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Graphical Abstract 
 

 

 

Binding abilities depends on magnitude of C-H polarization.   
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Abstract 

 

Contribution of C-H hydrogen bonds is one of the key factors to consider in anion binding 

receptor design. To investigate the participation of C-H hydrogen bonds through C-H 

polarization in the anion binding event, we have designed and synthesized three new anion 

receptors (receptor 1, 2 and 3). Essentialy, the only difference within these receptors is the 

relative magnitude of C-H(Ha) polarization. These receptors utilize two amide N-H, two 

aromatic C-H(Ha), anthracene 9-C-H and possibly two methyl group as hydrogen bonding 

moieties. From the titrations and DFT calculations, we found that that the anion binding 

abilities of these receptors mainly depends on the magnitude polarization of C-H(Ha) and 

receptor 1 and 2 are selective for H2PO4
-. 

 

Key words : anion receptor, polar C-H hydrogen bonds 
 

 

Introduction 

 

The design and synthesis of efficient receptors capable of binding biologically and 

environmentally important anionic species is an emerging field in supramolecular chemistry.1-

5  

Page 2 of 22New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Hydrogen bonds are important anion recognition elements due to their directionality. As 

anions display a wide range of geometries, the directionality of hydrogen bonds is frequently 

utilized to achieve complementarity between anions and receptors. While most hydrogen 

bonding anion receptors utilize a N-H- - -anion or O-H ---anion hydrogen bond, Only a few 

examples are reported about receptors utilizing C-H- - -anion hydrogen bonds6-13 even though 

C-H- - -anion hydrogen bonds play an important role in nature.14-20 Although there have been 

many examples that C-H hydrogen bonds contribute to anion binding events, there appears to 

be a general consensus among supramolecular chemists that C-H hydrogen bonds are much 

weaker than traditional O-H and N-H donors.  

However, when attached to polarizing substituents, C-H groups play as moderate-to strong 

hydrogen bond donors, exhibiting interaction energies comparable to those obtained from O-

H and N-H groups.21-32 

To investigate the participation of C-H hydrogen bonds through C-H polarization in the anion 

binding event, we have designed and synthesized new anion receptors 1, 2 and 3 as shown 

below 

 

NH HNO O

O2N NO2

NH HNO ONH HNO O

N N

+ +

HaHa
Ha

1 2 3
 

 

These receptors utilize two amide N-H, two aromatic C-H(Ha) and anthracene 9-C-H as 

hydrogen bonding moieties. From our experiments, we found that the binding abilities of 
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these receptors depends on the magnitude polarization of C-Ha. Here we report the synthesis 

and binding properties of these receptors.  

 

Experimental section 

Materials 

Tetra-n-butylammonium hydroxide , tetra-n-butylammonium fluoride , tetra-n-

butylammonium dihydrogen phosphate, tetra-n-butylammonium acetate (TBAA), and 

tetranbutylammonium bromide, tetra-n-butylammonium chloride (TBACl) tetra-n-

butylammonium hydrogen sulphate were purchased from Sigma-Aldrich Chemical Co., Inc., 

and used as received. 

Measurements 

Absorption spectra were recorded using a biochrom Libra S70 spectrophotometer (Biochrom 

Ltd, England). NMR spectra were recorded using a BRUKER spectrometer operated at 500 

MHz. ESI MS spectra were obtained using a JMS 700 (Jeol, Japan) double focusing magnetic 

sector mass spectrometer. All measurements were carried out at room temperature (298 K). 

 

Synthesis 

For the synthesis of receptor 1, nicotinic acid and oxalyl chloride was reacted to give 

nicotinoyl chloride 4 in quantitative yield. The reaction between nicotinoyl chloride and 

anthracene-1,8-diamine33 in the presence of diisopropylethylamine gave N,N’-(anthracene-

1,8-diyl)dinicotinamide 5 in 20% yield. Then compound 5 was reacted with 14 equivalents of 

methyl iodide at 70oC. Anion exchange with ammonium hexafluorophosphate gave receptor 

1 in 72% yield. Receptors 2 and 3 were synthesized by the reaction between anthracene-1,8-

diamine and 3-nitrobenzoyl chloride( or benzoyl chloride). All compounds were 

characterized by 1H NMR, 13C NMR, and high-resolution mass spectrometry. 
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N

O

OH

N

O

Cl

Oxalyl chloride

r.t., 30min

NH HNO O

N N

NH2 NH2

N

O

Cl

DIPEA

MC, r.t., 1hr.

