
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 29 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Supramolecular Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713649759

Hydrogen-Bonded Hexameric Capsules of Resorcin[4]arene,
Pyrogallol[4]arene and Octahydroxypyridine[4]arene are Abundant
Structures in Organic Solvents: A View from Diffusion NMR
Y. Cohena; T. Evan-Salema; L. Avrama

a The Sackler Faculty of Exact Sciences, School of Chemistry, Tel-Aviv University, Tel-Aviv, Israel

To cite this Article Cohen, Y. , Evan-Salem, T. and Avram, L.(2008) 'Hydrogen-Bonded Hexameric Capsules of
Resorcin[4]arene, Pyrogallol[4]arene and Octahydroxypyridine[4]arene are Abundant Structures in Organic Solvents: A
View from Diffusion NMR', Supramolecular Chemistry, 20: 1, 71 — 79
To link to this Article: DOI: 10.1080/10610270701742793
URL: http://dx.doi.org/10.1080/10610270701742793

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713649759
http://dx.doi.org/10.1080/10610270701742793
http://www.informaworld.com/terms-and-conditions-of-access.pdf
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Pyrogallol[4]arene and Octahydroxypyridine[4]arene are
Abundant Structures in Organic Solvents: A View
from Diffusion NMR

Y. COHEN*, T. EVAN-SALEM and L. AVRAM
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(Received 2 August 2007; Accepted 11 October 2007)

Hydrogen-bond molecular capsules have attracted much
interest in the last decade. In the present paper, we wish
to describe new insights obtained from diffusion NMR
when studying the self-assembly of resorcin[4]arenes (2),
pyrogallol[4]arenes (3) and octahydroxypyridine[4]-
arenes (4) in solution. These diffusion NMR studies
demonstrate that compounds 2 and 3 self-assemble
spontaneously into hexameric capsules in organic
solvents. For compound 4, both hexameric capsules and
dimeric aggregates were identified. Diffusion NMR was
found to be very useful in evaluating the relative
stability of these capsules as well as in determining the
role played by water molecules in the self-assembly of
such systems. Moreover, diffusion NMR enabled us to
establish whether the self-assembly of these capsules
proceeds with self-sorting. We could demonstrate that
the hexamers of 3 are more stable than the hexameric
capsules of 2 and that the formation of such hexamers
proceeds with self-sorting and no hetero-hexamers are
formed when macrocycles of different classes are mixed.
The hexameric capsules of 2 were found to self-assemble
with eight water molecules, whereas water molecules are
not required for the formation of the hexameric capsules
of 3. Diffusion NMR helped in demonstrating that
many of the previously evoked 1:1 and 1:2 host–guest
complexes of 2 are in fact hexamers encapsulating a
multiplicity of guests. This supports the notion that
hexameric capsules of these systems are much more
abundant species in organic solvents than previously
thought. These studies also demonstrate that diffusion
NMR is an extremely useful tool for studying and
characterising supramolecular systems and molecular
capsules in solution.

Keywords: Supramolecular chemistry; Diffusion NMR; Hydrogen
bond; Resorcin[4]arene; Pyrogallol[4]arene; Hexameric capsules;
Octahydroxypyridine[4]arene; Container molecules

INTRODUCTION

Molecular capsules that may operate as drug
delivery systems and as nanoreactors have attracted
much attention in the last decade [1–3]. Previous
studies have described the preparation of non-
covalent molecular capsules based on different
non-covalent interactions [1–7]. Here, we wish to
concentrate on the structure and characteristics of
hydrogen-bonded capsules based on calix[4]arene
derivatives such as resorcin[4]arenes (2), pyrogallo-
l[4]arenes (3) and pyridine[4]arenes (4). In the
present paper, we will briefly review some of
the insights gained from diffusion NMR on the
molecular capsules of these systems.

