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Abstract

We report the synthesis of M2NH3 which is a tetracationic analogue of our prototypical acyclic 

CB[n]-type molecular container M2. Both M1NH3 and M2NH3 possess excellent solubility in 

D2O and do not undergo intermolecular self-association processes that would impinge on their 

molecular recognition properties. Compounds M1NH3 and M2NH3 do, however, undergo an 

intramolecular self-complexation process driven by ion-dipole interactions between the ureidyl 

C=O portals and the OCH2CH2NH3 arms along with inclusion of one aromatic wall in its own 

hydrophobic cavity. The Ka values for M1NH3 and M2NH3 toward seven nucleotides were 

determined by 1H NMR titration and found to be quite modest (Ka in the 102 – 103 M−1 range) 

although M2NH3 is slightly more potent. The more highly charged guests (e.g. ATP) form 

stronger complexes with M1NH3 and M2NH3 than the less highly charged guest (e.g. ADP, 

AMP). The work highlights the dominant influence of the ureidyl C=O portals on the molecular 

recognition behavior of acyclic CB[n]-type receptors and suggests routes (e.g. more highly 

charged arms) to enhance their recognition behavior toward anions.

Introduction

Since the pioneering work of Pedersen, Lehn, and Cram more than 40 years ago the 

development of the field of supramolecular chemistry has witnessed the creation ever more 

complex receptor molecules whose structures are tailored toward specific molecular targets.1 

For example, macrocyclic molecular container compounds (e.g. crown ethers, cyclodextrins, 

calixarenes, cyclophanes, pillararenes)2 have served as core structures of more complex 

receptors prepared by covalent reactions or by self-assembly processes. These exquisitely 

designed hosts have been used for a variety of applications including chemical sensing,3 

drug delivery,4 to promote supramolecular polymerization,5 supramolecular approaches to 

catalysis,6 to stabilize otherwise unstable compounds and conformations of molecules,7 to 

promote the assembly and/or disassembly of protein-protein interactions,8 and for various 

imaging applications.9

Over the past 15 years, the synthetic and supramolecular chemistry of the cucurbit[n]uril 

(CB[n], n = 5, 6, 7, 8, 10, 14) family of molecular containers has been unfolding 

rapidly.10,11 CB[n] compounds are prepared by condensation of glycoluril and formaldehyde 
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under aqueous acidic conditions and feature n glycoluril units connected by 2n CH2-

bridges.12 CB[n] compounds possess a hydrophobic cavity that is guarded by two symmetry 

equivalent ureidyl carbonyl lined portals. The molecular recognition properties of CB[n] 

containers are unrivaled among synthetic molecular containers in that they display 

remarkable binding affinity (Ka up to 1017 M−1) and very high selectivity toward their guests 

(hydrophobic cations and even neutral molecules) in aqueous solution.13,14 CB[n] host-guest 

complexes form the basis for complex multistate supramolecular systems because they 

undergo changes in constitution and conformation in response to appropriate stimuli (e.g. 

pH, chemical, electrochemical, photochemical).15 For example, unfunctionalized CB[n] 

containers have featured prominently in a variety of applications including drug delivery,16 

chemical sensing ensembles,17 supramolecular catalysis, peptide and protein recognition,18 

supramolecular materials,11,19 and affinity capture materials.20 In order to further augment 

the recognition properties of the CB[n] systems, the development of methods for the 

selective (mono)functionalization of CB[n] have been pursued. As early as 2003, Kim’s 

group developed the perhydroxylation of CB[n] to generate (HO)2nCB[n] and has used these 

compounds as starting materials to prepare supramolecular systems capable of affinity 

capture, targeted drug delivery, and tissue engineering.14,21 In 2011 and 2012, the Isaacs 

group utilized their mechanistic knowledge of the CB[n] forming reaction to devise the first 

routes to CB[6] and CB[7] derivatives containing a single reactive functional group.22 

