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The binding of α-, β-, and γ-per(6-guanidino-6-deoxy)cyclo-
dextrins (ag, bg, and gg, respectively) with nucleotides (5�-
dAMP, 5�-AMP, and 5�-dCMP) and nucleosides (2�-dA and
2�-dC) was studied with NMR spectroscopy in aqueous solu-
tion. Nucleotides formed strong complexes with bg and gg
(not ag) through ditopic binding. Multiple Coulombic attract-
ive forces between the guanidino groups and the single
phosphate group of the nucleotides drove inclusion of the
entire ribose ring into the cavity, in both deoxy- and ribonu-
cleotides, whereas the base moiety was only partially in-
cluded. In contrast, no interaction was observed between
guanidino cyclodextrins and nucleosides. The prevailing
stoichiometries in all nucleotide/bg and nucleotide/gg com-

Introduction

Cyclodextrins (CDs) are cyclic oligosaccharide host
molecules having a set of primary hydroxy groups on one
side of the macrocyclic structure and a set of secondary
hydroxy groups on the other side (Scheme 1a). Introduction
of positively charged substituents on the primary side re-
sults in derivatives with interesting properties. Per(6-amino-
6-deoxy)cyclodextrins[1–5] provide both free amine and am-
monium groups at neutral pH and behave as biomimetic
catalysts.[6] Previous work in this laboratory showed that
per(6-guanidino-6-deoxy)cyclodextrins[7] (Scheme 1b) dis-
play very strong ditopic binding towards phosphorylated
aryl guest molecules, as opposed to weak cavity binding
towards non-phosphorylated aryls.

Furthermore, guanidino CDs interact with DNA and ac-
tually compact it into nanoparticles,[7] resulting in its entry
inside cells and finally in the expression of the protein that
this DNA encodes.[8] The mode of binding to DNA is not
known for these CDs or for other CD-based transfection
agents modified on the primary side with elaborate posi-
tively charged groups.[9–11] The present work is an NMR
spectroscopic study of the interactions of guanidino CDs
with nucleic acid components, namely, the nucleotides 2�-
deoxyadenosine 5�-monophosphate (5�-dAMP), adenosine
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plexes were 1:2, except for 5�-dAMP/bg where oligomeric
aggregates formed. The anti orientation of the nucleotides
was preserved upon inclusion. The populations of conformers
due to ribose pucker, 2�-endo (S) and 3�-endo (N), were prac-
tically undisturbed by inclusion. Interestingly, in the nucleo-
tide/bg complexes at 278 K two nucleotide conformers were
observed with distinctly different signals in slow mutual ex-
change owing to cavity restriction and a slow ribose pucker
rate, which resulted in the observation of 3�-endo (N) con-
former separate from 2�-endo (S) conformer for the first time.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Scheme 1. Representation of (a) the α-, β-, and γ-cyclodextrin
macrocycles with n = 6, 7, and 8, respectively; (b) guanidinylated
analogs ag, bg, and gg.

5�-monophosphate (5�-AMP), and 2�-deoxycytidine 5�-mo-
nophosphate (5�-dCMP) (Scheme 2) and the nucleosides 2�-
deoxyadenosine (2�-dA) and 2�-deoxycytidine (2�-dC)
(Scheme 2). The conformations of the nucleotides are ana-
lyzed in their free forms and in the presence of the guan-
idino CDs in order to evaluate any binding-induced confor-
mational changes.

A review of the literature revealed basic and important
work that was presented during the 1970s and 1980s by
using 1D NMR experiments. The syn h anti equilibrium,
referring to the orientation of the nucleobase with respect
to the glycosidic bond, and the populations of the 3�-endo
(N) h 2�-endo (S) conformers, referring to the puckering of
the ribose ring in nucleotides (Scheme 3) were studied by
various NMR spectroscopic methods in the past. Compari-
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Scheme 2. Nucleotides and nucleosides used drawn in their anti
conformations.

son of chemical shifts,[12–14] vicinal spin–spin coupling con-
stants,[15] 1D nuclear Overhauser enhancements, and nu-
clear relaxation rates,[16] as well as the effects of lanthanide
cation probes (Ln3+)[17] on chemical shift and relaxation
rates, were analyzed.

