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Abstract

Pyrenesulfonamide and pyreneamide probes (2—5) were synthesized, and they were used
in the sensing of salicylic acid derivatives. The ability of 3 to sense various salicylic acid
derivatives was examined by UV-visible, fluorescence, and NMR spectroscopy; it was
further supported by DFT calculations. The sensing of salicylic acid derivatives resulted in a
significant quenching of the pyrene monomer emission. Among the tested salicylic acid
derivatives, probe 3 exhibited the highest binding constant with 3,5-dinitrosalicylic acid (K, =

2.65 x 10> M"!, measured at a 1:1 molar ratio in EtOH).

Keywords: Fluorogenic receptor; Pyrenesulfonamide, 3-Aminopropylimidazole, Salicylic
acid derivatives.
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1. Introduction

Because of the significant roles that carboxylic acids play in metabolism/biology, there is a
growing interest in being able to sense them.' Carboxylic acids find several applications in
various fields, such as the food industry,2 medical diagnosis,3 environmental monitoring,4
and process control.” A variety of probes with different binding sites, such as amines (having
N-H groups as hydrogen-bonding sites),’ quaternary ammonium/imidazolium salts (having
positive charges for ionic interactions in addition to hydrogen bonding),” ureas,® amides,” a-
aminopyridines/ a-amidopyridines '’ o,o’-diaminopyridines/ o,o’-diamidopyridines, and
diamides'' (having two hydrogen-bonding sites in the same probe), linked to different
fluorophores/heterocycles, have been used for the sensing of carboxylic acids.'> We focused
our research efforts on the sensing of aromatic (instead of aliphatic) carboxylic acids."”

In the last two decades, sulfonamides appended with various chromophores/fluorophores
have found potential applications in the sensing of different analytes, such as metal ions,
anions and neutral molecules.'* Recently, among different fluorophores, pyrenesulfonamides
conjugated with various amino acids have been used for metal-ion sensing,'” and glucono-
linked pyrenesulfonamides were found to behave as gelators in tetrahydrofuran—water
mixtures.'® One of the butterfly-shaped cholesterol-conjugated pyrenesulfonamide dipodes
exhibits ratiometric excimer emission: an increase in the concentration of water in solvents
such as ethanol, methanol, and acetonitrile leads to a decrease in monomer emission.'”

Recently, pyrene-appended aminopropylimidazole probe 1 was reported to be an effective
sensor for salicylic acid."*® Probe 1, having an imidazole ring and an amino group (N-H) as
hydrogen-bonding motifs and a pyrene fluorophore for the m-m interactions, was designed
based on hydrogen-bonding complementarity between the host and guest and on an increase
in the intensities of monomer emission bands. Because of the methylene (CH,) unit between

the amino group and the pyrene unit, the lone pair of the amino nitrogen is not conjugated
2
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with the aromatic core of the pyrene unit, which results in a weak emission intensity of probe
1. Upon the addition of various aromatic carboxylic acids (ACAs) to a solution of probe 1 (3
uM in EtOH), a selective “switch on” of the fluorescence emission intensity of the pyrene
monomer takes place. This occurs with salicylic acid (SA) and SA derivatives that have
electron-withdrawing groups, such as 5-nitrosalicylic acid (5-NSA) and 5-iodosalicylic acid
(5-ISA). It is caused by the restricted rotation of the benzene ring in SA and its derivatives,
because of intramolecular hydrogen bonding between the phenolic O-H group and the

13b

neighboring C=0 group (Fig. 1).”” The degree of emission enhancement is dependent on the

substituent and on the orientation of the benzoic acid (BA) hydroxyl group.
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Fig. 1: Free rotation of the carboxylic acid group is possible in BA, free rotation of the
carboxylic acid group is prohibited in SA, and scheme of complexation of probe 1 with SA.

In the case of imidazole receptors, the imidazole C2-H group participates in hydrogen
bonding with anions.'® Keeping in mind the active roles of the sulfonamide N-H and
imidazole C2-H groups and the good fluorescence monomer/excimer emission of pyrene, we
designed very simple pyrenesulfonamide/pyreneamide probes 2-5 for the detection of SA
derivatives (Fig. 2). This is the first report in which pyrenesulfonamides are used for the

sensing of SA derivatives.
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Fig. 2: Structures of pyrenesulfonamide and pyreneamide probes 1-5.

