
PAPER www.rsc.org/obc | Organic & Biomolecular Chemistry
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The reactivity of aromatic dicarboxylic acids, in combination with an axially-chiral, suitable dibenzylic
alcohol, derived from BINOL, has been exploited in one-pot esterification reactions for the direct
formation of several rigid, homochiral macrocycles. Cyclic adducts possessing, respectively, average
molecular D2 and D3 symmetries, have been characterized in pure forms, with isolated yields and
selectivities which are substantially different from those rising from purely statistical arguments. NMR
and CD spectroscopies detect the structural and shape variability in the scaffolds, reflected both in
terms of large changes in chemical shifts of selected proton resonances, and in terms of the variation of
the CD signature related to the dihedral angle defined by the binaphthyl units embedded in the rigid
cyclic skeleton. The crystal structure of two homochiral D2 macrocycles show the formation of ordered
nanostructures in the solid state, with the naphthyl rings of the binaphthyl units packing
intermolecularly in an eclipsed-like conformation to yield nonhelical tubular arrangements. The larger
D3 cyclic adducts are able to afford stable complexes with C60 in toluene solution, with comparable
binding strengths, yet whose stoichiometries are dependent on small variations in the spacing units and
therefore in the shapes of the internal cavities of the cyclic structures.

Introduction

Large macrocyclic structures with a high degree of shape-
persistency have been the subject of increasing interest for
applications in the field of nanoscience.1 The issue of confor-
mational stability, and therefore rigidity, of the covalent cyclic
structure is traditionally related to the possibility of enhancing the
recognition/complexation properties towards suitable inclusion
guests; more recently, however, this issue is stringent as one
alternative target application of such rigid cycles is the formation
via self-assembly of stable organic nanotubes by supramolecular
organization in the third dimension. Different cyclic units, such
as for example cyclic peptides,2 phenylacetylene macrocycles,3

amide-containing macrocycles,4 or urea-based structures,5 have
been demonstrated to be useful for the above-mentioned objective.
In all cases, the use of high-yielding, well established synthetic
protocols for the rapid, covalent construction of the cyclic moieties
is unavoidable.

Chiral self-assembled architectures continue to emerge as
valuable building blocks for the design of various nanoscale
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assemblies with specific materials function as the desired output.6

Given their robustness and their relative ease of derivatization
BINOL (1,1¢-binaphthyl-2,2¢-diol) based synthons are becoming
more and more attractive molecular modules for applications in
fields spanning from asymmetric catalysis to materials science.7

Macrocycles incorporating two or more BINOL units have
already been proposed in the literature: Diederich et al. have
reported the synthesis and supramolecular characterization of
a number of large macrocycles, incorporating mainly 3 or 4
binaphthyl units such as (R)-A, via efficient Glaser coupling of
the terminal acetylenic units introduced in the 3,3¢ positions. The
[2+2] macrocycle was not obtained, probably because the number
of binaphthyl units required for closing the macrocycle is dictated,
in the absence of flexible methylene carbon atoms, by the dihedral
angle of the rigid binaphthyl unit.8 Other strained [2+2] helical
macrocycles have been obtained through Sonogashira coupling
and incorporation of 6,6¢-functionalized BINOL derivatives, such
as (R)-B, and studied in terms of their peculiar properties as bent
conjugated compounds.9

The subunit (R)-C has more recently been used, in conjunction
with reductive amination protocols with aromatic diamines, for
the construction of chiral macrocycles to be used as fluorescent
enantioselective sensors for the detection of amino acids.10 Con-
formationally flexible methylene carbon atoms (modulating the
distortion derived by the incorporation in a cyclic structure of the
axially-chiral units) are introduced in this case in the 3,3¢ positions.

As part of a project dealing with chiral nanostructuring and
nanotube formation, we have previously reported the rapid
construction of BINOL-containing macrocycles by means of an
esterification reaction in the cyclization step.11 In this paper, we
report on a generalization of this approach for the obtainment
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of novel chiral macrocyclic structures, on their solution and
solid state characterization, and on their complexation properties
towards C60.

