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Two receptors (1 and 2) were designed and prepared to bind carboxylate anions through donor–donor
hydrogen-bonding motifs provided by thiourea (1) and squaramide (2) groups. The binding efficacy of
each receptor was studied using NMR and isothermal calorimetric titrations in DMSO and CH3CN/CHCl3
solvent systems. Binding constants and changes in enthalpy and entropy of the binding process were
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. Introduction

Non-covalent interactions play an important role in a wide range
f biological recognition processes such as molecular transport,
ntigen–antibody interactions, enzymatic reactions and cellular
ecognition [1–3]. One of the most versatile of these non-covalent
nteractions is the hydrogen bond, which provides the recognition
asis of a substrate by its receptor and ensures high level of selec-
ivity of the active site. Although an individual hydrogen bond is
ccompanied by small changes in energy, they are vital for the bind-
ng process. For example, bacteria can resist powerful antibiotics,
uch as vancomycin, by replacing an amide group in the peptide
ith an ester [4]. This elimination of a single hydrogen bond is

nough to render the binding of vancomycin to the bacteria too
eak to be an efficient drug. Besides, the strength of a hydrogen

ond is greatly affected by the solvent. The stability of a hydrogen-
onded complex is usually highest in non-polar organic solvents
nd lower in solvents that can act either as a hydrogen bond donor
r acceptor, such as water [5,6]. In general, in order for the receptor
nd the substrate to form a stable intermolecular complex, solva-

ion of the receptor–substrate complex should be favored over that
f the associating species.

One approach to understanding the bimolecular hydrogen-
onding association of biological systems pivots on the design

∗ Corresponding author. Tel.: +97165152426; fax: +97165152450.
E-mail address: malsayah@aus.edu (M.H. Al-Sayah).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.03.003
and synthesis of small-molecule receptors, which can recognize
and bind a substrate using hydrogen bonding. Non-covalent inter-
actions, including hydrogen bonding, between organic molecules
have been the focus of several studies during the last years [7–20].
Previously, we have reported the design, synthesis and binding
investigations of several hydrogen-bonding receptors for barbitu-
rates [21], uracils [22,23] and carboxylates [22,24]. In this report,
we present two receptors designed to bind carboxylates through
donor–donor hydrogen bond recognition sites. This binding motif
is provided by thiourea [7–16] and squaramide [17–20] scaffolds in
receptors 1 and 2, respectively (Fig. 1). The receptors were prepared
in good yields in one step from 6-aminomethyl-6′-methyl-2,2′-
bipyridine (3) [22,23,25] (Scheme 1) using adapted procedures.
Thiourea receptor 1 was obtained in 78% yield by the addition of
0.5 equivalents of thiophosgene to amine 3 in CH2Cl2. Meanwhile,
squaramide receptor 2 was prepared in 82% yield by the reaction
of amine 3 with diethyl squarate in ethanol.

2. Experimental

2.1. General information

All solvents (Caledonia) for synthesis and purification were

used as received including solvents used for NMR analysis (Cam-
bridge Isotope Laboratories). All reagents and starting materials
were purchased from Aldrich Organics. 1H NMR characterizations
were performed on a Varian Inova-300 instrument, working at
299.96 MHz. Chemical shifts (ı) are reported in parts per million

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:malsayah@aus.edu
dx.doi.org/10.1016/j.tca.2010.03.003
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ig. 1. Representation of hydrogen-bonding complexation of the receptors with the
cetate ion.

elative to tetramethylsilane using the residual solvent peak as a
eference standard. Coupling constants (J) are reported in hertz.
3C NMR characterizations were performed on a Bruker-300 instru-
ent, working at 74.99 MHz or a Varian Inova-500 instrument,
orking at 125.29 MHz. FT-IR measurements were performed
sing a Nicolet Magna-IR 750. Mass spectrometry measurements
ere performed a Kratos MS-50 with an electron impact source or

y positive mode electrospray ionization on a Micromass ZabSpec
ybrid Sector-TOF. Data acquisition and processing was achieved
y using the OPUS software package on a Digital Alpha station with
MS operating system.

