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Sequential fluorescence enhancement and fluorescence resonance energy transfer over a zinc ion

gradient have been engineered in a two-fluorophore heteroditopic ligand platform. This is the first

report that the strategies of metal-coordination modulated photoinduced electron transfer (PET),

internal charge transfer (ICT), and fluorescence resonance energy transfer (FRET) are integrated

in one synthetic fluoroionophore. Comparing to the previously reported single-fluorophore

heteroditopic ligands (L. Zhang, R. J. Clark and L. Zhu, Chem. Eur. J. 2008, 14, 2894–2903), the

resolution of two emission channels is greatly enhanced to almost 100 nm. This two-fluorophore

heteroditopic platform lends promise to creating dual-emission fluorescent indicators where

low- and high-target concentration regimes could be analyzed using independent emission

filter sets.

Introduction

Controlling the relative preference of the relaxation pathways

of an excited fluorophore by another substance is the basis for

fluorescent sensing applications.1–3 In most cases, changing

the preference of two pathways (i.e. fluorescence vs. quenching)

by an analyte results in a two-state switching of an optical

signal (i.e. high vs. low intensity). The target concentration

dependence of the readout is used to construct the calibration

curve required for quantitative analysis. Multiple relaxation

pathways, however, may be needed to satisfy more challenging

situations, where the relative rates of those relaxation pathways

of the excited fluorescent indicator molecule sensitively depend

on the concentrations and identities of the analyte(s).

For example, we are interested in devising fluorescent ligand

platforms based on which indicators effective over large

analyte concentration ranges can be built.4–6 In our first,

one-fluorophore system such as compound 1a,4 a 2,20-bipyridyl

(bipy)-containing fluorophore capable of intramolecular

charge transfer (ICT)7 was coupled with a tridentate Zn2+-

binding dipicolylamino (DPA) group which suppresses

fluorescence via photoinduced electron transfer (PET).1,7

Using monotopic model compounds, the apparent dissociation

constants of DPA and bipy to Zn2+ in CH3CN were

determined to be 0.3 mM and 1.3 mM, respectively.4 Therefore,

upon increasing the Zn2+ concentration ([Zn2+]) in CH3CN,

the heteroditopic ligand (i.e. a ligand with two different metal

ion binding sites) 1a undergoes a chelation-enhanced fluorescence

(CHEF) as the DPA group first binds Zn2+.8,9 When [Zn2+] is

high enough to occupy the bipy site, the consequent stabilization

of the charge-transfer excited state results in an emission

bathochromic shift. Therefore, three fluorescence states

(OFF, ON at l1, and ON at l2) of 1a, which correlates to

their respective coordination states, are accessible over a broad

[Zn2+] gradient. The [Zn2+]-dependent rate of the PET process

and the energy of the ICT excited state determine the distribution

of the three fluorescence states. Compound 1b was later

developed based on this design so that the [Zn2+]-dependent

distribution of the three fluorescence states was replicated

under aqueous conditions.10

The one-fluorophore heteroditopic ligands such as 1a,

although effective in correlating three coordination states to

three distinct fluorescence states, have their shortcomings.

For example, the emission band separation (Dl = l2 � l1) is
57 nm as measured in CH3CN. Due to the solvatochromic

nature of the fluorophore,11 Dl decreases further for 1b to

33 nm in aqueous solutions.10 Therefore, it is challenging to

find two emission filter sets for the two emission bands that are

quite close to each other. The reported work is the first step

towards creating dual-channel emission heteroditopic

fluoroionophores that could be analyzed using two independent

emission filter sets.

Results and discussion

Design

Motivated by the fact that a large separation of the two

emission bands is challenging to achieve in the one-fluorophore

heteroditopic system, we developed a two-fluorophore

heteroditopic framework whose emission band separation
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may approach 100 nm. The designed two-fluorophore

construct responds to an increasing [Zn2+] gradient via CHEF

of the first fluorophore (F1, Fig. 1) followed by fluorescence

resonance energy transfer (FRET) from the excited F1 to the

second fluorophore (F2). The general operational principle is

as the following: F1 is excited during the operation of the

system. F2 undergoes charge transfer upon excitation.

The high-affinity Zn2+ binding ligand (Q) quenches F1 via

PET. Coordination of Zn2+ at the Q site shuts down the PET

to restore the fluorescence in a typical CHEF manner.

