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Abstract: The synthesis of calix[6]arene crown ethers 3 and 4 has been accomplished for the first time
by selective bridging of the parent macrocycles. The alkylation of 3 with o-chloro-N,N-diethyl
acetamide produces a compound 6 whose conformational flexibility is strongly reduced and which
assumes a cone conformation both in solution and in the solid state. Compound 6 represents a new type
of ditopic receptor which binds tetramethylammonium cation in the polar region at the lower rim,
showing an association constant K,;=750 M-1 in CDCl3.

The suggestion, based on model smdies! and on crystallographic evidence,2 that the quaternary
ammonium ion of acetylcholine can be bound to Acetylcholine Esterase (AChE) through the interaction with
some of the 14 aromatic residues present in a narrow gorge of the enzyme, has influenced the synthetic
strategies for quaternary ammonium cation receptors.

Previously, macrocyclic polyethers bearing anionic functional groups have been used to bind
tetraalkylammonium salts in water solution3 and, more recently, attention has been devoted to charged
aromatic cavities# where atiractive charge-charge interactions mainly determine the binding.

Dougherty and coworkers in an illuminating series of papers have shown that positively charged
alkylammoniumn salts can interact with the aromatic 7 systems of certain cyclophanes both in water and
chloroform solution, giving strong binding, essentially through an ion-dipole effect.5 This interaction, together
with other effects, is also operating in the complexes between cryptophanes and tetramethylammonium salts
studied by Collet.6 Very recently also calixarenes have been used as hosts for quaternary ammonium
cations.’-11 In particular, Harrowfield has reported on tetraalkylammonium cation binding by calixarene
anions in solution and in the solid state,9 Masci has synthesized doubly bridged tetrahomodioxacalix[4]arenes
which bind tetraalkylammonium salts in CDCl3 (AG® = 2.3-4.5 kcal-mol-1),10 whereas Shinkai and coworkers
have found evidence of the inclusion of these cations in several catixarenes.!1 In their more systematic work
the Japanese authors concluded that calix[6]arenes could provide the best cavity size for alkyl trimethyl
ammonium cations and that preorganization of the macrocycle in the cone conformation should provide the
best opportunity for cation/r interaction to occur.11

Whereas the fixation of calix[4]arenes in the cone conformation has been accomplished easily by
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functionalization of the lower rim,12 the same objective failed so far for calix[6]arenes in spite of several
attempts.13-16 This is due to the higher flexibility of these macrocycles and to the fact that topomerization
occurs not only via the oxygen through the annulus but also via the p-alkyl through the annulus
pathway. 15,16

We partially succeded in reducing the conformational flexibility of p-tert-butylcalix[6]arene 1 through selective
1,3,5-methylation followed by introduction of bulky substituents on the remaining OH groups.14.15 The
partial freezing of the calix conformation in the flattened cone is due to the "self inclusion" of methoxy groups
inside the apolar cavity (CH3-% interactions).13

In this paper we report the results of a complementary approach aimed at reducing the conformational
flexibility of calix[6]arene via selective bridging followed by alkylation with bulky groups. We report also the
X-ray crystal structure of the first example of a calix[6]arene derivative in the cone conformation together
with preliminary evidence for its interaction in solution with tetramethylammonium cation.