Scheme 3. The 3�-endo (N) (left) and 2�-endo (S) (right) conforma-
tions of the nucleotides.

Comparison of chemical shifts indicated a dynamic syn
h anti equilibrium with a preference for the anti conforma-
tion (≈70%) in nucleosides, whereas there was a dominance
for the anti conformation (virtually 100%) in nucleotides.
Relaxation methods in general showed that the syn h anti
equilibrium favors the syn conformation for nucleosides and
5�-nucleotides; however, the relaxation method developed
by Zens,[18] who employed both 1H and 2H T1 measure-
ments, suggested preference for the anti conformation. The
lanthanide probe method agreed with the results obtained
from the comparison of chemical shifts for all nucleotides
except for the guanosines. Concerning the 3�-endo (N) h

Figure 1. 2D NOESY NMR (500 MHz, D2O, pD = 6.0, 298 K) spectra of (a) 5�-dAMP (5 m), (b) 5�-dCMP (5 m), (c) 2�-dA (5 m),
and (d) 2�-dC (5 m). Grey cross-peaks appearing in both dimensions in (b) and (d) are parts of the diagonal.

www.eurjoc.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2009, 2299–23052300

2�-endo (S) conformation, the above studies showed that the
S conformer is favored over the N conformer, and more so
in 5�-deoxyribonucleotides than in 5�-ribonucleotides.

Results and Discussion

In the present study, one ribonucleotide (5�-AMP), two
deoxyribonucleotides (5�-dCMP, 5�-dAMP), and two de-
oxyribonucleosides (2�-dC, 2�-dA) having a purine
(adenine) or a pyrimidine (cytosine) heterocyclic base
(Scheme 2) were examined by NMR spectroscopy at
500 MHz in buffered solutions of potassium chloride/hy-
drogen chloride or acetic acid/sodium acetate at measured
acidities of 2.1 and 5.7, respectively. The corresponding pD
values are estimated to be higher by ca. 0.3 units, that is,
2.4 and 6.0, respectively.[19,20] The nucleotides and nucleo-
sides were studied at 278 and 298 K in the concentration
range 2.5–10 m and at pD = 2.4 and 6.0. The 2D NOESY
spectra for 5�-dAMP, 2�-dA, 5�-dCMP, and 2�-dC are
shown in Figure 1.

The presence of a strong cross-peak between 8-H of ade-
nine and 2�-H, the proton in the ribose ring pointing to-
ward the base (the proton away from the base is denoted
2��-H), and the absence of a cross-peak between 8-H and
3�-H in 5�-dAMP indicate that the molecule adopts the
thermodynamically more stable 2�-endo (S) conformation of
the ribose ring, although a very small contribution of the
3�-endo (N) conformation cannot be ruled out. A stronger
cross-peak between 6-H of cytosine with 2�-H, relative to
that with 3�-H in both 5�-dCMP and 5�-dC, and a stronger
cross-peak between the 8-H of adenine with 2�-H, relative
to that of 3�-H in 2�-dA, indicate that the molecules adopt
primarily the 2�-endo (S) conformation of the deoxyribose
ring with a minor contribution of the 3�-endo (N) confor-
mation. In the case of 5�-AMP, the cross-peaks between 8-
H of the heterocyclic base with 2�-H and 3�-H are of the
same intensity, and thus, the equilibrium 2�-endo (S) h 3�-
endo (N) is verified. A nucleotide is considered[21] as pri-
marily anti if its 8-H (6-H) displays a strong NOE with its
2�-H and a weak NOE with its 1�-H. The opposite is ob-
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served when the syn conformation is preferred. The intra-
molecular interactions for 5�-dAMP, 5�-AMP, and 2�-dA
(Figure 1a,c) revealed strong cross-peaks between 8-H and
2�-H and weaker cross-peaks between 8-H and 1�-H as well
as 5�-H, whereas 2-H did not correlate with anything. Simi-
larly, for 5�-dCMP and 2�-dC, the spectra revealed strong
cross-peaks of 6-H with 2�-H and weaker cross-peaks with
1�-H, 5�-H, and 3�-H, whereas 5-H did not correlate with
anything (Figure 1b,d). Thus, all nucleotides and nucleo-
sides are in the preferred anti conformation about the glyco-
sidic bond and all favor the 2�-endo (S) conformation. Fur-
ther, by using Equation (1),[21] the % populations of 3�-endo
(N) were calculated for 5�-dAMP, 5�-dCMP, and 5�-AMP
(Table 1), and the results agreed with the earlier literature
values[13,15,17] for the free compounds.

