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Abstract: A heteroditopic fluoroiono-
phoric platform has been designed for
constructing fluorescent probes for zinc
ions over large concentration ranges.
The responses of the prototype probes
3a and 3b to zinc ions were shown to
be consistent with our hypothesis, ac-
cording to which the modulation of
photoinduced electron transfer fol-

enhanced internal charge transfer of a
ditopic ligand upon successive zinc co-
ordination affords a sensitive fluores-
cence enhancement in one wavelength
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channel followed by an emission band
shift to another wavelength channel.
The heteroditopic arylvinyl-bipy plat-
form established in this study provides
a lead structure for constructing fluo-
rescent probes for real-time live cell
imaging of zinc ions over broad dynam-
ic ranges.

lowed by conformation rigidification or

Introduction

Sensitive and specific fluorescent probes have provided
powerful means for helping unravel the biochemical roles of
many vital substances."? The chemical determinant of sensi-
tivity is the affinity of the binding moiety within a probe to
the target substance. A high-affinity binding site, however,
may be completely occupied at a relatively low target con-
centration, leading to fluorescence signal saturation. Conse-
quently, a highly sensitive probe has a relatively narrow dy-
namic range centered on its dissociation constant (K,) for
the target substance,’! rendering it ineffective in imaging
substances with a large spatiotemporal flux in live cells.
Real-time imaging of the zinc ion (Zn®*) in live cells™
represents a typical challenge. Zn~ is involved in numerous
biochemical processes, many of which are of clinical impor-
tance.’ ¥ However, the exact roles, either structural or func-
tional, of Zn** are not entirely understood, partly because
of the lack of means to determine spatiotemporal distribu-
tions of Zn?* accurately in various physiological events.”)
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The intracellular free (or chelatable) Zn’>* concentration!”!

may vary from under 1nm in the resting states of most cell
types!'""'? to ~300uM in the synaptic vesicles in the presy-
naptic bouton of a neuron.*!¥ The low basal concentration
and large dynamic range of physiological Zn** pose particu-
lar challenges to the development of physiological Zn>*
imaging technologies.

Throughout the past decade, many fluorescent Zn>*
probes with nanomolar or higher sensitivity have been de-
veloped for determining Zn** concentration in a physiologi-
cal context.’>2) However, the fluorescent signals of highly
sensitive probes such as those in the zinquin® %! and
zinpyr?*? families become saturated when Zn>* concentra-
tions are below 1pum. Single fluorescent probes that are ca-
pable of covering the nanomolar to millimolar dynamic
range of physiological Zn?* are not available. Instead, com-
binations of probes with different affinities have been ap-
plied, with limited success, to cover large dynamic
ranges.*>*! The probe combination methods may be labori-
ous and time-consuming, and lack accuracy, because a) par-
allel experiments using different probes are required, and
b) different probes may have different cellular uptake rates,
which impede quantitative analysis. Individual probes that
are effective over the entire dynamic range of interest will
be superior.

In this paper, we demonstrate a conceptually straightfor-
ward design for extending the dynamic range of fluorescent
probes for Zn?*. Key to the design is the incorporation of
two binding sites with different affinities for Zn’* into a
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probe molecule: the high-affinity site determines the sensi-
tivity of the probe; the low-affinity site extends the dynamic
range of the analysis. Non-, mono- and dicoordinated forms
of the designed heteroditopic fluoroionophoric platform®”
offer three distinctive photophysical responses, which will
enable the effective analysis of Zn?* over relatively broad
concentration ranges.

We took inspiration from reports of the application of di-
topic fluorescent molecules in a sensing context. One early
example, 1, that was synthesized by the group of de Silva,

N\/\O RN N/ —N
N~ _ _ \ 4

Bu—N

responds to pH changes over a wide range. At high pH
(>9) 1is not fluorescent, because of the nonradiative photo-
induced electron transfer (PET) from the tertiary amino
group to the anthryl excited state. The fluorescence of 1 is
enhanced if the pH is low enough (& 8) to protonate the ter-
tiary amino group, thereby terminating the PET process. If
the proton concentration is high (pH <5), the pyridyl group
is protonated, hence enabling PET from the anthryl excited
state to the pyridinium moiety.*” Consequently the fluores-
cence is quenched. Compound 1 is able to respond to
proton gradients (for example, high, medium, and low) with
three different photophysical states. However, the optical
readouts of two states (pH high and low) are identical (fluo-
rescence “off”).

In another elegant example, Bunz’s cruciform 2 shows
beautiful fluorescence modulation when interacting with
Zn** at different concentrations in dichloromethane.*”! In
the presence of Zn”>*, the coordination sites on the HOMO-
residing distyryl-N,N-dibutylaniline branch are occupied
first, resulting in a large hypsochromic shift of the fluores-
cence emission. With increasing concentration of Zn**, the
LUMO-residing pyridylene-ethynylene branch is also coor-
dinated, this results in a shift of the spectrum back to a
longer wavelength.**?1 Although it is a photophysically
novel system, it was not designed for effective Zn?* sensing,
because of the lack of Zn**-binding ligand motifs.

