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ABSTRACT 

Four new chiral 2,2’-disubstituted biscyclobutane ureas have been synthesized and 

crystallized. Each of them bears a different substituent on positions 2,2’, i.e. esters, 

hydroxymethyl groups and carboxyl groups. The mode of aggregation of each urea in the 

crystal packing to form chains, helices, sheets, and others, is tuned both by the 

intermolecular hydrogen bonds between the urea groups and by the different ability of 

the substituents to generate extra hydrogen bonding. Experimental results have been 

rationalized with the aid of computational calculations, which allow to understand the 

contribution of the energetic factors to the stabilization of the preferential structures 

observed. 
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1. INTRODUCTION 

 Chiral organic ureas are compounds of relevance in several fields. Their behavior 

as bidentate ligands bearing an electron-donor center (the carbonyl oxygen) and two 

acidic protons confers them with singular properties to be used for several purposes. For 

instance, they are employed as organocatalysts to activate and induce asymmetry in 

several reactions due to their ability to coordinate simultaneously with an electrophile and 

a nucleophilic reagent, as well as for hydrogen bonding.1,2,3,4,5,6 Another substantial use 

of ureas is in the field of molecular recognition, especially in host-guest interactions.7,8,9,10 

From a structural point of view, investigations on the behavior of ureas as 

inductors of chirality have shown the ability of urea-based oligomers to fold and to self-

assemble mimicking natural biopolymers. For example, Hamilton et al. have described 

benzoylurea oligomers as synthetic foldamers that mimic extended − helices.11,12  

Guichard et al. have reported on the ability of oligomeric chiral ureas to fold.13,14 They 

also described folding-induced axial organization of urea helices in such a way that H-

bonded assembly of helices resulted in supramolecular helices.15,16,17 Ureas have also 

been described as good gelators.9 For instance, bisurea gelators derived from 1,6-

diaminopyridine have been developed and described to efficiently gelate common organic 

and liquid crystalline solvents. The resulting hydrogen bonded structures exhibit good 

electrooptic properties making the urea gelators useful as components of functional soft 

materials.18 On the other hand, C3-symmetrical supramolecular architectures, such as 

fibers and organic gels, result from discotic trisureas. In this case, -stacking 

interactions between aromatic rings play a crucial role in the molecular axial pilling.19  

In general, weak interactions such as hydrogen bonding, -interactions, C-

H… interactions, salt bridges, amongst others, have been proven to be of critical 

importance in the self-assembly and recognition of solid-state structures.20 
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N,N-disubstituted ureas mostly adopt a trans,trans arrangement and often form 

supramolecular chains by the formation of two NH···OC hydrogen bonds  between every 

two neighboring molecules.21 

There are basically two models for these supramolecular chains. One of them is 

characterized by having the carbonyl groups aligned (Figure 1a). In fact, in symmetrical 

ureas, with the same substituent on each nitrogen atom, it is relatively common to find 

internal symmetry in the chain, with a twofold axis containing the CO groups (see for 

instance, CYHXUR,22 Figure 2a). In most cases, the urea groups (NCON) of the chain 

units are coplanar, but not always (see YUZHUY,23 Figure 2b). The second set of 

supramolecular chains includes structures whose chains have the carbonyl groups away 

from colinearity and the planes described by the urea groups forming angles different 

from 0 degrees (see IQUZOM,24 Figure 2c). 

 

 a)     b) 

 

 

 

 

 

 

 

 

Figure 1. a) trans,trans-Arrangement of substituents in a N,N-disubstituted urea and straight 

chains formed as the result of two intermolecular NH···OC hydrogen bonds. The hypothetical 

axis containing all CO bonds is represented in red and the planes containing each urea group in 

blue; b) General structure of the ureas studied in this work and schematic representation of an 

aggregate of two urea molecules.  
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Some chiral N,N'-disubstituted ureas have a specific feature: they form helical 

chains which are symmetrical about enantiomorphic screw axes. Chains with the carbonyl 

groups not aligned with the screw axis are more common (see HAWLIB,25 Figure 2d) but 

it is possible to find also chains with the carbonyl group aligned with the screw axis 

(CUNCEU,26 Figure 2e). 
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Figure 2. Examples of urea crystalline structures forming 1D infinite chains by the formation of 

two NH···OC hydrogen bonds: a) CYHXUR,22 carbonyl groups aligned and included in a twofold 

axis, coplanar urea groups; b) YUZHUY,23 carbonyl groups aligned and included in a twofold 

axis, non-coplanar urea groups; c) IQUZOM,24 non-aligned carbonyl groups and non-coplanar 
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urea groups; d) HAWLIB,25 helical chain with non-aligned carbonyl groups; e) CUNCEU,26 

helical chain with aligned carbonyl groups and non-coplanar urea groups. 

 

The chiral 1,2-disubstituted cyclobutane moiety has been successfully 

incorporated in designed peptide foldamers based on cyclobutane -amino acids to induce 

well defined secondary structures in solution27 and in the solid-state.28 The 

conformational restrictions imposed by the severe constrain of the cyclobutane ring are 

responsible for the conformational bias of these compounds. Some cyclobutane-based 

peptidomimetics,29 and other derivatives, bearing ester or amide functions, with 

properties as surfactants30,31 or organogelators32 have shown their ability to self-assemble 

into ordered aggregates and/or to gelate some common organic solvents.  

