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Abstract

This article traces the development of acyclic cucurbit[n]uril-type receptors with a focus on work 

from the Isaacs group. First, we describe the synthesis of methylene bridged glycoluril dimers 

capped with aromatic sidewalls which allowed us to probe the interconversion of the S- and C-

shaped dimers which is a fundamental step in CB[n] formation. The C-shaped compounds were 

found to undergo discrete self-assembly (dimerization) in both water and organic solvents which 

lead us to investigate multicomponent self-sorting systems. We supressed the self-association of 8 
by electrostatic repulsion in the putative dimer which allowed expression of its innate molecular 

recognition properties toward methylene blue and related planar cationic dyes. Longer glycoluril 

oligomers (trimer – hexamer, acyclic decamer) were prepared by starving the CB[n]-forming 

reaction of formaldehyde. The longer oligomers (e.g. 15 and 16) bind to alkylammonium ions in 

water ≈ 100-fold weaker than macrocyclic CB[n] highlighting the high preorganization of the 

acyclic but polycyclic framework. We prepared a wide variety of acyclic CB[n] compounds (wall 

variants, solubilizing group variants, linker variants) based on glycoluril trimer and tetramer. In 

particular, 26 and 27 have been shown to possess a wide variety of chemically and biologically 

interesting functions. For example, 26 was used to formulate the insoluble drug Albendazole and 

treat mice bearing SK-OV-3 xenograft tumors. Compound 27 binds tightly to the neuromuscular 

blocking agents rocuronium, vecuronium, and cisatracurium and acts as an in vivo reversal agent 

for these compounds in anesthetized rats. Container 27 was also found to modulate the 

hyperlocomotive effect of rats that had been treated with methamphetamine. Finally, 38 has been 

used as a cross reactive component of sensor arrays that are capable of classifying and quantifying 

cancer related nitroamines and a range of over the counter drugs. Overall, the work demonstrates 

that acyclic CB[n]-type compounds are nicely pre-organized and therefore retain the essential 

aspects of the recognition properties of macrocyclic CB[n] but allow for more straightforward 

tailoring of structure and solubility that enables a variety of chemically and biologically important 

applications.
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1. Introduction

The use of glycoluril as a versatile building block for the creation of host molecules can be 

traced to the pioneering work of Mock who elucidated the structure of the cucurbit[6]uril 

(CB[6]) macrocycle which is prepared by the condensation of glycoluril and formaldehyde 

under strongly acidic conditions (Figure 1). The structure of CB[6] features two symmetry 

equivalent highly electrostatically negative ureidyl carbonyl portals which guard entry to a 

central hydrophobic cavity. Accordingly, CB[6] displays a high affinity toward 

alkanediammonium ions in aqueous solution due to a combination of ion-dipole interactions 

and the hydrophobic effect. In the intervening years, workers in the field have synthesized 

homologues and derivatives of macrocyclic CB[n] (n = 5, 6, 7, 8, 10, 13, 14, 15),[1] explored 

their fundamental properties and stimuli responsive molecular recognition events, and used 

them for advanced applications like biological and chemical sensing and separations, 

supramolecular materials, drug formulation and targeted delivery.[2] Given the availability of 

a large number of authoritative reviews of macrocyclic CB[n],[2] we instead focus herein on 

the synthesis, molecular recognition properties, and applications of acyclic – but 

preorganized –members of the CB[n] family of molecular containers with examples drawn 

largely from our laboratory.

Preorganization is one of the most important principles of supramolecular chemistry which 

states that “the more highly hosts and guests are organized for binding and low solvation 

prior to their complexation, the more stable will be their complexes.”[3] Host preorganization 

is most commonly achieved by macrocyclization[4] but can also be achieved in acyclic 

systems by careful conformational control. Prime examples of such acyclic but preorganized 

systems include molecular clips and tweezers popularized by Nolte (e.g. N1), Zimmerman, 

Klärner (e.g. K1), and others (Figure 1).[5] Of particular relevance to this review is the 

pioneering work of Nolte who attached substituted aromatic sidewalls to the curved and 

conformationally fixed glycoluril skeleton via conformationally biased seven membered 

rings to create molecular clips.[5b] Nolte elaborated these clips to create a variety of 

receptors including those that display induced fit, allostery, hierarchical assembly, and 

function as processive catalysts.[6] In this review, we focus on acyclic CB[n]-type receptors 

that feature glycoluril oligomers capped with aromatic termini that merge the favourable 

properties of CB[n] with those of molecular clips.

2. Acyclic CB[n]-Type Receptors

2.1. Systems Based on Methylene Bridged Glycoluril Dimers

When the Isaacs lab started working in the CB[n] field in 1998, a major issue was the poor 

aqueous solubility of CB[6]. Accordingly, we prepared CO2Et functionalized glycoluril with 

the goal of transforming it into a carboxylic acid derivative of CB[6] but were unsuccessful. 

