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Introduction

Metal-coordination-directed self-assembly of well-defined
supramolecular structures is a growing area at the forefront
of supramolecular chemistry.[1] In addition to the remarkable
self-assembly formation reactions and the unusual struc-
tures, metallocyclophanes have attracted attention as a con-
sequence of their potential for use as sensors, probes, pho-
tonic devices, and catalysts, as well as in basic host–guest
chemistry.[2] In this context, metallocycles, such as molecular

triangles, squares, pentagons, and hexagons, have been syn-
thesized over the last few years.[3] Although they can be con-
sidered as potential receptors for aromatic systems, rectan-
gular molecular structures have remained relatively rare.[1h,4]

A very fruitful self-assembly strategy has proven to be the
use of palladium and platinum complexes in combination
with N ligands. The use of these metal centers with a 4,4’-bi-
pyridine ligand has been especially profitable in the synthe-
sis of 2D and 3D molecular structures.[5] However, the poor
p-acceptor ability of 4,4’-bipyridine limits the use of p-ac-
ceptor/p-donor interactions for the formation of host–guest
complexes based on these types of ligands and forces.

In contrast, the N,N’-dialkyl-4,4’-bipyridinium or N,N’-di-
alkyl-2,7-diazapyrenium derivatives show a strong p-defi-
cient character, which has been successfully used by Stod-
dart and co-workers for the preparation of a myriad of cate-
nanes and rotaxanes.[6] The key step in these processes relies
on the electronic complementarity between dialkyl-4,4’-bi-
pyridinium and dioxoaryl components. However, the lack of
metal-binding units (nitrogen donor atoms) in di-alkylated
4,4’-bipyridines precludes their use as ligands for the prepa-
ration of metallocycles. One approach that we have success-
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fully explored in the synthesis of catenanes involves the use
of ligands based on N-monoalkyl-4,4’-bipyridinium.[7] The
formation of a dative bond between these ligands and a pal-
ladium or platinum center increases the p-acceptor charac-
ter of bipyridine rings and directs the self-assembly of [2]-
and [3]catenanes.

In view of these recent findings, we became interested in
expanding the structural diversity of this type of ligand to
be used in the synthesis of new molecular rectangles, which
are expected to bind aromatic guests because the predicted
interplanar separation is ideal for aromatic intercalation
ACHTUNGTRENNUNG(�3.5 ;). To gain further insight into the factors governing
their ability to form supramolecular assemblies, we report
herein a comparative study of the complexation properties
of different molecular rectangles based on N-monoalkyl-
4,4’-bipyridinium ligands and PdII or PtII centers.

Results and Discussion

The metallomacrocycles described in this work were pre-
pared from ligands 1–5 and complexes 6a,b (Scheme 1). The

syntheses of these ligands were achieved by treating 4,4’-bi-
pyridine or 1,1’-[1,4-phenylenebis(methylene)]bis-4,4’-bipyri-
dinium bis(hexafluorophosphate) with the corresponding
heterocyclic bromomethyl derivative (3- or 4-bromomethyl-
pyridine and 10-bromomethylacridine). The displacement of
the two labile nitrate ligands in the metal complexes 6a,b by
ligands 1–5 in thermodynamically controlled reactions led to
the formation of metallocycles 7–11 (Scheme 2).[8]

Self-assembly of PdII dinuclear metallocycles 7a·6NO3,
8a·6NO3, and 11a·6NO3 : The addition of [Pd(en) ACHTUNGTRENNUNG(NO3)2]
(6a, 1 equiv) to a solution of ligand 1·NO3 (10 mm) in deute-
rium oxide produced immediate changes in the 1H and
13C NMR spectra. Proton and carbon signals of the aromatic
rings coordinating the palladium(II) center were shifted
downfield, in particular those of carbon nuclei in the a posi-

tion relative to the nitrogen, with shifts of up to d=4 ppm.
These changes are usually observed after the coordination
of a pyridinium-based ligand to a palladium(II) (or platin-
ACHTUNGTRENNUNGum(II)) metal center, and are attributed to charge transfer
from the pyridinium ring to the metal center. To confirm the
binding of the pyridinium ligand to the metallic center, we
carried out DOSY (diffusion ordered spectroscopy)[9] ex-
periments on a mixture of ligand 1·NO3 and complex 6a.
The results show the formation of a single species in solu-
tion with a larger size than that of the reactants, as indicated
by the much lower diffusion coefficient shown by all of the
NMR signals compared with those of both 1·NO3 and 6a.
The electrospray ionization (ESI) mass spectrum recorded
for a solution in MeOH showed an intense signal at m/z=

540 that was assigned to [M�2NO3+2CH3OH]2+ , and
which confirms the formation of the desired metallocycle
7a·6NO3.

The self-assembly process of 1-(pyridin-4-ylmethyl)-4,4’-
bipyridin-1-ium (2·NO3) and palladium(II) complex 6a in
deuterium oxide is similar to the previous example. In this
case, after addition of complex 6a (1 equiv) to a solution of
ligand 2·NO3 (10 mm) in D2O, a set of signals that corre-
spond to a major species in solution was observed in the
NMR spectra. The results from these 1H, 13C, bidimensional
NMR and DOSY experiments are compatible with the pro-
posed binuclear metallocycle structure 8a·6NO3 (Scheme 2).

However, the NMR spectra also reveal the presence of
secondary products in solution at any concentration (Fig-
ure 1B). An alternative way of directing the formation of
the structure is to exploit the template effect. The proposed
structure for metallocycle 8a·6NO3 presents a hydrophobic
cavity that is �3.9P7.0 ; (see below), which is the ideal
size for the inclusion of an aromatic ring. The inclusion of a
template molecule or anion in the cavity of the metallocycle
may result in the stabilization of the receptor on account of

Scheme 1. Structures of ligands 1–5, metal complexes 6a,b, and substrates
12–14.

