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Abstract: Unique hydrogen bonds of the 9-H of anthracene
moieties in hosts 1 and 2 with fluoride and pyrophosphate
ions were observed on the basis of the 'TH NMR experiments.
Furthermore, hosts 1 and 2 act as a colorimetric sensor and
a fluorescent chemosensor for the recognition of fluoride ion,
respectively.

The recognition and sensing of anions has become the
focus of considerable attention® because of the important
roles played by anions in biological, industrial, and
environmental processes. Of particular interest in this
regard are “colorimetric anion sensors” and “fluorescent
chemosensors for anions”. Recent efforts to investigate
anion binding by naked eye detection? and through
fluorescent changes® may provide important results.

We report herein on new colorimetric sensor and
fluorescent sensors for fluoride and pyrophosphate ions
in which two p-nitrophenylurea groups or two phenylurea
groups are immobilized on the 1,8-position of anthracene.
A new colorimetric sensor displays a unique color change
upon the addition of fluoride ions. Furthermore, unique
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hydrogen bonds between the 9-H of anthracene with
fluoride and pyrophosphate ions are described on the
basis of the 'TH NMR experiments.

Our synthesis began with 1,8-dinitroanthraquinone.
Modifying the published procedures,* 1,8-diaminoan-
thraquinone was obtained in a 73% yield. 1,8-Diami-
noanthracene was also synthesized following the pub-
lished procedure.® Treating this diaminoanthracene or
1l-aminoanthracene with p-nitrophenyl isocyanate in CH,-
Cl, afforded 1 or 3 in 75% or 82% yield, respectively.
Application of similar procedures to phenylisocyanate
gave 2 and 4 in 80% and 85% yield, respectively (Figure
1).

Because of the low solubility of hosts 1—4, the NMR
data was obtained in DMSO-ds. Upon the addition of
anions, downfield shifts of the N—H protons were clearly
observed.

For example, upon addition of 4 equiv of chloride ions,
dramatic downfield shifts of the amide N—H peaks were
observed for hosts 1 (Ao = 1.71 ppm), 2 (Ad = 1.05 ppm),
3 (Ad = 1.86 ppm), and 4 (A6 = 0.85 ppm).

Recently, Lee et al. reported® a strapped calix[4]pyrrole
in which not only four pyrrole hydrogens but also an
aromatic hydrogen in a strap form hydrogen bonds with
fluoride and chloride ion. These unique hydrogen bonds
between aromatic hydrogens and anions were confirmed
by the large downfield shifts of the aromatic hydrogens
(A6 = 0.41 for F~, 0.96 for Cl).52 Other examples of
receptors in which aromatic hydrogens participate in
hydrogen bonding with anions have also been reported.”

A partial *H NMR spectrum is shown in Figure 2, and
each peak was assigned based on the 2D COSY spectrum.
When tetrabutylammonium chloride was added to the
solution of 2, large downfield shifts of the amide N—H
bonds as well as 9-H of the anthracene moiety were
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FIGURE 2. Partial *H NMR (250 MHz) of 2 (1 mM) in DMSO-
ds at 25 °C: (a) compound 2 only; (b) 2 + 1 equiv of
tetrabutylammonium fluoride; (c) 2 + 7 equiv of tris(tetrabu-
tylammonium) hydrogenpyrophosphate; (d) 2 + 10 equiv of
tetrabutylammonium chloride.

observed (Figure 2). On the other hand, when tris-
(tetrabutylammonium)hydrogen pyrophosphate or tet-
rabutylammonium fluoride were added to the solution
of 2 in DMSO-ds, four amide N—H signals as well as 9-H
in the anthracene moiety, displayed severe broadness.
We also observed a similar result with host 1. However,
hosts 3 and 4 only displayed this broadness of the amide
N—H peaks and large downfield shifts of the 9-H of
anthracene moiety when fluoride or pyrophosphate ions
were added (Figure 3). Along with the large downfield
shifts of the 9-H peaks of 1 and 2 obtained with CI—, these
observations concerning the *H NMR spectra obtained
with fluoride and pyrophosphate led us to the conclusion
that the 9-H of anthracene moiety formed a strong
hydrogen bond with the anions in DMSO. Hosts 1 and 2
have extremely rigid binding sites for anions and the 9-H
of anthracene moiety can participate in anion recognition
more efficiently than that in hosts 3 and 4.

