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Abstract: Recent work has identified a bis-(p-nitrophenyl)ur-

eidodecalin anion carrier as a promising candidate for bio-
medical applications, showing good activity for chloride
transport in cells yet almost no cytotoxicity. To underpin fur-

ther development of this and related compounds, a detailed
structural and binding investigation is reported. Crystal

structures of the transporter as five solvates confirm the dia-
xial positioning of urea groups while revealing a degree of

conformational flexibility. Structures of complexes with Cl@ ,

Br@ , NO3
@ , SO4

2@ and AcO@ , supported by computational

studies, show how the binding site can adapt to accommo-
date these anions. 1H NMR binding studies revealed excep-
tionally high affinities for anions in DMSO, decreasing in the

order SO4
2@>H2PO4

@&HCO3
@&AcO@@ HSO4

@>Cl@>Br@>
NO3

@> I@ . Analysis of the binding results suggests that selec-

tivity is determined mainly by the H-bond acceptor strength
of different anions, but is also modulated by receptor geom-

etry.

Introduction

Synthetic anion receptors and carriers (anionophores) have at-

tracted great attention from supramolecular chemists over the
last few decades.[1] An important motivation is the potential
for applications in biology and medicine, resulting from the

promotion of anion transport across cell membranes. There is
particular interest in developing treatments for diseases result-

ing from dysfunctional anion channels, which could be by-
passed by using synthetic transporters. Such “channelopathies”
include Best disease, Startle disease, Bartter’s syndrome and,

most notably, the widespread genetic disease cystic fibrosis
(CF).[2]

While research in this area is largely driven by biology, the

majority of studies have involved synthetic membrane systems
(typically large unilamellar vesicles). There are still few exam-

ples of anionophores with proven effectiveness in cells.[3] In a
recent report, Davis et al. described studies employing epithe-
lial cells engineered to express yellow fluorescent protein
(YFP).[4] The fluorescence of YFP is halide-sensitive, so can be

used to monitor the transport of halide anions across cell
membranes. The anionophores used in this work belonged to
the “1,5-diaxial” family.[5] These carriers employ binding sites
created by H-bond donor groups, especially (thio)ureas,[6] posi-
tioned in cis-1,5 relationships on alicyclic scaffolds (steroids,[7]

trans-decalins[8, 9] and cyclohexanes).[10] Among the compounds
tested, diureidodecalin 1 (Figure 1) was especially active. It in-

duced rapid chloride transport, on a timescale of a few mi-

Figure 1. Transporter 1 binding an anion X@ (red), where X@= SO4
2@, HSO4

@ ,
H2PO4

@ , HCO3
@ , NO3

@ , AcO@ , Cl@ , Br@ or I@ . H-bond donor NH groups are
highlighted in blue.
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nutes, and appeared to persist in the cell membrane for a
period of hours. When further tested in an epithelium mount-

ed in an Ussing chamber, low levels were found to support sig-
nificant currents. The implied rates of chloride transport came

quite close to matching those due to CFTR, the anion channel
associated with CF. Transporter 1 showed almost no cytotoxici-

ty in various cell lines, and therefore seems a promising candi-
date for treatment of channelopathies.

The development of 1 for biomedical applications will re-

quire a full understanding of its behaviour. While anion trans-
port by diureidodecalins has been studied quite intensively,

less is known about their structural and binding properties. In
particular, whereas binding to chloride is well-characterised, in-

cluding a crystal structure of the 1·NMe4
+Cl@ complex,[4] the

complexation of other anions has received less attention. Here

we report an investigation of 1 as a receptor for various bio-

genic anions, considering both structures and affinities. We de-
scribe crystal structures of 1 itself as well as four new com-

plexes, supplemented by computational studies. We also
report binding experiments to nine anions, and apply a simple

computational aid to gain insight into selectivity.

Results and Discussion

Single-crystal X-ray crystallographic studies on 1

Urea and thiourea derivatives are well known for their ability
to form H-bonds with molecules containing H-bond acceptors,
such as solvents and anions. Transporter 1 was synthesised as
reported previously[4] and single crystals suitable for X-ray crys-

tallography were obtained from various solvents or solvent
mixtures by slow evaporation. Transporter 1 adopts two dis-

tinct conformations in the solid-state, differentiated by the tor-
sion angles of the planar ureido groups towards the decalin

plane (Table 1). When crystallised from acetone, H2O,[11] THF

and DMSO, 1 adopts an “open” conformation (Figure 2 a–d).
For the acetone, H2O and THF solvates the torsion angles of

the left and right ureido arms (as viewed in Figure 2) are in the

ranges 69–788 and 132–1458 respectively. This conformation
results from the interaction of the nitro group of the adjacent

transporter molecule with one or both of the urea moieties of
the transporter 1 (see Supporting Information, Figures S1–S3).
In the DMSO solvate the left dihedral angle is of similar value,

818, whereas the right dihedral changes to 938. The DMSO
molecules are H-bonded to the urea moieties of transporter 1
(see Supporting Information, Figure S4) in a similar fashion to
the anions studied (see below). Aromatic centroid-to-centroid

distances between the two ureido arms range from about 11
to 12 a (see Supporting Information, Figure S5). The MeOH sol-

vate (Figure 2 e) is completely different, with respective torsion

angles of 165 and 1618. This leads to a nearly parallel orienta-
tion of the ureido arms and a “closed” clip-like molecular con-

formation with much shorter centroid-to-centroid distance of
6.7 a. The exceptional closed conformation of the MeOH sol-

vate results from strong MeOH-mediated H-bonding between
the carbonyl oxygen and the urea NH atoms, twisting the

ureido groups to nearly parallel orientation (see Supporting In-

formation, Figure S6). These crystal structures show a large
degree of freedom of rotation of the urea groups around the

C@N bonds which connect them to the decalin scaffold, giving
1 the potential to act as host for a range of different anions.