Scheme 2. Structures of the metallocycles studied in this work.
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favorable template–metallocycle interactions, which are re-
sponsible for the inclusion process. Disodium p-phenylene-
diacetate (12) has the ideal structural and chemico-physical
properties to act as a template for the self-assembly of
8a·6NO3. It is water soluble and possesses an aromatic ring
with the ideal dimensions and hydrophobic character for its
inclusion in the metallocycle cavity.[10] Moreover, the nega-
tively charged carboxylate groups can be electrostatically at-
tracted by the positive charges of the metallocycle. Another
important characteristic is the poorly coordinating character
of the carboxylate groups in comparison with the pyridine li-
gands for coordination to PdII.

Taking all of these considerations into account, sodium p-
phenylenediacetate (1 equiv) was added to an equimolecular
solution of 2·NO3 (10 mm) and 6a (10 mm). As a result, a re-
organization of the system occurred to afford a single spe-
cies in solution, the NMR
spectra of which indicated the
insertion of the p-phenylene-
diacetate dianion into the met-
allocyclic cavity. For example,
the resonance of proton Hh in
12 shifts upfield by Dd=

1.3 ppm (Figure 1), which pro-
vides clear evidence for its in-
troduction into the cavity. This
shift is a consequence of the
hydrogen-bonding interaction
between these protons and the
perpendicularly oriented pyri-
dine p clouds, the ring currents
of which have a shielding
effect. The important down-

field shift of the signals attributed to the protons of the pyri-
dine ring (a and b joined by dotted arrows in Figure 1) is
also a consequence of their position in the deshielding
region of the template ring currents owing to the inclusion
of 12 in the macrocyclic cavity. Similar up- and downfield
shifts have been previously observed as a result of C�H···p
interactions.[4e,11] The other metallocycle signals present
slight up- or downfield shifts that are attributed to the influ-
ence of the enclosed template anion.

The reaction of acridine ligand 5·NO3 with 6a (1 equiv)
afforded a mixture of compounds, as evidenced by the
1H NMR spectrum (see the Supporting Information). Nei-
ther dilution (>1 mm) nor addition of 12 or hydroquinone
could direct the system towards the formation of a single
species in solution.

Synthesis of mononuclear PdII metallocycles 9a·5NO3 and
10a·5NO3 : The

1H NMR spectrum of an equimolecular so-
lution of 6a (10 mm) and 3·3NO3 (10 mm) in D2O shows sig-
nals for at least two different species in solution (Figure 2).
With the aim of favoring the smallest monomeric metallocy-
cle, we carried out dilution experiments that were monitored
by 1H NMR (Figure 2). The resulting spectra show how the
proportion of one of the species present in the solution in-
creases as the concentration of the reactants is decreased to
0.5 mm. At this concentration, the 1H NMR spectrum indi-
cated the presence of a single species in solution. The
13C NMR signals of Ca and Cq shift downfield by d=8.8 and
10.0 ppm, respectively, with respect to their position in the
spectrum of the free ligand. These shifts are attributed to
formation of two Pd�N bonds. The spectrum also shows two
signals for the carbon nuclei of the ethylenediamine moiety
that are in agreement with the expected C1 symmetry of 9a
in solution. The formation of 9a·5NO3 was also confirmed
by ESI-MS, which shows peaks that result from the loss of
two to four nitrate anions and the addition of a methanol
molecule. DOSY experiments (Figure 3) indicate significant-
ly larger diffusion coefficients for 3·3NO3 and 6a than for
9a·5NO3, which supports the formation of the desired met-
allocycle.

Figure 1. Partial 1H NMR (300 MHz, D2O, 298 K) spectra of: A) 2·NO3;
B) a mixture of 2·NO3 (10 mm) and 6a (10 mm); C) a mixture of 2·NO3

(10 mm), 6a (10 mm), and 12 (10 mm); and D) 12.

Figure 2. 1H NMR (D2O, 300 MHz, 298 K) spectra of: A) 12 ; B) a mixture of 3·3NO3 (10 mm) and 6a (10 mm);
C) a mixture of 3·3NO3 (10 mm), 6a (10 mm), and 12 (10 mm); and D) a mixture of 3·3NO3 (0.5 mm) and 6a
(0.5 mm).
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Thus, the reaction between ligand 3·3NO3 and the palla-
dium(II) complex 6a is quite different to those of 1·NO3

and 2·NO3 with the same PdII complex. Indeed, in the first
case, the formation of the desired metallocycle as a single
reaction product was only achieved at relatively low concen-
trations. Thus, the reaction of 3·3NO3 with 6a cannot be
considered as a self-assembly process, but a simple coordina-
tion reaction. This is probably because in 9a three sp3

carbon atoms have to adopt an unfavorable, almost 908
angle, which probably increases the strain energy of this
metallocycle with respect to that of 7a and 7b.

The addition of disodium p-phenylenediacetate (2 equiv)
to an equimolecular solution of 3·3NO3 (10 mm) and 6a
(10 mm) at room temperature causes an immediate reorgani-
zation of the species present in solution to give a new spe-
cies with spectral characteristics that are compatible with
the inclusion of one p-phenylenediacetate anion in the
cavity of 9a·5NO3. The

1H NMR spectra for dicarboxylate
12 and 12�9a·5NO3 in D2O are shown in Figure 2. The up-
field shifts of the signals caused by 12 (Dd=1.33 and
0.30 ppm, for Hr and CH2, respectively) along with the
downfield shift of the protons of the rings on the short side
of the rectangle (dotted arrows in Figure 2) as a result of
the C�H···p interaction, strongly suggest that the template is
inserted into the cavity of the metallomacrocycle. These
spectral changes are similar to those observed during the
formation of the analogous inclusion complex with 8a·6NO3

(see above). Thus, exploitation of the template effect can be
used to obtain the metallocycle 9a·5NO3 at relatively high
concentrations.

