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Host-Guest Systems

Internal Dynamics and Modular Peripheral Binding in Stimuli-
Responsive 3 :2 Host:Guest Complexes

Hang Yin, Roselyne Rosas, Stéphane Viel, Michel Giorgi, Valerie Monnier, Laurence Charles,
Didier Siri, Didier Gigmes, Youssef Nassar, Floris Chevallier, Christophe Bucher,*
Ruibing Wang,* Anthony Kermagoret,* and David Bardelang*

Abstract: Now that the chemistry of 1 :1 host:guest
complexes is well-established, it is surprising to note that
higher stoichiometry (oligomeric) complexes, especially
those with excess host, remain largely unexplored. Yet,
proteins tend to oligomerize, affording new functions for
cell machinery. Here, we show that cucurbit[n]uril (CB-
[n]) macrocycles combined with symmetric, linear di-
viologens form unusual 3 : 2 host:guest complexes exhib-
iting remarkable dynamic properties, host self-sorting,
and external ring-translocation. These results highlight
the structural tunability of cucurbit[8]uril (CB[8]) based
3 :2 host:guest complexes in water and their responsive-
ness toward several stimuli (chemicals, pH, redox).

Introduction

One of the most fascinating aspects of proteins is their
ability to self-assemble into well-defined architectures,
thereby creating new functions.[1] For example, nicotinic
acetylcholine receptors are a class of ionic channels for
which most neuronal subtypes comprise α and β subunits
arranged in 2 :3 or 3 :2 stoichiometry.[2] The oligomeric
structure of α2β3 or α3β2 clusters is crucial for these
assemblies to function as ligand-gated ion channels.[3] In
supramolecular chemistry, most research efforts have so far
focused on low-stoichiometry host:guest complexes.[4] How-
ever, higher stoichiometry supramolecular assemblies are
receiving increasing attention,[5] motivated by the prospects
of discovering new properties, specific of these assemblies at
the forefront of science (i.e. in optical, electronic or bio-
logical domains),[6] or yet to discover. Most of the work
currently carried out in this field aims at modulating the size
and diversity of metal-organic cages,[7] or to form assemblies
of precise size and shape from relevant host and guest
molecules.[8] In particular, several works have taken advant-
age of the outstanding recognition properties of cucurbit-
[n]urils (CB[n], Scheme 1) host molecules (Ka=10

2� 17 M� 1 in
water),[9] to explore homo- and hetero-oligomerization.[10]
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Scheme 1. (a) Structures of guest molecules and macrocyclic host used
in this work affording (b) well-defined 3 :2 host:guest complexes (the
blurred grey areas schematically indicate conformational flexibility or
steric hindrance.
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However, the control of successive binding events remains
challenging,[11] a major limitation being the difficulty to
avoid supramolecular polymerization.[12] Among the CB[n]
discrete assemblies reported so far, one can distinguish those
involving an even number of molecules from those involving
an odd number. While “even assemblies” are frequently
observed,[10a] “odd clusters” remain rare, with few examples
of 3 : 2 host:guest complexes.[13] Besides, no rationale has
been proposed to understand and predict their formation.
We show that CB[8] can form stable 1 :2 intermediates

with linear diviologens.[14] This results in a desymmetrization
of the two guest molecules providing binding sites for two
additional CB[8]. This assembly has been exploited to access
several well-defined 3 :2 complexes whose properties are
discussed hereafter.

Results and Discussion

Syntheses

The guest molecules incorporate two pairs of stations, noted
Pi and Vi, with potential affinity for CB[8].

[15] The two types
of stations are symmetry related by a C2 symmetry axis
passing through the central benzene ring (Scheme 1). Differ-
ent substituents (R groups) were introduced on the central
aryl spacer of the Viologen-Phenylene-Aryl-Phenylene-Viol-
ogen guests (VP-A-PV) to gradually impact CB[n] binding
and probe the stability of 3 : 2 complexes. VP-A-PV

derivatives were prepared from selected precursors by
Sonogashira couplings and Zincke reactions (Supporting
Information, Figures S1 to S23).

