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Introduction

The design and synthesis of hydrogen-bonding motifs exhibiting well-defined supramolecular organization both in solution and the solid state is an ongoing area of interest. [1][2][3][4][5][6][7][8] Hydrogen-bonding motifs are important building blocks for the assembly of supramolecular polymers [8][9][10] and more generally of self-assembling gelators 11,12 which attract attention as tuneable "smart materials". They also play a central role in crystalline assemblies which are significant in a number of areas including polymorphism of active pharmaceutical ingredients 13 and solid-state reactivity. 14 Furthermore, solid state structures can provide valuable information on molecular recognition behaviour in solution.

Our group have initiated an investigation concerned with the development of linear arrays of hydrogen-bonds 15,16 to be used as components of supramolecular polymers. [8][9][10] The current manuscript focuses on the ureidoimidazole donor-donor-acceptor motif previously shown by us to exhibit conformer independent heterodimerisation with the complementary amidoisocytosine acceptor-acceptor-donor array. 16 Although, our prior studies illustrated negligible self-association of the ureidoimidazole motif in solution, the current results reveal an unusual mode of self-assembly in the solid-state for a series of compounds; this is remarkably conserved across the series and subtly modulated through both steric effects and proximal hydrogen-bonding groups. 

Results and Discussion

The ureidoimidazole derivatives 1, 2 and 3a-c were synthesized using standard procedures as illustrated in scheme 1.

Scheme 1

Single crystals of each compound suitable for a diffraction study were obtained as described in the experimental section and subjected to crystallographic structure determination. The crystal structure of compound 1 was previously been disclosed by us. 16 Compound 1 crystallizes in the monoclinic P2 1 /n space group, with one molecule present in the asymmetric unit. Of the two conformational possibilities: intramolecular urea NH to imidazole N hydrogen-bonded and intramolecular urea carbonyl to imidazole NH hydrogen-bonded only the latter is observed (Figure 1 a). The packing of compound 1 is mediated by intermolecular hydrogen-bonds, which, based on the intermolecular heteroatom hydrogen distances, would be described as weak hydrogen-bonds. Bifurcated hydrogenbonding between urea NH's and the imidazole nitrogen is observed with each monomer perpendicular to two others, whilst the backface of the molecule interacts through carbonyl to imidazole NH hydrogen-bonding creating an infinite two dimensional structure (Figure 1b). Van der Waals packing is observed between sheets (Figure 1c). At a similar time to our original report, 16 Barboiu reported a structure of compound 1 that is virtually identical to the one we reported. 17 2a). As for compound 1 weak bifurcated hydrogen-bonding between urea NH's and the imidazole nitrogen is observed with each monomer perpendicular to two others, however no hydrogen-bonds are observed involving the carbonyl and imidazole NH's on the opposite side of the molecule to the DDA array (Figure 2b,c). Therefore infinite one dimensional chains are observed that pack in the second and third dimensions through aromatic π-π edge to face (ArC-H-π interaction), π-π face to face and Van der Waals interactions (Figure 2c, d ande).

Figure 2

Compound 3a crystallizes in the monoclinic P2 1 /n space group, with two molecules and two solvent methanol molecules present in the asymmetric unit. The conformations of each molecule of 3a are only subtly different. As for the first two examples only intramolecular urea carbonyl to imidazole NH hydrogen-bonding is observed, however, the packing structure is significantly different in the presence of solvent (Figure 3a). The same core mode of dimerisation that is observed for 1 and 2 is observed for 3a in that urea NH bifurcated hydrogen-bonding to the imidazole is observed, however in this instance the solvent molecule acts as a bridge -the interactions are therefore significantly stronger as evidenced by the shorter intermolecular distances -and a coplanar rather than perpendicular arrangement of 3a is observed i.e. a self-complementary dimer is observed bridged by two methanol molecules (Figure 3b,c). The infinite one dimensional polymer is propagated through self-complementary hydrogen-bonds involving the carbonyl and imidazole NH's on the opposite side of the molecule to the DDA array as is the case for compound 1. Packing in the second and third dimensions is mediated by Van der Waals interactions (Figure 3d). Compound 3b crystallizes in the triclinic P1 space group, with two molecules and three solvent methanol molecules present in the unit cell. One of the methanol molecules is disordered over two equally occupied positions. There are only minor differences between the structures of the individual monomer units. Again the conformation of 3b is determined by intramolecular urea carbonyl to imidazole NH hydrogen-bonding and the DDA present in the structure is the same as the other compounds (Figure 4a). The solid state assembly is similar in nature to 3a. The principle difference is that the infinite one dimensional polymer is propagated through self-complementary hydrogen-bonds involving the carbonyl of the ester (as opposed to the urea) and imidazole NH -an additional hydrogen bond between from the urea carbonyl to a solvent CH is also observed (Figure 4b,c). Packing in the second and third dimensions is mediated by Van der Waals interactions (Figure 4d).