Results and discussion

Design, synthesis and NMR characterization

Our approach to the synthesis of flat, shape-persistent macro-
cycles containing binaphthyl units involve the introduction of
rigid, aromatic spacers, and the use of an esterification reaction
protocol. According to our design principles, the introduction
of sp3 carbon atoms, which impart a higher flexibility and
conformational mobility to the covalent structure with respect
to sp or sp2 hybridized carbon atoms, has to be reduced to a
minimum.1b However, their introduction is necessary to some
extent in order to counterbalance the unavoidable bite angle
introduced by the binaphthyl units, which would favour8 larger,
distorted, and non-ideally shaped macrocycles. Furthermore, the
introduction of ester functionalities in the cyclization step could
ensure both configurational and chemical stability to the resulting
cyclic, covalent structure. In fact, in the light of the possible
further noncovalent manipulation of the scaffold, the choice of
an esterification approach instead of, for example, the widely
used reductive amination approach,10 avoids the incorporation
of amines as basic, hydrogen-bonding competing sites in the cyclic
framework.

The esterification is developed on the 3,3¢ benzylic alcohol
functionalities of the resolved derivative (R)-112 (Scheme 1), using
a previously published esterification protocol. This protocol, orig-
inally developed by Moore and Stupp and reported to be highly
efficient in the synthesis of aromatic polyesters,13 and later used in
the synthesis of dendrimers,14 is based on the use of a carbodiimide
coupling agent in the presence of stoichiometric amounts of the
toluenesulfonic acid salt of DMAP (in general referred as DPTS),
and applied, in the cited cases, in the presence of a minimum
amount of reaction solvent. In the case of phthalic and terephthalic
acid, both the [2+2] and the [3+3] macrocycles are obtained,
possessing, respectively, average molecular D2 and D3 point group
symmetries; the yields and selectivities of isolated products are
unusual, especially considering that the [3+3] macrocycles are
sometimes formed with equal synthetic efficiency to the [2+2]
macrocycles, but in the former case there are six covalent bonds to
be formed convergently in the cyclic structure (isolated yields are
reported in Table 1). In all cases, the optimized reaction protocol
was performed at intermediate dilution levels (each reagent 25 mM
in CH2Cl2); attempts to reduce the concentration to 5 mM caused
partial loss of reactivity, and reagents were not consumed after a
24 h period. In this optimized conditions, yields were substantially

Table 1 Yields of isolated cyclized productsa

Entry Diacid precursor 3 (%) 4 (%)

1b 2a 16 13
2 2b 10 3
3b 2c 18 9
4 2d 5 0
5 2e 0 0

a Isolated yield after column chromatography. For conditions, see Scheme 1
and discussion. b Data taken from ref. 11.

higher for all the monophenyl dicarboxylic acids (ortho, para or
meta), with respect to 3,3¢-diphenyl or 4,4¢-diphenyl dicarboxylic
acids; the 4,4¢-disubstituted derivative 2e, in fact, is completely
insoluble in the solvent of the reaction (CH2Cl2), whereas all the
others are sparingly soluble in this solvent. Attempts to use other
protic or polar solvents (DMF, THF) in runs involving either 2c
or 2e gave much worse results in terms of isolated yields, or no
reactivity.

Alternative reaction methodologies were also briefly explored
for comparison: by using the commercially available terephthaloyl
chloride, fully soluble in CH2Cl2, at room temperature or reflux
and in different dilution conditions (5 mM and 25 mM), the
[2+2] adduct was detected in trace amounts and none of the
[3+3] adduct could be detected, the remainder being polymeric,
baseline material. These observations suggested the possible role
as a template of one of the reagents or one of the by-products
formed during the course of the reaction in the successful (DICD,
DPTSA) conditions; however, 1H NMR spectra (300 MHz, 10 mM
in each component) of a 1 : 1 mixture of the [2+2] macrocycle 3c or
the [3+3] macrocycle 4c and either DPTSA, DICD or an analogue
of the urea reaction by-product (the commercially available diethyl
urea) in CDCl3, revealed no detectable shift in both the macrocyclic
and the potential guest counterpart. Additional experiments
aiming at verifying the possible thermodynamic reversibility
of the esterification reaction protocol, run with the preformed
macrocycle 3c in the same concentration conditions (10 mM) and
with the same reagent amounts used in its synthesis, revealed
no scrambling of products (the formation also of 4c), therefore
excluding reactivity under thermodynamic control in a dynamic
covalent manner.15

The room temperature 1H NMR spectra for all cyclic com-
pounds showed the expected simple patterns and the presence
of only one set of signals for each group of symmetry-related
proton resonances, revealing that all possible dynamic processes
(slow rotation around the aryl–aryl bond in the case of 3d, or
conformational locking of the aromatic ester residues) are, as
expected, fast on the NMR timescale at this temperature (see
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Scheme 1 Synthesis of key macrocycles 3 and 4.

