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Abstract

In this paper we introduce a new approach towards the modulation of fluorescence resonance

energy transfer (FRET). Two stilbazolium dyes (A, D) exhibiting opposite fluorescence responses



upon complexation with anionic, water soluble carboxylato-pillar[5]arene (WP5) were covalently
linked via click chemistry, yielding a FRET-capable ditopic indicator (G). The pseudorotaxane
formation of G with WP5 in pure water induced fluorescence enhancement combined with the
modaulation of the FRET process due to the interaction of the macrocycle with the two

fluorophore units.
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Introduction

Forster resonance energy transfer (or fluorescence resonance energy transfer, FRET) is an energy
transfer mechanism occurring between an excited donor and a ground state acceptor
fluorophore through non-radiative dipole-dipole interactions [1, 2]. The efficiency of the FRET
process depends on the distance between the donor and acceptor units, on their alignment, on
the spectral overlap between the donor emission and the acceptor absorbance and on the
fluorescence quantum yield of the donor, thereby providing versatile ways of FRET modulation
[3]. FRET is widely used in fluorescence sensing and imaging, utilizing the inherent advantage of
ratiometric measurements [4-6]. FRET-related techniques are particularly important in

biomedical research, exploiting that FRET is sensitive in the 1-10 nm distance range that matches



the dimensions of proteins, polynucleotides, or the thickness of cell membranes [7-9]. FRET is
also popular in the design of chemical sensors, in which the modulation of FRET is achieved by a
chemical reaction: the analyte binds covalently or coordinatively to the sensor, induces the
splitting of a chemical bond in their donor/acceptor units or induces the cleavage of the donor-

acceptor bond [10, 11].

In principle, FRET can also be modulated by supramolecular interactions, in the presence of a
macrocyclic host that forms an inclusion complex with the FRET sensor. Stimuli-responsiveness, i.
e. photoresponsive supramolecular systems are widely studied [12, 13], especially in the case of
interlocked structures [14-16]. A few studies have been published on the effect of cyclodextrins
on the fluorescence behavior of FRET dyads in aqueous solutions [17, 18], however the
modulation of FRET in covalently linked donor-acceptor pairs by supramolecular interactions is
virtually unexplored. In the present work we studied this effect on the example of a complex
formed by a stilbazolium dyad (G) and a pillararene macrocycle. Since the fluorophore
components of G are strongly solvatochromic, this could be exploited to modulate the overall
FRET process by the changes in optical properties upon interaction with a macrocyclic host. To
our knowledge, neither FRET systems containing stilbazolium fluorophores was compiled
previously nor the modulation of the intramolecular FRET process was attained by the
complexation of a FRET dyad by a pillararene. It was hoped that the results on such a model
system can be helpful in the application of solvatochromic FRET-based sensors in complex

matrices of biological origin.
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Fig. 1 Structures of WP5, DAST, D, Aand G

Although pillar[n]arenes (Pns) are a relatively new class of macrocycles [19], they have soon
become one of the most popular targets in host-guest chemical studies [20-27]. Especially, the
discovery of water soluble derivatives (WPns) have further extended their applications in various
biological systems. Mostly ionic (carboxylato [28-30], ammonium [31, 32], imidazolium [33])
pillararenes, in particular carboxylato-Pns have been used in binding studies performed in
aqueous medium. Carboxylato-pillar[5]arene (WP5), first synthesized by Ogoshi in 2010 [28] is an
ideal host for ammonium-containing and electron-deficient guests [34-36]. It is worth mentioning
that only a few papers describe the complexation of fluorescent guests by WP5 [37, 38] and the

observation of FRET on sophisticated supramolecular systems containing pillararenes was



reported only in two recent articles [39, 40]. Recently, we described the complexation of WP5

with three stilbazolium dyes, of which 4-dimethylaminostyryl-N-methylpyridinium iodide (DAST)

produced a colorimetric response and a large fluorescence enhancement upon binding to WP5

[41]. In the present paper, we report the complexation of two simple pyridinium dyes (A, D) and

their covalently linked, FRET-capable derivative (G), with WP5 (Fig. 1).