RESULTS AND DISCUSSION

Synthesis and Conformational Properties of the Ligands
The selective 1,4-bridging of calix[6]arenes with rigid groups has been accomplished by Gutsche et
al,13 but no report is available for flexible polyether chains, which instead have been used to bridge
calixf4]arenes 17 and p-tert-butylcal'u([S]arene18 at the lower rim.
X
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Upon treatment of calix[6]arenes 1 and 2 with tetraethylene glycol di-p-toluenesulfonate in the presence
of potassium ¢erz-butoxide in dry benzene under high dilution conditions, the corresponding crown ethers 3
and 4 were obtained in 36% and 42% yield respectively. Analysis of the 1H NMR spectra (CDCl3) of
compounds 3 and 4 reveals some common features, which suggest essentially a similar structure. Compound 3
shows two singlets for the terz-butyl groups at 1.13 and 1.23 ppm in the ratio 1:2, two doublets and a singlet
for the ArCH)Ar protons (ratio 1:1:1), a singlet and two doublets (meta coupling) for the aromatic protons.
This pattern can be explained only by assuming a 1,2,3-alternate (u, u, d, d, d, u)!3 structure (A in Scheme 1)
or a semi-flexible one where only the four phenolic nuclei pass through the annulus and the two bridged
aromatic nuclei remain fixed anti to each other. This is also supported by a through-space correlation in the
NOESY spectrum between the methylene protons of the polyether bridge and the aromatic protons around 7
ppm in compound 4.

Methylation of compound 3 gives the tetramethoxy derivative § in quantitative yield, whereas alkylation
with ct-chloro-N,N-diethylacetamide affords the tetramide 6 in 36% yield. The 1H NMR spectrum (400 MHz,
CDCl3) of 6 is very sharp and symmetrical and with the aid of COSY and NOESY experiments all signals
have been completely assigned. Some extra peaks, present expecially in the terz-butyl region, are probably due
to a second conformer present in much lower quantity (<5%). The multiplicity and the number of signals
indicate that the major isomer is in a cone conformation. Two sets of doublets at 5.02, 3.41 ppm and at 4.69
and 3.42 ppm (ratio 1:2) for the ArCH)Ar; an AB system at 4.80 and 4.73 ppm for the diastereotopic protons
of the OCHCO; an AB systern at 6.94 and 6.79 ppm and a singlet at 6.89 ppm are only compatible with a
cone (u, u, u, u, u, u)13 conformation where all aromatic nuclei are syn oriented. Another indication of the
presence of this conformation comes from the NOESY spectrum which evidences cross-peaks between the
high field doublet of the equatorial ArCH)Ar protons and the neighbouring aromatic protons. The X-ray
crystal structure of compound 6 (Figure 1), shows that all zers-butyl groups are oriented in the same direction
with respect to an ideal plane containing the bridging methylenes (ArCH)Ar) as required for a cone
conformation.

Figure 1. X-ray crystal structure of compound 6.
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An overall and unequivocal description of the macroring conformation is given by the conformational
parameters reported in Table 119 which indicate the molecular conformation as Cq +, +-, +-, +, +-,
corresponding to the (u, u, u, u, u, uo).13 The largest deviations of these parameters among themselves (for a
symmetric cone conformation ¢ = - is expected) are observed when the two phenolic units A or D bearing
the crown bridge are involved. The calculation of the dihedral angles (8) between the phenolic rings and the
reference plane (R) through the six methylene bridging carbon atoms20 (see Table 1) shows also that the
phenolic rings A and D are almost parallel to each other and tilted in such a way that their oxygens and the
attached bridge are oriented toward the observer.

Table 1. Conformational Parameters ¢ and ) (°)19 and Dihedral Angles & (°)20 between the Least Squares
Plane (R) of the Methylene Carbon Bridges and the Least Squares Planes through the Phenolic Rings for
compound 6.

Conformational Parameters (°) A-B B-C C-D D-E E-F F-A
[0} 19(1) 95(1) 25(1) 92.3(9) 60(1) 93.6(9)
% -93(1) -60(1) -82(1) -37(1) -98.1(9)  -14(1)
Dihedral Angles (°) A-R B-R CR D-R E-R F-R
o 59.3(2) 127.4(2) 93.1(2) 140.4(2) 94.3(2) 131.1(2)
Complexation Studies

The X-ray crystal structure suggests that compound 6 is a potential ditopic receptor for complexation of
several salts and ion pairs. It was therefore attractive to investigate its binding ability toward
tetramethylammonium cation in comparison with its conformationally more mobile precursors 3. It was also of
interest to see whether the ammonium salt interacts preferentially with the aromatic nuclei of the calix or the
polar region created by the polyether bridge and by the four amide groups.