As observed for 4·3NO3, the
1H NMR spectrum of a solu-

tion that results from the addition of 6a (1 equiv) to a solu-
tion of 4·3NO3 (10 mm) results in a mixture of at least two
species. Diluting this solution to 0.5 mm again simplifies the
1H and 13C NMR spectra so that only a single species can be
detected at this concentration in solution (Figure 4). The re-
sults of mass spectrometry analysis (ESI-MS), which shows
signals for various cations that result from the loss of one,
two, and three nitrate anions, as well as the addition of a
methanol molecule (see the Experimental Section), confirm
the formation of 10a·5NO3. However, in this case, sodium
p-phenylenediacetate does not act as a template in a self-as-

sembly process that leads to the formation of 10a·5NO3 at
higher concentrations, probably as a consequence of the
smaller size of the cavity of 10a·5NO3 relative to 9a·5NO3

(see below).
Notably, metallocycle 10a·5NO3 is chiral, however, the la-

bility of the coordination bonds between the pyridine units
and the palladium(II) center means that both enantiomers
are in continuous interconversion.

Formation of PtII metallocycles 7b·6PF6, 8b·6PF6, 9b·5PF6,
and 10b·5PF6 : As described in the previous sections, the la-
bility of the coordination bonds between pyridine units and
palladium(II) centers may be useful to obtain the desired
structures under very mild conditions. Nevertheless, in some
cases, this lability may be disadvantageous owing to the low
stability of the structures obtained. The use of stronger and
more inert metal–ligand bonds should stabilize the metallo-
macrocyclic structures and allow their isolation and a more
accurate characterization. Platinum(II) metal centers, geo-
metrically analogous to palladium(II) square-planar centers,
afford much more inert coordination bonds with pyridine li-
gands. Furthermore, this coordination bond has double char-
acteristics owing to its inertness at low temperature, which is
lost when the temperature is increased. This dual feature
was beautifully exploited by Fujita and co-workers to intro-
duce the “molecular lock” concept.[12] The molecular lock
strategy we are about to describe is similar to that originally
developed by Fujita and co-workers, but with slight modifi-
cations. In our case, after the lowering the temperature, the
product was precipitated as its hexafluorophosphate salt
such that it was isolated from the original reaction solution.

This procedure allowed the preparation and isolation of
the platinum(II) analogues of metallocycles 7–10. The prep-
aration procedures of all compounds were parallel to those
used in the preparation of their palladium(II) analogues
(i.e., strict thermodynamic self-assembly for 7b·6PF6, tem-
plate-directed self-assembly for 8b·6PF6 and 9b·5PF6, and
high-dilution, strict thermodynamic self-assembly for
10b·5PF6) with only differences in the reaction temperature
(100 8C for the PtII derivatives) and the reaction time, which
was increased to 12 h when the template effect was present

Figure 3. Superposed DOSY (D2O, 500 MHz, 298 K) experiments of A) a
mixture of 3·3NO3 (0.5 mm) and 6a (0.5 mm), B) 3·3NO3, and C) 6a.

Figure 4. 1H NMR (D2O, 300 MHz, 298 K) spectra of an equimolecular
solution of 4·3NO3 and 6a : A) 10 mm, B) 2 mm, C) 1 mm, and D) 0.5 mm.
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and up to 7 d when no template was added to the reaction
mixture. All of the hexafluorophosphate salts obtained were
solid products that were stable in air and light and soluble
in organic solvents, such as acetonitrile or nitromethane. All
of the products were unambiguously characterized by means
of NMR and mass spectrometric techniques. As expected,
rectangle 11b could not be obtained by any of the self-as-
sembly strategies described for 7b–10b.

Molecular geometries of the PtII metallocycles : Metallocy-
cles 7b–11b were characterized by means of DFT calcula-
tions (B3LYP model).[13] In these calculations, the 6-31G(d)
basis set was used for the ligand atoms, whereas the effec-
tive core potential of Wadt and Hay (Los Alamos ECP) in-
cluded in the LanL2DZ basis set was applied to the Pt
atoms.[14] The calculated structures of the platinum(II) met-
allocycles show a rectangular cavity with the dimensions
given in Table 1.

Table 1 shows that the separation between the bipyridine
moieties in most of the metallocycles is between 3.76–
4.02 ;, close to the ideal value for the inclusion of an aro-
matic ring.[15] Thus, species with aromatic moieties could
then be potential guests for our receptors.

Complexation of metallocycles 8b·6PF6, 9b·5PF6 and
10b·5PF6 with 13 : The characteristics of their central cavity
and structural elements make metallocycles 7b–10b poten-
tially useful as receptors in molecular inclusion processes.
This section describes the complexation process of an aro-
matic substrate by some of our metallocyclic receptors in an
organic solvent. 1,5-Bis[2-(2-hydroxyethoxy)ethoxy]naphtha-

lene (13), which has two fused aromatic rings and adequate
dimensions for metallocyclic cavities, was the substrate of
choice. The two polyether groups at positions 1 and 5 in its
aromatic system increase the electron density of 13, which
allows the formation of intense charge-transfer bands with
viologen-based receptors. Moreover, additional stabilization
can be achieved by C�H···O hydrogen bonding between the
polyether oxygen atoms and the hydrogen atoms at the a or
b-bipyridinium positions.[16] The hexafluorophosphate salts
of 7b–10b were chosen as receptors owing to their solubility
in organic solvents. The cavity in 7b is too small (2.91 ;,
Table 1) to incorporate aromatic rings and no interaction
with 13 was detected.

The 1H NMR spectrum of an equimolar solution of
8b·6PF6 (5 mm)and 13 (5 mm) in CD3NO2 shows broad sig-
nals, which indicates an equilibrium situation that is close to
coalescence (Figure 5B). When the temperature was low-

ered to 250 K, the spectrum showed well-resolved signals.
At this temperature, two sets of signals were observed for
the proton nuclei of the metallocycle, whereas the signals
for the aromatic protons of 13 show very important upfield
shifts (Figure 5). The explanation for the observation of two
sets of signals in the 1H NMR spectrum can be found by
looking at the symmetry of the inclusion complex. The in-
clusion of the naphthalene moiety inside the cavity lowers
the symmetry of the receptor from C2h in 8b·6PF6 to Ci in
13�8b·6PF6 (Figure 6A). Moreover, the presence of the
guest precludes the free rotation of the metallocycle aromat-
ic rings.