Table 1. C-C-N-C torsion angles between the decalin and ureido groups
in the solvates of transporter 1, giving 1 the potential to act as host for a
range of different anions, as also indicated here and discussed below.[a]

Solvate or
complex of 1

C-C-N-C torsion angles
in the left ureido group

C-C-N-C torsion angles
in the right ureido group

acetone @72/ + 72 + 145/@145
H2O @78/ + 78 + 132/@132
THF @69/ + 69 + 134/@134
DMSO @81/ + 81 + 93/-93
MeOH @165/ + 165 + 161/@161
1·Cl@@ @112/ + 112 + 148/@148
1·Br@@ @69/ + 69 + 89/@89
1·AcO@@ @91/ + 91 + 77/@77
1·NO3

@@ @68/ + 68 + 83/@83
1·SO4

2@@ @75/ + 75 + 100/@100

[a] Due to the centrosymmetric space group two inverted sets of torsion
angles apply: @72, + 145 and + 72, @145.

Figure 2. X-ray structures of transporter 1 solvates. a) Acetone, b) H2O,
c) THF, d) DMSO and e) MeOH. The aromatic centroid-to-centroid distance is
shown for each structure.
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Solid-state and computational studies on 1·X@@ complexes

Single crystals suitable for X-ray analysis of complexes 1·X@@

(X@@= Cl@ , Br@ , AcO@ , NO3
@ and SO4

2@) were obtained by slow

evaporation of the solvents, with Me4N+ , Et4N+ , or Bu4N+ as
counter cations (for details, see Supporting Information). The

distances between urea nitrogen atoms and anions are listed
in Table 2. Crystal structures were not obtained for all the

anions of interest, so computational studies were performed to

analyse the remaining systems. Models of 1 and its complexes
with anions were optimized by DFT in Turbomole, initially in

vacuum and then in DMSO solvent by using an implicit
COSMO model (for computational details, see Supporting In-

formation and Experimental Section). For modelling we used
the X-ray crystal structure of 1·Br@@ for spherical anions, 1·NO3

@@

for trigonal complexes and 1 from (1)2·SO4
2@@ for the tetrahe-

dral complexes.

Conformations of transporter 1 with halides

Crystal structures of 1·Cl@@ and 1·Br@@ , as well as the DFT opti-
mized structure of 1·I@@ , are shown in Figures 3 a–c. In 1·Cl@@ ,
three urea NH groups show H-bonds to the chloride anion at

N···Cl distances of 3.20, 3.27 and 3.30 a, while the fourth H-
bond is longer than the sum of van der Waals distances

(3.43 a). The framework of transporter 1 in 1·Cl@@ is intermedi-
ate between open and closed conformations with an aromatic

centroid-to-centroid distance of 7.78 a. In 1·Br@@ , the anion dis-

plays one short contact with N···Br distance of 3.44 a, while
the three other distances are +3.50 a. In the calculated struc-

ture of 1·I@@ the N···I distances are >3.63 a. In 1·Br@@ and 1·I@@ ,
to accommodate larger anions, the transporter framework

adopts the open conformation with aromatic centroid-to-cent-
roid distances of 10.67 and 10.77 a, respectively.

Table 2. Binding and structural data for complexes of 1 with anions.

Complex Binding constants from
NMR titrations Ka [m@1][a]

DFT binding
energy [kcal mol@1]

Literature DG,
anion hydration
[kcal mol@1][12]

Urea nitrogen–anion
distances [a][e]

Receptor[c] Single arm[d] Crystal structure Molecular model

1·I@@ <5 @16.1 @6.3 (@12.6) @65.7 – 3.68 (2), 3.63 (2)
1·NO3

@@ 10 @17.7 @8.5 (@17.0) @71.7 3.00, 3.11, 2.91, 2.98 3.07 (2), 2.89 (2)
1·Br@@ 70 @16.6 @7.0 (@14.0) @75.3 3.52, 3.48, 3.54, 3.44 3.48 (2), 3.42 (2)
1·HSO4

@@ 180 @17.7 @8.2 (@16.4) – – 2.96 (2), 2.90, 2.91
1·Cl@@ 670 @16.9 @7.7 (@15.4) @81.3 3.30, 3.43, 3.27, 3.20 3.32 (2), 3.25, 3.22
1·AcO@@ 40 000 @22.8 @13.1 (@26.2) @87.2 2.86 (2), 2.80, 2.74 2.81 (2), 2.76, 2.78
1·HCO3

