities of the two coordination sites judiciously, so
that under one given condition only two or one species
dominate in solution. Attaining these two goals mandate
thorough understanding of the coordination chemistry and
the metal coordination-driven photophysical processes
involved in these chemical systems. In this section, the
steady-state photophysics and coordination chemistry of a
few examples will be described with the realisation that
development of fluorescent heteroditopic ligands is still a
young area and the stated objectives have yet to be
accomplished.

3.1 Group 1: Ligands capable of forming two different
mononuclear complexes

As illustrated in Figure 11, fluorescent heteroditopic
ligands in the first group are capable of forming two
different mononuclear complexes to result in three
coordination states. They undergo distinct relaxation
processes upon excitation, which may or may not afford
different fluorescence observables.

Compound 22, prepared by Kim et al. (75) (Figure 12),
was built on a 1,3-alternate calix[4]arene scaffold (76, 77).
A pseudo-15-crown-5 (15C5) and a pseudo-monoaza-
I5C5 constitute the top and bottom parts, respectively,
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Figure 11. A fluorescent heteroditopic ligand having three
coordination states: free ligand (L) and two mononuclear
complexes ML and M,L.

of the ligand. An appended pyrene group was used to
report metal binding event through fluorescence modu-
lation. The tertiary amino group was postulated to undergo
PET to the excited pyrene so that the free ligand is only
weakly fluorescent. It should be noted that the alkoxy-
benzene components in the calix[4]arene structure may
also serve as PET donors. When Ag+ was introduced, it
presumably selectively coordinated to the softer monoaza-
15CS5 cavity, which raised the oxidation potential of the
tertiary amino group to stop PET and revive the
fluorescence (CHEF). When the Ag* complex of 22 was
exposed to K™, K* presumably entered the top 15CS5 site.
The dinuclear complex [AgK(22)]* " was disfavoured due
to the electrostatic repulsive interactions between K™ and
Ag*. Therefore, Ag" exited the ligand to afford the
mononuclear K™ complex of 22. The PET channel was
reopened to result in fluorescence reduction. The formation
of the 1:1 Ag"* complex was confirmed using Job’s method
of continuous variation and high-resolution FAB-MS.
However, the proposed binding sites of Ag™ and K* ions
in the complexes may require more data (in addition

to fluorescence, e.g. NMR studies) to confirm. Another
observation worth noting in this study is that the formation
of the Cu®>" complex is accompanied by pronounced
fluorescence enhancement, which is contrary to most other
observations that Cu® " coordination causes fluorescence
quenching (47, 78).

In an extension from their previous contribution, Kim
et al. studied 23 (79) where the fluorescence reporting
group, 9-cyanoanthracene, was appended to the pseudo-
18C6 (top) side instead (Figure 13). The o-dialkoxy-
benzene moiety, which is part of the pseudo-18C6, served
as the PET quencher (70, 71, 80, 81). The oxidation
potential of the o-dialkoxybenzene was raised upon Cs*
coordination at the 18C6 site to result in an enhancement
of fluorescence (CHEF effect). As Cu’" bound at the
smaller, softer monoaza-15C5 site, Cs™ was expelled.
The reopened PET channel as well as the known
quenching ability of the paramagnetic Cu®>™(78) may
have collectively contributed to the observed fluorescence
quenching of the monocopper(Il) complex of 23.

Recently, Kim’s group developed 24, which used
coordination-driven modulation of pyrene excimer emis-
sion to signal the presence of Pb’", a metal ion of
environmental importance (82) (Figure 14). While 24 was
in its free form, a strong emission band from the pyrene
excimer along with moderate emission from the monomer
was observed when excited at 344 nm in acetonitrile. In the
presence of Pb2+, both the excimer and monomer
emission was quenched. It was postulated that Pb>™"
coordinated with the two amide carbonyl groups of 24,
which hindered the excimer formation upon excitation.
The selective binding of Pb>* with the carbonyl oxygen
atoms was supported by binding studies using '"H NMR.
Furthermore, the monomer emission may have been
quenched through electron transfer from excited pyrene to
the Pb” " -coordinated amide bonds, and/or due to heavy

Weakly Fluorescent

Fluorescent

Weakly Fluorescent

Figure 12. Fluorescence of 22 (observed at 389 nm in ethanol) is enhanced upon coordination with Ag™. The introduction of K™
displaces Ag™ to afford the mononuclear K* complex that fluoresces weakly, similar to that of free ligand 22 (75).
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Figure 13. Fluorescence of 23 (observed at 450 nm in ethanol—dichloromethane, 9:1 v/v) is enhanced upon coordination with Cs™.
The introduction of Cu®>* displaces Cs™ to afford the mononuclear Cu>* complex that fluoresces weakly (79).