When Zn2+ is bound at F2, the charge-transfer excited state

is stabilized to result in a bathochromic shift of the absorption

spectrum, which enhances the spectral overlap with the

emission of F1 and thus enables FRET from F1 to F2. Taken

together, three fluorescence states (OFF, ON at l1, and ON at l2)
can be achieved via the sequential CHEF and FRET processes

over an increasing [Zn2+] gradient.

In this preliminary study, anthracene is selected as F1, and

an ICT-capable thiophenevinyl-bipy (TVB) is F2. The spectral

features of F1 and F2 were examined using model compounds

2 and 3 (Fig. 2 and 3). 2 which contains the tridentate DPA

ligand undergoes a fluorescence-enhancing coordination with

Zn2+ due to the CHEF effect.12,13 An overlap (the green area

in Fig. 3) between the absorption of 3 and the emission of

[Zn(2)]2+ is created when 3 binds Zn2+. Consequently, when

F1 is excited, FRET is likely to occur from the excited F1 to

F2 to result in the emission from F2, if F1 and F2 were

properly connected in one molecular scaffold.

By joining compounds 2 and 3 via an alkyl linker using

the Cu(I)-catalyzed azide-alkyne ‘‘click’’ cycloaddition,14,15 a

two-fluorophore heteroditopic ligand 4 emerges (Scheme 1).

Also designed were the monotopic compound 5, which is a

control without the high-affinity DPA chelating site, and the

ditopic 6 which contains a shorter alkyl linker than that of 4.

Compound 6 is expected to be capable of a more efficient

FRET than that of 4 because of a shorter interfluorophore

distance.

Fig. 1 Construct of a two-fluorophore heteroditopic ligand. Details

in the text. Q: Quencher, also the high-affinity Zn2+ binding site;

F1 and F2: fluorophores. F2 contains a low-affinity Zn2+ binding site.

CHEF: CHelation-Enhanced Fluorescence; ICT: Internal Charge

Transfer; FRET: Fluorescence Resonance Energy Transfer. The blue and

red colors represent two different emission wavelengths (short and long).

Fig. 2 The CHEF effect of 2 (top), the enhanced ICT of 3 upon Zn2+

coordination (bottom), and the engineerable FRET between the Zn2+

complexes of 2 and 3.

Fig. 3 Blue: spectra of [Zn(2)]2+, red: spectra of [Zn(3)]2+, and

black: absorption spectrum of 3. Dashed lines: absorption, solid lines:

fluorescence. Black, blue and red lightning bolts represent the

excitation of the engineered heteroditopic ligand, its emission at low

and high [Zn2+], respectively.

Scheme 1 (a) NaN3, di-(2-picolyl)amine, Bu4NI, 18-crown-6, rt,

37%; (b) 1,7-octadiyne, Cu(OAc)2, sodium ascorbate, 38%;

(c) Ph3P, THF, 95%; (d) KHMDS, 2-thiophenecarboxaldehyde;

(e) NaN3; (f) I2, CH2Cl2, 23% in 3 steps; (g) Cu(OAc)2, sodium

ascorbate, 32%.
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Synthesis

The synthesis of 4 is shown in Scheme 1. Key to the sequence is

the methods to desymmetrize the 9- and 10-positions of

anthracene and 5- and 50-positions of 2,20-bipy. 9,10-dichloro-

methylanthracene undergoes a double-SN2 substitution with

1 molar equivalent each of NaN3 and di-(2-picolyl)amine to

afford 7, which is conveniently separated from the symmetrically

substituted byproducts in 37% yield. ‘‘Clicking’’ of 7 with an

excess amount of 1,7-octadiyne affords compound 8. In

parallel, monophosphonium salt 9 is prepared in a quantitative

yield by treating 5,50-dibromomethyl-2,20-bipyridyl with

triphenylphosphine in THF. The Wittig reaction between 9

and thiophenecarboxaldehyde followed by an SN2 substitution

with NaN3 gives a cis and trans mixture of 10. The crude

product is treated with I2 followed by chromatographic

separation to afford pure trans-10. The click reaction between

trans-10 and 8 leads to the heteroditopic ligand 4.

The syntheses of 5 and 6 are described in the ESI.