Common structural motif: 1:2 inclusion complexes

The inclusion of VP-A-PV in CB[n] (n=7, 8) was inves-
tigated by 1H NMR spectroscopy in D2O. The addition of
CB[7] to guest solutions led to the observation of 2 :1 host:
guest complexes, the two CB[7] always sitting on Vi stations
of each guest (Figures S24 to S31). The stoichiometry was
confirmed by ITC for VP-A-PV-(OMe)2 and allowed to
estimate a binding constant Ka=7.2×10

5 M� 1, identical for
each site, Figure S32).[16] Titrations of CB[8] with VP-A-PV
in D2O (Figures S33 to S37) consistently led to the
observation of stable 1 :2 host:guest complexes (Figure 1b
and Figures S33 to S51). The addition of 0.5 molar equiv-
alent of CB[8] led to a splitting of 1H NMR signals assigned
to Pi stations, the large upfield shift experienced by a single
set of signals (<ΔδHf1,g1> �� 0.90 ppm) suggesting that
half of the Pj stations are included in CB[8]. The formation
of 1 :2 complexes involving the CB[8] inclusion of two
phenylene stations, each belonging to one guest molecule
was confirmed by single crystal X-ray diffraction (CCDC
2182217, Figure 2).[17] The two included phenyl rings are
tilted by 41° with respect to the mean plan of the guest
molecules and they are separated by 3.99 Å. The position of
attached protons is special and will be discussed later.

Figure 1. 1H NMR spectra (300 MHz, 298 K, D2O) of (a) VP-A-PV-(Me)2, CB[8] addition being featured by formation of (b) a 1 :2 complex ca.
0.5 equiv. CB[8], and (c) a 3 :2 complex ca.1.5 equiv. of CB[8]. (d) 3 :2 complex from VP-A-PV-(OMe)2 with CB[8] (*: acetone, watergate sequence
used to improve signal-to-noise ratios, for concentrations see the Supporting Information).
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3:2complexes with proximal peripheral binding

1H NMR spectra recorded after addition of one equiv. of
CB[8] to aqueous solutions of VP-A-PV guests carrying
small R groups (R=Me, OMe, OC2H4OH) proved difficult
to analyze. Observation of complex spectra was attributed
to the formation of unsymmetrical 2 : 2 complexes following
the threading of an additional CB[8] on an “external”
station available on the initial 1 : 2 complexes (Figures S33 to
S37). Further changes were observed in the 1H NMR spectra
as the host/guest ratio gradually increased, reaching a final
and stable state after the addition of ~1.5 equiv. of CB[8].
1H NMR spectra recorded at this stage were consistent with
the formation of “compact” CB[8]3

*(VP-A-PV)2 complexes,
with one CB[8] in central position, and two more threaded
on proximal outer phenylene stations (Figure 1c, 1d and
Figures S53 to S61). This attribution relies on detailed
analyses of NMR data, including the consistent observation
of (i) two sets of signals at �8.5–9.2 ppm and �8.6–9.2 ppm
corresponding to “uncomplexed” viologens, (ii) two sets of
signals at �6.6–7.2 ppm and �7.2–7.4 ppm assigned to
complexed phenylenes (P1 and P2) in different chemical
environments, (iii) the stoichiometry, in line with the
relative integration of host and guest signals (1.5 to 1), and
(iv) the large upfield shift experienced by proton a1 at
�3.1 ppm (Δδ�� 1.1 ppm) assigned to two CB[8]-included
methyl groups. This result is a strong evidence for a
simultaneous inclusion of two viologen methyl groups, the
phenylene stations of neighboring guest molecules (P2) being
also included in a CB[8]. This additional external binding
could explain the formation of these 3 :2 complexes,
preventing inclusion of more guests and the formation of
polymers.[12a,b] DOSY experiments recorded on solutions of
VP-A-PV (small R groups) containing�1.5 molar equiv. of
CB[8] showed one set of aligned signals in line with a single
complex exhibiting a substantially lower diffusion coefficient
(D= [1.48–1.61]×10� 10 m2.s� 1, Figures S62 to S64)[18] than for

previously reported CB[8] 2 :2 complexes [1.60–
2.24]×10� 10 m2.s� 1).[10a]

Our work also revealed that the bulkiness of R
substituents of the central aryl ring (A unit in VP-A-PV)
has a strong impact on the association mode, and on the
dynamics of exchange processes in solution. This effect was
initially brought to light by comparing the spectra of VP-A-
PV-(Me)2 and VP-A-PV-(OMe)2 solutions with 1.5 molar
equiv. of CB[8]. The

1H NMR spectrum of the 3 :2 complex
formed with VP-A-PV-(Me)2 showed two well-resolved
signals at 6.75 and 7.18 ppm (f1 and g1 in Figure 1c) assigned
to P1 stations in CB[8], while the one recorded with VP-A-
PV-(OMe)2 showed no trace of these signals which seem to
have disappeared (Figure 1d, similar result for VP-A-PV-
(OC2H4OH)2 Figure S59). This result was difficult to under-
stand due to the small structural difference between VP-A-
PV-(Me)2 and VP-A-PV-(OMe)2, but we realized that the
bulkier methoxy groups could have sandwiched the central
CB[8], dramatically limiting its internal translation (Fig-
ure 1d). The two VP-A-PV-(OMe)2 molecules could thus
have less freedom to accommodate rotational changes of the
two included P1 stations. Raising temperature enabled to
recover the missing signals (Figure 3a and Figure S65) while
decreasing temperature showed a splitting of f1 and g1
signals into f1a+ f1b and g1a+g1b, respectively. Coalescence of
the signals around TC=313 K was assigned to hindered
rotation of included P1 stations below TC and to retrieved
rotation above TC.

