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Abstract: With an eye toward the eventual selective modification of noncovalent structures, we used ESI-
MS, X-ray crystallography, and NMR spectroscopy to study the anion’s influence on the structure and
dynamics of self-assembled ion pair receptors formed from guanosine G 1. We compared five complexes
of formula (G 1)16‚2Ba2+‚4A- containing different organic anions: 2,4,6-trinitrophenolate (2), 2,6-
dinitrophenolate (3), 4-methyl-2,6-dinitrophenolate (4), 4-methoxy-2,6-dinitrophenolate (5), and 2,5-
dinitrophenolate (6). Crystallography reveals that anion-nucleobase hydrogen bond geometry is sensitive
to both phenolate basicity and structure. For the 2,6-substituted anions 2-5, progressive shortening of
anion-nucleobase hydrogen bonds is correlated with increased phenolate basicity. Lipophilic G-
quadruplexes with different anions also have much different kinetic stabilities in CD2Cl2 solution. Proton
NMR shows that free 6 exchanges faster with G-quadruplex-bound anion than do the 2,6-dinitrophenolates
2-5. The increased lability of 6 is probably because, unlike the 2,6-dinitrophenolates, this anion cannot
effectively chelate separate G8‚M2+ octamers via anion-nucleobase hydrogen bonds. In addition to these
structural effects, the anion’s basicity modulates the anion exchange rate between its free and bound states.
2D EXSY NMR shows that 3 and 5 exchange about 7 times slower than the less basic picrate (2). The use
of 3, a relatively basic dinitrophenolate that hydrogen bonds with the amino groups of the two “inner” G4-
quartets, resulted in extraordinary kinetic stabilization of the G-quadruplex in CD2Cl2. Thus, no isomerization
product (G 1)8‚Ba2+‚(G 1)8‚Sr2+‚4(3) was observed even 2 months after the separate G-quadruplexes (G
1)16‚2Ba2+‚4(3) and (G 1)16‚2Sr2+‚4(3) were combined in CD2Cl2. In sharp contrast, G-quadruplexes
containing the isomeric 6 anion have isomerization half-lives of approximately t1/2 ) 30 min under identical
conditions. All the evidence indicates that the structure and electronics of the organic anions, bound to the
assembly’s periphery, are crucial for controlling the kinetic stability of these cation-filled G-quadruplexes.

Introduction

Noncovalent synthesis often relies on self-assembly of
multiple components into discrete supramolecules.1 Self-
assembly’s major advantage is that it operates under thermo-
dynamic control. With the right building blocks, large structures
can be made rapidly, inexpensively, and in high yield.2,3 While
a hydrogen-bonded assembly may well be thermodynamically
stable, its parts are in flux, breaking off and adding back to the
assembly. Depending on the system and conditions, component
exchange takes somewhere between milliseconds and months,
with shorter time scales being the norm for hydrogen-bonded
assemblies. As nanotechnology begins to require defined

structures and devices that are 1-1000 nm in size, there will
undoubtedly be many occasions that require strategies for
kinetically stabilizing supramolecular assemblies. For example,
if you want to modify a particular region of a noncovalent
assembly, you need to be sure that the components stay in place
during, and after, the synthetic operation. Relative to systems
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held together by reversible covalent bonds,4 by metal ion
coordination bonds,5 or by mechanically locked bonds,6 hydrogen-
bonded assemblies that are kinetically stable are fewer. Hydrogen-
bonded capsules can be stabilized by guest inclusion.7 Guest
inclusion strengthens the hydrogen bonds that hold the capsule
together and influences component exchange rates. The cap-
sules’ kinetic stability can also be increased by structural
modifications. Bo¨hmer showed that mechanical entanglement
of calixarene subunits slows ligand and guest exchange.8

Another effective method to lock a hydrogen-bonded assembly
is to covalently modify the complex after formation.9 Hydrogen-
bonded complexes can also be kinetically stabilized by increas-
ing the number of hydrogen bonds that hold the assembly
together. Reinhoudt and colleagues showed this with calixarene
rosettes; the exchange half-life for a hydrogen-bonded mel-
amine increased from 8 min in a double rosette to 155 h in a
hexarosette.10 Chiral rosettes also have high racemization
barriers, because the process requires so many hydrogen bonds
to be broken.11 A less common approach toward stabilizing
hydrogen-bonded assemblies is to use components that interact
with functional groups on the assembly’s exterior.12,13This last
approach is taken in this study.

In this paper, we show how to control some dynamic prop-
erties of a class of self-assembled ionophores that recognize
ion pairs. We show that organic anions that hydrogen bond to
the assembly’s exterior influence the assembly’s kinetic stability.
These anions bridge individual components, much like clips
holding pieces of material together. Varying the anions’ H-bond
geometry or H-bond strength modulates the exchange of
assembly components. The anion’s influence can be quite
significant; a supramolecular isomerization that is complete
within minutes when 2,5-dinitrophenolate is the anion does not
occur if an isomeric 2,6-dinitrophenolate is used as the anion.

As cation and anion recognition has become better under-
stood,14,15attention has turned toward ion pair recognition. One

approach for ion pair recognition is to use dual receptors
consisting of one ionophore for the cation and one for the
anion.16 Another strategy is to build a “heteroditopic” receptor
by grafting two hosts into a single compound. A ditopic receptor
has a Lewis basic site for cation coordination, and a Lewis or
Brönsted acid for anion binding.17,18Ditopic receptors are often
allosteric, and coordination of one ion influences binding of
the partner ion.19,20 Instead of using covalent ionophores with
separate binding sites, self-assembly of a ditopic receptor from
multiple components is an attractive strategy for ion pair
recognition.12,21-23 Lipophilic nucleosides, such as 5′-tert-
butyldimethylsilyl-2′,3′-isopropylideneguanosine (G1), form
cation-templated hydrogen-bonded G-quartets in organic sol-
vents,24,25similar to the structures formed by guanosine mono-
nucleotides and oligonucleotides in water.26

As depicted in Figure 1, the hexadecameric G-quadruplex
can be described by three levels of organization. This figure,
which describes the structure (G1)16‚3K+/1Cs+‚4Pic- (Pic- )
picrate),24a is meant to be a schematic and does not imply a
specific assembly mechanism. Four molecules of G1 form a
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G4-quartet via self-complementary H-bonds.26 The G4-quartets
stack, using cation-dipole and aromatic-aromatic stacking
interactions, to provideC4-symmetric G8‚M+ octamers with a
cation sandwiched between the G4-quartets. Four picrate anions
use their phenolate oxygen atoms and their two ortho-substituted
nitro groups to form bifurcated hydrogen bonds to the N2 HB

amino protons that project from the two “inner” G4-quartets.
These nucleobase-anion hydrogen bonds link two G8‚M+

octamers together to give theD4-symmetric hexadecamer. Thus,
G 1 self-assembles to provide structures with cation and anion
binding sites; the G-quadruplex has a cation-filled channel and
grooves on its surface for anion recognition.