1) CH3I / DMF, 70oC, 1hr

2) NH4PF6
NH HNO O

N N

PF6
-PF6

-

4

5

1  

NH HNO O

R R
NH2 NH2

O

Cl

R

Pyridine

MC, r.t.

2 R = NO2
3 R = H  

 

Scheme 1. Synthetic Procedure for Anion Receptors 1, 2 and 3 

 

Compound 4 
 
A suspension of 150 mg (1.22 mmol) of nicotinic acid in 1 ml of oxalyl chloride was stirred 

for 30 min at room temperature. After oxalyl chloride was evaporated in vacuo, the 

compound 4 was obtained in quantitative yield and used for next reaction without purification. 
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1H NMR (CDCl3, 500MHz) δ 9.45(s, 1H), 9.06(d, 1H, J=4.5Hz), 8.91(d, 1H, J=8Hz), 8.05(t, 

1H, J=5.5Hz) 

 

Compound 5 

To a solution of anthracene-1,8-diamine (127 mg, 0.61 mmol) in dichloromethane (7 mL) 

was added nicotinoyl chloride (173 mg, 1.22 mmol) and diisopropylethylamine (212µl, 1.22 

mmol) and stirred for 1 hour at room temperature. The precipitate was collected by filtration, 

washed with methanol and dried in vacuum to give dark brown solid (52 mg) in 20 % yield. 

mp 264-268oC 1HNMR (DMSO-d6, 500MHz) 10.80(s,2H), 9.21(s, 2H), 8.91(s, 1H), 8.78(d, 

2H, J=4.5Hz), 8.74(s, 1H), 8.36(d, 2H, J=7.5Hz), 8.08(d, 2H, J=8.5Hz), 7.75(d, 2H, J=7Hz), 

7.66(t, 2H, J=7.5Hz), 7.48(m, 2H), 13C NMR (DMSO-d6, 125MHz) δ 162.83, 146.25, 143.93, 

142.39, 133.14, 132.45, 131.84, 126.95, 126.51, 126.33, 126.05, 125.58, 122.31, 118.18 

HRMS(EI) m/z calcd for C26H18N4O2 : 418.1430. Found : 418.1427. 

 

 

Receptor 1 

To a solution of N,N’-(anthracene-1,8-diyl)dinicotinamide 5 ( 35mg, 0.084mmol) in DMF (3 

mL) was added methyl iodide (73µl, 1.18 mmol) and stirred for 1 hour at 70oC. After the 

reaction mixture was cooled to room temperature, 10 ml of water was added. Then, 5 ml of 

1M NH4PF6 solution was added to give a dark brown precipitate. The precipitate was 

collected by filtration, washed with water and dried in vacuum to give dark brown solid (44.7 

mg) in 72 % yield. mp > 300oC 1HNMR (DMSO-d6, 500MHz) δ 11.12(s,2H), 9.60(s, 2H), 

9.15(m, 4H), 8.95(s, 1H), 8.81(s, 1H), 8.26(t, 2H, J=6.5Hz), 8.15(d, 2H, J=8.5Hz), 7.87(d, 2H, 

J=7Hz), 7.67(t, 2H, J=7.5Hz), 5.51(s, 6H) 13C NMR (DMSO-d6, 125MHz) δ 161.48, 147.42, 
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146.11, 143.17, 133.86, 132.44, 131.83, 127.53, 127.16, 127.03, 126.38, 125.58, 122.77, 

117.08, 48.27 HRMS (FAB), m/z calcd for C28H24F12O2P2 : 738.1183. Found: 738.1177. 