.2. General procedure of 1H NMR titration experiments

A solution of the receptor (1 or 2) at a concentration between
and 5 mM was prepared in an appropriate deuterated solvent.
measured amount (500–600 �L) of this solution was immedi-

tely transferred into an NMR tube fitted with a rubber septum
o minimize the evaporation of the solvent. A solution of the
uest (tetrabutylammonium (TBA) acetate) at a concentration of
0–100 mM was prepared in the same solvent. The guest solution
as prepared in a vial fitted with a controlled seal or a septum to
inimize the evaporation of the solvent. Aliquot amounts of the

uest solution were added to the NMR tube through the rubber
eptum via a syringe. The number of additions varied between 25
nd 30 with an increase in the amount of guest solution added
ntil a total of 10 equivalents of the guest was attained. A 1H NMR

pectrum was recorded after each addition. The chemical shift of
he protons associated with the recognition process was recorded
fter each 1H NMR spectrum was run. The collected data was ana-
yzed using a non-linear least square regression program (kindly
rovided by Dr. Christopher A. Hunter Department of Chemistry,
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University of Sheffield, UK) to fit the data to a theoretical model for
the binding process by programs.

2.3. General procedure of isothermal titration calorimeter (ITC)
experiments

All of the calorimetric binding experiments were performed
using an isothermal titration calorimeter (ITC) from MicroCal Inc.
In a typical experiment a 5 mM receptor solution was added to
the calorimetry cell (1.47 mL). A 100 mM solution of the substrate
was introduced in fifty 5 �L injections, for a total of 250 �L added
substrate. The solution was continuously stirred to ensure rapid
mixing and kept at an operating temperature of 25 ◦C through the
combination of an external cooling bath (at 18 ◦C) and an internal
heater. Dilution effects were determined by a second experiment
adding the same guest solution into pure solvent and subtracting
this data from the raw titration data to produce the final binding
isotherm. Association parameters were calculated by applying a
one-site model using the Origin® software. These methods rely
on standard non-linear least square regression to fit the titration
curves, taking into account the change in observable volume that
occurs during the calorimetric titration. In some cases, where the
complex formed has weak association, the stoichiometry of the
binding was fixed at one equivalent in the binding analysis.

2.4. N,N′-bis(6′-methyl-2,2′-bipyridin-6-yl)thiourea (1)

Thiophosgene (59 mg, 0.5 mmol) was added to a solution of
6-aminomethyl-6′-methyl-2,2′-bipyridine (300 mg, 1.5 mmol) and
triethylamine (155 mg, 1.5 mmol) in dry CH2Cl2 (30 mL) at room
temperature. The solution was stirred for 2 h at room temperature
under argon. The mixture was then washed with water (3 × 10 mL),
dried over Na2SO4 and filtered. The solvent was evaporated under
vacuum to afford a yellow residue. The product was isolated from
the residue by flash chromatography (alumina, 1% MeOH in CHCl3)
(0.26 g, 78%). M.p. > 128 ◦C; 1H NMR (300 MHz, DMSO-d6) ı 8.41 (t,
J = 6 Hz, 2H), 8.26 (d, J = 8 Hz, 2H), 7.87 (t, J = 7 Hz, 2H), 7.78 (t, J = 7 Hz,
2H), 7.38 (d, J = 7 Hz, 2H), 7.31 (d, J = 8 Hz, 2H), 4.89 (br, s, 4H), 2.55 (s,
6H); 13C NMR (75.5 MHz, CDCl3) ı 182.3, 158.0, 155.8, 155.1, 154.9,
137.9, 137.0, 123.4, 121.9, 120.1, 118.0, 49.7, 24.6; FT-IR (cast) �
3247, 3060, 1706, 1572, 1439, 1364, 1263, 1152, 1108, 1082, 991,
956, 783, 753, 663 s, 634 cm−1; HRMS (ES) m/z: 441.1857 [M+H]+,
C25H25N6S; calculated 441.1861 [M+H]+, C25H25N6S.

2.5. 3,4-Bis[(6′-methyl-2,2′-bipyridin-6-yl)amino]cyclobut-3-
ene-1,2-dione (2)
A mixture of diethyl squarate (0.20 mg, 1.2 mmol) and 6-
aminomethyl-6′-methyl-2,2′-bipyridine (0.50 mg, 2.5 mmol) in
ethanol (20 mL) was stirred at room temperature for 24 h. The sol-
vent was then evaporated under vacuum to afford a yellow residue.

