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Abstract—Anthracene and binaphthyl derivatives bearing two imidazolium rings, which strongly bind anions and are particularly selective
for pyrophosphate, are examined using fluorescence, 1H NMR analysis, and density functional calculations.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Anions play an important role in a wide range of chemical
and biological processes, and numerous efforts have been
devoted to the development of abiotic receptors for anionic
species.1 Sensors based on anion-induced changes in fluores-
cence appear to be particularly attractive due to the simplicity
and high detection limit of fluorescence.1f,2 Particularly,
pyrophosphate can be a biologically important target since
it is the product of ATP hydrolysis under cellular conditions.3

However, there have been only a few reports regarding pyro-
phosphate selective receptors using the fluorescent changes
as the means of detection.4

In contrast to the well-known type of hydrogen bonding for
the anion binding such as amide, pyrrole, urea, etc., various
types of receptors containing imidazolium moieties,5 such as
the benzene-based tripodal imidazolium receptors,6 imida-
zolium cyclophanes,7 calix[n]imidazolium,8 imidazolium
anthracenes,9 imidazolium calix[4]arene,10 imidazolium
cavitand,11 and imidazolium polythiophene12 have been
reported. Especially, we have recently reported a fluorescent
anthracene derivative bearing two imidazolium moieties on
its 1,8-positions (1) (Fig. 1), which shows selective binding
for H2PO4

� over other anions when the anions are monitored
individually.9b We have further demonstrated that the selec-
tivity of these imidazolium receptors against anions can be
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controlled by the topology of the binding site (e.g., enhance-
ment of rigidity).9c Compared to the host 1, the more rigidity
in host 2 enhances the binding selectivity for H2PO4

� over
F�.9c In both cases, anthracene being fluorophore has the
advantage of being considered as rigid templates in terms
of sensing anions by the change in the fluorophore intensity
due to photo-induced electron transfer (PET) mechanism.

In an effort to understand the conceptual design of this class
of anion sensors, we have further synthesized two new fluo-
rescent chemosensors by the diversification of the frame and
investigated more in details for its anion binding properties.
Herein, we report two new fluorescent anion receptors (3 and
4) bearing two imidazolium groups at the 9,10-positions of
anthracene and 2,20-positions of binaphthyl ring, respec-
tively. The crystal structure of 3 is also reported. The binding
properties of these new host systems toward various anions
including HP2O7

3� and H2PO4
�were examined using fluores-

cence. Two known systems (1 and 2) were reinvestigated for
the binding affinity toward pyrophosphate. We also carried
out theoretical investigation in order to understand the bind-
ing mode of the anions with these receptors. Host (S)-4
shows a unique selectivity for HP2O7

3�, which is simply
induced from two imidazolium groups immobilized on a
binaphthyl moiety. Furthermore, the binding property of
hosts 3 and 4 toward various anions was compared with
that of hosts 1 and 2. We notice that 2 has the highest binding
affinity and selectivity toward HP2O7

3� via ion-pairing inter-
action mode against the conventional ionic–hydrogen bond-
ing of anions with the imidazolium based receptors. Finally,
we briefly describe the relationship between the receptor
structure and anion binding strength.
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2. Results and discussion

The synthetic procedures of compounds 3 and 4 are summa-
rized in Scheme 1. Compounds 3 and 4 were synthesized
by the reactions of 9,10-bis(bromomethyl)anthracene 54c

and (S)-(-)2,20-bis(bromomethyl)-1,10-binaphthyl 612 with
1-butylimidazole, respectively, in CH3CN. The solvent was
evaporated to dryness; 10 mL of acetone was added to the
residue and stirred for 20 min at room temperature, followed
by anion exchange with KPF6. After another 24 h stirring
at room temperature, the reaction mixture was filtered and
the filtrate was evaporated. To the oily crude product, about
5 mL of ethyl acetate was added and precipitation occurred.
The precipitate was then filtered and washed with CH2Cl2
to give analytically pure product.
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Scheme 1. Synthesis of hosts 3 and 4.