 

Receptor 2  

To a solution of anthracene-1,8-diamine (70 mg, 0.34 mmol) in dichloromethane (16 mL) 

was added 3-nitrobenzoyl chloride (125 mg, 0.68 mmol) and pyridine (127 µl, 1.58 mmol) 

and stirred for 15 min. The precipitate was collected by filtration, washed with methanol 

and dried in vacuum to give light brown solid (110 mg) in 65 % yield. mp > 300oC 1HNMR 

(DMSO-d6, 500MHz) δ 10.92(s,2H), 8.76(m, 3H), 8.71(s, 1H), 8.35(m, 4H), 8.11(d, 2H, 

J=7Hz), 7.62(m, 6H) 13C NMR(DMSO-d6, 125MHz) δ 164.01, 147.51, 135.56, 133.88, 

133.61, 131.85, 129.89, 129.89, 127.34, 126.98, 126.03, 125.46, 123.66, 122.21, 118.075 

HRMS (FAB), m/z calcd for C28H18N4O6 - H
+:505.1146. Found: 505.1142 

 
Receptor 3 

To a solution of anthracene-1,8-diamine (60 mg, 0.29 mmol) in dichloromethane (9 mL) was 

added benzoyl chloride (80 mg, 0.57 mmol) and pyridine (109 µl, 1.35 mmol) and stirred for 

30 min. The precipitate was collected by filtration, washed with methanol and dried in 

vacuum to give black solid receptor 3 (70 mg) in 59 % yield. mp 274-276 oC 1HNMR 

(DMSO-d6, 500MHz) δ 10.59(s,2H), 8.92(s, 1H), 8.71(s, 1H), 8.04(m, 6H), 7.70(d, 2H, 

J=6.5Hz), 7.59(q, 4H, J=6.5Hz), 7.42(m, 4H) HRMS (FAB), m/z calcd for C28H19N2O2-

H+:415.1445. Found : 415.1441 
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Results and Discussion  

Interactions with Dihydrogen Phosphate 

 
The ability of receptor 1 to recognize dihydrogen phosphate was studied first in DMSO using 

UV–vis titration spectra. Receptor 1 displayed absorption bands at 390 nm. Upon addition of 

increasing amounts of H2PO4
-, moderate increases in absorption at 455 nm and isosbestic 

point was observed at 386 nm, suggesting typical hydrogen bonding complex formation 

between receptor 1 and dihydrogen phosphate. (Figure 1a)  

 

 

 
 
 
 

(a)                                (b) 
 

 
 
 
 
 
 
 
 

(c) 
 
Figure 1. UV-vis spectra recorded over the course of titration of 100 µM DMSO solution of 
the receptor 1(a), 2(b) and 3(c) with the standard solution tetrabutylammonium dihydrogen 
phosphate 
 
 
In order to discriminate hydrogen bonding interaction from deprotonation, UV–vis titration of 

the receptor 1 with tetrabutylammonium hydroxide was carried out (Figure 2a). The changes 

in the absorbance spectra with hydroxide were clearly different from those with dihydrogen 

phosphate. Furthermore, isosbestic poits observed at 406nm and 370 nm was different from 

the isosbestic points observed with dihydrogen phosphate. In addition, the UV–vis spectral 
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changes of the receptors upon addition of excessive fluoride or acetate were nearly identical 

to those triggered by hydroxide. (Figure 2b and 2c)  

 

 

 
 
 
 
 
 
 
 

 
(a)                                (b) 

 
 
 
 
 
 
 
 
 
 

 
(c) 
 
Figure 2. UV-vis spectra recorded over the course of titration of 100 µM DMSO solution of 
the receptor 1 with the standard solution tetrabutylammonium hydroxide (a), 
tetrabutylammonium fluoride (b) and tetrabutylammonium acetate (c) 
 
 
Receptor 1 showed a strong fluorescence emission spectrum in DMSO as expected. The 

excitation wavelength was 381 nm and emission wavelengths were 442 nm. The intensity of 

the emission spectrum from 20 µM solution of receptor 1 gradually increased as the 

concentration of tetrabutylammonium dihydrogen phosphate salts was increased (1–35 

equiv.), which also indicates the association between receptor 1 and dihydrogen phosphate 

(Figure. 3).  
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Figure. 3 The change in fluorescence spectra over the course of titration of 20 µM DMSO 
solutions of receptor 1 when tetrabutylammonium dihydrogen phosphate was added. The 
change in the fluorescence of the intensity measured at 442 nm. 
 

