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Rigidified Calixarenes Bearing Four Carbamoylmethylphosphineoxide or
Carbamoylmethylphosphoryl Functions at the Wide Rim
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Abstract: Conformationally rigidified
tetraCMPO derivatives have been pre-
pared from calix[4]arene bis(crown
ether) 4a in which adjacent oxygens
are bridged at the narrow rim by two
diethylene glycol links. Acylation of the
tetraamine 4c¢ with the CMPO-active
ester Sb gave the tetraphosphine oxide
6a, while the tetraphosphinate 6b and
the tetraphosphonate 6¢ were obtained
by Arbuzov reaction of tetrabromo-
acetamido derivative 7 with PhP(OEt),
or P(OEt);. The extraction ability of
these CMPO derivatives was checked
for selected lanthanides and actinides
and compared with the analogous com-
pounds 1b, 10b and 10d derived from
calix[4]arene tetrapentyl ether. All ri-
gidified bis(crown ether) ligands are
more effective extractants than their
pentyl ether counterparts and require

only 1/10 of the concentration (¢ =
10~*m) to obtain the same distribution
coefficients, while with CMPO itself a
2000-fold concentration is necessary.
This could be a consequence of a better
preorganisation of the ligating functions
owing to the rigidity which on the other
hand did not change the observed selec-
tivity for americium (Dpy/Dg,=9-19)
and for light lanthanides over heavy
ones. NMR relaxivity titration curves
show that the complex of Gd** with
ligand 6a is highly oligomerised in
anhydrous acetonitrile over a large
range of ligand:metal concentration ra-
tios. Nuclear magnetic relaxation disper-
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sion (NMRD) profiles also showed that
large oligomers were formed, and their
mean tumbling times were deduced
from the Solomon-Bloembergen—
Morgan equations. The NMR spectra
of dia- and paramagnetic lanthanide
complexes with 6a agreed with the
presence of two conformers with an
elongated calix[4]arene skeleton in
which the distances between opposite
methylene groups are different. Contra-
ry to what was observed with ligand 2a,
the addition of nitrate ions does not
labilize the metal complexes, presuma-
bly because of the rigidification effect of
the ether bridges. Single-crystal X-ray
structures were obtained for the active
ester 5b and for diphenylphosphoryl-
acetic acid 5a.
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Calixarenes are macrocyclic compounds in which several
phenolic rings are connected by methylene bridges. The ease
of their preparation and chemical modification makes them
ideal starting materials for the construction of more elaborate
molecules.'l. The calix[4]arene especially has been frequently
used as a molecular platform on which to assemble various
ligating groups in order to design cationic, anionicP! or even
bifunctional receptors.! Preorganisation of such functional
groups at the wide or narrow rim of the calix[4]arene resulted
in strong binding, predominantly at the cost of the complex-
ation entropy. For example, calix[4]arene acetamides (e.g.,
1a), acetates (e.g., 1b) and acetic acids (e.g., 1¢), or analogous
compounds with mixed functionalities, are effective and
selective receptors for sodium,F! calcium,®! lanthanides,”]
actinium,® uranium(vi) and thorium(tv).”!

In order to obtain selective extractants for lanthanides and
actinides in the separation and decontamination of nuclear
waste streams, the calix[4]arene tetraethers 2 have been
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prepared in which four CMPO-like (CMPO = carbamoyl-
methylphosphineoxide or carbamoylmethylphosphoryl) func-
tions are attached to the wide rim.['% 'l In fact, compounds 2
are considerably more effective as extractants for the
lanthanides and actinides than CMPO 312 itself, which is
used in the TRUEX process.'¥] Higher extraction values are
reached with concentrations of 1/100 or less under various
conditions. Furthermore, the wide-rim CMPO calixarenes 2
exhibit a remarkable size selectivity within the series of
lanthanide cations.'! This selectivity is not observed in
calix[4]arenes with four CMPO groups attached to the narrow
rim,®! although these compounds are still much more
efficient than CMPO.

Thus the combination of four ligating functions of the
CMPO type is not the only factor that determines the
complexation properties. Evidently their mutual orientation
and the flexibility of their linkage also has an important
influence. It can be assumed that an appropriate balance
between rigidity and flexibility of the basic skeleton may also
be crucial for an effective coordination.') We recently
showed that replacement of alkoxy groups, which cannot pass
the annulus (e.g., propyl), with methoxy groups significantly
changes the extraction properties of 2. Although not under-
stood in detail, this must be ascribed to differences in the
conformational mobility of the molecules.'’] In the present
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Iv) CH,Br-CO-Cl / K,CO,

V) P(OEt),Ph or P(OEt),

Scheme 1.
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paper we report the synthesis of several conformationally
rigidified calixarene tetraCMPO derivatives in which the
oxygens in the 1,2- and 3,4-positions are connected by two
diethylene glycol links. As shown by an X-ray structure, this
leads to a nearly regular cone conformation of the calix[4]-
arene skeleton.!'’]

Results and Discussion

Synthesis: The rigidified ligands 6 were prepared as outlined
in Scheme 1 by starting with the fert-butylcalix[4]bis(crown
ether) 4a.l'8l Reaction of 4a with fuming HNO; in boiling
acetic acid gave the tetranitro derivative 4b (42% yield),
which directly precipitated from the reaction mixture in an
analytically pure form. This ipso-nitration gave better (more
reproducible) results than the nitration of the corresponding
calix[4]bis(crown ether) with free p-positions.['’] The catalytic
reduction (Raney Ni) of the nitro groups with hydrazine in
ethanol afforded the tetraamine 4¢ in 70 % yield, which upon
acylation with the active ester 5 (toluene, Et;N, RT) led to the
tetraphosphinoxide 6a in 62 % yield as described for less rigid
wide-rim CMPO calixarenes. On the other hand, Schotten—
Baumann acylation of 4¢ with bromoacetylchloride (K,CO;,
EtOAc/H,0) readily gave the tetrabromoacetamide 7, which
was converted into the tetraphosphinate 6b and the tetra-
phosphonate 6¢ by Arbuzov reaction with P(OEt),Ph or
P(OEt);, respectively. Conformationally mobile calix[4]arene
tetraphosphonates 10a-c¢ and tetraphosphinates 10d,e were
prepared analogously for comparison. Their structure and
composition were proved by NMR spectroscopy, mass
spectrometry and elemental analysis. For two examples
(10b,e) it was demonstrated that the corresponding acids
11ab are obtainable by reaction with SiMe;Br followed by
methanolysis (Scheme 2).

