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Two neutral receptors for halide anions and tricarboxylate anions have been synthesized on the 
basis of p-tert-butylcalix[6larene, symmetrically functionalized with three butyl(thio)urea groups 
at the 1,3,5-phenolic positions. The anion complexation has been studied by lH NMR titration 
experiments, FTIR spectroscopy, and FAB mass spectrometry. The receptors bind halide and 
tricarboxylate anions exclusively through hydrogen bonding in a 1:l fashion in CDCl3. For halide 
anions, a preference for bromide over chloride ions is observed, with a highest binding constant K, 
of 1.4 x lo3 M-l with receptor 4 containing the urea moieties. Thiourea receptor 6 most strongly 
binds 1,3,5-benzenetricarboxylate anions (K, = 2.9 x lo5 M-l) whereas 1,2,4- and 1,2,3- 
benzenetricarboxylate anions are complexed better by receptor 4 (K, = 2.3 x lo4 and 4.7 x lo4 
M-l, respectively). An explanation for the difference in the binding of halide and tricarboxylate 
anions by 4 and 6 is given. The mode of binding in the complex of 6 with 1,3,5-benzenetricarboxylate 
was elucidated by low-temperature NOESY spectroscopy. 

Introduction 

In relation to our research on membrane transport1 
and sensors based on chemically modified field effect 
transistors (CHEMFETS),2 we have developed various 
receptors for cations based on p-tert-butylcalix[4larenes. 
One of the remaining challenges is the selective transport 
and detection of anions, but this requires selective anion 
receptors. The most straightforward method for the 
complexation of anions is by positively charged receptors 
which bind primarily via electrostatic interactions. A 
variety of polyammonium receptors3 and guanidinium- 
based receptors4 have been developed for the complex- 
ation of mono- and dicarboxylate anions3b,e,f,4a,b,d and 
 phosphate^.^^,^^^^^^ The disadvantage of positively charged 
receptors is that the'selectivity is generally modest due 
to the dominant nondirectional electrostatic interactions. 
This disadvantage can be overcome by the use of neutral 
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anion receptors. Covalently incorporated Lewis acids like 
Si,5S6 B,6,7 Sn,@ or Hg9 in neutral ligands resulted in the 
complexation of anions via ion-dipole interactions. The 
disadvantage of these receptors is, however, the limited 
synthetic flexibility for varying or optimizing the selecti- 
vity of anion complexation. Recently,lo we have shown 
that additional binding sites near a Lewis acid binding 
center, e.g. groups that provide hydrogen bond donors to 
the anionic guest, can increase the selectivity of anion 
complexation. Neutral uranylsalenes with additional 
hydrogen bond donating amide groups showed high 
selectivity in the complexation of HzPO4-. From the 
crystal structure of sulfatell and phosphate12 binding 
proteins, it is known that anions can be complexed with 
a high selectivity exclusively via formation of hydrogen 
bonds in a neutral binding site. 

Calix[4larenes have proven to be versatile molecular 
building blocks for the construction of selective receptors 
for cations2J3 and neutral m01ecules.l~ We have reported 
the selective complexation of HS04- exclusively through 
hydrogen bonding by a neutral calix[4larene with four 
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sulfonamide groups at the upper rim,I5 and recently we 
have shown that the functionalization of the lower rim 
of calix[Uarene with (thiolurea moieties facilitated the 
complexation of halide anions exclusively through hy- 
drogen bonding.16J7 Hitherto, calix[6larenes have re- 
ceived less attention as molecular building blocks, mainly 
because it is more difficult to control their conformation 
and the methods for the selective functionalization of the 
upperls and lower rimslg are less well developed. Sub- 
stitution of the phenolic positions with large alkyl or aryl 
groups is not sufficient to restrict the conformational 
motion in p-tert-butylcalix[6]arenes because we and 
others have recently shown that also the tert-butyl groups 
can rotate through the annulus.20,21 However, we have 
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found that in 1,3,5-trimethoxy-2,4,6-trialkoxy-p-tert- 
butylcaM6larene the methoxy groups stabilize the cavity 
of the macrocycle via CH- - - ~ t  interactions.20 The 1,3,5- 
trimethoxy-2,4,6-tri~oxylp-tert-butylcaM6larene adopts 
a flattened cone conformation with the three phenols in 
a syn20,21 position (u, 0, u, 0, u, olZ2 and has C3 symmetry. 
The remaining phenolic positions can be used to cap 
1,3,5-trimethoxy-2,4,6-trihydroxy-p-tert-butylcalix[61- 
arene with a cyclotriveratrylene (CTV) moiety, yielding 
a calixI6larene derivative in a fmed C3 ~ y m m e t r y . ~ ~ , ~ *  

Here, we report the synthesis and the binding proper- 
ties of two p-tert-butylcalix[6larene derivatives, 4 and 5, 
functionalized with three urea or thiourea moieties, 
respectively (Scheme 1). These molecules can function 
as neutral ligands for anions, and the anion recognition 
occurs exclusively through hydrogen bonding. These 
p-tert-butylcalix[6larenes show selective binding of Br- 
over C1- in chloroform solution and exhibit a high affinity 
for tricarboxylate anions. Several synthetic neutral 
receptors for mono- and dicarboxylate anions have been 
reported in which the binding site consists of a (thiol- 
urea m ~ i e t y . ~ ~ - ~ ~  Wilcox et al. ,26 Hamilton et al. ,27 and 
Rebek et aLZ8 have used (thiolurea moieties to complex 
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mono- and dicarboxylate anions in chloroform. Recently, 
Kelly and Kimz9 reported the complexation of mono- and 
dicarboxylate anions and their isosteres by monourea- 
and diurea-functionalized clefts. 

