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Stilbene derivatives are well-recognised substructures of molecular switches based on 

photochemically and/or thermally induced (E)/(Z) isomerisation. We combined a stilbene motif with 

two benzimidazolium arms to prepare new sorts of supramolecular building blocks and examined their 

binding properties towards cucurbit[n]urils (n = 7, 8) and cyclodextrins (𝛽-CD, 𝛾-CD) in water. Based 

on the 1H NMR data and molecular dynamics simulations, we found that two distinct complexes with 

different stoichiometry, i.e., guest@𝛽-CD1 and guest@𝛽 -CD2, coexist in equilibrium in a water solution 

of the (Z)-stilbene-based guests. We also demonstrated that the bis(benzimidazo-lio)stilbene guests 

can be transformed from the (E) into the (Z) form via UV irradiation and back via thermal treatment in 

DMSO. 
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1. Introduction 

Stilbene moiety appears in many naturally occurring compounds such as well-known resveratrol and 

synthetic derivatives which have various biological effects.[1] Stilbene, along with its aza- analogues, 

represents an intriguing structural motif for designing supramolecular components.[2] Illustrative 

structures that allow for positive charging at both ends of the stilbene moiety, which is important for 

the binding of cucurbit [n]uril macrocycles (CBns),[3] are shown in Figure 1. In addition, these 

compounds can be used as molecular switches due to their ability to isomerise in response to 

photochemical and/or thermal stimuli. Such molecular switches can exist in two distinct geometries, 

represented by (E) and (Z) diastereomers. The (E) isomer shows a straight, rigid arrangement, while 

the (Z) isomer represents well-defined bent geometry. Due to their different shape, the two isomers 

can display a contrasting selectivity towards macrocyclic hosts. This phenomenon allowed Harada and 

colleagues to demonstrate a UV-light-driven adhesion of macroscopic objects.[4] Similarly, Rosales and 

colleagues were able to reversibly change the mechanical properties of hydrogel fabricated from two 

sorts of hyaluronan, which were modified with cyclodextrin and azobenzene, respectively.[5] Another 

example of the binding mode switching via a photochemical signal has been described on pillararenes[6] 

or cucurbit[7]uril,[7] while other studies have demonstrated that the complexation of stilbene inside 

the cyclodextrin[8] or cucurbit[7]uril cavity,[9] the complementary ditopic 24-crown-8-like host,[10] or 

within the ternary complex with two molecules of octa acid[11] can significantly influence the ratio of 



(E)/(Z) conversion. Stilbene derivatives have also been used as scaffolds for the construction of various 

supramolecular architectures including crown-ether-based charge-transfer complexes,[12] 

photochemically controlled hydrogels,[13] and cucurbit[6]uril-based rotaxane.[14] In addition, the (E)/(Z) 

isomerisation ability of stilbenedisulfonate has been employed in sensing systems, such as in 

conjugation with oligonucleotides.[15] Further examples can be found in recent reviews.[16] 

 

 

 

 

 

 

 

 

 

Figure 1. The stilbene-like scaffolds and hosts discussed in this study (n = 7, 8). 

 

Although the studies mentioned above employed diverse macrocycles, there are two families of 

macrocyclic hosts that have been favoured in most recent supramolecular chemistry. Cyclodextrins 

(CDs) are natural, biocompatible, and inherently chiral macrocycles that consist of glucose units linked 

via 1→4 glycosidic bonds to form a conically-shaped structure with nonpolar interior cavity and polar 

rims decorated with OH groups.[17] The second family, cucurbit[n]urils, are man-made molecular 

containers with highly symmetric and rigid barrel-like structures. Similarly to CDs, CBns have a non-

polar cavity that is capable of binding lipophilic guests via a hydrophobic effect. Moreover, the portals 

of the CBns cavities are lined with carbonyl groups that can bind cationic species, contributing 

significantly to overall complex stability. The outstanding binding properties of CBns led to the 

preparation of the strongest 1:1 complex, with the association constant reaching 1017 M-1[18] 

Cucurbit[n]urils and cyclodextrins can bind guests of similar sizes and shapes[2,19] and can interact with 

each other via adjacent portals.[20] As a result, they are usually combined with suitable multitopic 

guests to form functional supramolecular systems such as molecular sensors[21] and catalytic 

devices.[22] 

As a part of our ongoing work on imidazolium-based multitopic guests, we are interested in synthesis, 

supramolecular behaviour, and the (E)/(Z) isomerisation ability of bisimidazolium salts with stilbene 

centrepiece, and therefore we prepared two bis(benzimidazolio)stilbene guests to examine the 

binding ability of their stereoisomers towards 𝛽-CD, 𝛾-CD, CB7, and CB8 macrocycles. In this paper, we 

show that the (Z)-isomer of the guest displays two unexpected distinct binding modes with 𝛽-CD, and 

demonstrate the (E)/(Z) conversion of the guests on UV irradiation and thermal treatment. 

 

 

 



2. Results and Discussion 

2.1. Synthesis of Guest Compounds 

All guests were prepared from the bis(benzimidazolyl) stilbene intermediate 7. This key intermediate 

was prepared by a Wittig reaction from the corresponding aldehyde 4 and phosphonium salt 6 (see 

Scheme 1). The preparation of compounds 4 and 6 started from the alcohol 3, which was oxidized by 

periodic acid in the presence of CrIII to produce aldehyde 4. Simultaneously, the alcohol 3 was 

transformed using SOCp to the corresponding chlorinated compound 5. Unfortunately, this compound 

was highly unstable and rapidly underwent polymerization (a non-soluble solid material was formed). 

As a result, the freshly prepared compound 5 was immediately transformed to the phosphonium salt 

6 without any purification. The stilbene 7 arose from the reaction of 4 and 6 as a mixture of (E) and (Z) 

isomers. The ratio was determined by the integration from the 1H NMR spectrum (FigureS5). 

Surprisingly, the (Z) isomer predominated in the mixture in the ratio (E):(Z) = 1:2. Although we paid 

considerable attention to separating these isomers, we did not succeed, and therefore we decided to 

perform the final quaternization step with the mixture of (E/Z)-7. 

First, we used Mel to obtain guest 8, which can be considered as a model for the description ofthe 

stilbene moiety binding behaviour (Scheme 2). A mixture of (E/Z)-8 was obtained with the ratio (E):(Z) 

= 2:3, according to the 1H NMR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. The synthetic approach towards intermediate 7. 



 

 

 

 

 

 

Scheme 2. The procedure towards the stilbene-based guests (Ad = 1-adamantyl). 

 

Fortunately, the solubility of the (E)-isomer markedly differs from that ofthe (Z)-isomer, allowing us to 

separate essentially pure (E)-8 by precipitation from the methanol-chloroform mixture. Consequently, 

the residual mother liqueur contained (Z)-8, along with traces of (E)-8, which was removed using 

column chromatography. It is worth of noting that column chromatography cannot be used directly 

for the separation of the crude (E/Z)-8 mixture because we were not able to elute the (E)-8 isomer. 