Spectroscopic studies

The associations of 4–6 to Zn2+ were studied in spectroscopic

titration experiments in CH3CN. The respective dissociation

constants of DPA and bipy sites to Zn2+ are expected to be

close to the values determined using monotopic model compounds,

0.3 mM and 1.3 mM, respectively.4 The absorption spectrum of

4 (blue in Fig. 4A) in CH3CN is a composite of the three

vibronic bands of 2 (dashed blue in Fig. 3) and maximum

absorption band of 3 (dashed black in Fig. 3). With the

addition of Zn(ClO4)2, the spectrum eventually undergoes a

bathochromic shift due to the Zn2+-coordination-mediated

shift of the TVB component.11 There is a short delay before

the rise of the absorption at 396 nm upon increasing [Zn2+]

(red isotherm in Fig. 4B). The delay of the bathochromic shift

while [Zn2+] is increasing during the early stage of the titration

is indicative of the preferential binding at the high-affinity

DPA site.

The fluorescence spectrum of 4 shows desired features over a

[Zn2+] gradient. The excitation wavelength is chosen at 260 nm

to maximize the absorption of the anthryl group (FRET donor)

and to minimize that of the TVB group (FRET acceptor).16

A rapid growth of the anthryl emission is observed during the

first leg of the Zn2+ titration followed by a red shift to the

TVB emission (Fig. 5A). Importantly, the spectral separation

of the two emission bands is B90 nm, much larger than the

57 nm achieved using the one-fluorophore ligand 1a. Presumably,

the initial enhancement is resulted from a CHEF effect when

Zn2+ binds at the DPA site in 4 and the later red shift is

caused by FRET when TVB binds with Zn2+. The intensity of

anthryl emission at 430 nm rises quickly with increasing

[Zn2+] before dropping back to the baseline (blue, Fig. 5B).

On the other hand, the fluorescence enhancement at 520 nm is

more gradual (red, Fig. 5B), indicating that the binding at

TVB lags behind the coordination at the DPA site. The

quenching of the anthryl emission during the second leg of

the titration experiment strongly suggests that FRET is taking

place from the excited anthryl group to Zn2+-bound TVB

group, as supported by the evidence described in the next

paragraph. Compound 5, which does not have a DPA site on

the anthryl group, does not experience an initial ascent in the

anthryl fluorescence (Fig. S2w). Instead, a bathochromic shift

occurs immediately upon the addition of Zn(ClO4)2, consistent

with the coordination at the TVB site which results in FRET.

The occurance of FRET from the anthryl group to the TVB

site in 4 is supported by the following control experiment.

A sample containing both model anthryl and TVB compounds

2 and 3 was excited at 260 nm and the flureoscence was

observed as [Zn2+] was increased to over 3 molar equivalents

of the total ligand concentration (6 mM). A large enhancement

in anthryl fluorescence was observed during the early stage of

the titration, after which the change in emission is minimal

(Fig. 6).17 The lack of quenching of anthryl fluorescence and

the small amplitude of the emission of 4 when coordination of

Zn2+ with 4 occurs supports the rationale that a FRET

Fig. 4 (A) Absorption spectra of 4 (2.5 mM) in the presence of

Zn(ClO4)2 from 0 (blue) to 37 mM (red) in CH3CN. (B) The

absorbance values of 4 at 353 nm and 396 nm at various [Zn2+].

Fig. 5 (A) Fluorescence spectra of 4 (5.1 mM, lex = 260 nm) in the

presence of Zn(ClO4)2 from 0 (blue) to 74 mM (red) in CH3CN. The

band resulted from second-order scattering is seen at 520 nm.

Blue arrow: the initial enhancement; red arrows: the following

bathochromic shift. (B) The fluorescence intensity of 4 at 430 nm

(blue) and 520 nm (red) at various [Zn2+].

Fig. 6 (A) Fluorescence spectra (lex = 260 nm) of the mixture of 2

(3 mM) and 3 (3 mM) in the presence of Zn(ClO4)2 from 0 to 21 mM in

CH3CN. The dashed lines represent the first and last spectra collected

during the titration experiment. The arrow indicates the

spectral evolution upon increasing [Zn2+]. The band resulted from

second-order scattering is seen at 520 nm. (B) The fluorescence

intensity of the mixed sample at 420 nm (diamonds) and 498 nm

(squares) at various [Zn2+].
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process is only allowed to proceed when 2 and 3 are covalently

linked to afford compound 4, where the occurance of acceptor

emission (TVB-Zn2+) is accompanied by the quenching of the

donor emission (anthryl).