To simplify and thereby better understand the synthetic process we prepared organic soluble, 

CO2Et functionalized glycoluril derivative 1CO2Et which is capped with an o-xylylene ring 

that limits the condensation reaction to the formation of the S- and C-shaped methylene 

bridged glycoluril dimers 2C and 2S (Figure 2) substructure which is the fundamental 

building block of CB[n]-type receptors. We prepared both organic (CO2Et substituted) and 

water soluble (CO2H substituted) methylene bridged glycoluril dimers with a range of 
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aromatic walls and pendant functionality. We delineated the thermodynamic preference for 

the C-shaped diastereomers (>2.3 kcal mol−1) by measuring the ratio of 2C:2S at 

equilibrium during product resubmission experiments.[7] We also studied their self-assembly 

and molecular recognition processes as described below. Sindelar and co-workers have 

studied the formation of S- and C-shaped methylene bridged glycoluril dimers using 

unsubstituted glycoluril under aqueous acidic conditions and found similar preferences for 

the C-shaped diastereomer.[8]

2.1.1. Self-Assembly Processes—Figure 3 shows the chemical structure of methylene 

bridged glycoluril dimers 3 – 7. The polycyclic ring system consisting of fused five, six, 

seven and eight membered rings adopts a well defined conformation where the aromatic 

sidewalls are roughly parallel and separated by ≈ 7 Å and the water solubilizing carboxylic 

acid groups are on the convex face. Accordingly, 3 undergoes dimerization in water (pD 7.4, 

100 mM sodium phosphate buffer) due to π–π interactions and the hydrophobic effect to 

give 3•3 (Ka = 41666 M−1) as evidenced by 1H NMR, ITC, and analytical 

ultracentrifugation (Figure 3a).[9] The protonation state of the CO2H groups of 3 at pD 7.4 

was not determined. Compound 4 with larger and more electron deficient aromatic sidewalls 

undergoes very tight dimerization in water (pD 7.4) and remains dimeric even at 95 °C.[10] 

Quite interestingly, we found that certain organic soluble (e.g. CDCl3) methylene bridged 

glycoluril dimers (e.g. (±)-5 and 6) also undergo dimerization in organic solvents driven by a 

combination of π–π interactions and two H-bonds between the ArNH(C=O)R sidearms 

(Figure 3c).[11] 1H NMR spectroscopy clearly show the presence of internal and external 

aromatic rings that are in slow exchange on the chemical shift timescale which indicates 

high stability of the dimeric assemblies (e.g. 52, 62). It is noteworthy that although (±)-5 is 

chiral and racemic, the dimeric assembly (+)-5•(−)-5 is a well defined heterochiral assembly 

(X-ray and 1H NMR) due to the combined geometrical constraints of the supporting π–π 
and H-bonding interactions. Even more interesting was the behaviour of a mixture of 

molecular clips 5 – 7. We found that these compounds underwent a narcissistic self-sorting 

process with the clean formation of 52, 62, and 72. The high fidelity of self-sorting is driven 

by need to simultaneously satisfy the geometrical constraints of π–π interactions and 

maximize the number of H-bonds; the hypothetical heterodimers sacrifice one or more H-

bonds. This work represented our entry into the area of self-sorting which was further 

delineated in a series of papers that spanned organic solvents and water, narcissistic and 

social self-sorting, kinetic versus thermodynamically controlled sorting, and the creation of 

rudimentary self-sorting networks and cascades.[11a,11b,10,12a,12b,11c,12c,12d] The key 

outcome of the work, which was counter-intuitive at the time, was that many of the well 

known synthetic supramolecular host and self-assembly systems contained sufficient 

information encoded in their molecular structures to allow them to selectively engage their 

partner even within complex mixtures. This work in self-sorting can be seen as an 

intellectual counterpart of the current thrust area of systems chemistry,[13] which aims for 

controlled levels of interactions between sets of molecules. Although these self-association 

(dimerization) processes proved to be quite interesting in their own right they prevented the 

expression of the inherent host-guest recognition processes of the host.
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2.1.2. Molecular Recognition Processes—As mentioned above, the self-association 

of methylene bridged glycoluril dimers is an impediment to their use as molecular hosts 

(Figure 4). Recently, as part of our studies of drug solubilisation and delivery (vide infra), 

Isaacs, Sindelar and co-workers prepared methylene bridged glycoluril dimers 8 and its 

benzene analogue 9 as control compounds. Unexpectedly, we found that 8 and 9 function as 

solubilizing agents for camptothecin and PBS-1086.[14] We traced this unexpected success 

to supressed self-association abilities of 8 and 9 (Ks = 6 and 12 M−1, respectively). We 

attribute this unexpected result to: 1) the presence of the solubilizing groups on the aromatic 

sidewalls of 8 and 9 (cf. convex face disposition in 2C), and 2) the fully deprotonated nature 

of the SO3
− solubilizing groups at physiological pH. Both factors result in a buildup of 

unfavourable electrostatic interactions which destabilize the putative dimeric assembly 82.
[14] Given that 8 remained monomeric in solution at mM concentrations we, in collaboration 

with Sindelar, sought to define its molecular recognition properties toward representative 

cationic guests including dye molecules. We find that 8 displays high affinity and selectivity 

for planar and cationic aromatic guests including dyes like methylene blue, azure A and 

naphthalene diimides.[15] Electrostatic effects display a dominant role in the recognition 

process whereby ion-ion and ion-dipole interactions occur between cationic guest and the 

hosts C=O and SO3
− groups and cation-π interactions occurs between the cationic aromatic 

ring (e.g. methylene blue) of the guest and dialkoxynapthalene walls of 8. The affinity of the 

8•methylene blue complex (Ka = 3.9 × 107 M−1) is sufficient to allow the use of 8 as an 

agent to destain U87 cells that had previously been stained with methylene blue.

