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The synthesis and binding investigation of novel crown-ether derivatives of phenanthro[4,5-abc [phenazine and quinoxalino
[2/,3":9,10]phenanthro[4,5-abc |phenazine sensors are reported. The binding studies of these sensors with an array of alkali
and alkaline-earth metals are exploited using UV —vis, fluorescence and nuclear magnetic resonance spectroscopies.
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Introduction

An attractive field of application for fluorophores is their
incorporation in the structures of chemical sensors as
optical probes to produce colorimetric and fluorescent
chemical sensors for neutral and ionic analytes. Such
sensors are gaining a lot of attention due to their high
sensitivity at low concentration, low cost and ease of
application as diagnostic tools (/, 2). In addition, such
chemical sensors do not require expensive and laborious
analytical techniques and they allow real-time detection.
Therefore, there is a major interest in developing new
sensors for applications in environmental monitoring, food
control and analysis or medical diagnosis and treatment (3).

Several recent review articles have addressed the
design and main features of fluorescent and colorimetric
chemosensors (3—8). In general, the molecular design of
an optical sensor relies on two major components: (i) the
binding site and (ii) the fluorophore. The interaction of an
analyte with the binding site triggers electronic changes in
the system leading to either emission enhancement or
quenching of the fluorescence and/or the absorbance. The
selectivity of the sensor depends mainly on the binding site
and the molecular recognition components imbedded
within its structure. However, the sensitivity of the sensor
depends on both the binding efficacy and the correspond-
ing effect of the binding event on the fluorophore’s
absorbance or emission. The latter relies on the intrinsic
properties of the fluorophore (such as quantum yield) and
the signalling mechanisms between the binding site and
the fluorophore such as photo-induced electron transfer (9,
10), intramolecular charge transfer (ICT) (/10-12), metal-
to-ligand charge transfer (/3) or excited-state intramole-
cular proton transfer (/4).

Phenanthro[4,5-abc Jphenazine (DPP) and quinoxalino
[2/,3":9,10]phenanthro[4,5-abc ]phenazine (TQPP) deriva-
tives are large chromophores with high fluorescence
quantum yields and interesting opto-electronic properties
(I15-33). These chromophores have recently been
established as effective probes in the chemical sensors of
anions, such as carboxylates, fluorides and cyanides (34).
Also, we have reported recently a sensor for metal ions
consisting of a TQPP fluorescent core derivatised with
crown-ether groups as binding ligands for alkaline and
alkali-earth metals (35). Crown ethers are known to be
effective ligands for Group I and Group II metal ions, and
they have been exploited in a wide range of applications
such as artificial ion channels (36), smart materials (37),
molecular devices (38) and antitumour agents (39). These
ligands exhibit variable binding modes and selectivity of
metal ions based on their size and charge. Here, we report
the synthesis and the binding investigations of TQPP- and
DPP-based sensors equipped with crown-ether ligands of
variable cavity sizes. This report presents the results of
spectroscopic and nuclear magnetic resonance (NMR)
investigations of sensors 1-3 (Scheme 1), shedding light
on the binding and the effectiveness of the signalling
modes of these sensors upon interaction of the crown
ethers with Group I and Group II metal ions. We
previously reported the synthesis and binding studies of
sensor 4 (35) and, recently, we reported the X-ray structure
and polymorphism of 2 (40).

Results and discussion

The synthesis of sensors 1—4 is illustrated in Scheme 1.
The intermediates 2,7-di-tert-butyldiketopyrene (7) and
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Scheme 1. (Colour online) Synthetic scheme of 1-4. (a) -BuCl, AlICl;; (b) RuCl;.xH,O, NalO4, CH,Cl,, MeCN, H,0; (c) HNO3,

CHCls; (d) H; (40 psi), Pd/C, methanol and (e) methanol.