2. Results and Discussion

Probes 25 are easily synthesized in good yields, in a single step, by the reaction of either
pyrenesulfonyl chloride or 1-pyrenecarboxylic acid chloride with amines (Scheme 1). The
structures of 2-5 were confirmed by 'H and *C NMR spectroscopy and by FAB mass
spectrometry (see ESI). The 'H NMR spectrum of 2 in CDCl; shows four signals due to
aliphatic protons, at & 0.73 (triplet for CHj), 6 1.17-1.22 (multiplet for CH,), 6 1.35-1.39
(multiplet for CH,), and & 2.94 (triplet for CH;), and a broad singlet at & 4.73 for the N-H
group, in addition to other signals due to aromatic protons. The mass spectrum of 2 clearly
shows a molecular ion peak at m/z 337.1141 (M"). Similarly, the '"H NMR spectrum of probe
3 in DMSO-d;s shows three signals for the propyl CH, groups (two multiplets at 5 1.68—1.72
and 0 2.73-2.75, one triplet at 6 3.84) and three singlets for the imidazole protons (at § 6.72, &
6.85, and & 7.36 for H-b, H-c, and H-a, respectively). The >°C NMR spectrum of probe 3
shows a signal for the imidazole C-2 at  137.4. The mass spectrum of probe 3 clearly shows
a molecular ion peak at m/z 390.1273 ([M + H]"). The *C NMR spectrum of 4 clearly shows
a peak due to the C=0O group at 5 169.41. 'H and >C NMR spectra of 5 show singlets at
6 2.80 and 06 34.54, respectively, for the NCH; group. These spectral features indicate the

successful formation of these probes.
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Scheme 1. Synthesis of pyren:ss;flufonamides 2,3, and 5, and of pyreneamide 4.

The UV-visible absorption spectrum of probe 2 exhibits typical pyrene absorption maxima
at Amax = 322, 336, and 350 nm in EtOH. Upon excitation of 2 (1 uM in EtOH) at 336 nm, it
exhibits fluorescence emission maxima at 379, 398, and 420 nm with a high quantum yield
(@ = 0.213); this stands in contrast to probe 1, which has a weak fluorescence emission. In
case of probe 2, the extended conjugation between the sulfonamide nitrogen and the pyrene
unit leads to easy charge transfer and a high quantum yield. Probe 3 has the highest quantum
yield (@ = 0.232) among these probes. Probe 4 also has a good quantum yield (@ = 0.160),
whereas probe 5 (having a NCH3; instead of a NH functionality in the sulfonamide) has the
lowest quantum yield (@ = 0.045); this clearly signifies the role of the sulfonamide NH
functionality (Fig. 3). Upon the addition of 10 equiv of an ACA to a solution of probe 2, the
fluorescence emission intensity of 2 is quenched selectively with salicylic acid derivatives.

The extent of quenching is >95% with 3,5-DNA, 50% with 5-NSA, and 20% with 5-ISA,
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while other ACAs do not show any significant changes in the emission intensity of probe 2

(Figs. 4).
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Fig. 3: Fluorescence emission intensities of probes 2—5 (1 uM in EtOH, 1x = 336 nm).

The degree of quenching of the fluorescence emission intensities of the probes is
dependent on the substituent and on the orientation of the hydroxyl group of benzoic acid
(BA). The 2-hydroxyl group of SA forms an intramolecular hydrogen bond with the C=0
group, which restricts the rotation of the carboxylic acid group. The combined effects of the
intermolecular hydrogen bonding ((a) S=0---H-O, (b) SO;N-H---O=C) and the
intramolecular hydrogen bonding ((c) O-H---O=C) between probe 2 and SA (or SA
derivatives) bring two aromatic moieties close enough to each other to affect the fluorescence
emission intensity of probe 2. The degree of the decrease in the fluorescence monomer
emission intensity of probe 2 clearly shows that 3,5-DNSA interacts more strongly with
probe 2 than 5-NSA (which, in turn, interacts more strongly than 5-ISA). This demonstrates
that the degree of quenching of the fluorescence emission intensity depends on the electron-

withdrawing nature of the aromatic substituents in SA derivatives. We attribute this to the
6
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fact that the aromatic rings of these SA derivatives are electron deficient; they can accept
electron charge from the pyrenesulfonamide probe 2. In the absence of these SA derivatives,
probe 2 is highly fluorescent because no charge transfer will occur, whereas in the presence
of 3,5-DNSA, 5-NSA, or 5-ISA, the charge transfer occurs easily, resulting in the quenching

of the fluorescence emission intensity.
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Fig. 4: Bar diagram of the relative fluorescence intensities of probe 2 (1 uM in EtOH, Aex =
336 nm, Aem = 379 nm) in the presence of various ACAs.

