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ABSTRACT meta-Phenylene bis(phenylurea) receptors 1–4 were designed and synthesized to investigate the association between receptor shape and anion-selective binding and anion-directed self-assembly processes. Solution studies, performed through 1H NMR titrations with a variety of tetra-N-butylammonium (TBA) salts, demonstrated strong binding of two equivalents of H2PO4−, AcO−, BzO− anions and comparatively weak binding of Cl−, HSO4− and SO42− anions. Binding modes and stability constants (logβ) were determined by regression analysis of the obtained 1H NMR titration data in DMSO-d6, and the cooperativities of the binding interactions probed. Host-guest complexes of receptors 1 and 2 were studied in the crystalline phase to further probe the anion-binding behavior of this motif. This included the formation of a triple-stranded helicate consisting of three strands of receptor 2 arranged around a mixed-phosphate anionic core, which was characterized by using X-ray crystallography.
INTRODUCTION
The design and analysis of anion-binding receptors is an area of research that continues to grow, with applications that span organocatalysis, medicinal and materials chemistry.1-4 Synthetic receptors are often designed to mimic the selectivity of anion-binding proteins through the careful and methodical design of binding sites, creating a structured array of hydrogen bonds.5 In particular, urea-based receptors have received much interest due to their rigidity and the directionality of their hydrogen bond donors.6 Electron-poor receptors are an attractive option owing to the anticipated increase in anion-binding affinity to the relatively acidic hydrogen-bond donor moieties.6b–c However, some of these receptors are merely deprotonated in the presence of anions, and the interaction between anion and receptor may be dominated by their acidity;7d a common feature often found for urea and thirourea based systems.7b-d Moreover, some highly acidic systems bind anions less strongly than their electron-rich counterparts,8,9 in part due to dissociation of the host-guest complex in solution after proton transfer. 
Structural effects have become much more important in the design of selective receptors in recent years, with the development of sophisticated anion-selective cages,10 cyclic peptides,5 and interlocked systems for the binding of simple anions,11-13 and simple receptors for the differentiation of chiral anions.14 We previously reported allosteric effects in the binding of several anions to a series of acetamido-substituted diphenylureas and thioureas, due to the presence of the additional hydrogen-bonding group adjacent to the urea.15,16 Similar effects in symmetric phenylene bisureas have been noted: ortho-phenylene bisureas have been established by Gale and co-workers as excellent hydrogen bonding receptors for carboxylate anions and tetrahedral oxoanions due to the four convergent hydrogen bonds, while the bis(urea)-carboxylate interaction displayed by these has been utilized as a supramolecular synthon.17 Wu and co-workers have used bis(biurea) derivatives to form both PO43− templated helicates and cages,18-21 while Das and coworkers have developed several electron-poor meta-phenylene bis(phenylurea) receptors, and studied their interactions with anions; with an emphasis on their crystalline adducts.22-24 Others have extended the aromatic moieties of this framework: Ghosh et al. developed a series of coumarin-containing receptors and studied their interactions with mono- and di-carboxylate anions,25 while the group of Caltagirone found that pyrophosphate binding in phenylene bis(arylurea) systems is promoted in asymmetric hosts bearing a naphthalene and an indole ring.26 
Meanwhile, the effects of electron-rich substituents are not yet known. In such receptors, the relative affinity for various anions may be expected to differ to that described by others for simpler hydrogen bond donors, as has been suggested recently by Hunter and coworkers,27 and by Fabbrizzi and coworkers,28 as the contribution of receptor shape to the binding affinity may dominate over its acidity. This interest in electron-rich receptors is relevant to the wider study of anion-binding supramolecular systems, as electron donating substituents such as alkoxy groups are commonly used to extend the receptor architecture. Herein we report the anion binding properties of meta-phenylene bis(phenylurea) receptors 1–4, Scheme 1, which feature either hydroxy and methoxy functionalities on the distal phenylene rings, and as such, these receptors are an important addition to the field. Receptors 1–4 were designed in order to investigate the anticipated synergistic effect of two urea binding sites; with the intention of incorporating the bisurea motif into large multicomponent systems, such as helicates and mechanically interlocked molecules. The compounds were characterized, and their anion recognition abilities quantified via 1H-NMR titrations with the tetra-N-butylammonium (TBA+) salts of H2PO4−, AcO−, BzO−, Cl−, HSO4− and SO42−, where the emphasis was also on elucidating any cooperativity in the anion binding by these receptors.  The use of these receptors in the formation of anion directed self-assembled structures was probed using X-ray crystallography, which included the solid-state characterization of a novel supramolecular self-assembly helicate, consisting of a mixed-phosphate anionic core; but relatively few anion directed helicates have been developed to date.  

RESULTS 
Synthesis of Receptors 1–4 
The anion receptors 1–4 were initially synthesized via reaction of 1,3-phenylene diisocyanate with the corresponding aniline. 1,3-Phenylene diisocyanate proved to be an unsatisfactory starting material, due to an inability to ensure its complete removal from the host samples, and its tendency to form unpredictable mixtures of degradation products, oligomers, etc. upon dissolution in the titration solvent (DMSO-d6). The alternate syntheses of 1–2 were, however, achieved by grinding m-phenylene diamine with the corresponding commercially available methoxyphenyl isocyanate at room temperature for 2 minutes. This resulted in the formation of a paste, from which the ureas were isolated by successive trituration with methanol, acetonitrile and diethyl ether, the products being separated from each solvent upon centrifugation, followed by drying in vacuo. This yielded receptors 1 and 2 as white solids in moderate yields (50–70%) and high purity, which were suitable for spectroscopic titration (Supplementary Information). All products were analyzed using conventional methods (see experimental section), in addition to the use of X-ray crystallography in the case of the anion adducts of 1 and 2, see below. Similarly, compounds 3–4 were produced by grinding or agitating commercially available 1,3-phenylene diisocyanate with an excess of the corresponding aminophenol in organic solvent (CHCl3 or THF) at room temperature for 2 minutes (grinding) or 2 hours (agitation). The precipitated ureas were collected using vacuum filtration and washed with CHCl3 and MeOH and dried in vacuo. Receptors 3–4 were obtained as pale solids in moderate yields (50–58%), and were soluble in DMF and DMSO. For full characterization of receptors 1–4, see Figures S1–S22 in the Supplementary Information.
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Scheme 1. Synthesis of compounds 1–4 used in this study to investigate the anion-binding properties and anion-templated self-assembly of the meta-phenylene bis(phenylurea) motif. Letters a–e indicate the protons of interest in the following 1H NMR studies. 
Solution-State Anion Binding Studies 
Anion titrations were performed with receptors 1–4 to gain insight into the anion recognition process for this family of structures. The binding constants were determined by using non-linear regression analysis (see discussion below). Whilst compounds 3 and 4 could not be produced to the same degree of purity as 1 and 2 (as noted above), preliminary anion titrations were performed to complete the picture; the resulting values were largely in agreement with those obtained with hosts 1 and 2, with an exception in the case of the titration of compound 4 with phosphate. This titration could not be fit to the same 1:1, 1:2 host-guest stoichiometric model expected for this kind of design, and consequently, the anion binding was not investigated further due to the aforementioned concerns.