We aim to engineer heteroditopic fluoroionophores ra-
tionally for Zn?* imaging that have the following photo-
physical features (Figure 1): a) the probe molecule is not flu-
orescent (“off”) in the absence of Zn>*; b) in the presence
of Zn>* at low concentrations, Zn>* will bind to the high-af-
finity site to result in a sensitive concentration-dependent

Chem. Eur. J. 2008, 14, 2894 -2903

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Zn?*
ERm
of f blue
! i 4 v
sensitivity  dynamic range

Figure 1. A fluorescent probe with two zinc binding sites (rectangle:
high-affinity site; ellipse: low-affinity site). Three coordination states,
non-, mono-, and dicoordinated probes are translated into three fluores-
cence states: off, blue, and red, respectively. The first-step coordination
determines the sensitivity of Zn** detection; the second-step binding ex-
tends the dynamic range of the analysis. The color version of this figure
is available in the Supporting Information.

fluorescence enhancement at a relatively short wavelength
defined as the “blue” channel; c) if the Zn’>* concentration
([Zn),) is sufficiently high to bind to the low-affinity site, the
emission band will shift to a different wavelength defined as
the “red” channel. The intensity in the red channel is used
to quantify [Zn], at the high end. The changes in the blue
and red channels determine the sensitivity and the dynamic
range of the analysis, respectively. The two-wavelength
channel (blue and red in Figure 1) strategy takes advantage
of a wide span of the visible spectrum to cover a broad con-
centration range with high sensitivity and resolution. To the
best of our knowledge, a fluorescence enhancement fol-
lowed by an emission band shift of a probe molecule in re-
sponse to an increase in the concentration of the target sub-
stance over a large concentration window has not been re-
ported in the literature.

Results and Discussion

Structural platform 3 (Figure 2) was designed to achieve the
coordination and photophysical objectives stipulated in
Figure 1. Incorporated into platform 3 are N,N-di(2-pyridyl-
methyl)amino (dipicolyl) and 2,2'-bipyridyl (bipy) as the pu-
tative high- and low-affinity sites, respectively. Two mono-
topic model ligands 4 and 5 were used for the determination
of affinities of Zn** for the respective binding motifs in 3 in
aqueous solution [10mm Hepes (4-(2-hydroxyethyl)pipera-
zine-ethylsulfonic acid), pH 7.0, 30% dimethyl sulfoxide
(DMSO)]. The association constant (K,) of Zn>* with 4 is
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Figure 2. Designed photophysical responses of a dipicolyl-arylvinyl-bipy
platform (3) upon coordinating one and two Zn>* ions. Arrows on the
left of the structures represent excitation; Arrows on the right represent
emission at short B) and long C) wavelengths, respectively. Aro: aryl
group. A) The fluorescence quantum yield (@) of 3 is low in the absence
of Zn’*; B) @; increases upon coordinating the first Zn>*; C) the spec-
trum undergoes a bathochromic shift upon binding the second Zn>**. The
color version of this figure is available in the Supporting Information.

4x10°M7!, twice that of Zn?* with 5 (see the Figures S1 and
S2 in the Supporting Information).

In the absence of Zn**, 3 is designed to exhibit weak fluo-
rescence (Figure 2A) because PET from the tertiary amino
group is expected to quench the excited arylvinyl-bipy fluo-
rophore.¥l In the presence of Zn’>* at low concentration
(for example, less than 1 equiv), preferential coordination of
dipicolyl rather than bipy to Zn** occurs to stop PET, there-
by increasing the fluorescence quantum yield (@r) of 3 (Fig-
ure 2B).[*¥l Coordination with bipy to form [Zn,(3)]** (Fig-
ure 2C) occurs at sufficiently high [Zn],, where the bipy
moiety is planarized, and the internal-charge-transferred
(ICT)™* character of the excited arylvinyl-bipy fluorophore
is enhanced to result in a bathochromic shift of the emission
band.*!

The preferential binding of Zn** to the dipicolyl site is
supported by the crystal structure of the monozinc(IT) com-
plex of the model ditopic compound 6 (Figure 3A). Selective
binding of Zn** to the dipicolyl moiety yields a distorted
trigonal-bipyramidal structure. In the unbound transoid bi-
pyridyl moiety the two pyridyl nitrogen atoms are anti to
each other.[*l The pyridyl rings are almost planar with a di-
hedral angle of 8.6° similar to that observed in the free
ligand 6 (8.2°; Figure 3B).

