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/Abstract: Pyrene-based cyclophanes have been synthesized
with the aim to realize a bellows-type sensing mechanism
for the ratiometric detection of nucleotide concentrations in
a buffered aqueous solution. The sensing mechanism in-
volves the encapsulation of a nucleobase between two
pyrene rings, which affects the monomer-excimer equilibri-
um of the receptor in the excited state. The nature of the
spacer and its connection pattern to pyrene rings have been
varied to achieve high selectivity for ATP. The 1,8-substituted
pyrene-based cyclophane with the 2,2’-diaminodiethylamine

spacer demonstrates the best selectivity for ATP showing a
50-fold increase in the monomer-excimer emission ratio
upon saturation with the nucleotide. The receptor can
detect ATP within the biological concentrations range over a
wide pH range. NMR and spectroscopic studies have re-
vealed the importance of hydrogen bonding and stacking
interactions for achieving a required receptor selectivity. The
probe has been successfully applied for the real-time moni-
toring of creatine kinase activity.

/

Introduction

Nucleotides belong to an important class of phosphate deriva-
tives, which are widespread in living systems and have various
cellular functions. Nucleoside phosphates act as second mes-
sengers and serve as phosphate donors in kinase-catalyzed
protein phosphorylation.! They are constituents of DNA and
RNA structures, and thus can be targeted to affect genetic in-
formation transfer. ATP has been the most attractive target for
recognition and detection because it plays an indispensable
role in cell energy conversion in almost all metabolic cycles of
living organisms. Cellular ATP concentration is maintained in
the range of 1 to 10 mm.” Biosensors such as luciferin-lucifer-
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ase bioluminescence assay, green fluorescent protein-based
probes and electrochemical sensors belong to the established
methods of detection.”! However, small molecule-based fluo-
rescent probes are highly attractive in terms of their straight-
forward synthesis, high chemical stability and versatility in ap-
plications. Therefore, the development of artificial receptors
and probes for nucleotides has attracted considerable atten-
tion in recent years.># In spite of much effort in this field,
there is still a challenge to design a receptor that a) possesses
high specificity for a certain nucleobase, b)can effectively
work in an aqueous solution and c) generates a selective ana-
lytical signal after complex formation. Especially challenging
has been the design of a signal transduction pathway from a
nucleobase recognition event to an analytical signal.”

The analysis of ATP-binding enzymes shows that nature has
developed multiple ways for selective recognition of ATP. They
include several sequence segments, where for example, gly-
cine-rich ones are responsible for phosphate binding and
other segments bind to adenine.”” Adenine is often found in a
hydrophobic cavity formed by lipophilic groups or aromatic
rings that provide stacking interactions.”

The evidence of adenine-arene interactions has been ob-
served in the majority of the best receptors and probes for
ATP reported so far.” Among them are the hosts based on
functionalized dyes®™ probes bearing boronic acid for sugar
recognition,” positively charged cyclophanes,"® polyammo-
nium-based receptors,"" probes with transition metal sites,'?
indicator displacement approach™ and sensors with aggrega-
tion-induced sensing mechanism."

Cyclophanes with aromatic rings oriented parallel to each
other offer a great possibility to study dispersion interactions
with a bound nucleobase. Fluorescent cyclophanes studied by
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us recently showed a turn-on response for ATP; however, their A s X

selectivity was moderate. We found that anthracene-based cy- A e NH HN

clophanes can intercalate with nucleobases between two dyes ‘ O

forming a sandwich-like complex."” This binding mode was re- O‘ ‘O O‘ O‘

flected in an increase in the monomer emission band and a O O OO Oe

decrease in the excimer band. Interestingly, this is an opposite

behavior of the anthracene-based cyclophane described by AN~ AN ’t/xj

Ramaiah and co-workers,"® which showed a stabilization of

the excimer form upon interaction with a guest under excita- ; i:gH 2_);=='\(J)H

tion. Guest-induced changes in the excimer or monomer emis-

sion bands of pyrene-containing hosts“"''”! have been ob- g"@

served in acyclic"® and macrocyclic receptors."®'¥ However, oo ok, HN®>

the bellows-type sensing mechanism, which involves stacking & ,\ M, — [ HN

of a nucleobase between two pyrene rings of the cyclophane
and changing the excimer-monomer equilibrium, has not yet
been realized.”” Towards the development of an ATP-selective
fluorescent receptor with bellows-type sensing mechanism, we
have proposed that the nature of the spacer between two
pyrene rings and the connection pattern are decisive for the
resulting receptor selectivity. Amine-containing spacers should
be protonated in aqueous solution leading to a repulsion of
two pyrene rings. This repulsion should balance the attractive
stacking interactions between rings and enable bellows-type
behavior of a cyclophane in the presence of an aromatic
guest.

Herein, we report four pyrene-based cyclophanes demon-
strating a ratiometric fluorescence response towards nucleo-
tides. The receptors possess a bellows-type sensing mecha-
nism, in which a nucleobase binds between two pyrene rings
through intercalation with breaking of the preferred excimer
complex in the excited state. We show that the amine spacer
is important to achieve high selectivity for ATP. The 1,8-substi-
tuted pyrene with the 2,2’-diaminodiethylamine spacer (recep-
tor 1) demonstrates the highest selectivity for ATP showing a
50-fold fluorescence ratio in the monomer-excimer emission
upon saturation with the nucleotide. The receptor can detect
ATP within the biological concentrations range over a wide pH
window. We also demonstrate that 1 functions as an efficient
probe for the real-time monitoring of creatine kinase activity.
The reported binding mechanism offers also a strategy to syn-
thesize new rotaxanes based on polyammonium cyclophanes.