1H NMR Titration of Receptors 1–4 with Dihydrogenphosphate To investigate the anion binding of 1–4, NMR titrations were carried out in competitive aprotic polar solvent (DMSO-d6). Due to the nature of our design, where each receptor provides four hydrogen bonding donors, we anticipated that a variety of anions could be accommodated by such receptors, either as a simple 1:1 binding, or through the formation of higher order self-assemblies, such as where the anion coordination requirement is met by a 1:2 anion:receptor stoichiometry. To investigate this, we initially carried out titrations using TBA+ H2PO4−. The changes observed in the 1H NMR spectrum are shown in Figure 1, and demonstrate significant changes in the chemical shifts of the resonances attributed to the urea protons (Ha, Hb), which were observed to increase in a monotonic and almost linear fashion during the addition of the first equivalent of anion (see Figure 1a, b). The aromatic resonance Hc was observed to move in a similar and opposite manner to the urea resonances (see Figure 1c).
[image: Figure_1-w_structure-small]
Figure 1. a) Selected spectra (6.5–11.0 ppm) from the titration of 1 with H2PO4−, with resonances of interest colored. b) Experimentally measured chemical shifts, (points) and calculated fit (lines) of resonances Ha–c of receptor 1. c) Speciation distribution diagram generated for from the fitting of the experimental data. The concentrations are presented as mole-percentage values relative to the total host concentration.
An inflection in each trend was observed between the addition of 1→2 equivalents of anion. The trends in chemical shift began to plateau, with more gradual changes observed in the region 2→5 equivalents. This consistent change in gradient at 2 equivalents for both resonances in all titrations was ascribed to the likely presence of a second binding equilibrium in solution. As such, each titration was fitted to a 1:1, 1:2 host-guest model, resulting in cumulative binding constants in the ranges logβ1:1 = 3.6–3.8 and logβ1:2 = 7.1–7.3 for receptors 1–2 (see Figure 1b and Table 1). The values of these constants for receptor 3 fell within the same range, supporting our hypothesis. As noted above, it was not possible to fit the data from the titration of receptor 4 with phosphate, to a combined 1:1, 1:2 host-guest binding model. Logarithmic binding constants could be obtained from a 1:1, 1:2, 1:3 host-guest binding model, however, these values were unrealistically large given the titration concentration.29
Table 1. Cumulative Logarithmic Binding Constants, logβ1:1 and logβ1:2, assuming both 1:1 and 1:2 Binding Modes as Determined from the Analysis of 1H NMR Titrations in DMSO-d6 at 298.2 K 
	Host
	Binding mode, m:n
	H2PO4−
	AcO−
	BzO−

	
	
	logβm:n
	logβm:n
	logβm:n

	1 a)
	1:1
	3.74
	± 0.11
	3.54
	± 0.23
	3.18
	± 0.12

	
	1:2
	7.14
	± 0.24
	5.45
	± 0.33
	4.75
	± 0.40

	2 a)
	1:1
	3.63
	± 0.07
	3.66
	± 0.28
	3.13
	± 0.09

	
	1:2
	7.24
	± 0.07
	5.86
	± 0.49
	4.88
	± 0.13

	3 b)
	1:1
	3.77
	± 0.29
	3.43
	± 0.06
	3.37
	± 0.06

	
	1:2
	7.13
	± 0.29
	5.29
	± 0.08
	5.08
	± 0.08

	4 b)
	1:1
	c)
	 
	3.40
	± 0.07
	3.00
	± 0.10

	
	1:2
	 
	 
	5.44
	± 0.09
	4.48
	± 0.20


a) Association constants shown are averaged values, the errors shown are at the 95% confidence interval, b) Association constants are as calculated from a single fit, the associated errors are the “standard deviation” parameter reported by HYPNMR,30 c) This titration could not be fit to a 1:1, 1:2 host-guest model. The TBA+ salts of each anion were used in all cases.
 The relative magnitudes of the 1:1 and 1:2 binding constants imply a strongly cooperative process, perhaps aided by phosphate-phosphate hydrogen bonding. Such an interaction has been described in MeCN and DMSO, and in aqueous solution, 31,32 and is commonly observed in solid-state structures.33 The cooperativity of a system may be quantified by the interaction parameter α = 4K1:2/K1:1, with values of α > 1 implying cooperative binding, α = 1 implying non-cooperative`binding, and α < 1 implying anticooperative binding.29 As the program used herein reports values of logβ, in order to avoid the introduction of additional sources of error the logarithm of the parameter α will be used. Thus, logα is positive in the case of positive cooperativity, and negative in the case of negative cooperativity. In this system, the value of logα was found to be in the range 0.2–0.6 (see Table 2, and Figure S54 in the Supplementary Information). In a similar 1,2-trans-cyclohexyl derived system, weaker binding constants of logβ1:1 = 2.95 and logβ1:2 = 6.39 (averaged over both enantiomers) were reported for the 1:1 and 1:2 binding modes, respectively. The strongly cooperative binding in that system (logα = 1.1) was explained as a result of phosphate-phosphate hydrogen bonding, as had been observed in the crystalline phase.34
Table 2: Logarithmic Cooperativity Parameters, logα, assuming both 1:1 and 1:2 Binding Modes as Determined from the Analysis of 1H NMR Titrations in DMSO-d6 at 298.2 K
	Host
	H2PO4−
	AcO−
	BzO−