Subsequently, the perhydroxylation reaction was tamed which allowed the isolation of 

monohydroxylated CB[n] compounds by the groups of Scherman, Kim, and Bardelang.23 

The Isaacs group along with the Sindelar group has also been pursuing a different approach 

to the preparation of functionalized CB[n]-type receptors for advanced applications in the 

form of acyclic CB[n]-type receptors whose structures are typified by that of M1 (Figure 

1).24,25-27 M1 features a central C-shaped glycoluril tetramer which endows it with the 

ability to bind to hydrophobic cations, two aromatic walls which form π−π interactions with 

aromatic target compounds, and four sodium sulfonate solubilizing groups. M1 and its 

relatives have been used in a variety of applications including the solubilization of insoluble 

pharmaceutical agents and carbon nanotubes, the creation of sensing ensembles, and the in 
vivo reversal of neuromuscular block.24,25,26 We have studied the influence of several 

structural variables (e.g. aromatic sidewall identity, solubilizing group identity (NH3
+ versus 

OH versus SO3Na), and length of central glycoluril oligomer (monomer – tetramer)) on their 

function as solubilizing excipients for insoluble drugs.24,25,26 Interestingly, in our study of 

the recognition properties of the cationic analogue of M1 (M1NH3, Figure 1) we found that 

the container is not a good host for cationic compounds due to self-complexation of the 

NH3
+ arms at the ureidyl carbonyl portals, but displayed modest affinity toward 

adamantanecarboxylate (Ka = 678 M−1) in 20 mM sodium phosphate buffer at pH 7.4.26 

Accordingly, it appeared that the cationic arms turned M1NH3 into an anion receptor. Based 

on this observation, we recently prepared cationic acyclic cucurbit[n]uril dendrimers and 

demonstrated their ability to bind to and compact plasmid DNA although, unfortunately, 

gene transfection ability was quite modest.28 Previous supramolecular researchers have 

shown that polycationic receptors are capable of recognizing nucleotide anions in aqueous 

solution due to electrostatic and other non-covalent interactions.29 Within the CB[n] field, 

bambusurils and related compounds are known to be potent receptors for anions in water.30 

Given the generally high affinity of CB[n] compounds toward their guests, we decided to 
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investigate the binding properties of tetracationic hosts M1NH3 and M2NH3 toward 

nucleotides because of the confluence of aromatic moieties which are known to bind nicely 

to acyclic CB[n] and the anionic phosphates which should interact with the ammonium ion 

arms.

Results and Discussion

This results and discussion section is organized as follows. First, we describe the synthesis 

of M2NH3 and determination of its solubility and self-association in water. Next, we 

describe the structural features of this class of host molecules. Then, we measure the binding 

constants of M1NH3 and M2NH3 toward seven nucleotide guests by 1H NMR 

spectroscopic titration. Finally, we discuss the trends in binding affinity as a function of 

guest structure and as a function of ionic strength of the aqueous binding media.

Synthesis of M2NH3

Scheme 1 shows the synthesis of tetracationic acyclic CB[n]-type molecular container 

M2NH3. As starting materials, we selected methylene bridged glycoluril tetramer bis (cyclic 

ether) 131 and 1,4-bis(2-chloroethoxy)naphthalene 2.32 Upon heating in a 1:1 mixture of 

TFA and Ac2O, 1 and 2 undergo double electrophilic aromatic substitution reactions to 

install the two naphthalene walls yielding 3 in 36% yield. Tetrachloro acyclic CB[n] 

derivative 3 could be transformed into the correspond tetraazide functionalized acyclic 

CB[n]-type molecular container 4 by treatment with sodium azide in hot DMSO (80 °C) by 

simple SN2 chemistry. Finally, 4 could be transformed into the target tetracationic acyclic 

CB[n]-type molecular container M2NH3 by treatment with triphenylphospine in aqueous 

DMSO followed by treatment with HCl. Compound M2NH3 was characterized by all of the 

usual spectroscopic techniques including 1H NMR, 13C NMR, infrared spectroscopy, and 

electrospray ionization mass spectrometry (ES-MS). The high resolution ES-MS spectrum 

showed a molecular ion that was consistent with the depicted molecular formula of the 

singly protonated form of the free base of M2NH3 (C58H69N20O12) at m/z = 1237.5409. 