 

 

 

 

 

 

 

 

 

Figure 4. Job plots of receptor 1 with tetrabutylammonium dihydrogen phosphate and 
tetrabutylammonium chloride obtained by UV-vis spectrum in DMSO  
 

 

The stoichiometry between receptor 1 and dihydrogen phosphate was determined to be 1:1 

using a UV-vis Job plot in DMSO (Figure 4).  

The complexation abilities of receptor 1 to dihydrogen phosphate was also measured by standard 

1H NMR titration experiments in DMSO-d6 using a constant host concentration (2 mM) and 

increasing concentrations of dihydrogen phosphate. The addition of tetrabutylammonium 

dihydrogen phosphate salts to the solution of receptor 1 in DMSO-d6 resulted in downfield shift 
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of C-Ha and anthracene 9-C-H peaks. For example, C-Ha peak moved from 9.602 ppm to 

9.925 ppm and anthracene 9-C-H moved from 8.952 ppm to 9.473 ppm. However, no 

downfield shift of amide N-H peak was observed due to severe line broadening. (Figure 5) 

This result indicates that added dihydrogen phosphate are complexed by receptor 1 through 

amide N-H, C-Ha and anthracene 9-C-H. In addition, all peaks from anthracene showed 

upfield shift except 9-C-H peak. In fact, two effects are expected as a result of hydrogen bond 

formation between receptor 1 and the anion. (i) A through-bond propagation increases the 

electron density in the anthracene ring,which causes a shielding effect and promotes an 

upfield shift; (ii) a through-space effect increases a polarization of C–H bonds, which causes 

deshielding and promotes a downfield shift. In this case, the through-bond propagation 

dominates, and an upfield shift is observed for all hydrogen peaks from anthracene.  

 

 

Figure 5. 1H NMR spectra of 2 mM of receptor 1 containing increasing amounts of 
tetrabutylammonium dihydrogen phosphate (0 –2.3 equiv.) in DMSO-d6  
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A Benesi–Hildebrand plot34 by use of change at 455 nm in UV-vis spectrum and at 442 nm in 

fluorescence spectrum gave the association constant for dihydrogen phosphate. The 

calculated association constants for dihydrogen phosphate were 1.5 X 103 and 1.6 X 103 from 

UV-vis spectrum and fluorescence spectrum respectively. In addition, the chemical shifts of 

these hydrogens were analyzed by EQNMR35 and the association constant calculated from 1H 

NMR titration gave 1.3 X 103, which is similar with the values obtained from UV-vis and 

fluorescence titrations.  

In the case of receptor 2, absorption bands appeared at 374, 388 nm in DMSO. Upon addition 

of increasing amounts of H2PO4
-, formation of hydrogen bonding complex was also observed. 

A new λmax was observed at 447 nm and isosbestic point was observed at 399 nm. (Figure 1b)  

Receptor 2 also showed hydrogen bond formation through 1H NMR titration. Until 8 

equivalents of dihydrogen phosphate was added, amide N-H peak moved from 10.9 to 12.2 

ppm although line broadening was observed. (Figure 6) In addition, downfield shifts of C-Ha 

peak (para position to NO2 group) and anthracene 9-C-H were observed. For example, C-Ha 

peak moved from 8.35 ppm to 8.87 ppm and anthracene 9-C-H moved from 8.69 ppm to 9.06 

ppm. This result indicates that these hydrogens are major hydrogens involved in hydrogen 

bonding with anions during titration and added dihydrogen phosphate are complexed by 

receptor 2 through amide N-H, C-Ha and anthracene 9-C-H. The calculated association 

constants between receptor 2 and dihydrogen phosphate were 2.1 X 102 from UV-vis titration 

and2.2 X 102 from 1H NMR.   
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Figure 6. 1H NMR spectra of 2 mM of receptor 2 containing increasing amounts of 
tetrabutylammonium dihydrogen phosphate (0 –13.4 equiv.) in DMSO-d6  
 

 

No change of spectrum was observed with receptor 3 (Figure 1c). Most likely two amide N-H 

hydrogen bonds, the polarization of anthracene 9-H and C-Ha are not strong enough to make 

complex with dihydrogen phosphate, which indicates the importance of polarization of C-Ha 

in the receptor 1 and 2.  