The 'H NMR spectrum of compound 6a measured in
[D¢]DMSO shows one singlet for the amide protons, two
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Scheme 2.

meta-coupled doublets for the protons of the calixarene aryl
rings, two pairs of doublets for the methylene bridges and one
doublet for the methylene protons of the CMPO fragments.
This pattern is entirely consistent with the expected C,,-
symmetrical structure. Surprisingly, the '"H NMR spectrum of
6a measured in CDCIl; was broad and featureless, most
probably because of association through hydrogen bonds. The
self-association of 6a can be attributed to its rigid structure,
since the nonbridged tetraCMPO calixarenes 2 exhibit sharp
and well-resolved spectra both in CDCl; and in [Dg]DMSO.
Due to the pinching of the cone conformation,?” the two
opposite CMPO moieties of 2 can form intramolecular
hydrogen bonds in nonpolar CDCl,,?! while in the case of
the bridged compound 6a the cone conformation cannot be
pinched and therefore the CMPO arms must form intermo-
lecular hydrogen bonds; this causes the self-association. It is
important to note that the 'TH NMR spectra of compounds 6b
and 6 ¢ are sharp, both in CDCI; and in [Dg]DMSO. This could
be explained by the formation of intramolecular hydrogen
bonds N-H--- O=P in the case of the sterically less-hindered
phosphonate and phosphinate fragments.

The 400 MHz 'H NMR spectrum of tetraphosphinate 6b
measured in [Dg]DMSO contains three singlets for the
protons of amide groups and three signals for the aromatic
protons of the calixarene in the ratio 1:2:1, while the rest of
the spectrum is rather complicated. This can be explained by
the presence of four chiral phosphorus atoms in the tetra-
phosphinate 6b. As a consequence, diastereomers are possi-
ble (five in this special case), which makes the 'H NMR
spectrum more complicated.

The chirality of the phosphorus atoms results in two singlets
for the protons of the calixarene aryl rings, along with one
broadened singlet for the amide protons in the 'H NMR
spectrum (CDCl;, 400 MHz) of the more symmetrical tetra-
phosphinates 10d,e. However, in the case of corresponding
tetraacid 11a, only one sharp signal was observed for the
aromatic protons of the calixarene skeleton in CD;OD, most
probably due to the fast proton exchange (HO—P=0O —
O=P—OH), which makes the phosphorus achiral on the
NMR timescale.

Chem. Eur. J. 2000, 6, No. 12
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Extraction studies: The extraction ability of 6a was prelimi-
narily established for some lanthanides in the chloroform/(4m
NaNO3/0.0lm HNO;) system. This immediately showed that
6a is much more efficient than 2b, which was used for
comparison. As shown in Table 1, essentially the same
distribution coefficients D were obtained for c¢(6a) = 10~*m
as for ¢(2b) =10-3m. The extremely low concentration of 6a is
best illustrated by the fact that a more than 2000-fold
concentration of CMPO is required to reach D values of
nearly the same magnitude.

Table 1. Distribution coefficients D for the extraction of lanthanides from
an aqueous phase (c¢(Ln) =10"°m in 4M NaNO;; 0.01m HNO;) by CMPO 3
and CMPO-substituted calixarenes in chloroform.

Pm Eu Gd Tb Ho Er
c(3)=02m 0.44 0.62 0.5 - 0.51 0.34
¢(2b)=10"*m 15.2 52 24 0.8 04 0.22
c(6a)=10"*m 14.6 4.7 2.7 1.5

This high extraction efficiency for compounds 6 makes
comparative studies with similar ligands under standard
conditions difficult, since either the distribution coefficients
are in an extremely high (and less reliable) region or the
ligand concentration must be so low that it is no longer in
large excess with respect to the extracted cations.

Since many studies on CMPO-substituted calixarenes have
been done with o-nitrophenylhexylether (NPHE), an organic
solvent that is also suitable as an organic phase in supported
liquid membranes, NPHE was used for all further studies with
compounds 6 and 10 with different concentrations of HNO; as
the aqueous phase.

As usual for ligands of the CMPO type, they are effective in
strongly acidic solution. As an example, Figure 1 shows the
distribution coefficient of 6b for various cations as a function
of the HNO; concentration. A similar maximum around
c¢(HNO;) =2—3m is also observed for compounds of type 2,
while it is less pronounced for 6¢, for which the distribution
coefficients reach a plateau for the higher concentrations of
nitric acid.

0947-6539/00/0612-2137 $ 17.50+.50/0 2137
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Figure 1. Distribution coefficient D for the extraction of different cations
by 6b in NPHE (¢, =1073m) as a function of the concentration of nitric
acid.

Figure 2 compares, for the same cations, the distribution
coefficients D (at ¢c(HNO;)=3M) of the three rigidified
calix[4]arenes 6 a—c with those of 2b as a standard model. For
all cations, D decreases in the order 6a > 6b > 6¢, which is in
agreement with the decreasing basicity of the phosphoryl
groups. It was previously found that phosphine oxides that
display the highest basicity are better extractants than
phosphinates, while phosphonates are even less effective.??!
The standard carbamoylmethylphosphineoxide calix[4]arene
2b is always a slightly weaker extractant, than the rigid
carbamoylmethylphosphinate 6b.
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Figure 2. Extraction of different cations from 3m HNO; (¢, =107 M) by
calixarenes 6a—c compared with 2b, in NPHE. For Eu and Am, extremely
high values were obtained for the distribution coefficient (D > 1000) which
are no longer reliable.

Table 2 compares (as an example) the extraction of Eu by
the rigidified bis(crown ether) derivatives and by their
tetrapentyl ether analogues at various concentrations of nitric
acid. The results may be generalised by stating that the rigid
compounds are more efficient by a factor of ten than the
corresponding “normal” tetraether derivatives. This is true for
all the cations studied, which also implies that the selectivities
observed for 2 or 10 are kept in the analogous derivative 6.

In order to study the most efficient extractant 6a in more
detail, a series of extraction experiments were carried out with
different (lower) concentrations of this ligand. These results
are collected for ! Am and ***Cm in Table 3, in which values
for 2Eu are included for comparison. Due to the high

2138

Table 2. Comparison of the rigid bis-crown ether derivatives 6a—c with
the corresponding pentylether derivatives 2b, 10d and 10b. Distribution
coefficients of Eu for different concentrations of nitric acid; ¢, =1073m.

c(HNO;) [m]

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0.01 0.1 1 2 3 4
2b 0.2 2 30 56 45 29
10d 0.02 0.06 2 4 6 4
10b <0.1
6a 1 93 > 500
6b 0.04 2 29 61 48 18
6¢ 0.3 0.3 0.5 1 2 2

Table 3. Distribution coefficients of Am, Cm and Eu for different
concentrations of nitric acid and different concentrations of the ligand 6a.

¢(HNO;3) [m]

¢ [M] cation  0.01 0.1 1 2 3 4

1073 Am 13 397 > 1000
Cm 5 >100
Eu 1.1 93 >1000

3x10% Am 4 40 87 103 146 116

Cm 2 32 84 69 90 65
Eu 0.35 7.1 67 59 68 35

10+ Am 0.02 1.4 70 36 19 8.9
Cm 0.02 0.7 21 22 12 9.0
Eu 0 0.12 3.7 4.1 2.7 1.5

extraction efficiency of this ligand, the distribution coeffi-
cients determined for the lowest ¢; seem to be more reliable.
Here, the separation factor D,,/Dg, decreases from 19 at
c¢(HNO;) = 1M to about 6 for c(HNO;) =4wMm, which roughly
corresponds to the separation factors found for 2b when
chloroform is used as the organic phase.