Figure S1†). It is interesting, however, to detect rather large
differences in the chemical shift of the OMe groups proton
resonances (Table S2,† from 2.88 ppm in the case of 3a to 3.48 ppm
in the case of 3c); it is evident that while these functionalities
experience a structurally-variable environment, induced by the
presence of spacers of differing size, yet the covalent cyclic systems
are able to maintain a high structural flexibility testified by the
highly symmetrical 1H NMR spectra at room temperature. Even
more interestingly, in the case of all the D3 macrocycles 4, the
CH2 benzylic proton resonances appear as a collapsed AB system
at room temperature, both at the 200 and the 300 MHz, as to
demonstrate a peculiar, similar arrangement (within the class
of the larger macrocycles) for the two diastereotopic methylene
protons.16 Thus, in the larger macrocycles these protons experience
a local environment which is substantially different from that of
the more rigid D2 symmetrical analogues 3, in which the methylene
proton resonances appear as well defined and separated AB
systems, suggesting the presence of flat preferred conformations
in the case of the larger D3 macrocycles (vide infra).

Crystal structures

Good quality crystals of macrocycles 3b and 3c could be obtained
by slow evaporation of compounds from an acetone solution.
The crystal and molecular structures have been obtained by
X-ray diffraction studies of single crystals in which the macrocycles

occur as acetone solvates. The molecular structures are shown as
ORTEP plots in Fig. 1.

The 3b macrocycle has no molecular symmetry and its cavity is
not suitable to host any atom species; the 3c macrocycle exhibits
C2 molecular symmetry and a cavity suitable to host the O
atom of an acetone molecule. In both macrocycles the bonded
naphthalene rings are placed accordingly to a perpendicular
setting (dihedral angles between the naphthalene best plane are
76.8(2) and 84.9(2)◦ for 3b and 77.7(2) and 84.7(2)◦ for 3c). In
3b, the two carbonyl oxygens of each meta-substituted aromatic
ester spacers point towards opposite directions but the ester
groups maintain an overall planarity with the connected aromatic
ring: the displacement for the ester oxygens bonded to the C(2)–
C(3)–C(4)–C(5)–C(6)–C(7) aromatic best plane are in the range
-0.05(2) to +0.26(2) Å, whereas those bonded to the C(32)–C(33)–
C(34)–C(35)–C(36) aromatic best plane are in the range -0.11(2)
to +0.37(2) Å. Interestingly, the two aromatic esters of 3b are
placed almost perpendicularly, being the dihedral angle between
the aromatic best plane 81.8(3)◦. This arrangement combined with
the “antisymmetrical” conformation of the C=O groups produces
a loss of the D2 molecular symmetry and in the solid state the
3b macrocycle does not exhibit any molecular symmetry. All the
geometrical features shown by the 3b molecule correspond to
a macrocycle in which the central cavity is occupied by atoms
belonging to the macrocycle itself. Actually, two of the four methyl
ether arms bonded to the binaphthyl moieties and two of the four
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Fig. 1 ORTEP views of the 3b (left) and 3c (right) macrocycles (ellipsoids are drawn at the 30% probability level, H atoms have been omitted for clarity,
as well as the two acetone solvent molecules for 3b and one of the two acetone solvent molecules for 3c).

carbonyl oxygens belonging to the aromatic ester arms point into
the cavity, with one of the carbonyl oxygens [O(10)] placed only
at 1.85(3) Å from the center of gravity of the overall molecule,
which can be assumed as the center of the macrocycle cavity.
Therefore the cavity of macrocycle 3b in the crystal is unavailable
to host other molecular groups. Also 3c has the two p-substituted
aromatic esters formed by almost planar atoms: the displacement
for the ester oxygens bonded to the C(2)–C(3)–C(4)–C(5)–C(6)–
C(7) aromatic best plane are in the range -0.29(1) to +0.44(1) Å,
whereas those bonded to the C(32)–C(33)–C(34)–C(35)–C(36)–
C(37) aromatic best plane are in the range -0.20(1) to +0.25(1) Å.
However, each aromatic ester spacer is arranged with the two
carbonyl oxygens pointing towards the same side and out of the
macrocycle cavity. The aromatic rings of the two ester arms are also
less perpendicular, the dihedral angle in 3c being 50.6(2)◦. All these
features favour the partial maintenance of the ideal molecular
symmetry and in the solid state the 3c macrocycle exhibits C2

