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A new family of bis-methylureas (L1-L6) have been synthesised and their ability to bind anions both in 

solution and in the solid state and to transport them through lipid membrane have been studied. From the 

solid state studies it has emerged that various conformations can be adopted by the receptors allowing the 

isolation of complexes of different stoichiometry (from 1:1 to 1:3). The transport studies highlighted the 10 

possibility to use the bis-methylureas to mediate Cl- transport across membranes. 

1. Introduction 

Bis-urea compounds have been used extensively for 
anion recognition. In 1995, Umezawa and co-
workers1 reported that bis-ureas and thioureas, 15 

obtained by the reaction of 1,3-
bis(aminomethyl)benzene with butylisocyanate and 
butylisothiocyanate, showed some affinity for H2PO4

- 
(Ka = 820 M-1 for the thiourea derivative) in DMSO-
d6. The same group also studied the application of 20 

phenyl-substituted ureas as an ionophore for the 
fabrication of anion selective electrodes with 
remarkable sulfate selectivity.2 More recently 
Sellergren and co-workers studied the recognition of 
tyrosine phosphorylated peptides by the vinylphenyl 25 

urea derivative of 1,3-bis(aminomethyl)benzene.3 
Caltagirone and co-workers have recently reported 
the pyrophosphate optical sensing properties of 1,3-
bis(aminomethyl)benzene and 2,6-
bis(aminomethyl)pyridine derivatives bearing 30 

naphthalene and 2-nitrobenzene moieties.4 

 
Scheme 1 Representation of receptors L1-L6.  

Gale and co-workers have previously shown that 
ortho-phenylenediamine-based bis-ureas are highly 35 

effective anion transport motifs with chloride 
transport activity observed at concentrations as low as 
1:1000000 transporter to lipid molar ratio.5  Gale has 
also shown that tripodal tren-based tris ureas and 
thioureas are capable of facilitating chloride/nitrate 40 

and chloride/bicarbonate antiport processes in POPC-
based vesicles.6 We, therefore, decided to study bis-
ureas prepared from 1,3-bis(aminomethyl)benzene 
and 2,6-bis(aminomethyl)pyridine (see receptors L1

-
L

6 in scheme 1) as potential anion transporters due to 45 

their structural similarity to systems mentioned 
above.  Therefore a series of 1,1'-(1,3-
phenylenebis(methylene))bis(3-phenylureas) and 1,1'-
(pyridine-2,6-diylbis(methylene))bis(3-phenylureas) 
were synthesized with electron withdrawing nitro and 50 

trifluoromethyl substituents which had previously 
been shown to enhance the transport properties of 
urea-based anion transporters.5 

2. Results and Discussion 

2.1. Synthesis and solid-state characterisation of receptors L1-55 

L6 

Compounds L1, L3, and L5 were synthesised by the 
reaction of the commercially available 1,3-
bis(aminomethyl)benzene reacted with  the 
appropriate isocyanate (4-(trifluoromethyl)phenyl 60 

isocyanate, 3,5-bis(trifluoromethyl) phenyl 
isocyanate and 4-nitrophenyl isocyanate) in refluxing 
dichloromethane in the presence of triethylamine 
under nitrogen to give the three receptors in 70-97% 
yield. In the case of compounds L2, L4, and L6 we 65 

first synthesised the 2,6-bis(amino-methyl)pyridine 
hydrochloride salt by a Delepine reaction of 2,6-bis- 
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Table 1 Basic Crystallographic parameters 

 CCDC  Crystal System  
(space group) 

a  (Ǻ) b (Ǻ) c (Ǻ) ββββ (°°°°) V (Ǻ3) Z 

L3-DMSO  1016980 monoclinic (C2/c) 26.454(2) 12.7445(9) 8.9389(5) 94.842(3) 3002.9(4) 4 

L4-MeOH 1016982 monoclinic (C2/c) 26.210(7) 12.739(3) 8.981(2) 96.618(5) 2978.7(13) 4 

L4-A 1016981 monoclinic (P2/c) 11.4364(9) 12.8183(10) 9.0313(7) 100.463(2) 1301.9(2) 2 

L1-AcO- (1:2) 1016983 monoclinic (I2/a) 34.550(2) 8.796(1) 43.222(3) 91.801(4) 13128.2(14) 8 

L3-AcO-(1:2) 1016984 monoclinic( I2/a) 19.111(1) 8.420 (1) 42.107(3) 96.582(5) 6731.0(9) 4 

L3-CO3
2- (2:1) 1016985 orthorhombic (Pbca) 20.944(3) 24.898(3) 38.318(5) 90 19981(5) 8 

L4-HPO4
2-(2:1) 1016986 monoclinic (P21/n) 12.536 (2) 32.550(4) 23.279(3) 97.732(2) 9413(2) 4 

L2-SO4
2- (3:1) 1016987 monoclinic (P21/c) 29.281(6) 14.001(2) 28.838(6) 113.087(3) 10876(4) 4 

 

 

bromomethyl)pyridine by bromination with HBr and 
PBr3.

