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Novel cyclophane 1 was synthesized, and its interactions with phosphate, adenosine, AMP, ADP, and ATP have been investigated. With
addition of ATP, significant decrease in absorbance of 1 was observed, whereas other guest molecules showed negligible effect. The complex
between 1 and ATP was confirmed through cyclic voltammetry and 'H NMR. The uniqueness of the system is that it complexes selectively
with ATP in a cavity and involves synergistic effects of both electrostatic and -7 stacking interactions.

Detection of nucleosides and nucleotides has paramountmasking of the hydroxyl groups prior to the recognition event

importance as they form the fundamental units of all the life is essentiaf. Progress in this area would require new

forms*2 Most known molecular receptors for the nucleosides strategies for the complexation under physiological pH

and nucleotides use complementary hydrogen bonding forconditions and subsequent signaling of the hagtest

their recognitior? Such molecular recognition in agueous complex formation.

medium would be limited as a result of the competitive Of all nucleotides, the recognition of adenosing 5

hydrogen bonding of the solveht. triphosphate (ATP)is vital since the binding of ATP by
Moreover, the sugar moiety of the nucleosides and proteins is one of the most prominent molecular recognition

nucleotides can interfere in such recognition, and hence events in the nature. Moreover, ATP plays an important role

) ; in energy transduction in organisms and controls several
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of ATP often contain functionality similar to those provided stabilize the inclusion complexes througih-sz stacking

by nucleic acid binding sites on proteins and involve multiple interactions by making use of the cavity effect arising from

hydrogen bonding, which prevent their use in the aqueousthe distinct arrangement of the anthracene and viologen
medium? Herein, we report a novel molecular recognition moieties. In the event of binding to a suitable guest, the
system (cyclic derivativel, Figure 1)° for the selective anthracene moiety has the capability of assuming the role
of a signaling unit through changes in its photophysical

properties.

In aqueous and buffer media, both and 2 showed
characteristic absorption maximum at 378 and 372 nm,
respectively, corresponding to the anthracene moiety (Figure
S1, Supporting Information) and exhibited very low fluo-
rescence quantum yieldsdf = 0.0007 and 0.001) when
compared to 9-(hydroxymethyl)anthracene. The efficient
guenching of fluorescence thand?2 could be attributed to
the photoinduced electron transfer process from the excited

1 —— 10.4A° —
Minimum energy conformer of 1 . . . .
PPN anthracene chromophore to the viologen moiety, which is

= thermodynamically favorable with a change in free energy
en. U g8 </” | “)N of AGgr = —0.77 eV (calculation details, Supporting
o o o NN Information).
B e e Figure 2 shows the change in absorption spectrum of the
; arp O OH cyclic derivativel in the presence of different concentrations

Figure 1. Structures of the cyclic systefn its minimum energy
conformer, the model compourg] and ATP.
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detection of ATP in buffer. This system is devoid of
hydrogen bonding but recognizes the guest molecule through
synergistic effects of cavity sizer—x stacking, and elec-
trostatic interactions.

The synthesis of the cyclic systeth and the model
compound2 was achieved in moderate yields (synthesis
details, Supporting Informatiort}:>An appreciable amount
of rigidity was imparted to the moleculeby adjusting the
number of the methylene spacer groups to one, which closely
resembles the cyclobis(paraqyephenylene) system re-
ported by Stoddart and co-workers for molecular based
machines? The viologen moiety irl can be considered as
a dual action molecular tool, where it can be a recognition
motif for anionic guests and a signaling unit through
electrochemical changes. In addition, the cyclic systaran
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Figure 2. Effect of ATP concentration on absorption spectrd of
(11 M) in 10 mM phosphate buffer. Inset shows the Benesi
Hildebrand analysis.

(10) The minimum energy conformer df was obtained by AM1
calculations using PC TITAN software from Wave function Inc.; 18401
von Karman, Suite 370, Irvine, CA 92612.

(11) Compoundl (26%): mp>300°C; *H NMR (300 MHz, D;O) &
7.09 (8H, s), 7.8%19.01 (32H, m);13C NMR (75 MHz, D,;O) 6 72.9, 122.2,
124.6, 125.3, 127.7, 129.3, 131.3, 142.7; HRMS (FABIz calcd for
Cs2H4gN4Cla (M — 2Cl) 791.8064, found 791.8072 [M 2CI]*.