molecular symmetry. Furthermore, the macrocycle cavity is longer
than in 3b: the measured distance between the centroid of the aryl–
aryl bond of the two binaphthyl units of 12.62(1) Å for 3c has to
be compared with 11.89(1) Å for 3b. The result is that atoms of the
3c molecules are always placed at a distance longer than 2.83(2) Å
from the center of gravity of the macrocycle, thus allowing for an
acetone molecule to enter the cavity, placing its oxygen atom at
0.60(2) Å from the center of the cavity.

In the solid state, both molecules show a self assembling
motif to form tubular structures. In particular, intermolecular
contact shorter than the sum of the van der Waals radii has been
observed for 3b between the carbonyl O(8) atom of the aromatic
ester spacers and the proton of the C(22) aromatic carbon of
a naphthalene group belonging to an adjacent molecule. This
suggest a weak C–H ◊ ◊ ◊ O interaction that maintains the tubular
structure. Probably a further C–H ◊ ◊ ◊ O interaction occurs also

for the O(4) carbonyl atom, which interacts with the proton of
the C(43) aromatic carbon in a similar way but with a longer
H ◊ ◊ ◊ O distance (Fig. 2). Features of the C–H ◊ ◊ ◊ O interactions
are: C(22) ◊ ◊ ◊ O(8) 3.22(2) Å, H(22) ◊ ◊ ◊ O(8) 2.44(3) Å, C(22)–
H(22) ◊ ◊ ◊ O(8) 142.6(3)◦; C(43) ◊ ◊ ◊ O(4) 3.47(2) Å, H(43) ◊ ◊ ◊ O(4)
2.74(3) Å, C(43)–H(43) ◊ ◊ ◊ O(4) 135.4(3)◦. The tubular structure
extends along the a axis of the crystal and, as previously observed,
it is mainly filled by the substituent groups connected to the
macrocycle.

In the 3c crystal, intermolecular contacts shorter than the sum
of van der Waals radii occur between the ether O(12) atom and
a proton of the CH2 group of the C(9) atom. Therefore, also
in this case it is a weak C–H ◊ ◊ ◊ O interaction that maintains
the columnar structure. Features of the C–H ◊ ◊ ◊ O interaction
are: C(9) ◊ ◊ ◊ O(12) 3.12(2) Å, H(9a) ◊ ◊ ◊ O(12) 2.31(2) Å, C(9)–
H(9a) ◊ ◊ ◊ O(12) 140.7(2)◦ (Fig. 3).

Although examples of the “serendipitous” formation of tubular
structures in the solid state have been reported with achiral
macrocyclic derivatives17 and achiral cyclodextrin analogues,18

these ordered solid-state polymers are unprecedentedly obtained
with resolved, optically active macrocycles.

Spectroscopic and complexation studies

The UV/Vis absorption spectra of the macrocyclic compounds
described in this paper show a band centered around 230 nm
typical of the binaphthyl chromophore, with molar absorptivity
values within the range of those already reported for this class
of chromophores (5 ¥ 104 to 105 M-1 cm-1 per binaphthyl
chromophore in EtOH).19a Circular dichroism spectroscopy of
macrocycles 3 and 4 shows the exciton couplet typical of binaph-
thyl moieties (Fig. 4), corresponding to the maximum absorption
band in the UV/Vis spectra (ca. 230 nm for all compounds).

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 1640–1649 | 1643
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Fig. 2 A simplified sketch of the supramolecular solid state structure of 3b. On the left is shown the intermolecular C–H ◊ ◊ ◊ O motif that favours the
formation of a columnar structure. On the right is shown the microtube that extends along the a crystallographic axis.

Fig. 3 A simplified sketch of the supramolecular solid state structure of 3c. On the left is shown the intermolecular C–H ◊ ◊ ◊ O motif that favours the
formation of a columnar structure. On the right is shown the nanotube that extends along the c crystallographic axis and contains acetone solvent
molecules.