2.2. An Elaborated Molecular Clip That Functions as an Acyclic CB[n] Congener

In concert with our studies of compounds that feature the methylene bridged glycoluril 

dimer substructure we also prepared compound 10 that contains alternating aromatic and 

glycoluril building blocks (Figure 5) which can be seen as the covalent connection of two 

Nolte-type molecular clips.[16] Based on the precedent of Nolte[5b] and on molecular 

modelling we believe that 10 predominantly adopts the (a,a,a,a)-10 conformation although 

the higher energy (a,a,s,a)-10 conformation was observed in the x-ray structure of due to its 

propensity for dimerization (Figure 5b). We studied the binding of 10 toward a panel of 

(di)ammonium ions (HDA, PXDA, CHDA, AdNH2, Me2AdNH2) that are typical for CB[n] 

hosts and determined that 10 displays highest affinity toward the narrow hexane 

diammonium (Ka = 1.52 × 104 M−1) ion; the wider p-xylylene diammonium ion (Ka = 496 

M−1) is bound significantly less tightly despite the potential for π–π interactions. For 

comparison, Mock reported the CB[6]•HDA has Ka = 2.8 × 106 M−1 which is only two 

order of magnitude larger than 10•HDA.[17] The length based selectivity and the sensitivity 

of the Ka values of CB[n]•guest complexes to metal ion concentration are retained by 10.[18] 

In combination, these results provided a first clue that suitably preorganized acyclic CB[n]-

type receptors could recapitulate some of the desirable recognition properties of macrocyclic 
CB[n].

2.3. Methylene Bridged Glycoluril Oligomers

The macrocyclization reaction between glycoluril and formaldehyde to deliver CB[n] has a 

natural stoichiometry of 1:2 which reflects the fact that glycoluril is a tetrafunctional 
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monomer whereas formaldehyde is a difunctional monomer. We wondered if CB[n] would 

remain the dominant product if we starved the reaction of formaldehyde or whether 

intermediates along the mechanistic pathway to CB[n] would be obtained. Accordingly, 

Wei-Hao Huang conducted the reaction between glycoluril (11) and 1.67 equiv. 

formaldehyde and obtained glycoluril oligomers (dimer – hexamer, 12 – 16), acyclic 

glycoluril decamer (±)-17, and macrocyclic nor-seco-CB[n] (Figure 6).[19] Figure 6b shows 

the x-ray crystal structures of 12 – 15 which demonstrates their overall C-shape which is 

required for macrocyclization to CB[n]. Glycoluril hexamer has been used as a versatile 

building block for the preparation of monofunctionalized derivatives of CB[6] and CB[7].
[20]

With a series of glycoluril oligomers in hand, we sought to quantify the influence oligomer 

length and macrocyclization on the binding constants toward common ammonium ion guests 

(Table 1).[21] Hosts 15 and 16 display slow kinetics of exchange on the chemical shift 

timescale for guests HDA and PXDA despite the acyclic nature of the host. Table 1 presents 

the measured binding constants toward 14 – 16 and also toward CB[6] and CB[7]. Several 

trends are noteworthy. First, the binding constant for a given guest increases as the length of 

glycoluril oligomer increases from tetramer to hexamer. Second, for guests that do not 

exceed the capacity of CB[n], the binding toward hexamer 16 is only approximately 102-fold 

weaker than towards CB[6] or CB[7]. Third, pentamer 15 and hexamer 16 are potent hosts 

toward adamantane derived guests AdNH2 and Me2AdNH2 which shows that glycoluril 

oligomers can flex their backbone to accommodate guests that would be too large for their 

macrocyclic counterparts. These results show that glycoluril oligomers longer than trimer 

maintain the convergence of ureidyl C=O groups that impart affinity toward organic cations 

whereas pentamer and hexamer appear to benefit from a cavity effect perhaps attributable to 

encapsulated high energy H2O molecules.[22a,2a,22b]

Another clue toward the great potential of acyclic CB[n]-type receptors came from our study 

of (±)-17. (±)-17 features two glycoluril pentamers that are connected by a single CH2-

bridge.[19e] We performed qualitative 1H NMR binding studies and found that (±)-17 formed 

complexes with some standard CB[n] guests (e.g. HDA, PXDA, CHDA, AdNH2, 

Me2AdNH2, and methyl viologen (MV)) in pure D2O. Interestingly, when 100 mM alkali 

metal cations (Li+, Na+, K+) was added to a solution of (±)-17 in D2O a well resolved 1H 

NMR spectrum with some dramatically upfield shifted resonances was observed. Figure 7b 

shows the x-ray crystal structure of the obtained assembly which can be formulated as the 

heterochiral dimer of decamers (+)-17•(−)-17•Na6. In this assembly, each molecule of 17 
assumes a helical conformation which threads through the hydrophobic cavity of the 

opposing molecule and is reinforced by ion-dipole interactions between the six Na+ ions and 

two or more ureidyl C=O groups on each strand of 17. This assembly is remarkably tight 

and persists down to 100 μM concentration. This result was eye opening for us because it 

showed the glycoluril derived systems and in particular acyclic CB[n]-type receptors could, 

in addition to the tight and selective binding of organic cations which is protein mimetic, 

undergo metal ion triggered folding and assembly which is more reminiscent of the 

behaviour of nucleic acids.
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2.4. Acyclic CB[n]-type Receptors

In combination, the above results suggested that glycoluril oligomers capped with o-

xylylene rings might combine the advantageous features of CB[n] hosts with the potential 

for functionalization and the ability to engage in π–π interactions with guests. This line of 

inquiry has been pursued by the groups of Isaacs and Sindelar both alone and in 

collaboration based on central glycoluril trimer and tetramer building blocks.

