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A variety of furan and thiophene amide and thioamide
cleft type anion receptors have been synthesised and
crystallographically characterised. Unlike 2,5-diamido-
pyrrole anions, analogous 2,5-diamidofurans and thio-
phenes do not interlock in the solid state. The anion
binding properties of these receptors have been
investigated in DMSO/0.5% water solution using 1H
NMR titration techniques. Solution studies and solid-
state evidence suggests that the thiophene receptors may
utilise a thiophene CH hydrogen atom for hydrogen
bond formation to anions with a 2,4-diamidothiophene
showing similar anion binding affinities to a 2,5-
diamidopyrrole.

Keywords: Anion receptors; Amides; Thiophene; Furan; Hydrogen
bonds

In 1997, Crabtree and co-workers reported the
strong and selective binding of the smaller halides
in organic solution, by very simple isophthalamide
based anion receptors [1]. Since this first report,
the isophthalamide hydrogen bond donor unit has
been incorporated into a variety of anion [2] and
ion-pair [3,4] receptors, while more recently this
chemistry has extended to the formation of anion-
directed molecular architectures [5–7]. In 1999,
Crabtree and co-workers reported that an analo-
gous diamidopyridine derivative displayed an
increased selectivity for fluoride over the original
generation of receptors [8]. Similarly, this hydro-
gen bond donor unit has been incorporated into
macrocyclic anion receptors from the laboratories
of Jurczak [9] and Bowman-James [2]. The
thioamide functional group has been shown to
form stronger hydrogen bonds than its amide

counterpart [10] and is also a poorer hydrogen
bond acceptor [10]. There have been a number of
previous reports of the use of thioamides as anion
binding groups [11,12]. We have recently reported
the anion binding properties of 2,5-diamido-
pyrroles [13–19]. In cases where electron with-
drawing groups were attached to the amide
groups or to the 3- and 4-positions of the pyrrole
ring, these species were found to deprotonate in
the presence of base forming a pyrrole anion
which, due to its self-complementary nature, forms
an interlocked ‘orthogonally’ hydrogen bonded
dimer in the solid state. We wished to see whether
the 2,5-diamidofurans or thiophenes would inter-
lock in the same ‘orthogonal’ manner as the 2,5-
diamidopyrrole anions and also to ascertain the
effect of ‘replacing’ the NH group in these
receptors with O, S and CH on their affinities
for anions. We have therefore synthesised a variety
of linear 2,5- and 2,4-diamido and dithioamido
heterocyclic receptors containing furan and
thiophene groups (compounds 1–11 and model
mono-amide 12). X-ray crystallography has been
used to study the hydrogen bonding
networks formed by the receptors in the crystal-
line state. The anion binding properties of these
receptors were investigated using 1H NMR
titration techniques. It was difficult to obtain
crystals of anion complexes of these receptors,
however in one case, the structure of a thiophene
bis-amide with tetrabutylammonium fluoride has
been determined showing thiophene CH· · ·F
hydrogen bonds in the crystalline state. Some
preliminary aspects of this work have been
published previously [20,21].
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EXPERIMENTAL

3,4-Diphenyl-furan-2,5-dicarboxylic Acid
Dibutyl-amide (1)

3,4-Diphenyl-furan-2,5-dicarboxylic acid [22] (2.0 g,
4.8 mmol) was suspended in freshly distilled thionyl
chloride (50 mL) and heated at reflux overnight.
The excess thionyl chloride was removed in vacuo
and the resulting solid dried under high vacuum for
2 h. The resulting 3,4-diphenyl-furan-2,5-dicarbonyl
dichloride was dissolved in dry dichloromethane
(80 mL). Triethylamine (2.0 g, 19.8 mmol), DMAP
(catalytic quantity) and n-butylamine (1.00 g,
13.6 mmol) were added whilst the solution was
stirred under a nitrogen atmosphere. The reaction
mixture was stirred overnight and the organic
solution was then washed with water (4 £ 100 mL),
dried with magnesium sulphate and the dichloro-
methane removed in vacuo. The yellow oily residue
was purified by column chromatography on silica
eluting with dichloromethane-2% methanol giving
the desired compound (1.07 g, 53%). The product
was crystallised from diethyl-ether (200 mL) and also
from a solution of diethyl-ether:acetonitrile:dimethyl
sulfoxide (2:2:1) giving polymorphic structures.
1H NMR (CDCl3, 300 MHz) 0.88 (t, J ¼ 7:29 Hz; 6H,
CH3), 1.24 (m, 4H, CH2), 1.43 (m, 4H, CH2), 3.32
(m, 4H, CH2), 6.28 (t, 2H, J ¼ 5:49 Hz; NH), 7.18–7.30
(m, 10H, Ar). 13C NMR (CDCl3, 100 MHz) d 13.76,
20.09, 31.47, 39.14, 128.39, 128.46, 130.25, 130.35,
131.09, 142.52, 158.26. MS (ESþ) 520 (M þ Et3NHþ),
837 (2M þ Hþ). HRMS (ESþ) 859 (2M þ Naþ),
D ¼ 0.4 ppm. Anal. calcd. for C26H30N2O3 þ 0.33
MeOH: C, 73.69; H, 7.36; N, 6.53. Found: C, 73.79; H,
7.16; N, 6.51. Mp: 1448C.

3,4-Diphenyl-furan-2,5-dicarboxylic Acid
Diphenyl-amide (2)

3,4-Diphenyl-furan-2,5-dicarboxylic acid [22] (2.0 g,
4.8 mmol) was suspended in freshly distilled thionyl
chloride and heated at reflux overnight. The excess

thionyl chloride was removed in vacuo and the
resulting solid dried under high vacuum for 2 h.
The resulting 3,4-diphenyl-furan-2,5-dicarbonyl
dichloride was dissolved in dry dichloromethane
(80 mL). Triethylamine (2.0 g, 19.8 mmol), DMAP
(catalytic quantity) and aniline (1.27 g, 13.6 mmol)
were added whilst the solution was stirred under a
nitrogen atmosphere. The reaction mixture was
stirred overnight and the organic solution was then
washed with water (4 £ 100 mL), dried with
magnesium sulphate and the dichloromethane
removed in vacuo. The product was recrystallised
from acetonitrile (200 ml) affording the final product
in yield as a white powder (1.77 g, 80%). 1H NMR
(DMSO-d6, 300 MHz) d 7.13–7.72 (m, 20H, Ar), 10.38
(s, 2H, NH). 13C NMR (DMSO-d6, 100 MHz) d 120.83,
124.34, 127.49, 127.68, 128.79, 130.02, 130.29, 132.21,
137.84, 141.45, 155.67. MS (ESþ) 560 (M þ Et3NHþ),
917 (2M þ Hþ). HRMS (ESþ) 939 (2M þ Naþ),
D ¼ 2.8 ppm. Anal. calcd. for C30H22N2O3 þ H2O
requires C, 75.61; H, 5.08; N, 5.88. Found: C, 75.82; H,
5.11; N, 5.69. Mp: 2788C.