Although molecules similar to salicylic acid (such as salicylaldehyde, salicylamide,
salicylhydroxamic acid, anthranilic acid, picolinic acid, and indole-2-carboxylic acid (Fig. SI-
1) were also tested with probe 2, they did not cause any changes in the emission intensity of
probe 2. This observation indicates that an a-phenolic OH is essential for the restriction of the
rotation of the C(O)OH group. Electron-withdrawing groups such as nitro and iodo groups
make the aromatic ring more electron deficient, so that the C(O)OH hydroxyl groups in 3,5-
DNSA, 5-NSA, and 5-ISA act as hydrogen donors (hydrogen-bonding units) toward the

sulfonamide oxygen. The C(O)OH carbonyl oxygens act as hydrogen acceptors (hydrogen-
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bonding units) toward the sulfonamide N-H functionality of probe 2. The formation of
intermolecular hydrogen bonds is not very effective when picolinic acid, indole-2-carboxylic
acid, anthranilic acid, salicylaldehyde, salicylamide, and salicylhydroxamic acid are used.

To explore the binding constants for the binding of probe 2 with salicylic acid derivatives,
we carried out fluorescence titrations on probe 2. Upon the gradual addition of 3,5-DNSA to
a solution of probe 2, the fluorescence emission intensity decreases until the emission is
eventually quenched completely (Figs. SI 2 and SI-3). The fluorescence titration shows that a
1:1 complex between probe 2 and 3,5-DNSA is formed with a high association constant (K, =
2.83 x 10* M"; see Table 1). Similarly, fluorescence titrations of probe 2 with 5-NSA and 5-
ISA show the formation of 1:1 complexes as well, with association constants of 9.07 x 10°
M™' and 532 x 10° M, respectively, along with quenching of fluorescence emission
intensity. The association constants for the complexation of 5-NSA and 5-ISA to probe 2 are
approximately ten times lower than those measured for probe 1. On the other hand, the
“switch off” of the fluorescence emission observed for probe 2 is the opposite of the “switch
on” phenomenon observed for probe 1 (upon complexation with 5-NSA and 5-ISA).

To investigate the effect of the C2-H group of an imidazole ring, we designed and
synthesized probe 3, having acidic sulfonamide N-H functionality for hydrogen bonding and
C2-H of an imidazole ring as an additional hydrogen bonding motif. Upon excitation of probe
3 (1 puM in EtOH) at 336 nm, the emission spectrum shows strong pyrene monomer
fluorescence emission peaks at Ay, = 379, 398, and 420 nm with a high quantum yield (® =
0.232). Upon the addition of ACAs to the solution of probe 3, it exhibits behavior similar to
probe 2, i.e., the degree of quenching of the pyrene monomer emission is 3,5-DNSA >> 5-
NSA > 5-ISA (Fig. SI-4). Upon the gradual addition of 3,5-DNSA to a solution of probe 3,

the fluorescence emission intensity decreases with each addition and the emission is
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eventually quenched completely (Fig. 5). The fluorescence titration shows the formation of a

1:1 complex between 3 and 3,5-DNSA with a high association constant (K, = 2.66 x 10° M™).
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Fig. 5: Fluorescence titration of probe 3 (1 puM in EtOH, A = 336 nm) with 3,5-
dinitrosalicylic acid (inset shows the curve fitting; the filled-in circles show the experimental
values and the line is a curve fit).

Fluorescence titration experiments of probe 3 with the acids 3,5-DNSA, 5-NSA, and 5-ISA
evidence the formation of 1:1 complexes between probe 3 and the acids, as well as quenching
of the pyrene monomer emission intensity. The association constants are listed in Table 1.

Table 1: Association constants (K, (M), in EtOH) of probes 1-5 with various salicylic acid

derivatives.

Salicylic acid Association constant K, (M™) with different probes 1-5
derivatives 1? 2 3 4 5
3,5-DNSA - 2.83x10%  2.66x10° 7.87x10° 2.62 x10°

5-NSA 7.18x 10  9.07x10°  734x10* 1.87x10° 1.49x10°
5-ISA 427 %10 532x10°  4.07x10* ' -

*Taken from reference 13b.
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Table 1 clearly shows that the imidazole ring in probe 3 results in association constants
that are approximately 10 times higher than those measured for probe 2 (and they are similar
to those measured for probe 1). This is probably due to hydrogen bonding of the imidazole
C2-H hydrogen with more electronegative oxygens of SA derivatives.