Excimer emission OFF

Excimer emission

Figure 14. Ligand 24 displays emission from pyrene excimer (observed at 470 nm in acetonitrile), which is quenched upon formation of
the Pb>* complex. The binding of K™ in the top crown expels Pb> T, which restores the pyrene excimer emission (82).

atom effect exerted by Pb>". When K™ was introduced
into the system and bound to the 18C6 cap, Pb>* was
expelled to restore the excimer formation. The selectivity
of 24 to K* was demonstrated using an acyclic control
compound lacking the crown cap. The fluorescence from
pyrene excimer of the control compound quenched upon
addition of Pb2+, however, was not restored upon
introduction of 10,000-fold excess of K.

3.2 Group 2: Ligands capable of forming both mono-
and dinuclear complexes

The three examples from the Kim group where the free
form and two different mononuclear complexes constitute
the three coordination states of a heteroditopic ligand have
begun to reveal the complexity of the coordination
chemistry and associated photophysical processes of
heteroditopic systems. The potential of the ligands in
group 1 for technological development, i.e. to associate
their chemical behaviours to the solutions of practical
problems, has not been systematically evaluated (although

24 was developed as an on—off switchable sensor of Pb*
and K*). Different from the compounds in group I, the
ligands in the second group are capable of forming
dinuclear complexes (Figure 15). Free ligand, mono- and

dinuclear complexes are associated with three different

'

M, M,
—— ——
~— [ —

State 1 State 2 State 3

Figure 15. Three coordination states of a fluorescent
heteroditopic ligand: free ligand (L), mononuclear complex
M, L and dinuclear complex M;M,L.
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Figure 16. Three different coordination states of 25 at various Hg

2+

concentrations in acetonitrile (83). The numbering scheme for

pyrazoline is shown. The emission band maxima (A.p,) and fluorescence quantum yields (Pr) of three species in acetonitrile are listed.

fluorescence states. This ditopic platform offers opportu-
nities for the development of sensing technologies that are
effective over large concentration ranges or capable of
simultaneous analysis of two metal ion analytes.

Compound 25 was investigated by Rurack et al. on its
cation complexation-mediated photophysical properties
(83) (Figure 16). The N-phenyl-tetrathia-monoaza-15-
crown-5 (AT415C5) was designed as e-donor to undergo
PET to the excited benzothiazolyl-pyrazoline fluorophore
(84-88). Upon addition of Hg(ClOy,), in acetonitrile, a
CHEF effect was observed as the @ of 25 increased from
0.10 to 0.22. However, with the introduction of excess
Hg?™, both absorption and emission spectra of 25
underwent a pronounced bathochromic shift characteristic
of metal coordination at the negative end of the dipole of
an excited ICT type fluorophore. It was interpreted that
excess Hg? ™ coordinated at the bidentate site within the
benzothiazolyl-pyrazoline fluorophore [both nitrogen and
sulphur atoms of benzothiazolyl may coordinate Hg* ™" ;
however, coordination between Hg? ' and sulphur in a
thienyl group has not been shown to be selective (89, 90)].

This observation by Rurack et al. is one of the first
examples where sequential coordination of a heteroditopic
ligand led to three distinct fluorescence responses (91).
At the end of that article, the investigators suggested that
such a strategy could be used to develop sensing
technologies effective over large concentration ranges and
molecular logic functions. This prospect has motivated many
researchers to study various heteroditopic systems that may
achieve fluorescence contrasts (in terms of fluorescence
quantum yield and emission wavelength) of the three
coordination states that are appropriate for individual
applications.