 

Interactions with halides 

The abilities of receptor 1 to recognize halides were also studied in DMSO using UV–vis 

titration spectra. When the amount of chloride was increased, moderate decreases in 

absorbance below isosbestic point and moderate increases in absorbance above isosbestic 

point were observed (Figure 7a). Isosbestic point was observed at 387 nm, suggesting typical 

hydrogen bonding complex formation between receptor 1 and chloride. The existence of 

isosbestic point for UV-vis titrations of receptors 1 with chloride suggests a 1:1 complexation, 

and this was also confirmed by Job’s plot analysis (Figure 4). 

Page 13 of 22 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

 

 

 

 

 

(a)                                 (b) 

 

 

 

 

 

 

(c ) 

 

Figure 7. UV-vis spectra recorded over the course of titration of 100 µM DMSO solution of 
the receptor 1(a), 2(b) and 3(c) with the standard solution tetrabutylammonium chloride. 
 

However, no changes of spectra due to chloride were observed with receptor 2 and 3. (Figure 

7b and 7c), which also indicates the importance of polarization of C-Ha in these receptors.  

The formation of hydrogen bond between receptor 1 and chloride was clearly observed 

through 1H NMR titration. Until 45 equivalents of chloride was added, amide N-H peak 

moved from 11.12 to 11.54 ppm. In addition, downfield shift of C-Ha peak and anthracene 9- 

C-H observed. For example, C-Ha peak moved from 9.60 ppm to 9.93 ppm and anthracene 9 

C-H moved from 8.95 ppm to 9.54 ppm. The association constants calculated for chloride 
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were 7.1 X 102. Bromide showed similar behaviors to chloride in UV-vis titration and 1H 

NMR titration (see supporting information). The calculated binding constants for other anions 

are summarized in Table 1.  

 
                                                           

1                           2     
                                            

Anion       UV            NMR                  UV            NMR 
 
H2PO4

-      1.5 X 103         1.3 X 103            2.1 X 102           2.2 X 102 
Cl-           7.3 X 102         7.1 X 102            nb                nb                                                   

Br-         1.6X 102             1.6 X 102                      nb                nb     

HSO4-    7.0 X 10          3.5 X 10                      nb                 nb 
 

 
Table 1. Association constants (M-1) of receptors 1 and 2 with various anions in CH3CN  
Nb means no binding 
 

 

Modeling studies. 

To account for the binding affinity of anions, we have carried out a series of DFT electronic 

structure calculation of each receptor, two anions, i.e. H2PO4
- and Cl-, and their complexes. 

We prepared the initial geometry of each compound with Spartan’1036 and performed 

systematic conformational search with DFT calculation by changing the dihedral angles of 

the receptors with Gaussian09 package37. In this stage, we also included three low energy 

conformers obtained from simulated annealing, using molecular mechanics fore field 

(MMFF) as implemented in Spartan’10, followed by DFT optimization calculation. As for 

the complex, we placed the anions on the DFT optimized receptors and performed separate 

DFT optimization by changing the location/orientation of anion relative to the receptor. All 

DFT calculations were done with B3LYP/6-311+G(d,p) level under the polarizable 

continuum model (PCM) using DMSO as solvent as implemented in Gaussian09 package. 

Basically, the receptors do not have a significant amount structural flexibility due to the 
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highly conjugated nature with the exception of several diheadral angles. Therefore, we 

believe the current scheme is more than sufficient enough for searching the lowest energy 

conformer in this study. During the DFT calculations, we have not imposed symmetry 

conditions. The binding energies of each receptor with H2PO4
- and Cl- anions are obtained 

from the DFT energy difference between the complex and the receptor + anion. For all six 

cases, three receptors in combination with two anions, the complex energy is lower than the 

combined energy of the receptor and the anion alone. The final structures of receptor 1 in 

complex with anions are shown in Figure 8. The complex structures of the other two 

receptors are essentially the same and are therefore not shown here. All figures are drawn 

with Pymol38. 