Single-crystal X-ray crystallography has shown that as-
semblies formed from G1 and the divalent Ba2+ or Sr2+ picrate
salts are alsoD4-symmetric hexadecamers of formula (G
1)16‚2M2+‚4Pic- (Scheme 1).12,24b We recently discussed the
potential of these lipophilic G-quadruplexes to serve as ion pair
receptors.12 The G-quadruplex (G1)16‚2M2+‚4Pic- shown in
Scheme 1 illustrates self-assembly’s major advantage, namely,
the efficient synthesis of ordered and functional structures. The
G-quadruplex forms quantitatively by combining the compo-
nents in an organic solvent. Twenty-two particles (16 nucleo-
sides, 2 cations, and 4 anions) organize into a structure with
dimensions of 25× 30 × 30 Å and a molecular weight greater
than 7900. But, as Raymond has noted,27 “...although self-

(26) Leading references on cation-templated G-quartet formation by nucle-
otides: (a) Pinnavaia, T. J.; Marshall, C. L.; Mettler, C. M.; Fisk, C. L.;
Miles, H. T.; Becker, E. D.J. Am. Chem. Soc.1978, 100, 3625-3627. (b)
Borzo, M.; Detellier, C.; Laszlo, P.; Paris, A.J. Am. Chem. Soc.1980,
102, 1124-1134. (c) Detellier, C.; Laszlo, P.J. Am. Chem. Soc.1980,
102, 1135-1141. (d) Bouhoutsos-Brown, E.; Marshall, C. L. Pinnavaia,
T. J.J. Am. Chem. Soc.1982, 104, 6576-6584. For G-quadruplex crystal
structures from oligonucleotides see: (e) Phillips, K.; Dauter, Z.; Murchie,
A. I.; Lilley, D. M. J.; Luisi, B. J. Mol. Biol. 1997, 273, 171-182. (f)
Deng, J.; Xiong, Y.; Sundaralingam, M.Proc. Nat. Acad. Sci. U.S.A.2001,
98, 13665-13670. (g) Horvath, M. P.; Schultz, S. C.J. Mol. Biol. 2001,
310, 367-377. (h) Parkinson, G. N.; Lee, M. P. H.; Neidle, S.Nature
2002, 417, 876-880.

Figure 1. Hierarchical self-assembly to form the lipophilic G-quadruplex. The K+ G-quadruplex (G1)16‚3K+/Cs+‚4Pic-, the original structure characterized
by X-ray crystallography (ref 24a), is used to illustrate the different levels of self-organization. Level 3 shows the anion-nucleobase hydrogen-bonding
interactions that are the focus of this study. For clarity, ribose units are omitted.
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assembly represents a simple and efficient route to the construc-
tion of large, complex structures, understanding how this process
works is not so straightforward.” If we want to manipulate large
synthetic assemblies, then learning how to control self-assembly
and dynamic exchange is crucial. This paper focuses on defining
the organic anion’s role in G-quadruplex synthesis. One goal
is to understand how components bound to the G-quadruplex
influence assembly structure and dynamics. We show that the
bound phenolate anions modulate the properties, particularly
the kinetic stability, of these (G1)16 hexadecamers.

Results and Discussion

In this study, we compare the structure and dynamics of five
G-quadruplexes of formula (G1)16‚2Ba2+‚4A-. Each complex
contained Ba2+, but differed in the bound nitrophenolate, 2,4,6-
trinitrophenolate (picrate,2), 2,6-dinitrophenolate (2,6-DNP,3),
4-methyl-2,6-dinitrophenolate (4-Me-2,6-DNP,4),28 4-methoxy-
2,6-dinitrophenolate (4-OMe-2,6-DNP,5), and 2,5-dinitrophe-
nolate (2,5-DNP,6) (Chart 1). Although2 is often considered
to be a noncoordinating anion, its phenolate and nitro groups
are hydrogen bond acceptors,29 and its electron-deficient
aromatic ring canπ stack. Indeed, picrate has been shown to

influence the structure and stability of ionophore-cation
complexes.12,30

This paper is organized as follows. First, we review evidence
that the G-quadruplex (G1)16‚2Ba2+‚4Pic- is a hexadecamer
in the solid state and solution. We then describe mass
spectrometry data that unequivocally support hexadecamer
formation. Next, we present solid-state data showing that anion-
quadruplex hydrogen bond distances are sensitive to anion
structure and basicity. Then, we use NMR spectroscopy to show
that G-quadruplexes with different anions possess markedly
different kinetic stabilities in CD2Cl2. All the evidence indicates
that the organic anion is crucial for controlling the properties
of these cation-filled G-quadruplexes.

Solid-state structures for isomorphous G-quadruplexes (G
1)16‚2Ba2+‚4Pic- and (G1)16‚2Sr2+‚4Pic- indicated that self-
assembly of G1 and the metal picrates gave a hexadecamer.12,24b

We previously described NMR experiments that provided strong
evidence that a hexadecamer, as opposed to a dissociated
octamer, (G1)8‚Ba2+, was the major species in CD2Cl2 solu-
tion. Thus, a 1:1 mixture of (G1)16‚2Ba2+‚4Pic- and
(G 1)16‚2Sr2+‚4Pic- equilibrated to give a statistical 1:1:2 ratio
of the starting hexadecamers and the “mixed” hexadecamer (G
1)8‚Ba2+‚(G 1)8‚Sr2+‚4Pic-, an isomerization product formed

(27) Davis, A. V.; Yeh, R. M.; Raymond, K. N.Proc. Natl. Acad. Sci. U.S.A.
2002, 99, 4793-4796.

(28) Cotelle, P.; Catteau, J. P.Synth. Commun. 1996, 26, 4105-4112.
(29) (a) Etter, M. C.Acc. Chem. Res.1990, 23, 120-126. (b) Etter, M. C.J.

Phys. Chem.1991, 95, 4601-4610. (c) Robinson, J. M. A.; Philp, D.;
Harris, K. D. M.; Kariuka, B. M.New J. Chem. 2000, 24, 799-806.

(30) (a) Harrowfield, J.J. Chem Soc., Dalton Trans.1996, 3165-3171. (b)
Böhmer, V.; Dalla-Cort, A.; Mandolini, L.J. Org. Chem.2001, 66, 1900-
1902. (c) 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.

Scheme 1. Lipophilic G-quadruplex (G 1)16‚2Ba2+‚4Pic- Formed upon Self-Assembly of G 1

Chart 1. Anions (A-) Used To Prepare Lipophilic G-Quadruplexes of Formula (G 1)16‚2Ba2+‚4A-
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by formal exchange of (G1)8‚M2+ octamers between (G
1)16‚2Ba2+‚4Pic- and (G1)16‚2Sr2+‚4Pic- (Figure 2). To gain
more direct evidence for hexadecameric G-quadruplexes in
solution, we turned to electrospray mass spectrometry.

Mass Spectrometry Evidence for the Guanosine Hexa-
decamer.ESI-MS, a powerful method for biomolecular analy-
sis,31 is also a key characterization technique in supramolecular
chemistry.32 Since cations are an integral part of the G-
quadruplexes, their ESI-MS analysis does not require any ion
labeling steps.33 As shown in Figure 3, ESI-FTICR-MS analysis
of a CH3CN solution of (G1)16‚2Sr2+‚4Pic- gave a significant
peak atm/z 3816.87, characteristic of a hexadecamer, [(G
1)16‚2Sr2+‚2Pic-]2+, that had lost two picrate anions. The Figure

3 inset shows the isotopic resolution of this species, confirming
it as a doubly charged hexadecamer. Furthermore, mixing (G
1)16‚2Ba2+‚4Pic- and (G1)16‚2Sr2+‚4Pic- in CH3CN provided
three doubly charged peaks in them/z 3800 region (Figure 4),
corresponding to the starting complexes and the mixed hexa-
decamer [(G1)8‚Ba2+‚(G 1)8‚Sr2+‚2Pic-]2+. The signal for [(G
1)8‚Ba2+‚(G 1)8‚Sr2+‚2Pic-]2+ is consistent with the species
proposed in previous NMR experiments, an isomerization
product arising from formal (G1)8‚M2+ octamer exchange
between (G1)16‚2Ba2+‚4Pic- and (G1)16‚2Sr2+‚4Pic-.12 These
ESI-MS results confirm formation of a hexadecameric G-
quadruplex from G1 and picrate salts in organic solvents.