We have investigated the structural properties of cyclobutane-containing ureas as 

powerful tools to tune the supramolecular structural diversity. Herein, we describe the 

versatile and stereoselective synthesis of chiral biscyclobutane ureas bearing functional 

groups at the 2,2’-positions, which influence their molecular conformations and the 

supramolecular arrangements in the solid state. Figure 1b shows the general structure of 

the compounds considered. In particular, we have taken into account the colinearity of 

the CO groups, and the angle () between the mean planes described by the urea groups 

(NCON) of one molecule and the following one, which gives an idea about the distortion 

of the coplanarity of the successive urea molecules and about the helicity of the 

aggregates. Results of X-ray diffraction analysis of these molecules account for electronic 

and steric factors playing a crucial role in the formation of crystal structures. Besides 

these features, computational calculations provide a rationale for the observed 

crystallographic results.  
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2. EXPERIMENTAL SECTION 

2.1. Chemicals and materials. The chemicals and reagents (Sigma-Aldrich, Fluka) were 

of analytical grade and were used without further purification. Anhydrous 

dichloromethane was freshly distilled when needed under a nitrogen atmosphere from 

calcium chloride. Anhydrous acetone was freshly distilled from calcium chloride and 

anhydrous toluene was freshly distilled from sodium/benzophenone. TLC on silica gel-

coated aluminum plates was performed in the systems indicated for each product in the 

following description. The compounds were visualized by exposure to UV light at 254 

nm, dipping in a basic potassium permanganate solution or in an acid vanillin solution. 

Flash chromatography purifications were carried out on silica gel (200-400 mesh). 

Melting points were recorded on a Reicher Kofler block and values are uncorrected. 1H-

NMR and 13C-NMR spectra were measured on a Bruker DPX250 spectrometer. Chemical 

shifts are reported in parts per million. IR spectra were obtained from samples in neat 

form with an ATR (Attenuated Total Reflectance) accessory. High resolution mass 

spectra were recorded using an ESI-MS QTOF apparatus.  

2.2. Synthesis. 2.2.1. (1R,1'R,2S,2'S)-Dimethyl-2,2'-(carbonyldiimino)-

dicyclobutanecarboxylate, 2: Ethyl chloroformate (0.53 mL, 5.57 mmol) and freshly 

distilled triethylamine (0.72 mL, 5.16 mmol) were successively added to a solution of 

half ester 133 (680 mg, 4.3 mmol) in anhydrous acetone (20 mL). The mixture was stirred 

at room temperature for 30 minutes. A solution of sodium azide (647 mg, 9.95 mmol) in 

water (15 mL) was added and the mixture was stirred for 1.5 hours. The solvent was 

removed under vacuum and the residue was poured into CH2Cl2 (20 mL). The organic 

phase was washed with saturated aqueous NaHCO3 (2 x 20 mL). The organic layer was 

dried over MgSO4, filtered, and evaporated. Warning: This product should be carefully 

manipulated because of its explosive nature.  Anhydrous toluene (20 mL) was added to 
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the residue and the mixture was heated to reflux for 2 hours. After cooling, the solvent 

was removed under vacuum to afford an orange solid. The solid was dissolved in a 1:1 

mixture of THF/water (50 mL) and was stirred overnight at room temperature. After 

evaporating the solvent, the residue was purified by column chromatography on neutral 

silica gel (1:1 mixture of ethyl acetate-hexane) to afford pure 2 (290 mg, 1.02 mmol, 47% 

yield). Crystals, m.p. 164-166 ºC (from ethyl acetate-pentane); [α]
20

D  = -173 (c = 0.53 in 

CH2Cl2); 
1H-NMR (250 MHz, CDCl3, 25°C): δ=5.39 (broad s, 2H), 4.62 (m, 2H), 3.71 

(s, 6H), 3.40 (m, 2H), 2.24-2.35 (m, 4H), 1.90-2.02 (m, 4H); 13C-NMR (62.5 MHz, 

CDCl3, 25°C): δ=175.2, 155.7, 51.6, 45.3, 30.0, 18.6; IR (ATR): ν=3300, 2950, 1725, 

1715, 1650 cm-1; Elemental analysis calcd (%) for C13H20N2O5: C 54.92, H 7.09, N 9.85, 

O 28.14 found: C 54.65, H 7.22, N 9.95, O 28.18. 

2.2.2. (1R,1'R,2S,2'S)-2,2'-(Carbonyldiimino)dicyclobutanecarboxylic acid, 3: Urea 2 

(100 mg, 0.35 mmol) was stirred in a solution of 0.25 M NaOH in water (5 mL) and THF 

(1 mL) at 0 ºC for 2 hours. 1 M HCl was added to the solution until it reached pH 3. The 

solution was evaporated to dryness under vacuum giving a white powder. Ethanol (2 x 10 

mL) was added and heated at reflux. The mixture was filtered in hot ethanol. The filtrate 

was evaporated under vacuum to afford 3 (65 mg, 0.25 mmol, 72% yield). Crystals, m.p. 

183-185 ºC (from ethanol); [α]
20

D  = -100 (c = 0.2 in MeOH); 1H-NMR (250 MHz, MeOH-

d4, 25°C): δ=4.93 (broad s, 2H), 4.53 (q, 3J(H,H) = 9.5 Hz, 2H), 3.32 (m, 2H), 2.19-2.31 

(m, 4H), 1.85-2.00 (m, 4H); 13C-NMR (62.5 MHz, MeOH-d4, 25°C): δ=175.9, 157.7, 

46.2, 45.8, 29.0, 17.9; IR (ATR): ν=3373, 2955, 1730, 1676, 1544, 1235 cm-1; HRMS 

(ESI) m/z: [M-H]- Calcd for C11H14N2O5: 255.0986; Found: 255.0984.  

2.2.3. (1R,1'R,2S,2'S)-Hydroxymethyl-2,2'-(carbonyldiimino)dicyclobutane, 4: Urea 2 

(160 mg, 0.56 mmol) was dissolved in a 2:1 mixture of THF/water (8.3 mL) at 0 ºC. Then 
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NaBH4 (105 mg, 2.78 mmol) was added. The mixture was allowed to reach room 

temperature and stirred overnight. The solvent was evaporated under vacuum until 

dryness and the residue was directly purified by column chromatography on neutral silica 

gel (9:1 CH2Cl2-MeOH) to afford pure 4 (80 mg, 0.35 mmol, 63% yield). Crystals, m.p. 

