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Introduction

Pseudorotaxanes are supramolecular systems minimally
composed of an axle-like molecule surrounded by a macro-
cyclic component.[1] These peculiar host–guest systems rep-
resent convenient precursors for the synthesis of more com-
plex interlocked structures, such as rotaxanes and cate-
nanes,[1,2] which can operate as simple molecular machines.
Essentially, the functioning mode of a pseudorotaxane con-
sists of an external stimulus-promoted reversible threading–
dethreading process. The structural information stored in
both axle and wheel should match (be complementary)
from a dimensional point of view as well as for the inter-

component interactions responsible for the stability of the
complex. A common feature of these systems is that the
macrocycle resides in a precise position (station) along the
axle, which is also the structural unit that responds to the
external stimuli governing the dethreading–threading pro-
cess. Typically this unit is positioned in a more or less cen-
tral portion of the axial component. In a rotaxane, the two
stoppers present at the termini of the axial component, by
acting as a structural tie, prevent dethreading.

The ability of these systems to perform functions relies on
their rational design, which in turn requires a deep knowl-
edge of the interactions that occur among the molecular
components. As the inter-component interactions that drive
the recognition are electrostatic in nature, low-polarity sol-
vents are frequently employed to maximize the efficiency of
the self-assembly process. In many types of pseudorotax-
anes, however, one of the components (usually the axle) is a
charged species that is subject to ion pairing in apolar
media.[3,4] Such ion-pairing equilibria can strongly affect the
threading reaction, thereby complicating the rationalization
of the self-assembly process.[4a–c] In the case of a charged
axle, these effects can be circumvented or even advanta-
geously exploited to improve the efficiency of the host–
guest recognition process, by utilizing a heteroditopic mac-
rocyclic component, which can simultaneously bind the
guest and its counterions.[5]
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We have recently studied the ability of the tris(phenylur-
eido)calix[6]arene CX to act as a heteroditopic and non-
symmetrical wheel to form oriented pseudorotaxanes with

non-symmetrical 1,1’-dialkyl-4,4’-bipyridinium axles.[6] This
three-dimensional macrocycle possesses a p-electron-donor
cavity that can interact with electron-accepting positively
charged units, and three efficient hydrogen-bonding donor
phenylureido groups at the upper rim that, besides extend-
ing the cavity, can complex the counterions of the cationic
axle, thus assisting its insertion into the wheel from this rim.
By exploiting these peculiar binding properties, rotaxanes
characterized by the unidirectional orientation of the two
stoppers of the dumbbell with respect to the two calixarene
rims were realized.[7]

Along this line, we envisaged that the electron-accepting
dication 2,7-diazapyrenium (DAP) unit present in the N,N’-
didecyl-2,7-diazapyrenium axle-like molecule 1·2PF6 (proton
labelling as shown), because of its large size, could serve
both as stopper and station (act as an active stopper) for the
construction of pseudorotaxanes that can thread and deth-
read only from one side of the wheel. In addition, because
of its spectroscopic features, it could also signal its proximity
to a specific rim of the calixarene wheel. In fact, the DAP
unit of compound 12+ , like the previously studied 4,4’-bipyri-
dinium moiety, is a cationic species that has already been
used as the guest in supramolecular inclusion complexes;[8]

12+ has an extended p delocalization that confers character-
istic spectroscopic features to this chromophore.[9] Its sharp,
intense and structured absorption and luminescence bands
can be easily monitored to reveal any alteration in the sur-
rounding environment. The aim of this work is to study the
self-assembly process of compounds 12+ and CX, and to in-
vestigate the parameters that affect pseudorotaxane forma-
tion.

Results and Discussion

NMR spectroscopic characterization : The 1H NMR spec-
trum of 1·2PF6 taken in CD3CN (see Figure 1 a) shows a sin-
glet at d= 9.88 ppm for the four aromatic a protons and a

singlet at d=8.85 ppm for the four b protons. The two
equivalent methylene protons 10 resonate as a triplet at d=

5.09 ppm, whereas all other protons of the two alkyl chains
resonate in the 2.3–0.8 ppm range. 1·2PF6 is not sufficiently
soluble in low-polarity media for accurate NMR analysis;
however, by adding a slight excess of the salt to solution of
CX in CDCl3, C6D6 or CD2Cl2, the appearance of a reddish
colour of the solution suggests that in all instances a binding
process between 1·2PF6 and CX has taken place. In CD2Cl2

the 1H NMR spectrum showed sharper signals than those
obtained in the other solvents, so it was selected to study
the structure of the species present in solution and the stoi-
chiometry of binding. The spectrum of the sample obtained
after filtration of a 10 mm solution of CX containing an
equivalent amount of 1·2PF6 clearly shows the presence of
uncomplexed CX (see Figure 1 c for the spectrum of free
CX) together with a 1:1 adduct CX�1·2PF6 (see Figure 1 b).