%N = 100(J1�2�,S – J1�2�,obs.)/(J1�2�,S – J1�2�,N) (1)

where J1�2�,obs are the observed coupling constants and J1�2�

are the published limiting values[22] of the 2�-endo (S) and
3�-endo (N) conformers.

Table 1. Calculated % of the 3�-endo (N) conformer of free nucleo-
tides and in the presence of guanidino CDs.

Free Complex with bg Complex with gg

5�-dAMP 28 32 32
5�-dCMP 29 33 30
5�-AMP 40 Broad signals ≈50

Binding of Guanidine CDs to Nucleotides

Purine nucleotide 5�-monophosphates may accept two
protons at their phosphate group and an additional one at
the purine moiety. The first deprotonation is characterized
by pKa = 0.7�0.3,[23] although slightly larger values have
also been reported[24,25] and occurs at the phosphate group.
The second deprotonation with pKa = 3.84�0.02 occurs at
the (N7)H+ adenine site, and the third deprotonation with
pKa = 6.21�0.01 involves loss of a second proton from the
phosphate group. For pyrimidine nucleotides and specifi-
cally cytosine, the second and third pKa values are higher,
4.55�0.03 and 6.55�0.02, respectively.[23] Binding of guan-
idino CDs to nucleotides was examined at pD = 2.4 and
6.0. At pD = 2.4 only the first deprotonation step is com-
plete and N7 is deuterated, whereas at pD = 6.0 the base is
not deuterated and the phosphate group is ionized. Thus,
at pD = 2.4 and 6.0 the guanidinylated hosts and phosphor-
ylated guests are charged positively[8] and negatively, respec-
tively.

5�-dAMP/bg

The 1H NMR spectra of 5�-dAMP (5 m) in the pres-
ence of bg (2.5 m) at pD = 6.0 and 2.4 showed changes in
the chemical shifts of all the hydrogen atoms of bg and
particularly shielding of the internal CD protons (denoted
in italics), 5-H, 3-H (0.12 and 0.16 ppm respectively,
Table 2), suggesting that bg encapsulates the nucleotide. In
addition, in the presence of bg, the sharp peak of 5�-dAMP
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in the 31P NMR spectrum developed into a shielded, broad
peak (Figure 2), indicating the presence of various interac-
tions. Electrostatic guanidinium–phosphate interactions
and encapsulation of the nucleotide inside the cyclodextrin
cavity were the two possibilities considered.

Table 2. Chemical shift changes for the guanidino CD cavity pro-
tons (pD = 6.0).

∆δ5-H [ppm] ∆δ3-H [ppm]
bg[a] gg[a] bg[a] gg[a]

5�-dAMP[b] 0.1180 0.0021 0.1661 0.0548
5�-dCMP[b] 0.1032 0.0038 0.1230 0.0305
5�-AMP[b] 0.1543 0.0007 0.1852 0.0329

[a] 2.5 m. [b] 5 m.

Figure 2. 31P NMR (202.45 MHz, D2O, pD = 6.0, 298 K) spectrum
of (a) 5�-dAMP (5 m) and (b) 5�-dAMP (5 m)/bg (2.5 m).