Finally, we attempted to prepare the hetero-tritopic guest with two terminal high-affinity sites based 

on 1-adamantyl. Considering the low reactivity of the 1-adamantylmethyl precursors and the effect of 

the linker between the adamantane cage and the benzimidazolium cation on the affinity towards 

cucurbit[n]urils, [23] we decided to introduce a 2-(1-adamantyl) ethyl substituent (Scheme 2). The 

reaction mixture was treated for six days at 120°C to reach approximately a 50% conversion of the 

starting material to the desired (E/Z)-9 guest, with a (E):(Z) ratio of 1:3 (according to 1H NMR; see, 

Figure S11). A higher excess of alkylating agent brought no improvement of the yield, while the 

prolongation of the reaction time and/or a higher reaction temperature led to the conversion of a 

significant portion of (Z)-9 to the more thermodynamically stable (E)-9. Unfortunately, we were not 

able to separate these two isomers by a column chromatography or a selective precipitation approach, 

and so only the (E)-9 isomer was prepared in a pure form by the extended thermal treatment of the 

crude mixture of both isomers. 

 

2.2. Assignment of the Structure of the Diastereoisomers 

The unambiguous distinguishing of the (E) and (Z) stereoisomers of 8 and 9 was very important for 

further binding studies. The stilbene motif itself represents one binding site, and its configuration 

strongly influences the spatial distance between the two other potential binding sites represented by 

the terminal groups. Since the central double bond in 8 is substituted symmetrically, the distinguishing 

of the isomers according to the 3JHH value in the 1H NMR spectrum is not applicable in this case. Based 

on previously published NMR data,[9] we can only assume that the isomer with a chemical shift of H—

C=C at 6.6 ppm and 7.3 ppm is (Z)-8 and (E)-8, respectively (Figure S6, S8). As will be shown later, the 

guest 8 forms an inclusion complex with 𝛽-CD, which displays a slow exchange mode on the NMR 

timescale. In such a complex, the two ends of the guest became non-identical, revealing 3JHH for the 

two H-atoms on the central double bond of 12.4 Hz (Figure 3). However, such a moderate value of this 

parameter does not allow for an unambiguous distinguishing of the stereoisomer. Fortunately, we 

managed to grow a single crystal for the X-ray diffraction analysis via repeated crystallisation from 

CHCI3 (a slow evaporation of the solvent at room temperature) and determined it as the (Z)-8. The 

ORTEP of the asymmetric unit is shown in Figure 2 and further details can be seen in Table S1. Note 

that the (Z)-8 crystallised with chloride counterions and three water molecules within the asymmetric 



unit. We assume that iodide anions were replaced by chloride anions that originated from the oxidative 

cleavage of CHCI3 during crystallisation. In addition, the single crystal development likely needed some 

contamination of chloroform solution with moisture. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. An X-ray diffraction analysis of (Z)-8. (A) The crystal packing is viewed down the a-axis. H-atoms are not displayed 

for clarity. The O-atoms from water and the chloride anions are shown as red and green spheres, respectively. (B) An ORTEP 

of the asymmetric unit. Water atoms and chloride anions are omitted for clarity. 

 

3. Host-Guest Studies 

3.1. NMR Experiments 

Initially, we performed several titration experiments with (Z)-8 in D2O. Because only one set of signals 

was observed during titration with CB7 and CB8, we infer that these hosts and (Z)-8 produced a binding 

equilibrium that displayed a fast chemical exchange dynamics on the chemical shift timescale (500 

MHz, 303 K). In the initial stage of titration with CB7 (up to 1:1 host: guest ratio), the signal of H(j), i.e. 

H—C=C, moved upfield, whereas all other signals moved downfield (Figure S19). This observation could 

imply the inclusion of the central part of the guest inside the CB7 cavity. However, the H(j)-atoms were 

shifted downfield and the H-atoms at the benzimidazolium ring, H(g), and H(a) were shifted upfield 

with an excess of the host. We speculate that upon an excess of CB7, the initial 1 :1 inclusion complex 

changed to an external 2:1 complex (Z)-8@CB72, with benzimidazolium units sitting at the CB7 portals 

and terminal methyl groups shallowly buried into CB7 cavities. A similar shifting of the H(j), H(i), and 

H(h) signals was observed within the titration of (Z)-8 with CB8 (Figure S20). In contrast to CB7, all the 

signals of the guest appeared at a lower field, up to the addition of one equivalent of CB8. Upon these 

observations, we can infer that two binding modes take place at different concentrations of CB8, but 

that the nature of these complexes cannot be completely clarified using NMR data. 

We continued our study on (Z)-8 with cyclodextrins. Upon the titration of (Z)-8 with 𝛾-CD, a significant 

downfield shift of H(a) and H(g-j) signals was observed, as can be seen in FigureS18. Assuming 1:1 

binding stoichiometry, the chemical shifts of H(g) and H(j) plotted against the concentration of 𝛾-CD 

were analysed using the Hanna—Ashbaugh equation[24]as reported previously, [25] to determine the K 

value to be (6.8± 0.2)x103 M-1. The most interesting results were obtained using 𝛽-CD as a host (Figure 



3, Figure S17). We observed two separate set of signals for the guest. One of the sets displayed 

broadened proton signals that shifted downfield upon incremental addition of the host (see the signals 

marked by asterisks in Figure 3). This observation indicates the formation of a complex in the mixture 

displaying a moderate-exchange mode. The second set of signals did not experience chemical shift 

changes but featured an increase in intensity at the expense of that of the former. In the presence of 

two equivalents of the host, only the second set of signals was detected. This indicated the formation 

of another complex in a slow-exchange mode. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. A portion of the 1H NMR spectrum of the (Z)-8/𝛽-CD mixture in D2O, recorded at 500 MHz (700 MHz for the upper 

line). The signals assigned to the guest that bound in the moderate-exchange manner are asterisked. The H1 signal (this part 

of the spectra was downscaled three times) for 𝛽-CD which is bound in the slow-exchange mode is marked with t. 

 

Note that the signals of the second set are split into pairs likely due to the inherently chiral 𝛽-CD. [25] 

Two observations should be stressed. First, the complete conversion from the moderate-to the slow-

exchanged complex requires two equivalents of 𝛽-CD. Second, the examination of the integral 

intensities of H(g) and H1 after the deconvolution revealed that the ratio was 1 :1 at each step of the 

titration. This suggests that the slow-exchange complex consists of two 𝛽-CD units, but only one 

macrocycle is bound in the slow-exchange manner. To shed light on this intricate complexation 

behaviour, we performed a number of molecular dynamics simulations (see Section 3.4 below). The 

supposed structures of the (Z)-8@𝛽-CD and (Z)-8@p-CD2 complexes are shown in Figure 4. 

The low solubility of (E)-8 in a water environment discourages any quantitative analysis of NMR data, 

and therefore only qualitative information will be summarised further. In titration experiments with 

𝛽-CD, we observed very similar 1H NMR signals pattern for (E)-8 as for (Z)-8. As can be seen in Figure 

S21, the signals of H-atoms at terminal methyl groups H (a), methylene bridges H(g), and central double 

bond H(j) were split into pairs likely due to the complexation of the guest inside the conical CD cavity 

in a slow-exchange manner. In titration experiments with CB7, we observed an unambiguous upfield 

shift of the signal of the H-atom at the central double bond. This observation indicates the formation 

of an inclusion complex with a stilbene centrepiece, positioned inside the CB7 cavity. We also 



performed some experiments in mixed solvents, namely in the mixture D2O:DMSO-d6 (1:1, v:v), but 

only very small shifts of signals indicated the formation of very weak complexes, if any (Figure S23). 

Finally, we examined the guest (E)-9, which was insoluble in pure water, according to the 1H NMR 

spectrum. However, the addition of a large excess of 𝛽-CD (approximately 5 eq.) led to the partial 

dissolving of the guest due to the formation of a water-soluble complex (Figure S25). Knowing that 

adamantane derivatives usually form highly stable inclusion complexes with 𝛽-CD (log K = 4-5), it is 

reasonable to suppose the positioning of CD at the terminal (T) adamantane sites. In addition, the 

splitting of signals from the central part of the guest indicates that the central (C) stilbene site is also 

occupied by cyclodextrin likely to form a 1:3 assembly (E)-9@(𝛽-CDC, 𝛽-CD2
T), where C and T 

superscripts denote the central and terminal sites of the guest, respectively. 