[19] Careful inspection of the X-ray
structure (Figure 2b) showed the two phenylene units in red,
symmetry-related by an inversion centre, each of them
possessing four non-equivalent protons (f1a, f1b, g1a, g1b).
While f1a is close to carbonyl portals in line with a deshielded
signal (Figure 3a, 278 K), g1a is at only 0.2 Å from the cavity
mean plane, consistent with the largest upfield shift (Fig-
ure 3a, 278 K).[14–16,18] Instead, f1b and g1b at 1.22 and 0.99 Å
respectively from the cavity mean plane are expected to be
in a similar environment and resonate at similar frequencies
as observed in NMR (Figure 3a, bottom).
Simulations of the 800 MHz 1H NMR spectra at different

temperatures allowed us to estimate the rate of exchange
between the P1 intra cavity protons (f1a

$f1b, g1a $g1b) of
CB[8]3

*(VP-A-PV-(OMe)2)2 (k=50–4500 s� 1, Figure 3a, in-
set and Supporting Information). Building an Eyring plot
allowed us to estimate the activation energy corresponding
to the rotation of P1 in the 3 :2 complex ΔG‡ (298 K)=
14.2 kcal.mol� 1 which is mainly (>89%) enthalpic (ΔH‡=
12.7 kcal.mol� 1). This energetic cost likely reflects the energy
needed to reach a transition state in which the two included
phenylenes are perpendicular. It may be due to (i) internal
guest strain to accommodate the edge-to-face P1-P1 con-
formations, (ii) unfavourable deformations of the CB[8]
cavity to allow for such movements or (iii) unfavourable
guest translation (methoxy steric clash) toward the centre of
the 3 :2 complex to place the less sterically demanding
alkyne bond near the centre of CB[8], and enable the other
P1 to rotate (Figure 3b). Molecular dynamic studies (Fig-
ure 3b) revealed that the CB[8]3

*(VP-A-PV-(OMe)2)2 com-
plexes are stable over 100 ns in water, with two peripheral
CB[8] on P2 stations, each of them co-including one

Figure 2. (a) Structure of the 1 :2 CB[8]1
*(VP-A-PV-(OMe)2)2 complex

determined by single-crystal X-ray diffraction (other molecules removed
for clarity). (b) Focus on the position (see inset) of inner cavity protons
f1a, f1b, g1a, g1b toward the mean plane of CB[8] (in light red; see text).
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neighbouring methyl-pyridinium in good agreement with
NMR data discussed above. In the proposed 3 :2 complexes,
the central CB[8] are much less mobile than the two
peripheral CB[8] (Figure 3b), the methoxy groups behaving
as supramolecular wedges, “blocking” the central CB[8] on
the P1-P1 stations and preventing guest translation (distance
between the central phenylene of each guest=13.2�0.4 Å,
Figure S66) and probably P1 station rotation. This effect was
confirmed by comparing the 1H NMR spectra recorded for
different 1 :2 complexes and by showing that the signals of
protons Hf1 and Hg1 are sharp for VP-A-PV-(Me)2, broad
for VP-A-PV-(OMe)2 and almost disappeared for VP-A-
PV-(OC2H4OH)2 (Figure S41, S44, S47). The two peripheral
CB[8] are also involved in a rigidification of the 3 :2
complexes, likely contributing to the hampered rotation of
the P1 stations, as revealed by the signals of protons Hf1 and
Hg1 that are broad but still clearly visible in the 1 :2 complex
formed with VP-A-PV-(OMe)2 (Figure S44), but virtually
not observed in the corresponding 3 :2 complex (Figure 1d).
The two peripheral CB[8] thus behave as supramolecular
clamps,[10b,20] remotely restricting the rotation rate of both
phenylenes included in the central CB[8] ring, most prob-
ably through a rigidification of the complex impeding the
relative translation of hosts and guests. Of note, peculiar
internal dynamics was observed previously for CB[8] based
2 :2 complexes but relying on different mechanisms.[20a] As a
matter of fact, this is the first example to our knowledge of
artificial mechanical coupling between translational and
rotational motions within large water-soluble
supramolecular complexes (molecular weight >5300 Da
approaching that of small proteins). By exploring how the
length of the side-arms (R groups of VP-A-PV, Scheme 1)
impacts the formation of these 3 :2 complexes, we found
that appropriate R groups can stabilize another kind of 3 :2

complexes with two peripheral CB[8] rings located on distal
stations.

