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Engineering Nanorafts of Calixarene Polyphosphonates

Thomas E. Clark,"” Mohamed Makha,™ Alexandre N. Sobolev,"”! Henry Rohrs,

Jerry L. Atwood,'! and Colin L. Raston*!*!

Abstract: The water-soluble calix[4]arene bearing p-substituted phosphonic acid
groups is accessible in five steps in overall 62 % yield, with the hydrogen-bonding

prowess of the acidic groups dominating its self-assembly processes. These include
the formation of 3.0(3) nm and 20(2) nm nanorafts of the calixarene in water using
spinning disc processing, stabilized by acetonitrile, and nanorafts in the gas phase
(<20 molecules). The 20(2) nm particles transform into 3.0(3) nm particles prior
to crystallization into a compact bilayer, whereas crystallization in the presence of
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large organic molecules gives an expanded bilayer interposed by layers of water

molecules.

Introduction

Cavitand-type molecules contain a hydrophobic pocket, and
whilst they can assemble into large nanometer-scale self-as-
sembled architectures by noncovalent interactions, their
ability to assembly into nanorafts is yet to be realized. This
is despite a plethora of spectacular architectures having
been established for cavitands, including nanocapsules,
which are often based around the Platonic or Archimedean
solids."! They can also describe complex entities found in
nature such as certain types of protozoa, pollen grains, and
crystals.™

Cavitand-type molecules include C-alkylresorcin[4]arenes
and C-alkylpyrogallol[4]arenes, which can form hexameric
capsules with an internal cavity of 1250-1375 A®>% The
design characteristics of such cavitands is noteworthy in lim-
iting intramolecular hydrogen bonding, leaving some hy-
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droxy groups to participate in intermolecular hydrogen
bonding, resulting in interplay of the cavitands, which can
favor the formation of spheroid-like molecular capsules.

Calixarenes are another class of cavitands, which can be
readily sulfonated, but generally it is the sulfonate group
rather than the protonated sulfonic acid group that features
in building complex arrays such as spheroid-like structures
comprising twelve molecules at the vertices of icosahedra or
cuboctahedra.? These water-soluble calixarenes are also of
interest in relation to their ability to act as catalysts, surfac-
tants, host molecules, and more.l

Herein we have targeted the corresponding calixarene
with phosphonic acid groups in the p-position relative to the
hydroxy groups at the base of the molecule, that is, p-phos-
phonic acid calix[4]arene, 1 (Scheme 1).

With two acidic hydrogen atoms now associated with each
phosphonic acid functional group there is potential for form-
ing complex arrays involving multiple hydrogen bonding as-
sociated with these groups, along with other inherently weak
interactions such as m-stacking and C—H--m interplay. In
contrast, there is only one acidic hydrogen atom for each
functional group in the analogous sulfonated calixarene, and
thus the calixarene has limited hydrogen-bonding capability.
The lowest oligomer in the calixarene series has four phenol
moieties, for which the calixarene is expected to take on the
usually rigid bowl-shaped conformation associated with four
intramolecular hydrogen bonds involving the phenolic hy-
droxy groups. Higher calixarenes are usually more flexible
and may not necessarily adopt a cone- or bowl-shaped con-
formation.
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Scheme 1. Synthesis of p-phosphonic acid calix[4]arene. DMF =dimethyl-
formamide, Ac=acetyl, Et=cthyl, Ph=phenyl, THF =tetrahydrofuran
and Me =methyl.

The synthesis of compound 1 represented a synthetic chal-
lenge, in contrast to the ubiquitous one-step synthesis of the
analogous sulfonic acid,’) and we have established that 1 is
accessible in five steps from the commercially available cal-
ix[4]arene in 62% overall yield (Scheme 1). Compound 1
indeed assembles into nanorafts using process intensification
rotating surface (PIRS) technology, and into continuous
structures based on bilayer arrangements, some of which are
persistent in the gas phase. It is noteworthy that PIRS is a
new method for fabricating nano-particles for which spin-
ning disc processing (SDP) is rapidly developing;'*'? the
key components of SDP include a rotating disc with control-
lable speed, and feed jets located slightly off-center from
the disc. SDP generates a thin fluid film (1-200 um) on a
rapidly rotating disc surface (300-3000 rpm), within which
nano-arrays form (Figure 1),'” with strong shearing forces
creating turbulence and breaking the surface tension of the
film, making waves and ripples.''l These waves and ripples
add to the vigor of mixing and ensure extremely short reac-
tion residence time under plug flow conditions, with even
mixing throughout the entire film. SDP is distinctly different
from the well-known spin-coating process, which is the pre-