Compounds 3a, 3b, 7, and 8 were prepared for this study:
3a and 3b conform to the structure 3 with Aro=thiophene
and benzene, respectively. In 7, however, the aryl and dipi-
colyl groups are on the opposite sides of bipy. Compound 8
represents the fluorophore of 3a, removed from the dipicol-
yl group. All of the compounds undergo trans—cis photoiso-
merization under ambient irradiation. Therefore, freshly
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Figure 3. ORTEP  diagrams (50%  probability ellipsoids)  of
A) [Zn(6)CL,]. Selected bond lengths [A] and bond angles [°]: Zn1—N4=
2.116(3), Zn1-N5=2.118(3), Zn1—-CI1=2.2739(8), Zn1—CI2=2.2885(8),
Zn1-N3=2.309(2); N4-Zn1-N5=145.12(10), N4-Zn1-CI1 =98.16(7), N5-
Zn1-Cl1=99.46(7), N4-Zn1-CI2=103.31(8), N5-Zn1-CI2=97.01(7), Cl1-
Zn1-Cl2=11321(3), N4-Zn1-N3=74.73(9), N5-Zn1-N3=74.45(9), Cl1-
Zn1-N3=148.31(7), CI2-Zn1-N3=98.45(6). Dihedral angle [°] N1-C5-C7-
C8=8.65. B) Free ligand 6, dihedral angle [°]: N1-C5-C6-C7=8.23.

prepared solutions of trans compounds protected from am-
bient light were used for the spectroscopic studies. The iso-
merization occurring during a single scan is negligible.

Chem. Eur. J. 2008, 14, 2894 —-2903
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Scheme 1. Syntheses of compounds 3a and 3b: a) ethylene glycol, TsOH (catalyst), benzene, Dean-Stark,
reflux, 4 h; b) di(2-picolyl)amine, NaBH(OAc);, RT, 6 h; ¢) HC/THF/H,O, RT, 14 h; d) NaH, dimethoxy-

ethane, 9, RT, 14 h.

For the rapid syntheses of 3a and 3b (Scheme 1), mono-
protection of 2.5-thiophenedicarboxyaldehyde (a) and ter-
ephthalaldehyde (b) afforded 10a and 10b, respectively. The
subsequent reductive amination and deprotection gave rise
to 12a and 12b, which underwent Horner—-Wadworth—
Emmons reactions with phosphonate 9 to give 3a and 3b,
respectively.

The fluorimetric titration of 3a with Zn?* in acetonitrile
(MeCN) reveals two distinct coordination processes, in con-
trast to that of 8 (see Figure S7, in the Supporting Informa-
tion), which lacks the dipicolyl group. @p increases from
0.03 for 3a alone to 0.07 in the presence of 1 equiv of Zn>*
(Figure 4A). A hypsochromic shift of 14 nm accompanies
the enhancement. As [Zn], exceeds 1 equiv, the emission
band undergoes a bathochromic shift from A=418 to
496 nm (Figure 4B). This result is consistent with the hy-
pothesis (Figure 2) that a) increasing [Zn], to 1 equiv enhan-
ces the fluorescence of 3a because PET ceases upon binding
of Zn** to dipicolyl; b) when [Zn], exceeds 1equiv, the
emission band undergoes a bathochromic shift, owing to pla-
narization and/or coordination-enhanced ICT of the fluoro-
phore upon Zn** binding at bipy.*

The hypsochromic emission shift of 3a upon coordinating
Zn** up to 1 equiv can be explained by analyzing the inter-
actions between the excited-state dipole and Zn**."**! The
positive fluorescence solvatochromism of 8 (Figure 5) sug-
gests that the thiophenevinyl-bipy fluorophore of 3a has a
charge-transferred excited state (Figure 6A). The electron
donor, dipicolyl, is adjacent to the positive end of the excit-
ed-state dipole of 3a (Figure 6B). The coordination of Zn>*
with dipicolyl creates a repulsive electrostatic interaction be-
tween the coordinated dipicolyl and the excited-state dipole
(Figure 6C), which destabilizes the excited state to result in
a hypsochromic shift of emission.

This explanation is supported by the photophysical behav-
iors of 7, for which the electron donor dipicolyl is bonded to

Chem. Eur. J. 2008, 14, 2894 -2903

\

3a: Aro = 2,5-thiophene
N 3b: Aro = 1,4-benzene

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

the negative end of the excited-
state dipole instead (Fig-
ure 6D). The coordination of
up to 1 equiv of Zn** to the di-
picolyl in 7 provides attractive
electrostatic interaction with
the excited-state dipole (Fig-
ure 6E), hence giving rise to a
bathochromic shift of the emis-
sion spectrum (Figure 7A). The
@y enhancement of 7 (Table 1)
upon coordinating up to 1 equiv
of Zn?*is smaller than that of
3a, suggesting that PET has low
efficiency in the free ligand of
7. The kinetic barrier for PET
arising from the repulsive elec-
trostatic interaction between
the electron donor and the ad-
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Figure 4. Fluorescence spectra (i,=375nm) of 3a (6um) in MeCN
(TBAP: Smwm; DIPEA: 6 um) with incremental addition of [Zn(OTf),] at,
A) less than 6 um and B) more than 6 um at 25°C. Arrows indicate the di-
rection of spectral change with increasing [Zn],.

jacent negative end of the excited-state dipole (Figure 6D)
may contribute to this low PET efficiency of 7.7*) The
comparative study of 3a and 7 provided guidance for posi-
tioning an electron donor in a probe molecule to achieve ef-
ficient PET.