Results and Discussion

Macrocycles 1-4 (Figure 1) were synthesized with 30-60%
yields by a condensation of 2,2"-diaminodiethylamine or 2-(2-
aminoethoxy)ethylamine with 1,6- and 1,8 pyrenedicarboxalde-
hyde by an adapted method described by Fabbrizzi.”" The
heteroatoms (NH, O) in the spacer structure were varied to un-
derstand if they could contribute to the stability and selectivity
of the receptor. The same idea we pursued with two pyrene
isomers, which produce macrocycles with different spatial ring
orientation. Attempts to obtain single crystals were successful
only for receptor 3, because all the compounds tend to form
amorphous powder in both organic and aqueous solution. Re-
ceptor 3 has an elongated conformation in the solid-phase
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Figure 1. Structures of receptors 1-4 and conformational equilibrium of re-
ceptor 1 in aqueous solution, which describes the presence of the excimer
and monomer emission in fluorescence spectra.

structure (Figure 2) and possesses intra- and intermolecular
CH-mt interaction.

Initially, we determined the protonation constants of the re-
ceptors in water by using potentiometric titrations (stepwise
logK, values are: 7.9; 7.2; 7.2; 6.0; 4.3; 4.1, Figure S7). The pH
region 4-7 was most appropriate for binding studies, as recep-

Figure 2. Single crystal structure of 3. ORTEP-rendered drawing with ellip-
soids are shown at a 50% probability level.
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tors are present in this pH window in three- and fourfold pro-
tonated states.”? Fluorescence spectra of all receptors feature
two emission bands at 380 and 480 nm, which correspond to
the monomer and excimer emission bands (Figure 3a). A series
of experiments were conducted in order to determine which
parameters have an effect on the monomer-excimer equilibri-
um. At acidic conditions, the monomer form prevails, while at
basic conditions the excimer form starts to dominate. The PET
process from the amine groups to pyrene also contributes to
fluorescence changes and is deactivated upon protonation
(lowering the pH of the solution).”® Interestingly, the presence
of ATP generates the strongest changes in emission bands in
pH window 4-7 (Figure 3b, Figure S8). Thus, we chose a closer
to physiological pH buffer—a 50 mm MES buffer with pH 6.2
for the determination of binding constants. Small amount of
DMSO in solution (6% volume) was required to achieve good
solubility of the receptor in aqueous solution. UV/Vis measure-
ments at different receptor concentrations confirmed the ab-
sence of aggregation at 10°m and proved the fact that the
excimer emission originates from intramolecular interactions in
solution (Figure S14).

Fluorescence titration experiments revealed that all nucleo-
tides except GTP affect the monomer-excimer equilibrium in
solution and lead to an increase in the monomer emission
band and a simultaneous decrease in the excimer band (/5g0,m/
lgonm reaches 10 for ATP). This fact supports the idea of the
complex formation, in which a nucleobase is inserted between
two pyrene rings. Contrary, GTP quenches the fluorescence of
both bands with much less increment in the monomer emis-
sion (3gonm/lasonm 1S @pprox. 2). Changes in the emission of for
example, 1 after addition of excess of nucleotides can be easily
seen with the naked eye (Figure 4). In cases of receptors 3 and
4 even a red shift (10 nm) of the excimer band is observed for

ATP GTP CTP UTP

P —

PP
po—

Figure 4. Changes in the emission colour of 1 in the presence of 100 equiv
of NTPs.

both GTP and GMP nucleotides with small changes in the exci-
mer-monomer emission ratio indicating strong stacking inter-
actions. The quenching effect of guanine derivatives has al-
ready been observed in the literature and was attributed to
the PET process between guanine and pyrene.”

