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1,3,5-Tris(2-butyrylaminophenyl)benzene: a simple, acyclic
chloride anion receptor
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Abstract—A simple, acyclic, amide-functionalized tripodal receptor was synthesized, and shown to bind chloride anions with high
selectivity relative to dihydrogenphosphate and other halide anions.
� 2007 Elsevier Ltd. All rights reserved.
The binding and sensing of anionic species by artificial
receptors is an expanding area of supramolecular chem-
istry. Recent progress in this field has led to the develop-
ment of effective receptors for fluoride, carboxylates and
dihydrogenphosphate anions.1 In contrast, relatively
few efficient receptors for biologically and/or environ-
mentally important anions such as sulfate,2 nitrate3

and chloride4 have been reported. Chloride anions,
which are the dominant anionic species present in extra-
cellular fluid (100 mM) play an important physiological
role in the stabilization of membrane potential, synaptic
inhibition, cell volume regulation, transepitheral trans-
port, extracellular and vesicular acidification and endo-
cytotic trafficking.5 Thus, it is not surprising that
considerable effort has been devoted to the synthesis of
systems that selectively and effectively bind chloride an-
ions. While, there are examples of molecular receptors
that bind chloride strongly,4 few of them show preferen-
tial binding of chloride versus dihydrogenphosphate and
acetate anions.4b,d Some of the very effective chloride
receptors have complex structures that require multistep
syntheses.4b,f–j Herein, we present the design and synthe-
sis of a simple, acyclic, tripodal receptor and demon-
strate that it binds chloride anions with high selectivity
relative to dihydrogenphosphate and other halide
anions.

In contrast to cyclic molecular receptors, acyclic, pod-
and systems are usually easier to synthesize and offer
faster kinetics of complexation/decomplexation.6 Thus,
podand receptors have been successively applied in the
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recognition of anionic species.4a,e,h–k,7 Moreover, the
anion induced conformation changes of appropriate
substituted podand receptors can produce optical
signals which can be used for anion sensing.4c,8 The
construction of podand type molecular receptors is
usually based on functionalization of rigid molecular
scaffolds. The most versatile example of such a scaffold
is 1,3,5-tris(aminomethyl)-2,4,6-trialkylbenzene.9 This
molecular platform has been used extensively for the
construction of numerous receptor systems that require
appended functional groups and these systems are
known to bind and/or detect various anionic species.10

Recently, we reported the synthesis of 1,3,5-tris(2-amino-
phenyl)benzene (2), a novel, rigid, molecular scaffold
(Scheme 1).11 Trisamine 2 is available in excellent yield
in one synthetic step via palladium-catalyzed coupling
of 2-aminophenylboronic acid with 1,3,5-triiodobenz-
ene. DFT calculations reveal that the energy difference
between the lowest energy conformations in which two
of the amino groups are oriented ‘up’ and one amino
group is oriented ‘down’ (partial cone) and cone confor-
mation is 0.19 kcal/mol.12 These results suggest that the
entropic penalty for preorganization of compound 2, as
well as receptors based on it, should be relatively low.
Encouraged by these computational studies we reacted
triamine 2 with acyl chlorides, bearing various alkyl
chains, which resulted in the formation of trisamides
of type 1. It is known that molecular receptors contain-
ing amide groups often exhibit limited solubility in non-
polar organic solvents which precluded their practical
application as ionophores or extracting agents. Thus,
by varying the length of the alkyl chains we tuned the
solubility of receptors of type 1 in organic solvents.
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Scheme 1. The synthesis of receptor 1.

Figure 1. The crystal structure of 1,3,5-tris(2-butyryl-aminophenyl)
benzene. The heteroatoms of adjacent receptor molecules involved in
intermolecular hydrogen bonding are shown. Hydrogen atoms other
than those of amide groups have been omitted for clarity.