The viability and generality of the design in Figure 2 are
demonstrated further by a photophysically improved system
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Figure 5. Normalized emission spectra of 8 in solvents of different polari-
ty. From left to right: hexanes (dielectric constant ¢=2); EtOAc (¢=6);
CH,Cl, (¢=9); MeCN (¢=36); DMSO (¢=47); MeOH (¢=33).
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Figure 6. A) Ground- and excited-state structures of the thiophene-vinyl-
bipy fluorophore; B) excited state of 3a (D =electron-donor moiety, dipi-
colyl); C) coordination at the donor site destabilizes the excited state of
3a, giving rise to a hypsochromic shift; D) excited state of 7; E) coordina-
tion at the donor site stabilizes the excited state of 7, affording a batho-
chromic shift.

3b, where the extent of fluorescence enhancement upon ad-
dition of up to 1 equiv Zn** is much higher than that of 3a.
The design of 3b was based on a thermodynamic analysis of
PET. If the HOMO of the electron acceptor, which is the
excited fluorophore in this study, is close to the HOMO
level of the electron donor, the thermodynamic driving
force of PET (AG;,) is small, hence reducing the PET effi-
ciency (Figure 8A). An electron-rich fluorophore, such as
that in 3a, which contains a thiophene ring, may give rise to
a high HOMO level, and therefore contribute to low PET
efficiency.

Based on the above thermodynamic analysis of PET in
our dipicolyl-arylvinyl-bipy system, the thiophene moiety
was replaced with the less electron-rich benzene ring to
afford 3b in order to increase the thermodynamic driving
force of PET (]AG,|>|AG,|) by reducing the HOMO of
the fluorophore (Figure 8B).’" 2 As expected, the @y en-
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Figure 7. Fluorescence spectra of 7 (6.2um, A,=375nm) in MeCN
(TBAP: 5mm; DIPEA: 6.2 um) upon addition of [Zn(OTf),] (0-24 um) at
A)less than 1equiv Zn’t and B)more than 1equiv Zn** at 25°C.
Arrows indicate the direction of spectral change with increasing [Zn],.

Table 1. Quantum yields (@5) of 3a-b, 7, and 8 and their respective Zn"
complexes."!

3a 3b 7 8

(2.8 um) (2.0 um) (2.8 um) (2.8 um)
+0 equiv Zn** 0.03 0.03 0.04 0.04
+1 equiv Zn** 0.07 0.53 0.06 0.11
+2 equiv Zn** 0.27 0.63 0.17 0.32

[a] Fluorescence quantum yields (@r) were determined in MeCN (with
1 equiv of DIPEA and Smm TBAP) at 25°C by using solutions of anthra-
cene (Pr=0.27, ethanol), quinine sulfate (®=0.546, 0.5m H,SO,), and
rhodamine 6G (®r=0.95, ethanol) as references (ref. [64]).

hancement in the presence of 1equiv of Zn’* increased
from 2.3- to 18-fold (from 0.03 to 0.53; Table 1, Figure 9A).
A further increase in [Zn], results in a bathochromic shift of
the emission band of 3b (from A=395 to 455nm; Fig-
ure 9A). By combining the intensity data collected from the
two channels at A=395 and 455 nm, respectively (Fig-
ures 9B,C), a relatively large concentration range can be
covered by a single probe.

Probe 3b also undergoes stepwise coordination with Zn?*
in a neutral aqueous solution (10mm Hepes, pH 7.0, 20 %
DMSO). Increasing [Zn], results in a fluorescence enhance-
ment followed by a bathochromic shift of the emission band
(from 1=410 to 440 nm; Figure 10A). Although 3b is a pro-
totype probe for demonstrating the coordination and photo-

Chem. Eur. J. 2008, 14, 2894 —-2903
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Figure 8. Modulating the thermodynamic driving forces of PET by using
fluorophores with different electron densities. A) The PET driving force
AG, is small in 3a, which has an electron-rich fluorophore containing a
thiophene moiety; B) |AG,|>|AG,| when thiophene is replaced by the
less electron-rich benzene ring in 3b.

physical principles established in this study, the response
range of 3b to Zn?* total concentration in the aqueous solu-
tion was from <lum to >1mwm (Figure 10B and Fig-
ure 10C). However, the separation observed between the
two wavelength channels (30 nm) is smaller than in MeCN
(A=60 nm), creating overlap and hence reducing the resolu-
tion between the two channels. For instance, the increase in
fluorescence intensity in the blue channel (Figure 10B) at
the high-concentration end resulted from the overlap be-
tween the two emission bands. Systematic structural modifi-
cation of 3b is underway for the preparation of probes with
complete channel resolution (no overlap between the two
emission bands) under physiological conditions.

Although metal-ion selectivity was not a particular con-
sideration in the design of 3, the affinities of both coordina-
tion sites in 3, dipicolyl and bipy, to metal ions were deter-
mined separately in MeCN (Table 2) by using monotopic
model compounds 4 and 5. The association constant (K,) of
4 with paramagnetic Cu’* was determined by spectrophoto-
metric titration. The K, values of 4 with metal ions were de-
termined by fluorimetric titrations, and those of 5§ with
metal ions by spectrophotometric titrations at low concen-
tration of § (<2 um).