The X-ray crystal structural analysis of 3$2[PF6]� revealed
a ‘trans’ conformation of two butyl imidazolium groups on
either side of anthracene moiety with C2v inversion symme-
try. The positively charged (C–H)+ imidazolium groups point
individually toward the counter anions (PF6

�) (Fig. 2).
Selected hydrogen interionic distances are d(H1/F4)¼
2.623 Å and d(H1/F3)¼2.802 Å.
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Figure 1. Structures of fluorescent imidazolium receptors.
The fluorescence emission changes of 3 upon the addition
of HSO4

�, CH3CO2
�, I�, Br�, Cl�, F�, H2PO4

�, and HP2O7
3�

are illustrated in Figure 3. Among the anions examined,
compound 3 displays strong fluorescent quenching effects
with H2PO4

� and HP2O7
3�. From the fluorescence titration

experiments, the association constants for HP2O7
3� (Fig. 4),

H2PO4
�, CH3CO2

�, Br�, and I� are observed to be 3.58�
106, 6.31�105, 7.30�103, 2.87�103, and 1.09�103 M�1

(errors�10%), respectively.14 As shown in Job’s plot
(Fig. 5), host 3 shows 1/1 binding with HP2O7

3� in aceto-
nitrile. The change in Gibbs free energy for Br� as determined
by the 1H NMR titration is 4.1 kcal/mol, which is in good
agreement with the fluorescence titration (4.7 kcal/mol).
Host 3 shows selective binding with HP2O7

3� and H2PO4
�

ions over CH3CO2
�, F�, Cl�, and Br� ions (Table 1). We

observed the 1H NMR spectral change upon the addition of
the anion as tetrabutylammonium salts in acetonitrile-d3.
Upon the addition of 1 equiv of Cl�, Br�, I�, and
HSO4

� to host 3, downfield shifts (Dd¥1.38, 1.12, 0.33,
and 0.16, respectively) were observed for the C(2) proton
of imidazolium moieties, clearly suggesting 3$anion com-
plexation by (C–H)+–anion ionic hydrogen bonds. However,
in acetonitrile-d3, addition of F� or H2PO4

� to host 3 resulted
in a precipitate.
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Figure 2. Crystal structure of 3$2(PF6
�) (thermal ellipsoids set at 30% prob-

ability). Selected interionic distances: H1–F4¼2.623 Å, H1–F3¼2.802 Å.

Figure 3. Fluorescent emission changes of 3 (6 mM) upon the addition of
tetrabutylammonium salt of HSO4

�, CH3CO2
�, I�, Br�, Cl�, F�, H2PO4

�,
and HP2O7

3� (10 equiv) in acetonitrile (excitation at 365 nm) (excitation
and emission slit: 3 nm).
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There are quite a few papers regarding fluorescent chemo-
sensors for anions bearing benzylic amine1f,4g or urea
groups,1f,2,4a,c which are based on photo-induced electron
transfer (PET) mechanism. However, only a few fluorescent
signaling systems bearing imidazolium groups for anions
have been reported.9b,c,11b,15 Our anthracene and binaphtha-
lene based receptors (1–4) should in principle show also ideal
PET behavior upon anion recognition. As shown in Figure 3,
H2PO4

� and HP2O7
3� quenched the emission effectively

(w95%); on the other hand, no other spectral changes were
observed in the emission spectra, i.e., there was no evidence
of either exciplex or excimer emission. Furthermore, the
changes in the absorption spectra of anthracene moiety
were negligible. Since the binding sites of these receptors
are separated from the fluorophore via methylene spacer,
the observations are consistent with the typical PET behavior.