Monitored at 580 nm where the Zn2+-bound TVB emits

exclusively, the excitation spectra of 4 (Fig. 7) collected at

various [Zn2+] lack the mirror image relationship with

the corresponding fluorescence spectra and resemble the

absorption spectra of 4. This observation is consistent with a

sensitized (e.g. excited via energy transfer) rather than a direct

excitation of the Zn2+-bound TVB moiety. The delayed

appearance of the emission at 580 nm from the Zn2+-bound

TVB site is reflected in the sigmoidal shape of the titration

isotherm (Fig. 7B). The Zn2+ added during the early stage of

the titration was absorbed by the high-affinity DPA site which

results in the fluorescence at the shorter wavelength 420 nm.

FRET efficiency is highly sensitive to the distance between

the donor and acceptor fluorophores in addition to their

spectral overlap. Compound 6, which has a shorter alkyl

linker between its two fluorophores, behaves similarly to 4 in

fluorescence titration experiments (Fig. 8A), except that the

quenching of the anthryl fluorescence upon Zn2+-binding at

the TVB site in 6 is more complete than that of 4. This

observation further corroborates the FRET hypothesis.

An excitation wavelength within the near UV or visible

range is desirable for applications such as live-cell imaging,

because background fluorescence can be reduced. When 6 was

excited at 375 nm, similar fluorescence response to Zn2+ was

observed (Fig. 8B). However under this condition, both FRET

(judging by the quenching of anthryl emission) and direct

excitation contribute to the fluorescence of TVB. The titration

data of compounds 4 and 5 with excitation at 375 nm are

shown in Fig. S3–S4w.
The fluorescence quantum yields of 4 and 6 increase upon

forming mono- and dizinc complexes (Table 1). Zn2+-binding

is expected to reduce the rates of nonradiative decay processes

because (1) the binding at the DPA group removes the

nonradiative PET, and (2) the coordination at the TVB site

rigidifies the structure of the fluorophore.11 Excited by a 370 nm

LED, the fluorescence decay traces of all the species collected

using the Time-Correlated Single-Photon Counting (TCSPC)

method can be fitted using three exponentials (Table S1w,
Fig. S11–S12w). Due to the presence of flexible alkyl linker

units in 4–6, multiple conformations could be accessed in the

excited states. Hence, in this preliminary report, we do not

attempt to establish specific molecular models accounting for

each lifetime (t) component without additional experimental

data. The average fluorescence lifetimesw were calculated. The

values for the dizinc complexes of 4 and 6 (5.99 ns, 5.68 ns),

which were determined at the emission band of the TVB

component, are much higher than the t of the Zn2+ complex

of the model compound 3 (1.91 ns).11 This observation is

consistent with the involvement of a sensitized excitation of

the TVB fluorophore operated via resonance energy transfer.

The preliminary study on metal ion selectivity was carried

out using 6 in MeCN. The nitrogen-based DPA and bipy

ligands are known to bind first-row transition metal ions with

much higher affinities than alkali (Group 1) and alkaline earth

(Group 2) metal ions. As expected, compound 6 coordinates

Cu2+, Cd2+, and Pb2+ in a sequential fashion (Fig. S6–S8w)
similar to the binding with Zn2+. The absorption spectrum of

4 undergoes bathochromic shift at high Cu2+/Cd2+/Pb2+

concentration due to the coordination at the charge-transfer

chromophore TVB site. Cd2+ and Pb2+ have similar effects on

the fluorescence of 6 to that of Zn2+, where an enhancement is

followed by a bathochromic shift over an increasing metal ion

gradient. Cu2+ quenches the fluorescence of 6 efficiently due

to its paramagnetic nature. Alkali metal ions Ca2+ and Mg2+,

on the other hand, show minimal impact on the fluorescence of

6 (Fig. S9–S10w).

Fig. 7 (A) Excitation spectra (lem = 580 nm) of 4 (4.9 mM) in the

presence of Zn(ClO4)2 (0–18 mM) in CH3CN. The sharp band of

second-order scattering is seen at 290 nm. The dashed lines represent

the first and last spectra collected during the titration experiment. The

arrow indicates the spectral evolution upon increasing [Zn2+].

(B) Fluorescence intensity (580 nm) values excited at 380 nm vs. the

concentration of Zn(ClO4)2.