Both ligands show affinities to Zn**, Cd**, Pb**, and
Cu** as expected. The titration isotherms between 4 and
metal ions were fitted reasonably with a 1:1 binding equa-
tion (see the Supporting Information), consistently with re-
ports in the literature.”” The 2,2"-bipyridyl motif is known
to form 2:1 or 3:1 complexes with transition metal ions.>*>")
However, when the concentration of 5§ was kept under 2 pm,
1:1 binding™->*! was observed for Zn**, Cu**, and Cd**, as
evidenced by Job plot analysis® and/or fitting with a 1:1
binding equation (see the Supporting Information). On the
other hand, Pb** may form polynuclear aggregates'®! with 5

Chem. Eur. J. 2008, 14, 2894 -2903
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Figure 9. A) Fluorescence spectra (i,=357 nm) of 3b (2um) in MeCN
(TBAP: Smm; DIPEA: 2 um) with incremental addition of [Zn(ClOy,),] at
25°C. The dotted arrow indicates the direction of fluorescence enhance-
ment as [Zn], increases from 0 to 1.3 equiv. The solid arrows indicate the
direction of the bathochromic shift as [Zn], increases beyond 1.3 equiv.
B) ,C) Fluorescence intensity observed at B) A=395 nm, the “blue” chan-
nel, and C) A =455 nm, the “red” channel.

as suggested by the Job plot analysis (see the Supporting In-
formation).

If the metal ion concentration is high during the titration
experiments in low-dielectric, organic solvents such as
MeCN, there is a propensity for the formation of polynuc-
lear complexes. For this reason we consider that the K,
values determined in MeCN are semiquantitative. There-
fore, the conclusions we drew from the metal-ion titration
studies using 4 and 5 are that a) the 1:1 binding affinities
(K, values) of 4 and 5 to Zn**, Cd**, Cu**, and Pb** range
from 10° to 10°m~", if ligand concentrations are kept at the
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Figure 10. Fluorescence spectra of 3b (2.0pM, A,=352nm) with [Zn-
(ClOy),] (0-1035pum) in aqueous solution (20% DMSO, 10mm Hepes at
pH 7.0) at 25°C. A) Titration spectra. Arrows indicate the direction of
spectral change with increasing [Zn];; B) fluorescence intensity at 396 nm
(blue channel) vs. [Zn], (um); C) fluorescence intensity at 1 =440 nm (red
channel) vs. [Zn], (um).

Table 2. 1:1 association constants K, [m~'] between 4 or 5 and metal ions
in MeCN.1

Zn2+ Cd2+ Pb2+ Cu2+
4 (2.0 M) 33x 1000 2.4 %100 2.9x 100 1.0x 10%
5 (1.4 M) 7.6%10° 1.7x 10% n.d@ 5.5%10°

[a] Standard deviations of the measurements are shown in Table S1, Sup-
porting Information. [b] K, determined by fluorimetric titration. [c] K,
determined by spectrophotometric titration. [d] n.d.: not determined.

single-figure micromolar level; b) for a given metal ion, the
affinity of 4 is always greater than the affinity of 5§ in MeCN,
consistent with our hypothesis.
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The selectivities of 3b toward different metal ions were
also studied in aqueous solutions (10mm Hepes, pH 7.0,
20% DMSO). The fluorescence of 3b responds to Cd** and
Zn** similarly. Pb** promotes fluorescence enhancement at
low [Pb],; however, the fluorescence is quenched as [Pb]; in-
creases further, when the bipy is probably coordinated. The
fluorescence of 3b does not change on addition of Mg*" or
Ca**. The paramagnetic Cu** quenches the fluorescence of
3b, probably a result of electron transfer from the metal to
the excited fluorophore.[*-¢?

Conclusion

1) A heteroditopic fluoroionophoric platform has been de-
signed rationally for constructing fluorescent probes for
Zn** over large dynamic ranges. The combined power of
modulation of PET and enhanced ICT upon coordination
was exploited to afford a convenient analytical strategy
where the probes responded to the presence of Zn**
with fluorescence turn-on followed by emission band
shift as [Zn], increased over a relatively broad range.

2) We have successfully prepared and demonstrated proto-
type Zn*"-targeting probes 3a and 3b. The stepwise co-
ordination of 3a and 3b with Zn** was supported by X-
ray crystallography using a model ditopic ligand 6.

3) Compounds 3a and 3b responded to the presence of
Zn** by fluorescence turn-on followed by emission band
shift as designed.

4) Detailed analysis of the kinetic and thermodynamic fac-
tors pertinent to the efficiency of the PET of the probes
in the absence of Zn?* led to the successful rational
design of 3b.

Efforts are ongoing to construct new molecular systems
for addressing sensitivity, selectivity, aqueous compatibility,
and cellular uptake based on the coordination and photo-
physical principles established in this study.