	
	logα 
	logα
	logα

	1 a)
	0.27
	± 0.17
	-1.03
	± 0.25
	-1.01
	± 0.30

	2 a)
	0.59
	± 0.13
	-0.85
	± 0.36
	-0.78
	± 0.10

	3 b)
	0.21
	± 0.31
	-0.97
	± 0.05
	-1.06
	± 0.04

	4 b)
	c)
	 
	-0.75
	± 0.06
	-0.91
	± 0.05


a) Cooperativity constants shown are averaged values, the errors shown are at the 95% confidence interval, b) Cooperativity constants are as calculated from a single fit, the associated errors are as propagated from the “standard deviation” parameter and covariance reported by HYPNMR,29 c) This titration could not be fit to a 1:1, 1:2 host-guest model.
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1H NMR Titration of Receptors 1–4 with Acetate In contrast to the behavior shown by receptors 1–4 towards H2PO4−, above, upon titration with AcO− the chemical shifts of the resonances Ha and Hb increased monotonically; with no inflection or other evidence from these trends of a 1:2 host-guest complex (Figure 2a). This is not surprising, as AcO− would be expected to bind through a planar or linear manner, unlike the tetrahedral H2PO4− anion. Non-linear regression analysis with a 1:1 host-guest binding model afforded binding constants of logβ1:1 = 2.4 (see Table 3). These constants are low for urea-based receptors: Kadam et al. determined a value of 3.3 for diphenylurea in DMSO-d6/water (99.5:0.5), with logβ1:1 being in the range 2.5–4.9 for other aryl-substituted ureas.35 Casula et al. reported binding constants in the range logβ = 3.1–3.9 for asymmetric phenylene bis(arylureas), with the corresponding meta isomer having the lowest binding affinity for acetate.26
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Figure 2. a) Experimentally measured chemical shifts (points) and calculated fit (lines) of resonances Ha and Hb of receptor 1, as fitted to a 1:1 binding model. b) Speciation diagram of this fit. The concentrations are presented as mole-percentage values relative to the total host concentration.
Table 3. Logarithmic Binding Constants, logβ1:1, assuming a 1:1 Binding Mode Only as Determined from the Analysis of 1H NMR Titrations in DMSO-d6 at 298.2 K
	Host
	AcO−
	BzO−
	Cl−
	SO42−
	HSO4− b)

	
	logβ1:1
	logβ1:1
	logβ1:1
	logβ1:1
	logβ1:1

	1 a)
	2.43
	± 0.06
	2.33
	± 0.06
	1.67
	± 0.08
	1.06
	± 0.62
	0.52
	± 0.05

	2 a)
	2.44
	± 0.14
	2.36
	± 0.03
	1.67
	± 0.10
	0.92
	± 0.19
	1.43
	± 0.03

	3 b)
	2.39
	± 0.01
	2.31
	± 0.01
	1.64
	± 0.02
	1.15
	± 0.03
	0.39
	± 0.06

	4 b)
	2.49
	± 0.01
	2.38
	± 0.01
	n.d. c)
	
	n.d. c)
	
	n.d. c)
	