Compound 26, also investigated by Rurack et al. (92),
is a combination of two fluorophores with distinct excited
state behaviours (Figure 17). The amino-substituted
benzothiazole (top half) has a highly emissive, charge-
transferred planar excited state (ICT); the amino-stilbenoid
structure (bottom half) is known to be moderately emissive

from a twisted intramolecular charge-transferred excited
state (TICT) (93). Also, the electron-rich amino-stilbenoid
half weakens the e-acceptor character of the benzothiazole
group, which reduces the fluorescence quantum yield (Pg) of
26. At the same time, two distinct macrocyclic coordination
motifs are included. The monoaza-15-crown-5 (A15C5) has
high affinities to hard metal ions such as Ca2+(94); its
tetrathia version (AT415C5) prefers soft ions such as Ag*.
Upon exposure to Ag', the soft AT,15CS site is
coordinated. The cationic nature of the bottom half of 26
enhances the electron-accepting capacity in respect of the
aminobenzothiazole fluorophore. Consequently, the
fluorescence of 26 is enhanced. As Ca>* ion is introduced
to the solution of the Ag' complex, the A15C5 site is
occupied by Ca®*. The coordination of Ca®" with the
e-donor amino group depopulates the ICT state, which
results in greatly reduced fluorescence. This system may
serve as a foundation for constructing sensors for detecting
and quantifying two different metal ions in the same sample.
2-(2/-Hydroxyphenyl)benzoxazole (HBO) motif is
known to undergo ESIPT, which may be terminated
through metal coordination. 27 was prepared by Arai et al.,
which undergoes two-step coordination with Zn>" in a
buffered aqueous solution (40 mM HEPES, 100 mM KCl
(pH 7.2)) (95) (Figure 18). The absorption spectrum of 27
underwent a blue shift followed by a red shift during the
course of a Zn?T titration, which suggests that
coordination at the electron-donating aminophenol tri-
acetate (APT) site occurs prior to binding at the electron-
accepting HBO site. The fluorescence intensity of 27
(Amax = 430 nm) dropped slightly over a bathochromic
shift to ~450nm as the first-step Zn> " coordination at
APT site occurred. The fluorescence intensity reduction
was partly due to the decrease in absorbance at the
excitation wavelength (360 nm). As the dizinc complex of
27 formed at higher Zn>" concentrations, a dramatic
fluorescence enhancement at 451 nm was observed. This
enhancement was attributed initially to the termination of
ESIPT as the HBO site was coordinated. However, a later
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Figure 17. Ligand 26 undergoes sequential coordination with Ag™ and Ca?*. The emission band maxima (A.n) and fluorescence

quantum yields (®g) of three species in acetonitrile are listed.

investigation using laser photolysis failed to show the keto
tautomer of 27 (96) under the buffered aqueous conditions.
The bathochromic shift that 27 underwent upon HBO
coordination may have been caused by coordination-
promoted deprotonation of the phenyl hydroxyl group (97).
Zn** coordination at the HBO site restricted the rotation of
the C—C bond, which may have slowed down the rates
of non-radiative processes to contribute to the observed
fluorescence quantum yield enhancement (58, 59).
Compound 28 was investigated by the Resch-Genger
group (Figure 19) (98). Recognising the need for
fluorescent ditopic ligands for metal ion detection over
large concentration ranges and technologies for simul-
taneous detection of multiple analytes, 28 was studied as a
model system for evaluating the design principle of such
ligands based on ICT type fluorophores. Compound 28
contains two metal binding sites: monoaza-15-crown-5
(A15C5) and 2,2:6/,2"-terpyridine (tpy). The aromatic

)COZK 0
KO, N oK z

Bl
Zn?* i)

e

N

® \-@ o

sl

oo
Zn* -
._TL—- @

scaffold is a typical ICT type fluorophore where the
4-aminophenyl is the e-donor and the tpy group is the
e-acceptor. A15C5 binds with hard metal ions (groups I
and II) tightly, whereas tpy is expected to be selective for
transition metal ions of intermediate hardness. However,
when Ca’" was titrated into a solution of 28, a
bathochromic shift of absorption spectrum (350—-394 nm)
took place, which suggested that Ca’* preferentially
bound at the e-acceptor site tpy. As Ca’>" became more
concentrated, the absorption band centred at 394 nm
disappeared, signalling the coordinating of Ca®™ at the
A15CS5, e-donor site. The fluorescence quantum yield of
28in acetonitrile decreased along with a bathochromic
shift as the tpy site was being occupied. When the Ca® ™
concentration was high and, presumably, the A15C5 site
was coordinated, the fluorescence underwent a slight
hypsochromic shift and approximately three-fold
enhancement.

Aem 430 nm ~ 450 nm 451 nm

Ig weak

weak

strong

Figure 18. Compound 27 forms monozinc and dizinc complexes as Zn>" concentration increases (95). The emission maxima (Aep,) in
an aqueous solution (40 mM HEPES, 100 mM KCI (pH 7.20)) are listed. I, fluorescence intensity.
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Aem 503 nm
[0 0.18

Figure 19. Compound 28 forms mono- and dicalcium complexes as Ca”

(o/_\o} 5

.

