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Abstract: The structure of the Viologen-Phenylene-Imidazole (VPI) 

guest, previously shown to be bound by cucurbit[7]uril (CB[7]) with 

binding modes depending on pH and silver ions, has been extended 

by adding hydrophobic groups on the two extremities of VPI before 

investigations of CB[7] binding by NMR, ITC, X-ray diffraction, UV-vis 

and fluorescence spectroscopies. With an imidazole station extended 

by a naphthalene group (VPI-N), binding modes of CB[7] are similar 

to those previously observed. However, with the viologen extended 

by a tolyl group (T-VPI), CB[7] preferentially sits on station T, shuttling 

between the T and P stations at acid pH or after Ag+ addition. The 

CB[7]•T-VPI complex thus behaves as a metal-actuated 

thermodynamic stop-and-go molecular shuttle featured by fast and 

autonomous ring translocation between two stations and a continuum 

for fractional station occupancy solely and easily controlled by Ag+ 

concentration.  

Introduction 

Since the discovery of molecular shuttles by Stoddart and 

coworkers in the early 1990s,[1] there have been many reports[2] 

describing for example restricted ring shuttling,[3] modulation of 

shuttling speed[4] or tuning of station occupancy.[5] In this field, one 

could distinguish those for which ring shuttling is reversibly 

actuated by an external stimulus, in a switch-like manner,[6]     from 

those, often “rapid” for which ring shuttling occurs autonomously 

between two degenerate or near degenerate stations. However, 

few have been described, to the best of our knowledge, enabling 

to control the entry in the shuttle mode (stop-and-go molecular 

shuttles),[7] and the majority of molecular shuttles have been 

studied in organic solvents. The discovery of cucurbituril 

macrocycles[8] and especially CB[7] in 2000 (Figure 1)[9] featured 

by relatively high affinities for guest molecules[10] enabled to 

prepare several molecular switches[11] and shuttles[12] in water. 

Yet and again, very few reports are available about cucurbituril 

based molecular shuttles in water. Kaifer and coworkers, the first, 

shown in 2006[13] that a “fixed” CB[7] could reversibly enter a fast 

shuttling mode by acidification of a viologen dicarboxylate guest 

molecule, followed by similar results with a more rigid pseudo-

rotaxane.[14] In 2016, Ma and coworkers reported a pH gated 

CB[7] shuttle with tunable room-temperature 

phosphorescence.[15] Recently, McClenaghan, Parola, Basilio 

and coworkers reported a nice example of a CB[7] based 

molecular shuttle gated by light, pH and temperature.[16] Beside 

the light-gated system mentioned above raising or lowering a 

kinetic barrier to exit or enter the shuttling mode, the other 

examples are based on one (or two) particular station(s) that is 

(are) rendered much less attractive for the host by a relevant 

stimulus thereby blocking the ring on another station. Strangely, 

there is no molecular shuttle in water sensitive to a stimulus 

improving ring binding on a disfavored station enough to reach 

the affinity of the first station (entry in autonomous shuttling), but 

not enough to trigger full ring translocation (quantitative single 

shuttling as in a switch). 

 
Figure  1. Molecular structures of VPI and CB[7] and main binding modes upon 

addition of H+ or Ag+. In this work, we extended the hydrophobic part of the guest 

on the viologen side by a tolyl group (T) or on the imidazole side by a 

naphthalene (N) and studied how this impacted CB[7] binding. 
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Recently, we reported the pH-responsive viologen derivative VPI 

because of the three different stations CB[7] can dock on (Figure 

1).[17] While CB[8] formed a host•guest 2:2 complex with this 

guest,[18] and CB[10], a host•guest 2:3 complex,[19] results were 

very different with CB[7]. At one equivalent of host, with H+ or Ag+ 

cations, CB[7] quantitatively moved from station V to station P 

affording a pH- or metal-triggered ring translocation switch in 

water.[17, 20] Fostered by these findings, we wondered how 

structural extensions by hydrophobic fragments would impact 

CB[7] binding considering that the action of chemical stimuli (H+ 

or Ag+) was expected to modulate the outcome. We thus prepared 

two new compounds, extended on the imidazole side by a 

naphthyl group (VPI-N) and on the viologen side by a tolyl group 

(T-VPI) before investigating their interactions with CB[7] and the 

impact of pH and AgNO3 on the binding modes. Finally, we found 

that H+ or Ag+ cations could enable the ring of a new host•guest 

complex to enter a fast autonomous shuttling mode by improving 

binding on a previously disfavored station resulting in a new kind 

of thermodynamic molecular shuttle in water. 

Results and Discussion 

Synthesis. The synthesis of VPI-N is largely inspired from that 

used for VPI,[20] and the preparation of T-VPI relies on well-known 

Zincke chemistry. Details of these syntheses and 

characterizations are described in supporting information.  

CB[7] binding on VPI-N and T-VPI. The 1H NMR spectrum of 

VPI-N in D2O (Figure 2a) is featured by chemical shifts of all 

aromatic resonances that are upfield shifted (7.1-8.8 ppm range) 

compared to analogous signals of VPI (7.3-9.4 pm range)[17] 

suggesting possible aggregation but the signals remaining sharp, 

we assigned this spectrum to the possible formation of a  VPI-N 

dimer in solution at 1 mM.[21] In the presence of 3 equiv. of TFA 

(trifluoroacetic acid,vide infra Figure 3a), resonances in the 

aromatic region shifted downfield (7.5-9.4 ppm range) matching 

with the range of chemical shifts observed for VPI or VPI-H+,[17] 

each signal closely positioned with respect to those of analogous 

protons of VPI and thereby suggesting that VPI-N-H+ is present 

as a monomer in solution. As for VPI, when one equiv. of CB[7] 