The symmetry of the complex implies the presence of
only three signals (two doublets and one singlet) for the
proton nuclei of the naphthalene ring. As expected, the dou-
blet that corresponds to the protons involved in the C�H···p
interaction with the perpendicular pyridine ring in the short
side of the rectangle shifts upfield by Dd= �5 ppm upon
the formation of the inclusion complex. On the contrary, the
signals for these pyridine rings are shifted downfield (dotted

Table 1. Cavity dimensions [;] of the calculated structures of the plati-
num metallocycles.[a]

X a[b] b[b] c[c] d[d]

7b·6PF6 (anti)
[e] Pt(en) 2.91 2.91 8.24 7.35

7b·6PF6 (syn)
[e] Pt(en) 2.88 2.88 8.02 7.27

8b·6PF6 Pt(en) 3.92 3.92 7.07 7.61
9b·5PF6 CH2 4.02 3.87 6.76 7.80
10b·5PF6 CH2 3.32 3.62 7.17 7.61
11b·6PF6 Pt(en) 3.76 3.76 7.29 7.64

[a] The dimensions were calculated by subtracting the van der Waals
radii multiplied by two from the centroid–centroid or atom–atom distan-
ces. [b] Distances between the centroids defined by pyridine rings.
[c] Distances between the centroids defined by the aromatic rings on the
short side of the rectangle. [d] Distance between methylene groups.
[e] Metallocycle 7b can exist as two stereoisomers, the chiral C2 (syn) ste-
reoisomer, and the achiral Cs (anti) stereoisomer.[7]

Figure 5. 1H NMR (CD3NO2, 300 MHz) spectra of A) 8b·6PF6; B) a mix-
ture of 8b·6PF6 (5.0 mm) and 13 (5.0 mm), 298 K; C) a mixture of
8b·6PF6 (5 mm) and 13 (5 mm), 250 K; and D) 13.
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arrows in Figure 5). The naphthalenic protons involved in
the C�H···p interactions for this type of inclusion complex
are the ones in the 4 and 8 positions. This is attributed to
the fact that it is impossible for the other protons of the
naphthalenic unit to interact with the pyridine ring. We have
observed that the naphthalene group does not fit into the
cavity of related metallocycles with any other pair of pro-
tons oriented towards the accepting pyridine rings.[17]

A solution of equimolar amounts of 13 and 9b·5PF6 in ni-
tromethane is red; however, in this case, the coloration is
much more intense than for 8b·6PF6. This suggests a rather
strong interaction between 9b·5PF6 and 13 in nitromethane
(see below). The 1H NMR spectrum of the mixture showed,
as in the previous case, broad signals that indicated an equi-
librium situation in solution that was close to coalescence
(Figure 7B). When the sample was cooled to 250 K, the sig-
nals were well-defined so that the spectral changes that ori-

ginated from the formation of the supramolecular complex
could be interpreted. As observed in the previous example,
each of the 1H NMR signals of 9b·5PF6 splits into two upon
the formation of the inclusion complex. Moreover, the same
signal splitting is observed for the resonances of the naph-
thalene moiety; this is because the inclusion of 13 inside the
cavity lowers the symmetry of the receptor from Cs symme-
try in 9b·6PF6 to C1 in 13�9b·6PF6 (Figure 6B). The non-
ACHTUNGTRENNUNGequivalent protons, now in the 4 and 8 positions of the naph-
thalene moiety, interact by means of C�H···p bonds with the
short sides of the metallocycle (Figure 6B), as demonstrated
by the pronounced upfield shifts of their signals (continuous
arrows in Figure 7) of up to Dd=5 ppm. The reverse down-
field shifts of the acceptor aromatic ring proton signals
(dotted arrows in Figure 7) was also evidence for this inter-
action. Another consequence of the C1 symmetry of the in-
clusion complex is that two different isomers may exist in
solution that depend on the position of the guest in the
cavity. These isomers are enantiomers and their existence is
consistent with the observed 1H NMR spectrum.

In a static situation, metallocycle 10b·5PF6 belongs to the
C1 point group, and therefore, it is obtained as a racemic
mixture of the two possible enantiomers. Nevertheless, its
1H NMR spectrum shows only eight doublets associated
with the bipyridinium protons (Figure 8); this is attributed

to the fast rotation of the phenylene and bipyridine aromat-
ic rings on the NMR timescale. After addition of 13
(1 equiv), the 1H NMR spectrum shows broad bands, as in
the previous examples (Figure 8B). After cooling the sample
to 250 K, the spectrum shows well-defined signals (Fig-
ure 8C). From observation of the low-temperature 1H NMR
spectrum, information on the system could be obtained:

a) All of the signals show the expected shifts after the in-
clusion of 13 in the metallocycle cavity; the aromatic sig-
nals of 13 are shifted upfield, especially those involved in
the C�H···p interactions, which are shifted by more than
5 ppm (continuous arrows in Figure 8). Moreover, the

Figure 6. Structures of A) 13�8b·6PF6 and B) 13�9b·6PF6 showing the
C�H···p interactions.

Figure 7. 1H NMR (CD3NO2, 300 MHz) spectra of: A) 9b·5PF6; B) a
mixture of 9b·6PF6 (5.0 mm) and 13 (5.0 mm), 298 ; C) a mixture of
9b·6PF6 (5 mm) and 13 (5 mm), 250 ; and D) 13.