7  2, 6-Bis(amino-methyl)pyridine hydrochloride 
salt was reacted with the appropriate isocyanate (4-5 

(trifluoromethyl)phenyl isocyanate, 3,5-
bis(trifluoromethyl) phenyl isocyanate and 4-
nitrophenyl isocyanate) under the same reaction 
conditions used for L1, L3, and L5 to obtain the 
desired compounds in 52-74% yield (see ESI† for 10 

further details).  
 Receptors L

1
-L

6 were crystallized by slow 
evaporation from various solvents (see Table S1 in 
the ESI†). Interestingly, only receptors L3 and L4 

showed a tendency to form crystals suitable for single 15 

crystal X-ray investigation. 

 
Figure 1. Molecular conformations of the three structures (a) L3-DMSO 
(as representative of the two isostructures L3-DMSO and L4-MeOH) and 
(b) L4-A. The conformations are represented along two perpendicular 20 

directions (left and right). The orientation of the molecules is chosen to 
best show the open and closed conformations. 

Crystallization of receptors L
3 and L

4
 by slow 

evaporation from saturated solutions of DMSO, 
resulted in the formation of a DMSO solvate for 25 

receptor L3 (L3
-DMSO) and an anhydrous form for 

receptor L4
 (L

4
-A). Interestingly, when receptor L4 

was crystallised by slow evaporation from a saturated 
solution of MeOH a solvate (L4

-MeOH) isostructural 
with L3

-DMSO was obtained.  30 

 A summary of the basic crystallographic 
parameters and the crystal packing for all the 
structures are reported in Table 1 and Table S2 and 
Figure S1 in the ESI† respectively. All the structures 
crystallise in monoclinic crystal system (space group  35 

C2/c for the two solvates L3
-DMSO and L4

-MeOH 
and space group P2/c for L4

-A). A comparison of the 
two types of crystal packing shows major differences.  
In the two isostructures L3

-DMSO and L4
-MeOH 

(Figure 1a for L3
-DMSO as representative of the two 40 

isostructures L3
-DMSO and L4

-MeOH) the four urea 
N-H groups are approximately oriented perpendicular 
to the plane of the aromatic spacer resulting in an 
open conformation. However, in L4

-A (Figure 1b) the 
four urea N-H groups are oriented to form a pseudo-45 

cavity adopting a closed folded conformation. In the 
three structures adjacent molecules are connected one 
to each other via N-H···O hydrogen bonds between 
the urea NHs of one unit and the oxygens of the 
carbonyl group of another unit, and related by 50 

inversion symmetry to form an infinite 1-D molecular 
arrangements (Figures 2a and b) which propagates 
along the [001] direction (for a detailed descriptions 
of the main intermolecular interactions involved see 
Table S3 in ESI). 55 

In the two isostructures L3
-DMSO and L4

-MeOH, 
N-H···O distances are respectively 2.05 Å and 2.13 Å 
for the former and 2.04 Å and 2.07 Å for the latter. In 
L

4
-A N-H···O distances are 2.25 Å and 1.99 Å 

respectively. In all the structures these chains are then 60 

assembled along the remaining two dimensions to 
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generate the 3-D packing (for a detailed 
representation of the crystal packing see Figure S1c). 
Interestingly the CF3 groups seem to have a specific 
role in this, participating with the F atoms in the 
formation of C-H···F interactions (see Table S3 in 5 

ESI†), which, in some cases, show distances which 
are slightly less than the sum of the van der Waals 
radii of hydrogen and fluorine, (considering the value 
of 2.67 Å proposed by Bondi8).  
 10 

 
Figure 2. Portion of the 1-D crystal packing of the X-ray crystal structure 
of (a) compound L3-DMSO reported as representative of the isostructural 
set L3-DMSO/L4-MeOH and (b) compound L4-A. The most relevant 
interactions are represented as blue dashed lines (intermolecular distances 15 

are expressed in angstroms), centre of inversions are also represented as 
black circles. 

Although there are cases in which this interaction 
showed a high degree of directionality, even in 
presence of competing groups able to form stronger 20 

interactions, 9 in this case their role in driving the 
assembly of specific molecular arrangement might be 
questionable but certainly contributes to the overall 
stability of the structures. 

2.2. Solution anion binding studies and solid-state 25 

characterisation 

The ability of compounds L1
-L

6 to bind anions 
(specifically AcO-, BzO-, Cl-, F-, HCO3

-, H2PO4
-, and 

NO3
-) in solution was investigated using 1H NMR 

titration techniques in DMSO-d6/0.5% H2O (with the 30 

anions added as tetrabutylammonium (TBA) or 
tetraethylammonium (TEA) salts). Where possible 
the change in chemical shift of the most downfield 
NH signal was fitted to a 1:1 binding model using 
WinEQNMR software (see Figures S26-S57 in ESI† 35 

for fittings).10 The results are summarised in Table 2. 
We observed that only compounds L

2
 and L

4 

demonstrated strong 1:1 binding with 
tetrabutylammonium fluoride (Ka >104 M-1) and 
moderate 1:1 binding with tetrabutylammonium 40 

dihydrogenphosphate. 

