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We report the preparation and solution study of a set of template-assembled synthetic G-quartets
(TASQs) bound to different cations. These G-quartet baskets effectively extract cations of different
sizes and valencies. They form isolated G-quartets with small cations such as Naþ and Sr2þ, and
dimeric assemblies with larger cations such as Csþ. Their structures were determined by using
1HNMR spectroscopy, and their sizes were evaluated by using a series of pulsed-field gradient NMR
experiments. The effect of anion has been studied, and the cation selectivities have been investigated
by a series of competition experiments.

Introduction

G-quartet chemistry is rapidly expanding as it becomes
multidisciplinary.1,2 While biological research is pointing to
the important role these compounds play in cancer,3,4 aging,5

and genetic diseases,6 supramolecular chemistry is exploring
their functions in building newmaterials anddevices. Lipophilic
G-quartets havebeendeveloped for the latter purpose and show

potential in making structures such as ion channels,7 polymeric
films,8 liquid-crystalline phases,9 and electronic devices.10

G-quartet is the common name given to the cyclic tetra-
mers obtained from self-association of guanine (Figure 1a).11

In the presence of metal cations, the G-quartet layers stack
and form a columnar structure known as a G-quadruplex
(Figure 1b).12,13 The presence of cations is crucial for the
stability and integrity of G-quadruplex assemblies.14,15

Therefore, numerous studies have been conducted on
(1) Neidle, S.; Balasubramanian, S. Quadruplex nucleic acids; RSC Pub.:

Cambridge, UK, 2006.
(2) Davis, J. T. Angew. Chem., Int. Ed. 2004, 43, 668–698.
(3) Han, H. Y.; Hurley, L. H. Trends Pharmacol. Sci. 2000, 21, 136–142.
(4) Stewart, S. A.; Weinberg, R. A. Semin. Cancer Biol. 2000, 10, 399–

406.
(5) Bodnar, A. G.; Ouellette, M.; Frolkis, M.; Holt, S. E.; Chiu, C. P.;

Morin, G. B.; Harley, C. B.; Shay, J. W.; Lichtsteiner, S.; Wright, W. E.
Science 1998, 279, 349–352.

(6) Ghosal, G.; Muniyappa, K. Biochem. Biophys. Res. Commun. 2006,
343, 1–7.

(7) Kaucher, M. S.; Harrell, W. A.; Davis, J. T. J. Am. Chem. Soc. 2006,
128, 38–39.

(8) Arnal-Herault, C.; Pasc, A.; Michau, M.; Cot, D.; Petit, E.; Barboiu,
M. Angew. Chem., Int. Ed. 2007, 46, 8409–8413.

(9) Pieraccini, S.; Gottarelli, G.; Mariani, P.; Masiero, S.; Saturni, L.;
Spada, G. P. Chirality 2001, 13, 7–12.

(10) Calzolari, A.; Di Felice, R.; Molinari, E.; Garbesi, A. Appl. Phys.
Lett. 2002, 80, 3331–3333.

(11) Gellert, M.; Lipsett, M. N.; Davies, D. R. Proc. Natl. Acad. Sci.
U.S.A. 1962, 48, 2013–2018.

(12) Zimmerman, S. B.; Cohen, G. H.; Davies, D. R. J. Mol. Biol. 1975,
92, 181–192.

(13) Tougard, P.; Chantot, J. F.; Guschlbauer, W. Biochim. Biophys.
Acta 1973, 308, 9–16.

(14) Pinnavaia, T. J.; Marshall, C. L.; Mettler, C. M.; Fisk, C. I.; Miles,
H. T.; Becker, E. D. J. Am. Chem. Soc. 1978, 100, 3625–3627.

(15) Gu, J.; Leszczynski, J.; Bansal,M.Chem. Phys. Lett. 1999, 311, 209–
214.

(16) Wlodarczyk, A.; Grzybowski, P.; Patkowski, A.; Dobek, A. J. Phys.
Chem. B 2005, 109, 3594–3605.

(17) Wong, A.; Wu, G. J. Am. Chem. Soc. 2003, 125, 13895–13905.
(18) van Leeuwen, F. W. B.; Davis, J. T.; Verboom, W.; Reinhoudt, D.

