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ABSTRACT: Indolocarbazole-pyridine hybrid foldamers are strongly fluorescent in an
extended random conformation, but the fluorescence is completely quenched upon

folding to a helical conformation due to the compact stacking between aryl planes in the
backbone. Anion binding disturbs the helical conformation, thus regenerating the
fluorescence of the foldamers. This unique property has been utilized to develop a
fluorescence turn-on probe for anions such as sulfate and fluoride.

In recent years, anions have emerged as a key research subject
in the field of supramolecular chemistry due to the growing
recognition of their crucial roles in chemical, biological, and
environmental systems. A large variety of synthetic molecules
have been described that interact with anions to generate
optical or electrochemical signals, thus functioning as molecular
probes for anions. In most cases, the signals upon anion
binding result from the electronic perturbation of synthetic
molecules by hydrogen-bond formation or chemical reactions.
It was also described that the fluorescence “turn-on” signals
could be produced by the modulation of the assembly and
disassembly of small organic molecules and polymers.”

Foldamers are synthetic oligomers that tend to adopt well-
defined secondary structures.” Among them, we have been
interested in the aromatic helical foldamers that are responsive
to external stimuli to develop molecular switches and smart
materials.”> When folded into a helical conformation, the
aromatic foldamers display considerable changes in the
absorption and emission properties due to the z-stacking of
the backbone aromatic planes. We envisioned that these unique
features could be implemented in the development of
molecular probes for anions that would disrupt z-stacked
arrays in the helical foldamers. In this study, we, for the first
time, describe a foldamer-based molecular probe for anions
using indolocarbazole—pyridine hybrid foldamers 1 and 2,
which are strongly fluorescent when unfolded, but the
fluorescence is completely quenched upon folding to a helical
conformation. Anions such as fluoride and sulfate effectively
disturb the folding conformation to regenerate the fluorescence
of the foldamers, functioning as “turn-on” fluorescence probes
for the anions.

The synthesis of compound 1 was described previously.”
The synthesis of foldamer 2 is outlined in Scheme I.
Sonogashira coupling reaction” of a 1:1 mixture of compound
3% and 4 gave compound 5 (41%), which in turn was reacted
with compound 6° to afford foldamer 2 in 69% yield. All new
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Scheme 1. Synthesis of Foldamer 2
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compounds were fully characterized as detailed in the
Supporting Information. The folding features of foldamers 1
and 2 were first revealed in the solid state by single-crystal X-
ray diffraction. As shown in Figure 1, foldamer 2 adopted a
helical structure of two turns which were tightly stacked
together with an average interplanar distance of 3.4 A. The two
helical enantiomers, right- (P) and left-handed (M) helices,
were alternatively stacked to afford a racemic crystal (Figure
S12). The indolocarbazole NH protons and pyridyl nitrogen
atoms were all converged inward into the internal cavity
wherein two water molecules were occupied by hydrogen

bonds.
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Figure 1. (a) ORTEP (50% probability) and (b) space-filling (CPK)
views of X-ray crystal structures of 2. Two water molecules are
entrapped in the helical cavity of 2 by multiple hydrogen bonds with
the indolocarbazole NHs and pyridine nitrogen atoms. The CH
hydrogen atoms are omitted for clarity.

In solution, the folding properties of foldamers 1 and 2
strongly depend on the nature of solvents. As described
previously,® foldamer 1 folded to a helical conformation in
nonpolar solvents including wet CD,Cl,, CDCl;, and toluene-
dg but existed in extended random conformations in polar
solvents such as DMSO-dg and acetone-d,. Likewise, foldamer
2 also showed the same folding features in solution as
evidenced by 'H NMR and fluorescence spectroscopy. As
shown Figure 2c¢, the 'H NMR aromatic signals of 2 were
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Figure 2. (a) Photograph of 2 (1.0 X 10~ M) upon illumination with
a UV lamp (~365 nm), (b) fluorescence spectra of 2 (2.0 X 107° M)
in various wet solvents, and (c) partial "H NMR spectra of 2 (1.0 X
10~ M) in DMSO-d, and water-saturated CD,Cl,.

considerably shifted upfield in water-saturated CD,Cl,
compared to that in DMSO-ds. In particular, the pyridine
signals displayed the most pronounced shifts; two signals H?
and H" appeared at 7.43 and 7.53 in DMSO-d, but they were
dramatically shifted to 6.12 and 5.84 ppm in water-saturated
CD,Cl,, respectively. These characteristic upfield shifts strongly
support that foldamer 2 adopts a helical conformation with
compact stacking between the backbone aryl planes in water-
saturated CD,Cl,, which is consistent with the X-ray crystal
structure.