(12) Compouna (79%): mp 289-290°C; *H NMR (300 MHz, DMSO-

de) 0 0.88 (3H, t,J = 7.4 Hz), 1.28—1.29 (2H, m), 1.891.91 (2H, m), negligible changes in the presence of guest molecules such
4.67 (2H, t,J = 7.4 Hz), 7.08 (2H, s), 7.61—9.33 (17H, M¥C NMR (75

as phosphate anion, adenosine, adenosingBophosphate
MHz, DMSO-d) ¢ 13.3, 18.7, 32.7, 56.1, 60.5, 121.6, 123.3, 125.8, 126.7, ; . ;
126.9,128.4,129.6, 131.1, 131.4, 1315, 144.8, 145.7, 148.6, 149.1; HRMs (AMP), and adenosine &diphosphate (ADP) (Figures S2
(FAB) m/z calcd for GoH2gNoBr (M — Br) 484.4501, found 484.4495 S5, Supporting Information). The fluorescence spectrum of

M — Br]*. : i o
[ (13) &) Flood, A. H.: Liu, V.. Stoddart, J. Pvlodern Cyclophane the cyclic systeni, on the other hand, exhibited negligible

of ATP. With increasing concentrations of ATP showed
a decrease in the absorption corresponding to the anthracene
moiety. In contrast, the absorption spectrunilaxhibited
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Am. Chem. SoQ005,127, 9745. (c) Badijic, J. D.; Nelson, A.; Cantrill, S.
J.; Turnbull, W. B.; Stoddart, J. FAcc. Chem. Re<2005, 38, 723. (d)
Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J. &ngew. Chem., Int.
Ed. 2000, 39, 3348.
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changes with the increase in addition of ATP.

Figure 3 shows the relative changes in the absorbance of
1 with various ligands. It is evident from Figure 3 that the
cyclic system1 shows maximum selectivity for ATP,
whereas all other ligands have negligible influence on the
absorption properties. In contrast, the addition of ATP and
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s moiety® When ATP (1.3uM) was added, we observed a

shift of reduction potentials by 16 and 8 mV, along with a

ol significant decrease in current intensity of 4004 (61%)
< » and 19.33uA (48%), confirming thereby the formation a
{<0s 5 stable complex betweeh and ATP Similarly, the suc-
13 cessive addition of ATP to a solution of the cyclic systém
1.00 in D,O resulted in broadening of protons of the methylene

00 01 03 04 05 group in theH NMR spectrum, whereas the protons
[Ligand], mM

corresponding to the viologen moiety experienced an upfield

<
=, 1.2
< shift of 6 0.03 ppm at 0.35 mM of ATP (Figure 5). The
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Figure 3. Change in the absorbanceloand?2 (inset) with addition
of NagPQ, (®); adenosinel); AMP (®); ADP (a); and ATP ).

. o . 90 85 80 75 7.0
other ligands to the model systethexhibited negligible 3/ ppm

changes in the absorption properties (inset of Figure 3 and
Figure S6, Supporting Information). Benesi—Hildebrand Figure 5. *H NMR spectra ofl in DO in the absence (a) and
analysi$* of the absorption changes (inset of Figure 2) presence (b) of ATP (0.35 mM).

showed a 1:1 stoichiometry for the complex formed between

1 and ATP with a binding constant #fassoc= 4040+ 140 Lo _ g .
M~1in buffer, whereas relatively a higher value Kfssoc= binding constant (Ksoc= 4700+ 200 M) determined by

4900+ 200 ML was observed in water. NMR titrations (Flgure S7, Supportlr_wg Informanon) is in
good agreement with the value obtained in water from the

absorption technique.