From Dimeric to Hexameric Capsules

Rebek and then Böhmer were the first to realise that
the peculiar spectra of tetraureacalix[4]arenes (1) in
non-polar solvents arose from the formation of the
dimeric capsules of these systems [8–10]. During the
last decade, dimeric capsules of other related systems
were prepared and were shown to encapsulate
solvent molecules and other small guests [11–13].
These dimeric capsules are characterised by relatively
small cavities [8–13].

The structure of the hexameric capsule of
C-methyl resorcin[4]arene (2c) reported by Atwood
was first regarded as a unique exotic structure [14].
Thereafter, the Mattay group provided some
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evidence concerning the formation of hexameric
capsule of C-isobutyl pyrogallol-[4]arene (3a) in the
solid state [15]. These capsules were found to have
much larger cavities than the tetraurea calix[4]arene
dimers [14–16]. In 2001, Shivanyuk and Rebek
demonstrated that with the appropriate guests, such
hexameric capsules ofC-undecyl resorcin[4]arene (2b)
can also be observed in organic solvents [17]. As will
be demonstrated next, diffusion NMR has contributed
considerably to the identification and characterisation
of such hexameric capsules in solutions.

Diffusion NMR: A Tool for Studying
Supramolecular Systems in Solution

Translational diffusion, which is the random walk
performed by ions or molecules, can be measured
relatively easily and accurately using pulsed-field
gradient experiments [18–20]. The pulsed gradients
spin echo (PGSE) [18] and the stimulated echo (STE)
diffusion [19] pulse sequences are shown in Fig. 1(a)
and (b), respectively. These sequences can be
performed easily using conventional NMR spec-
trometers with the aid of the conventional gradient
systems available on such NMR spectrometers. More
than a decade ago, the LED [21] and bipolar LED
(BPLED; [22]) sequences (Fig. 1(c) and (d)) were
introduced by Johnson, who suggested the use of
diffusion ordered spectroscopy (DOSY; [23]). DOSY
provides 2D maps, in which one axis represents the
chemical shift while the other represents the
diffusion coefficient [23].

The diffusion coefficient in such experiments can
be calculated using equation (1), [18]

ln
Ið2t;G
Ið2t;0Þ

� �
¼ 2g2G2d2 D2

d

3

� �
D ¼ 2bD; ð1Þ

where I(2t,0) and I(2t,G are the echo intensities at 2t in
the absence and the presence of gradient pulses,
respectively, G is the pulsed gradient strength, D and
d are the time separation between the pulsed-
gradients and their duration, respectively (Fig. 1),
and D is the diffusion coefficient. The term (D 2 d/3)
is generally referred to as the diffusion time.

The product g2G 2d 2(D 2 d/3) is often abbreviated
as the b-value, and represents the diffusion weighting.
Thus, for an isotropic solution, a plot of ln (I(2t,G)/
I(2t,0)) vs. b should give a straight line, the slope of
which is equal to D. In principle, any of the
parameters, d, D and G, can be varied to affect signal
attenuation and thus providing a mean for measur-
ing D. However, technical factors and the relaxation
characteristics of the sample may limit our choice.

Since the diffusion coefficient of a given species is
related to its effective molecular weight, it is clear
that such a parameter may be useful in mapping
intermolecular interactions. Indeed, more than a
decade ago we decided to use diffusion NMR as an
additional analytical method to probe intermolecular
interactions in supramolecular systems in solution
[24–32]. We have demonstrated that one can use
diffusion coefficients to calculate association con-
stants [24], map water hydration and complexation
[28], and evaluate the intermolecular interactions in
different supramolecular systems [24–32]. Diffusion
was used, inter alia, to study the aggregation mode of
charged molecules [26], to map the intermolecular
interactions in macrocycle/cyclodextrin complexes
[27] and other complexes of cyclodextrins [29],
evaluate the integrity of single-, double- and tetra-
rosettes [30], probe the formation of pseudorotax-
anes [31] etc. Diffusion NMR was found to be
extremely important in mapping intermolecular