The 1H NMR and 13C NMR spectra recorded for 3 and 4 (in DMSO) and M2NH3 in D2O 

are relatively simple which reflects their overall C2v-symmetry. For example, the 13C NMR 

spectra (Supporting Information) display only two resonances for the ureidyl C=O groups, 

five resonances for the C-atoms of the aromatic ring, two CH3 signals, two resonances for 

the OCH2CH2X arms, along with three CH2 and four signals for the equatorial glycoluril C-

atoms. Similarly, the 1H NMR spectrum of M2NH3 displays the typical AA’BB’ pattern for 

aromatic protons Ha and Hb, two singlets for the CH3-groups, two resonances for the 

equatorial glycoluril CH groups (Hk and Hl) and three pairs of doublets for the 

diastereotopic CH2-groups connecting two glycoluril units or a glycoluril unit with an 

aromatic sidewall. As expected based on theory, the resonances for the OCH2CH2NH3 arms 

display patterns that reflect the fact that the protons on each CH2-group are diastereotopic. 

Interestingly, the chemical shift of Ha and Hb of the naphthalene sidewalls of M2NH3 
measured in D2O as solvent are significantly upfield shifted relative to the related chemical 

shifts measured for 4 in DMSO-d6 (Figure 2). This observation suggests that M2NH3, 

similar to M1NH3,26 assumes a self-folded conformation in which the naphthalene rings 

undergo π−π interactions.
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X-ray Crystal Structure of 4

We were unable to obtain single crystals of M2NH3, but were lucky enough to obtain 

crystals and solve the x-ray crystal structure for compound 4 (CCDC-1454834). Figure 3 

shows a cross-eyed stereoview of one molecule of 4 in the crystal. As seen previously for 

M2, compound 4 assumes a helical conformation in which its two terminal aromatic rings 

are splayed out of plane with respect to the glycoluril tetramer backbone. A molecule of 

formic acid fills the cavity of 4 in the crystal and forms one H(C=O)O-H•••O=C H-bond 

(O•••O distance: 2.77 Å) to the ureidyl C=O portal of 4. Reciprocally, two molecules of H2O 

form a H-bonded chain from the included formic acid terminated at the opposite ureidyl 

C=O portal. The individual molecules of 4 exhibit an interesting three dimensional packing 

in the crystal whereby molecules of one handedness form zig-zag chains along the a-axis 

which repeat along the b-axis to give sheets of a single handedness in the ab-plane 

(Supporting Information). These sheets pack along the z-axis with alternating senses of 

chirality driven in part by interactions between naphthalene sidewalls in adjacent slabs.

Solubility Properties of M1NH3 and M2NH3

The ability to use a given molecular container compound in relevant applications requires 

sufficient solubility in appropriate solvents. Unfunctionalized CB[n] (n = 6, 8, 10) exhibit 

low solubility in water (< 100 μM) whereas CB[n] derivatives and acyclic CB[n] can exhibit 

dramatically enhanced solubility. For this reason we decided to determine the inherent 

solubility of M1NH3 and M2NH3 before proceeding to perform molecular recognition 

studies. Experimentally, we added M1NH3 or M2NH3 to water until a heterogenous 

mixture was formed and then excess insoluble host was filtered off and the concentration of 

M1NH3 and M2NH3 in solution was measured by 1H NMR spectroscopy relative to 

trimesic acid as an internal standard of known concentration. In this manner we measured 

the high inherent solubility of M1NH3 (250 mM) and M2NH3 (≥ 207 mM).