Addition of increasing amount of host 3 to a 0.8 mM solution of tetramethylammonium acetate at 30°C causes
very small but regular and reproducible upfield shifts of the methyl groups of the (CH3)4N* cation,
(A3=0.024 ppm at [3]=0.02M). A plot of chemical shifts against [3] is strictly linear within experimental
errors, with no detectable curvature. This experiment indicates that, although the binding constant is too small
to measure, an interaction of (CH3)4N* with aromatic nuclei of the host takes pla.c«‘:,lo’11 and that exchange
between complexed and uncomplexed guest is fast on the NMR time scale (300 MHz). Solid-liquid
extractions of (C4Hg)4N+Cl" and (CH3)4N+CI" by ligand 6 in CDCl3 followed by 1H NMR analysis of the
solution show that only the tetramethylammonium salt is solubilized in the organic phase. From the integrated
intensities a 1:1 stoichiometry between ligand and cation was established. Titration experiments in
homogeneous solution using (CH3)4N+CH3COO" in CDCl3 show that exchange of the ligand is slow on the
NMR timescale (400 MHz), so that separate signals of the complexed and free host are present. By integration
of these signals at different host/guest ratios and at constant concentration of tetramethylammonium acetate
(1.5-10‘3 M) an association constant K, = 750 M-l (AG®°= -3.9 kcal/mol) at 28°C was calculated. Because
the signal of the complexed cation is buried under the signals of the host, no indication of the possible
interaction of the former with the & system of the aromatic nuclei of the latter could be obtained. However,
the large shifts experienced by the methylene groups of the polyether bridge as well as by methylene groups o
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to carbonyls (see Experimental Section) provide a strong indication that tetramethylammonium cation is
interacting more strongly with the polar region of the lower rim of the calix than with the aromatic nuclei.

We are currently investigating other bridged calix[6]arenes derived from 3 and 4 to verify if the
observed binding mode of tetramethylammonium salt is due to the presence of ert-butyl groups at the upper
rim of 611 or to the unfavourable competition between the aromatic 7 base and the harder oxygen donor
groups of the polar region.

EXPERIMENTAL SECTION

Melting points were determined on an Electrothermal apparatus in a sealed capillary tubes and are
uncorrected . Mass spectra were performed on a Finngan MAT SSQ710 spectrometer. 1H NMR and 13¢
NMR spectra were recorded on Bruker AMX400, AC300 and AC100 spectrometers of the Centro
Interdipartimentale di Misure (C.1.M.) of the University of Parma. Chemical shifts (8) are expressed in ppm
from (CH3)4Si. IR spectra were performed on a spectrophotometer Perkin-Elmer 298. Elemental analyses
were carried out at the Istituto di Chimica Farmaceutica of the University of Parma. All solvents were purified
by standard procedures. Analytical TLC were performed on precoated silica gel plates (8iO, Merck, 60
Fp54), while silica gel 60 (Merck, particle size 0.040-0.063 mm, 230-240 mesh) was used for preparative
column chromatography. p-terr-Butylcalix[6]arene 1 and calix[6]arene 2 were prepared as described in
literature. 21

37,38,40,41-Tetrahydroxy-39,42-(crown-5)-5,11,17,23,29,35-hexakis(1,1-dimethylethyl)calix{6]arene (3).