Figure 8. 1H NMR (CD3NO2, 300 MHz) spectra of: A) 10b·5PF6; B) a
mixture of 10b·6PF6 (5.0 mm) and 13 (5.0 mm), 298 K; C) a mixture of
10b·6PF6 (5 mm) and 13 (5 mm), 250 K; and D) 13.
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signals from the acceptor aromatic rings involved in
these interactions are shifted downfield owing to de-
shielding caused by the ring currents of 13 (dotted
arrows in Figure 8).

b) All of the proton nuclei of the metallocycle are nonequi-
valent. However, the inclusion of 13 in the cavity does
not imply any change in the symmetry of the system in
this case; however, the fact that rotation of the metallo-
cycle aromatic rings upon formation of the inclusion
complex is impossible causes the signals of 10b·5PF6 to
split in two groups.

c) A careful study of the geometry of the inclusion complex
13�10b·5PF6 indicated that two different species could
be formed, which depended on the diol orientation
inside the cavity of the two enantiomers. However, this
is not observed in the NMR spectrum, except for a slight
splitting of the signals from the bipyridine b protons.

Complexation of metallocycle 11a·6NO3 with hydroqui-
none (HQ) and 13, and the crystal structure : As mentioned
above, metallocycle 11a·6NO3 could not be self-assembled
in solution by any of the self-assembly methods attempted.
However, single crystals that were suitable for X-ray crystal-
lography were grown from a solution of 5·NO3/[Pd(en)-
ACHTUNGTRENNUNG(NO3)2]/HQ (2:2:1 molar ratio) in 3m aqueous NaNO3. The
solid-state structure shows a molecule of hydroquinone in-
serted inside the cavity of the dipalladium metallocycle
(Figure 9). The metal centers show a square-planar geome-

try in which the bond lengths and angles are in the normal
range, Pd�N(Py) 2.05 ;, N(Py)-Pd-N(Py) 87.78. The dimen-
sions of the rectangle are 10.45P6.97 ;. The acridine aro-
matic systems are almost perpendicular (898) to the metallo-
cycle mean plane defined by the palladium atoms and the
methylene groups. The distance between the centroid of the
central C�C bond of the bipyridines and the centroid of the
hydroquinone ring is 3.49 ;. As a result of a C�H···p inter-
action, the distance between the centroid of one acridine
spacer and the closest CH group of the hydroquinone is
3.07 ;, whereas the angle defined by these three positions
amounts to 1578.

The 1H NMR spectrum of a solution of these crystals in
D2O revealed that the 1:1 inclusion complex was maintained

in solution. At room temperature, the complexation process
was fast and led to an averaging of the 1H NMR signals of
the hydroquinone that was inside/outside of the metallocycle
cavity (d=5.08 ppm). After addition of cerium ammonium
nitrate (CAN, 1.5 equiv), the signal at d=5.08 ppm disap-
peared and a new resonance for benzoquinone was detected
at d=6.86 ppm as a result of the oxidation of the hydroqui-
none. This chemical shift indicates that there is no interac-
tion between 11a·6NO3 and benzoquinone in D2O. Upon
addition of NaBH4 (1.5 equiv), benzoquinone was reduced
and the inclusion complex with hydroquinone was formed
again (see the Supporting Information). The overall process
involved the chemically controlled formation of the inclu-
sion complex with hydroquinone.

In the same manner, single crystals that were suitable for
X-ray crystallography were obtained from a solution of
5·NO3/[Pd(en) ACHTUNGTRENNUNG(NO3)2]/13 in 3m aqueous NaNO3. The crystal
structure shows the insertion of 13 into the cavity of
11a·6NO3 (Figure 10). In addition to p–p stacking interac-

tions, the complex is stabilized by two pairs of bifurcated C�
H···O hydrogen bonds between two of the b-CH bipyridini-
um hydrogen atoms and the free hydroxyl group.[18] There
are also four C�H···p interactions between hydrogen atoms
H4 and H8 of the guest with the central aromatic ring of the
acridine system (H···p distances: 2.65 ; and 2.80 ;, angles:
1528 and 1458) and between H3 and H7 with one of the lat-
eral rings of the acridine system (H···p distances: 2.65 ; and
2.68 ;, angles: 1568 and 1538). Inspection of the crystal
structure of the complex revealed a second molecule of 13
that sustains hydrogen-bonding interactions with one of the
free hydroxyl groups of the naphthalene moiety inside the
metallocycle. The inclusion complex was studied in solution
after redissolution in D2O. The 1H NMR spectrum of
13�11a·6NO3 confirmed the existence of the inclusion com-
plex in D2O (Figure 11). In this case, at room temperature,
the equilibrium is slow on the 1H NMR timescale and well-
defined signals are observed, probably owing to the excel-

Figure 9. Crystal structure of HQ�11a·6NO3. Solvent molecules, counter-
ions, and hydrogen atoms have been omitted for clarity.

Figure 10. Crystal structure of 13�11a·6NO3, which shows the two pairs
of bifurcated C�H···O hydrogen bonds and the four C�H···p interactions.
The second molecule of 13, solvent molecules, counterions, and hydrogen
atoms have been omitted for clarity.
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lent fit of 13 to metallocycle 11a. Thus, protons H4/H8 and
H3/H7 of diol 13, which are involved in C�H···p interac-
tions, are shifted upfield (Dd=5.97 ppm and Dd=4.35 ppm,
respectively). Moreover, the introduction of the 1,5-naph-
thalene unit into the metallocycle results in the inequiva-
lence of the eight bipyridine protons and the eight acridine
protons. The signals associated with the second equivalent
of 13 are detected at the chemical shifts expected if there is
no interaction with 11b.