 

Figure 4. Representative structures of the (Z)-8@p-CD (left) and (Z)-8@𝛽-CD2 (right) as obtained from MD simulations. 

 

Note that in the less polar medium (CD3OD: D2O, 2:1, v:v), only the occupation of the terminal 

adamantane sites was observed (Figure S27). Contrary to 𝛽-CD, the addition of the CB7 to the 

dispersion of the guest (E)-9 in water did not improve solubility, and only the signals of CB7 were 

observed in the 1H NMR spectrum. However, the addition of CB7 into the solution in which the 

quaternary aggregate (E)-9@(𝛽-CDC, 𝛽-CD2
T) predominates (see above) led to the rapid upfield shift 

of the adamantane signals as the 𝛽-CD units at terminal sites were replaced with CB7 macrocycles. 

Nevertheless, the remainder of the complex in the solution indicates that (E)-9@(𝛽-CDC, CB72
T) was 

formed, most likely because the formation of (E)-9@(CB72
T) with an excess of CB7 was not observed 

as described above. This hypothesis is supported by the observation of two distinct sets of signals for 

𝛽-CD. The minor signal can be attributed to the 𝛽-CD, which is fastened at the central stilbene site by 

two CB7 stoppers, as described previously with different guests. [26] 

 

3.2. Titration Calorimetry 

As mentioned above, the guests (E)-8 and (E)-9 displayed very low solubility in a water environment, 

and therefore we were not able to conduct any reasonable ITC experiment with (E)-9, and titrations 

with (E)-8 were limited to the more stable complexes with CBns. 

The experimental values of the association constants K of (Z)-8 with 𝛽-CD and 𝛾-CD are very similar 

(see Table 1). If we consider the binding of the central part of the guest inside the cyclodextrin cavity, 



the stronger binding of the bulky (Z)-8 with the wider 𝛾-CD could be expected. The comparable K 

values, which were obtained using a One Set of Sites model, imply that binding modes are different. 

We assume a conventional inclusion binding mode with the central part of the (Z)-8 guest inside the 

𝛾-CD cavity. On the other hand, the situation is intricate in the (Z)-8 + 𝛽-CD system. We employed 

three theoretical models available in Origin software, i.e., One Set of Sites (OSS), Two Sets of Sites 

(TSS), and Sequential Binding Sites (SBS), to analyse these data (Figure S56). Whereas the TSS model 

did not provide any meaningful results, similar K values were obtained using OSS and SBS model. 

Assuming 1:2 stoichiometry of the complex, the OSS model provided average K value, while K1 and K2 

values, which were calculated using the SBS model, indicate a positive cooperativity of the 𝛽-CD units. 

[27] 

 

Table 1. The K [M-1] values obtained by the ITC in water at 303 K. 

 

  

 

 

 

aOne Set of Sites model; bSequential Binding Sites model (2 sites); determined by 1H NMR titration in D2O at 303 K; NA = not 

available due to the low solubility of the guest. 

 

As suggested by the 1H NMR results and computational data (see below), the binding sites for 𝛽-CD 

units within 1: 1 and 1:2 complex are different. Transformation of the 1:1 complex to the 1: 2 complex 

involves dissociation of the 𝛽-CD unit from the centre of the guest and binding of the two 𝛽-CD units 

at terminal binding sites. Therefore, ITC data for the (Z)-8 + 𝛽-CD system are only indicative and the 

experimental values of K provided in Table 1 for must be considered to be apparent. The complexes of 

both guests 8 with CB7 and CB8 display moderate stabilities, as can be seen in Table 1 (the complete 

thermodynamic data are in Table S2, while the binding isotherms are shown in Figure S55 and Figure 

S57, respectively). The weakest complex was observed for (Z)-8 with CB7. This relatively low stability 

can likely be attributed to the steric strain of the bent guest molecule inside the narrow CB7 cavity. In 

contrast to the (Z)-8, the straight guest (E)-8 is better suited to the CB7 cavity, with 28 x higher K value 

in comparison to the (Z)-8@CB7 complex. It is a somewhat surprising that (E)-8 binds the CB8 

significantly stronger than CB7. The corresponding KCB8/KCB7 ratio is 72.7. Since the distance between 

the two N-atoms adjacent to the central stilbene part in the guest (E)-8 is about 14 Å and the portal-

portal distance in CBn is about 9 Å, it is reasonable to suppose that CB7 runs between the two termini, 

while only one portal is effectively involved in the ion-dipole interaction. In contrast, the higher 

stability of the (E)-8@CB8 complex can be explained by the tilting of the guest inside the wider cavity 

to allow the contribution of both CB8 portals to the complex stabilisation. 

 

3.3. Mass Spectrometry 

Finally, we employed an ion-trap mass spectrometer with an electrospray ion source to provide 

independent support for the assumed complexes. We analysed the equimolar mixtures of the guests 

(Z)-8, (E)-8, and (E)-9 with 𝛽-CD, 𝛾-CD, CB7, and CB8 in concentrations of 6.3 μM. In all the studied 



cases, we observed signals related to the doubly charged [guest-host]2+ complexes. In the mixtures of 

both isomers of guest 8 with two equivalents of the largest macrocycles, i.e., 𝛾-CD and CB8, we 

observed weak but unambiguous signals of the [guest-host2]2+ aggregates. To support a 2:1 binding 

stoichiometry in the case of (Z)-8 and 𝛽-CD, we measured the spectrum of the solution with a large 

excess of 𝛽-CD (5 equivalents). We observed weak but unambiguous signals of (Z)-8@𝛽-CD2, as can be 

seen in Figure S31B. In the case of the guest (E)-9, the aggregates of the [guest-host2]2+ type were 

observed with both CB7 and CB8, respectively. Finally, we studied the ability of (E)-9 to form 

quaternary complexes in the gas phase. In all of studied mixtures containing three equivalents of 𝛽-CD 

or 𝛾-CD and five equivalents of CB7 or CB8, a triply charged signal assigned as the [guest-CD,CB2 + 

Na+]3+ was observed. For the corresponding spectra, see Figures S30-S54 in the Supporting 

Information. 

 

3.4. (Z)/(E) Isomerisation 

We performed several experiments to examine the ability of prepared guests to switch their geometry 

via the isomerisation of the central stilbene double bond. All these experiments were carried out in 

borosilicate glass NMR tubes, and the composition of the reaction mixtures was determined using 1H 

NMR spectroscopy. As mentioned in Section 2.1., the compound (Z)-9 can be readily transformed into 

its (E isomer by thermal treatment. In contrast, the pure (Z)-9 was not available due to difficulties 

within purification, and therefore we started with pure (E)-9 (the 1H NMR spectrum in d6-DMSO is 

shown in Figure 5, line 1), which was immersed into an acetone bath and irradiated using a medium-

pressure mercury lamp (125 W). The acetone filter was used to avoid an undesired 2𝜋 + 2𝜋 

cycloaddition. In 90 minutes, a photostationary state (E)-9:(Z)-9 = 52:48 was reached (for the 1H NMR 

spectrum, see Figure 5, line 2). Similarly, pure (E)-8 produced a mixture of (E)-8:(Z)-8 = 42:58. 