3:2complexes with distal peripheral binding

1H NMR titrations with VP-A-PV-(O(C2H4O)3CH3)2 and
CB[8] (Figure S36) showed the formation of a final stable
2 :1 complex in the presence of excess host, in equilibrium
with a small amount of a 3 :2 complex (Figures S67 and
S68). However, with side-arms carrying an additional hydro-
phobic butyl group, NMR studies showed the formation of a
new 3 :2 complex (Figure 4a) featured by a different
structure. 1H NMR titrations of a solution of VP-A-PV-
(O(C2H4O)3-Bu)2 with CB[8] (Figure S37) first showed the
occurrence of the expected 1 :2 complex at 0.5 equiv. of host
(Figure 4b and S49, confirmed by DOSY, Figure S69).
However, with two molar equiv. of CB[8], new sets of

resonances were observed (Figure 4c) assigned to a pre-
viously unobserved kind of 3 :2 host:guest complex (sup-
ported by integration and DOSY, Figures S69 to S75). This
new complex in which a central CB[8] still binds two P1
stations (broad signals in the 6.7–7.2 ppm region), now
leaves the two P2 stations unoccupied. The

1H NMR
spectrum of that species also exhibits different sets of signals
for “free” and “complexed” viologens. These results are in
stark contrast with 1H NMR spectra of CB[8]3

*(VP-A-PV-(
R)2)2 (R= small alkyl or alkoxide groups) discussed above
which showed that the Pi stations are complexed while Vi
units are all free. Another major difference in the 1H NMR
spectrum shown in Figure 4c compared to previous spectra,
is the presence of strongly shielded signals at 7.70 and
7.85 ppm corresponding to viologen protons c2 and d2
included in CB[8].[14–16,18] Taken together, these data support
the formation of a new 3 :2 complex featuring a specific

Figure 3. (a) Aromatic region of 800 MHz variable-temperature 1H NMR spectra of CB[8]3
*(VP-A-PV-(OMe)2)2 (0.25 mM in D2O) with an

enlargement (inset) of the region corresponding to protons f1a, f1b, g1a, g1b and coalescence of their signals upon temperature increase. (b) Top:
representative structure of the molecular dynamics in water; centre: ellipsoid representation showing weighted contributions of local movements
of each atom around their mean position; bottom: schematic representation of the structure with the studied rotations shown in red.
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binding mode in which (i) both central P1 stations are
inserted within the cavity of one CB[8] ring, and (ii) two
peripheral CB[8] rings are located on distal viologen
stations. Another striking feature of the proposed complex
is the peripheral co-inclusion of butyl groups with viologens
in the outer CB[8],[21] providing a reasonable explanation for
the translocation of peripheral CB[8] from proximal to distal
stations. This insertion of half the number of butyl chains in
CB[8] is demonstrated by a splitting of all signals between 0
and 2 ppm (Figure 4c) into two sets of resonances (same
relative integration), one with sharp signals assigned to
“free” butyl groups and the other with broad upfield shifted
signals assigned to “complexed” butyl groups. The signals of
Hf1 and Hg1 are barely distinguishable at room temperature
due to restrictions in rotational movements of P1 stations in
the central CB[8], but again sample heating enabled P1
stations to recover some rotational freedom as proved by
the intense signals of Hf1 and Hg1 at 343 K (Figure 5a and
Figure S76). Simulations of NMR spectra in the 278–343 K
range allowed us to determine the rotational rate constants
corresponding to the exchange of protons Hf1 and Hg1
between sites “a” and “b” (70—7700 s� 1, Figure 5a). Use of
the Eyring equation then enabled us to estimate the
activation energy corresponding to the rotation of P1
stations in the central CB[8], ΔG‡ (298 K)=13.9 kcal.mol� 1,
being again mainly enthalpic (ΔH‡=12.2 kcal.mol� 1). Molec-
ular dynamics studies showed that the 3 :2 complex CB[8]3

*

(VP-A-PV-(O(C2H4O)3-Bu)2)2 is stable for at least 100 ns in
water (Figure 5b). The central CB[8] was also found to be
less mobile than the others, likely due to the two pairs of
OEG chains flanked near its two carbonyl rims. This form of
steric hindrance could decrease the mobility of the CB[8]

rings, thereby impeding guest translation (distance between
the central phenylene of each guest=12.8�0.4 Å, Fig-
ure S77) and probably rotation of P2 stations. Finally, co-
inclusion of the butyl and viologen units in the two distal
CB[8] was confirmed, resulting in another peripheral rigid-
ification but this time on external viologens. Thus, changing
the length and nature of the side-arms of VP-A-PV guests
made it possible to shift the position of both peripheral
CB[8] rings from proximal to distal stations.