2,7-di-tert-butyltetraketopyrene (8) were prepared by the
catalytic oxidation of di-fert-butylpyrene (6) using
ruthenium(IIl) chloride and sodium meta periodate (41).
Nitration of the benzocrown 9 with nitric acid in
chloroform produced the dinitro product 10, which upon
reduction yielded 11 (42). Condensation of 7 and 11
afforded 1 and 2, whereas the condensation of 8 and 11
yielded 3 and 4.

Metal effects on absorbance

The detection efficacy of Group I and Group II metal ions
by the DPP and TQPP sensors was explored using
absorption, emission and NMR spectroscopies, where the

spectral changes in the sensors were recorded as metal
solutions were introduced at increasing concentrations.
The general trends for the binding interactions of 15-
crown-5 and 18-crown-6 ethers with Group I and Group II
metal ions are well established (43), which are based on
ion charge and size matching between the ions and the
ligand cavities. For example, 15-crown-5 cavity size is
best matched by sodium ions, and thus, the binding
strengths decrease as follows: Na* > Li* > K" > Rb™
> Cs*. However, potassium ions best fit inside 18-crown-
6 cavity and the binding trend is K > Na* > Rb" > Cs*
> Li*, whereas doubly charged ions usually exhibit
higher binding affinity to crown ethers than to mono-
positive ions with similar sizes (44). These trends are
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highly affected and altered by several factors such as the
type and number of substituents on the crown ether, the
counter anions of the metals or the solvent polarity.
Therefore, the aim of our study was to explore the ability
of molecules 1-3 to translate the binding interactions
between the ions and the crown ethers into an easily
detectable optical signal, and hence, the utility of 1-3 as
optical sensors for the detection of Group I and Group II
metal ions.

The UV —vis spectrum of 1 exhibited the characteristic
peaks of a DPP chromophore at 280, 355 and 440nm
(Figure 1). The addition of alkaline and alkali-earth metal
ions to 1 led to an increase in absorbance at 280 nm and to
diminished absorbance at 305 and 440nm concomitant
with the appearance of several isosbestic points at 305,
330, 405 and 450 nm. This behaviour indicates the strong
binding interaction between the sensor and the metal ions.
Figure 1 illustrates the changes observed in the absorption
spectra of 1 (1.0 uM in 1:1 CH,Cl,:CH3CN) upon titrating
it with solutions of calcium ions (1 mM in 1:1 CH,Cl,:
CH;CN).

The different metal—sensor interactions were demon-
strated through the relative changes in the absorbance of
1. Figure 2 exhibits the effect of each metal ion on the
absorbance intensity of 1 at 438 nm. This graph indicates
that doubly charged ions have the most significant effect
on absorbance, which decreases by ~25% upon addition
of ~5 molar equivalents of the ions. The effect of mono-
charged metal ions on absorbance of 1 generally
correlates with the binding trend of the ions to 15-
crown-5 ligand which reflects the size matching between
metal ions and the ligand cavity (Na®© > Lit > K%
> Rb" > Cs™) (44). These results indicate that the
change in the absorbance signal of sensor 1 follows
the actual trend of binding strength of these metal ions to
the crown ether.

06

[Ca=]/[1]

Absorbance

25 300 350 400 450 500 550
Wavelength (nm)
Figure 1. (Colour online) UV —vis spectra of 1 (1.0 uM) upon

titration with solutions of calcium ions (0.1 mM) in 1:1 CH,Cl,:
CH;CN.
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Figure 2. (Colour online) Relative change (A/A,) in the
absorbance of 1 (1.0uM) at 438nm upon titration with
solutions of different metal ions (0.1 mM) in 1:1 CH,Cl,:CH5CN.

The absorbance spectrum of sensor 2 exhibits the same
characteristic peaks related to the DPP chromophore at
280, 355 and 440 nm (Figure 3). The addition of metal ions
to 2 leads to an increase in the absorbance at 280 nm and to
a diminished absorbance at 305 and 440 nm concomitant
with several isosbestic points at 305, 330, 405 and 450 nm.
The changes observed in the absorption spectra of 2
(1.0pM in 1:1 CH,Cl,:CH5CN), upon titration with a
solution of the metal ions (0.1mM in 1:1 CH,Cl,:
CH;CN), are similar to those of sensor 1 and are attributed
to the binding interactions between the sensor and the
metal ions. By comparing the relative effects of all ions on
the absorbance of 2 (Figure 4), it can be noted that the
binding trend (43, 44) for 18-crown-6 with the metal ions
is reflected by the changes in the absorbance of 2.

