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The synthesis of mesitylene-derived 1,3 alternate [ 1 .l. 1.13 metacyclophanes functionalized 
with pendant methylene-phosphonic acid diethyl ester groups is described. The compounds 
were fully characterized by 'H, 13C and 'IP-NMR spectra and by FAB-MS spectroscopy. 

The preferred conformation in solution was established by NMR methods, whereas the 
solid state conformation of one of them, solved by X-ray diffraction techniques, is also 
reported. The macrocycle forms a lattice clathrate with cyclohexane in the ratio 1:2 (macro- 
cycle over guest) and alternates with an additional molecule of water in a hydrogen-bonded 
1D array. 

Keywords: Conformationally preorganized synthetic receptors; Lattice clathrate; Hydro- 
gen-bonded structures; Phosphorylated tetrameric metacyclophanes 

INTRODUCTION 

The selective recognition of biologically relevant molecules, as well as 
cations and especially anions, by synthetic receptors is a very fertile and 
interesting field of investigation in Supramolecular Chemistry.['] In partic- 
ular, high emphasis is devoted to the synthesis of conformationally preor- 
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30 GIUSEPPE A. CONSIGLIO et al. 

ganized building blocks from which specific hosts with desired properties 
can be prepared by appropriate and selective functionalization reactions. 
Furthermore, chemically robust macrocycles able to complex cations, and 
in particular lanthanides, are needed as luminescent sensors and for diag- 
nostic bioassays,[241 not least for the use in powerful screening tech- 
niques such as Magnetic Resonance Imaging (MRI) and Proton Emission 
Computed Assisted Tomography (SPECT), or Proton Emission Tomogra- 
phy (PET) once complexed with radioactive lanthanides and actinides. 

Among the various possible functionalization procedures, the introduc- 
tion of phosphonic or phosphinic groups into the molecule, specially as 
pendant arms, appears to be the most promising route. Therefore, in this 
paper we shall describe the synthetic approach to mesitylene-derived 
1,3-alternate [ 1.1.1.13 metacyclophanes which are functionalized by pen- 
dant methylene-phosphonic acid dialkyl ester groups. The stereochemistry 
in solution of such calix[4]arenoid type macrocycles will be discussed and 
the solid-state conformation of one of them, solved by X-ray diffraction 
techniques, will be also reported, together with its host properties. 

RESULTS AND DISCUSSIONS 

Tetrameric metacyclophane 1, having four mesitylene units connected by 
methylene bridges, was easily synthesized by Friedel-Crafts procedures.r51 
Chloromethylation[61 of 1 yielded 2 which, by Arbuzov reaction using tri- 
alkyl phosphites, produced the phosphorylated calix[4]arenoid tetramers 
3a-c (see scheme 1). 

In previous reportsr6371 it was demostrated that macrocycle 1 exists in 
solution on the NMR time-scale in a fixed “saddle-shape”[61 or 1,3-alter- 
nater7,*] conformation in the temperature range of -60 to 150 O C ,  substan- 
tiated by an upfield resonance for the intra-annular methyl groups which 
are strongly shielded (A6 - 1.0 ppm) by the aromatic ring current of the 
two adjacent flanking mesitylene subunits. 

‘H-NMR investigations reveal that this type of conformation is main- 
tained also for the phosphorylated macrocycles 3a-c. In fact, due to the 
skeleton symmetry (D2& the bridging methylene protons appear as a 
sharp singlet at ca. 4.6 ppm, and the annular methyl groups show up with 
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R = M e  3 ,  
R=E1 3 b  
R = i-Pr 3 c 

SCHEME 1 Synthetic Procedure for the Calix[4]Arene Type Phosphonates All Meta Substi- 
tuted 

two signals at 6 2.4 ppm and ca. 6 1.13 ppm* in the ratio 2:1, assigned to 
external and internal methyl groups, respectively. The methylene groups 
attached to the phosphonic groups appear as a sharp doublet due to the 
coupling with phosphorus (2JHP = 22.0 Hz), whereas the methyls or the 
methylenes of alkyl groups R in the -P(O)(OR)2 moiety, due to the tetrahe- 
dral geometry of the phosphorus, reside in diastereotopic environment 

* The inner methyl groups are shifted up-field by A& = 1.13 ppm with respect to the perti- 
nent methyl group in the linear subunit model 2,4,6-trimethyl benzyl phosphonic acid diiso- 
propyl ester, whose 'H-NMR is 6 (CDCI,) ppm: 1.12 (d, 6H, CH(B3)2, 3JHH= 6.2 Hz), 1.28 

Hz), 3.14 (d, 2H, CH2P, 2JHp = 22.2 Hz), 4.59 (m, 2H, CH(CH3)& 6.83 (s, 2H, ArH). 
(d. 6H, CHU3)2 ,  3 J ~  = 6.0 Hz), 2.23 (d, 3H AiCH3, J, = 2.6 Hz), 2.38 (d, 6H, J,p = 1.6 
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32 GIUSEPPE A. CONSIGLIO ef al. 