Table 2. Stability constants Ka (M
-1) for compounds L1-L6 with 

the tetrabutylammonium or tetraethylammonium salts of the 
anion considered in DMSO-d6/0.5% water at 300 K. All errors 
estimated to be <10% (See ESI† Figs. S26-S57 for the fittings for 45 

each titration). 

Anion
s 

L1 L2 L3 L4 L5 L6  6 

AcO- 152 342 187 357 242 657  
BzO- 124 174 180 183 172 277  
H2PO

4
- 

582 1842 592 173
0 

475 2652  

HCO3
- 

124 793 506 594 part 
depr 

537  

NO3
- noa 

 inter 
noa 

 inter. 
noa 
inter 

noa 
inter 

noa 
 inter 

noa 
inter. 

 

F- depr.b >104 depr.b >10
4 

depr.b depr.b  

Cl- 32 141 35 168 44 229  
 

aNone of the urea protons showed significant shifts upon addition 
of NO3

-; bWe observed the broadening and subsequent 
disappearance of the urea NH resonances.  

The other compounds had moderate affinity (or in the 50 

case of nitrate no interaction) for the anions studied. 
 Receptors L

1
-L

6 were crystallised by slow 
evaporation from various solvents in presence of 
anionic guests. Details of the crystallization 
experiments, both successful and unsuccessful, are 55 

provided in ESI† (Table S1). Crystals suitable for 
single crystal X-ray investigation were only obtained 
for host-guest complexes involving receptors L1

-L
4.   

 The majority of the structures (see Table S2 and 
Figure S1 in ESI† and Table 1) crystallise in the 60 

monoclinic crystal system  with the only exception 
being the structure L3

CO3
2-
 (2:1) which adopts an 

orthorhombic crystal system. In the five structures, 
the receptor units show a wide variety of 
conformational choices (Figure 3). 65 

 This is consistent with the absence of any set of 
strong intra-molecular interactions, that are able to 
lock or stabilize a specific conformation.11 The only 
intramolecular interactions observed is the C-H···O 
interaction (C-H···O distances are in the range 2.2-2.5 70 

Å, as described in Table S3 in ESI) involving the 
aromatic C-H and the urea C=O (Figure 1 a-b and 
Figure 3 a-e) which force the urea group and the 
aromatic substituted ring of the target receptors to lie 
in the same plane. However, similarly to that we 75 
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observed for the crystal structures of the free  

 
Figure 3.  Molecular conformations of the three structures (a) L1-AcO-

(1:2) (open); (b) symmetrically independent molecule 1 (open), 2 (closed) 
and 3 (closed) for the structure L2-SO4

2-(3:1); (c) L3-AcO-(1:2) (open); 5 

(d) symmetrically independent molecule 1 (open) and 2 (open) for the 
structure L3-CO3

2-(2:1); (e) symmetrically independent molecule 1 (open) 
and 2 (open) for the structure L4-HPO4

2-(2:1). The conformations are 
represented along two perpendicular directions (left and right). The 
orientation of the molecules is chosen to best show the open and closed 10 

conformations. 

receptors (L3
-DMSO, L4

-A and L4
-MeOH), we can 

outline two basic behaviours, open and closed, simply 
by considering the reciprocal orientation of the 
ureidic NH groups. It is interesting to note that the 15 

majority of the structures adopt the open 
conformation (see Figures 3 a, b1, c, d, e), with the 
urea NHs externally exposed  and available for 
interactions with the anions, favouring host–guest 

stoichiometry higher than 1:1. This is in contrast with 20 

the behaviours observed in solution where 
stoichiometries 1:1 were obtained. However this 
result is not surprising considering that the stability of 
the stoichiometry adopted by a binary complex might 
depends on several factors such as the concentration 25 

and the solvent used.12 

In this regard, also the molecular features of the 
anionic guest involved, might play a role. The 
combination of different parameters, such as the 
number of hydrogen bond acceptors and the resulting 30 

shape of the anionic species together with the 
directionality of the intermolecular interactions 
involved might favour one specific stoichiometry 
rather than another. For example, in the case of 
carboxylate anions, the urea NHs can efficiently 35 

interact with the two acceptor oxygens via N-H···O 
hydrogen bond interactions with N-H···O angles at 
approximately 180 degrees. This would favour 1:1 
urea-carboxylate ratios. In the case of the other 
anionic species reported here (SO4

2-, CO3
2-, HPO4

2-), 40 

the increased number of the hydrogen bond acceptor 
oxygens, together with the directionality of the 
interactions, can promote interactions with more than 
one receptor unit, enabling higher stoichiometries 
(2:1 and /or 3:1). Starting from these considerations 45 

we decided to discuss the structures separately, 
depending on the stoichiometry observed (1:2, 2:1 
and 3:1). 

1:2 ratio 

According to the considerations reported above, the 50 

two acetates L1
-AcO

-
(1:2) and L3

-AcO
-
(1:2) adopt a 

urea/carboxylate 1:1 ratio, resulting in a overall 1:2 
stoichiometry.  
 Single crystals of L1

-AcO
-
(1:2) were obtained by 

slow evaporation from a solution of the receptor L1 in 55 

THF/DMF 9:1 and in presence of an excess of 
TBA+AcO-. 

