ORGANIC
LETTERS

Reversible Interconversion between a ol 206
Supramolecular Polymer and a Discrete 31253128
Octameric Species from a Guanosine

Derivative by Dynamic Cation Binding

and Release

Silvia Pieraccini, T Stefano Masiero, T Omar Pandoli, T Paolo Samori’,* and
Gian Piero Spada* '

Dipartimento di Chimica Organica “A. Mangini”, Alma Mater Studiorum,
Universitadi Bologna,via San Giacomo 11, 1-40126 Bologna, Italy, ISOF, CNR,
Gobetti 101, 1-40129 Bologna, Italy, and Institut de Science et dHiegie
Supramoleulaires (ISIS), Université.ouis Pasteur, 8 alle Gaspard Monge,
F-67083 Strasbourg, France

GianPiero.Spada@unibo.it

Received May 6, 2006

ABSTRACT

The tunable interconversion between two highly ordered supramolecular motifs (G-quartet K *-templated column and G-ribbon) of a lipophilic
guanosine derivative fueled by cation complexation and release in a cryptand [2.2.2] containing guanosine solution is reported. The process
is controlled by the sequential addition of acid and base.

Reversibility is a hallmark of supramolecular chemistBy of certain cations, they can form G-quartet-based octamers
exploiting the information stored in the molecule, in par- or columnar aggregates (supramolecular polymers) depending
ticular, its preprogrammed propensity to undergo self- on the concentration of the cation and nucleodalee metal
recognition and self-association pathways, in combination cations are located between the quartets and act as templates
with the reversibility of its self-assembly under external (Figure 1)>©In the absence of metal templates, guanosines
stimuli such as temperature or chemical environment, it is without a C(8) sterically demanding substituergelf-
possible to implement molecule-sized prototypes of dynamic assemble, both in solution and in the solid state, into
chemical devices. Besides the fundamental interest in 2) (a) Balzani, V.. Credi, A Raymo, F. M.. Stoddart, J. Angew.

controlling motions on the nanoscale, these device prototypeschem., Int. Ed.2000, 39, 3349. (b) Prins, L. J.: Reinhoudt, D. N.:
can be important for future data stora’ge. Timmerman, PAngew. Chemint. Ed.2001,40, 2383. (c) Hof, F.; Craig,
. . . . o . S. L.; Nuckolls, C.; Rebek, Angew. Chem., Int. E2002,41, 1488. (d)
LIpOphIlIC guanosines are unique bUIldlng blocks which Balbo Block, M. A.; Kaiser, C.; Khan, A.; Hecht, S.op. Curr. Chem.

are capable of self-assembling into different structures 2005,245, 89. (e) Leigh, D. A.; Wong, J. K. Y.; Dehez, F.; Zerbetto, F.

; ; i Nature 2003,424, 174. (f) Collin, J. P.; Dietrich-Buchecker, C.; Gawin
depending on the experimental conditions. In the Presences” i ez Molero, M. C.: Sauvage, J A2c. Chem. Re€001,34, 477,

(3) Raymo, F. M.AAdv. Mater.2002,14, 401.

T Universita di Bologna. (4) Davis, J. TAngew. Chem., Int. E®2004,43, 668.
*1SOF—CNR and ISIS. (5) Marlow, A. L.; Mezzina, E.; Spada, G. P.; Masiero, S.; Davis, J. T.;
(1) Lehn, J. M.Science2002,295, 2400. Gottarelli, G.J. Org. Chem1999,64, 5116.
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Figure 1. Supramolecular assemblies of guanine moieties: the
G-quartet, the metal templated octamer, and two different G-ribbons.

Although the A-type is observed in the solid phase and at surfaces,

the B-type is thermodynamically stable in chloroform solutions.

ribbonlike architectures (Figure %)1° These ribbons are
interesting structures as they are the building blocks for new
lyotropic mesophases formed in organic solvéntsin the

solid state, the ribbons, when grown between gold electrodes,

are photoconductive and display also rectifying propetfies.
The peculiar electronic properties were successfully exploited
for the fabrication of a field-effect transistor based on elec-
troactive guanosine layet$.Moreover, guanine-based ar-
chitectures, in particular, G-quartets, are well-known to hold

potential in anticancer drug design as they can act as enzyme

telomerase inhibitors!* This is in fact particularly relevant

because it has been recently demonstrated that there is a link

between tumor immortalization and telomerase actitAty.
Very recently, Ghoussoub and Lehn were able to control
the mesoscale dynamic seajel interconversion, i.e., from

(6) Mezzina, E.; Mariani, P.; Itri, R.; Masiero, S.; Pieraccini, S.; Spada,
G. P.; Spinozzi, F.; Davis, J. T.; Gottarelli, @hem.—Eur. J2001, 7,
388.