Figure 4

Compound 3c crystallizes in the triclinic P1 space group, with two molecules and two solvent methanol molecules present in the asymmetric unit. Each molecule of 3c is only subtly different.

Like all the other examples, a single defined conformation is observed that is dictated by the intramolecular hydrogen-bonding (Figure 5a). The packing structure is very similar to compound 3a and all of the same hydrogen-bonding features are present within the observed infinite one dimensional polymer with Van der Waals interactions mediating the packing in the second and third dimensions (Figure 5b-d). Overall, the salient solid state assembly properties of the ureidiomidazole series are summarised in Fig. 6. Each structure adopts a common conformation mediated by intramolecular hydrogenbonding between the imidazole NH and the carbonyl functionality of the urea motif to present a donor-donor-acceptor array. In the absence of solvent, direct interaction of each urea group to the acceptor on the imidazole of an adjacent molecule is observed. The perpendicular orientation (which presumably results from steric constraints imposed by R 1 ) results in an infinite one dimensional chain as is observed for 1 and 2 (Fig 6a). Assembly for this series can be propagated in a second dimension through self-complementary hydrogen-bonding between the rear faces as for 1.

This feature is "switched-off" with sterically bulky uredioimidazoles as for 2 -the R 2 group in Fig 6a is clearly positioned to influence packing of adjacent molecules. In the presence of methanol, stronger hydrogen-bonding is observed and the solvent acts as a bridge between the urea NH's and imidazole Ns on two coplanar ureidoimidazole motifs as is observed for 3a-c (Fig 6b). The infinite one dimensional chain is propagated through self-complementary hydrogen-bonding between the rear faces. This interaction is the same as that which is observed to mediate propagation in the second dimension when solvent is absent (i.e. compound 1), although it should be noted that the presence of additional hydrogen-bonding functionality on the ureidoimidazole can play a role as is the case where for 3b where Y = CO 2 Et (the size of R 2 is also anticipated to influence assembly).

Figure 6 Conclusions

We have reported the synthesis and solid-state structure of a series of ureidoimidazole motifs. In solution (chloroform), the ureidoimidazole motif has been shown by us to participate in selfassociation to a negligible extent (< 10 M -1 ) 16 however, hydrogen-bonding plays a significant role in determining the solid-state structures that are observed. In the absence of a bridging solvent, the reinforces the solution observations. The urea motif has a strong tendency to engage in bifurcated hydrogen-bonding involving both its NH's, 2 and this seems to play a prominent role here in controlling the solid-state assembly. These observations will be used in our ongoing efforts to design and synthesize novel linear arrays of hydrogen-bonding groups for supramolecular assembly.

Experimental

All reagents were purchased from Aldrich or Alfa-Aesar and used without further purification unless otherwise stated. Where anhydrous solvents were required, THF was freshly distilled from sodium benzophenone ketyl radical, CH 2 Cl 2 was freshly distilled from calcium hydride and CHCl 3 was freshly distilled from calcium chloride under a nitrogen atmosphere. Anhydrous DMF was obtained 'sure-sealed' from Sigma-Aldrich. Triethylamine was distilled from calcium hydride and stored, under nitrogen, over potassium hydroxide pellets. All non-aqueous reactions were carried out under a nitrogen atmosphere. Analytical thin layer chromatography (TLC) was conducted using Merck Kieslegel 0.25mm silica gel pre-coated aluminium plates with fluorescent indicator active at UV 245 . Purification by column chromatography was carried out using Merck Kieselgel 60 silica gel.