3:2complexes with CB[8] and CB[7]

Fostered by the possibility to change the outer binding from
Pi to Vj stations, we wondered whether CB[7] could also
occupy the peripheral Vi stations of the 1 :2 CB[8]:VP-A-PV
complexes. The NMR spectrum recorded for a 2 :1 : 2
mixture of CB[7], CB[8] and VP-A-PV-(OMe)2 in D2O
(Figure 6a and Figure S78), was different from those corre-
sponding to the CB[8]3

*(VP-A-PV-(OMe)2)2 or CB[7]2
*VP-

A-PV-(OMe)2 complexes.
COSY NMR spectra recorded in these conditions (Fig-

ure S79) revealed that 1H NMR spectra include two sets of
resonances assigned to the phenylene stations (not included
and included in CB[8]) and two sets of resonances assigned
to viologen stations (likewise not included and included in
CB[7]). Of note, the large upfield shifts of proton signals c2
and d2 near 7 ppm (jΔδ j >1.2 ppm) are diagnostics of CB[7]
complexation on viologens (see NMR of CB[7]2

*VP-A-PV-
(OMe)2, Figure S27). These data are thus consistent with a
new supramolecular complex: CB[8]1

*CB[7]2
*(VP-A-PV-(

OMe)2)2 wherein the CB[7] and CB[8] rings have been

Figure 4. 1H NMR spectra (500 MHz, 298 K, D2O) of (a) VP-A-PV-(O(C2H4O)3-Bu)2 and (b and c) with increasing amounts of CB[8] and proposed
complexes (*: acetone, watergate sequence used to improve signal-to-noise ratios; for concentrations see the Supporting Information).
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sorted and positioned on specific stations.[11a,15a, 22] Similar
results were obtained with VP-A-PV-(Me)2 (Figures S80
and S81). This illustrates well the modularity that can be
achieved in cucurbituril host:guest 3 : 2 assemblies.

3:2complexes with selective ring translocation

The ability of CB[8] to promote the formation of charge
transfer (CT) complexes between viologen-based acceptors
and naphthalene-based donors has been widely exploited in
supramolecular chemistry.[10a,23] We have thus checked
whether such complexation could be used to promote a
translocation of both peripheral CB[8] on distal (Vi)
stations.[24] These studies consisted in monitoring the
changes in the 1H NMR spectra of CB[8]3

*(VP-A-PV-(R)2)2
(R=Me, OMe or OC2H4OH) upon addition of 2,6-dihy-
droxynaphthalene (26-DN).[23–24] As expected, the addition
of 6.6 molar equivalents of 26-DN to a solution of CB[8]3

*

(VP-A-PV-(Me)2)2 led to the disappearance of the initial
spectrum in favor of new signals that could be assigned to
the CT complex shown in Figure 6b (see also Figure S82).
COSY NMR spectra (Figure S83) proved useful to unambig-
uously assign all those resonances and to show that the f1/g1
and f2/g2 signals correspond to hydrogen atoms of different
phenylene stations (Pi) located either inside or outside a
CB[8] ring, respectively. Two different sets of signals were
similarly attributed to viologen units locked in different
chemical environments: i) a first set assigned to Hb1-e1, only
slightly shifted compared to the signals of a free viologen

and ii) a second set of signals including strongly shielded
resonances of c2 and d2 protons at �6.9 ppm (jΔδ j
>1.7 ppm) assigned to the formation of a CB[8]-stabilized
viologen-naphthalene CT complex. Therefore, the addition
of 26-DN, used here as a chemical stimulus, allowed a
peripheral translocation of both CB[8] rings, from proximal
to distal stations of the in situ prepared 3 :2 host:guest
complex. Finally, when CB[8] and 2,6-DN were used in large
excess, the 3 :2 : 2 donor-acceptor complex shown in Fig-
ure 6b could be transformed into the 2 :1 : 2 complex CB-
[8]2

*(VP-A-PV-(Me)2)1
*(2,6-DN)2 (Figure S84).

pH-responsive 3:2 complexes: interconversion between 3:2and
2:2complexes

The pyridine-pyridinium motif (PyP+) has attracted in-
creased attention in recent years as a building block for
supramolecular assemblies due to its ability to undergo
homodimerization in the cavity of CB[8].[25] We therefore
turned our attention to the self-assembly properties of the
unmethylated analogue PyP+-A-P+Py-(OC2H4OH)2, incor-
porating two pyridine end-groups (Figure 6c, synthesis in
Supporting Information). Its ability to self-assemble in the
presence of CB[8] and to undergo structural modifications
by pH changes was revealed by NMR spectroscopy (Figure 6
bottom and Figure S85). The 1H NMR spectrum recorded in
D2O after addition of 2 molar equiv. of CB[8] is shown in
Figure 6d. The upfield shifted signals of proton c (confirmed
by COSY NMR, Figure S86) suggests that CB[8] rings are