N. Inorg. Chim. Acta 2006, 359, 1779–1785.
(19) Laughlan, G.; Murchie, A. I. H.; Norman, D. G.; Moore, M. H.;

Moody, P. C. E.; Lilley, D. M. J.; Luisi, B. Science 1994, 265, 520–524.
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various aspects of cation-binding such as selectivity,16-18

location,19-21 exchange,22-24 and cation-dependent poly-
morphism.25,26

Recently, we reported the design, synthesis, and solution
behavior of a set of lipophilic template-assembled synthetic
G-quartets (TASQs, e.g., 1)27 where four guanines are
covalently linked to a cavitand template such that the
cavitand helps direct the guanines into a quartet. These
TASQs are among a small number of systems reported to
form cation-free G-quartets.28-30 In addition to the contri-
butions to stability offered by the cavitand template, TASQs
can potentially control the morphology of G-quadruplex
assemblies (e.g., parallel vs. antiparallel). This might be even
more advantageous in hydrophilic systems in which prefer-
ential formation of one topology over other assemblies is
desired. Many synthetic systems suffer from the competition
of different topologies and the ensuing mixtures. We showed
that preorganization of guanines via a cavitand template
promotes Hoogsteen-type H-bonding and yields TASQs
that manifest basket-like structures (Figure 2).

In the present study, we describe the morphologies and
stoichiometries of the TASQ-cation assemblies as character-
ized largely by NMR spectroscopy. We found that proto-
typical lipophilic TASQs are capable of interacting with a
wide range of cations, and are energetically and structurally
sensitive to the nature of the cation used. Our present work
also provides more insight into the formation and structural
modification of isolated G-quartets. Isolated G-quartets

are rare and consequently little is known concerning their
behavior.31

Results and Discussion

Four different cations, Naþ (1.02 Å), Kþ (1.38 Å), Sr2þ

(1.18 Å), and Csþ (1.70 Å), were chosen for recognition
analysis by TASQ 1 based on their sizes, valencies, and
G-quartet binding properties.32 The first two cations are
commonly found in G-quadruplex assemblies, and the Sr2þ

cation is also known to bind effectively toG-quadruplexes.16

With respect to G-quadruplexes, the cesium cation is gen-
erally considered to be a nonconstructing ion: the large size
of the Csþ cation prevents proper stacking of the bases, and
results in weakening of the G-quadruplex.14 Thus, it usually
serves as a capping ion.33 A series of solid-liquid extraction
experiments were carried out on TASQ 1 in CHCl3 with the
solid picrate salt of the sample cations (see the Experimental
Section). The products were subjected to 1H NMR spectro-
scopic analysis in CDCl3 (Figure 3).

In all cases, the cation-complexation was complete, resulting
in the formation of a new set of signals and the complete loss of
the signals due to the cation-free TASQ.34 A comparison of the
spectra revealed that each assembly has its own unique spec-
trum that depends on the identity of the corresponding cation.
Naþ and Sr2þ gave rise to spectra characterized by only one set
of signals. They display all the common and specific features of
the G-quartet formation that we have previously reported
for the cation-free TASQs, including (a) H-bonding of the
amino group, which is confirmed by the downfield shift of the
H-bonded amino signal (NH2b) and observed NOEs between
NH/NH2b and NH/NH2a (Figure 4a),

35,36 (b) NOEs between
H8 and NH2b

37 (Figure 4a), and (c) changes in the chemical
shifts of the nonexchangeable protons with respect to the
spectra in DMSO-d6.

27 2D NOESY analysis revealed that the
guanine bases in the assemblies of Naþ and Sr2þ have been

FIGURE 1. A schematic representation of (a) G-quartet and (b) G-
quadruplex with bound cations. The G-quartet units are rotated
about 30� with respect to each other.2

FIGURE 2. TASQ 1 and the corresponding basket-like structure.

(20) Wong, A.; Ida, R.; Wu, G. Biochem. Biophys. Res. Commun. 2005,
337, 363–366.

(21) Wong,A.; Fettinger, J. C.; Forman, S. L.;Davis, J. T.;Wu,G. J.Am.
Chem. Soc. 2002, 124, 742–743.

(22) Deng, H.; Braunlin, W. H. J. Mol. Biol. 1996, 255, 476–483.
(23) Ma, L.; Iezzi, M.; Kaucher, M. S.; Lam, Y. F.; Davis, J. T. J. Am.

Chem. Soc. 2006, 128, 15269–15277.
(24) Sket, P.; Crnugelj, M.; Plavec, J. Nucleic Acids Res. 2005, 33, 3691–

3697.
(25) Sen, D.; Gilbert, W. Nature 1990, 344, 410–414.
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(33) Forman, S. L.; Fettinger, J. C.; Pieraccini, S.; Gottareli, G.; Davis, J.
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FIGURE 3. 1HNMR spectra of TASQ 3 cation assemblies in CDCl3 at 400MHz at 25 �C. The signals labeled “p” and “s” indicate picrate and
solvent, respectively. TASQ 1 3Cs

þ gave two sets of signals, one of which has been marked with asterisks.