1.
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acetate guest. The receptor reached saturation after ∼1 equivalent
of the substrate was added where there was insignificant change
in the chemical shift of the N–H protons signal reaching 10.66 ppm
after the addition of a total of 10 equivalents of the acetate ion.
It was also observed that at saturation, the signals corresponding
ig. 2. Partial 1H NMR spectra of receptor 1 (5 mM) upon titrating with TBA acetate
100 mM) in DMSO-d6 . The signal corresponding to thiourea N–H protons is denoted
y (*).

he product was isolated for the residue by column chromatogra-
hy (alumina, 1% MeOH in CHCl3) (0.48 g, 82%). M.p. > 160 ◦C (dec.);
H NMR (300 MHz, CDCl3) ı 8.23 (dd, J1 = 8 Hz, J2 = 1 Hz, 2H), 7.59 (d,
= 8 Hz, 2H), 7.71 (t, J = 8 Hz, 2H), 7.42 (t, J = 8 Hz, 2H), 7.25 (d, J = 7 Hz,
H), 7.03 (d, J = 7 Hz, 2H), 4.87 (d, J = 7 Hz, 2H), 2.54 (s, 6H); 13C
MR (75.5 MHz, CDCl3) ı 183.7, 168.9, 158.2, 156.3, 155.0, 138.2,
37.1, 123.6, 122.2, 120.5, 118.2, 49.4, 24.8; FT-IR (microscope) �
252, 3002, 1797, 1666, 1580, 1537, 1439, 1388, 1350, 1243, 1151,
082, 992, 783, 752, 665, 634, 584 cm−1; HRMS (ES) m/z: 477.2033
M+H]+, C28H25N6O2; calculated 477.2039 [M+H]+, C28H25N6O2

. Results and discussion

The binding efficacy of 1 and 2 as receptors for carboxylate
nions was evaluated using NMR and isothermal calorimetric
itrations. In the former technique, the change in the chemical
hift of the N–H protons upon the formation of a hydrogen-
onding complex was monitored as the substrate was added to the
eceptor. Proton NMR spectrum of 1 in DMSO-d6 (5 mM) showed
ell-resolved signals for the aromatic protons with the signal cor-

esponding to the N–H protons of the thiourea group appearing at
.42 ppm (Fig. 2). As acetate anion was added (as a solution of tetra-
utylammonium (TBA) acetate), the signal of N–H protons shifted
ignificantly downfield (�ı about 2 ppm) indicating the formation
f effective hydrogen bonding between the substrate and the recep-
or. Besides, the signal became broader as more acetate anions were
dded due to increased chemical exchange upon hydrogen bond-
ng. After the addition of 4–5 equivalents of the acetate ion, the
bservable shift of the signal corresponding to the N–H protons of
he thiourea receptor was insignificant. This observation implies
hat the receptor had reached saturation where the signal for the
–H protons reached 11.10 ppm after 10 equivalents of the acetate
ere added. The obtained titration curve was fitted to 1:1 binding
odel giving an association constant Ka of 241 ± 35 M−1.
The 1H NMR titration of the thiourea receptor 1 with TBA acetate

100 mM) was also conducted in CD3CN/CDCl3 (1:1) to determine
he extent of the solvent effect on the affinity of the receptor for its
ubstrate. A 5 mM solution of thiourea receptor 1 in CD3CN/CDCl3

1:1) was treated with aliquot amounts of TBA acetate (100 mM) in
he same solvent. Before the addition of the acetate, the chemical
hift corresponding to the N–H protons of the receptor appeared
t 6.82 ppm as a very broad signal. As the acetate was added, the
ignal became sharper and its chemical shift moved significantly
Fig. 3. Titration curves of receptor 1 (5 mM) with TBA acetate (100 mM) in DMSO-d6

(♦) and in 1:1 CDCl3/CD3CN (�).

downfield (�ı about 4 ppm) indicating the formation of effec-
tive hydrogen bonding between the substrate and the receptor.
After the addition of ∼1 equivalent of the acetate, the observ-
able shift of the signal corresponding to the N–H protons of the
thiourea receptor became insignificant, implying that the recep-
tor had reached saturation. After 10 equivalents of the acetate
were added the signal for the N–H protons reached 10.63 ppm. The
obtained titration curve (Fig. 3) was fitted to 1:1 binding model
giving an association constant Ka of 5790 M−1. This value indicates
that the hydrogen-bonded complex 1·acetate is more stable in a
1:1 mixture of chloroform and acetonitrile than it is in DMSO.
This reflects the negative effect this highly polar solvent has on
hydrogen-bonding complexation due to the competitive associa-
tion of the solvent with the receptor.