Results and Discussion 

Previously, we have shown that neutral receptors with 
hydrogen bond donors selectively bind anions (HzP04-,30 
HS04-,'5 and halide anions? exclusively through hy- 
drogen bonding. A strategy to organize hydrogen bond 
donating sites on calixL6larene requires functionalization 
of 1,3,5-trimethoxy-2,4,6-trihydroxy-p-tert-butylcalix~61- 
arene with three (thio)ureaalkyl groups. This will give 
a receptor with C3 symmetry, and such a receptor would 
possibly complex, besides spherical anions, anions with 
C3 symmetry. 

The three phenolic oxygens of the starting compound, 
1,3,5-trimethoxy-2,4,6-trihydroxy-p-tert-butylcalix[61- 
arene (l)'9a.31 were alkylated using 6 equiv of NaH and 
4-bromobutyronitrile in DMF at 75 "C (Scheme 1). 

The 'H NMR spectrum of the resulting product, 1,3,5- 
trimethoxy-2,4,6-tris~~cyanopropyl~oxyl-p-tert-butylc~~- 
[6larene (Z), in CDC13 showed coalesence of the bridging 
methylene protons a t  room temperature and the corre- 
sponding 13C NMR spectrum showed a triplet at  30.3 ppm 
for the corresponding methylene carbon atoms. These 
results indicate that the compound is in a dynamic 
flattened cone conf~rmation.~.~ ' .~~ Reduction of the cyano 
groups using NaBHdCoClz in MeOH at room tempera- 
t ~ r e ~ ~  yielded the 1,3,5-trimethoxy-2,4,6-tris[(amino- 
butyl)oxyl-p-tert-butylcalix[6larene (31, which is also in 
the flattened cone conformation at  room temperature. 
Addition of 3.3 equiv of phenyl iso(thio)cyanate to 3 in 
CHC13 at  room temperature3' gave the corresponding 
phenylurea derivative 4 and phenylthiourea derivative 
5 in 46% and 33% yield, respectively. These compounds 
are in the flattened cone conformation20,21 as could be 
concluded from the pair of doublets for the methylene 
protons in the IH NMR spectrum a t  4.43 and 3.30 ppm 
in 4 and a t  4.46 and 3.34 ppm in 5, respectively, and the 
triplet at  29.8 ppm in 4 and 29.6 in 5 for the correspond- 
ing methylene carbon atoms in the '% NMR spec- 
trum.32,35 The urea hydrogens of the phenylurea deriva- 
tive 4 absorb at 7.79 ppm (NHb) and 5.70 ppm (NHa) and 
for the corresponding phenylthiourea hydrogens at  7.76 
ppm (NHb) and 6.37 ppm (NH% This difference in 
chemical shift indicates that the thiourea hydrogens are 
more acidic than the urea hydrogens, which is in ac- 
cordance with the pK, values for thiourea and urea as 
reported in the l i t e r a t ~ r e ~ ~  (23.0 and 26.9, respectively). 
As was established by Mido,37 N,N-disubstituted urea 
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(33) Satoh, T.; Suzuki, S.: Suzuki, Y.; Miyali, Y.; Imai, 2. Tetmhe- 
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also be used as an indication for the presence of ealix[6larene 
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Figure 1. Job plot of the titration of 5 mM Bu4NBr in CDC13 
with 5 mM 4 in CDCI3. 

derivatives adopt the trans-trans geometry as drawn for 
4 and 5 in Scheme 1. This geometry is also the only 
geometry observed in all crystal structures of N,N- 
disubstituted urea derivatives reported in literature?* 

Complexation of Br- and C1- Anions. Proper 
orientation of two or four (thiolurea moieties on a calix- 
[Uarene platform enabled the complexation of spherical 
anions.16 Significant complexation of C1- and Br- and 
weak complexation of I-, CN-, and SCN- ions was 
observed. Therefore binding experiments with 4 and 5 
were first carried out with C1- and Br-. The negative 
FAB mass spectra of 1:l mixtures of 4 or 5 with Bu4NC1 
or Bu4NBr in o-nitrophenyl octyl ether showed the anion 
complexes [4+C1-1-, [4+Br-l-, [5+C1-1-, and [5+Br-l-, 
besides the free ligands [4-H+]- and [5-H+]-. The 'H 
NMR spectra of 4 and 5 (CDC13) show a downfield shift 
of the (thio)urea hydrogens upon the addition of Br- and 
C1- (as their tetrabutylammonium salts), indicating the 
formation of hydrogen bonds to the halide guests. In 
addition, the ortho protons of the phenyl substituents at  
the (thio)urea groups show a downfield shift (0.07-0.09 
ppm), whereas the meta and para protons shift upfield 
(meta 0.03-0.05 ppm; para 0.03 ppm). This effect may 
be attributed to a different electron density a t  the ortho 
and the meta and para positions of the aromatic ring due 
to the presence of the anionic guest. In all cases 'H NMR 
titration experiments in CDC13 revealed a 1:l stoichiom- 
etry of complexation as was proven by Job plot analysis 
(Figure 1).39-41 The association constants calculated from 
the changes in chemical shifts of the NHb hydrogens are 
summarized in Table 1.42 

(38) Some examples: (a) Cairo, V. M.; Giaeometti, P.; Giglio, E. Acto 
Crystallogr. 1971,827, 2112. (b) Desphande, S. V.; Meredith, C. C.; 
Pastemak, R. A. Acta Crysfallogr. 1968, B24, 1396. (e) Yuh-Loo, C.; 
West. M.-A,: Fowler. F. W.: Lauher. J.  W. J.  Am. Chem. Soe. 1993. 
115, 5991 and refer&ces herein. 