Finally, the results of competitive extractions of selected
lanthanides and americium are shown in Figure 3 for various
concentrations of nitric acid. Under these conditions (¢, =
10-*M), a very strong extraction of lanthanum occurs and (in

N,

oA

Figure 3. Extraction of light lanthanides [¢(Ln)=10"°Mm] and americium
(at trace level) by 6a in NPHE (¢, =10"*m).

0947-6539/00/0612-2138 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 12
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contrast to 2b, which is not shown) also of cerium. The
distribution coefficients (showing a maximum for c(HNO;) =
1.5M) decrease with increasing atomic number and, already,
for europium they are lower than those for americium (see
also Table 3), as observed earlier for 2b in extractions with
chloroform. Evidently this selectivity is levelled at higher
ligand concentrations (see Figure 3) by the excellent extrac-
tion efficiency of 6a.

It should be noted that the apparent distribution coeffi-
cients strongly decrease if the concentration of the lantha-
nides is increased by a factor of ten. This is most likely due to
the competition between cations for the relatively lower
capacity of the extractant. However, the selectivity is approx-
imately maintained and would still be sufficient to separate
Am from the preferentially extracted La and Ce and the
poorly extracted Eu and Sm. On the other hand, for cation
concentrations of ¢(Ln) =10°M, the distribution coefficients
are relatively independent of ¢(HNO,) in the range of 1-4wm,
while they show a strong decrease for higher acid concen-
trations (Figure 3) for ¢(Ln)=10"%M. At these low concen-
trations of lanthanides the competitive extraction of nitric
acid is probably not negligible.

NMR spectroscopic studies: NMR spectroscopy has proved
extremely valuable for unravelling the solution structures of
paramagnetic lanthanide chelates with a variety of ligands.?!
Of particular relevance are the very large NMR shifts induced
by Yb**+ and the significant reduction of the relaxation times
of the solvent brought about by Gd**. The former are directly
related to the solution conformation of the complexes, while
the latter yields information on their solution dynamics. A
detailed study of the conformation and the dynamic behav-
iour of the lanthanide complexes with various calix[4]arenes
in anhydrous acetonitrile was reported in an earlier paper.¥
It was shown that the encapsulation of Gd** is accompanied
by an increase of the T relaxation time of the solvent, because
solvent molecules are removed from the first coordination
sphere of the metal ion and are allowed to relax independ-
ently of the paramagnetic centres. The relaxivity 1/7, ex-
pressed in s~! per mM of metal ion therefore decreases until a
plateau is reached when the metal complex is fully formed.
This behaviour is presented in Figure4 in the case of
tetraamide calix[4]arene 1a dissolved in anhydrous acetoni-
trile, the measurements were performed at a fixed frequency
of 20 MHz.*Yl As shown previously, the relaxation titration
curve recorded for tetracarbamoylmethylphosphineoxide
calix[4]arene 2a does not exhibit the expected break at a 1:1
ligand:Gd*" ratio. Instead of decreasing, the relaxivity reaches
a maximum that is followed by a slow decrease until a plateau
appears for a threefold excess of ligand. This unusual
behaviour has been ascribed to the formation of oligomers.?
Indeed, the relaxivity of a solution is dominated by the
smallest of three correlation times, namely 7,,, the solvent
mean residence time, 7,, the mean rotation time of the Gd**
complex, and 7., the electronic relaxation time of the metal
ion. Small complexes rapidly rotate, and the relaxivity of their
solutions remains relatively small and essentially dependent
on the 7, value. In contrast, the relaxivity of solutions of slowly
tumbling macromolecules can be very high because the

Chem. Eur. J. 2000, 6, No. 12
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Figure 4. Plots of the observed relaxivity (longitudinal relaxation rates
VT, in s"'mMm! at 25°C and 20 MHz) of anhydrous acetonitrile solutions
vs. the ligand/Gd** concentration ratio. (a: ligand 1a; e: ligand 2a; m:
ligand 6a).

electronic relaxation time 7, and the exchange time 7, become
the dominant factors. As 7, is frequency dependent, a
relaxivity maximum appears at about 20 MHz,?> 2 that is,
under the conditions already used for the experiments
presented in Figure 4. It therfore seems that the increase in
relaxivity owing to the slow rotation of oligomeric Gd**-2a
species overcomes the relaxivity decrease caused by the
release of solvent molecules. At high ligand:metal ratios, the
relaxivity of the solutions of the Gd** complexes with 1a and
2a are comparable, and essentially monomeric species are
assumed to be present in solutions in both cases.?*! This
interpretation agrees with small-angle neutron-scattering
studies?®! of Pr3* complexes with simple carbamoylmethyl-
phosphineoxide ligands and also with a recently reported
crystallographic analysis of the dimeric structure [Eus2a,-
(NO3);5] - 2H,0, in which one of the metal ions is coordinated
to two carbamoylphosphineoxide arms belonging to different
calixarene units.’’l As is clearly shown in Figure 4, the
relaxivity titration curve of 6a significantly differs from that
of 2a. A relaxivity maximum is reached for a ligand 6a: metal
ratio of about two and is followed by a plateau at a much
higher relaxivity than in the case of calixarenes 2a and 1a. It
thus seems that the more rigid skeleton of 6a favours the
formation of oligomeric species even in the presence of a large
excess of ligand.

This finding is corroborated by the nuclear magnetic
relaxation dispersion (NMRD) curves recorded for two
6a:Gd*t ratios and reproduced in Figure 5. As reported
earlier,? the NMRD curves of uncomplexed Gd** and of its
rapidly tumbling complex with ligand 1a display the expected
S shape with an inflection point between 5 and 10 MHz.[2% 3]
The relaxivity of the Gd** - 1a species is lower than that of the
uncomplexed ion simply because the solvation of the latter by
acetonitrile is much higher. By contrast, the marked relaxivity
maxima at about 25 MHz in the NMRD curves indicate that
the Gd*-2a and Gd*"-6a complexes are highly oligomer-
ised, and that especially large assemblies are formed in the
latter case. The shape of the NMRD curves is accounted for
by the Solomon —Bloembergen —Morgan equations 21 and
depends essentially on the correlation times 7., 7, and Tz,
mentioned above. These parameters have been estimated by a
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Figure 5. Nuclear magnetic relaxation dispersion curves of anhydrous
solutions of uncomplexed Gd** (solid line), 1:1 mixtures of Gd** with
ligands 1a (dashed line) and 2a (dotted line), 1:1 and 1:2 mixtures with
ligand 6a (e and A, respectively) at 25°C in anhydrous acetonitrile. The
data presented for free Gd**, Gd* -1a and Gd*'-2a are taken from
ref. [25] and the experimental points are excluded for clarity. The lines
through the data points result from a least-square treatment of the
Solomon —Bloembergen —Morgan equations.

