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The synthesis and crystal structure of the uranyl 
ion complex of p-tert-butylcalix[7]arene are re- 
ported. (UO?) (LH;-)(HNEt:)2.CH3N02< CH30H 
(I), in which LH, is p-tert-butylcalix[71arene, cry- 
stallizes in the monoclinic space group P21/s, 
u = 22.515(6), b = 27.660(5), c = 18.608(6) A, 
f l =  113.98(2)", V =  10588(10) A3, Z = 4. Refinement 
led to a final conventional R value of 0.082 for 
6784 reflections. The calixarene adopts the same 
geometry as in its uncomplexed form, i.e, it may be 
considered a ditopic receptor formed by the angular 
fusion of two cone-like cavities involving four and 
three phenolic units. The uranyl ion is at the centre 
of the base of the larger cavity and is bound to four 
deprotonated oxygen atoms in its equatorial plane. 

Keywords: Calixarenes, uranyl ion complex, crystal structure 

INTRODUCTION 

Several crystal structures are known of 
complexes formed between the uranyl ion and 
p-tert-butylcalixarenes or bidhomo-oxal-p-tert- 
butylcalixarenes 11- 51. Although there are gross 
differences associated with the ring size, con- 

formation and degree of deprotonation of the 
calixarene macrocycle, the coordination environ- 
ment of the uranyl ion does not vary widely. 
Either four or five oxygen donor atoms are 
found within the 'equatorial' plane of the uranyl 
entity and, as exemplified in the case of the 
complex of bis(homo-oxa)-p-~ert-butylcalix[4]ar- 
ene [ll, the disposition of the donor atoms in the 
former case is not necessarily symmetrical nor 
greatly different to the disposition of four of the 
five atoms in the latter case. Thus, the uranium 
atom environment can be described as approxi- 
mately pentagonal bipyramidal, although even 
the closest approximation to this symmetry, 
provided in the case of the complex of p-tert- 
butylcalix[tilarene, is considerably distorted pre- 
sumably due to the presence of a proton on one 
of the phenol 0 atoms141. It may be that the 
stability of the 'cone' conformation of the smaller 
calixarenes is a significant influence upon the 
coordination geometry of their uranyl ion com- 
plexes and there is a considerable literature 
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298 P. THUERY et a/ .  

supporting the notion that a cone calixt6larene 
could provide an 'ideal' hexagonal-planar O6 
garland for UO:' [7,81. With p-tert-butylcalix[6]- 
arene, however, we have described a complex 
in which the metal ions are not included in the 
lower rim cavity: two uranyl ions bridge two 
calixarene molecules, resulting in a dimeric spe- 
cies, in which each uranyl ion has four nearly 
symmetrically disposed equatorial donor atoms 
provided by being bound to two phenolic oxy- 
gen atoms from each calixarene [31. We have also 
found that in a different solvent system a 
trinuclear species involving five equatorial do- 
nor atoms for each uranium may be isolated but 
that here the p-tert-butylcalix[6larene is bound 
only in a bridging bidentate form [51. A further 
significant change in the coordination chemistry 
occurs with p-tert--butylcalix[8]arene, where the 
size of the macrocycle is apparently sufficient for 
two uranyl ions to fit within the cavity, each of 
them bonded to four phenolic oxygen atoms and 
one bridging hydroxyl ion 121. Again, a minor 
change in the synthetic procedure allows the 
isolation of a trinuclear species which is effec- 
tively a uranyl ion adduct of the dinuclear 
complex in which the third uranyl ion is not 
directly bonded to the phenolic oxygen atoms 
[S]. We have also reported recently the structure 
of the binuclear uranyl complex of an acyclic 
calix[6Jarene analogue 161. These several obser- 
vations of significant ring size effects indicated 
that the calixI7larene system should be of 
particular interest and so we report our observa- 
tions herein. In fact, crystal structure studies of 
calix[7]arenes are rare: they are restricted to 
the determination of the structure of the p-ethyl 
derivative, 191 and of that of the pyridine adduct 
of the p-tert-butyl derivative [lo]. In both cases, 
the calixarene conformation is similar and was 
analysed as if composed of two distinct parts, 
which were described as half a calix[6] and half 
a calix[8]arene [9], or as trimeric and tetrameric 
subunits [lo]. We describe here the third struc- 
ture of a calix[7]arene, which is the first one of a 
metal complex. 