3,4-Diphenyl-furan-2,5-dicarboxylic Acid
Dibutyl-thioamide (3)

3,4-Diphenyl-furan-2,5-dicarboxylic acid dibutyl-
amide [20] (1) (0.7 g, 1.7 mmol) was suspended in
freshly distilled tetrahydrofuran (100 mL), Lawessons
reagent [23] (1.75 g, 4.3 mmol) was added and the
solution heated at reflux for 24 h. The solvent was
removed in vacuo and the resulting solid suspended in
dichloromethane (50 mL). The organic layer was
washed with water (3 £ 20 mL), dried with mag-
nesium sulphate and the dichloromethane removed
in vacuo. The resultant solid was purified using column
chromatography on silica gel eluting with dichloro-
methane–2% methanol solution. The product was
crystallised from acetonitrile as yellow needles (0.60 g,
80%). 1H NMR (CD2Cl2, 400 MHz) d 0.86 (t, 6H, J ¼
7:00 Hz; CH3), 1.18 (m, 4H, CH2), 1.44 (m, 4H, CH2),
3.53 (m, 4H, CH2), 7.17–7.31 (m, 10H, Ar), 7.60
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(s, 2H, NH). 13C NMR (CD2Cl2, 100 MHz) d 14.20,
20.80, 30.53, 45.71, 129.14, 129.28, 130.04, 130.91, 131.69,
146.49, 183.49. MS (ESþ) 451 (M þ Hþ), 473 (M þ Naþ)
923 (2M þ Naþ). HRMS (ESþ) 473 (M þ Naþ),
D ¼ 2.5 ppm. Anal. calcd. for C26H30N2OS2: C, 69.29;
H, 6.71; N, 6.22. Found: C, 68.93, H, 6.67, N, 6.23.
Mp: 184–1858C.

3,4-Diphenyl-furan-2,5-dicarboxylic Acid
Diphenyl-thioamide (4)

3,4-Diphenyl-furan-2,5-dicarboxylic acid diphenyl-
amide [20] (2) (0.77 g, 1.7 mmol) was suspended in
freshly distilled tetrahydrofuran (100 mL), Lawessons
reagent [23] (1.75 g, 4.3 mmol) was added and the
solution heated at reflux for 24 h. The solvent was
removed in vacuo and the resulting solid suspended in
dichloromethane (50 mL). The organic layer was
washed with water (3 £ 20 mL), dried with mag-
nesium sulphate and the dichloromethane removed in
vacuo. The resultant solid was purified using column
chromatography on silica gel eluting with dichloro-
methane–2% methanol solution. The product was
crystallised from acetonitrile as red prisms and needles
(0.64 g, 78%). 1H NMR (CD2Cl2, 400 MHz) d 7.25–7.55
(m, 20H, Ar), 9.37 (s, 2H, NH). 13C NMR (CD2Cl2,
100 MHz) d 124.05, 127.54, 129.37, 129.41, 129.53,
131.02, 131.49, 138.89, 142.85, 147.16, 181.57. MS (ESþ)
491 (M þ Hþ), 1002 (2M þ Naþ). HRMS (ESþ)
513 (M þ Naþ), D ¼ 2.3 ppm. Anal. calcd. for
C30H22N2OS2 þMeCN: C, 72.29; H, 4.74; N, 7.90.
Found: C, 71.91 H, 4.58, N, 7.84. Mp: 204–2068C.

3,4-Diphenyl-thiophene-2,5-dicarboxylic Acid
Diphenyl-amide (5)

3,4-Diphenyl-thiophene-2,5-dicarboxylic acid [22]
(2.5 g, 7.7 mmol) was suspended in freshly distilled
thionyl chloride and refluxed overnight. The excess
thionyl chloride was removed in vacuo and the
resulting solid dried under high vacuum for a couple
of hours. The 3,4-diphenyl-thiophene-2,5-dicarbonyl
dichloride was dissolved in dry dichloromethane
(120 mL) under a nitrogen atmosphere. To this
solution, triethylamine (1.5 g, 15 mmol), DMAP
(catalytic quantity) and aniline (0.93 g, 10 mmol)
were added and stirred overnight. The organic
solution was washed with brine (4 £ 50 mL) dried
with magnesium sulfate and the dichloromethane
solvent removed in vacuo. Acetonitrile (60 mL) was
added leaving an undissolved solid that was
collected by filtration and washed with cold
acetonitrile (2 £ 20 mL) affording the final product
as a beige powder. Further purification was
achieved by crystallisation from hot acetonitrile
(2.14 g, 58%). 1H NMR (DMSO-d6, 300 MHz) d

7.04–7.39 (m, 20H, Ar), 9.70 (s, 2H, NH). 13C NMR
(DMSO-d6,100 MHz) d 119.66, 124.10, 127.85, 128.05,

128.73, 129.88, 134.00, 135.40, 138.10, 142.01, 160.09.
MS (ES2) 509 (M þ Cl2), 587 (M þ TFA2). HRMS
(ESþ) 475 (M þ Hþ), D ¼ 1.3 ppm. Anal. calcd. for
C30H22N2O2S þ0.03 MeCN: C, 75.88; H, 4.68; N,
5.98. Found: C, 75.42; H, 4.53; N, 5.89. Mp: 234–2368C.