SCHEME 1 The structures of tetraureacalix[4]arenes (1), resorcin[4]arenes (2), pyrogallol[4]arenes (3), octahydroxypyridine[4]arenes (4),
biscalix[5]arene (5), glutaric acid (6) and methyl b-D-glucopyranoside (7).
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interactions in systems where the changes in
chemical shifts upon complexation are marginal
and in systems where proton transfer which may
affect the chemical shifts dramatically, occurs. In the
latter systems, when relaying on chemical shift
differences, acid–base equilibriums may be con-
fused with complexation processes [24]. Recently the
application of diffusion NMR to the study of
supramolecular and combinatorial chemistry was
reviewed [32].

In 1999, we demonstrated the utility of diffusion
NMR to probe the formation of hydrogen-bond
molecular capsules of tetraurea calix[4]arenes such as
compound 1 [33–35]. These dimeric capsules, which
have a relatively small cavity, are generally con-
structed from three molecules (two hosts and one
guest). We were interested in using diffusion NMR to
characterise more complex systems that are con-
structed from more building units. For this purpose,
the hexameric capsules of resorcin[4]arenes and
pyrogallol[4]arenes seemed to be the system of choice.

SPONTANEOUS FORMATION OF HEXAMERIC
CAPSULES

Our first objective was to evaluate the role of water
molecules in the complex of 2b with tetrahexylam-
monium bromide (THABr), first reported by Shiva-
nyuk and Rebek [17]. However, in preliminary

diffusion NMR measurements we found that, under
the same experimental conditions, the diffusion
coefficient of the hexameric capsule of 2b with
THABr is the same as the diffusion coefficient of 2b
in the CDCl3 solutions. This led us to suspect that 2b
self-assembles spontaneously into hexameric aggre-
gates in chloroform [36]. As we will demonstrate,
by combining diffusion NMR and routine NMR
spectroscopy it was relatively straightforward to
provide convincing evidence for the formation of
hexameric aggregates of systems such as 2, 3 and 4 in
different solvents. These hexameric aggregates were
later shown to be hexameric capsules [36–40].

Figure 2 shows the signal decay of a representative
peak of several molecular species in CDCl3 as a
function of the gradient strength (G) and demon-
strates how simple it is to identify new hexameric
aggregates, once one such a system has been
identified. After establishing that 2b forms hexame-
ric aggregates one can easily identify other systems
that form hexamers by just inspecting the signal
decay as a function of the gradient strength or by
calculating the diffusion coefficient of each species
from the signal decay.

Figure 3 shows the signal decay as a function of the
diffusion weighting (the b-values in equation 1) for
the representative peaks shown in Fig. 2. Fig.s 2 and
3 clearly demonstrate that the signal decays of 2b, 3b
and one of the peaks of 4 are very similar and are all
slower than the signal decay of 5 and the other peak

FIGURE 1 The (a) PGSE, (b) the STE diffusion, (c) the LED and (d) BPLED pulse sequences.
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of 4. Compound 5 [41] was used as an internal
reference for species whose molecular weight was
similar to that expected for the dimers of compounds
2b, 3b and 4. The extracted diffusion coefficients are
tabulated in Table I. Interestingly, 2b, 3b and one of
the peaks of 4 were found to have the same diffusion
coefficients as the hexameric capsule of 2b with
THABr, namely, 0.25 ^ 0.01 £ 1025 cm2 s21 in
chloroform solution (20–30 mM, 298 K).

