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Two new pyrrole 2,5-diamide clefts have been synthesized containing 4-nitrophenyl or 3,5-dinitrophenyl groups
appended to the amide positions. The 3,5-dinitrophenyl derivative has been shown to deprotonate in the presence
of fluoride, which in acetonitrile solution, gives rise to a deep blue colour.

Introduction
The selective recognition of anionic species by organic host
molecules is a rapidly developing area of supramolecular
chemistry.1 We have recently been investigating the anion com-
plexation properties of 2,5-diamide-substituted pyrroles (e.g.
1a), simple receptors that show oxo-anion selectivity.2 We found
that introduction of electron withdrawing chlorine substituents
to the 3- and 4- positions of the pyrrole ring, significantly
enhanced the affinity of the receptors (e.g. 1b) for anions such
as chloride,3 but more basic anions would deprotonate the
pyrrole NH group leading to the formation of interlocked
pyrrole anion dimers.3,4 We decided to introduce electron with-
drawing groups to the amide positions in an attempt to enhance
the affinity of the receptor without increasing the acidity of the
pyrrole NH proton to such an extent that deprotonation would
occur upon addition of anions. We therefore synthesized com-
pounds 2 and 3 containing nitro-aromatic moieties and investi-
gated their binding properties upon addition of anionic guests.
In most cases, these receptors were found not to deprotonate
and enhanced binding as compared to compound 1a was
observed. However, addition of fluoride to receptor 3 did cause
deprotonation, resulting (in acetonitrile) in the formation of a
deep blue coloured solution. Colorimetric sensors for fluoride
are particularly desirable as putative sensors for the nerve gas
Sarin (GB) (isopropyl methylphosphonofluoridate) which loses
a fluoride anion during hydrolysis.5 

Results and discussion
Compounds 2 and 3 were synthesised by reaction of either
4-nitro- or 3,5-dinitroaniline with 3,4-diphenyl-1H-pyrrole-2,5-
dicarbonyl dichloride in dichloromethane in the presence of

† Electronic supplementary information (ESI) available: 1H NMR, 13C
NMR and mass spectra for compounds 2 and 3, NMR anion titration
profiles in DMSO-d6–0.5% water. See http://www.rsc.org/suppdata/ob/
b2/b210848h/

Et3N and DMAP which afforded the receptors in 43 and 11%
yields respectively.

Crystals of compound 2 suitable for analysis by single crystal
X-ray diffraction were obtained by recrystallisation from
hot acetonitrile.6 The crystals were very small and hence the
diffraction weak, leading to a very high merging R factor. The
asymmetric unit contains one and a half molecules. The crystal
structure does not reveal the formation of dimers in the solid
state which has been observed with a number of other similar
molecules (Fig. 1).2 This may be due to extensive π-stacking in

this crystal. Crystals of both compounds 2 and 3 were obtained
from DMSO solutions of the receptors‡. The crystal structures
reveal a DMSO bound to the pyrrole NH and one of the amide
NH groups with the receptors both adopting a “semi-cleft con-
formation” as has been previously observed with compound 1 2

(Fig. 2).7,8 When crystallised from a dichloromethane solution,
receptor 3 forms sheets that extend along the �1 0 1 plane via
pyrrole NH–ON(nitro) hydrogen bonds (Fig. 3).9

Interestingly, in DMSO-d6–0.5% water solution, the amide
NH proton resonances of 1, 2 and 3 are at 9.36, 10.19 and 11.29

Fig. 1 (a) The crystal structure of compound 2. Colour key: carbon =
green, nitrogen = blue, oxygen = red. (b) Side view of the π-stacking
interaction.

‡ CCDC reference number(s) 195412-195416. See http://www.rsc.org/
suppdata/ob/b2/b210848h/ for crystallographic files in .cif or other
electronic format.D
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ppm respectively indicating the increasing degree of de-shield-
ing of this proton as the number of nitro groups increases.
Proton NMR titrations were performed in order to assess
the affinity of the receptors for anions.10 Addition of solutions
of anions (as their tetrabutylammonium salts) to solutions of
receptor 2 in DMSO-d6–0.5% water and fitting of the resultant
titration curves gave association constants of 1245 M�1 for
fluoride, 39 M�1 for chloride and 4150 M�1 for benzoate. The
titration curve found with dihydrogen phosphate could not be
fitted to a simple 1 : 1 binding model. This may be due to
oligomerisation of the phosphate anions in solution 11 or
alternatively simply to the formation of a variety of complexes
with differing stoichiometries. Unfortunately, the pyrrole NH
proton frequently disappears (presumably due to exchange
processes) upon addition of anions to the solution for both

Fig. 2 Crystal structures of the DMSO solvates of (a) compound 2
and (b) compound 3. Colour key: carbon = green, nitrogen = blue,
oxygen = red, sulfur = yellow.