Container M2NH3 Does Not Undergo Significant Self-Association

Before proceeding to study any new host molecule – particularly for studies in aqueous 

solution – it is important to determine whether the host undergoes self-association processes 

that would impinge upon the expected host-guest recognition processes. Previously, we have 

investigated the use of M1NH3 as a solubilizing excipient for insoluble drugs and studied its 

self-association by 1H NMR dilution experiments in 20 mM sodium phosphate buffered 

D2O and did not observe any changes in chemical shift that would be indicative of self-

association processes.26 Accordingly, we performed an analogous dilution experiment for 

M2NH3 (20 mM to 0.125 mM) and looked for changes in 1H NMR chemical shift as a 

function of concentration (Figure 4). As can be readily seen the host protons – most 

significantly those of the aromatic sidewalls – do not undergo any significant changes in 

chemical shift which would be indicative of self-association processes over the 

experimentally accessible concentration range. Accordingly, we conclude that M2NH3 
exists in its monomeric form under the conditions used for Ka determination by 1H NMR 

titrations decribed below.
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Structures of M1NH3 and M2NH3

Previously, we have determined the x-ray crystal structures of M1 and M2 whose aromatic 

sidewalls are roughly orthogonal and help define a hydrophobic box whereas the sulfonate 

solubilizing groups do not interact with the ureidyl C=O groups of the host. In sharp 

contrast, the x-ray crystal structure of M1NH3 26 (Figure 5) displays a self-folding 

phenomenon whereby the two o-xylylene walls undergo π−π interactions with each other 

which reduces the available cavity volume. In addition, one of the CH2CH2NH3 sidearms of 

M1NH3 folds back to the ureidyl C=O portal to form ion-dipole interactions which helps 

explain the fact that M1NH3 is not a good receptor for cations. Unfortunately, we have not 

been able to obtain x-ray quality crystals of M2NH3. However, on the basis of the x-ray 

crystal structure of M1NH3, we infer that M2NH3 may undergo a related self-folding 

phenomenon although the presence of the longer naphthalene walls of M2NH3 may induced 

some strain within a self-folded geometry. As described above, the observation of upfield 

shifting of Ha and Hb for M2NH3 in water relative to 4 as model compound strongly 

suggests a self-folded geometry for M2NH3 driven by C=O•••NH3
+ ion-dipole interactions 

and resulting in intramolecular π−π interactions between the naphthalene walls of M2NH3.

Binding Studies of M1NH3 and M2NH3 Toward the Nucleotide Guests

Next, we decided to measure the binding constants for the interaction of M1NH3 and 

M2NH3 with the various nucleotide guests. For this purpose, we decided to use 1H NMR 

spectroscopy and monitor the change in chemical shift of the protons on the nucleotide upon 

titration with the acyclic CB[n]-type molecular containers M1NH3 and M2NH3 with the 

expectation that the direction and magnitude of the induced changes in chemical shift (Δδ) 

would deliver information about the structure of the host-guest complex. Figure 7 shows 

the 1H NMR recorded for the titration of a fixed concentration of GTP (1 mM) with M1NH3 
(0 – 8 mM) in 20 mM sodium phosphate buffered D2O at pD 7.4. The 1H NMR chemical 

shifts of the aromatic proton of GTP (Hp) shifts slightly upfield upon complex formation 

with M1NH3. In addition, the proton attached to the anomeric center (Hq) and the sugar ring 

(Hs) also experience small upfield shifts upon complex formation. We performed a 

simultaneous global fitting of the plot of change in chemical shift data versus [M1NH3] 

(Figure 6f) to extract the binding constant for the M1NH3•GTP complex (Ka = 234 M−1). 

Analogous 1H NMR titrations were performed for the M1NH3 and M2NH3 with the other 

nucleotides and the binding constants are presented in Table 1.