These data clearly show that 2b and 3b form
hexameric aggregates [36–39], whereas 4 forms both
hexameric and dimeric aggregates [40]. Note that
octahydroxypyridine[4]arene (4), which was first
synthesised by the Mattay group [42], was recently

claimed to form monomers and dimers [43]. To probe
the capsular nature of these aggregates, we recorded
the NMR spectra of these systems in CHCl3

solutions, as shown in Fig. 4. In all these spectra we
found new additional peaks that were found to have
the same diffusion coefficients as the entire capsule
and were, therefore, assigned to the encapsulated
solvent molecules (Table I). The fact that there is a
slow exchange on the NMR timescale when the
guests are solvent molecules, which do not have any
specific binding sites, suggests that the hexameric
aggregates are, indeed, hexameric capsules in
solution [2,6,36–40]. Interestingly, the results in
solution are consistent with the results in the solid
state for resorcin[4]arenes and pyrogallol[4]arenes
[14–16].

It was also found that such resorcin[4]arenes and
the pyrogallol[4]arenes form hexameric capsules in
different organic solvents, such as chloroform,
benzene and methylene chloride [36–39]. A hexamer
of 2b encapsulates about eight benzene molecules,
5–6 chloroform molecules or 11 molecules of
methylene chloride. Furthermore, we found that 3b
can accommodate the same number of chloroform
and methylene chloride molecules but only five to
six benzene molecules. For 3b, we found that co-
encapsulation of chloroform and benzene is
favoured over encapsulation of a single type of
solvent molecules [44].

In the case of 3b, we found that the peak of the
encapsulated chloroform appears as a septet. We
could demonstrate that this signal consist of seven
singlets [44]. Interestingly, we found that the
chemical shifts of the encapsulated chloroform

TABLE I Diffusion coefficients of 2b, 3b and 4 in chloroform at 298 K.

Diffusion coefficients ( £ 105 cm2 s21)

System (Mw)a 2b (1104 g mol21) 3b (1168 g mol21) 4 (1108 g mol21)

20–25 mM in CDCl3 0.24 ^ 0.01 0.25 ^ 0.01 0.24 ^ 0.01 0.37 ^ 0.01b

20 mM in CHCl3 0.24 ^ 0.01 0.24 ^ 0.01 0.25 ^ 0.01 0.36 ^ 0.01b

0.25 ^ 0.01c 0.25 ^ 0.01c 0.24 ^ 0.01c

a Molecular weights of the monomers; b The diffusion coefficient of the dimer of 4; c The diffusion coefficient of the encapsulated chloroform molecules.

FIGURE 2 The stack plots of the signal decay as a function of the gradient strength (G) of a representative peak of the hexamers of (a) 2b,
(b) 3b, (c) 4, (d) the dimer of 4 and (e) 5 (3 mM CDCl3, 298 K).

FIGURE 3 The signal decay as a function of the diffusion
weighting (the b-value in Equation 1) of the representative peaks of
the hexamers of 2b, 3b, 4, the dimer of 4 and 5 depicted in Figure 2.
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molecules are very similar in the hexamers of
systems 2b and 3b but very different from that of
the encapsulated chloroform in 4 [36–40].

RELATIVE STABILITY OF HEXAMERIC
CAPSULES

To get some insight into the relative stability of the
formed hexameric capsules in chloroform solutions,
we titrated these solutions with methanol and
observed the changes in the diffusion coefficients
upon addition of methanol, as shown in Fig. 5.

This Fig. clearly demonstrates that the addition of
methanol disaggregates the hexameric capsules of 2b
and 3b. These data show that much less methanol is
required to disaggregate the hexameric capsule of 2b
as compared with the hexameric capsules of 3b. The
addition of 250 equivalents of methanol suffices
to disaggregate the hexamer of 2b, but nearly 1000
equivalents of methanol are needed to disaggregate

the hexamers of 3b. Note that when we performed
such titrations for 2b and 3b in CHCl3 solutions we
found that the peaks of the encapsulated chloroform
disappear before disaggregation occurs.

