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Tetrahedral and Cuboidal Clusters in Complexes of Uranyl
and Alkali or Alkaline-Earth Metal Ions with

rac- and (1R,2R)-trans-1,2-Cyclohexanedicarboxylate

Pierre Thuéry*" and Jack Harrowfield**

TNIMBE, CEA, CNRS, Université Paris-Saclay, CEA Saclay, 91191 Gif-sur-Yvette, France
YISIS, Université de Strasbourg, 8 allée Gaspard Monge, 67083 Strasbourg, France

ABSTRACT: Uranyl nitrate was treated with racemic or enantiopure (1R,2R) forms of trans-1,2-
cyclohexanedicarboxylic acid (Hz.chdc and R-Hzchdc, respectively) in the presence of additional cations, mostly alkali
or alkaline-earth metal cations, under solvo-hydrothermal conditions to generate a series of one homo- and seven
heterometallic complexes which all contain the pseudotetrahedral [(UO2)4((R-)chdc)s]* cluster previously found in
sodium(l)-, silver(l)- and lead(Il)-containing derivatives. These clusters are for the first time obtained as isolated
species in [NH4]4[(UO2)a(chdc)s] (1), in which the ammonium cations are held by hydrogen bonds close to the faces
of the tetrahedron. In both compounds [(UO2)4K4(R-chdc)s(H20)e] (2) and [(UO-)sBaz(R-chdc)s(H20)s] (8), the uranyl
tetrahedra are assembled into three-dimensional frameworks by bridging potassium(l) or barium(ll) cations, these
being bound to carboxylate groups from different clusters. A closer association of uranyl tetrahedra and countercations
is found with alkali metal ions of larger ionic radius, leading to the formation of heterometallic cuboidal clusters. The
three  rubidium(l)-containing  compounds  [H2NMez][(UO2)sRbs(R-chdc)s(H20)175]  (3),  [(UO2)sRba(R-
chdc)s(NMP)o.5(H20)3.75]-0.5NMP-0.25H,0 (4), and [(UO2)4Rba(R-chdc)s(H20)15]-0.5H,O (5) form a regular
progression, the incomplete heptanuclear cuboids found in 3 being linked by additional external Rb' cations in 4, and
complete octanuclear clusters being present in 5. The clusters closer to the ideal cubic symmetry are found in the
cesium(l)-containing compounds [(UO2)4Csa(chdc)s(H20)3]-H20 (6) and [(UO2)aCsa(R-chdc)s(H20)4]-3H20 (7). In
contrast to 1, which has fourfold roto-inversion symmetry, 6 is a mixture of homochiral clusters with threefold rotation
symmetry, thus showing countercation dependence of the isomeric form in the racemic species. In compounds 3-6,
multiple bonding of the alkali metal ions to the uranyl oxo groups located inside the cage probably contribute to the

cluster stability.



INTRODUCTION

1 9,12-21

Polynuclear uranyl-containing closed species, whether they be tubules,'”!! cages or simply

1422.23 are appealing not only for esthetic reasons, but also because they go against the

large rings,
general propensity of the uranyl cation to generate quasi-planar assemblies, as most often observed
in uranyl-organic coordination polymers.?*® To ensure closure around a central cavity, the
equatorial ligands on the uranyl centres have to provide the required curvature, and this can be
achieved with a variety of anions, from the simplest such as peroxides'>!72! to more complicated
ones such as polytopic organic ligands. Among the latter, carboxylates are, together with
phosphonates, the most commonly used, and closed species have been obtained from mono-,? di-
JBIZIBLS g 910ILIA totrg. 1622 and pentacarboxylates.!'® The size of the formed species, and
consequently of the encompassed cavity, varies widely, from very large in nanospheres'® ! down
to that of species whose inner spaces are insufficient for any practical use involving encapsulation
of guest molecules or ions, but which are nevertheless of interest for the insight they provide about
the geometric features allowing formation of closed motifs.>!! During an investigation of
complexes formed by wuranyl ions with racemic or (1R,2R) enantiopure trans-1,2-
cyclohexanedicarboxylic acid (Hzochde and R-Hachdc, respectively), we have recently found that,
in the presence of Na!, Ag! or Pb!! cations, anionic uranyl tetrahedral clusters [(UO2)a((R-)chdc)e]*
(in which (R-)chdc?™ denotes either of the two forms, racemic or enantiopure, of the dianionic
ligand) are readily formed, which are assembled into three-dimensional (3D) frameworks by
bridging counterions.?” Although such simple cage-like small clusters are rare in the chemistry of
the linear uranyl ion, they are more common with the spherical uranium(IV) ions, for which ps-

28,29

oxo-centered tetrahedra are known,?®?? as well as cubane geometries.?® Tetrahedral clusters MsLg

where M is a main group or transition metal ion have been widely investigated®**° as cages capable



of selective guest incorporation and selective reaction catalysis, and the principles governing their
formation have been clearly enunciated.?'” The stereochemistry of such systems is very dependent

upon the chirality of the metal ion centres,3!-323541-44

a feature which is lost in systems involving
the inherently achiral [UO2(O2.CR)3]™ centre as the tetrahedron vertices. This places greater
importance on the bridging ligands as a source of chirality and on the possibility of isomerism
where a chiral ligand is used in its racemic form. Thus, with the aim to further explore the
conditions in which the [(UO2)a((R-)chdc)s]* tetrahedral uranyl clusters are formed and the exact
cluster stereochemistry, we replaced Na! by other alkali cations (K!, Rb!, Cs') and also by an
alkaline-earth cation (Ba'"), with the expectation that changes in cation size and electronegativity
would lead to modifications of the association mode between the anionic cage and the counterions,
or even to the formation of different uranyl-containing motifs. We have thus obtained a series of
seven compounds which ultimately all contain the tetrahedral uranyl motif, but with different
arrangements of the counterions leading in some cases to complete or incomplete cuboidal

heterometallic arrangements; the complex formed in the presence of the non-metallic NH4" cation,

which is bound through multiple hydrogen bonding interactions, is also reported.