(39) Conners, K. A. Binding Constants, 1st ed.; John Wiley & Sons: 
New York. 1987; p 24. 

(40) A Job plot gives both the stoichiometry of the complex and the 
association constant. The percentage of complex farmed at every point 
during the titration can be calculated from the change in the chemical 
shift ofthe protons used for monitoring the complexation process. The 
complexation proeess is studied over a range of at least 20-80% of 
eomolex. The assoeiation constants have been calculated wine a " 
nonlinear regression 

G. J.; de Jong, F. J .  Am. Chem. Soe. 1982.104. 4073. 
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137) Mido, Y. Bull. Chem. Soe. Jpn. 1974.47, 1833. 
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Table 1. Association Constants (Ka, M-') and Free 
Energies of Association (AGO, kJ mol-') of Hosts 4 and 5 

with C1- and Br- a 
h n d  

4 5 

mest K. -AG" Ka -A@ - 
CI- 480 15.1 <25 <7.9 
Br- 1450 17.8 350 14.3 

a In CDCb, a t  22 "C; concentration ofhost and guests are 5 mM. 
Guests are added as tetrabutylammonium salts. 

Both C1- and Br- are complexed more strongly by the 
urea host 4 than by the thiourea host 5, and both host 
compounds bind bromide in preference over chloride. 
Chloride induces a larger downfield shiR of both (thio)- 
urea hydrogens of 4 and 5 than bromide. For example, 
addition of 9 equiv of BmNC1 to 4 caused a downfield 
shiR of 1.20 ppm for the NHb hydrogens, whereas 
addition of the same amount of BwNBr gave a downfield 
shiR of 0.75 ppm. With thiourea 5 these values were 1.18 
ppm for Bu4NCl and 0.41 ppm for BwNBr. The prefer- 
ence for Br- suggests that the cavity formed by the three 
(thiolurea moieties is more complementary to the size of 
the Br- anion than to that of C1-. Apparently, this better 
fit dominates the expected higher hydrogen bonding 
affinity of the hard C1- anions for the hard (thiolurea 
hydrogens. This size selectivity is rather unexpected for 
this type of hosts, having rather flexible ligating sites, 
but is a well-known phenomenon in anion complexation 
hy positively charged  receptor^.^^ 

It was interesting to  investigate whether these recep- 
tors would be selective for nitrate anions, having a 3-fold 
symmetry axis. The complexation of NO3- by 4 and 5 
was indeed observed in FAB mass spectrometry and 'H 
NMR. Unfortunately, quantitative determination of the 
association constants was not possible since the signals 
of the (thiolurea hydrogens became too broad upon the 
addition of nitrate and those of the phenyl substituent 
at  the (thiohrea moiety coincide with the signals of the 
calixL6larene aromatic rings. 

Complexation of Tricarboxylate Anions. Com- 
plexation of carboxylate anions by (thio)urea receptors 
might benefit from favorable secondary electrostatic 
interactions4' between the partially positively charged 
(thiohrea hydrogens and the partially negatively charged 
oxygen atoms of the carboxylate group. Receptors 4 and 
5 have three (thiohrea moieties arranged around a Ca 
axis of symmetry. Benzenetricarboxylate anions with 
different symmetries, i.e. 1,3,5-benzenetricarboxylate 6 
(trianion of trimesic acid), 1,2,4-benzenetricarboxylate 7 
(trianion of trimellitic acid), and 1,2,3-benzenetricarboxy- 
late 8 (trianion of hemimellitic acid) were studied (Chart 
1). For comparison, the monobasic anion benzoate 10, 
the dibasic anion isophthalate 11, and the nonplanar cis- 
1,3,5-cyclohexanetricarhoxylate 9 were included. 

(42) The complexation of Bu4NCI by 4 was monitored in a concen- 
tration range of 18-94% complex. The concentration ranges for the 
other complexations are 24-95% (Bu,NBr by 41, 9-86% (BurNC1 by 
5). and 17-95% (Bu4NBr by 5). 

(43) For some examples, see the following: (a) Park, C. H.; Simmons, 
H. E. J. Am. Chem. Soc. 1968,90, 2431. (b) Graf, E.; Lehn, J.-M. J.  
Am. Chem. Soc. 1978, 100, 4914. (e) Dietrich, B.; Guilhem, J.; Lehn, 
J.-M.; Pascard, C.; Sonveaux, E. Helu. Chim. Acta 1984, 67, 91. Size 
selectivity governed anion complexation by a neutral receptor, see: (d) 
Worm, K.; Schmidtchen, F. P.; Schier, A,; Schsfer, A. H.; Hesse, M. 
Angew. Chem., Int. Ed. Engl. 1994,33,327. 

(44)(a) Jorgensen, W. L.; Pranata, J. J. Am. Chem. Soe. 1990,112, 
2008. (b) Murray, T. J.; Zimmerman, S. C. J. Am. Chem. Soe. 1992, 
114,4010. 
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Figure 2. Job plot of the titration of 5 mM (BaN)343 in CDC4 
with 5 mM 5 in CDCb. 