In addition, the emission properties of foldamers 1 and 2
were sensitive to the nature of solvents (Figure 2a,b and Figure
S4). The foldamers were essentially nonfluorescent in wet
CH,Cl,, CHCl;, and toluene. This fluorescence quenching8
supports the stacked arrangement of indolocarbazoles and
pyridines in 1 and 2 as a result of the helical folding. In sharp

4405

contrast, the foldamers were strongly fluorescent in DMSO and
acetone, which contain good hydrogen bond acceptors with
scales of 0.76 and 0.43, respectively.” These solvents tend to
form strong hydrogen bonds with the indolocarbazole NH
protons in foldamers 1 and 2, which should be all desolvated
for the helical folding because the in situ generated internal
cavity is too small to accommodate these solvents. As a
consequence, foldamers 1 and 2 existed in unfolded random
conformations and thus were fluorescent in DMSO and
acetone.

In this context, we hypothesized that anion binding to the
foldamers might also disturb their helical folding to turn on the
fluorescence. We added anions as tetrabutylammonium salts to
a water-saturated CH,Cl, solution containing 1 or 2 (Figure 3).

(a)

— . "
1 . CF, . Br., r __CN_ Ny NOy ClOg AcD'H;.PO.

N | BN

(b) 40y

NO,” ClO, AcO™ Bl H.PO,

O

2
=
=

5047

150

CF, Br, I, CN-,
Ny~, NO;, CIO,",

o-. H,PO,

500 600
wavelength (nm)

CI", CN™ Ny~

intensity (au)
intensity (au)

Br, 17, NO;~
ClO,~, AcOr,
, H:PO,

600

500
wavelength {nm)

700 T00

Figure 3. (a) Photographs of 1 (above) and 2 (below) (1.0 X 107> M)
upon illumination with a UV lamp (~365 nm); emission spectra of (b)
1 (2.0 x 107® M) and (c) 2 (2.0 X 107° M) in the absence and
presence of anions (5 equiv) in water-saturated CH,CL,.

Two trends were apparent. First, sulfate and fluoride ions were
the most efficient in regenerating the fluorescence of 1 and 2.
This can possibly be attributed to the formation of strong
hydrogen bonds between the anions and foldamers. Second,
the anion-induced fluorescence enhancement of 2 was much
larger than that of 1. In foldamer 1, a greenish fluorescence
(Apax = ~490 nm) was clearly visible only in the presence of
sulfate and fluoride ions, while a bright blue-colored
fluorescence (4,,,, = ~460 nm) was additionally seen with 2
in the presence of other anions such as chloride, cyanide, and
azide ions under the same conditions. Foldamer-based anion
probes of this kind are highly attractive and useful because
anion binding leads to the fluorescence “turn-on” from the
completely nonfluorescent state.

"H NMR studies demonstrated that anion binding altered the
helically folded conformation of the foldamer, which might be
responsible for the fluorescence recovery. As a representative
example, foldamer 2 adopted a helix of two turns in wet
CD,Cl,, and therefore, 'H NMR aromatic signals were
significantly shifted upfield as mentioned earlier. Upon addition
of sulfate ion, most aromatic signals in 2 were noticeably shifted
downfield (Figure 4b and Figures S1 and S2), implying that the
stacked helical arrangement of the aromatic rings is broken. In
particular, one of the two pyridine signals CH® was greatly
shifted from 6.12 to 827 ppm, which was much greater than
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Figure 4. (a) Possible unfolding process of helical foldamers upon
anion binding and (b) partial '"H NMR spectra of 2 (1.0 X 107> M) in
the absence (bottom) and presence (above) of (TBA),SO, (S equiv)
in water-saturated CD,Cl,.

the magnitude (A5 = 0.1-0.5 ppm) of the downfield shifts
observed for other aromatic protons. This result clearly
indicates the formation of the CHS---anion hydrogen bond as
shown in Figure 4a. When an anion binds to the helical cavity
through hydrogen bonding with NHs and OH, repulsive
interaction between the bound anion and the pyridine nitrogen
is present. To avoid this repulsion, the ethynyl bond should be
rotated. As the consequence, the CH® hydrogen atom can
simultaneously participate in the hydrogen bond with the same
anion. In turn, the foldamer becomes unfolded and becomes
fluorescent upon anion binding. Furthermore, electron-
donating ethylene glycol (Eg) substituents in foldamer 2 are
expected to increase the electron density in the pyridyl
nitrogen, which may facilitate the unfolding upon anion
binding due to the stronger repulsive interactions.

