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Stimuli-responsive metal-directed self-assembly of
a ring-in-ring complex†

Cristina Alvariño,a Carlos Platas-Iglesias,a Víctor Blanco,b Marcos D. García,*a

Carlos Peinador*a and José M. Quintelaa

Concentration, temperature and/or solvent polarity control the

speciation on the metal-directed self-assembly of a ditopic pyridyl

ligand L with cis-protected Pd(II) metal centers. This results into a

controllable dynamic system, involving a [Pd2L2]
6+ metallacycle

and a [Pd4L4]
12+ ring-in-ring complex.

The ultimate goal of supramolecular chemistry1 is to achieve
control over the structure and dynamics of self-assembled
systems.2 Nature is the undisputed master of the discipline,
creating complex functional architectures by exquisite regu-
lation of the spatial and temporal self-organization of a
handful of simple building blocks.3

Among different strategies developed by chemists to mimic
Nature’s self-sorting precision,4 coordination-driven self-
assembly5 has emerged as a powerful tool enabling the con-
struction of innumerable complex structures including inter-
locked molecules.6 Although catenated structures are almost
routinely obtained, inclusion of a macrocycle within another
to form ring-in-ring complexes is a synthetic challenge and few
examples are known.7 Moreover, ring-in-ring assemblies are
key intermediates for the preparation of non trivial molecular
knots such as the Borromean rings.8

Despite the tremendous efforts dedicated to the creation of
supramolecular complexity, by altering the structural (spatial)
aspects of metal-coordination self-assembly, there is still a
great lack of work focused on the dynamic (temporal) features
of the strategy.9 The use of an external stimulus (pH, light,
polarity, etc.), able to alter the speciation in supramolecular
coordination self-assemblies,10 would certainly open the door
for the development of supramolecular adaptive systems.2

Following our ongoing interest on the development of new
metallacycles as molecular receptors11 and building blocks for
interlocked architectures,12 we decided to enlarge the length
of our previously reported dinuclear rectangular metallacyclo-
phanes by self-assembling the 1,4-biphenylene-bridged 4,4′-
bipyridinium-based ligand L with cis-protected Pd(II)/Pt(II)
metal centers M (Scheme 1).

According to the typical methodology employed in our
investigations,13 we firstly proceeded to test the self-assembly
of the [Pd2L2]

6+ metallacycle in organic media. The 1H and
13C NMR spectra of a 10 mM equimolar solution of L(PF6) and
(en)Pd(OTf)2, in CD3NO2 at room temperature, showed signals
and chemical shifts which are in good agreement with the
self-assembly of the expected supramolecule (Fig. 1). Hereafter
all concentrations will be referred to those of the starting com-
ponents. Supported by 2D NMR experiments, we observed the
usual downfield shift of protons Ha, Hb, Hq and Hr on the
receptor as a result of the coordination of the non-quaternized
nitrogen atoms of the ligand, and the upfield shift of the
remaining protons of L because of the formation of the
π-deficient cavity within [Pd2L2]

6+.

Scheme 1 Representation of the different structures discussed in the
text. The meaning of + and − is an increase and decrease of the corres-
ponding stimulus.

†Electronic supplementary information (ESI) available: Synthetic details, full
characterization data of the new compounds (1D and 2D NMR spectra), and
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In sharp contrast, the results obtained for the attempted
self-assembly of the [Pd2L2]

6+ receptor in aqueous media were
far more intriguing. Here, the 1H and 13C NMR spectra
recorded for a 10 mM equimolar solution of L(NO3) and (en)
Pd(NO3)2, in D2O at room temperature, showed two different
sets of signals (twenty aromatic doublets) for the ligand in a
1 : 1 ratio (Fig. 2c). DOSY (diffusion-ordered NMR spec-
troscopy) experiments for this mixture showed the same
diffusion coefficients for the two sets of signals for L and the
palladium complex, implying that all the components of the
sample are diffusing as a whole. Furthermore, the dilution
experiments, carried out on the original sample within the
10–0.125 mM concentration range, revealed the initial two sets
of signals for this species increasingly converging into a new
one (Fig. S60†), and with the NMR data compatible with
[Pd2L2]

6+ being formed as the main product of the self-assem-
bly on the 1–0.125 mM window (Fig. 2b). Additionally, vari-
able-temperature 1H-NMR experiments carried out on the
10 mM sample also showed the conversion of the initially
formed species into the expected dinuclear metallacycle upon
heating (Fig. S63†). Finally, the addition of CD3OD to the
10 mM sample also leads to the formation of [Pd2L2]

6+

(Fig. S64†).