Fluorescence titrations were carried out with nucleoside tri-
phosphates, selected di- and monophosphates, as well as with
pyrophosphate as a control anion that does not bear a nucleo-
base. The analysis of the measured response revealed that 1
has the highest selectivity for ATP in terms of fluorescence en-
hancement and selectivity. As can be seen in Figure 3, plotting
the ratio of two fluorescence bands against nucleotide concen-
tration allows one to distinguish ATP from other nucleotides.
Notably, both 1 and 2 bearing NH-groups show a much better
response (up to 10-fold enhancement of the monomer emis-
sion) than that observed for 3 and 4 bearing the oxygen-con-
taining spacer (1.3-3 fold). Hence, we concluded that the
oxygen-containing spacer stabilizes the stacked conformation
of receptors, while the amine spacer makes the system more
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Figure 3. a) Fluorescence spectra of 1 during addition of increasing amounts of ATP. b) Changes in the monomer intensity band depending on the pH in the
absence and in the presence of 10 equiv of ATP. Fluorescent enhancement observed for receptors c) 1, d) 2, e) 3, and f) 4 upon addition of increasing
amounts of nucleotides and pyrophosphate as a control anion. Conditions: 0.01 mm receptor 1, A,,=355 nm, 50 mm MES buffer (pH 6.2, 6% DMSO), 25 °C.
ATP—adenosine triphosphate; GTP—guanosine triphosphate; CTP—cytosine triphosphate; TTP—thymidine triphosphate; UTP—uridine triphosphate; NMP
and NDP nucleotides, where N=A, T, U, C or G, correspond to mono- and diphosphates.
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labile due to the greater number of protonation sites. This fact
is supported by slightly lower binding constants of 3 and 4 for
nucleotides in comparison with those obtained for 1 and 2.
Analysis of Table 1 reveals that the receptors show similar affin-
ity for ATP and ADP. This observation indicates that the charge
of the anion does not considerably contribute to the overall af-
finity. As can be seen in Figure 3, receptor 1 has slightly better
sensing selectivity than that of 2. The monomer/excimer emis-
sion ratio (l3g0nm/lss0nm) fOr receptor 1 reaches 50 and 23 upon
saturation with ATP and ADP, respectively. Addition of other
nucleotides does not exceed the value of 8. For receptor 2, the
Lsgonm/lagonm fOr ATP is 30, while most of other nucleotides show
10-fold changes. Receptors bind di- and triphosphates with a
stepwise 1:1 and 1:2 binding mode as revealed from fitting
analysis and Job plots. The data was fitted by HypSpec2014
computer program to obtain the binding constants.”” The 1:2
binding event likely originates from the fact that the receptor
bears greater charge at chosen conditions than that of nucleo-
tides”® or/and the ability of the second nucleobase to stack
with pyrene rings from outside. The competition experiment
for the detection of ATP in the presence of other nucleotides
revealed that GTP has the strongest effect because GTP
quenches almost completely the fluorescence of the receptor
(Figure S10). We also tested the tolerance of the bellows-type
sensing mechanism towards the nature of the buffer and the
pH of the solution. Fluorescence changes upon titration of 1
with ATP were similar; however the binding constants for ATP
were slightly lower: logK;;=4.50 in a 100 mm PBS (pH 7.4),
logK;;=4.33 in a 50 mm MOPSO (pH 6.2), logK;;=4.46 in
HEPES (pH 7.5). ITC measurements conducted for receptor 1
with ATP confirmed the results obtained by fluorescence and
UV/Vis spectroscopy: logK;,=5.61, AH=—86.4 kimol™', TAS=
—54.4 kJmol™' (Figure S16). Thus, recognition of ATP by the re-
ceptor is an enthalpically favorable and entropically unfavora-
ble process.

To clarify the exact binding mode and structural parameters
that are responsible for high ATP selectivity with receptor 1,
we conducted NMR studies together with DFT calculations of
the host-guest complex. The complexes of receptors with tri-
phosphates were not soluble at concentrations higher than

Table 1. Binding constants of receptors 1-4 (logK;;; logK;,) for nucleo-
tides and selected mono- and di-phosphates obtained by fluorescence ti-
trations in a 50 mm MES buffer (pH 6.2, 6% DMSO). Excitation: 355 nm,
slit 2/1, emission 360-600 nm."

Nucleotide 1 2 3 4

ATP 5.48; 3.69 4.22;3.73 5.55; 4.17 5.10; 3.52
GTP 4.38; 3.44 5.35; 3.68 5.35; 3.38 4.63; 4.29
CcTP 4.26; 3.07 <1;7.08 4.29; 3.25 3.94; <1
UTP 491; 3.42 3.20; 4.19 4.67;3.28 3.97; <1
TTP 4.77; 3.41 4.35;3.35 5.16; 3.64 2.72; <1
ADP 5.47;3.70 4.44; 3.10 4.21; 3.00 5.00; 3.33
AMP 4.15 3.38 3.00 3.33

GMP 4.50 436 3.51 3.25

[a] Binding constants are an average values from 2-3 experiments with
errors, which does not exceed 0.04 log units.
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10* M- Therefore, we titrated receptor 1 with AMP in a 10%
[Dg]IDMSO-buffer mixture (50 mm MES, pH 6.2 prepared in
D,0). As can be inferred from Figure 5b, the addition of AMP
up to 1 equiv induces upfield shifts of most pyrene signals and
downfield shifts of AMP signals. For the last mixture of 1 with
10 equiv of AMP we also obtained the 'H-'H ROESY spectrum,
which revealed a cross signal between adenine H? proton and
pyrene HY proton (Figure 5d). These results together with our
spectroscopic studies provide solid evidence that the adenine
ring intercalates with pyrene rings and break intramolecular
pyrene-pyrene stacking interactions in solution.

The origin of high ATP selectivity found for receptor 1 was
further investigated by quantum chemical calculations. For
simplicity reasons we used adenosine in calculations as a guest
coordinated to the fourfold protonated receptor 1H,**. Molec-
ular geometries of complexes were optimized by a parame-
trized model involving dispersion interactions®” starting from
a limited set of conformations from molecular dynamics.”® The
geometry of the complex with the lowest energy was further
optimized by MP2 method by using the L1 basis set (Fig-
ure 5¢).”* According to the calculations, the adenine ring inter-
calates with both pyrene rings and forms hydrogen bonds
with the side chains—amine spacers. Protonated amines N1
and N3 form hydrogen bonds with the amine group and the
pyrimidine nitrogen of the adenine ring. Interestingly, N4
forms a hydrogen bond with the adenine ring additionally sta-
bilizing the overall complex. Thus, the combination of stacking
interactions, complementary hydrogen bonding and appropri-
ate position of hydrogen bond donor groups in space may be
responsible for the observed selectivity for adenosine triphos-
phate.