The complexes between M1NH3 or M2NH3 with the seven nucleotides are all relatively 

weak with binding constants in the 102 – 103 M−1 range. However, there are useful trends in 

the binding affinity data that can be discerned. First, the binding constants of M2NH3 
toward a given nucleotide are generally larger than that of M1NH3. Previously, we have 

observed similar trends in the binding affinity of M1 and M2 toward insoluble drugs and 

attributed this effect to the fact that M2 is shaped by two naphthalene rings which results in 

a larger hydrophobic cavity and one that offers a larger amount of π-surface area to its 

guests.25 We surmise that the superior binding affinity of M2NH3 relative to M1NH3 may 

be due to similar effects; confirmation of this interpretation awaits an x-ray crystal structure 

of M2NH3. Second, across the series of guests ATP, ADP, AMP, cAMP that differ only in 
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the number of negative charges we observe a decrease in Ka toward M1NH3 and M2NH3 as 

guest charge decreases. The 5-fold (18-fold) decrease observed between the complexes of 

M1NH3•ATP versus M1NH3•cAMP (M2NH3•ATP versus M2NH3•cAMP) suggest that a 

significant portion of the binding free energy of these complexes are due to electrostatic 

interactions between the negatively charged phosphate groups and the positively charged 

arms of M1NH3 and M2NH3. Third, among the purines, we find that ATP forms tighter 

complexes than GTP toward both M1NH3 and M2NH3. We believe that this trend is due to 

the fact that the nucleobase of GTP is more hydrophilic than that of ATP because of the 

additional oxo-group. Accordingly, binding GTP in the hydrophobic cavity of M1NH3 or 

M2NH3 would require more extensive desolvation of the guest. Consistently, we do not 

observe a similar trend in the binding constants of UTP and CTP toward M1NH3 and 

M2NH3 because of the more comparable substituents on the bases.

To obtain structural information about the complexes between M1NH3 or M2NH3 and the 

seven nucleotides we obtained the maximal complexation induced changes in chemical shift 

(Δδ) from the simultaneous global fitting of the titration data which are summarized in Table 

2. Table 2 presents Δδ values for the protons on the aromatic rings (Ho and Hp), the 

anomeric center (Hq), and for GTP proton (Hs) on the sugar residue. Although we were 

unable to monitor the other protons across the full titration because of spectral complexity or 

the obscuring effect of the D2O solvent we do observe that most resonances tend to shift 

slightly upfield upon complex formation which is consistent with the nucleotides residing in 

the hydrophobic cavity of M1NH3 and M2NH3. Figure 8 presents one MMFF minimized 

geometry of the M2NH3•ATP complex although given the relatively low Ka values we 

suspect a range of similar geometries are plausible. As can be seen, the aromatic base and 

the sugar ring are bound within the anisotropic shielding region of the acyclic CB[n]-type 

cavity whereas the ammonium ion arms extend toward the cavity to complement the anionic 

triphosphate. We believe that analogous complex geometries are likely for the complexes of 

M1NH3 and M2NH3 with the other nucleotides. 31P NMR measured with ATP in presence 

of M1NH3 or M2NH3 show a slight downshift of phosphate units compare to ATP only (for 

M1NH3 Δδ: Pα 0.21; Pβ 0.33; Pγ 0.39 ppm; for M2NH3 Δδ: Pα 0.02; Pβ 0.17; Pγ 0.32 

ppm; Supporting Information). This observation is consistent with electrostatic / H-bonding 

interactions between the phosphate chain and the ammonium ion arms. To assess the 

importance of electrostatic interactions on the strength of the M2NH3•ATP complex we 

decided to perform 1H NMR titrations as a function of the concentration of the sodium 

phosphate buffer. Figure 9 shows a plot of Ka as a function of sodium phosphate 

concentration. As expected the observed Ka values decrease as sodium phosphate 

concentration increases presumably due to the competition / screening effect of the added 

salt.