(7) Sessler, J. L.; Sathiosatham, M.; Doerr, K.; Lynch, V.; Abboud, K.
A. Angew. Chem., Int. EQ000,39, 1300.

(8) Gottarelli, G.; Masiero, S.; Mezzina, E.; Pieraccini, S.; Rabe, J. P,;
Samori, P.; Spada, G. Ehem.—Eur. J2000,6, 3242.

(9) Araki, K.; Yoshikawa, I.Top. Curr. Chem2005,256, 133.

(10) Gottarelli, G.; Masiero, S.; Mezzina, E.; Spada, G. P.; Mariani, P;
Recanatini, MHelv. Chim. Actal998,81, 2078.

(11) Kato, T.Science2002,295, 2414.

(12) Rinaldi, R.; Maruccio, G.; Biasco, A.; Arima, V.; Cingolani, R.;
Giorgi, T.; Masiero, S.; Spada, G. P.; Gottarelli, Eanotechnolog002,

13, 398.

(13) Maruccio, G.; Visconti, P.; Arima, V.; D’Amico, S.; Blasco, A,;
D’Amone, E.; Cingolani, R.; Rinaldi, R.; Masiero, S.; Giorgi, T.; Gottarelli,
G. Nano Lett.2003,3, 479.

(14) de Lange, TSciencel998,279, 334. Shammel Baker, E.; Tae Lee,
J.; Sessler, J. L.; Bowers, M. 7. Am. Chem. So@006,128, 2641.
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a disordered guanine solution to gel-forming ordered G-
guartet architectures, through reversible cation binding and
releaséf However, a great challenge remains to control the
switching between two or more highly ordered guanine-based
supramolecular motifs making use of an external agent.
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We report here on the tunable interconversion between
discrete supramolecular assemblies from a lipophilic guano-
sine, i.e., G-ribbons and G-quartet columns, fueled by cation
complexation and release. The G-quartet structures are har-
nessed by the presence of a coordinated potassium cation:
this offers the possibility of triggering a reversible ribben
guartet interconversion by controlled sequential addition and
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Figure 2. The stepwise reversible interconversion between the
ribbon 1, and the octamer Klg.

removal of K. The cryptand [2.2.2] offers an efficient com-
plexation of K" to yield the cryptate [K c 2.2.2]17 Upon
protonation of one of the bridgehead nitrogens, the bound
K* can be released, leading to the formation of [2.2.2].
Such an approach was proven to be successful to trigger the
reversible conversion between a coiled and stretched con-
formation in an oligomeric pyridinepyrimidine derivative®

(15) Hahn, W. C.; Counter, C. M.; Lundberg, A. S.; Beijersbergen, R.
L.; Brooks, M. W.; Weinberg, R. ANature 1999,400, 464.

(16) Ghoussoub, A.; Lehn, J.-MChem. Commur2005, 5763.

(17) Lehn, J.-M.; Sauvage, J.-B. Am. Chem. S0d.975,97, 6700.

(18) Barboiu, M.; Lehn, J.-MProc. Natl. Acad. Sci. U.S./£2002,99,
5201
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Figure 3. Observation of the reversible ribbenctamer intercon- l
version in a solution of (13.5 mM) in CDC} (path length= 0.01 L A b

cm) by CD spectroscopy. (a) Initial samplg) (b) after addition
of 1.7 mM potassium picrate (Klg); (c) after addition of 4.2 mM
cryptand [2.2.2] (}); (d) after addition of 4.2 mM HTf (K1g); :
and (e) after addition of 4.2 mM B (1,).