Subsequently, we treated these mixtures in DMSO at 120±2°C to obtain complete recovery of (E)-9 

within 16 hours (for the 1H NMR spectrum, see Figure 5, line 3). We repeated the 

photochemical/thermal cycle five-times with compound 9 to observe essentially the same (E):(Z) ratios 

in each step, as the inserted chart demonstrates in Figure 5. Only insignificant amount of side products 

was detected via 1H NMR spectra. Surprisingly, the compound (Z)-8 underwent thermal isomerisation 

very slowly under the same conditions to produce only 5% of (E)-8 within 10 hours. In addition, we 

repeated all the above-mentioned experiments in the presence of 𝛽-CD and CB7, respectively, but 

observed no significant influence of the hosts on the (E):(Z) ratio. To conclude this section, we infer 

that structures derived from stilbene 9 are suitable candidates for the construction of photochemical-

thermal molecular switches. 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 5. A portion of the 1H NMR spectra of the (E/Z)-9 mixture in d6-DMSO, recorded at 400 MHz. The signals assigned to 

the (Z)-9 are asterisked. Line 1 starts (E)-9; the line 2 mixture after 90 minutes of irradiation; and the line 3 mixture after 16 

hours of treatment at 120 °C. The inserted chart demonstrates reproducibility within five cycles. 

 

 

3.5. The Computed Binding Modes of (Z)-8, (E)-8 and 𝛽-CD 

As mentioned above, we faced certain difficulties interpreting the binding behaviour of (Z)-8 towards 

𝛽-CD from NMR and ITC data, which suggests that there are at least two distinct binding modes. To 

shed light on this issue, we performed extensive molecular dynamic simulations on the 1: 1 (Z)-8@𝛽-

CD complex. 

Initially, we performed an unbiased MD simulation to reveal that the complex is stable during the 1-

𝜇s-long simulation (Figure S61). Most of the time, the stilbene part of the guest was inside the cavity 

of cyclodextrin (0.35 < 𝜏 < 0.75; 𝜏 is a collective variable that describe the transition of the guest 

through the 𝛽-CD cavity, see below and the Supporting Information section for more detail). We also 

observed transitions to the other state (0.85 < 𝜏 < 0.95), in which one of the benzimidazolium terminals 

was moved to the cavity, while the rest of the guests pointed to the space of the primary CD rim. The 

other possibility, in which the guest would point to the space of the secondary CD rim, was not 

observed. A possible cause of this observation would be the separation of such a state by a barrier, 

which discourages visiting such a state on a time scale accessible by unbiased MD simulation (< 1 𝜇s). 



To test this hypothesis, we employed the biased MD simulation to obtain detailed information about 

a possible shuttle of 𝛽-CD alongside the guest. 

In general, biased MD simulations require the correct selection of suitable geometrical parameters, 

also called collective variables (CV), along which the bias is employed. The bias helps to promote 

transitions that would be otherwise unobserved in regular MD simulations in a computationally 

accessible time scale. In our work, we tried to understand the shuttling of 𝛽-CD alongside guest, or in 

other words, the threading of the (Z)-8 guest through the cavity of the cyclodextrin host. We found 

that these movements are complex because both host and guest are very flexible. In the case ofthe 

guest, the flexibility is introduced by methylene linkers (carbon atoms C11 and C26, Figure S58) 

between otherwise rigid blocks composed of the central stilbene and terminal benzimidazolium parts. 

We tested several standard collective variables such as distances and angles and their combinations, 

but their performance was found to be unsatisfactory, and therefore we implemented new collective 

variables that were designed to handle the threading of a flexible guest through the cavity of the host 

(Figure S60). The collective variable t describes the parametric position of the guest in the cavity, taken 

from the intersection between the plane representing the host and the guest worm-like 

representation. We found that this CV alone was not able to facilitate back-and-forth transitions due 

to a significant hysteresis along the pathway, and therefore we had to include another collective 

variable 𝜒, which facilitated smoother movement. This CV describes the direction of the guest portion 

within the cavity. The result of the biased simulation employing these two CVs is shown in Figure S62A. 

 

 

Figure 6. Representations of the detected thermodynamic states S1 to S4 of the (Z)-8@𝛽-CD complex. The guest is shown 

using the stick model, while the host is displayed using the semi-transparent molecular surface. The cavity is indicated by 

the darkest region. Hydrogen atoms are not shown for clarity. To further improve the visualisation deception, the guest was 

superimposed using the benzimidazolium ring for the S1 and S4 states, and the stilbene part for the S2 and S3 states. 

 

Altogether, we found four states S1-S4. States S2, S3, and S4 were already observed in unbiased MD 

simulation, while the state S1 was new. Unfortunately, we were not able to capture it entirely because 

a complex dissociation occurred for 𝜏 < -0.02. The geometrical representation of the found states is 

shown in Figure 6. Since the x collective variable played a supplementary role, we removed it by 

statistical reweighing. The obtained free energy profile ∆Gw(𝜏) describing the threading is shown in 

Figure 7, and the energies of the found states and transition states are summarised in Table S6. 

In the S2 and S3 states, the stilbene part of the guest is placed inside the cavity of the host. The main 

difference lies in the position of the guest towards the CD rims. In S2, the primary CD rim is closer to 

one of the benzimidazolium terminals, while in S3, it is the secondary CD rim. The obtained free 

energies showed that the S3 arrangement is somewhat beneficial, in comparison to S2. However, the 



energy difference (0.5kJmol-1) and the barrier separating these states (~ 1.4kJmol-1) is very small, 

suggesting that they are effectively one state. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The free energy profile ∆Gw (𝜏) for the guest (Z)-8 threading through the cavity of the 𝛽-CD obtained from the 5.0-

𝜇s-long ABF/MWA simulation. The identified thermodynamic states are labelled S1 to S4. The confidence intervals (errors) 

of the calculated free energy are shown as a light colour strip. The experimental dissociation energy from the ITC 

experiment is indicated by a blue dashed line. 

 

In the S1 and S4 states, the cavity is occupied by one of the benzimidazolium terminals, instead of the 

stilbene part. In most cases, the guest has a 'C'-like shape in which the other benzimidazolium terminal 

interacts with the outer surface of the host (Figure S63). Interestingly, the orientation of the 

benzimidazolium terminals in the cavity differs. In S1, the benzene ring is buried in the cavity, while 

the imidazole ring is located at the entrance of the secondary CD rim. In S4, the benzimidazolium ring 

is deeply immersed into the cavity and rotated by about 90°. 

We also attempted to create a model of a possible 1:2 complex (Z)-8@𝛽-CD2. Due to the limited 

experimental evidence about the potential arrangement, we considered all three orientations of the 

𝛽-CD rims. Only one arrangement was stable during the entire 1-𝜇s-long unbiased MD simulation 

(Table S4). In this arrangement, 𝛽-CDs were faced by their primary CD rims (P…P). The other 

arrangements were unstable and led to the complex dissociation; i.e. one of p-CDs slipped from the 

guest to form the 1:1 complex. This was proved by multiple repeats of the simulations that were 

started from different initial configurations. 

The structure of the stable 1:2 arrangement is shown in Figure S64. Although both the guest and the 

P…P arrangements of the 𝛽-CDs are symmetrical, a detailed analysis of the 𝛽-CD positions over the 

guest revealed the temporal asymmetry of two p-CDs towards the guest (Figure S65). This observation 

is drawn from the relatively short simulation (1𝜇s) performed on a time scale that is far away from the 

slow-exchange NMR timescales. However, the arrangement complexity, where multiple hydrogen 

bonds exist at the interface of two rims, suggests there might be a sufficiently large barrier, making 

this temporal asymmetry experimentally observable. 