Upon binding, CX adopts a pseudo-cone conformation as
shown, for example, by the presence of an AX system at d=

4.70 and 3.51 ppm for the six axial and six equatorial meth-
ylene protons of the bridges, respectively. The methoxy
groups, which in the free wheel resonate as a very broad
signal at d�3 ppm, in the complex are visible as a down-
field-shifted sharp singlet at d�4.14 ppm, thus suggesting
their guest-induced expulsion from the interior of the
cavity.[6,7] The binding also appreciably affects the resonan-
ces of the guest protons as seen, for example, by the large
up-field shift experienced by the signals of protons a and b

belonging to the DAP unit. The former of these two signals
splits into two singlets at d=7.79 (a’) and 7.05 ppm (a’’),
whereas the latter splits into two doublets at d= 7.95 (b’)
and 6.7 ppm (b’’) with a coupling constant of 9 Hz (see Fig-
ure 1 b). The signals of protons a’’ and b’’ were overlapped
by more intense signals arising from the aromatic protons of
CX. Their full assignment was thus accomplished through
2D COSY and HSQC experiments (see Figures S2 and S3 in
the Supporting Information). The methylene groups 10 give

Figure 1. 1H NMR stack plot (300 MHz) of: a) 1·2PF6 in CD3CN; b) a
mixture of CX and 1·2PF6 in CD2Cl2 (the dotted lines indicate a few rep-
resentative resonances of 12+ that are up-field shifted upon complexa-
tion) and c) CX in CD2Cl2.
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rise to two very broad signals at d= 3.7 (10’) and 3.6 ppm
(10’’). Both signals are up-field shifted (Dd up to 1.5 ppm)
with respect to the free 1·2PF6 (cf. Figure 1 a and b) and are
fully overlapped by stronger resonances arising from the 2-
ethoxy–ethoxy chains present on the calix[6]arene lower
rim. Nevertheless, their nature was verified through 2D
COSY and TOCSY experiments (see Figures S2 and S4 in
the Supporting Information).

The analysis of the integrals of the spectrum clearly sup-
ports the formation of an adduct with a 1:1 stoichiometry as
the main host–guest complex. However, the variations of
chemical shift observed for both CX and 12+ could be con-
sistent with different structures of the complex. Namely, a
pseudorotaxane structure in which one of the two alkyl
chains of 12+ protrudes from the lower rim of the wheel
(see Scheme 1 a) or one in which the DAP unit of 12+ seats

orthogonally to the upper rim of the calix[6]arene (Sche-
me 1 b). The large up-field shift experienced by the resonan-
ces of a’’ (Dd�2.8 ppm) and b’’ (Dd�2.1 ppm) protons sup-
ports the hypothesis that a pseudorotaxane complex has
formed in solution. In this structural arrangement, indeed,
one part of the DAP unit is engulfed in the aromatic cavity
of CX, thus exposing its protons to a more intense aniso-
tropic shielding effect.

The small chemical shift differentiation endured by 10’
and 10’’ could be explained by considering that, differently
from what was previously observed for 1,1’-dialkyl-4,4’-bi-
pyridinium-based axles,[6,7] the DAP unit of 12+ , because of
its size, is less engulfed in the aromatic cavity of the macro-
cycle and cannot protrude from its lower rim. This could
impose on the two methylene groups 10’ and 10’’ a similar
anisotropic shielding effect, exerted by the calix[6]arene
cavity and the phenyl groups present on the upper rim of
CX. The threading reaction also accounts for the coupling
observed between protons b’ and b’’, which are no longer
magnetically equivalent. 2D ROESY experiments of the
complex finally confirmed the hypothesis, since there are
several NOE cross-peaks arising from the spatial proximity
between, for example, the methoxy groups present on the

lower rim of CX and the methylene groups belonging to
only one alkyl chain of 12+ , and also between the b’ protons
of DAP and the tert-butyl groups present on the upper rim
of the macrocycle (see Figure S5 in the Supporting Informa-
tion).