Temperature-dependent *H NMR studies in DMF-d-,
are displayed in Figure 4. At —5 °C, the amide peaks as
well as 9-H of anthracene moiety concomitantly began
to appear in the partial *H NMR spectrum of host 2 in
the presence of 7 equiv of pyrophosphate. Similar results
were observed in the presence of F~ (see the Supporting
Information).
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FIGURE 3. Partial *H NMR (250 MHz) of 4 (1 mM) in DMSO-
ds at 25 °C: (a) compound 4 only; (b) 4 + 1 equiv of
tetrabutylammonium fluoride; (c) 4 + 7 equiv of tris(tetrabu-
tylammonium) hydrogenpyrophosphate; (d) 4 + 10 equiv of
tetrabutylammonium chloride.
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FIGURE 4. Partial *H NMR (400 MHz) of 2 (6 mM) in DMF-
d; upon addition of tris(tetrabutylammonium) hydrogenpyro-
phosphate (7 equw) (a) 25 °C, (b) 10 °C, (c) —5 °C, (d) —15
°C, (e) —

The changes in color were studied in DMSO by the
addition of 300 equiv of the corresponding anions (F-,
H,PO,~, CI-, Br—, I, HSO,, acetate, and pyrophosphate,
each added as their tetrabutylammonuim salts) to solu-
tions of host 1 (0.01 mM). There was a unique color
change from pale yellow to red when fluoride or pyro-
phosphate ions were added. Figure 5 illustrates the UV
absorption spectra of these experiments. Host 1 displays
unique new peaks (Amax = 485 nm) with a red-shift of 129
nm upon the addition of fluoride or pyrophosphate ions.
It is worth mentioning that host 1 can easily differentiate
pyrophosphate from H,PO,~ by naked eye detection.

The unique color changes with F~ and pyrophosphate
can be rationalized by three combined factors explained
previously by other reports. The excited state in a
complex can be more stabilized by anion binding, result-
ing in a bathochromic shift in the absorption maxima as
well as a color change.?2i8 The selective color changes
for F~ and pyrophosphate can be rationalized on the basis
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FIGURE 5. UV absorption changes of 1 (0.01 mM) upon
addition of the tetrabuthylammonium salt of H,PO,~, HSO,",
CH3CO,, CI, I, Br7, PP, and F~ (300 equiv) in DMSO.

of the guest basicity and the partial negative charge at
the 9-position of anthracene moiety which can be gener-
ated by a strong interaction between anion and 9-H of
anthracene. Recently, a naphthalene derivative bearing
two urea groups at the 1,8-position was reported to show
a unique absorption and fluorescent peak with fluoride
ion.3>¢ In these reports, calculations suggested that the
increased anionic character of urea nitrogen due to the
strongly charged hydrogen bonding between fluoride and
amide protons of the urea can be the reason for this
observation.

For hosts 2 and 4, a fluorescence method made it
possible to readily follow their binding with anions. Upon
the addition of the tetrabutylammonium salts of anions
in DMSO, fluorescent quenching effects were observed
(see the Supporting Information). For example, from the
fluorescent titration experiments, the association con-
stants were calculated as being 108 000 (host 2 with F~),
9700 (host 2 with Br~), 6000 (host 2 with pyrophosphate),
4000 (host 4 with F~), and 2600 (host 4 with pyrophos-
phate) M1, respectively (errors < 10%).° There was not
any significant fluorescent change upon the addition of
up to 500 equiv of Br~ to the solution of 4. The selectivity
for fluoride is around 100 times than that for bromide.
Furthermore, two urea groups in host 2 generate a better
binding site for anions than just one urea group in host
4, showing higher values (~250 times) in its association
constants. Furthermore, these fluorescent data were
productively compared with UV data.

In conclusion, unique hydrogen bonds of the 9-H of
anthracene moieties in hosts 1 and 2 with fluoride and
pyrophosphate ions were observed in a first time based
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(b) Association constants were obtained using the computer program
ENZFITTER, available from Elsevier-BIOSOFT, 68 Hills Road, Cam-
bridge CB2 1LA, U.K..
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on the *H NMR experiments. Furthermore, hosts 1 and
2 act as a colorimetric sensor and a fluorescent chemosen-
sor for the recognition of fluoride ion, respectively. The
anthracene moieties in hosts 1 and 2 act not only as a
fluorescent or colorimetric source but also as templates
for introducing the binding selectivity.