best fit treatment®! of the relaxivity data reproduced in
Figure 5 by using the only 7, value reported so far for
uncomplexed Gd** in acetonitrile®) (z,,=200 ps). The ap-
proximate minimum values of 7, were calculated as 483 and
889 ps for the 1:1 and 1:2 mixtures of Gd** and ligand 6a,
respectively. These values should be compared with rotational
correlation times of 649, 193 and 51 ps for Gd**-2a, Gd**-1a
and free Gd**, respectively.?! It is noteworthy that high
molecular weight (61.8 kD) fifth-generation dendrimers sub-
stituted with Gd3* chelates have a 7, of about 870 ps in
water.’ One can thus assume that Gd*'-6a is highly
oligomerised especially since

the viscosity of acetonitrile is

lower than that of water. It has Yb HH
been suggested that the lantha-

nide complexes with simple lin- y
ear carbamoylmethylphos-

phineoxide ligands form long %
polymeric chains (length from

150-500 A) in benzene, and a

s
&

(vide infra). In the present case, a higher stability of the
complexes seems to be accompanied by a higher oligomerisa-
tion in a wider range of ligand:metal ratios as already
reported for linear ligands.??! It should probably be emphas-
ised that nuclear magnetic relaxation dispersion appears to be
a very interesting, but as yet largely unexplored, area of
research in solvent extraction studies. More accurate infor-
mation will be extracted from the NMRD curves once some of
the correlation times have been determined independently.

A detailed study of the solution conformation of the
complexes formed between ligand 2a and anhydrous lantha-
nide perchlorate salts in acetonitrile has shown that the
encapsulation of a lanthanide ion lowers the apparent C,,
symmetry of free ligand 2a to C,, as evidenced by the
observation of two meta-coupled NMR peaks for the aromatic
protons in the calix and of four doublets for the bridging
methylene groups. Twice as many peaks are observed for the
calix group in the 'H spectra of both La’*"-6a and Yb**-6a
(Figure 6) although an analysis of the complete spectra is
impossible because of the overlap of numerous peaks. A
doubling of the *C peaks of La3*-6a also takes place. In
addition, the COSY patterns in the spectrum of La’*-6a are
in keeping with the presence of eight different protons in the
CH, bridging groups that are coupled together in pairs. These
protons are divided into two groups with peaks of relative
areas 1:1 and 3:7 in the case of La’t-6a and Yb’*-6a,
respectively. These spectral features are in accord with the
coexistence of two conformers in solution. The relative
population of the conformers depends on the ionic radius of
the metal ion. As no exchange peaks could be found in the
EXSY spectra of La**-6a and Yb** - 6a, one is led to assume
that the exchange between the conformers is too slow to be
observed at 400 MHz.

La

JLM

similar process is probably tak-
ing place in the case of the
calixarenes 2a and 6a.

These studies do not yet HH
permit firm conclusions to be
drawn as to why the ether
bridges of 6a favour the forma-
tion of oligomers in a large
range of ligand:metal ratios,
but it is tempting to associate
this phenomenon with the very
high affinity of 6a for lantha-
nides in extraction systems and
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with the better resistance of
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nitrate ions and water for the
complexation of metal ions
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Figure 6. '"H NMR spectra (details) of the La** (center and rlght) and Yb3’* complexes (left) with calixarenes 2a
(upper part) and 6a (lower part). The schematic presentation characterizes the elongated conformation of the
calixarene skeleton in the lanthanide complexes with ligand 2a and shows the two possibilities for 6a.
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The origin of the twofold symmetry of the

Table 4. Summary of crystal data,l* data collection, and structure solution and refinement.

complexes with 2a could not be established with

Sa 5b

certainty, but is probably due to an elongation of formula

C,H,,0,P C,H,(NO,P - C,H,NO,

the calix skeleton brought about by the steric ~ »/ 260.23 520.43
requirements of the coordination sphere of the  crystal system triclinic triclinic
lanthanide ions.?Y Under this assumption, the  space group p-1 P-1
lanthanide complexes of 6a should adopt two T [K] 295 29
i0id f . hich differ in the di . alA] 12.353(3) 13.127(3)
rigid con orm'fmonsw 1ich differ 1n.t e direction b[A] 12.846(2) 11.315(2)
of the elongation that takes place either towards ¢ [4] 9.501(2) 9.222(2)
the ether bridges or in the perpendicular direc-  a[°] 111.38(2) 103.82(2)
tion, as illustrated in Figure 6. In each con- B L] 105.73(2) 73.75(2)
former, there are two magnetically non-equiv-  / [l 99.442) 108.39(2)

» g y Quv= y Ay 1291.9(6) 1230.7(5)
alent environments for the aromatic protons in 7 4 2
the calix unit and four different locations for the  p_ [gem™?] 1.338 1.404
protons in the bridging methylene groups; this ~ £(000) 544 540

. . 1
explains the number of resonances found in the ggm t] . 158‘76 AED E'Mf Nonius CADA
34 1IIractometer iemens nral-INonius

NMR sp'ectra. One conformer of the Yb scan type 0126 01260
complex is less abundant than the other, pre-  scan speed [Pmin'] 3 0.053

sumably because of the rigidification effect of  scan width [°]

the ether bridges. A semi-quantitative analysis ;;diatio“
of the solution conformation of Yb**-2a based .~ ""¢¢ [l
index range

on the dipolar equations was possible after full
assignment of all the "H peaks. Such an analysis
is not feasible in the case of 6a because of the
poor resolution of parts of the spectrum.

All the above measurements were performed
with anhydrous solutions. Nitrate ions and/or

parameters

reflns. measured
unique reflns. [/ >20(1)]

max A/o on last cycle
R=3|AF|/Z|F,|

WR=3w2| AF|/Sw'?| F, |
GOF = [Zw!?| AF |%/(n — p) ]2l

[0 —0.6],[0 + 0.6 + ALL"tgh]
Cuy, (1.54178 A)

[0-0.6].[60 4 0.6 + AiLtg 6]
Cuy, (1.54178 A)

6-140 6-140

+h, £k, +1 +h,+k, +1
4875 4671

4173 4046

429 418

0.07 0.07

0.057 0.051

0.057 0.051

0.82 0.72

water can be added in order to more closely
resemble the experimental conditions used in
solvent extraction processes. The addition of
tetramethylammonium nitrate to an anhydrous
solution of Yb* -2a (1:1 ligand:metal ratio) significantly
modifies the '"H NMR spectrum: all resonances become broad
and cover a much smaller shift range (ca. 10 ppm instead of
60 ppm). The NO;~ ion is thus able to compete with ligand 2a
and to coordinate directly to Yb**. The resulting complexes
are much less rigid, which explains the broad poorly shifted
peaks. Adding an excess of tetramethylammonium nitrate to a
1:1 mixture of Yb*" and ligand 6a also leads to a broadening
of the resonances, but the induced paramagnetic shifts are
barely altered. Ligand 6a thus forms more stable lanthanide
complexes than calixarene 2a and its higher extraction
efficiency is not surprising. Similar results are obtained after
addition of water. Presumably, the two ether bridges help to
better define a cavity for the coordination of the metal ions.