@@ 42 000 @20.2 @11.7 (@23.4) @80.1 – 2.98, 3.01, 2.93, 2.79
1·H2PO4

@@ 46 000 @22.4 @9.2 (@18.4) @111.1 – 2.88, 2.86, 2.81, 2.80
1·SO4

2@@ >105 [b] @27.4 @12.9 (@25.8) @258.1 2.92, 2.93 (2), 2.87 (2), 2.94, 3.01, 3.00 2.90 (2), 3.01 (2), 2.98 (2), 3.30, 3.54
1·HPO4

2@@ – @30.6 @15.2 (@30.4) – – 2.80, 2.75, 2.72, 2.69

[a] [D6]DMSO/H2O (200:1). [b] Weaker binding of a second sulfate anion forming 1·(SO4
2@@)2 was observed. [c] The binding energy was obtained by subtract-

ing the total energies of the optimised anion and transporter from that of the anion–transporter complex in DMSO. [d] The binding energy was obtained
by subtracting the total energy of the optimised anion and single arm [methyl(p-nitrophenyl)urea] from that of the anion–arm complex in DMSO. Doubling
these energies gives the values in parentheses, for comparison to the values for the preorganised receptor. [e] Distances from nitrogen atoms to halide
anions, or to the nearest oxygen atom of oxoanions. Numbers in brackets refer to the multiplicity of identical distances to different nitrogen atoms.

Figure 3. X-ray crystal structures of a) 1·Cl@@ ,[4] b) 1·Br@@ , d) 1·AcO@@ and
e) 1·NO3

@@ . Energy-minimised models of c) 1·I@@ and f) 1·HCO3
@@ . The trans-

porter is shown in ball-and-stick mode, and the anions in CPK mode. The
countercations are omitted for clarity. The aromatic centroid-to-centroid dis-
tance is shown for each structure.
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Conformations of transporter 1 with planar oxoanions

The delocalisation of negative charge in acetate oxygen atoms
induces partial single-bond character over two C@O bonds

[1.246(5) and 1.252(6) a]. Therefore, in 1·AcO@@ , each oxygen
atom acts as a bidentate acceptor for NH groups forming two

bifurcated H-bonds with N···O distances ranging between
about 2.74 and 2.86 a, as shown in Figure 3 d. The aromatic
centroid-to-centroid distance is 10.96 a. The acetate anion is

twisted away from the plane of the urea groups, and this pos-
sibly implies that the anion is slightly too large for the binding

site (see discussion below). The situation differs significantly
upon exchange of the acetate methyl group for a third H-

bond acceptor, as in the case of NO3
@ or HCO3

@ . The nitrate
anion in 1·NO3

@@ is positioned such that all the O atoms are in-

volved in H-bonding, as shown in Figure 3 e. Its triangular

shape fits precisely into the binding site of the receptor. A sim-
ilar conformation was observed in the DFT optimized structure

of 1·HCO3
@@ (Figure 3 f). The transporter in 1·NO3

@@ and 1·HCO3
@@

has aromatic centroid-to-centroid distances of 11.25 and

10.90 a, respectively. The N···O distances in 1·NO3
@@ lie between

2.91 and 3.11 a, while for 1·HCO3
@@ they are within 2.89–3.07 a,

that is, nearly in the same range.

Geometries of complexes with tetrahedral oxoanions

Interestingly, the crystallisation of 1·SO4
2@@ provided us with a

structure in which two molecules of 1 share one molecule of
SO4

2@ [(1)2·SO4
2@@, Figure 4 a]. This may reflect the strong affinity

of 1 towards doubly charged SO4
2@, as well as the ability of

this large anion to accommodate two bis-urea receptors in its
coordination sphere. Similar (receptor)2·Cl@ structures have pre-

viously been suggested for a bis(phenylureido)decalin trans-
porter in chloroform.[8] In the crystal structure of (1)2·SO4

2@@, all

four oxygen atoms of the sulfate anion are involved in H-bond-
ing to seven urea NH groups (Figure 4 b) with N···O distances
ranging between about 2.87 and 3.00 a. Within the receptor

framework, the aromatic rings are separated at centroid-to-
centroid distances of about 11.4 a and show weak p–p con-
tacts with shortest C···C distances of about 3.30 a (see Sup-
porting Information, Figure S11).

Attempts to crystallise 1·H2PO4
@@ were unsuccessful, so in-

sight into the binding was obtained by DFT calculations (Fig-

ure 4 c, d). In the model, each urea unit binds to one oxygen
atom through H-bonds with N···O distances ranging between
2.80 and 2.88 a. The aromatic ring centroid-to-centroid dis-
tance is 9.90 a.

Quantification of anion binding in silico

Computational methods were also used to explore the

strength of anion binding by 1. Binding energies were ob-
tained by subtracting energies of optimised monomers from

the total energy of the anion–transporter systems (for details,
results and structures, see Experimental Section, Table 2 and

Figure S13 in the Supporting Information, respectively). The
calculations employed implicit DMSO solvation, so that the re-

sults could be related to the experimental measurements (see
below). Note that all calculated energies of the optimised

structures have inherent errors of approximately 1.0 kcal mol@1.
Therefore, the binding energies in Table 2 provide a guide to

which anions are strongly or weakly binding but cannot relia-
bly predict the minor differences within both groups. To fur-

ther assess the influence of transporter preorganization on

anion binding, binding energies of the anions to a single arm
of the transporter—modelled as methyl(p-nitrophenyl)urea
(see Supporting Information, Figure S14)—were calculated and
are summarised in Table 2.