The absorbance spectrum of sensor 3 exhibits the
characteristic peaks of the TQPP chromophore (34, 35) at
285, 400 and 425 nm (Figure 5). Similar to 1 and 2, the
addition of metal ions to a solution of 3 results in spectral

0.4 [Ba*)/[2]

0.3 1

0.2
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0.1

0.0
T T T T T T T T T T T T 1
250 300 350 400 450 500 550 600
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Figure 3. (Colour online) UV —vis spectra of 2 (1.0 uM) upon
titration with solutions of barium ions (0.1 mM) in 1:1 CH,Cl,:
CH;CN.
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Figure 4. (Colour online) Relative change (A/A,) in the
absorbance of 2 (1.0uM) at 438nm upon titration with
solutions of different metal ions (0.1 mM) in 1:1 CH,Cl,:CH;CN.

changes in the latter as demonstrated in Figure 5 for the
addition of calcium ions. Sensor 3 (1.0 wM in 1:1 CH,Cl,:
CH;CN) experiences increased absorbance at 285 nm and
diminished absorbance at 400 and 425 nm in parallel with
several isosbestic points at 280, 325, 343 and 440 nm upon
titrating with calcium ions (0.ImM in 1:1 CH,Cly:
CH;CN).

Similar to 1, relative change in absorbance of 3 at
425 nm upon addition of the metal ions (Figure 6) reflects
expected trend of binding of the metal ions to 15-crown-5
ether with regard to doubly charged ions (43, 44). Barium
and calcium ions, for example, show the most significant
impact on absorbance, which decreased by ~20% upon the
addition of ~ 20 molar equivalents of the ions. This sensor
is expected to bind to these metal ions with two molecules in
a ‘sandwich’ confirmation (vide infra) as was noted earlier
for 4 (35, 44). Nonetheless, the effect of the mono-charged
metal ions correlates with the binding trend of the 15-
crown-5 ether and the observed trend of 1 with these ions.
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Figure 5. (Colour online) UV —vis spectra of 3 (1.0 M) upon
titration with solutions of calcium ions (0.1 mM) in 1:1 CH,Cl,:
CH;CN.

Metal effects on emission

The effect of the metal ions on the emission of 1-3 was
also studied to determine the utility of these molecules as
fluorescent sensors. Sensors 1 and 2 exhibit maximum
emission at 470nm upon excitation at 350nm in 1:1
CH,Cl,:CH3CN. The addition of doubly charged metal
ions leads to lower emission of both sensors with a
bathochromic shift of the emission maximum by about
10nm after the addition of ~2 molar equivalents for 1
and 5 molar equivalents for 2 of barium or calcium ions
(Figure 7). Further addition of these ions has no
significant effect on the emission. Addition of the singly
charged alkali metal ions to either sensors (1 or 2) results
in fluorescence quenching with no bathochromic shift of
the 470nm emission maximum. The quenching effect
decreases in going down the group, which reflects a
similar trend of effect as observed on the absorbance
signal for both sensors (vide supra). This quenching
effect of metal ions on 1 and 2 is attributed to the
inhibition of ICT between the crown and the aromatic
fluorophore upon binding of the positively charged ions to
the crowns.

The emission of sensor 3 and the influence of ions on
its emission are slightly different from those of 1 and 2 due
to the extended chromophore and the presence of two
crown-ether ligands (Figure 8). Sensor 3 exhibits a strong
emission with a maximum at 450 nm upon excitation at
350nm. Addition of the divalent ions (barium and
calcium) results in quenching and slight bathochromic
shift (~10nm) of the emission at 450 nm and enhance-
ment of the emission at 550 nm. Monovalent alkali metal
ions cause only a reduction in emission with no major shift
in emission maximum. The change in the emission
intensity of 3 reflects the expected binding interaction
strength between the benzo-15-crown-5 and Group I ions,
in which sodium ions have the highest effect (Na™ > Li*
> K" >Rb" > CsH).