Fig. 8 (A) Fluorescence spectra of 6 (5.1 mM, lex = 260 nm) in the

presence of Zn(ClO4)2 from 0 (blue) to 74 mM (red) in CH3CN.

(B) Fluorescence spectra of 6 (4.9 mM, lex = 375 nm) in the presence

of Zn(ClO4)2 from 0 (blue) to 32 mM (red).

Table 1 Maximum emission wavelengths, fluorescence quantum
yields (ff), and lifetimes (t),a of 4–6 and their Zn2+ complexes in
CH3CN

lem/nm ff t (avg)/ns

4 424 0.023 3.05
[Zn(4)]2+ 410, 428b 0.15 ND
[Zn2(4)]

4+ 514 0.13 5.99
5 432 0.085 1.70
[Zn(5)]2+ 513 0.043 2.47
6 428 0.016 5.36
[Zn(6)]2+ 411, 428b 0.098 ND
[Zn2(6)]

4+ 515 0.21 5.68

a Fluorescence decay traces of free ligands and Zn2+ complexes were

observed at 431 nm and 517 nm, respectively. A 370 nm LED was used

as the excitation source. ND: not determined. b Two emission vibronic

bands with similar intensity were recorded.
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Conclusions

In summary, a two-fluorophore heteroditopic ligand system is

established which is capable of achieving three different

fluorescence states over a [Zn2+] gradient. With increasing

[Zn2+], sequential CHEF (termination of the PET process)

and enhanced ICT-enabled FRET occur which gives rise to a

fluorescence enhancement followed by a bathochromic shift.

This work may lead to improved fluorescent indicators for

Zn2+ that are effective over broad concentration ranges,

which is a primary interest of our laboratory.10,18–20

Most small molecule-based zinc indicators reported to

date21–25 utilize either photoinduced electron transfer

(PET),26–32 internal charge transfer (ICT),33–35 or excited-state

proton transfer (ESPT)36 as the basis for zinc-induced

fluorescence switch mechanism. Despite having been applied

in designing sacrificial indicators for hydrolytic enzymes,37–40

the FRET mechanism in devising fluorescent indicators for

Zn2+ is under-exploited.41 Lately, FRET has begun to be

incorporated in the development of synthetic fluorescent

indicators for small molecular analytes.42–47 We report herein

for the first time where the strategies of metal-coordination-

modulated PET, ICT, and FRET are integrated in one

synthetic fluoroionophore. The uniquely attractive feature of

the two-fluorophore design comparing to our prior one-

fluorophore-based heteroditopic ligands is that the separation

of the two emission bands can be as large as 90 nm. This

expanded separation of two emission wavelength channels

may enable the use of matching emission filter sets for each

fluorophores in and hence simplify biological imaging

applications using dual-channel fluorescence. The fluorescence

responses of the reported system to the [Zn2+] gradient are the

direct consequence of fast, reversible metal coordination

interactions, which promises the application of our system in

real-time imaging applications after structural refinements

targeting specific situations.

This work was supported by FSU, a New Investigator

Research (NIR) grant from the James and Esther King

Biomedical Research Program administered by the Florida

Department of Health (08KN-16), and the National Science

Foundation (CHE0809201). We thank Manuel Constantino

for assistance in synthesis.

Experimental

Synthesis of compound 4

Compound 7. 9,10-Bis(chloromethyl)anthracene (2 mmol,

550 mg) was dissolved in DMF (40 mL) followed by sequential

addition of diisopropylethylamine (8.0 mmol, 1.4 mL), NaN3

(2.0 mmol, 130 mg), di-(2-picolyl)amine (2.0 mmol, 360 mL),
18-crown-6 (catalytic amount), and tetrabutylammonium

iodide (catalytic amount). The reaction was stirred at rt for

16 h before DMF was removed under vacuum. The residue

was diluted with toluene followed by extraction with a NaOH

solution (0.5 M, saturated with NaCl, aka ‘‘basic brine’’) for

three times. The organic fraction was dried over K2CO3 before

the solvent was removed under vacuum. The crude

product was analyzed by TLC (alumina, ethyl acetate as

eluent, Rf = 0.5). Compound 7 was isolated by alumina

chromatography eluted by 10–30% ethyl acetate in CH2Cl2.