A few weak signals present in the spectrum of the 1:1
axle–wheel mixture of Figure 1 b could not be assigned
either to the pseudorotaxane adduct CX�1·2PF6 or to the
free CX. We formulated the hypothesis that these signals
could arise from the formation of axle–wheel adducts
having a stoichiometry higher than 1:1. To disclose the
nature of all the species present in dichloromethane solu-
tion, some diffusion-ordered spectroscopy (DOSY) experi-
ments were carried out (see the Experimental Section).[10, 11]

A mean diffusion coefficient D of (0.68�0.02) � 10�5 cm2 s�1

for CX was calculated by performing the NMR diffusion ex-
periment on a 10 mm solution of the free CX in CD2Cl2. The
experiment was then repeated under the same experimental
conditions on the mixture containing CX�1·2PF6 and yield-
ed values of D that, depending on the resonance selected,
ranged between 0.55 and 0.65 � 10�5 cm2 s�1. The highest
values were assigned to the resonances of the free CX,
whereas the attenuation profiles of all resonances previously
assigned to the pseudorotaxane, such as b’ (*) and a’ (!;
see Figure 2), afforded diffusion coefficients ranging from
0.56 to 0.58 � 10�5 cm2 s�1.

The simple relationship MW(1)/MW(2) = (D(2)/D(1))
3 derived

from the Stokes equation correlates the molecular weight

Scheme 1. Schematic representation of the two possible structures of the
complex formed between the axle 1·2PF6 and wheel CX.

Figure 2. a) Expansion of the 1H NMR spectrum (300 MHz) of a mixture
containing the pseudorotaxane complex CX�1·2PF6. The diffusion coeffi-
cients D calculated through NMR diffusion experiments are reported
above the most representative peaks. b) Plot of the intensity attenuation
profiles of resonances *, * and ! upon gradient variation.
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(MW) and the diffusion coefficient of two spherical species,
(1) and (2), diffusing in solution under the same experimen-
tal conditions. The application of this equation to the diffu-
sion data measured from the resonances of the pseudorotax-
ane yielded, despite the non-spherical shape of the diffusing
species, a molecular weight range between 2360 and
2620 Da, which is in good agreement with the theoretical
value of 2241 Da.[12] Very interestingly, the fitting of the at-
tenuation profile of the weak doublet at d=8.2 ppm (*, see
Figure 2 a) yielded an unexpectedly low value of D ((0.47�
0.04) �10�5 cm2 s�1). This value, though inaccurate, was an
indication that in dichloromethane solution the formation of
adducts having a stoichiometry higher than 1:1 is possible.

ESIMS experiments : To determine the nature of these
higher-stoichiometry adducts, the previous mixture was sub-
mitted to high-resolution ESIMS analysis (see the Experi-
mental Section). The spectrum recorded in the 700–2000
mass range (see Figure 3) shows the presence of a peak at
m/z 1709.01 for the doubly charged 2:1 adduct [(CX)2�1]2+ ,
along with the wheel CX (visible as the adduct with Na+)
and the most abundant doubly charged 1:1 adduct [CX�1]2+

at m/z 976.10. Singly charged adducts that should retain at
least one PF6

� anion were never observed.

UV/Vis spectroscopic experiments : All photophysical ex-
periments were performed in air-equilibrated CH2Cl2 solu-
tion at room temperature. The absorption and fluorescence
spectra of compound 12+ show the typical[9] structured

bands of the DAP chromophoric unit. The calixarene wheel
CX shows an intense absorption band in the UV region of
the spectrum and a weak luminescence (see Figure S6 in the
Supporting Information and Table 1).

To investigate the complexation equilibrium between
1·2PF6 and CX, we performed UV/Vis titration experiments.
The addition of increasing amounts of the wheel component
to the DAP-based thread caused remarkable changes in
both the absorption (Figure 4) and emission spectra of
1·2PF6 [experiment (i)], namely, the absorption bands of the
transition to the first pp* excited state (350<l<450 nm)
shifted to longer wavelengths, the bands corresponding to
the transition to the second pp* excited state (300<l<

350 nm) broadened and weakened, and a broad absorption
tail at l>450 nm appeared; the luminescence of the DAP
moiety was quenched.

The absorption and luminescence data were fitted with
the SPECFIT program,[13] which optimizes the interpolation

Figure 3. ESIMS spectrum of a mixture of CX and 1·2PF6 in 1:1 CH2Cl2/MeOH showing the doubly charged (z=2) 1:1 [CX�1]2+ and 2:1 [(CX)2�1]2+

adducts.