Experimental Section

Materials and methods: Reagents and solvents were purchased from vari-
ous commercial sources and used without further purification unless oth-
erwise stated. Water used in titration experiments was deionized using
the Barnstead NANOpure Diamond water system. MeCN (OmniSolv,
EMD) and DMSO (ACS Reagent, >99.9 %, Sigma-Aldrich) were used
directly in titration experiments without purification. All reactions were
carried out in oven- or flame-dried glassware in an inert Ar atmosphere.
Analytical thin-layer chromatography (TLC) was performed by using
pre-coated TLC plates with silica gel 60 F254 (EMD) or with aluminum
oxide 60 F254 neutral (EMD). Flash column chromatography was per-
formed by using 40-63 pm (230-400 mesh ASTM) silica gel (EMD) or
alumina (80-200 mesh, pH 9-10, EMD) as the stationary phases. THF
was dried by distilling from sodium/benzophenone in a continuous still
under Ar protection. 'H and *C NMR spectra were recorded at 300 and
75 MHz, respectively, by means of a Varian Mercury spectrometer. All
chemical shifts were reported in 0 units relative to tetramethylsilane.
CDCl; was treated with alumina gel before use. High-resolution mass
spectra were obtained at the Mass Spectrometry Laboratory at FSU: ESI
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spectra were obtained by means of a JEOL AccuTof spectrometer, and
EI spectra by using a JEOL JMS600H spectrometer. Spectrophotometric
and fluorimetric titrations were conducted by using a Varian Cary 100
Bio UV-visible spectrophotometer and a Varian Cary Eclipse fluores-
cence spectrophotometer, respectively.

Compound 9: 5-Bromomethyl-5-methyl-2,2"-bipyridyl!® (0.28 mmol,
75 mg) was dissolved in triethyl phosphite (2mL). The mixture was
heated at 125°C for 4 h. Excess of triethyl phosphite was removed under
high vacuum in a fume hood. The crude product was analyzed by TLC
(silica, MeOH/CH,Cl, 0.2 mL/4 mL, R;=0.35). Compound 9 was isolated
by silica chromatography using 0-4 % MeOH in CH,Cl, (93%). '"H NMR
(300 MHz, CDCl;): 6=8.55 (s, 1H), 8.49 (s, 1H), 8.30 (d, /=8.4 Hz, 1H),
8.25 (d, J=7.8Hz, 1H), 7.77 (dd, J=2.4, 84 Hz, 1H), 7.61 (dd, /=18,
84 Hz, 1H), 406 (m, 4H), 3.18 (d, /J=21.6 Hz, 2H), 2.38 (s, 3H),
1.26 ppm (t, J=7.2 Hz, 6 H).

Compound 10a: A round-bottomed flask charged with 2,5-thiophenedi-
carboxaldehyde (5.0 mmol, 701 mg) and ethylene glycol (5.0 mmol,
279 puL) in benzene (25 mL) was equipped with a Dean-Stark distilling
receiver (5.0mL). A catalytic amount of toluenesulfonic acid (TsOH)
was added and the reaction mixture was stirred for 5 h under reflux. The
reaction mixture was cooled to room temperature, then the solvent was
removed and the residue was partitioned between CH,Cl, and NaHCO;
(0.1m). The organic portion was separated and dried over Na,SO, before
the solvent was removed under vacuum. The crude product was chroma-
tographed (silica, hexanes/CH,Cl, 1:1-1:9 v/v) to afford 10a (87%).
'"H NMR (300 MHz, CDCL): 6 =9.91 (s, 1H), 7.68 (d, J=3.6 Hz, 1H),
7.25 (d, J=3.6 Hz, 1H), 6.15 (s, 1H), 4.12 (m, 2H), 4.08 ppm (m, 2H);
BCNMR (75 MHz, CDCly): 6=183.35, 152.48, 143.94, 136.24, 126.82,
99.74, 65.54 ppm; HRMS (EI): m/z: caled [M7*]: 184.0194; found:
184.0192.

Compound 10b: This was prepared by mono-protection of terephthalal-
dehyde with ethylene glycol, by the procedure described above for the
preparation of 10a. Yield 67 %; '"H NMR (300 MHz, CDCls): 6 =10.04 (s,
1H), 7.90 (d, J=8.4 Hz, 2H), 7.65 (d, J=8.4 Hz, 2H), 5.88 (s, 1H), 4.16-
4.04 ppm (m, 4H).

Compound 11a: Di(2-picolyl)amine (128 mg, 1.07 mmol) was added
dropwise to an anhydrous 1,2-dichloroethane (4 mL) solution of 10a
(198 mg, 1.07 mmol). The mixture was stirred overnight before NaBH-
(OACc); (642 mg, 3.22 mmol) was added. The mixture was stirred for an-
other 2 h, then the solvent was removed under vacuum. The residue was
washed with basic brine (pH 11) and extracted with CH,Cl, (3x25 mL).
The organic portions were dried over K,CO;, and then concentrated
under vacuum. Compound 11a (163 mg, yield 41 %) was isolated by alu-
mina chromatography (CH,ClL/EtOAc, 10:1-2:1 v/v); 'HNMR
(300 MHz, CDCl,): 6=8.52 (d, J=4.8 Hz, 2H), 7.72-7.65 (m, 4H), 7.18-
7.14 (m, 2H), 7.01 (d, J=3.0Hz, 1H), 6.86 (d, /J=3.6 Hz, 1H), 6.05 (s,
1H), 4.19-4.00 (m, 4H), 3.85 ppm (s, 6H); *C NMR (75 MHz, CDCl,):
0=159.67, 149.18, 144.55, 140.89, 136.78, 126.21, 125.62, 122.94, 122.26,
100.70, 65.42, 59.95, 53.48 ppm; HRMS (ESI): m/z: caled [M+Na']:
390.1252; found: 390.1250.