FIGURE 4. (a) Portions of a 100 ms NOESY spectrum of TASQ 1 3Sr
2þ acquired at 400MHz at-40 �C in CDCl3 indicative of the formation

of G-quartet, (b) NOEs indicative of the syn conformation, and (c) intrabase NOE correlations expected in syn (strong H10/H8 and weak
H20/H8) and anti (medium H10/H8 and strong H20/H8) conformers.35 The NH2 signals which are too broad to observe at rt are visible at low
temperature. Similar NOEs were observed for TASQ 1 3Naþ.27
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driven into syn conformations which provide a suitable
geometry for Hoogsteen pairing and force the structure into a
G-quartet (Figure 4b,c).30

1D NMR spectroscopy experiments also showed that the
Hin proton of the cavitand is sensitive to the presence of
cations. This sensitivity can be used as a probe for cation-
binding and suggests that the coordinated cations are located
near or inside the cavitand template.

The two other cations, Kþ and Csþ, yield very different
results from Naþ and Sr2þ. TASQ 1 3K

þ gave a broader
1H NMR spectrum at room temperature. At low tem-
perature the spectrum of TASQ 1 3K

þ splits into three
sets of signals indicating a dynamic mixture of structures
(Figure 5).

It can be seen from Figure 6 that all the signals for TASQ
1 3K

þ show the characteristic NOE correlations of G-quartet
assemblies (NOEsbetweenH8/NH2b andNH/NH2). Themain
set of signals shows a strongH8/H10 correlation and appears to
be originating from an all-syn38,39 G-quartet similar to those of
Naþ and Sr2þ (data not shown). The side signals in Figure 5
have equal intensities, and seem to be related to a second “new”
species present in the solution. From signal integration, it
can be approximated that this second species comprises about
one-third of the population at -40 �C. In TASQ 1 3Cs

þ, the

corresponding “new” species is dominant, as the spectrum
manifests only the two “new” signals. 2DNOESY experiments
confirm that TASQ 1 3Cs

þ retains the G-quartet structure (see
the Supporting Information for the observed NOEs between
H8/NH2b and NH/NH2).

Although conventional NMRmethods have provided valu-
able insight into the TASQ 3 cation structures, and confirm the
presence of G-quartet motifs, they were not sufficient for the
determination of stoichiometries. The ratio of cation per
quartet was found to be 1:1 for all three assemblies of Naþ,
Sr2þ, and Csþ based on the integration of the picrate proton
resonance at rt (see the Supporting Information).However, the
symmetry of the TASQs is clearly broken in cesium and
potassium. Only one “new” set of signals is observed in the
presence of the larger Csþ. This reveals the presence of two
different modes of binding for TASQs that depend on the size
of the cations. Potassium is apparently in the intermediate size
range, resulting in a mixture in which two structures have
comparable stability. Conclusive evidence for the identification
of these structures came from a combination of signal integra-
tion and diffusion NMR analysis.

Diffusion NMR Spectroscopy. Pulse field-gradient NMR
spectroscopy has gained increasing importance in the field of
supramolecular chemistry in recent years.40,41 This technique

FIGURE 5. Partial 1H NMR spectrum of TASQ 1 3K
þ at 400MHz at-40 �C in CDCl3 displaying three sets of signals. The two sets of small

signals related to a second “new” species have been marked with asterisks. The signals labeled “p” and “s” correspond to the picrate and the
solvent, respectively.

FIGURE 6. Portions of a 100 ms NOESY spectrum of TASQ 1 3K
þ acquired at 400 MHz at -40 �C in CDCl3.

(38) Patel, D. J.; Kozlowski, S. A.; Nordheim, A.; Rich, A. Proc. Natl.
Acad. Sci. U.S.A. 1982, 79, 1413–1417.

(39) Feigon, J.; Wang, A. H. J.; Vandermarel, G. A.; Vanboom, J. H.;
Rich, A. Nucleic Acids Res. 1984, 12, 1243–1263.

(40) Cohen, Y.; Avram, L.; Frish, L. Angew. Chem., Int. Ed. 2005, 44,
520–554.