The intensity of the low energy component of the couplet (at
230–240 nm) ranges between values of -120 for 3b and -290 for
3d; for O-substituted 2,2¢-binaphthol derivatives, these values have
been directly related to variations of the dihedral angle between
the naphthyl units as a consequence of the steric hindrance
of the substituents in the 2,2¢-positions.19b Since compounds 3
possess the same substituent (OMe) in the 2,2¢-positions, the
differences between the above mentioned values should be ascribed
to variations of the average dihedral angle of the binaphthyl units
as a consequence of their incorporation in cyclic structures of
differing sizes and structural flexibility, or, in other words, as a
consequence of a more or less intense buttressing effect of the
neighbouring 3,3¢ benzylic ester positions.

The large internal cavities of shape-persistent macrocycles and
the exploitation of concave–convex complementarity has resulted
in several types of macrocyclic host molecules for C60 and higher
fullerenes as guests. Planar aromatic p-electron extended surfaces,

suitably positioned within a large covalent macrocyclic framework,
have shown to be particularly effective in this context.20 The
observation that the cavities of the larger macrocycles (4b,4c)
measure ca. 1 nm in size (vide infra molecular modeling), similarly
to other shape persistent macrocycles which have already been
reported to show recognition properties towards C60, prompted us
into investigating the complexation properties of these large rigid
cycles towards C60, carried out by UV/Vis spectroscopy.

By titrating a solution of C60 (5 ¥ 10-5 M to 10-4 M) with in-
creasing amounts of macrocycles 4b and 4c in toluene, a small but
clearly detectable variation of the structure of the absorption band
over 400 nm could be detected in both cases (Fig. 5 and 6). This
band, arising with complex formation, is similar, both in terms of
shape and intensities, to previously reported cases, involving both
cyclic p-electron neutral and p-electron deficient substrates.20c,e,l In
fact, the molar absorptivity values e for complex formation (e.g.
calculated in condition of saturation, and experimentally verified)

1644 | Org. Biomol. Chem., 2010, 8, 1640–1649 This journal is © The Royal Society of Chemistry 2010
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Fig. 4 CD spectra of macrocycles 3 and 4 (concentrations in the range
0.8–1.5 ¥ 10-6 M in EtOH).

Fig. 5 Titration of C60 (5 ¥ 10-5 M) with macrocycle 4c (0-5 ¥ 10-3 M) in
toluene at 25 ◦C; inset: best fitting of the titration curve data at 437 nm
with a 1 : 1 binding equation. See text and experimental section for details.

at 437 nm reach in both cases a similar value (e = 1320 and
1450 M-1 cm-1 in the case of 4b and 4c, respectively). In the case
of macrocycle 4c the titration curve could be interpolated with
good confidence with the equation derived for a 1 : 1 equilibrium21

(Fig. 5, inset, and ESI†), giving a binding constant of 1100 M-1.
However, in the case of 4b the shape of the titration profile and
the very poor fitting with the 1 : 1 binding equation revealed
that simultaneous equilibria with different stoichiometries are in
place; the possibility, in the case of 4b, of having two macrocycles
endcapping one fullerene molecule, as an equilibrium in solution
competing with the 1 : 1 binding stoichiometry, is suggested both
by the molecular modeling (vide infra), and by the comparison with
the behavior reported for calixarene and cyclodextrin receptors.20h–l

The Hill equation has been recently used in association with
complex binding events;22 this equation gives two useful outputs:
the average Ka for the binding events, and the Hill coefficient,
a direct indication of the average number of species involved in
the binding process.23 Indeed, a good fitting could be obtained
using the Hill equation, obtaining an average Ka = 1250 M-1, and
a Hill coefficient of 2.9 (Fig. 6).‡ Control experiments with the

‡ Although the sigmoidal shape of the binding isotherm, and the Hill
coefficient higher than 1, seem to suggest positive cooperativity in the

Fig. 6 Titration of C60 (10-4 M) with macrocycle 4b (0-5.0 ¥ 10-4 M) in
toluene at 25 ◦C; inset: best fitting of the titration curve data at 437 nm
with the Hill equation. See text and experimental section for details.