179-181 ºC (from CH2Cl2/MeOH); [α]
20

D  = -98 (c = 0.42 in MeOH); 1H-NMR (250 MHz, 

MeOH-d4, 25°C): δ=4.28 (q, , 3J(H,H) = 7.0 Hz,  2H), 3.60-3.78 (m, 4H), 2.66 (m, 2H), 

2.33 (m, 2H), 1.85-2.00 (m, 4H), 1.62-1.68 (m, 2H); 13C-NMR (62.5 MHz, MeOH-d4, 

25°C): δ=160.4, 62.7, 47.6, 43.1, 28.9, 19.3; IR (ATR): ν=3330, 2940, 2869, 1625, 1556, 

1250, 1030 cm-1; HRMS (ESI) m/z: [M+Na]+ Calcd for C11H20N2NaO5: 251.1366; Found: 

251.1376. 

2.2.4. (1R,1'R,2S,2'S)-Dibenzyl-2,2'-(carbonyldiimino)dicyclobutanecarboxylate, 5: 

Urea 3 (115 mg, 0.45 mmol) was dissolved in anhydrous DMF (3 mL). Cs2CO3 (294 mg, 

0.90 mmol) and benzyl bromide (0.16 mL, 1.35 mmol) were subsequently added. The 

mixture was stirred at room temperature overnight. Ethyl acetate (10 mL) was then added, 

and the organic layer was washed with a saturated aqueous solution of NaHCO3 (5 x 5 

mL). The organic layer was dried over anhydrous magnesium sulfate and the solvent 

evaporated under vacuum. The excess of benzyl bromide was lyophilized using a dry-

freezer. The crude material was the purified by column chromatography in neutral silica 

gel (2:1 ethyl acetate-hexane) to afford 5 (90 mg, 0.21 mmol, 46% yield). Crystals, m.p. 

119-122 ºC (from ethyl acetate-pentane); [α]
20

D   = -172 (c = 0.27 in CH2Cl2); 
1H-NMR 

(250 MHz, CDCl3, 25°C): δ=7.36 (m, 10H), 5.13 (m, 6H), 4.61 (m, 2H), 3.37 (m, 2H), 

2.15-2.32 (m, 4H), 1.92-1.97 (m, 4H); 13C-NMR (62.5 MHz, CDCl3, 25°C): δ=174.4, 

155.3, 135.9, 128.6, 128.3, 128.2, 66.3, 45.5, 45.3, 30.1, 18.5; IR (ATR): ν=3331, 2924, 

1725, 1638, 1556, 1165  cm-1; HRMS (ESI) m/z: [M+Na]+ Calcd for C25H28N2NaO5: 

459.1890; Found: 459.1891. 
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2.2.5. (1S,2R)-1-Benzyl-2-methylcyclobutane-1,2-dicarboxylate, 6: Hemiester 133 (490 

mg, 3.1 mmol) and cesium carbonate (1.23 g, 3.8 mmol) were stirred in anhydrous DMF 

(10 mL) under nitrogen atmosphere at room temperature during 1 hour. Benzyl bromide 

(0.45 mL, 3.9 mmol) was added, and the mixture was stirred overnight at room 

temperature. The mixture was extracted with ethyl acetate (30 mL) and washed several 

times with NaHCO3 (3 x 30 mL). The organic layer was dried with magnesium sulfate 

and evaporated under vacuum. The crude was purified by column chromatography on 

neutral silica gel (2:1 ethyl acetate-hexane) to afford pure 6 as an oil (561 mg, 2.3 mmol, 

73% yield). [α]
20

D  = -36 (c = 0.87 in CH2Cl2). 
1H-NMR (250 MHz, CDCl3, 25°C): δ=7.37 

(m, 5H), 5.13 (s, 2H), 3.54 (s, 3H), 3.42 (m, 2H), 2.4 (m, 2H), 2.2 (m, 2H). 13C-NMR 

(62.5 MHz, CDCl3, 25°C): δ=173.5, 173.0, 135.9, 128.5, 128.4, 128.2, 66.4, 51.4, 40.6, 

40.5, 22.1. IR (ATR): ν=2892, 1737, 1436, 1243 cm-1. HRMS (ESI) m/z: [M+Na]+ Calcd 

for C14H16NaO4: 271.0941; Found: 271.0945. 

 2.2.6. (1S,2R)-2-(Benzyloxycarbonyl)cyclobutanecarboxylic acid, 8: Diester 6 (447 mg, 

1.8 mmol) was added to a solution of 0.25 M NaOH (10 mL) and THF (2 mL). The 

mixture was stirred at 0 ºC for 1 hour. The crude was acidified to pH= 3-4 with 1 M HCl, 

and the product was extracted with ethyl acetate (3 x 10 mL). The organic layer was dried 

with magnesium sulfate and the solvent was removed under vacuum. The residue was 

purified by column chromatography on neutral silica gel (2:8 ethyl acetate-hexane) to 

afford 834 as an oil (177 mg, 0.8 mmol, 42% yield). [α]
20

D  = -17 (c = 0.55 in CH2Cl2). 
1H-

NMR (250 MHz, CDCl3, 25°C): δ=7.30 (m, 5H), 5.10 (d, 2H), 3.48 (m, 2H), 2.43 (m, 

2H), 2.24 (m, 2H). 13C-NMR (62.5 MHz, CDCl3, 25°C): δ=179.0, 173.3, 136.2, 128.9, 

128.7, 128.6, 67.0, 41.0, 40.9, 22.6, 22.5. IR(ATR): ν=2892, 1737, 1436, 1243 cm-1. 