Thiophene-2,5-dicarboxylic Acid Dibutyl-amide (6)

Thiophene-2,5-dicarboxylic acid (3 g, 17 mmol) was
suspended in freshly distilled thionyl chloride
(100 mL) and heated at reflux overnight. The excess
thionyl chloride was removed in vacuo and the
resulting solid dried under high vacuum for 2 h. The
thiophene-2,5-dicarbonyl dichloride was dissolved in
dry dichloromethane (100 mL). The solution was
stirred under a nitrogen atmosphere and triethylamine
(5.48 g, 54.2 mmol), DMAP (catalytic quantity) and
n-butylamine (2.7 g, 36.9 mmol) were added. Upon
addition of n-butylamine the solution was effervescent
forming a solid, however the reaction was left stirring
overnight. The solid was collected by filtration and
washed with water (3 £ 30 mL) then with dichloro-
methane (2 £ 15 mL). A white material resulted
affording the final product (3.8 g, 77%). Further
purification was achieved by crystallisation from
methanol. 1H NMR (DMSO-d6, 300 MHz) d 0.89
(t, 6H, J ¼ 7:29 Hz; CH3), 1.31 (m, 4H, CH2), 1.48
(m, 4H, CH2), 3.21 (m, 4H, CH2), 7.68 (s, 2H, CH), 8.56
(t, 2H, J ¼ 5:46 Hz; NH). 13C NMR (DMSO-d6,
100 MHz) d 13.66, 19.60, 31.16, 38.81, 127.82, 143.17,
160.54. MS (ESþ) 283 (M þ Hþ), 461(M þ 2DMSO þ

Naþ). HRMS (ESþ) 587 (2M þ Naþ), D ¼ 0.4 ppm.
Anal. calcd. for C14H22N2O2S: C, 59.54; H, 7.85; N, 9.92.
Found: C, 59.69; H, 8.01; N, 9.59. Mp: decomp .2258C.

Thiophene-2,5-dicarboxylic Acid
Diphenyl-amide (7)

Thiophene-2,5-dicarboxylic acid (3 g, 17 mmol) was
suspended in freshly distilled thionyl chloride
(100 mL) and heated at reflux overnight. The excess
thionyl chloride was removed in vacuo and the
resulting solid dried under high vacuum for 2 h. The
thiophene-2,5-dicarbonyl dichloride was dissolved in
dry dichloromethane (100 mL). The solution was
stirred under a nitrogen atmosphere and triethylamine
(5.48 g, 54.2 mmol), DMAP (catalytic quantity) and
aniline (3.44 g, 36.9 mmol) were added. Upon addition
of aniline the solution was effervescent forming a solid,
however the reaction was left stirring overnight. The
solid was collected by filtration and washed with
water (3 £ 30 mL) then with dichloromethane
(2 £ 15 mL) affording the final product as a white
powder (4.3 g, 76%). Further purification was achieved
by crystallisation from dimethyl sulfoxide. 1H NMR
(DMSO-d6, 300 MHz) d 7.13 (t, 2H, J ¼ 7:26 Hz; Ar),
7.38 (t, 4H, J ¼ 7:29 Hz; Ar), 7.74 (d, 4H, J ¼ 7:29 Hz;
Ar), 8.05 (s, 2H, CH), 10.40 (s, 2H, NH). 13C NMR
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(DMSO-d6, 100 MHz) d 120.52, 124.13, 128.77,
129.29, 138.41, 143.92, 159.36. MS (ESþ) 323
(M þ Hþ), 501(M þ 2DMSO þ Naþ). HRMS (ESþ)
667 (2M þ Naþ), D ¼ 0.4 ppm. Anal. calcd. for
C18H14N2O2S: C, 67.06; H, 4.38; N, 8.69. Found: C,
67.15; H, 4.58; N, 8.51. Mp: decomp .3008C.

Thiophene-2,5-dicarboxylic Acid
Dibutyl-thioamide (8)

Thiophene-2,5-dicarboxylic acid dibutyl-amide [21]
(6) (1 g, 3.5 mmol) was suspended in freshly distil-
led tetrahydrofuran (200 mL), Lawessons reagent
(3.68 g, 9.1 mmol) was added and the solution heated
at reflux for 24 h. The solvent was removed in vacuo
and the resulting solid suspended in dichloro-
methane (100 mL). The organic layer was washed
with water (3 £ 20 mL) dried with magnesium
sulphate and the dichloromethane removed
in vacuo. The product was obtained as a yellow
solid, further purification was achieved by crystal-
lisation of yellow needles from a dichloromethane
solution. (0.93 g, 84%) 1H NMR (DMSO-d6, 400 MHz)
d 0.91 (t, 6H, J ¼ 7:04 Hz; CH3), 1.35 (m, 4H, CH2),
1.64 (m, 4H, CH2), 3.66 (m, 4H, CH2), 7.62 (s, 2H,
CH), 10.21 (t, 2H, J ¼ 5:00 Hz; NH). 13C NMR
(DMSO-d6, 100 MHz) d 13.67, 19.72, 29.37, 45.55,
124.34, 151.30, 185.87. MS (ESþ) 315 (M þ Hþ),
337 (M þ Naþ), 651 (2M þ Naþ). HRMS (ESþ)
315 (M þ Hþ), D ¼ 1.8 ppm. Anal. calcd. for
C14H22N2S3: C, 53.46, H, 7.05, N, 8.90. Found: C,
53.24, H, 7.03, N, 8.64. Mp: 166–1688C.

Thiophene-2,5-dicarboxylic Acid
Diphenyl-thioamide (9)

Thiophene-2,5-dicarboxylic acid diphenyl-amide
[21] (7) (0.67 g, 2.1 mmol) was suspended in freshly
distilled tetrahydrofuran (200 mL), Lawessons
reagent (4.4 g, 18.2 mmol) was added and the
solution refluxed for 72 h. The solvent was removed
in vacuo and the resulting solid suspended in
dichloromethane (100 mL). The organic layer
was washed with water (3 £ 20 mL) dried with
magnesium sulfate and the dichloromethane
removed in vacuo. The solid was purified by
precipitation from hot acetonitrile (150 mL) the
product was obtained as an orange solid (0.55 g,
74%). Further purification was achieved by crystal-
lisation from a dimethyl sulfoxide solution. 1H NMR
(DMSO-d6, 300 MHz) d 7.28–7.71 (m, 10H, Ar),
7.88 (s, 2H, CH), 11.70 (s, 2H, NH). 13C NMR
(DMSO-d6, 75 MHz) d 124.98, 125.17, 126.68, 128.64,
139.26, 153.28, 186.01. MS (ES2) 353 (M 2 H)2,
707 (2M 2 H)2. HRMS (ES2) 353 (M 2 H)2,
D ¼ 2.6 ppm. Anal. calcd. for C18H14N2S3 requires
C, 60.99, H, 3.98, N, 7.90. Found: C, 60.86, H, 3.99, N,
8.08. Mp: 357–3598C.