(41) Schalley, C. A. Analytical methods in supramolecular chemistry;
Wiley-VCH: Weinheim, Germany, 2007, 163-220.
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has been successfully applied to the size determination
of a variety of self-assembled structures such as resorcina-
renes,42,43 (iso)guanosines,44,45 and rosettes.46

For more accurate measurements, it is often necessary to
use an internal standard with a similar structure. We chose
free TASQ 1 as an internal standard for TASQ 1 3 cations, but
1H NMR experiments revealed that, with the exception of
TASQ 1 3Cs

þ, the assemblies undergo a rapid exchange with
the cation-free TASQ, and give an average spectrum at room
temperature. So only the diffusion of TASQ 1 3Cs

þ could be
directly measured in the presence of free 1. In the past,
adenine compounds have been used as internal standards
for diffusion study of guanine compounds.29,44 Adenine is
believed to show few interactions with itself or with guanine,
and has a similar shape and molecular weight. Thus com-
pound 2, an adenine analogue of 1, was synthesized by using
a similar procedure as described previously for TASQs
(Scheme 1),27 and was utilized as a standard (see the Experi-
mental Section).

The following mixtures were prepared and subjected to
analysis: 2-1, 2-1 3Naþ, 2-1 3 Sr

2þ, and 1-1 3Cs
þ inCDCl3, and

2-1 in DMSO-d6 (Table 1). All the mixtures were in equimo-
lar ratios and kept in the same NMR tube under identical
conditions of concentration and temperature. In all cases, no
interactions were observed between the standards and the
analyzed samples. The experiments were performed at 295K
with a BPLED gradient pulse sequence, and the diffusion

coefficients (D) were calculated by plotting the natural
logarithm of the signal intensity versus the b-value for a
representative signal. The slope of this line equals -D
(Figure 7). The b value is the diffusion weighting factor,
which is defined as b=(2πγgδ)2(Δ- δ/3) s/m2 (in which γ is
the gyromagnetic ratio, δ is the gradient pulse duration, and
g and Δ are the gradient strength and the time between the
start of the first and the second gradient pulses). The results
are summarized in Table 1 and Figure 7. (See the Supporting
Information for data on 1 3Naþ and 1 3 Sr

2þ in CDCl3, and
1 in DMSO-d6.)

From Table 1, it can be clearly seen that 1 remains
monomeric in both DMSO-d6 (εr=47) and CDCl3 (εr=
4.8). The observed stoichiometry in CDCl3 is consistent
with the previously determined basket-like geometry
of TASQs, and rules out the presence of higher order
aggregates. Moreover, the experimental ratios of diffu-
sion coefficients are in very good agreement with the theore-
tical values obtained for spherical molecules (Table 1 and
eq 1).47

D1

D2
¼

ffiffiffiffiffiffiffi
M2

M1

3

r
ð1Þ

The data listed in Table 1 also suggest that both TASQ
1 3Naþ and TASQ 1 3Sr

2þ form monomeric assemblies (see
the Supporting Information). These results agree well with
the stoichiometries obtained from picrate peak integration.
To the best of our knowledge these are the first isolated
cation-bound unimolecular G-quartets (as opposed to
G-quadruplexes) reported in solution phase: It is known
that the coordination of cations to the carbonyl oxygens of
the guanines is the dominant force promoting the stacking
of the bases in lipophilic systems.48 Therefore, lipophilic
G-quartets tend to stack such that the self-assembly process
is very unlikely to stop at the quartet level in the presence of
cations.49 Indeed, the presence of cation-templated isolated
G-quartets has only been reported in the gas phase.50

The diffusion NMR experiments show that in contrast to
the behavior of small cations, cesium promotes formation of
a dimer. The experimental ratio of 80% obtained forD1 3Csþ/
D1 is in close agreement with the theoretical value of 79%
calculated for a dimeric system from eq 1 (Figure 7b).
Considering the asymmetry found in the 1H NMR spectra,
in addition to the 1:1 ratio of cation per quartet and
symmetry of the system, this dimer has to be an asymmetric

TABLE 1. Diffusion Coefficients (D) of 2, 1, and 1 3Cation Assemblies at 295 K

solvent D2 [ �10-10 m2/s] D1 [�10-10 m2/s] D1 3Naþ [�10-10 m2/s] D1 3 Sr2þ [�10-10 m2/s] D1 3Csþ [�10-10 m2/s] % ratio

DMSO-d6 0.75( 0.02 0.74( 0.02 99
CDCl3 3.55( 0.10 3.45( 0.10 97
CDCl3 3.60( 0.10 3.48( 0.10 97
CDCl3 3.56( 0.10 3.41( 0.10 96
CDCl3 3.11( 0.10 2.50( 0.10 80

SCHEME 1. Synthesis of 2

(42) Evan-Salem, T.; Baruch, I.; Avram, L.; Cohen, Y.; Palmer, L. C.;
Rebek, J. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 12296–12300.