Chart 1 

10 11 9 

Table 2. Association Constants (Ka, M-') and Free 
Energies of Association (AG", kJ mol-') of Hosts 4 and 5 

with Guests 6-11' 
hod  

4 5 

mest K. - AG' K. -AGO - 
6 81.000 27.9 290.000 30.9 
7 23.000 24.6 2.500 19.2 
8 47.000 26.4 18.000 24.0 
9 101.000 28.2 29.000 25.2 

10 16.000 23.8 1.400 17.8 
11 69.000 27.3 6.400 21.5 

In CDCb, at 22 "C; concentration of host and guest are 5 mM. 
Guests are added as tetrabutylammonium salts. 

The negative FAB mass spectra of 1:l mixtures of 4 
or 5 with (BuaN)3-1,3,5-benzenetricarboxylate in o- 
nitrophenyl octyl ether showed the anion complexes 
[4+6-1- and [5+6-1- besides the free ligands [4-H+]- and 
[5-H+]-. 'H NMR titration experiments of 4 and 5 with 
the tetrabutylammonium salts of 6-11 in CDC13 revealed 
in all cases a 1:l stoichiometry as was proven by Job plot 
analysis (Figure 2).39.40 The association  constant^^^.'^ are 
summarized in Table 2. 

For the determination of the association constants the 
chemical shiRs of the ortho protons of the phenyl sub- 

(45) The complexation of 6-11 was followed over a range of 13- 
98% mmplex formed. 
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stituent at the (thio)urea groups were used.46 Also for 
these trianionic guests, the induced polarization in the 
phenyl ring decreases the electron density at the ortho 
positions in the phenyl ring (downfield shift) and in- 
creases the electron density at the meta and para 
positions (upfield shift). The signals for the NHa and the 
NHb hydrogens became broad upon the addition of 
carboxylate  anion^.^^,^^ A possible explanation of the 
broadening is a slow rotation of the guest in the complex 
around the C3 axis. 

The guest with C3 symmetry, 1,3,5-benzenetricarboxy- 
late 6, shows the strongest association with both 4 (Ka = 
8.7 x lo4 M-l) and 5 (K, = 2.9 x lo5 M-1).49 The 1,3,5- 
benzenetricarboxylate anion is rather planalso with the 
carboxylate groups and the benzene ring in conjugation. 
The strongest complex is formed between the thiourea 
host 5, which is in accordance with the higher acidity of 
the thiourea. The tricarboxylate anion 6 is, due to its 
symmetrical and planar structure, the only guest species 
which can bind with all six hydrogen bond donating sites 
of the three thiourea moieties of the host 5 (Chart 3, vide 
infra). Anions which do not have C3 symmetry (7 and 8) 
bind to a lesser extent to both receptors. Also the mono- 
and dibasic carboxylates 10 and 11 show weaker com- 
plexation. The Job plot of the complexation of 10 by 4 
and 5 is not symmetric, indicating that for this monobasic 
acid besides 1: 1 association complexation with higher 
stoichiometries also occurs. The symmetrical cis-1,3,5- 
cyclohexanetricarboxylate 9 is complexed both by 4 and 
5 in preference over the nonsymmetrical guests 7 and 8. 
This indicates that the complementarity of the C3 sym- 
metry of host and guest is important. The weaker 
binding between hosts 4 and 5 with the tricarboxylates 
7 and 8 may be due to the nonplanarity of the carboxylate 
groups and the aromatic ring in 7 and 8.51 

All tricarboxylate anions 6-9 are complexed to a much 
greater degree than the halide anions because the halide 
shares only one unit of negative charge with three (thiol- 
urea moieties. In addition to the higher charge density 
in the trianions, positive secondary electrostatic interac- 
tions between the carboxylate and the (thiolurea moieties 
contribute to the bindine4 and the carboxylate anion 
group is structurally complementary with the (thiolurea 
moiety. 

To investigate the difference in binding between urea 
host 4 and thiourea host 5 the model compounds 12 and 

(46) The previous reported association constants for the complex- 
ation of carboxylate anions by neutral urea functionalized receptors 
are based on the change in chemical shift of the urea hydrogens.26-2s 

(47) The broadening is not caused by proton transfer of the (thio)- 
urea moiety to  the carboxylate groups since the pKe3 values of the 
tricarboxylic acids (pKa3(6) = 11.9; pKa3(7) = 11.5; pKa3(8) = ll.2)48 
are more than 10 decades lower than the p& values of urea and 
thiourea (pK,(urea) = 26.9; pK,(thiourea) = 23.0).36 

(48) Kortun, G.; Vogel, W.; Andrussow, K. Dissociation Constants 
of Organic Acids in Aqueous Solution; Butterworths: London, 1961; 
pp 364-365. 

(49) This value is at the limit of the K, values that can be determined 
accurately by lH NMR spectroscopy. Because a good fit for the 
regression procedure is obtained and the calculated value for the 
chemical shift at infinite excess of guest is within 0.05 ppm of the 
measured values for the chemical shift at large excess of guest present, 
the K, values calculated are accurate. 

(50) One of the carboxylic acid groups is rotated 27" out of the plane 
of the benzene ring; the other two are almost planar. Duchamp, D. J.; 
Marsh, R. E. Acta Crystallogr. 1969, B25, 5. 