Thiophene-2,4-dicarboxylic Acid
Dibutyl-amide (10)

Thiophene-2,4-dicarboxylic acid [24,25] (0.45 g,
2.6 mmol) was suspended in freshly distilled thionyl
chloride (30 mL) and refluxed overnight. The excess
thionyl chloride was removed in vacuo and the
resulting solid dried under high vacuum for a couple
of hours. The thiophene-2,4-dicarbonyl dichloride
was dissolved in dry dichloromethane (20 mL)
and stirred under a nitrogen atmosphere. To the
solution triethylamine (0.81 g, 8 mmol), DMAP
(catalytic quantity) and n-butylamine (0.41 g,
5.5 mmol) were added. After stirring overnight
triethylammonium chloride was removed by fil-
tration and the organic solution washed with brine
(2 £ 50 mL). The dichloromethane solvent was
removed in vacuo leaving an oil. The oil was triturated
in ether (50 ml) to precipitate a solid that was collected
by filtration. The dark solid was dissolved in
dichloromethane (20 mL), ether (100 mL) was added
to precipitate the product as a beige solid (0.34 g, 46%).
1H NMR (DMSO-d6, 300 MHz) d 0.89 (t, J ¼ 6:36 Hz;
6H, CH3), 1.32 (m, 4H, CH2), 1.49 (m, 4H, CH2), 3.21
(m, 4H, CH2), 8.09 (s, 1H, CH), 8.24 (s, 1H, CH), 8.34
(t, J ¼ 6:39 Hz; 1H, NH), 8.59 (t, J ¼ 5:46 Hz; 1H, NH).
13C NMR (DMSO-d6, 100 MHz) d 13.63, 13.66, 19.54,
19.59, 31.08, 31.21, 38.53, 38.74, 127.65, 131.03, 138.31,
140.29, 160.62, 161.67. MS (ESþ) 283 (M þ Hþ),
565(2M þ Hþ). HRMS (ESþ) 587 (2M þ Naþ),
D ¼ 1.2 ppm. Anal. calcd. for C14H22N2O2S þ 0.125
CH2Cl2: C, 57.90; H, 7.65; N, 9.56. Found: C, 57.95; H,
7.55; N, 9.43. Mp: 113–1158C.

Thiophene-2,4-dicarboxylic Acid
Diphenyl-amide (11)

Thiophene-2,4-dicarboxylic acid [24,25] (0.45 g,
2.6 mmol) was suspended in freshly distilled thionyl
chloride (30 mL) and refluxed overnight. The excess
thionyl chloride was removed in vacuo and the
resulting solid dried under high vacuum for a couple
of hours. The thiophene-2,4-dicarbonyl dichloride
was dissolved in dry dichloromethane (20 mL) and
stirred under a nitrogen atmosphere. To the solution
triethylamine (0.81 g, 8 mmol), DMAP (catalytic
quantity) and aniline (0.51 g, 5.5 mmol) were
added. Although a white solid precipitated almost
instantaneously upon addition of aniline the solution
was stirred overnight. The solid was collected by
filtration and washed with water (2 £ 10 mL) then
with dichloromethane (2 £ 15 mL) affording the
desired product as a white powder (0.49 g, 59%).
Crystallisation was achieved by slow evaporation
from a dimethyl sulfoxide solution. 1H NMR
(DMSO-d6, 300 MHz) d 7.11 (m, 2H, Ar), 7.37
(m, 4H, Ar), 7.75 (m, 4H, Ar), 8.53 (s, 1H, CH), 8.63
(s, 1H, CH), 10.26 (s, 1H, NH), 10.46 (s, 1H, NH). 13C
NMR (DMSO-d6, 100 MHz) d 120.27, 120.32, 123.74,

S.J. COLES et al.472

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
6
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



123.86, 128.67, 128.69, 129.13, 133.69, 138.22, 138.61,
138.81, 140.45, 159.45, 160.51. MS (ES2) 341 (M þ F2),
435 (M þ TFA2). HRMS (ESþ) 667 (2M þ Naþ),
D ¼ 2.6 ppm. Anal. calcd. for C18H14N2O2S þ0.05
CH2Cl2 requires C, 66.37; H, 4.35; N, 8.58. Found: C,
66.40; H, 4.27; N, 8.66. Mp: 233–2358C.

Thiophene-2-carboxylic Acid Phenyl-amide (12)

Thiophene-2-carboxylic acid (3 g, 23 mmol) was
suspended in freshly distilled thionyl chloride
(50 mL) and refluxed overnight. The excess thionyl
chloride was removed in vacuo and the resulting
solid dried under high vacuum for 2 h. The
thiophene-2-carbonyl chloride was dissolved in dry
dichloromethane (50 mL). The solution was stirred
under a nitrogen atmosphere and triethylamine (4 g,
40 mmol), DMAP (catalytic quantity) and aniline
(2.79 g, 30 mmol) were added. Upon addition of
aniline the solution was effervescent; however, the
reaction was left stirring overnight. The solution was
washed with water (2 £ 50 mL). The organic layer
was dried with magnesium sulphate and then
filtered before removing the solvent in vacuo until a
solid precipitated. To the slurry diethylether (40 mL)
was added and the suspension filtered. The solid
was washed with dichloromethane (2 £ 10 mL) then
with ether (2 £ 10 mL). An off white material
resulted affording the final product (3.02 g, 65%).
Further purification was achieved by crystallisation
from a dimethyl sulfoxide solution. 1H NMR
(MeCN-d3, 400 MHz) d 7.12 – 7.79 (m, 8H, Ar
overlapping signals), 8.69 (s, 1H, NH). 13C NMR
(CDCl3, 100 MHz) d 120.34, 124.78, 127.96, 128.60,
129.26, 130.86, 137.74, 139.42, 160.03. MS (ES2) 238
(M þ Cl2), 316(M þ TFA2). HRMS (ESþ)
204 (M þ Hþ), D ¼ 0.4 ppm. Anal. calcd. for
C11H9NOS: C, 65.00; H, 4.46; N, 6.89. Found: C,
64.86; H, 4.41; N, 6.89. Mp: 131–1338C.

RESULTS AND DISCUSSION

Receptors 1 and 2 were synthesised by conversion of
3,4-diphenyl-furan-2,5-dicarboxylic acid [22] to
the bis-acid chloride with thionyl chloride and
subsequent reaction with n-butylamine and aniline
in the presence of triethylamine and a catalytic
quantity of DMAP. Thioamide analogues 3 and
4 were synthesised by converting the amide
derivatives 1 and 2 using Lawessons reagent [23].
3,4-Diphenyl-thiophene-2,5-dicarboxylic acid was
synthesised using literature methods [22]. This
material was converted to the acid chloride and
then coupled to aniline in the presence
of triethylamine and a catalytic quantity of DMAP
to give compound 5. Compounds 6 and 7 were
synthesised by conversion of commercially available
thiophene-2,5-dicarboxylic acid to the bis-acid

chloride with thionyl chloride and subsequent
reaction with aniline or n-butylamine in the presence
of triethylamine and a catalytic quantity of
DMAP. Compounds 8 and 9 were synthesised
by converting bis-amides 6 and 7 to the corres-
ponding bis-thioamides using Lawessons reagent.
Thiophene-2,4-dicarboxylic acid was synthesised
using literature methods [24,25]. This material was
converted to the acid chloride and then coupled
to n-butylamine or aniline in the presence of triethy-
lamine and a catalytic quantity of DMAP to give
compounds 10 and 11 respectively. Finally, model
mono-amide 12 was synthesised by conversion of
commercially available thiophene-2-carboxylic acid
to the acid chloride with thionyl chloride and
subsequent reaction with aniline in the presence of
triethylamine and a catalytic quantity of DMAP.