(31) (a) Siuzdak, G.Proc. Natl. Acad. Sci. U.S.A.1994, 91, 11290-11297. (b)
Hofstadler, S. A.; Griffey, R. H.Chem. ReV. 2001, 101, 377-390.

(32) (a) Schalley, C. A.J. Int. Mass Spectrom.2000, 134, 11-39. (b) Schalley,
C. A. Mass Spectom. ReV. 2001, 20, 253-309. (c) Manna, J.; Kuehl, C. J.;
Whiteford, J. A.; Stang, P. J.; Muddiman, D. C.; Hofstadler, S. A.; Smith,
R. D. J. Am. Chem. Soc.1997, 119, 11611-11619.

(33) Other G-quartet ESI-MS studies: (a) Fukushima, K.; Iwahashi, H.Chem.
Commun. 2000, 895-896. (b) Manet, I.; Francini, L.; Masiero, S.;
Pierracinni, S.; Spada, G. P.; Gottarelli, G. HelV. Chim. Acta2001, 84,
2096-2107. (c) Koch, K. J.; Aggerholm, T.; Nanita, S. C.; Cooks, R. G.
J. Mass Spectrom. 2002, 37, 676-686. (d) Aggerholm, T.; Nanita, S. C.;
Koch, K. J: Cooks, R. G.J. Mass Spectrom. 2003, 38, 87-97. (e)
Sakamoto, S.; Nakatani, K.; Saito, I.; Yamaguchi, K.Chem. Commun.2003,
788-789.

Figure 2. A series of1H NMR experiments (see ref 12) showed that self-assembly of G1 with a 1:1 mixture of Ba2+ and Sr2+ salts gives a statistical 1:1:2
mixture of the hexadecameric G-quadruplexes (G1)16‚2Ba2+‚4A- and (G1)16‚2Sr2+‚4A-, and the mixed hexadecamer (G1)8‚Ba2+‚(G 1)8‚Sr2+‚4A-. The
mixed hexadecamer is an isomerization product from formal exchange of (G1)8‚M2+ octamers between (G1)16‚2Ba2+‚4A- and (G1)16‚2Sr2+‚4A-. The
nitrophenolate anions, A-, that bridge the octamer units in these hexadecameric G-quadruplexes are shown in Chart 1.

Figure 3. ESI-MS provides direct evidence for the formation of hexadecameric G-quadruplex from G1. The inset shows the high-resolution spectrum of
[(G 1)16‚2Sr2+‚2Pic-]2+.
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G-Quadruplex Crystal Structures. Previous crystal struc-
tures for (G1)16‚2Ba2+‚4Pic- and (G1)16‚2Sr2+‚4Pic- revealed
that four picrate anions fit into grooves on the G-quadruplex
surface.12,24bThe picrate anions are anchored by hydrogen bonds
to the exocyclic N2 amino groups that extend from the two
inner G4-quartets. The anion’s phenoxide hydrogen bonds to
both N2 amino groups, while the picrate’so-nitro groups each
provide another oxygen atom for hydrogen bonding to the N2
HB protons (Figure 5). Overall, four picrate anions cross-link
two (G1)8‚Ba2+ octamers by forming hydrogen bonds with the
inner two G-quartet layers. This nucleobase-anion hydrogen
bonding arises because of other interdependent interactions,
since it is cation coordination, G4-quartet formation, and quartet
stacking that orient the N2 amino groups for anion recognition.

To better define the anion’s influence on G-quadruplex
structure and dynamics, we prepared single crystals of four new
Ba2+ G-quadruplexes using G1; each new complex contained
different dinitrophenolates as the counterions. We chose the 2,6-
dinitrophenolate anions3-5 to compare with2 to evaluate
whether the anion’s electronic properties influence G-quadruplex
structure and dynamics. Earlier work used a G-quadruplex
picrate complex, (G1)16‚2Ba2+‚4Pic-, containing a 2,6-dini-
trophenolate with an electron-withdrawingp-nitro group.12,24b

The present study provided analogous G-quadruplexes with
an anion lacking a para substituent (3) and with anions
containing electron-donating substituents (p-Me andp-OMe, 4
and5). The anion6 was chosen to compare with its isomer3
to test whether the anion’s chelating ability is an important

feature in stabilizing the lipophilic G-quadruplex.6 (the
conjugate acid has pKa ) 5.22)34 is more basic than3 (the
conjugate acid has pKa ) 3.96),34 but 6 cannot form the same
bifurcated hydrogen bonds with the inner G4-quartets as3.

Extracting a water solution of the Ba2+ dinitrophenolates3-5
with a CDCl3 solution of G1 generated the G-quadruplexes. In
all cases, the1H NMR spectra indicated quantitative formation
of (G 1)16‚2Ba2+‚4A-. Single crystals of the complexes were
grown and structures determined for (G1)16‚2Ba2+‚4(3), (G 1)16‚
2Ba2+‚4(4), (G 1)16‚2Ba2+‚4(5), and (G1)16‚2Ba2+‚4(6). Al-
though each new complex had its own large and unique unit
cell (for crystallography data see Tables 1-5 in the Supporting
Information), all of the crystal structures revealed similar
hexadecameric G-quadruplexes consisting of four layers of
stacked G4-quartets binding two coaxial Ba2+ cations. Key
structural data for these new complexes, along with previous
values for (G1)16‚2Ba2+‚4Pic-,12 are listed in Table 1 and in
Tables 6 and 7 in the Supporting Information.

Crystal structures of four related assemblies witho-nitro
groups, (G1)16‚2Ba2+‚4(2),12 (G 1)16‚2Ba2+‚4(3), (G1)16‚2Ba2+‚
4(4), and (G1)16‚2Ba2+‚4(5), indicate that the G-quadruplex
dimensions, such as G4-quartet H-bond distances and G4-quartet
separations, do not vary much with the anion’s identity (see
the Supporting Information). But, there are obvious geometric
differences involving the anion-nucleobase H-bond distances
within this series (Table 1). In all four structures, the anion’s

(34) Lagier, C. M.; Oliveieri, A. C.; Harris, R. K.J. Chem. Soc., Perkin Trans.
2 1998, 1791-1796.

Figure 4. ESI-MS confirmed formation of the mixed hexadecamer [(G1)8‚Ba2+‚(G 1)8‚Sr2+‚2Pic-]2+ as indicated by the peak atm/z 3841.43. The sample
was prepared by dissolving recrystallized G-quadruplexes (G1)16‚2Ba2+‚4Pic- and (G1)16‚2Sr2+‚4Pic- in CH3CN.

Figure 5. Anion-nucleobase hydrogen bond interactions from the crystal
structure of (G1)16‚2Ba2+‚4(4).

