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ABSTRACT 

1,3-Bis-(3-arylureido)adamantane receptors, bearing phenyl (5,6), 1-naphthyl (7,8) and 9-

anthryl (9) fluorophore, were synthesized. Their ability for complexation with F-, Cl-, Br-, OAc-

, NO3
- HSO4

-, and H2PO4
- in solution was investigated by UV-vis and fluorescence 

spectrophotometry. The binding was compared to that of 2-naphthyl bisurea derivatives with 

flexible spacers (bearing propylene or pentalene, 2 and 4) and rigid adamantane analogues (1 

and 3). In solution, the receptors form stable complexes with all anions except with NO3
-. The 

complexation ability in CH3CN correlates with the basicity of anion and the acidity of the urea 

N-H, whereas in DMSO the complexes stability variations are less pronounced. The X-ray 

structure of receptor 1 indicates that incorporation of the adamantane moiety preorganizes the 

receptor in a tweezer-like conformation for the optimal formation of hydrogen bonding network 

and high selectivity for H2PO4
- anion. Incorporation of the methylene spacers between the 

adamantane and the urea additionally increases stability of the complexes with anions. X-ray 

structural analysis was performed on the following complexes: 1∙Bu4NH2PO4, 3∙Bu4NH2PO4, 

5∙Bu4NH2PO4∙4H2O, and 5∙Bu4NOAc∙3H2O. All H2PO4
- complexes include extensive 

receptor···H2PO4
- hydrogen bonds, essential for the anion recognition, as well as H2PO4

-

···H2PO4
- hydrogen bonds. 
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1. Introduction 

Anions are key to many industrial and biological processes, playing important roles in 

health and environment.1 Therefore, in the past two decades, supramolecular chemistry of anions 

developed into a wide research field that has been extensively reviewed.2 The pioneering work 

concerned with discovering supramolecular synthons and basic priciples of binding anions3 lead 

to new advances in the field, involving rational design of receptors for anionic species,4 binding 

in more competitive aqueous media,5 transport through membranes,6 crystal engineering,7 or 

function of optical8 and electronic sensing devices9 and sensor arrays.10 

De novo design of supramolecular hosts provides a powerful tool for generating and 

screening the artificial anionic receptors, which was accomplished by use of HostDesigner 

building software interfaced with molecular mechanics GMMX.11 The modelling-based design 

is primarily founded on H-bonding networks, using the most frequently urea and thiorea as 

synthons.12 The urea forms two H-bonds, controlling spatial orientation of the supramolecular 

building blocks in the complex molecular architectures.13 The de novo approach was applied to 

the bisurea derivatives to find optimal hydrocarbon skeletons for binding tetrahedral oxo-

anions.14 The rational design selected 25 structures for the optimal binding. However, new 

receptors ultimately have to be synthesized and their binding capabilities toward anions 

investigated. 

UrUr

Ur Ur

A B

Ur = -HN

O

NHR

 

Recently we reported the synthesis and anion binding of a series of bisurea derivatives15 

using modification of structural motifs A and B indicated by de novo design as good hosts for 

oxo-anions.14 The binding was investigated on a series of 2-naphthyl bisureas 1-4 by UV-vis, 

fluorescence, and NMR titrations. The structures were designed to probe the effect of rigidity on 

anion binding in solution.15 The urea moieties were separated by C-3 or C-5 methylene linkers 

which were flexible or rigid, due to an incorporated adamantane moiety. The rigid adamantane 

skeleton compared to the flexible receptors showed increased selectivity for H2PO4
-. The binding 

of H2PO4
- was also investigated by microcalorimetry indicating that the enthalpic contribution 

to the overall complex stability was predominant. 
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Herein we report on anion binding in solution, as well as in the solid state in a series of 

structurally related phenyl-, 1-naphthyl, and 9-anthryl adamantylidene bisureas 5-9. Bisurea 

receptors 5-9 are also characterized by C-3 or C-5 alkyl spacers between the ureas, wherein they 

are directly attached to the adamantane moiety, or separated by methylene spacers. The receptors 

5 and 7 are very rigid where the urea groups have restricted conformational mobility, whereas in 

6, 8, and 9 methylene spacers between the adamantane and the ureas enable some conformational 

freedom. Rigid geometry can in principle preorganize receptors and enable formation of multiple 

H-bonds with anions, wherein the change of molecular conformation, and therefore the enthalpic 

penalty for the conformational change is minimal. On the other hand, H-bonding ability of the 

receptor can be strongly hindered due to rigid geometry. Furthermore, receptors 5-9 bear 

different aryl groups which should influence the pKa of the urea NH, and therefore, the H-

bonding ability. The association constants with anions strongly depend on character of hydrogen 

bonding via N-H functionality. Furthermore, the dynamics of the complexation depend on the 

ability of receptors to form hydrogen bonds. However, changing the aromatic group does not 

only change the H-bonding ability due to electronic effects. The bulky aryl groups are expected 

to change the binding pattern due to steric effects. The priority of this work is to design optimal 

receptors capable of forming stable complexes with anions by multiple H-bonds. An important 

aspect which has to be taken into account in the design is also ability of some anions (HSO4
- and 

H2PO4
-) to form H-bonds between two anions, or to undergo proton transfer. Therefore, it is 

required to optimize the molecular structure of the receptor, taking into account all above-

mentioned parameters, as well as to investigate the effect of solvent polarity to the H-bonding 

and complexation capability. In the study, anions were in the form of tetrabutylammonium 

salts.16 The anions of different size, basicity and geometry were used: spherical F-, Cl-, and Br-, 

Y-shaped OAc-, and NO3
- and tetrahedral HSO4

-, and H2PO4
-. 
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2. Results and discussion 

To probe the influence of an aromatic group attached to the urea, and the methylene 

spacers separating ureas from the rigid adamantanes to anion binding, receptors 5-9 were 

synthesized and their complexation with anions investigated. 