To a solution of compound 1 (4 g, 4.1 mmol) in 350 ml of dry benzene, KOtBu (0.92 g, 8.2 mmol) was
added. The reaction mixture was then refluxed under nitrogen atmosphere and a solution of
TsO(CH,CH»0)4Ts (2.06 g, 4.1 mmol) in 150 ml of dry benzene was slowly dropped in three hours. After
18h of reflux 0.40 g (4.1 mmol) of KOtBu were added and the reaction was quenched after 24 hours of reflux
with 300 ml of HCl IN. The organic phase was washed with water (2x300 ml) and benzene removed under
reduced pressure. This crude solid was added of 50 ml of CHCly. After cooling the solution, most of the
unreacted p-tert-butilcalix[6]arene (1) was removed by filtration. Then 50 ml of methanol were added to the
dichloromethane solution and upon slow evaporation pure compound (3) was collected (36% yield):
m.p.=184-185°C ; IR(KBr) Uypax 3400(bs) cm-1; 1H NMR (CDCl3) & 1.13 (s, 18H, C(CH3)3), 1.23 (s, 36H,
C(CH3)3), 3.57 (d, 4H, ArCHjAr, J=14.8Hz), 3.76 (s, 4H, ArCH5Ar), 3.86 (s, 12H, OCH7CHj3), 4.09 (m,
4H, OCHoCH3), 4.38 (d, 4H, ArCH»Ar, J=14.8Hz), 6.98 (s, 4H, ArH), 7.01 (d, 4H, ArH, J= 2.1Hz), 7.07
(d, 4H, ArH, J=2.1Hz), 7.64 (s, 4H, ArOH); 13C NMR (CDCl3) & 31.3 (q, C(CH3)3), 31.5 (t, ArCH3Ar),
31.6 (g, C(CH3)3), 32.2 (t, ArCHpAr), 34.0, and 34.3 (s, C(CH3)3), 70.1, 71.3, 72.3 and 74.7 (t,
OCH3CH»y), 125.4, 125.7 and 126.2 (d, Ar meta), 126.5, 126.7 and 132.6 (s, Ar ortho), 142.6 and 147.5 (s,
Ar para), 149.5 and 150.3 (s, Ar ipso); mass spectrum (CI), 1131 (M* calcd 1130.78). Anal. calcd for
Cy4HogOg: C, 78.55, H; 8.72. Found: C, 78.66; H, 8.65.

37,38,40,41-Tetrahydroxy-39,42-(crown-5 )-calix{6]arene (4).
A sample of compound 2 (2 g, 3.1 mmol) was treated following the procedure described above for compound
1. The crude solid was first purified on a silica gel column (eluent: hexane/ethyl acetate = 1:2) and then
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triturated with methanol (42% yield): m.p.=180-182°C; IR(KBr) Vax 3380 (bs) cm1; IH NMR (CDCl3) &
3.56 (d, 4H, ArCHpAr, J=14.4Hz), 3.67 (d, 2H, ArCH5Ar, J=14.6Hz), 3.75 (m, 4H, OCHpCHy), 3.78 (m,
4H, OCH,CHjy), 3.81 (d, 2H, ArCHAr, J=14.6Hz), 3.99 (m, 4H, OCH;CHy), 4.15 (m, 4H, OCHCH3),
4.43 (d, 4H, ArCH,Ar, J=14.4Hz), 6.77 (t, 4H, ArH, J=7.9Hz), 6.90-6.98 (m, 6H, ArH), 7.01-7.04 (m, 8H,
ArH), 7.38 (s, 4H, ArOH); 13C NMR (CDCl3) 8 31.3 and 31.5 (t, ArCHpAr), 70.2, 71.5 and 75.3 (t,
OCHCHy), 120.2 and 125.6 (d, Ar para), 127.3 (s, Ar ortho), 128.7, 128.9 and 129.1 (d, Ar meta), 133.3 (s,
Ar ortho), 151.8 and 152.6 (s, Ar ipso); mass spectrum (CI), 794.6 (M™, calcd 794.4). Anal. calcd for
C5oHs009: C, 75.55; H, 6.33. Found: C, 75.63; H, 6.28.

37,38,40,41-Tetramethoxy-39 42-(crown-5)-5,11,17,23,29,35-hexakis(1,1-dimethylethyl)calix{6]arene (5).