HRMS (ESI) m/z: [M+Na]+ Calcd for C13H14NaO4: 257.0784; Found: 257.0784. 
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2.2.7. (1S,1'S,2R,2'R)-dibenzyl-2,2'-(carbonyldiimino)dicyclobutanecarboxylate, ent-

5: A mixture of ethyl chloroformate (0.1 mL,1.08 mmol) and freshly distilled Et3N (0.15 

mL, 1.08 mmol) were successively added to a solution of 8 (180 mg, 0.77 mmol) in 

anhydrous acetone (20 mL). The mixture was stirred at room temperature for 1 hour. A 

solution of NaN3 (127 mg, 1.96 mmol) in water (15 mL) was added and the mixture was 

stirred for 1.5 hours. The solvent was removed under vacuum and the residue was poured 

into CH2Cl2 (20 mL). The organic layer was washed with saturated aqueous NaHCO3 (2 

x 20 mL). The organic layer was dried over MgSO4, filtered off and evaporated. Warning: 

This product should be carefully manipulated because of its explosive nature. The residue 

was poured into 20 mL of anhydrous toluene (20 mL) and the mixture was heated to 

reflux for 2 hours. After cooling, the solvent was removed under vacuum, an orange solid 

being obtained. The solid was stirred in presence of a 1:1 mixture of THF/water (10 mL) 

overnight at room temperature. After evaporating the solvent, the residue was purified by 

column chromatography on neutral silica gel (1:1 THF-hexane) to afford ent-5 as a white 

solid (81 mg, 0.18 mmol, 48% yield). m.p. 121-124 ºC (from ethyl acetate-pentane). [α]

20

D   = +177 (c = 0.5 in CH2Cl2). 
1H-NMR (250 MHz, CDCl3, 25°C): δ=7.36 (m, 10H), 

5.13 (m, 6H), 4.61 (m, 2H), 3.37 (m, 2H), 2.15-2.32 (m, 4H), 1.92-1.97 (m, 2H); 13C-

NMR (62.5 MHz, CDCl3, 25°C): δ=174.4, 155.3, 135.9, 128.6, 128.3, 128.2, 66.3, 45.5, 

45.3, 30.1, 18.5. IR(ATR): ν=3322, 2980, 1720, 1625, 1550, 1155 cm-1. HRMS (ESI) 

m/z: [M+Na]+ Calcd for C25H28N2NaO5: 459.1890; Found: 459.1892. 

2.3. Crystallographic Details. Single Crystal X-ray Diffraction. Single crystals of ureas 

2, 4, and ent-5 were obtained by crystallization from ethyl acetate-pentane, 

CH2Cl2/MeOH and ethyl acetate-pentane, respectively. Data were collected using Mo Ka 

radiation in a SMART-APEX diffractometer. Single crystal of 3 was measured on a 

Bruker D8 Quest diffractometer equipped with a Photon III C14 area detector. An 
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empirical absorption correction was applied (SADABS). The structures were solved by 

direct methods (SHELXS-86) and refined by full-matrix least-squares methods on F2 for 

all reflections (SHELXL-2016). Non-hydrogen atoms were refined with anisotropic 

displacement parameters. Hydrogen atoms bonded to carbon atoms were placed in 

calculated positions with isotropic displacement parameters fixed at 1.5 (methyl hydrogen 

atoms) or 1.2 (the rest) times the Ueq of the corresponding carbon atoms. Hydrogen atoms 

bonded to oxygen or nitrogen atoms were localized in a difference Fourier map. For 

comparison of hydrogen bonds, in the last refinement cycles, the hydrogen atoms bonded 

to nitrogen atoms were placed in calculated positions with isotropic displacement 

parameters fixed at 1.2 times the Ueq of the corresponding nitrogen atoms, and the 

hydrogen atoms bonded to oxygen atoms were placed in calculated positions with 

isotropic displacement parameters fixed at 1.5 times the Ueq of the corresponding oxygen 

atoms and a rotating group refinement was used. Restraints were applied to some 

distances and displacement parameters of the benzenes of the urea ent-5 to have 

reasonable values. 

Crystal data and further refinement details are presented in Tables S1- S8 and in Figures 

S1-S4 in the Supporting Information (SI). 

2.4. Computational Details. The structures of the ureas and their aggregates were 

optimized using M06-2X density functional35 and the 6-31G(d) basis set. These 

calculations have been carried out using the Gaussian-09 program.36 The energies of all 

optimized structures have been recalculated with the Def2TZVP basis set.37 For the 

simplest model, the 6-311++G(d,p) basis set has also been used in the geometry 

optimization. The interaction between urea molecules has been analyzed using the 

Natural Bond Order (NBO) method.38 
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3. RESULTS AND DISCUSSION 

3.1.  Stereoselective synthesis of chiral 2,2’-disubstituted biscyclobutane ureas. 

Scheme 1 shows the enantiodivergent synthetic route to different biscyclobutane ureas 

starting from half-ester 133 as the common chiral precursor.  

 Product 1 was reacted with ethyl chloroformate to afford a mixed anhydride that 

was reacted with sodium azide. The resultant acyl azide was submitted to Curtius 

rearrangement by heating to reflux in anhydrous toluene and the produced isocyanate was 

reacted in situ with a 10:1 pyridine-water mixture to afford urea 2 in 47% overall yield 

from 1. In turn, 2 was reduced with NaBH4 in a 2:1 THF-water mixture to provide 

dihydroxymethyl derivative 4 in 63% yield. Alternatively, diester 2 was treated with 0.25 

M NaOH, followed by acidification to pH 3-4, affording diacid 3 in 72% yield. Dibenzyl 

ester 5 was prepared by reaction of 3 with benzyl bromide and cesium carbonate (46% 

yield).  
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Scheme 1. Stereoselective synthesis of chiral biscyclobutane ureas. Reagents, conditions, and 

isolated yields: i) ClCO2Et, Et3N, acetone, rt, 30 min. ii) NaN3, H2O, rt, 1.5 h. iii) (a) toluene, 

reflux, 2 h. (b) 1:1 TFH-water, rt, overnight. Yield (three steps): 47% for 2, 48% for ent-5, 35% 

for ent-10. iv) 0.25 M NaOH, THF-H2O, 0 ºC, 2 h. 72% for 3, 42% for 8, quantitative for 9. v) 

NaBH4, 2:1 THF-H2O, rt, overnight, 63%. vi) BnBr, Cs2CO3, DMF, rt, overnight. 46% for 5, 73% 

for 6. vii) Cl3C-C(NH)OtBu, CH2Cl2, rt, overnight, 90%. 