THE ROLE OF WATER MOLECULES IN THE
SELF-ASSEMBLY OF HEXAMERIC CAPSULES

To evaluate the role of water, we followed the
diffusion coefficients of the water molecules and
the macrocycle in chloroform solutions where we
changed the macrocycle:water ratio as shown in Fig. 6.
In principle, water molecules can reside in three
different pools: encapsulated, as part of the supramo-
lecular structure and in the bulk of the chloroform
solution. In all the chloroform solutions of 2b and 3b,
only one water peak was observed for all water
populations [37, 39, 45]. The observation of a single
water peak in the chloroform solutions of 2b and 3b
implies that the different water pools are in a fast
exchange on the NMR timescale. Consequently, the
measured diffusion coefficients should be a weighted
average of the diffusion coefficients of water in the
different pools.

The data presented in Fig. 6 shows that the
macrocycle:water ratio has no effect on the diffusion
coefficients of the macrocycles 2b and 3b. On the
contrary, this ratio has a dramatic effect on the
diffusion coefficient of the water molecules in the
case of 2b but not in the case of 3b. Interestingly, in
the case of 2b, we found that when there were more
than eight water molecules per six molecules of 2b,
the diffusion coefficient of the water peak was
significantly higher than that of 2b. However, when
there were less than eight water molecules per six
molecules of 2b, the water diffusion coefficient was
exactly the same as that of 2b [37]. In the case of 3b,

FIGURE 4 The 1H NMR spectra of 2b, 3b and 4 in CHCl3 and
CDCl3 solutions. The figure also shows expansions of the peaks of
the encapsulated solvent molecules.

FIGURE 6 The effect of the macrocycle:water ratios on the
diffusion coefficients of the macrocycles (B,W) and the water (A,X)
in the CDCl3 solution. The symbols (X, W) and (B, A) represent the
diffusion coefficients in the 2b and 3b systems, respectively.

FIGURE 5 The effect of methanol titration on the diffusion
coefficients of 2b (X) and 3b (B) (3 mM, CDCl3, 298 K).
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however, the macrocycle:water ratio had no effect on
the diffusion coefficients of the water molecules [39].
Based on these observations, we can conclude that in
chloroform solution, 2b forms a [2b6(H2O)8]-type
hexamer whereas 3b forms 3b6-type hexamers. These
results are in agreement with those found in the solid
state [14–16]. It should be noted that the nature of R
had no effect on the role played by the water
molecules and both 2a and 2b form [26(H2O)8]-type
hexamers, whereas, 3a and 3b form 36-type hexamers
[45]. Using the same methodology, we could
demonstrate that when THABr, rather than chloro-
form molecules, is encapsulated in the hexamer of 2b
the water molecules are not present in the supramo-
lecular structure and a 2b6-type hexamer is formed
[38]. The role played by the water molecules in the
case of 2a and 2b, as obtained from diffusion NMR, is
summarised in Fig. 7 [45, 46].

SELF-RECOGNITION IN THE SELF-ASSEMBLY
OF HEXAMERIC CAPSULES

One of the peculiar characteristics of biological
self-assembled systems is their sorting ability, and
such self-sorting was also observed in some synthetic
supramolecular systems [47–52]. Since, we found
that 2a, 2b, 3a and 3b all form hexameric capsules,
we studied their mixtures with the aim of establish-
ing whether the self-assembly of these systems
proceed with self-recognition within or across the
macrocycle-types. The four possible mixture combi-
nations of the above species, which differ sufficiently
in their molecular weights, were studied.