Feed Jets

|

‘\

|

3 nm raft
Product
) Plug flow
3 - 3000 rpm

Figure 1. Key features of a spinning disc processor (SDP) used to fabri-
cate 3.0(3) or 20(2) nm particles of compound 1 (inset shows the struc-
ture of a 3 nm particle).
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ferred method for the controlled coating of flat surfaces!"
(“discs”) rather than being used for fabricating nanomateri-
als, as the application of SDP herein.

Results and Discussion

Multigram quantities of compound 1 were prepared by ini-
tially brominating calix[4]arene (2) using bromine to give
the bromo-calixarene 3 in 87 % yield (Scheme 1). Protection
of the lower rim hydroxy groups by acetylation with acetic
anhydride gave the tetra-acetate 4 in 86 % yield, and subse-
quent phosphorylation with triethyl phosphite produced the
corresponding phosphonate ester 5 in 84 % yield. Deprotec-
tion of the acetyl groups was effected by using potassium
hydroxide, which afforded 6 in quantitative yield. There-
after, de-esterification of the ethoxy groups using bromotri-
methylsilane (BTMS) gave 1, also in quantitative yield.

Compound 1 is moderately soluble in dimethyl sulfoxide
(DMSO), slightly soluble in cold water and alcohols such as
methanol, and insoluble in all other common organic sol-
vents. Slow evaporation of a saturated solution of 1 in meth-
anol/6 N HNO,/Cu(NOs;), or water/curcumin afforded color-
less single crystals suitable for X-ray diffraction studies, 1a
and 1b respectively. Copper cations are not incorporated
into structure 1a, but their presence is necessary to effect
crystallization. Changing the cation to rubidium, cesium, or
nickel also gave colorless single crystals with the same unit
cell dimensions, and thus these crystals are also devoid of
metal ions. The overall structure, 1a, is a compact bilayer ar-
rangement with the bilayers linked together by hydrogen
bonding between phosphonic acid groups from different bi-
layers. Crystallization from water in the presence of curcu-
min afforded structure 1b. Changing curcumin to other or-
ganic molecules, such as PB-carotene or carborane,!'! also
yielded colorless crystals with the same unit cell dimensions.
In the absence of such organic molecules we were unable to
crystallize 1 from water. The structure of 1b is very similar
to that of 1a, adopting the same bilayer arrangement, albeit
now with the bilayers separated by a layer of water mole-
cules (Figure 2 A and B).

Both structures crystallize in the same tetragonal space
group P4/n, the major difference in cell dimensions being as-
sociated with the tetragonal ¢ axis, 11.067(3) and
14.0678(8) A for 1a and 1b, respectively. The tetragonal axis
is normal to the bilayers with the cone-shaped calix[4]arenes
residing on fourfold symmetry axes, and thus the difference
in ¢ axis is associated with the incorporation of a layer of
water molecules for 1b relative to 1a. The a (and b) axes
for the two structures are very similar (12.130(4) and
11.9381(6) A for 1a and 1b, respectively), which reflects the
similarity in packing within the bilayers in the two struc-
tures. In 1a there is inclusion of a disordered methanol mol-
ecule in the cavity of the calixarenes with the methyl group
directed towards the cavity. Similarly, in structure 1b the
cavity of each calixarene takes up a disordered water mole-
cule. In both structures the calixarene adopts a crystallo-
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Figure 2. A) The compact bilayer organization of 1 in structure 1la.
B) The expanded bilayer organization of 1 in structure 1b.

graphically imposed symmetrical cone conformation. This
contrasts with a partially pinched cone conformation con-
taining an ordered water molecule in the cavity of sulfonat-
ed calix[4]arene, which involves O—H--n interactions."”! In
both structures the phenolic hydroxy groups at the lower
rim of the calixarene are engaged in a circular hydrogen-
bonded network equally disordered in opposite directions
(O—H:--O distance is 1.82 and 1.83 A for 1a and 1b, respec-
tively).