was added in a solution of VPI-N, signals corresponding to 

protons H3 and H4 are shifted upfield by 1.0 ppm (Figure 2b) in 

line with viologen complexation.[20] However and contrary to the 

situation with VPI,[17, 20] a second binding is possible, on station N 

(Figure 2c) but requires an excess of CB[7]. In parallel of NMR 

studies, we investigated CB[7] binding by isothermal titration 

calorimetry (ITC) and observed an unusual V-shape thermogram 

for the titration of VPI-N with CB[7] (Figure 2d). Indeed, the H 

values between 0 and 1 equiv. of host decreased before 

increasing after 1 equiv. of host. This behavior could be due to a 

dissociation of VPI-N dimers during an initial CB[7] binding, before 

a second complexation occurs with a larger enthalpic contribution 

after addition of more than 1 equiv. of host. Considering a 2:1 

binding model, a good fit with experimental points was obtained 

affording stepwise binding constants K1 = 2.91 × 105 M-1 and K2 = 

2.86 × 103 M-1. The K1 value for binding of CB[7] on the viologen 

station is close to the one determined for VPI by ITC for the same 

binding (K = 7.25 × 105 M-1).[20] The relatively small value of K2 for 

binding of the second CB[7] on station N is consistent with the 

need of several equivalents of host to saturate this station as 

monitored by NMR (Figure 2c). On the other hand, CB[7] behaved 

differently in the presence of T-VPI. Contrary to VPI or VPI-N, at 

1 equiv. of host, CB[7] prefers sitting on station T of T-VPI, next 

to the viologen, as sometimes observed on viologen 

derivatives.[12e, 22] Indeed, 0.8 ppm upfield shifts of signals 

corresponding to protons Hx and Hy (Figure 2f) are assigned to 

the presence of CB[7] on station T. As for VPI-N though, a slight 

excess of host triggered a second binding of CB[7] but this time 

on station P as suggested by the upfield shifted signals of protons 

H6 (1.1 ppm) and H7 (0.8 ppm, Figure 2g). Titrations by ITC of 

 

Figure 2. Aromatic part of 500 MHz 1H NMR spectra of VPI-N (a) alone, (b) with 1 equiv. of CB[7] and (c) with 5 equiv. of CB[7] at 299±1 K. Microcalorimetric 

titration (d) of VPI-N with CB[7] in line with two binding events (see text). Aromatic part of 500 MHz 1H NMR spectra of T-VPI (e) alone, (f) with 1 equiv. of 
CB[7] and (g) with 2.5 equiv. of CB[7] at 299±1 K. Microcalorimetric titration (h) of T-VPI with CB[7] in line with two binding events (see text).  

 

Figure 3. Aromatic part of 1H NMR spectra of VPI-N-H+ (a) alone, (b) with 1 equiv. of CB[7] and (c) with 5 equiv. of CB[7] at 300 K. Microcalorimetric titration 
(d) of VPI-N-H+ with CB[7] in line with two binding events (see text). Aromatic part of 1H NMR spectra of T-VPI-H+ (e) alone, (f) with 1 equiv. of CB[7] and 

(g) with 2.5 equiv. of CB[7] at 300 K. Microcalorimetric titration (h) of T-VPI-H+ with CB[7] in line with two binding events (see text). 
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solutions of CB[7] in solutions of T-VPI (Figure 2h) afforded 

thermograms consistent with a stepwise binding of 2 CB[7] and 

binding constants K1 = 5.85 × 107 M-1 and K2 = 1.59 × 105 M-1. 

These values are close to those determined by competition NMR 

K1 = 3.2 × 108 M-1 (with respect to phenyl-trimethylammonium, 

Figure S31) and K2 = 2.9 × 105 M-1 (compared to 1-ethyl-3-

methylimidazolium, Figure S32). These results are consistent with 

NMR data which suggested a quantitative binding of 1 equiv. of 

host on station T, and an about quantitative binding (requiring only 

a slight excess of host) on station P.  

CB[7] binding on VPI-N and T-VPI at acid pH. As for VPI,[17] 

when TFA was added on a stoichiometric solution of VPI-N and 

CB[7], the CB[7] host moved on station P (Figure 3b) as reflected 

by marked upfield shifts for signals of H5 ( = 0.25 ppm), H6 ( 

= 0.8 ppm), and H7 ( = 0.7 ppm). And as for VPI again, when 2 

equiv. of host were used in the presence of TFA, there are 2 CB[7] 

sitting on the viologen and imidazole stations as shown by the 

diagnostic upfield shifts of signals of protons H3 ( = 1.5 ppm), 

H4 ( = 1.5 ppm), H8 ( = 0.8 ppm), H9 ( = 0.8 ppm), and H10 

( = 0.25 ppm, Figure 3c). We next recorded ITC thermograms 

for the titration of CB[7] with VPI-N at acid pH which confirmed 

these results (Figure 3d). Simulations according to a 2:1 binding 

mode afforded a good match with experimental points and binding 

constants K1 = 4.85 × 106 M-1 and K2 = 2.10 × 104 M-1. This K1 

value, higher than the one recorded in water at neutral pH (2.91 

× 105 M-1) is consistent with ring translocation on station P (Figure 

3b) and also with the one recorded previously for binding of CB[7] 

on station P of VPI with Ag+ (6.45 × 106 M-1),[20] or H+ (10.4 × 106 

M-1).[17] The K2 value is also higher at acid pH (2.10 × 104 M-1) than 

the one at neutral pH (2.86 × 103 M-1) reflecting better binding on 

station N when the imidazole is protonated. A large range of metal 

ions have previously been tested with VPI.[20] As we found that 

only Ag+ was impacting NMR spectra, we focused on this cation 

with the new guest molecules. With this stimulus, the results are 

very similar to those obtained with TFA (see supporting 

information). Therefore, the extension of the benzimidazole into a 

naphthimidazole did not change much the way CB[7] binds VPI-

N, H+ and Ag+ cations providing results consistent with those 

previously obtained with VPI. 

We then tested the influence of pH and added TFA to solutions of 

T-VPI containing 1 or 2 equiv. of CB[7]. With one host molecule, 

the 1H NMR spectrum is featured by broad peaks (Figure 3f), the 

lack of resonance in the region corresponding to the signals of the 

phenylene possibly indicating that their position has been shifted 

upfield (other resonances at down field correspond to signals of 

viologen protons). The absence of sharp peaks also suggested 

that CB[7] could shuttle between at least 2 stations. Station T 

being largely preferred at neutral pH and station P being one of 

possible stations at acid pH (as for VPI), we hypothesized a 

shuttling of CB[7] between the T and P stations caused by 

protonation of the imidazole group of T-VPI. This is in line with 

previous reports on structurally similar guest compounds for 

CB[7].[17] With two CB[7] in an acidic solution of T-VPI, the 1H 

NMR spectrum (Figure 3g) showed sharp peaks in line with tolyl 

and phenylene complexation, thereby supporting the previous 

hypothesis.  