Conclusion

In summary, we have reported the synthesis of the tetracationic analogue of M2 which we 

refer to as M2NH3. We find that both M1NH3 (250 mM) and M2NH3 (≥ 207 mM) possess 

outstanding solubility in D2O. The results of 1H NMR dilution experiments establish that 

neither M1NH3 nor M2NH3 undergo significant self-association which enables their ability 
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to act as hosts. By virtue of their electrostatically negative ureidyl C=O portals and their 

cationic (CH2)2NH3
+ arms both M1NH3 and M2NH3 form self-complexed structures due 

to ion-dipole interactions at the portals and π−π interactions of one sidewall folding into its 

own cavity. The results of 1H NMR titrations establish that both M1NH3 and M2NH3 are 

relatively weak hosts toward nucleotides with Ka in the 102 – 103 M−1 range although 

M2NH3 is somewhat more potent than M1NH3 toward a given guest. We attribute this 

relatively modest affinity to the electrostatically negative ureidyl C=O portals which interact 

with the NH3
+ arms and thereby decrease electrostatic interactions toward the negatively 

charged guests. As expected, along the series from ATP, ADP, AMP, to cAMP we observe 

that the Ka values toward M1NH3 or M2NH3 decreases as the charge on the guest 

decreases. In conclusion, the work highlights the powerful influence of the ureidyl C=O 

portals on acyclic cucurbituril recognition processes and suggests that future designs of 

acyclic CB[n] containers for anion recognition requires the use of arms that are more 

preorganized, more highly charged, and coordinate less well with the C=O portals to 

enhance their anion recognition abilities.

Experimental Details

Starting materials were purchased from commercial suppliers and were used without further 

purification. Compounds 1, 2, and M1NH3 were synthesized following the literature 

procedures.26,31,32 Melting points were measured on a Meltemp apparatus in open capillary 

tubes and are uncorrected. IR spectra were recorded on a JASCO FT/IR 4100 spectrometer 

and are reported in cm−1. 1H and 13C NMR spectra were measured on 400, 500, or 600 MHz 

instruments. Mass spectrometry was performed using a JEOL AccuTOF electrospray 

instrument (ESI).

Compound 3

A solution of 1 (1.498 g, 1.95 mmol) in TFA/Ac2O (1:1, 15 mL) was treated with 1,4-bis(2-

chloroethoxy)naphthalene (2) (1.944 g, 6.81 mmol) and the mixture was stirred at 70 °C for 

3 h under nitrogen. The mixture was poured into MeOH (100 mL) and the precipitate was 

isolated by filtration. The crude solid was washed with water (100 mL) and filtered. The 

solid was resuspended in acetone (100 mL) and filtered. Finally, the crude solid was 

dissolved in formic acid (10 mL), precipitated by addition of water (7 mL) and centrifuged, 

three times. Compound 3 was dried under high vacuum and obtained as a white solid (932 

mg, 36%). M.p. > 300 °C (dec.). IR (ATR, cm−1): 2927w, 1723s, 1462s, 1310s, 1221s, 

1183m, 1081m, 796s. 1H NMR (500 MHz, DMSO-d6): 8.11-8.09 (m, 4H), 7.70-7.68 (m, 

4H), 5.55 (d, J = 14.6 Hz, 2H), 5.48 (d, J = 15.0 Hz, 4H), 5.38 (d, J = 9.0 Hz, 2H), 5.37 (d, J 
= 16.1 Hz, 4H), 5.26 (d, J = 9.0 Hz, 2H), 4.66-4.61 (m, 4H), 4.37 (d, J = 16.1 Hz, 4H), 

4.10-3.93 (m, 18H), 1.74 (s, 6H), 1.72 (s, 6H). 13C NMR (125 MHz, DMSO-d6): 155.3, 

154.2, 147.7, 127.8, 127.5, 126.7, 122.6, 77.5, 76.1, 74.0, 70.8, 70.4, 52.9, 48.4, 44.7, 35.9, 