Determination of binding constants : As previously men-
tioned, the inclusion of 13 in the cavity of the different met-
allocycles presented in this work results in the appearance
of a reddish color of differing intensity that originates from
charge-transfer bands between the electron-rich substrate
and the receptor in the inclusion complex. This kind of in-
teraction usually makes a very small contribution to the sta-
bility of the complex; however, these charge-transfer bands
are very useful for the determination of the association con-
stant by means of UV-visible spectroscopy.[19]

Indeed, we used UV-visible spectroscopy to determine
the association constants for ten different systems. The inter-
actions between receptors 8b·6PF6, 9b·5PF6, and 10b·5PF6

and substrate 13 were studied in nitromethane. The nitrate
salts of the same receptors were also used to study their in-
teraction with diol 1,4-bis[2-(2-hydroxyethoxy)ethoxy]ben-
zene (14) in water. The binding of palladium(II) analogues
8a·6NO3, 9a·5NO3, and 10a·5NO3 with 14 in aqueous solu-
tion was also studied. The charge-transfer bands caused by
the binding of 14 are less intense and the association con-
stants were lower than those observed for 13, but the solu-
bility of 14 in water is much higher. The values of the bind-
ing constants obtained from these studies (Table 2) are con-
sistent with the 1H NMR studies and DFT calculations de-
scribed above. A comparison of the binding data obtained
for these metallocycles (Table 2) with the geometrical pa-
rameters predicted by our DFT calculations allows us to
draw some conclusions on their properties as receptors:

a) Metallocycle 9 and, to a lesser extent, 8 are the receptors
with the greatest affinity for the substrates under all con-
ditions, which reflects the fact that the sizes of their cavi-

ties match the ideal separation for p–p stacking
(Table 1).

b) On the other hand, macrocycles 10a,b are worse recep-
tors than 9 and 8 such that no complexation between
10b and 14 was detected in water. Finally, no binding
was detected for metallocycles 7a,b. This can be ex-
plained by the short distance between bipyridine systems
in these metallocycles.

c) The equilibrium association constants in water for the
formation of the complexes between 14 and 8a–10a are
very similar to those in 8b–10b, which reflects the simi-
larity of their cavity sizes.

Conclusion

In summary, we have enlarged the structural diversity of
mononuclear and dinuclear PdII and PtII rectangular metal-
locycles with a well-defined internal cavity. Metallocycles
7a,b were synthesized by strict thermodynamic self-assem-
bly, 8a,b and 9a,b required a templated self-assembly pro-
cess, and finally, metallocycles 10a,b were synthesized under
high dilution conditions. The inclusion complexes of these
metallocycles with aromatic guests, such as 12–14, were
studied by NMR techniques that indicate the insertion of
the guests into the cavity of the metallocycle and C�H···p
interactions between guest protons and the pyridine or p-
phenylene rings on the short side of the rectangle. This dis-
position was also found in the solid state, as revealed by X-
ray diffraction analysis of the inclusion complexes of
11a·4NO3 with hydroquinone and with 13.

The association constants measured by UV-visible spec-
troscopy show a clear correlation between the stability of
the inclusion complex and the size of the cavity determined
by DFT calculations. Thus, metallocycles 8b and 9b exhibit
the highest binding constants in both nitromethane and
water owing to the ideal dimensions of their cavity.

Figure 11. 1H NMR (D2O, 500 MHz) spectrum of 13�11a·6NO3 obtained
upon redissolution in D2O of the crystals. Signals that correspond to 11a
(~), bound 13 (*), and free 13 (*) have been indicated on the spectrum.

Table 2. Equilibrium association constants [Lmol�1] and standard free
energies [kcalmol�1] for the formation the of 1:1 inclusion complex[a] be-
tween substrates 13–14 and the metallocycles 8–10 at 26 8C.[b]

K �DG8 Substrate
CH3NO2 H2O

8b·6PF6 1180�30 4.2 13
9b·5PF6 1.3P104�2P103 5.6 13
10b·5PF6 197�4 3.1 13
8b·6NO3 248�3 3.3 14
9b·5NO3 1670�30 4.4 14
10b·5NO3 nb[c] – 14
8a·6NO3 212�3 3.2 14
9a·5NO3 1330�11 4.3 14
10a·5NO3 123�4 2.9 14

[a] JobUs plots showed that maximum complexation occurred at 0.5 molar
fraction of receptor. [b] Metallocycle concentrations: 8b–10b 1P10�3m,
8a–10a 5P10�4m. [c] No binding detected.
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Experimental Section

Materials : Ligands 1–3 and metallocycles 7–9a,b were prepared by the
methods described in our previous reports.[8] Substrates 13,[20] and 14[21]

were prepared according to published procedures.

General : All of the other reagents were of analytical grade and were
used as received. Milli-Q water was purified with a Millipore Gradien-
tA10 apparatus. Merck 60HF254+366 foils were used for thin-layer chroma-
tography and Merck60 (230–400 mesh) silica gel was used for flash chro-
matography. NMR spectra were obtained by using a Bruker Avance500
spectrometer equipped with a dual cryoprobe for 1H and 13C and a
Bruker Avance300 spectrometer (for low- and high-temperature experi-
ments). TMS was used as an internal reference. Diffusion coefficients
from DOSY experiments were referenced by using a value of 1.92P
10�9 m2 s for the DHO signal in D2O at 298 K.[22] Mass spectrometry ex-
periments were carried out with a Fision VG-Quattro spectrometer for
low-resolution FAB with 3-NBA as the matrix, a VG AutospecM spec-
trometer for high-resolution FAB with 3-NBA as the matrix, a Navigator
spectrometer for low-resolution ES with MeOH and CH3CN as the sol-
vents, and a Bruker BioTOFII for high-resolution ES with CH3NO2 as
the solvent. UV-visible spectra were recorded by using a Perkin–Elmer
Lambda900 spectrometer. Melting points were measured by using a
Stuart ScientificSMP3 instrument.