592 nm 565 nm
0.03 0.10

T concentration increases. The emission maxima (Aey,) and

fluorescence quantum yields (®g) of the three species in acetontrile are listed.

Bunz’s cruciform 29 showed beautiful optical modu-
lation when interacting with Zn * at different concentrations
in dichloromethane (Figure 20) (99). Frontier molecular
orbital calculations showed that the HOMO and the LUMO

are disjoint (or physically separated, Figure 21) (/00).
Therefore, the excitation of 29 mandates a charge-separated
excited state. In the presence of Zn®+ , the coordination sites
on the HOMO-residing bis(aminostyryl)benzene branch

Bu, Bu, @ Bu‘@

N—Bu N-Bu N-Bu

— Zn?*
N//\\_//\E_/\N“
—/  N—/ = \
29
Bu—N, Bu—_N Bu—N
Bu @Bu @Bu
hem 571 nm 418 nm 530 nm
Dp 0.08 0.10 0.10

Figure 20. Compound 29 forms dizinc and tetrazinc complexes as Zn>" concentration increases (99). The emission maxima (Agy,) and
fluorescence quantum yields (®g) of the three species in dichloromethane are listed.

@) e s (®)
s
‘ J 9 2
L
a2

Figure 21. (A) HOMO and (B) LUMO of 29, calculated using the HF functional and 6-31G (d) basis set implemented in the Gaussian
3.0 program (reference in the Supporting Information).
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were occupied first. The selective binding was confirmed by a
'"H NMR titration study (/00). The increased HOMO—
LUMO energy gap due to the stabilisation of HOMO upon
coordination resulted in a large hypsochromic (blue) shift of
the fluorescence emission. With increasing concentration of
Zn*", the LUMO-residing bis(pyridylethynyl)benzene
branch of 29 was also coordinated, thus decreasing the
HOMO-LUMO gap to shift the spectrum back to longer
wavelength.

The pincer ligand 30 developed by the Koskinen group
utilises the preferential coordination of salen ligand to
transition metals such as Zn>* to create a second, crown-
ether-type pseudo-macrocycle for further coordination with
alkali metals (Figure 22) (101). The coordination behaviour
was reminiscent of designs shown in compounds 10-12
(Figure 3). In this case, however, the coordination event can

o Zn?
@0 30 ;
o ; @
L_o
bi" W
N
Y o‘
Aem nr. 475nm
I weak strong

Figure 22. The salen moiety of 30 coordinates with Zn>*

LiT(101).

Z "N N™
S _N x |
| x \N| s
~N N~
Zn?*
+ —_—
Z "N N*
xn ! /N SN |
| X \N | | X
=N N._~
31
Aem n.r.
||: weak ((DF = 0.022)

Figure 23.

highly emissive 1:1 complex when Zn?*

n.r.
weak

Compound 31 forms a weakly emissive 2:1 (ligand:metal) complex with Zn> "
concentration is high (/02, 103). n.r., not reported.

be reported by fluorescence modulation of the two appended
pyrene groups. The Zn®> " coordination resulted in greatly
enhanced emission centred at 475 nm, which is characteristic
of the emission from the pyrene excimer. The further
coordination of [Zn(30)] with Li* decreased the fluorescence
intensity. No spectral shift was observed. The mechanism of
Li*-dependent fluorescence modulation is unclear. Li*
coordination may have reduced the affinity between salen
and Zn*" due to electrostatic interactions, and/or subtly
changed the conformation of the pincer structure to disrupt
the excimer formation.

Fukuzumi et al. at Osaka University found that the
coordination of 2,3,5,6-tetrakis(2-pyridyl)pyrazine (TPPZ,
31) with transition metal ions such as S¢* and Zn®> " led
to fluorescence changes (Figure 23) (102, 103). The free
ligand is not fluorescent because the triplet n,m* state

N

<—O 0

{g

%,

§ 2

-
e

475 nm
intermediate

in MeOH/THF (1:1) to form a pseudo-crown, which selectively binds with

432 nm
strong (®g = 0.19)

in acetonitrile, which is broken up to afford a
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is efficiently populated upon excitation. In the presence
of Zn®" at low concentration, the formation of 2:1
(ligand:Zn**) complex did not lead to fluorescence
enhancement, presumably due to the inability of the 2:1
complex formation to depopulate *(n,7*) by raising its
energy higher than the '(mw,mw#) state. As Zn’>™
concentration was increased to afford the mononuclear
complex, however, the Lewis acidity of Zn’t in the
mononuclear complex was postulated high enough to
render the l(11',1'r>!<) state as the lowest excited state.
Consequently, the 1:1 complex of 31 became highly
emissive. Both 2:1 and 1:1 complexes of 31 were
characterised by ESI-MS.