The fact that our receptor can form sandwich complexes
with aromatic guests was further evidenced by studying the
fluorescence quenching of 1 by indigo carmine. Being an elec-
tron-deficient mt system, indigo carmine should strongly inter-
act with electron-rich pyrene. Especially strong interaction can
be expected in the sandwich complex, which resembles the
binding mode observed for the nucleotides. Since indigo ab-
sorbs light in the region where 1 emits, it should quench its
fluorescence. Indeed, the fluorescence titration of 1 with up to
2 equiv indigo carmine led to a strong quenching of the exci-
mer band (Figure 5e). However, the monomer emission was
not linearly quenched indicating a stepwise 1:1 and 1:2 com-
plex formation with calculated binding constants logK;,;=5.67
and logK;,=5.01. The observed difference in quenching sup-
ports our suggestion that indigo carmine deactivate the exci-
mer complex and likely forms a complex, in which the dye
stacks in a sequence pyrene-indigo-pyrene-indigo. Such an al-
ternate stacking mode was observed by us recently for large
macrocycles with naphthalimide and pyridine rings.®”

The fact that receptor 1 can discriminate ATP from ADP and
AMP encouraged us to investigate it as a probe in real-time
monitoring of enzymatic activity of creatine kinase. Clinical
blood tests assay for creatine kinase are important for the de-
tection of a series of diseases. Creatine kinase catalyzes the
conversion of creatine phosphate to creatine and thus phos-
phorylates ADP to form ATPEY We expected that fluorescence

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

Chemistry—A European Journal

Full Paper
doi.org/10.1002/chem.202001523

Chemistry
Europe

European Chemical
Societies Publishing

a) b)

11 d)

=
o
|
\
|

@ NH
N ® N2 2

| { i
N N NG e )

c)

a
)

ppm

\-\;,1‘ Monomer
Excimer T o

3 4 5 6 7 8 9 10
Indigo equiv

Figure 5. a) Structure of ATP complex according to DFT calculations and NMR studies. b) 'H NMR titration of 1 with AMP (0.5 mm receptor in a 50 mm MES,
pH 6.2, 10% [DDMSO). c) Optimized structure of the adenosine complex with receptor 1 according to MP2 calculations. d) ROESY spectrum of 1AMP com-
plex showing the cross signal between adenine and pyrene protons. e) Changes in the emission of excimer and monomer bands upon addition of indigo car-

mine to a solution of 1.

emission of 1 should be enhanced during this catalytic reac-
tion. As it is shown in Figure 6a, the plot of fluorescence at
380 nm (monomer emission) vs. mole fraction of ATP relative
to ADP demonstrates a 1.5-fold increase in the emission inten-
sity. The time-dependent measurements of creatine kinase ac-
tivity revealed that the reaction rate increases in proportion to
enzyme concentrations (Figure 6b). The yield in the reaction of
ATP formation can be assessed based on Figure 6a. The ob-
served fluorescence increase after the reaction was completed
corresponds to the ATP mole fraction of approx. 0.9. Thus, re-
ceptor 1 represents a good probe for monitoring of creatine
kinase activity.

Conclusions

In summary, an ATP-selective fluorescent receptor 1 that func-
tions at pH 6.2 has been identified from a series of pyrene-
based cyclophanes. The receptor binds ATP with logK;;=5.48
in a 50 mm MES buffer (pH 6.2) and shows a 50-fold changes
in in the monomer-excimer emission ratio. The sensing mecha-
nism involves the coordination of the adenine base between
two pyrene rings, which subsequently leads to the breaking of
the excimer complex in an aqueous solution. The observed de-
crease in the excimer emission and an increase in the mono-
mer emission allow one to detect ATP ratiometrically in the
biological concentration range. Quantum chemical calculation
and detailed NMR studies show that high selectivity for ATP is
achieved by an appropriate combination of m-m stacking
pyrene-adenine interactions with hydrogen bonding interac-
tions between the adenine ring and the protonated amine
spacer. The bellows-type sensing mechanism allowed us to dis-
tinguish nucleotides from strongly competing pyrophosphate.
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A good level of selectivity for ATP over ADP, AMP and pyro-
phosphate enables the application of 1 in the monitoring of
creatine kinase activity. Future work will focus on elucidating
the ways to increase the selectivity of receptors by introduc-
tion of additional binding sites to the aromatic rings, as well as
on exploring fluorescent cyclophanes to intercalate with DNA
and RNA sequences.

Experimental Section

Synthetic procedure, NMR, UV/Vis and fluorescent measurements,
Cartesian coordinated of calculations, crystallographic data in CIF
see the Supporting Information.

Deposition Number 1985471 contain(s) the supplementary crystal-
lographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.
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MES buffer (pH 6.2), 0.1% albumin, 25°C, A, =355 nm.

Keywords: cyclophane - fluorescence sensing - host-guest
chemistry - macrocycle - nucleotide recognition

[1] A.N. Lane, T. W. M. Fan, Nucleic Acids Res. 2015, 43, 2466 —2485.

[2] Y. Wy, J. Wen, H.J. Li, S. G. Sun, Y. Q. Xu, Chin. Chem. Lett. 2017, 28, 1916 -
1924.

[3] S. Ng, H.S. Lim, Q. Ma, Z. Q. Gao, Theranostics 2016, 6, 1683 -1702.

[4] a)Y. Zhou, Z. Xu, J. Yoon, Chem. Soc. Rev. 2011, 40, 2222-2235; b) S-i.
Tamaru, I. Hamachi, Recognition of Anions, Vol. 129 (Ed.: R. Vilar), Springer
Berlin Heidelberg, 2008, pp. 95-125; c) E. Garcia-Espaiia, R. Belda, J. Gon-
zdlez, J. Pitarch, A. Bianchi, Supramol Chem, John Wiley & Sons, Ltd, 2012;
d) H. Y. Kuchelmeister, C. Schmuck, Designing Receptors for the Next Genera-
tion of Biosensors (Eds.: A. S. Piletsky, J. M. Whitcombe), Springer Berlin Hei-
delberg, Berlin, Heidelberg, 2013, pp.53-65; €) H.-J. Schneider, Applica-
tions of supramolecular chemistry for 21st century technology, Taylor & Fran-
cis, Boca Raton, 2012; f) D. Ramaiah, P.P. Neelakandan, A.K. Nair, R.R.
Avirah, Chem. Soc. Rev. 2010, 39, 4158-4168.