X-ray data were collected on a Bruker Nonius Kappa
CCD area detector diffractometer with a rotating
anode generator following standard procedures.
Full crystallographic data for the structure analyses
have been deposited with the Cambridge Crystallo-
graphic Data Centre. Crystal data and CCDC
deposition numbers for the furan and thiophene
structures are shown in Tables I and II, respectively.

Polymorphic crystals of the butylamide derivative
1 were crystallised from different solvent systems.
The first polymorph was obtained by slow evapo-
ration of a diethyl ether (Fig. 1(a)) solution of
the receptor whilst the second was obtained by
evaporation of an ether:acetonitrile:dimethyl sulf-
oxide in a 2:2:1 ratio solution of 1 (Fig. 1(b)). Although
both structures reveal the receptor assuming a cleft
type conformation, the polymorph obtained from
diethyl ether (Fig. 1(a)) reveals the amide moieties
deviate from the furan plane by 23.4 and 22.58with the
amide groups orientated to opposite sides of
the central furan ring. The structure of the other
polymorph (Fig. 1(b)) reveals the amide groups
pointing to the same side of the molecule with
deviations of 19.2 and 17.98 from the furan plane. This
variation between the structures has led to very
different hydrogen bonding arrays in the extended
crystal lattices (Fig. 2).

In the case of the crystal obtained from ether
(Fig. 2(a)) the molecules form infinite chains along the
a-axis via NH· · ·O hydrogen bond linkages with N· · ·O
distances of 2.953(1) (N2ZO2) and 2.956(2) Å
(N1ZO3), the adjacent furan rings adopt alternating
orientations. The other structure (Fig. 2(b)) shows
the receptor forming a helical chain along the
c-axis, completing a rotational turn every 30.27 Å.
Each molecule forms two NH· · ·O hydrogen bonds
(N· · ·O distances of 3.108(4) (N1ZO3) and 3.090(3) Å
(N2ZO3)) to only one of the two carbonyl groups
present on the next molecule, the helix is formed by the
molecules rotating about a central axis by 608 with
every step along the chain.
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Crystals of compound 2 suitable for single crystal
X-ray diffraction analysis were obtained by slow
evaporation of an acetonitrile solution of the
receptor. As seen previously for the butyl derivative,
the free receptor adopts a cleft conformation in the
solid state (Fig. 3) the amide moieties point to
opposite sides of the central furan ring, deviating

from this ring plane by 26.8 and 20.68. The hydrogen
bond array (shown in Fig. 4) is similar to that seen
with compound 1 when crystallised from diethyl-
ether (Fig. 2(a)). The molecules form chains along the
a-axis via NH· · ·O hydrogen bonds with the adjacent
furan rings adopt alternating orientations. In this
case there are two unique hydrogen bonds operating

FIGURE 1 Thermal ellipsoid plots of the X-ray crystal structures of compound 1 obtained from diethylether (a) and
ether:acetonitrile:dimethyl sulfoxide (2:2:1) (b) solutions. Non-acidic hydrogen atoms have been omitted for clarity.

FIGURE 2 The X-ray crystal structures of compound 1 obtained from diethylether (a) and ether:acetonitrile:dimethyl sulfoxide (2:2:1)
(b) solutions revealing different hydrogen bond arrays. Butyl and phenyl groups and non-acidic hydrogen atoms have been omitted for
clarity.
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as independent pairs; the shorter pair (N· · ·O,
3.008(2) Å (N2ZO1)) link the molecules into cen-
trosymmetric dimers and the longer pair (N· · ·O,
3.248(2) Å (N1ZO3)) connect the dimers into chains.

Crystals of compounds 3 and 4 were both
obtained by evaporation of acetonitrile solutions of
the receptors. Compound 3 crystallised with the
thioamide groups in an ‘anti-anti’ conformation
while 4 adopted a cleft type conformation (Fig. 5).

No hydrogen bonding was observed in the extended
structure of 3 presumably because the amide NH
donors are unable to form hydrogen bonds due to the
steric limitations introduced by the phenyl rings.
However in the case of 4 the molecules form dimers
(Fig. 6) through two NH· · ·S hydrogen bonds
(N· · ·S distance of 3.469(7) Å) one from each receptor,
the amide involved in this interaction shows a
deviation from the furan plane of 18.08. The other
thioamide NH donor has a dihedral angle of 30.78with
the furan ring and is involved in hydrogen bonding
to an acetonitrile molecule via NH· · ·N hydrogen
bonds (N· · ·N distance of 3.063(5) Å (N1ZN3)).

Crystals of compound 5 suitable for single crystal
X-ray diffraction were obtained from an acetonitrile
solution of the receptor. The receptor adopts an ‘anti-
anti’ conformation with no hydrogen bond formation
to either bound solvent or other molecules (Fig. 7).

Crystals of compound 6 were obtained from a
methanol solution of the receptor by slow evaporation
of the solvent. The crystal structure reveals four
independent molecules in the asymmetric unit,

with each one adopting an ‘anti-anti’ conformation
(Fig. 8). The receptor forms layers of hydrogen-bonded
sheets that alternate their direction and are perpen-
dicular to the c-axis. Each sheet contains two of the four
independent molecules. The hydrogen bonds are
formed between the amide NH and a carbonyl group
of an adjacent molecule, all the amide groups involved
in hydrogen bonding have N· · ·O distances within the
range of 2.839(9) (N5ZO2)–2.950(10) Å (N8ZO3).

Crystals of compound 7 were obtained from a
dimethyl sulfoxide solution of the receptor. In this
case the receptor adopts a similar conformation to
that of 6 but crystallised with two molecules of
hydrogen-bonded solvent (Fig. 9).