 

Indeed, upfield shifts of 0.8 and 1.1 ppm for signals of H6 and H7, 

respectively (station P), and of 0.7 and 0.9 ppm for signals of Hx 

and Hy, respectively (station T), are in line with 2 CB[7] hosts 

firmly sitting on stations T and P. This shows that once protonated, 

T-VPI-H+ has a clear preference to host CB[7] molecules on the 

stations T and P with a similar affinity. As previously done, we 

performed ITC titrations, this time of CB[7] in solutions of T-VPI at 

acid pH and recorded thermograms in line with double host 

binding. Simulations according to a 2:1 binding mode afforded a 

good fit with experimental points and similar binding constants K1 

= 4.54 × 106 M-1 and K2 = 3.16 × 106 M-1, supporting the proposed 

shuttling of CB[7] between two stations of T-VPI-H+. Results 

obtained by ITC are summarized in table 1. 

As for VPI-N, the addition of AgNO3 instead of TFA in 

solutions of T-VPI with CB[7] showed pretty similar 1H NMR 

spectra leading to similar conclusions (see supporting 

information). Therefore, adding another (tolyl) binding site on 

the viologen resulted in different CB[7] binding modes, the 

first CB[7] residing on station T, the second on station P 

showcasing a shifting in CB[7] docking from stations V+I (for 

VPI) to stations T+P (for T-VPI). The matching of affinities 

between stations T and P (after guest protonation) afforded 

a new molecular shuttle with fast autonomous ring 

translocation in water due to the near degeneracy of binding 

sites for CB[7] on T-VPI-H+ and Brownian motion,[23] 

temperature only marginally impacting host shuttling (288-

348 K, Figure S43).  

A short read at Table 1 shows large differences in enthalpic 

and entropic behaviour. For the CB[7]•VPI-N system, the first 

binding on station V is largely entropy-driven with an 

unusually small enthalpic value of -6.2 kJ.mol-1 (HCB[7]•viologen 

= -16.7 kJ.mol-1,[24] HCB[7]•VPI= -14.7 kJ.mol-1)[20] which may 

originate from the (necessary) dissociation of the VPI-N 

dimer (energy penalty) before CB[7] can bind VPI-N. The 

second binding on uncharged station N is enthalpy-driven 

with a H2 value of -45.6 kJ.mol-1 and is also featured by a 

large unfavourable entropy change. This trend is similar to 

the one observed for the binding of neutral guests, such as 

3-diazabicycloc[2.2.2]oct-2-ene or cyclopentanone,[25] by 

CB[7] and explained by the release of high-energy water 

molecules from the cavity of the host.[26] This non-classical 

hydrophobic effect (-TS2 > 0) suggests that an entropic 

contribution, resulting from the release of water molecules 

from the naphthalene moiety to bulk water during 

complexation of station N, is significant.[27, 25]  

For VPI-N-H+, this is the opposite. The first binding on station 

P is enthalpy-driven (H1 = -25.6 kJ.mol-1), but the second 

Table 1. Binding constants and thermodynamic parameters obtained by Isothermal Titration Calorimetry in water.[a] 

Species K1/M
-1 H1/kJ.mol-1 -TS1/kJ.mol-1 K2/M

-1 H2/kJ.mol-1 -TS2/kJ.mol-1 

CB[7]•VPI-N 2.91 (±0.61) × 105 -6.2 (± 0.6) -24.9 (± 1.1) 2.86 (±0.21) × 103 -45.6 (± 5.1) +25.9 (± 5.3) 

CB[7]•T-VPI 5.85 (±0.14) × 107 -25.1 (± 0.1) -19.2 (± 0.2) 1.59 (±0.09) × 105 -21.6 (± 0.1) -8.1 (± 0.2) 

CB[7]•VPI-N (acid pH) 4.86 (±0.10) × 106 -25.6 (± 0.2) -12.6 (± 0.3) 2.10 (±0.15) × 104 -4.3 (± 0.4) -20.4 (± 0.6) 

CB[7]•T-VPI (acid pH) 4.54 (±0.21) × 106 -11.3 (± 4.2) -26.8 (± 4.3) 3.16 (±0.06) × 106 -54.3 (± 5.1) +17.2 (± 5.2) 

[a] Binding model: two sets of sites. 
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binding is entropy-driven (-TS2 = -20.4 kJ.mol-1) with low 

H2 (-4.3 kJ.mol-1), perhaps due to the energetic penalty of 

relocating the first CB[7] on station V to allow the second 

CB[7] to dock on station N (or the opposite).  

Without dimerization or host relocation for T-VPI, the two 

CB[7] bindings at neutral pH are both enthalpy-driven (H1 = 

-25.1 kJ.mol-1 and H2 = -21.6 kJ.mol-1) with a high total 

Gibbs enthalpy change (∆G° = -74 kJ.mol-1). The similarity of 

thermodynamic signatures for CB[7] binding on station P for 

(i) the CB[7]•T-VPI system and (ii) the CB[7]•VPI-N-H+ 

system is consistent (~70% ∆H° driven and ~30% ∆S° 

driven) in spite of the different protonated state of the guest. 

However, at acid pH, the two bindings (K1 and K2) are equal 

in magnitude but the first (binding and shuttling) is entropy-

driven (-TS1 = -26.8 kJ.mol-1) with a small value of H1 = -

11.3 kJ.mol-1, while the second is largely enthalpy-driven 

(H2 = -54.3 kJ.mol-1) and entropy compensated (-TS2 = 

+17.2 kJ.mol-1). This may reflect some energy penalty at 

precisely locating a host which prefers shuttling (small H1 

value), before the two CB[7] are fixed on stations T and P. 

Or, the CB[7] shuttling (non-specific interaction due to the 

energetic equivalence of binding sites T and P) could perturb 

guest solvation, enough to make the axle resembling an 

hydrophobic one since the thermodynamic signature (H << 

0, S > 0) looks like the one for pure hydrophobic 

compounds.[25] Unexpectedly, the thermodynamic behaviour 

is similar to the one observed for CB[7] binding on VPI-N 

even if the complexes involved are different. 