To check, the sulfonamide N-H functionality is more active or less active than the amide
N-H functionality with regard to the sensing of SA derivatives, we synthesized probe 4
(which has a C(O)NH group instead of a S(O),NH group (probe 3)). Upon excitation of probe
4 (1 uM in EtOH) at 336 nm, its emission spectrum exhibits monomer fluorescence emission
peaks at Amax = 383 and 402 nm, with a good quantum yield (@ = 0.160). Upon the addition
of ACAs to a solution of probe 4, it exhibits behavior that is similar to that of probe 3, i.e.,
quenching of the pyrene monomer emission intensity in the order 3,5-DNSA > 5-NSA.
However, the degree of quenching of the fluorescence emission intensity is lower (Fig. SI-5).
Titration experiments of probe 4 with 3,5-DNSA and 5-NSA evidence the formation of 1:1
complexes between probe 4 and the acids, as well as quenching of the monomer fluorescence
emission intensity. The association constants are listed in Table 1.

To understand the role of the sulfonamide N-H functionality, we synthesized probe 5,
which has no N-H and imidazole C2-H functionalities. Upon excitation of probe 5 (1 uM in
EtOH) at 336 nm, its emission spectrum exhibits very weak monomer fluorescence emission
peaks at Amax = 379, 398, and 420 nm, with a low quantum yield (@ = 0.045). The quantum
yield of 5§ is approximately 5 times smaller than that of 2, which has sulfonamide N-H
functionality (Figs. 3); this clearly shows the significance of the N-H functionality. Upon the
addition of ACAs to the solution of probe 5, it exhibits a 30% decrease in its emission
intensity with 3,5-DNSA and a 10% decrease with 5-NSA; other ACAs did not significantly

affect the fluorescence intensity of 5 (Fig. SI-6). Titration experiments of probe S with 3,5-

10
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DNSA and 5-NSA evidence the formation of 1:1 complexes between probe 5 and these acids.

The association constants, which are rather low, are listed in Table 1.

The studies of the binding of probes 2-5 to ACAs, using the changes in fluorescence,
clearly show that probe 5 has a very weak monomer emission and a low quantum yield in
comparison with probes 2—4 (Fig. 3), and that 5§ undergoes very small changes in the intensity
of fluorescence emission upon binding with 3,5-DNSA and 5-NSA (Fig. 6); the association
constants are low (Table 1). The change in monomer fluorescence emission intensity of probe
5, when complexed with 3,5-DNSA, is probably due to hydrogen bonding of the 3,5-DNSA

C(O)OH hydroxyl group with the sulfonamide oxygen of probe 5§
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Fig. 6: Bar diagram of the relative fluorescence intensities of probes 2—5 (1 uM in EtOH, A

= 336 nm, Ay = 379 nm) complexed with different SA derivatives (red bars: using 3,5-
DNSA; sky-blue bars: using 5-NSA; green bars: using 5-ISA).

To further investigate the nature of the interaction and the mode of complexation of SA

derivatives with probes 2—5, we carried out "H NMR titrations of 3, 4, and 5 with SA and its

derivatives.

11



RSC Advances

| g QP 4
S«N/\/\N i
‘ hl:l ° aL\N °
S
3
|| (iii)
L _ll_h:',_ Justf A : A
(i)
L .‘I.J.n’lth_huL = | . ™ TS R T
' () _ \
ik . \ " | | e
G ik d LL N D S Y
;g' h " =& @ a =cb T 4 F 7 7 7T 3 d -

Fig. 7: Partial '"H NMR spectra (DMSO-d) of (i) probe 3, (ii) 3 + 1 equiv 3,5-DNSA, (iii) 3
+ 2 equiv 3,5-DNSA, and (iv) 3,5-DNSA.

The addition of 1 equiv of 3,5-DNSA to a solution of probe 3 in DMSO-ds leads to a
significant downfield shift of the imidazole C2-H resonance (labeled a in Fig. 7) from 6 7.36
to 8 9.01. Signals due to protons b, ¢, d, e, and f shift downfield from 6 6.72 to 6 7.63, from &
6.85 to 6 7.63, from 6 2.73 to & 2.77, from & 1.69 to 6 1.89, and from & 3.83 to o 4.16,
respectively. Additionally, signals due to protons g and h shift upfield from & 8.97 to 6 8.94
and from & 8.55 to & 8.54, respectively. The addition of 1 more equiv of 3,5-DNSA to this
solution does not result in further shifting of the proton signals, which clearly indicates that a
1:1 complex between probe 3 and 3,5-DNSA is formed (Fig. 7). The large changes in the
chemical shifts of the labeled protons confirm that both the imidazole C2-H (proton a) and
the sulfonamide N-H proton (which undergoes exchange with the deuteriums of DMSO-dy)
are involved in hydrogen bonding with 3,5-DNSA. For this reason, the signals due to the

aliphatic protons f and e are shifted more downfield than the signal due to protons d (see

12
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Table 2). The upfield shifting of the protons g and h clearly signifies that the sulfonamide

oxygen is also involved in hydrogen bonding.