The bilayer arrangements in both structures have calixar-
enes orientated in opposite directions, Figure 2A and B.
Both bilayers involve intricate hydrogen-bonding networks
formed by bridging methanol or water molecules between
phosphonic acid moieties within each bilayer (O—H--OCHj,
distances 1.78-2.05 A for 1a, and O—H--OH, distances 1.67—
1.95 A for 1b) (Figure 3A and B). In addition, methanol
and water embedded in the cavity of both structures inter-
acts with the inner walls of the calixarene via CH:-m or
OH-m interactions (short contacts for HOC:--centroid and
H,O-centroid are 4.01 A and 4.08 A for 1a and 1b, respec-
tively). The closest distance between phosphorus atoms of
neighboring bilayers is 4.62 A in 1a, whereas it is 6.20 A in
1b where there is no hydrogen bonding between phosphonic
acid groups across different bilayers. In 1a the phosphonic
acids are engaged in a complex hydrogen-bonding array
forming a compact bilayer with a short contact -POH--O=
P(OH), of 1.61-1.75 A, whereas in 1b water molecules in
the hydrophilic layer are interposed between bilayers with
OH,--O=P(OH), and H,O-+-HOPO(OH) distances ranging
from 1.88-1.95 and 1.88-2.23 A, respectively (Figure 3 A and
B). A subtle difference in the packing of calixarenes within
the bilayers is that in 1a two methylene protons from a
single carbon atom of one calixarene reside close to the face
of an aromatic ring of another calixarene (CH,--m inter-
play), whereas in 1b only one of the hydrogen atoms from
the same methylene group is associated with such an inter-
action.
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Figure 3. A) Building block for the assembly of 1a; B) building block for
the assembly of 1b. (A and B) show the hydrogen bonding involved in
the construction of the bilayers (ball-and-stick for one calixarene unit
with neighboring calixarene fragments represented as sticks; water and
methanol molecules depicted in blue and dashed and dotted lines repre-
sent hydrogen bonds).

Crystallization of compound 1 is also possible using SDP
involving a 1M sodium hydroxide solution containing 1 as
the corresponding phosphonate and HCI solution at differ-
ent concentrations (1.0, 1.5, 3.0, and 6.0M). The experiment
involved injecting the alkaline solution of 1 in one feed jet,
and a solution of HCl in the other feed jet at room tempera-
ture (1 mLs™', grooved disc, 1500 rpm disc rotation) to
ensure an acidic solution upon mixing. The spinning disc
process induces rapid crystallization and is dependent on
the molarity of the acid used, and generally yields micron-
size particles. However, using HCI solutions containing 10 %
acetonitrile results in the formation of specifically 3.0(3) or
20(2) nm particles (dynamic light scattering) depending on
the concentration of the acid (Figure 4 A and B); the ability
to fabricate nanoparticles of a specific size, and stabilized by
acetonitrile, under process intensification is noteworthy.

In the absence of acetonitrile, increasing the concentra-
tion of HCIl induces immediate formation of micron-size
particles which then re-disperse to form smaller particles
upon standing for a few hours, notably 3.0(3) nm for 3m
HCI and 20(2) nm for 1.0m HCl. The presence of acetoni-
trile circumvents the formation of micron size particles, af-
fording stable 3.0(3) and 20(2) nm particles for 3.0m and
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Figure 4. Volume size distributions of phosphonato-calix[4]arene nanoparticle dispersions. A and B) Various
HCI concentrations at 1500 rpm using SDP without acetonitrile (A) and in the presence of 10% acetonitrile
upon standing over an 18 hour period (B). C and D) 1M HCI at 2000 rpm using SDP without acetonitrile (C)
and in the presence of 10 % acetonitrile upon standing over an 18-hour period (D).

was selected for this purpose
because of its ability to bind in
the cavity of the calixarene on
the surface of the nano-parti-
cles with the polar group direct-
ed to solution space in the same
way as methanol does in 1a.1°!

The X-ray powder diffraction
(XRPD) pattern for the as-syn-
thesized compound 1
(Scheme 1) matches the calcu-
lated powder pattern'” for the
aforementioned structure 1la
(Figure 5 A-C).