[5] A.M. Agafontsey, A. Ravi, T. A. Shumilova, A.S. Oshchepkoy, E. A. Kataev,
Chem. Eur. J. 2019, 25, 2684 -2694.

[6] K. Chen, D.C. Wang, L. Kurgan, Comput. Biol. Chem. 2015, 56, 131-141.

[7] K. A. Wilson, J. L. Kellie, S. D. Wetmore, Nucleic Acids Res. 2014, 42, 6726 -
6741.

Chem. Eur. J. 2020, 26, 9991 - 9997 www.chemeurj.org

9996

[8] a) K-Y. Tan, C-Y. Li, Y-F. Li, J. Fei, B. Yang, Y-J. Fu, F. Li, Anal. Chem. 2017, 89,
1749-1756; b)T. Deng, J. H. Chen, H. Yu, P. Yang, Y. Jian, G. Li, X. Zhou,
H. Y. Shen, J. Z. Gui, Sensor Actuat. B 2015, 209, 735-743; c) V. G. Pivovaren-
ko, O. Bugera, N. Humbert, A.S. Klymchenko, Y. Mely, Chem. Eur. J. 2017,
23, 11927-11934; d) C. Li, M. Numata, M. Takeuchi, S. Shinkai, Angew.
Chem. Int. Ed. 2005, 44, 6371 -6374; Angew. Chem. 2005, 117, 6529-6532;
e)J-L. Tang, C-Y. Li, Y-F. Li, C-X. Zou, Chem. Commun. 2014, 50, 15411
15414.

[9] a) Y. Kanekiyo, R. Naganawa, H. Tao, Chem. Commun. 2004, 1006-1007;
b) L. Wang, L. Yuan, X. Zeng, J. J. Peng, Y. Ni, J. C. Er, W. Xu, B. K. Agrawalla,
D.D. Su, B. Kim, Y.T. Chang, Angew. Chem. Int. Ed. 2016, 55, 1773-1776;
Angew. Chem. 2016, 128, 1805-1808.

[10] a)H. Fenniri, M. W. Hosseini, J. M. Lehn, Helv. Chim. Acta 1997, 80, 786—
803; b) M. W. Hosseini, A. J. Blacker, J. M. Lehn, J. Am. Chem. Soc. 1990, 112,
3896-3904; c) O. Baudoin, F. Gonnet, M. P. Teulade-Fichou, J. P. Vigneron,
J. C. Tabet, J. M. Lehn, Chem-Eur J 1999, 5, 2762-2771; d) M. Dhaenens, J.-
M. Lehn, J.-P. Vigneron, J. Chem. Soc. Perkin Trans. 2 1993, 1379-1381;
e) M.-P. Teulade-fichou, J.-P. Vigneron, J.-M. Lehn, Supramol. Chem. 1995, 5,
139-147; f)H.J. Schneider, T. Blatter, B. Palm, U. Pfingstag, V. Rudiger, I.
Theis, J. Am. Chem. Soc. 1992, 114, 7704-7708; g) M. Bahr, V. Gabelica, A.
Granzhan, M. P. Teulade-Fichou, E. Weinhold, Nucleic Acids Res. 2008, 36,
5000-5012; h)A. Granzhan, E. Largy, N. Saettel, M.P. Teulade-Fichou,
Chem. Eur. J. 2010, 16, 878-889; i) C. Anda, A. Llobet, V. Salvado, A. E. Mar-
tell, R. J. Motekaitis, Inorg. Chem. 2000, 39, 3000-3008.

[11] C. Bazzicalupi, A. Bencini, S. Biagini, E. Faggi, S. Meini, C. Giorgi, A. Spepi, B.
Valtancoli, J. Org. Chem. 2009, 74, 7349 -7363.

[12] a) R. Mailhot, T. Traviss-Pollard, R. Pal, S.J. Butler, Chem. Eur. J. 2018, 24,
10745-10755; b) X. Liu, J. Xu, Y. Lv, W. Wu, W. Liu, Y. Tang, Dalton Trans.
2013, 42, 9840-9846; c) Y. Kurishita, T. Kohira, A. Ojida, I. Hamachi, J. Am.
Chem. Soc. 2012, 134, 18779-18789; d)S. Shuvaev, M. A. Fox, D. Parker,
Angew. Chem. 2018, 130, 7610-7614; e)E. A. Weitz, J.Y. Chang, A.H.
Rosenfield, V. C. Pierre, J. Am. Chem. Soc. 2012, 134, 16099-16102; f) S. H.
Hewitt, G. Macey, R. Mailhot, M. R. J. Elsegood, F. Duarte, A. M. Kenwright,
S. J. Butler, Chem. Sci. 2020, 11, 3619-3628.

[13] a) A. Akdeniz, M. G. Caglayan, I. Polivina, P. Anzenbacher, Org. Biomol.
Chem. 2016, 14, 7459-7462; b) C. Pezzato, B. Lee, K. Severin, L. J. Prins,
Chem. Commun. 2013, 49, 469-471.