DISCUSSION 

The uranyl complex of p-tert-butylcalix[7larene 
is readily formed in organic solvents, by 
combining the uranyl cation and the calixarene 
in the presence of a base such as triethylamine. 
Complex formation is indicated by the rapid 
formation of a deep orange colour, as has been 
observed in other uranyl/calixarene systems 
[I-51. The 300 MHz'H NMR spectrum of the 
isolated complex in CD,& is severely broad- 
ened at room temperature. This contrasts with 
the spectrum of the uranyl complex of bidhomo- 
oxa)-p-tert-butylcalix[4larene 111, which is sharp 
and shows no significant changes over the range 
-60 to 55°C. In the present case, cooling the 
NMR solution allows some useful observations 
to be made. At -1O"C, two phenolic proton sig- 
nals appear at S 8.36 and 12.28, integrating for 
one and two protons respectively, suggesting 
that the caIix"/larene has lost four phenolic 
protons and consistent with the indication from 
the structure determination that the complex 
molecule has an effective plane of symmetry 
bisecting both the tetrameric unit binding the 
uranyl ion and the trimeric unit. Four tert-butyl 
proton resonances in the ratio 2:2:21 are also 
indicative of the retention of the solid state 
structure in solution. A broad triplet and quartet 
are observed at S -0.2 and 0.9 respectively, sug- 
gesting by analogy with previous observations, 
[l] that a triethylammonium cation is included 
within the cavity of the calixarene, resulting in 
the upfield shift of these resonances. Further 
deductions concerning the conformation of 
the calixarene were complicated by changes in 
the spectrum that were not fully resolved at the 
lowest temperature attained ( -50°C>, and hence 
an X-ray diffraction study was undertaken. 

The complex crystallised readily from various 
solvents. Crystals suitable for X-ray crystal- 
lography were obtained from nitromethane/ 
methanol 1, and also acetonitrile 2. While both 
gave satisfactory data, the data from 1 was better 
behaved upon refinement, and it is this structure 
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that is reported here. ORTEPII [111 drawings 
of the molecular unit of 1 are represented in 
Figures 1 and 2 and selected bond distances and 
angles are given in Table I (bond lengths and 
angles in the calixarene moiety and the counter- 
ions and solvents do not deviate significantly 
from the usual ones). 

The structure determination gives the overall 
formula (UO 2) (LH $-) . (HNEt3+)2 . CH3N02. 
CH,OH, where L7- is the heptaanion of p-tert- 
butylcalix[7larene. The complex molecule does 
not possess any true symmetry element but 
may be considered to be bisected by a symmetry 
plane if the triethylammonium cations and terf- 
butyl groups are ignored. The overall calixarene 
conformation is close to that observed in the 
structure previously reported for the uncom- 
plexed form [9,101, and is not significantly af- 
fected by uranyl complexation. The uranyl ion is 
located in the calixarene lower-rim cavity, and is 
bound, in its equatorial plane, to the four 

oxygen atoms pertaining to the tetrameric 
subunit (0(1)-0(4)). The four U-0 distances 
are equivalent, in the range 2.21(1) -2.33(1) 
(mean value 2.286)) A. Such values, compared 
with those in the previously reported structures 
[l -4, 61, indicate that the four phenolic oxygen 
atoms have been deprotonated, which is con- 
firmed by the presence of two triethylammo- 
nium ions. The four coordinated oxygen atoms 
define a plane within &0.03(1) A, the uranium 
atom being at O.OOS(1) from this mean plane. 
The O(urany1)-U-O(calix) angles have a mean 
value of 90(2)", indicative of a nearly perfect 
equatorial environment for the linear uranyl ion. 
The O(calix)-U-O(calix) angles span a wider 
range, the angle involving the non-adjacent 
atoms 00) and O(4) being the larger (107.9(4)"): 
the uranyl environment is a slightly distorted 
square plane, less regular than the one observed 
in the p-tert-butylcalix[6larene dimer [31 but very 
similar to that found in the complex of bis(homo- 

FIGURE 1 Molecular unit of 1. Counter-ions and solvent molecules omitted. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
3
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



300 P. THUERY et ~ i .  

FIGURE 2 Molecular unit of 1 with counter-ions. Hydrogen bonds in dashed lines. Solvent molecules omitted. 

TABLE I Selected bond lengths (A) and angles (") in 1 

Uranium environment 

U-0(1) 2.330) 
U-0(3) 2.26(1) 
U-0(8) 1.850) 
O(l)-U-O(2) 86.5(4) 
0(3)-U-0(4) 84.8(4) 
0(1)-U-0(8) 91.5(5) 
0(2)-U-0(8) 91.5(5) 
0(3)-U-0(8) 87.1(5) 
0(4)-U-0(8) 89.1(5) 

0 . .  . 0 and N , ,  ,O contacts 
O(1) ' ' . O(2) 3.1 l(2) 
O(3). . . O(4) 3.09(2) 
O(4) . . . O(5) 2.66(2) 
O(6) ' ' O(7) 2.85(2) 
N(2) . ' O(3) 2.77(3) 
Torsion angles 