We also performed the 'H NMR titration of probe 3 with 3,5-DNSA in CD;OD; in this

solvent, the signals display shifts similar to those observed in DMSO-ds (data obtained in

CDs;OD are listed in Table 2). Because of the good solubility of probe 3 in DMSO-ds, we

carried out the titrations with 5-NSA, 5-ISA, and SA in DMSO-ds; the measured chemical

shift differences are listed in Table 2 (Figs. SI-7 — SI-12). The binding behaviors of 5-NSA

and 3,5-DNSA were found to be the same.

\\ //

h

N/\/\N

N/\/\N
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h CH3

Table 2: Proton chemical shift dlfferences (A3," in DMSO-ds) measured for probes 3, 4, and
5, induced by the complexation with salicylic acid derivatives.

Probes 3 4 5
SA 5-ISA 5-.NSA  3,5-DNSA 3,5-DNSA° | 3,5-DNSA 3,5-DNSA

a 0.873 1.467 1.653 1.653 1.500 1.481 NA

b 0.480 0.810 0.910 0.910 0.725 0.819 NA

c 0.430 0.710 0.780 0.780 0.713 0.589 NA

d 0.023 0.038 0.038 0.042 0.022 0.071

e 0.110 0.181 0.201 0.204 0.226 0.130

f 0.175 0.280 0.328 0.330 0.410 0.239

g -0.012 -0.024 -0.028 -0.035 -0.047 0.040 -0.001
h -0.003 -0.004 -0.006 -0.010 -0.03 0.020 -0.001

*Positive values indicate downfield shifting and negative values indicate upfield shifting of
the protons in the "H NMR spectra upon complexation. ®Measured in CD;0D.

13
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From Table 2 it is clear that 5-ISA causes smaller chemical shift differences than 5-NSA,
but larger chemical shift differences than SA. This implies that the strong electron-
withdrawing nitro group (NO,) in 3,5-DNSA and 5-NSA causes these SA derivatives to bind
more strongly than 5-ISA (which, in turn, binds more strongly than SA). Hence, the electron-
withdrawing group controls the behaviors of the SA derivatives with regard to binding to
probe 3. In the "H NMR titration experiments of probe 3 with 5-NSA, 5-ISA, and SA, we
found that the proton signals of these acids (i.e., protons w, X, y, and z) shift upfield when the
acids interact with probe 3 (Figs. SI-7, SI-9 and SI-11). This indicates that these acids accept
electron charge from the electron-rich pyrene ring of probe 3 through charge transfer. This is
also supported by the decay time of probe 3 and its complex with 3,5-DNSA that shows only
slight difference in the decay time as compared with 3,5-DNBA (Figs. SI-13 and SI-14). So
the formation of [3+3,5-DNSA]-complex occurs in the ground state that overrules the
possibility of PET phenomenon. With regard to probe 4, the addition of 1 equiv of 3,5-DNSA
causes downfield shifting of all of the proton signals (a—h); the addition of one extra equiv of
3,5-DNSA does not cause any further downfield shifting (Figs. SI-15 and SI-16). This
confirms the formation of a 1:1 complex between probe 4 and 3,5-DNSA. Hence, 3,5-DNSA
probably binds probe 3 in the same way that it binds probe 4. The addition of 1 equiv of 3,5-
DNSA to a DMSO-d;s solution of probe 5 leaves most of the proton signals unaffected,
although protons g and h of the pyrene ring do show some upfield shifting (Figs. SI-17 and
SI-18). This could be due to hydrogen bonding of the salicylic acid, i.e. OH of the COOH
with sulfonamide oxygen.

To understand the mechanism of the interaction of SA derivatives with probe 3, we
performed energy-minimization calculations using gradient-correlated density functional
theory (DFT). The optimized structures of the complexes 3¢3,5-DNSA and 35-NSA are

presented in Fig. 8. The binding energies of 5-NSA and 3,5-DNSA with probe 3 are 7.3 and
14
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14.3 kcal/mol, respectively, showing that probe 3 has a higher tendency to bind 3,5-DNSA
than to bind 5-NSA. This agrees with our experiments, in which we found that 3,5-DNSA has
the higher association constant (Table 1). The complex 3¢3,5-DNSA is 7.0 kcal/mol more
stable than the complex 3¢5-NSA, which is due to the additional strong hydrogen bond

between the OH and NO, groups in 3,5-DNSA.