16.0, 15.6. MS (ESI): m/z 726 ([M+p-xylenediamine+2H]2+, calculated for 

C66H74Cl4N18O12
2+: 726).
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Compound 4

A mixture of tetrachloride 3 (673 mg, 0.51 mmol) and NaN3 (667 mg, 10.26 mmol) was 

stirred in DMSO (10 mL) at 80 °C for 12 h. The reaction mixture was cooled to RT and 

water (40 mL) was added. The mixture was filtered and the solid was washed with water (40 

mL) and then filtered again. Subsequently, the solid was suspended in MeOH (40 mL) and 

filtered, twice. Compound 4 was dried under high vacuum and obtained as a white solid (606 

mg, 88%). M.p. > 300 °C (dec.). IR (ATR, cm−1): 2930w, 2102m, 1721s, 1461s, 1307s, 

1220s, 1182s, 1081m, 796s. 1H NMR (400 MHz, DMSO-d6): 8.07-8.05 (m, 4H), 7.74-7.72 

(m, 4H), 5.54 (d, J = 14.5 Hz, 2H), 5.49 (d, J = 15.1 Hz, 4H), 5.39 (d, J = 9.0 Hz, 2H), 5.36 

(d, J = 16.0 Hz, 4H), 5.26 (d, J = 9.0 Hz, 2H), 4.55-4.51 (m, 4H), 4.39 (d, J = 16.0 Hz, 4H), 

4.09 (d, J = 15.1 Hz, 4H), 4.07 (d, J = 14.5 Hz, 2H), 3.98-3.93 (m, 4H), 3.76-3.59 (m, 8H), 

1.74 (s, 6H), 1.73 (s, 6H). 13C NMR (125 MHz, DMSO-d6): 155.3, 154.2, 147.8, 127.7 

127.3, 126.7, 122.6, 77.5, 76.1, 73.3 70.8, 70.4, 52.9, 50.9, 48.4, 35.9, 16.1, 15.6. MS (ESI): 

m/z 739 ([M+p-xylenediamine+2H]2+, calculated for C66H74N30O12
2+: 739). X-ray crystal 

structure (CCDC-1454834).

Compound M2NH3

A mixture of tetraazide 4 (212 mg, 0.16 mmol) and PPh3 (314 mg, 1.20 mmol) were stirred 

in DMSO/H2O (5:1, 6 mL) at 80 °C for 4 h. The mixture was cooled to RT and acidified to 

pH 1 with HCl (6 M). Acetone (40 mL) was added and the precipitate was isolated by 

centrifugation. The solid was dissolved in water (2 mL) and precipitated with acetone (40 

mL), four times. The solid was dried under high vacuum and obtained as a yellow solid (178 

mg, 81%). M.p. > 300°C (dec.). IR (ATR, cm−1): 3359w, 2975w, 1722s, 1692s, 1461s, 

1311s, 1227s, 1151s, 1064s, 1007m, 977m, 821m, 797s. 1H NMR (400 MHz, D2O): 

7.36-7.34 (m, 4H), 7.24-7.22 (m, 4H), 5.49-5.41 (m, 8H), 5.33 (d, J = 8.6 Hz, 2H), 5.15 (d, J 

= 16.0 Hz, 4H), 4.56 (d, J = 16.2 Hz, 4H), 4.33 (d, J = 15.8 Hz, 4H), 4.05 (d, J = 15.5 Hz, 

2H), 3.95-3.86 (m, 8H), 3.32-3.14 (m, 8H), 1.84 (s, 6H), 1.76 (s, 6H). 13C NMR (125 MHz, 

D2O, dioxane as reference): 156.9, 148.9, 128.2, 127.9, 126.5, 122.9, 80.0, 78.8, 72.2, 71.6, 

71.2, 53.6, 48.9, 40.4, 37.0, 16.1, 15.4 (only 17 of the 18 expected resonances were 

observed. HR-MS (ESI): m/z 1237.5409 ([M+H-4HCl]1+, calculated for C58H69N20O12
+: 