When comparing the binding energy of transporter 1 to
twice the energy of a single ureido group, we obtained signifi-

cant additional stabilisation energy (2.6–4.0 kcal mol@1) for 1·I@@ ,
1·Br@@ and 1·H2PO4

@@ . This suggests that decalin bis-urea 1
might be well designed for binding these anions. Also, the

complexation of NO3
@ , HSO4

@ and Cl@ seems to be favoured
by the binding site of 1. In contrast, the binding energies cal-

culated for 1·AcO@@ and 1·HCO3
@@ are respectively 3.4 and

3.2 kcal mol@1 lower than those predicted from calculations on

single arms, which might indicate that the binding geometry

of 1 is not ideal for these types of anion.

Affinities for anions in solution by NMR spectroscopy

To measure the binding constants of 1 in solution, 1H NMR ti-
tration experiments of 1 to anions were carried out in

Figure 4. a) X-ray crystal structure of (1)2·SO4
2@@. The transporter is shown in

ball-and-stick mode, and the anion in CPK mode. b) A closer view of the H-
bonds around the sulfate anion in the dimer. The Me4N+ cation and solvent
molecule are omitted for clarity. c) DFT model of 1·H2PO4

@@ . d) A closer view
of the H-bonds around the dihydrogenphosphate anion. H-bonds are shown
as black dashed lines.
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[D6]DMSO/H2O (200:1). The 1H NMR chemical-shift changes of
NH or CH (for H2PO4

@ and SO4
2@ the NH signal vanishes) were

used to monitor the binding process (see Figure 5 for the titra-
tion with AcO@ as example), and the resulting binding con-

stants Ka are listed in Table 2. With the exception of sulfate (see
below), the binding curves could be fitted well to a 1:1 binding

model (Figure 5 and Supporting Information). Affinities varied
from <5 m@1 for iodide to >104 m@1 for acetate, bicarbonate,
dihydrogenphosphate and sulfate. Notably, the two regimes of

binding constants obtained from 1H NMR titrations match the
regimes found in the computational studies, with the Ka values
<103 m@1 corresponding to binding energies lower than
17.7 kcal mol@1 and those >104 m@1 corresponding to more

than 20 kcal mol@1.

Given the wide range of affinities of 1 for different anions, it

is tempting to conclude that the receptor shows impressive se-
lectivity. However, the anions vary greatly in H-bond acceptor

strength (effectively “stickiness”). Indeed, the order of the affin-
ity constants of 1 for the different anions correlates rather well
with the Gibbs free energy of hydration of the anions (Table 2,
Figure 6),[12] an experimental indication of H-bond acceptor

ability. For example, both the hydration energy and our mea-
sured affinity constant for NO3

@ are between the values for I@

and Br@ . This implies that the variations in affinity depend

more on the anion than the transporter. While transporter
structure must have some influence, assessing this factor is not

straightforward.[13]

To explore the effect of transporter structure, we employed

an approach based on the analyses of Abraham[14] and Hunter

et al. ,[15, 16] in which the H-bond donor and acceptor strengths
are individually quantified through empirically derived parame-

ters a and b. As shown by Hunter et al. , the change in Gibbs
free energy upon H-bonding is expressed as Equation (1)

DGo ¼ @ða@asÞðb@bsÞ þ 6 kJ mol@1 ¼ @RT ln K a ð1Þ

in which a and b are parameters of H-bond donor and accept-
or, respectively, while as and bs are corresponding parameters

for the solvent.[16] Relevant to anion recognition, b values for
common anions have been measured and reported,[17] and, as

expected, roughly follow the hydration enthalpies shown in

Figure 6.
Equation (1) is designed to describe the formation of a

single H-bond between a monovalent donor and acceptor,
each of which is characterised by a single value of the perti-

nent a or b parameter. If applied to more complex systems, as
in the present case, it can no longer be used predictively ; geo-

metric effects will perturb the binding strengths such that a

and/or b will no longer be constant. However, if the equation
is turned around so that measured affinities and standard

values of one parameter (e.g. , b) are used to calculate the
other parameter (e.g. , a), variations in the latter may be infor-

mative.
In the present case, we used the reported bs and as values

for DMSO,[16] the reported b values for anions[17] and the exper-

imental Ka to calculate a for 1 when binding different anions.
Some interesting variations are observed. For example, a = 8
for 1·Cl@@ , but 11 for 1·Br@@ , and this suggests that 1 is better
tailored to bind Br@ than Cl@ . Note that whereas Ka for 1·Br@@ in
DMSO is only 70 m@1, other binding studies on Br@ with urea-
or thiourea-based receptors in DMSO generally gave lower af-

finities,[18, 19] unless Br@ was fully encapsulated in a cage.[20] This
is not to say that 1 is a poor receptor for Cl@ ; its affinity is still
3–35 times higher than those found for other urea-based

anion receptors with multiple (nitrophenyl)urea groups in
DMSO.[3e, 19, 21–23] However, it seems that the larger Br@ is a

better fit than Cl@ . This is also reflected in the unusual crystal
structure of 1·Cl@@ (Figure 4 a) as well as the similarly distorted

calculated structure (Supporting Information, Figure S13) when

compared to other anions studied.
Acetate is another case in which a relatively small value of

a= 6 for 1·AcO@@ accompanies an apparently poor fit. This time
the crystal structure suggests that the anion is too large for

the binding site; the acetate anion adopts a twisted orienta-
tion relative to the urea units (Figure 3 d) and the inter-urea