A metal-actuated molecular shuttle. During our 

investigation of the CB[7]•T-VPI complex, and more 

specifically the molecular shuttle with excess H+, we 

wondered if we could progressively make the CB[7] ring 

shuttling from the T to the P station with Ag+. Recording 1H 

NMR spectra of the 1:1 CB[7]•T-VPI complex with gradual 

addition of Ag+ showed it is indeed the case (Figure 4) with 

progressive deshielding of signals corresponding to Hx and 

Hy protons suggesting that the T station is less and less 

occupied while at the same time, signals of protons 5, 6, and 

7 progressively shifted upfield (CB[7] on station P). Variable-

temperature (VT) NMR (Figure S56) did not allow to observe 

coalescence that would have enable to determine activation 

energies and rates of exchange. However, the titration with 

increasing concentrations of Ag+ unambiguously showed the 

autonomous and gradual, cation-triggered ring shuttling 

between the T and P stations. 

 

X-ray diffraction. Single crystals of a host:guest 2:1 

complex with silver could be grown from an aqueous solution 

of T-VPI with two CB[7] and excess AgNO3 (1H NMR 

spectrum, Figure 5a). The single-crystal structure (Figure 5b, 

CCDC number 2217466) confirmed the position of the first 

CB[7] on station T and that of the second CB[7] on station P. 

Beside the host:guest arrangement, one silver atom was 

found close to the imidazole function of T-VPI (Ag-N distance 

of 2.24 Å). The silver atom also interacts with two oxygen 

atoms of one carbonyl rim of the CB[7] ring docked on station 

P (Ag-O distances of 2.33 and 2.70 Å). The coordination 

sphere of silver is completed by one ordered water molecule 

(Ag-O distance of 2.42 Å). The structure of this CB[7]2•T-

VPI•Ag+ complex confirms the previously postulated type of 

interactions for Ag+ ions with imidazole containing guest 

molecules and CB[7].[20] Indeed, for VPI, CB[7] was 

postulated to be bound on station P with one silver ion 

 
Figure 4. (a) Aromatic region of the 500 MHz 1H NMR spectrum in D2O (300 K) 

of the CB[7]•T-VPI complex with gradual addition of Ag+ cations and (b) proposed 

gradual shuttling from no shuttle (top), CB[7] residing on station T up to rapid 

shuttling of the ring over the two T and P stations (bottom). 

 
Figure 5. (a) Aromatic region of the 600 MHz 1H NMR spectrum in D2O (300 K) 

of the CB[7]2•T-VPI• Ag+ complex and (b) X-ray structure of the same complex. 
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coordinated by both, the guest by the imidazole nitrogen 

atom, and the host by two oxygen atoms of the closest 

carbonyl rim.[20] Consistent with NMR results, the two CB[7] 

rings are found sitting on the T and P stations.  

This type of double host binding implying separated stations 

(V+I or T+P) observed with VPI, VPI-N and T-VPI is most 

likely due to the impossibility for two CB[7] to sit 

simultaneously on adjacent stations.  

 

 

UV-visible absorption and fluorescence spectroscopies. 

Contrary to VPI which is weakly or not fluorescent, VPI-T is 

emissive in solution which incited us to investigate the 

formation of these complexes by absorption and 

fluorescence spectroscopies (Figure 6 and supporting 

information). First, the comparison of the UV-vis spectra in 

water solution showed no important shift of absorption band 

upon addition of CB[7] for T-VPI and the corresponding 

protonated or coordinated species. Only a slight 

hypsochromic shift of the lower energy band was noticed for 

T-VPI in presence of 2 CB[7], presumably due to the 

presence of a macrocycle on the P station, interacting with 

the benzimidazole ring. Second, regarding the emission 

properties, T-VPI displays a weak fluorescence in the violet-

blue range, peaking at 380 nm. The binding of a first CB[7] 

unit does not shift the band, nevertheless, a second 

equivalent triggers a bathochromic shift of the emission band 

toward 398 nm. This observation is also consistent with the 

presence of a CB[7] at the proximity of the imidazole.  

In the case of T-VPI-H+, a small redshift can be noticed upon 

addition of 1 equiv. of CB[7], which presumably reveals that 

the single host is shuttling between the T and P stations, in 

contrast with T-VPI that lacks such redshift. In the case of T-

VPI•Ag+, the progressive bathochromic shift of the emission 

in presence of CB[7] also suggests that a comparable 

assumption can be formulated, but care has to be taken 

since the emissions are sensibly quenched by the 

coordination to silver, as can be noticed by the lower signal-

to-noise ratio recorded. 

Discussion. While binding of CB[7] on hydrophobic groups 

next to viologens (i. e. tolyl, phenylene) has been observed 

(in agreement with many previous reports),[13, 12e, 28, 14, 22] this 

trend remains difficult to explain. A possible reason may be 

that charge assisted N+C-H•••O=C hydrogen bonds between 

the guest and the carbonyl crowns of the host may be 

stronger (more directional) when CB[7] is on the tolyl than 

when it is on the viologen for which such interactions would 

become more orthogonal so less stabilizing. At one equiv. of 

CB[7], H+ or Ag+ stimuli actuate CB[7] translocation from 

station V to station P (for VPI and VPI-N) or activate ring 

shuttling between stations T and P (for T-VPI). However, with 

2 equiv. of host in solution, one CB[7] is always bound (either 

on station V or station T) before capture of the second CB[7], 

only at excess host, or when H+ or Ag+ cations are added, 

improving affinity of the second host for relevant stations. 

Even if representations of the CB[7] position along the guests 

are simplified for the sake of clarity throughout the paper, the 

atomic representation provided by the crystal structure 

affords more precise insights about CB[7] positioning. The 

unique interplay between Ag+ (or H+), CB[7] and VPI 

derivatives is probably, at least in part, responsible for the 

results observed, this kind of cooperative interaction being 

able to (i) actuate ring translocation, (ii) trigger shuttling 

between two stations or (iii) capture another macrocycle over 

a linear track. Figure 7 summarizes the supramolecular 

complexes discovered and the binding modes of CB[7] 

whether H+ or Ag+ ions are present or not. Hence, compared 

to previous results obtained with VPI, we found that 

hydrophobic extension by a naphthyl group on the imidazole 

did not change much the outcome regarding CB[7] binding 

with H+ or Ag+. The main difference being the possibility to 

complex the N station at high excess host, without H+ or Ag+. 