Table 1. Association constants (M�1) for the binding of anions by
receptor 1 as determined from 1H NMR titrations in acetonitrile-d3

Anion Ka (M�1) pKa
a

Cl� 1540 �6.1
Br� 450 �8
I� 120 �9
AcO� 2410 4.7
H2PO4

� 120 2.1
HSO4

� 60 �9
NO3

� 180 �1.4

The anions were formulated as tetrabutylammonium salts.
a In water at 25 �C, I = 0.18
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From a family of triamide compounds 1,3,5-tris(2-butyr-
ylaminophenyl) benzene 1 was chosen for further inves-
tigation because it was readily soluble in most organic
solvents and could be obtained in crystalline form which
simplified purification and sample preparation.13 More-
over, single crystals suitable for X-ray diffraction ana-
lysis were grown from an acetone/diisopropyl ether
solution of 1.14

The asymmetric unit contains two crystallographically
unique molecules that adopt similar geometries. The
structure of one geometry is shown in Figure 1. Recep-
tor 1 adopts a two arms ‘up’, one arm ‘down’ (partial
cone) conformation. Such a conformation is stabilized
by a total of six intermolecular hydrogen bonds. The
amide hydrogen atoms of one molecule of 1 are H-bond
to the oxygen atoms of three others molecules. The oxy-
gen atoms, in turn, accept amide hydrogen atoms of
adjacent molecules. Thus each amide bond serves as
an acceptor and a donor of intermolecular hydrogen
bonds.

The interaction of receptor 1 with various anions was
investigated in acetonitrile-d3 using a 1H NMR titration
technique.15 As a control, dilution studies were carried
out in the concentration range of 1.4–8.0 mM and no
evidence for self-association was observed. The recep-
tor-anion stoichiometries were determined via a contin-
uous variation method (Job plots) and proved to be 1:1
for all anions.16

The addition of anions (as tetrabutylammonium salts)
to the 2.4 mM acetonitrile-d3 solutions of receptor 1
led to large downfield shifts of the amide N–H reso-
nance (Dd 0.4–3.0 ppm). These large downfield shifts
of the N–H signal are consistent with the presence of a
hydrogen-bonding interaction between the anion and
amide protons. Moreover, only one signal correspond-
ing to three N–H protons was observed during these
titration experiments which suggests that each N–H
atom is equally involved in the anion binding process.
To determine the association constants for 1 with
anions, the binding isotherms were analyzed by a
nonlinear regression method.17 The results of those
determinations are shown in Table 1.

Inspection of Table 1 reveals that receptor 1 shows a
high affinity for chloride anions with an association
constant of 1540 M�1. Receptor 1 also proved to be
selective for chloride anions over bromide and iodide
anions. Whereas chloride anions interact strongly with
receptor 1 the highest association constant was deter-
mined for 1 with an acetate ion (Ka 2410 M�1). How-
ever, acetate binds by only a factor of roughly 1.5



Figure 2. Proposed binding mode of chloride by 1,3,5-tris(2-butyryl-
aminophenyl) benzene. The geometry optimization was performed at
the B3LYP level of theory using 3-21G basis set.
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times better than chloride, although it is 1010 more basic.
Further, dihydrogenphosphate is also significantly more
basic than chloride, yet it has much lower affinity. Weak
binding interactions were seen in the case of hydrogen
sulfate and nitrate anions.

DFT calculations provide some insight into the chloride
complex geometry.12 The optimized structure of recep-
tor 1 bound to chloride revealed a preference to adopt
a cone conformation (Fig. 2). This conformation pro-
duced a cavity filled by a chloride anion. The anion is
located 3.38 Å above the central phenyl ring of the
ligand and is hydrogen bonded to the three amide
hydrogen atoms. The NH to chloride distances are in
the range 3.36–3.37 Å, and nitrogen–hydrogen–chloride
angles are in the range 158.4–159.9�.

