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A simple, highly selective, neutral, fluorescent sensor for
fluoride anions is reported. It is based on 2-ureido-4[1H]-
pyrimidinone quadruple hydrogen-bonded AADD supramo-
lecular assembly, and its assembling and disassembling
processes are also able to respond to external stimuli
reversibly.

Anion sensing is a current research interest from various
disciplines. Among all anion sensors, those for the fluoride ion
are of particular importance in revealing a number of biological
processes, disease states, and environmental pollution.1-4 Over
the past decade, various elegant examples of fluoride receptors,
including imidazole ion, bi-imidazolate diamides, dipyrrolequi-
noxaline, indolocarbazoles, pyrroles or their derivatives, and urea
or thiourea receptors,3-7 have been reported. In particular, the

neutral anion receptors embracing the hydrogen-donor urea
group have been extensively studied,3-5 in which the NH-anion
hydrogen bond or anion-induced deprotonation of the NH groups
was observed. To gain an insight into hydrogen-bond formation
and neat proton transfer existing in the anion recognition process,
Fabbrizzi et al. have investigated various colorimetric anion
receptors containing NH binding sites and demonstrated that
the deprotonation trend is enhanced by the increase of the acidity
of the hydrogen-bond donors and basicity of the anions.4 As
the smallest and the most electronegative atom, the fluoride ion
shows very high affinity toward the N-H fragments of receptors
containing a urea subunit and allows N-H deprotonation.

Since 1998, self-complementary, quadruple, hydrogen-bonded
homodimers have received a lot of attention.8-10 Particularly,
the 2-ureido-4[1H]-pyrimidinone AADD (A ) acceptor of the
hydrogen bonding, D) donor of the hydrogen bonding) binding
module developed by Meijer and Sijbesma8a has shown
extensive applications in assembling supramolecular oligomers
and polymers.8a-d The complementary four hydrogen bonds
simplify the synthesis to just one molecule and avoid problems
of the exact stoichiometry of heterodimers. At the same time,
the feature of self complementary also makes it difficult to
disassemble, specifically as a result of its high dimerization
constants of 107-108 M-1 in chloroform.

In this note, we report such a novel neutral receptor1 for
fluoride on the basis of the 2-ureido-4[1H]-pyrimidinone
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quadruple hydrogen-bonded AADD supramolecular assembly.
9-Methlyene anthracene appended to the 2-ureido-4[1H]-pyri-
midinone is designed to provide fluorescence spectral sensing
of the recognition event. As expected, the simple anthracene
chromophore can operate as an efficient fluorescence sensor
for fluoride anions. From the fluorescence titration experiments,
the association constant for fluoride was calculated as 13 200
M-1 in dichloromethane solution. Other halide ions cause almost
no changes in fluorescence when interacting with the sensor
molecule1. As a result, its selectivity for fluoride is more than
1000 times higher than that of other halide anions. More
importantly, owing to the N-H deprotonation occurrence, the
disassembling of the AADD receptor1.1 is taking place. Its
assembling and disassembling processes were able to respond
to external stimuli reversibly.

Compounds1-4 were synthesized according to the literature
method10b and described in Supporting Information.

The 1H NMR spectrum reveals that compound1 exists as
assembly1.1 in CDCl3. As shown in Figure 1a, the large
downfield shift for the N-H protons provides direct evidence
of the involvement of strong hydrogen bonding. Their AADD
hydrogen-bonding motif was determined by NOESY spectrum
(Supporting Information). No other binding modes were ob-
served. The dilution of compound1 solutions in CDCl3 to 1 ×
10-5 M did not lead to an observable dissociation, indicating
the lowest estimation of the binding constant of 1× 107 M-1,
which is in good agreement with the value for a similar
compound.7