NMR studies of metal effects

To shed more light on the mode of interactions of the
sensors with the metal ions, NMR studies were conducted
on the sensors in the presence of variable concentrations of
the metal ions. The addition of the metal ions to sensors 1
and 2 in CDCl5:CDsCN (1:1) (sensor 3 has a low
solubility) results in significant changes in the chemical
shifts of the crown-ether protons and the aromatic
chromophore. Specifically, the chemical shifts of the Hy
and Hs protons (Scheme 1) were monitored upon the
addition of the metal ions at increasing concentrations. In
general, the addition of the metal ions leads to downfield
shift in the chemical shift of Hs (Figure 9) due to the
binding of O-atoms of the crown ether with the positively
charged metal ions. The stronger the binding and the
higher the charge density, the larger the shift.
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Figure 6.
different metal ions (0.1 mM) in 1:1 CH,Cl,:CH;CN.

In general, the change in the chemical shift of Hs
protons reflects the binding trend (observed earlier) of the
crown with these metals, in which the most significant shift
was observed upon addition of the doubly charged ions
(barium and calcium). After the addition of 1.0 molar
equivalent of each metal, no further significant downfield
shift was observed for these protons (Figure 9). This implies
that the crown becomes saturated with the metal after
addition of 1 molar equivalent, which suggests a 1:1
binding stoichiometry. Meanwhile, singly charged ions
exhibit lower effects on the crown-ether protons (Hs), but
correlate with ion-crown size matching (44). Sodium ions
result in the most significant shift and as the size of the ion
increases (in going to potassium, rubidium and cesium), the

[Ba™Y[1]
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Figure 7.
barium and sodium ions, respectively, in 1:1 CH,Cl,:CH;CN.

Fluorescence (a.u.)

0.3

00 & Cs*

(Colour online) Normalised change (A, — A/A,) in the absorbance of 3 (1.0 wuM) at 425 nm upon titration with solutions of

shift in the chemical shift of the crown’s protons decreases
reflecting the decrease in charge concentration on the ion.

The effect of the ion size on the binding mode of 1 is
more evident when analysing the changes in the signal of
the aromatic protons H,, for which trends are different
with respect to Hs (Figure 10). The binding of the metal
ions leads to downfield shift of the aromatic protons (Hy)
of the ring that is directly attached to the crown-ether
ligand. This trend is observed upon the addition of calcium
and sodium ions, which have similar sizes and are the best
fit to bind inside the crown-ether cavity of sensor 1 with
1:1 binding ratio (Figure 10). The addition of barium,
potassium and, to a lower extent, rubidium ions to the
sensor results initially in upfield shift in the signals of Hy
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(Colour online) Emission spectra (A.x = 350 nm) of 1 (left) and 2 (right) (1.0 M) upon titration with solutions (0.1 mM) of
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Figure 8. (Colour online) Emission spectra (Aex = 350nm) of 3 (1.0 uM) upon titration with solutions (0.1 mM) of calcium (left) and

sodium (right) ions in 1:1 CH,Cl,:CH;CN.

until 0.5 molar equivalent of the metal ion is added. Then,
as more ions are added, the signals of Hy shift downfield up
to 2 molar equivalents. These results indicate that the
large-size ions (barium, potassium and rubidium) require
two crown ethers to bind to each ion resulting in a
‘sandwich’ metal-complex configuration (Figure 11). Such
a configuration, which is favourable once <0.5 molar
equivalent of the metal ion is added, places the aromatic
protons of one ring in the shielding cone of the other ring
resulting in an upfield shift of the Hy protons overcoming
the downfield shift caused by the electrostatic effect of the
metal ions. As more metal ions are added, the 2:1 complex
starts to break apart to form 1:1 complex of sensor 1 and
the metal, hence the downfield shift of the H, signal.
Cesium ions are too large to show any significant binding
with 15-crown-5 ligand. Finally, although lithium ions are
too small to bind tightly inside the cavity of 15-crown-5, at
high concentration, the binding equilibrium shifts towards
the formation of the complex resulting in a downfield shift
of the signal of Hs protons and, to more extent, of Hy
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Figure 9. (Colour online) The change (Ad) in the chemical shift
of Hs of 1 (2.0mM) upon titration with solutions of different
metal ions (10mM) in 1:1 CDCl;:CD;CN.