In order to gain insight into the nature of the species occur-
ring by self-assembly of the components in aqueous solution,
we decided to use our previously reported microwave-assisted
protocol for the synthesis of Pt(II) analogues of the supramole-
cules formed.14a After heating an aqueous equimolar solution
of L(NO3) and (en)Pt(NO3)2, the main species formed showed
the same splitting of signals into two sets (twenty aromatic
doublets) as the palladium analogue. Furthermore, after pre-
cipitation with KPF6, the HR-ESI spectra confirmed the self-
assembly of an aggregate as being [Pt4L4](PF6)12 composed of
two metallacycles, with a good correlation between the theore-
tical and experimental isotopic patterns of the peaks resulting
from the loss of three and four counterions (Fig. 3).

At this point it is worth noting that, in terms of topology, a
[M4L4]

12+ species can be assembled in two manners: a [2]cate-
nane formed by two interlocking metallacycles and a ring-in-
ring complex assembled by self-complexation. Even though it
would be in good agreement with the NMR and mass spec-
trometry data and the two proposed models, the formation of
the [2]catenane structure could be ruled out on the basis of
the Pt(II) species displaying a concentration-dependent behav-
ior and the kinetic inertness of the N(Py)–Pt bond at room
temperature.14

Thus, the dilution experiment of a solution of [Pt4L4]
12+

(8 mM in D2O) monitored by 1H NMR showed the gradual con-
version of [Pt4L4]

12+ to [Pt2L2]
6+. Moreover, the 1H NMR spec-

trum recorded upon the addition of 1,5-bis[2-(hydroxyethoxy)
ethoxy]naphthalene, a likely good guest for [Pt2L2]

6+, to a solu-
tion of the [Pt4L4]

12+ species in D2O, showed signals in concor-
dance with those obtained for the inclusion complex between
[Pd2L2]

6+ and the same substrate. In this context, 1H–1H and
1H–13C correlation experiments allowed us to assign the rela-
tive shifts of each of the two different sets of resonances found
for L within the ring-in-ring complex [Pd4L4]

12+ (Fig. 2c). It is
remarkable that the shielding effect experimented by the

Fig. 1 Partial 1H NMR spectra (CD3NO2, 500 MHz) of L(PF6) (10 mM)
(top) and Pd2L2(PF6)2(OTf)4(bottom).

Fig. 2 Partial 1H NMR (D2O, 500 MHz) spectra of (a) L(NO3) (2.5 mM);
equimolar solutions of L(NO3) and (en)Pd(NO3)2: (b) 0.25 mM, (c) 10 mM.

Fig. 3 Mass spectrum (ESI+) showing characteristic peaks for Pt2L2
(black) and Pt4L4 (red). Insets show theoretical (top) and observed
(bottom) isotopic distribution for: (a) fragment [Pt4L4–3PF6]

3+ (b) over-
lapping fragments [Pt4L4–4PF6]

4+ and [Pt2L2–2PF6]
2+.
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biphenylene (BiPh) protons of one set of signals (red signals,
Fig. 2c) was compared with those of the free ligand
L (especially Hi: δ = 6.1 ppm, Δδ = 1.9 ppm; Hf: δ = 6.8 ppm, Δδ
= 1.3 ppm, and Hj: δ = 6.9 ppm, Δδ = 1.2 ppm); as would be
expected for the insertion of the BiPh moieties of one [Pd2L2]

6+

metallacycle inside the cavity of the other [Pd2L2]
6+. Moreover,

the signal attributable to the methylene protons of the species
splits into two doublets because of the loss of symmetry of
[Pd4L4]

12+ compared to [Pd2L2]
6+. In addition, the [Pd2L2]

6+

and [Pd4L4]
12+ structures were characterized by means of DFT

calculations (Fig. 4). According to the calculations the ring-in-
ring species is slightly more stable (1.99 kJ mol−1) than the
[2]catenane in the aqueous phase. Finally, the comparable
length and size of [Pd2L2]

6+ and Ex2Box,15 which form ring-in-
ring structures also support the non-catenated topology.

