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Studies of sulfamide, phosphoric triamide and thiophosphoric triamide-based organocatalysts show that the phosphorus containing systems are effective new hydrogen bonding motifs for the recognition and transport of anions.
Many of the hydrogen bonding motifs used in synthetic anion receptor compounds have also proven effective as components of organocatalysts.1 For example compounds containing thiourea,2 squaramide3 and sulfonamide4 groups have been shown to be effective anion receptors and then subsequently shown to function as organocatalysts for a range of reactions.  Recently Shea and co-workers reported that compounds 1 – 3 catalyse Friedel-Crafts and Baylis-Hillman reactions.5,6   As part of our work on transmembrane anion transport,7 we wished to explore the anion recognition and transport properties of these hydrogen bonding arrays as to the best of our knowledge these classes of compound have not previously been employed as anion receptors or transporters. Compounds 2 and 3 could be regarded as three-dimensional analogues of ureas or thioureas and may interact with oxo-anions through multiple hydrogen bonds thus displaying interesting selectivity.
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	Compounds 1 – 3 were synthesised according to a modification of the method reported by Shea and co-workers5 (see ESI).
	Crystals of the chloride complex of compounds 2 were grown by slow evaporation of a solution of the receptor in methanol in the presence of excess tetrabutylammonium chloride. The structure of the complex was elucidated by single crystal X-ray diffraction8 and revealed the formation of a 1:2 receptor:anion complex in the solid state with one chloride bound by two hydrogen bonds from two of the NH groups (3.126(4) Å, 3.177(4) Å) and the other chloride bound by a single hydrogen bond from the other NH group (3.215(4) Å) (Figure 1).  

[image: ]
Figure 1 The X-ray crystal structure of the chloride complex of compound 2. Tetrabutylammonium counter cations are omitted for clarity.

	Crystals of the tetrabutylammonium acetate complex of compound 2 were obtained by slow evaporation of a methanol solution of the receptor in the presence of excess tetrabutylammonium acetate.  Structural studies revealed the formation of a 1:1 complex with the acetate anion bound to two of the NH groups with bond lengths of 2.707(10) Å and 2.774(9) Å.  The other NH group in the receptor forms a hydrogen bond with an adventitious water molecule (NH…O  2.870(9) Å) (Figure 2).  
Solution studies with the receptors and anions were conducted using 1H NMR titration techniques in DMSO-d6/0.5% water.  Upon addition of acetate, benzoate, dihydrogen phosphate or sulfate (added as tetrabutylammonium salts) or tetraethylammonium bicarbonate to a solution of compound 1, the 1H NMR resonances corresponding to the aromatic protons shifted upfield and the NH resonances broadened into the baseline after initially shifting upfield.  This was accompanied by a colourless to pink colour change.  This behaviour was also observed upon addition of tetrabutylammonium hydroxide and was again accompanied by a colourless to pink colour change.  We attribute this behaviour to deprotonation of the receptor.  We attempted to obtain crystals of the deprotonated species by slow evaporation of a solution of receptor 1 in methanol in the presence of tetrabutylammonium benzoate.  The structure obtained from the resulting crystals revealed that the receptor had decomposed forming a sulfamate anion that crystallised as the tetrabutylammonium salt (see ESI).
[image: Macintosh HD:Users:philgale:Dropbox:phosphate based anion transporters:Figure 2.tif]
Figure 2 The X-ray crystal structure of the acetate complex of compound 2. Tetrabutylammonium counter cations are omitted for clarity.
	
	Proton NMR titrations with tetrabutylammonium chloride, bromide and iodide were conducted and analysis of the results using the EQNMR computer program9 showed stability constants of < 10 M-1 in DMSO-d6/0.5% water. When the titration experiments were repeated in CD3CN solution, 1:1 complex formation was observed with chloride, bromide and iodide with stability constants of 104, 59 and 25 M-1 respectively (Table 1).
	Compound 2 also interacts weakly with halides in DMSO-d6/0.5% water solution.  However in acetonitrile-d3 1:2 receptor:anion complex formation was observed with chloride and bromide.  Job plots for many of the complexes formed were ambiguous.  For the 1:2 complexes observed in these cases fitting of a 1:1 binding model gave unsatisfactory results.  For the more basic mono anionic oxo-anions in DMSO-d6/0.5% water solution the anionic guests formed 1:2 complexes with K1 > K2.  Bicarbonate could not be fitted to a binding model.  This may be due to deprotonation or proton transfer processes occurring in solution.10 In fact the NMR titration with bicarbonate was very similar to a titration performed with tetrabutylammonium hydroxide, evidence of a deprotonation process occurring in solution. The less basic nitrate and hydrogen sulfate form weak 1:1 complexes.  Contrastingly sulfate forms a strong 1:1 complex with the receptor that may be due to the formation of a complex via three hydrogen-bonding interactions in the case of this doubly negative anion (Figure 3).
	Compound 3 generally has a similar affinity profile for anions as compound 2 however the increased acidity of this receptor resulted in deprotonation processes occurring upon addition of bicarbonate, sulfate and acetate (Table 1).
In order to study the chloride transport properties of compounds 1 to 3 we prepared a series of unilamellar 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) vesicles loaded with NaCl (489 mM) and suspended them in an external NaNO3 (489 mM) solution using previously reported procedures.11,12 Chloride efflux from the vesicles was monitored using an Accumet chloride selective electrode.  Upon addition of compound 1 (at 2% molar transporter to lipid overall concentration) in a small amount of DMSO no chloride efflux was observed.  However addition of compounds 2 or 3 at this concentration did result in chloride efflux.  Therefore we added sample of receptor 2 or 3 at varying % molar transporter to lipid concentrations and the resultant Cl- efflux monitored using a chloride selective electrode. After 300 s, the vesicles were lysed by addition of detergent and the final reading of the electrode was used to calibrate 100 % release of chloride.  The results of these studies were used to perform a Hill analysis13 of the transport properties of these receptors in order to ascertain the EC50 values of these systems i.e. the concentration of transporter needed to achieve 50% chloride efflux in 270 s.  Compound 2 was found to have an EC50 value of 7.0% molar transporter to lipid (see Figure 4) whilst compound 3 was found to have an EC50 value of 6.2% molar transporter to lipid.  Further experiments to elucidate the mechanism of transport showed that in both cases Cl-/NO3- antiport was occurring (see ESI). Chloride/bicarbonate antiport was also observed but at a lower level of activity.