 

 Ureas ent-5 and ent-10, with an opposite chirality to ureas 2-5, were synthesized 

as follows. Reaction of half-ester 1 with benzyl bromide and Cs2CO3 provided diester 6 

(73% yield) that was submitted to selective saponification of the methyl ester affording 

half ester 8 (42% yield). Alternatively, treatment of 1 with tert-butyl trichloroacetimidate 

led to diester 7 that was converted into 9 following the protocols previously reported.25 

Finally, half esters 8 and 9 were transformed into ureas ent-5 and ent-10, respectively, 

following a similar procedure to that used to prepare urea 2. Compounds 7, 9 and ent-10 
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were earlier described.25 Urea ent-10 had been formerly obtained as a by-product of a 

Curtius rearrangement, its identity being verified by X-ray diffraction analysis.  

 

3.2.  Structural study of the synthesized ureas. The structural study of these 

compounds was undertaken by means of X-ray crystallography and computational 

calculations that allowed us to understand their molecular conformations and crystal 

packings. 

 3.2.1. X-ray diffraction analysis. An accurate investigation was carried out to determine 

the structural arrangement of ureas 2-4 and ent-5 in the solid state and to discern the 

influence of the functional groups located at the cyclobutane side chains (Figure 3 in the 

main text and Tables S1-S8 in the SI).  

In the case of ureas 2 and ent-5, supramolecular chains with unaligned carbonyls 

(angles of 151o and 159o, respectively, as shown in Figures 3a and 3b) and non-coplanar 

urea groups are observed. The value of the angle between mean planes containing the 

urea groups of two consecutive molecules () is 82o for 2 and 71o for ent-5. The overall 

distortion is greater in 2, probably due to the presence of intermolecular bifurcated 

hydrogen bonds between the NH in one molecule and one of the oxygens of the ester 

group (COOMe) in the following one (Figure 3a and Table S2 in the SI). In the case of 

urea ent-5, the presence of the bulky benzyl groups induces an aggregate disposition in 

which the distance between the NH of one molecule with one of the oxygens of the ester 

group of the following one (COOBn) is clearly larger than in urea 2 thus precluding the 

formation of additional intermolecular hydrogen bonds (Figure 3b and Table S4 in the 

SI).  

In the case of previously reported urea ent-10 (Figure 2d25), the bulky R’ 

substituents (CO2
tBu) could be responsible for the formation of a helical structure with 

an angle described by consecutive carbonyl groups of 174o and an angle between 
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consecutive mean urea planes of 60o, which leaves the structure with a void space inside 

the chain and with the tert-butyl ester groups pointing outwards. 

On the other hand, urea 4 forms supramolecular chains where the carbonyl groups 

are aligned (angle of 178o as shown in Figure 3c), and the urea groups are coplanar, as 

indicated by the value of , which is zero. Although it is a symmetrical urea (same 

substituents on both nitrogen atoms), the chain has no symmetry. This is due to the 

presence of additional interchain OH···OH bonds joining the supramolecular chains and 

leading to the formation of sheets (Figure 3c and Table S6 in the SI).  
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Figure 3. Supramolecular arrangements in the crystal packing of ureas: a) 2 (R’ = CO2Me); b) 

ent-5 (R’ = CO2Bn); and c) 4 (R’ = CH2OH). R’ is referred to the general formula depicted in 

Figure 1b. Relevant hydrogen bond distances in Å and angles in degrees. 

 

On the contrary, in the case of urea 3, the presence of the carboxyl groups gives 

rise to supramolecular chains which are significantly different from the ones discussed 
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above. In this case, the chains are not formed by the two NH···OC hydrogen bonds 

between consecutive molecules, as observed for ureas 2, 4, ent-5 and ent-10.   

The asymmetric unit of urea 3 contains 4 molecules, namely , ,  and . Two of 

these molecules ( and ) form chains through hydrogen bonds between one carboxyl 

group of one molecule and both the CO of the urea group and the OH of the carboxyl 

group of the consecutive molecule, defining a 12-membered ring (intrachain hydrogen 

bonds). In these chains, the CO of the carboxyl group is also intramolecularly hydrogen 

bonded to an NH of the urea group through a bifurcated bond (Figure 4a).  

The chains generated by  and  molecules (−−−…) interact with another 

equivalent chain (i−i−i−i…) giving rise to a bigger chain. These interchain 

interactions involve weaker hydrogen bonds, mainly between the NHs of the urea groups 

and the carboxyl groups of the molecules of another chain as shown in Figures 4b 

(intrachain hydrogen bonds depicted in blue and interchain ones in green). 

The other two molecules of the asymmetric unit ( and ) give rise to analogous 

chains and bigger chains with the same pattern of hydrogen bonds.  

Overall, the crystal is a packing of the parallel big chains generated by −−… 

and i−i−i… and −−… and i−i−i, respectively, as shown in Figure 4c.  