2.4.1. Acyclic CB[n]-Type Receptors Based on Glycoluril Trimer—Two different 

synthetic methods toward the preparation of acyclic CB[n]-type receptors based on 

glycoluril trimer have been reported. For example, Sindelar’s group reported the 

condensation reaction of 1H with glycoluril cyclic ether 18 in MeSO3H at 20 °C and was 

able to isolate 19 in 34% yield (Figure 8).[23] In contrast, Isaacs and Sindelar reported the 

condensation of glycoluril trimer (20) with aromatic sidewalls 21 and 22 in TFA/Ac2O (1:1) 

at 70 °C to give 23 and 24 in 48 and 59% yield, respectively. The aqueous solubility of 24 
(102 mM) and 23 (336 mM) which are substituted with four SO3

− solubilizing groups are 

significantly higher than that of 19.[14] The x-ray crystal structures of 23 and 24 are shown 

in Figure 8c which illustrates how the glycoluril oligomer creates a hydrophobic cavity that 

is further defined by the aromatic sidewalls. Compound 23 was shown to bind to MV with 

Ka = 75000 M−1 in D2O, whereas 24 was determined to bind to various pharmaceutical 

agents including PBS-1086 (Ka = 36000 M−1) and β-estradiol (Ka = 14000 M−1).

2.4.2. Synthesis of Acyclic CB[n]-Type Receptors Based on Glycoluril 
Tetramer—The groups of Isaacs and Sindelar have separately reported procedures to 

access acyclic CB[n]-type receptors based on glycoluril tetramer. The Isaacs group uses a 

building block approach (Figure 9a).[24] We prepare glycoluril bis(cyclic ether) 18 on the 

719 gram scale in two steps by condensation reactions of butanedione, urea, and 

paraformaldehyde. Glycoluril dimer 12H can be prepared on the 334 gram scale from 

glycoluril and paraformaldehyde in a single step. The critical C-shaped glycoluril tetramer 

25 is prepared on the 76 gram scale by condensation of 18 and 12H in anhydrous MeSO3H. 

Finally, the aromatic sidewalls are installed by a double electrophilic aromatic substitution 

reaction between 25 and 21 (22) to give 26 (27) in 40 and 30% yield, respectively. This 

efficient large scale synthesis enables potential real world application of 26 and 27 as 

described below. Sindelar pursued a different approach involving the condensation of 1H 

with glycoluril dimer tetrol 12CH2OH in CH3SO3H to deliver 30 in 23% yield.[25] Hosts 26 
(356 mM) and 27 (18 mM) which contain SO3

− solubilizing groups are highly soluble in 

water whereas unsubstituted 30 is poorly soluble. The x-ray crystal structures of 27 and 30 
are shown in Figure 9c which illustrate their overall C-shape. Interestingly, 30 undergoes 

dimerization in the crystal driven by π–π interactions between aromatic sidewalls and van 

der Waals interactions between the glycoluril oligomers.

2.4.2. Applications of Acyclic CB[n]-type Receptors—In this section we detail the 

use of acyclic CB[n]-type receptors in biological and chemical applications.

2.4.2.1. Use of Acyclic CB[n]-type Receptors as Solubilizing Excipients for Insoluble 
Drugs: Among the known classes of molecular container compounds, the cyclodextrins 
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have found the broadest use in everyday real world applications. For example, 

hydroxypropyl-β-CD is generally regarded as safe by the US FDA and is used as an 

excipient for the formulation of insoluble drugs administered to humans.[26] Currently, the 

sulfonated β-CD derivative (SBE-β-CD)[27] is a popular solubilizing excipient and is 

currently being used to formulate at least 9 drugs for humans including amiodarone, 

voriconazole, ziprasidone, melphalan, and posaconazole.[28] Highly water soluble 

cyclodextrins function well in this application because they bind to insoluble drugs to form 

soluble cyclodextrin•drug complexes. Accordingly, we sought to evaluate the potential of 

acyclic CB[n]-type receptors in this application area.

To evaluate the efficiency of a given molecular container as a solubilizing excipient for 

insoluble drugs it is necessary to create a phase solubility diagram (PSD, Figure 10a). A 

phase solubility diagram is a plot of concentration of insoluble drug in solution versus 

container concentration. For idealized 1:1 container:drug binding, linear PSDs are obtained 

and obey equation 1 where Ka is the container•drug binding constant, S0 is the inherent drug 

solubility and slope is the slope of the PSD. Figure 10a shows simulated PSDs for a drug 

with inherent solubility of 1 μM that forms container•drug complexes with five different Ka 

values from 2 × 104 to 4.9 × 107 M−1. To achieve a PSD slope of 0.50, which means the 

container is a good solubilizer, requires a Ka value of 1/S0. To nicely solubilize a drug of 1 

μM (100 μM) requires a Ka of 106 (104) M−1. Accordingly, the higher binding constants of 

CB[n]-type versus cyclodextrins toward their guests suggests that acyclic CB[n]-type 

receptors may be more successful solubilizing excipients for very poorly soluble drugs.