[14] a)H.C. Ma, M. Y. Yang, C.L. Zhang, Y.C. Ma, Y.F. Qin, Z. Q. Leij, L. Chang, L.
Lei, T. Wang, Y. Yang, J. Mater. Chem. B 2017, 5, 8525-8531; b) T. Noguchi,
T. Shiraki, A. Dawn, Y. Tsuchiya, L. T. Ngoc Lien, T. Yamamoto, S. Shinkai,
Chem. Commun. 2012, 48, 8090-8092; c) G. Jiang, W. Zhu, Q. Chen, A. Shi,
Y. Wu, G. Zhang, X. Li, Y. Li, X. Fan, J. Wang, Analyst 2017, 142, 4388-4392.

[15] A. M. Agafontsev, T. A. Shumilova, T. Ruffer, H. Lang, E. A. Kataev, Chem. Eur.
J. 2019, 25, 3541 -3549.

[16] P.P. Neelakandan, D. Ramaiah, Angew. Chem. Int. Ed. 2008, 47, 8407 -8411;
Angew. Chem. 2008, 120, 8535-8539.

[17] S. Karuppannan, J.-C. Chambron, Chem. Asian J. 2011, 6, 964-984.

[18] a) H. Abe, Y. Mawatari, H. Teraoka, K. Fujimoto, M. Inouye, J. Org. Chem.
2004, 69, 495-504; b) M. Inouye, K. Fujimoto, M. Furusyo, H. Nakazumi, J.
Am. Chem. Soc. 1999, 121, 1452-1458; c) Z. Xu, N. J. Singh, J. Lim, J. Pan,
H. N. Kim, S. Park, K. S. Kim, J. Yoon, J. Am. Chem. Soc. 2009, 131, 15528 -
15533; d) M. Sirish, H.-J. Schneider, J. Am. Chem. Soc. 2000, 122, 11274;
e) S. J. Butler, Chem. Eur. J. 2014, 20, 15768-15774; f) Z. Xu, D.R. Spring, J.
Yoon, Chem. Asian J. 2011, 6, 2114-2122; g) Q. C. Xu, H.J. Lv, Z.Q. Lv, M.
Liu, Y.J. Li, X.F. Wang, Y. Zhang, G.W. Xing, RSC Adv. 2014, 4, 47788-
47792; h) Z. H. Zeng, L. Spiccia, Chem. Eur. J. 2009, 15, 12941-12944.

[19] a) H. Maeda, M. Hironishi, R. Ishibashi, K. Mizuno, M. Segi, Photochem. Pho-
tobiol. Sci. 2017, 16, 228-237; b) H. Maeda, K. Nakamura, T. Furuyama, M.
Segi, Photochem. Photobiol. Sci. 2019, 18, 2397-2410; c)H. Maeda, M.
Geshi, K. Hirose, T. Furuyamaa, M. Segi, Tetrahedron 2019, 75, 130512.

[20] a) B. Daly, T.S. Moody, A.J. M. Huxley, C.Y. Yao, B. Schazmann, A. Alves-
Areias, J. F. Malone, H. Q. N. Gunaratne, P. Nockemann, A.P. de Silva, Nat.
Commun. 2019, 10, 49; b) T.J. Mooibroek, J. M. Casas-Solvas, R.L. Harni-
man, C. Renney, T.S. Carter, M. P. Crump, A.P. Davis, Nat. Chem. 2016, 8,
69-74; c) C. Ke, H. Destecroix, M. P. Crump, A. P. Davis, Nat. Chem. 2012, 4,
718-723; d) P. Spenst, F. Wurthner, Angew. Chem. Int. Ed. 2015, 54, 10165-
10168; Angew. Chem. 2015, 127, 10303 - 10306.

[21] L. Fabbrizzi, M. Licchelli N. Marcotte, F. Stomeo, A. Taglietti, Supramol.
Chem. 2002, 14, 127 -132.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Chemical
Societies Publishing