Analysis of the peak widths
using the Scherrer equation
gave a particle size of 16—
30 nm, which is comparable to
that of the 20(2) nm particles
formed by SDP. Precipitation of
an aqueous solution of 1 with
excess concentrated HCl pro-
duced a solid with the same
crystal packing as the as-synthe-
sized compound 1 (Figure 5D).
Thus the packing of the calixar-
enes in the as-synthesized prod-
uct is similar to the compact bi-
layer as seen for structure 1la.
Removal of the solvent for the
above-prepared 3.0(3) nm parti-
cles (without acetonitrile) gave
a diffraction pattern with a
dominant peak at 260=9.0°
which equates to a d-spacing of
1.0 nm, and matches closely the
bilayer spacing in the compact
bilayer of 1a (Figure SE).

The nanoraft assemblies also
show remarkable stability in
DMSO at room temperature,
contrary to the fact that DMSO
is effectively competing for hy-
drogen bond formation with the
calixarene. Calixarene dimers
have been shown to “denature”
within seconds of addition of a
small percentage of DMSO,
which disrupts the hydrogen-
bonded array holding the dimer
together.'™ Thus our present

1.0m HCI, respectively (Figure 4A and B). Moreover, the system is intriguing, as the nanorafts slowly dissociate over
particle size can also be controlled by varying the speed of the course of 36 h into solvated monomeric units (Figure 6).
the disc, amongst other parameters. For example, at A fresh deuterated DMSO solution of 1 gives a series of
2000 rpm disc speed, 80(7) nm particles are formed for 1m doublets for the two equivalent aromatic protons split by
HCI, and the use of acetonitrile as a stabilizing agent in con- the single phosphorus environment in the 'H NMR spec-
junction with SDP is critical (Figure 4 C and D). Acetonitrile trum. Over time the monomer doublet becomes dominant
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Figure 5. XRPD patterns of compound 1. A) Calculated pattern for 1a;
B) calculated pattern for 1b; C) experimental pattern for the as-synthe-
sized solid; D) experimental pattern of the solid obtained by precipita-
tion of an aqueous solution of 1 with concentrated HCI; E) experimental
pattern of the product obtained by SDP using 1.0m HCI. The peaks in
(C) and (D) at 38.5 and 44.5° are background signals from the sample
holder plate.
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Figure 6. Expansion of the 'H NMR (left) and *P NMR (right) of com-
pound 1 between 7.6-7.2 and 16.0-6.0 ppm, respectively. A)0h; B) 3 h;
C) 6h; D) 18 h; E) 36 h. (X corresponds to an impurity).

as DMSO breaks up the nanorafts. This is confirmed by
*'P NMR spectroscopy, which shows a series of multiplets
around 0=7 and 14 ppm that converge to a singlet at 6=
14.7 ppm for the monomeric unit. The formation of nano-
rafts does not depend on the concentration or pH of the so-
lution, but surprisingly its formation is sensitive to the pres-
ence of trace amounts of acetonitrile. One plausible explan-
ation for this observation is that the residual acetonitrile in
the as-synthesized solid is orchestrating the nanorafts’ as-
sembly. Acetonitrile has been shown to form a variety of hy-
drogen bonds with phenol in solution,’ inclusion com-
plexes with calixarenes,'” and as surfactant stabilizers. Dy-
namic solution studies were attempted to establish the size
of the nanorafts by using *P NMR diffusion ordered spec-
troscopy (DOSY). However, due to the slow diffusing
nature of the calixarene in DMSO the technique was not
suitable. Compound 1 has solubility limitations except in
protic solvents where nanorafts are not evident.

MALDI-TOF mass spectrometry on 1 provided further
evidence for the compact bilayer packing in the solid state,
showing fragmentation of the bilayer devoid of solvent (Fig-
ure 7A).