a) Association constants shown are averaged values (except for in the case of the HSO4− titrations), the errors shown are at the 95% confidence interval, b) Association constants are as calculated from a single fit, the associated errors are the “standard deviation” parameter reported by HYPNMR,29 c) Not determined. The TBA+ salts of each anion were used in all cases.
In that and other works, the ortho-phenylene bis(phenylurea) receptor displayed especially strong binding, whereby one carboxylate anion forms hydrogen bonds to all four NH donors.17 A similar saturation of all hydrogen bonding donors in the meta system by a single carboxylate ion is improbable, as the receptor binding site is not concave in shape and the outermost nitrogen atoms are more distant from each other. This would leave part of the receptor available for binding to a second anion. 
While there was no evidence of a 1:2 host-guest complex in the trends of the NH resonances, such evidence came instead from the trends observed in the Hc resonances of each host, whereby the chemical shifts decreased up to the addition of 1 equivalent of TBA+ AcO−, at which point an upward inflection (Figure 2b, indicative of an intermediate species, compare Figures 3a, 3b) followed by a gentle plateau was observed (Figure 2b). Fitting the data from all three resonances afforded binding constants of logβ1:1 = 3.5–3.7 and logβ1:2 = 5.4–5.9 (see Table 1). This fit also appears to suggest a strongly negative cooperative interaction, with logα between −1.1 and −0.8 (see Table 2) for receptors 1–2. Similar values were determined for the phenolic receptors 3 and 4. 
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Figure 3. a) Experimentally measured chemical shifts, δ, (points) and calculated fit (lines) of resonances Ha–c of receptor 1, as fitted to a 1:1, 1:2 binding model. b) Speciation diagram of this fit. The concentrations are presented as mole-percentage values relative to the total host concentration.
1H NMR Titration of Receptors 1–4 with Benzoate In the titrations with TBA+ BzO−, the traces of the urea resonances follow a largely similar trend to that observed with the AcO− anion, above. The aromatic resonance Hc, meanwhile, followed a sigmoidal trend with positive curvature up to the addition of 1.5 equivalents of anion, and a negative curvature thereafter. A larger overall change in chemical shift was observed for each receptor. Non-linear regression analysis of these trends demonstrated that benzoate interacted in a similar manner to the acetate anions. As above, both the simple 1:1, and mixed 1:1/1:2 binding models were applied to the data from each titration (see Figure 4). The logβ1:1 values obtained by non-linear regression analysis of the benzoate titrations are in the range 2.3–2.4 (see Table 3). Once again, the logβ1:1 values may be compared to the series of aryl-substituted urea receptors reported by Kadam et al. The binding for compounds 1–4 (2.3–2.4) appears to be relatively weak, and at the lower end of the scale reported in the literature (2.1–4.1).35 While in that work the binding for the benzoate anion is weaker than for the acetate anion (by 0.3 log units or more), the 1:1 binding constants for 1–4 are equivalent within error. The ranges of logβ1:1 and logβ1:2 values obtained with a combined 1:1/1:2 host-guest binding model are 3.1–3.2 and 4.7–4.9, respectively (see Table 1). The logarithmic cooperativity parameters indicated a similar degree of anticooperativity to the above acetate titrations, with logα between −1.1 and −0.7 for receptors 1–4 (see Table 2). 
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Figure 4. a) Experimentally measured chemical shifts, δ, (points) and calculated fit (lines) of resonances Ha–c of receptor 1, as fitted to a 1:1, 1:2 binding model. b) Speciation diagram of this fit. The concentrations are presented as mole-percentage values relative to the total host concentration.
1H NMR Titration of Receptors 1–2 with Chloride Small monotonic changes in chemical shift of less than 0.50 ppm were observed for each proton resonance over the addition of 5 equivalents of TBA+ Cl−. These titrations were fitted to 1:1 models only as there was no evidence of other stoichiometries. The results obtained by non-linear regression analysis for receptors 1 and 2 are equivalent, with logβ1:1 = 1.67 (see Table 3). This is comparable to similar ortho-phenylene receptors, which have logβ values in the range 1.1–1.6,36 but recent electron-poor Cl− transporters based on that motif possess higher logβ1:1 values  at ~ 2.2.37 
1H NMR Titration of Receptors 1–2 with Sulfate and Bisulfate Titrations with TBA+ SO42− and HSO4− show small monotonic changes in chemical shift of less than 0.25 ppm for the urea resonances up to the addition of 5 equivalents of anion, with little to no curvature observed in this trend. A greater curvature was noted in the case of the aromatic resonance Hc. Non-linear regression analysis produced logβ1:1 of 0.9–1.0 for SO42− and 0.5–1.4 for HSO4− (see Table 3). The values of logβ1:1 should be viewed with some caution, due to poor fitting of the CH resonances, the lack of a curvature in the urea resonances, small overall change in chemical shift and the expected binding affinities for these anions. It must also be noted that only preliminary titrations were performed with the HSO4− salt. These values would indicate that 1–2 show a much lesser affinity for the strongly solvated sulfates compared to H2PO4−, BzO− and AcO−. This is unsurprising as hydrogen bond based receptors are generally expected to bind the HSO4− anion least strongly of the anions studied.27,28 In a similar study, the value of logβ1:1 for HSO4− binding by ortho-phenylene bis(phenylurea) was determined to be less than 1.36 However, more preorganized motifs bearing three urea,38b,39 or ortho-phenylene diurea arms bind SO42− much more strongly, with logβ1:1 for the latter in the range 5.5–5.9 40
Structural Studies in the Crystalline Phase As the 1H NMR titrations of 1–4 showed stronger interactions with AcO− and H2PO4−, co-crystallizations with these anions were considered. While the urea hosts 1–4 are poorly soluble in suitable crystallization solvents, they may be solubilized in CHCl3, MeCN and EtOAc by the addition of excess AcO− anion. Therefore, it must be noted that both the crystals of 1(TBAOAc)2⋅3H2O and 23(TBA3H3P2O8)⋅0.5CHCl3 discussed below could only be prepared very sporadically as a product from a large excess of the mixed TBA salts, given the multitude of complex equilibria at play in such mixtures. As such, the structural data below are not intended as exhaustive descriptions of the binding modes available to these hosts, nor as supporting evidence of the binding models established by the solution studies (being prepared under different conditions). Rather, these data are provided as experimentally determined “snapshots”, purely to visualize two of the many potential binding modes available to these hosts when crystallization is added as a further driving force to those equilibria.
X-ray Crystallographic Analysis of 1(TBAOAc)2⋅3H2O The para-substituted derivative 1 was dissolved in a boiling mix of CHCl3 and EtOAc in the presence of an excess of AcO− and H2PO4− as their TBA+ salts. The solution was filtered hot and small thin colorless crystals of 1(TBAOAc)2⋅3H2O were obtained by slow evaporation of the solvent; in some instances, this was accompanied by various TBA OAc salts, hydrates and adducts. 
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Figure 5. a) Hydrogen bonding environment of the host species within the structure of 1(TBAOAc)2·3H2O with heteroatom labelling scheme. Hydrogen atoms not involved in hydrogen bonding, tetrabutylammonium cations and disordered solvent molecules omitted for clarity; b) Extended structure of 1(TBAOAc)2·3H2O showing alternating layers of tetrabutylammonium cations (gray) and anionic host-anion layers (colored).
A crystal of 1(TBAOAc)2⋅3H2O was analyzed by single crystal X-ray diffraction, the diffraction data were solved and the model refined in the monoclinic space group Cc. Exhaustive searches were made for higher symmetry space groups, particularly the ubiquitous C2/c; although approximate twofold symmetry is present when considering the tetrabutylammonium cations and 1 molecules, the non-symmetric arrangement of the acetate and water species prohibits a precise C2/c setting. The asymmetric unit of 1(TBAOAc)2⋅3H2O contains one molecule of 1 in an acentric planar conformation, two acetate anions and associated tetrabutylammonium cations, two full-occupancy water molecules, and one disordered water molecule split across three sites. One of the two acetate moieties displayed minor rotational disorder and was modeled over two related orientations. The hydrogen bonding interactions in 1(TBAOAc)2⋅3H2O are largely centered on the interaction of one molecule of 1 with two acetate anions, bridged by a water molecule (Figure 5a). One acetate anion is bound in the well-known (8) hydrogen bonding motif with a urea group,41 with N···O distances 2.795(8) and 2.842(9) Å and N−H···O angles 166.6(4) and 166.0(4)° for N1−H1···O5 and N2−H2···O6, respectively. The second acetate anion interacts with the remaining urea group via a single hydrogen bond, with the second potential interaction interrupted by the presence of a lattice water molecule O10, which donates a hydrogen bond to the acetate group and accepts a hydrogen bond from the inner urea N−H group, forming a cyclic assembly described by the (8) graph set. The two distinct hydrogen bonding environments involving the urea groups are further linked by hydrogen bonding from the lattice water molecule O10 to acetate oxygen atom O6, defining a further cyclic (10) motif edge-sharing with the two urea environments. Additional hydrogen bonding in the structure of 1(TBAOAc)2⋅3H2O involves the remaining lattice water molecules; the well-defined water molecule O9 bridges adjacent 1-acetate adducts through interactions with the acetate oxygen atom O5 and the urea oxygen atom O3 from an adjacent molecule of 1. Although individual hydrogen atoms could not be assigned to the disordered water sites, their proximity to the disordered acetate anion suggests additional hydrogen bonding interactions are likely. The extended structure of 1(TBAOAc)2⋅3H2O consists of alternating anionic [1⋅2OAc⋅3H2O]2− layers and cationic tetrabutylammonium layers, each extended in the ac plane (Figure 5b). No significant discrete interactions are visible between the cationic and anionic groups, and no π-π interactions were evident between molecules of 1.
X-ray Crystallographic Analysis of the Triple Stranded Helicate 23(TBA3H3P2O8)⋅0.5CHCl3 The 3′-methoxy substituted derivative 2 was dissolved in a boiling mixture of CHCl3 and EtOAc in the presence of an excess of AcO− and H2PO4− as their TBA+ salts. The orange solution was filtered hot and crystals of 23(TBA3H3P2O8)⋅0.5CHCl3 were obtained by slow evaporation of the solvent. Despite exhaustive efforts, and owing to the practical difficulties described above, we were unable to optimize or repeat this crystallization process for larger-scale preparations. 
[image: Figure_6+7_combined-g_bg-small]
Figure 6. a) Hydrogen bonding environment within the structure of 23(TBA3H3P2O8)⋅0.5CHCl3 with heteroatom labelling scheme, showing the encapsulation of the (HPO4)(H2PO4) moiety by six urea groups. Phosphate hydrogen atoms shown in representative positions; b) Complete structure of the anionic assembly in the structure of 23(TBA3H3P2O8)⋅0.5CHCl3. Selected hydrogen atoms are omitted for clarity, and phosphate hydrogen atoms are shown in representative positions. c) Interaction of tetrabutylammonium anions (yellow) with the external grooves of the anionic assembly in the structure of 23(TBA3H3P2O8)⋅0.5CHCl3. Individual host molecules and central anionic moiety colored separately. 
A crystal of 23(TBA3H3P2O8)⋅0.5CHCl3 was analyzed by single crystal X-ray diffraction, the data were solved and the model refined in the rhombohedral space group R3c. The asymmetric unit contains one complete molecule of 2 in a planar acentric conformation, one tetrabutylammonium cation, a chloroform molecule overlapping the threefold axis with chemical occupancy of ½, and fragments of two phosphate-derived anionic species. Expansion of the structure through crystallographic symmetry elements reveals a complete assembly containing three equivalent molecules of 2 encapsulating two anions, with three accompanying tetrabutylammonium cations (Figure 6). Charge balance considerations require a total charge of 3− for the dimeric anionic species, implying the presence of three protons per (PO4)2 moiety. The two phosphate groups share three crystallographically equivalent sites of hydrogen bonding, defined by a short O···O distance of 2.579(3) Å (Figure 6,a). Commensurate with the overall crystallographic symmetry and expected chemical formula of (H2PO4)(HPO4), both oxygen atoms O6 and O7 were assigned riding hydrogen atoms at half occupancy, as a representation of the averaged configuration throughout the entire structure. The development of helicates from anions is relatively rare (particularly in comparison to the development of helicates from metal ions such as d- and f-metal ions), with some recent examples having been reported by Wu and co-workers18-20.42 The phosphate adduct closely resembles that observed by Burns and coworkers in a related system, in which a (H2PO4)2 dimer lies encapsulated within the cavity of a tetra(urea)-substituted porphyrin, receiving seven hydrogen bonds from the surrounding urea groups.43 The (H2PO4)(HPO4) moiety presented is found in two structures reported by Didio et al.44a and Zhang et al. 44b, respectively. In each a bis- or tris(urea) molecule hydrogen bonds to the ends of the dimer, but neither of these associated organic molecules encapsulate the anions. The structure also bears a strong resemblance to several adducts reported by Das and coworkers: those barrels consist of three or four molecules of a derivative of the meta-phenylene bis(phenylurea) scaffold around carbonate and sulfate cores, although these lacks the helical manner of the structure presented in this work.23,24
The three molecules of 2 are arranged around each H3P2O8 group in a triple-stranded helical fashion, with the helical axis aligned with the crystallographic threefold axis in the [0,0,1] direction. The encapsulated anions are supported by a series of hydrogen bonding interactions originating from the urea groups of 2. The terminal oxygen atoms of each phosphate residue O5 and O8 each accept three symmetry-equivalent hydrogen bonds from the outermost urea nitrogen atoms N1 and N4, respectively, with N···O distances 3.117(4) and 3.029 Å, and N−H···O angles 153.8(2) and 164.2(2)°, respectively. In addition to the O−H···O interactions supporting the two phosphate groups, each of the six central oxygen atoms accepts one hydrogen bond from the inner urea N−H groups, with N···O distances 2.892(4) and 2.896(5) Å and N−H···O angles 173.2(2) and 161.9(2)° for N3−H3···O7 and N2−H2···O6, respectively. The tetrabutylammonium cations associate with the outer grooves of the adduct, with two of the four butyl groups on each cation aligned parallel to the long axis of each molecule of 2 and interacting with the adduct via a series of C−H···π interactions. With the tetrabutylammonium cations occupying the interstitial regions, no substantial intermolecular interactions are observed between adjacent helicates in the structure of 23(TBA3H3P2O8)⋅0.5CHCl3, and no void space or additional guest molecules were detected. 
The crystalline product 23(TBA3H3P2O8)⋅0.5CHCl3 was produced in sufficient quantities to perform analysis via powder FT-IR and 1H NMR spectroscopy. In comparison to the solid host (2), the FT-IR spectrum of the above crystalline material shows suppression and broadening of the N−H stretching bands (3400–3150 cm−1), and a shift in the C=O stretching frequency from 1635 to 1698 cm−1 (see Supplementary Information, Figure S61), which has been noted for ureas bound to such hydrogen bonding acceptor molecules in the solid state.45 The helicate assembly was observed by 1H NMR to degrade upon contact with CDCl3 (see Supplementary Information, Figure S60), due to the slow leaching of the phosphate salts into solution in a greater proportion to receptor 2, which remained as a white powder. 1H NMR in DMSO-d6 showed the urea resonances to be shifted significantly more (Δδ ≤ 2.5 ppm) with regards to the host (2) than at 0.7 eq. H2PO4− in the corresponding titration (see Supplementary Information, Figure S58–S59), due to the stronger interacting HPO42− ions present in the anionic assembly over the H2PO4− ions used in the titration. Thus, while the H2PO4− anion is known to form dimers in a ‘monodentate’ and a less abundant ‘bidentate’ form in solution,31 we do not expect discrete helicates of the type described above to assemble spontaneously within solutions containing salts of the H2PO4− ion alone.