https://doi.org/10.1093/nar/gkv047
https://doi.org/10.1093/nar/gkv047
https://doi.org/10.1093/nar/gkv047
https://doi.org/10.1016/j.cclet.2017.09.032
https://doi.org/10.1016/j.cclet.2017.09.032
https://doi.org/10.1016/j.cclet.2017.09.032
https://doi.org/10.1039/c0cs00169d
https://doi.org/10.1039/c0cs00169d
https://doi.org/10.1039/c0cs00169d
https://doi.org/10.1039/b920032k
https://doi.org/10.1039/b920032k
https://doi.org/10.1039/b920032k
https://doi.org/10.1016/j.compbiolchem.2015.04.008
https://doi.org/10.1016/j.compbiolchem.2015.04.008
https://doi.org/10.1016/j.compbiolchem.2015.04.008
https://doi.org/10.1093/nar/gku269
https://doi.org/10.1093/nar/gku269
https://doi.org/10.1093/nar/gku269
https://doi.org/10.1021/acs.analchem.6b04020
https://doi.org/10.1021/acs.analchem.6b04020
https://doi.org/10.1021/acs.analchem.6b04020
https://doi.org/10.1021/acs.analchem.6b04020
https://doi.org/10.1016/j.snb.2014.12.008
https://doi.org/10.1016/j.snb.2014.12.008
https://doi.org/10.1016/j.snb.2014.12.008
https://doi.org/10.1002/chem.201702484
https://doi.org/10.1002/chem.201702484
https://doi.org/10.1002/chem.201702484
https://doi.org/10.1002/chem.201702484
https://doi.org/10.1002/anie.200501823
https://doi.org/10.1002/anie.200501823
https://doi.org/10.1002/anie.200501823
https://doi.org/10.1002/anie.200501823
https://doi.org/10.1002/ange.200501823
https://doi.org/10.1002/ange.200501823
https://doi.org/10.1002/ange.200501823
https://doi.org/10.1039/C4CC08044K
https://doi.org/10.1039/C4CC08044K
https://doi.org/10.1039/C4CC08044K
https://doi.org/10.1039/b400644e
https://doi.org/10.1039/b400644e
https://doi.org/10.1039/b400644e
https://doi.org/10.1002/anie.201510003
https://doi.org/10.1002/anie.201510003
https://doi.org/10.1002/anie.201510003
https://doi.org/10.1002/ange.201510003
https://doi.org/10.1002/ange.201510003
https://doi.org/10.1002/ange.201510003
https://doi.org/10.1002/hlca.19970800314
https://doi.org/10.1002/hlca.19970800314
https://doi.org/10.1002/hlca.19970800314
https://doi.org/10.1021/ja00166a025
https://doi.org/10.1021/ja00166a025
https://doi.org/10.1021/ja00166a025
https://doi.org/10.1021/ja00166a025
https://doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2762::AID-CHEM2762%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2762::AID-CHEM2762%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2762::AID-CHEM2762%3E3.0.CO;2-F
https://doi.org/10.1039/p29930001379
https://doi.org/10.1039/p29930001379
https://doi.org/10.1039/p29930001379
https://doi.org/10.1080/10610279508029486
https://doi.org/10.1080/10610279508029486
https://doi.org/10.1080/10610279508029486
https://doi.org/10.1080/10610279508029486
https://doi.org/10.1021/ja00046a016
https://doi.org/10.1021/ja00046a016
https://doi.org/10.1021/ja00046a016
https://doi.org/10.1093/nar/gkn392
https://doi.org/10.1093/nar/gkn392
https://doi.org/10.1093/nar/gkn392
https://doi.org/10.1093/nar/gkn392
https://doi.org/10.1002/chem.200901989
https://doi.org/10.1002/chem.200901989
https://doi.org/10.1002/chem.200901989
https://doi.org/10.1021/ic9908468
https://doi.org/10.1021/ic9908468
https://doi.org/10.1021/ic9908468
https://doi.org/10.1021/jo901423m
https://doi.org/10.1021/jo901423m
https://doi.org/10.1021/jo901423m
https://doi.org/10.1002/chem.201801008
https://doi.org/10.1002/chem.201801008
https://doi.org/10.1002/chem.201801008
https://doi.org/10.1002/chem.201801008
https://doi.org/10.1039/c3dt50986a
https://doi.org/10.1039/c3dt50986a
https://doi.org/10.1039/c3dt50986a
https://doi.org/10.1039/c3dt50986a
https://doi.org/10.1021/ja308754g
https://doi.org/10.1021/ja308754g
https://doi.org/10.1021/ja308754g
https://doi.org/10.1021/ja308754g
https://doi.org/10.1002/ange.201801248
https://doi.org/10.1002/ange.201801248
https://doi.org/10.1002/ange.201801248
https://doi.org/10.1021/ja304373u
https://doi.org/10.1021/ja304373u
https://doi.org/10.1021/ja304373u
https://doi.org/10.1039/D0SC00343C
https://doi.org/10.1039/D0SC00343C
https://doi.org/10.1039/D0SC00343C
https://doi.org/10.1039/C6OB01378C
https://doi.org/10.1039/C6OB01378C
https://doi.org/10.1039/C6OB01378C
https://doi.org/10.1039/C6OB01378C
https://doi.org/10.1039/C2CC38058G
https://doi.org/10.1039/C2CC38058G
https://doi.org/10.1039/C2CC38058G
https://doi.org/10.1039/C7TB02399E
https://doi.org/10.1039/C7TB02399E
https://doi.org/10.1039/C7TB02399E
https://doi.org/10.1039/c2cc33262k
https://doi.org/10.1039/c2cc33262k
https://doi.org/10.1039/c2cc33262k
https://doi.org/10.1039/C7AN01336A
https://doi.org/10.1039/C7AN01336A
https://doi.org/10.1039/C7AN01336A
https://doi.org/10.1002/chem.201806130
https://doi.org/10.1002/chem.201806130
https://doi.org/10.1002/chem.201806130
https://doi.org/10.1002/chem.201806130
https://doi.org/10.1002/anie.200803162
https://doi.org/10.1002/anie.200803162
https://doi.org/10.1002/anie.200803162
https://doi.org/10.1002/ange.200803162
https://doi.org/10.1002/ange.200803162
https://doi.org/10.1002/ange.200803162
https://doi.org/10.1002/asia.201000724
https://doi.org/10.1002/asia.201000724
https://doi.org/10.1002/asia.201000724
https://doi.org/10.1021/jo035188u
https://doi.org/10.1021/jo035188u
https://doi.org/10.1021/jo035188u
https://doi.org/10.1021/jo035188u
https://doi.org/10.1021/ja9725256
https://doi.org/10.1021/ja9725256
https://doi.org/10.1021/ja9725256
https://doi.org/10.1021/ja9725256
https://doi.org/10.1021/ja906855a
https://doi.org/10.1021/ja906855a
https://doi.org/10.1021/ja906855a
https://doi.org/10.1021/ja0046620
https://doi.org/10.1002/chem.201404499
https://doi.org/10.1002/chem.201404499
https://doi.org/10.1002/chem.201404499
https://doi.org/10.1002/asia.201100120
https://doi.org/10.1002/asia.201100120
https://doi.org/10.1002/asia.201100120
https://doi.org/10.1039/C4RA07923J
https://doi.org/10.1039/C4RA07923J
https://doi.org/10.1039/C4RA07923J
https://doi.org/10.1002/chem.200902734
https://doi.org/10.1002/chem.200902734
https://doi.org/10.1002/chem.200902734
https://doi.org/10.1039/C6PP00402D
https://doi.org/10.1039/C6PP00402D
https://doi.org/10.1039/C6PP00402D
https://doi.org/10.1039/C6PP00402D
https://doi.org/10.1039/C9PP00239A
https://doi.org/10.1039/C9PP00239A
https://doi.org/10.1039/C9PP00239A
https://doi.org/10.1016/j.tet.2019.130512
https://doi.org/10.1038/nchem.2395
https://doi.org/10.1038/nchem.2395
https://doi.org/10.1038/nchem.2395
https://doi.org/10.1038/nchem.2395
https://doi.org/10.1038/nchem.1409
https://doi.org/10.1038/nchem.1409
https://doi.org/10.1038/nchem.1409
https://doi.org/10.1038/nchem.1409
https://doi.org/10.1002/anie.201503542
https://doi.org/10.1002/anie.201503542
https://doi.org/10.1002/anie.201503542
https://doi.org/10.1002/ange.201503542
https://doi.org/10.1002/ange.201503542
https://doi.org/10.1002/ange.201503542
https://doi.org/10.1080/10610270290026022
https://doi.org/10.1080/10610270290026022
https://doi.org/10.1080/10610270290026022
https://doi.org/10.1080/10610270290026022
http://www.chemeurj.org