Fig. 8 shows sections of the 1H NMR spectra of 2a,
2b and their mixture as well as the diffusion
coefficients measured for 2a and 2b with regard to
the time that elapsed from the preparation of the
mixture (Fig. 8(a) and (b), respectively). Fig. 8(c) and
(d) shows the same type of data for 2a and 3b. These
data clearly demonstrate the superiority of using

diffusion coefficients as opposed to chemical shifts
when studying the self-sorting in the self-assembly
of such hexameric capsules [45, 46]. As shown in
Fig. 8, the spectra of the mixtures are a mere
superposition of the spectra of the individual
compounds. Even after weeks, the 1H NMR spectra
of the mixtures remained the same with no clear
indication of the formation of hetero-hexamers.
However, the diffusion results were quite different
for the mixtures studied. For example, in the
mixture of 2a and 2b, different diffusion coefficients
were observed, immediately after preparing the
mixture, but they were found to equilibrate with
time (Fig. 8(b)), thus indicating that hetero-hexam-
ers are formed with time. However, different results
were obtained for the mixture of 2a and 3b. In this
case, the diffusion coefficients of these two
compounds, which differ in their molecular
weights, remained different. These results indicate
that in a mixture of 2b/3a or 2a/3b, no hetero-
hexamers could be detected even five weeks after
preparing the mixtures. Therefore, we can conclude
that the self-assembly of these hexameric capsules
proceeds with self-recognition when mixtures of
macrocycles of different types are prepared. How-
ever, in the case of compounds that differ only in
their R group, i.e. within the macrocycle-type,
hetero-hexamers are formed with time [45, 46].

GUESTS AND GUESTAFFINITY IN
HEXAMERIC CAPSULES

As pointed out earlier, we found that systems 2 and 3
form hexameric capsules in a series of organic
solvents, such as chloroform, benzene and methylene
chloride. In these systems each of the hexameric
capsules, encapsulate several solvent molecules. For
compound 4, which was investigated only recently
and found to form hexameric capsules [40], we found
discrete hexameric capsules only in chloroform and

FIGURE 7 The role of water and the different water pools in the hexameric capsules of 2a and 2b. One of the hexameric building blocks
was omitted for clarity.
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in benzene but not in methylene chloride. These
recent studies clearly demonstrate that the hexameric
capsules of these systems are much more abundant
structures in these types of solvents than previously
thought [36–40, 45, 53].

In the last decade, hexameric capsules of resorci-
n[4[arenes and pyrogallol[4]arenes with various
guests were reported in solution [17, 45, 53–60].
For example, hexameric capsules of 2b with tetra
ammonium salts and tertiary amines were reported
[17, 45, 54–55]. In addition, 2b was found to form
hexameric capsules with diacids, sugars and other
compounds [53–55]. In contrast, we found that 3b
encapsulates tertiary amines but not tetra
ammonium salts. In fact, we showed that protona-
tion of the tertiary amine in the capsule of 3b resulted
in the ejection of the protonated species from the
capsules [54]. Furthermore, Kaifer’s group demon-
strated that 2b and 3b can encapsulate cobaltoce-
nium cation [56]. During the last decade, hexameric
capsule of pyrogallol[4]arenes with various guests
were also prepared [57–60]. For compound 4, we
tested many classes of molecules as potential guests
but only rarely were we able to observe an efficient
encapsulation within this hexameric capsule.
Despite the fact that capsules of resorcin[4]arenes
and pyrogallol[4]arenes with different guests are

now known to exist in solid, liquid and recently even
in the gas phases [61], there seems to be no general
rules at this point that can predict which guests will
have high affinity to which hexameric capsules. In
the following, we will conclude our short discussion
on hexameric capsules by presenting the recent
results for the capsules of 2b with two specific
guests, namely, glutaric acid (6) and methyl b-D-
glucopyranoside (7), which demonstrate the new
insights that can be obtained when diffusion NMR is
used to study such systems [53].