(43) Avram, L.; Cohen, Y. J. Am. Chem. Soc. 2002, 124, 15148–15149.
(44) Kaucher, M. S.; Lam, Y. F.; Pieraccini, S.; Gottarelli, G.; Davis, J.

T. Chem.;Eur. J. 2004, 11, 164–173.
(45) Evan-Salem, T.; Frish, L.; vanLeeuwen, F.W.B.;Reinhoudt,D.N.;

Verboom,W.; Kaucher, M. S.; Davis, J. T.; Cohen, Y.Chem.;Eur. J. 2007,
13, 1969–1977.

(46) Timmerman, P.; Weidmann, J. L.; Jolliffe, K. A.; Prins, L. J.;
Reinhoudt, D. N.; Shinkai, S.; Frish, L.; Cohen, Y. J. Chem. Soc., Perkin
Trans. 2 2000, 2077-2089.

(47) Waldeck, A.R.; Kuchel, P.W.; Lennon,A. J.; Chapman, B. E.Prog.
Nucl. Magn. Reson. Spectrosc. 1997, 30, 39–68.

(48) Gottarelli, G.; Masiero, S.; Spada, G. P. J. Chem. Soc., Chem.
Commun. 1995, 2555–2557.

(49) Mezzina, E.; Mariani, P.; Itri, R.; Masiero, S.; Pieraccini, S.; Spada,
G. P.; Spinozzi, F.; Davis, J. T.; Gottarelli, G. Chem.;Eur. J. 2001, 7, 388–
395.

(50) Aggerholm, T.; Nanita, S. C.; Koch, K. J.; Cooks, R. G. J. Mass
Spectrom. 2003, 38, 87–97.
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dimer such as structure c in Figure 8. The coordination of a
third cation is probably prevented due to repulsive forces
between cations. The results obtained for 1 3Cs

þ also shed
light on the identity of TASQ 1 3K

þ and suggest that it is
most likely a mixture of a monomer and a dimer such as in
structures a and c, respectively, of Figure 8, which exchange
rapidly at room temperature.

The Anion Effect. Picrate salts have extensive applications
in extraction experiments, and their interactionswith various
ionophores such as crown ethers have been investigated.51,52

They are only slightly soluble in chloroform (εr=4.8), and
exist mostly as ion pair complexes in this media.53 The

picrate anion is a mono- or bidentate ligand that can
coordinate to alkali or alkaline earth metal cations
through its phenolic and o-nitro groups.52 It can be seen
from Figure 3 that the picrate anion interacts with the
TASQ 3 cation assemblies. The upfield shift of the picrate
signal in the monomeric assemblies suggests that the
picrate anion is associated with the cations and is posi-
tioned near or above the aromatic guanines.54 Similar
observations have been reported by Davis et al., who
demonstrated that a capping picrate anion can stabilize a
sodium-templated octamer and prevent it from converting
to a hexadecamer.44 On the basis of the chemical shifts of
the picrate anion one can conclude that the capping effect
of the anion in TASQ 1 is controlled by the size of the
cation, and is more pronounced for the smaller cations.
Larger cations such as cesium (and potassium somewhat)
prefer formation of dimeric systems in which ion pairs are
completely dissociated. The information obtained from
diffusion NMR is also complementary to this finding. The
diffusion coefficients of the picrate anion for TASQ 3Naþ

(Danion=3.39 ( 0.10) and TASQ 3 Sr
2þ (Danion=3.40 (

0.10) are the same as those of their corresponding com-
plexes within experimental error. Considering the molec-
ular weight of the anion, this suggests a strong association
between the anion and the complex. The diffusion coeffi-
cient of the picrate anion in TASQ 3Cs

þ (Danion=3.70 (
0.10) is approximately 1.5 times that of the diffu-
sion coefficient of the complex (Dcomplex=2.50 ( 0.10),
which suggests a weaker association compared to those of
Naþ and Sr2þ.

A set of extraction experiments in the presence of non-
coordinating anions (I-, BPh4

-) verified the above interpre-
tation. Under these new conditions, TASQ 1 3Cs

þ gave a
spectrum similar to the one recorded in the presence of
picrate anion. This suggests that the formation of asym-
metric dimer is not affected by the anion. TASQ 1 3Naþand
TASQ 1 3 Sr

2þ, in contrast, yielded very broad spectra in the
absence of picrate indicating the loss of the monomer as the
singular species (see the Supporting Information).