2.1. Synthesis 

Compounds 5-9 were prepared in moderate to good yields according to a modification 

of the published procedure17 from the corresponding carboxylic acids that were in situ 

transformed to isocyanates and reacted with amines.18,19 Bisurea 9 was prepared by another 

pathway, from anthracene-9-carboxylic acid and 1,3-bis(aminomethyl)adamantane.18 

Spectroscopic and photophysical characterization of the urea derivatives were also reported.18,20 

2.2. Anion binding in the solution 

The presence of chromophoric groups in 5-9 enables the use of spectrophotometric 

methods for the determination of the association constants of the complexes with anions. 

Therefore, anion binding ability in solution was investigated by UV-vis, and fluorescence 

titrations. The titrations for 5 and 6 were performed only in CH3CN due to overlapping of the 

absorption of the compounds with DMSO at < 260 nm. For 7 and 8, the titrations were carried 

out in both CH3CN and DMSO, whereas for 9 only measurements in DMSO were performed 

due to its low solubility in CH3CN. Addition of anions to the solution of the receptors generally 

induced bathochromic and hyperchromic changes in the spectra. The observed changes are in 

accordance with the increase of electron density on the aromatic substituents and an increased 
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negative charge at the urea nitrogen upon formation of the H-bonds with anions.21 Dependences 

of the absorption spectra on anion concentrations were processed by multivariate nonlinear 

regression analysis by use of SPECFIT program22 to determine the complex stoichiometries and 

the association constants (see Supporting info). The estimated binding constants are listed in 

Table 1. The addition of NO3
- caused only small changes in the UV-vis spectra precluding further 

analyses and estimation of the association constants. 

Addition of Bu4NF to the solution of bisureas 5-9 resulted in pronounced changes in 

their UV-vis spectra, in accordance with the formation of complexes with F- (Figs. 1 and 2). It 

was shown that 1 and 3 form 1:1 complexes with F- in the CH3CN solution, whereas in DMSO 

1-4 form 1:1 and 1:2 complexes (receptor:anion).15 Similarly, receptors 5 and 6 form only 1:1 

complexes in CH3CN. On the other hand, processing of the UV-vis curves for 7-9 was best fitted 

to a model involving formation of 1:1 and/or 1:2 complexes. Generally, the association constants 

of the 1:1 complexes in CH3CN are in the range 103-106 M-1, increasing up to an order of 

magnitude with receptors bearing methylene spacers between the urea moieties and the rigid 

adamantane. Change of the phenyl substituent in the receptors, by 1-naphthyl significantly 

changed their binding behaviour (Figs. 1 and 2). For 5 and 6, addition of F- resulted in a 

bathochromic shift of the maximum in the UV-vis spectra for ≈15 nm, whereas for 1-naphthyl 

the shift was larger ≈30 nm, suggesting that F- perturbs more strongly the electronic excitation 

of the 1-naphthylurea, than the phenylurea. The finding can be rationalized by stronger acidity 

of 1-naphthylamine compared to aniline (vide infra) and formation of more negative charge on 

the urea N atom on complexation. The stronger acidity correlates with higher association 

constans of the corresponding 1:1 complexes in CH3CN for 7 and 8 (compared to 5 and 6, 

respectively), being two orders of magniture higher. 

Table 1. Cumulative stability constants of the complexes with anions determined by 

UV-vis titrations [log (β11 / M
-1)] or [log (β12 / M

-2)].a 

Anion/Re

c. 

5b 6b 7b,c 8b,c 9c 

F- 3.30±0.04(1

:1) 

4.11±0.04(1:1) 5.3 ± 0.3 (1:1)b 

8.9±0.3 (1:2)b 

6.46±0.04 (1:2)c 

6.6 ± 0.3 (1:1) b 

10.8±0.3 (1:2) 

b 

6.43±0.05(1:2) 

c 

6.35±0.04(1:2

) 

 

Cl- 2.72±0.02 

(1:1) 

3.71±0.04(1:1) 3.05 ± 0.02 (1:1)b 3.32±0.01(1:1) b <2e 

Br- -e 3.04±0.03 (1:1) 2.54±0.06(1:1)b 2.89 ± 0.01(1:1) 

b 

- c,d 
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OAc- 3.78±0.02 

(1:1) 

5.09±0.04 (1:1) 3.26±0.04(1:1)b 

3.8±0.2 (1:1)c 

4.94 ± 

0.04(1:1)b 

3.2 ± 0.2 (1:1)c 

3.46±0.09(1:1

) 

HSO4
- 1.45±0.08 

(1:1) 

2.72±0.05 (1:1) 1.82±0.08(1:1)b 2.51±0.03(1:1)b - c,d 

H2PO4
- 9.38±0.01 

(1:2) 

5.11±0.03 (1:1) 

7.8±0.1 (1:2) 

5.1±0.2(1:1)b 

9.1± 0.1(1:2)b 

2.61±0.07(1:1)c 

5.20±0.09(1:2)c 

5.8± 0.3 (1:1)b 

10.7±0.3(1:2)b 

4.25± 0.07(1:1)c 

7.81±0.09(1:2)c 

3.73 ± 

0.08(1:1) 

6.57± 

0.07(1:2) 

a The anion is added in the form of tetrabutylammonium salt. Stoichiometries of the complexes are 

indicated in the parentheses (receptor:anion). 

bTitration performed in CH3CN.  

c Titration performed in DMSO. 

d No binding observed. 

e Very small changes were observed in the UV-vis spectra and the data could not be used to estimate 

the association constants. 
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Fig. 1. Uv-vis (left) and fluorescence titration (right, λex = 242 nm) of 5 with F- in CH3CN. 

The bottom curve corresponds to the solution of 5, whereas the curves from bottom to top 

correspond to the solutions with increasing concentration of Bu4NF. 
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Fig. 2. Uv-vis (left) and fluorescence (right, λex = 300 nm) titration of 7 with F- in CH3CN. 