Aoyama and co-workers reported that odd-
numbered dicarboxylic acids, especially glutaric
acid, form 1:1 host–guest complexes with 2b where
the two hydroxyls of the glutaric acid interact with
two non-adjacent hydroxyls of 2b [62]. Here again,
the NMR peaks of the glutaric acid in the complex
were shifted to high-field and a slow-exchange
between glutaric acid in the bulk and in the complex
was observed. Based on these observations, Palmer
and Rebek have recently suggested that this might
also be a hexameric capsule [63]. Indeed, recent
diffusion measurements showed that the diffusion
coefficient of this complex is very similar to that of
the hexamer of 2b with THABr and it was found to
be 0.24 ^ 0.01 £ 1025 cm2 s21 under the same
experimental conditions (CDCl3, 298 K, 20–30 mM;

FIGURE 8 (a) Sections of the 1H NMR spectra of 2a and 2b and their mixture and (b) the diffusion coefficients of 2a and 2b in CDCl3 as a
function of the time that elapsed since the preparation of the mixture; (c) and (d) show the same type of data, respectively, for a mixture of
2a and 3b.

HYDROGEN-BONDED HEXAMERIC CAPSULES 77

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
5
8
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



[53]). Therefore, we could conclude that the 1:1
stoichiometry found for the complex of 2b and
glutaric acid is indeed a hexamer that encapsulates
six molecules of glutaric acid molecules. In fact, we
could show that when the addition of glutaric acid
was followed by NMR in a CHCl3 solution, the peaks
at high-field shift attributed to the encapsulated
glutaric acid molecules intensify at the expense of the
peaks attributed to the encapsulated chloroform
molecules [53].

However, a bigger challenge was determining the
nature of the 2:1 stoichiometry complex of 2b with 7.
Aoyama and co-workers suggested the formation of
a dimeric capsule with 7 based on the integration of
the NMR peaks [64,65]. Since a dimeric complex of
2b with 7 was suggested, we performed the diffusion
NMR measurements with compound 5 as an internal
reference. Compound 5 has a molecular weight
(2398 g mol21) very similar to that of the dimer of 2b
(2208 g mol21). It was important to verify whether,
under the same experimental conditions (solvent,
temperature and concentration), the 2:1 complex of
2b with 7 has a much lower diffusion coefficient as
compared with compound 5.

Fig. 9, which presents the stack plots of the signal
decay of a representative peak of 5, and of 2b, and 7
in their 2:1 complexes (taken from the same
measurement) as well as the signal attenuation of
these peaks as a function of the diffusion weighting
(b-values) shows that this is indeed the case.

The diffusion coefficients of both 2b and 7 were
found to be much lower than those of compound 5,
as expected for the hexameric capsule of 2b. Once
again, the diffusion coefficient of the capsules of 2b
with 7 was found to be exactly the same as that of the
hexameric capsule of 2b with THABr, for example.
Therefore, we concluded that the 2:1 stoichiometry
represents a hexameric capsule with three encapsu-
lated sugar molecules [53].

CONCLUSIONS

We have demonstrated, with the aid of diffusion
NMR that systems such as 2, 3 and 4 self-assemble
spontaneously into hexameric capsules in organic
solvents. Many of the previously characterised
complexes of resorcin[4]arenes and pyrogallol[4]ar-
enes are, in fact, hexameric capsules. Diffusion NMR
was found to be very useful in determining the role
of water molecules in the self-assembly of such
capsules. Importantly, we can determine when the
self-assembly of such hexameric capsules proceed
with or without self-recognition and self-sorting.
In addition, we have demonstrated the added value
of diffusion NMR when such structures are
characterised in solution. Aggregates that have the
same symmetry as their monomer can easily be
identified with diffusion NMR. Therefore, we
conclude that diffusion NMR is a powerful tool for
studying supramolecular systems and self-assembly
in solution.
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[5] Böhmer, V.; Vysotsky, M. O. Aus. J. Chem. 2001, 54, 671.
[6] Palmer, L. C.; Rebek, Jr., J. Org. Biomol. Chem. 2004, 2, 3051.
[7] Rebek, Jr., J. Angew. Chem. Int. Ed. 2005, 44, 2068.
[8] Shimizu, K. D.; Rebek, Jr., J. Proc. Natl. Acad. Sci. USA 1995, 92,

12403.
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