The yield was 37%. 1H NMR (300 MHz, CDCl3): d/ppm 8.42

(m, 4H), 8.21 (d, J = 8.4 Hz, 2H), 7.50 (m, 6H), 7.25 (m, 2H),

7.03 (m, 2H), 5.22 (s, 2H), 4.62 (s, 2H), 3.82 (s, 4H). 13C NMR

(75MHz, CDCl3): d/ppm 159.5, 148.7, 136.1, 132.3, 131.2, 130.3,

126.5, 126.2, 126.0, 125.3, 123.9, 123.5, 122.0, 60.6, 51.0, 46.5.

HRMS (ESI+): calcd. (M + H+) 445.2141, found 445.2128.

Compound 8. Compound 7 (0.31 mmol, 138 mg) and

1,7-octadiyne (1.55 mmol, 206 mL) were dissolved in CH3OH

(17 mL). Aqueous solutions of sodium ascorbate (0.5 M, 1 mL)

and Cu(OAc)2 (0.1 M, 1 mL) were mixed to produce an orange

suspension containing the Cu(I) catalytic species, which was

subsequently added to the stirring methanolic solution. The

mixture was stirred for 2 days followed by the addition of an

aqueous solution of EDTA (0.1 M, 2 mL) while the stirring

was continued for 1 h. Most of CH3OH was subsequently

removed under vacuum. The residue was partitioned between

ethyl acetate and the basic brine. The organic fraction was

washed with the basic brine two more times before dried over

K2CO3. The solvent was removed, and Compound 8 was

isolated by alumina chromatography eluted by 20–50%

ethyl acetate in CH2Cl2. The yield was 38%. 1H NMR

(300 MHz, CDCl3): d/ppm 8.50 (d, J = 9.5 Hz, 2H), 8.47

(d, J = 4.3 Hz, 2H), 8.26 (d, J = 8.4 Hz, 2H), 7.54 (m, 6H),

7.29 (d, J = 7.8 Hz, 2H), 7.11 (m, 2H), 5.28 (s, 2H), 4.70

(s, 2H), 3.90 (s, 4H). 13C NMR (75 MHz, CDCl3): d/ppm
159.4, 148.7, 136.2, 132.3, 131.2, 130.3, 126.5, 126.0, 125.3,

123.9, 123.5, 122.0, 60.6, 50.8, 46.5. HRMS (ESI+): calcd.

(M + H+) 551.2923, found 551.2917.

Compound 10. A flame-dried flask was charged with dry

THF (25 mL) and 94 (1.42 g, 2.35 mmol) and cooled to�78 1C.
Thiophenecarboxaldehyde (0.43 mL, 4.70 mmol) and potassium

bis(trimethylsilyl)amide (4.70 mL, 0.5 M in toluene, 2.35 mmol)

were added dropwise sequentially. The mixture turned bright

reddish after stirring for 20 min, after which the temperature

was slowly raised to rt in 2 h. The reaction mixture was poured

into icy brine and extracted with ethyl acetate (25 mL � 4).

The combined organic portions were washed with brine, dried

over Na2SO4, filtered and concentrated, to afford a reddish oil.

The 1H NMR was taken to verify the formation of the olefin

product. The crude product was used directly in the next

reaction without purification.

The crude olefin product (460 mg, 1.29 mmol) from the

previous step was dissolved in THF (20 mL). NaN3 (160 mg,

2.58 mmol), tetrabutylammonium iodide (catalytic amount),

and 18-crown-6 (catalytic amount) were added sequentially.

The reaction mixture was stirred for overnight at rt. The

reaction mixture was poured into water and extracted with

CH2Cl2 (25 mL � 4). The combined organic portions were

washed with water and dried over Na2SO4 and filtered. After

solvent removal, a 1H NMR of the residue was taken to verify

the formation of the azido product. The crude product was

used directly in the next step without further purification.