Table 1. Absorption and emission data for CX and 1·2PF6 (CH2Cl2,
293 K).

Compound lmax [nm] e� 10�3 ACHTUNGTRENNUNG[m�1 cm�1] lem [nm] F t [ns]

1·2PF6

258 58
338 35 427 0.39 7.7
421 15

CX 250 54 330 0.003 <1
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of the titration data according to a given complexation
model utilizing the whole investigated spectral range. The
best fit was obtained by assuming the formation of both the
1:1 and 2:1 host–guest complexes [Table 2, experiment (i)].

To clarify the titration results, we also constructed several
Job plots,[14] by performing the experiments at different con-
centrations and reading the absorption changes at various
wavelengths (see Figure S7 in the Supporting Information).
The Job plots show that the molar fraction corresponding to
the maximum (or minimum) of the plots depends on the
concentration and the wavelength; this result demonstrates
that there is more than one type of adduct. Even though
these experiments do not fully elucidate the stoichiometry
of the complexes, they support the interpretation of the UV/
Vis spectroscopic titration.

To confirm the stoichiometry of the host–guest complexes
and gain more information on the mechanism of association,
we performed kinetic experiments by mixing CH2Cl2 solu-
tions of CX and 1·2PF6 in 0.7:1 and 2:1 molar ratios, to
favour the formation of the 1:1 and 2:1 complexes, respec-
tively. The kinetic traces recorded by monitoring absorption
changes at 421 (see Figure 5) and 338 nm were fitted with
the SPECFIT[13] fitting program. The results show that, upon

mixing CX and 1·2PF6 in 0.7:1 molar ratio, the 1:1 complex
is formed in two steps, namely a second-order association
reaction followed by a first-order rearrangement of the
adduct (Eq. (1) in Scheme 2).

Upon mixing CX and 1·2PF6 in 2:1 molar ratio, the best
fits were obtained by assuming the reaction sequence illus-
trated by Equations (1) and (2) in Scheme 2. First, the 1:1
adduct is formed in two steps [Eq. (1)], with the same kinet-
ic rate constants determined in the previous experiment.
Successively, this complex reacts with a second calixarene
molecule, forming the 2:1 complex with a second-order re-
action [Eq. (2)]. The values of the kinetic rate constants are
gathered in Table 2.

From these results we can conclude that under the experi-
mental conditions of the UV/Vis spectroscopic measure-
ments CX and 12+ can also form a 2:1 host–guest complex,
which is not observed in the NMR experiments. The main
difference between these measurements is the concentration
of the molecular components: the concentration of the ex-
amined compounds in the UV/Vis spectroscopic experi-
ments ([1·2PF6]<3.5 � 10�5

m) was two orders of magnitude
lower than that in the NMR measurements. The concentra-
tions that can be used in the UV/Vis spectroscopic experi-
ments are determined by the absorption coefficient of the
chromophores, the association constant of the adduct and
the low solubility of 1·2PF6 in CH2Cl2. Because compound
1·2PF6 is a salt, its concentration affects the position of the
equilibrium between the tight ion pairs and the dissociated

Figure 4. Absorption spectra of compound 1·2PF6 (3.3 � 10�5
m) upon ti-

tration with CX, CH2Cl2, RT. The inset shows the absorption changes at
338 nm (*) and the fitting curve (c) obtained by means of the SPEC-
FIT fitting program.

Table 2. Thermodynamic and kinetic constants (CH2Cl2, RT).

Expt. K1 � 10�5ACHTUNGTRENNUNG[m�1][a]
K2 � 10�5ACHTUNGTRENNUNG[m�1][b]

k1 � 10�2ACHTUNGTRENNUNG[m�1 s�1][c]
k1’� 103ACHTUNGTRENNUNG[s�1][c]

k2 � 10�2ACHTUNGTRENNUNG[m�1 s�1][c]

(i)[d] 3.6�0.5 1.9�0.3 1.0�0.2 2.8�0.6 1.6�0.3
(ii)[e] 0.50�0.02 –ACHTUNGTRENNUNG(iii)[f] 1000�300 –

[a] Observed stability constant referred to Equation (1), Scheme 2.
[b] Observed stability constant referred to equation (2), Scheme 2.
[c] Rate constants referred to equations (1) and (2), Scheme 2; values cal-
culated by means of the SPECFIT software as explained in the experi-
mental section. [d] Titration of 1·2PF6 with CX. [e] Titration of a solution
of 12+ containing an excess of PF6

� anions with CX. [f] Titration of 12+

with a solution of CX containing two equivalents of TsO� anions.