To understand the nature and strength of the complex
formed betweerl and ATP, we investigated the effects of

_ ionic strength (Figure S8, Supporting Information) and

temperature. As the salt concentration increases, the decrease
in absorbance df with the gradual addition of ATP becomes

Figure 4 shows the differential pulse voltammograms
(DPV) of 1 (ca. 0.2 mM) in the agqueous medium, which

~l
o

. ]
3

340 less and less prominent (Figure 6). The valueKgf,cat
60 5 2 different ionic strengths were determined and are found to
3 be 3558, 222, and 137 Mat 2, 50, and 500 mM of NaCl,
< 50 | respectively. The decrease Kassocvalues with increase in
= O ety ionic strength indicates that the viologen unitld shielded
é 40+ from the phosphate ions by Naions at higher ionic
3 strengtht” which in turn blocks the interaction betweén
30+ and ATP. When the temperature of the compleATP was
E U raised from 293 to 343 K, we observed an increase in the
20 N - intensity of absorbance df at 378 nm (inset of Figure 6),
. . . . A indicating the dissociation of the complex. However, the
-1200 -900 600 -300 complex showed nearly 19% hypochromicity even at 343

Potential, mV K, indicating thereby the stability of the complex even at

Figure 4. Differential pulse and square wave voltammograms this temperature.

(inset) of1 (0.2 mM) in absence—) and presence {--) of ATP On the basis of our experimental evidence, the selective
(1.3uM) in aqueous medium. binding of ATP to the host in the cavity is a result of—x
stacking in combination with ionic interactions. The attraction

exhibited two reversible one—electron.re.ducuon Processes (15 (a) Joseph, J.; Eldho, N. V.; Ramaiah, DPhys. Chem. B003,
centered at-0.50 and—0.96 V, characteristic of the viologen 107, 4444. (b) Joseph, J.; Eldho, N. V.; RamaiahChem. Eur. J2003,

9, 5926.
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s This mode of complexation was further confirmed by

making use of the effect of DebydHuckel ionic strength
functiont® of the medium on theK,ssoc Values and the
thermodynamic parametefdH° andAS°(—11.15 kJ mot?
and—37.41 J Kt mol™1), obtained using Van't Hoff's pl&f
(Figures S9 and S10, Supporting Information). Thermody-
namical parameters obtained are consistent with the expected
nonclassical hydrophobic interactions usually observed in the
case of the cyclophane systefa#\s a consequence of the
complex formation between the cyclic systdnand ATP,
(i) current intensity decreases as observed in the differential
pulse and square wave voltammograms, (ii) shielding of
protons of the viologen moiety occurs due to the interactions
with the phosphate groups, (iii) broadening of signals
corresponding to the methylene protons is observed because
of w-stacking of the aromatic part of ATP, and (iv) decrease
in entropy (AS°) is observed due to the formation of an
Figure 6. Relative changes in the absorbancd efith successive ~ Ordered complex through nonclassical hydrophobic interac-
additions of ATP at different salt concentrations: l);(2 (®@); 50 tions.
(a); 500 mM (v) of NaCl in 10 mM phosphate buffer (pH 7.4). In conclusion, we have developed a novel molecular
Inset shows the effect of temperature on the absorbance of ComF"e’ﬁ"ecognition system that can discriminate ATP from other
1-ATP from 298 to 343 K. : : : :
nucleosides, nucleotides, and phosphate anion under physi-
ological pH conditions. The uniqueness of this system is that

between the phosphate groups of ATP and the viologenit complexes with ATP through synergistic effects of
moiety of 1 through multiple electrostatic interactions e€lectrostatic and—zx stacking interactions in a cavity and
followed byz—a stacking of the aromatic part of ATP inside ~ Signals the event through the changes in-tiNs, NMR, and

the cavity result in the formation of a tight complex. The cyclic voltammetric techniques. Further studies are in
presence of cavity in the molecular systémand three progress to understand the effects of spacer and the nature
phosphate groups in ATP are very essential for the selectiveOf donor and acceptor moieties in the recognition of various
recognition and for the formation of a stable 1:1 complex, Nucleosides and nucleotides.
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understood if it is considered that the negatively charged

phosphate groups of ATP interact with the” Nenters of Supporting Information Available: Details of synthesis
the viologen moiety. Once the electrostatic interaction and calculations and Figures -S$10 showing NMR data,
between the phosphate groups and viologen moiety ischanges in absorbance df and 2 in the presence of

accomplished, the aromatic part of ATP undergaest nucleotides, nucleosides, and phosphate anion under various
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Evidence for this comes from the fact thhexhibits non-
negligible interactions with ADP, containing two phosphate
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