The nanorafts were observed only when using an acidic
matrix such as dihydroxybenzoic acid (DHB) and successive

— 3935

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

C. L. Raston et al.

A EUROPEAN JOURNAL

100
A ' =
®
| 8
80 |
‘ 3
@
-
e
z eo|
= | w)
L S
ZE x| | i Q @
| | [ (o)
(4] (50 3
= 4]
F Ui\" U\ ikt
‘v \HM
4800 8600 12400 16200 20000
miz
1533.1
C ded 1665.0
| 11810
25% | 1
1 -
1120 Dimer
2 0% Trimer2*
5 15% | 11620
2 | Tetramer2* v
- { ;
E ox 18| 11830
| Pentamer3* 1
| 16121

% | 1

7 : 1489
| 1194.0, "i
1:121 ‘ﬁ' o282 13226 1es1 |4
0% VUUAA Mo ALY

1200 1300 1400 1500 1600 1700
miz

-

100%, 7890
7670 Monomer'*

Dimer'*

Trimer2*

(%) 3 oy
2
2

20%
10%
0%

1916.5976,5 2300.1

600 800 1000 1200 1400 1600 1800 2000 2200 2400
miz

1916.5

Pentamer2*

Trimer'*

3+
Octamer =

(%) "oy

2000 2100 2200 2300 2400
miz

Figure 7. Mass spectra of compound 1: A) MALDI-TOF spectrum showing nanoraft assemblies up to the 20-mer in the gas phase; B to D) ESI mass
spectra between 500-2400 m/z (B), 1100-1700 m/z expansion (C), and 17002400 m/z expansion (D).

peaks out to the 20-mer were obtained. This is consistent
with fragments of the continuous structure in complex 1a
being generated in the gas phase by the laser. These nano-
rafts can be viewed as fragments of the bilayers, with aggre-
gates of four and six molecules of 1 showing particular sta-
bility. Attempts at detecting larger fragments, by increasing
the extraction delay time and decreasing the laser power,
were to no avail. These results are confirmed by ESI mass
spectrometry in water or methanol, which show aggregates
of up to eight molecules, also with no sign of associated sol-
vent molecules (Figure 7B-D). The nature of the structure
of 1a rules out any likelihood of the formation of spheroidal
arrays of calixarenes, such as the Platonic and Archimedean
solids, found in the p-sulfonato-calix[4]arene arrays of 12
calixarenes with all the cavities pointing away from the core
of the arrays."? In addition there are no magic number sig-
nals in the mass spectrum corresponding to such structures.
There is no evidence for the formation of nanoarrays of the
water-containing complex 1b in the gas phase.

Conclusion
We have established the synthesis of a molecule that re-

markably can be assembled into bilayers and nanorafts in a
controlled way. The stability of the rafts in DMSO, especial-
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ly in the presence of a critical concentration of acetonitrile,
is testimony to the stability of the rafts, which are held to-
gether by a multitude of hydrogen bonds. A likely model for
the structure of the rafts is that established in the continu-
ous structure for the compound crystallized from an acidic
solution of methanol in the presence of metal ions.

The ability to self-assemble molecules into nanoarrays
using PIRS technology is, in itself, a new paradigm in self-
assembly, and the findings have implications for the engi-
neering of nanoparticles of a wide range of organic mole-
cules. The findings show that the lowest oligomer of the p-
phosphonic acid calixarenes has a remarkable ability to self-
assemble into bilayers, with the ability to engineer material
with water between bilayers or engineer bilayers devoid of
such water molecules, and possibly the ability to engineer
particles of particular shapes as well as size. The scene is
now set to translate this to the higher phosphonated calixar-
enes.

Experimental Section

General: All starting materials and solvents were obtained from commer-
cial suppliers and used without further purification unless otherwise
noted. Acetonitrile was dried over 4 A molecular sieves for 24 h, and
NiCl,-6 H,O was dried at 180°C in vacuo for 8 h before use. All mois-
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ture-sensitive reactions were performed under a positive pressure of ni-
trogen. Calix[4]arene was prepared as described previously in the litera-
ture.”” Bromo-calixarene 3 and the tetra-acetate 4 were prepared by a
modified literature procedure for the corresponding calix[8]arenes.”!!
The phosphonate ester 5 was prepared by a nickel-catalyzed Arbuzov re-
action,” and complete deacetylation and de-esterification to give 1 was
accomplished using well-known procedures.”®! All MALDI mass spectra
were recorded by using a Perseptive Voyager DE-RP and all ESI spectra
were recorded on a Thermo Scientific LTQ-FT. A full description of the
methods used can be found in the Supporting Information.