In the UV-vis spectra the bottom curve corresponds to the solution of 7, whereas the 

curves from bottom to top correspond to the solutions with increasing concentration of 

Bu4NF. In the fluorescence spectra the top curve corresponds to the solution of 7, whereas 

the curves from top to bottom correspond to the solutions with increasing concentration 

of Bu4NF. 

Large bathochromic shifts of the maxima for the receptors 7 and 8 provide their potential 

applications as ratiometric indicators for F-. Furthermore, 1-naphthyl derivatives in CH3CN form 

1:1 and 1:2 complexes, whereas in DMSO 7-9 formed only 1:2 complexes with similar values 

of the association constants. The similar association constants in DMSO probably reflect large 

influence of the solvent to anion and receptors solvation, thus diminishing smaller differences in 

the acidity and binding capabilities of receptors 7-9. 

Receptors 5 and 6 compared to 7-9 show unexpectedly different binding stoichiometries 

with F- and different spectral changes. We anticipate that the acidity of the NH decreases in the 

sequence, 9-aminoanthracene, 1-aminonaphthalene, 2-aminonaphthalene and aniline. 

Furthemore, it is well known that F- is a basic anion that can induce deprotonation of the acidic 

urea or pyrrole NH.23 Indication of the formation of 1:1, as well as 1:2 stoichiometry of the 

complexes with F- can principally be due to formation of a complex with two anions, or due to 

deprotonation and giving HF2
-.23 Therefore, it is plausible to assume that 7-9 undergo 

deprotonation in the presence of excess of F-. However, deprotonation is usually visualized by a 

large spectral change with appearance of a new band at longer wavelengths in the UV-vis spectra, 

which was not observed for 7-9. The finding suggests that deprotonation probably does not take 

place, but receptors 7-9 form complexes with the two F-. Consequently, increase of the urea NH 

acidity increases H-bonding ability, stability of the corresponding complexes, and enables 

formation of the 1:2 stoichiometries. H-bond can actually be considered as a frozen state of 
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proton transfer from the donor (acid) to acceptor (base), with more advanced proton transfer 

leading to stronger interactions.24 A partial proton transfer in the H-bonding complexes with F- 

and amidoureas in DMSO was recently reported by Gunnlaugsson.25 

To further investigate the complexation of receptors with F-, in addition to the UV-vis, 

fluorescence titrations were performed for 1, 3 and 5-9 (Figs. 1 and 2, and Supporting info.). The 

fluorescence spectra obtained by titrations were processed by multivariate nonlinear regression 

analysis giving the association constants and the stoichiometries of the corresponding 

complexes. Generally, the association constants (Table 2) do not agree very well with those 

obtained by UV-vis titrations, except for 1, and 3 in CH3CN, and 5 and 6. Moreover, the 

differences observed by fluorescence titrations for receptors 5 and 6, compared to 1, 3 and 7-9 

are even larger than in the UV-vis titrations. Whereas addition of Bu4NF to the CH3CN solution 

of 5 and 6 increases fluorescence, it leads to fluorescence quenching for 7-9. Furthermore, on 

addition of a large excess of F- in the fluorescence spectra of 7-9 a new band at longer 

wavelengths was observed. Obviously, there should be a different mechanism in the binding of 

F- between phenyl, and 2-naphthyl compared to1-naphthyl and anthryl derivatives. The new band 

at longer wavelengths in the fluorescence spectra was tentatively assigned to the fluorescence of 

the deprotonated form of the receptor formed in the excited state. It is known that 1-

aminonaphthalene (similar to 1-naphthol) becomes more acidic in S1 (pKa* = 13.5)26 which can 

lead to an adiabatic deprotonation in the presence of a strong base such as F-. Therefore, 

estimated 1:2 binding constants by fluorescence titrations for 7-9 probably correspond to 

cumulative constants involving more equilibria, complexation, proton transfer, and association 

of the species after the proton transfer. In DMSO, proton transfer in both, ground and excited 

state becomes more probable. However, due to solvent competition to binding with urea and 

strong solvation of the anions, the association constants of the complexes with anions are lower. 

Table 2. Cumulative stability constants of the complexes with 

F- determined by fluorescence titrations [log (β11 / M
-1)] or [log 

(β12 / M
-2)].a 

Receptor CH3CN DMSO 

1 7.79±0.05(1:2) 4.6±0.2(1:1) 

7.0±0.2(1:2) 

3 4.44±0.03(1:1) 4.27±0.08(1:1) 

6.8±0.2(1:2) 

5 3.35±0.05(1:1) - 
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6 4.49±0.08(1:1) - 

7 7.46±0.04(1:2) 6.84±0.09(1:2) 

8 4.72±0.05(1:1) 

7.7±0.2(1:2) 

6.73±0.09(1:2) 

9 - 5.87±0.04(1:2) 

aThe anion is added in the form of tetrabutylammonium salt. 

Stoichiometries of the complexes are indicated in the parentheses 

(receptor:anion). 

To verify if binding of F- leads to deprotonation, NMR titrations were performed for 

receptors 5 and 7. Due to low solubility of receptors in acetonitrile, the titrations were 

performed in d6-DMSO (for the spectra see Supporting info. Figs. S107-S110). An addition of 

Bu4NF to the solution gave rise to the most pronounced shifting of the urea NH-signals to lower 

magnetic field. On addition of two equivalents of F- the urea NH signals of the receptor 5 shifted 

from 6.0 and 8.2 ppm to 7.6 and 10.4 ppm, respectively, whereas aromatic C-H signals 

exhibited a small upfield shift of 0.1 ppm. The 1H NMR spectral shifts strongly indicate that F- 

binds to the both urea NH, forming a stronger H-bond with the more acidic NH, the one attached 

to the aromatic moiety. The complexation results in the increase of the negative charge on the 

N-atom, and therefore, signals of the aromatic C-H shift to the higher magnetic field. Fitting of 

the dependence of the chemical shift corresponding to the N-H atoms for 5 on Bu4NF 

concentration by EQNMR reveals formation of the complexes with β11 ≈ 104 M-1 and β12 ≈ 107 

M-2. Since addition of the huge excess of F- did not result in the disappearance of the N-H 

signals, the finding strongly indicates that the urea moieties in the receptors 5 and 7 are not 

acidic enough to be deprotonated in the ground state by F- (at least not in the concentration 

range typical for the NMR experiments, 10-3 M). 