Selectivities of TASQs. Cation selectivity of TASQ 1 was
also evaluated in a set of competition experiments. Addition
of solid sodium picrate to a solution of TASQ 1 3Cs

þ in
chloroform resulted in complete replacement of cesium ions
with sodium. This process is also accompanied by a major
structural change in which the dimeric system converts to a
monomer. In contrast, addition of solid cesium picrate to a
solution of TASQ 1 3Naþ in chloroform resulted in no
change. These results indicate that TASQ 1 has a high
Naþ/Csþ selectivity. In a similar set of experiments per-
formed on the complexes of Sr2þ and Naþ, the divalent
cation completely replaced the sodium ion. The selectivity of
TASQ 1 for potassiumwas also evaluated to be between that
of sodium and cesium.55 The results are summarized in
Table 2.

The high affinity of TASQ 1 for strontium may be of
industrial significance. 90Sr2þ and 137Csþ are both products

FIGURE 7. Normalized signal decay as a function of the b value
at 295 K for (a) 1-2 in CDCl3 and (b) 1-1 3Cs

þ in CDCl3. See
the Supporting Information for the diffusion plots of the other
assemblies. The representative signals are H10 for a and NH for b.
[b value = (2πγgδ)2(Δ - δ/3) s/m2].

FIGURE 8. Proposed G-quartet-based structures of TASQ 3 cation
assemblies: (a) isolated G-quartet, (b, d) symmetric dimers, and
(c) asymmetric dimer. Only structures consistent with structures a
and c were observed.

(51) Talanova, G. G.; Elkarim, N. S. A.; Talanov, V. S.; Hanes, R. E.;
Hwang, H. S.; Bartsch, R. A.; Rogers, R. D. J. Am. Chem. Soc. 1999, 121,
11281–11290.

(52) Olsher, U.; Feinberg, H.; Frolow, F.; Shoham, G. Pure Appl. Chem.
1996, 68, 1195–1199.

(53) Inoue, Y.; Fujiwara, C.; Wada, K.; Tai, A.; Hakushi, T. J. Chem.
Soc., Chem. Commun. 1987, 393–394.

(54) Bohmer, V.; Dalla Cort, A.; Mandolini, L. J. Org. Chem. 2001, 66,
1900–1902.

(55) G-quartets bind Kþ selectively over Naþ in aqueous solutions. This
selectivity benefits from the lower dehydration energy of Kþ with respect to
Naþ. Under the anhydrous conditions reported here, the selectivity observed
reflects the intrinsic selectivity. See ref 1 and references cited therein.
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of nuclear fission and their selective stripping from salted
radioactive waste solutions has been the subject of consider-
able research in the past.56,57 It should also be noted
that these results display only the selectivities in the presence
of picrate anion. As noted above, the anion changes the
structure of the assemblies and may modulate the overall
selectivities. A series of control experiments in which 2

was mixed with either sodium or cesium picrates showed
no changes either in the color or in the 1H NMR spectra.
Thus, guanines are essential for the cation-affinity of
TASQs. The overall selectivity displayed by TASQ 1 is
Sr2þ . Naþ . Kþ . Csþ. The magnitude of these selectiv-
ities is estimated as more than a factor of 20 between each
pair of cations.

CD Spectroscopy. Furanose sugars are chiral and induce a
small CD band in the electronic transition of a single nucleo-
tide.58 When guanines are arranged in a G-quadruplex this
CD band is intense and gives valuable information about the

structures in solution.59 The CD spectra of TASQ 3 cation
assemblies exhibit a negative band at ∼260 nm and positive
bands at ∼240 and ∼290 nm for all of the complexes in
chloroform (Figure 9). However, these CD bands cannot be
attributed only to the H-bonding of guanines. The cavitand
and triazole are two other chromophores present that absorb
in the same region and contribute to the observed CD
bands.60 This poses an obstacle for the detailed interpreta-
tion of the CD bands. Nevertheless, the following features
can be pointed out: (a) the general shape and polarity of the
spectra are independent of the type and number of the
cations bound and (b) there is some variation in the wave-
length and intensities of the CD bands, and (c) the CD bands
that TASQ 1 manifests in chloroform are absent in DMSO,
which is consistent with the 1H NMR data that suggest the
loss of the G-quartet structure in the polar DMSO solvent
(Figure 9).