The addition (see Figure 2) of 1/8 equiv of potassium
picrate to a chloroform solution of the guanosine derivative " IR JL c
1 transforms the supramolecular rib§di (of B type, see
Figure 1) into the octameric complex™®s.> Upon subse-
guent addition to K1g of 2.5 equiv of [2.2.2], the potassium Y
complex reverts to the original G-ribbdp (because of the
small difference between the stability constants of [K .
2.2.2] and K'1g, the conversion from Klg to 1, requires an )
excess of cryptand). Upon addition of 1 equiv of trifluo- J./Lﬁ | L‘ IL d
romethanesulfonic acid (HTf), Kis released from the L -
cryptate and the octameric complex X is regenerated. In
contrast to Lehn et at%*®who obtained the release of'K
by protonation of both the nitrogen atoms of the cryptand,
we added only 1 equiv of acid. In fact, upon addition of
more than 1 equiv, the octameric specieslKis no longer

the most abundant self-assembled species in solution, as v v h
revealed by CD an@H NMR' spectroscopies. Adding . l I“, | WM e
thereafter 1 equiv of triethylamine (TEA) deprotonates [H s N 7 ¢

C 2.2.2]; the free cryptand recaptures kand the G-ribbon
Figure 4. Observation of the reversible ribbewctamer intercon-
(19) The guanosine derivativé was synthesized according to the version In alsomtlon ofl (1.3'5 mM.) in CDC} by H NMR
procedure reported in ref 10. A 13.5 mM deuteriochloroform solutioh of ~ SPectroscopy; only the downfield portion of the spectraX3 ppm)

was prepared and left to stand for a weektdk °C (solution a). On this is shown. (a) Initial samplelf); (b) after addition of 1.7 mM
solution, both CD (Jasco J710, path length.01 cm) andH NMR (Varian potassium picrate (Klg); (c) after addition of 4.2 mM cryptand
400 MHz) spectra were recorded (curves a in Figures 3 and 4) at room [2.2 2] (1,); (d) after addition of 4.2 mM HTf (K1g); and (e) after
temperature. A volume of solution a was shaken af@Qwith an equal addition of 4.2 mM E4N (1,). The stars and triangles mark the

volume of a 1.68 mM aqueous solution of potassium picrate; the two phases
were kept in contact at4 °C for 2 days; afterwards, the organic phase
was recovered (solution b) and CD ahd NMR spectra were recorded
(curves b, Figures 3 and 4). A portion of 7 mL of solution b was added to
11.0 mg (0.029 mmol) of [2.2.2] (1,10-diaza-4,7,13,16,21,24-hexaoxabicyclo- . . . .
[8.8.8]hexacosan, Aldrich), and the system was stirred overnight at room 1n iS formed again. The interconversion may be repeated by
temperature (solution c): CD aritH NMR spectra were then recorded sequential addition of acid and baSe.

(curves c, Figures 3 and 4). An aliquot of 6 mL of solution ¢ was added to . . .

3.73 mg (0.025 mmol) of trifluoromethanesulfonic acid (Aldrich) and stirred Circular dichroism (CD) and'H NMR can both be

for 1 h (solution d). CD andH NMR spectra were recorded (curves d, exploited to monitor the ribbon—octamdy > K*1g inter-
Figures 3 and 4). A portion of 30@L (0.021 mmol) of a 70 mM ;

deuteriochloroform solution of triethylamine (redistilled from Gakas conversion. In fact, CD spectroscopy has been Successm”y
added to 5 mL of solution d and stirred for 1 h: CD aktiINMR spectra
were recorded (curves e, Figures 3 and 4). Upon addition of the acid, the (20) The cycle was repeated three times without apparent degradation
equilibration between the two self-assembled species required ca. 30 min,of the system; however, the salt formation prevents the possibility of an
whereas after addition of the base, it takes ca. 20 min. indefinite repetition of the switching.