CCDC-649194, CCDC-649195, CCDC-649196, CCDC-649197, CCDC-
649198, CCDC-649199 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

5,11,17,23-Tetrabromo-25,26,27,28-tetrahydroxycalix[4]arene  (3): Bro-
mine (7.25 mL, 0.14 mol) in DMF (100 mL) was added dropwise with
stirring to a solution of calix[4]arene (10.00 g, 23.58 mmol) in DMF
(400 mL). The solution was stirred for 4 h with a precipitate forming
after about 0.5 h. Methanol (400 mL) was added and the mixture left to
stir for 0.5 h. The precipitate was filtered off and washed with methanol
(3x50mL) to yield 3 (15.16g, 87%) as a white solid. 'HNMR
([Dg]DMSO, 25°C, 300 MHz): 6=17.35 (s, 8H, ArH), 3.82 ppm (br s, 8H,
ArCH,Ar).

5,11,17,23-Tetrabromo-25,26,27,28-tetraacetoxycalix[4]arene (4): A mix-
ture of 3 (7.32¢g, 9.94 mmol) and anhydrous sodium acetate (4.89 g,
59.65 mmol) in acetic anhydride (120 mL) was refluxed for 4 h. After
cooling to room temperature, the solution was slowly quenched with
water (150 mL). The precipitate was filtered off and washed with metha-
nol (3x30 mL) to yield 4 (7.72 g, 86 %) as a white solid. Recrystallization
from chloroform yielded X-ray quality single crystals, 4a and 4b, which
were also submitted for microanalysis. m.p. >290°C (decomp); IR
(KBr): 7=2919 (w), 1753 (s), 1571 (w), 1458 (m), 1368 (m), 1211 (s),
1179 (s), 873 (m) cm™'; 'HNMR (CDCl;, 25°C, 600 MHz): 6=7.22 (s,
8H, ArH), 3.65 (s, 8H, ArCH,Ar), 1.74 ppm (s, 12H, CH;); *C NMR
(CDCl;, 25°C, 151 MHz): 6=167.43, 147.24, 134.82, 132.20, 118.67, 37.04,
20.22 ppm; HRMS (FAB): m/z caled for [C3H,sBr,Og + H]* 908.8555,
found 908.8518; elemental analysis caled (%) for C;H,Br,Og: C 47.61,
H 3.11; found: C 4798, H 3.36. Crystal/refinement details for 4a:
C;Hy,Br,ClLOg, M, =1266.33, F(000)=1244 e, triclinic, P1 (no. 2), Z=2,
T=1532) K, a=13.171(2), b=13.487(2), c=15.014(2) A, a=95.498(2),
B=93.609(2), y=114.844(2)°, V=2393.3(6) A%, peyea=1.757 gecm >, sin6/
Amar=0.5953, N(unique)=8258, (merged from 16787, R;,=0.0461, Ry, =
0.0634), N, (I>20(1))=6811, R=0.0369, wR2=0.0978 (A,B=0.04, 0.00),
GOF=1.093, |Apps|=1.1(1) e A3 Crystal/refinement details for 4b:
C3Hs;BrgCl0,4, M, =1935.82, F(000)=7632 e, orthorhombic, Ccca (no.
68), Z=8, T=100(2) K, a=18.5752(2), b=35.9383(3), c=22.7037(2) A,
V=15156.1(2) A’, pe=1.697 gem >, pe,=6.576 mm™', sin@/d, =
0.5878, N(unique)=6458 (merged from 85783, R;,=0.0475, Rg,=
0.0158), N, (I>20(I))=6042, R=0.0872, wR2=0.2250 (A,B=0.055,
800.0), GOF=1.033, | AOmax | =1.1(1) e A2,
5,11,17,23-Tetra(diethoxyphosphoryl)-25,26,27,28-tetraacetoxycalix[ 4] ar-
ene (5): A solution of 4 (5.51 g, 6.10 mmol) and NiCl, (0.79 g, 6.10 mmol)
in benzonitrile (10 mL) was treated dropwise with P(OEt); (10.45 mL,