Subsequently, we focused on the guest (E}-8. The complex (E)-8@𝛽-CD was stable during the entire 1-

𝜇s-long unbiased MD simulation. 𝛽-CD was positioned over the stilbene part of the guest with no 

transitions to the benzimidazolium terminals, as observed in the case of (Z)-8@𝛽-CD. The 

representative structure and progress of t are shown in Figure S66 and Figure S67, respectively. 

Similarly to the complexes containing (Z)-8, only one arrangement of two p-CDs (P…P) was stable 

during the entire simulation of (E)-8@p-CD2 (Table S4). The representative structure and progress of 𝜏 

are shown in Figure S68 and Figure S69, respectively. 

An analysis of the radial distribution functions between the water oxygen atoms and hydrogen atoms 

on the C18 and C19 carbons of the guest showed markedly lower values for complexes containing the 

guest in the (E)-configuration than their (Z)-counter parts, with only minor impact by complex 

stoichiometry (Figure S70). This indicates that the stilbene core is more efficiently wrapped by 𝛽-CD(s) 

when the guest has a straight-like shape due to the (E)configuration, rather than a bent-like shape due 

to the (Z)-configuration. 

 

4. Conclusion 

We prepared three guests based on a new bisbenzimidazolium binding motif with a stilbene 

centrepiece, and described their binding properties towards cucurbit[n]urils and cyclodextrins. Using 

titration calorimetry, we determined the association constants of guest 8 with 𝛽/𝛾-cyclodextrins and 

CB7/8 in an order of magnitude of 103M-1 and 105-8 M-1 respectively. Interestingly, the 1H NMR 

titrations revealed that the supramolecular system consisting of 𝛽-CD and guest (Z)-8 displays distinct 

binding modes, with a different exchange rate on the NMR timescale. However, an extensive biased 

MD simulation of the (Z)-8@𝛽-CD complex revealed that p-CD can move along the guest despite its 

curved shape, with only small barriers. In the most stable configurations (S2 and S3, ~ 0 kJmol-1), 𝛽-CD 

is positioned over the stilbene core, while in the less stable configurations (S1 and S4, 10.9 and 4.4 

kJmol-1), 𝛽-CD is positioned over either terminal benzimidazolium ring. These two states are slightly 

different due to the inherent asymmetry of 𝛽-CD. The natural asymmetry of the complex due to 𝛽-CD 

could be responsible for the observed asymmetry of the 1H NMR signals of the guest, upon interaction 

with 𝛽-CD. On the other hand, the calculated barriers and comparison with the experimental binding 

affinity (—21.6kJmol-1) indicate that such a complex can exist in the fast-exchange regime of NMR. 

Considering this and the fact that the complex in a fast-exchange manner was observed within the 1H 

NMR titration up to two molar excess of 𝛽-CD, we infer that the splitting of the 1H signal observed 

during the NMR titration of (Z)-8 with 𝛽-CD can be attributed to a (Z)-8@𝛽-CD2 that coexists in the 

mixture along with (Z)-8@𝛽-CD from the early stage of the titration experiment. 

Unbiased MD simulations on the (Z)-8@𝛽-CD2 complex revealed that only an arrangement with CDs 

facing each other with the primary rims is stable. Although this geometry is symmetrical, an analysis 

of 1-𝜇s-long MD simulation revealed a temporal asymmetry of the complex, and therefore the 

observed slow-exchange NMR signals can be explained by higher kinetic barriers between the states 

showing temporal asymmetry. Even though this is not fully supported by our simulations because of 

the significantly shorter simulation times (ps) in comparison to the expected time scales in the slow-

exchange NMR regime (ms), it is supported by the structure itself. There is a significant amount of 

hydrogen bonds at the CD interface that need to be rearranged. Their reorganisation can be slow 

enough to provide slow-exchange NMR signals. 



For comparison, we also modelled 1:1 and 1:2 complexes containing (E)-8. Qualitatively, these 

complexes behave similarly to those containing (Z)-8. One noticeable difference lies in the way the 

central part of the stilbene is covered by 𝛽-CD. Due to the bent structure of the (Z)-8 guest, the 

hydrogen atoms at the C18 and C19 carbons are more exposed to the solvent than in the case of (E)-

8. 

Finally, we demonstrated that the reversible conversion of the (Z) → (E) and (E) — (Z) configurations 

of the guests can be achieved by thermal and photochemical treatment, respectively. Since the 

stereoisomers differ in their binding properties, the bis(benzimidazolio) stilbene motif is a suitable 

candidate for the construction of molecular switches. 

 

Experimental Section 

General 

All solvents, reagents, and starting compounds (if not mentioned otherwise) were of analytical grade, 

purchased from commercial sources and used without further purification. 1-(1-Adamantyl)-2-

bromoethane was prepared as described previously.[23] The photochemical experiments were 

conducted in commercial photochemical borosilicate glass reactor (Photochemical Reactors Ltd, UK) 

using a medium pressure mercury lamp (125 W). Melting points were measured on a Kofler block and 

are uncorrected. Elemental analyses (C, H and N) were determined with a Thermo Fisher Scientific 

Flash EA 1112. NMR spectra were recorded at 303 K on a Bruker Avance III 500 spectrometer operating 

at frequencies of 500.11 MHz (1H) and 125.77 MHz (13C), on a Jeol JNM-ECZ400R/S3 spectrometer 

operating at frequencies of 399.78 MHz (1H) and 100.53 MHz (13C), and on a Bruker Avance III 300 

spectrometer operating at frequencies of 300.13 MHz (1H) and 75.77 MHz (13C). The 1H- and 13C-NMR 

chemical shifts were referenced to the signal of the solvent [1H: S(residual CHCl3) = 7.26 ppm, 

𝛿(residual HDO) = 4.70 ppm, 𝛿(residual DMSO-d5) = 2.50 ppm; 13C: S(DMSO-d6) = 39.52 ppm, 𝛿(CDCl3) 

= 77.16 ppm]. Signal multiplicity is indicated by 's' for singlet, 'd' for doublet, 'dd' for doublet of 

doublets, 'm' for multiplet, and 'um' for an unresolved multiplet. IR spectra were recorded using a 

Smart OMNI-Transmission Nicolet iS10 spectrophotometer. Samples were measured in KBr discs. UV-

Vis spectra were recorded using a Thermo Spectronic spectrophotometer within a range of 𝜆 = 280-

800 nm, with a 2 nm step. Electrospray mass spectra (ESI-MS) were recorded using an amaZon X ion-

trap mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with an electrospray 

ionization source. All the experiments were conducted in the positive-ion polarity mode. The 

instrumental conditions used to measure the single imidazolium salts, and their mixtures with the host 

molecules were different, so they are described separately. Single imidazolium salts: Individual 

samples (with concentrations of 0.5 𝜇g cm-3) were infused into the ESI source in methanol:water (1:1, 

v:v) solutions using a syringe pump with a constant flow rate of 3 𝜇l min-1 The other instrumental 

conditions were as follows: an electrospray voltage of -4.2 kV, a capillary exit voltage of 140 V, a drying 

gas temperature of 220°C, a drying gas flow rate of 6.0 dm3min-1, and a nebulizer pressure of 55.16 

kPa. Host-guest complexes: An aqueous solution of the guest (6.25 𝜇M) and the equimolar amount of 

the corresponding host (in the case of 𝛾-CD and CB8, respectively, experiments with 2.0 eq. of these 

hosts were also carried out) for the binary complexes or an aqueous solution of the guest molecule 