A sample of compound 3 (1.5 g, 1.3 mmol) was suspended in 60 ml of dry THF and 6 ml of dry DMF under
nitrogen atmosphere; then NaH (1.5 g, 62.5 mmol, 80% in oil) and CH3I (3.4 g, 24.1 mmol) were added and
the reaction mixture was refluxed for 18h. After evaporation of THF under reduced pressure, the reaction was
quenched with 30 ml of HCI 1N. A portion of 30 ml of CH»Cl was added and the organic phase washed with
water (2x30 ml) and dried over MgSOy4. The solvent was evaporated and the crude solid was purified by
recrystallization from CH,Clp/CH30H (yield >95%): m.p.=230-231°C; IR(KBr) Vax 1200(s) em-l; 1H
NMR (CDCl13) & 1.09 (s, 36H, C(CH3)3), 1.15 (s, 18H, C(CH3)3), 3.00 (s, 12H, OCH3), 3.45 (d, 4H,
ArCHAr, J=15.4Hz), 3.54 (d, 2H, ArCHjAr, J=14.9Hz), 3.74 (bs, 12H, OCH,CHj), 3.80 (m, 4H,
OCH;CHj) 4.38 (d, 2H, ArCHjAr, J=14.9Hz), 4.53 (d, 4H, ArCHjAr, J=15.4Hz), 6.92 (d, 4H, ArH,
J=2.2Hz), 6.95 (d, 4H, ArH, J=2.2Hz), 7.02 (s, 4H, ArH); 13C NMR (CDCl3) & 29.7 and 30.1 (t, ArCHpAr),
31.0 and 31.4 (q, C(CH3)3), 34.0 and 34.2 (s, C(CH3)3), 60.2 (g, OCH3), 70.6, 71.3 and 72.2 (t,
OCH2CHy), 125.6 and 125.8 (d, Ar meta), 132.9, 133.5 and 134.0 (s, Ar ortho), 145.4 and 145.7 (s, Ar
para), 152.4 and 154.2 (s, Ar ipso); mass spectrum (CI), 1187.4 (M* calcd 1186.8). Anal. calcd for
C78H10609: C, 78.89; H, 8.99. Found: C, 79.08; H, 8.85.

37,38,40,41-Tetrakis[(N N-diethylaminocarbonyl)ymethoxy]-39,42-(crown-5)-5,11,17,23,29,35-hexakis(1,1-
dimethylethyl)calix{6]arene (6).

To a solution of compound 3 (0.5 g, 0.44 mmol) in 150 ml of dry DMF, NaH (0.21 g, 7.00 mmol, 80% in oil),
Nal (0.1 g, 0.66 mmol) and a-chloro-N,N-diethylacetamide (1.05 g, 6.98 mmol) were added. The reaction
mixture was refluxed under nitrogen atmosphere for 18h and then quenched with 150 ml of HCl IN. The
organic material was extracted with 100 ml of CHClp, washed with distilled water (2x100 mil) and dried over
MgSOy4. The solvent was evaporated and the residue treated with CHyClp/MeOH to afford compound 6
(36% yield): m.p.=296-297°C; IR(KBr) Upax 1670(s) cm~ls IH NMR (CDCI3) & 0.99 (s, 36H, C(CH3)3).
1.12 (s, 18H, C(CH3)3), 1.13 (t, 12H, NHCH7CH3, J=7.4Hz), 1.21 (t, 12H, NCHyCH3, J=7.4Hz), 3.16 (t,
4H, OCHj, J=5.2Hz), 3.23 (t, 4H, OCHj, J=5.2Hz), 3.33-3.52 (m, 22H, Heq, NCH,CH3), 3.61 (t, 4H,
OCHj, J=5.2Hz), 3.71 (t, 4H, OCHj, J=5.2Hz), 4.69 (d, 4H, Hax, J=14.8Hz), 4.73 (d, 4H, OCH,CO,
J=13.6Hz), 4.80 (d, 4H, OCH,CO, J=13.6Hz), 5.02 (d, 2H, Hax, J=14.1Hz), 6.79 (d, 4H, ArH, J=2.1Hz),
6.89 (s, 4H, ArH), 6.94 (d, 4H, ArH, J=2.1Hz); 13C NMR (CDCl3) & 13.0 and 14.5 (g, NCHyCH3), 29.7
and 30.1 (t, ArCHpAr), 31.3 and 31.6 (q, C(CH3)3), 34.0 and 34.1 (s, C(CH3)3), 39.9 and 41.3 (t,
NCH,CH3), 66.4, 70.1 and 70.5 (t, OCH2CHy), 72.0 (t, OCH7CO), 125.1, 125.7 and 126.2 (d, Ar meta),
132.6 and 132.7 (s, Ar ortho), 145.0 and 145.3 (s, Ar para), 153.2 and 153.6 (s, Ar ipso), 168.0 (s, C=0);
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mass spectrum (CI), 1584.3 (M¥, calcd 1583.2). Anal. caled for CggH14pN4013: C, 74.31; H, 9.03; N, 3.54.
Found: C, 74.48; H, 8.96; N, 3.69.