(51) (a) In 1,2,4-benzenetricarboxylic acid one of the carboxylic acid 
groups is rotated 88" out of the plane; the other two are rotated 8" 
and 9" out of the plane of the benzene ring. Takusagawa, F.; Hirotsu, 
K.; Shimada, A. Bull. Chem. Soc. Jpn. 1973, 46, 2960. (b) In 1,2,3- 
benzenetricarboxylic acid one of the carboxylic acid groups is rotated 
86.8" out of the plane; the other two are rotated 4.5" and 10.3" out of 
the plane. Takusagawa, F.; Shimada, A. Ibid. 2998. 

Chart 2 
Ha Ha 0"v""" I 1  ::z 

Table 3. NH Stretching Frequency Values (cm-') 
hosta 

guests* 4 v (em-') 5 v (cm-l) 

none 3403,3347 3410,3394,3309 
c1- 3393,3336 3410,3392,3275 
Br- 3397,3336 3411,3392,3274 
6 3419,3391,3309 3420,3392,3274 
7 3419,3392,3310 3420,3392,3275 
8 3419,3392,3309 3420,3392,3273 
9 3421,3392,3310 3419,3392,3286 
10 3418,3390,3310 3421,3393,3276 
11 3421,3393,3312 3421,3393,3275 

a Concentration host is 10 mM in CDCl3. Ratio hostguest  is 
1:l .  

13 were synthesized (Chart 2). lH NMR dilution experi- 
ments reveal that the dimerization constants52 of 13 (Kd 
rc 28 M-l) is higher than that of 12 (Kd rc 1.5 M-l). 
Apparently, the higher acidity of the thiourea hydrogens 
dominates the weaker hydrogen bond accepting ability 
of sulfur as compared to oxygen. In the calix[6larenes 4 
and 5 inter- and intramolecular hydrogen bonding inter- 
actions between (thiolurea moieties can occur.53 Anion 
complexation occurs at the expense of (part of) these 
hydrogen bond interactions. This effect may explain the 
larger binding constant of host 4 for the various anions 
(except 6) since the hydrogen-bonded interactions are less 
in urea host 4. For 6, however, breaking of the hydrogen 
bond association in thiourea host 5 is more than com- 
pensated by the cooperative hydrogen bonding to the 
three carboxylate groups of 6. In 9 the three carboxylate 
groups are not k e d  in the plane of the ring but can rotate 
freely. Hydrogen bonding to these carboxylate groups is 
weaker than that in 6, due to the entropically unfavorable 
restriction in rotational freedom, and therefore this guest 
can compete less well with the intrinsic hydrogen bond 
association of 5. As observed for the other anionic guests, 
species 4 is now the better host. 

FTIR Spectroscopy. Additional evidence for the 
complexation of anions via hydrogen bonding was ob- 
tained from FTIR spectroscopy. However, before the 
hydrogen bonding in the anion complexes was studied, 
the hydrogen bonding in the free ligands 4 and 5 was 
investigated (Table 3). From literature it is known that 
N,N '-dialkyl- and N,N '-diarylurea compounds adopt a 
trans-trans geometry in solution.37 Urea host 4 shows a 
sharp band at 3403 cm-' which can be attributed to a 
weak NH---n interaction of urea hydrogens with a 
phenyl group of a neighboring urea m ~ i e t y ~ ~ , ~ ~  and a 
weak, broad band at 3347 cm-l which is attributed to 

(52) Horman, I.; Dreux, B. Helu. Chim. Acta 1984, 67, 754. 
(53) lH NMR dilution experiments of 4 and 6 showed small 

downfield shifts of the (thio)urea hydrogens and no dimerization 
constants could be obtained. The small downfield shifts may result 
from the fact that upon decreasing the concentration of the host the 
intermolecular association decreases but the intramolecular association 
increases. This will result in a small overall effect on the chemical 
shifts of the (thio)urea hydrogens. 

(54) Klemperer, W.; Crony, M. W.; Maki, A. H.; Pimentel, G. C. J. 
Am. Chem. Soc. 1954, 76, 5846. 

(55 )  The non-hydrogen-bonded stretching frequency in N,N '-diary- 
lureas is found at ca. 3412 cm-' in CHC1a.56 According to molecular 
models the NH- - -n hydrogen bonding is possible as was also observed 
in the urea-derivatized calix[41arene.l6 
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the hydrogen-bonded NH stretching. N,N '-Dialkyl- and 
N f l  '-diarylthiourea compounds can exist as a mixture 
of trans-trans, cis-trans, and cis-cis geometries in CHC4 
solution.56 Thiourea host 5 shows sharp bands at 3410 
and 3394 cm-l. In principle, these bands could result 
from the presence of trans-trans, cis-cis, and trans-cis 
geometries. However, for anion binding the trans-trans 
geometry is desired. Upon the addition of anions these 
two bands are retained, indicating that the same geo- 
metry, the trans-trans geometry, is present in the free 
ligand 5 and the anion complexes of 5. Consequently, 
these bands are attributed to non hydrogen-bonded NH 
stretching and to weak NH- - -n hydrogen bonding, 
respectively. The weak, broad band at 3309 cm-l origi- 
nates from hydrogen-bonded NH stretching in the free 
ligand 5. The difference in the hydrogen-bonded stretch- 
ing frequencies of 4 and 5 is 38 cm-l, resulting from the 
higher acidity of the thiourea hydrogens. 