(6.25 𝜇M), CB7/8 (3.0 eq.), and 𝛽/𝛾-CD (5.0 eq.) for the ternary complexes, was infused into the ESI 

source at a constant flow rate of 3 𝜇l min-1. The other instrumental conditions were as follows: an 

electrospray voltage of -4.0 kV, a capillary exit voltage of 140 V up to -50 V, a drying gas temperature 

of 300°C, a drying gas flow rate of 6.0 dm3min-1, and a nebulizer pressure of 206.84 kPa. Nitrogen was 

used as both the nebulizing and drying gas for all of the experiments. Tandem mass spectra were 



collected using CID with He as the collision gas after the isolation of the required ions. Isothermal 

titration calorimetry measurements were carried out in H2O using a VP-ITC MicroCal instrument at 

303 K. The concentrations were approximately 0.130.15 and 0.46-0.50 mM for the host in the cell and 

the guest in the microsyringe, respectively. The raw experimental data were analysed with the 

MicroCal ORIGIN software. The dilution heats were taken into account for each guest compound. The 

data were fitted to a theoretical titration curve using the 'One Set of Binding Sites' model. A 

methylviogen dichloride hydrate with association constant of 7.05 106 dm3mo-1 was used as 

competitor. Diffraction data were collected on a Rigaku MicroMax-007 HF rotating anode four-circle 

diffractometer using Mo K𝛼 radiation at 120 K. Crystal-Clear and CrysAlisPro software packages were 

used for data collection and reduction. 
[28] The structures were solved by the direct methods procedure 

and refined by full matrix least-squares methods on F2 using SHELXT and SHELXL.[29] All non-hydrogen 

atoms were refined anisotropically. Water hydrogens were not easily located in the difference Fourier 

maps, and therefore not included in the refinement. All other hydrogen atoms were refined as riding 

on their carrier atoms. The supplementary crystallographic data for this paper can be obtained free of 

charge from the Cambridge Crystallographic Data Centre (reference no. 1908033) via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Computational Methods 

Molecular dynamics simulations of the (Z)-8@𝛽-CD, (Z)-8@p-CD2, (E)-8@𝛽-CD, and (E)-8@𝛽-CD2 

complexes were performed in the Amber 16 package[30,31] and a modified pmemd program from 

AMBER connected with PMFLib. [32]  The 𝛽-CD host and (Z/E)-8 guests were described by the 

GLYCAM[33] and GAFF[34] force fields, respectively. Each complex was immersed into a truncated 

octahedral box filled by the TIP3P water[35] and two chloride anions[36] to maintain electroneutrality. 

The temperature and pressure were kept at 300 K and 100 kPa, respectively. The concentration of the 

complex under the employed conditions was between 10 and 19 mM. In addition to the unbiased MD 

simulations, which were each 1 𝜇s in length, we run 5-𝜇s-long biased simulation of the (Z)-8@𝛽-CD 

complex in the space of two collective variables, t and x, employing the Adaptive Biasing Force (ABF) 

method[37-38] enhanced by the Multiple-Walker Approach (MWA). [39-40] The collective variable 𝜏 aimed 

to determine the parametric position of the guest towards the host, while the supplementary 

collective variable 𝜒 determined the directionality of the guest within the cavity. The free energy 

landscape was obtained by the integration of the calculated mean forces from the ABF/MWA 

simulation using Gaussian Process Regression (GPR).[41-42] Since the 𝜒 collective variable played a 

supplementary role, we removed it by statistical reweighting, which provided the free- energy profile 

of the threading ∆Gw(𝜏). Errors were estimated using GPR and are reported in the form of the 

confidence interval provided at three standard deviations. A detailed description of the computational 

methods is given in the Supporting Information. 

 

Synthesis 

Methyl 4-((1H-benzo[d]imidazol-1-yl)methyl)benzoate (2) 

Benzimidazole (7.11 g, 60.24 mmol) was dissolved in DMF (100 cm3) under a nitrogen atmosphere. 

NaH (60% suspension in mineral oil, 2.91 g, 72.79 mmol) was added portionwise over a period of 10 

min. The reaction mixture was stirred at room temperature for 30 min and ester 1 (11.50 g, 50.2 mmol) 

was added. The colourless mixture became dark red and was heated to 100°C for 4 h. The reaction 

progress was monitored by TLC and/or GC-MS. Upon completion, the reaction mixture was cooled to 



room temperature and poured over crushed ice to quench an excess of NaH. The crude product was 

extracted with EtOAc, and the collected organic portions were washed with ice-cold H2O to remove 

DMF and dried over anhydrous Na2SO4. Subsequently, the solvent was removed under a vacuum and 

the crude material was purified in silica gel column eluted with MeOH:CHCl3 (2:98, v:v) to obtain pale 

yellow 2 (9.06 g, 68% yield with respect to 1). M.p.: 101-103 °C (lit.10 102-103 °C). The obtained 1H NMR 

spectrum matches the data reported previously. [43] 

(4-((1H-benzo[d]imidazol-1-yl)methyl)phenyl)methanol (3) 

A solution of methyl ester 2 (2.50 g, 9.39 mmol) in 15 cm3 of dry THF was added dropwise to the 

suspension of LiAlH4 (1.78 g, 46.89 mmol) in THF (30 cm3) at 0°C over a period of 15 min. The reaction 

was warmed up to room temperature and stirred for 3 h under a nitrogen atmosphere, and the 

reaction progress was monitored by GC-MS. Upon completion, the reaction mixture was quenched by 

AcOEt (8 cm3). The colourless solid, which appeared within a few minutes of stirring at 0°C, was filtered 

off and washed with plenty of AcOEt. Collected organic portions were washed with H2O (50 cm3) and 

dried over anhydrous Na2SO4. The solvent was removed under a vacuum to obtain the crude product. 

Pure alcohol 3 was obtained by column chromatography (silica gel, MeOH:CHCl3 (2:98, v:v) as a pale 

yellow solid (2.23 g, > 99%). M.p.: 137-139°C. Anal. Calcd. for C15H14N2O (238.28) C 75.61, H 5.92, N 

11.76. Found C 75.43, H 6.07, N 11.85. 1H NMR (400 MHz, DMSO-d6): 𝛿 4.46 (s, 2H), 5.14 (um, 1H), 5.48 

(s, 2H), 7.20 (um, 2H), 7.28 (um, 4H), 7.51 (um, 1H), 7.67 (um, 1H), 8.43 (s, 1H) ppm.13C{1H} NMR (100 

MHz, DMSO-d6): 𝛿 47.5, 62.5, 110.7, 119.4, 121.6, 122.4, 126.7, 127.2, 133.6, 135.1, 142.1, 143.3, 144.2 

ppm. IR (KBr disc): 424 (w), 505 (w), 569 (w), 719 (w), 740 (s), 779(m), 829 (w), 893 (w), 958(w), 979 

(w), 1016 (m), 1173 (w), 1190 (m), 1261 (m), 1284 (m), 1346 (w), 1381 (w), 1421(w), 1458 (m), 1496 

(s), 1614 (w), 2341 (w), 2360 (m), 2862 (w), 2935 (w), 3259 (bs) cm-1. 