Fig. 3 The crystal structure of compound 3 showing NH–ON
hydrogen bonds (phenyl groups in the 3- and 4- positions of the pyrrole
rings have been omitted for clarity). Colour key: carbon = green,
nitrogen = blue, oxygen = red.

receptors 2 and 3 making it impossible to calculate an associ-
ation constant based on the shift of this proton resonance.

Under the same conditions, addition of anions to solutions
of receptor 3 in DMSO-d6–0.5% water gave unusual results.
Surprisingly, upon addition of fluoride and benzoate, no
significant shift in the NH resonance was observed (with the
resonance disappearing at higher anion concentrations).
However the CH protons on the nitro-aromatic ring do shift
downfield in what appears to be a three-stage process for
fluoride (Fig. 4). Upon addition of the first two equivalents of

anion a curve is obtained that is similar to that observed during
the titration of compound 1b with fluoride in dichloro-
methane.2 Further addition of anions causes a downfield
shift until the plateau is reached after the addition of three
equivalents of fluoride. This behaviour seems to be consistent
with a three step process that may be hypothesized as follows:
the first equivalent of fluoride is coordinated by the receptor
(causing a significant downfield shift); the second equivalent
promotes the deprotonation process 3,4 and the third equivalent
of fluoride is coordinated by the deprotonated receptor with the
participation of the phenyl CH groups that, in this receptor,
are particularly acidic because of the presence of the electron
withdrawing groups present in the phenyl ring.

X-Ray crystallographic analysis of crystals of 3 grown by
slow evaporation of a dichloromethane–methanol solution of
the receptor in the presence of excess tetrabutylammonium
fluoride, revealed the presence of an adventitious chloride
anion coordinated to receptor 3.12 The crystals were very small
and hence the diffraction weak, leading to a very high merging
R factor. The structure confirms that the receptor has been
deprotonated (two tetrabutylammonium counter cations are
present) and reveals a chloride anion bound by two CH–Cl and
two NH–Cl interactions in the plane of the three rings with
C(H)–Cl hydrogen bonds being in the range 3.377(11)–
3.397(12) Å and N(H)–Cl hydrogen bonds in the range
3.385(13)–3.403(12) Å. The chloride–pyrrolic nitrogen separ-
ation is 3.500(8) Å. We assume that if an amide had in fact
deprotonated, the chloride would not be bound in its current
position (Fig. 5).

For benzoate, the shift of the CH protons could be fitted to a
1 : 1 binding model that corresponds to an association constant
of 4200 M�1. With chloride, the amide NH protons do shift
allowing an association constant of 53 M�1 to be calculated.
Addition of dihydrogen phosphate gave a continuous downfield
shift of the amide NH protons.

We also investigated the possibility of using these receptors
as colorimetric sensors for anions in acetonitrile (Fig. 6). In this
solvent, the receptors are not soluble, however addition of
anions solubilises the host (in all cases except the addition of
bromide to compound 2). In the case of receptor 2, a yellow
colour appears with the anions that are bound most strongly (in
DMSO-d6 solution) i.e. fluoride, benzoate and dihydrogen
phosphate. However, with compound 3, an intense blue colour

Fig. 4 NMR titration curve of compound 3 with fluoride anions in
DMSO-d6–0.5% water.
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is observed upon addition of fluoride anions in acetonitrile. We
believe this colour is due to a deprotonation process caused by
fluoride acting as a base and subsequent charge transfer inter-
action between the deprotonated pyrrole and the nitroaromatic
functionalities. In order to confirm this, receptor 3 was treated
with 20 equivalents of TBAOH and, after removing the excess
base, a dark red material was crystallised from a mixture of
diethyl ether–dichloromethane. The crystal structure of this
material reveals that it is indeed the deprotonated ligand, crys-
tallised as the tetrabutylammonium salt (Fig. 7).13 The crystal-

Fig. 5 The crystal structure of 3-H� binding chloride via NH and CH
hydrogen bonds (two tetrabutylammonium counter cations have been
omitted for clarity). Colour key: carbon = green, nitrogen = blue,
oxygen = red, chloride = light green.

Fig. 6 Solutions of (a) receptor 2 and (b) receptor 3 (2 mM) in
acetonitrile with various anionic guests (added as their
tetrabutylammonium salt at a concentration of 20 mM). In the absence
of an anion, the receptors are not soluble in this solvent but are
solubilised upon addition of the anion (with the exception of receptor 2
and bromide).