Figure 5. Downfield region of the 1H NMR spectra from the titration of re-
ceptor 1 (1 mm) with Bu4N+OAc@ in [D6]DMSO with 0.5 % H2O. The inset
shows the observed binding curve for NHa (blue) and the calculated fit for
both NH signals (red).

Figure 6. Correlation between the binding constants and the Gibbs free en-
ergies of hydration for anions considered in this work.
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distance is about 0.3 a larger than in 1·Br@ . Again, 1 is none-
theless a good receptor for acetate when compared to others

from the literature. The measured affinities are one to two
orders of magnitude higher than those for comparable sys-

tems under the same conditions.[3e19, 21, 22, 24]

Considering tetrahedral anions, SO4
2@ is very strongly bound

by 1, as often found for this substrate.[3d] Indeed the 1H NMR
experiments indicate the binding of a second anion to form
1·(SO4

2@@)2, despite the Coulomb repulsion between the two
anions. Complex 1·HSO4

@@ is more weakly bound, as expected,
but the a value of 13 suggests that the binding site is well-
adapted to this substrate. The affinity is higher than those pre-
viously observed for similar systems.[3e, 19] H2PO4

@ is also bound

more strongly by 1 than by other compounds with the same
binding motif.[19, 21–23]

Overall, the binding results confirm that 1 is especially well

preorganised for anion recognition, showing high affinities for
all anions measured. Positioning of the urea groups on the

decalin core ensures an appropriate distance and binding
angle between the urea groups, while the restricted rotation

about the axial C@N bonds prevents intramolecular H-bond
formation.[5, 8] The arms show significant flexibility (also rota-

tional), permitting the intramolecular distances between the

upper and the lower urea nitrogen atoms to range between
4.9–5.4 and 5.5–7.9 a, respectively. This allows binding of a

broad range of anions with high affinities. On the other hand,
the rigid decalin framework does affect selectivity, favouring

(for example) bromide over chloride and acetate.

Conclusion

We have shown that diureidodecalin 1, a non-toxic aniono-
phore of exceptional interest for biological applications, is an

effective receptor for a range of anions. The complexes were
structurally characterised and investigated by crystallographic

and computational techniques. The results highlight the preor-

ganisation conferred by the trans-1,5-diureidodecalin frame-
work, which prevents intramolecular H-bonding between the

two arms and promotes high anion affinities. At the same
time, the flexibility of the urea units allows binding of various

anions of different geometries. Binding constants are largely
determined by the physicochemical properties of the anion,

but analysis in terms of the H-bonding parameters a and b

provides a means of assessing the effects of receptor structure.
Notably, the anions which seem to be disfavoured according

to this analysis (chloride and acetate) are also those for which
the complexes show unusual structural features. The in-depth

characterisation of the binding properties of 1 will help pro-
vide a platform for biological applications of the promising di-

ureidodecalin family of anion transporters.

Experimental Section

Crystallisation and X-ray analysis

Complexes 1·X@@ were crystallised with Me4N+ , Et4N+ or Bu4N+

countercations from solvents or solvent mixtures by slow evapora-

tion at room temperature. Compound 1 was also crystallised by
itself in various solvate crystal structures. Some other solvates were
fortuitously obtained during crystallisation with anion salts. De-
tailed conditions under which the different crystals were obtained
are reported in the Supporting Information.

Data for 1·acetone, 1·H2O, 1·THF and 1·SO4
2@@ were collected at

123(2) K with a dual-source Rigaku SuperNova Oxford diffractome-
ter equipped with an Atlas detector by using mirror-monochromat-
ed CuKa radiation (l= 1.54184 a). Single-crystal X-ray data for
1·AcO@@ and 1·NO3

@@ were collected at 120(2) K with a Rigaku Super-
Nova Oxford single-source diffractometer fitted with an Atlas EoS
CCD detector by using mirror-monochromated MoKa (l=
0.71073 a) radiation. X-ray diffraction experiments on 1·MeOH,
1·Cl@@ and 1·Br@@ were carried out at 100(2) K with a Bruker APEX II
CCD diffractometer by using MoKa radiation (l= 0.71073 a). The
data collection and reduction carried out with Rigaku SuperNova
Oxford diffractometers were performed with the program CrysAlis-
Pro,[25] and the data for 1·DMSO obtained with the Bruker Nonius
Kappa diffractometer were processed with the programs COL-
LECT,[26] HKL DENZO and SCALEPACK.[27] The intensities were cor-
rected for absorption by using the Gaussian face-index absorption
correction method[25] for 1·acetone, 1·H2O, 1·THF, 1·DMSO,
(1)2·SO4

2@@, 1·AcO@@ and 1·NO3
@@ , and the intensities for 1·MeOH,

1·Cl@@ and 1·Br@@ were integrated in SAINT and absorption correc-
tions were based on equivalent reflections by using SADABS[28]

with multiscan absorption correction method. The structure of
1·Cl@@ was solved with Superflip.[29] Structures of 1·MeOH, 1·ace-
tone, 1·THF, (1)2·SO4

2@@, 1·AcO@@ , 1·Br@@ and 1·NO3
@@ were solved with

direct methods (SHELXS)[30] and refined by full-matrix least-squares
techniques on F2 in OLEX2,[31] by using SHELXL.[30] Constraints and
restraints were used where appropriate for disordered models.