The 1H NMR signals of 5�-dAMP (Figure 3a) showed
broad and overlapped signals in the presence of bg (Fig-
ure 3b) at 298 K (at both pD values) that were also affected
by the concentrations used and the ratio of 5�-dAMP/bg. A
solution of 5�-dAMP (5 m) and bg (4 m) was the most
advantageous combination of concentrations so that the
signals in the 1H spectra were optimally dispersed and easily
monitored. The broad peaks resolved adequately at 278 K
(Figure 3c). The spectra at this temperature revealed two
broad unequal signals for each proton of the nucleotide,
denoted as i and ii, at both pD = 2.4 and 6.0 (Figure 3c).
In the 13C NMR spectra two unequal signals were similarly
observed. Thus, two forms of 5�-dAMP were observed.

The 2D ROESY spectra showed that the double signals
of each proton were in mutual exchange, as they displayed
cross-peaks of the same phase as the diagonal. In addition,
the double signals of 5�-dAMP showed intermolecular
NOE interactions with the protons 3-H and 5-H of the bg
cavity; thus, they both correspond to inclusion complexes
and not to free and complexed species in equilibrium (Fig-
ure 3d; Table 3).

The above indicated an inclusion equilibrium process in-
volving both forms of 5�-dAMP and, in particular, in-
clusion of the deoxyribose ring as well as partial inclusion
of the purine six-membered ring. Continuous variation
(Job’s) plots of 5�-dAMP/bg (Figure 4a) exhibit peculiar
shapes without maxima. Instead, the linear dependence of
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Figure 3. 1H NMR (500 MHz, aqueous buffer, pD = 2.4) of (a) 5�-
dAMP (2 m, 298 K), (b) 5�-dAMP/bg (10 m each, 298 K), and
(c) 5�-dAMP/bg (10 m each, 278 K); (d) partial 2D ROESY spec-
trum of 5�-dAMP/bg (both 10 m, 278 K). Different kinds of 5�-
dAMP are denoted as i, ii. The cross-peaks of both i and ii with
the cavity protons are circled. *Residual Ph3PO in bg.

Table 3. Summary of intermolecular guanidino CD/nucleotide in-
teractions.

Ribose Base

3-H, 5-H 1�-H 2�-H 3�-H 4�-H 5�-H 2-H 8-H 5-H 6-H

bg/5�-dAMP + + + + +
gg/5�-dAMP + + + + + +
bg/5�-dCMP + + +
gg/5�-dCMP + + + +
bg/5�-AMP + + + [a]

gg/5�-AMP + + + + +

[a] Broad signals.

3-H shifts and the almost linear plot of 5-H suggests that
the stoichiometry is not singly defined; this was interpreted
as the consequence of oligomeric-type association involving
cavity and electrostatic interactions.

The overall experimental results suggest that there are
two forms of 5�-dAMP encapsulated in bg, that is, i and ii.
Integration of the peaks 3�i-H and 3�ii-H (Figure 3c) gave
69% of form i and 31% of form ii. Analysis of the coupling
constants J1�2� according to Equation (1)[21,22] showed that
the population of 2�-endo (S) is 68% and that of 3�-endo
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(N) is 32%, values that perfectly match the ones obtained
by integration of i and ii in the complex. Thus, a reasonable
conclusion is that form i is the 2�-endo (S) conformer and
form ii is the 3�-endo (N) conformer, in mutual slow ex-
change. This can happen because inclusion in the bg cavity
is tight, which does not allow fast exchange between the N
h S conformers. The slightly increased population of 3�-
endo (N) (32% in the complex in comparison to 28% in the
free nucleotide, Table 1) is an insignificant change; thus, no
preferential stabilization is gained following cavity in-
clusion. The deoxyribose fits tightly in the cavity with its
phosphate group interacting with the guanidino groups of
the primary side. Simultaneously, as a result of the angled
structure of 5�-dAMP, the adenine moiety can only partially
fit into a next bg cavity, leaving space for a second nucleo-
tide to approach from its guanidine side, and so on. The
proposed configuration adopted by the complex is shown
in Scheme 4a.