Figure 4. Fluorescent titrations of compound 3 (1 mM) with tris(tetrabutyl-
ammonium) hydrogenpyrophosphate in acetonitrile (excitation at 365 nm)
(excitation and emission slit: 5 nm).
Figure 6 shows fluorescent emission changes of 4 (6 mM)
upon the addition of tetrabutylammonium salt of HSO4

�,
CH3CO2

�, I�, Br�, Cl�, F�, H2PO4
�, and HP2O7

3� (10 equiv)
in acetonitrile, while Figure 7 shows the fluorescence titra-
tion experiments of host 4 with HP2O7

3�. As shown in Table
1, from the fluorescence titration, the association constants
for HP2O7

3�, H2PO4
�, CH3CO2

�, F�, Cl�, Br�, and I� are
observed to be 6.76�106, 4.21�105, 1.26�105, 4.09�105,
2.78�103, 1.87�103, and 1.14�103 M�1 (errors�10%),
respectively.13 The selectivity for HP2O7

3� is about 12 times
greater than H2PO4

� and F�.

Among the series of hosts (1–4) examined, a dimer host (2)
displays a largest binding constant with HP2O7

3� (Fig. 8),
which indicates that the preorganized rigid binding pocket
may play an important role in the binding with HP2O7

3�.

Figure 5. Job’s plot of compound 3 (1 mM) with tris(tetrabutylammonium)
hydrogenpyrophosphate in acetonitrile using its fluorescent changes (exci-
tation at 365 nm and emission at 422 nm) (excitation and emission slit:
5 nm).
Table 1. Calculated interaction energies and experimental free energy changes for host–anion complexes in kcal/mola

Host Anion Ka (M�1)a �DGexpt �DEgas
calcd �DEMeCN

calcd �DGscaled

1 HP2PO7
3� 5.43�106 9.18 482.11 15.44 10.04

H2PO4
� w1.30�106 w8.34 165.50 13.45 8.74

Cl� 7900 5.31 — — —
Br� 4500 4.98 — — —

2 HP2PO7
3� w1.01�108 w10.91 484.50 17.60 (11.53) 11.44 (7.49)

H2PO4
� w1.30�106 w8.34 169.49 12.76 8.29

F� 340,000 7.54 179.71 11.44 7.43
Cl� 2000 4.49 — — —
Br� 780 3.94 — — —

3 HP2PO7
3� 3.58�106 8.93 469.36 11.06 7.19

H2PO4
� 631,000 7.91 164.59 10.57 6.87

CH3COO� 7300 5.27 167.87 9.46 6.15
Br� 2870 4.71 — — —

4 HP2PO7
3� 6.76�106 9.31 471.90 15.81 9.48

H2PO4
� 421,000 7.67 155.50 13.04 7.82

CH3COO� 126,000 6.95 163.46 11.39 6.84
F� 409,000 7.65 173.49 12.04 7.23
Cl� 2780 4.69 — — —
Br� 1870 4.46 — — —

a The association constants Ka (M�1) were measured using the fluorescence titration. DGexpt are the changes in Gibbs’ free energy in acetonitrile solution mea-
sured by fluorescence titration. Anions used are in the form of tetrabutylammonium salts. DEgas

calcd is the interaction energy in the gas phase at the B3LYP/
6-31(+)G* level of theory. DEsoln

calcd¼DEsoln
H–anion�DEsoln

soln–anion, where DEsoln
H–anion is the interaction energy of the H–anion complex (H¼1–4) in acetonitrile solution

based on isodensity surface polarized continuum model (IPCM), DEsoln
soln–anion is the interaction energy of the anion with solvent molecules in the first solvation

shell of an anion. The free energy change (DGscaled) was approximately obtained by scaling (65%) the internal energy change to fit to the experimental value.
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Figure 6. Fluorescent emission changes of 4 (6 mM) upon the addition of
tetrabutylammonium salt of HSO4

�, CH3CO2
�, I�, Br�, Cl�, F�, H2PO4

�,
and hydrogenpyrophosphate (10 equiv) in acetonitrile (excitation at
310 nm) (excitation and emission slit: 3 nm).

Figure 7. Fluorescent titrations of compound 4 (1 mM) with tris(tetrabutyl-
ammonium) hydrogenpyrophosphate in acetonitrile (excitation at 310 nm)
(excitation and emission slit: 3 nm).

Figure 8. Fluorescent titrations of compound 2 (1 mM) with tris(tetrabutyl-
ammonium) hydrogenpyrophosphate in acetonitrile (excitation at 365 nm)
(excitation and emission slit: 3 nm).
The binding constants of 1–4 with HP2O7
3� are in the order of

2>4¥1>3, which is consistent with our assumption.