when R is i-Pr or Et, whereas are enantiotopic for R = Methyl. It follows 
that in 3a the -P(0)(OMe)2 protons appear as a sharp doublet due to the 
coupling with phosphorus (3JHp = 10.5 Hz); in 3b the methyl protons of 
the ethoxy groups appear as a triplet, whereas the methylene protons show 
up as two distinct multiplets (AB systems coupled with phosphorus); and 
in 3c the methyl protons of the isopropyl groups appear as two doublets 
(Av = 0.145 ppm, *JHH = 6 Hz). 

A further point of interest in our phosphorylated macrocycles is their 
tendency to generate clathrate inclusion compounds with small organic 
molecules in the solid state, a property which may render these compounds 
also of relevant interest as receptors towards hydrophobic guests,[91 or as 
watersoluble macrocyclic hosts once the phosphonic group is hydrolized 
to the corresponding mono-ester or to the free acid, with pH depending 
binding properties. 

Rewarding enough, macrocycle 3b was found to form an inclusion com- 
pound with cyciohexane, whose stoichiometry, determined both by 
'H-NMR integration and by X-ray diffraction techniques (see below), was 
found in the molar ratio 1:2 (macrocycle to guest). The compound was 
found by 'H-NMR to crystallize with some water; the importance of such 
finding, together with the relevance to the molecular architecture of our 
host, will be discussed in the X-ray section. 

The crystal structure of 3b . 2 C6H12 . HzO has been determined by 
X-ray analysis at -50°C. The calixarene molecule, with its bond lengths 
and bond angles all in the normal range*, lies around a twofold rotation 
axis of the space group, parallel [ 1001, through one pair of opposite meth- 
ylene C atoms in the inner macrocycle. From the latter, the arene systems 
are protruding alternately up and down (Figure l), with the dihedral angle 
between two across from each other at 34.8(2)". This 1,3-alternate or sad- 
dle conformation is distincly different from the more frequent cone or 
bowl form of calixarenes with the arenes oriented all to the same side of 
the macrocycle. 

A molecule of water, also present in the crystal structure, is situated on 
the same type of symmetry axis as the calixarene. The two molecules are 
consecutively hydrogen-bonded to each other in a one-dimensional array 
along [OlO]. The geometry of the one independent hydrogen bond, 

* Therefore bond lengths and bond angles of the macrocycle are not given here; they are 
deposited as supplementary material. 
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PHOSPHORYLATED TETRAMERIC METACYCLOPHANES 33 

FIGURE 1 The calixarene molecule 3b and the two water molecules to which it is O-H--O 
hydrogen-bonded. Crystallographic twofold rotation axes through all molecules vertical and 
parallel to the plane of the drawing, H atoms except those of water molecules omitted for 
clarity, 25% ellipsoids for C, P, 0 

donated by the water molecule and accepted by one of the P=O functions, 
is again in the usual range (Ow-01: 2.72(1) A). 

A cyclohexane molecule with a likewise acceptable chair geometry 
(C-C: 1.54-1.59(3) A, C-C-C: 102-113(3)", C-C-C-C: absolute values 61- 
69(3)") was found in a general position (Le., two of these per calixarene 
and water molecule). Its incorporation into the crystal structure, with the 
calixarene conformation as observed, does not appear as an inclusion on a 
molecular level, but rather indicates a lattice cluthrute, Specifically, and as 
an unusual feature, the cyclohexane molecules are arranged in a tetruhe- 
dron-like cluster offour (Figure 2) around a 222-D, position of the space 
group at 114,314, 112 (and 314, 114, 112). 

Considering the interest of our macrocycles also as potential molecular 
receptor, it is interesting to characterize the cavity by some geometric 
parameters. Figure 3 reveals that with the opening angle of 34.8' the 
molecular cavity is quite large and wide at the entrance and gets smaller 
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34 GlUSEPPE A. CONSIGLIO et al. 

FIGURE 2 Stereoscopic view of a larger part of the crystal structure, showing the tetrahe- 
dron-like cluster of four cyclohexane molecules each around two equivalent 222-D2 position 
at 'A,  W .  Y2 and W ,  'A, %. Calixarene molecules 3b by lines only, water molecules (at z = 0 and 
1. i.u. far from the cyclohexane molecules) and all H atoms omitted for clarity 

going inside down, typical for a cone conformation. The distance between 
the two opposite aryl carbon atoms carrying the -CH2-P(0)(OEt)2 groups 
is 6.88 A, whereas for the methyl-substituted inner aryl carbon atoms the 
distance is reduced to 5.14 8, (Figure 3). The distances between opposite 
methylene C atoms in the inner macrocycle are 7.18(2) and 7.13(2) A. The 
shortest distance between two adjacent methylene carbons is 4.55( 1) A. 