Next, we determined the association constants of 2 with
three representative anions, F~, CI~, and SO,>” as tetrabuty-
lammonium salts. The maximum values on the Job plots were
observed at 0.58—0.70 of [anion]/([anion] + [2]) (Figure Sb
and Figures S6b and S7b), suggesting that 1:2 (2/anion)
binding modes are predominant under the conditions."’
Titration experiments were conducted with fluorescence
spectroscopy at 25 °C in 1% MeOH/water-saturated CH,Cl,,
and titration curves were analyzed by a nonlinear squares fitting
method (Figure S and Figures S6 and §7)."" As summarized in
Table 1, foldamer 2 bound most strongly the sulfate ion with
the binding constants, log K; = 5.25 and log K|K, = log f =
10.23. Decreased binding affinities were observed with fluoride
and chloride ions. To confirm the validity of these values, we
also conducted the 'H NMR titrations of compound § forming
only 1:1 complexes with anions (Figures S8—10). The
association constants (log K) of compound S were comparable
to those (log K; or (log 3)/2) of foldamer 2. It should be noted
that, in addition to the downfield shifts of NH and OH signals,
the pyridine CH hydrogen of S5 was largely shifted downfield
during the titrations, as in the case of foldamer 2. The
complexation-induced shifts of all these signals gave identical
association constants within experimental error, implying that
these signals participate in the same binding event.
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Figure 5. (a) Fluorescence spectral changes of 2 (5.0 X 107 M in 1%
(v/v) CH;OH/water-saturated CH,Cl,) with increasing the amount
of (TBA),SOy; (b) Job plot; (c) titration curves at 490 nm (dot:
experimental, line: theoretical).
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Table 1. Association Constants” of 2 and $ for Anions at 24
°C in 1% MeOH/Water-Saturated CH,CI,

2 5

log K; log p log K
cr- 4.31 + 0.01 7.76 + 0.02 4.14 £ 0.05
F~ 4.62 + 0.68 7.92 £ 0.03 4.10 + 0.05
SO~ 5.25 + 0.05 10.23 + 0.10 475 + 0.09

“Anions were used as tetrabutylammonium salts, and titration
experiments were carried out using fluorescence spectroscopy for 2
and 'H NMR spectroscopy for 5 (see the Supporting Information)

Finally, we investigated whether the sulfate complex of 1
could refold to a helical conformation when the pyridine rings
in 1 were protonated. In such a case, strong hydrogen bonds
might form between the protonated pyridines and the bound
sulfate ion, instead of the original repulsion exerted in the
helical conformation of the neutral form. To examine this
possibility, we added perchloric acid to a fluorescent, water-
saturated CH,Cl, solution containing 1 and sulfate ions. The
resulting solution became nonfluorescent (Figure 6a). Next,
when tetrabutylammonium hydroxide was added, the solution
became fluorescent again. This on-and-off fluorescence switch-
ing, modulated by acid—base chemistry as described here,"”
should be attributed to the repetitive alteration of folding and
unfolding conformations. Moreover, this refolding into a
compact helical conformation due to the protonation was
confirmed in the X-ray crystal structure of complex 1-
2H*>S0,*" (Figure 6b and Figure S11). The sulfate ion was
situated in the middle of the helical cavity through eight
hydrogen bonds, six with the indolocarbazole NHs and two
with the protonated pyridinium NHs.

In conclusion, we have demonstrated for the first time that
aromatic helical foldamers can function as fluorescence “turn-
on” probes for anions. The helically folded indolocarbazole—
pyridine foldamers are nonfluorescent but become fluorescent
upon binding anions such as fluoride and sulfate which disturb
the helical conformations with compact aromatic stacking. It
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Figure 6. (a) Fluorescence on—off switching of the sulfate complex of
1 (20 x 107 M) in water-saturated CH,Cl, that was reversibly
controlled by addition of perchloric acid and tetrabutylammonium
hydroxide and (b) X-ray crystal structure of complex 1-2H*2S0,>".

has been also proven that the reversible switching of on and off
fluorescence can be achieved by controlling the folding and
unfolding states.
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