The competitive binding studies of hosts 2 and 4 with respect
to HP2O7

3� using fluorescent changes clearly show that host
2 binds more tightly with HP2O7

3� than 4 does. As shown in
Figure 9, the fluorescent intensity of host 4 was almost re-
covered when host 2 was added to the solution of host 4
and HP2O7

3�, and the fluorescent intensity of host 2 was
quenched quite significantly.

From 1H NMR it is observed that upon the addition of HP2O7
3�

(0.5 equiv) to the solution of 4 in acetonitrile, both imida-
zolium C-2 hydrogen peaks (8.53 ppm) moved to 9.66 ppm
with severe broadness. And they disappear even at the low
concentration of guest (1 equiv) possibly due to the transfer
of hydrogen atom from the imidazolium moieties to HP2O7

3�

(Fig. 10). Also, one of the benzyl hydrogens displays large
downfield shift (w1 ppm) when HP2O7

3� was added. On the
contrary, imidazolium C-2 hydrogens of host 4 display only
downfield shifts (w1 ppm) upon the addition of H2PO4

� and
one of the benzyl hydrogens displays less downfield shift
(<0.5 ppm) compared to that with HP2O7

3� (Fig. 11). Similar
proton transfer was also observed in 1H NMR spectra of
host 3 when HP2O7

3� was added in DMSO-d6 at room
temperature. Similar broadness of the imidazolium C-2
hydrogens as well as a downfield shift (9.09–9.54 ppm) of
these protons was observed, while there was only small
downfield (w0.3 ppm; 6.56–6.86 ppm) in the benzyl protons.

The thermodynamic origin of the cooperativity of ion-
pairing in molecular recognition was investigated with the
positively charged anion receptors containing ammonium
groups.16 On the other hand, imidazolium based receptors
have strong tendency to form ionic hydrogen bonding with
anions, which is explained by the 1H NMR chemical shift
of the imidazolium C-2 hydrogen. However, the observation
of no chemical shift between some of the receptors studied
here upon the addition of H2PO4

� and HP2O7
3� has questioned

about the nature of interaction between host and guest.
Therefore, the theoretical investigation17 for the most stable
conformer of host–guest complex is essential in order to

Figure 9. Competitive binding studies of 2 (1 mM) and 4 (1 mM) with
HP2O7

3� (1 equiv) in acetonitrile (excitation at 310 or 367 nm) (excitation
and emission slit: 3 nm).
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understand the nature of binding interaction. At the opti-
mized geometries of 3 and 4 with HP2O7

3� we note that one
of the imidazolium C-2 hydrogen has been completely trans-
ferred to the HP2O7

3� (Fig. 12) as observed in 1H NMR titra-
tion. In the optimized geometry of 1 with HP2O7

3�, we do not

Figure 10. Partial 1H NMR (250 MHz) of 4 (2 mM) in DMSO-d6.
(a) Compound 4 only; (b) 4+0.2 equiv of tris(tetrabutylammonium)
hydrogenpyrophosphate; (c) 4+0.5 equiv of tris(tetrabutylammonium)
hydrogenpyrophosphate; (d) 4+1 equiv of tris(tetrabutylammonium) hydro-
genpyrophosphate.

Figure 11. Partial 1H NMR (250 MHz) of 4 (2 mM) in DMSO-d6. (a)
Compound 4 only; (b) 4+1.5 equiv of tetrabutylammonium dihydrogen-
phosphate; (c) 4+3 equiv of tetrabutylammonium dihydrogenphosphate;
(d) 4+5 equiv of tetrabutylammonium dihydrogenphosphate.
see any proton transfer unlike the cases of 3 and 4 with
HP2O7

3�. In a while, the optimized geometry of 2 with
HP2O7

3� shows two distinct modes of interactions between
host and guest. In one mode one of the imidazolium C-2 hy-
drogen has been completely transferred to HP2O7