 

4-((1H-benzo[d]imidazol-1-yl)methyl)benzaldehyde (4) 

H5IO6 (3.47 g, 15.22 mmol) was dissolved in dry MeCN (30 cm3) under a nitrogen atmosphere and 

subsequently, CrIII(acac)3 (0.27 g, 7.61 mmol) and 3 (1.81 g, 7.60 mmol) were added. The reaction 

mixture was stirred at room temperature for 7 h, and the reaction progress was monitored by GC-MS 

and/or TLC. After completion, a saturated solution of Na2SO3 (100 cm3) was added and the mixture 

was extracted with AcOEt (3x400 cm3). The collected organic portions were dried over anhydrous 

Na2SO4 and the solvent was removed under a vacuum. The crude material was purified on a column 

(silica gel, MeOH:CHCl3 (2:98, v:v)) to obtain an off-white solid 4 (1.52 g, 85%). M.p.: 125-127 °C. 1H 

NMR (500 MHz, CDCl3): 𝛿 5.56 (s, 2H), 7.26-7.38 (m, 5H), 7.85-7.89 (m, 3H), 8.55 (s, 1H), 9.99 (s, 

1H).13C{1H} NMR (125 MHz, CDCl3): 8 49.1, 110.4, 119.9, 123.6, 124.3, 127.8, 130.6, 133.3, 136.6, 141.6, 

141.7, 143.0, 191.5 ppm. The obtained 1H NMR spectrum matches that reported previously. [44] 

 

4-((1H benzo[d]imidazolyl-1-yl)methylbenzyl) triphenylphosphonium chloride (6) 

Alcohol 3 (0.68 g, 2.84 mmol) was treated in neat SOCl2 (8 cm3, 0.1102 mol) under reflux for 30 min. 

The reaction progress was monitored by GC-MS. After completion, the reaction mixture was cooled to 

room temperature and the excess of SOCl2 was removed under a vacuum to obtain a highly viscous oil. 

The saturated solution of Na2CO3 was added until the pH turned basic. Subsequently, the mixture was 

extracted with AcOEt (3x100 cm3) and the collected organic portions were dried over anhydrous 

Na2SO4. The solvent was removed under a vacuum to obtain intermediate 5 as a pale yellow viscous 

oil that was used in further step without any purification. Chloride 5 (0.68 g, 2.64 mmol) was dissolved 



in CHCl3 (20 cm3) and PPh3 (1.04 g, 3.97 mmol) was added, and the reaction mixture was stirred at 60°C 

for 72 h. Dry Et2O (30 cm3) was added to precipitate a phosphonium salt 6 that was isolated by 

centrifugation. The crude material was washed with dry Et2O (3x40 cm3) and dried under vacuum 

(30°C, 15torr) to obtain a fine colourless powder (1.20 g, 88%). M.p.: 280-283 °C. Anal. Calcd. for 

C33H28ClN2P (519.02) C 76.37, H 5.44, N 5.40. Found C 76.29, H 5.58, N 5.26. 1H NMR (300 MHz, DMSO-

d6): 𝛿 5.11 (d, 2JHP = 15.6 Hz, 2H), 5.46 (um, 2H), 6.93 (dd, 3JHH = 8.2 Hz, JHH = 2.4 Hz, 2H), 7.17 (d, 3JHH = 

7.9 Hz, 2H), 7.23 (m, 2H), 7.58-7.69 (m, 15H), 7.87 (m, 2H), 8.45 (s, 1H) ppm. IR (KBr disc): 428 (w), 482 

(s), 555 (m), 636 (w), 690 (s), 719 (s), 746 (s), 850 (w), 995 (w),1111 (s), 1190 (w), 1261 (w), 1284 (w), 

1325 (w), 1363 (w), 1383 (w), 1437 (s), 1491 (m),1514 (w), 1612 (w), 2785 (w), 2856 (w), 2987 (w), 

3055 (w), 3423 (bs) cm-1. ESI-MS (pos.) m/z (%): 483.2 [M+1+ (100). 

 

(E/Z)-(4,4'-Bis((1H-benzo[d]imidazol-1-yl)methyl)stilbene (7) 

Compound 6 (0.90 g, 3.81 mmol) and compound 4 (1.98 g, 3.82 mmol) were dissolved in 25 cm3 of 

CH2Cl2. Subsequently, 25 cm3 of 0.1 M NaOH solution was added to the reaction mixture and stirred 

for 6 h at room temperature under a nitrogen atmosphere. The completion of the reaction was 

confirmed by TLC. The reaction was quenched by the addition of H2O (50 cm3), and the product was 

extracted with CHCl3 (3x100 cm3). The collected organic portions were dried over anhydrous Na2SO4 

and evaporated using a rotary evaporator. The crude material was purified by a silica gel column eluted 

with a MeOH:CHCl3 (2:98, v:v) system as a mixture of (E) and (Z) isomers. The 1H NMR spectrum 

confirmed the 1:2 mixture of the (E) and (Z) isomers. The mixture appeared as a light yellow solid (1.26 

g, 75% yield with respect to 6). 

1H NMR of (E)/(Z) mixture (500 MHz, H2O:DMSO-d6, 1 :1, v:v): 5.44 (s, 4H, (Z) isomer), 5.49 (s, 4H, (E) 

isomer), 6.56 (s, 2H, (E) isomer), 7.117.20 (undefined multiplets, (E)/(Z) isomers), 7.29 (d, 3JHH = 8.3, 

4H), 7.46 (um, 2H, (Z) isomer) 7.50 (um, 2H, (E) isomer), 7.53 (d, 3JHH = 8.3, 4H), 7.65 (um, 2H), 8.37 (s, 

2H, (Z) isomer), 8.40 (s, 2H, (E) isomer) ppm. 1H NMR of (E) isomer (500 MHz, DMSO-d6): 𝛿 5.49 (s, 4H), 

7.17 (s, 2H), 7.18-7.20 (m, 4H), 7.30 (d, 3JHH = 8.2, 4H), 7.50 (um, 2H), 7.53 (d, 3JHH = 8.2, 4H), 7.65 (um, 

2H), 8.40 (s, 2H) ppm. ESI-MS (pos.) m/z (%): 221.1 [M + 2H + ]2+ (25), 323.1 [M + H+ - C7H6N2]+ (21), 

441.2 [M + H+]+ (100). 

 

(E)/(Z)-(3-Methyl-1-((4-(-2-(4-((3-methyl-1H-benzo[d] zol-1-io)methyl)phenyl)vinyl)phenyl)methyl)-

1H-benzo[d] imidazolium diiodide (8) 

The (E)/(Z) mixture 7 (0.35 g, 0.79 mmol) was dissolved in dry DMF (10 cm3) and CH3I (0.123 cm3, 1.98 

mmol) was added through a micropipette. The reaction mixture was heated under a nitrogen 

atmosphere for 24 h at 35°C, and the reaction progress was monitored by TLC. Et2O (25 cm3) was added 

to the reaction mixture to precipitate out the product, and the solid was collected via a centrifugation 

process. 1H NMR confirmed the formation of a (E)/(Z) mixture. The crude product was treated with a 

MeOH:CHCl3 (1:50, v:v) system to precipitate out a yellow-coloured (E) isomer (0.18 g, 31 % yield with 

respect to 7). The mother liquor containing mostly the (Z) isomer along with traces of the (E) isomer 

was evaporated and the (Z) isomer was purified via neutral alumina column chromatography, eluted 

with a MeOH:CHCl3 (8:92 v:v) system to obtain a pure colourless (Z) isomer (0.35 g, 61 % yield with 

respect to 7). 