Table 1. Nucleobase-Anion H-Bond Distances (Å) in the
G-Quadruplexes (G 1)16‚2Ba2+‚4A-

2a 3 4 5 6b

Inner G4 A N(2)‚‚‚O phenol 3.005(11) 2.900(7) 2.905(9) 2.896(8) none
N(2)‚‚‚ONO 3.171(13) 3.040(9) 3.116(9) 3.041(8) 3.02

Inner G4 B N(2)‚‚‚O phenol 2.948(12) 3.025(7) 2.930(9) 2.915(8) 2.80
N(2)‚‚‚ONO 3.063(14) 3.063(8) 3.016(8) 2.9775(9) none
av N(2)‚‚‚O phenol 2.98 2.94 2.92 2.91 2.80
av N(2)‚‚‚ONO 3.12 3.07 3.07 3.01 3.02

a Values for (G1)16‚2Ba2+‚4Pic- were obtained from the published
crystal structure in ref 12.b Mean values for the two separate G-
quadruplexes in the unit cell. In addition, six of the eight anions in the unit
cell of (G 1)16‚2Ba2+‚4(6) showed considerable disorder between the two
possible anion-nucleobase hydrogen bond orientations.
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phenolate oxygen and two nitro groups hydrogen bond with
the N2 HB protons of the inner G4-quartets (Figure 5). These
anion-nucleobase hydrogen bonds shorten as the anion is
changed from2 to 3 to the more basic4 and5. Thus, the average
distance for the anion nitro-G-quadruplex hydrogen bonds
shortens by more than 0.1 Å, from 3.12 Å for (G1)16‚2Ba2+‚
4(2) to 3.01 Å for the G-quadruplex with5. Since the structures
are determined to a resolution of about 0.01 Å, this 0.1 Å change
in hydrogen bond distance is a significant change. There is
similar shortening of the phenoxide-N2 nucleobase hydrogen
bonds. The average N(2)‚‚‚O distance shortens by 0.07 Å, from
2.98 Å for (G 1)16‚2Ba2+‚4(2) to 2.91 Å for (G 1)16‚2Ba2+‚
4(5). This progressive shortening of the anion-nucleobase
hydrogen bond distances correlates with an increase in phenolate
basicity. The longer anion-nucleobase hydrogen bonds for (G
1)16‚2Ba2+‚4Pic- suggest that2 is held less tightly to the
G-quadruplex than are the more electron-rich anions such as
3-5.

The crystal structure of the fifth complex, (G1)16‚2Ba2+‚
4(6), also revealed some significant anion-dependent changes.
Unlike the 2,6-dinitrophenolate analogues2-5, which all form
tridentate hydrogen-bonding interactions with the inner G4-
quartets (Figure 6A), the anion6 forms only bidentate contacts
with the G-quadruplex. Moreover, in the crystal structure of
(G 1)16‚2Ba2+‚4(6), the phenoxide oxygen of the 2,5-DNP anion
does not bridge separate G4-quartet amino groups. Instead, the
2,5-DNP’s phenoxide hydrogen bonds to only one of the inner
G4-quartet amino groups, while the anion’sm-nitro group
hydrogen bonds to the other N2 amino group (Figure 6B).
Furthermore, a number of the anions in this particular structure
were highly disordered, indicating that6 is not as tightly bound
to the G-quadruplex as are the other anions2-5. Overall,
crystallographic analysis of the five Ba2+ G-quadruplexes
reveals some key structural differences. While G-quadruplex
dimensions vary little, the anion-nucleobase hydrogen bond
geometry does change as a function of phenolate basicity and
structure. As described below, the bound anion also influences
G-quadruplex solution properties.

1H NMR Spectra of Different G-Quadruplexes. The final
sections of this paper focus on the solution properties of these
G-quadruplexes, and some key data from these studies are
summarized in Table 2. The first indication that the anion
modulates the solution properties of Ba2+ G-quadruplexes came
from comparing1H NMR spectra in CD2Cl2. Crystal structures
had shown that the N2 HB amino proton of the inner G4-quartets

coordinates to the phenolate anion. NMR chemical shifts for
the inner G4-quartet’s N2 HB proton appear sensitive to the
strength of this anion-nucleobase hydrogen bond (Figure 7 and
Table 2). For these G-quadruplexes, two sets of1H NMR
resonances are observed in CD2Cl2, corresponding to signals
for the “inner” and “outer” G4-quartets. The1H NMR spectra
for complexes containing different 2,6-dinitrophenolate anions
(2-5) are similar, with the only major difference occurring for
the inner G4-quartet’s N2 HB signal. In these complexes, well-
separated and sharp signals for the inner amino protons (N2
HA and N2 HB) were present. As illustrated in Figure 7, the
inner N2 HB signal for (G1)16‚2Ba2+‚4(3), atδ 8.11, is shifted
far downfield (∆δ ) + 0.69 ppm) relative to the N2 HB
resonance in the picrate complex (G1)16‚2Ba2+‚4Pic- (δ 7.42).
The G-quadruplexes with electron-donating groups in the 2,6-
dinitrophenolate’s para position, (G1)16‚2Ba2+‚4(4) and (G1)16‚
2Ba2+‚4(5), have sharp and distinct N2 HB signals that are
shifted even further downfield, toδ 8.17 andδ 8.18, respec-
tively. These comparative NMR data are consistent with the
more basic anions3-5, all forming stronger H-bonds with the
inner G4-quartets than does2.

The1H NMR spectrum for (G1)16‚2Ba2+‚4(6) was different
from spectra for the other G-quadruplexes (Figure 7c). In (G
1)16‚2Ba2+‚4(6) the N2 HB resonance was still significantly
downfield shifted (∆δ ) + 0.80 ppm), relative to the same
signal in the picrate complex. However, instead of two sharp
signals for the inner G4-quartet’s N2 amino protons, the
G-quadruplex containing6 had broadened resonances for both
N2 HA and N2 HB at room temperature. These increased NMR
line widths suggest either faster anion exchange or faster C2-
N2 bond rotation (or both) in (G1)16‚2Ba2+‚4(6) relative to (G
1)16‚2Ba2+‚4(3). Recall that the crystal structure of (G1)16‚
2Ba2+‚4(6) had shown that6 does not cross-link the inner G4-

Figure 6. Schematic representation of the anion-nucleobase hydrogen bonding as determined from crystal structures of lipophilic G-quadruplexes (G
1)16‚2Ba2+‚4A-. Unlike tridentate 2,6-dinitrophenolate anions2-5 that form a bifurcated H-bond network with the N2 HB amino protons of the inner
G4-quartets, the anion6 forms just two anion-nucleobase hydrogen bonds. In the crystal structure of (G1)16‚2Ba2+‚4(6) the disordered anions show two
major hydrogen bond geometries.

Table 2. Key Solution Data Concerning the Anion’s Role in
G-Quadruplex Structure and Dynamics

anion
phenol
pKa

a

δ(NH2B)
(ppm)

anion exchange
rateb (s-1)

“isomerization”
half-lifed

2 0.38 7.42 16( 1 42 h
3 3.96 8.11 2.3( 0.2 .2 months
4 8.17 nd nd
5 8.18 1.9( 0.2 nd
6 5.22 8.12 >30c 30 min

a From ref 34.b Determined from EXSY NMR at-10 °C in CD2Cl2.
c Lower limit calculated from 1D NMR spectra at-10 °C in CD2Cl2. d See
the text and Figures 9 and 10 for pertinent information.
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quartets nearly as effectively as does3 (Figure 6). We attribute
the significantly broadened N2 HA/HB resonances for (G1)16‚
2Ba2+‚4(6) to a “looser” binding of the6 anion (as compared
to 3) to the G-quadruplex amino groups. In other words, the6
anion is less restricted than3 when binding to the G-quadruplex
surface, and therefore, the G-quartet amino group shows
increased dynamics, as reflected in their broader NMR signals.35

Overall, these major differences in NMR chemical shifts and
line shapes for the inner G-quartet’s amino group as a function
of the bound anion are compelling evidence that the anions are
important components of G-quadruplex solution structure.
Finally, more support for the anion’s role in stabilizing the
hexadecameric structure came from extraction experiments using
Na+Ph4B- and K+Ph4B-. Extraction of these tetraphenylborate
salts from water into CHCl3 by G 1 gave poorly resolved1H
NMR spectra, indicating ill-defined aggregates. Tetraphenylbo-
rate anions, unlike phenolates2-6, cannot bridge the inner
G-quartet’s amino groups; these qualitative data support the
notion that the hexadecameric G-quadruplex structure is medi-
ated by ion pair binding. As described below, both the
nitrophenolate anion’s basicity and its ability to form bifurcated
hydrogen bonds with the G-quadruplex modulate the solution
dynamics of these complexes.