Single-crystal X-ray analysis: Single crystals could be ob-
tained for the diphenylphosphoryl acetic acid 5a from
methylene chloride/ethanol and for the active ester Sh, by
slow recrystallization of the crude p-nitrophenol-containing
material from CH,Cl,/hexane.

Two crystallographically independent molecules are found
for the acid Sa in the crystalline state. They are arranged
around a centre of symmetry to form cyclic tetramers
(Figure 7 top) by intermolecular C(O)O—H --- O=P hydrogen
bonds. The crystallographic analysis revealed that §b forms a
crystalline 1:1 complex with p-nitrophenol, which is bound to
the phosphoryl group by a strong O—H --- O=P hydrogen bond
(Figure 7 bottom). This structure provides an explanation for
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[a] Unit cell parameters were obtained by least-squares analysis of the setting angles of 30
carefully centered reflections found in a random search on the reciprocal space. [b] n=
number of observed reflections, p = number of parameters.

why 5b is difficult to purify by recrystallization, since the 1:1
complex crystallizes much more readily than the pure active
ester Sh. We therefore have started to use the 1:1 complex in
preparative acylations instead of the pure active ester Sh.
Bond lengths and bond angles in both structures (Table 5
contains some selected values) are in the expected range.

Conclusion

The fixation of the calix[4]arene skeleton in a nearly ideal
fourfold symmetry by two short crown ether bridges in
compounds 6 leads to a strong increase of their extraction
ability relative to the analogous compounds 2 or 10. A similar
effect was observed for the complexation of amino acids and
ammonium cations by peptidocalix[4]arenes substituted at the
wide rim by four L-alanyl residues.’!! It may be explained in
both cases by intramolecular (cross cavity) hydrogen bonds
between NH and O=C or O=P functions; this leads to a
“closed cavity” and competes with the complexation of the
guest. On the other hand, the more pronounced preorganisa-
tion of the CMPO functions in ligands 6 does not change the
extraction selectivity significantly, as one might expect for a
size selective binding of cations in a 1:1 complex. It was shown
earlier, however, that CMPO-like substituents on the wide
rim of calix[4]arenes are involved in oligomeric structures.
The relaxivity data reported here clearly show that the
lanthanide complexes with the bridged ligand form partic-
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Figure 7. Top: Molecular conformation of 5a and arrangement of hydro-
gen bonded tetramers around a center of symmetry. [Hydrogen-bond
parameters of the two symmetry-independent hydrogen bonds: Donor—
H - Acceptor O2A—H - O1B 172(6)°, O2A—H 1.07(6) A, O2A---O1B
2.573(3) A, H---O1B 151(6) A; O3B—H:-O1AA 160(4)°, O3B-H
0.96(4) A, O3B---O1AA 2572(3) A, H---O1AA 1.65(4) A]. Bottom:
Molecular conformation and hydrogen bonding in Sb-p-nitrophenol.
[Hydrogen bond parameters: Donor—H--- Acceptor O3DA-H:---O1
172(4)°, O3DA—H 0.88(3) A, O3DA --- 01 2.642(3) A, H--- 01 1.77(4) A].

Table 5. Selected bond lengths [A] and angles [°] for compounds
S5a and Sh.

5a (molecule A) 5a (molecule B) 5b
P1-O1 1.500(3) 1.497(2) 1.494(3)
P1-ClA 1.794(4) 1.783(5) 1.797(4)
P1-CIB 1.796(4) 1.792(4) 1.794(3)
P1-Cl 1.807(5) 1.809(4) 1.807(4)
c1-C2 1.506(5) 1.504(5) 1.488(4)
02 1.190(6) 1.212(5) 1.191(4)
C2-03 1.305(5) 1.320(6) 1.360(3)
0O3—-C1C 1.399(3)
C1A-P1-CIB 107.2(2) 106.6(2) 106.2(1)
C1-P1-C1B 109.2(2) 105.8(2) 104.9(1)
01-P1-C1B 112.1(2) 111.5(2) 112.1(1)
O1-P1-C1A 110.7(2) 113.4(2) 108.4(2)
01-P1-C1 110.6(2) 110.5(2) 112.7(2)
P1-C1-C2 117.1(3) 109.0(3) 115.3(2)
03-C2-C1 113.3(3) 112.6(3) 111.4(2)
02-C2-C1 123.5(4) 123.0(4) 125.4(3)
02-C2-03 123.1(4) 124.4(4) 1232(3)
2-03-C1 117.4(2)

ularly large oligomers. Competition NMR experiments (ni-
trate, water) also indicate, that the ether bridges rigidify the
geometry of the complexes, and this may contribute to the
extraction efficiency of 6a in comparison with 2. However, it
must be stated, that the exact composition and shape of the
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extracted complex is not yet known. Many results indicate
that several species may be involved and further experiments
are necessary to understand the excellent extraction proper-
ties of CMPO calixarenes 2 and especially 6 in detail.

Experimental Section
Synthesis
Reagents and methods: Melting points were determined with a MEL
TEMP 2 capillary melting point apparatus and are uncorrected. The
routine 'H and C NMR spectra were measured with Bruker AC200 and
Bruker AM400 spectrometers. FD mass spectra were recorded with a
Finnigan MAT 90 (5kV/10 mA min').

Tetranitro calixarene 4b: The bis(crown ether) 4a (1.0 g, 1.27 mmol) was
dissolved in glacial acetic acid (25 mL) by heating to about 100°C. HNO,
(100%, 3 mL) was added in one portion to this solution. An immediate
reaction occurred (caution!) and a colourless precipitate formed within 3 -
5 min. After 10—20 min of stirring, the precipitate was filtered off, washed
with glacial acetic acid (2 x 5 mL) and methanol (5 mL) and dried in vacuo.
In order to remove traces of acetic acid, the crude product was treated with
hot toluene, and the solvent was evaporated in vacuo. This procedure was
repeated three times, after which the slightly yellowish solid product 4b was
dried under vacuum at 60°C for 2-3h. Yield 0.4 ¢, (42%); m.p. 299—
300 °C (decomp., no clear melting; ref. [18] m.p. 275 °C); NMR data were as
reported in the literature.