[2+2] macrocycle 3c, or with fragments of the cyclic structures,
such as terephthalic acid dimethyl ester or 2,2¢-dimethoxy-1,1¢-
binaphthyl, instead, revealed no shift, outside the experimental
error of the measurement, in the UV/Vis spectrum of C60 upon
addition of the potential host (see ESI†).24

It is likely that a combination of nonspecific host–guest
interactions (such as p–p stacking, but also van der Waals
contacts between the polar -OCH3 groups and the p-surface of
the guest, vide infra molecular modeling) contributes to the overall
stabilization of the complexes; the dependence of the binding on
the size of the host ([3 + 3] vs. [2 + 2] or open fragments) resembles
the mechanism of complexation of guests in the cavities of suitably-
sized cyclodextrins.25

Molecular modeling

Molecular modeling was performed on the structures of com-
pounds 4b and 4c in order to clarify the mechanism of C60

complexation and to estimate the final complexation energies. The
method used for all the calculations was a semiempirical PM3
method, initially to optimize 3b and 3c structures and compare
the results with the obtained crystal structures.26 Theoretical
minimum 3b and 3c were strikingly in accordance with the crystal
structures (see ESI†), apart from a small deviation of planarity
among the carboxyl group and the benzene ring observed in the
computationally calculated structures.

In modeling both 4b and 4c, since they possess degrees of
rotation around the ester linkages, particular care was applied
in order to find all the different energy minima. This goal
was achieved by performing short molecular dynamics on the
obtained geometries followed by geometry optimization. The same
approach was used for C60 complexes. Furthermore, complexation
energy of 2 : 1 complexes macrocycle–C60 was estimated and results
are reported below.

For 4b several minima very close in energy (4 kcal mol-1 energy
span) were found, associated with conformations all having a

binding event,32 recent reports have shown how the use of such an equation
in order to prove positive cooperativity may be misleading (ref. 23). The
Hill equation gives however an accurate value for the average Ka of all the
binding processes involved.

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 1640–1649 | 1645
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Fig. 7 Front and side view for the calculated minima C60@4b (top), and for C60@4c (bottom).

concave shape with local C3 symmetry. These structures resemble
a calixarene shape, in which each binaphthyl moiety has a
methoxy group pointing into the cavity. For these conformations
a complexation energy (DE) of 1 kcal mol-1 was estimated. The
fullerene surface resides only 2.6 Å away from the closest hydrogen
atom belonging to the three OMe groups (the ones pointing
towards the cavity) of each binaphthyl moiety, these being the
closest ‘contact’ atoms (Fig. 7). The three phenyl groups of the
isophthalic spacers face toward the hosted molecule lying at
a minimum distance of about 5.2 Å. In Fig. 8 is shown the
geometry of the energy minimum of C60@4b, in which it is evident
that fullerene molecule can fit into the cavity. Surprisingly, the
complexation energy of two molecules of 4b with a C60 molecule
turned out to be 3 kcal mol-1 (1.5 kcal mol-1 for each 4b subunit);
thus showing that the complexation of a second molecule of 4b is
more favorable with respect to the first. The optimized geometry
(Fig. 8) shows that there is an interaction between the two adjacent
4b rims.

The case of 4c is different, as the conformer having minimum
of energy is a collapsed structure more stable by about 9 kcal
mol-1 with respect to the ‘open’ structure (see Fig. S13†). We can
hence suppose that the structure of 4c is to some extent more
flexible with respect to 4b; this could be due to the larger spacing
offered by the p-substituted aromatic moieties that permit an easier
rotation of the binaphthyls. The most stable complex observed of
4c with C60 results from a partially collapsed structure (Fig. 7,
bottom). This implies a non-optimal asymmetric complexation
with only two methoxy groups interacting with the fullerene guest.
In fact, the complexation energy is somewhat reduced to only
0.5 kcal mol-1. In other words, the complexation energy of C60

is not sufficient to balance the energy requested to maintain the
open structure. The calculated minima of two 4c subunits with one
of C60 is unfavorable for 14 kcal mol-1 thus suggesting that a 1 : 1
complex is predominant over a hypothetical 2 : 1 complex.

Conclusion

We have optimized conditions to achieve, in a one pot esterification
reaction, the formation of chiral large macrocyclic receptors
incorporating axially-chiral binaphthyl units. The introduction
of ester functionalities ensures the required degree of flexibility
and chemical inertness, making these substrates, once of suitable
size, capable of recognition properties towards base-degradable,
convex guest substrates such as C60. The inclusion of small solvate
molecules in the solid state points out that the enantioselective
recognition of small organic species by these guests is worthwhile
investigating. The deep understanding of the solution and solid
state behaviour of these cyclic compounds is our driving force
towards the design of improved cyclic species able to perform
two ambitious goals: (a) function as enantioselective hosts for
the detection of chiral fullerenes/carbon nanotubes; (b) assemble
more specifically and strongly in the third dimension in order to
generate helical, oriented organic nanotubes.