The crystal structure further confirms that compound1 exists
as an AADD assembly. Single crystals of1 were obtained by
the vapor diffusion of chloroform into the mixture of CHCl3/
C2H5OH (9:1) solution of1. A colorless, single-plate crystal
with dimensions 0.32× 0.38× 0.42 mm3 in a glass capilliary
was used for data collection at 293 K on a Bruker Smart 1000
X-ray diffractometer. The molecular structure and perspective
drawing of compound1 are depicted in Figure 2. The crystal
belongs to the monoclinic crystal system of centrosymmetric
space groupP2(1)/c with unit cell parameters ofa ) 22.013(6)
Å, b ) 12.712(4) Å,c ) 19.506(6) Å;R ) 90 degrees,â )
103.427(5) degrees,γ ) 90 degrees. Important bond lengths
and angles are given in Table 1. The urea functionality is in a
trans-trans conformation, and an intramolecular hydrogen bond
is present from the pyrimidine N-H to the urea carbonyl group
[N(2)-H(2A)‚‚‚O(2), N(6)-H(6A)‚‚‚O(4)], which results in a
preorganized AADD array of hydrogen-bonding sites. Anthryl
groups are arranged side-by-side and are bridged by this AADD
building block. Similar to the Meijer and Sijbesma observation,8a

the outer N-H‚‚‚O hydrogen bonds are 0.21 Å shorter than

the inner N-H‚‚‚N hydrogen bonds, leading to a slight deviation
from linearity of the 4[1H]-pyrimidinone form.

The changes in the fluorescence response of1.1 toward
fluoride ions were found to be unique. Figure 3 gives the family
of fluorescence spectra taken in the course of a titration. In the
absence of fluoride ions, the fluorescence spectrum showed three
typical bands of anthracene at 397, 420, and 445 nm, respec-
tively. With the addition of less than 1 equiv of fluoride into
the dichloromethane solution of1.1, the fluorescence intensity
was slightly decreased (Figure 3a). However, the introduction
of a further amount of fluoride ions into the CH2Cl2 solution of
1.1 led to the fluorescence quenching dramatically when excited
at 260 nm, while the shape and energy remained unchanged.
The lifetime of the excited state for the fluorescence band at
400 nm was consistent at 6.5 ns no matter whether fluoride
ions presented or not, suggesting that the fluorescence quenching
is static in nature. In other words, the formed complex of1 and
the fluoride anion is actually nonemissive. On the other hand,

FIGURE 1. Partial1H NMR spectra of the assembly1.1 (8.1 µmol) in the absence and presence of fluoride ions in CDCl3. (a) 0; (b) 2.7µmol;
(c) 5.4 µmol; (d) 8.1µmol; (e) 10.8µmol; (f) 13.5 µmol.

FIGURE 2. Perspective drawing of assembly1.1 with atomic
numbering.

TABLE 1. Important Bond Distances (Å) and D-H-A Angles for
Assembly 1.1

D-H‚‚‚A d(D-H) d(H‚‚‚A) d(D‚‚‚A) angle(D-H-A)

N(2)-H(2A)‚‚‚O(2) 0.86 1.91 2.573(5) 133.0
N(3)-H(3A)‚‚‚N(5) 0.86 2.12 2.975(6) 171.5
N(4)-H(4A)‚‚‚O(3) 0.86 1.90 2.753(5) 168.8
N(6)-H(6)‚‚‚O(4) 0.86 1.90 2.570(5) 133.7
N(7)-H(7A)‚‚‚N(1) 0.86 2.12 2.971(6) 172.0
N(8)-H(8)‚‚‚O(1) 0.86 1.90 2.734(6) 161.6
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no quenching was observed when titrated with a high concentra-
tion of Cl-, Br-, and I-, respectively, ruling out a quenching
by the heavy-atom effect. The inset in Figure 3(b) shows the
plot of I0/(I0 - I) versus 1/[F-], where I0 and I refer to the
fluorescence intensity at 418 nm of assembly1.1 in the absence
and presence of fluoride ions. The plot yields a satisfactory
straight line, confirming that the complexation of the fluoride
ions and1 is in a 1:1 ratio. The binding constant, logK,
determined from this plot for fluoride, is 4.12 in dichlo-
romethane. However, those for Cl-, Br-, and I- are too small
to be accurately determined. Obviously, the neutral receptor1.1
shows a higher selectivity in CH2Cl2 for F- than other anions,
and the binding constant is comparable to the binding constants
reported for fluoride detection in the literature.5-7