EXPERIMENTAL 

3, 5, 7, 10, 12, 14, 17, 19, 21, 24, 26, 28-Dodecamethyl [l.l.l.l]metacy- 
clophane (1) and 4, 11, 18, 25-tetrakis(chloromethyl)-3, 5,  7, 10, 12, 14, 
17, 19,2 1,24,26,28-dodecamethyl[ 1.1.1.1 ]metacyclophane (2) were syn- 
thesized according to a literature procedure[5v61 by reacting equimolar 
quantities of rnesitylene and bis(chloromethy1)mesitylene in EtN02 solu- 
tion in the presence of catalytic amounts of SnC1, at 60 "C for 1 h and then 
overnight at room temperature. The precipitate so obtained was filtered off 
and recrystallized from toluene. Chloromethylation of (1) with chlorome- 
thy1 methyl ether in CS2 at -15 OC in the presence of SnC1, produces (2) in 
good yield, as reportedL6]. 
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PHOSPHORYLATED TETRAMERIC METACYCLOPHANES 35 

FIGURE 3 Line diagram with geometric parameters for the molecular cavity of 3b. Macrocy- 
cle viewed largely side-on, ethyl groups and all H atoms omitted 

Unless otherwise noted, commercially available chemicals were used as 
supplied: trialkyl phosphites, 2,4-bis(chloromethyl)-1,3,5-trimethylben- 
zene, mesitylene, tin(1V) chloride, chloromethyl methyl ether were 
obtained from Aldrich. All reactions were performed under an inert atmos- 
phere of nitrogen, and the solvents were distilled before use. 
'H-, I3C-, 31P-NMR spectra were recorded in CDC13 solution with TMS 

as internal standard and 85% H3P04 as external standard, respectively, 
using a Varian-Inova 500 instrument operating at 500, 125, and 200 MHz, 
respectively. Mass spectra were obtained using a double-focusing Kratos 
MS 50s instrument equipped with a standard FAB source and DS 90 data 
system. 3-Nitrobenzyl alcohol was used as matrix. 

The melting point determinations were performed on a Biichi 530 melt- 
ing point apparatus and are uncorrected. 
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36 GIUSEPPE A. CONSIGLIO et al. 

General Procedure for the Synthesis of Phosphorylated 
Metacyclophanes 3a-c 

To 2 mmol (1.45 g) of the chloromethyl metacyclophane derivative (2) 
were added, under nitrogen atmophere, 30ml of trialkylphosphite and 
heated to reflux temperature; then more trialkylphosphite was added until 
a homogeneous solution was obtained. The reaction mixture was refluxed 
for 4-6 hrs, until no more unreacted starting material was observed by 
TLC. After evaporation of the solvent, the residue was refluxed with 
cyclohexane, then cooled, filtered and dried to give the tetraphosphonate 
derivative as a white powder, which was crystallized form a mixture of 
ethy lacetate/cyclohexane. 

4,11,18,25-Tetrakis(dimethoxyphosphonylmethyl)-3,5,7,10,14,17, 
19,21,24,26,28-dodecamethyl[l. 1.1. l]methacyclophane (3a) 

White prisms (1.68 g, 83 %), mp > 300 "C (ethylacetatekyclohexane); 
'H-NMR (CDC13, 6 ppm): 1.119 (s, 6H, int Ma3), 1.124 (s, 6H, int 
hm3). 2.409 (s, 12H, ext A r L X g ) ,  2.411 (s, 12H, ext Arc_LJ3), 3.32, (d, 
8H, CH,P, ,J,p = 22.0 Hz,), 3.56 (d, 24H, Porn3, 3JHH = 10.5 Hz), 4.01 
(s, 8H, M C 2 A r ) ;  13C-NMR (CDC13, 6 ppm): 18.07 (s), 18.38 (s), 29.04 
(d, ' Jcp= 137.4 Hz), 33.56 (s), 52.59 (d, 2 J ~ p = 6 . 6  Hz), 126.23 (d, 

(d, Jcp= 4.0 Hz); 31P{1H}-NMR (CDC13, 6ppm): 30.19; FAB-MS: 1016.8 
(98, M+), 1038.9 (40, M+Na+), 396.9 (60), 255 (100). 