5�-dAMP/gg

The shifts of the internal 5-H and 3-H signals of gg in
the presence of 5�-dAMP were significantly smaller relative
to those of bg (Table 2), evidently as a result of the wider
cavity of gg. Further, the 1H NMR spectra of 5�-dAMP did
not show signs of intermediate or slow equilibrium phe-
nomena at a large range of concentrations and molar ratios.
2D ROESY spectra showed cross-peaks of 3-H and 5-H of
gg with protons of ribose, as well as adenine moieties
(Table 3) of the nucleotide that proved inclusion. Job’s plot
(Figure 4b) based on gg shifts revealed a maximum close to
0.60; thus, the stoichiometry of 5�-dAMP/gg is close to 1:
2, with possible small contribution of 1:1. Simultaneous
plotting of 5�-dAMP shifts (Figure 4c) showed contra-
dicting results. This is explainable, as the stacking of nucleo-
tides,[26] being concentration dependent, strongly influences
their chemical shifts. We can therefore conclude that the
deoxyribose part enters the gg cavity as in bg, but now the
larger cavity space allows unrestricted ribose conforma-
tional exchange. Thus, slow exchange phenomena are not
observed. The % population of each conformer was again
calculated from the coupling constants as above (Table 1)
and was found to be 32% 3�-endo, that is, the same as in
bg. The observed stoichiometry, in combination with inter-
actions with both 2-H and 8-H indicates that the adenine
ring fits sideways into a second gg host (Scheme 4b).

5�-dAMP/ag

The changes in chemical shifts of all ag protons were
significantly smaller relative to those of bg. Furthermore,
despite the fact that the 31P resonance was remarkably
shifted (∆P = 0.904 ppm), the peak still remained sharp. In
addition, the absence of intramolecular interactions in the
2D ROESY spectra proved that only external interactions
exist between guanidino and phosphate groups without in-
clusion of the nucleotide inside the cavity, most likely due
to the small size of the host.
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Figure 4. Continuous variation plots of (a) guanidino CDs/nucleotides (500 MHz, pD = 6.0, 298 K).

5�-dCMP/bg

In the presence of bg the peaks of 5�-dCMP showed
moderate broadening, which at 278 K gave double reso-
nances, forms i and ii, in some signals. The exchange cross-
peaks present in the 2D ROESY spectrum between 2�-H,
3�-H, 4�-H, and 6-H of form i with 2�-H, 3�-H, 4�-H, and
6-H of form ii indicate that two forms of the nucleotide
are present, as in 5�-dAMP/bg. Intermolecular NOE cross-
peaks of bg 3-H and 5-H with 1�-H and with 5-H and 6-H
were observed (Table 3). Consequently, 5�-dCMP is in-
cluded by both cytosine and deoxyribose parts, the latter
being in slow exchange between the 3�-endo (N) h 2�-endo
(S) conformations. According to continuous variation plots
with the use of the shifts of bg (Figure 4d) and the normal-
ized shifts of 5�-dCMP (Figure 4e) where the influence of
self-association[26] was eliminated by using shifts of blank
experiments, the stoichiometry of 5�-dCMP/bg is 1:2. The
proposed mode of complexation is shown in Scheme 4c.
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5�-dCMP/gg

In the presence of gg, 5�-dCMP showed sharp signals.
Protons 3-H and 5-H of gg interacted with 5-H, 6-H, 1�-H,
and 2�-H (Table 3). Intramolecular interactions of 5�-dCMP
revealed cross-peaks of 5�-H with 6-H and 1�-H and of 3�-
H with 6-H. Thus, an inclusion complex is formed, whose
stoichiometry is again 1:2 (Figure 4f), also verified by plot-
ting the 31P NMR shifts of the nucleotide (Figure 4g). The
mode of inclusion is thus similar to that proposed above
(Scheme 4c).