2. Results and discussion
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4-Methoxystyryl-N-methylpyridinium iodide (D as donor), 4-dimethylaminostyryl-N-

phenylpyridinium chloride (A as acceptor) and WP5 were synthesized using standard literature

methods [42-44]. In order to efficiently link these fluorophores, we turned to click chemistry



which is often used to yield FRET-capable dyads [45-48]. The covalently linked ditopic compound

was therefore achieved by the click reaction of the O-propargyl-analogue of D (4) and the azide-

containing analogue of A (2) and fully characterized by NMR and HRMS measurements (Fig. 2).

The starting materials 2 and 4 were prepared in the same manner as D and A, namely by the

Knoevenagel condensation of the corresponding benzaldehydes 1 and 3, respectively, in ethanol

or methanol using piperidine as catalyst.
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Fig. 3 (a) Schematic representation of the complexation of D and A with WP5; variation of the (b)

absorption and (d) fluorescence (2., = 400 nm) spectra of D (5.0 uM) in water upon the addition

of WP5 (0 to 2 equivalent); variation of the (e) absorption and (f) fluorescence (A, = 530 nm)

spectra of A (5.0 uM) in water upon the addition of WP5 (0 to 1.3 equivalent). The insets show



the photographs of the corresponding solutions in ambient light and under a UV lamp. The left

vials contain only the indicator (20 M ), the right vials the indicator and WP5 (50 1iM)

2.2 Complexation of D and A with WP5

The effects of the inclusions of D and A by WP5 on their fluorescence are illustrated
schematically in Fig. 3a. The variations of the absorption and fluorescence spectra of D and A
upon the addition of WP5 are shown in Figs. 3b-e. They both are negative solvatochromic dyes,
accordingly, their absorption bands are shifted to the red when the dyes are included in the
pillararene cavity, as an environment of lower polarity (see Figs 3b and 3d). The shifts of the
fluorescence bands upon complexation are less pronounced, the intensities, however, show a
spectacular change (see Figs. 3c and 3e). Interestingly, despite the virtually small structural
differences between A and D, their fluorescence responses to the complexation are opposite:
turn off in case of D, turn on in the cases of DAST [41] and A (see Table 1 for spectroscopic
details). The relatively weak fluorescence of uncomplexed A can be explained with its
deactivation via a low energy twisted intramolecular charge transfer state [49, 50], which is
blocked when A is confined in the cavity of WP5. The fluorescence quenching of D upon
complexation may berelated with an electron transfer between the pyridinium unit in the excited
state of dye and a carboxylate group of the WP5 host. A photoinduced electron transfer within
the contact pair of DAST with | ion had been described [51]. The theoretically calculated ground
state diplole moments for D and A have close values, but in excited state D has a higher dipole
moment, which may indicate a higher local positive charge on its pyridinium unit, favoring for

electron acception [52].

The expected 1:1 stoichiometries of the D-WP5 and A-WP5 complexes were verified by Job’s
method (see Supporting Information, Figs. S8 and S9). A least-square fitting to the absorption

spectra of the dye-pilararene mixtures yielded the values of K,(D-WP5) = 1.64-10° M™ and



K,(A-WP5) = 6.63-10° M for the association constants. It is clear, that there is no significant

difference in the magnitude of the two K, values.
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Fig. 4 *H-NMR spectra (500 MHz, 25°C) of (top) (a) WP5 (b) D-WP5 (c) D and of (bottom) (a) WP5
(b) A-WPS5 (c) A (bottom) in D,O maintaining a constant concentration of 3 mM for all

components. Note the splitting of the protons of the host.