The strategy utilised by Fukuzumi differs from the
main theme of this review. Instead of using a ditopic
ligand, a pseudo-monotopic ligand (TPPZ) capable of
forming both 2:1 (ligand:metal) and 1:1 complexes was
explored to create three photophysically distinct coordi-
nation states (/04). However, the fluorescence states of the
free ligand and 2:1 complex are similar (both display weak
fluorescence). Further effort is warranted in designing
monotopic ligands that give rise to fluorescently distinct
multiple coordination states.

Qian et al. constructed a heteroditopic ligand (32) for
cadmium(Il) by appending two piperazine moieties at the
2 and 7 positions of a 1,8-naphthyridine scaffold
(Figure 24) (105). The installation of a butylamino group
at position 4 renders the ligand fluorescent. Upon titrating
Cd*" into an ethanol—water (pH 7) solution of 32, a
distinct two-step fluorescence modulation was observed.
The initial decrease in fluorescence intensity was followed
by a rising band at a longer wavelength (450 nm).
A stepwise coordination process was hypothesised, where
upon increasing Cd®>" concentration, the 1,8-naph-
thyridine site was preferentially occupied, which pre-
sumably stabilised the ICT excited state of the fluorophore.
As a result, the overall bathochromic shifts of absorption
and fluorescence spectra of 32 were observed over the
course of the Cd** titration. Further increase in Cd**
concentration enabled the formation of the dinuclear
complex of 32, where the two piperizine moieties

& AN
N N N
IN\ NS Ccd?*
32 N
HN‘Bu
Asin 423
I weak

@

| N Cd?*
N

participated in binding. The enhancement of fluorescence
intensity observed at this stage was attributed to the CHEF
effect upon metal coordination at the four tertiary nitrogen
atoms that may serve as e-donors to quench the
fluorescence in the absence of metal ions. The reduction
in fluorescence intensity at the early stage of the titration,
however, was not specifically addressed.

This study offers an interesting coordination-driven
fluorescence modulation process involving a sequential
coordination of a heteroditopic ligand [a chromophoric
heteroditopic 1,8-naphthyridine derivative was reported as
a Hg>" sensor (106)]. A plausible explanation on Cd*™
coordination-modulated fluorescence change was pro-
posed; however, more investigation is required to
substantiate it. The unusual four-membered coordination
ring motif proposed for the mono-Cd®>* complex has
been identified in an X-ray crystal structure of a 1,8-
naphthyridine—Ir(III) complex (/07). However, the
acyclic, mono- or dinuclear complexes (see below) of
various transition metals (Ru (/08), Cu, Ni, Zn, Co

i TR
|// AN,
NN N
M M M

9), Ag (109), Fe (110), Rh (111), etc.) are more
commonly observed. Free ligand 32 did not exhibit PET,
as suggested by the pH profile of fluorescence. It is likely
that (1) the relatively high HOMO (45, 88, 112, 113) of
4-butylamino-substituted 1,8-naphthyridine and (2) the
dipolar nature of the excited state (//4—116) reduced
the rate of PET. Upon coordinating the first Cd*" to
form the proposed mononuclear complex, the HOMO of
the fluorophore is lowered to afford a more efficient PET
process, which results in fluorescence quenching. The
coordination at the tertiary nitrogen atoms at high Cd**
concentrations, on the other hand, lowers the HOMO of
the electron donors of the PET, thus reviving the
fluorescence (CHEF).

Our group is interested in developing fluorescent
probes for Zn** with both low detection limit and large

2+ |

|
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Figure 24. The coordination between 32 and Cd** induces a consistent bathochromic shift of emission. The fluorescence intensity
drops initially before increasing to saturation as the concentration of Cd> ™ increases, suggesting a stepwise coordination to afford the

dinuclear complex (/05).
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Figure 25. Compound 33 undergoes stepwise coordination with Zn> ™ in acetonitrile to afford three coordination states with distinct

fluorescence properties (/18).