Allerhand and SchleyeP showed that the role of halide 
anions as hydrogen bond accceptors can be studied by 
FTIR spectroscopy. To study the effect of anion com- 
plexation, the infrared spectra of the 1:l mixture of host 
4 and 5 with BwNC1, BwNBr, and the tetrabutyl- 
ammonium salts of carboxylates 6-11 in CDCl3 were 
investigated (Table 3). 

Upon addition of 1 equiv of C1- or Br- to 4, the bands 
of the free ligand disappear and two new absorption 
bands appear, a sharp band at 3393 cm-', attributed to 
weak NH- - -n hydrogen bonding, and a more intense, 
broad band at 3336 cm-', attributed to hydrogen bonding 
to the halide anion. Addition of 1 equiv of C1- or Br- to 
5 results in a decrease of the bands at 3410 and 3394 
cm-l and complete disappearance of the band at 3309 
cm-l. A new, broad band at 3275 cm-1 appears, indicat- 
ing hydrogen bonding to the anion. However, unlike the 
halide complex of 4, in the halide complex of 5 the 
absorption due to the non-hydrogen-bonded NH and the 
NH- - -n hydrogen bonding are still present. Addition of 
1 equiv of carboxylate anions 6-11 to 4 results in the 
disappearance of the band at 3403 cm-l and the appear- 
ance of two sharp bands at 3420 and 3391 cm-l, at- 
tributed to a non-hydrogen-bonded NH stretch and 
NH- - -n hydrogen bonding, respectively, and a broad 
band at around 3310 cm-', attributed to hydrogen 
bonding to the anionic guests. In case of 5, addition of 
carboxylate anions results in a decrease of the intensity 
of the bands at 3420 and 3392 cm-1 and the appearance 
of a broad band at 3275 cm-l due to hydrogen bonding 
to the guests. The intensity of this band is higher than 
in the presence of halide anions, indicating stronger 
hydrogen bonding to the carboxylate anions. 

Structure of the Complex of Thiourea Host 5 with 
1,3,5-Benzenetricarboxylate 6 in Solution. To obtain 
the highest resonance stabilization in the complex of host 
5 and guest 6, the carboxylate groups are probably in 
the plane of the aromatic ring. This implies that the 
carboxylate groups in the complex are directed perpen- 
dicular to the plane through the thiourea moieties. In 
this case two different arrangements of hydrogen bond 
formations are possible. The first possibility is that the 
two oxygen atoms of a carboxylate group are facing 
toward the NH donor sites of a thiourea moiety in a 

(56) Galabov, B.; Vaasilev, G.; Neykova, N.; Galabov, A. J. Mol. 

(57) Allerhand, A.; Schleyer, P. v. R. J. Am. Chem. Soc. 1967, 85, 
Struct. 1978, 44,  15. 

1233. 
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Chart 3. Proposed complex between 5 and 6 in 
chloroform solution and observed NOES. NOE 

contacts are indicated by arrows 

i 
perpendicular orientation, forming three centered hy- 
drogen bonds by each donor and acceptor site (Chart 3). 
The second possibility is that the thiourea groups lie 
around the 1,3,5-benzenetricarboxylate anion and in 
plane with benzene ring. However, NOESY spectroscopy 
in CDCl3 at -50 "C showed clear NOE contacts between 
the aromatic protons of carboxylate 6 and the ortho 
protons of the phenyl substituent and the CHzNH" 
protons of the spacer of host 5. This indicates that the 
guest is in between the phenyl substituent at the thiourea 
moieties and the spacer. In the complex the anion is 
bound via 12 three-centered hydrogen bonds (Chart 3). 
Three centered hydrogen bonds are preferred when there 
are relatively few hydrogen bond donors.5s 

Conclusions 
The p-tert-butylcalix[6larenes derivatized with three 

N '-phenyl-N-butylurea or N '-phenyl-N-butylthiourea 
groups at the 2,4,6-phenolic positions, 4 and 5, represent 
a new class of neutral receptors for halide and tricar- 
boxylate anions in which the binding occurs exclusively 
through hydrogen bonding. The stoichiometry of the 
complex formation is 1:1, and the selectivity for halide 
anions is Br- > C1-. The 3-fold ax is  of symmetry of the 
binding sites in the hosts leads to a preference for 
complexation of the symmetrical 1,3,5-benzenetricar- 
boxylate anion 6. 

Experimental Sections9 
p-tert-Butyl~alix[6Iarene~~ and 1,3,5-trimethoxy-2,4,6-tri- 

hydroxy-p-tert-b~tylcalix[6]arene~~~ (1) have been prepared 
according to literature procedures. FTIR spectra were re- 
corded in 10 mM CDC13 solutions on a B I O W  FTS-60 FTIR 
spectrometer. FAB mass spectra were obtained with a Finni- 
gan MAT90 mass spectrometer equipped with a PDP 11/73 
data system using m-nitrobenzyl alcohol (NBA) as a matrix. 
The measurements were carried out using an Ion Tech atom 
gun unit, operating at 8 kV and 1 mA. The spectra and 

(58) Jeffrey, G. A.; Saenger, W. Hydrogen Bonding in Biological 

(59) For general experimental procedures and procedures concerning 

(60) Gutsche, C. D.; Dhawan, B.; Leonis, M.; Stewart, D. Org. Synth. 

Structures; Springer Verlag: Berlin, 1991. 

the 'H NMR titration experiments see ref 16. 