5�-AMP/bg,gg,ag

Weak interactions of 1�-H, 3�-H, 4�-H of ribose with 5-
H of bg and of 1�-H with 3-H of bg suggest weak cavity
binding of the ribose ring attributed to the presence of the
2�-OH group that reduces the hydrophobicity of the ribose
ring and increases the bulkiness. Adenine 2-H and 8-H sig-
nals were broadened and did not show the expected NOE
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Scheme 4. Suggested model of the complex between (a) 5�-dAMP/
bg, (b) 5�-dAMP/gg, and (c) 5�-dCMP/bg. The thick lines represent
the area of the guanidinο groups.

interactions with the ribose protons, evidently as a result of
an exchange rate regime faster than the timescale of NOE
development. Consequently, the absence of cross-peaks
with bg cannot be taken as absence of inclusion. The detec-
tion of the apparently present- 3�-endo (N) and 2�-endo (S)
conformers is indirect. The gg peaks of 5�-AMP were sharp.
Protons 2-H and 8-H interact with 3-H and 5-H of gg
weakly, whereas 1�-H, 3�-H, and 4�-H interact with the
same protons moderately (Table 3). The stoichiometry in
both 5�-AMP/bg and 5�-AMP/gg is 1:2 (Figure 4h,i); there-
fore, the proposed complexation models are similar to those
in Scheme 4b,c. Finally, no inclusion complexes were ob-
served for ag with 5�-AMP and also 5�-dCMP.

The results collectively show that both deoxyribonucleo-
tides and ribonucleotides interact with all guanidine CDs
through guanidinium–phosphate-type electrostatic interac-
tions. Inclusion complexes, however, are formed with bg
and gg and not with ag. With bg broadening of the nucleo-
tide, resonances are observed that at low temperature split
into two unequal peaks, attributed to cavity-induced re-
duction of the ribose pucker rate based on nearly identical
J coupling analysis and peak integration results. Eliseev and
Schneider, who previously studied 5�-dAMP, 5�-AMP, and
5�-dCMP with heptakis(6-deoxy-6-N-methylamino)-β-
CD,[27] also reported broadening of the peaks; however, that
was attributed to syn and anti conformational exchange on
the basis of time-scale considerations. Additionally, they re-
ported partial nucleobase and total ribose inclusion, in
agreement with the present results. However, they reported
1:1 stoichiometry on the basis of NMR titration plots, al-
though the continuous variation plots employed here, which
are better suited for stoichiometry determination than ti-
tration plots, definitely show 1:2 binding or higher. In the
same reference[27] potentiometry gave stronger (K ~ 105 –1)
binding for 5�-AMP than for deoxynucleotides (K ~
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104 –1), and this was attributed to H-bonding of the pro-
tonated amines to the ribose hydroxy groups. The guani-
dino groups of our CDs can also establish H-bonds with
sugars, as a theoretical study has shown.[28] Thus, we pro-
pose here more complex binding models involving oligo-
meric association for 5�-dAMP/bg and participation of a
second cyclodextrin for all other cases. Another potentio-
metric study has reported strong binding (K�104 –1) of
5�-ATP and 5�-AMP with heptakis(6-hydroxyethylamino-6-
deoxy)-β-CD[29] and broadening of the host side-chain sig-
nals. Recently, ultrasonic relaxation studies of the 5�-AMP/
β-CD system showed moderate (K ~ 103 –1) binding of the
adenine moiety.[30] Lastly, a recent report on bg and its
strong inclusion of 5�-ADP/5�-ATP,[31] published shortly af-
ter our initial publication on the preparation and properties
of ag, bg, and gg,[7] showed doubling of the ATP signals
attributed without other evidence to free and complexed
species in a (mass spectra inferred) 1:1 complex.

Binding of Guanidino CDs to Nucleosides

2D ROESY or NOESY spectra of 2�-dA as well as 2�-
dC in the presence of gCDs and at pD = 6.0 did not show
any intermolecular cross-peaks, and no chemical shift
changes in the internal CD protons were observed. Conse-
quently, the presence of a phosphate group on the ribose
ring is essential for the formation of inclusion complexes.
Regarding the conformation of the nucleosides, both mole-
cules were found to be mainly in the 2�-endo conformation
and in syn–anti equilibrium according to the already known
bibliographic sources.