In conclusion, the readily prepared 1,3,5-tris(2-butyryl-
aminophenyl)benzene 1 has proven to be an effective
anion-binding receptor. Receptor 1 binds chloride
anions with high affinity and selectivity relative to di-
hydrogenphosphate and other halide anions in a polar
organic solvent. We expect that by varying the nature
of the appended functional group we can tune the
binding properties of receptors based on the 1,3,5-
tris(2-aminophenyl)benzene scaffold. Investigations in
this context are currently underway.
Acknowledgements

P.P. would like to thank Professor Janusz Jurczak
for helpful discussions and is grateful for financial
support from The State Committee for Scientific
Research (project T09A-012-030) and Warsaw Univer-
sity, Department of Chemistry (project BW1681/13/05).
References and notes

1. (a) Bianchi, A.; Bowman-James, K.; Garcia-Espana, E.
Supramolecular Chemistry of Anions; Wiley-VCH: New
York, 1997; (b) Coord. Chem. Rev. 2006, 250.
2. (a) Hossain, M. A.; Llinares, J. M.; Powell, D.; Bowman-
James, K. Inorg. Chem. 2001, 40, 2936–2937; (b) Kubik,
S.; Kirchner, R.; Seidel, J. J. Am. Chem. Soc. 2002, 124,
12752–12760; (c) Kang, S. O.; Hossain, M. A.; Powell, D.;
Bowman-James, K. Chem. Commun. 2005, 328–330; (d)
Sessler, J. L.; Katayev, E.; Pantos, G. D.; Ustynyuk, Y. A.
Chem. Commun. 2004, 1276–1277; (e) Sessler, J. L.;
Katayev, E.; Pantos, G. D.; Scherbakov, P.; Reshetova,
M. D.; Khrustalev, V. N.; Lynch, V. M.; Ustynyuk, Y. A.
J. Am. Chem. Soc. 2005, 127, 11442–11446.

3. Bisson, A. P.; Lynch, V. M.; Monahan, M.-K. C.; Anslyn,
E. V. Angew. Chem., Int. Ed. 1997, 36, 2340–2342.

4. (a) Kavallieratos, K.; Bertao, C. M.; Crabtree, R. H. J.
Org. Chem. 1999, 64, 1675–1683; (b) Beer, P. D.; Szemes,
F.; Balzani, V.; Sala, C. M.; Drew, M. G. B.; Dent, S. W.;
Maestri, M. J. Am. Chem. Soc. 1997, 119, 11864–11875;
(c) Schazmann, B.; Alhashimy, N.; Diamond, D. J. Am.
Chem. Soc. 2006, 128, 8607–8614; (d) Budka, J.; Lhotak,
P.; Michlova, V.; Stibor, I. Tetrahedron Lett. 2001, 42,
1583–1586; (e) Ihm, H.; Yun, S.; Kim, H. G.; Kim, J. K.;
Kim, K. S. Org. Lett. 2002, 4, 2897–2900; (f) Ng, K.-Y.;
Cowley, A. R.; Beer, P. D. Chem. Commun. 2006, 3676–
3678; (g) Sessler, J. L.; An, D.; Cho, W.-S.; Lynch, V.;
Marquez, M. Chem. Commun. 2005, 540–542; (h) Cami-
olo, S.; Coles, S. J.; Gale, P. A.; Hursthouse, M. B.;
Mayer, T. A.; Paver, M. A. Chem. Commun. 2000, 275–
276; (i) Jagessar, R. C.; Shang, M.; Scheidt, W. R.; Burns,
D. H. J. Am. Chem. Soc. 1998, 120, 11684–11692; (j)
Sessler, J. L.; Mody, T. D.; Ford, D. A.; Lynch, V. Angew.
Chem., Int. Ed. Engl. 1992, 31, 452–455; (k) Ayling, A. J.;
Perez-Payan, M. N.; Davis, A. P. J. Am. Chem. Soc. 2001,
123, 12716–12717.

5. (a) Jentsch, T. J.; Poet, M.; Fuhrmann, J. C.; Zdebik, A.
A. Annu. Rev. Physiol. 2005, 67, 779–807; (b) Kornak, U.;
Kasper, D.; Bosl, M. R.; Kaiser, E.; Schweizer, M.;
Schulz, A.; Friedrich, W.; Delling, G.; Jentsch, T. J. Cell
2001, 104, 205–215; (c) Kaplan, R. S. J. Membr. Biol.
2001, 179, 165–183.
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