Experimental Section

1,8-Bis(4-nitrophenylurea)anthracene (1). 1,8-Diaminoan-
thracene was prepared obtained from 1,8-diaminoanthraquino-
net following the published procedure.?2 A solution of 1,8-
diaminoanthracene (100 mg, 0.48 mmol) and 4-nitrophenyl
isocyanate (328 mg, 2.00 mmol) in dry CH.Cl, (25 mL) was
refluxed for 2 h. As soon as 4-nitrophenyl isocyanate was added,
a white precipitate was formed. After cooling to room temper-
ature, the solid was filtered and washed with CHCI;. Analyti-
cally pure 1 was obtained in 75% yield (193 mg): mp 300 °C
dec; 'H NMR (DMSO-dg) 6 9.77 (s, 2H, NH), 9.16 (s, 2H, NH),
8.88 (s, 1H), 8.68 (s, 1H), 8.19 (d, 4H, J = 9.2 Hz), 7.93 (d, 2H,
J =8.6 Hz), 7.84 (d, 2H, J = 8.3 Hz), 7.74 (d, 4H, J = 9.2 Hz),
7.55 (t, 2H, J = 8.3 Hz); 13C NMR (DMSO-d¢) 6 154.3, 152.8,
146.4,141.1, 133.6, 131.8, 127.4, 125.7,125.3, 124.3, 117.5, 115.3,
114.7; HRMS (FAB) m/z 537.1523 (M + H)*, calcd for CosH1N6Og
537.1523.

1,8-Bis(phenylurea)anthracene (2). Application of proce-
dure A to 100 mg of 1,8-diaminoanthracene (0.48 mmol) and 238
mg of phenyl isocyanate (2.00 mmol) in dry CH,Cl; (25 mL) gave
202 mg of 2 (82% yield): mp 305 °C dec; *H NMR (DMSO-dg) 6
9.11 (s, 2H, NH), 9.04 (s, 2H, NH), 8.92 (s, 1H), 8.63 (s, 1H),
7.92 (d, 2H, J = 6.9 Hz), 7.84 (d, 2H, J = 6.9 Hz), 7.54 (m, 6H),
7.32 (t, 4H, J = 7.5 Hz), 7.01 (t, 2H, J = 7.3 Hz); 13C NMR
(DMSO-dg) 6 153.1, 141.1, 134.2, 131.8, 128.9, 127.3, 125.8,
125.3, 123.1, 121.9, 118.2, 117.0, 114.0; HRMS (FAB) m/z
469.1610 (M + Na)*, calcd for C23H22N402Na 469.1640.

1-(4-Nitrophenylurea)anthracene (3). Application of pro-
cedure A to 100 mg of 1-aminoanthracene (0.52 mmol) and 344
mg of 4-nitrophenyl isocyanate (2.1 mmol) in dry CHCl; (25 mL)
gave 149 mg of 3 (80% yield): mp 275—278 °C; 'H NMR (DMSO-
de) 0 9.83 (s, 2H, NH), 9.18 (s, 2H, NH), 8.75 (s, 1H), 8.63 (s,
1H), 8.24 (d, 2H, J = 9.2 Hz), 8.14 (m, 2H), 7.98 (d, 1H, 3 = 7.0
Hz), 7.89 (d, 1H, 3 = 7.0 Hz), 7.79 (d, 2H, J = 9.2 Hz), 7.55 (m,
3H); 13C NMR (DMSO-dg) ¢ 152.6, 146.5, 141.1, 133.4, 131.88,
131.2,131.0,128.3,127.9, 126.9, 126.2, 126.1, 125.6, 125.4, 125.3,
124.2,120.1, 117.6, 117.2; HRMS (FAB) m/z 358.1196 (M + H)*,
calcd for Co1H16N3O3 358.1192.

1-(Phenylurea)anthracene (4). Application of procedure A
to 100 mg of 1-aminoanthracene (0.52 mmol) and 250 mg of
phenyl isocyanate (2.1 mmol) in dry CH,Cl; (25 mL) gave 138
mg of 4 (85% yield): mp 282—-285 °C; 'H NMR (DMSO-ds) o
9.12 (s, 2H, NH), 8.96 (s, 2H, NH), 8.76 (s, 1H), 8.61 (s, 1H),
8.13 (m, 2H), 8.02 (d, 1H, 3 = 7.4 Hz), 7.82 (d, 1H, J = 7.4 Hz),
7.52 (m, 5H), 7.33 (t, 2H, J = 7.4 Hz), 7.01 (d, 1H, J = 7.3 Hz);
13C NMR (DMSO-dg) ¢ 152.6, 139.8, 134.1, 131.9, 131.1, 130.8,
128.9,128.3,127.9,127.2,126.7, 125.9, 125.6, 125.2, 123.1, 122.7,
121.9, 120.4, 119.8, 118.2, 118.0, 115.8; HRMS (FAB) m/z
312.1251, calcd for Co1H16N,0O 312.1263.
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