The complexation of D and A was further examined by 'H NMR spectroscopy in D,O (Fig. 4). As
can be seen on Fig. 4, almost all signals deviate in the spectra of the complexes. The splitting of
the proton signals of WP5 shows the inclusion-induced restriction of rotation (as previously
observed with DAST and paraquat [21,32]) of the constituent units. Significant upfield shifts and
signal broadening can be observed both in the cases of D and A, that indicate the threading and

thereby the shielding effect.
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Fig. 5 Absorption spectra of D (green line), A (red line) and G (black line) in water (5.0 M)



2.3 Spectroscopy and complexation of G

Fig. 6. The FRET effect of dye G and its modulation by WP5. The vials contain the aqueous

solutions of (from left to right) D+A; D+A+WP5; G; G+WPS5, the upper photographs were taken in
ambient light, the lower under UV lamp. The concentrations of D, A and G were 20 uM, the

concentration of WP5 was 50 uM.

These intriguing results and the ideal overlap of the fluorescence band of D and the absorption

band of A prompted us to synthesize the covalently linked G. As expected, G shows intense FRET

10



due to the high level of overlap and the short distance between the fluorophores. The absorption
spectrum (Fig. 5) involves two distinct bands, one belonging to the donor, the other to the
acceptor part of the molecule. The FRET effect in G and the modulation of the FRET via the
complexation of G by WP5 are sufficiently strong to be detectable by naked eye, as illustrated in
Fig. 6. The FRET process can be clearly seen by comparing the excitation spectra of G and A (Figs
7a and 7d, black traces): in the spectrum of G a new band appears in the absorption range of the
donor moiety. As another evidence of FRET, exciting G in the absorption range of D, the emission
of the acceptor componentof the dyad, G(A) can be observed beside the emission of its donor

moiety, G(D) (see Fig. 7b, black trace).
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Fig. 7 (a-c) fluorescence spectra of G (black) and G-WP5 (green) compared to (d-f) the spectra of
A (black) and A-WP5 (red); 5.0 uM dye concentration in water with 2.5 equivalent WP5 for each.
(a) and (d): excitation spectra A.., = 640 nm; (b) and (e): emission spectra A., = 380 nm; (c) and (f):

emission spectra A., = 500 nm
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The addition of WP5 to the aqueous solution of G results in changes in the fluorescence
excitation as well as the emission spectrum of G (Figs. 7a-c, green traces), which can be

considered as the modulation of FRET in the dyad by the supramolecular interactions. The

intensity of the fluorescence band belonging to the G(A) unit is strongly enhanced, whereas the

emission assigned to the G(D) moiety is completely quenched — in contrast to the free dyad in

which FRET causes only a partial quenching of the G(D) emission. In terms of FRET efficiencies,

q)D - ¢DA

NFRET = @,

calculated from the fluorescence quantum yields in Table 1, Ngrer = 96 % for the free FRET-pair,

and increases to 100 % in the complex.
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Fig. 8 Variation of the (a) absorption and (b and c) fluorescence spectra of G (5.0 uM) in water

upon the addition of WP5 (0 to 1.3 equivalent), A.,= (b) 380 nm, (c) 500 nm;(d) fluorescence
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enhancementof G, F/F,, in the presence of WP5, measured at A.,,= 640 nm, with excitations at

Aex= 380 and 500 nm

The modulation of FRET arising from the complexation can also be characterized by comparing
the fluorescence intensity enhancements of G upon the addition of WP5, exciting at two
wavelengths, one of which (380 nm) falls into the absorption range of the G(D) unit, the other
(500 nm) in the absorption range of the and G(A)moiety (see Fig. 8a). The gradual changes in the
fluorescence spectra with the increasing concentration of WP5 can be followed in Figs. 8b and
8c. As demonstrated in Fig 8d, exciting G at the two above wavelengths and measuring the
emission at a selected wavelength, the FRET-pair gives a ratiometric response to the addition of
WPS5, with final values of F/Fy(Aex 380 nm) = 6 for the donor excitation and F/Fg (Aex500 nm) =12.6

for the acceptor excitation.