 
Figure 4. Main receptor-anion interactions in structure L1-AcO-(1:2). a) 
Monomeric arrangement; b) centrosymmetric dimeric arrangement. 60 

Intermolecular interactions are represented as black dashed lines. 
Intermolecular interactions between two monomeric units are indicated as 
red dashed lines, centre of inversions are also represented as black circles.  
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Figure 5 Water-acetate infinite helices and their role in driving molecular arrangements viewed along the [010] direction (a) and along the [101] direction 
(b). Intermolecular interactions are colour coded depending on their role: black dashed lines are used for interactions involved in the formation of the 
helices, blue dashed lines for helices-receptors interactions, red dashed lines for receptor-receptor interactions. 5 

The complex crystallizes in the monoclinic crystal 
system (space group I2/a;). The asymmetric unit of 
L

1
-AcO

-
(1:2) contains one receptor unit (L1), two 

TBA+AcO- and three H2O molecules. The acetate 
anions are connected to the receptor unit via N-H···O 10 

interactions involving the carboxylate oxygens and 
the urea NHs (see Table S3 in ESI). Interestingly 
only one of the two urea sites show the typical 
carboxylate-urea geometry, with the urea-carboxylate 
groups lying in the same plane (Figure 4 a) and 15 

connected via two N-H···O hydrogen bonds (N-H···O 
distances are for both interactions 1.94 Å). In the 
other binding site the second acetate only interacts 
via one N-H···O interaction (N-H···O distance is 1.95 
Å) and the typical geometry is distorted by the 20 

presence of one water molecule (Figure 4a) which 
replaces one of the urea-carboxylate N-H···O 
interactions with a N-H···O-H···O bridge (N-H···Ow 
and O-Hw···O distances are 2.13 Å and 1.91 Å 
respectively). This is not uncommon, 13, 14 and often 25 

hydrates and, generally, solvates might influence the 
expected geometry for a given pair of interacting 

functional groups.  
 The same water molecule is also involved in O-
H···O hydrogen bond (O-Hw···O distances is 2.16 Å) 30 

with the urea C=O of an adjacent molecule forming a 
centrosymmetric dimer (red dashed line in Figure 4 
b). The remaining two water molecules are involved 
in the formation of an AcO-···H2O···H2O···AcO- 
infinite helices (O-Hw···OAcO distances are 1.92 Å and 35 

1.94 Årespectively, O-Hw···Ow distance is 1.99 Å) 
spiraling around the [010] direction under the effect 
of the 21 screw axis (Figures 5 a and b left).  
 This arrangement bridges adjacent dimers along the 
helices via the coplanar urea/carboxylate interaction 40 

described above, resulting in a propagation of the 
centrosymmetric dimers along both, the [100] and the 
[010] direction (Figures 5 a and b right). The 
centrosymmetric dimers are then assembled along the 
remaining direction, [001], by weak C-H···F contacts 45 

(C-H···F distance is 2.74 Å). The TBA+ cations, 
omitted from Figures 4 and 5 for clarity, do not show 
any particular role in driving specific molecular 
arrangements and are connected to receptor 
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molecules via a set of C-H···O and C-H···F contacts. 
Details of the 3-D packing are shown in Figure S1d 
in ESI†. 
 Despite the similar molecular structure and the 
presence of the same anionic guest, the crystal 5 

structure of L3
-AcO

-
(1:2) shows major departures 

with respect to the structure discussed  

 
Figure 6.  Differences in the open conformation for the three structures 
L3-DMSO (blue), L4-MeOH (orange) and L3-AcO-(1:2) (grey). 10 

previously L
1
-AcO

-
(1:2). L

3
-AcO

-
(1:2) was 

crystallised by slow evaporation from a solution in 
EtOH/MeNO2 (1:1) of the receptor L3 in presence of 
an excess of TBA+AcO-. The sample crystallised in 
the monoclinic crystal system (space group I2/a). The 15 

crystal structure contains one receptor unit and two 
TBA+AcO- units. It is interesting to note that 
similarly to the two isostructures L3

-DMSO and L4
-

MeOH, L3
-AcO

-
(1:2) adopts an open conformation 

with the urea NHs oriented to opposite directions and 20 

perpendicular to the aromatic spacer. A 
conformational comparison of the three molecules is 
shown in Figure 6.  