Anion Exchange and Kinetic Stability of the G-Quadru-
plexes.The combined data from our solid-state structures (H-

bond distances) and NMR solution studies (NHB chemical shift
and line width changes) suggested that the G-quadruplex binds
some anions more tightly than other anions. To obtain more
quantitative information, we also used 2D EXSY NMR36

experiments to measure the exchange rates for three different
anions in CD2Cl2, namely,2-5. These anions, which all chelate
the inner G4 quartets of (G1)16‚2Ba2+‚4A- G-quadruplexes,
give separate signals for bound and free species at equilibrium.
In contrast, even at-10 °C in CD2Cl2 the anion6 is in fast
exchange on the NMR chemical shift time scale between its
bound and free states, an indication that6 binds less tightly to
the G-quadruplex than do anions2-5 (a lower limit of k > 30
s-1 was calculated for 1 mM6 at -10 °C, Table 2). EXSY
NMR provides information on chemical exchange in the
millisecond to second time regime, and it is widely used to study
the dynamics of self-assembled systems.37,38 By comparing
different Ba2+ G-quadruplexes, we gained further insight into
the “tightness”35 of the G-quadruplex-anion interactions.
“Free” anions were generated by complexing barium nitrophe-
nolate salts with [2.2.2]cryptand. In this way, the phenolates
were separated from the caged Ba2+ cations.39 We prepared

(35) For a discussion of the relationship between kinetic barriers and the
structural ordering of noncovalent hydrogen-bonded assemblies, see: (a)
O’Brien, S. W.; Shiozawa, H.; Zerella, R.; O’Brien, D. P.; Williams, D.
H. Org. Biomol. Chem. 2003, 1, 472-477. (b) Williams, D. H.; O’Brien,
D. P.; Bardsley, B.J. Chem. Soc., Perkin Trans. 22000, 1681-1685.

(36) Perrin, C. L.; Dwyer, T. J.Chem. ReV. 1990, 90, 935-967.
(37) For a review see: Pons, M.; Millet, O.Prog. Nucl. Magn. Reson. Spectrosc.

2001, 38, 267.
(38) For a recent application of EXSY in molecular recognition studies, see:

(a) Mögck, O.; Pons, M.; Bo¨hmer, V.; Vogt, W.J. Am. Chem. Soc.1997,
119, 5706-5712. (b) So¨ntjens, S. H. M.; Sijbesma, R. P.; van Genderen,
M. H. P.; Meijer, E. W.J. Am. Chem. Soc.2000, 122, 7487-7493. (c)
Saudan, C.; Dunand, F. A.; Abou-Hamdan, A.; Bugnon, P.; Lye, P. G.;
Lincoln, S. F.; Merbach, A. E.J. Am. Chem. Soc.2001, 123, 10290-
10298. (d) Chang, S. Y.; Choi, J. S.; Jeong, K. S.Chem.sEur. J.2001, 7,
2687-2697.

(39) Lehn, J. M.; Sauvage, J. P.J. Am. Chem. Soc.1975, 97, 6700-6707.

Figure 7. 1H NMR (400 MHz) spectra for Ba2+ G-quadruplexes with different anions. Samples were made by dissolving crystalline complexes in CD2Cl2
at room temperature: (A) (G1)16‚2Ba2+‚4(2); (B) (G 1)16‚2Ba2+‚4(3) (relative to spectrum A the inner G4-quartet’s amino proton N2 H2B underwent a
significant downfield shift (∆δ ) + 0.69 ppm)); (C) (G1)16‚2Ba2+‚4(6) (relative to spectra A and B, the inner G4-quartet’s amino protons N2 HA and HB

were significantly broadened in this complex).
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samples in CD2Cl2 that contained a 1:1 ratio of bound and free
anions by combining (G1)16‚2Ba2+‚4A- with 2 equiv of the
cryptate complex [[2.2.2]cryptand‚Ba2+]‚2A-. In the 1D 1H
NMR spectra, separate signals were observed for the bound and
free anions. All EXSY NMR experiments used samples that
were 1 mM in G-quadruplex in CD2Cl2 at-10°C with a mixing
time of τm) 80 ms. After integration of the off-diagonal
exchange cross-peaks and the on-diagonal peaks (Figure 8), we
extracted the anion exchange rate constants (k) for three
G-quadruplexes, (G1)16‚2Ba2+‚4(2), (G 1)16‚2Ba2+‚4(3), and
(G 1)16‚2Ba2+‚4(5) by assuming two-site exchange and using
eq 1.36

As summarized in Table 2, EXSY experiments indicated that
the anion exchange rate constant is approximately 7 times faster
for (G 1)16‚2Ba2+‚4(2) (k ) 16 ( 1 s-1) than for the complexes
containing the more basic anions, namely,3 (k ) 2.3 ( 0.2
s-1) and5 (k ) 1.9( 0.2 s-1). Although there was not a linear
free energy relationship between exchange rates and phenolate’s
Hammett constant,40 anion exchange between bound and free
states is clearly related to the strength of the G-quadruplex-
anion interaction. The stronger bases3 and5 exchange more
slowly with the bound anions than does the picrate anion2.

To summarize, NMR spectroscopy shows that the anion6,
when free in solution, exchanges faster with its G-quadruplex-
bound anion than any of the 2,6-dinitro-substituted phenolates
2-5. The increased lability of6 is likely due to weaker anion-

nucleobase hydrogen bonds, since the bidentate6 is less
effective than the tridentate 2,6-dinitrophenolate anions2-5 at
bridging the inner G4-quartets. Importantly, anion2 is bound
more tightly to the G-quadruplex than is anion6, even though
6 (pKa 5.22) is a much stronger base than2 (pKa 0.38) by a
factor of over 80000. Thus, the anion’s structure and its chelating
ability are important. We conclude that theo-nitro groups in
anions2-5 must be significant hydrogen bond acceptors for
the guanine N2 HB protons that extend into solution.41 For
complexes containing 2,6-dinitrophenolate anions, electronic
effects further modulate the kinetic stability of the G-quadruplex.
Thus, EXSY data shows that3 and5 bind more tightly to the
G-quadruplex than does the less basic2. So, both the ability to
form bifurcated H-bonds (a structural effect) and the anion’s
basicity (an electronic effect) influence the tightness of anion
binding to the lipophilic G-quadruplex.