Tetraamino calixarene 4¢: Hydrazine hydrate (2 mL) was added to a
suspension of the tetranitro compound 4b (0.3 g, 0.4 mmol) and Raney Ni
(1 g) in EtOH (30 mL). The mixture was heated at reflux for 6 h with
further additions of hydrazine hydrate (2 mL every 2 h). After about 4 h,
the material was completely dissolved. The solution was evaporated in
vacuo. The residue was dissolved again in EtOH/toluene (1:1, 10 mL) and
evaporated; this was repeated three times to remove water and EtOH.
Finally the product was precipitated from ethanol/hexane. White solid;
yield 0.2 g (80%); '"H NMR (400 MHz, [D{]DMSO): 6 =6.21 (brs, 4H; Ar-
H), 6.20 (brs, 4H; ArH), 4.68 (d, /=114 Hz, 2H; CH,), 440-3.95 (m,
22H; OCH,, NH,, CH,), 3.55-3.45 (m, 4H; OCH,), 2.85, 2.78 (2d, J=
11.4 Hz, each 2H; CH,).

Tetraphosphineoxide 6a: Triethylamine (3 mL) and the active ester 5b
(0.7 g, 1.8 mmol) were dissolved in warm toluene (15 mL) and added to a
suspension of the tetraamine 4¢ (0.2 g, 0.32 mmol) in dry toluene (15 mL).
After about 0.5 min, an oily precipitate was formed. The solution was
removed and the precipitate was dissolved in CH,Cl, (5 mL) and both
solutions were combined again. The reaction mixture was stirred at RT for
10 h, CH,Cl, (50 mL) was added and the solution was washed with aqueous
NaOH (1m) until the aqueous layer was colourless (3 x 50 mL) and then
with water (2 x 50 mL). After evaporation in vacuo, water was removed
azeotropically using a mixture of EtOH and toluene. The crystalline
product thus obtained was dissolved in CH,Cl, and reprecipitated with
hexane (twice). Yield 0.3 g (62%); yellowish solid; m.p. 211-213°C;
'"HNMR (400 MHz, [D¢]DMSO): 6 =9.77 (s, 4H; NH), 7.85-7.75 (m, 16 H;
ArH), 7.60-7.46 (m, 24 H; ArH), 7.07 (brs,4H; ArH), 7.02 (brs, 4H; ArH),
4.88 (d, J=12.2 Hz, 2H; CH,), 435 (d, J=11.8 Hz, 2H; CH,), 4.22- 4.07
(m, 12H; OCH,), 3.68 (d, Jyp=14.0 Hz, 8H; CH,), 3.60-3.51 (m, 4H ,
OCH,), 3.09 (d,/=11.5Hz, 2H; CH,), 3.01 (d, /=11.8 Hz, 2H; CH,); MS
(FD): m/z (%): 1593.6 (23) [M]*.

Tetrabromoacetamino calixarene 7: An aqueous solution of K,CO; (2M,
20 mL) was added to a solution of the tetraamino calixarene 4¢ (0.4 g,
0.64 mmol) in a mixture of THF (S5mL) and ethylacetate (10 mL).
Bromoacetylchloride (6 mL) was then added in three portions to the
vigorously stirred mixture. The reaction mixture was stirred for 2 h at room
temperature and ethylacetate (50 mL) was then added. The organic layer
was separated, washed with water (3 x 50 mL), dried with Na,SO, and
evaporated in vacuo, to give a white solid (0.6 g, 86 % ). M.p. 249-251°C
(decomp); 'H NMR (400 MHz, CDCl,/[D¢]DMSO, 10:1): 6 =9.47 (s, 4H;
NH), 7.05,7.03 (2brs, each 4H; ArH), 4.79,4.22 (2d,J=12.0 Hz, each 2H;
CH,), 4.10-3.40 (m, 16H; OCH,), 3.00, 2.95 (2d, J=12.0 Hz, each 2H;
CH,); MS (FD): m/z (%): 1108.2 (100) [M]*.

Tetraphosphinate 6b: PhP(OEt), (10 mL) was added to a solution of the
tetrabromoacetamide 7 (0.2 g, 0.18 mmol) in THF (10 mL) and the reaction
mixture was stirred at 70 °C for 48 h under nitrogen. The solution was then
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poured into hexane (100 mL), and the precipitate formed was filtered off
and washed with hexane. Two precipitations from THF/hexane gave 0.15 g
(58 %) of analytically pure 6b as a white solid. M.p. 157-162°C; '"H NMR
(400 MHz, [D4]DMSO): 6 =9.75-9.68 (m, 4H; NH), 7.85-7.42 (m, 20H;
ArH), 7.10, 7.05, 7.00 (3brs, 8H; ArH (calix)), 4.91,4.36 (2brd, J=11.3 Hz,
each 2H; CH,), 4.25-4.08 (m, 12H; CH,), 4.05-3.93 (m, 4H; CH,), 3.92 -
3.81 (m, 4H), 3.63-3.53 (m, 4H), 3.26-3.16 (m, 8H; CH,), 3.11, 3.04
(2brd, J=11.3 Hz, 2H each, CH,), 1.23-1.15 (m, 12H; CH;); MS (FD):
miz (%): 1465.2 (18) [M]*.

Tetraphosphonate 6¢: A solution of the tetrabromoacetamide 7 (0.2 g,
0.18 mmol) in P(OEt); (10 mL) was stirred at 70 °C for 64 h under nitrogen
and then poured into hexane (50 mL) with stirring. The white precipitate
that formed was filtered off and washed with hexane. The crude product,
which contained P(OEt);, was additionally purified by precipitation from a
CH,(], solution by hexane to give a white solid (0.16 g, 67 %). M.p. 140—
142°C; '"H NMR (200 MHz, [D¢]DMSO): 6 =9.76 (s, 4H; NH), 7.19, 7.15
(2d,/=2.0 Hz, each 4H; ArH), 4.96,4.42 (2d,J =119 Hz, each 2H; CH,),
4.30-3.86 (m, 28H; OCH,), 3.72-3.50 (m, 4H; OCH,), 3.16, 3.09 (2d, /=
13.2 Hz, each 2H), 2.98 (d, J =21.4 Hz, 8H; CH,), 1.20 (t, /= 7.0 Hz, 24 H;
CH,); MS (FD): m/z (%): 1338.4 (17) [M]*, 1360.3 (100) [M+Na]*, 1376.3
(16) [M+K]".

General procedure for the preparation of tetrabromoacetamino calixar-
enes 9: A solution of the tetraamino calixarene 8 (2 g) in ethyl acetate
(100 mL) and an aqueous solution of K,CO; (2M, 100 mL) were vigorously
stirred. Bromoacetylchloride (5—7 mL) was added in two portions to the
emulsion. After 20 min at RT, the organic layer was separated, washed with
water (4 x200mL), dried over Mg,SO, and evaporated in vacuo. The
residue was dissolved in the minimum amount of THF and reprecipitated
with hexane to give analytically pure tetrabromoacetamide 9 as a white
solid, which in all cases decomposed upon heating in the range 180-190°C.
Solutions of the tetrabromoacetamides in pure [Dg]DMSO were unstable.