 
Figure 7.  Portion of the 1-D crystal packing of the X-ray crystal 25 

structure L3-AcO-(1:2). N-H···O hydrogen bonds are represented as blue 
dashed lines, C-H···F and C-H···O interactions as black dashed lines 

Each receptor unit is connected to two AcO- anions 

via N-H···O hydrogen bonds (N-H···O distances are 
1.99 Å and 1.90 Å respectively) and related to 30 

adjacent molecules by inversion symmetry (see Table 

S3 in ESI). These are bridged by TBA+ cations via a 
set of weak C-H···O hydrogen bonds (the shortest C-
H···O distances observed is 2.42 Å) involving the 
urea C=O and the acetate oxygens and a C-H···F 35 

interaction (C-H···F distance is 2.57 Å), resulting in a 
1-D arrangement along the [100] direction (Figure 7). 
 Similar bridges are also observed in the remaining 
two dimensions, where TBA+ cations connect 
different receptor-anions units via a set of weak C-40 

H···O and C-H···F interactions (see Figure S1e in 
ESI).  
It is interesting to note that, differently to the 
previous acetate structure, where the presence of 
water molecules strongly contributed in driving the 45 

crystal packing, here the TBA+ cations have a 
specific role in connecting the receptor-anion units 
along the different directions of the packing. A 
detailed representation of the 3-D crystal packing is 
reported in Figure S1e in ESI.† 50 

 

2:1 ratio 

This specific stoichiometry was observed for the two 
structures L

3
-CO3

2-
 (2:1) and L

4
-HPO4

2-
(2:1). 

Differently to the previous structures, the molecular 55 

features of the anionic guests and the increased 
stoichiometry of the two host-guest pairs result in a 
more complex crystal packing. In contrast to the 
approach taken so far to describe the crystal 
structures, in this case and for the 3:1 stoichiometry, 60 

it is more convenient to focus on the coordination of 
the anionic moieties and consider these as building 
units of particular molecular arrangements. This is 
consistent with the recently proposed analogies 
between transition-metal coordination chemistry15 65 

and anion binding. In order to determine the number 
of hydrogen bonds involved in anion binding, we 
decided to apply in this case a starting limit of 2.75 Å 
to identify N-H···O hydrogen bonds and, where 
relevant, to take into account slightly longer 70 

interactions. 
 

 
Figure 8.  Receptor-anion coordination In structure L3-CO3

2- (2:1). The 
two independent receptor units, 1 and 2, are coloured in grey and blue 75 

respectively. Intermolecular interactions involved in the coordination of 
the CO3

2- anion are indicated as blue dashed lines. 
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Figure 9.  Portion of the 1-D crystal packing of the X-ray crystal structure L3-CO3

2- (2:1) viewed along the [010] direction (left) and along the [100] 
direction (right). Anion-receptor interactions are represented as blue dashed lines, C-H···F intermolecular interactions as red dashed lines. The two 
independent receptor units, 1 and 2, are coloured in grey and blue respectively. Solvent molecules (DMSO) are also shown.

    Slow evaporation of a DMSO solution of the 5 

receptor in the presence of an excess of 
tetrabutylammonium cyanide afforded crystals of L3

-
CO3

2-
 (2:1)

 as colourless needles. The presence of the 
CO3

2- might originate from CO2 in the atmosphere 
that has presumably been fixed by the receptor-10 

cyanide solution. Analogous carbon dioxide fixation 
in the presence of basic tetrabutylammonium salts 
have been previously reported, 16-19  however this 
appears to be the first case in the presence of 
TBA+CN-. The resulting crystal structure adopts the 15 

orthorhombic crystal system (space group Pbca), with 
an asymmetric unit containing two independent 
receptor units, two molecules of DMSO and one 
CO3

2- with two TBA+ as counterions. Each CO3
2- 

anion is tetra-coordinated by four receptor units, (two 20 

per each independent units 1 and 2) via eight N-H···O 
hydrogen bonds (N-H···O distances are in the range 
1.88 - 2.06 Å), each interacting with one of the two 
urea groups available, resulting in a 2:1 stoichiometry 
(Figure 8). The remaining urea groups are connected 25 

to adjacent receptor units by CO3
2- bridges, to form 

infinite chains propagating along the [100] direction 
(Figure 9). These are also assisted by weak C-H···F 
interactions involving the terminal CF3 groups and 
the aromatic CHs (C-H···F distances are 2.49 Å and 30 

2.99 Å respectively). 
 Similarly to the previous structure, the TBA+ units 
are strongly involved in connecting the receptor-
anion units along the different directions of the 
packing. In contrast to the hydrate structure L1

-AcO
-

35 

(1:2), described earlier, the solvent (DMSO) does not 
seem to have any specific role in directing  particular 
molecular arrangements. However, it takes part with 
TBA+ units, in connecting adjacent 1-D chains along 

[010] and [001] directions via different sets of C-40 

H···O and C-H···F interactions (the shortest C-H···O 
and C-H···F distances observed are 2.22 Å and 2.08 
Å respectively). A detailed representation of the 3-D 
crystal packing and all the intermolecular interactions 
involved are reported in Figure S1f and table S3 in 45 

ESI†. 
 

 
Figure 10.  Receptor-anion coordination in structure L4-HPO4

2-(2:1). The 
two independent receptor units, 1 and 2, are coloured in grey and blue 50 

respectively. Intermolecular interactions involved in the coordination of 
the HPO4

2- anion are indicated as blue dashed lines. The arrangement is 
oriented to best show the receptor-anion coordination. 