Compound 11b: Compound 11b was prepared by reductive amination
between 10b and di(2-picolyl)amine, by the procedure described above
for the preparation of 11a. Yield 82%; '"H NMR (300 MHz, CDCl;): 0 =
8.51 (d, /=42 Hz, 2H), 7.66 (t, J=7.8 Hz, 2H), 7.57 (d, J=7.8 Hz, 2H),
7.44 (s, 4H), 7.16-7.12 (m, 2H), 5.79 (s, 1H), 4.13-4.02 (m, 4H), 3.79 (s,
4H), 3.69 ppm (s, 2H); "CNMR (75 MHz, CDCl,): §=159.27, 148.61,
139.77, 136.49, 136.02, 128.44, 126.19, 122.40, 121.61, 103.21, 64.88, 59.55,
57.83 ppm; HRMS (ESI): m/z: caled [M+Na*]: 384.1688; found:
384.1695.

Compound 12a: Compound 11a (173 mg, 0.47 mmol) was dissolved in a
mixed solvent (14 mL) of 37% HCI/H,O/THF (1:6:7 by vol.). The solu-
tion was stirred overnight before being partitioned between basic brine
(pH 11) and CH,Cl, (3x25 mL). The organic portions were dried over
K,CO;, then concentrated under vacuum. The residue was chromato-
graphed (alumina; CH,CL/EtOAc 10:1 to 2:1 v/v) to afford 12a (130 mg,
86%); '"HNMR (300 MHz, CDCL;): 6=9.85 (s, 1H), 8.52 (d, J=4.2 Hz,
2H), 7.73-7.62 (m, 5H), 7.19-7.17 (m, 2H), 7.06 (d, J=3.6 Hz, 1H), 3.94
(s, 2H), 3.86 ppm (s, 4H); *C NMR (75 MHz, CDCl,): 6 =183.22, 159.00,
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155.79, 149.18, 143.06, 137.00, 126.71, 123.02, 122.53, 119.78, 60.01,
53.70 ppm; MS (ESI): m/z: caled [M+Na*]: 346.1; found: 346.1.

Compound 12b: This was prepared by deprotecting 11b by the proce-
dure described above for the preparation of 12a. '"H NMR (300 MHz,
CDCl;): 6=9.98 (s, 1H), 8.53 (d, /=42 Hz, 2H), 7.82 (d, J=6.6 Hz,
2H), 7.67 (t, J=7.8 Hz, 2H), 7.60-7.54 (m, 4H), 7.18-7.14 (m, 2H), 3.82
(s, 4H), 3.78 ppm (s, 2H); "C NMR (75 MHz, CDCL,): 6 =191.97, 159.22,
149.11, 146.59, 136.56, 135.50, 129.86, 129.32, 122.92, 122.18, 60.17,
5825 ppm; HRMS (ESI): m/z: caled [M+Na*]: 340.1426; found:
340.1421.

Compound 3a: Note: The reaction flask was protected from ambient
light by aluminum foil; work-up and purification were carried out under
illumination of red light bulbs. NaH (60% in mineral oil, 26 mg,
0.66 mmol) was added to a solution of 12a (70 mg, 0.2 mmol) in anhy-
drous dimethoxyethane (0.5 mL) in the reaction flask. The suspension
was stirred for 8 min while the reaction mixture changed color to brown.
The flask was cooled in an ice bath (0°C) and the solution of 9 (69 mg,
0.22 mmol) in anhydrous dimethoxyethane (0.5 mL) was added dropwise.
After the mixture had been stirred overnight, icy brine was added to
quench the reaction. The reaction mixture was partitioned between
CH,Cl, and basic brine (pH 11). The organic layer was dried over
Na,SO,, then the solvent was removed under vacuum. The residue was
chromatographed on alumina gel with 10 % EtOAc in CH,Cl,. The isolat-
ed product (66 mg, 60 % ) was precipitated from a CH,Cl, solution by ad-
dition of hexanes to afford pure trans-3a (22mg, 20%). 'HNMR
(300 MHz, CDCL;): 6=8.71 (s, 1H), 8.54 (d, J=4.2 Hz, 2H), 8.51 (s, 1H),
8.34 (d, J=8.4Hz, 2H), 829 (d, /=84 Hz, 1H), 7.91 (d, J=8.4 Hz, 1H),
7.73-7.62 (m, 5H,), 7.30 (d, /J=16.2 Hz, 1H), 7.20-7.18 (m, 2H), 6.97—
6.88 (m, 3H), 3.89 (s, 6H), 2.41 ppm (s, 3H); *C NMR (75 MHz, CDCL):
0=159.7, 155.2, 153.6, 150.0, 149.3, 148.0, 143.5, 142.1, 137.7, 136.8, 133.4,
133.2, 127.9, 127.1, 126.9, 124.3, 124.0, 123.0, 122.3, 120.9, 120.7, 60.0,
53.6, 18.6 ppm; HRMS (ESI): m/z: caled [M+Na*]: 512.1885; found:
512.1887.