Ka = slope/[S0(1‐slope)] (1)

In 2014, we reported the solubilisation of 19 different drugs by five acyclic CB[n] and HP-β-

CD as comparator.[24c] Figure 10b presents the PSDs created for the drug estradiol which 

illustrates the large slope values achieve with all five acyclic CB[n] relative to HP-β-CD. 

The full data set allowed us to make some generalizations: 1) 27 is our most potent 

container, 2) acyclic CB[n] are excellent solubilizing agents for steroids, 3) by virtue of their 

aromatic walls acyclic CB[n] are good solubilizers for insoluble drugs containing aromatic 

rings, and 4) acyclic CB[n] are more potent receptors than HP-β-CD which translates into 

larger PSD slopes and more efficient solubilization. Macrocyclic CB[n] have also been 

considered as agents to formulate drugs;[29] we have not performed an explicit comparison 

of acyclic CB[n] with macrocyclic CB[n] due to the low solubility of CB[n]. The ability of 

26 and 27 to act as solubilizing agents for carbon nanotubes was demonstrated in 

collaboration with Prof. YuHuang Wang.[30]

After having established the outstanding solubilisation abilities of 26 and 27 we decided to 

perform in vitro and in vivo toxicity studies to verify their biocompatibility.[24b,31] 

Accordingly, we performed complementary cell viability (MTS) and cell death (Adenylate 

Kinase release) assays with container 26 alone and did not observe significant toxicity up to 

10 mM (2.5 mM) toward HepG2, HEK293, and THP-1 cells. Ex-vivo neuro-, myo-, and 

cardio-toxicity and assays for 27 were performed by Prof. Nial Wheate’s group.[32] To 
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assess the mutagenicity of 26 and 27 we performed the reverse mutation assay (Ames test) 

using different strains that could detect base pair mutations and frameshift mutations using 

concentrations up to 1 mM.[31,33] The number of revertant colonies did not exceed double 

those observed for solvent control which is the standard for lack of mutagenicity. We also 

tested whether 26 and 27 inhibit the hERG ion channel by patch clamp experiments using 

CHO cells.[31,33] The hERG ion channel is essential for cardiac repolarization and 

compounds that inhibit it cannot be taken forward in the drug discovery process. Containers 

26 and 27 show no evidence of hERG ion channel inhibition up to 25 mM which paves the 

way for their further development. Finally, we performed maximum tolerated dose studies 

for 26 and 27 in female Swiss Webster mice and did not observe any significant difference in 

the weight or the health status of the animals treated with up to 1230 mg/kg and 203 mg/kg, 

respectively (Figure 11).[24b,31] We have found that the containers are largely excreted 

unchanged in the urine of the animals over 1 hour.[34,31] Overall, these results strongly 

suggested that 26 and 27 had excellent biocompatibility and should be developed further for 

practical applications. Macrocyclic CB[n] are also well tolerated in animals.[35]

Next, we sought to provide proof-of-concept that 26 could solubilize an insoluble anticancer 

agent, deliver it to animals, release its cargo, and have the drug display antitumor activity. As 

drug we chose albendazole (ABZ) which is an antihelmitic agent that binds β-tubulin, 

inhibits microtubule formation, and halts cell division; ABZ is currently studied as an 

anticancer agent.[36] We formulated ABZ (1.5 mM) using an excess of 26 (60 mM). For the 

in vivo efficacy study, female anthymic NCr-nu/nu mice were given SK-OV-3 xenograft 

tumors and the treatment study began when the tumors reached 250–300 mm3. Animals 

were dosed with 26 alone, ABZ (3.2 mg/kg) once daily, or ABZ (3.2 mg/kg) twice daily 

over a period of 50 days. Figure 12 shows plots of tumor volume and % survival versus time 

(days). We conclude that treatment with 26•ABZ extends mouse survival by attenuating the 

growth rates of SK-OV tumors. Overall, the work provides proof-of concept for the in vivo 
use of 26 as a solubilizing excipient for drug delivery applications. Macrocyclic CB[n] have 

also been shown by Day to be good solubilizing agents for ABZ.[36–37]

Structural Changes on the Use of Acyclic CB[n] as Solubilizing Agents: Simultaneous 

with the use of 26 as a solubilizing agent for in vivo delivery of ABZ, we were 

systematically modifying the structure of 26 to optimize it solubilisation efficiency. We first 

focused on the nature of the solubilizing group. Synthetically, we were able to prepare 

analogues of 26 where the SO3
− groups were changed to NH3

+ (31) or OH (32) groups 

(Figure 13a).[38] Compound 32 is only modestly (≈ 2 mM) water soluble which makes it 

inappropriate as a solubilizing excipient whereas 31 (250 mM)[39] is highly soluble in water. 

Unfortunately, neither 31 nor 32 functioned as a solubilizing agent for a test panel of three 

insoluble drugs (tamoxifen, 17α-ethynylestradiol, and indomethacin). We traced the 

dramatic difference in solubilizing ability back to inherent differences in the container•guest 

binding constants. For example, dicationic guest CHDA binds strongly to tetra-anionic host 

33 (Ka = 4.6 × 106 M−1), modestly to neutral host 32 (Ka = 1.1 × 104 M−1), and quite 

weakly to tetra-cationic host 31 (Ka = 3.3 × 102 M−1). This decrease in observed binding 

constant is not simply due to changes in ion-ion interactions but also reflects the structure of 
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the free host. Figure 13b shows the x-ray crystal structures of 31 which reveals the presence 

of a self folded geometry driven by +NH•••O=C ion dipole interactions in the free host.