Figure 5. Kinetic trace (black line), recorded in CH2Cl2 at 293 K, for the
absorbance changes at 421 nm obtained upon mixing CX (5.3 � 10�5

m)
and 1·2PF6 (2.5 � 10�5

m). The white line is the fitting curve obtained by
means of the SPECFIT fitting program.

Scheme 2. Kinetic models used to fit the kinetic traces. The counterions
are not reported for reasons of clarity.
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ions in solution, and therefore the relative abundance of dif-
ferent charged species. Moreover, the calixarene wheel is a
heteroditopic receptor,[6,7] which can host cations inside its
cavity and complex anions by means of the urea moieties on
the upper rim.[15, 16] Therefore, we tried to mimic the experi-
mental conditions of the NMR measurements by changing
the concentration and the nature of the counteranions of
compound 12+ . We performed UV/Vis complexation experi-
ments under two paradigmatic conditions: the titration of a
solution of 12+ , which contained an excess of hexafluoro-
phosphate anions, with CX [experiment (ii)] , and the titra-
tion of 12+ with a solution of CX containing two equivalents
of tosylate (TsO�) anions [experiment (iii)] . PF6

� and TsO�

anions were selected as poorly and strongly H-bonding spe-
cies, respectively;[16] moreover, TsO� anions also possess an
aromatic moiety, which could be involved in p-stacking in-
teractions with both CX and 12+ .

Before performing experiments (ii) and (iii), we investi-
gated the effect of the concentration and nature of the
anions on the photophysical properties of the DAP-based
axle. The absorption and luminescence spectra of compound
12+ did not change in presence of 100 equivalents of tetrabu-
tylammonium hexafluorophosphate (TBAPF6) salt. Despite
the lack of spectroscopic evidence, it is likely that 12+ and
PF6

� ions are in equilibrium with the ion-paired salt, and
that the excess of PF6

� ions displaces this equilibrium to-
wards the associated ion pair.[17] On the other hand, the ad-
dition of two equivalents of tetraethylammonium tosylate
(TEATsO) caused remarkable changes in both the absorp-
tion and emission spectra of 12+ (see Figure 6), comparable

to the changes observed upon titration of 12+ with CX (see
Figure 4). TsO� ions are more coordinating than PF6

� ions
and can be involved in p-stacking interactions;[16] hence the
addition of TEATsO to 1·2PF6 led to the exchange of the
counterions of the DAP cation, with the formation of the
tight ion pair 1·2TsO. Moreover, soon after the addition of
the salt a precipitate started to form, thus preventing any

quantitative consideration, but proving that the ion-pairing
interactions between 12+ and TsO� are quite strong. Despite
the precipitation of the salt, we noted that the first equiva-
lent of TsO� ions is responsible for most of the spectroscop-
ic changes. Upon addition of two equivalents of CX to this
solution, we observed a progressive solubilization of the pre-
cipitate, most likely as a consequence of the formation of
the inclusion complex; after two days the solution was clear.
From a qualitative comparison of the spectra of 1·2TsO free
and complexed with CX (see Figure 6), we observed a fur-
ther shift towards lower energies of the bands at l>350 nm
and an increase and loss of structure of the bands in the
range 300–350 nm as a consequence of the inclusion of the
axle inside the cavity of the calixarene.

As far as experiments (ii) and (iii) are concerned, we per-
formed the absorption and fluorescence titrations of a solu-
tion of 1·2PF6 containing 100 equivalents of TEAPF6 with
CX (Figure S8 in the Supporting Information), and of
1·2PF6 with a solution of CX containing two equivalents of
TEATsO (Figure S9 in the Supporting Information). The
spectroscopic changes resemble those obtained in the titra-
tion of 1·2PF6 with CX (see Figure 4). The absorption and
luminescence data were best fitted with the SPECFIT pro-
gram[13] assuming uniquely the formation of a 1:1 host–guest
complex. The association constants are gathered in Table 2.

Taken together, the results of experiments (i)–(iii) clearly
show that the concentration and nature of the anions affect
both the stoichiometry and the stability of the supramolec-
ular adducts formed by 12+ and CX. A possible explanation
can be found by considering that in this system several equi-
libria can exist, as summarized in Scheme 3. The horizontal
reactions represent the ion-pairing equilibria, which involve
the free axle, as well as the 1:1 and 2:1 host–guest com-

Figure 6. Absorption spectra of compound 1·2PF6, 3.3� 10�5
m (c),

upon successive addition of two equivalents of TEATsO (b) and two
equivalents of CX, after 2 days (–··–··), CH2Cl2, RT. Note that addition of
TEATsO to 1·2PF6 causes precipitation of the salt (see text for details).