The binding of spherical anions, Cl- and Br-, which are less basic than F-, induced 

smaller changes in the UV-vis spectra of the receptors 5-9. The binding was accomplished in 

1:1 stoichiometry only, and the values of the association constants of the complexes are 

decreasing from F- to Br-. Similarly to the observations with F-, use of methylene spacers 

between the urea moieties and adamantane increased the binding abilities of Cl-, enhancing the 

corresponding association constants about two times for the 1-naphthyl and ten times for the 

phenyl derivative. Probably, larger spherical anions can better fit into a cleft between two urea 

arms than small F- and therefore, binding by H-bonds from both urea arms may be possible. 
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Contrary to the formation of complexes with F-, binding of larger anions Cl- and Br- was 

accomplished with larger association constants for the phenyl derivatives than for the 1-

naphthyl and anthryl. Increase of the size of the aromatic skeleton most likely results in the 

increase of the steric hindrance for the complexation, thus decreasing the binding capability for 

larger anions. 

The urea functional group is complementary to acetate, capable of forming two coplanar 

H-bonds.27 However, binding of acetate or benzoate can be accomplished by significantly 

higher association constants by a chelate effect of two urea grups forming four H-bonds.28 

Therefore, binding of OAc- is optimal for receptors 6 and 8 with methylene spacers between 

the urea moiety and the adamantane, making feasible multiple H-bonds with anions. Indeed, 

the measured association constant with OAc- for 6 in CH3CN is twenty times larger than for 5, 

and fifty times larger for 8 than for 7. In addition, the measured association constants for OAc- 

with 6 and 8 is higher than for the similar bidentate urea ligands on m-phenylene29 anthracene,30 

or norbornene,31 or comparable to binding by o-phenylenediamine32 or xanthene33 bisurea 

derivatives. On the contrary to the CH3CN solutions, similar association constants with OAc- 

were determined for 7-9 in DMSO, suggesting strong solvation of the receptors and anion by 

DMSO, leading to smaller changes in the binding capability imposed by the modification of the 

molecular structure and acidity of the receptors. 

The investigated receptors formed complexes with HSO4
- with relatively small 

association constants in CH3CN, whereas in DMSO no binding was observed. Similar to the 

spherical anions, binding of tetrahedral HSO4
- was also accomplished more easily with 

receptors having methylene spacers between the urea moiety and the bulky adamantane. Thus, 

the association constant for HSO4
- and 6 is nineteen times larger than for 5, and five times larger 

for 8 than for 7. It is known that efficient binding of HSO4
- can be accomplished through 

multiple H-bonds (five or more) due to strong solvation of the anion.34 To optimize the use of 

donor/acceptor ratio, both urea moieties of the receptor probably participate in the binding of 

this tetrahedral anion. Therefore, the receptors with methylene spacers between the urea 

moieties and bulky adamantane are sterically optimal scaffolds for hydrogen bonding with 

HSO4
-. 

Adamantane bisurea derivatives 1 and 3 are particularly selective for binding H2PO4
-, 

forming 1:2 complexes driven by the favorable enthalpic contribution.15 Similarly, receptors 5-

9 formed very stable complexes with H2PO4
- in the stoichiometries 1:1 and 1:2 characterized 
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by association constants reaching 5×1010 M-2 for 8. These are among the highest association 

constants ever reported for binding H2PO4
-. However, one should be aware that UV-vis 

spectrometry is not the appropriate method for the determination of high association constants. 

Strong binding correlates with the relatively large increase of the negative charge on the N-

atom of the urea due to formation of strong H-bonds with anion. This effect is manifested in 

the UV-vis spectra. Addition of H2PO4
- to the CH3CN solution of 5 and 6 induced 15 nm 

bathochromic shifts, whereas in the solutions of 7 and 8, shifts of 20 nm were observed (Fig. 

3). Titration in DMSO caused less pronounced changes in the UV-vis spectra. This finding 

correlates with several orders of magnitude smaller values of the association constants due to 

competition of DMSO for solvation of anions. However, the value of the association constants 

for 5-9 cannot be directly correlated with molecular structure. Namely, 6 forms less stable 

complexes with H2PO4
- than 5, whereas more flexible receptor 8 forms more stable complexes 

than the rigid receptor 7. Binding of H2PO4
- in the stoichiometry 1:2 has already been reported 

for bisurea derivatives.29,35 Later, it was shown that stoichiometry 1:2 can be due to the 

formation of two36 or 3 intermolecular H-bonds between two H2PO4
- anions.37 This cooperative 

effect additionally stabilizes 1:2 stoichiometries rendering them more stable than the 

corresponding 1:2 complexes with other anions where H-bonds between anions are not 

possible. Relatively large bathochromic shifts in the UV-vis spectra of 7 and 8 and large 

association constants enable potential use of these receptors as ratiometric chromogenic H2PO4
- 

sensors. 
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Fig. 3. Uv-vis and titration of 5 (left) and 7 (right) with H2PO4
- in CH3CN. The bottom 

curve corresponds to the solution of receptor, whereas the curves from bottom to top 

correspond to the solutions with increasing concentration of Bu4NH2PO4. 
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Fig. 4. Molecular structure of two symmetry-independent molecules of 1 that are related 

by a pseudo-inversion centre. Displacement ellipsoids are drawn at the probability level 

of 50 % and hydrogen atoms have been depicted as spheres of arbitrary radii. 