60.96 mmol) under nitrogen at 190°C. The solution was stirred for 0.5 h
and the volatiles were removed under reduced pressure to leave an
orange residue. The residue was purified by flash chromatography to
yield 5 (5.83 g, 84 %) as a light yellow solid. Recrystallization from tolu-
ene or ethyl acetate yielded X-ray quality single crystals Sa and Sb, re-
spectively, which were also submitted for microanalysis. R, 0.44 (1:4
methanol-ethyl acetate); m.p. 251-253°C; IR (KBr): 7=2985 (m), 2911
(m), 1755 (s), 1650 (w), 1464 (m), 1374 (m), 1267 (m), 1020 (s), 970 (s),
796 (w), 609 (m) cm™'; '"H NMR (CDCl,, 25°C, 500 MHz): 6=7.52 (d,
8H, Jpy=13.0Hz; ArH), 4.20-4.05 (m, 16H, POCH,), 3.79 (s, 8H,
ArCH,Ar), 1.67 (s, 12H, CH;), 13l1ppm (t, 24H, J=7.0Hz,
POCH,CH,); ®CNMR (CDCl,;, 25°C, 126 MHz): 6=167.31, 151.22 (d,
Jpc=42Hz), 13327 (d, Jpc=162Hz), 132.72 (d, *Jp.c=10.4 Hz),
126.15 (d, Ypc=1925Hz), 6222 (d, */pc=6.0Hz), 37.24, 20.07,
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1635 ppm (d, *Jp.c=6.4 Hz); *P NMR (CDCl;, 25°C, 202 MHz): 6=
17.79 ppm; HRMS (FAB) m/z caled for [C5,HeO0P, + H]* 1137.3333,
found 1137.3363; elemental analysis calcd (%) for Cs,HgOPs +
1.2H,0: C 53.91, H 6.12; found: C 53.66, H 5.86. Crystal/refinement de-
tails for 5a: Css.50H7,04,P,, M,=1201.03, F(000) =2540 e, triclinic, P1 (no.
2), Z=4, T=153(2) K, a=13.4102), b=17.619(2), c=27.760(4) A, a=
103.086(2), B=91.7092), y=108.046(2)°, V=6038.8(14) A%, peuca=
1.321 gem ™2, Sin6/4,,, =0.5946, N(unique)=21084 (merged from 46491,
R;,=0.0386, R;,=0.0631), N, (I>20(I))=14021, R=0.0689, wR2=
0.1790 (A,B=0.10, 8.52), GOF=1.042, | APpa|=1.4(1) e A=, Crystal/re-
finement details for 5b: C,osH;43044Ps, M, =2398.02, F(000)=2536 ¢, tri-
clinic, P1 (no. 2), Z=2, T=153(2) K, a=13.547(2), b=17.641(3), c=
27.463(5) A,  a=102.591(2), p=92.803(2), y=109.046(2)°, V=
6003.2(17) A%, peuea=1.327 gem™>, sinf/4,,,=0.5964, N(unique)=20010
(merged from 37575, R;,=0.0361, R;,=0.0630), N, (I>20(I))=13894,
R=0.1028, wR2=0.2774 (A,B=0.17,17.15), GOF=1.064, |Apnx|=
1.7(1) e A7,
5,11,17,23-Tetra(diethoxyphosphoryl)-25,26,27,28-tetrahydroxycalix[ 4] ar-
ene (6): A mixture of 5 (2.50g, 2.20mmol) and KOH (1.23g,
22.00 mmol) in methanol (50 mL), tetrahydrofuran (50 mL) and water
(50 mL) was stirred for 4 h. The solvents were removed under reduced
pressure and the residue treated with dichloromethane (50 mL) and 2N
HCI (50 mL). The organic layer was separated, washed with 2ny HCI (1 x
25 mL), water (2x25 mL), dried over MgSO, and evaporated under re-
duced pressure to yield 6 (2.10 g, 99 %) as a light yellow solid. Recrystal-
lization from ethyl acetate/hexane yielded a white solid suitable for mi-
croanalysis. m.p. 126-128°C; IR (KBr): 6 =3307 (br), 2984 (m), 2906 (m),