The binding of receptor 2 was also studied by 1H NMR titration
in CD3CN/CDCl3 (1:1) where the change in the chemical shift of
the N–H peaks of the squaramide (5 mM) was monitored as TBA
acetate (100 mM) was added in the same solvent. Before the addi-
tion of the acetate, the signal for the N–H protons of the receptor
appeared at ∼6.90 ppm as a broad peak overlapping with two aro-
matic signals (Fig. 4). As the acetate was added, the signal of the
N–H protons shifted significantly downfield (�ı about 4 ppm) indi-
cating a strong association of the squaramide receptor 2 with the
Fig. 4. Partial 1H NMR spectra of receptor 2 (5 mM) upon titrating with TBA acetate
(100 mM) in 1:1 CDCl3/CD3CN. The signal corresponding to the squaramide N–H
protons is denoted by (*).
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Fig. 6. Calorimetric titration of receptor 1 (5 mM) with TBA acetate (100 mM) in
DMSO at 25.0 ◦C. Top panel: raw data showing heat evolved with each injection of
the acetate ion. Bottom panel: integrated curve of the raw titration (©); the solid line
represents a non-linear least squares fit using 1:1 binding model. The heat evolved
due to the dilution of the injected substrate was measured by a separate titration
where a solution of TBA acetate (100 mM in DMSO) was injected into blank DMSO.
The heat evolved from the blank titration was subtracted from the binding isother-
ig. 5. Titration curve of squaramide receptor 2 (5 mM) with TBA acetate (100 mM)
n 1:1 CDCl3/CD3CN (♦).

o the bipyridine protons were sharper than before the addition
f the acetate ion. This observation was attributed to the limited
otation around the squaramide C–N bonds imposed by the hydro-
en bonding of the receptor to the N–H protons. The association
onstant was calculated to be 7390 M−1 when the titration curve
Fig. 5) was fitted to a 1:1 binding model.

The binding activities of receptors 1 and 2 were also studied
y calorimetric titration experiments using an isothermal titration
alorimeter. In each case, the heat absorbed or released upon the
ormation of a hydrogen-bonding complex was monitored as the
ubstrate was added to the receptor cell. A 100 mM solution (DMSO)
f TBA acetate was injected into a microcalorimetric cell containing
5 mM solution of receptor 1 at 25 ◦C. The heat evolved with each

njection is displayed versus the time in the top panel of Fig. 6. The
rst series of injections usually deviate from ideal binding behavior
ue to the presence of the receptor in large excess compared to the
ubstrate. The heat evolved in the initial injections produced larger
ignals due to significant complexation of the added substrate with
he receptor. As the titration proceeded, the signal diminished due
o the decrease in the concentration of unbound receptor. However,
ven after the addition of significant amount the substrate, the heat
volved was still significant indicating large heat of dilution of the
njected TABOAc solution. This is explained by the strong ability of
MSO to solvate organic salts due to its large dielectric constant.
herefore, the binding isotherm for this titration was generated by
ubtracting the heat of dilution of TBA acetate solution (calculated
rom separate titration of the injectant into blank solvent) from
he generated heat due to the binding process. The resulting curve
depicted in bottom panel of Fig. 6 by (©)) correlated well with
one-site binding model giving a Ka value of 191 ± 13 M−1, a �H

alue of −505 ± 16 cal mol−1 and a �S value of 8.7 cal mol−1 K−1.
The observed negative enthalpy suggests that 1·acetate complex

s stabilized by strong hydrogen bonding between the receptor and
he substrate. This exothermic nature of the association indicates
hat the hydrogen bonds that are formed upon receptor–substrate
omplexation are stronger than those initially formed to the solvent
DMSO), which can engage in hydrogen bonding itself. The associ-
tion is also driven by positive entropy, suggesting that the energy
ained by the release of solvent from the binding sites is more than
he energy lost through bimolecular association and the freezing of
ond rotations that occur upon formation of the 1·acetate complex.
herefore, the association of thiourea receptor 1 and the acetate ion
s both enthalpy and entropy driven (Table 1).