3�. In the
other mode the interaction between 2 and HP2O7

3� surprised
us as it forms a complex where the major interaction between
host and guest is the ion-pair interaction, thereby the orienta-
tion of the oxygen atoms of HP2O7

3� is not properly angled
for the maximal H-bonding with the imidazolium C-2 hydro-
gen atoms. Both the bonding modes show nearly the same
binding energy in the gas phase, which is higher than other
anions by at least w300 kcal/mol. However, in acetonitrile
the ion-pair complex conformer is found to be 6 kcal/mol
more stable than the complex formed by proton transfer.
Similarly, the most stable conformer for 1–HP2O7

3� is the
ion-pair complex. The 1H NMR titration of 1 and 2 with
HP2O7

3� in DMSO shows that there is no chemical shift of
imidazolium C-2 hydrogen at the molar ratio of 0.1–
0.3 equiv of HP2O7

3�; the solution starts precipitating upon
the addition of w0.5 equiv of HP2O7

3�. This experimental
finding also supports our prediction of ion-pair interaction
mode between 1/2 and HP2O7

3�.

Table 1 illustrates the ab initio calculation results for host–
anion complexes. In the gas phase, the binding energy of
host 3 with HP2O7

3� is much larger than other anions by at
leastw300 kcal/mol. Since ionic hydrogen bond strength is
dependent on solvent polarity and interaction of the anion
with the solvent molecules, the binding energies are much
lowered in polar solvents.18 Therefore, in acetonitrile, the
binding energy gain of host 3 in favor of HP2O7

3� is 0.3
and 1.0 kcal/mol for H2PO4

� and CH3CO2
�, respectively.

The binding energies of 4 with HP2O7
3� in the gas phase

are larger than that of H2PO4
�, CH3COO�, and F� by 316,

308, and 298 kcal/mol, respectively (Table 1). Therefore,
in acetonitrile, the binding energy gain of host 4 is in favor
of HP2O7

3� over H2PO4
�, CH3CO2

�, and F� by 1.7, 2.6, and
2.3 kcal/mol, respectively.

Meanwhile, the binding energies in acetonitrile of host 1 and
2 with HP2O7

3� in the gas phase were predicted to be at least
w300 kcal/mol more than other anions, whereas in aceto-
nitrile the binding energy 1/2 with HP2O7

3� is larger than
that of H2PO4

� by 1.3/3.1 kcal/mol.

The average Mulliken atomic charges (B3LYP/6-31G*) on
the oxygen atoms of HP2O7

3� is �0.79. The same for
H2PO4

� and CH3CO2
� are �0.67 and �0.64, respectively.

3-HP2O7
3¯

4-HP2O7
3¯

Figure 12. Optimized geometry of (a) 3$HP2O7
3� and (b) 4$HP2O7

3�

complexes. Dotted lines show distances less than 2.5 Å.
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Just by considering the columbic interaction between the
cationic divalent receptors (1–4) and non-spherical anions
the trivalent anionic species HP2O7

3� will be more strongly
interacting than the monovalent anionic species (H2PO4

�

and CH3CO2
�). The binding affinity of H2PO4

� is expected
to be higher than that of CH3CO2

�. All the receptors (1–4)
obey the same trends. On the other hand, the open form of
the receptors (1, 3, and 4) has lower binding affinity for
HP2O7

3� than the close form (2) despite the fact that all are
divalent cationic receptors. The most stable conformers of
1 and 4 have two imidazolium arms in the form of tweezers,
meanwhile 3, in trans form (as in the crystal structure,
Fig. 2). Therefore, in order to form the stable complex
with anions, it needs to rearrange the binding arms at the
cost of the entropy energy. Meanwhile, the energy lost due
to entropy will be minimal in the case of 2 as it has rigid/pre-
organized form of the binding arms. The combined effect of
rigidity and ion-pair interactions leads 2 to have stronger
binding affinity toward HP2O7

3�.