The variation of the absorption spectrum of G (Fig. 8a) with the concentration of added WP5
(lack of isobestic point, absorbance values show a non-monotonous trend) indicates a multiple
product reaction. Assuming the formation of 1:1 and 2:1 complexes, the system can be
characterized by the stepwise equilibrium constants K; = [G-WP5]/[G][WP5] and K, =
[G*WP5]/[G-WP5][G]. (As both the donor and the acceptor parts of G may bind to WP5, [G-WP5]
and [G,-WP5] may be considered as the total concentrations of isomers with the respective
compositions.) A least-square fitting to the absorption spectra yielded the values of K; = 4.0x10°
M™ and K,= 4.1x10° M™. The sigmoidal shape of the binding isotherm obtained by titrating the

solution of G with WP5 (Fig. 8d) is consistent with this reaction scheme (Scheme 1).
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Fig. 9 'H-NMR of (a) WP5 in DMSO-d,-D,0 1:1 (3 mM) (b) G+WP5 in DMSO-ds-D,0 1:1 (3 mM) at
340K (c) G in DMSO-ds-D,0 1:1 (3 mM) (d) G in DMSO-dg with the assigned protons. The arrows
indicate the mainly unchanged proton signals (located at the black parts of the molecule), the red

ovals the disappearing proton signals (located at the red part of the molecule)

The structure of the complex or complexes in the G-WP5 mixtures was studied with *H-NMR
spectroscopy. Due to the poor solubility of G in D,0, DMSO-ds-D,0 solvent mixture (1:1 volume
ratio) was used at 340 K to avoid the precipitation of G-WP5. Thus, an acceptable spectrum was
obtained (see Fig. 9) in which some signals of the guest remained more or less unchanged (black
arrows, consistent with the black part of the molecule — protons from Kto O and V). However, the
pyridinium signals on both ends of the guest disappeared as well as the protons of the double
bonds (the dotted red ovals show the disappearing peaks consistent with the red part of the

molecule — protons from D to | and from Q to U), while the N-phenyl protons seem mostly

14



unaffected. These qualitative informations allow to assume that the guest can penetrate the

macrocycle on both ends followed by threading upon complexation.

2Mm

G

K1 l WP5
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K2 l WP5

’ G-WPS5

OFF ON

Scheme 1 Proposed model for complexation of G and WP5

Table 1 Optical spectroscopic data of the stilbazolium dyes and their WP5 complexes

Aabs € Aem @ / Type of
(nm) (nm) excitation
D 373 33602 493 0.0074
D-WP5 392 18967 - 0.00021
A 486 29492 650 0.00018
A-WP5 540 12125 652 0.0017
G 386 39336 496 0.00027 /D —D
638 0.00079 /D —>A
490 29206 638 0.00027 / A —>A
G-WP5 383 28200 - 0/D—-D
630 0.0075 /D —>A
500 28238 0.0040 / A—>A
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2.4 Computational study on the complexation

To gain a further insight into the structures of G and its pseudorotaxane-type complex with WP5,

theoretical calculations have been carried out (for conformational analyses of rotaxanes see

recent articles [53-55]).

The minimal-energy geometries of G and WP5 were searched in two steps. First, we employed a
molecular mechanical (MM) conformational analysis using the Merck molecular force field
(MMFF94). Thereafter, the conformers with energies up to 8 kJ/mol from the lowest energy
conformer were optimized using the PM6-D3H4 (parametrized model 6 with dispersion
correction) [56] semi-empirical approach. As could be expected, considering the repulsion of the
positive charges on the donor and acceptor parts of G, a close-to-linear structure was obtained
for the minimum energy conformer (Fig S11a). The minimum of WP5 was in accordance with its

Cs point group symmetry (Fig. S11b).
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Fig. 10. The energies of the optimized G-WP5 complex structures as a function of the averaged
d(N,-0) distance (distance of the pyridinium N of the donor and the carboxylates on the opposite
rim of the macrocycle)

To analyze the G-WP5 complex we used the previously optimized geometries of G and WP5 as
starting point. We took up 21 initial positions of G along the cavity of WP5, and optimizing the

16



geometries with the PM6-D3H4 method 14 different structures were obtained. As shown in Fig.
10 and Table S1 the most favorable structures of the complex were those in which one of the
pyridinium terminal groups of G protrudes in the cavity of WP5, indicating that the complexation
is controlled by the Coulomb-interactions. These results are in accord with the NMR
measurements. The geometry of the free guest did not change significantly in its WP5 complex

(Fig. S11c-e).