L
4
-HPO4

2-
(2:1) was crystallised by slow evaporation 

from a DMSO solution of the receptor L4 in the 55 

presence of an excess of TBA+H2PO4
-. Interestingly 

the oxo-anion deprotonates in the solid-state 
structure.  This deprotonation process has been 
observed previously upon crystallisation of 
protonated oxo-anions with receptors containing 60 

multiple hydrogen bond donors.20, 21 The structure 
adopts a monoclinic crystal system (space group  
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Figure 11. Portion of the 1-D crystal packing of the X-ray crystal structure L4-HPO4

2-(2:1) propagating along the [101] direction, showed along two 
perpendicular directions. Anion-receptor interactions are represented as blue dashed lines, C-H···F intermolecular interactions as red dashed lines and 
π···π stacking as black dashed lines. The two independent receptor units, 1 and 2, are coloured in grey and blue respectively. Solvent molecules (DMSO) 
are also shown. 5 

P21/n) with two independent receptor units, two 
TBA+, one HPO4

- and one molecule of DMSO in the 
asymmetric unit. Each HPO4

- unit is surrounded by 
four receptor units (two per each independent unit 1 
and 2), interacting with only one of the two urea 10 

groups available (Figure 10), via nine N-H···O 
hydrogen bonds (N-H···O distances lie in the range 
1.87 - 2.62 Å, see Table S3 in ESI†). The remaining 
urea groups interact, as also observed in L3

-CO3
2-
 

(2:1), with adjacent HPO4
- units to form an infinite 1-15 

D chain propagating along the [101] direction (Figure 
11). It is interesting to note in this structure the 
contribution of weak contacts, such as π···π stacking 
(cen-cen distance for the two aromatic spacers is 3.64 
Å) and C-H···F (C-H···F distances are 2.70 Å and 20 

2.77 Å), in connecting the different units within the 
1-D arrangement (Figure 11). 

 
 Similarly to L3

-CO3
2-
 (2:1) the solvent molecules 

(DMSO) does not actively partecipate in driving any 25 

relevant molecular arrangement but it simply bridges 
adjacent 1-D chains along the [010] direction via C-
H···F, O-H···O and C-H···O interactions (C-H···F and 
O-H···O distances are 2.65 Å and 1.89 Å 
respectively; C-H···O are 2.74 Å). A similar 30 

contribution is also given by the TBA+ units, which 
bridge, via a set of weak C-H···F interactions, 
adjacent 1-D chains along the remaining two 
dimension of the packing (for a detailed 
representation of the crystal packing see Figure S1g 35 

in ESI†). 
 

3:1 ratio 

L
2
-SO4

2-
(3:1) was crystallised by slow evaporation 

from a  DMSO solution of the receptor L2 in presence 40 

of an excess of TBA+HSO4
-. 

The structure adopts a monoclinic crystal system 
(space group P21/c) with an asymmetric unit 
containing three receptor units, one SO4

2-, two TBA+ 

units and two H2O molecules.   45 

 
Figure 12. Receptor-anion coordination in structure L2-SO4

2-(3:1) viewed 
along the [001] direction. a) coordination of one SO4

2- anion; b) dimeric 
arrangement with two SO4

2- anions coordinated by receptors 1, 2 and 3. 
The three independent receptor units, 1, 2 and 3 are coloured in red, grey 50 

and blue respectively. Intermolecular interactions involved in the 
coordination of the SO4

2- anion are indicated as blue dashed lines, O-
H···O hydrogen bonds as red dashed lines. Water molecules are also 
shown. 

Page 8 of 13Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  9 

In contrast to the previous receptor-anion complexes, 
which mainly adopt an open conformation, in L2

-
SO4

2-
(3:1) two of the three independent receptor units 

(2 and 3) adopt a closed conformation, with the urea 
NHs oriented to form a pseudo-cavity. 5 

 
Figure 13. Receptor-anion coordination in structure L2-SO4

2-(3:1) 

oriented to best show the twelve N-H···O hydrogen bonds (blue dashed 
lines). Hydrogen bonds above the 2.75 Å cut-off (red dashed lines) are 
also shown. Urea groups are highlighted for clarity. Water molecules are 10 

also shown. 

 These both coordinate the SO4
2- via eight N-H···O 

hydrogen bonds (receptor blue and grey in Figure 12 
a). The coordination is completed by two independent 
receptors 1 (red in Figure 12 a) that adopt an open 15 

conformation and contribute to the coordination with 
only one of the available urea groups. 
This results in a 3:1 stoichiometry with the SO4

2- 
anion surrounded by four receptor units: two of the 
type 1 and one of the type 2 and 3 (Figure 12 a) and 20 

connected via a total of twelve21 N-H···O hydrogen 
bonds (N-H···O hydrogen bonds are in the range 
1.99-2.49 Å, see Table S3 in ESI†). This, according 
to previous papers by Custelcean et al 23,24 represents 
the optimal coordination number for sulfate. An 25 

instance of the coordination of the SO4
2- anion is 

shown in Figure 13, where the urea groups are 
highlighted for clarity. This cluster is connected to a 
second SO4

2- 
via the available  urea groups of 

receptor 1 to form a sort of dimeric arrangement 30 

(Figure 12 b).This is connected to adjacent dimers via 
different sets of intermolecular interactions, including 
O-H···O, C-H···F and C-H···O. In particular C-H···F 
interactions (C-H···F distance is 2.77 Å) operate 
along the [100] direction, connecting different 35 

instances of the dimer to form a 1-D chain in which 
adjacent components are related by inversion 
symmetry (Figure 14). 