1-2 94(2) 
2-3 92(2) 
3-4 79(2) 
4-5 -88(2) 
5-6 832) 
6-7 80(2) 
7-1 -93(2) 

0(8)-U-0(9) 177.1(6) 

Rings @J 

2.21(1) 
2.320) 
1.86(1) 

80.8(4) 
107.9(4) 
89.3(5) 
91.3(5) 
92.7(5) 
88.0(5) 

2.90(2) 
3.75(2) 
2.84(2) 
2.630) 
2.68(2) 

oxa)-p-tert-butylcalix[4]arene, with the respective 
O(ca1ix)-U-O(calix) angles differing by no more 
than 1.5". The 0 .  . .O contacts between oxygen 
atoms pertaining to adjacent phenolic groups 
range from 2.63(2) to 3.11(2)A and are indicative 
of slight geometric differences with the structures 
of neutral calix[7]arenes arising from a different 
intramolecular hydrogen bond pattern. In the two 
neutral forms described [9,10], the 0 .  . . O  con- 
tacts range from 2.430(9) to 2.744(7)A, with the 
exception of one contact in the pyridine complex 
(3.500(8)& 1101 due to disruption of the cyclic 
hydrogen bond array. In the present case, the 
shorter contact distances are between atoms 
pertaining to two different subunits (00) . . . O(7) 
2.63(2), O(4) . . . O(5) 2.66(2) A) and are probably 
associated with strong hydrogen bonds between 
deprotonated (00) and O(4)) and protonated 
(O(5) and O(7)) oxygen atoms. The three con- 
tacts in the tetrameric subunit are larger (2.90(2) 
- 3.11(2) A), in agreement with the deprotonation 
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of the four oxygen atoms: the complexation, and 
not the hydrogen bonding, locks the subunit in 
the cune conformation. Within the trimeric 
subunit (O(5) -0(7)), the hydrogen bonds seem 
weaker than in the neutral form, which may be 
due to the involvement of O(5) and O(7) in 
strong hydrogen bonds with O(1) and O(4). This 
is consistent with the NMR studies, which 
showed a large difference in chemical shift 
between two phenolic protons (6 12.28, presum- 
ably on O(5, 7) and the remaining phenolic 
proton (6 8.36), presumably on O(6)). The 
dihedral angle between the oxygen mean planes 
corresponding to each subunit is 90.5(4)", close 
to the value in the neutral form (90.8(2)") D O ] .  
The two triethylammonium ions are hydrogen 
bonded, either to a uranyl oxygen atom 
(NO) . . . O(9) 2.68(2) A, the ion being included 
in the hydrophobic part of the tetrameric 
subunit (consistent with the NMR studies), or 
to a deprotonated phenolic oxygen atom 
(N(2) . . . O(3) 2.77(3) A). Such a situation is 
common in uranyl/calixarene complexes, 
though there are subtle variations such as in 
the fact that the included cation in the present 
case is involved in an intramolecular hydrogen 
bond to a uranyl oxygen while in the bidhomo- 
oxa)-p-tert-butylcalix[4larene the included cation 
has an inverted configuration requiring it to 
form an intermolecular hydrogen bond. The 
calixL7larene conformation can be described by 
the sequence of and x torsion angles as 
defined by Ugozzoli and Andreetti [121: com- 
parison with the values reported for the neutral 
species 1101 shows that, apart from slight 
differences in the angles values due to minor 
geometric changes, the sign sequence, indicative 
of the overall geometry, is the same in both 
cases. According to this sequence, both the 
tetrameric and the trimeric subunits are in 
distorted cone conformations. The oxygen donor 
atom arrays in the cune conformations of 
bis(homo-oxa)-p-tert-butylcalix[4larene [I] and 
p-tert-butylcalixI5larene [4] appear well suited 
for coordination of one uranyl ion, and p-tert- 

butylcalix[81arene is able to accommodate at least 
two uranyl ions by adopting a conformation 
like that of two fused, shallow, tetrameric cones 
[2]. In this, it resembles the linear hexamer 
complex, in which a nitrate anion provides donor 
atoms "missing" because of the lack of the extra 
phenoxide donors in the macrocycle [61. In the 
macrocyclic p-tert-butylcalixI6larene 131, it would 
appear that a conformation allowing at least four 
donor atoms to be bound to one uranyl cation 
cannot be adopted, so that it functions only as a 
bidentate ligand. The present results for the p-tert- 
butylcalix[7larene complex, where there is a clear 
preference for binding in the tetrameric rather 
than the trimeric subunit suggest that the biden- 
tate case does not enable so effective an interac- 
tion with the metal. Given this and the very minor 
conformational changes resulting from coordina- 
tion, p-tert-butylcalix[7larene may be said to be 
"preorganised" for binding of a single uranyl ion, 
though a quantitative comparison with bis(homo- 
oxa)-p-tert-butylcalix[4larene and p-tert-butyl- 
calixI5larene (at least) is necessary to further 
characterise selectivity in uranium binding by 
calixarenes: this work is currently in progress. 