Anion Binding Controls the Dynamics of Self-Assembled
G-Quadruplexes.This section describes the anion’s effect on
a supramolecular isomerization. Previously, we showed that
equimolar amounts of two G-quadruplexes differing in their
cation, (G1)16‚2Ba2+‚4A- and (G1)16‚2Sr2+‚4A-, equilibrated
in CD2Cl2 to give a statistical 1:1:2 mixture of (G1)16‚2Ba2+‚4A-,
(G 1)16‚2Sr2+‚4A-, and the rearranged product, mixed hexa-
decamer (G1)8‚Ba2+‚(G 1)8‚Sr2+‚4A- (Figure 2).12 A D4-
symmetric hexadecamer, such as (G1)16‚2Ba2

2+‚4Pic- or (G
1)16‚2Sr2+‚4Pic-, has only two sets of NMR signals, one set
for the two degenerate inner G4-quartets and one set for
degenerate outer G4-quartets. In contrast, the lower symmetry
hexadecamer (G1)8‚Ba2+‚(G 1)8‚Sr2+‚4Pic- shows four sets
of NMR signals for its nonequivalent G-quartet layers. With
picrate as anion, this isomerization occurred witht1/2 ) 42 h
for a 1 mM solution in CD2Cl2 at room temperature.12

From the EXSY NMR experiments, we had established that
2 (k ) 16 ( 1 s-1) is more tightly bound to the G-quadruplex
than is6 (k > 30 s-1), despite the fact that it is a much weaker
base than6. Thus, we expected that the mixtures of Ba2+ and
Sr2+ G-quadruplexes containing6 should isomerize faster than
those containing2 if anion dissociation is part of the isomer-
ization’s rate-limiting step. We studied these isomerization
reactions in CD2Cl2, using 1:1 mixtures of the appropriate Ba2+

and Sr2+ G-quadruplexes. The1H NMR spectra for various
mixing experiments in Figure 9 show the diagnostic H8 region.
A mixture of (G 1)16‚2Ba2+‚4(6) and (G 1)16‚2Sr2+‚4(6)
isomerizes much faster (t1/2 ) 30 min) than G-quadruplexes
containing2 (t1/2 ) 42 h). Clearly,2 must strengthen the cross-
linking of inner G4-quartets, relative to6, leading to the
significant increase in the G-quadruplex kinetic stability.

The use of a more basic and chelating anion, namely,3,
resulted in extraordinary kinetic stabilization of the G-quadru-
plex. Experiments in Figure 10 indicate that M2+‚3 and G1
form extremely stable complexes in CD2Cl2. No mixed G-
quadruplex (G1)8‚Ba2+‚(G 1)8‚Sr2+‚4(3) was observed even 2
months after (G1)16‚2Ba2+‚4(3) and (G1)16‚2Sr2+‚4(3) were
combined. A control, carried out by stirring a water solution of
1:1 Ba2+‚3 and Sr2+‚3 with a CD2Cl2 solution of G1, showed
the expected 1:1:2 ratio of (G1)16‚2Ba2+‚4(2,6-DNP), (G 1)16‚
2Sr2+‚4(2,6-DNP), and mixed hexadecamer (G1)8‚Ba2+‚(G 1)8‚

(40) For supramolecular interactions with linear Hammett correlations see: (a)
Ashton, P. R.; Fyfe, M. C. T.; Hickingbottom, S. K.; Stoddart, F. J.; White,
A. J. P.; Williams, D. J.J. Chem. Soc., Perkin Trans. 21998, 2117-2128.
(b) Ungaro, R.; El Haj, B.; Smid. J.J. Am. Chem. Soc. 1976, 102, 5198-
5202.

(41) Since nitro groups are relatively poor hydrogen bond acceptors compared
to carbonyl oxygens (Kelly, T. R.; Kim, M. H.J. Am. Chem. Soc.1994,
116, 7072-7080), phenoxide anions with carbonyl ortho substituents should
further enhance G-quadruplex kinetic stability.

Figure 8. A portion of the EXSY NMR spectrum of a 1:2 mixture of (G
1)16‚2Ba2+‚4(3) and [[2.2.2]cryptand‚Ba2+]‚2(3). The experiment was done
at -10 °C in CD2Cl2 with τm ) 80 ms. EXSY experiments provided rate
constants for exchange between G-quadruplex bound anion and free anion.

k )
ln[(R + 1)/(R - 1)]

τm
R ) Idiagonal/Icross (1)
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Sr2+‚4(2,6-DNP). Although there are a number of possible
mechanisms for formal exchange of (G1)8‚M2+ octamer units,
the rate-determining step in this isomerization must involve
displacement of the hydrogen-bonded nitrophenolate anions. The
reaction is probably slow because all four of the bound3 anions
must be dissociated from the G-quadruplex before octamer
exchange can occur. This just does not happen to any extent in
the nonpolar CD2Cl2 solvent. The solvent polarity, as expected,
can be used to modulate this supramolecular isomerization.
Isomerization of the Ba2+ and Sr2+ complexes containing3 as
an anion was complete after 2 days in 50% CD2Cl2-50% CD3-
CN. In this more polar solvent, G-quadruplexes with2 (relatively
stable in CD2Cl2 with t1/2 ) 42 h) equilibrated even before an
NMR spectrum could be taken (<5 min).

Conclusion

The lipophilic G-quadruplex (G1)16‚2Ba2+‚4A- is composed
of four stacked G-quartets, and the inner two G-quartets are
linked together by hydrogen bonding to four phenolate anions.
By varying the organic anion’s structure and/or basicity, we
were able to control the dynamics and supramolecular isomerism
of these cation-filled G-quadruplexes. This is most apparent in
the anion’s strong influence on rearrangement of G8‚M2+

octamers between different G-quadruplexes. The use of3, a
relatively basic phenolate that can also form extensive hydrogen
bond interactions with the two inner G4-quartets, resulted in
extraordinary kinetic stabilization of the G-quadruplex. No
isomerization product (G1)8‚Ba2+‚(G 1)8‚Sr2+‚4(3) was ob-
served even 2 months after the separate G-quadruplexes
(G 1)16‚2Ba2+‚4(3) and (G1)16‚2Sr2+‚4(3) were combined in

CD2Cl2. In sharp contrast, G-quadruplexes containing the
isomeric6 anion had isomerization half-lives of approximately
t1/2) 30 min under identical conditions. All the evidence
indicates that the organic anion is crucial for controlling the
properties of these cation-filled, lipophilic G-quadruplexes. Our
studies have important implications in the use of noncovalent
interactions to control the kinetic stability of hydrogen-bonded
supramolecular complexes. If a self-assembled structure can be
locked in place by strong noncovalent interactions with addi-
tives, then postmodification of these assemblies should be
possible. One of our goals is to modify specific locations within
the G-quadruplex, without having the entire complex fall apart.
For example, we expect that the outer G4-quartet layers will be
more reactive toward ligand exchange than the inner G4-quartets,
because of the different interactions of these layers with bound
anions. Finally, most ionophores encapsulate ions. In this system,
however, anions bind to the surface of this cation-filled
assembly. We are currently trying to chemically modify these
anions to attach other molecules to the G-quadruplex structure.

Experimental Section

Guanosine1 and picrate salts were prepared following published
methods.12,24The [2.2.2]cryptand, picric acid, and phenols used to make
3, 5, and6 were purchased from Aldrich. The 4-methyl-2,6-dinitro-
phenol used to make4 was prepared according to the literature.28 Other
reagents and solvents were used after purification. NMR solvents were
99.0-99.9% deuterium-enriched. Proton NMR spectra were obtained
with a 10 s delay to ensure accurate integration. The probe temperature
was controlled to+0.1 °C. The1H NMR chemical shifts are reported
in parts per million relative to the nondeuterated solvent peak.

Figure 9. H8 region of the1H NMR spectra for lipophilic G-quadruplexes
containing6: (A) (G 1)16‚2Ba2+‚4(6); (B) (G 1)16‚2Sr2+‚4(6); (C) a 1:1
mixture of (G 1)16‚2Ba2+‚4(6) and (G1)16‚2Sr2+‚4(6) immediately after
mixing; (D) 30 min after mixing; (E) 2 h after mixing. Spectra were recorded
for 1.0 mM samples in CD2Cl2 at 25°C. The H8 resonances for the mixed
hexadecamer (G 1)8‚Ba2+‚(G 1)8‚Sr2+‚4(6) are identified by asterisks. The
isomerization half-life (see Figure 2) with6 as the bound anion ist1/2 ) 30
min.