 

Physical and analytical data for (Z)-8 



M.p.: 142-144 °C. Anal. Calcd. for C32H30I2N4 (724.42) C 53.06, H 4.17, N 7.73. Found C 52.78, H 4.28, N 

7.62. 1H NMR (500 MHz, DMSO-d6): 𝛿 4.10 (s, 6H), 5.73 (s, 4H), 6.64 (s, 2H), 7.23 (d, 3JHH = 8.1, 4H), 7.37 

(d. 3JHH = 8.1, 4H), 7.65 (um, 2H), 7.70 (um, 2H), 7.89 (d. 3JHH = 8.2, 2H), 8.04 (d. 3JHH = 8.2, 2H), 9.81 (s, 

2H) ppm. 13C{1H} NMR (126 MHz, DMSO-d6): 𝛿 33.4, 49.4, 113.6, 113.8, 126.6, 126.6, 128.3, 128.9, 

129.9, 130.7, 132.0, 133.0, 137.0, 142.9 ppm. IR (KBr disc): 426 (w), 462 (w), 600 (w), 669 (m), 694 (w), 

764 (m), 887 (w), 1016 (w), 1089 (w), 1203 (w), 1271 (w), 1296 (w), 1342(w), 1384 (w), 1457 (w), 1488 

(w), 1564 (m), 1619 (m), 2341 (s), 2360 (s), 2852 (w), 2923 (w), 2962 (w), 3020 (w), 3427 (s) cmT1. ESI-

MS (pos.) m/z (%): 235.0 [M2+]2+ (100) 597.1 [M2+ + I-]+ (10). 

 

Physical and analytical data for (E)-8 

M.p.: 270-272 °C. Anal. Calcd. for C32H30I2N4 (724.42) C 53.06, H 4.17, N 7.73. Found C 52.83, H 4.22, N 

7.63. 1H NMR (500 MHz, DMSO-d6): 𝛿 4.11 (s, 6H), 5.77 (s, 4H), 7.29 (s, 2H), 7.52 (d. 3JHH = 8.2, 4H), 7.64 

(d. 3JHH = 8.2, 4H), 7.63-7.67 (um, 2H), 7.68-7.71 (um, 2H), 7.95 (d. 3JHH = 8.2, 2H), 8.04 (d. 3JHH = 8.2, 

2H), 9.82 (s, 2H) ppm. 13C{1H} NMR (126 MHz, DMSO-d6): 𝛿 33.4, 49.6, 113.6, 113.7, 126.5, 126.6, 127.0 

128.5, 128.7, 130.7, 132.0, 133.3, 137.3, 142.9 ppm. IR (KBr disc): 422 (w), 526 (w), 569 (w), 603 (w), 

659 (m), 752 (s), 787 (m), 839 (w), 860 (w), 958 (w), 979 (m), 1016 (w), 1091 (w), 1128 (w), 1162 (w), 

1190 (w), 1215 (m), 1278 (w), 1342 (m), 1365 (w), 1421 (w), 1448 (m), 1459 (w), 1490 (w), 1517 (w), 

1564 (s), 1610 (w), 3043 (m), 3060 (w), 3129 (w), 3396 (bs), 3496 (bs) cm-1. ESI-MS (pos.) m/z (%): 235.0 

[M2+]2+ (100). 

 

(E)/(Z)-3-Adamantylethyl-1-((4-(-2-(4-((3-methyl-1H benzo[d] imidazol-1-

io)methyl)phenyl)vinyl)phenyl)ethyl)-1H-benzo[d] imidazolium dibromide (9) 

The (E)/(Z) mixture 7 (0.05 g, 0.11 mmol) was dissolved in dry DMF (5 cm3) and 1-(1-adamantyl)-2-

bromoethane (0.08 g, 0.34 mmol) was added at once. The reaction mixture was heated under a 

nitrogen atmosphere for 144 h at 120 °C. The reaction progress was monitored by TLC and ESI-MS, but 

the reaction was never completed. A small amount of mono quaternarised intermediate was still 

present. Et2O (25 cm3) was added to the reaction mixture to precipitate out the product, and the solid 

was collected via a centrifugation process. The crude material was purified by silica gel 

chromatography eluted with a MeOH:CHCl3 (10:90, v:v) system to obtain a cream-coloured 9 (0.06 g, 

52% yield with respect to 7). The ’H NMR confirmed the formation of a (E)/(Z) mixture. 1H NMR (500 

MHz, DMSO-d6): 𝛿 1.61 (s, 24H, (E)/(Z) isomers), 1.64 (d, 2JHH = 12.2, 12H, (E)/(Z) isomers), 1.71 (d, 2JHH 

= 12.2, 12H, (E)/(Z) isomers), 1.76 (m, 8H, (E)/(Z) isomers), 1.97 (s, 12H, (E)/(Z) isomers), 4.51 (m, 8H, 

(E)/(Z) isomers), 5.73 (s, 4H, (Z) isomer), 5.76 (s, 4H, (E) isomer), 6.64 (s, 2H, (Z) isomer), 7.23 (d, 3JHH 

= 7.9, 4H, (Z) isomer), 7.28 (s, 2H, (E) isomer), 7.39 (d, 3JHH = 7.9, 4H, (Z) isomer), 7.53 (d, 3JHH = 8.2, 4H, 

(E) isomer), 7.63 (d, 3JHH = 8.2, 4H, (E) isomer), 7.63-7.70 (m, 12H, (£)/ (Z) isomers), 7.90 (d, 3JHH = 8.2, 

2H, (Z) isomer), 7.96 (d, 3JHH = 8.0, 2H, (E) isomer), 8.07 (d, 3JHH = 8.2, 2H, (Z) isomer), 10.02 (s, 2H, (E) 

isomer), 10.04 (s, 2H, (Z) isomer) ppm. ESI-MS (pos.) m/z (%): 383.2 [M2+]2+ (100). 

 

Data for (E)-9 isomer: 

M.p.: > 320 °C. Anal. Calcd. for C54H62Br2N4∙1.7H2O (957.54) C 67.73, H 6.88, N 5.85. Found C 67.72, H 

6.77, N 5.98. 1H NMR (300 MHz, DMSO-d6): 𝛿 1.61 (s, 12H), 1.65 (d, 2JHH = 12.2, 6H), 1.72 (d, 2JHH = 12.2, 

6H), 1.76 (um, 4H), 1.98 (s, 6H), 4.51 (um, 4H), 5.75 (s, 4H), 7.27 (s, 2H), 7.52 (d, 3JHH = 7.7, 4H), 7.63 (d, 
3JHH = 7.7, 4H), 7.65-7.67 (m, 4H), 7.96 (d, 3JHH = 8.0, 2H), 8.07 (d, 3JHH = 8.0, 2H), 9.98 (s, 2H) ppm. 13C{1H} 



NMR (75 MHz, DMSO-d6): 𝛿 27.9, 31.8, 36.4., 41.4, 42.1, 42.5, 49.7, 113.9, 113.9, 126.6, 126.7, 127.0, 

128.5, 128.8, 130.9, 131.2, 133.3, 137.3, 142.3 ppm. IR (KBr disc): 424 (w), 566 (w), 588 (w), 683 (w), 

760 (m), 840 (w), 860 (w), 957 (w), 963 (w), 1021 (w), 1179 (w), 1196 (w), 1219 (w), 1257 (w), 1346 

(w), 1370 (w), 1384 (w), 1423 (w), 1450 (m), 1479 (w), 1488 (w), 1518 (w), 1558 (m), 1609 (w), 2657 

(w), 2674 (w), 2847 (m), 2900 (s), 3033 (w), 3054 (w), 3425 (bs) cm-1. 
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