Wiley: New York, 1993; Collect. Vol. 111, p 77. 
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intensity lists (averaged from three scans) were obtained in 
the negative and positive mode. For the measurements, 1 mg 
of sample was dissolved in 2 pL of NBA on the vacromium 
target. The ions, produced after bombardement with a beam 
of xenon gas, were accelerated with a voltage of 5 kV. NOESY 
spectra were recorded on a Varian 400 MHz spectrometer at 
-50 "C in CDC13. 
5,11,17,23,29,35-Hexa-p-tert-butyl-37,39,41-t~s[(cyano- 

propyl)oxy]-38,40,42-trimethoxycalix[6larene (2). NaH 
(0.36 g, 9.0 mmol) and calix[6]arene 1 (1.14 g, 1.13 mmol) in 
DMF (55 mL) were stirred for 1 h at room temperature. 
4-Butyronitrile (0.68 mL, 6.75 mmol) was added, and the 
mixture was stirred at 75 "C during 3.5 h. DMF was 
evaporated, and the residue was taken up in CH2C12 (100 mL), 
washed with 1 N HCl(50 mL, 2x1, saturated NHlCl(50 mL, 
3x), and brine (50 mL), and dried with MgS04. Filtration 
followed by evaporation of the solvent gave the crude product, 
which was triturated with MeOH: yield 62%; mp 233-234 
"C. IR (KBr): 2246 cm-l (CN). 'H NMR: 6 7.11 and 6.29 (s, 
6 H), 3.90 (br s, 12 H), 3.72 (t, 6 H), 2.89 (s, 9 H), 2.53 (t, 6 H), 
1.94 (m, 6 H), 1.15 and 0.98 (s, 27 H). 13C NMR: 6 154.0 (s), 
151.7 (s), 146.1 (s), 145.9 (s), 133.3 (d), 133.0 (d), 127.0 (s), 
125.0 (s), 119.7 (s, CN), 70.1 (t), 60.2 (q), 34.2 (s), 34.1 (s), 31.5 
(q), 31.3 (q), 30.2 (t), 26.3 (t), 14.2 (t). FAB mass spectrum, 
mle 1216.6 ([MI, calcd 1216.6). Anal. Calcd for C81H106N306. 

N, 3.37. 
5,11,17,23,29,35-Hexa-p-tert-butyl-37,39,41-tris[ (ami- 

nobutyl)oxy]-38,40,42-trimethoxycalix[6larene (3). To a 
suspension of calix[6]arene 2 (0.92 g, 0.76 mmol) and 
CoC126H20 (1.00 g, 4.61 mmol) in MeOH (15 mL) was added 
NaBH4 (0.86 g, 22.91 mmol) batchwise. The black suspension 
was stirred for 28 h at room temperature. CHzClz (20 mL) 
was added and 3 N HC1 was added until a pink suspension 
was formed, A 25% NH3 solution was added until the pH 
became basic (a clear pink solution was formed). The aqueous 
layer was extracted with CHzClz (50 mL, 3x), and the 
combined organic layers were washed with HzO (50 mL) and 
brine (50 mL) and dried with Na2S04. Evaporation of the 
solvent yielded a slightly colored foam that was used im- 
mediately for further reactions: yield 92%. 'H NMR 6 7.08 
and 6.49 (s, 6 H), 4.32 and 3.25 (br d, 6 H), 3.70 (t, 6 H), 2.61 
(t, 6 H), 2.05 (s, 9 H), 1.70 (m, 12 H), 1.52 (m, 6 H), 1.19 and 
0.64 (s,27 H). 13C NMR: 6 154.4 (s), 152.0 (s), 145.7 (s), 145.5 
(s), 133.6 (d), 133.2 (d), 127.9 (s), 123.7 (s), 72.6 (t), 60.1 (q), 
42.3 (t), 34.2 (s), 34.1 (s), 31.6 (q), 31.2 (q), 30.8 (t), 27.8 (t), 
14.2 (t). FAB mass spectrum, mle 1229.4 ([MI, calcd 1229.7). 
5,11,17,23,29,35-Hexa-p-tert-butyl-37,39,4l-tris[[(N '- 

phenylureido)butyl]oxy]-38,40,42-trimethoxycalix[61- 
arene (4) and 5,11,17,23,29,35-Hexa-p-tert-butyl-37,39,41- 
tris[[(N '-phenylthioureido)butylloxyl-38,40,42-tri- 
methoxycalix[6]arene (5). Calix[G]arene 3 (0.34 g, 0.28 
mmol) was dissolved in dry CHC13 (10 mL). Phenyl isocyanate 
(0.10 mL, 0.91 mmol, in case of 4) or phenyl isothiocyanate 
(0.11 mL, 0.91 mmol, in case of 5) was added, and the mixture 
was stirred for 3 h at room temperature. HzO (20 mL) was 
added, and the organic layer was separated and washed with 
brine (20 mL) and dried with MgS04. Evaporation of the 
solvent yielded the crude products which were purified as 
described below. 