Crystallisation of compound 9 was achieved from
a dimethyl sulfoxide solution of the receptor.
The X-ray crystal structure of the DMSO solvate is
shown in Fig. 10. As seen with the amide derivative
7, the thioamide analogue of 9 adopts an ‘anti-anti’
conformation with two hydrogen-bonded dimethyl
sulfoxide molecules. One of the molecules is bound
by a single NH· · ·O interaction (N· · ·O distance
2.768(5) Å) while the other has both NH· · ·O (N· · ·O
distance 2.868(6) Å) and NH· · ·S (N· · ·S distance
3.643(4) Å) hydrogen bonds. The shorter NH· · ·O
hydrogen bond lengths observed with 9 compared to
those seen with 7 are consistent with the formation of
stronger hydrogen bonds (in the solid state).

Crystals of compound 11 were obtained from a
dimethyl sulfoxide solution of the receptor (Fig. 11a).
The structure is disordered with a carbon C10 and
sulfur S1 atom sharing the same site. The side arms
are in the ‘anti-anti’ conformation forming hydrogen
bonds to an adjacent molecule (Fig. 11b).

Compound 12 was crystallised from a dimethyl
sulfoxide solution of the receptor. The X-ray crystal
structure is shown in Fig. 12. The molecules form
chains along the a-axis via formation of hydrogen
bonds from an amide NH (and thiophene CH) to a
carbonyl oxygen of an adjacent molecule (Fig. 13).
The alternating molecules are nearly orthogonal to
each other.

The stability constants for receptors 1–12 with a
variety of anionic guests (added as their tetrabutyl-
ammonium salts) were determined by 1H NMR
titration techniques with the data fitted using the
EQNMR computer program [26]. The results of these
studies are summarised in Table III. Due to solubility
reasons and to maintain a consistent data set all of

FIGURE 3 Thermal ellipsoid plot of the X-ray crystal structure of
compound 2. Non-acidic hydrogen atoms have been omitted for
clarity.

FIGURE 4 The hydrogen-bonding array present in the crystals of compound 2. Phenyl rings and non-acidic hydrogen atoms have been
omitted for clarity.
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the titrations were performed in dimethyl sulfoxide-
d6/0.5% water solution. The values reported in
Table III were obtained by fitting the shifts of
the amide NH resonance upon addition of various
anionic guests using a 1:1 receptor:anion binding
model. As seen in the majority of cases, addition of
fluoride induced a broadening of the amide NH
proton resonance such that a fit could not be obtained.
Titrations with hydrogensulfate and bromide anions
were conducted, although the data have been omitted
as negligible or no binding was observed with any of
the receptors under these conditions.

The results reveal that the both of the oxoamide
derivatives 1 and 2 are selective for fluoride, this is
in contradistinction to the previously reported
2,5-diamidopyrroles that showed selectivity for oxo-
anions [13–19]. The selectivity for oxo-anions by the
pyrrolic systems is believed to be due to the formation
of three hydrogen bonds to the anion [13–19].
The ‘substitution’ of furan for the pyrrole heterocycle

FIGURE 5 X-ray crystal structures of compounds 3 (a) and 4 (b). Non-acidic hydrogen atoms have been removed for clarity.

FIGURE 6 The X-ray structure of the 2:2 assembly formed
between 4 and acetonitrile in the solid state. Non-acidic hydrogen
atoms have been omitted for clarity.

FIGURE 7 Thermal ellipsoid plot of the X-ray crystal structure of compound 5.
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at the core of the receptor has replaced an NH bond
donor for an oxygen atom and also introduced a
repulsive electrostatic component upon anion binding.
Previous work by Crabtree and co-workers showed
that 2,6-diamidopyridines also showed enhanced

selectivity for fluoride over larger halides as compared
to analogous isophthalamides [8].

The thioamide 3 shows enhanced anion binding
when compared to the analogous oxoamide 1.
This receptor binds chloride, benzoate and dihydrogen

FIGURE 8 (a) Thermal ellipsoid plot of the X-ray crystal structure of compound 6 (the first of four independent molecules in the
asymmetric unit—the others are labelled in a similar fashion). This compound packs in alternating hydrogen-bonded sheets. North–South
in the ab plane (b), East–West in the ab plane (c) with an average N· · ·O distance of 2.879(9) Å. Non-acidic hydrogen atoms have been
omitted for clarity.
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phosphate anions with higher affinities, with the latter
having the most notable improvement in binding
affinity with an increase from 46 to 176 M21.
The enhancement in anion binding is presumably
a direct result of the increased acidity of the
thioamide NH hydrogen bond donor, thus forming
stronger complexes with anions. The increased acidity
of the thioamide can also account for the broadening
of the amide resonance seen in titrations with
compound 4.

The furan receptors have revealed interesting
hydrogen bonding interactions in the solid state and
for this reason we wished to discover whether any
self association processes would occur in solution.
We have recently seen the formation of pyrrole
anion dimers in solution and the solid state
with deprotonated 2,5-diamido-3,4-dichloropyrroles
through the formation of four amide NH· · ·N2

hydrogen bonds. Dilutions studies on compounds 1
and 2 were conducted in dimethyl sulfoxide-d6/0.5%
water solution; however, no perturbation of the
amide resonances was observed. In dichloro-
methane-d2 the amide NH resonance of the butyl
derivative 1 shifts by 0.26 ppm (6.14–6.40 ppm) in a
concentration range of 2–56 mM. Elaboration of the
dilution curve using software provided by Professor
C. A. Hunter [27] (NMRDILL_Dimer) showed that

the compound appears to dimerise in solution, albeit
weakly, with a dimerisation constant of 1.7 M21.

We decided to synthesise analogous thiophene
based receptor 5 in order to investigate the effect
of the central heteroatom. This receptor showed
lower affinities for anions than 2 (presumably due
to the presence of the larger heteroatom).
Additionally we were unable to calculate a
stability constant with fluoride due to the amide
NH resonance broadening during the titration. We
therefore decided to synthesise thiophene-based
receptors 6 and 7 that would introduce additional
thiophene backbone CH protons that could be
followed during the titrations.

The results summarised in Table III indicate that
the thiophene receptors bind dihydrogen phosphate
more strongly than chloride, bromide, hydrogen
sulfate and benzoate anions. The butylthioamide 8
binds both dihydrogen phosphate and benzoate
anions more strongly than the similar oxoamide 6.
In both cases the stability constant has more than
doubled. The NH resonance for compound 9
broadened upon addition of both dihydrogen
phosphate and benzoate anions; however, it was
possible to follow the thiophene CH resonance,
although accurate values for the stability constant
were not obtained due to odd profile curves.