However, the introduction of a tolyl group on the other side 

(on the viologen) changed the site of the first binding to 

station T, created a shuttling motion in the presence of H+ or 

 
Figure 6. Electronic absorption (left) and fluorescence (right) spectra of T-VPI 

(10-5 M in H2O) alone and with 1 or 2 CB[7] (a) at neutral pH, (b) at acid pH and 

(c) in the presence of 10 equiv. of Ag+ ions (exc = 290 nm). 

 
Figure 7. New supramolecular complexes obtained with VPI-N and with T-VPI 

in the presence of CB[7], without (left column) and with (right column) H+ or Ag+ 

stimuli (⚫: 1:1 complexes, ⚫: 2:1 complexes, ⚫: molecular shuttle). 
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Ag+, and shifted the previously seen double binding from the 

V+I stations to the T+P stations. The serendipitous discovery 

of a metal-actuated molecular shuttle shows that other 

stimuli (here a metallic cation) can be used to enter the 

autonomous shuttle mode. This is possible because the 

asymmetric guest molecule T-VPI possesses one tolyl 

favoured station for CB[7] and another station becoming 

about as attractive for CB[7] as the tolyl after addition of H+ 

(quantitative binding of H+) or Ag+ (equilibrated 

Ag+:imidazole:CB[7] binding). Interestingly, there is a 

continuum accessible in the “degree of shuttling” due to the 

lability of the tridentate Ag+•••N(guest)•••O2(CB[7]) 

interaction. Indeed, one can continuously manipulate the 

degree of shuttling by the simple control of the quantity of 

Ag+ added from the “stop state” to the about equally 

populated “autonomous shuttling state” with all intermediate 

situations. 

Conclusions 

In conclusion, we have explored how hydrophobic extensions on 

either end of a viologen-phenylene-imidazole (VPI) guest 

molecule impact CB[7] binding. Replacement of the initial 

benzimidazole unit by a naphthimidazole part (VPI-N) resulted in 

similar binding behaviours for CB[7], the only noticeable 

difference is the possibility for a second binding on the newly 

formed N station at excess host concentration. However, 

introduction of a tolyl group on the viologen side (T-VPI) showed 

marked changes, CB[7] binding first on the tolyl group (station T) 

followed by binding of a second CB[7] on the phenylene (station 

P). At acid pH, ring translocation or ring capture is observed for 

VPI-N (as for VPI) but for T-VPI, shuttling or second binding 

promotion is observed. For the three guest molecules, the 

addition of Ag+ ions led to the same complexation modes with 

CB[7] as with H+, but required excess metal ion where H+ could 

be used stoichiometrically. Beside NMR enabling to propose 

binding modes of CB[7], ITC allowed to quantify the affinity of the 

hosts for precise stations of the guests confirming double host 

binding and strongly supporting the proposed shuttling of one 

CB[7] on protonated T-VPI. Finally, the single-crystal structure of 

the CB[7]2•T-VPI•Ag+ complex allowed to confirm the binding 

mode of silver, linking simultaneously the host and the guest to 

stabilize a CB[7] on the best station. 

Experimental Section 

General. Chemicals and solvents were purchased from 

commercial sources (Aldrich, Acros, ABCR or TCI) and used 

without further purification. CB[7] was prepared according to a 

previous paper[29] with extra caution regarding possible remaining 

acid traces. NMR measurements were recorded on Bruker AVL 

300, 400, 500 or 600 spectrometers (see supporting information). 

When necessary for D2O solutions, acetone was used as internal 

reference (2.22 ppm). CHN elemental analyses were performed 

using a Flash EA analyser, 1112 series Thermo Finnigan driven 

by the Eager 300 software (see supporting information). 

Isothermal Titration Calorimetry (ITC) experiments were 

performed on a Malvern MicroCal PEAQ-ITC titrating aqueous 

solutions of neutral CB[7] at 2 mM into aqueous solutions of 

guests (100 or 150 M). For experiments at acid pH, solutions of 

CB[7] (2 mM) in aqueous HCl (0.5 mM) were titrated into solutions 

of guests (0.1 mM) in aqueous HCl (0.5 mM) carefully checking 

the pH was done decreasing below 2. Results were auto-analyzed 

using the Malvern MicroCal PEAQ-ITC Analysis Software. UV-

visible absorption spectra were recorded in spectrophotometric 

grade water (ca. 10-5 M) on a VARIAN CARY 50 SCAN 

spectrophotometer at room temperature with a 300 nm/min scan 

rate. Emission spectra were measured using a Horiba-Jobin Yvon 

Fluorolog-3 spectrofluorimeter equipped with a three-slit double-

grating excitation and a spectrograph emission mono-chromator 

with dispersions of 2.1 nm.mm-1 (1200 grooves per mm). A 450 

W xenon continuous wave lamp provided excitation. The 

luminescence of diluted solutions was detected at right angle 

using 10 mm quartz cuvettes. 

Synthesis. The syntheses of VPI-N and T-VPI are detailed in 

supporting information. All products were characterized by 1H and 
13C NMR (see supporting information, Figures S1 to S19). A 

counter anion metathesis was performed on VPI-N using a NO3
- 

ion-exchange resin (see supporting information).   

1H NMR of VPI-N (500 MHz, D2O, 3.3 10-4 M) δ 8.95 (d, J = 5.3 

Hz, 2H, H5), 8.76 (d, J = 5.9 Hz, 2H, H2), 8.19 (d, J = 5.4 Hz, 2H 

H4), 8.13 (d, J = 4.6 Hz, 2H, H3), 8.08 (d, J = 8.0 Hz, 2H, H7), 

7.90 (br s, 2H, H8), 7.73 (br s, 2H, H9 or H10), 7.67 (d, J = 8.2 

Hz, 1H, H6), 7.21 (dd, J = 6.5, Hz J = 3.0 Hz, 2H, H9 or H10), 4.31 

(s, 3H, H1). Figure S7. 
1H NMR of T-VPI (300 MHz, D2O) δ 9.38 (d, J = 7.1 Hz, 2H, H5), 

9.32 (d, J = 7.1 Hz, 2H, H2), 8.74 (d, J = 7.0 Hz, 2H, H4), 8.69 (d, 

J = 7.0 Hz, 2H, H3), 8.31 (d, J = 8.8 Hz, 2H, H7), 7.96 (d, J = 8.8 

Hz, 2H, H6), 7.68 (dd, J = 5.8, 2.8 Hz, 4H, overlapped signals of 

Hy and H8), 7.57 (d, J = 8.2 Hz, 2H, Hx), 7.32 (dd, J = 6.1, 3.2 

Hz, 2H, H9), 2.47 (s, 3H, H1). Figure S15. 