The crude azido product 10 from the previous step was

dissolved in CH2Cl2 (15 mL). Iodine (360 mg, 1.25 mmol) was

added. The reaction mixture, protected from ambient light by

aluminum foil, was stirred overnight at rt before poured into
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water and extracted with CH2Cl2 (25 mL � 4). The combined

organic portions were washed with water and dried over

Na2SO4 before solvent was removed. The crude product was

purified using silica chromatography eluted with ethyl

acetate in CH2Cl2 (gradient 0–30%). The yield for the three-

step sequence is 23%. 1H NMR (300 MHz, CDCl3): d/ppm
8.73 (d, J = 2.1 Hz, 1H), 8.63 (d, J = 1.8 Hz, 1H), 8.44

(d, J = 8.4 Hz, 1H), 8.39 (d, J = 8.4 Hz, 1H), 7.94

(dd, J = 2.1, 8.4 Hz, 1H), 7.80 (dd, J = 2.1, 8.4 Hz, 1H),

7.37 (d, J = 15.9 Hz, 1H), 7.27 (m, 1H), 7.15 (d, J = 3.3 Hz,

1H), 7.04 (dd, J= 3.6, 5.1 Hz, 1H), 6.95 (d, J= 16.2 Hz, 1H),

4.55 (s, 2H). 13C NMR (75 MHz, CDCl3): d/ppm 156.0, 154.4,

148.9, 148.0, 142.3, 136.8, 133.3, 133.1, 131.1, 127.9, 127.2,

125.5, 124.2, 121.1, 52.2. HRMS (ESI+): calcd. (M + H+)

320.0970, found 320.0980.

Compound 4. Compounds 8 (20 mg, 0.354 mmol) and 10 (11

mg, 0.354 mmol) were dissolved in CH3OH (2 mL). Aqueous

solutions of sodium ascorbate (0.5 M, 1 mL) and Cu(OAc)2
(0.1 M, 1 mL) were mixed to produce an orange suspension

containing the Cu(I) catalytic species. The orange Cu(I)

suspension (0.23 mL) was added to the stirring mixture. The

mixture was stirred for overnight at rt followed by the addition

of an EDTA solution (0.5 M, 0.23 mL) while the stirring was

continued for 1 h. The solvent was subsequently removed

under vacuum. The residue was diluted with ethyl acetate,

washed with basic brine (pH = 12, 30 mL � 3), then dried

over K2CO3. The solvent was removed and compound 4 was

isolated by alumina chromatography eluted by ethyl acetate

followed by 1–4% CH3OH in CH2Cl2. The compound was

further purified by washing with diethyl ether. The yield was

32%. 1H NMR (300 MHz, CDCl3): d/ppm 8.72 (s, 1H), 8.54

(m, 5H), 8.38 (t, J = 8.3 Hz, 2H), 8.28 (d, J = 8.6 Hz, 2H),

7.92 (d, J = 8.1 Hz, 1H), 7.67 (d, J = 8.3 Hz, 1H),

7.61–7.48 (m, 6H), 7.39–7.26 (m, 4H), 7.18–7.10 (m, 4H),

7.04 (t, J = 4.2 Hz, 1H), 6.93 (d, J = 16.1 Hz, 1H), 6.82

(s, 1H), 6.44 (s, 2H), 5.52 (s, 2H), 4.73 (s, 2H), 3.90 (s, 4H),

2.62 (t, J = 7.2 Hz, 2H), 2.52 (t, J = 7.0 Hz, 2H), 1.59

(m, 4H). 13C NMR (75 MHz, CDCl3): d/ppm 159.3, 156.4,

154.0, 148.8, 148.7, 148.5, 148.0, 147.9, 142.2, 136.6, 136.3,

133.2, 131.3, 130.5, 130.4, 127.8, 127.2, 127.0, 126.2, 125.5,

125.4, 124.7, 124.2, 124.1, 123.5, 122.1, 121.2, 121.1, 120.5,

120.2, 60.5, 51.3, 51.0, 46.5, 41.0, 28.8, 25.4, 25.3. HRMS

(ESI+): calcd. (M + H+) 870.3815, found 870.3827.

Procedure for spectroscopic studies. The spectroscopic

titration experiments were carried out following a procedure

that was published by our group.4,20 Briefly, the absorption

spectrum of an CH3CN solution of a ligand in a semi-micro

quartz spectrophotometer cuvette (Starnas) was recorded in

the 200–600 nm range after baseline correction. Increments of

Zn(ClO4)2 solution in CH3CN was titrated into the cuvette

and spectra were collected until no further spectral change was

observed. Over the course of a titration experiment, the total

concentration of the ligand was kept constant.

Same titration method was applied in the acquisition of the

fluorescence spectra. The sample was excited at two different

wavelengths, 260 and 375 nm, contigent upon the design of the

experiments.
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