Figure 5. (a) Aromatic region of 800 MHz variable-temperature 1H NMR spectra of CB[8]3
*(VP-A-PV-(O-(C2H4O)3-Bu)2)2 (0.26 mM) in D2O with an

enlargement (inset) of the region corresponding to protons f1a, f1b, g1a, g1b and coalescence of their signals upon temperature increase. (b) Top:
representative structure of molecular dynamics in water; center: ellipsoid representation showing weighted contributions of local movements of
each atom around their mean position; bottom: schematic representation of the structure with the studied rotations shown in red.
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positioned around the PyP+ stations. However, while the
resonances of CB[8] remain sharp, broad signals were
observed in the aromatic region and could be due to ring
shuttling between the stacked PyP+-PyP+ units and the
stacked P-P stations. DOSY NMR confirmed the presence
of a single species featured by a diffusion coefficient D=

1.79×10� 10 m2.s� 1, in line with a discrete CB[8] 2 :2 complex
(Figure S87). This diffusion coefficient was indeed found to
be smaller than that of the guest alone (D=

2.28×10� 10 m2.s� 1) but larger than those of CB[8]-based 3 :2
complexes (D= [1.48–1.61]×10� 10 m2.s� 1). More interestingly,

we found that a protonation of both terminal pyridines,
readily achieved by addition of 10 molar equiv. of TFA,
resulted in a markedly different spectrum with sharp lines
(Figure 6e and Figure S88) that could be assigned to the
host:guest 3 :2 complex shown in Figure 6e (excess host was
initially present, see COSY NMR, Figure S89). In particular,
the observation of two sets of signals for viologens (b1-e1
and b2-e2) in a region corresponding to “free” viologens,
and two sets of signals as well, broad for f1, g1 and sharp for
f2, g2, both corresponding to included phenylenes strongly
support this assignment. The measured diffusion coefficient

Figure 6. 1H NMR spectra (300 MHz, 298 K, D2O) of (a) the sorted hosts CB[7]2
*CB[8]1

*(VP-A-PV-(OMe)2)2 (0.5 mM) complex, and (b) the
CB[8]3

*26-DN2
*(VP-A-PV-(Me)2)2 complex (0.15 mM * is for acetone used as an internal reference; a watergate sequence was used to improve

signal-to-noise ratios). 26-ND was used to translocate two peripheral CB[8] rings on the periphery of 3 :2 complexes from proximal to distal
stations. 1H NMR spectra (500 MHz, 298 K, D2O) of (c) PyP-A-PPy-(OC2H4OH)2 alone (0.25 mM), (d) with 2 equiv. of CB[8] and (e) after the
addition of 10 more equiv. of TFA.
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D=1.54×10� 10 m2.s� 1 (Figure S90) moreover happened to
fall in the expected domain for a CB[8] 3 :2 complex. Finally,
a back conversion of this 3 :2 species into the initial 2 : 2
complex could be achieved by addition of NaHCO3 leading
to a deprotonation of the terminal pyridinium and to a
sliding motion of both PyP-A-PPy-(OC2H4OH)2 guest
molecules coming along with the ejection of one CB[8] host.
The addition of acid or base thus proved to be an efficient
way to control the stoichiometry of the self-assembled
complexes generated in situ from PyP-A-PPy-(OC2H4OH)2
and CB[8].

Reduction of the 3:2complexes: toward paramagnetic
2:2complexes

The 3 :2 complex obtained from V2+P-A-PV2+-(OMe)2 was
characterized by cyclic voltammetry (CV) measurements.
The CV curves recorded in water (+LiCl) at a vitreous
carbon working electrode before and after addition of 1.5
molar equiv. of CB[8] are shown in Figure 7. The stability of
the discussed inclusion complexes in the conditions of CV
measurements was confirmed by NMR measurements
carried out in the presence of electrolyte.
As expected, the free ligand undergoes two successive

one electron reduction (1e� /viologen) yielding the bis-cation
radical V+*P-A-PV+*-(OMe)2 and the neutral analogue
V0P-A-PV0-(OMe)2 (black line in Figure 7). The Gaussian
shape of the second reduction wave observed at Ep=