NMR of VPI-N with CB[7]: 1:1 complex. A 1 mM solution of 

CB[7]•VPI-N was prepared by addition of 125 µL of a 4 mM 

solution of VPI-N in D2O, 100 µL of 5 mM solution of CB[7] in D2O 

and 275 µL of D2O. 1H NMR of CB[7]•VPI-N (300 MHz, D2O, 1 

mM) δ 9.38 (d, J = 6.4 Hz, 2H, H5), 9.02 (d, J = 6.5 Hz, 2H, H2), 

8.48 (d, J = 8.7 Hz, 2H, H7 or H6), 8.38 (d, J = 8.7 Hz, 2H, H7 or 

H6), 8.19 (s, 2H, H8), 8.06 (br s, 2H, H9 or H10), 7.51 (br s, 2H, 

H9 or H10), 7.21 (d, J = 6.4 Hz, 2H, H4), 7.08 (d, J = 6.4 Hz, 2H, 

H3), 5.73 (d, J = 15.4 Hz, 14H, CB[7]), 5.54 (s, 14H, CB[7]), 4.25 

(d, J = 15.5 Hz, 14H, CB[7]), 2.22 (acetone, ref). Figure S20. 

2:1 complex. A 0.2 mM solution of CB[7]•VPI-N was prepared by 

addition of 25 µL of a 4 mM solution of VPI-N in D2O, 20 µL of a 

5 mM solution of CB[7] in D2O and 455 µL of D2O; then were 

added successively 4, 16, 60 and 100 µL of a 5 mM solution of 

CB[7] in D2O to prepare solutions presenting VPI-N/CB[7] ratios 

of 1/1.2, 1/2, 1/5 and 1/10, respectively (Figure S22). NMR of VPI-

N + 5 equiv CB[7]: 1H NMR (500 MHz, D2O) δ 9.49 (d, J = 5.7 Hz, 

2H, H5), 8.99 (d, J = 5.7 Hz, 2H, H2), 8.79 (br s, 2H, H7 or H6), 

8.57 (br s, 2H, H7 or H6), 7.22 (d, J = 6.4 Hz, 2H, H4), 7.14 (br m, 

6H, 2H, overlapped signals of H8, H9 and H10), 7.06 (d, J = 5.7 

Hz, 2H, H3), 5.90 – 5.60 (m, 75H, CB[7]), 5.60 – 5.36 (m, 74H, 

CB[7]), 4.34 – 4.03 (m, 74H, CB[7]). Figure S23. 

NMR of T-VPI with CB[7]: 1:1 complex. A 0.5 mM solution of 

CB[7]•T-VPI was prepared by addition of 125 µL of a 2 mM 

solution of T-VPI in D2O (2.5 10-7 mol), 50 µL of 5 mM solution of 

CB[7] in D2O (2.5 10-7 mol) and 325 µL of D2O. 1H NMR of 

CB[7]•T-VPI (500 MHz, D2O, 0.5 mM) δ 9.49 (d, J = 6.4 Hz, 2H, 

H5), 9.15 (d, J = 6.4 Hz, 2H, H2), 8.79 (d, J = 4.7 Hz, 2H, H4), 

8.68 (d, J = 6.2 Hz, 2H, H3), 8.43 (d, J = 8.4 Hz, 2H, H7), 8.10 (d, 

J = 8.4 Hz, 2H, H6), 7.78 (br s, 2H, H8 or H9), 7.44 (dd, J = 5.9, 

3.1 Hz, 2H, H8 or H9)), 6.99 (d, J = 8.0 Hz, 2H, Hy), 6.75 (d, J = 

8.0 Hz, 2H, Hx), 5.80 (two d, J = 15.4 Hz, 14H, CB[7]), 5.50 (s, 

14H, CB[7]), 4.21 (app dd, J = 15.4, 9.2 Hz, 14H, CB[7]), 2.22 

(acetone, ref), 2.09 (br s, 3H, H1). Figure S25. 
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2:1 complex. A 0.2 mM solution of CB[7]2•T-VPI was prepared by 

addition of 50 µL of a 2 mM solution of T-VPI in D2O (10-7 mol), 

50 µL of a 5 mM solution of CB[7] (2.5 10-7 mol) in D2O and 400 

µL of D2O. 1H NMR of CB[7]2•T-VPI (500 MHz, D2O, 0.2 M, 298 

K) δ 9.34 (d, J = 6.0 Hz, 2H, H2), 9.06 (br m, 4H, H3 and H4), 8.08 

(br s, 2H, H5), 7.89 (br m, H8 and H9), 7.47 (br s, 2H, H7), 7.01 

(d, J = 8.2 Hz, 2H, Hy), 6.83 (br s, 2H, H6), 6.65 (d, J = 8.0 Hz, 

2H, Hx), 5.78 (m, 32H, CB[7]), 5.53 (m, 33H, CB[7]), 4.22 (app t, 

J = 15.4 Hz, 36H, CB(7]), 2.22 (acetone, ref), 2.02 (br s, 3H, H1). 

Figure S28. 

NMR of VPI-N-H+ with CB[7]: VPI-N-H+. A solution of TFA-D 

(12.5 mM, 120 µl, 1.5 10-6 mol) was added to a 1 mM solution of 

VPI-N in D2O (500 µL, 0.5 10-6 mol), leading to a pale-yellow 

solution. 1H NMR of VPI-N-H+ (300 MHz, D2O, 1 mM) δ 9.40 (d, J 

= 7.1 Hz, 2H, H5), 9.04 (d, J = 6.9 Hz, 2H, H2), 8.69 (d, J = 7.0 

Hz, 2H, H4), 8.54 (d, J = 6.9 Hz, 2H, H3), 8.42 (d, J = 8.9 Hz, 2H, 

H7), 8.30 (s, 2H, H8), 8.14 – 8.05 (m, 4H, overlapped signals of 

H6 and H9), 7.55 (dd, J = 6.5, 3.3 Hz, 2H, H10), 4.48 (s, 3H, H1). 