Control experiments with reference compound4 under the
same conditions showed no change in the character of the
fluorescence upon the addition of fluoride ions, excluding any
interactions between anthracene and fluoride ions. The succes-
sive addition of anthracene-free reference compound2 to the
mixture of1 and F- led to the observation of a reverse trend in
which the fluorescence at 400 nm rises in intensity, indicative
of the reversible nature of the anion-binding process. On the
basis of the known urea-F- deprotonation mode4 developed
by Fabbrizzi et al., the observations may be rationalized by the
fact that the high charge density and the small size enable

fluoride ions to deprotonate the N-H of the urea receptor of1,
which would in turn render the nitrogen atoms of the urea group
much higher in electron density, and therefore,1.1shows a high
affinity and a more efficient fluorescence quenching for fluoride
ions by the photoinduced electron-transfer mechanism.

To shed more light on the interaction of1 with fluoride
anions, detailed UV-vis spectroscopy has also been carried out
on the recognition events. A dichloromethane solution of1.1
was titrated with [Bu4N]F. Different patterns are also observed
in the titration ranges of 0-1 and 1-4 equiv of fluoride ions.
Figure 4 displays the absorption spectra of assembly1.1 (1.03
× 10-5 M) in dichloromethane as a function of added fluoride
ions, available as the butylamine salt. Upon the addition of 0-1
equiv of F- to the solution of1.1, the band at 280 nm was
slightly developed, but almost no change was observed at higher
wavelengths (Figure 4a). However, when approaching 1 equiv
of F-, the decrease in the absorption band at 240-260 nm was
accompanied by a growth in the band at 270-310 nm. In
addition, an∼2 nm red shift of anthracene absorption bands at
335, 350, 370, and 390 nm was observed in Figure 4b. An
isobestic point was also presented at 260 nm, indicative of the
presence of only two absorbing species in the solution,1.1and
the complex[1‚F]-. The identical UV-vis spectral changes
observed in the titration experiment with [Bu4N]OH (Figure S5)
as that with fluoride ions confirm that the N-H deprotonation

FIGURE 3. (a) Fluorescence spectra of assembly1.1 (10.3µM) in CH2Cl2 as a function of added fluoride ions. [Bu4NF]: a, 0; b, 1.1µM; c, 2.1
µM; d, 3.2µM; e, 4.3µM; f, 5.4 µM; g, 6.4µM; h, 7.5µM; i, 8.6 µM; j, 9.6µM; k, 10.7µM. (b) [Bu4NF]: a, 0; b, 10.7µM; c, 12.8µM; d, 15.0
µM; e, 17.1µM; f, 19.3 µM; g, 21.4µM; h, 23.5µM; i, 27.8 µM; j, 32.1 µM; k, 40.7 µM. The inset gives the titration curve by the plot of the
fluorescent intensity at 418 nm vs the concentration of Bu4NF.

FIGURE 4. Absorption spectra of assembly1.1 (10.3 µM) in CH2Cl2 as a function of added fluoride ions, available as the butylamine salt. (a)
[Bu4NF]: a, 0; b, 1.1µM; c, 2.1 µM; d, 3.2 µM; e, 4.3µM; f, 5.4 µM; g, 6.4 µM; h, 7.5 µM; i, 8.6 µM; j, 9.6µM; k, 10.7 µM. (b) [Bu4NF]: a,
0; b, 10.7µM; c, 12.8µM; d, 15.0µM; e, 17.1µM; f, 19.3 µM; g, 21.4µM; h, 23.5µM; i, 27.8 µM; j, 32.1 µM; k, 40.7 µM.
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is taking place, which is signaled by the appearance of a new
absorption band at a long wavelength. From the results of the
UV-vis spectra and the fluorescence titration, we can conclude
that the interaction between1.1 and fluoride involves a two-
step process; at low fluoride concentration, the interaction is
the authentic hydrogen bonding, and with the increase of the
fluoride concentration, excess fluoride ions interact with the
hydrogen-bonded complex and induce the deprotonation of1.
Similar results were absent upon the addition of Br- and I-,
despite very small changes at 270-310 nm, which were also
reflected in the absorption spectrum upon the addition of Cl-.
Thus, the deprotonation may be due to the very high stability
of the [HF2]- complex, whose formation allows N-H depro-
tonation. With respect to F-, other halide anions are unable to
form a stable HX2- complex.4