. Conclusions

In conclusion, we have examined the interaction of stilbazolium dyes A and D with carboxylato-
pillar[5]arene WP5. The inclusion complexation resulted in opposite fluorescence responses. The
two fluorophores were covalently linked via click chemistry affording a ditopic indicator G. To our
knowledge, this is the first stilbazolium-based FRET-capable dyad. In water, the pseudorotaxane
formation of GwithWP5 induced strong fluorescence enhancement which was combined with
the modulation of the FRET process, that can be rationalized by the efficient interaction of both
fluorophores and the pillararene host. We are currently working on the further understanding of

this supramolecular system and the potential application in ratiometric sensing.

Materials and methods

4.1 General

Solvents, reagents and starting materials were obtained from commercial supplier and used
without further purification. D [42], A [43], and WP5 [44]were prepared as described before. All
the spectroscopic experiments were carried out at 25°C. The UV-vis absorption spectra were
recorded on an Agilent 8453 diode array spectrometer. The fluorescence spectra were measured
on an Edinburgh Instruments FLSP 920 fluorescence spectrometer. The'H NMR spectra were
taken on a Bruker Avance DRX-500 spectrometer with chemical shifts reported in ppm (the

residual DMSO was used as internal standard). The exact mass measurements were performed

17



using a Q-TOF Premier massspectrometer (Waters Corporation, 34 Maple St, Milford, MA, USA)
using Electrospray ionization in positive mode. The molecular mechanical conformational analysis
was carried out using the MarvinBeans program package [57]. The quantum chemical geometry

optimizations were performed with the MOPAC 2016 program package [58] .

4.2 Synthetic procedures

4.2.1 Synthesis of 4-(4-((2-(azidoethyl)(methyl)amino)styryl-N-phenylpyridinium chloride
(2)

To a mixture of4-((2-azidoethyl)(methyl)amino)benzaldehyde [48] (1,330 mg, 1.62 mmol) and N-
phenyl-4-picolinium chloride [59] (222 mg, 1.08 mmol) in 5 ml refluxing ethanol was added a
catalytic amount of piperidine. The reaction mixture was refluxed for 2 hours to reach
completion then evaporated. The purple residue was crystallized from acetone and washed with
acetone and diethyl ether three times to obtain 280 mg (66%) of 2 as purple crystals. "H-NMR
(500 MHz, DMSO-dj, 25°C) 6 9.05 (d, J = 6.7 Hz, 2H), 8.21 (d, J = 6.7 Hz, 2H), 8.13 (d, J f= 16.1 Hz,
1H), 7.86 (d, J = 7.4 Hz, 2H), 7.76 — 7.64 (m, 5H), 7.35 (d, J = 16.0 Hz, 1H), 6.88 (d, J = 8.6 Hz, 2H),
3.69 (t, J = 5.8 Hz, 2H), 3.55 (t, J = 5.8 Hz, 2H), 3.06 (s, 3H). *C-NMR (125 MHz, DMSO-d,, 25°C) &
154.66, 150.96, 143.52, 143.09, 142.26, 130.69, 130.53, 130.13, 124.17,122.99, 122.31, 117.24,
112.02, 50.41, 48.36, 38.17. HRMS calculated for Cy,H,,Ns [M]" m/z = 356.1875, found [M]*

356.1876.