Crystal structure and refinement data are given in Tables S1 and S2
in the Supporting Information. CCDC 1818063 (1·H2O), 1817830
(1·acetone), 1817831 (1·THF), 1586249 (1·1.36 CH3OH·0.64 H2O),
1817832 (1·DMSO), 1817834 (1·NO3

@@), 1586251 (1·Br@@), 1817833
(1·AcO@@) and 1817835 [(1)2·SO4

2@@] contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

Computational studies

Optimizations were performed with the program TURBOMOLE ver-
sion 7.00[32] by using DFT (TPSS[33]/Def2-TZVPPD).[34] Further acceler-
ation of calculations was achieved by using the MARI-J ap-
proach.[35] Empirical Grimme’s dispersion correction[36] with Becke–
Johnson damping[37] (D3-BJ) was employed. DMSO (COSMO) im-
plicit solvation[38] was used to mimic the solution environment. The
starting geometries were typically taken from the crystal structures
and slightly modified if necessary.

Binding studies in solution

Guests were obtained commercially as nBu4N+ salts, except for the
bicarbonate salt Et4NHCO3 and sulfate, which was purchased as a
50 wt % solution of (Bu4N)2SO4 in H2O and lyophilised to obtain the
solid. Transporter 1 was synthesized as reported previously.[4] Bind-
ing constants of complexes 1·X@@ were obtained by 1H NMR titra-
tion experiments with 0.5 % H2O in [D6]DMSO. The binding con-
stant for 1·Cl@@ with Bu4NCl was previously reported.[4]

Compound 1 was dissolved in [D6]DMSO with 0.5 % H2O at 1.0 mm
and for each titration 500 mL of this solution was placed in an NMR
tube. The guests were dissolved in the solution of 1 (1.0 mm) in
[D6]DMSO with 0.5 % H2O, so that the concentration of host did
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not decrease over the course of the experiment. Concentrations of
the guests and the volumes of the aliquots of guest solution
added to the host solution during the titration were varied over
the experiments, depending on the strength of the observed inter-
action. All 1H NMR titration binding studies were performed with a
Varian 500 MHz NMR spectrometer with a proton sensitive probe
at 298 K.

The 1H NMR chemical-shift changes of NH or CH groups were used
to monitor the binding process. Binding constants were deter-
mined by fitting the shifts of multiple resonances (see Supporting
Information) to a 1:1 binding model with a least-squares fitting
procedure in a custom-made Excel spreadsheet. The errors report-
ed in the Supporting Information represent the standard deviation
of the binding constants calculated for individual measured points.
The data obtained for the titration with sulfate could not be fitted
to a 1:1 binding model, and therefore the online fitting application
at http://supramolecular.org/ was used to fit the data to a 1:2
binding model.
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ić, N. Basarić, K. Mlinarić-Majerski, Coord. Chem. Rev. 2015, 295, 80 – 124,
and the literature within.

[7] S. J. Edwards, H. Valkenier, N. Busschaert, P. A. Gale, A. P. Davis, Angew.
Chem. Int. Ed. 2015, 54, 4592 – 4596; Angew. Chem. 2015, 127, 4675 –
4679.

[8] S. Hussain, P. R. Brotherhood, L. W. Judd, A. P. Davis, J. Am. Chem. Soc.
2011, 133, 1614 – 1617.

[9] H. Valkenier, L. W. Judd, H. Li, S. Hussain, D. N. Sheppard, A. P. Davis, J.
Am. Chem. Soc. 2014, 136, 12507 – 12512.

[10] J. A. Cooper, S. T. G. Street, A. P. Davis, Angew. Chem. Int. Ed. 2014, 53,
5609; Angew. Chem. 2014, 126, 5715.

[11] In this case 1 was initially dissolved in wet DMSO/methanol/Me4N+

OH@ . Evaporation in the presence of air and air moisture yielded crys-
tals of the hydrate.

[12] A. Bianchi, K. Bowman-James, E. Garc&a-EspaÇa, Supramolecular Chemis-
try of Anions, Wiley-VCH, Weinheim, 1997.

[13] See also the discussion in: J. P. Clare, A. J. Ayling, J. B. Joos, A. L. Sisson,
G. Magro, M. N. Perez-Payan, T. N. Lambert, R. Shukla, B. D. Smith, A. P.
Davis, J. Am. Chem. Soc. 2005, 127, 10739.

[14] M. H. Abraham, Chem. Soc. Rev. 1993, 22, 73 – 83.
[15] C. A. Hunter, Angew. Chem. Int. Ed. 2004, 43, 5310 – 5324; Angew. Chem.