Compound 27 is our most potent binder, but it suffers from modest inherent solubility (18 

mM) which limits the concentration of 27•drug that can be achieved. Accordingly, we 

studied the influence of (CH2)n linker length between the aromatic sidewalls and the SO3
− 

solubilizing groups in the form of compounds 27, 35, and 36.[40] Compounds 35 (68 mM) 

and 36 (196 mM) possess high inherent aqueous solubility and do not undergo self-

association up to 66 mM but solutions of 36 do become viscous at higher concentrations. 

PSDs were generated for 15 drugs with 27, 35, 36, HP-β-CD, and SBE-β-CD which allows 

some generalizations to be made. First, 27 is a more potent binder than 35 or 36 by 2 – 25-

fold. Despite the stronger binding constants with 27, higher concentrations of drug can be 

achieved using container 35 because of its higher inherent solubility. All three containers 

bind more strongly toward the test drug panel than HP-β-CD. We also compared the 

solubilisation ability of 35 with that of SBE-β-CD. In this case, the comparison is more 

subtle with similar binding constants in many cases and substantial differences in others. 

The higher inherent solubility of SBE-β-CD means that higher drug concentrations are 

achieved with SBE-β-CD than with 35 about 50% of the time. Notably, 35 succeeds where 

SBE-β-CD fails (PBS-1086, camptothecin) and performs much better in others (MEPBZ).
[40] This new container 35 is not toxic according to in vitro cytotoxicity and in vivo MTD 

assays which suggests that 35 should be further developed as an alternative to SBE-β-CD for 

real world formation applications.

2.4.2.3. Use of Acyclic CB[n]-type Containers as a Broad Spectrum Reversal Agent for 
Neuromuscular Blocking Agents: In the application of cyclodextrins and cucurbiturils as 

solubilizing excipients for insoluble drugs it is important that the container•drug binding 

constant not be so strong as to prevent drug release in vivo.[41] However, for container•drug 

complexes that are tight another class of applications becomes possible whereby the 

container is used as a reversal and/or sequestration agent. Sugammadex is an anionic γ-

cyclodextrin derivative (Figure 14a) – marketed by Merck under the trade name Bridion™ – 

that was shown to bind tightly and selectively to the neuromuscular blocking agents 

(NMBAs) rocuronium (Ka ≈ 107 M−1) and vecuronium.[42] Rocuronium and vecuronium 

and used by anesthesiologists to block the muscle function of patients on the surgical table, 

however, the residual effects of NMBAs post-surgically result in muscle weakness and 

difficulty breathing, which increases healthcare costs and patient mortality. Given that 

rocuronium and vecuronium are hydrophobic steroidal dications, that CB[n] receptors prefer 

dications, and that acyclic CB[n] display a special affinity toward steroids lead us to 

investigate whether acyclic CB[n]-type receptors might function as reversal agents for 

neuromuscular block in vivo. For this purpose, we first measured the binding constants of 26 
and 27 toward several NMBAs and toward acetylcholine by UV/Vis competition assays 

(Table 2). We find that the affinity of 26 toward rocuronium (roc) and vecuronium (vec) is 

comparable to Sugammadex•rocuronium and importantly, that 26 discriminates against 

acetylcholine (ACh) which is present in the neuromuscular junction.[43] Even more 

impressive is the affinity of 27 toward rocuronium and vecuronium (nM range) which 

exceeds that of Sugammadex by approx 100-fold; 27 also binds tightly to cisatracurium (cis) 
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which is an important clinically used NMBA. The ability of 26 and 27 to act as a broad 

spectrum in vivo reversal agent for NMBAs was investigated in collaboration with Prof. 

Matthias Eikermann.[34] Sprague Dawley rats were anesthesized with isoflurane and their 

muscle function was blocked with rocuronium (3.5 mg/kg) or cisatracurium (0.6 mg/kg) 

before the reversal agent was given. Figure 14b shows a plot of the time required to recover 

to a given train-of-four ratio at different doses of 27 relative to neostigmine (standard of 

care) which demonstrates the ability of 27 to reverse the residual neuromuscular block 

induced by rocuronium. Similar conclusions were reached for vecuronium and 

cisatracurium. Complementary assays that monitor the spontaneous breathing of the animals 

also indicate rapid reversal with 27. The mean arterial pressure, heart rate, and blood pH, 

pCO2, and pO2 were monitored upon treatment with 27 and did not show any significant 

differences from untreated animals.[34a] A related study investigated the use of 27 as a 

reversal agent for the the anesthetics ketamine and etomidate.[31] Macrocyclic CB[n] have 

also been investigated as reversal agents for anesthesia and neuromuscular block by Wang 

and Macartney.[44]

An important issue for the further development of 27 as a broad spectrum reversal agent for 

NMBAs is the selectivity of 27 toward the NMBAs versus toward other drugs that might be 

used or needed by the patient. When another drug has both a large binding constant and high 

plasma concentration, it is possible for this competing drug to displace the NMBA from the 

27•NMBA complex resulting in recurarization. We performed binding studies of 27 toward 

27 drugs commonly used during or after surgery.[45] Then, we performed computer 

simulations of a simple equilibrium binding model that takes into account the binding 

constants of 27 toward NMBA and competing drug, the estimated binding constant of 

NMBA toward the biological receptor, and the plasma concentrations. Under the constraints 

of the simulations, we find that none of the 27 drugs studied results in significant 

displacement interactions.