35-NSA, BE = 7.3 kcal/mol 33,5-DNSA, BE = 14.3 kcal/mol
a=1.39,b=1.97,¢c=2.10 A a’=1.75b'=1.99,c’ =2.95,d' =1.79 A

Fig. 8: Energy-minimized geometries of complexes of probe 3 with 5-NSA and 3,5-DNSA,
calculated by B3LYP/6-31G*.

The electronic transitions are predominantly characterized by HOMO - LUMO at the
excited-state geometry. We find that binding of 5-NSA and 3,5-DNSA to 3 results in a
decrease of the HOMO-LUMO energy difference; the decrease is more pronounced with 3,5-
DNSA than with 5-NSA, which leads to strong binding between 3,5-DNSA and probe 3 (Figs.
9, SI-19, and SI-20, and Table SI-1). Using B3LYP/6-31G*, the fluorescence emission
spectra of probe 3 and its complexes with 5-NSA and 3,5-DNSA were obtained (they are
shown in Fig. SI-21). The calculated spectra also support the experiment results, i.e., the
quenching of fluorescence intensity of probe 3 is higher with 3,5-DNSA than with 5-NSA,
which leads to a higher association constant. We have also found that probe 3 can be used for

the detection of 3,5-DNSA over a wide pH range between 3-12 (Fig. SI 22).

15
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-AEgomonumo | 4391 4.480

Fig. 9: Calculated (B3LYP/6-31G*) molecular orbitals of 5-NSA, 3,5-DNSA, probe 3, and
complexes of probe 3 with 5-NSA and 3,5-DNSA.

3.530 3.518

3. Conclusions

In conclusion, this is the first report in which simple pyrenesulfonamides have been used
for the recognition of SA derivatives. Probes 2 and 3 both have a sulfonamide N-H
functionality as a hydrogen bonding motif (which plays a crucial role), and the presence of
the C2-H group in the imidazole ring in probe 3 provides the additional hydrogen bonding
site that holds the SA in close proximity to the pyrene ring. This results in a high association
constant for 3,5-DNSA and in complete quenching of the fluorescence emission intensity due
to charge transfer from the pyrene unit to the electron-deficient aromatic ring of 3,5-DNSA.
'H NMR titration experiments and DFT calculations clearly support the mechanism with

which the probes interact with SA and SA derivatives.

4. Experimental section

4.1. General

16
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Melting points were determined using a Thomas-Hoover capillary melting point apparatus
and are uncorrected. 'H and *C NMR spectra were recorded on a Bruker AM-400
spectrometer, using Me4Si as the internal standard. FAB mass spectrometry was performed at
the KBSI Daegu branch. UV-visible absorption spectra were recorded on a Shimadzu UV-
1650PC spectrophotometer. Fluorescence spectra were measured on a Shimadzu RF-5301
fluorescence spectrometer equipped with a xenon discharge lamp, 1 cm quartz cells and with
slit width 3 nm. The fitting of the fluorescence titration data was done using gunplot 4.6
software. All of the measurements were performed at 298 K. Analytical grade ethanol was
purchased from Merck. All other materials for syntheses were purchased from Aldrich
Chemical Co. and they were used as received. Quantum yields (@) were determined using the
procedure reported in the literature."’
4.2. Theoretical calculations

The geometries of all compounds were optimized using gradient-correlated density
functional theory (DFT) using the Becke three-parameter exchange functional® and the Lee-
Yang-Parr correlation functional (B3LYP).?! All-electron 6-31G(d,p) basis sets were used.
Time-dependent density functional theory (TD-DFT) was used for excited-state calculations.
The fluorescence emission spectra were plotted using excitation and oscillator strength of the
molecule in TD-DFT calculations. TD-B3LYP/6-31G(d,p) calculations were used for
excited-state optimizations of 5-NSA, 3,5-DNSA, probe 3, and for SA complexes of 3. All of
the calculations herein were performed with GAMESS (General Atomic and Molecular
Electronic Structure System).**
4.3. Syntheses of probes 2—5
4.3.1. Pyrene-1-butyl-sulfonamide (probe 2)
To a solution of pyrenesulfonic acid (500 mg, 1.8 mmol) in N, N-dimethylformamide (10 mL)