20 
 

 

Figure 4. Supramolecular arrangements in the crystal packing of urea 3. a) Intrachain hydrogen 

bonds for a chain; b) Lateral view of the interaction of two chains (one in violet and one in grey) 

through interchain hydrogen bonds (depicted in green); c) Packing of various chains. Relevant 

hydrogen bond distances in Å. 
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3.2.2. Computational calculations. The aim of this study was to know the energetic 

contribution of the main interactions leading to the crystal packing in ureas 2-5 and 10.  

For simplicity, in a first step, dimeric structures were considered. On the other hand, only 

the enantiomers with the same chirality were investigated. Total energies of all computed 

structures can be found in the SI.  

 We started with a model urea with R’ = H, for which we studied dimeric 

aggregates with C2 symmetry for different torsion angles around the axis defined by the 

carbonyl groups (Figure 1b). 

Figure 5 shows the two structures obtained. For the most stable structure t1 the 

angle between mean NCON planes () is 16.7o. Structure t2 with  = 78.5o is 2.2 kcal mol-

1 higher in energy than t1. The formation energy of the t1 structure is -12.2 kcal mol-1. 

To assess the effect of the basis set in the geometry optimization, we have also optimized 

the geometries using the 6-311++G(d,p) basis set and the formation energy computed at 

the M06-2X/Def2TZVP  level does not change.  
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Figure 5. Side and top views of the two structures of dimeric aggregates of the model urea. 

Interatomic distances in Å. 

 Dipole-dipole interactions between both molecules should be essentially the same 

independently of the torsion angle. However steric repulsion between substituent groups 

is expected to be maximum for coplanar structures and minimum for torsion angles 

around 90o. Electron donor-acceptor interactions are not expected to be the most 

important contribution to the overall interaction (charge transfer between both urea 

molecules are 0.018 a.u. for t1 and 0.014 a.u. for t2) but they depend on the torsion angle.  

 There are two main electron donor-acceptor interactions between two urea 

molecules (Figure 6). The first one takes place between the LP1 lone pair of oxygen and 

the appropriate symmetry adapted combination of antibonding orbitals *N-H (A 

symmetry). The second one involves the LP2 lone pair of oxygen and the other 

combination of *N-H orbitals (B symmetry). The first interaction is active independently 

of the torsion angle, whereas the second one reaches its maximum in a coplanar 
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arrangement and decreases as the torsion angle deviates from coplanarity.  For  values 

close to 90o the interaction involving LP2 vanishes, and the B symmetry adapted 

combination of antibonding *N-H orbitals may interact with the CO orbital.  

 

 

Figure 6. Electron donor-acceptor interactions between two coplanar urea molecules. 

 Table 1 shows the donor-acceptor interactions obtained from the second order 

perturbation study in the NBO basis for the two structures of dimeric aggregates of the 

model urea. As seen in the table, the interaction involving the CO orbital is less efficient 

than the one due to the LP2 (O). 

Table 1. Donor-acceptor interactions (energies in kcal mol-1) between two model urea 

molecules for structures t1 and t2. 

 Symmetry t1 t2 

LP1 (O) → *N-H  A 3.8 3.7 

LP2 (O) → *N-H  B 2.0  

 CO → *N-H  B  1.1 

 

Once the model urea was studied, we considered the three ureas where R’ is an 

ester group: 2, 5 and 10. For the dimeric aggregates of these ureas we have studied two 

different structures: t1 and t2. The results are summarized in Table 2, showing that the 

most stable structures are t1 for 2 and t2 for 5 and 10.  
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The formation energy of a dimeric aggregate from two urea molecules can be 

decomposed into two contributions: the energy necessary to distort the fragments from 

their equilibrium geometry to the geometry they have in the aggregate (Edist) and the 

interaction energy between both fragments (Eint).  

For urea 2, both the distortion and the interaction energies make t1 the most 

favorable structure. On the other hand, for 5 and 10 the distortion energy favors t2, 

whereas the interaction energy favors t1.  

Table 2. Angle between mean NCON planes ( in degrees), formation energy (E in kcal mol-1) 

and contributions to the formation energy for dimeric aggregates of ureas 2, 5 and 10 with C2 

symmetry. 

Urea R’ Structure  Edist Eint E 

2 CO2Me t1 33.0 4.7 −24.3 −19.6 

  t2 77.6 7.2 −22.6 −15.5 

5 CO2Bn t1 20.5 13.8 −29.6 −15.8 

  t2 86.7 9.3 −25.3 −16.0 

10 CO2
tBu t1 24.4 7.4 −22.5 −15.1 

  t2 64.2 4.0 −21.8 −17.8 

 

Starting from these structures, tetrameric and octameric aggregates were built and their 

geometries optimized. The results are summarized in Table 3.  

Table 3. Average angle between mean NCON planes (<> in degrees) and formation energies 

(in kcal mol-1) for tetrameric and octameric aggregates of ureas 2, 5 and 10 with  C2 symmetry. 

Urea R’ Structure Tetramers  Octamers 

   <>    E <>     E 

2 CO2Me t1 32.7 −56.8 39.3 −131.4 

  t2 80.4 −48.8 81.5 −117.1 

5 CO2Bn t1 26.3 −77.2 27.5 −182.4 

  t2 76.6 −78.9 82.5 −159.9 

10 CO2
tBu t1 35.9 −63.6 41.1 −144.8 

  t2 78.2 −59.8 63.7 −155.4 

 

For 2, the most stable tetrameric and octameric aggregates are t1, with average 

torsion angles between 30 and 40, in disagreement with the crystal structure ( = 82). 
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For 5, the most stable tetrameric aggregate is t2, but the situation changes for the octamer. 

Finally, for 10 there is also an inversion of stability between t1 and t2 when going from 

tetramer to octamer. However, the most stable octamer in in good agreement with the X-

ray structure of ent-10, with < = 63.7 (experimental value is 60o). 