protons. The large charge density and the size mismatch of
lithium ion with the crown cause the ion to bind with the
pre-organised and the less flexible binding site provided by
the two O-atoms attached to the w-system and away from
the centre of the crown. This close proximity to the -
system (45) and to Hy leads to the larger downfield shift of
the aromatic H, protons as compared with Hs.

The binding constant of each ion with 1 and 2 was
estimated (Table 1) using the binding isotherms shown
earlier (Figures 9 and 10). The calculations take into
consideration the equilibria, which are associated with
forming and breaking the ‘sandwich’ complex of 1 with
barium, rubidium and potassium ions in which good fit
was obtained with the model combining the equilibrium
2:1 with 1:1 sensor—ion complex. The binding isotherms
of the remaining ions generated a good fit to a 1:1 binding
model, which was also applied to the binding isotherms of
sensor 2 with all ions (See Supporting Information for
further details, available online).
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Figure 10. (Colour online) The change (Ad) in the chemical
shift of Hy of 1 (2.0 mM) upon titration with solutions of different
metal ions (10 mM) in 1:1 CDCl;5:CD3;CN.
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Figure 11. (Colour online) Schematic representation of the ‘sandwich’ complex of sensor 1 with barium, potassium and rubidium ions.

Sensor 2, however, exhibits a trend different from 1 in its
binding mode to the metals. The change in the chemical shift
of crown-ether protons (Hs) shows (Figure 12) a downfield
shift upon addition of the metal ions, which reaches a
maximum after ~ 1.0 molar equivalence. However, as the
size of crown is bigger, the highest effect is for barium. The
potassium ion, which has a size very similar to barium (44),
displays the highest downfield shift among the monovalent
ions. This reflects the effect of the crown size on the binding
efficacy of the sensors with the metals.

This size effect of the crown in sensor 2 is further
supported by the changes in the chemical shift of the
aromatic protons (Hy) (Figure 13). The signal of the Hy
protons of 2 shifted only downfield upon addition of barium
and potassium ions. This is attributed to the large cavity size
of the 18-crown-6, which is able to accommodate these ions
mainly inside the pocket, which makes the metal closer to the
H, protons. This close proximity increases the through—
space interactions between the metal ions and Hy protons,
which results in downfield shift reflecting the absence of the
sandwich conformation noted with 1 and the formation of 1:1
complex. Finally, similar to 1, the large downfield shift
observed for H, protons upon addition of large amounts of
lithium and sodium ions can be attributed to the large charge
density and the size mismatch of these ions with the crown,
which lead them to bind close to the w-system away from the
centre of the crown.

Conclusions

The spectroscopic investigations of the interaction of the
sensors with the metal ions have shown that the changes in
either absorption or emission reflect the correct order and
strength of crown—ions interactions. However, the mode and

Table 1. Binding constants of sensors 1 and 2 to the cations.

the stoichiometry of binding were better reflected through
NMR binding investigations. Sensor 1 forms 1:1 complexes
with small ions (sodium and calcium) and 1:2 complexes
with large ions (potassium, rubidium, cesium and barium) as
evidenced by the changes in the chemical shifts of the H, and
Hs protons. Sensor 2 shows weak binding with small
monovalent ions (lithium and sodium) but it forms 1:1
complexes with calcium, potassium and barium ions. Finally,
absorbance and emission studies indicate strong binding to
barium and calcium ions with 3; however, it was not possible
to confirm the exact mode of binding of 3 to the metals by
NMR studies due to its low solubility.