Figure 10. H8 region of the1H NMR spectra for some G-quadruplexes
with 3 as the anion: (A) (G1)16‚2Ba2+‚4(3); (B) (G 1)16‚2Sr2+‚4(3); (C) a
1:1 mixture of (G1)16‚2Ba2+‚4(3) and (G1)16‚2Sr2+‚4(3) 2 months after
mixing; (D) a control formed by stirring a CD2Cl2 solution of G1 with an
aqueous solution of Ba2+ and Sr2+ phenolates for 24 h. Spectra were
recorded for 1.0 mM samples in CD2Cl2 at 25°C. The H8 resonances for
the mixed hexadecamer (G1)8‚Ba2+‚(G 1)8‚Sr2+‚4(3) are identified by
asterisks. No isomerization of the G-quadruplexes occurred in CD2Cl2 with
3 as the anion.

Anion Effects on Kinetic Stability of G-Quadruplexes A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 36, 2003 10839



Assignments were obtained from 2D NMR experiments. X-ray data
were collected on a Bruker SMART 1000 CCD diffractometer.

Formation of [G 1]16‚2Ba2+‚4(Anion) Crystals. A suspension of
G 1 (100 mg, 229 umol) in 5 mL of CHCl3 was stirred with the
appropriate salt solution in water (5 mL, 6 mM, the salt solution was
generated in situ using Ba(OH)2 and the corresponding phenol) at room
temperature for 5 h. The organic layer was separated, the solvent was
removed in vacuo, and the resulting solid was dried under vacuum.
Warning: Picric acid and picrate salts should be handled and stored
with appropriate precautions!The residue was dissolved in 1 mL of
CHCl3 and 4 mL of CH3CN. This solution was evaporated slowly at
room temperature in a N2-filled desiccator to give crystals of [G
1]16‚2Ba2+‚4A-.

[G 1]16‚2Ba2+‚4(2).12 Yellow, cubic crystals formed after 2 days,
mp 258°C dec, [R]D ) 115 (c ) 1 mg/mL, CH2Cl2). The designations
a (outer G-quartet) and b (inner G-quartet) in the1H NMR data refer
to the two sets of signals for the [G1]16 hexadecamer: (400 MHz,
CD2Cl2,): δ 11.31 (s, 1H, NH1a), 11.09 (s, 1H, NH1b), 9.61 (s, 1H,
N2 Ha), 9.00 (s, 1H, Pic), 8.82 (s, 1H, N2 Hb), 7.74 (s, 1H, H8a), 7.42
(s, 1H, N2 Hb), 7.11 (s, 1H, H8b), 6.38 (s, 1H, H1′a), 6.14 (d, 1H, H2′a,
J ) 6.0 Hz), 5.89 (s, 1H, N2 Ha), 5.70 (d, 1H, H2′b, J ) 4.4 Hz), 5.59
(d, 1H, H1′b, J ) 3.4 Hz), 4.79 (d, 1H, H3′a, J ) 6.0 Hz), 4.25-4.17
(m, 4H, H4′, H5′), 4.09 (d, 1H, H3′b, J ) 6.4 Hz), 3.23-3.19 (m, 2H,
H5′), 1.59 (s, 3H, CH3a), 1.56 (s, 3H, CH3b), 1.33 (s, 3H, CH3a), 1.48
(s, 3H, CH3b), 0.88 (s, 9H, SitBua), 0.33 (s, 9H, SitBub), 0.17 (s, 6H,
SiCH3a), -0.36 (s, 6H, SiCH3b). 13C NMR (125.7 MHz, CD2Cl2): δ
-10.69,-6.62,-5.92,-5.83,-4.67,-4.45,-1.07, 2.82, 18.32, 18.46,
23.62, 24.69, 24.81, 25.72, 26.18, 27.07, 27.90, 31.47, 63.72, 64.73,
81.52, 82.10, 82.31, 88.04, 89.80, 91.51, 93.17, 113.09, 114.94, 115.13,
127.21, 137.54, 140.97, 142.03, 152.47, 152.92, 153.98, 159.84, 160.59,
162.36. ESI-MS:m/z 3688.47 [G116‚2Ba‚2Pic]2+.

[G 1]16‚2Ba2+‚4(3). This complex was obtained as yellow, cubic
crystals, mp 258-260°C dec.1H NMR (400 MHz, CD2Cl2): δ 11.32
(s, 1H, NH1a), 11.01 (s, 1H, NH1b), 9.65 (s, 1H, N2 HAa), 8.72 (s, 1H,
N2 HAb), 8.11 (s, 1H, N2 HBb), 8.10 (d, 2H, anionm-H, J ) 8.1 Hz),
7.79 (s, 1H, H8a), 7.13 (s, 1H, H8b), 6.48 (s, 1H, H1′a), 6.25 (t, 1H,
anionp-H, J ) 8.1 Hz), 6.17 (d, 1H, H2′a, J ) 6.0 Hz), 5.85 (s, 1H,
N2 HBa), 5.83 (t, 1H, H2′b, J ) 4.0 Hz), 5.56 (d, 1H, H1′b, J ) 3.7
Hz), 4.80 (d, 1H, H3′a, J ) 6.0 Hz), 4.28-4.16 (m, 4H, H4′, H5′),
3.64 (d, 1H, H3′b, J ) 6.4 Hz), 3.62 (d, 1H, H5′b, J ) 9.3 Hz), 3.19-
3.11 (m, 2H, H5′), 1.58 (s, 3H, CH3a), 1.56 (s, 3H, CH3b), 1.53 (s, 3H,
CH3b), 1.27 (s, 3H, CH3a), 0.87 (s, 9H, SitBua), 0.55 (s, 9H, SitBub),
0.17 (s, 6H, SiCH3a), 0.15 (s, 6H, SiCH3b), -0.34 (s, 3H, SiCH3b),
-0.37 (s, 3H, SiCH3a). 13C NMR (125.7 MHz, CD2Cl2): δ ∠5.92,
-5.84,-4.76,-4.35, 18.31, 18.48, 24.38, 24.61, 24.66, 25.75, 26.21,
27.07, 28.11, 63.72, 64.69, 81.45, 82.09, 82.43, 88.11, 89.76, 91.27,
93.43, 105.18, 112.82, 114.59, 114.89, 115.04, 132.33, 137.37, 141.30,
143.60, 152.55, 152.88, 153.06, 154.13, 159.85, 160.63, 161.03.

[G 1]16‚2Ba2+‚4(4). This complex was obtained as orange, cubic
crystals.1H NMR (400 MHz, CD2Cl2): δ 11.39 (s, 1H, NH1a), 10.98
(s, 1H, NH1b), 9.60 (s, 1H, N2 HAa), 8.67 (s, 1H, N2 HAb), 8.14 (s, 1H,
N2 HBb), 7.88 (s, 1H, H8a), 7.79 (s, 2 H, anion H), 7.12 (s, 1H, H8b),
6.47 (s, 1H, H1′a), 6.15 (d, 1H, H2′a, J ) 6.0 Hz), 5.85 (s, 1H, N2
HBa), 5.79 (t, 1H, H2′b, J ) 4.0 Hz), 5.55 (d, 1H, H1′b, J ) 3.7 Hz),
4.78 (d, 1H, H3′a, J ) 6.0 Hz), 4.20-4.10 (m, 4H, H4′, H5′), 3.64 (d,
1H, H3′b, J ) 6.4 Hz), 3.62 (d, 1H, H5′b, J ) 9.3 Hz), 3.15 (m, 2H,
H5′), 2.25 (s, 3H, anion CH3) 1.58 (s, 3H, CH3a), 1.56 (s, 3H, CH3b),
1.53 (s, 3H, CH3b), 1.27 (s, 3H, CH3a), 0.84 (s, 9H, SitBua), 0.52 (s,
9H, SitBub), 0.15 (s, 6H, SiCH3a), 0.13 (s, 6H, SiCH3b), -0.39 (s, 3H,
SiCH3b), -0.41 (s, 3H, SiCH3a).