DISCUSSION
The similar values of cooperativity constants in the cases of AcO− and BzO− binding suggest that the manner of binding of these ions is not dependent on their steric bulk. As these are anti-cooperative processes, it is postulated that there is either a non-steric interaction (i.e. electrostatic) between the binding anions, or that host-guest complex can adopt an alternate, less favored, conformer to which the second anionic guest molecule may bind. In comparison, the positive cooperativity observed with H2PO4− leads to a binding, which is stronger than with AcO−. This contrasts with a series previously derived for mono-urea based anion receptors, in which phosphate was bound less strongly than the carboxylates (AcO− > BzO− > H2PO4− > HSO4−).46 These positive cooperativity constants imply that phosphate-phosphate hydrogen may occur at the binding site, allowing for two anions to be simultaneously bound by the receptor more easily. As noted above, such phosphate-phosphate binding is well known to occur in solution.30,31
While it appears that the meta isomers 2 and 4 show differing binding strengths and cooperativities for H2PO4−, BzO− and AcO−, the associated errors are too large to draw any conclusions. Indeed, no meaningful correlation between the calculated binding affinities and the relevant Hammet values can be observed (see Supplementary Information, Figure S55). While the values of logβ1:1 and logβ1:2 appear to be lower for receptors 2 and 4, it must also be noted that the values calculated for the 1:1 fits are equivalent to or slightly higher than the values for the corresponding para-substituted receptors.
From the titration data the importance of considering the behavior of all protons in the vicinity of the binding site can also be seen. While there are strong indications that the meta-phenylene bis(phenylurea) motif interacts with carboxylate anions in a 1:2 host-guest binding mode, this is only evident by considering the central aromatic proton Hc in the analysis. In our view this provides a much more convincing probe for studying the solution-state association processes of these systems, as well as giving a spectroscopic handle which is less sensitive to pH. Nevertheless, to ensure comparability to the 1:1 binding constants reported for similar receptors in the literature it was necessary to analyze 1–4 in the context of a purely 1:1 host-guest binding model. 