Scheme 3. Equilibria for ion-pair dissociation (horizontal processes) and
host–guest association (vertical processes) of the investigated system.
Representation of the species in G–I as a threaded complex is hypotheti-
cal. See the text for more details.
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plexes; because the calixarene is also an anion receptor,
these equilibria are obviously influenced by the hydrogen-
bonding interactions between the anions and the urea moi-
eties of the wheel. The vertical reactions represent the asso-
ciation equilibria, which involve the axle in its differently
ion-paired forms. A quantitative, exhaustive investigation of
all these equilibria is not possible with our data, but some
reasonable comments can be made.

First of all, the portion of the axle that penetrates the
cavity of the calixarene has to be free from its counterions
for steric reasons.[15] Molecular models and the results ob-
tained for related complexes[15] indicate that the species in-
volved in the formation of the adducts are most likely the
free and one-anion-paired axles (B and C in Scheme 3). It
follows that the calculated association constants are appar-
ent values, because they do not take into account the ion-
pairing equilibria. The observed stability constants in experi-
ments (ii) and (iii) are one order of magnitude lower and
three orders of magnitude larger, respectively, than in ex-
periment (i) (Table 2). As already pointed out, the anions
play a dual role. On the one hand, they can interact with the
axle, displacing the ion-pairing equilibria towards the associ-
ated salt; as a consequence, the “active” monocationic and
dicationic species (B and C in Scheme 3) are subtracted
from the complexation equilibria (vertical processes in
Scheme 3) and the observed association constant is lower
than the real one. On the other hand, the anions can interact
with the diphenylurea units on the upper rim of the wheel,
thus concurring in stabilizing the host–guest complex. In ex-
periment (ii), a solution of 1·2PF6 containing 100 equivalents
of TEAPF6 was titrated with CX ; the main effect of these
poorly coordinating anions[16] is to displace the ion-pairing
equilibria towards the associated salt, and thus the observed
stability constant decreases with respect to experiment (i)
(Table 2). In experiment (iii), a solution of 1·2PF6 was titrat-
ed with a solution of CX containing two equivalents of
TEATsO; TsO� anions are strongly coordinating,[16] and can
interact with both the axle (see above) and the diphenylurea
moieties of the wheel through hydrogen-bonding and p-
stacking interactions. Under these experimental conditions
the wheel, by interacting with TsO�, seems to be a better
host for the axle, at least for two reasons: it bears in the
upper rim the TsO� ions which pre-organize the wheel and
exhibit a high coordinating ability towards the axle; more-
over, it becomes a negative species. Indeed, the observed
stability constant in experiment (iii) is three orders of mag-
nitude larger than in experiment (i).

We can therefore identify three main energetic factors
that contribute to the stabilization of the supramolecular
complexes: a) the interaction between the axle and the
cavity of the wheel, b) the hydrogen-bonding interactions
between the urea moieties on the upper rim of the calixar-
ene and the anions, and c) the electrostatic interactions be-
tween the cation and the anions held together in the supra-
molecular structure. In the absence of other effects and if
these interactions were additive, it would be expected that
the most stable species is [(CX)2�1]·2X (G in Scheme 3), in

which the axle is surrounded by two macrocycles and two
anions. We have no evidence of the formation of this com-
plex, at least under the majority of the investigated experi-
mental conditions (experiments (ii) and (iii) and NMR ex-
periments).

To explain this behaviour we have to admit that there is
competition between the calixarene and the anions for the
interaction with the cation, in which steric effects play an
important role. From these considerations and a detailed
analysis of the spectra, we can infer some information on
the identity of the species obtained under different experi-
mental conditions. First of all, to evaluate the extent of the
interaction between the axle and the cavity of the wheel, an
analysis of the absorption spectra in the region 240<l<

300 nm can be very useful. In this region the calixarene
makes a substantial contribution to the absorption spectrum,
and the encapsulation of a cationic guest inside the wheel
considerably affects the absorption spectrum of the calixar-
ene.[15] Therefore, we compared the sum of the spectra of
1·2PF6 and CX in a 1:2 ratio with the spectrum of a mixture
of the molecular components in the same proportion (Fig-
ure S10 in the Supporting Information). This comparison re-
vealed that the two spectra are very similar in the region at
l<300 nm: such an observation suggests that the cationic
portion of the axle is scarcely encapsulated inside the cavity
of the wheel, presumably because of the relatively large size
of the DAP unit.