4. The crude product was triturated with MeOH, and the 
precipitate was purified by column chromatography (SiOz: 
THF:hexane = 1:l) followed by trituration with MeOH: yield 
46%; mp 185-186 "C. IR (KBr): 3340 (NH), 1649 (C-0) cm-'. 
'H NMR: 6 7.49 (s, 3 H, NHb), 7.24-7.10 (m, 21 H), 6.79 (8, 6 

0.33HzO: C, 79.37; H, 8.72; N, 3.43. Found: C, 79.27; H, 8.76; 
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H), 5.70 (t, 3 H, NH"), 4.60 and 3.45 (ABq, 6 H, J = 14.8 Hz), 
3.77 (t, 6 HI, 3.30 (m, 6 H), 2.54 (s, 9 HI, 1.74 (m, 6 HI, 1.24 
(m, 33 H), 0.90 (s, 27 H). 13C NMR: 6 156.5 (s, C-01, 153.6 
(s), 151.8 (s), 146.3 (s), 145.9 (s), 139.6 (s), 133.4 (d), 133.0 (d), 
128.9 (d), 127.5 ts), 124.1 (d), 122.3 (d), 119.2 (SI, 72.9 (t), 60.4 
(q), 39.9 (t), 34.2 (SI, 34.0 (SI, 31.5 (q), 31.1 (q), 29.8 (t), 27.5 
(t), 27.5 (t). FAB mass spectrum, positive mle 1587.0 ([M + 
H+]+, calcd 1587.0), negative mle 1584.2 ([M - H+l-, calcd 
1585.0. Anal. Calcd for C102H132N609.2H20: C, 75.62; H, 8.45; 
N, 5.19. Found: C, 75.51; H, 8.41; N, 4.90. 
5 was purified by column chromatography (Si0z:THF: 

hexane = 1:l) followed by trituration with MeOH: yield 33%; 
mp 178-180 "C. IR (KBr): 3384 and 3276 (NH) cm-l. lH 
NMR: 6 7.76 (s, 3 H, NHb), 7.33-7.20 (m, 21 H), 6.66 (s, 6 H, 
ArH), 6.37 (t, 3 H, NHa), 4.49 and 3.37 (ABq, 6 H, J = 15.0 
Hz), 3.90 (t, 6 H), 3.77 (m, 6 H), 2.25 (s, 9 H), 1.88 (m, 6 HI, 
1.43 (m, 33 H), 0.80 (s, 27 H). 13C NMR: 6 180.7 (s, C=S), 
154.1 (s), 151.6 (s), 146.0 (s), 145.7 (91, 136.7 (~1,133.5 (d), 133.0 
(d), 129.9 (d), 128.0 (51, 126.8 (d), 125.0 (d), 123.6 (SI, 72.4 (t), 
60.2 (q), 45.2 (t), 34.3 (51, 34.0 (81, 31.6 (91, 31.3 (t), 31.3 (91, 
29.6 (t), 27.6 (t), 26.2 (t). FAB mass spectrum, positive mle 
1633.9 ([MI+, calcd 1634.4). Anal. Calcd for C I O Z H I ~ ~ N ~ O ~ S ~ *  
2H20: C, 73.34; H, 8.20; N, 5.03; S, 5.76. Found: C, 73.34; 
H, 8.22; N, 4.63; S, 5.85. 

N '-Phenyl-N-n-butylurea (12) and N '-Phenyl-N-n- 
butylthiourea (13). To a solution of n-butylamine (1.35 mL, 
13.60 mmol) in CHC13 (10 mL) was added phenyl isocyanate 
(1.48 mL, 13.60 mmol, in case of 12) or phenyl isothiocyanate 
(1.64 mL, 13.60 mmol, in case of 131, and the mixture was 
stirred for 1 h at room temperature. In the case of 12 a white 
precipitate was formed that was collected: yield 96%; mp 126- 
127 "C. IR (KBr): 3384 (NH), 1655 (C=O) cm-'. 'H NMR 6 
7.28-7.23 (m, 4 HI, 7.07 (m, 1 HI, 6.83 (9, 1 H, NHb), 5.12 (9, 
1 H, NHa), 3.22 (t, 2 H), 1.52-138 and 1.35-1.24 (m, 2 H), 
0.89 (t, 3H). 13C NMR 6 156.1 (6, C=O), 138.7 (SI, 129.3 (d), 
123.7 (d), 121.0 (d), 40.1 (t), 32.2 (t), 20.1 (t), 13.8 (9). E1 mass 
spectrum, mle 192.2 ([MI, calcd 192.2). Anal. Calcd for 
C11H16N20: C, 68.73; H, 8.38; N, 14.57. Found: C, 68.85; H, 
8.65; N, 14.64. In the case of 13 the solvent was evaporated. 
13: yield 92%; mp 60-61 "C. IR (KBr): 3296 (NH) cm-'. 'H 
NMR: 6 8.21 (s, 1 H, NHb), 7.43 (t, 2 H), 7.23 (t, 1 HI, 7.07 (d, 
2 H), 6.02 (s, 1 H, NH"), 3.60 (q, 2 H), 1.52 and 1.31 (m, 2 H), 
0.88 (t, 3 H). 13C NMR: 6 180.1 (s, C=S), 136.4 (s), 130.1 (d), 
127.0 (d), 125.1 (d), 45.1 (t), 31.0 (t), 20.1 (t), 13.8 (9). E1 mass 
spectrum, mle 208.1 ([MI, calcd 208.3). Anal. Calcd for 
CllH16N2S: C, 63.43; H, 7.73; N, 13.45. Found: C, 63.41; H, 
8.02; N, 13.40. 
Preparation of the Tetrabutylammonium Salts of 

Carboxylic Acids 6-11. A mixture of the carboxylic acid (5 
mmol) in 1 M Bu4NOH solution in MeOH (15, 10, or 5 mL) 
was stirred for 4 h at room temperature. The solvent was 
evaporated, and the product was dried at high vacuum over 
Pzos. 
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