2.4.2.4. Use of Acyclic CB[n]-type Containers as a Reversal Agent for Intoxication with 
Methamphetamine: The recreational use of drugs is a major societal problem which results 

in a large number of overdoses and mortality. In the United States, it is estimated that 10.2% 

of the population (27 million) used an illicit drug in the past month and that the emergency 

room costs amount to $11 billion per year. Although naloxone is used to treat opioid 

overdose and addiction there are no pharmacotherapies used to treat methamphetamine or 

cocaine. We envisioned that 27 would bind to methamphetamine in the bloodstream and 

induce a negative concentration gradient from the brain and thereby modulate the 

hyperlocomotion induced by methamphetamine.[46] Using a combination of 1H NMR, UV/

Vis, and isothermal titration calorimetry (competition) assays we measured the binding 

affinity of seven drugs (methamphetamine, fentanyl, cocaine, ketamine, phencyclidine, 

morphine, hydromorphone) toward several containers (26, 27, CB[7], HP-β-CD, and 4-sulfo 

calix[4]arene (SC4A)). We find that 26 and 27 display a broad affinity toward the drugs of 

abuse with Ka values in the 104 – 107 M−1 range whereas HP-β-CD and SC4A bound more 

weakly. Highest affinity was displayed by 26, 27, and CB[7] toward methamphetamine and 

fentanyl by virtue of their phenethyl ammonium binding epitope. We performed in vivo pre-

treatment experiments and in vivo reversal experiments using Sprague-Dawley rats that were 
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treated with methamphetamine (0.30 mg/kg) or placebo. We montiored the motion of the 

animals in a 100×100×40 cm open field by video recording. Figure 15b shows a plot of total 

distance travelled for the different treatment groups whereas panels c-f show plots of the 

motion of the animals. We conclude that pretreatment with 27 (65 or 130 mg/kg) effectively 

prevents the hyperlocomotive effect of methamphetamine. In constrast, reversal of 

methamphetamine is only partially effective at 130 mg/kg 27. Future studies aim to 

synthesize new acyclic CB[n]-type compounds that display higher affinity and selectivity 

toward drugs of abuse for enhanced in vivo function. Recently, Kim and co-workers reported 

the use of OFETs coated with CB[7] derivatives function as a portable amperometric sensor 

for amphetamine-type stimulants.[47]

2.4.2.5. Use of Acyclic CB[n]-type Containers as Components of Sensor Arrays: The 

use of CB[n]•dye complexes as key components of sensor systems has been extensively 

studied, most notably by Nau and co-workers.[48] Advantageously, acyclic CB[n]-type 

receptors feature aromatic sidewalls and in collaboration with Prof. Pavel Anzenbacher we 

have found that the dialkoxynapthalene walls of 38 fluoresce at ≈ 370 nm when excited at 

301 nm. Interestingly, the fluoresence of 38 is quenched by the non-covalent binding of 

metals (e.g. Eu3+, Yb3+, Zn2+, Ba2+, Hg2+) at the ureidyl C=O portals. When a guest 

(analyte) is added, the metal ion can be displaced and results in a change in fluorescence.[49] 

The fluoresence is either recovered or reset to a different level depending on the affinity of 

the guest and its ability to perturb the fluorescence of the host. Accordingly, a two 

component sensor was prepared consisting of 38 as a more flexible cross reactive component 

and 37 which is a more rigid and selective receptor.[49] As analytes we tested 12 compounds 

including the cancer associated nitrosamines NDMA, NPIP, NNN, and NNK. The response 

of the host-metal-analyte solutions were measured at 320 and 370 nm in a 1536-well plates. 

Linear discriminant analysis resulted in 100% correct classification by the leave-one-out 

procedure (Figure 16). The same sensor array could also be used to identify NNN and NNK 

concentrations even in the presence of interfering nicotine. Subsequently, this same two-

component sensor array was used to correctly classify seven different over-the-counter drugs 

(cimetifine, ranitidine, famotidine, nizatidine, doxylamine, phenylephrine, pseudoephedrine) 

and even OTC cold remedies.[50] Quantitative analysis of mixtures of doxylamine, 

pseudoephedrine, and phenylephrine was also possible as was the direct urinalysis of 

doxylamine after taking NyQuil. Overall, these results and related studies[51] show the great 

potential of strategic combinations of fluorescent cross-reactive acyclic CB[n]-type and 

selective macrocyclic CB[n] receptors as components of sensing arrays to create high 

throughput assays for biologically relevant analytes.

3. Summary and Outlook

In summary, we have presented our journey in the exploration of acyclic CB[n]-type 

receptors incorporating at least two glycoluril building blocks. Early investigations probed 

the diastereoselective formation of C-shaped methylene bridged glycoluril dimers which 

constitute a fundamental step in the mechanism of CB[n] formation. Methylene bridged 

glycoluril dimers capped with aromatic sidewalls undergo discrete self-association 

(dimerization) in water and organic solvents which lead to the investigation of 
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multicomponent self-sorting systems. Probing the later steps of CB[n] formation lead to the 

isolation of glycoluril oligomers 12H – 16, nor-seco-CB[n], and acyclic decamer 17. By 

virtue of the polycyclic framework, pentamer 15 and hexamer 16 are preorganized and retain 

the key recognition properties of macrocyclic CB[n] with only an ≈100-fold penalty in 

binding affinity. A wide variety of acyclic CB[n] (aromatic wall variants, solubilizing group 

variants, linker variants) have been prepared based on glycoluril trimer and tetramer which 

possess outstanding recognition properties. In particular, 26 and 27 have been used as 

solubilizing excipients for insoluble drugs in water. Compounds 26 and 27 are not cytotoxic 

according to in vitro metabolic and cell death assays, are well tolerated in mice, do not 

inhibit the hERG ion channel, do not alter blood pH or blood gases, and pass the Ames test. 