Up to this point, C2 structures where the carbonyl groups are colinear and the 

NH···OC distances symmetric had been considered. However, crystal structures present 

significant deviation from this situation.  Moreover, in the crystal structures of 2 and 5, 

the angle between alternate (i and i+2 molecules in a chain) mean NCON planes is 0, 

whereas for t2 structures these angles are between 13 and 15⁰. We optimized the 

geometries of octamers in which the angle between alternate NCON planes is set to zero.  

These calculations lead to a remarkable deviation from the linearity of the carbonyl 

groups and significant asymmetry in the NH···OC hydrogen bonds along with a 

stabilization with respect to t2 structures. When geometry restrictions are removed, a 

further stabilization is produced giving aggregates which have been named as t2’. The 

results are presented in Table 4 and the most significant geometry modifications are 

shown in Figure 7. 

Table 4. Average angle between mean NCON planes (<> in degrees) and formation energies 

(in kcal mol-1) for alternate (t2’) octameric aggregates of ureas 2, 5 and 10. 

Urea R’ <> E 

2 CO2Me 75.2 −131.8 

5 CO2Bn 81.8 −190.6 

10 CO2
tBu 69.8 −139.0 
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2 t2 2 t2’ 

 

 

5 t2 5 t2’ 

Figure 7. Structure of central dimer in octameric aggregate of ureas 2 and 5. Selected distances 

in Å and angles in degrees. Hydrogen atoms bonded to C and phenyl group have been omitted for 

clarity. 

  In the case of urea 5, the resultant structure is clearly more stable than the ones 

obtained with C2 symmetry, whereas for 2 this non symmetric structure is only 0.4 

kcal/mol more stable than t1. These results show that the preference for a particular 

aggregation pattern in urea 2 is smaller than for urea 5.  

 For urea 2, the asymmetry in the NH···OC hydrogen bond distances is maintained 

comparing the crystal structure and the calculated t2’ structure (Figures 7 and 3a). 

Nevertheless, the difference between the two distances in the crystal structure is smaller 
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than in the computed one (2.0 and 2.5 Å compared to 1.8 and 2.7 Å). The degree of 

collinearity of the carbonyl groups is slightly smaller for the computed structure than for 

the crystal structure (139 o vs 151o). In the case of urea 5 (Figures 7 and 3b), one of the 

calculated NH···OC hydrogen bond distances for the t2’ structure is the same as the 

experimental one, and the other distance is slightly shorter (2.1 and 1.9 Å compared to 

2.1 and 2.4 Å). Moreover, the degree of collinearity of the consecutive carbonyl groups 

is very similar (154o vs 159 o). 

In the crystal structure of ent-10 the deviation from linearity and asymmetry of 

the NH···OC bonds is lower than for 2 and 5. Moreover, this system presents a helical 

structure similar to t2. However, for 10 we also optimized structures with zero torsion 

angles between alternate urea molecules. In contrast to 2 and 5, for 10 this alternate 

structure is clearly less stable than t2 (see Tables 3 and 4). 

Figure 8 shows the side views of the geometries of the most stable octameric aggregate 

of each urea (for top views of the same aggregates see Figure S5 in the SI).  

To analyze the effect of the loss of C2 symmetry in the stability of the aggregates, we 

have calculated the formation energies and the contributions (Edist and Eint) of central 

dimers in octameric aggregates of ureas 2, 5 and 10. The results are presented in Table 5. 

Table 5. Formation energy (E in kcal mol-1) and contributions to the formation energy for 

central dimers in octameric aggregates of ureas 2, 5 and 10. 

 

Urea R’   Edist Eint E 

2 CO2Me t1 9.6 -22.1 -12.5 

  t2 8.1 -18.9 -10.8 

  t2’ 12.1 -24.8 -12.6 

5 CO2Bn t1 25.2 -29.9 -4.7 

  t2 21.8 -22.3 -0.5 

  t2’ 18.5 -28.1 -9.6 

10 CO2
tBu t1 10.4 -22.7 -12.4 

  t2 10.7 -24.5 -13.8 

  t2’ 11.1 -19.4 -8.3 



28 
 

 

For 2, the loss of symmetry involves an increase of distortion energy with respect 

to t2, but this is overcompensated by the stabilization due to the interaction energy.  For 

5, in addition to the interaction energy, the distortion energy also favors the loss of 

symmetry. Finally, for 10 the t2’ structure is not favorable due to the interaction energy.  

Alternate t2’ structures seem to provide a relief of steric repulsion between the 

ester groups of two adjacent urea molecules for 2 and 5. This is not the case for 10, where 

t2 is the most stable structure. For the t2 structure of 5, the shortest and average CH···HC 

distances between the substituents of neighbor ureas are 2.16 and 2.29 Å, respectively. 

The shortest distance is below twice the van der Waals radius of H (1.10 Å).39 For t2’ the 

shortest and the average CH···HC distances are 2.23 and 2.40 Å, respectively, in such a 

way that steric repulsion decreases.  On the other hand, for 10 the values are 2.17 and 

2.32 (t2) and 2.17 and 2.28 (t2’) Å, so that no relief of steric repulsion is produced.  
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2  t2’ 5  t2’ 10   t2 

 

Figure 8. Side views of the most stable octameric aggregates of ureas 2, 5 and 10.  

The two remaining ureas, 4 and 3, where the substituents R’ on the cyclobutane 

ring may interact through hydrogen bonding, were then considered. In both cases, dimeric 

aggregates with C2 symmetry were first considered.  

For urea 4, the most stable structure corresponds to type t2 with  = 89.6o (Figure 

9). There are strong intermolecular hydrogen bond interactions between the OH groups 

of the side chains. This is very different from the planar structure observed in the crystal. 