Ligand 4·3PF6 : A solution of NaOH (0.474 g, 11.9 mmol) in water
(5 mL) was added to a solution of 3-(bromomethyl)pyridine hydrobro-
mide (3.0 g, 11.9 mmol) in water (60 mL). The solution was extracted
with nitromethane (2P60 mL). The combined organic layers were added
to a solution of 1,1’-[1,4-phenylenebis ACHTUNGTRENNUNG(phenylen)]bis-4,4’-bipyridine bis(h-
exafluorophosphate) (5.98 g, 8.5 mmol) in nitromethane (20 mL) at
reflux. Heating was continued for 18 h. After the solution had cooled,
the solvent was removed in vacuo to leave a solid residue that was sub-
jected to flash column chromatography (SiO2, acetone/MeOH/NH4Cl(aq,
1.5m), 5:1:4). The ligand-containing fractions were combined and the sol-
vents were removed in vacuo. The residue was dissolved in H2O
(100 mL), and a saturated aqueous solution of NH4PF6 was added until
no further precipitation was observed. This mixture was extracted with
nitromethane (3P100 mL). The combined organic layers were dried
(MgSO4) and evaporated in vacuo. The residue was triturated in H2O
and filtered to yield 4·3PF6 (1.46 g, 19%). M.p. 178–180 8C (decomp);
1H NMR (500 MHz, CD3NO2, 25 8C): d=6.00 (s, 2H), 6.02 (s, 2H), 6.16
(s, 2H), 7.68 (s, 4H), 7.88 (dd, J ACHTUNGTRENNUNG(H,H)=8.2, 5.5 Hz, 1H), 8.24 (d, J-
ACHTUNGTRENNUNG(H,H)=6.4 Hz, 2H), 8.34–8.38 (m, 1H), 8.51 (d, J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 2H),
8.53 (d, J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 2H), 8.56 (d, J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 2H), 8.82–8.86
(m, 1H), 8.90–8.94 (m, 1H), 8.99 (d, J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 2H), 9.04 (d, J-
ACHTUNGTRENNUNG(H,H)=6.4 Hz, 2H), 9.10 (d, J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 2H), 9.14 (d, J ACHTUNGTRENNUNG(H,H)=

6.4 Hz, 2H); 13C NMR (125 MHz, CD3NO2, 25 8C): d=61.9 (CH2), 64.2
(CH2), 64.6 (CH2), 124.4 (CH), 126.4 (CH), 127.0 (CH), 127.6 (CH),
127.8 (CH), 130.4 (CH), 130.5 (CH), 134.1, 134.5, 142.4 (CH), 145.2
(CH), 145.6 (CH), 145.8 (CH), 146.4 (CH), 146.7 (CH), 147.3, 147.6
(CH), 150.8, 151.4, 153.2; MS (ES): m/z : 798.2 [M�PF6]

+ , 652.3
[M�2PF6�H]+ , 506.2 [M�3PF6�2H]+ .

Ligand 4·3NO3 : A mixture of 4·3PF6 (1.15 g, 1.22 mmol) and Amberlite
CG-400 (5.0 g) in H2O (50 mL) was stirred for 4 h. The resin was re-
moved by filtration and the filtrate evaporated to give 4·3Cl (0.75 g,
quantitative). A solution of 4·3Cl (0.75 g, 1.22 mmol) and AgNO3

(0.621 g, 3.66 mmol) in H2O (50 mL) was stirred at room temperature for
3 h. The mixture was filtered and the filtrate was evaporated in vacuo to
give 4·3NO3 (0.85 g, quantitative). M.p. 160–162 8C; 1H NMR (500 MHz,
CD3NO2, 25 8C): d =5.94 (s, 2H), 5.97 (s, 2H), 6.11 (s, 2H), 7.60 (s, 4H),
7.80–7.85 (m, 1H), 8.23 (d, J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 2H), 8.28–8.33 (m, 1H), 8.47
(d, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H), 8.54 (d, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H), 8.57 (d, J-
ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H), 8.73–8.77 (m, 1H), 8.86 (br s, 1H), 8.90 (d, J-
ACHTUNGTRENNUNG(H,H)=5.5 Hz, 2H), 9.08 (d, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H), 9.15 (d, J ACHTUNGTRENNUNG(H,H)=

6.9 Hz, 2H), 9.22 (d, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H); 13C NMR (125 MHz, D2O,
25 8C): d=61.3 (CH2), 63.8 (CH2), 64.2 (CH2), 124.6 (CH), 126.4 (CH),
126.8 (CH), 127.2 (CH), 127.4 (CH), 130.1 (CH), 130.2 (CH), 130.5,
133.9, 134.3, 142.2 (CH), 145.3 (CH), 145.6 (CH), 145.8 (CH), 145.9
(CH), 145.9 (CH), 146.9 (CH), 147.4, 150.2, 150.9, 152.6; MS (ES): m/z :

632.2 [M�NO3]
+ , 570.4 [M�2NO3]

+ , 508.4 [M�3NO3]
+ ; elemental anal-

ysis calcd (%) for C34H30N8O9: C 58.79, H 4.35, N 16.13; found: C 58.92,
H 4.28, N 16.19.

Ligand 5·PF6 : A solution of 4,4’-bipyridine (0.57 g, 3.68 mmol) and 9-bro-
momethylacridine (0.2 g, 0.74 mmol) in nitromethane (20 mL) was
heated at reflux for 24 h. After cooling, the solvent was evaporated
under reduced pressure and the residue was triturated in Et2O. The solid
obtained was purified by flash column chromatography (SiO2, acetone/
MeOH/NH4Cl (aq, 1.5m), 5:1:4). The ligand-containing fractions were
combined and the solvents were removed in vacuo. The residue was dis-
solved in H2O (100 mL) and a saturated aqueous solution of NH4PF6 was
added until no further precipitation was observed. The solid was filtered
and washed with water to give 5·PF6 (0.36 g, 25%). M.p. 167–168 8C;
1H NMR (300 MHz, CD3NO2, 25 8C): d=7.25 (s, 2H), 8.03–8.10 (m, 2H),
8.26 (d, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H), 8.30–8.37 (m, 2H), 8.48 (d, J ACHTUNGTRENNUNG(H,H)=

6.8 Hz, 2H), 8.55 (d, J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 8.65 (d, J ACHTUNGTRENNUNG(H,H)=8.9 Hz,
2H), 9.00 (d, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H), 9.04 (d, J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 2H); ele-
mental analysis calcd (%) for C24H18F6N3P: C 58.42, H 3.68, N 8.52;
found: C 58.69, H 3.42, N 8.41.