Conclusions

In contrast to natural CDs, which totally prefer the nu-
cleobases over the ribose rings and do not stabilize hydrox-
ylated substrates in their cavity, the guanidino CDs as well
as other positively charged CDs happily encapsulate both
ribose and deoxyribose rings in their cavity, whereas the
nucleobase moieties are partially included. The observed
tendency does not involve hydrophobic interactions or hy-
drogen-bond formation.[32] Conversely, it is known[33] that
monovalent anionic guests bind stronger to heptakis(6-
amino-6-deoxy)-β-CD than to mono(6-amino-6-deoxy)-β-
CD. We, in contrast, have shown that phosphorylated aryls
bind much more strongly to bg than to bis(guanidinium)-
substituted cyclodextrins.[7] Therefore, the stabilizing inter-
actions are accumulative Coulomb forces between guan-
idino CDs and nucleotides, as we showed that the phos-
phate groups play an indispensable role in allowing cavity
binding driven by the entropic gain acquired from the dehy-
dration of the host and –particularly– the ribose of the
guest upon inclusion. Finally, inclusion of nucleotides in
the moderately sized bg cavity enabled the observation of
separate nucleotide conformers, attributed to slow ribose
pucker rates. To the best of our knowledge, this has not
been reported before.
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Experimental Section
General: Hexakis(6-guanidino-6-deoxy)-α-cyclodextrin hydrochlo-
ride (ag), heptakis(6-guanidino-6-deoxy)-β-cyclodextrin hydrochlo-
ride (bg), and octakis(6-guanidino-6-deoxy)-γ-cyclodextrin (gg)
were prepared as previously described.[7] 5�-AMP and 2�-dA were
purchased from Sigma, 5�-dCMP and 2�-dC from Aldrich, 5�-
dAMP from Calbiochem, and 99.8% DMSO and 99.9% D2O from
Euriso-top.

Buffered solutions were prepared from sodium acetate/acetic acid
(pD = 6.0) and from potassium chloride/hydrochloric acid (pD =
2.4). The pH was measured by using an MP200 Mettler Toledo pH
meter. Before each measurement, the electrode system was cal-
ibrated in hydrogen ion concentration units p[H] = –log[H+] by
using buffer reference standard solutions (Scharlau) at 298 K. Ac-
tually, pD = meter reading + ca. 0.3[19,20] is a reasonable approxi-
mation. The temperature of the solutions during the NMR spectro-
scopic experiments was set at 278 or 298 K.

1D 1H (250.13 MHz) and 13C (62.90) MHz NMR spectra were
acquired with a Bruker AC 250 spectrometer. 1H (500.13 MHz),
31P (202.46 MHz), and 13C (125.77 MHz), as well as 2D, NMR
spectra were acquired with a Bruker Avance DRX 500 spectrome-
ter. 1H NMR spectra recorded in D2O were referenced with HOD
at δ = 4.79 ppm. 2D ROESY spectra were acquired with presatura-
tion of the residual water resonance and a mixing (spin-lock) time
of 350 ms at a field of ca. 2 kHz with the TPPI method by using
a 1024 K time domain in F2 (FID resolution 5.87 Hz) and 460
experiments in F1. 2D NOESY spectra were acquired by using
mixing times of 1–1.5 s, TPPI detection, and HDO presaturation.
Processing was carried out with zero-filling to 1 K in F1 by using
sine or qsine (F2) and qsine (F1) window functions, respectively.
The experiments were performed at 278 or 298 K in the concentra-
tion range 2.5–10 m and at buffered solutions (potassium chlo-
ride/hydrogen chloride, pD = 2.4 or sodium acetate/acetic acid, pD
= 6.0). Continuous variation (Job’s) plots were constructed by mix-
ing varying volumes of equimolar (either 5 m or 10 m) solutions
of host and guest compounds to a constant final volume so that
the resulting mixtures ranged from 90 to 10% ratio of host–guest
equivalents. All experiments were performed at 298 K and buffered
at 5.7. The chemical shift differences of the protons of the cyclodex-
trin host were recorder and plotted with respect to the 1-H signal, a
proton external to the CD cavity that undergoes very small changes
during complexation.
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