4.2.2 Synthesis of 4-((4-propargyloxy)styryl)-N-phenylpyridinium iodide (4)

To a mixture of 4-propargyloxybenzaldehyde [60] (3, 700 mg, 4.37 mmol) and N-methyl-4-
picolinium iodide (685 mg, 2.91 mmol) in 5 ml refluxing methanol was added a catalytic amount
of piperidine. The reaction was refluxed for 2 hours to reach completion then cooled to room
temperature and the greenish yellow precipitate was filtered. The crystals were washed with
methanol and acetone three times to obtain 881 mg (80%) of 4 as yellow crystals. "H-NMR (500

MHz, DMSO-ds, 25°C) 6 8.83 (d, J = 6.4 Hz, 2H), 8.19 (d, J = 6.4 Hz, 2H), 8.00 (d, J = 16.3 Hz, 1H),
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7.74 (d, J = 8.5 Hz, 2H), 7.40 (d, J = 16.3 Hz, 1H), 7.11 (d, J = 8.5 Hz, 2H), 4.90 (d, J = 2.4 Hz, 2H),
4.25 (s, 3H), 3.64 (t, J = 2.4 Hz, 1H). *C-NMR (125 MHz, DMSO-ds, 25°C) & 158.97, 152.72, 144.86,
140.30, 129.81, 128.42, 123.07, 121.11, 115.44, 78.84, 78.56, 55.62, 46.77. HRMS calculated for

C17H16NO [M]" m/z = 250.1227, found [M]* 250.1232.

4.2.3 Synthesis of G

For the click reaction of the azide and alkyne compounds both 2 (81 mg, 0.207 mmol) and 4 (78
mg, 0.207 mmol) were dissolved in 2 ml methanol/4 ml acetonitrile mixture (compound 4 was
not completely soluble in methanol). To this solution was added TBTA [61] (11 mg, 10 mol%) and
[Cu(MeCN),]BF, (5 mg, 7.5 mol%). This was stirred for 20 hours at room temperature and
monitored by TLC (sat. NH,Cl,;-MeOH 15:85 on NP-silica). After the completion, the reaction
mixture was evaporated and the residue was crystallized from acetone (approx. 15 ml), filtered
and washed thoroughly with acetone three times giving 111 mg (70%) deep red crystals. To
obtain a high purity product suitable for fluorescence measurements, the product was purified
by column chromatography on Al,O; (neutral, Beckmann Il) using dichloromethane-methanol 9:1
as eluent. Purifying 64 mg of the product 28 mg of high purity G could be obtained (44% yield for
the column). "H-NMR (500 MHz, DMSO-ds, 25°C) 6§ 9.03 (d, J = 6.5 Hz, 2H), 8.81 (d, J = 6.4 Hz, 2H),
8.29 (s, 1H), 8.17 (d, / = 6.5 Hz, 2H), 8.14 (d, J = 6.4 Hz, 2H), 8.09 (d, J = 16.0 Hz, 5H), 7.97 (d, J =
16.3 Hz, 1H), 7.83 (d, / = 7.1 Hz, 2H), 7.74 - 7.63 (m, 5H), 7.60 (d, J = 8.5 Hz, 2H), 7.35 (d, / = 16.3
Hz, 1H), 7.30 (d, J = 16.0 Hz, 2H), 7.12 (d, J = 8.4 Hz, 2H), 6.74 (d, J = 8.5 Hz, 2H), 5.18 (s, 2H), 4.60
(t,J=6.1 Hz, 2H), 4.21 (s, 3H), 3.92 (t, J = 6.0 Hz, 2H), 2.79 (s, 3H). *C-NMR (75 MHz, DMSO-dj,
25°C) 6 160.34, 155.10, 153.27, 151.18, 145.34, 143.95, 143.55, 142.93, 142.72,140.94, 131.14,
131.00, 130.62, 130.40, 128.56, 125.76, 124.64, 123.52, 122.80, 121.36, 117.76, 115.88, 112.38,
61.74,51.92, 47.46, 47.21, 38.43. HRMS calculated for Cs;H3sNsO [M]*" m/z = 303.1551, found

[M]** 303.1526
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