Figure S18. 

1:1 complex. A 1 mM solution of CB[7]•VPI-N-H+ was prepared by 

addition of 125 µL of a 4 mM solution of VPI-N (5 10-7 mol) in D2O, 

100 µL of a 5 mM solution of CB[7] (5 10-7 mol) in D2O, 120 µL of 

a 12.5 mM solution of TFA in D2O (1.5 10-6 mol) and 155 µL of 

D2O. 1H NMR of CB[7]•VPI-N-H+ (400 MHz, D2O, 1mM) δ 9.15 (d, 

J = 6.1 Hz, 2H, H5), 8.80 (m, 4H, overlapped signals of H2 and 

H3), 8.65 (m, 4H, overlapped signals of H4 and H8), 8.26 (m, 2H, 

H9 or H10), 7.70 (m, 4H, overlapped signals of H7 and H9 or 

H10), 7.32 (d, J = 8.2 Hz, 2H, H6), 5.71 (dd, J = 23.2, 15.5 Hz, 

14H, CB[7]), 5.55 (s, 13H, CB[7]), 4.58 (s, H1), 4.26 (dd, J = 15.4, 

8.4 Hz, 13H, CB[7]), 2.22 (acetone, ref). Figure S33. 

2:1 complex. A 1 mM solution of CB[7]2•VPI-N-H+ was prepared 

by addition of 125 µL of a 4 mM solution of VPI-N (5 10-7 mol) in 

D2O, 200 µL of a 5 mM solution of CB[7] (10-6 mol) in D2O, 120 

µL of a 12.5 mM solution of TFA in D2O (1.5 10-6 mol) and 60 µL 

of D2O. 1H NMR of CB[7]2•VPI-N-H+ (300 MHz, D2O, 1 mM) δ 9.51 

(d, J = 7.0 Hz, 2H, H5), 9.04 (d, J = 6.7 Hz, 2H, H2), 8.89 (d, J = 

8.8 Hz, 2H, H7), 8.69 (d, J = 8.8 Hz, 2H, H6), 7.46 (s, 1H, H8), 

7.32 (dd, J = 6.4, 3.3 Hz, 2H, H9 or H10), 7.29 – 7.20 (m, 4H, 

overlapped signals of H4 and H9 or H10), 7.07 (d, J = 6.5 Hz, 2H, 

H3), 5.86 – 5.65 (m, 28H, CB[7]), 5.67 (s, 3H, H1), 5.56 (s, 14H, 

CB[7]), 5.45 (s, 14H, CB[7]), 4.27 (d, J = 15.4 Hz, 14H, CB[7]), 

4.17 (dd, J = 15.4, 2.3 Hz, 14H, CB[7]), 2.22 (acetone, ref). Figure 

S36. 

NMR of T-VPI-H+ with CB[7]: T-VPI-H+. a 5 µL of 3.5% DCl 

solution (5 10-6 mol) were added to a 1 mM solution of T-VPI in 

D2O (500 µL, 0.5 10-6 mol), leading to a colorless solution. 1H 

NMR of T-VPI-H+: (300 MHz, D2O) δ 9.44 (d, J = 5.3 Hz, 2H, H5), 

9.30 (d, J = 5.1 Hz, 2H, H2), 8.78 (d, J = 5.4 Hz, 2H, H4), 8.72 (d, 

J = 5.5 Hz, 2H, H3), 8.37 (d, J = 7.1 Hz, 2H, , H7), 8.13 (d, J = 7.3 

Hz, 2H, , H6), 7.80 (m, 2H, , H8), 7.66 – 7.54 (m, 4H,overlapped 

signals of , H6 and Hy), 7.50 (d, J = 8.0 Hz, 2H, , Hx), 2.40 (s, 

3H, , H1). Figure S19. 

1:1 complex. A 1 mM solution of CB[7]•T-VPI-H+ was prepared by 

addition of 250 µL of a 2 mM solution of T-VPI (5 10-7 mol) in D2O, 

100 µL of a 5 mM solution of CB[7] (5 10-7 mol) in D2O, 10 µL of 

a 200 mM solution of TFA in D2O (2 10-6 mol) and 150 µL of D2O. 

The solution was diluted to 0.1 mM. 1H NMR of CB[7]•T-VPI-H+ 

(500 MHz, D2O, 0.1 mM) δ 9.33 (br s, H2), 9.08 (br s, H5), 8.89 

(br s, H4), 8.81 (br s, H3), 8.02 (br s, H8 or H9), 7.91 (s, H7), 7.74 

(br s, H8 or H9), 7.62 (s, H6), 7.46 (br s, Hy), 7.29 (br s, Hx), 5.81 

– 5.67 (m, CB[7]), 5.52 (two s, CB[7]), 4.24 (d, J = 15.4 Hz, CB[7]), 

2.36 (s, H1), 2.22 (acetone, ref). Figure S39. 

2:1 complex. A 0.5 mM solution of CB[7]2•T-VPI-H+ was prepared 

by addition of 125 µL of a 2 mM solution of T-VPI (2.5 10-7 mol) in 

D2O, 50 µL of a 5 mM solution of CB[7] (2.5 10-7 mol) in D2O, 12 

µL of a 100 mM solution of TFA in D2O (1.2 10-6 mol) and 320 µL 

of D2O. 1H NMR of CB[7]2•T-VPI-H+ (400 MHz, D2O, 298 K, 0.5 

mM) δ 9.27 (d, J = 7.0 Hz, 2H, H2), 9.12 (d, J = 6.7 Hz, 2H, H4), 

9.00 (d, J = 6.9 Hz, 2H, H3), 8.86 (d, J = 7.0 Hz, 2H, H5), 8.12 

(dd, J = 6.2, 3.2 Hz, 2H, H8 or H9), 7.80 (dd, J = 6.2, 3.2 Hz, 2H, 

H8 or H9), 7.49 (d, J = 8.6 Hz, 2H, H7), 7.23 (d, J = 8.6 Hz, 2H, 

H6), 6.97 (d, J = 8.4 Hz, 2H, Hy), 6.65 (d, J = 8.3 Hz, 2H, Hx), 

5.75 (app ddd, J = 22.9, 15.4, 9.8 Hz, 28H, CB[7]), 5.65 – 5.43 

(m, 28H, 28H, CB[7]), 4.24 (app ddd, J = 23.7, 15.5, 10.6 Hz, 28H, 

28H, CB[7]), 2.22 (acetone, ref), 2.02 (br s, 3H, H1). Figure S44. 