NMR spectra were obtained using Bruker DMX500 or Bruker AMD300 spectrometers operating at 500MHz or 300MHz for 1 H spectra and 125 MHz or 75 MHz for 13 C spectra as stated. Proton spectra are referenced to TMS at 0.00 ppm, and carbon spectra to CDCl 3 at 77.4 ppm, unless otherwise stated. Melting points were determined using a Griffin D5 variable temperature apparatus and are uncorrected. IR spectra were obtained using Perkin-Elmer FTIR spectrometer.

Microanalysis was carried out on a Carlo Erba Elemental Analyser MOD 1106 instrument. High

Resolution Mass Spectra (HRMS) were recorded on a Micromass GCT Premier using electron impact ionisation (EI) or a Bruker Daltonics micrOTOF using electro spray ionisation (ESI). The title compound was prepared as described previously 16 2-tert-Butoxyamido-4-tert-butylimidazole 16 The title compound was prepared as described previously 16

N-Phenyl-N'-(imidazo-2-yl)urea 1

The title compound was prepared as described previously 16 

1-(1H-benzo[d]imidazol-2-yl)-3-phenylurea 2

A stirred solution of 2-aminobenzimidazole (0.500 g, 3.75 mmol) in anhydrous pyridine under nitrogen was brought to 100°C. Phenylisocyanate (0.387 mL, 0.4245 g, 3.57 mmol) was then added and stirring continued. After twenty minutes a precipitate began to form and after one hour the reaction was cooled and filtered to give a white solid (0.340 g). The filtrate was then poured into water to give a precipitate (0.366 g) which was filtered and dried. Both samples were found to be identical giving a total yield of product (0.706 g, 87%) as a white solid which was not purified 

General Procedure: Synthesis of ureido-4-tert-butylimidazoles

2-tert-Butoxyamido-4-tert-butylimidazole (1.0 equiv.) was stirred in 20% HCl/EtOH (100 mL per 1.0 g of starting material) for 1 h. The solution was concentrated and the residue dried under vacuum for 1 h. The resulting material was dissolved in dry THF (40 mL per 1.0 g of material) at room temperature under N 2 and triethylamine (1.5 equiv.) added. The reaction was heated to reflux and the appropriate isocyanate (1.0 equiv., 1.0 M in THF) was added dropwise. The reaction was stirred at reflux for 16 h. After cooling to room temperature the volatiles were removed under 1-(4-Tert-butyl-1H-imidazol-2-yl)-3-phenylurea 3a 16 Adopting minor modifications to our published method, 16 the general procedure D, using 

Ethyl 4-(3-(4-tert-butyl-1H-imidazol-2-yl)ureido)benzoate 3b

The general procedure D, using 2-tert-butoxyamido-4-tert-butylimidazole (820 mg, 3. 

1-(4-Tert-butyl-1H-imidazol-2-yl)-3-(4-(trifluoromethyl)phenyl)urea 3c

The general procedure D, using 2-tert-butoxyamido-4-tert-butylimidazole (842 mg, 3.50 mmol) and 

Crystal Structure Determination for 1

The single crystal diffraction study for compound 1 was reported previously. 16 We note that, since the publication of our paper, a further report of the structure of 1 has appeared in the literature. 17

Crystal Structure Determination for 2

Single crystals were grown by the slow evaporation of a solution of 2 in chloroform/ methanol. Xray diffraction data were collected at the University of Leeds using a Bruker APEX2 instrument. CCDC 795262 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystal Structure Determination for 3c

Single crystals were grown by the slow evaporation of a solution of 3c in moist acetonitrile/ methanol. X-ray diffraction data were collected at the University of Leeds using a Bruker APEX2 
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  these interactions indicate theses interactions are weak which

  the residue partitioned between EtOAc and water. The layers were separated and the aqueous phase extracted with EtOAc. The combined organics were washed with aqueous saturated NH 4 Cl, aqueous saturated NaHCO 3 and brine, dried (Na 2 SO 4 ) and concentrated under reduced pressure before purification by column chromatography.