 

            

(a)                                    (b) 

Figure 8. Receptor 1 in complex with H2PO4
- (a) and Cl-. 

 

One can immedeately notice that the H2PO4
- anions are making complex with receptors by 

hydrogen bonds between two non-hydrogen connected oxygen atoms on H2PO4
- and amide 

hydrogens and aromatic hydrogens (C-Ha) on the receptor.   
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The binding energies, obtained from energy difference as state above, of each receptor with 

both anions are listed in Table 2. 

 

Receptor 1 Receptor 2 Receptor 3 

H2PO4
-  -29.45  -18.48  -16.63 

Cl-  -12.13  -5.10  -3.17 

Table 2. The binding energies of three complexes with two anions. Units are in kcal/mol. 

 

The binding energy table shows receptor 1 is the most capable receptors for both H2PO4
- and 

Cl- anions among three receptors and receptor 2 and 3 has similar binding affinity. For all 

receptors the binding affinity with H2PO4
- anion is higher than Cl- anion. All these results are 

in agreement with experiment at least qualitatively. 

We are particularly interested on the partial charges on C-Ha hydrogen and hydrogen on 

amide N-H. The partial charges of these hydrogens, before and after complex formation, 

obtained from Mulliken population analysis are listed on Table 3. 

 

 Receptor 1  Receptor 2   Receptor 3 

 No anion H2PO4
- Cl- No anion H2PO4

- Cl- No anion H2PO4
- Cl- 

C-Hα 0.189 0.213 0.199   0.138 0.168 0.148 0.116 0.136 0.136 

  (0.218)     (0.150) 

N-H 0.263 0.328 0.281   0.256 0.316 0.269 0.253 0.317 0.270 
  (0.321)  (0.314)  
 

Table 3. The hydrogen partial charges in electron unit on C-Hα and amide N-H for each 
receptor before and after the binding with anions. The values in parenthesis, if present, 
indicate charges on the other side of receptor. 
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We also listed the bond distances involved in hydrogen bonds in Table 4 

 

 Receptor 1 Receptor 2   Receptor 3 

 H2PO4
- Cl- H2PO4

-     Cl-  H2PO4
-    Cl- 

C-Ha 1.9785 2.7466 2.1016 2.5922 2.1981  2.6816 
 (1.9593)  (2.1013) (2.5916) (2.1901) 

N-H 1.7689 2.4441 1.8030 2.6038 1.8118  2.6332 
 (1.7870)  (1.7971) (2.6044) (1.8163)  
 

Table 4. The bond distances involved in complex formation. The values in parenthesis, if 
present, indicate distance on the other side of receptor. Units are in Å. 
 

Consistent with the binding energy trend, receptor 1 has the shortest hydrogen bond distances 

between receptor and anion while the distances are comparable between receptor 2 and 

receptor 3. Both from the charge table and hydrogen bond distance table, it is clear that both 

hydrogens on C-Ha and amide N-H of receptor 1 have highly positive charge compare to two 

other receptors, indicating that compound 1 is the more efficient anion receptor, supporting 

our experimental results. Based on these calculations, the enhanced anion binding affinity of 

receptor 1 is attributed not only to the hydrogen partial charge on C-Ha, but also the increased 

positive charge on amide hydrogens. We also noted that there are very weak charge-charge 

interaction between hydrogen atoms on methyl group and one of the hydrogen bound oxygen 

atom in H2PO4
- anion for receptor 1. Their distance is about 2.5 Å and this might have played 

an extra role in the complex of receptor 1 with H2PO4
- anion. 

 

Conclusion 

The contribution of C-H hydrogen bonds through C-H polarization was demonstrated through 
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three new anion receptors 1, 2 and 3. These receptors utilize two amide N-H, two aromatic C-

H(Ha), anthracene 9-C-H and possibly two methyl group as hydrogen bonding moieties and 

only the relative magnitude of C-H(Ha) polarization makes differences in the anion binding 

events among these receptors. From the titration and DFT calculation, we found that that 

binding abilities of these receptors mainly depends on the magnitude polarization, or charge 

separation of C-H(Ha) and receptor 1 and 2 are selective for H2PO4
-. 
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