Jcp = 9.9 Hz), 132.74 (d, Jcp = 6.0 Hz), 134.55 (d, Jcp = 4.6 Hz), 138.05 

3b . 2 C p I 2  . H20: 4,11,18,25-Tetrakis 
(diethyloxyphosphony1methy1)-3,5,7,10,14,17,19,21,24,26, 
2S-dodecamethyl[l.l.l.l] methacyclophane (3b) 

White prisms (1.8 g, 80 %), mp = 225 "C (ethylacetatekyclohexane); 
'H-NMR (CDCI3, 6 ppm): 1.13 (s, 12H, int m3), 1.20 (t, 24H, 
O C H a 3 ,  3JHH = 6.5 Hz), 1.43 (s, 24H, cyclohexane), 2.42 (s, 24H, ext 
A r C H 3 ) ,  3.32, (d, 8H, CH2P, 2JHp = 22.0 Hz), 3.92 (m, 16H, POC12CH3), 
4.02 (s, 8H, AK32Ar); 13C-NMR (CDC13, 6 ppm) 16.35 (s), 18.19 (s), 
18.49 (s), 26.90 (cyclohexane), 29.91 (d, 'Jcp= 135.8 Hz), 33.65 (s), 
61.82 (d, ,JCp= 6.1 126.66 (d, 3Jcp=9.2 Hz), 132.68 (d, Hz), 
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PHOSPHORY LATED TETRAMERIC METACYCLOPHANES 37 

*JCp = 5.4 Hz) 134.34, 137.99; 3'P-NMR (CDCl,, 6 ppm) 27.79; 
FAB-MS: 1129.2 (100, M'), 227 (22). 

4,11,18,25-Tetrakis(diisopropyloxyphosphonylmethy1)-3,5,7,10,14, 
17,19,21,24,26,28-ddecamethyl[l.l.l.l]methacyclophane (3c) 

White prisms (1.9 g, 78 %), mp = 170 "C dec. (ethylacetatekyclohexane); 
'H-NMR (CDC13, 6 ppm): 1.10 (d, 12H, CH(m3)*, 3JHH = 6.0 Hz,), 1.13 
(s, 6H, int A&&), 1.14 (s, 6H, int MC3), 1.25 (d, 12H, CH(=3)2, 
3 J ~ ~  = 6.0 HZ,), 2.411 ( S ,  12H, eXt mX3), 2.413 (S, 12H, ext m g ) ,  

3.25, (d, 8H, M2P, 2Jw = 22.0 Hz), 4.00 (s, 8H, w 2 A r ) ,  4.59 (m, 8H, 
C H a 3 ) 2 ) ;  13C-NMR (CDC13, 6 pprn): 18.29 (s), 18.65 (s), 23.79 (d, 
3Jcp= 4.6 Hz), 24.04 (d, 3Jcp = 4.5 Hz), 30.95 (d, 'Jcp = 138.9 Hz), 33.58 
(s), 70.14 (d, 2Jcp = 6.9 Hz), 127.08 (d, Jcp = 9.1 Hz), 132.59 (d, Jcp = 5.3 
Hz) 134.25 (d, Jcp = 3.8 Hz), 137.87 (d, Jcp = 3.8 Hz); 31P{ 1H)-NMR 
(CDC13, 6 ppm): 26.16; FAB-MS: m/z 1241.5 (28, M'), 453.1 (38), 369.1 
(47), 227.1 (100). 

Crystal structure analysis 

A single crystal of 3b . 2 C6HI2 H,O of approximate dimensions 0.3 x 
0.3 x 1 .O mm was sealed in a thin-walled glass capillary and mounted on a 
Siemens-Stoe AED 2 diffractometer operating with graphite-monochro- 
matized MoKa radiation (A = 0.71073 A) and equipped for measurements 
at low temperature. The unit cell dimensions and (unique) space group 
were determined in the usual way and the intensities collected with a vari- 
able n/8 scan: a= 32.20(2) A, b = 15.10(1) A, c = 15.51(1) A, V =  7541(8) 
A3 at -5O'C; Pban, Z = 4; d(calcd)= 1.146 mg mm-3, p = 0.16 mm-'; 
28(max) = 44O, 4578 independent reflections of which 2629 were 
observed (IF012 4 oF), no correction for absorption. 

The structure was solved by direct methods. The cyclohexane and also a 
water molecule were located in a difference Fourier map. In a later stage, 
the H atom positions, except those for the cyclohexane molecule and 
ethoxy groups, were obtained in the same way. Refinement was done on 
F2, for the calixarene and water non-H atoms with anisotropic displace- 
ment parameters and for the located H atoms with isotropic ones, kept at 
1.2 times the equivalent isotropic values of the respective C atoms. For the 
cyclohexane C atoms, an overall isotropic displacement parameter was 
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38 GIUSEPPE A. CONSIGLIO et al. 

refined. The final residuals are R(F) =0.089 for the observed and 
wR(F2) = 0.309 for all reflections. The minimum and maximum residual 
electron densities are -0.30 and 0.45 eA-3. The program system SHEXTL 
PLUS[1o1 was used on a VAX Station 3200 (Digital) and SHELXL-93[1'1 
on a PC. Complete crystallographic data are deposited with the Cambridge 
Crystallographic Data Centre. 
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