  Crystal data: C 14 H 12 N 4 O, M = 252.27, crystal size 0.40 x 0.40 x 0.10 mm, Monoclinic, a = 24.2248(6), b = 6.9079(2), c = 16.2372(5) Å, β = 119.482(2) º, U = 2365.33(12) Å 3 , T = 150(2) K, C2/c, Z = 6, µ = 0.108 mm -1 , λ = 0.71073 Å [Mo-Kα], 21752 reflections measured, 3739 unique (R int = 0.0287), observed 2957 (I>2σ(I)). The final R 1 was 0.0418 (observed reflections 0.0580) and wR(F 2 ) was 0.1144 (all data 0.1333) for 175 parameters. CCDC 795260 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Single crystals were grown by the slow evaporation of a solution of 3a in moist acetonitrile/ methanol. X-ray diffraction data were collected at the University of Leeds using a Bruker APEX2 instrument. Crystal data: C 15 H 22 N 4 O 2 , M = 290.37, crystal size 0.33 x 0.15 x 0.05 mm, Monoclinic, a = 12.0588(9), b = 9.5465(7), c = 29.231(2) Å, β = 96.888(4)º, U = 3340.8(4) Å 3 , T = 150(2) K, P2 1 /n, Z = 8, µ = 0.079 mm -1 , λ = 0.71073 Å [Mo-Kα], 58508 reflections measured, 8178 unique (R int = 0.042), observed 5905 (I>2σ(I)). The final R 1 was 0.0562 (observed reflections 0.0839) and wR(F 2 ) was 0.1398 (all data 0.1523) for 413 parameters. CCDC 795261 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge fromThe Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.Crystal Structure Determination for 3bSingle crystals were grown by the slow evaporation of a solution of 3b in moist acetonitrile/ methanol. X-ray diffraction data were collected at the University of Leeds using a Bruker APEX2 instrument. Crystal data: C 37 H 56 N 8 O 9 , M = 756.9, crystal size 0.35 x 0.22 x 0.04 mm, Triclinic, a = 8.0694(11), b = 9.3523(13), c = 14.6137(18) Å, α = 99.815(5)°, β = 103.015(5)°, γ = 102.771(5)°, U = 1019.4(2) Å 3 , T = 150(2) K, P1, Z = 1, µ = 0.089 mm -1 , λ = 0.71073 Å [Mo-Kα], 19367reflections measured, 5107 unique (R int = 0.0272), observed 3904 (I>2σ(I)). The final R 1 was 0.0587 (observed reflections 0.0587) and wR(F 2 ) was 0.1664 (all data 0.1798) for 247 parameters.
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 2 Figure 2 (a) X-ray crystal structure of compound 2 (b) structure packing diagram of compound 2
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 313 Figure 3 (a) X-ray crystal structure of compound 3a (b) structure packing diagram of compound 3a
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 4 Figure 4 (a) X-ray crystal structure of compound 3b (b) structure packing diagram of compound 3b
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 56 Figure 5 (a) X-ray crystal structure of compound 3c (b) structure packing diagram of compound 3c
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  Compound 2 crystallizes in the monoclinic C2/c space group, with one molecule present in the asymmetric unit. Again, only intramolecular urea carbonyl to imidazole NH hydrogen-bonding is
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	4-ethoxycarbonylphenylisocyanate (721 mg, 3.8 mmol) provided a pale yellow solid which was purified by column chromatography (1:1 EtOAc-hexane) to give the title compound (804 mg, 65%) O n l as a cream coloured solid; R f 0.17 (EtOAc); δ H (500 MHz, CDCl 3 ); 7.95 (2H, d, J = 8.7 Hz, ArCH), y
	7.47 (2H, d, J = 8.7 Hz, ArCH), 6.31 (1H, s, CHN), 4.35 (2H, q, J = 7.2 Hz, CH 3 CH 2 ), 1.38 (3H, t,
	J = 7.2 Hz, CH 3 CH 2 ), 1.29 (9H, s, t Bu); δ C (75 MHz, DMSO-d 6 ); 165.8, 154.8, 144.9, 140.0, 130.7,
	122.9, 117.7, 107.4, 60.6, 31.0, 29.9, 14.6; ν max /cm -1 3312, 2963, 1696, 1591, 1541, 1273, 1172, 1105

cm -1 ; ESI-HRMS found m/z 331.1760 [M + H] +
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