Experimental

All commercially available compounds were purchased from
commercial sources and used as received. Compounds DPTS,13

(R)-1,12 2d,27 3a,11 3c,11 4a11 and 4c11 were prepared according to
literature procedures. THF (Na) and CH2Cl2 (CaH2) were dried
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Fig. 8 Optimized geometry (left) and pictorial representation (right) for the complex between two molecules of 4b and one of fullerene.

before use. Analytical thin layer chromatography was performed
on silica gel, chromophore loaded, commercially available plates.
Flash chromatography was carried out using silica gel (pore size
60 Å, 230–400 mesh). 1H and 13C NMR spectra were recorded
from solutions in CDCl3 on a 200 or 300 MHz spectrometer
with the solvent residual proton signal or tetramethylsilane as
a standard. The UV/Vis spectroscopic studies were recorded
using commercially-available spectrophotometers. Mass spectra
were recorded using an electrospray ionization instrument. Optical
rotations were measured on a polarimeter with a sodium lamp (l =
589 nm) and are reported as follows: [a]rt

D (c g (100 mL solvent)-1).
CD spectroscopy was performed using a commercially-available
spectropolarimeter; spectra were recorded at 25 ◦C at a scanning
speed of 50 nm min -1 and were background corrected.

General procedure for the preparation of macrocycles 3 and 4

A solution of DICD (diisopropylcarbodiimide, 2.5 equivalents vs.
diol and dicarboxylic acid) in a minimum amount of dry CH2Cl2

is added to a solution of the appropriate dicarboxylic acid (20–
25 mM), (R)-1 (20–25 mM), DPTS (0.9 equivalents) in dry CH2Cl2

under stirring and N2 flow. The solution is stirred overnight, and
then H2O/ice (10 mL) is added. The aqueous phase is extracted
with CH2Cl2 (3 ¥), the organic phase is washed with H2O (3 ¥) and
dried (MgSO4). After evaporation of the organic phase to dryness,
the products are purified by flash chromatography.

Macrocycles (RR)-3b and (RRR)-4b. From isophthalic acid
(89 mg, 0.54 mmol), DICD (202 mg, 1.60 mmol), DPTSA–DMAP
(166 mg, 0.535 mmol) and (R)-1 (200 mg, 0.535 mmol). Purified by
column chromatography (hexanes–EtOAc: 8/2) to yield 3b (25 mg,
10%) and 4b (7 mg, 3%) as white solids. (RR)-3b. [a]25

D +22.8 (c
0.005 in CH2Cl2). 1H NMR (CDCl3, 300 MHz, 25 ◦C) d = 8.66
(s, 2H; phenyl), 8.34 (d, 4H; phenyl), 8.04 (s, 4H; binaphthyl), 7.83
(d, 4H; binaphthyl), 7.60 (t, 2H; phenyl), 7.37 (t, 4H; binaphthyl),
7.22 (t, 4H; binaphthyl), 7.08 (d, 4H; binaphthyl), 5.62 (dd, 4H;
-CH2OCO-), 3.24 (s, 12H; OMe). 13C NMR (CDCl3, 75 MHz,
25 ◦C) d = 165.0, 155.3, 134.3, 134.2, 131.6, 130.6, 130.2, 130.1,
128.7, 128.1, 126.8, 125.4, 125.1, 124.6, 63.2, 61.3. MS(ESI):
m/z 1031.3 ([M + Na]+, 100%). (RRR)-4b. [a]25

D -9.7 (c 0.002
in CH2Cl2).1H NMR (CDCl3, 200 MHz, 25 ◦C) d = 8.80 (s, 3H;
phenyl), 8.34 (d, 6H; phenyl), 8.08 (s, 6H; binaphthyl), 7.79 (d,

6H; binaphthyl), 7.59 (t, 3H; phenyl), 7.28 (t, 6H; binaphthyl),
7.19 (m, 12H; binaphthyl), 5.67 (bs, 12H; -CH2OCO-), 3.29 (s,
9H; -OMe). 13C NMR (CDCl3, 75 MHz, 25 ◦C) d = 165.4, 156.0,
134.2, 134.1, 130.6, 130.5, 130.3 (Cq), 129.0 (CH), 128.7 (Cq),
128.0 (CH), 126.7 (CH), 125.5 (CH), 125.0 (CH), 124.0 (Cq), 63.2
(CH2), 61.2 (OMe). MS(ESI): m/z 1535.6 ([M + Na]+, 100%).