Binding of H2PO4
- with receptors 5 and 7 was also investigated by fluorescence 

spectrophotometry. Similar to the titrations with F-, addition of Bu4NH2PO4 to the CH3CN 

solution of 5 resulted in an increase of fluorescence, whereas H2PO4
- quenched the fluorescence 

of 7. However, in the fluorescence spectra of 5 and 7 in the presence of H2PO4
-, no new 

bathochromic emission bands can be observed as in the titration of 7 with F- (Fig. 2 right). The 

finding is in accordance with the lower basicity of H2PO4
- than F-. Therefore, H2PO4

- cannot 

induce deprotonation of the urea NH in the S1 of 7, whereas it probably takes place in the 

presence of very basic F-. The dependences of the fluorescence spectra on H2PO4
- concentration 

were used to estimate the association constants of the complexes. The titration indicated that 

both receptors 5 and 7 form only 1:2 complexes with the association constants log (β12 / M
-2) 

8.50±0.01 and 8.93 ±0.03, respectively. The estimated association constants agree better with 

those measured by UV-vis spectroscopy than in the case of F-. The finding is logical since 

H2PO4
- forms only complexes, whereas F- induces partial deprotonation in the excited state and 

the estimated equilibrium constants by fluorescence titration are cumulative composite 

constants (vide supra). 

2.3. Anion binding in the solid state 

The role of hydrogen bonding in assembling receptor-anion species in the solid state is 

visualized by crystal packing. X-ray structure analysis of the receptors and their anion 

complexes was performed. The analysis of the receptor molecules 1 and 2 is (see the 
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Introduction section) focused on the topologies of hydrogen bonds to see the effect of 

adamantane moiety on the hydrogen bond network and to be correlated to their high selectivity 

for H2PO4
-. However, the difficulties in crystallization of receptor-anion complexes limited our 

analysis to successful cases with H2PO4
- and OAc-: 1∙Bu4NH2PO4, 3∙Bu4NH2PO4, 

5∙Bu4NH2PO4∙4H2O, and 5∙Bu4NOAc∙3H2O (see the Experimental section and Supporting 

info.). The hydrogen bonding is discussed in view of its role in formation of receptor-anion 

complexes. 

The conformation of 1 is bent with an approximate C2 symmetry (Fig. 4), while the 

unrestrained molecule 2 reveals an extended C2-symmetric conformation (Supporting info. Fig. 

S110). The conformational differences explain dissimilarities in their crystal packing. Although 

donor and acceptor groups are the same in both compounds, hydrogen bonding patterns are 

different (Table 3). An asymmetric unit of receptor 1 comprises two molecules (Fig. 4) which 

are related by a pseudo-inversion centre located approximately at 0.25, 0.50, and 0.35. 

Introduction of the bulky, conformationally rigid adamantyl group significantly influences 

molecular conformation which is of a tweezer-like shape, suitable for anion “fixation“. The 

receptor molecule 1 forms two-dimensional hydrogen bonded layers parallel to (110) plane, 

described by graph-set notation )32()18()16()6()4( 6

6

2

2

2

2

1

2

1

1 RCRRC  (Fig. 5);38 the separation of hydrophobic 

and hydrophilic regions is highly pronounced. 

The receptor molecule 2 comprises a half of a molecule in the asymmetric unit 

(Supporting info. Fig. S111). The hydrogen bonding pattern of 2 is defined by chains with 

graph-set notation )16()6()4( 2

2

1

2

1

1 RRC  (Supporting info. Fig. S111 and Table S1).38 Both structures, 

1 and 2 exhibit )4(11C  chains incorporating )6(12R  and )16(22R  rings. However, 1 reveals two 

additional motives including longer chains )18(22C  and larger rings )32(66R  than 2. The receptor 

molecule 2 forms hydrogen bonds with two neighbours, while 1 bonds with three neighbours. 

The tweezer-like shape of 1 imposed by the bulky and rigid adamantane moiety with three 

hydrogen bonds is better suited to bind anions. The receptor molecule 2 is linear and suited to 

form hydrogen bonding in one direction, only. Crystal structure of a bisurea receptor similar to 

2 has recently been reported by Steed and co-workers.39 
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Fig. 5. Two-dimensional hydrogen bonding pattern in 1: the layers are parallel to the 

plane (110) and topology is )32()18()16()6()4( 6

6

2

2

2

2

1

2

1

1 RCRRC .38 Adamantyl groups are shown 

as gray spheres of arbitrary radii and C–H∙∙∙O hydrogen bonds have been omitted for 

clarity. Hydrogen bonded chains are separated by hydrophobic columns. 

H2PO4
- is prone to self-assembling via hydrogen bonds using both its donor and acceptor 

functionalities. A search of Cambridge Crystallographic Structure Database (v5.33, the release 

2012)40 revealed a total of 421 crystal structures with dihydrogenphosphate anion; 319 (75 %) 

of them are self-assembled anions via hydrogen bonding. The two most populated motifs are: 

)8(22R  rings (found in 172 structures, i.e. in 54 % examples) and a single P-H-O∙∙∙O=P bond, 

usually forming )2(11D  and )4(11C  motifs (found in 118 structures, i.e. in 37 % examples) (Scheme 

1). More complicated motifs with larger rings are rare. However, many motifs of different 

topologies are formed by )8(22R , )4(11D  and )4(11C  combinations as illustrated by here observed 

topologies. 

 

Scheme 1. 
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Complexes of 1.Bu4NH2PO4 and 3.Bu4NH2PO4 were crystallized with 1:1 

stoichiometry. Their unit cells are large, and asymmetric units contain 2 and 4 complex units, 

respectively. In their crystal structures there are discrete hydrogen bonded tetramers: 