Conclusions

We have developed the concept of template-assembled
synthetic G-quartets (TASQs) as an approach for control-
ling the morphology of G-quadruplex assemblies.27 In the
present study, we demonstrated the affinity of TASQs for
cations, and explored the structural consequences of cation-
complexation. Four cations (Naþ, Sr2þ, Kþ, and Csþ) were
selected and NMR spectroscopic methods were utilized to
investigate the resulting structures. 1H NMR and 1H-1H
NOESY analysis were performed on each assembly and
confirmed the presence of G-quartet units. Diffusion NMR
experiments were undertaken and the sizes of the complexes
were determined. The combined NMR analyses suggest the
presence of an isolated unimolecular G-quartet in the ab-
sence of cations and in the presence of Naþ and Sr2þ. In the
presence of Csþ, we found an asymmetric dimer in solution.
In the presence of Kþ, both an asymmetric dimer and a
unimolecular G-quartet were found. A deeper analysis re-
vealed the role of the anions in formation and stabilization
of these structures. Interconversion of structures was inves-
tigated. Switching from Csþ to Naþ, for example, induced
a conformational change from a dimer to a monomer.
Selectivities were evaluated and Sr2þ was found to be co-
ordinated more strongly than the other cations.

Currentlywe areworking on larger, water-soluble TASQs.
We hope that such compounds will find application, for
example, as screens for drugs that recognize and stabilize
natural G-quadruplexes; such drugs have potential as anti-
cancer agents.1

Experimental Section

Compound 2.Toa solutionof cavitand361 (111mg, 0.081mmol)
and 50-azido-20,30-O-isopropylidene adenosine 462 (120 mg,
0.360 mmol) in 10 mL of degassed DMSO was added CuSO4 3
5H2O (0.202 mL, 0.040 M aqueous solution, 0.008 mmol) and
sodium ascorbate (0.202 mL of freshly prepared 0.400 M aqueous

TABLE 2. The Selectivities of TASQs

starting species added M 3picrate resulting species

TASQ 1 3Naþ Cs 3Pic TASQ 1 3Naþ

TASQ 1 3Cs
þ Na 3Pic TASQ 1 3Naþ

TASQ 1 3Naþ Sr 3Pic TASQ 1 3Sr
2þ

TASQ 1 3 Sr
2þ Na 3Pic TASQ 1 3Sr

2þ

TASQ 1 3Naþ K 3Pic TASQ 1 3Naþ

TASQ 1 3K
þ Na 3Pic TASQ 1 3Naþ

TASQ 1 3Cs
þ K 3Pic TASQ 1 3K

þ

TASQ 1 3K
þ Cs 3Pic TASQ 1 3K

þ

FIGURE 9. CD spectra of a 0.2 mM solution of TASQ 1 in chloro-
form and DMSO, and TASQ 1 3 cation assemblies in chloroform.

(56) DeFilippi, I.; Yates, S.; Sedath, R.; Straszewski, M.; Andren, M.;
Gaita, R. Sep. Sci. Technol. 1997, 32, 93–113.

(57) Hobbs, D. T.; Barnes, M. J.; Pulmano, R. L.; Marshall, K. M.;
Edwards, T. B.; Bronikowski, M. G.; Fink, S. D. Sep. Sci. Technol. 2005, 40,
3093–3111.

(58) Fasman, G. D. Circular dichroism and the conformational analysis of
biomolecules; Plenum Press: New York, 1996.

(59) Gottarelli, G.; Masiero, S.; Spada, G. P. Enantiomer 1998, 3, 429–
438.

(60) In G-quadruplexes, the CD bands similar to those obtained for
TASQs have been related to an antiparallel G-quadruplex with alternate syn
and anti conformations. Because of the presence of additional chromo-
phores, the shape of the CD bands of TASQs cannot be interpreted as such.

(61) Barrett, E. S.; Irwin, J. L.; Picker, K.; Sherburn,M. S.Aust. J. Chem.
2002, 55, 319–325.

(62) Ceulemans, G.; Vandendriessche, F.; Rozenski, J.; Herdewijn, P.
Nucleosides Nucleotides 1995, 14, 117–127.
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solution, 0.081 mmol). The reaction mixture was stirred at 60 �C
overnight under a positive pressure ofN2. The solventwas removed
in vacuo, and the crude products were washed thoroughly with hot
deionizedwater.A fewdropsof ammoniumhydroxidewereused to
remove the copper catalyst. The crude reaction mixture was sub-
jected to column chromatography on silica gel with use of a 1:3
mixture of EtOH/EtOAc. The solvent was evaporated and the
obtained precipitate dissolved in DMSO. Precipitation with deio-
nized water, filtration, and subsequent washing of the precipitate
with hot deionized water yielded the pure product (Scheme 1).