In previously studied calixarene systems[6,7, 15,18] with a bi-
pyridinium-type axle, the encapsulation is more efficient
and there is no evidence of formation of 2:1 host–guest
complexes. On the other hand, a bipyridinium unit can
indeed form a 2:1 host–guest complex with a calix[4]arene,
the small cavity of which affords a less efficient encapsula-
tion.[5i] Additionally, from a comparison of the absorption
spectra of the adducts in the three experiments (see
Figure 7), we can guess that the 1:1 complex obtained in ex-
periment (i) is different from the 1:1 complex of experiments

Figure 7. Absorption spectra of the host–guest complexes in CH2Cl2, RT:
1:1 (g, black line) and 2:1 (b, grey line) adducts from experiment
(i), 1:1 complexes from experiments (ii) (–··–··, black line) and (iii) (c,
grey line). The shaded areas reveal the effects on the absorption spectra
that we ascribed to the charge-transfer interaction between the axle and
the wheel (light grey) and to the interaction between the anions and the
cationic portion of the axle held together in the complex (dark grey).
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(ii) and (iii). Both complexes show the absorption tail at l>

450 nm, which is ascribed to a charge-transfer interaction
between the electron-accepting DAP unit and the p-elec-
tron-rich diphenylurea moieties on the calixarene.[15] More-
over, the spectra obtained in experiments (ii) and (iii) dis-
play a shift of the bands in the range 350–450 nm, which can
tentatively be assigned to the interaction between the
charged axle and the anions held together in the supra-
molecular structure, as suggested by the shape of the spec-
trum of the tight ion pair 1·2TsO (see Figure 7). These dif-
ferences would suggest that under the dilute conditions of
experiment (i) the interaction with the anions is lower than
that in experiments (ii) and (iii), and that these adducts
differ in the extent of ion pairing between the axle and the
anions.

Upon addition of CX to the 1:1 adducts, only under the
conditions of experiment (i) do we observe the formation of
the 2:1 host–guest complex. The absorption spectrum of this
species (see Figure 7) shows an increase of the charge-trans-
fer band and a shift towards lower energies of the bands of
the transition to the first pp* excited state (350<l<

450 nm). These observations would suggest, respectively,
that the DAP unit is involved in charge-transfer interactions
with the aromatic units of both wheels, and that at least one
anion is engaged in the supramolecular complex. Although
we do not have direct structural evidence in support of a
pseudorotaxane topology for the 2:1 adduct,[19] alternative
structures (e.g., the 12+ guest sitting orthogonally to the
rims of two wheels without penetrating the respective cavi-
ties, or interacting with the calixarene walls in an “along-
side” fashion) do not fully account for the observed spectra.
The 2:1 adduct cannot interact with two anions, because this
would imply that two wheels and two anions can coexist in
the supramolecular complex, and therefore complexes with
2:1 stoichiometry (G in Scheme 3) would be expected to
form also in experiments (ii) and (iii). From this analysis we
can conclude that the 2:1 adduct observed in experiment (i)
is the monocationic [(CX)2�1]·X+ (H in Scheme 3), where-
by the axle is surrounded by two wheels and one anion. In
experiments (ii) and (iii) this species is not formed, so we
conclude that the 1:1 complex observed under these condi-
tions is the neutral species [CX�1]·2X (D in Scheme 3), in
which the axle is surrounded by one wheel and two anions
are present, thereby preventing the coordination of a second
wheel molecule. As far as the 1:1 adduct of experiment (i) is
concerned, the absorption spectrum would suggest that this
is the dicationic species [CX�1]2+ (F in Scheme 3), the axle
of which is surrounded just by one wheel, and it is therefore
able to take up a second calixarene.

In summary, the self-assembly of CX and the DAP-based
axle is a complex phenomenon that involves three types of
species (wheel, axle and anions) that can mutually interact.
When the species come together, these interactions affect
one another because of steric effects and, presumably, also
for electronic reasons. The resulting supramolecular struc-
ture is determined by the set of interactions that becomes
dominant under given experimental conditions: in dilute sol-

utions and with low-coordinating anions, the axle takes two
wheels and one anion; in concentrated solutions and in
dilute solutions with high-coordinating anions, the axle takes
one wheel and two anions.