(1∙Bu4NH2PO4)4 and (3∙Bu4NH2PO4)4 (Fig. 6, and Supporting info. Fig. S114), and in both 

structures 3D packing is achieved through dispersion interactions, only. A poor quality of these 

crystals might be due to weak interactions among tetramers. The cores consisting of four anions 

connected through H-bonds are encapsulated by receptor molecules 1 and 3, forming complexes 

with the stoichiometry (1∙Bu4NH2PO4)4 and (3∙Bu4NH2PO4)4, respectively (Fig. 7, Table 3). In 

both complexes, there are extensive hydrogen bonds involving anion···anion using their donor 

and acceptor functionalities (O-H···O), whereas the urea NH groups of the receptors are proton 

donors in receptor···anion (N-H···O) hydrogen bonds. In H2PO4
-, the negative charge of the 

deprotonated oxygen atom is delocalized onto the P=O group also. These hydrogen boned cores 

are shielded by hydrophobic naphthyl and adamantyl groups (Fig. 8). However, the orientations 

of the naphthyl groups of the receptor 1 in the complex 1∙Bu4NH2PO4 are not in favour of π-

interactions whereas in the receptor 3 of the complex 3∙Bu4NH2PO4 these interactions are 

observed (Supporting info. Table S2). Hydrogen bonded tetrahedral assemblies of H2PO4
- 

anions similar to ours have been reported.41 

 

Fig. 6. Tetrahedral assemblies of (1•H2PO4)4 (left) and (3•H2PO4)4 units (right). The 

receptors 1 and 3 (wire models) are hydrogen bonded to H2PO4
 anions, shown as van der 

Waals spheres. Symmetry (in)equivalence is colour-coded. 
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Fig. 7. Hydrogen bonds involving the dihydrogenphosphate tetrahedra in (1·H2PO4)4 (left) 

and (3·H2PO4)4 units (right). Only symmetry-independent hydrogen bonds are labeled in a). 

Symmetry operators: i) x, 1 – y, – z; ii) – 1 + x, y, z. 

In the structure of 5·Bu4NH2PO4·4H2O, system of hydrogen bonds is even more 

complex due to four crystal water molecules. In addition to hydrogen bonds involving 

receptor···anion (N-H···O) and anion···anion (O-H···O) there are interactions between the 

anion and water molecules (O-H···O) where both species exchange donor and acceptor 

functions, water···water molecules (O-H···O), and water···receptor (O-H···O=C) (Supporting 

info. Fig. S112). 

To compare hydrogen bonds in the receptor-anion complexes of dihydrogenphosphate 

with the receptors 1, 3, and 5 one can summarize: a) all three complexes exhibit receptor···anion 

hydrogen bonds essential for anion recognition, b) dihydrogenphosphate anion comprises donor 

and acceptor functionalities and anion···anion hydrogen bonds are inavoidable, and c) complex 

5·Bu4NH2PO4·4H2O crystallizes as tetrahydrate where water molecules increase significantly 

hydrogen bonding interactions. Generally, similar hydrogen bonding patterns may also be 

present in the complexes in the solution. However, formation of large aggregates that can be 

represented as (1·H2PO4)4 and (3·H2PO4)4 probably does not take place due to unfavorable 

entropy. 

Receptor 5 (Fig. 8), like 1, lacks the methylene spacers on adamantyl cage. Its overall 

molecular conformation is adjusted to expose NH groups for hydrogen bonding with Y-shaped 

OAc- in 5∙Bu4NOAc∙3H2O (Table 3) and tetrahedral H2PO4
- in 5∙Bu4NH2PO4∙4H2O 
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(Supporting info. Table S1). In the crystal of 5∙Bu4NOAc∙3H2O a hydrogen bonded chain in 

the direction [100] includes receptor···OAc- (N-H···O), crystal water···OAc- (O-H···O), and 

water···receptor (O-H···O=C) interactions (Table 3, Fig. 9, and Supporting info Fig. S113). 

 

Fig. 8. Molecular structure of receptor moiety 5 in its complex 5∙Bu4NOAc∙3H2O.  The 

same atom numbering scheme is applied to the phosphate complex. Displacement 

ellipsoids are drawn at the probability level of 50 % and hydrogen atoms have been 

depicted as spheres of arbitrary radii. 

 

Fig. 9. Crystal packing of 5∙Bu4NOAc∙3H2O: a) a chain consisting of hydrogen bonded 

units extending in the direction [100] with graph-set ).2()2()2()2()2()2()2()2( 1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1 DDDDDDDD  

Symmetry operator: i) 1 + x, y, z; 

3. Conclusion 

Adamantanebisurea receptors 5-9 were synthesized and their complexation with F-, Cl-

, Br-, OAc-, NO3
- HSO4

-, and H2PO4
- in the solution investigated. The receptors form stable 

complexes with all anions except with NO3
-. The complexation ability in the CH3CN solution 

can be correlated with the basicity of anion, as well as with the acidity of the urea N-H. 

However, these differences become less pronounced in the more competitive solvent, DMSO. 

Moreover, molecular structure of the receptors plays an important role in the anion 

complexation. The analysis of the receptor molecules 1 and 2 by X-ray crystallography 

highlights the importance of the adamantane unit for the preorganization of the receptor in the 
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tweezer-like conformation for the optimal formation of hydrogen bonding network and high 

selectivity for H2PO4
-. Furthermore, incorporation of the methylene spacers between the 

adamantane and the urea significantly increases stability of the complexes with anions. The 

most stable complexes were formed with F- and H2PO4
-. In addition, receptors 7-9 in the 

presence of basic F- probably undergo deprotonation in the excited state resulting in different 

values of the estimated association constants by UV-vis and fluorescence titrations. Since UV-

vis and fluorescence response of 7 and 8 exhibits significant spectral shifts on addition of 

anions, these derivatives may find applications as ratiometric UV-vis and fluorescence 

indicators. Complexation with H2PO4
- in the solid state was achieved in three examples: 

1∙Bu4NH2PO4, 3∙Bu4NH2PO4, 5∙Bu4NH2PO4∙4H2O. All H2PO4
- complexes are characterized by 

receptor···H2PO4
- hydrogen bonds, essential for the anion recognition. In addition, H2PO4

- 

comprises donor and acceptor functionalities, and therefore H2PO4
-··· H2PO4

- hydrogen bonds 

are also formed, additionally stabilizing the structures. The information of the anion 

coordination presented in this study is of significant value in the design of new receptors that 

will be screened in the de novo approach, and eventual preparation of new sensor molecules 

characterized by better selectivity. 