2: yield 68%; 1H NMR (400 MHz, DMSO-d6, 298 K) δ 8.26
(s, 4 H, H8), 8.18 (s, 4 H, H2), 8.06 (s, 4 H, Hc), 7.33 (r bs, 8H,
NH2), 7.26 (s, 4 H, ArH), 6.22 (d, 4H, H10), 5.88 (d, 4 H, Hout),
5.46 (dd, 4 H, H20), 5.14 (dd, 4 H, H30), 4.90 (m, 8 H, Ha, Hb),
4.76 (dd, 4 H, H50b), 4.65 (dd, 4 H, H50a), 4.56 (t, 4 H, Hd), 4.55
(m, 4H,H40), 4.25 (d, 4H,Hin), 2.30 (m, 8H,CH2 cavitand feet),
1.49 (s, 12 H, CH3 sugar), 1.38 (m, 8 H, CH2 feet), 1.29 (s, 12 H,
CH3 sugar), 1.20-1.28 (m, 64 H, CH2 feet), 0.84 (t, 12 H, CH3

feet); 13CNMR (400MHz, CDCl3, 298K) δ 156.2, 153.2, 148.9,
148.2, 148.1, 145.1, 144.0, 140.0, 139.0, 124.3, 120.0, 114.9,
114.7, 99.6, 90.4, 84.9, 83.7, 81.7, 67.4, 51.3, 37.0, 32.0,
30.0, 29.8 (multiple peaks), 29.5, 28.1, 27.2, 25.5, 22.8, 14.2;
MALDI-TOF-MS calcd for C140H184N32O24 3H

þ 2699.42,
found [M þ Hþ] 2700.1.

1 3Na
þ
:
1H NMR (400 MHz, CDCl3, 298 K) δ 11.55 (s, 4 H,

NH), 8.69 (s, 2 H, picrate), 7.79 (s, 4 H, Hc), 7.78 (s, 4 H, H8),
6.65 (s, 4 H, ArH), 5.88 (d, 4H, H10), 5.67 (d, 4 H, Hb), 5.19 (dd,
4 H, H20), 5.18 (dd, 4 H, H30), 4.96 (dd, 4 H, H50b), 4.76 (d, 4 H,
Ha), 4.61 (dd, 4 H, H50a), 4.53 (t, 4 H, Hd), 4.50 (d, 4 H, Hout),
4.31 (m, 4H,H40), 3.93 (d, 4H, Hin), 2.30 (m, 8H, CH2 cavitand
feet), 1.48 (s, 12 H, CH3 sugar), 1.39 (m, 8 H, CH2 feet), 1.29 (s,
12 H, CH3 sugar), 1.23-1.30 (m, 64 H, CH2 feet), 0.84 (t, 12 H,
CH3 feet).

1 3Sr
2þ: 1H NMR (400 MHz, CDCl3, 298 K) δ 11.15 (s, 4 H,

NH), 8.70 (s, 2 H, picrate), 7.87 (s, 4 H, Hc), 7.80 (s, 4 H, H8),

6.62 (s, 4H,ArH), 5.86 (d, 4H,H10), 5.54 (d, 4H,Hb), 5.24 (dd, 4
H, H30), 5.00 (dd, 4 H, H20), 4.96 (dd, 4 H, H50b), 4.78 (d, 4 H,
Ha), 4.63 (dd, 4 H, H50a), 4.54 (t, 4 H, Hd), 4.46 (d, 4 H, Hout),
4.30 (m, 4H,H40), 3.95 (d, 4 H,Hin), 2.30 (m, 8H, CH2 cavitand
feet), 1.48 (s, 12 H, CH3 sugar), 1.39 (m, 8 H, CH2 feet), 1.29 (s,
12 H, CH3 sugar), 1.23-1.30 (m, 64 H, CH2 feet), 0.84 (t, 12 H,
CH3 feet).

1 3Cs
þ: (partially assigned, region 6-12), 1H NMR (400

MHz, CDCl3, 298 K) δ 11.41 (s, 4 H, NH), 10.83 (s, 4 H,
NH*), 8.87 (s, 4 H, picrate), 7.70 (s, 4 H, Hc), 7.42 (s, 4 H, Hc*),
7.44 (s, 4 H, H8), 7.17 (s, 4 H, H8*), 6.71 (s, 4 H, ArH), 6.51 (s, 4
H, ArH*).

Picrate Extraction Experiments. Picrate salts were synthe-
sized following the literature method.63 In a typical solid-liquid
extraction experiment 0.01mmol of 1wasmixedwith 0.04mmol
of sodiumpicrate then the solutionwas stirred in chloroform for
6 days. The resulting mixture was centrifuged and the solution
was filtered through a piece of glass wool (packed in a Pasteur
pipet). The product was isolated as a yellow solid after evapora-
tion of chloroform at room temperature. Chloroform/aqueous
picrate extraction was not practical, as precipitation resulted.
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