CONCLUSION 
Herein, we have presented a family of neutral electron-rich meta-phenylene bis(phenylurea) receptors and investigate their anion-binding ability, complementing research performed on electron-poor urea receptors. The binding affinities of receptors 1–4 to several common anions of various geometries have been determined by non-linear regression analysis of 1H NMR trends in the solution-state. Evidence of 1:2 host-guest binding was observed for the H2PO4−, AcO−, BzO− anions, and cooperativity parameters derived to elucidate the processes occurring at the binding site. The acetate binding is anti-cooperative, and in comparison to similar urea-based receptors in the literature appears relatively weak.42 Meanwhile the phosphate binding is the strongest of those studied in this work. The binding process is cooperative, and may be due to phosphate-phosphate hydrogen bonding at the receptor. A much lower affinity for Cl−, HSO4− and SO42− anions was observed. Attempts at producing solid state adducts of 1 and 2 with phosphate and acetate anions led to the discovery of a new helicate centered on a mixed-phosphate core. This adds to a somewhat limited set of anion-based helicates present in the literature. We envisage that this work will help drive further research in designed urea-based receptors, including those that take advantage of phosphate dimerization, and stress the need to look beyond the protons of the hydrogen-bonding moiety in the binding site in determining binding behavior. We are in the process of exploring this, and the potential of the use of anions in general, to direct the formation of supramolecular self-assemblies in solution.