Albendazole formulated with 26 was used to treat animals bearing SK-OV-3 xenografts. 

Containers 26 and 27 function well as in vivo reversal agents for neuromuscular block 

induced by rocuronium, vecuronium, and cisatracurium. Most recently, the ability of 27 to 

modulate the hyperlocomotive effect of methamphetamine in rats. Finally, a sensing 

ensemble comprising a fluorescent selective macrocyclic receptor 37 with cross-reactive 

fluorescent acyclic CB[n] 38 displayed remarkable ability to correctly identify between and 

quantify cancer associated nitrosamines and over-the-counter drugs. Acyclic CB[n] possess 

a confluence of properties including outstanding recognition properties, lack of in vitro or in 
vivo toxicity, and synthetic modularity that suggests they should be developed further for a 

wide range of real world chemical and biological applications.
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Figure 1. 
a) Synthesis of CB[n] and b) Structures of molecular clips K1 and N1.
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Figure 2. 
Preparation of methylene bridged glycoluril dimers.
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Figure 3. 
Self-assembly and self-sorting processes of methylene bridged glycoluril dimers 3 – 7.
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Figure 4. 
a) Structure of 8 and its putative dimer, and b) illustration of the geometry and driving forces 

for formation of the 8•methylene blue complex.
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Figure 5. 
a) Chemical structure of 10, b) schematic depiction of its (a,a,a,a) and (a,a,s,a) conformers, 

c) three dimensional representation of the 10•HDA complex, d) structures of common guests 

for CB[n]-type receptors.
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Figure 6. 
a) Synthesis of methylene bridged glycoluril oligomers and nor-seco-CB[n], and b) x-ray 

crystal structures of 12H – 16.
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Figure 7. 
a) Chemical structure of 17. b) Cross eyed stereoview of the x-ray crystal structure of 

(+)-17•(−)-17•Na6. Color code: C, grey; H, white; N, blue; O, red; Na, yellow.

Ganapati and Isaacs Page 22

Isr J Chem. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
a) Synthesis of 19, 23, and 24, and b) x-ray crystal structures of 19 and 24.
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Figure 9. 
a, b) Synthesis of 26 – 30, and c) x-ray crystal structures of 27 and 30.
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Figure 10. 
a) Simulated phase solubility diagram for a drug with 1 μM inherent solubility and different 

Ka values, b) PSDs constructed for estradiol with containers 26, ■; 27, ●; 28, ◆; 29, ▼; 38, 

▲; and HP-β-CD, ◀.
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Figure 11. 
Maximum tolerated dose study performed for container 26. Female Swiss Webster mice (n = 

5 per group) were dosed via the tail vein on days 0, 4 and 8 (*, dosing day) with different 

concentrations of 26 or phosphate buffered saline. The total amount of 26 per kg of body 

weight is indicated. The normalized average weight change per study group (n = 5) is 

indicated. Error bars represent standard error of the mean.
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Figure 12. 
Plots of: a) tumor volume, and b) percent survival versus time from the in vivo efficacy 

studies with 26•ABZ. Female, athymic mice (n = 10) were dosed either once or twice daily 

with 26•ABZ (3.2 mg/kg) through the IP route. Treatment commenced when tumors were 

approximately 300 mm3, during the rapid tumor growth phase. Untreated (closed squares), 

26 at 681 mg/kg (closed circles), 26•ABZ once daily (open upright triangle), and 26•ABZ 

twice daily (open upside down triangle).

Ganapati and Isaacs Page 27

Isr J Chem. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. 
a) Chemical structures of 31 – 36, and b) cross eyed stereoview of the crystal structures of 

31.
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Figure 14. 
a) Chemical structures of Sugammadex and NMBAs, and b) plots of the recovery of train of 

four ratio at different doses of reversal agents.
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Figure 15. 
a) Chemical structures of HP-β-CD, SC4A, and selected drugs of abuse, b) bar graph 

showing distance traveled as a percentage of the placebo + methamphetamine activity level 

within 20 min; error bars represent the standard error of the mean. Tracking plots illustrate 

the distance traveled by one rat within 20 min in the open field; c) baseline, no 

methamphetamine; d) methamphetamine (0.30 mg/kg) + placebo; e) methamphetamine 

(0.30 mg/kg) + 27 (65 mg/kg); and f) methamphetamine (0.30 mg/kg) + 27 (130 mg/kg).
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Figure 16. 
a) Chemical structures of selected analytes, and hosts 37 and 38.
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Table 2

Binding constants (Ka/106 M−1) measured for the complexes between hosts Sugammadex, 26, and 27 toward 

rocuronium, vecuronium, cisatracurium, and ACh.

Guest[a] Sugammadex 26 27

rocuronium 18 8.4 3400

vecuronium 5.7 5.8 1600

cisatracurium 0.0049 0.97 4.8

ACh – 0.024 0.18

– = not reported.
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