The squaramide scaffold of receptor 2 provides another

onor–donor hydrogen-bonding site suitable for binding of car-
oxylates and its binding activity was also studied using isothermal
alorimetery. A solution of TBA acetate (100 mM) in 1:1 mixture of
H3CN/CHCl3 was injected into a solution of receptor 2 (5 mM) in
mal curve for receptor 1 before the fitting analysis. Also, the integrated value of the
first few injections were not considered (removed) in the fitting analysis because of
the reasons mentioned above.

the same solvent. The heat evolved with each injection is displayed
versus the time in the top panel in Fig. 7. Once again, the first series
of injections deviated from ideal binding behavior due to the pres-
ence of the squaramide receptor 2 in large excess compared to the
substrate. The binding isotherm was generated by integrating the
area under each peak and plotting the resulting data versus molar
ratio of the acetate substrate (Fig. 7, bottom panel (©)). The heat
evolved in the initial injections produced larger signals due to the
complete complexation of the added acetate substrate but as titra-
tion proceeded, the signal became smaller due to the saturation of
receptor 2 by the acetate substrate. The heat produced at satura-
tion is due to the dilution of the acetate substrate. However, the
heat of dilution of TBA acetate in CH3CN/CHCl3 was less than that
in DMSO due to the lower association of the non-polar solvent-
mixture (CH3CN/CHCl3) with the organic salt. The fitting of this
curve to a one-site binding model receptor (the solid line in the bot-
tom panel, Fig. 7) gave a Ka value of 7336 ± 416 M−1. Similar to 1, the
values (Table 1) of �H and �S for 2 indicate that the binding is also
enthalpically and entropically favored. However, the greater nega-
tive enthalpy for the formation 2·acetate complex in CH3CN/CHCl3

as compared 1·acetate complex in DMSO is greatly due to the sol-
vent effect. DMSO is more involved in hydrogen bonding with the
receptor as compared to CH3CN or CHCl3. Thus, the greater exother-
mic nature of the association is due to stronger hydrogen bonds
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Table 1
The results of the isothermal titration calorimetry (T = 25.0 ◦C).

Receptor Solvent na Ka (M−1) �H (cal mol−1) �S (cal mol−1 K−1)

1 DMSO 1.00b 191 ± 13 −505 ± 16 8.7
2 CH3CN/CHCl3 1.12 73

a The stoichiometry of the binding; ratio of substrate to receptor.
b This was fixed at one equivalent in the binding analysis.

Fig. 7. Calorimetric titration of receptor 2 (5 mM) with TBA acetate (100 mM) in 1:1
mixture of CH3CN/CHCl3 at 25.0 ◦C. Top panel: raw data showing heat evolved with
each injection of the acetate. Bottom panel: integrated curve of the raw titration;
the solid line represents a non-linear least squares fit using 1:1 binding model. The
heat evolved due to the dilution of the injected substrate was evaluated by taking
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[21] M.H. Al-Sayah, R. McDonald, N.R. Branda, Eur. J. Org Chem. (2004) 173–
182.
he average value of the heat produced in the last 25 injections. This value was then
ubtracted from the isothermal curve before the fitting analysis. The data points
orresponding to the heat produced by the first few injections were removed from
he curve.

hat are formed upon 2·acetate complexation than those initially
ormed to the solvent (CH3CN/CHCl3). Besides, the association is
lso driven by positive entropy as energy is gained by the release of
ow-polarity solvents from the binding sites. This energy is greater
or CH3CN/CHCl3 than DMSO as the latter has a better ability to
olvate charged species due to its high dielectric constant.

. Conclusions
The binding studies of 1 and 2 have shown that both
hiourea and squaramide scaffolds provide suitable hydrogen-
onding motifs for binding carboxylates with similar affinities.
hiourea and squaramide receptors were effective receptors for

[
[
[
[

36 ± 416 −2209 ± 54 10.3

carboxylates with comparable association constants in same sol-
vents. For both receptors, the solvent played crucial role in
the receptor–substrate binding process where hydrogen-bonding
complexation was favored in non-polar organic solvents. The com-
petition of the substrate with the polar solvent (DMSO) for the
binding sites of 1 and 2 made receptor–substrate association more
difficult and resulted in lower binding affinities. ITC experiments
have shown that the binding of both receptors was enthalpy and
entropy driven. Enthalpic effects are the result of energy gained
from attraction between the receptor and its guest which over-
came the solvation energy of the substrate. Meanwhile, favorable
entropy was observed since the receptor-substrate binding is asso-
ciated with the liberation of solvent from the binding surfaces. This
entropically favorable event compensated for the entropy loss asso-
ciated with the decrease in rotational and translational degrees of
freedom and the immobilization of the substrate to the receptor
that occur upon molecular assembly.
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