Conclusion

We have studied a new pseudorotaxane based on a tris(phe-
nylureido)calix[6]arene wheel and a DAP-based cationic
axle in apolar solvents. NMR and UV/Vis spectroscopic ex-
periments evidenced the formation of an inclusion complex,
in the shape of a pseudorotaxane. The wheel component is a
heteroditopic receptor, which is able to complex both the
cationic portion of the axle and its counterions. The axle
shows characteristic spectroscopic properties that enabled us
to investigate the interactions at the basis of the formation
of the adducts by means of UV/Vis spectroscopic experi-
ments. This study revealed how the nature of the counter-
ions can affect not only the stability of an adduct, but also
its stoichiometry.

Experimental Section

Synthesis : Compounds CX[6a] and 1·2PF6
[20] were synthesized according to

literature procedures.

NMR diffusion experiments : DOSY experiments were carried out at
293 K on a Bruker Avance 300 spectrometer by using both a stimulated
echo[21] and a LED sequence with bipolar gradients. The diffusion coeffi-
cient D of the species present in solution was determined by monitoring
the intensity decay of at least six resonances in the NMR spectra of the
free CX in CD2Cl2 (10 mm), and of a 2:1 mixture of CX and 1·2PF6 in
CD2Cl2, as a function of gradient strength applied to the sample. The fit-
ting of the attenuation profiles was carried out by using the equation:

I= I0exp ACHTUNGTRENNUNG[�Dg2g2d2(D�d/3�t/2)]

in which I is the intensity of the observed resonance (attenuated), I0 the
intensity of the reference resonance (unattenuated), D the diffusion coef-
ficient, g the gyromagnetic ratio, g the gradient strength, d the gradient
pulse length, D the diffusion time, and t the dephasing and rephasing cor-
rection time. For each sample 16 experiments were carried out, in which
the gradient strength g was varied from 5 to 95% of the maximum gradi-
ent intensity (5.35 Gmm�1).

ESIMS experiments : Mass measurements were carried out on a Thermo
LTQ ORBITRAP XL instrument. The pseudorotaxane mixture in
CD2Cl2 was diluted one tenth with methanol and filtered. High-resolution
mass spectra were recorded in the 0–4000 Da mass range in both positive
and negative mode.

Absorption spectra and titration experiments : Measurements were car-
ried out on air-equilibrated CH2Cl2 (Merck Uvasol) solutions in the con-
centration range from 1.0� 10�5 to 2.5� 10�4

m. UV/Vis absorption spectra
were recorded with either 1 or 5 cm path length cells with a Perkin–
Elmer Lambda 45 spectrometer. Titrations were performed by adding
with a microsyringe small aliquots (typically 5 mL) of a concentrated (2 �
10�4–2 � 10�3

m) solution of wheel CX to a solution (2.5 mL) of the exam-
ined axle species. The UV/Vis absorption changes were monitored
throughout the titration. The apparent stability constants of the com-
plexes were calculated by fitting the absorption titration spectra by
means of the SPECFIT software using a 1:1 and 2:1 association model.

Stopped-flow absorption experiments : Reaction kinetic profiles were col-
lected on air-equilibrated CH2Cl2 (Merck Uvasol) solutions at 293 K with
an Applied Photophysics SX 18-MV equipment. The standard flow tube
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used had an observation path length of 1.0 cm, and the driving ram for
the mixing system was operated at the recommended pressure of 8.5 bar.
Under these conditions the time required to fill the cell was 1.35 ms
(based on a test reaction). Compounds CX and 1·2PF6 were mixed in
0.7:1 and 2:1 ratios; the concentration of the axle component after
mixing was 2.5� 10�5

m. As regards the stopped-flow traces, a baseline
correction was applied to take into account the dependence of the instru-
ment response on pressure. In all the experiments, the cell block and
drive syringes were thermostated by using a circulating constant-tempera-
ture bath maintained at the required temperature. The kinetic absorb-
ance curves obtained by mixing CX and 1·2PF6 in 0.7:1 ratio were ana-
lysed for time t�2 ms with the kinetic model reported in Scheme 2,
Equation (1), by means of the SPECFIT fitting program.[13] The kinetic
absorbance curves obtained by mixing CX and 1·2PF6 in 2:1 ratio were
also analysed for t�2 ms with the kinetic model reported in Scheme 2.
The data were fitted by means of the SPECFIT fitting program; the
values of the kinetic rate constants for the formation of the 1:1 complex
were fixed to the values obtained in the previous experiment. The value
of the association constant K2 was fixed to the value obtained in the titra-
tion experiments.
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