Table 1 Stability constants (Ka/M-1) and errors (%) measured for compounds 1-3 with a range of anions added as tetrabutylammonium salts (apart from bicarbonate added as the tetraethylammonium salt) at 298K. 
	
	1
	2
	3

	Cl-a
	104 (8%)
	K1 = 17400 (5%)
K2 = 59 (5%)
	K1 = 26800 (4%)
K2 = 36 (4%)

	Br-a
	59 (6%)
	K1 = 10800 (3%)
K2 = 120 (5%)
	K1 = 8510 (5%)
K2 = 130 (5%)

	I-a
	25 (7%)
	48 (5%)
	74 (4%)

	Cl-b
	<10
	13 (7%)c
	17 (7%)c

	Br-b
	<10
	32 (6%)c
	25 (6%)c

	I-b
	<10
	36 (6%)c
	21 (6%)c

	HCO3-b
	d
	d
	d

	CH3CO2-b
	d
	K1 = 6510 (4%)
K2 = 39 (4%)
	d

	PhCO2-b
	d
	e
	K1 = 10000 (3%)
K2 = 48 (3%)

	H2PO4-b
	d
	K1 = 5460 (3%)
K2 = 107 (3%)
	K1 = 2040 (7%)
K2 = 432 (7%)

	NO3-b
	<10
	20 (7%)c
	16 (10%)

	HSO4-b
	<10
	43 (4%)c
	57 (6%)

	SO42-b
	d
	>104
	d


a Titration conducted in acetonitrile-d3.  b Titration conducted in DMSO-d6/0.5% water. c Stability constant determined following the shift of a CH resonance. d Upfield shift of NH resonance followed by broadening into the baseline (and evolution of a pink colour in the case of compound 1) indicative of deprotonation. e An adequate fit to a binding model could not be obtained.
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[bookmark: _GoBack]Figure 3 A proposed structure of the complex formed between compound 2 and sulfate.
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Figure 4 Chloride efflux promoted by compound 2 (at varying % molar carrier to lipid) from unilamellar POPC vesicles loaded with 489 mM NaCl buffered to pH 7.2 with 5 mM sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH 7.2 with 5 mM sodium phosphate salts. At the end of the experiment, detergent was added to lyse the vesicles and calibrate the ISE to 100 % chloride efflux. Each point represents the average of three trials. DMSO was used as control.
	We also studied the transport properties of compounds 2 and 3 in vesicles consisting of 70% POPC: 30% cholesterol. It has been suggested that incorporation of cholesterol in a lipid bilayer will increase the viscosity of the membrane and therefore should slow down the rate of transport of a carrier whilst leaving the rate of transport of a channel unaffected.14 We found in these studies that the rate of chloride/nitrate antiport mediated by compounds 2 and 3 was significantly enhanced in vesicles containing cholesterol, a finding that our group7b,15 and others16 have observed previously with other transporters. This could be due to enhanced partitioning of these systems into the cholesterol containing membrane. Classical nitrobenzene/water U-tube experiments with compounds 2 and 3 were inconclusive with compound 3 mediating only a small mount of chloride transport (see ESI for more details).
Conclusions
We have shown that new hydrogen bonding motifs based on phosphoric triamide and thiophosphoric triamide hydrogen bonding arrays are effective anion receptors and are capable of mediating the exchange of chloride and nitrate across a lipid bilayer membrane.17 Interestingly compound 2 has a high selectivity for sulfate anions in DMSO-d6/0.5% water solution.  These early findings suggest that these new classes of hydrogen bond donor anion receptor may have applications in a range of systems designed for selective interactions with anionic guests.  We are continuing to study the properties of these new anion receptors.
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