6-(CH3)4yN*t Complex: | H NMR Spectrum.

Tetramethylammonium acetate was added to a 0.01 M solution of host 6 in CDCl3 until the !H NMR
spectrum showed no change, indicating complete saturation of the host: 1H NMR (CDCl3) & 0.98 (s, 36H,
C(CH3)3), 1.11 (1, 12H, NHCHCH3, J=7.2Hz), 1.17 (t, 12H, NCHCH3, J=7.2Hz), 1.34 (s, 18H,
C(CH3)3), 1.96 (s, CH3CO), 3.26-3.45 (m, NCHyCH3, *NCH3, ArCHAr), 3.51 (d, 4H, Heq, J=14.8Hz),
3.72,3.77, 3.89, 4.11 (m, 4H each, OCHj), 4.51 (d, 4H, OCHCO, J=13.6Hz), 4.87 (d, 4H, Hax, J=14.8Hz),
4.88 (d, 4H, OCH,CO, J=13.6Hz), 4.98 (d, 4H, Hax, J=14.0Hz), 6.71 (d, 4H, ArH, J=2.0Hz), 7.24 (d, 4H,
ArH, J=2.0), 7.30 (s, 4H, ArH).

X-ray crystallography of 6.

Crystal data: CggH149N4013, molecular weight 1584.219; monoclinic a = 13.673(4), b = 30.007(8), ¢ =
23.869(6) A; B =103.83(2)%; V = 9510(4) A3; space group P2/p; Z = 4; D¢gic = 1.106 g-em3; pey.Ko, =
57 eml, X-ray diffraction measurements were performed at room temperature on a Siemens A.E.D.
diffractometer using graphite monocromatized Cu-Ka, radiation (A = 1.54178 A). The cell parameters were
determined by least squares fit of 37 (1, ¥, 0)pk reflections found in a systematic search on the reciprocal
lattice. The intensities were determined by profile analysis according to literature.22 All the th, tk, 4
reflections in the range 3°< 9 < 65° were measured by the step scanning method with scan width from [ -
0.65]° to [0 + 0.65 + Al~7»‘1-tg9]°, A total of 16397 reflections were measured. The 4662 observed
reflections (I = 20(I)) were used in the refinement. The structure was solved by SIR9223 and refined with
SHELX76.24 The H atoms were calculated with the geometrical constraint C-H = 0.96 A. The refinement
was stopped to R = 0.067 (unit weights). All the calculations were carried out on the GOUL ENCORE91 of
the Centro di Studio per la Strutturistica Diffrattometrica del C.N.R. (Parma). Geometrical calculations were
obtained by PARST.25 The complete lists of final atomic coordinates, for non hydrogen atoms, anisotropic
thermal parameters, atomic coordinates of H atoms, bond distances and angles, observed and calculated
structure factors and a full list of the experimental data for X-ray diffraction studies have been deposited as
supplementary materials with the Cambridge Crystallographic Data Centre, 12 Union Road, GB-Cambridge
CB21EZ, UK (CCDC).
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