From the above experimental and theoretical investigations,
we notice that all the dipodal receptors studied have more or
at least equal binding affinity toward HP2O7

3� or H2PO4
�

against other anions. This suggests that this class of imidazo-
lium dipodal receptors shows strong binding with the
V-shaped and tetrahedral shaped anions, which prefers
more directed H-bonding interaction. Anthracene was found
to be the most appropriate size of the rigid frame in our
model system for the maximal interaction between host and
HP2O7

3� (Fig. 13).

3. Conclusion

Anthracene and binaphthyl derivatives bearing two imidazo-
lium moieties were synthesized as fluorescent chemosensors
for anions and investigated using fluorescence, 1H NMR
analysis, density functional calculations, and X-ray diffracto-
meter analysis. The anthracene and binaphthalene based
receptors display particularly selective binding for pyro-

1·HP2O7
3¯

2·HP2O7
3¯:C-1 2·HP2O7

3¯:C-2

Figure 13. Optimized geometry of 1$HP2O7
3� and two conformers C-1 and

C-2 of 2$HP2O7
3� complexes. Dotted lines show distances less than 2.5 Å.
phosphate and phosphate. Therefore, the selectivity of these
imidazolium receptors against anions can be controlled by
the topology of the binding site. The conceptual design ap-
proach adopted here could be applied to other imidazolium
based receptors with diverse topological features.

4. Experimental

4.1. General methods

Unless otherwise noted, materials were obtained from com-
mercial suppliers and were used without further purification.
Flash chromatography was carried out on silica gel 60 (230–
400 mesh ASTM; Merck). Thin layer chromatography
(TLC) was carried out using Merck 60 F254 plates with thick-
ness of 0.25 mm. Preparative TLC was performed using
Merck 60 F254 plates with the thickness of 1 mm.

Melting points were measured using a Büchi 530 melting
point apparatus. 1H NMR and 13C NMR spectra were re-
corded using Bruker 250 MHz or Varian 500 MHz. Chemical
shifts were given in parts per million and coupling constants
(J) in hertz. Mass spectra were obtained using a JMS-HX
110A/110A Tandem Mass Spectrometer (JEOL). UV
absorption spectra were obtained on UVIKON 933 Double
Beam UV/VIS Spectrometer. Fluorescence emission spectra
were obtained using RF-5301/PC Spectrofluorophotometer
(Shimadzu).

4.1.1. 1,10-[9,10-Anthracenediylbis(methylene)]bis[3-
butyl-1H-imidazolium] dihexafluorophosphate (3). Pro-
cedure A. A solution of 9,10-bis(bromomethyl)anthracene4a

10 (100 mg, 0.27 mmol) and 1-butylimidazole (70 mg,
0.56 mmol) in acetonitrile (25 mL) was refluxed for 12 h.
After cooling to the room temperature, the solvent was evapo-
rated to dryness under vacuum. To the reaction mixture,
10 mL of acetone was added. After stirring for 20 min at
room temperature, 109 mg of KPF6 (0.54 mmol) was added
to the reaction mixture. After another 24 h stirring at room
temperature, the reaction mixture was filtered and the filtrate
was evaporated. To the oily crude product, about 5 mL of
ethyl acetate was added. The addition of ethyl acetate caused
the precipitation of the product. The precipitate was then
filtered and washed with CH2Cl2 to give analytically pure
product as a pale yellow solid (160 mg, 80%); mp 248–
252 �C, dec; 1H NMR (CD3CN) d 8.39 (m, 4H), 8.26 (s,
2H), 7.75 (m, 4H), 7.36 (m, 4H), 6.39 (s, 4H), 3.99 (t, 4H,
J¼7.4 Hz), 1.71 (quintet, 4H, J¼7.3 Hz), 1.20 (sextet, 4H,
J¼7.3 Hz), 0.86 (t, 6H, J¼7.4 Hz); 13C NMR (CD3CN)
d 135.6, 131.4, 128.4, 126.6, 124.6, 122.9, 122.8, 49.9,
146.1, 31.8, 19.3, 12.9; MS (FAB) m/z¼597.2587 (M�PF6)+,
calcd for [C30H36F12N4P2�PF6]¼597.2582.