was added thionyl chloride (0.785 mL, 6 mmol), and the mixture was subsequently stirred for
17
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3 h at 0 °C under an argon atmosphere. After the reaction had completed, the reaction
mixture was poured onto ice. The yellow precipitate was filtered and washed with water. The
solid was dried for 12 h at 50 °C. The required pyrenesulfonyl chloride was further purified
by column chromatography, using CH,Cl, as the eluent (R, = 0.85), and it was obtained in a
yield of 70% (373 mg). Melting point: 169 °C. The pyrenesulfonyl chloride was used for
further reactions. A solution of pyrenesulfonyl chloride (300 mg, 1.0 mmol) in CH,Cl, (22
mL) was added dropwise to a stirred solution of n-butylamine (220 mg, 3 mmol) in CH,Cl,
(5 mL) at 0 °C under an argon atmosphere. The reaction mixture was subsequently stirred at
room temperature for another 2 h. The CH,Cl, layer was washed with H,O (2 x 50 mL) and
with 100 mL of an aqueous solution of NaCl (5%), dried over anhydrous sodium sulfate, and
filtered. The filtrate was evaporated under reduced pressure and the residue was purified by
column chromatography, using CH,Cl, as the eluent (R, = 0.50), to give 2 as a light yellow
solid (233 mg, 69% yield). Melting point: 115 °C (CH,Cl,/hexane). 'H NMR (400 MHz,
CDCl3) 6 0.73 (t, J = 7.3 Hz, 3H, CHj3), 1.17-1.22 (m, 2H, CH»), 1.35-1.39 (m, 2H, CH,),
2.94 (t, J=7.1 Hz, 2H, CH»), 4.73 (bs, 1H, NH), 8.12-8.16 (m, 2H, 2 x ArH), 8.25 (d, J =
8.6 Hz, 1H, ArH), 8.32-8.37 (m, 3H, 3 x ArH), 8.73 (d, /= 8.4 Hz, 1H, ArH), 9.01 (d, J =
9.4 Hz, 1H, ArH). "*C NMR (100 MHz, CDCl;) & 13.81 (CHj3), 20.00 (CH,), 31.96 (CH,),
43.44 (CHy), 123.44, 124.26, 124.44, 125.60, 127.20, 127.29, 127.39, 127.46, 127.89, 128.41,
130.52, 130.53, 130.56, 131.31, 131.52, 135.20. HR-mass calcd for CyH;oNO,S (M"):
337.1136; found: m/z 337.1141.

4.3.2. Pyrene-1-(3-imidazol-1-yl-propyl)-sulfonamide (probe 3)

Probe 3 was prepared according to the literature procedure.'*® To a solution of 1-(3-
aminopropyl)imidazole (250 mg, 2 mmol) in CH,Cl, (5§ mL) was added a solution of
pyrenesulfonyl chloride (373 mg, 1.24 mmol) dissolved in CH,Cl, (25 mL) at 0 °C under an

argon atmosphere. The reaction mixture was subsequently stirred at room temperature for
18
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another 2 h. The CH,Cl, layer was washed with H,O (2 x 50 mL) and with 100 mL of an
aqueous solution of NaCl (5%), dried over anhydrous sodium sulfate, and filtered. The filtrate
was evaporated under reduced pressure and the residue was purified by column
chromatography, using CH,Cl,/CH30H (9:1) as the eluent (R, = 0.15), to give 3 as a light
yellow solid (344 mg, 71% yield). Melting point: 200 °C (CH,Cly/hexane). 'H NMR (400
MHz, DMSO-dg) 6 1.68-1.72 (m, 2H, CHy), 2.73-2.75 (m, 2H, CH>), 3.84 (t, /= 6.8 Hz, 2H,
CHy), 6.72 (s, 1H, ArH), 6.85 (s, 1H, ArH), 7.36 (s, 1H, ArH), 8.23 (t, /= 7.6 Hz, 1H, ArH),
8.31(d, J=9.1 Hz, 1H, ArH), 8.41 (d, J= 8.8 Hz, 1H, ArH), 8.44 (d, J = 8.3 Hz, 1H, ArH),
8.48-8.51 (m, 3H, 3 x ArH), 8.57 (d, J = 8.1 Hz, 1H, ArH), 8.99 (d, J = 9.4 Hz, 1H, ArH).
C NMR (100 MHz, DMSO-ds) § 31.07 (CH,), 43.38 (CH,), 119.43, 123.54, 123.63, 124.64,
124.66, 127.14, 127.26, 127.46, 127.49, 127.57, 128.62, 129.97, 130.04, 130.39, 130.90,
132.52, 134.39, 137.40. HR-FAB mass calcd for C2,H;oN30,S ([M+H]"): 390.1276; found:
m/z 390.1273.