Considering the results obtained for the self-assembly of
the components in aqueous media, the system behaves as con-
stitutionally dynamic, as a change in an external parameter
(concentration, temperature and solvent polarity), which rever-
sibly produces constitutional changes in the supramolecular
structure. In this context, we tested the conversion of [Pd2L2]

6+

into [Pd4L4]
12+ by increasing the polarity of the reaction media.

Therefore, the 1H NMR spectra recorded upon addition of
NaNO3 to a 0.25 mM solution of [Pd2L2]

6+ showed the partial
conversion of the metallacycle into the [Pd4L4]

12+ ring-in-ring
complex.

BiPh units play an indispensable role in the self-assembly
of the ring-in-ring complex, as we could verify when ligand L′,
with a different configuration of the phenylene and pyridi-
nium rings, was subjected to the same experimental con-
ditions. Thus, ligand L′(NO3) leads to the metallacycle
[Pd2L′2]

6+ in D2O (Fig. 5, see also Fig. S12–S16†). The crystal
structure of [Pd2L′2]

6+ revealed the expected rectangular metal-
lacycle with a similar size and shape to [Pd2L2]

6+.16 However, L′
did not form any other structure than [Pd2L′2]

6+ under the con-
ditions tested for the self-assembly of L. Probably, the electro-
static repulsion between positively charged pyridinium units,
much closer in the hypothetical [Pd4L′4]

12+ structure, prevents
its formation (Fig. 5).

The fact that the speciation is conditioned by the solvent
polarity seems to indicate that hydrophobic interactions are
crucial in this dynamic process. Consequently, the rearrange-
ment towards larger species can be considered as an effort of
the system to hide from the solvent the more apolar region
(BiPh units). In order to quantify this hypothesis, we deter-
mined the solvent-accessible surface area (SASA) and the
buried solvent-accessible surface area (BSASA) (Table 1) for the
BiPh units in each calculated structure. Although the SASA
increases as expected with the number of BiPh, the SASA per
BiPh unit decreases clearly with a maximum of 44% of
reduction/BiPh in the ring-in-ring structure. Likewise, BSASA
follows the same tendency, becoming greater, as the polarity
increases. Moreover, it is worth noting that the SASA reduction
per BiPh on the ring-in-ring complex (44%) is larger than that
on the [2]catenane (39%).

In summary, the self-assembly of the dinuclear metallacycle
[Pd2L2]

6+ has been achieved in organic and aqueous media. In
aqueous media, hydrophobic forces promote the threading of
two [Pd2L2]

6+ metallacyles into a ring-in-ring structure, as
could be demonstrated by dilution and complexation experi-
ments using the platinum-based metallacyclic analogue. For-
mation and dissociation of the ring-in-ring complex can be
controlled by temperature, concentration or medium polarity.
An increase of the polarity of the reaction media promotes the
assembly of the ring-in-ring complex, possibly due to less
exposure to the solvent of the Bipy units within the supramole-
cule and, consequently, due to more favourable solvation
energy.

Fig. 5 Metallacyles [Pd2L2]
6+ (left) and [Pd2L’2]

6+ (right) and schematic
representation for the corresponding ring-in-ring structures.

Table 1 Hydrophobic SASA and BSASA in Å2 for the BiPh units of the
calculated structuresa

BiPh [Pd2L2] [2]Catenane Ring-in-ring

BiPh units 1 2 4 4
SASA 334.6 594.4 815.3 743.9
SASA/BiPh 334.6 297.2 203.8 186.0
BSASA/BiPh — 35.2 128.3b 137.8b

SASA reduction (%) — 11 39 44

aOnly the BiPh units of the calculated structures were taken into
account. A 1.4 Å radii probe was used to calculate SASA and BSASA.
b Average of the two different BiPh units.

Fig. 4 CPK representations of optimized structures of metallacycle
[Pd2L2]

6+ (left), [2]catenane (center), and ring-in-ring (right).
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