A planar structure could be obtained by imposing geometry restrictions, and it is 2.9 kcal 

mol-1 higher in energy. When the restrictions are removed, the system evolves towards a 

nonsymmetric t1’ structure (= 42.2o) which is still 2.2 kcal mol-1 higher in energy than 

t2.  
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 The coplanar structure observed in the crystal structure must be due to the 

interactions with lateral urea molecules, which lead to the formation of a 2D hydrogen 

bond network. To mimic such an arrangement, the geometry of a tetrameric aggregate 

with two central plus two lateral urea molecules was optimized (see Figure 9).  For this 

structure, = 17.4o.  This value is not too far from the experimental = 0o in the crystal 

structure. It is to be expected that increasing the size of the system in the two dimensions 

leads to smaller torsion angles. 

 

  

t2 t1’ 

 

tetrameric 1+2+1 aggregate 

 

Figure 9. Structures of two dimeric and one tetrameric aggregate of urea 4. Selected interatomic 

distances are in Å. 

 Comparing the NH···OC hydrogen bond distances in the tetrameric aggregate of 

urea 4 and in the X-ray structure (Figures 9 and 3c), the computed ones are slightly shorter 

than the experimental ones (1.9 and 1.9 Å compared to 2.3 and 2.2 Å). The hydrogen bond 

distances between the hydroxyl groups are very similar in both cases (1.8 Å in the 
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optimized tetrameric aggregate and 1.9 Å in the crystal structure). Also, the collinearity 

of the carbonyl groups is maintained, being in both structures close to 180o. 

Regarding urea 3, the dimeric aggregate with C2 symmetry corresponds to a t1 structure 

with a  = 22.6o (Figure 10). In contrast with 4, there are no hydrogen bonds involving 

the side groups. The most stable dimeric aggregate is the one in which the interaction 

between both molecules takes place through the carboxyl groups, forming the typical 

carboxylic acid dimers.  

 

 
 

 

t1  E=−17.8          Carboxylic acid dimer E=−28.3 
 

 
 

3a   Intrachain E=−16.7 3b  Interchain  E=−19.7 

 

Figure 10. Structures and formation energies (in kcal mol-1) of dimeric aggregates of urea 3. 

Selected interatomic distances are in Å. 
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The crystal structure of 3 shows that both COOH and NH groups are involved in 

the intermolecular interactions (Figure 4). The geometries of intrachain and interchain 

dimeric aggregates 3a and 3b, which mimic these interactions, have been optimized. The 

diacid dimer structure is clearly the most favored for the dimeric aggregate. However, it 

completely blocks the carboxylic acid groups and, therefore, its growing to yield higher 

aggregates does not seem to be favored. On the other hand, dimeric structures 3a and 3b 

are not so favorable, but they are able to grow to form higher aggregates. The combination 

of both patterns of aggregation finally leads to the observed crystal structure. The 

calculated hydrogen bond distances for structure 3a are very similar to the ones observed 

in the crystal structure of urea 3 (1.8 and 1.6 Å compared to 1.8 and 1.7 Å; Figures 10 and 

4a). Also, the hydrogen bond distances calculated for structure 3b are very close to the 

experimental ones (Figures 10 and 4b). 

 

4. CONCLUSIONS 

New chiral ureas, 2, 3, 4 and ent-5, as well as urea 10, have been investigated 

accounting for their diverse patterns of aggregation to form crystals as a function of the 

different abilities of the further functional groups to create intermolecular hydrogen 

bonding in addition to the conventional urea-urea interactions.  

Compounds bearing methyl or benzyl ester groups, 2 and ent-5, respectively, form 

chains that are neither symmetric nor colinear or coplanar. Stabilization of these 

aggregates occurs mainly via the interaction energy. However, while for the methyl ester 

derivative 2, both the steric repulsion between ester groups and the formation of 

bifurcated hydrogen bonds plays a crucial role, the higher contribution of the distortion 

energy favors the loss of symmetry for the benzyl derivative ent-5. Previously described 

compound 10, containing tert-butyl esters, displays a different behavior forming helices 
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in which the tert-butyl groups are oriented towards the external wall thus minimizing the 

steric repulsions. 

In contrast, urea 4, with primary alcohols, makes asymmetric chains with aligned 

urea groups. The additional hydrogen bonding promotes the construction of sheets, and 

the interaction with lateral molecules leads to coplanar structures. 

The most complex case corresponds to urea 3, for which hydrogen bonding with 

the participation of the carboxyl groups takes place and the resulting aggregation patterns 

dominate. These interactions prevent the hydrogen bond arrangement observed for the 

other ureas studied in this work, which involves two consecutive urea groups interacting 

through the CO of one of the molecules with the two NH of the following one. In the case 

of urea 3, molecules form chains through strong intermolecular hydrogen bonds with the 

participation of the carboxyl groups of one molecule and the CO of the urea group of the 

subsequent one. These chains interact amongst them through weaker hydrogen bonds 

involving the carboxyl groups and the NHs of the urea groups.  

Overall, it has been shown that in most cases, 2,2’-disubstituted biscyclobutane 

ureas aggregate through two intermolecular NH···OC hydrogen bonds, and that the nature 

of the R’ substituents determines the degree of deviation from the linearity of the carbonyl 

groups and the angle described by the NCON planes of subsequent molecules.  

Thus, as a result of this study, it is concluded that the formation of twisted chains, 

helices or sheets in the crystals of 2,2’-disubstituted biscyclobutane ureas can be tuned 

by the variation of the functional groups. Alcohols form sheets, methyl and benzyl esters 

produce chains and bulkier tert-butyl derivatives give rise to the formation of helices. 

These properties are significant to be considered in the construction of materials with 

determined structural properties. 
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Four new chiral 2,2’-disubstituted biscyclobutane ureas have been synthesized and 

crystallized. The different substituents on positions 2,2’ define their mode of aggregation 

in the crystal packing, which is governed both by the intermolecular hydrogen bonds 

between the urea groups and by the different ability of the substituents to generate extra 

hydrogen bonding. Experimental results have been rationalized with computational 

calculations. 

 