4. Experimental section 

General. Compounds 5-9 were prepared according to a modification of the published 

procedure.17 Adamantane diacids were prepared in the laboratory according to known 

procedure.42 β-Naphthyl amine and naphthalene-2-carboxylic acid were obtained from the usual 

commercial sources. 1H and 13C NMR spectra were recorded on a Bruker Spectrometer at 300 

or 600 MHz. All NMR spectra were measured in CD3CN or d6-DMSO using tetramethylsilane 

as a reference. The UV-vis measurements were performed on a Varain Carry 100 spectrometer, 

and fluorescence on a Cary Eclipse Varian spectrometer. The compounds were dissolved in 

CH3CN (J. T. Baker, HPLC grade) or DMSO (Sigma-Aldrich or Fluka, UV-spectroscopy 

grade). 

4.1. UV-vis titrations 

The anion receptor was dissolved in CH3CN or DMSO in the concentration range ≈10-

5 M, corresponding to the maximum of absorbance in the range 0.5-1.0. The solution of the 

receptor was placed in a quartz cuvette (1, 3 or 30 mL) and small volumes (5-500 μL) of the 

following solutions of anion were added: Bu4NF (1 M in THF, containing <wt 5 % H2O, diluted 
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with CH3CN or DMSO to 1×10-3 M), Bu4NCl, Bu4NBr, Bu4NOAc, Bu4NHSO4, Bu4NNO3 or 

Bu4NH2PO4 (from 1×10-2 to 1×10-5 M in CH3CN or DMSO). After each addition, UV-vis 

spectra were recorded. The titrations were performed at rt (20 °C). The data was analyzed by 

SPECFIT program to reveal the stability constants of the complexes. 

4.2. Fluorescence titrations 

The anion receptor was dissolved in CH3CN or DMSO in the concentration range ≈10-

6 M, corresponding to the maximum of absorbance in the range 0.07-0.1. The solution of the 

receptor was placed in a quarz cuvette (2 mL) and small volumes (5-100 μL) of the solutions 

of anion are added: Bu4NF (1 M in THF, containing <wt 5 % H2O, diluted with DMSO to 1×10-

3 M), or Bu4NH2PO4 (from 1×10-2 to 1×10-5 M in DMSO). After each addition, fluorescence 

spectra were recorded, using the excitation wavelength at 295 nm, or emission at 370 nm. The 

titrations were performed at rt (20 °C). 

4.3. NMR titrations 

In a NMR tube was placed 1 mL of the DMSO-d6 solution of receptor 5 or 7. The 

concentration of the receptor in the NMR experiment was typically 0.05 M. To the solution in 

the tube was added a solution of Bu4NF (1 M in THF, containing <wt 5 % H2O) or (~0.5 M in 

DMSO-d6). The concentrations of the salt ranged from 0.01-0.1 M, reaching the maximal ratio 

of anion:receptor = 30:1. After each addition, NMR spectra were recorded. The association 

constants were determined by fitting the dependence of the chemical shift of the NH signal (Δδ) 

to the anion concentration, using EQNMR program.43 

Table 3. Geometric parameters of hydrogen bonds. 

 D–H / Å H···A / Å D···A / Å D–H···A / º Symm. op. on A 

1      

N1A–H1E∙∙∙O2A 0.86 2.31 2.906 (4) 127 – x, ½ + y, z 

N1B–H1F∙∙∙O1A 0.86 2.42 2.931 (4) 119 x, – 1 + y, z 

N2A–H2E∙∙∙O2A 0.86 2.18 2.913 (4) 143 – x, ½ + y, z 

N2B–H2F∙∙∙O1A 0.86 2.12 2.876 (4) 146 x, – 1 + y, z 

N3A–H3E∙∙∙O2B 0.86 2.49 2.973 (4) 116 x, 1 + y, z 

N3B–H3F∙∙∙O1B 0.86 2.35 2.959 (4) 128 1 – x, – ½ + y, z 
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N4A–H4E∙∙∙O2B 0.86 2.09 2.841 (4) 145 x, 1 + y, z 

N4B–H4F∙∙∙O1B 0.86 2.19 2.942 (4) 146 1 – x, – ½ + y, z 

C4B–H4C∙∙∙O2B 0.97 2.39  2.995 (5) 120 x, y, z 

C8B–H8C∙∙∙O1B 0.97 2.43 3.036 (5) 120 x, y, z 

C9A–H9A∙∙∙O1A 0.97 2.47 3.052 (5) 118 x, y, z 

C10A–

H10A∙∙∙O2A 

0.97 2.40 3.001 (5) 120 x, y, z 

C32B–H32B∙∙∙O2B 0.93 2.58 2.930 (5) 103 x, y, z 

1∙Bu4NH2PO4      

N1A–H1E∙∙∙O8 0.86 2.24 3.08(4) 165 x, y, z 

N1B–H1F∙∙∙O7 0.86 2.07 2.90(4) 161 x, 1 – y, – z 

N2A–H2E∙∙∙O5 0.86 2.00 2.84(5) 164 x, y, z 

N2B–H2F∙∙∙O5 0.86 2.33 3.15(4) 160 x, 1 – y, – z 

O3–H3∙∙∙O6 0.82 1.84 2.63(3) 162 x, y, z 

N3A–H3E∙∙∙O2 0.86 2.32 3.13(4) 158 x, 1 – y, – z 

N3B–H3F∙∙∙O3 0.86 2.14 2.97(4) 160 x, y, z 

O4–H4∙∙∙O2 0.82 1.91 2.65(3) 150 x, 1 – y, – z 

N4A–H4E∙∙∙O1 0.86 2.04 2.89(4) 172 x, 1 – y, – z 

N4B–H4F∙∙∙O1 0.86 2.05 2.92(3) 172 x, y, z 

O7–H7∙∙∙O6 0.82 1.72 2.56(3) 156 x, 1 – y, – z 

O8–H8∙∙∙O2 0.82 1.89 2.66(3) 157 x, 1 – y, – z 

3∙Bu4NH2PO4      

N1A–H1A∙∙∙O8 0.86 2.14 2.998 176 x, y, z 

N1B–H1B∙∙∙O10 0.86 2.15 2.994 167 1 + x, y, z 

N1C–H1C∙∙∙O4 0.86 2.44 3.152 141 1 + x, y, z 

N1D–H1D∙∙∙O14 0.86 2.34 3.100 149 1 + x, y, z 

N1D–H1D∙∙∙O15 0.86 2.55 3.276 143 1 + x, y, z 
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O2–H2∙∙∙O5 0.82 1.80 2.594(8) 161 x, y, z 