2004, 116, 5424 – 5439.
[16] J. L. Cook, C. A. Hunter, C. M. R. Low, A. Perez-Velasco, J. G. Vinter,

Angew. Chem. Int. Ed. 2007, 46, 3706 – 3709; Angew. Chem. 2007, 119,
3780 – 3783.

[17] S. J. Pike, J. J. Hutchinson, C. A. Hunter, J. Am. Chem. Soc. 2017, 139,
6700 – 6706.

[18] S. Sasaki, M. Mizuno, K. Naemura, Y. Tobe, J. Org. Chem. 2000, 65, 275 –
283.

[19] S. J. Brooks, P. R. Edwards, P. A. Gale, M. E. Light, New J. Chem. 2006, 30,
65 – 70.

[20] P. G. Young, J. K. Clegg, M. Bhadbhade, K. A. Jolliffe, Chem. Commun.
2010, 47, 463 – 465.

[21] M. Olivari, R. Montis, L. E. Karagiannidis, P. N. Horton, L. K. Mapp, S. J.
Coles, M. E. Light, P. A. Gale, C. Caltagirone, Dalton Trans. 2015, 44,
2138 – 2149.

[22] W. Van Rossom, J. Caers, K. Robeyns, L. Van Meervelt, W. Maes, W.
Dehaen, J. Org. Chem. 2012, 77, 2791 – 2797.

[23] A. R. Jennings, D. Y. Son, Tetrahedron 2015, 71, 3990 – 3999.
[24] W. Huang, J. Li, H. Lin, H. Lin, J. Inclusion Phenom. Macrocyclic Chem.

2011, 69, 101 – 106.
[25] CrysAlisPro 2012, Rigaku Oxford Diffractometer Technologies.Version

36.45.
[26] Bruker AXS BV, Madison, WI, USA; 1997–2004.
[27] Z. Otwinowski, W. Minor, Methods Enzymol. 1997, 276, 307 – 326.
[28] R. H. Blessing, J. Appl. Crystallogr. 1997, 30, 421 – 426.
[29] a) L. Palatinus, G. Chapuis, J. Appl. Crystallogr. 2007, 40, 786 – 790; b) L.

Palatinus, S. J. Prathapa, S. van Smaalen, J. Appl. Crystallogr. 2012, 45,
575 – 580.

[30] a) G. M. Sheldrick, Acta Crystallogr. Sect. A 2008, 64, 112 – 122; b) G. M.
Sheldrick, Acta Crystallogr. Sect. C 2015, 71, 3 – 8.

[31] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. J. Pusch-
mann, Appl. Crystallogr. 2009, 42, 339 – 341.

[32] TURBOMOLE V7.00 2015, a development of the University of Karlsruhe
and Forschungszentrum Karlsruhe GmbH, 1989 – 2007, TURBOMOLE
GmbH, since 2007; available from http://www.turbomole.com.

Chem. Eur. J. 2018, 24, 8178 – 8185 www.chemeurj.org T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim8184