Experimental
Synthesis

Chemicals and solvents were purchased from Acros, Geel,
Belgium. Standard grade silica gel (60 A, 32-63 wm) and
silica gel plates (200 wm) were purchased from Sorbent
Technologies, Atlanta, GA, USA. Reactions that required
anhydrous conditions were carried out under argon in
oven-dried glassware. A Bruker Avance 300 NMR
spectrometer (wide bore) was used to record the NMR
spectra. CDCI; was the solvent for NMR measurements,
and chemical shifts relative to tetramethylsilane (TMS) at
0.00 ppm are reported in ppm on the & scale. The MALDI
data were acquired at the Bioanalytical Mass Spectrometry
Facility at the Georgia Institute of Technology, Atlanta,
GA, USA.

2,7-Di-tert-butylpyrene-4,5-dione (7) (41), 2,7-di-tert-
butylpyrene-4,5,9,10-tetraone (8) (41), 1,2-diamino-
benzo-15-crown-5 (11a) (42) and 2,3-dinitro-benzo-18-
crown-6 (11b) (42) were synthesised according to
literature procedures.

Ton radius (A)* Lit(0.76) Nat(1.02) K™ (1.38) Rb1(1.52) Cst(1.67) Ca’ " (1.00) Ba®t " (1.35)
1 Log K,® M) <2¢ 3.4 3.6 3.4 < 2° 3.4 43
Log K," (M~ ?) - >6 4.8 - - >6
2 Log K,° M1 <2° <2° 43 <2° <2° >6 >6

#Data from Ref. (44).

® Calculated from the change in the chemical shifts of Hs upon titrating with the metals.
¢ The binding isotherm did not fit to the binding model due to low association constant. More details in Supporting Information, available online.
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Figure 12. (Colour online) Change (Ad) in the chemical shift of
Hs of 2 (2.0mM) upon titration with solutions of different metal
ions (10mM) in 1:1 CDCl5:CD5;CN.

2,7-Bis(1,1-dimethylethyl)-12,13,15,16,18,19,21,22-
octahydro-[1,4,7,10, 13 |Jpentaoxacyclopentadecino[2,3-1 |
phenanthro[4,5-abc [phenazine (1)

1,2-Diamino-benzo-15-crown-5 (11a) (1.00 g, 3.35 mmol)
was added to a solution of 2,7-di-fert-butylpyrene-4,5-
dione (7) (1.15 g, 3.35 mmol) in 300 ml of methanol, and
the reaction mixture was refluxed for 48 h. The final yellow
product was filtered and washed with copious amount of
methanol to afford 1 (1.20 g, 60%). '"H NMR (300 MHz,
CDCl3): 6 1.66 (18H, s), 3.85 (8H, s), 4.07 (4H, ¢,
J=39Hz), 444 (4H, t, J = 2.4Hz), 7.62 (2H, s), 8.00
(2H, s), 8.25 (2H, d, J = 1.8 Hz), 9.60 (2H, d, / = 1.8 Hz).
C NMR (75 MHz, CDCl;): §31.93, 35.53, 68.43, 69.04,
70.12, 71.25, 107.13, 120.46, 123.76, 124.92, 127.26,
129.21, 131.09, 139.87, 141.41, 149.43, 152.84. HRMS-
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Figure 13.  (Colour online) Change (Ad) in the chemical shift of
H, of 2 (2.0mM) upon titration with solutions of different metal
ions (10 mM) in 1:1 CDCl3:CD3CN.

MALDI (m/z): [M + H]": calculated for Cs;gHu3N,Os,
607.3166; Found, 607.3212.