NMR of VPI-N•Ag+ with CB[7]: 1:1:1 complex. a 0.5 mM solution 

of CB[7]•VPI-N•Ag+ was prepared by addition of 62.5 µL of a 4 

mM solution of VPI-N (2.5 10-7 mol) in D2O, 50 µL of a 5 mM 

solution of CB[7] (2.5 10-7 mol) in D2O, 25 µL of a 200 mM solution 

of AgNO3 in D2O (5 10-6 mol) and 380 µL of D2O. 1H NMR of 

CB[7]•VPI-N•Ag+ (500 MHz, D2O, 300 K, 0.5 mM) δ 9.15 (d, J = 

6.0 Hz, 2H, H2), 8.76 (m, overlapped signals of H4 and H3), 8.51 

(br s, 2H, H8), 8.45 (d, J = 5.8 Hz, 2H, H5), 8.21 (br s, 2H, H9 or 

H10), 7.86 (d, J = 8.0 Hz, 2H, H7), 7.60 (br s, 2H, H9 or H10), 

7.06 (d, J = 7.7 Hz, 2H, H6), 5.69 (app dd, J = 23.2, 15.5 Hz, 14H, 

CB[7]), 5.53 (s, 14H, CB[7]), 4.58 (br s, H1), 4.24 (d, J = 15.5 Hz, 

14H, CB[7]), 2.22 (acetone, ref). Figure S48. 

2:1:1 complex. To a 0.5 mM solution of CB[7]2•VPI-N•Ag+ (2.5 10-

7 mol) was added 50 µL of a 5mM solution of CB[7] in D2O (2.5 

10-7 mol). 1H NMR of CB[7]2•VPI-N•Ag+ (500 MHz, D2O, 300 K, 

0.5 mM) δ 9.49 (d, J = 5.9 Hz, 2H, H5), 9.03 (d, J = 5.5 Hz, 2H, 

H2), 8.98 (d, J = 8.3 Hz, 2H, H7), 8.57 (d, J = 8.1 Hz, 2H, H6), 

7.50 (d, J = 7.6 Hz, 1H, H9), 7.42 – 7.29 (m, 3H, overlapped 

signals of H8, H10 and H9’), 7.24 (two d, J = 16.8, 6.8 Hz, 3H, 

overlapped signals of H10’ and H4), 7.16 (br s, 1H, H8’), 7.07 (d, 

J = 5.5 Hz, 2H, H3), 5.73 (dd, J = 15.0, 7.2 Hz, 28H, CB[7]), 5.56 

(s, 14H, CB[7]), 5.46 (s, 14H, CB[7]), 4.27 (d, J = 15.6 Hz, 14H, 

CB[7]), 4.17 (dd, J = 15.4, 3.0 Hz, 14H, CB[7]), 2.22 (acetone, 

ref). Figure S52. 

NMR of T-VPI•Ag+ with CB[7]: 1:1:1 complex. A 0.5 mM solution 

of CB[7]•T-VPI•Ag+ was prepared by addition of 125 µL of a 2 mM 

solution of T-VPI (2.5 10-7 mol) in D2O, 50 µL of a 5 mM solution 

of CB[7] (2.5 10-7 mol) in D2O, 25 µL of a 200 mM solution of 

AgNO3 in D2O (5 10-6 mol) and 300 µL of D2O. 1H NMR of CB[7]•T-

VPI•Ag+ (500 MHz, D2O, 298 K, 0.5 mM) δ 9.35 (br s, 2H, H2), 

8.89 (br s, 4H, overlapped signals of H3 and H4), 8.80 (br s, 2H, 

H5), 7.95 (br m, 4H, overlapped signals of H7 and H8 or H9), 7.52 

(br s, 6H, overlapped signals of H6, Hy and H8 or H9), 7.34 (br s, 

2H, Hx), 5.71 (d, J = 15.2 Hz, 14H, CB[7]), 5.52 (br s, 14H, CB[7]), 

4.23 (d, J = 15.4 Hz, 14H, CB[7]), 2.37 (br s, 3H, H1), 2.22 

(acetone, ref). Figure S54. 

2:1:1 complex. A 0.5 mM solution of CB[7]2•T-VPI•Ag+ was 

prepared by addition of 125 µL of a 2 mM solution of T-VPI (2.5 

10-7 mol) in D2O, 100 µL of a 5 mM solution of CB[7] (5 10-7 mol) 

in D2O, 25 µL of a 200 mM solution of AgNO3 in D2O (5 10-6 mol) 

and 250 µL of D2O. 1H NMR (500 MHz, D2O) δ 9.28 (d, J = 6.8 

Hz, 2H, H2), 9.07 (d, J = 6.9 Hz, 2H, H4), 9.04 (d, J = 6.7 Hz, 2H, 

H3), 8.49 (d, J = 6.9 Hz, 2H, H5), 7.99 (app t, J = 8.1 Hz, 2H, H8-

H8’ or H9-H9’), 7.70 (d, J = 8.5 Hz, 7H, H7), 7.61 – 7.52 (m, 2H, 

H8-H8’ or H9-H9’), 6.98 (two d, J = 8.5 Hz, 4H, overlapped signals 

of H6 and Hy), 6.65 (d, J = 8.1 Hz, 2H, Hx), 5.83 (d, J = 15.5 Hz, 

7H, CB[7]), 5.79 (d, J = 15.5 Hz, 7H, CB[7]), 5.72 (d, J = 15.5 Hz, 

14H, CB[7]), 5.52 (d, J = 17.8 Hz, 28H, CB[7]), 4.29 – 4.16 (m, 

28H, CB[7]), 2.22 (acetone, ref), 2.01 (br s, 3H, H1). Figure S57. 
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