effective concentration ranges (97, 117, 118). Compound
33 was reported as a model system for designing probes
for Zn*", which cover large concentration ranges
(Figure 25) (118, 119). 33 includes two metal coordination
sites: dipicolylamino (DPA) and 2,2'-bipyridyl (bipy)
groups. The bipy group is incorporated in a phenylvinyl—
bipy fluorophore. In the absence of Zn> ", PET from the
tertiary amino group in DPA to the excited stilbenoid
fluorophore quenches the fluorescence. As Zn> " concen-

tration increases, Zn> " enters the high-affinity DPA group

(A) 350

300

250

200

I(F)

150

100

Wavelength/nm

to result in CHEF. As Zn>" concentration is high enough
to coordinate the low-affinity bipy site, the coordination
stabilises the charge-transferred excited state to give rise to
a bathochromic shift of emission (from 395 to 455 nm).
Overall, upon increasing Zn>* concentration in acetonitrile,
33 underwent fluorescence enhancement followed by
bathochromic shift of the emission band (Figure 26).
Positive fluorescence solvatochromism observed for
fluorophores with arylvinyl-bipy or arylalkynyl-bipy
structures supports the postulated charge-transferred

(B) 500

400

300

I(F)

200

100

620

Wavelength/nm

Figure 26. Fluorescence spectra of (A) 33 (2.0 uM, Aex = 339nm) and (B) 34 (2.0 uM, Aex = 321 nm) in MeCN (DIPEA: 2.0 uM,
TBAP: 5.0 mM) upon addition of Zn(ClO,),. The blue arrow presents the initial fluorescence enhancements; the red arrows represent the
following bathochromic shifts. The blue and red spectra were taken in the absence of Zn>" and in the presence of (A) 5.6 uM and (B)

8.8 WM of Zn> ™, respectively (118, 120).
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excited states (//8). Cyclic voltammetry experiments
suggest that PET is highly efficient in 33 and 34 in the
absence of Zn? ", which leads to large CHEF effect upon
coordinating Zn> ™ at the DPA sites (120).

In order to circumvent the photo-instability of
stilbenoid fluorophores featured in 33 so that this class
of fluorescent heteroditopic ligands can be applied in
quantitative sensing/imaging technologies, the alkynyl
analogues such as 34 were investigated (Figure 25) (120).
Similarly, the photochemically stable 34 undergoes fluores-
cence enhancement followed by emission bathochromic
shift during a course of Zn>™" titration (Figure 26(B)).
Furthermore, the arylalkynyl—bipy fluorophores have higher
oxidation potentials than their vinyl analogues, which led to
more efficient PET in the absence of Zn®*. Consequently,
the CHEF effect of 34 is greatly amplified over its vinyl
analogue 33.

Our ligand scaffold utilises the combination of metal
coordination modulated PET/CHEF and ICT to achieve
three distinct fluorescence states. The first-step coordi-
nation to afford the mononuclear complex is a fluorogenic
event resulted from CHEF, where the ®f of the ligand
(33 or 34) is greatly enhanced while the emission
wavelength is intact. The second step coordination to
afford the dinuclear complex changes the position of the
emission band with the ® remaining high. The strategy
taken in our study is similar to the very first example of
fluorescent heteroditopic ligands, compound 25, reviewed
in this article (83). The fluorescence contrasts in terms of
emission wavelength and ®p between the three coordi-
nation states of 33 and 34 are larger than those of previous
examples, owing to our ever-improved understanding of
the metal coordination-driven photophysical processes in
the arylvinyl-bipy and arylalkynyl—bipy systems and a
rationally directed design strategy.

4. Summary and outlook

Over the past few years, research on fluorescent
heteroditopic ligands for metal ions has intensified.
A rapidly expanding knowledge base on coordination
chemistry and photophysical processes of fluorescent
heteroditopic ligands gained from the investigations of the
earlier examples is fuelling the rational design of chemical
systems directed at solving practical problems in areas
such as sensing and molecular logic functions.
In particular, attention has been converging on the
development of sensors and probes targeting substances
of medical and environmental importance. On the other
hand, many studies, including ours, require more thorough
investigations to support or revise the postulated
mechanisms of coordination-driven photophysical pro-
cesses. We have begun to realise the complexity of the
processes involved in such systems. The intrinsic
molecular interactions between metal ions and ligands,

as well as environmental effects such as solvent and
counterion on the coordination-driven fluorescence modu-
lation mandate the continued, systematic investigations on
the fundamental aspects of fluorescent heteroditopic ligands
by many in the supramolecular chemistry community, the
outcome of which will eventually feed back to benefit the
technological developments.
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