EXPERIMENTAL SECTION
General Experimental Details
All solvents and chemicals were purchased from commercial sources and used without further purification. Mass-spectrometry was carried out using HPLC grade solvents using electrospray mass spectrometry (ESI). High resolution ESI mass spectra were determined relative to a standard of leucine enkephalin. Infrared spectra were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer fitted with a universal ATR sampling accessory. Melting points were determined using an Electrothermal IA9100 digital melting point apparatus. Elemental analysis was carried out at the UCD School of Chemistry Microanalytical Laboratory, University College Dublin. 1H NMR spectra were recorded at 400 MHz on a Bruker Avance III 400 NMR or Agilent 400-MR, or at 600 MHz on a Bruker Avance II 600 NMR. 13C NMR spectra were recorded at either 150.9 MHz or 100.6 MHz. All 13C NMR spectra were decoupled from 1H. Deuterated solvents used for NMR analysis (DMSO-d6, CDCl3) were purchased and used as received. Chemical shifts are reported in ppm with the residual solvent as internal reference, while 2D spectra were graphically referenced. All NMR spectra were carried out at 25.0 °C.
1H NMR Titration Experiments 1H NMR titration experiments were performed in DMSO-d6 at 25.0 °C on a 400 MHz Bruker Avance III 400 NMR spectrometer. A Norrell 507-HP NMR tube was charged with 0.8 mL of a 7.0 mM solution of the host being studied and the 1H NMR spectrum obtained. Sequential additions of a 0.28 M stock solution in DMSO-d6 of the appropriate TBA+ salt were performed in 2–20 μL aliquots with a Gilson P20 pipette. 
Single-crystal X-ray Crystallography Crystal and refinement data are presented in Table S40, Supplementary Information. CCDC 1840843-1840844. All datasets were collected on a Bruker APEX-II Duo dual-source instrument using Mo Kα (λ = 0.71073 Å) using ω and φ scans. Single crystals were mounted on Mitegen micromounts in NVH immersion oil, and maintained at a temperature of 100 K using a Cobra cryostream. The diffraction data were reduced and processed using the Bruker APEX suite of programs.47 Multi-scan absorption corrections were applied using SADABS.48 The data were solved using the Intrinsic Phasing routine in SHELXT and refined with full-matrix least squares procedures using SHELXL-2015 within the OLEX-2 GUI.49-51 All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were placed in calculated positions and refined with a riding model, with isotropic displacement parameters equal to either 1.2 or 1.5 times the isotropic equivalent of their carrier atoms, unless involved in hydrogen bonding, in which case atoms were explicitly located from the Fourier residuals (where possible). Specific collection and refinement strategies, and treatment of the disorder in 1(TBAOAc)2⋅3H2O, are further outlined in the combined crystallographic information file (cif) under the _refine_special_details heading.