FIGURE 9 Thermal ellipsoid plot of the crystal structure of compound 7 with N· · ·O distances of 2.945(2) (N1ZO4) and 2.907(2) Å
(N2ZO3). Non-acidic hydrogens have been omitted for clarity.

FIGURE 10 Thermal ellipsoid plot of the X-ray crystal structure of compound 9 co-ordinating two molecules of dimethyl sulfoxide.
Non-acidic hydrogen atoms have been omitted for clarity.
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FIGURE 11 (a) Thermal ellipsoid plot of the X-ray crystal structure of compound 11 (disorder is not shown). (b) Hydrogen bonding in the
solid state illustrating the disorder present in this structure. Non-acidic hydrogen atoms have been omitted for clarity.

FIGURE 13 Compound 12 packs in infinite chains along the a-axis (N· · ·O distance 2.891(4) Å). Non-acidic hydrogen atoms have been
omitted for clarity.

FIGURE 12 Thermal ellipsoid plot of the crystal structure of compound 12. Non-acidic hydrogen atoms have been omitted for clarity.
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Interestingly with these anions the thiophene CH
proton of 9 was observed to shift upfield, yet with all
the other anions and receptors studied showed a
downfield shift in the 1H NMR spectrum. The
downfield shift of the thiophene CH resonance
allowed the calculation of stability constants that
were in agreement with those obtained following the
amide resonance.

The NH proton resonance broadened upon
addition of tetrabutylammonium fluoride to
solutions of the thiophene receptors 6–9, while

the thiophene CH protons remained sharp allow-
ing them to be followed throughout the titrations.
Using this method the binding data for compound
6 could be fitted using a simple 1:1 host:guest
binding model giving an stability constant of
82 M21, while the data collected for 7–9 suggested
that multiple equilibria processes were occurring
in solution. The titration plots of chemical shift
(of the thiophene CH resonance) against concen-
tration of fluoride contained characteristic profiles
that would not allow simple 1:1 or 2:1 fluoride:
receptor binding models to be applied. In the case
of compound 7 the thiophene resonance under-
goes an initial downfield shift of around 0.3 ppm
followed by a upfield shift after the addition
around 1.3 equivalents of fluoride (Fig. 14).

Addition of fluoride (and hydroxide, not shown)
to compound 7 induces a dramatic colourless to
yellow colour change (Fig. 15), a much weaker
yellow colour is observed upon addition of benzoate
and dihydrogen phosphate anions. There are
previous reports in the literature that observe a
colour change upon addition of anions to aromatic
compounds that contain hydrogen bond donors [28].
Inspired by this unexpected colour change we
attempted to gain solution phase complexation
information by UV/Vis titration. Unfortunately
numerous attempts to obtain stability constants
by this method were unsuccessful as the data could
not be fitted satisfactorily to a binding model.
The absorbance spectrum of compound 7 in the
absence and presence of ten equivalents of fluoride
is shown in Fig. 16. The spectrum of the free

FIGURE 15 Solutions of compound 7 (2 mM) with 10 equivalents of tetrabutylammonium anion salt in dimethyl sulfoxide/0.5% water.

TABLE III III Calculated association constants for compounds 1–12 (using NH resonance NMR shifts) in dimethyl sulfoxide-d6/0.5%
water solution at 298 K

Association constants Ka (M21)

Anion: 1 2 3 4 5 6 7 8 9 10† 10‡ 11† 11‡ 12

Fluoride 557 1140 * * * * * * * * * * * *
Chloride 14 47 23 20 n/a , 10 , 10 , 10 11 , 10 , 10 , 10 , 10 n/a
Dihydrogen phosphate 46 78 176 * 97 13 48 45 * 156 159 1508 1625 21
Benzoate 28 48 68 * 10 , 10 23 24 * 36 37 173 169 10

Anions added as their tetrabutylammonium salts. *Resonance broadened during titration. † Calculated using most upfield amide resonance. ‡ Calculated
using most downfield amide resonance.

FIGURE 14 1H NMR titration curve of compound 7 with
tetrabutylammonium fluoride in dimethyl sulfoxide-d6/0.5%
water solution following the thiophene CH resonance shift.
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receptor shows a single peak at 317 nm, when the
receptor is in the presence of ten equivalents of
fluoride this peak disappears and two new peaks
form at 286 and 371 nm.

Crystals of the fluoride complex of 7 suitable for
single crystal X-ray analysis were obtained by
slow evaporation of a dichloromethane solution
of the receptor in the presence of an excess of
tetrabutylammonium fluoride. The 2:2 cyclic
receptor:fluoride complex contains both NH· · ·F2

(with N· · ·F distances of 2.5903(16) (N1ZF1) and
2.6187(16) Å (N2ZF1) and NZH· · ·F2 angles of 157.3
and 168.48, respectively) and CH· · ·F2 (with C· · ·F
distances of 3.13(4) (C9ZF1) and 3.05(4) Å (C10ZF1)
and CZH· · ·F2 angles of 140.6 and 148.58, respect-
ively) hydrogen bonds in the solid state (Fig. 17).

The crystal structure revealed that in the solid-
state fluoride is bound by 7 in a 2:2 complex, via
CH hydrogen bonds from the thiophene backbone
to the fluoride anion. As previously discussed, the
thiophene proton resonance could be followed in
the titrations of compounds 6–9 and apart from a
couple of instances (compound 9 with benzoate and
dihydrogen phosphate) a downfield shift of this
resonance was observed, consistent with hydrogen
bond formation in solution. We therefore decided
to synthesise thiophene receptors that could
utilise this hydrogen bond donor in conjunction
with the both amide groups by producing
2,4-diamidothiophenes.

FIGURE 16 UV/Vis spectra of compound 7 (0.05 mM) in
dimethyl sulfoxide/0.5% water in the absence and presence of
10 equivalents of fluoride.