4.3.3. Pyrene-1-(3-imidazol-1-yl-propyl)-amide (probe 4).

At room temperature, thionyl chloride (4 mL, 30 mmol) was added dropwise, over a period of
30 min, to a solution of pyrenecarboxylic acid (492 mg, 2 mmol) in CH,Cl, (10 mL), and the
mixture was subsequently stirred for 3 h at 60 °C under an argon atmosphere. After
completion of the reaction, the solvent was removed under vacuum. 1-(3-
Aminopropyl)imidazole (250 mg, 2 mmol) was added to the resulting residue in dry CH,Cl,
(10 mL) at room temperature. The reaction mixture was stirred for 5 h at 70 °C under an
argon atmosphere. After completion of the reaction, the reaction mixture was concentrated
and purified by column chromatography, using CH,Cl,/CH30H (9:1) as the eluent (R,= 0.10),
to give 4 as a white solid (280 mg, 71%). Melting point: 151 °C (CH,Cly/hexane). '"H NMR
(400 MHz, DMSO-dp) 6 2.03-2.10 (m, 2H, CH,), 3.36-3.39 (m, 2H, CH,), 4.13 (t, /= 6.8 Hz,

2H, CH,), 6.92 (s, 1H, ArH), 7.27 (s, 1H, ArH), 7.72 (s, 1H, ArH), 8.12-8.16 (m, 2H, 2 x
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ArH), 8.21-8.27 (m, 3H, 3 x ArH), 8.33-8.36 (m, 2H, 2 x ArH), 8.48 (d, J =9.2 Hz, 1H,
ArH), 8.79 (t, J = 8.1 Hz, 1H, ArH). *C NMR (100 MHz, DMSO-d) & 31.20 (CH,), 37.00
(CH,), 44.22 (CH,), 119.84, 124.01, 124.16, 124.78, 125.02, 125.66, 125.99, 126.19, 126.97,
127.59, 128.13, 128.52, 128.65, 128.74, 130.57, 131.09, 131.95, 132.31, 137.76, 169.41
(C=0). HR-FAB mass calcd for Cp3H,0N3O ([M+H]"): 354.1606; found: m/z 354.1610.

4.2.3. Pyrene-1-butyl-1’-methyl-sulfonamide (probe 5)

A solution of pyrenesulfonyl chloride (300 mg, 1.0 mmol) in CH,Cl, (22 mL) was added
dropwise to a solution of N-methylbutylamine (262 mg, 3 mmol) in CH,ClI, (5 mL) at 0 °C
under an argon atmosphere. The reaction mixture was subsequently stirred at room
temperature for another 2 h. The CH,Cl, layer was washed with H,O (2 x 50 mL) and with
100 mL of an aqueous solution of NaCl (5%), dried over anhydrous sodium sulfate, and
filtered. The filtrate was evaporated under reduced pressure and the residue was purified by
column chromatography, using CH>Cl, as the eluent (R = 0.80), to give S as a light yellow
solid (320 mg, 95%). Melting point: 130 °C (CH,Cly/hexane). "H NMR (400 MHz, CDCl5) &
0.77 (t, J= 7.2 Hz, 3H, CH3), 1.18-1.24 (m, 2H, CH,), 1.42—1.46 (m, 2H, CH,), 2.80 (s, 3H,
NCH,), 3.17 (t, J = 7.2 Hz, 2H, CH»), 8.21 (t, J= 7.6 Hz, 1H, ArH), 8.31 (d, /=9.2 Hz, 1H,
ArH), 8.41 (d, J = 8.8 Hz, 1H, ArH), 8.44-8.49 (m, 4H, 4 x ArH), 8.54 (d, J = 8.4 Hz, 1H,
ArH), 8.97 (d, J = 9.2 Hz, 1H, ArH). °C NMR (100 MHz, CDCl3) & 14.05 (CH3), 20.12
(CHy), 30.05 (CH»), 34.54 (CHj3), 49.86 (CH,), 124.24, 124.29, 124.36, 125.64, 127.09,
127.14, 127.23, 127.38, 128.12, 129.10, 130.03, 130.52, 130.76, 131.32, 135.04. HR-mass
calcd for C,1H»»NOLS ([M+H]+): 352.1371; found: m/z 352.1375.
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