4.1.2. (S)-(L)-2,20-Bis[(n-butyl)imidazoliummethyl]-
1,10-binapthyl dihexafluorophosphate (4). Application of
procedure A to (S)-(-)2,20-bis(bromomethyl)-1,10-binapthyl
1112 (80 mg, 0.18 mmol) and 1-butylimidazole (70 mg,
0.56 mmol) in acetonitrile (25 mL) gave 4 as an analytically
pure solid (129 mg, 76%); mp 166–170 �C, dec; 1H NMR
(DMSO-d6, 250 MHz) d 8.54 (s, 1H), 8.26 (d, 2H, J¼
8.5 Hz), 8.08 (d, 2H, J¼8.5 Hz), 7.79 (d, 2H, J¼8.5 Hz),
7.51 (t, 2H, J¼7.2 Hz), 7.36 (br s, 2H), 7.19 (t, 2H,
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J¼7.2 Hz), 7.41 (t, 2H, J¼1.8 Hz), 7.15 (br s, 2H), 6.63 (d,
2H, J¼8.4 Hz), 5.33 (d, 2H, J¼15.0 Hz), 5.11 (d, 2H,
J¼15.0 Hz), 3.38 (m, 4H), 1.50 (quintet, 4H, J¼7.3 Hz),
1.14 (sextet, 4H, J¼7.3 Hz), 0.83 (t, 6H, J¼7.3 Hz); 13C
NMR (DMSO-d6, 125 MHz) d 135.7, 133.9, 132.9, 131.8,
130.2, 129.6, 128.2, 127.6, 127.0, 126.9, 124.9, 122.4,
121.9, 51.1, 48.3, 31.0, 18.7, 13.2; HRMS (FAB) m/z¼
673.2894 (M�PF6)+, calcd for [C36H40F12N4P2�PF6]¼
673.2895.

4.2. Preparation of fluorometric anion titration solutions

Stock solutions (1 mM) of the tetrabutylammonium salts of
HP2O7

3�, H2PO4
�, HSO4

�, CH3CO2
�, F�, Cl�, Br�, and I� in

acetonitrile were prepared. Stock solutions of 1–9 (0.1 mM)
were also prepared either in acetonitrile or DMSO. Test so-
lutions were prepared by placing 4–40 mL of the probe stock
solution into a test tube, adding an appropriate aliquot of
each metal stock, and diluting the solution to 4 mL with
acetonitrile. For all measurements, excitation was at 365 nm
(for 1, 2, 3), 310 nm (for 4), 272 nm (for 5) or 320 nm (for
6–9); emission was measured at 421 nm (for 1 and 3),
418 nm (for 2) or 342 nm (for 4). Both excitation and emis-
sion slit widths were 3 nm or 5 nm.

4.3. Preparation of NMR-titration solutions

The solution of receptors as 1 mM in CD3CN was titrated by
adding known quantities of concentrated solution (4 mM) of
anions in the form of their tetrabutylammonium salts. All
tetrabutylammonium anions were purchased from Aldrich.
All titrations were repeated at least once to get the consis-
tent values.

4.4. X-ray structure determination

The X-ray diffraction data for suitable crystals were collected
and mounted on a Bruker-SMART-CCD-2000-APEX-
diffractometer with monochromated Mo Ka radiation
(l¼0.71069 Å) in the u/2q scan and measured. The SHELX
programs were used for structure solution and refinement.19

4.4.1. Compound 3$2(PF6). C30H36F12N4P2; the data
crystal is in a colorless plate form and had approximate
dimensions 0.1�0.1�0.05 mm3, orthorhombic, space group
Pbca, a¼12.731(4) Å, b¼10.549(3) Å, c¼24.840(8) Å; V¼
3336.0(2) Å3, Z¼4, F(000)¼1528, s¼1.478 Mg/m3, 2qmax¼
49.46�, R1¼0.0735, wR2¼0.1739, GOF¼1.001, residual
electron density between 0.403 and�0.196 e Å�3. Crystallo-
graphic data for the structure (3$2(PF6)) have been deposited
to the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-275816. These data can be
obtained free of the charge from the Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/_conts/
retrieving.html.
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