Compound 9a: Yield 68 %; '"H NMR (200 MHz, CDCly/[Ds]DMSO, 20:1):
0=9.30(s,4H; NH) 6.86 (s, 8H; ArH), 4.27 (d,/ =13.2 Hz, 4H; CH,), 3.87
(s, 8H), 3.81 (t, /=72 Hz, 8H; CH,), 3.13 (d, J=13.3 Hz, 4H; CH,), 1.91
(m, 8H; CH,), 0.98 (t,/=7.2 Hz, 12H; CHj;); *C NMR (100 MHz, CDCl,/
[Dg]DMSO, 10:1): 6 =163.44, 152.50, 134.07, 131.34, 119.47, 75.94, 30.39,
29.21,22.09, 9.35; MS (FD): m/z (%): 1136.6 (100) [M]*, 1160.5 [M+Na]*;
elemental analysis calcd (%) for C,sHsN,OgBr,: C 50.72, H 4.97, N 4.93;
found C 51.05, H 5.34, N 4.73.

Compound 9b: Yield 72 %; '"H NMR (400 MHz, CDCly/[Ds]DMSO, 20:1):
5=9.29 (s, 4H; NH), 6.85 (s, 8H; ArH), 4.42 (d, J=13.3 Hz, 4H; CH,),
3.87 (s, 8H; CH,), 3.84 (t, J=8.1 Hz, 8H; CH,), 3.15 (d, J=13.3 Hz, 4H;
CH,), 1.87 (m, 8H; CH,), 1.36 (m, 16H; CH,), 0.94 (t, J=6.9 Hz, 12H;
CH,); ®C NMR (100 MHz, CDCL/[D(]DMSO, 10:1): 6=163.9, 1532,
134.6,131.4,120.2, 74.8, 30.8, 29.5, 29.2, 27.8,22.7,13.6; MS (FD): m/z (%):
1249.0 (100) [M]*; elemental analysis caled (%) for CsH7,N,OgBr,: C
53.86, H 5.81, N 4.50; found C 53.38, H 5.81, N 4.24.

Compound 9¢: Yield 70 %; '"H NMR (200 MHz, CDCly/[Ds]DMSO, 20:1):
5=929 (s, 4H; NH), 6.85 (s, $H; ArH), 4.41 (d, J=13.3 Hz, 4H; CH,),
3.87 (s, SH; CH,), 3.83 (t, /=75 Hz, 8H; CH,), 3.13 (d, /=133 Hz, 4H;
CH,), 1.89 (m, 8H; CH,), 1.30 (m, 56H; CH,), 0.88 (1, /= 6.6 Hz, 12H;
CH;); MS (FD): m/z (%): 1529.9 [M]*; elemental analysis calcd (%) for
CyeH,,N,O4Br,: C 59.69, H 738, N 3.66; found C 59.70, H 742, N 3.65.

General procedure for the Arbuzov reaction of 9 with P(OEt);: The
bromoacetamide 9 (1.0 g) was dissolved or suspended in P(OEt); (20—
25 mL) and the mixture was stirred for 2-3 days at 60°C under an inert
atmosphere. The reaction mixture was poured into hexane (100 mL) and
the precipitate formed was filtered off. In order to remove traces of
P(OEt);, the crude product was precipitated from CH,Cl, by hexane.

Tetraphosphonate 10a: Yield 77 %; m.p. 188-191°C; 'H NMR (200 MHz,
CDCl;): 6 =8.64 (s, 4H; NH), 6.63 (s, 8H; ArH), 4.34 (d, /=13.4 Hz, 4H;
CH,),4.13 (m, 16H; CH,), 3.77 (t, /=73 Hz,8H), 3.05 (d,/ =13.4 Hz, 4H;
CH,),3.00 (d, J=21.2 Hz, 8H; CH,), 1.84 (m, 8H), 1.34 (t,/ =7.1 Hz, 24 H;
CH,),0.93 (t,/ =74 Hz, 12H; CH;); MS (FD): m/z (%): 1366.2 (100) [M]*;
elemental analysis calcd (%) for CgHosN,O,P,-3H,0: C 54.16, H 7.24, N
3.95; found C 53.88, H 7.18, N 4.00.

Tetraphosphonate 10b: Yield 76 %; m.p. 167-170°C; '"H NMR (200 MHz,
CDCl;): 6=38.68 (s, 4H; NH), 6.65 (s, 8H; ArH), 4.36 (d, /=13.4 Hz,
4H; CH,), 4.14 (m, 16H; CH,), 3.82 (t, /=72 Hz, 8H; CH,), 3.08 (d, J =
13.4 Hz, 4H; CH,), 3.00 (d, /=212 Hz, 8H; CH,), 1.81 (m, 8H; CH,),
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1.20-1.47 (m, 28H), 0.93 (t, J=6.3 Hz, 12H; CH;); *C NMR (50 MHz,
CDCly): 6 =162.5,153.7, 135.0, 131.3, 121.5, 75.1, 69.7, 36.2 (d, J =130 Hz),
31.3,29.9, 28.3, 22.6, 16.3, 14.0; MS (FD): m/z (%): 1518.3 (100) [M+K]*;
elemental analysis calcd (%) for C,,H,;,N,O,,P,-2H,0: C57.13, H, 7.72,N
3.70; found C 57.20, H 7.63, N 3.77.

Tetraphosphonate 10¢: Yield 75 %; m.p. 122-125°C; 'H NMR (200 MHz,
CDCl): 6 =8.68 (s,4H; NH), 6.64 (s, 8H; ArH), 4.35 (d, /=13.4 Hz, 4H;,
CH,), 4.15 (m, 24H; CH,), 3.05 (d, /=13.4 Hz, 4H; CH,), 3.00 (d, /=
212 Hz, 8H; CH,), 1.84 (m, 8H; CH,), 1.35 (m, 68H), 0.88 (t, /=6.5 Hz,
12H; CH;); MS (FD): m/z (%): 1760.3 (100) [M]"; elemental analysis calcd
(%) for Co,H;44uN,O,P,- 7TH,0: C 58.90, H 8.49, N 2.99; found C, 59.06, H
8.43, N 2.90.

General procedure for the Arbuzov reaction of 9 with PhP(OEt),: The
tetraphosphinates 10d,e were prepared by the reaction of the correspond-
ing tetrabromacetamide with PhP(OEt), (1:15 molar ratio) in the same way
as the tetraphosphonates 10a—c.

Tetraphosphinate 10d: Yield 65 %; m.p. 151-154°C; 'H NMR (400 MHz,
CDCl;): 0 =8.66 (s, 4H; NH), 7.30-7.88 (m, 20H; ArH), 6.61 and 6.68 (2s,
8H; ArH), 434 (d,/=13.4 Hz, 4H; CH,), 3.85-4.17 (m, 8H), 3.77 (t, /=
73 Hz, 8H), 3.23-2.98 (m, 12H), 1.84 (m, 8H; CH,), 1.26 (t, /=7.0 Hz,
12H), 0.92 (t, J=7.6 Hz, 12H; CHj;); “C NMR (50 MHz, CDCL): 6 =
162.5, 153.91, 136.75, 132.91, 131.60, 131.31, 129.06, 128.80, 121.72, 76.76,
61.72, 39.70 (d, J =89.0 Hz), 31.14, 23.10, 16.39, 10.26; MS (FD): m/z (%):
1494.2 (100) [M]*; elemental analysis calcd (%) for CgyHogN,O P, -2H,0:
C 62.82, H 6.59, N 3.66; found C 62.66, H 6.81, N 3.74.