Synthesis and Characterization
[bookmark: _Toc442102776][bookmark: _Toc442102775]1,3-Phenylene-bis(3-(4′-methoxyphenyl)urea) (1) meta-Phenylene diamine (56 mg, 0.52 mmol) and 4-methoxyphenyl isocyanate (0.15 mL, 1.2 mmol, 2.2 eq.) were ground together and CHCl3 (5 mL) added as a solvent. The resulting white slurry was diluted with MeOH (10 mL), sonicated, separated by centrifugation and the process repeated with MeOH (5×10 mL) and MeCN (3×10 mL). Compound 1 was obtained as a white powder in 52% yield (110 mg, 2.7 mmol). mp 294 °C dec. HRMS–ESI (m/z): [M + H]+ calcd for C22H23N4O4, 407.1714; found 407.1718. 1H NMR (600 MHz, DMSO-d6, δ) 8.58 (s, 2H, NH, Ha), 8.38 (s, 2H, NH, Hb), 7.62 (t, J = 2.0 Hz, 1H, Hc), 7.41–7.29 (m, 4H, H2′), 7.14 (dd, J = 8.8, 7.2 Hz, 1H, Hd), 7.04 (dd, J = 7.5, 2.0 Hz, 2H, He), 6.93–6.80 (m, 4H, H3′), 3.72 (s, 6H, CH3). 13C NMR (151 MHz, DMSO-d6, δ) 154.5 (quat., C4′), 152.7 (quat., C=O), 140.3 (quat., C−N), 132.8 (quat., C−N, C1′), 129.1 (Cd), 120.0 (C2′), 114.0 (C3′), 111.5 (Ce), 107.7 (Cc), 55.2 (CH3). FTIR (ATR, powder) νmax (cm−1): 3301 (m, N−H str.), 1638 (s, C=O str.), 1599 (m), 1560 (s, N−H vib.), 1510 (s), 1491 (s), 1403 (m), 1298 (m), 1218 (s, C-O str.), 1180 (m, N−C−N str.), 1108 (w), 1033 (m, C-O str.), 878 (w), 834 (m), 799 (m), 772 (m), 754 (m), 722 (m), 707 (m). Anal. calcd for C22H22N4O4: C, 65.01; H, 5.46; N, 13.78. Found: C, 64.96; H, 5.49; N, 13.83.
1(TBAOAc)2⋅3H2O The 4′-methoxy substituted derivative 1 was dissolved in a boiling mix of CHCl3 and EtOAc in the presence of excess TBA+ AcO− and H2PO4−. The solution was filtered while hot and small thin white crystals of 1(TBAOAc)2⋅3H2O were obtained by slow evaporation of the solvent. This material was then recrystallized from MeCN to yield crystals of a higher quality. 
[bookmark: _Toc442102778][bookmark: _Toc442102777]1,3-Phenylene-bis(3-(3′-methoxyphenyl)urea) (2) An alternate synthesis and the complete characterization of compound 2 has been previously reported.52 meta-Phenylene diamine (53 mg, 0.49 mmol) and 3-methoxyphenyl isocyanate (0.15 mL, 1.1 mmol, 2.3 eq.) were ground together and CHCl3 (5 mL) added as a solvent. The resulting white slurry was diluted with MeOH (10 mL), sonicated, separated by centrifugation and the process repeated with MeOH (5×10 mL) and MeCN (3×10 mL). Compound 2 was obtained as a white powder in 71% yield (141 mg, 0.35 mmol). mp 276 °C dec. (lit. 294–297 °C) HRMS–ESI (m/z): [M + H]+ calcd for C22H23N4O4, 407.1714; found 407.1725. 1H NMR (400 MHz, DMSO-d6, δ): 8.68 (s, 2H, NH, Ha), 8.59 (s, 2H, NH, Hb), 7.66 (t, J = 1.8 Hz, 1H, Hc), 7.23–7.12 (m, 5H, Hd, H5′, H2′), 7.06 (dd, J = 8.1, 1.5 Hz, 2H, He), 6.91 (dd, J = 8.0, 1.2 Hz, 2H, H6′), 6.55 (dd, J = 8.1, 2.2 Hz, 2H, H4′), 3.73 (s, 6H, CH3). 13C NMR (101 MHz, DMSO-d6, δ): 159.8 (quat.), 152.4 (quat.), 141.0 (quat.), 140.1 (quat.), 129.6 (CH, C5′), 129.2 (CH, Cd), 111.8 (CH, Ce), 110.5 (CH, C6′), 107.9 (CH, Cc), 107.3 (CH, C4′), 103.9 (CH, C2′), 55.0 (CH3). FTIR (ATR, powder) νmax (cm−1): 3274 (m, N-H str.), 1635 (s, C=O str.), 1600 (m), 1560 (s, N−H bend), 1490 (m), 1464 (m), 1402 (m), 1290 (m), 1269 (m), 1208 (m), 1167 (m, N−C−N str.), 1155 (m, N−C−N str.), 1080 (w), 1035 (m, C−O str.), 937 (w), 855 (m), 828 (w), 788 (m), 777 (m), 716 (m), 693 (m), 648 (s), 633 (s). Anal. Calcd for C22H22N4O4: C, 65.01; H, 5.46; N, 13.78. Found: C, 64.84; H, 5.33; N, 13.71.
23(TBA3H3P2O8)⋅0.5CHCl3 The 3′-methoxy substituted derivative 2 was dissolved in a boiling mix of CHCl3 and EtOAc in the presence of excess TBA+ AcO− and H2PO4−. The orange solution was filtered while hot and crystals of 23(TBA3H3P2O8)⋅0.5CHCl3 were obtained by slow evaporation of the solvent. FTIR (ATR, microcrystalline) νmax (cm-1): 3286 (w), 3210 (w), 2961 (m), 2874 (w), 2065 (w), 1697 (m), 1612 (m), 1598 (s), 1546 (s), 1479 (s), 1451 (s), 1436 (m), 1401 (w), 1380 (w), 1324 (m), 1292 (s), 1285 (m), 1264 (w), 1207 (s), 1155 (s), 1040 (s), 994 (m), 969 (m), 952 (m), 925 (m), 859 (m), 828 (m), 775 (s), 754 (m), 736 (m), 689 (s), 663 (w). 
1,3-Phenylene-bis(3-(4′-hydroxyphenyl)urea) (3) 1,3-Phenylene diisocyanate (501 mg, 3.13 mmol) and para-aminophenol (884 mg, 8.10 mg, 2.6 eq.) were added to CHCl3 (8 mL) and agitated, the thick mixture was ground together, filtered, triturated in MeOH and filtered to obtain compound 3 as a brown solid in 58% yield (685 mg, 1.81 mmol). Decomp. 240–250 °C. HRMS–ESI (m/z): [M + H]+ Calcd for C20H19N4O4, 379.1406; found, 379.1404. 1H NMR (600 MHz, DMSO-d6, δ): 9.06 (s, 2H, OH), 8.54 (s, 2H, NH, Ha), 8.25 (s, 2H, NH, Hb), 7.60 (s, 1H, Hc), 7.21 (d, J = 8.8 Hz, 4H, H2′), 7.17–7.09 (m, 1H, Hd), 7.09–6.97 (m, 2H, He), 6.68 (d, J = 8.8 Hz, 4H, H3′). 13C NMR (101 MHz, DMSO-d6, δ): 152.8 (quat.), 152.6 (quat.), 140.5 (quat., C−N), 131.2 (quat., C−N, C1′), 129.1 (Cd), 120.5 (C2′), 115.3 (C3′), 111.4 (Ce), 107.6 (Cc). FTIR (ATR, powder) νmax (cm−1): 3300 (m, N−H str.), 1638 (s, C=O str.), 1601 (m), 1561 (s, NH), 1509 (s), 1492 (s), 1460 (m), 1406 (w), 1298 (m), 1213 (s, C−O str.), 878 (w), 838 (m), 808 (m), 780 (m), 754 (m), 730 (w). 
1,3-Phenylene-bis(3-(3′-hydroxyphenyl)urea) (4) 3-Aminophenol (712 mg, 6.53 mmol, 2.1 eq.) and 1,3-phenylene diisocyanate (501 mg, 3.13 mmol) were added to THF (15 mL) and agitated for 2 hours. The resulting suspension was filtered and the solid washed with THF. Compound 4 was obtained as an off-white solid and dried in air (587 mg, 1.55 mmol, 50% yield). mp c. 250 °C dec. HRMS–ESI (m/z): [M + Na]+ calcd for C20H18N4O4Na, 401.1226; found 401.1215. 1H NMR (400 MHz, DMSO-d6, δ): 9.30 (s, 2H, OH), 8.61 (s, 2H, NH, Ha), 8.48 (s, 2H, NH, Hb), 7.66 (s, 1H, Hc), 7.15 (t, J = 8.0 Hz, 1H, Hd), 7.09–6.96 (m, 6H, He, H5′, H2′), 6.78 (d, J = 8.1 Hz, 2H, H6′), 6.36 (d, J = 8.1 Hz, 2H, H4′). 13C NMR (101 MHz, DMSO-d6, δ): 157.8 (quat.), 152.3 (quat.), 140.8 (quat.), 140.2 (quat.), 129.5 (C5′), 129.1 (Cd), 111.6 (Ce), 109.0 (C4′), 108.8 (C6′), 107.7 (Cc), 105.2 (C2′). FTIR (ATR, powder) νmax (cm−1): 3308 (m, N−H str.), 1647 (s, C=O str.), 1602 (m), 1560 (s, NH bend), 1489 (s), 1448 (m), 1407 (m), 1289 (m), 1218 (s, C−O str.), 1156 (s, N−C−N str.), 1049 (m, C−O str.), 947 (w), 883 (m), 855 (m), 836 (m), 787 (m), 748 (m), 731 (m), 686 (s). 
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