2,7-Bis(1,1-dimethylethyl)-12,13,15,16,18,19,21,22,24,
25-decahydro-[1,4,7,10,13,16 Jhexaoxacyclooctadecino
[2,3-1 [phenanthro[4,5-abc [phenazine (2)

2,3-Dinitro-benzo-18-crown-6 (11b) (0.50 g, 1.68 mmol)
was added to a solution of 2,7-di-tert-butylpyrene-4,5-
dione (7) (0.50 g, 1.45 mmol) in 250 ml of methanol, and
the reaction mixture was refluxed for 48 h. The final yellow
product was filtered and washed with copious amount of
methanol to afford 2 (1.20 g, 60%). '"H NMR (300 MHz,
CDCl;): 6 1.69 (18H, s), 3.74 (4H, s), 3.77 (4H, t,
J=39Hz), 3.86 (4H, t, J=3.1Hz), 4.093 (4H, t,
J=39Hz), 442 (4H, t, J = 3.6 Hz), 7.34 (2H, s), 8.00
(2H, s), 8.25 (2H, d, J = 1.8 Hz), 9.60 (2H, s). >°C NMR
(75MHz, CDCl3): 6 31.59, 35.53, 69.00, 69.14, 70.50,
70.77, 71.02, 107.11, 120.46, 123.75, 124.93, 127.26,
129.21, 131.08, 139.79, 141.44, 149.43, 152.77. HRMS-
MALDI (m/z): [M + H]": calculated for C,yH;7N,Og,
651.3429; Found, 651.3411.

2,22-Bis(1,1-dimethylethyl)-7,8,10,11,13,14,16,17,27,28,
30,31,33,34,36,37-hexadecahydro-[1,4,7,10,13]
pentaoxacyclopentadecino[2",3":6',7' Jquinoxalino[2',
3':9,10]phenanthro[4,5-abc J[1,4,7,10,13]
pentaoxacyclopentadecino[2,3-1 [phenazine (3)

1,2-Diamino-benzo-15-crown-5 (11a) (0.83 g, 2.79 mmol)
was added to a solution of 2,7-di-fert-butylpyrene-
4,5,9,10-tetraone (8) (0.52¢g, 1.39mmol) in 300ml of
methanol, and the reaction was refluxed for 48 h. The
compound was filtered and washed with copious amount
of methanol to afford 3 (1.20 g, 50%). "H NMR (300 MHz,
CDCl3): 6 1.75 (18H, s), 3.85 (8H, s), 4.07 (4H, t,
J=39Hz), 444 (4H, t, J = 2.4 Hz), 7.61 (2H, s), 9.72
(2H, s). Analysis calculated for C5,Hs5gN4Oq: C, 69.47; H,
6.50: N, 6.23.Found: C, 69.28; H, 6.46; N, 6.04. HRMS-
MALDI (m/z): [M + H]*": calculated for Cs;HsoN4Oq,
899.4226; Found, 899.4268.

Spectroscopic titration

A solution of the sensor (1 uM, 2ml) in CH,Cl,:CH;CN
(1:1) placed into a 1 cm X 1 cm cuvette was titrated with a
solution of the metal ion [0.1 mM, CH,Cl,:CH;CN (1:1)]
that contained the sensor (1 wM). Aliquot amounts of the
metal ion solution were added to the cuvette via a syringe
until a total of six or more equivalents of the metal ion had
been added (the number of additions was around 20 with
an increase in the amount of metal ion solution added).
The UV-vis spectrum and emission spectrum
(Aex = 350 nm) were scanned after each addition.
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A solution of the sensor (2 mM, 600 1) in CDCI;:CD;CN
(1:1) placed in an NMR tube was titrated with a solution of
the metal ion (10 mM). Aliquot amounts of the metal ion
solution were added to the NMR tube via a syringe until a
total of 10 equivalents of the metal ion were added (the
number of additions was around 17 with an increase in the
amount of metal ion solution added). An '"H NMR
spectrum was recorded after each addition, and the
chemical shifts of the aromatic protons were recorded. The
collected data were analysed using a nonlinear least square
regression programme to fit the data to a theoretical model
of 1:1 for sensors 1 and 2 and 1:2 for sensor 3.

Supplemental Information

UV —vis, fluorescence, NMR titrations, calculations of
binding constants and fitting of binding isotherms of 1-3
are provided in the Supporting Information. This
information is available free of charge at http://www.
tandfonline.com/.
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