EXPERIMENTAL 

Synthesis 

0.17 mmol of p-tert-butylcalix[7larene (pur- 
chased from Acros and used without further 
purification) was dissolved in 20 mL of chloro- 
form and 5mL of triethylamine. The slow addi- 
tion of a solution of 0.4mmol of uranyl nitrate 
hexahydrate in 15 mL of acetonitrile resulted in a 
deep orange solution, that was evaporated to 
dryness and recrystallised several times. Final 
recrystallisation from nitr0methane:methanol 
(1:l) yielded dark orange crystals of 1 suitable 
for X-ray crystallography. 

A similar procedure, substituting acetonitrile 
for the chloroform solvent used above, resulted in 
crystals of 2 suitable for X-ray crystallography, 
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directly from the reaction mixture. Attempts 
made to obtain elemental microanalyses on the 
dried, powdered product indicated that drying 
may have produced significant changes in com- 
position relative to the crystalline material. Thus, 
the structure determination showed the presence 
of two triethylammonium cations per uranyl unit 
but analyses were consistent with only one (and 
the absorption of atmospheric water): Found C, 
61.8; H, 6.8; N, 1.9%; calculated for [U02(p-tert- 
butylcalix[7]arene-3H)l. (HNEt&CH3CN.6H20, 
C85H12jN2013UI C, 61.73; H,’7.68; N, 1.69%. 

Crystal Data 

1 [ U 0 2  ( p -  f ert -bu t y lca lix [ 71 arene-4H) 1’ -. 

M = 1699.12; monoclinic, space group P21 /c, 
a = 22.515(6), b = 27.660(5), c = 18.608(6) A, 
p= 113.98(2)”, V =  10588(10)A3, Z =4, D,= 

2HNEtT . CH3N02 . CH30H, U012N3C~H133, 

1.066Mg.m-3, p = 15.00 cm-*, F(000) = 3552. 
2 [U02(p-tert-butylcalix[71arene-4H)12~. 

2HNEt; . CH3CN. 2H20, U O I I N ~ C ~ I H I ~ ~ ,  
M = 1683.12; monoclinic, space group P21/c, 
a =  22.505(5), b = 27.773(6), c = 18.580(5) A, 
p= 113.30(2)”, V=10666(10)A3, Z = 4 ,  
D ,  = 1 . 0 4 8  M g . m - 3 ,  p =  1 5 . 7  cm- ’ ,  
F(000) = 3520. 

Data Collection, Structure Determination 
and Refinement 

While the results of the X-ray diffraction exp- 
eriments were similar for both 1 and 2, the 
refinement of the structure of 2 was badly 
behaved for a number of parameters, particu- 
larly those of the triethylammonium cations. 
Thus full details are given here only for 
structure 1. The diffraction experiment was per- 
formed with an Enraf-Nonius CAD4 diffracto- 
meter using graphite monochromated MoKa 
radiation. The crystal (0.60 x 0.50 x 0.25 mm) 
was introduced in a glass capillary. The lattice 
parameters were determined from the least- 
squares refinement of the setting angles of 25 

reflections (8 < 0 <12”). The data were collected in 
the range 1 <0<22”, in the w/t? scan mode, at 
243 K. The intensity decay, estimated from three 
standard reflections measured every 60 min, was 
insignificant. The data were corrected for 
Lorentz-polarization effects, and for absorption 
effects with DIFABS [13]. The structure was 
solved with SHELXS-86 [14] and refined by 
full-matrix least-squares on F. Hydrogen atoms 
were not included. Analytical scattering factors 
for neutral atoms [151 were corrected for the 
anomalous dispersion terms A f’ and A f ”. 6784 
observations with I > 3a(n, out of 12536 unique 
reflections measured (Rint = 0.013), were used. 
829 parameters were refined (anisotropic dis- 
placement parameters for uranium and oxygen 
atoms and for the carbon atoms of the calixarene 
moiety, except those of one tert-butyl group, that 
was modeled with four isotropic terminal carbon 
atoms; the triethylammonium ions were refined 
isotropically and the solvent molecules were 
fixed as they appear on the Fourier map, the 
methanol molecule is disordered around a 
symmetry centre and has been modeled by two 
carbon atoms). The final R values were R = 0.082 
and R, = 0.103 (w = 1 /a(F)’) and the maximum 
positive and negative residual densities 1 .OO and 
-0.18 eA-3. All calculations were performed on a 
Vax 4000 - 200 computer, with the Enraf-Nonius 
MolEN system [161. 
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