Macrocycle (RR)-3d. From 2d (122 mg, 0.502 mmol), DICD
(190 mg, 1.51 mmol), DPTSA–DMAP (156 mg, 0.502 mmol) and
(R)-1 (188 mg, 0.502 mmol). Purified by column chromatography
(hexanes–CH2Cl2: 4/6) to yield 3d (15 mg, 5%) as a white solid.
[a]25

D -84 (c 0.003 in CH2Cl2). 1H NMR (CDCl3, 300 MHz, 25 ◦C)
d = 8.38 (s, 4H; phenyl), 8.09 (d, 4H; phenyl), 8.00 (s, 4H;
binaphthyl), 7.93 (d, 4H; binaphthyl), 7.84 (d, 4H; phenyl), 7.56
(t, 4H; phenyl), 7.46 (t, 4H; binaphthyl), 7.47 (t, 4H; binaphthyl),
7.38 (t, 4H; binaphthyl), 5.81 (d, 4H; -CH2OCO-), 5.48 (d, 4H;
-CH2OCO-), 3.14 (s, 12H; OMe). 13C NMR (CDCl3, 75 MHz,
25 ◦C) d = 167.1, 156.5, 139.9, 134.8, 131.6, 131.1, 130.4, 129.7,
129.0, 128.9, 128.7, 128.1, 127.8, 126.9, 125.5, 124.9, 124.1, 65.8,
60.3. MS(ESI): m/z 1182.6 ([M + Na]+, 100%).

UV/Vis titrations

Toluene (UV/Vis spectroscopic grade) was used. An analytical
balance (with a precision of 10-4 g) was used to weight the samples
for the stock solutions. Aliquots of these stock solutions were then
taken via high precision syringes to prepare the cuvette samples
for spectrophotometric analyses. The titration experiments were
conducted as follows: to a stock solution of C60 (solution A)
in MeCN, were added several aliquots of the host (solution
B). Solution B is formed by the ligand at higher concentration
dissolved in solution A, in order to maintain the guest always at
the same, constant concentration.

In the case of a 1 : 1 binding isotherm, by employing a nonlinear
fitting curve program, the plot of A against the metal concentration
x was fitted by eqn (1), thus affording the value of the association
constant Ka.

(1)

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 1640–1649 | 1647
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where A is the measured absorbance, x is the total concentration
of titrant added, ec is the molar absorptivity of the complex, es is
the molar absorptivity of the substrate at the desired wavelength,
which could be directly determined, C is the total concentration of
the titrate (which is a constant quantity, usually the crown ether),
and Ka is the association constant for the 1 : 1 complex.21

The data for titrations of 4b with C60 (Fig. 6) were fitted to a
general form of the Hill equation:

DAbs = DAbsmax [x]n Ka/(1 + [x]n Ka)

which can be conveniently rewritten in:

DAbs = DAbsmax [x]n/[(1/Ka)n + [x]n] (2)

Eqn (2) could be fitted employing a nonlinear fitting program
according to the general equation: f (x) = a*xb/(cb + xb), obtaining
values of a = DAbsmax, b = n (the Hill coefficient), c = 1/Ka.

X-Ray crystallography

Diffraction data for 3b and 3c crystals have been collected at
ambient temperature by means of an Enraf-Nonius CAD4 four
circle diffractometer, working with graphite-monochromatized
Mo-Ka X-radiation (l = 0.7107 Å). Data reductions (including
intensity integration, background, Lorentz and polarization cor-
rections) were performed with the WinGX package.28 Absorption
effects were evaluated with the psi-scan method29 and absorption
correction was applied to the data: min./max. transmission factors
were 0.895/0.987 and 0.872/0.959 for 3b and 3c, respectively.
Crystal data are shown in the supporting information (Table S1†).
Both crystal structures were solved by direct methods (SIR 97)30

and refined by full-matrix least-square procedures on F 2 using all
reflections (SHELXL97).31 Anisotropic displacement parameters
were refined for all non-hydrogen atoms. Hydrogens were placed at
calculated positions with the appropriate AFIX instructions and
refined using a riding model. CCDC 746582 and 746583.
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