FIGURE 17 (a) Thermal ellipsoid plot of the X-ray crystal structure of the complex formed between 7 and fluoride. Tetrabutylammonium
counter cations and non-acidic hydrogen atoms have been omitted for clarity. (b) Coordination environment of the two fluoride anions in
the 2:2 complex.
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Receptors 10 and 11 do not contain a C2 symmetry
axis through the sulfur atom and therefore the amide
and thiophene protons present in the molecule are
inequivalent in the proton NMR spectrum. In most
cases it was possible to follow all four of the proton
shifts, with each titration profile producing stability
constants that were in good agreement with each
other. These results show similar trends to those
previously seen for the 2,5-substituted compounds.
The phenylamide receptor 11 forms stronger com-
plexes with anions than the butyl receptor 10 with
both binding dihydrogen phosphate more strongly
than benzoate, chloride, bromide and hydrogen
sulfate. However there is a much higher affinity and
selectivity shown for dihydrogen phosphate by the
2,4-diamido derivatives, with 11 showing an stability
constant Ka of 1508 M21, which is over 100 times
greater than that obtained with 6. Again broadening
of the NH proton resonances upon addition of
tetrabutylammonium fluoride was observed; how-
ever, the thiophene protons could be followed
throughout the titrations. The n-butyl functionalised
derivative 10 gave data that could be fitted using a
1:1 binding model, a stability constant of 203 M21

was calculated using the most upfield thiophene
resonance. As with compound 7 the titration profiles
obtained with 11 and fluoride were complicated
(Fig. 18) and we have been unable to fit the data
using simple binding models. Addition of basic
anions to solutions of 11 resulted in a colourless to
yellow colour change analogous to that seen for 7.

The fluoride titration curve of the most up-field
thiophene CH resonance is shown in Fig. 18(a), an
initial downfield shift is followed by an upfield
shift, with a further downfield shift seen at higher
concentrations of the anion before reaching a
plateau region. We presume this indicates that
there are multiple equilibria occurring in solution
although it may be that the fluoride is deproto-
nating the receptor. The titration curve of the most

downfield CH resonance (Fig. 18(b)) is significantly
different but again could not be fitted to a simple
binding model.

Dilution studies were performed on compound 11 in
dimethyl sulfoxide-d6/0.5% water and showed
no evidence of self-association in solution. Over
the concentration range 0.5 £ 1024–7.1 £ 1022 M, no
significant shifts in the proton NMR of either the amide
or thiophene resonances were observed.

Compounds 10 and 11 show a higher affinity for
anions than receptors 6 and 7, presumably due to the
absence of the sulfur atom between the amide
groups. The largest improvement in binding was
observed for the dihydrogen phosphate anion.
Receptor 7 binds dihydrogen phosphate with
Ka ¼ 48 M21 while the 2,4-diamido derivative 11
has a stability constant Ka ¼ 1508 M21. Previous
studies on the anion binding properties of
2,5-diamidopyrrole clefts [13–19] have shown that
these receptors are selective for oxo-anions, a finding
attributed to the ability of the receptors to form three
hydrogen bonds to the guest species [13–19]. Indeed,
a diphenylamide pyrrole derivative bound dihydro-
gen phosphate with an stability constant
Ka ¼ 1450 M21 in the same solvent system used to
measure the anion binding abilities of the thiophene
receptors. The value obtained with 11 is comparable
to the pyrrole system, suggesting that in addition to
removing the sulfur-anion repulsion interaction, the
thiophene CH hydrogen was involved in anion
binding. In order to investigate this hypothesis we
decided to synthesise thiophene-2-phenylamide 12.

Addition of fluoride to receptor 12 broadened the
NH resonance, and therefore a stability constant
could not be obtained. We therefore attempted to
follow other proton resonances present in the
receptor, again we have been unable to fit any of
the data using standard NMR procedures due to
strange titration profiles. This may suggest that a
deprotonation process is occurring in solution, or

FIGURE 18 Plots of the observed shifts seen for the thiophene resonances of compound 11, most upfield resonance (a) and downfield
resonance (b).
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that an ensemble of fluoride complexes of differing
constitutions are forming in solution which cannot
be fitted to simple binding models. The addition of
less basic anions allowed stability constants to be
obtained with 12 and anionic guests.

Further evidence for CH· · ·anion hydrogen bond
formation in solution is shown in Fig. 19. The plot
shows standardised chemical shifts for the amide
NH (upper plot) and the three thiophene CH protons
upon addition of dihydrogen phosphate to a solution
of 12. In the case of the amide NH a downfield
shift is observed and a stability constant Ka ¼ 21 M21

can be calculated. In addition one of the thiophene
CH resonances also shifts downfield while the
other two are perturbed slightly upfield. Calculation
of the stability constant using the downfield
shifted thiophene resonance gives a value in
excellent agreement with that obtained using the
amide with Ka ¼ 24 M21. The same effect is seen
upon addition of benzoate anions to a solution of
receptor 12.

CONCLUSION

A variety of heterocycle-based amide and thio-
amide receptors have been synthesised (1–12).
None of the 2,5-diamidofurans or thiophenes
that were crystallised formed an orthogonal
interlocked hydrogen bonding array (as we have
been observed previously with analogous
2,5-diamidopyrrole anions) suggesting that this
type of interlocked hydrogen bonding requires

an electrostatic component from the negatively
charged heterocycle in order to form [13–19]. In
contradistinction to the 2,5-diamidopyrrole anion
systems, the 2,5-diamidofuran and thiophenes
cases so far studied, no involvement of
the heteroatom of the heterocycle in hydrogen
bond acceptance has been observed but rather for
formation of amide-amide NH· · ·OC or thioamide-
thioamide NH· · ·SC hydrogen bonds leading to a
variety of non-interlocked hydrogen bonded solid
state arrays.

The affinity for anions of the amidofurans and
thiophenes was measured in polar solvent mixtures
by 1H NMR titration techniques. The central
heteroatom has been shown to alter the selectivity
and binding affinities displayed by the receptors.

The furan-based host species (e.g. 1–2) show up to
a 40-fold selectivity for fluoride (compound 1) over
other putative anionic guests. It is believed that the
oxygen atom within the central ring promotes this
selectivity because larger anionic guests are repelled
more by the presence of the oxygen lone pairs.
The strategy of converting the amide groups to
thioamides was successful with more stable com-
plexes being formed.

The thiophene-based receptors 6 and 7 were found
to bind anions less strongly the furan analogues. The
thioamide derivatives 8 and 9 showed a marginal
enhancement in anion binding relative to the
corresponding amide species. Unusual titration
curves were obtained upon addition of fluoride
anions to all of the phenylamide receptors
suggesting that multiple equilibria are occurring in

FIGURE 19 A standardised plot of the observed shifts seen for the thiophene and amide resonances of compound 12 upon addition of
tetrabutylammonium dihydrogen phosphate (a). A schematic representation of the hydrogen bonds employed by 12 when binding
anions (b).
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solution or deprotonation of the receptors is
occurring. Thiophene 2,4-diamides have been
shown to be selective receptors for dihydrogen
phosphate in solution showing comparable
anion binding properties to 2,5-diamidopyrroles.
NMR evidence suggests that compound 12 uses
both CH and NH hydrogen bonds in anion
co-ordination.
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