H(8) signals for the ribbon and octamer species, respectively.
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used to study the cation-directed assembly of homoguanylic
and guanosine-rich oligonucleotidesas well as that of
lipophilic guanosined? Although the CD spectrum df, in

the region of the intense—sx transitions of the guanine

and 13 ppm, corresponding to the H(1), H(8), and NH(2)
signals, represents an unambiguous signature of the ribbon
octamer conversion: the broad H(8) and H(1) signals at 7.9
and 12.1 ppm, respectively, ity, (Figure 4, trace a) are

chromophore at ca. 260 nm is monosignate and weak (Figurereplaced by two sharp H(8) signals (in an approximate 1:1

3, trace a), the stabilization of stacked G-quartet-based
structures induced by the *Kion introduces a negative

exciton signal (Figure 3, trace b). The adjacent quartets are,

in fact, rotated by a well-defined andlethis causes the
interaction between the transition moments located in the
different G-quartets originating the bisignate couptethe
sequential addition of cryptand, acid, and base leads to
spectra that resemble the initial spectrnfFigure 3, trace

c), K™1g (Figure 3, tracel), andl, again (Figure 3, trace e),
respectively?*

'H NMR spectroscopy has been employed to characterize
the assembled species in chloroform solutiond o$:810.22
Although the specie4, exhibits one set of signal8?°the
complex K"1g shows two sets of signals in a 1:1 rati&:
one set corresponds to molecules belonging to one quartet
and the other corresponds to molecules of the other,
nonequivalent, quartet. In particular, the region between 5

(21) Gottarelli, G.; Spada, G. P.; Garbesi, A. @Gomprehensive Su-
pramolecular Chemistry- Templating, Self-Assembly and Self-Organiza-
tion; Lehn, J.-M., Atwood, J. L., MacNicol, D. D., Davies, J. A. D., Vogtle,
F., Sauvage, J.-P., Hosseini, M. W. E., Eds.; Pergamon Press: Oxford, U.K.,
1996; Vol. 9, p 483.

(22) Gottarelli, G.; Masiero, S.; Spada, G. P.Chem. Soc., Chem.
Commun.1995, 2555.

(23) (a) Pieraccini, S.; Gottarelli, G.; Mariani, P.; Masiero, S.; Saturni,
L.; Spada, G. PChirality 2001, 13, 7. (b) Gottarelli, G.; Masiero, S.; Spada,
G. P.Enantiomerl1998,3, 429. (c) For a general discussion on the exciton
coupling, see: Berova, N.; Nakanishi, K. I8ircular Dichroism —
Principles and ApplicationsBerova, N., Nakanishi, K., Woody, R. W.,
Eds.; Wiley-VCH: New York, 2000; p 337.

(24) The recovery of the signals of the initial spectr@rand of Kt1g
is not complete for the existence of multiple equilibria after acid/base
addition.

(25) The chemical shift of H(2) at 6.3 ppm is indicative of the existence
of a supramolecular ribbonlike architecture in solution (see ref 10) involving
the H(2) protons.
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ratio) at 7.4 and 8.0 ppm and by two sharp H(1) resonances
at 12.1 ppm when the supramolecular compleXiKis the
dominant species (Figure 4, trace b). As observed also by
CD spectroscopy, the sequential addition of cryptand, acid,
and base (Figure 4, tracese) allows the switching between

the two signatures of the ribbon and the octaffer.

In summary, we have shown the ionic modulation of the
reversible interconversion between two highly ordered su-
pramolecular motifs of a guanosine derivative. This su-
pramolecular dynamer can be of importance as a model
system to mimic the formatierannihilation of G-quartet-
based architectures, which might be of biological signifi-
cance, in the frame of nucleic acid telomerase.

' Acknowledgment. This paper is dedicated to Professor
Giovanni Gottarelli on the occasion of his retirement. We
thank MUR (PRIN Project 2005035119; FIRB Project
RNNEO1YSR8 004), the University of Bologna, the EU
Marie Curie EST project SUPER (MEST-CT-2004-008128),
and ESF-SONS-BIONICS for financial support.

Supporting Information Available: 3C andH NMR
spectra of compound. This material is available free of
charge via the Internet at http://pubs.acs.org.

OL061115W

(26) The NMR signals of the ribbons (in particular, those of H(8) and
NH(2)) in the presence of cryptate (traces c and e of Figure 4) are sharper
as compared to those of the starting spectrum (trace a of Figure 4). This
could reflect the differences in the bulk properties of the system (e.g.,
polarity) and/or the size (and polidispersity) of the ribbon after addition of
cosolutes (cryptand, acid, and base).
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