Tetraphosphinate 10e: Yield 67 %; m.p. 135-139°C; 'H NMR (400 MHz,
CDCl;): 6 =8.64 (s, 4H; NH), 7.32-7.89 (m, 20H; ArH), 6.64 and 6.68 (2s,
8H; ArH), 4.34 (d, J=13.4 Hz, 4H; CH,), 3.90-4.17 (m, 8H), 3.82 (t, /=
73 Hz, 8H), 3.12 (m, 12H), 1.84 (m, 8H; CH,), 1.29 (m, 28H), 0.92 (t,J =
6.6 Hz, 12H; CHj;); C NMR (50 MHz, CDCl;): 6 =162.5, 154.0, 135.1,
132.9,131.7,131.2, 129.5, 128.8, 121.8, 75.1, 61.8, 39.5 (d, J=89.0 Hz), 31.1,
29.7,28.3,22.8, 16.5, 14.0. MS (FD): m/z (%): 1607.1 (100) [M]*.

Tetraphosphinic acid 11a: Me;SiBr (0.25 mL, 2.0 mmol) was added to a
solution of the phosphinate 10e (0.4 g, 0.25 mmol) in dry CH,Cl, (15 mL)
and the reaction mixture was stirred at RT for 24 h under nitrogen. The
solvent was evaporated in vacuo, and the residue was dried in vacuo to
remove traces of SiMe;Br. The solid trimethylsilyl ester was dissolved in
absolute MeOH (15mL), and the solution was stirred at RT for 12 h.
Evaporation of methanol gave quantitatively the tetraphosphinic acid as a
white solid. M.p. 150°C (decomp); 'H NMR (200 MHz, CD;OD): 6 =
7.38-8.00 (m, 20H; ArH), 6.78 (s, 8H; ArH), 4.44 (d, J=13.0 Hz, 4H;
CH,),3.91 (t,/ =7.0 Hz, 8H; CH,), 3.14 (m, 12H; CH,), 1.98 (m, 8 H; CH,),
1.46 (m, 16H; CH,), 1.01 (t, J=6.4 Hz, 12H; CH;); MS (FD): m/z (%):
1495.7 (100) [M]*.

Tetraphosphonic acid 11b: This compound was prepared in the same way
as 11a by reacting the tetraphosphonate 10b (0.4 g, 0.27 mmol) with
SiMe;Br (0.5 g, 4 mmol) and methanol (15 mL). White solid; m.p. 150°C
(decomp); '"H NMR (200 MHz, CD;OD/[D¢]DMSO, 5:1): 0 =6.81 (s, 8H;
ArH), 4.38 (d,/J=13.4 Hz, 4H; CH,), 3.83 (t,/ =7.0 Hz, 8H; CH,), 3.00 (d,
J=13.4Hz, 4H; CH,), 2.88 (d, J=22.7 Hz, 8H; CHy,), 1.88 (m, 8 H; CH,),
1.38 (m, 16 H; CHy,), 0.93 (t, /=7.0 Hz, 12H; CH,).

NMR spectroscopic studies: All NMR spectra were recorded on an Avance
DRX400 Bruker spectrometer equipped with a temperature controller.
The 1D spectra were obtained by using a 90° pulse (7.5-9 ps) with 8 or 16K
points. The COSY 2D spectra were typically recorded with 1024 data points
int, and 512 data points in #; with a bandwidth of 3-25 kHz. A zero-degree-
shifted sine-bell apodization function was applied in both dimensions prior
to the Fourier transformation. The EXSY experiments were performed by
using the phase-sensitive pulse sequence (90° —¢,—90° -, —90° - AQ) with
20481, x 2048t,. Both dimensions were apodized by a shifted sin bell
without zero-filling. The mixing time ¢, was 20 ms for the paramagnetic
Yb3** complexes. A 500 ms mixing time was used in the ROESY experi-
ments with spin-locking and with a 1024 x 512 data set. Zero-filling was
applied to obtain a 1024 x 1024 size. Exchange and nOe cross peaks were
distinguished by their sign, which was identical to or opposite to the sign of
the diagonal peaks, respectively. Longitudinal relaxation times were
collected at 20 MHz on a Minispec 120 (Bruker) at 25°C and nuclear
magnetic relaxation dispersion curves were recorded at the University of
Mons-Hainaut (Belgium) on a field-cycling relaxometer described else-
where.?l. The anhydrous lanthanide perchlorate salts were prepared as
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reported previously and all chemicals were handled under argon in a
Jacomex glove box (Livry-Gargan, France). CAUTION: lanthanide
perchlorates are potentially explosive when brought into contact with
organic materials. It is advisable to use only small amounts of metal salt at a
time with proper care and in a glove box.

Crystal structure determination: Single crystals of about 0.3 x 0.3 x 0.5 mm
(5a) and 0.2 x 0.3 x 0.4 mm (5b) suitable for X-ray analysis were mounted
on glass rods of 0.1 mm. The crystal data and the most relevant
experimental parameters used in the X-ray measurements and in the
crystal structure analyses are reported in Table 4. For both compounds the
intensities were calculated from profile analyses according to the Lehmann
and Larsen method.”® During the data collections, one standard reflection
for each compound, collected every 100 scans, showed no significant
fluctuations. The intensities were corrected for Lorentz and polarisation
effects. Absorption effects were corrected by using ABSORBP* (max. and
min. transmission factors: 1.15, 0.87 and 1.12, 0.86 for 5a and S5b,
respectively). The two structures were solved by direct methods with
SIR925! and then completed by Fourier AF map and refined by blocked
full-matrix least-squares methods on F by using SHELX76.5% In compound
5a two independent molecules linked by hydrogen bonds were found in the
asymmetric unit. For both compounds, the parameters refined were: the
overall scale factor, the atomic coordinates and anisotropic atomic
displacements for all the non-hydrogen atoms. The hydrogen atoms were
located in the final Fourier AF maps and included at the last stages of the
refinements with isotropic atomic displacements. The atomic-scattering
factors of the non-hydrogen atoms were taken from Cromer and Waber,?’]
the values of Af and Af’ were those of Cromer and Ibers.! The
geometrical calculations were obtained by PARST.?! All the calculations
were carried out on the Gould Encore91 of the Centro di Studio per la
Strutturistica Diffrattometrica of C.N.R., Parma. Crystallographic data
(excluding structure factors) have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
111834 (5a) and CCDC-111833 (5b). Copies of the data can be obtained
free of charge on application to the Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; deposit@chemecrys.
cam.ac.uk).
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