N2A–H2C∙∙∙O6 0.86 1.98 2.836 172 x, y, z 

N2B–H2F∙∙∙O12 0.86 1.99 2.845 178 1 + x, y, z 

N2C–H2I∙∙∙O1 0.86 1.99 2.830 166 1 + x, y, z 

N2D–H2L∙∙∙O15 0.86 1.99 2.840 173 1 + x, y, z 

O3–H3∙∙∙O14 0.82 1.85 2.592(7) 150 x, y, z 

N3A–H3A∙∙∙O9 0.86 2.30 3.068 148 x, y, z 

N3B–H3B∙∙∙O5 0.86 2.25 3.003 147 1 + x, y, z 

N3C–H3C∙∙∙O13 0.86 2.16 2.999 167 1 + x, y, z 

N3D–H3D∙∙∙O3 0.86 2.13 2.947 158 1 + x, y, z 

N4A–H4C∙∙∙O12 0.86 2.03 2.892 178 x, y, z 

N4B–H4F∙∙∙O6 0.86 2.05 2.913 180 1 + x, y, z 

N4C–H4I∙∙∙O15 0.86 2.03 2.811 151 1 + x, y, z 

N4D–H4L∙∙∙O1 0.86 1.97 2.827 174 1 + x, y, z 

O7–H7∙∙∙O14 0.82 1.81 2.596(7) 159 x, y, z 

O8–H8∙∙∙O9 0.82 1.86 2.615(8) 153 x, y, z 

O10–H10∙∙∙O5 0.82 1.84 2.613(8) 157 x, y, z 

5·Bu4NOAc∙3H2O      

N1–H1N∙∙∙O6 0.86 2.44 3.184(4) 146 x, y, z 

N2–H2N∙∙∙O6 0.86 1.92 2.776(4) 171 x, y, z 

N3–H3N∙∙∙O3 0.86 2.01 2.868(3) 172 x, y, z 

N4–H4N∙∙∙O4 0.86 2.01 2.849(4) 166 x, y, z 

O7–H7A∙∙∙O6 0.97(3) 1.72(4) 2.678(5) 168(4) x, y, z 

O7–H7B∙∙∙O3 0.95(4) 1.93(4) 2.867(6) 169(4) x, y, z 

O8–H8C∙∙∙O5 0.97(2) 1.76(3) 2.721(5) 171(5) x, y, z 

O9–H9C∙∙∙O1 0.96(5) 2.08(6) 2.926(4) 147(6) 1 + x, y, z 

O9–H9D∙∙∙O4 0.95(3) 2.01(3) 2.811(5) 140(3) x, y, z 
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4.4. Crystallography 

Single-crystals for X-ray measurements were obtained by slow crystallization from toluene 

(receptor 1) methanol (receptor 2) or acetone (5∙Bu4NH2PO4∙4H2O and 5∙Bu4NOAc∙3H2O). 

Complexes 1∙Bu4NH2PO4 and 3∙Bu4NH2PO4 were formed in DMF, the solvent was evaporated 

and the residue dissolved in CH2Cl2 to furnish single-crystals suitable for the measurements 

after evaporation. The measurements were performed on an Oxford Diffraction Xcalibur Nova 

R diffractometer with a microfocus Cu-tube using graphite-monocromated CuKα radiation (λ 

= 1.54179 Å). Program package CrysAlis PRO44 was used for data reduction and multi-scan 

absorption correction. The sample of 1∙Bu4NH2PO4 was measured on a three-cycle MD-2 Micro 

Diffractometer at the European Synchrotron Radiation Facility (ESRF, beamline BM-14), 

Grenoble, France. Due to the small size of the crystals and large unit cells, comprising only 

light atoms (Table in the supporting info.), the data for 3∙Bu4NH2PO4 and 1∙Bu4NH2PO4 were 

of inferior quality. The structures were solved using SHELXS9745 and refined with 

SHELXL97.45 The structures 2 and 1 were refined using the full-matrix least squares 

refinement; all non-hydrogen atoms were refined anisotropically. Due to poor data and large 

number of parameters, 3∙Bu4NH2PO4 and 1∙Bu4NH2PO4 were refined using severe geometric 

restraints and some atoms in tetrabutylammonium moieties were refined isotropically. While 

full-matrix least-squares refinement was possible for 2∙Bu4NH2PO4, the number of parameters 

in 1∙Bu4NH2PO4 exceeded the capacity of SHELXL-97,45 and was therefore refined using a 

block-diagonal matrix. Hydrogen atoms in 1, 1∙Bu4NH2PO4 and 2∙Bu4NH2PO4 were treated as 

constrained entities, using the command AFIX in SHELXL97;45 in 2 they were located from 

difference Fourier map and refined as free isotropic entities. In 5∙Bu4NH2PO4∙4H2O and 

5∙Bu4NOAc∙3H2O hydrogen atoms bound to C atoms were treated as constrained entities, while 

those bound to water oxygens were located from difference Fourier map and refined with 

geomertic restraints [d(O-H) = 0.95(2) Å; d(H∙∙∙H) = 1.50(4) Å]. Molecular geometry 

calculations were performed by PLATON,46 and molecular graphics were prepared using 

ORTEP-3,47 and CCDC-Mercury.48 Crystallographic and refinement data for the structures 

reported in this paper are shown in table in the supporting info (Table S3). 
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