Chemistry

Full Paper Europe
Chemistry-A European Journal doi.org/10.1002/chem.202001523 Sociaies Pustehing

[22] a) D. A. Nation, J. Reibenspies, A. E. Martell, Inorg. Chem. 1996, 35, 4597 - [28] D.N. Laikov, Theor. Chem. Acc. 2018, 137, 140.
4603; b) Q. Lu, R.J. Motekaitis, J. J. Reibenspies, A. E. Martell, Inorg. Chem. [29] D.N. Laikov, Theor. Chem. Acc. 2019, 138, 40.
1995, 34, 4958 -4964. [30] A.S. Oshchepkov, T. A. Shumilova, M. Zerson, R. Magerle, V. N. Khrustalev,

[23] a) M. E. Huston, E.U. Akkaya, A.W. Czarnik, J. Am. Chem. Soc. 1989, 111, E. A. Kataev, J. Org. Chem. 2019, 84, 9034-9043.

8735-8737; b)R.R. Mittapalli, S.S.R. Namashivaya, A.S. Oshchepkov, E. [31] L. G. Morin, Clin. Chem. 1977, 23, 1569-1575.
Kuczynska, E. A. Kataev, Chem. Commun. 2017, 53, 4822-4825.

[24] a) T. Heinlein, J.-P. Knemeyer, O. Piestert, M. Sauer, J. Phys. Chem. B 2003,
107, 7957 -7964; b) C. A. M. Seidel, A. Schulz, M. H. M. Sauer, J. Phys. Chem.
1996, 100, 5541-5553. . .

[25] P. Gans, A. Sabatini, A. Vacca, Talanta 1996, 43, 1739-1753. Manuscript received: March 30, 2020

[26] N. A. Corfu, H. Sigel, Eur. J. Biochem. 1991, 199, 659 669. Revised manuscript received: June 1, 2020

[27] @) D. N. Laikov, J. Chem. Phys. 2011, 135, 134120; b) K. R. Briling, J. Chem.
Phys. 2017, 147, 157101. Version of record online: July 16, 2020

Accepted manuscript online: June 4, 2020

Chem. Eur. J. 2020, 26, 9991 — 9997 www.chemeurj.org 9997  © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1021/ic9513090
https://doi.org/10.1021/ic9513090
https://doi.org/10.1021/ic9513090
https://doi.org/10.1021/ic00124a008
https://doi.org/10.1021/ic00124a008
https://doi.org/10.1021/ic00124a008
https://doi.org/10.1021/ic00124a008
https://doi.org/10.1021/ja00205a034
https://doi.org/10.1021/ja00205a034
https://doi.org/10.1021/ja00205a034
https://doi.org/10.1021/ja00205a034
https://doi.org/10.1039/C7CC01255A
https://doi.org/10.1039/C7CC01255A
https://doi.org/10.1039/C7CC01255A
https://doi.org/10.1021/jp0348068
https://doi.org/10.1021/jp0348068
https://doi.org/10.1021/jp0348068
https://doi.org/10.1021/jp0348068
https://doi.org/10.1021/jp951507c
https://doi.org/10.1021/jp951507c
https://doi.org/10.1021/jp951507c
https://doi.org/10.1021/jp951507c
https://doi.org/10.1016/0039-9140(96)01958-3
https://doi.org/10.1016/0039-9140(96)01958-3
https://doi.org/10.1016/0039-9140(96)01958-3
https://doi.org/10.1111/j.1432-1033.1991.tb16168.x
https://doi.org/10.1111/j.1432-1033.1991.tb16168.x
https://doi.org/10.1111/j.1432-1033.1991.tb16168.x
https://doi.org/10.1063/1.3646498
https://doi.org/10.1063/1.5000525
https://doi.org/10.1063/1.5000525
https://doi.org/10.1021/acs.joc.9b00947
https://doi.org/10.1021/acs.joc.9b00947
https://doi.org/10.1021/acs.joc.9b00947
https://doi.org/10.1093/clinchem/23.9.1569
https://doi.org/10.1093/clinchem/23.9.1569
https://doi.org/10.1093/clinchem/23.9.1569
http://www.chemeurj.org