 
Figure 14.  Portion of the 1-D crystal packing of the X-ray crystal structure L2-SO4

2-(3:1) viewed along the [001] direction showing propagation of the 40 

dimeric cluster along the [100] direction. Anion-receptor interactions are represented as blue dashed lines, C-H···F intermolecular interactions as black 
dashed lines, O-H···O hydrogen bonds as red dashed lines. The three independent receptor units, 1, 2 and 3 are coloured in red, grey and blue respectively. 
Water molecules are also reported. Centre of inversions are represented as black circles.

 
 45 
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This inversion symmetry is also observed along the 
[010] direction where adjacent dimers are bridged by 
water molecules (Figure 15) via strong O-H···O 
hydrogen bonds (O-H···O distances are 1.76 Å and 
2.15 Å respectively).  5 

It is interesting to note, again, the important role of 
water in driving specific molecular arrangements, as 
already seen for L1

-AcO
-
(1:2). This arises from its 

intrinsic features such as its small size and the 
simultaneous presence of hydrogen bond donors and 10 

acceptors which make water suitable for bridging 
different molecules. Similarly to the previous 
structures it is worth highlighting the role of C-H···F 
interactions (C-H···F distances are in the range 2.55-
2.99 Å) which are responsible for the propagation of 15 

the dimeric cluster along the remaining direction of 
the crystal packing [001]. A more detailed 
representation of the crystal packing is reported in 
Figure S1h in ESI†. 

 20 

Figure 15. Portion of the 1-D crystal packing of the X-ray crystal 
structure L2-SO4

2-(3:1) viewed along the [001] direction showing  
propagation of the dimeric cluster along the [010] direction. Anion-
receptor interactions are represented as blue dashed lines, C-H···F 
intermolecular interactions as black dashed lines, O-H···O hydrogen 25 

bonds as red dashed lines. The three independent receptor units, 1, 2 and 
3 are coloured in red, grey and blue respectively. Water molecules are 
also represented. Centre of inversions are represented as black circles. 

Anion transport studies in lipid bilayers 

The anion transport properties of receptors L1
-L

6
 30 

were studied using vesicle-based methods. 25 A 
sample of unilamellar POPC vesicles was prepared 
containing 489 mM NaCl buffered to pH 7.2 with 5 
mM sodium phosphate salts. The vesicles were 
suspended at a lipid concentration of 1 mM in 489 35 

mM NaNO3 buffered to pH 7.2 with 5 mM sodium 
phosphate salts. The experiment was initiated by the 
addition of a small amount of a DMSO solution of 
the receptor (0.02-2 mol% with respect to lipid), and 
the resulting chloride efflux was monitored using a 40 

chloride ion selective electrode (ISE). At the end of 
the experiment (300 s), the vesicles were lysed by 
addition of detergent, and the final electrode reading 
was used to calibrate 100% chloride release. We 
found that all the compounds except L1 (i.e. L2-L6) 45 

were capable of mediating chloride transport under 
these conditions (Figure 16 and Figures S3-S11 in 
ESI†). For this reason all the following studies were 
performed on L

2
-L

6. In order to determine the 
mechanism of chloride release by receptors L2

-L
6 we 50 

performed a second experiment using POPC vesicles 
containing 450 mM NaCl buffered to pH 7.2 with 20 
mM sodium phosphate salts. 

 
Figure 16. Chloride efflux promoted by a DMSO solution of L1-L6 (2 55 

mol% 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 60 

point represents an average of three trials. DMSO was used as a control. 

The vesicles were suspended in 162 mM Na2SO4 
buffered to pH 7.2 with 20 mM sodium phosphate 
salts. Upon addition of a transporter L2

-L
6 in a 

solution of DMSO at 2 mol% with respect to lipid, 65 

there was negligible chloride release. This indicates 
that these receptors function predominantly by an 
anion exchange mechanism. In the first assay, the 
receptors were shown to facilitate Cl-/NO3

- exchange, 
however in the second assay, little transport was 70 

observed due to the high hydrophilicity of the SO4
2- 

anion,26 which usually prevents its transport by 
synthetic transporters.27 After 120 s, a pulse of 
NaHCO3 solution was added, and we observed that 
the receptors (except L

2) were able to begin 75 

mediating chloride efflux (Figure 17 and Figures 
S13-S19 in ESI†), evidence in support of Cl-/HCO3

- 
antiport mechanism although the compounds proved 
to be less active for chloride/bicarbonate exchange 
than for chloride/nitrate antiport. The lack of 80 

transport in the absence of a readily transportable  
external anion was not perturbed by changing the 
encapsulated cation, thus implying that a M+/Cl- co-
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transport mechanism is not possible (see Figure S21 
in ESI†).  