� 0.715 V and of all the oxidation waves observed on the
return scan are clearly demonstrating the physisorption of
the reduced forms at the glassy carbon electrode surface,
which makes sense given the strong organic character of the
molecule. With respect to the first reduction wave, we found
that the adsorption of V+*P-A-PV+*-(OMe)2 could not be
avoided by increasing the scan rate, as evidenced by the
observation of intense anodic redissolution peaks at all
studied scan rates (Figure S91). This behavior contrasts with
the standard diffusion-controlled response observed in

organic electrolytes (see Figure S92) where all redox states
of the molecule where found to be perfectly soluble. In situ
formation of the 3 :2 inclusion complex CB[8]3

*(V2+P-A-
PV2+-(OMe)2)2 was first revealed by a strong decrease in
the intensity of all the reduction waves (blue curve in
Figure 7), which is consistent with an increase in the size of
the species formed in solution leading to a decrease in their
diffusional mobility. It was also further revealed by the
disappearance of the Gaussian-shaped re-dissolution peaks,
suggesting that the formation of CB[8]3

*(V2+P-A-PV2+

-(OMe)2)2 in solution prevents the adsorption of the
bisradical V+*P-A-PV+*-(OMe)2 and its quinonic form V0P-
A-PV0-(OMe)2. Complexation was also found to result in a
shift of both reduction waves towards more negative values,
from Ep1= � 0.285 V and Ep2= � 0.715 V measured for the
free guest, to Ep1= � 0.340 V and Ep2= � 1.065 V for the 3 :2
complex formed with CB[8]. These cathodic shifts support
the conclusion that the viologen units are overall more
difficult to reduce in the 3 :2 complex than in the free guest,
which is in agreement with the proposed complex featuring
half of the V2+ units interacting with Pi donors. More
detailed analyses focusing on the first reduction also
confirmed that all the viologen units in CB[8]3

*(V2+P-A-
PV2+-(OMe)2)2 are not in the same chemical environment,
as clearly seen on the CV curve recorded at 100 mV.s� 1

through the observation of a very broad wave featured by a
shoulder at ca � 0.35 V. Then, the large increase of about
350 mV in the stability domain of the bisradical V+*P-A-
PV+*-(OMe)2 (ΔEp=Ep2-Ep1) under the effect of its in-
sertion in CB[8] suggests that the reduced complex CB[8]3

*

(V+*P-A-PV+*-(OMe)2)2 undergoes at the CV time scale a
dissociation driven by the stabilization of the bisradical V+

*P-A-PV+*-(OMe)2 as one of the intermolecular 2 :2 π-dimer
complexes shown in Figure 8, featuring viologen-based π-
dimers[26] at both ends of the guests and two CB[8] hosts
located on proximal or distal stations. The existence of
electron-triggered reorganization processes yielding such
discrete intermolecular π dimer complexes was further
demonstrated by absorption spectroscopy measurements
conducted after chemical reduction of the 3 :2 complex
CB[8]3

*(V2+P-A-PV2+-(OMe)2)2 or of the free guest V
2+P-

A-PV2+-(OMe)2 used as a reference.
As can be seen in Figure 9a, the addition of an excess of

sodium dithionite to an oxygen-free aqueous solution of V2+

P-A-PV2+-(OMe)2 led to the development of i) an intense
signal in the visible range showing shoulders at 500, 600 and
680 nm attributed to the free radical V+*[27] of V+*P-A-PV+

*� (OMe)2 and of ii) a very broad band extending from 800 to
1500 nm attributed to the formation of a mixture of
intermolecular π-dimerized oligomers.[28]

Then, the chemical reduction of the 3 :2 complex CB-
[8]3

*(V2+P-A-PV2+-(OMe)2)2 carried out in the same exper-
imental conditions conversely led to different spectra (Fig-
ure 9b), including maxima at 608 and 963 nm which are
fingerprint data supporting the formation of a discrete π
dimer complex stabilized by CB[8] rings.[28a–c,29] Taken
together, the electrochemical data recorded after addition of
1.5 molar equiv. of CB[8] are thus consistent with the
formation of the proposed 3 :2 complex. The main evidence

Figure 7. A) Voltamperometric curves recorded at 25 mV.s� 1 for
aqueous solutions of VP-A-PV-(OMe)2 (1×10

� 3 M+0.1 M LiCl) before
(black line) and after (blue line) addition of 1.5 molar equiv. of CB[8].
B) Focus on the [� 0.1 to � 0.6 V] potential window, with CV curves
recorded at 25 (full black line); 50 (dashed black line, and 100 (full blue
line) mV.s-1 (vitreous carbon working electrode ∅=3 mm).
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being i) the loss in current intensity due to the formation of
a large complex with lower diffusion properties than those
of the free guest, ii) the observation of a broad reduction
wave with shoulder suggesting the existence of different
chemical environments for the four viologen units involved
in the 3 :2 complex and iii) the negative shift of the first
reduction potential upon complexation, suggesting the
association of the viologen units with electron rich stations.
Then, the electron-triggered dissociation of the 3 :2 complex
affording the discrete π dimerized 2 :2 complex CB[8]2