Fig. 7 The X-ray crystal structure of the tetrabutylammonium salt
of 3-H�. Colours represent individual components of the assembly.
Certain hydrogen atoms have been omitted for clarity.

lographic asymmetric unit contains two half pyrrole anions and
a single tetrabutylammonium cation. The pyrrole 2,5-diamide
anions interlock as has been observed previously in 3,4-dichlo-
ropyrrole 2,5-diamides with NH � � � N� distances in the range
2.97–3.08 Å.3,4 Interestingly when this material is dissolved in
dichloromethane it maintains the dark red colour in solution.
However a variety of colours are observed when the compound
is dissolved in more polar solvents: blue in acetonitrile or acet-
one, purple in methanol and violet in water. UV/VIS analysis
carried out on both an acetonitrile solution of this material and
compound 3 in the presence of excess fluoride, revealed identi-
cal UV/VIS spectra (with a maximum at 598 nm). Con-
sequently, we believe that the deep blue colour observed upon
addition of an excess of fluoride anions to acetonitrile solutions
of compound 3 is due to deprotonation of the receptor by the
fluoride anion.

The strategy of attaching electron withdrawing groups 3,14

to an anion receptor to enhance anion affinity has worked in
this case with the affinity for benzoate increasing from 560 M�1

for compound 1a to 4150 M�1 for compound 2 and 4200 M�1

for compound 3. With our previous 3,4-dichloropyrrole-based
systems, benzoate and dihydrogen phosphate were shown to
deprotonate the receptors 3 however in this case only receptor
3 undergoes a deprotonation process upon anion addition
and then only with fluoride. A number of research groups
are currently synthesizing new colorimetric anion sensors.15 We
have shown that deprotonation of a functionalised pyrrole
provides a selective colorimetric method of sensing fluoride in
acetonitrile solution.

Experimental
J-values are given in Hz.

N,N�-Bis(4-nitrophenyl)-3,4-diphenyl-1H-pyrrole-2,5-di-
carboxamide (2):

3,4-Diphenyl-1H-pyrrole-2,5-dicarboxylic acid 16 (1.0 g, 3.3
mmol) was suspended in SOCl2 (20 cm3) and refluxed
overnight. The reaction was allowed to cool and the excess of
SOCl2 was removed in vacuo. A brown solid formed that was
dissolved in CH2Cl2 (30 cm3) and Et3N (0.74 g, 7.3 mmol) and
DMAP (5 mg, 0.04 mmol) were added. After addition of
4-nitroaniline (0.98 g, 7.15 mmol), the mixture was stirred at
room temperature for 72 hours. The solvent was removed in
vacuo and acetonitrile (20 cm3) was added to the red solid. A
pale yellow compound crystallised, that was collected and
washed with acetonitrile (2 × 5 cm3). After drying, 770 mg of
the desired compound was obtained (43%). δH (300 MHz;
DMSO-d6; Me4Si) 7.26–7.35 (10H, m, Arom.), 7.85 (4H, d,
J 9.1, NHCCH ), 8.33 (4H, d, J 9.1, NO2CCH), 10.19 (2H, s,
CONH), 12.91 (1H, s, NH). δC (75 MHz; DMSO-d6; Me4Si)
119.1, 125.0, 126.9, 127.8, 128.1, 130.5, 133.2, 142.4, 144.8,
159.3. m/z (ES�) 1095 (M � M�). HRMS (ES�): 546 (M�), ∆ =
0.7 ppm. Found: C, 64.51; H, 3.75; N, 12.10%. M� 0.2DCM
requires C, 64.26; H, 3.82; N, 12.41%. Mp >320 �C.

N,N�-Bis(3,5-dinitrophenyl)-3,4-diphenyl-1H-pyrrole-2,5-di-
carboxamide (3):

3,4-Diphenyl-1H-pyrrole-2,5-dicarboxylic acid 16 (1.5 g, 4.9
mmol) was suspended in SOCl2 (25 cm3) and refluxed
overnight. The reaction was allowed to cool and the excess of
SOCl2 was removed in vacuo. A brown solid formed that was
dissolved in CH2Cl2 (50 cm3) and Et3N (1.21 g, 12 mmol) and
DMAP (5 mg, 0.04 mmol) were added. After addition of 3,5-
dinitroaniline (1.88 g, 10 mmol), the mixture was stirred at
room temperature for 72 hours. The solvent was removed
in vacuo and acetonitrile (100 cm3) was added. A white solid
corresponding to the desired compound slowly crystallised
from the hot acetonitrile solution. The solid was collected,
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washed with acetonitrile (2 × 10 cm3) and dried in vacuo (348
mg, 11%). δH (300 MHz; DMSO-d6; Me4Si) 7.26–7.33 (10H, m,
Arom.), 8.63 (2H, s, Arom.), 9.13 (4H, s, Arom.), 11.29 (2H, s,
CONH), 13.34 (1H, s, NH). δC (75 MHz; DMSO-d6; Me4Si)
112.5, 118.8, 126.7, 127.5, 130.1, 130.7, 133.4, 141.4, 148.2,
159.2. m/z (ES�) 636 (M�), 672 (M � Cl�), 749 (M� � TFA).
HRMS (ES�): 636 (M�), ∆ = 2.1 ppm. Found C, 56.20; H, 2.62;
N, 15.35%. M requires C, 56.52; H, 3.00; N, 15.38%. Mp
>320 �C.
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