Ligand 5·NO3 : This compound was obtained from 5·PF6 by following the
described procedure for 4·3NO3 (98%). M.p. 167–168 8C; 1H NMR
(500 MHz, D2O, 25 8C): d =8.07–8.10 (m, 2H), 8.34–8.39 (m, 2H), 8.40
(d, J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 2H), 8.49 (d, J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 2H), 8.54 (d, J-
ACHTUNGTRENNUNG(H,H)=7.0 Hz, 2H), 8.66 (d, J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 2H), 9.01 (d, J ACHTUNGTRENNUNG(H,H)=

6.5 Hz, 2H), 9.09 (d, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 2H); 13C NMR (125 MHz, D2O,
25 8C): d=152.6, 149.0, 145.2 (CH), 144.3 (CH), 142.6, 141.0, 137.0 (CH),
130.2 (CH), 127.4 (CH), 126.3, 125.5 (CH), 124.2 (CH), 122.0 (CH); MS
(FAB): m/z : 348 [M�NO3]

+ ; elemental analysis calcd (%) for
C24H18N4O3: C 70.23, H 4.42, N 13.65; found: C 70.48, H 4.20, N 13.32.

Metallocycle 10a·5NO3 : Complex 6a (1.7 mg, 6.0P10�3 mmol) was
added to a solution of 4·NO3 (4.2 mg, 6.0P10�3 mmol) in D2O (12 mL).
(The compound was not isolated; data are taken from measurements on
the reaction mixture.) 1H NMR (500 MHz, D2O, 25 8C): d=2.87 (s, 4H),
5.80 (s, 2H), 5.86 (s, 2H), 5.95 (s, 2H) , 7.63 (s, 4H), 7.74–7.80 (m, 3H),
8.10 (d, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H), 8.21–8.26 (m, 4H), 8.38–8.42 (m, 1H), 8.84
(d, J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 2H), 9.00 (d, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H), 9.05–9.14 (m,
6H); 13C NMR (125 MHz, D2O, 25 8C): d=46.7 (CH2), 46.8 (CH2), 61.2
(CH2), 64.7 (CH2), 65.1 (CH2), 124.7 (CH), 126.6 (CH), 127.2 (CH), 127.4
(CH), 127.7 (CH), 130.0 (CH), 130.1 (CH), 131.9, 136.2, 136.3, 142.7
(CH), 144.3 (CH), 144.7 (CH), 144.89 (CH), 144.84, 149.6, 150.2, 151.3,
151.9 (CH), 152.3, 152.9; MS (ES): m/z : 445.2 [M�2NO3+CH3OH]2+ ,
413.8 [M�3NO3�H+CH3OH]2+ , 384.5 [M�4NO3�2H+CH3OH]2+.

Metallocycle 10b·5PF6 : A solution of ligand 4·NO3 (34.1 mg,
0.049 mmol) and complex 6b (18.5 mg, 0.049 mmol) in H2O (100 mL)
was heated at 100 8C for 7 d. After cooling to room temperature, NH4PF6

(3.00 g, 18.6 mmol) was added and a white solid precipitated. The precipi-
tate was filtered and washed with H2O to afford metallocycle 10b·5PF6

(43.4 mg, 59%). M.p. 206–208 8C (decomp); 1H NMR (500 MHz,
CD3NO2, 25 8C): d=3.06 (br s, 4H), 4.90 (br s, 2H), 4.96 (br s, 2H), 5.88
(s, 2H), 5.95 (s, 2H), 5.99 (s, 2H), 7.64–7.69 (m, 4H), 7.76–7.81 (m, 4H),
8.10 (d, J ACHTUNGTRENNUNG(H,H)=7.33 Hz, 2H), 8.17–8.22 (m, 4H), 8.35–8.38 (m, 1H),
8.85 (d, J ACHTUNGTRENNUNG(H,H)=7.33 Hz, 2H), 8.95 (d, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H), 8.98–9.02
(m, 4H), 9.10–9.13 (m, 1H), 9.19 (br s, 1H); 13C NMR (125 MHz,
CD3NO2, 25 8C): d=48.23 (CH2), 48.25 (CH2), 61.5 (CH2), 65.2 (CH2),
65.8 (CH2), 125.3 (CH), 126.6 (CH), 127.6 (CH), 127.7 (CH),128.6 (CH),
130.2 (CH), 130.6 (CH), 132.3, 136.3, 136.6, 142.8 (CH), 144.5 (CH),
144.7 (CH), 144.9 (CH), 145.1, 150.2, 151.1, 151.6, 152.6 (CH), 153.3
(CH), 154.5 (CH) ; MS (ES): m/z : 1197.2 [M�2PF6�H]+ , 1051.2
[M�3PF6�2H]+ , 526.1 [M�3PF6�H]2+ ; elemental analysis calcd (%)
for C36H38F30N7P5Pt: C 29.05, H 2.57, N 6.59; found: C 28.79, H 2.70, N
6.69.

Crystal structure analysis : CCDC-641682 and CCDC-643799 contain the
supplementary crystallographic data for HQ�11a·6NO3 and
13�11a·6NO3, respectively. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif. Crystal data are reported in Table 3. The structure
was solved by direct methods and refined with the full-matrix least-
squares procedure (SHELXTL[23]) against F2. The X-ray diffraction data
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were collected on a Bruker SMART APEX CCD diffractometer. Hydro-
gen atoms were placed in idealized positions with Ueg(H)=1.2Ueg(C) and
were allowed to ride on their parent atoms.
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