 
Figure 17 Chloride efflux promoted by a DMSO solution of compounds 
L2–L6 (2 mol% carrier to lipid) from unilamellar POPC vesicles loaded 5 

with 451 mM NaCl buffered to pH 7.2 with 20 mM sodium phosphate 
salts. The vesicles were dispersed in 150 mM Na2SO4 buffered to pH 7.2 
with 20 mM sodium phosphate salts. At 120 s a solution of sodium 
bicarbonate was added such that the external concentration of bicarbonate 
was 40 mM. At the end of the experiment, detergent was added to lyse the 10 

vesicles and calibrate the ISE to 100% chloride efflux. Each point 
represents an average of three trials. DMSO was used as a control. 
 
 In order to gather further evidence for a mobile 
carrier mechanism, we tested the Cl-/NO3

- antiport 15 

activity of L
2
-L

6 in vesicles composed of 
POPC/cholesterol (7:3). The presence of cholesterol 
results in ordering of the bilayer, increasing its 
viscosity resulting in a slowing of the diffusion of a 
mobile carrier. Compounds L2

-L
6
 showed a reduced 20 

rate of transport in the POPC/cholesterol system (see 
Figures S22-S25 in ESI† for L

2-L5), evidence 
consistent with a mobile carrier mechanism.28 In 
Figure 18, the chloride efflux mediated by L6 in 
POPC or POPC/cholesterol (7:3 molar ratio) is shown 25 

as an example.  

 

Figure 18. Chloride efflux promoted by a DMSO solution of compound 
L6 (0.2mol% carrier to lipid) from unilamellar vesicles comprising of 
either POPC or POPC/cholesterol (7:3 molar ratio), loaded with 489mM 30 

NaCl buffered to pH 7.2 with 5mM sodium phosphate salts. The vesicles 
were dispersed in 489mM NaNO3 buffered to pH 7.2 with 5mM 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 an average of three trials. DMSO was used as a control. 35 

 

To quantify the transport activity of compounds L2–
L

6 Hill analyses29 for the chloride/nitrate and 
chloride/bicarbonate antiport assays were performed 
(see Figures S4-S20 in ESI†).  40 

Table 3. The EC50 is the concentration (mol% carrier to lipid) needed to 
obtain 50% efflux after 270s and n is the Hill coefficient that represents 
an estimate of the number of transporter molecules required to transport a 
single anion. 

Compound EC50,270s 

(Cl-/NO3
-) 

n EC50,270s 

(Cl-/HCO3
-) 

n 

L2 3.6 1.2 -- -- 

L3 2.8 1.6 7.9 0.9 

L4 1.3 1.1 10.7 1 

L5 1.0 0.9 6.8 0.8 

L6 0.2 1.1 2.3 0.8 

 45 

Hill analysis enables the EC50,270s value to be 
obtained, which is a measure of transporter 
efficiency, defined as the required receptor 
concentration to mediate 50% of the total chloride 
efflux 270s after the addition of the carrier (or after 50 

the bicarbonate ‘pulse’). 

Figure 19. (a) Chloride efflux promoted by various concentrations of L6 
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 55 
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489 mM NaNO3 buffered to pH 7.2 with 5 mM sodium phosphate salts.; 
(b) Chloride efflux promoted by various concentrations of L6 from 
unilamellar POPC vesicles loaded with 451 mM NaCl buffered to pH 7.2 
with 20 mM sodium phosphate salts. The vesicles were dispersed in 150 
mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts. At 5 

120 s a solution of sodium bicarbonate was added such that the external 
concentration of bicarbonate was 40 mM. At the end of both experiments, 
detergent was added to lyse the vesicles and calibrate the ISE to 100% 
chloride efflux. In both graphs each point represents an average of three 
trials. DMSO was used as a control. 10 

This allows us to compare the transport activity of the 
compounds. These values are summarised in Table 3, 
together with the Hill coefficients, which are 
commonly interpreted as an estimate of the number 
of transporter molecules required to transport a single 15 

anion and can provide supporting evidence for a 
mobile carrier mechanism. 
It is interesting to note that the transporter activity 
can be related to the electron withdrawing properties 
of the substituents in the pendant arms of the 20 

receptors, and to the presence of the pyridine moiety 
as a spacer. Indeed, the most active transporter 
among the series, as shown by the EC50,270s values of 
both the experiments, is the p-nitro functionalised 
compound L

6 which contains a pyridine spacer 25 

(Figure 19).  

Conclusions 

In conclusion we have reported the synthesis of a new 
family of bis-methylureas (L1-L6), their anion 
binding properties (both in solution and in the solid 30 

state) and their application as anion transporters. The 
solid state study highlighted the high degree of 
flexibility of this family of receptors. The presence of 
four hydrogen bond donor groups on the receptors 
and the possibility to assume different conformations 35 

allowed the isolation in the solid state of anion-
receptor adducts of different stoichiometry and the 
possibility to stabilise the anions with a high number 
of hydrogen bonds. Moreover, the new receptors are 
also able to work as mobile carriers for Cl- transport 40 

through membranes with compound L6 being the 
most active of the series.  
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