[G 1]16‚2Ba2+‚4(5).This complex was obtained as red, cubic crystals.
1H NMR (400 MHz, CD2Cl2): δ 11.34 (s, 1H, NH1a), 10.98 (s, 1H,
NH1b), 9.59 (s, 1H, N2 HAa), 8.68 (s, 1H, N2 HAb), 8.18 (s, 1H, N2
HBb), 8.10 (d, 2H, m-H of anion), 7.81 (s, 2H, anion H), (7.78 (s, 1H,
H8a), 7.09 (s, 1H, H8b), 6.48 (s, 1H, H1′a) 6.17 (d, 1H, H2′a, J ) 6.0
Hz), 6.17 (s, 1H, N2 HBa), 5.79 (t, 1H, H2′b, J ) 4.0 Hz), 5.55 (d, 1H,
H1′b, J ) 3.7 Hz), 4.77 (d, 1H, H3′a, J ) 6.0 Hz), 4.25-4.06 (m, 4H,
H4′, H5′), 3.82 (s, 3H, OMe), 3.66 (d, 1H, H3′b, J ) 6.4 Hz), 3.62 (d,

1H, H5′b, J ) 9.3 Hz), 3.15 (m, 2H, H5′), 1.55 (s, 3H, CH3a), 1.54 (s,
3H, CH3b), 1.47 (s, 3H, CH3b), 1.26 (s, 3H, CH3a), 0.86 (s, 9H, SitBua),
0.53 (s, 9H, SitBub), 0.15 (s, 6H, SiCH3a), 0.13 (s, 6H, SiCH3b), -0.38
(s, 3H, SiCH3b), -0.39 (s, 3H, SiCH3a).

[G 1]16‚2Ba2+‚4(6).This complex was obtained as red, cubic crystals,
mp 261-263 °C dec.1H NMR (400 MHz, CD2Cl2): δ 11.65 (s, 1H,
NH1a), 11.20 (s, 1H, NH1b), 9.59 (s, 1H, N2 HAa), 8.83 (s, 1H, N2
HAb), 8.22 (br s, 1H, N2 HBb), 8.10 (d, 1H,m-H of anion,J ) 9.5 Hz),
7.78 (s, 1H, H8a), 7.68 (s, 1H,o-H of anion), 7.06 (s, 1H, H8b), 6.95
(d, 1H, p-H of anion,J ) 9.5 Hz), 6.31 (s, 1H, H1′a), 6.17 (d, 1H,
H2′a, J ) 6.0 Hz), 5.76 (s, 1H, N2 HBa), 5.70 (d, 1H, H2′b, J ) 4.4
Hz), 5.49 (d, 1H, H1′b, J ) 3.4 Hz), 4.80 (d, 1H, H3′a, J ) 6.0 Hz),
4.26-4.21 (m, 4H, H4′, H5′), 3.95 (d, 1H, H3′b, J ) 6.4 Hz), 3.60 (d,
1H, H5′b, J ) 9.3 Hz), 3.27-3.25 (d, 2H, H5′, J ) 6.0 Hz), 1.59 (s,
3H, CH3a), 1.58 (s, 3H, CH3b), 1.48 (s, 3H, CH3b), 1.26 (s, 3H, CH3a),
0.88 (s, 9H, SitBua), 0.56 (s, 9H, SitBub), 0.13 (s, 6H, SiCH3a), 0.11 (s,
6H, SiCH3b), -0.31 (s, 3H, SiCH3b), -0.33 (s, 3H, SiCH3a). 13C NMR
(125.7 MHz, CD2Cl2): δ ∠5.83,-5.77,-4.87,-4.43, 18.30, 18.47,
24.38, 24.66, 25.76, 26.18, 26.98, 27.07, 27.82, 63.59, 64.56, 80.97,
81.85, 82.30, 87.43, 89.55, 91.48, 93.44, 113.07, 114.96, 115.06, 115.43,
128.50, 137.62, 141.24, 152.13, 152.45, 152.96, 154.21, 159.94, 160.66.

EXSY NMR. The 2D 1H-1H NMR EXSY experiments used the
NOESY (Bruker XWINNMR Version 2.0) pulse sequence
90°∠t1-90°∠t-90°∠acq. Experiments were performed on samples
containing a 1 mMconcentration of the G-quadruplex (which is 4 mM
in anion) and a 2 mM concentration of the corresponding [2.2.2]-
cryptate‚BaA2 salt complex at-10 °C in CD2Cl2. Mixing times were
varied from 50 ms to 1 s, and the data used to compare the various
complexes for their anion exchange rate were chosen asτm) 80 ms.
The experiment was conducted in the phase-sensitive mode using the
TPPI method with a 4 srelaxation delay. The spectral width was 8003
Hz in each dimension, and 48 scans were collected for each increment.
A total of 512 files were collected, resulting in a 512× 2048 data
matrix. Line broadening of 2 Hz in the F2 dimension and 7 Hz in the
F1 dimension was imposed prior to Fourier transformation. Off-diagonal
peaks indicated exchange between bound and free anions. Peak
intensities,Iij (i, j ) bound and free anion), were measured using the
WINNMR program (Bruker). The relationship between the 2D peak
intensities (Iij) at mixing timeτm and the exchange rate constants is
given by the equationIij(τm) ) (e-Rτm)ij Mj°, whereMj° is the equilibrium
magnetization of nuclei in sitej andR has off-diagonal elementsRij )
-kji, wherekji is the first-order rate constant for chemical exchange
from sitej to sitei. The rate constantskij andkji were calculated using
Perrin’s matrix method.36 Calculations were done using MathCAD 7
software (MathSoft Inc.). The mean exchange lifetimeτ was calculated
from the relationship to the measured first-order rate constantskij and
kji, τ ) 1/k (k is the average exchange rate constant,k ) (kij + kji)/2).

ESI-MS of G-Quadruplexes.A modified Bruker Daltonics (Bil-
lerica, MA) Apex II 70e actively shielded Fourier transform ion
cyclotron resonance mass spectrometer was used in the positive
ionization mode using a home-built micro-ESI source. The G-
quadruplex solutions (∼0.4 mg/mL in 20% chloroform, 80% acetoni-
trile) were introduced into the mass spectrometer at a flow rate of∼10
µL/h. A source potential of 3.5 kV was applied to produce a stable ion
current. Ions were accumulated in an external ion reservoir comprised
of an rf-only hexapole, a grounded skimmer cone, and an auxiliary
electrode for 2.3 s prior to transfer into the trapped ion cell for mass
analysis. Spectral acquisition was performed in the continuous duty
cycle mode, whereby ions are accumulated in the hexapole ion reservoir
simultaneous with ion detection in the trapped ion cell. Following a 4
ms transfer event, in which ions were transferred to the trapped ion
cell, the ions were subjected to a 1.6 ms chirp excitation corresponding
to m/z 8000-400. Data were acquired over anm/z range of 400-5000
(1 M data points with a sampling rate of 909 kHz). Each spectrum is
the result of adding eight transients. Transients were zero-filled prior
to the magnitude mode Fourier transform.
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