Full Paper

http://supramolecular.org/
https://doi.org/10.1039/B512651G
https://doi.org/10.1039/B512651G
https://doi.org/10.1039/B512651G
https://doi.org/10.1039/b926225n
https://doi.org/10.1039/b926164h
https://doi.org/10.1039/b926164h
https://doi.org/10.1039/b926164h
https://doi.org/10.1039/c0cs00209g
https://doi.org/10.1039/c0cs00209g
https://doi.org/10.1039/c0cs00209g
https://doi.org/10.1039/c0cs00209g
https://doi.org/10.1002/anie.201207535
https://doi.org/10.1002/anie.201207535
https://doi.org/10.1002/anie.201207535
https://doi.org/10.1002/anie.201207535
https://doi.org/10.1002/ange.201207535
https://doi.org/10.1002/ange.201207535
https://doi.org/10.1002/ange.201207535
https://doi.org/10.1021/acs.chemrev.5b00099
https://doi.org/10.1021/acs.chemrev.5b00099
https://doi.org/10.1021/acs.chemrev.5b00099
https://doi.org/10.1021/acs.chemrev.5b00099
https://doi.org/10.1016/j.chempr.2016.08.004
https://doi.org/10.1016/j.chempr.2016.08.004
https://doi.org/10.1016/j.chempr.2016.08.004
https://doi.org/10.1039/C7CS00159B
https://doi.org/10.1039/C7CS00159B
https://doi.org/10.1039/C7CS00159B
https://doi.org/10.1371/journal.pone.0034694
https://doi.org/10.1002/anie.200501740
https://doi.org/10.1002/ange.200501740
https://doi.org/10.1002/ange.200501740
https://doi.org/10.1021/ja205884y
https://doi.org/10.1039/C2SC21112B
https://doi.org/10.1038/nchem.2021
https://doi.org/10.1038/nchem.2706
https://doi.org/10.1038/nchem.2706
https://doi.org/10.1038/nchem.2706
https://doi.org/10.1039/C7OB02787G
https://doi.org/10.1039/C7OB02787G
https://doi.org/10.1039/C7OB02787G
https://doi.org/10.1038/nchem.2384
https://doi.org/10.1038/nchem.2384
https://doi.org/10.1038/nchem.2384
https://doi.org/10.1038/nchem.2384
https://doi.org/10.1021/ar4000345
https://doi.org/10.1021/ar4000345
https://doi.org/10.1021/ar4000345
https://doi.org/10.1002/anie.201411805
https://doi.org/10.1002/anie.201411805
https://doi.org/10.1002/anie.201411805
https://doi.org/10.1002/anie.201411805
https://doi.org/10.1002/ange.201411805
https://doi.org/10.1002/ange.201411805
https://doi.org/10.1002/ange.201411805
https://doi.org/10.1021/ja1076102
https://doi.org/10.1021/ja1076102
https://doi.org/10.1021/ja1076102
https://doi.org/10.1021/ja1076102
https://doi.org/10.1021/ja507551z
https://doi.org/10.1021/ja507551z
https://doi.org/10.1021/ja507551z
https://doi.org/10.1021/ja507551z
https://doi.org/10.1002/anie.201311071
https://doi.org/10.1002/anie.201311071
https://doi.org/10.1002/ange.201311071
https://doi.org/10.1021/ja0524144
https://doi.org/10.1039/cs9932200073
https://doi.org/10.1039/cs9932200073
https://doi.org/10.1039/cs9932200073
https://doi.org/10.1002/anie.200301739
https://doi.org/10.1002/anie.200301739
https://doi.org/10.1002/anie.200301739
https://doi.org/10.1002/ange.200301739
https://doi.org/10.1002/ange.200301739
https://doi.org/10.1002/ange.200301739
https://doi.org/10.1002/ange.200301739
https://doi.org/10.1002/anie.200604966
https://doi.org/10.1002/anie.200604966
https://doi.org/10.1002/anie.200604966
https://doi.org/10.1002/ange.200604966
https://doi.org/10.1002/ange.200604966
https://doi.org/10.1002/ange.200604966
https://doi.org/10.1002/ange.200604966
https://doi.org/10.1021/jacs.7b02008
https://doi.org/10.1021/jacs.7b02008
https://doi.org/10.1021/jacs.7b02008
https://doi.org/10.1021/jacs.7b02008
https://doi.org/10.1021/jo991237k
https://doi.org/10.1021/jo991237k
https://doi.org/10.1021/jo991237k
https://doi.org/10.1039/B511963D
https://doi.org/10.1039/B511963D
https://doi.org/10.1039/B511963D
https://doi.org/10.1039/B511963D
https://doi.org/10.1039/C4DT02893G
https://doi.org/10.1039/C4DT02893G
https://doi.org/10.1039/C4DT02893G
https://doi.org/10.1039/C4DT02893G
https://doi.org/10.1021/jo300004p
https://doi.org/10.1021/jo300004p
https://doi.org/10.1021/jo300004p
https://doi.org/10.1016/j.tet.2015.04.051
https://doi.org/10.1016/j.tet.2015.04.051
https://doi.org/10.1016/j.tet.2015.04.051
https://doi.org/10.1007/s10847-010-9819-z
https://doi.org/10.1007/s10847-010-9819-z
https://doi.org/10.1007/s10847-010-9819-z
https://doi.org/10.1007/s10847-010-9819-z
https://doi.org/10.1016/S0076-6879(97)76066-X
https://doi.org/10.1016/S0076-6879(97)76066-X
https://doi.org/10.1016/S0076-6879(97)76066-X
https://doi.org/10.1107/S0021889896014628
https://doi.org/10.1107/S0021889896014628
https://doi.org/10.1107/S0021889896014628
https://doi.org/10.1107/S0021889807029238
https://doi.org/10.1107/S0021889807029238
https://doi.org/10.1107/S0021889807029238
https://doi.org/10.1107/S0021889812016068
https://doi.org/10.1107/S0021889812016068
https://doi.org/10.1107/S0021889812016068
https://doi.org/10.1107/S0021889812016068
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
http://www.turbomole.com
http://www.chemeurj.org


[33] J. Tao, J. P. Perdew, V. N. Staroverov, G. E. Scuseria, Phys. Rev. Lett. 2003,
91, 146401.

[34] D. Rappoport, F. Furche, J. Chem. Phys. 2010, 133, 134105.
[35] M. Sierka, A. Hogekamp, R. Aldrichs, J. Chem. Phys. 2003, 118, 9136 –

9148.
[36] S. Grimme, J. Anthony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132,

154104.
[37] S. Ehrlich, L. Goerigk, J. Comput. Chem. 2011, 32, 1456.

[38] A. Klamt, G. Shurmann, J. Chem. Soc. Perkin Trans. 2 1993, 5, 799 – 805.

Manuscript received: February 1, 2018

Revised manuscript received: March 26, 2018

Accepted manuscript online: March 30, 2018

Version of record online: May 14, 2018

Chem. Eur. J. 2018, 24, 8178 – 8185 www.chemeurj.org T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim8185

Full Paper

https://doi.org/10.1063/1.3484283
https://doi.org/10.1063/1.1567253
https://doi.org/10.1063/1.1567253
https://doi.org/10.1063/1.1567253
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
http://www.chemeurj.org