Compound 3b: Compound 3b was prepared by Horner—Wadworth—
Emmons reaction between 12b and 9 by the same procedure as for 3a
above. The isolated product (49.6 mg, 73%) was precipitated from a
CH,(l], solution by addition of hexanes to afford pure trans-3b (31.8 mg,
49%). 'HNMR (300 MHz, CDCl,): 6=8.74 (d, /=18 Hz, 1H), 8.55-
8.51 (m, 3H), 8.36 (d, /=8.4 Hz, 1H), 8.30 (d, /=8.4 Hz, 1H), 7.96 (dd,
J=2.4, 84Hz, 1H), 7.72-7.59 (m, 5H), 7.52 (d, /=8.4 Hz, 2H), 7.44 (d,
J=8.4Hz, 2H), 7.24-7.08 (m, 4H), 3.83 (s, 4H), 3.72 (s, 2H), 2.40 ppm
(s, 3H); "CNMR (75 MHz, CDCly): 6=159.91, 155.27, 153.61, 149.85,
149.21, 148.19, 139.47, 137.59, 136.58, 135.87, 133.48, 132.94, 130.68,
129.51, 126.85, 124.70, 123.02, 122.15, 120.82, 120.73, 60.23, 58.46,
18.54 ppm; HRMS (ESI): m/z: caled [M+Na*]: 506.2321; found:
506.2312.

Example of fluorescence titration procedure: An MeCN solution of 3a
(6.0um), zine trifuloromethanesulfonate [Zn(OTf),] (48.1 um), diisopropyl-
ethylamine (DIPEA) (6.0um), and tetrabutylammonium perchlorate
(TBAP) (5.0mMm) was titrated into a semi-micro quartz fluorimeter cuv-
ette (Starna’) containing an MeCN solution of 3a (840 uL, 6.0um),
DIPEA (6.0 um), and TBAP (5.0mm) at 25°C. The samples were excited
at A=375 nm and emission spectra were collected (Figure 4).

Crystal structure determination

Complex [Zn(6)Cl,]: Complex [Zn(6)Cl,] was prepared by mixing an
MeCN solution of ZnCl, (0.1m, 0.2 mL) with a CH,CIl, solution of 6
(0.02m, 1.0 mL). Solvent was removed on a rotary evaporator and the
crude product was washed with diethyl ether before being dried under
vacuum, then redissolved in MeCN to ~0.02m. The solution was filtered
through a Pasteur pipette plugged with glass fiber. Crystals were grown
as large, colorless prisms by diffusing diethyl ether into the filtered
MeCN solution of [Zn(6)CL,]. A crystal of [Zn(6)Cl,] was mounted on a
nylon loop and centered in the beam of 0.71073 A X-rays. They were in-
dexed and found to be monoclinic. Data set were taken out to about 28°
26. Frame data were obtained on a Bruker SMART APEX diffractome-
ter at 7=153 K by using a detector distance of 5 cm. The number of
frames taken was 2400 with 20 second collection time followed by a final
50 frames to check on decomposition. The data sets had high redundancy
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and a data/parameter ratio of more than 10:1. The integration was per-
formed by using the SAINT program, which is part of the Bruker suite
of programs. An absorption correction was done by the SADABS pro-
gram and the space groups were determined by XPREP. The structure
was solved by direct methods and refined by SHELXTL. The non-hydro-
gen atoms were refined anisotropically and then the hydrogen atoms
were found by least-squares refinement with reasonable distances but
were assigned as a riding model. Crystal data for [Zn(6)CL):
C,H,,C1LNsZn, M,=517.74; crystal size 0.28 x0.12x0.11 mm*; monoclin-
ic, P2;n; a=8.6815(7), b=12.4502(11), ¢=21.0071(18) A; f=92.608(2)°;
V=22682A% Z=4; pau=1516gecm™; u(Moyg)=1341mm™"; A=
0.71073 nm; T=153(2) K; 26,,,=56.56°; 30820 reflections collected;
5638 independent measured reflections; R, =0.0576, wR,=0.1323; residu-
al electron density 1.153 e A=, CCDC 657192 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Compound 6: Crystals were grown as large, colorless needles by diffusing
diethyl ether into a MeCN solution of 6. The crystal was found to be tri-
clinic and was solved using the method described for [Zn(6)Cl,]. Crystal
data for 6: C,,H,;Ns, M,=381.47; crystal size 0.60x0.25x0.12 mm?; tri-
clinic, PI; a=62393(4), b=124910(8), c=13.5777(9)A; a=
103.9950(10), B=10.2550(10), y=95.5080(10)°; V=999.60(11) A*; Z=2;
Peatca=1.267 gem™; 1(Moy,) =0.078 mm™'; 1=0.71073 nm, T=153(2) K;
20, =56.58°, 14109 reflections collected; 4956 independent measured
reflections; R;=0.0808, wR,=0.1628; residual electron density
0.306 e A3, CCDC-657193 contains the supplementary crystallographic
data for this complex. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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