1237.5404), 413.1853 ([M+3H-4HCl]3+, calculated for C58H71N20O12
3+: 413.1854).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structures of CB[n] and prototypical acyclic CB[n]-type molecular containers.
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Figure 2. 
NMR spectra recorded for: a) 4 (DMSO-d6, 400 MHz, RT), b) M2NH3 (D2O, 400 MHz, 

RT).
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Figure 3. 
Cross-eyed stereoview of the x-ray crystal structure of one molecule of 4 in the crystal. 

Color code: C, grey; H, white; N, blue; O, red; H-bonds, red-yellow stripped.
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Figure 4. 
1H NMR spectra recorded (D2O, 400 MHz, 20 mM sodium phosphate, pD = 7.4, RT) during 

the dilution experiment for M2NH3: a) 20 mM, b) 15 mM, c) 10 mM, d) 5 mM, e) 2.5 mM, 

f) 1 mM, g) 0.5 mM, h) 0.25 mM, i) 0.125 mM.
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Figure 5. 
Cross-eyed stereoview of the X-ray crystal structure of M1NH3. Color code: C, grey; H, 

white; N, blue; O, red; H-bonds, red-yellow striped.
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Figure 6. 
Structures and selected proton labeling of guests used in this study.
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Figure 7. 
a) 1H NMR spectra (400 MHz, 20 mM sodium phosphate, pD = 7.4, RT) recorded during 

the titration of GTP (1 mM) with M1NH3: a) 0 mM, b) 0.5 mM, c) 2 mM, d) 4 mM, e) 6 

mM. Global fitting of the Δδ versus [M1NH3] data to a 1:1 binding model to determine Ka 

= 234 ± 20 M−1.
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Figure 8. 
Cross-eyed stereoview of an MMFF minimized geometry for M2NH3•ATP. Color code: C, 

gray; H, white; N, blue; O, red; P, orange.
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Figure 9. 
Plot of Ka versus [Buffer] for the M2NH3•ATP complex. Conditions: sodium phosphate (5 

– 50 mM) buffered D2O, pD = 7.4, RT.
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Scheme 1. 
Synthesis of cationic acyclic CB[n]-type container M2NH3. Conditions: a) CF3CO2H / 

Ac2O, 70 °C, 3 h, 36%, b) DMSO, NaN3, 80 °C, 12 h, 88%, c) DMSO, H2O, PPh3, 80 °C, 

4h then HCl, 81%.
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Table 1

Binding constants (Ka, M−1) measured for the complexes between M1NH3 and M2NH3 and the nucleotide 

guests.

M1NH3 M2NH3

ATP 937 ± 75 (1.47 ± 0.16) × 103

UTP 461 ± 40 (1.10 ± 0.12) × 103

GTP 234 ± 20 648 ± 114

CTP 564 ± 49 556 ± 37

ADP 507 ± 80 (1.25 ± 0.13) × 103

AMP 199 ± 20 853 ± 173

cAMP 198 ± 68 82 ± 15
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Table 2

Complexation induced changes in chemical shift (A5) for the various protons of the nucleotides for their 

complexes with M1NH3 and M2NH3.

M1NH3 M2NH3

Hp Ho Hq Hp Ho Hq

ATP −0.17 −0.05 −0.18 −0.26 −0.18 −0.26

UTP −0.18 −0.14 −0.14 −0.20 −0.17 −0.18

GTP −0.03 −0.07 −0.14 −0.04 −0.04 (Hs) −0.09

CTP −0.19 −0.17 −0.20 −0.31 −0.29 −0.31

ADP −0.15 −0.05 −0.15 −0.21 −0.13 −0.20

AMP −0.13 −0.03 −0.15 −0.07 −0.04 −0.07

cAMP −0.01 −0.02 −0.04 −0.16 −0.19 −0.20
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