The interaction between the fluoride and the assembly1.1
was further evidenced by a1H NMR investigation. Figure 1
gives the1H NMR spectral changes of1.1with the addition of
the fluoride ion. The signals for the N-H protons at 10.44 (H4),
11.97 (H3), and 12.85 (H2) decreased dramatically in association
with fluoride ions. With 1.2 equiv of fluoride ions, the N-H
proton signals, including both the intermolecular hydrogen
bonding of two N-H groups of urea and intramolecular
hydrogen bonding from pyrimidine N-H to the urea carbonyl
group, disappeared completely. However, with bromide and
iodide ions, there were no chemical shift changes for the N-H
peaks, even when up to 10 equiv of these anions were used. To
confirm the interactions between the fluoride and the urea
moiety, the chemical shift changes of the N-H protons in
compound 3, where H4 was absent, were also assessed.
DMSO-d6 was used as an alternative solvent for a more detailed
1H NMR study to exclude any effects caused by the comple-
mentary quadruple hydrogen-bonded interactions. A comparison
of the chemical shift data of the compounds reported by Meijer
and Sijbesma8a suggested that compound1 adopted the
monomeric 6[1H]-pyrimidinone “6-keto” form in DMSO-d6, as
shown in Scheme 1. The signals for the N-H protons at H1

(11.75 ppm), H3 (9.52 ppm), and H4 (7.22 ppm) decreased
dramatically in association with fluoride ions, while the chemical
shift remained unchanged. With 0.3 equiv of fluoride ion, the
H4 of the urea group first disappeared, and then the N-H proton
signals for H1 vanished completely when 0.6 equiv of fluoride
ion were employed. In contrast, the chemical shift changes of
the N-H protons in compound3 differed significantly when
compared with those in a DMSO-d6 solution of 1. With the
titration of fluoride ions into the DMSO-d6 solution, the two
specific N-H proton signals at 12.02 (H2′) and 11.44 ppm (H3′)
gradually merged together to form a wide peak at 11.98 ppm.

A 1H NMR spectral analysis of1 and 3 highlights key
differences in the chemical shifts upon the addition of fluoride
anions, which indicates that fluoride binding to compound1 at
a urea receptor indeed takes place.

It is noteworthy that the spectral changes described above
are fully reversible upon the addition of BF3‚Et2O in dichlo-
romethane. In fact, the isobestic point listed in the absorption
spectrum was maintained during the titration with BF3‚Et2O.
There was no difference when the fluoride ion was added to an
assembly1.1 solution or when BF3‚Et2O was added to a
complex [1‚F]- solution, suggesting that compound1 is not
decomposing and can be reversibly changed. At the same time,
the fluorescence behavior of1.1also displays an interesting BF3‚
Et2O dependence. As mentioned above,[1‚F]- is nonemissive
in fluid solution. When BF3‚Et2O is titrated into the solution of
[1‚F]- in CH2Cl2, three typical bands of anthracene grow in at
397, 420, and 445 nm, without any shift in the wavelength of
the emission band. Furthermore, the process is completely re-
versible with the addition of fluoride quenching the fluorescence.

In summary, the assembling and disassembling processes of
2-ureido-4[1H]-pyrimidinone quadruple hydrogen-bonded AADD
supramolecular assembly1.1are able to respond to fluoride ions
reversibly. The simple anthracene chromophore can operate as
an efficient fluorescence sensor for fluoride anions with a
selectivity 1000 times higher than that of the other halide anions.
This work provides a new approach for disassembling a highly
stable AADD supramolecular oligomer or polymer. Further
exploring of the spectroscopic properties of this attractive
complementary assembly is being performed in our laboratory.
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SCHEME 1. Structures of Monomers 1 and Compounds 2-4
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