1599 (m), 1478 (m), 1392 (w), 1284 (m), 1022 (s), 963 (s), 790 (m) cm™;
"H NMR (CDCl,;, 25°C, 600 MHz): 6 =10.27 (br s, 4H, OH), 7.56 (d, 8H,
ArH, Jpy=132Hz), 426 (br s, 4H, ArCHHAr), 4.11-4.02 (m, 8H,
POCHHCH;), 4.02-3.94 (m, 8H, POCHHCH,), 3.69 (br s, 4H, ArCH-
HAr), 127 ppm (t, 24H, POCH,CH,, J=7.2Hz); "CNMR (CDCl,,
25°C, 151 MHz): 6=152.30 (d, *Jp.c=3.6 Hz), 133.38 (d, *Jp.c=10.7 Hz),
127.72 (d, *Jp.c=163 Hz), 122.25 (d, Jp.c=193.9 Hz), 62.09 (d, *Jpc=
5.6 Hz), 31.42, 1628 ppm (d, *Jp.c=6.3 Hz); *P NMR (CDCl;, 25°C,
202 MHz): 6=18.73; HRMS (FAB): m/z calcd for [C,,HgO6Ps + 2H]*
970.2988, found 970.2940; elemental analysis calcd (%) for C,Hg O 6Py
+ 0.35H,0: C 54.20, H 6.27; found: C 53.93, H 5.96.
5,11,17,23-Tetra(dihydroxyphosphoryl)-25,26,27,28-tetrahydroxycalix[4]-
arene (1): Bromotrimethylsilane (4.75 mL, 36.02 mmol) was added to 6
(2.18 g, 2.25 mmol) in dry acetonitrile (50 mL) and the solution was re-
fluxed for 16 h. The volatiles were removed under reduced pressure and
the resulting residue was triturated with acetonitrile (40 mL) and water
(2 mL). The precipitate formed was filtered off and washed with acetoni-
trile (3x20 mL) to yield 1 (1.65 g, 99%) as a white solid. Recrystalliza-
tion from methanol/6N HNO,/Cu(NO;), or water/curcumin yielded X-ray
quality single crystals 1a and 1b, respectively, which were also submitted
for microanalysis. m.p. 233-235°C (decomp); IR (KBr): #=3174 (br),
2300 (br), 1600 (m), 1473 (m), 1384 (m), 1275 (m), 1133 (s), 983 (s), 885
(m) cm™!; 'TH NMR ([Dg]DMSO, 25°C, 500 MHz): 6=7.39 (d, 8H, ArH,
Jpu=13.0Hz), 5.73 (br s, COH/POH, shifts downfield with increasing
[H]*), 3.93ppm (br s, 8H, ArCH,Ar); "CNMR ([D¢]DMSO, 25°C,
126 MHz): 6=154.03, 131.67 (d, “Jpc=10.1Hz), 127.74 (d, *Jpc=
15.1 Hz), 124.65 (d, 'Jp.c=186.1 Hz), 31.09 ppm; *'P NMR ([D;]DMSO,
25°C, 101 MHz): =14.74; MS (ESI) m/z caled for [C;sH,s0P, + H]*
745.04, found 745.04; elemental analysis calcd (%) for C,H,sO P, +
0.5H,0 + CH;O0OH: C 44.35, H 4.23; found: C 44.04, H 4.61. Crystal/re-
finement details for 1a: C,0H3;0,,5P,, M =785.43, F(000) =814 e, tetrago-
nal, Pdin, Z=2, T=173(2)K, a=12.130(4), c¢=11.067(3) A, V=
1628.4(7) A, poua=1.602 gcm™,  sinb/A,,=0.5552, N(unique)=1161
(merged from 4657, R;,=0.0615, Ry, =0.0597), N, (I>20(1))=801, R=
0.0960, wR2=0.2116 (A,B=0.09, 18.00), GOF=1.002, |ApPm|=
1.0(1) e A7, Crystal/refinement details for 1b: CyH,sO6P,, M,=924.54,
F(000) =968 e, tetragonal, P4/n, Z=2, T=100(2) K, a=11.9381(6), c=
14.0678(8) A, V=2004.92(15) A%, peea=1.531 gem™, SinO/d,q, = 0.5946,
N(unique)=1758 (merged from 15584, R, =0.0891, R ,=0.0721), N,
(I>20(1))=1492, R=0.1238, wR2=0.2503 (A,B=0.10, 13.40), GOF=
1.185, | Appax | =0.8(1) e A2,
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