*(VP-
A-PV-(OMe)2)2

4+4* was first revealed at the CV timescale
by a very large cathodic shift of the second reduction wave
and further confirmed by the observation of a diagnostic
signal in the visible to near-infrared range. Our findings are
conceptually summarized in Figure 10.
The masterpieces of these assemblies are the host:guest

1 : 2 complexes. CB[8] “supramolecularly clicks”[30] two
molecules of VP-A-PV by a new phenylenealkyne motif,
thereby providing a new platform from which several
parameters could be explored toward the formation of
larger 3 :2 complexes (internal dynamics, proximal versus
distal binding, effect of guest side-chains, host self-sorting,
and effects of external stimuli).

Conclusion

A series of simple and symmetric guest molecules showed a
surprisingly rich scenario of CB[n] binding in water. With a
linear guest design featuring two mutually exclusive stations
for CB[8] on one side of a guest (impossible to dock two

CB[n]s on adjacent V and P stations),[16] but “compatible”
stations on two guests, 3 :2 host:guest complexes could be
built displaying tunable modularity. A key parameter is
probably the trend for this class of guests to include pairwise
in a first CB[8] such as placing two phenylene-ethynylene
(P1) stations in the host cavity (a central {CB[8]*P*P}
recognition motif), electrostatic repulsion between neigh-
bouring viologen units probably playing a role in this
arrangement (staggered threads in CB[8]). In most 3 :2
complexes, two N+-Me groups additionally co-include with
the guests P2 stations in two proximal peripheral CB[8],
avoiding further host:guest assembly and supramolecular
polymerization.[10a] Peripheral host binding appeared to
considerably rigidify the whole 3 :2 complexes, drastically
reducing host and guest translational movements, in turn
impacting the rotation of P1 stations. This type of transla-
tional-rotational coupling between the host and the guest
dynamics is unprecedented to our knowledge in large host:
guest complexes in water. The role of the guest interfacial
domain connecting subdomains A and B was explored
toward understanding its impact in the apparent desymmet-
rization triggered by the initial binding event, the first
binding on P1 stations leaving identical P2 stations, free.

Figure 8. Lowest energy structures (DFT with dispersion) of two differ-
ent pi-dimer 2 :2 complexes with the general formula CB[8]2

*(V+*P-A-
PV+*-(OMe)2)2 showing CB[8] hosts located on a) proximal or b) distal
stations.

Figure 9. UV/Vis NIR absorption spectra recorded over time (1
spectrum/second) after the addition of excess Na2S2O4 to an aqueous
solution (1×10� 3 M+0.1 M LiCl) of a) VP-A-PV-(OMe)2 and b) VP-A-
PV-(OMe)2+1.5 molar equiv. of CB[8] (l=0.5 mm; only one 2 :2
complex shown, for clarity).
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With longer side-arms carrying hydrophobic extremities on
VP-A-PV, consistent CB[8] binding was observed on P1
stations but the 2 peripheral CB[8] were found to sit on
distal V2 stations, co-including one butyl group each. The
rigidified 3 :2 complex also showed rotation of the central,
included P1 stations, largely inhibited at room temperature.
By taking advantage of the better affinity of CB[7] for the
distal (viologen) stations, we could prepare mixed CB[8]:
CB[7] complexes from the same CB[8]-P1-P1 core motif but
with two CB[7]-V2 recognition motifs, so placing another
kind of macrocycle on distal stations. By using 2,6-dihydrox-
ynaphthalene, we could also translocate two peripheral
CB[8] from proximal to distal stations, keeping the initial
architecture of the 3 :2 host:guest complex (which trans-
formed into a 3 :2 : 2 host:guest:guest complex). Finally, the
redox stimulus (reduction) was shown to transform 3 :2
complexes into paramagnetic 2 : 2 complexes, and pH
changes on a 2 :2 complex of an analogue of VP-A-PV
enabled access to a new 3 :2 complex. These examples
unambiguously demonstrate the potential of CB[n] macro-
cycles for the construction of sophisticated oligomeric
assemblies in water. The present design based on rigid
scaffolds is not limited to linear guest molecules and could
in principle deliver a myriad of new supramolecular
oligomers (curved or cyclic) with emergent properties using
CB[8] in water.

Supporting Information

Details of chemical syntheses, characterizations, NMR,
crystallization, ITC and theoretical calculations. Additional
NMR spectra are also provided. The authors have cited
additional references within the Supporting
Information.[31–40]
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