EXPERIMENTAL SECTION

Syntheses. Caution! Uranium is a radioactive and chemically toxic element, and uranium-
containing samples must be handled with suitable care and protection.

UO2(NO3)2:6H20 (depleted uranium, R. P. Normapur, 99%), KNO3z and Ba(NOs), were
purchased from Prolabo, CsNO; was from Acros, RbNO3 from Aldrich, and rac-trans-1,2-
cyclohexanedicarboxylic acid (Hzchdc) was from Lancaster. Elemental analyses were performed

by MEDAC Ltd. at Chobham, UK. The (1R,2R) enantiomer of Hochdc, denoted R-Hachdc, was



isolated through crystallization with (R)-1-phenylethylamine as a resolving agent, as in the
literature,* although both the (1R,2R) and (1S,2S) enantiomers are also available commercially.
[NH4]4[(UO2)s(chdc)s] (1). Hochde (17 mg, 0.10 mmol), UO2(NOz)2:6H.0 (35 mg, 0.07
mmol), guanidinium nitrate (24 mg, 0.20 mmol), acetonitrile (0.3 mL), and demineralized water
(0.5 mL) were placed in a 10 mL tightly closed glass vessel and heated at 150 °C under autogenous
pressure, giving light yellow crystals of compound 1 within two weeks (6 mg, 16% yield). Anal.
calcd for CagH76N4O32U4: C, 26.53; H, 3.52; N, 2.58. Found: C, 26.42; H, 3.15; N, 2.67%.
[(UO2)sKa(R-chdc)s(H20)6] (2). R-Hachdce (17 mg, 0.10 mmol), UO2(NOs)2-6H,0 (35 mg,
0.07 mmol), KNOs (15 mg, 0.15 mmol), N-methyl-2-pyrrolidone (0.2 mL), and demineralized
water (0.5 mL) were placed in a 10 mL tightly closed glass vessel and heated at 150 °C under
autogenous pressure, giving light yellow crystals of compound 2 in low yield within one week.
[H2aNMe2] [(UO2)sRbs(R-chdc)s(H20)175]  (3). R-Hachde (17 mg, 0.10 mmol),
UO2(NOs3)2:6H20 (35 mg, 0.07 mmol), RbNOs (20 mg, 0.14 mmol), N,N-dimethylformamide (0.2
mL), and demineralized water (0.6 mL) were placed in a 10 mL tightly closed glass vessel and
heated at 150 °C under autogenous pressure, giving light yellow crystals of compound 3 within
one week (10 mg, 24% vyield). Elemental analysis results are consistent with the presence of one
DMF molecule per complex molecule, in keeping with the presence of voids in the crystal lattice,
this molecule being probably highly disordered. Anal. calcd for CsoH715NQO3375RbsUs + DMF: C,
25.38; H, 3.15; N, 1.12. Found: C, 25.30; H, 2.96; N, 1.23%.
[(UO2)sRba(R-chdc)s(NMP)o.5(H20)3.75] 0.5NMP 0.25H20 (4). R-Hochde (17 mg, 0.10
mmol), UO2(NOz)2:6H.0 (35 mg, 0.07 mmol), RbNOs; (20 mg, 0.14 mmol), N-methyl-2-

pyrrolidone (0.2 mL), and demineralized water (0.5 mL) were placed in a 10 mL tightly closed



glass vessel and heated at 150 °C under autogenous pressure, giving light yellow crystals of
compound 4 in low yield within one week.

[(UO2)sRba(R-chdc)s(H20)15] 0.5H.0  (5). R-Hachde (17 mg, 0.10 mmol),
UO2(NO3)2:6H20 (35 mg, 0.07 mmol), RbNOs (20 mg, 0.14 mmol), methanol (0.2 mL), and
demineralized water (0.7 mL) were placed in a 10 mL tightly closed glass vessel and heated at 150
°C under autogenous pressure, giving light yellow crystals of compound 5 in low yield within two
months.

[(UO2)4Csa(chdc)s(H20)3] -H20 (6). Haochde (17 mg, 0.10 mmol), UO2(NOz)2:6H20 (35
mg, 0.07 mmol), CsNOs (20 mg, 0.10 mmol), methanol (0.2 mL), and demineralized water (0.7
mL) were placed in a 10 mL tightly closed glass vessel and heated at 150 °C under autogenous
pressure, giving light yellow crystals of compound 6 within one month (22 mg, 48% vyield). Anal.
calcd for CagHesCs4036U4: C, 21.32; H, 2.53. Found: C, 21.06; H, 2.39%.

[(UO2)4Css(R-chdc)s(H20)4] -3H20 (7). R-Hachde (17 mg, 0.10 mmol), UO2(NO3)2:6H20
(35 mg, 0.07 mmol), CsNOs (20 mg, 0.10 mmol), methanol (0.2 mL), and demineralized water
(0.6 mL) were placed in a 10 mL tightly closed glass vessel and heated at 150 °C under autogenous
pressure, giving light yellow crystals of compound 7 within one week (5 mg, 10% yield). Anal.
calcd for C4gH74Cs4039U4: C, 20.90; H, 2.70. Found: C, 20.48; H, 2.64%.

[(UO2)sBaz(R-chdc)s(H20)s] (8). R-Hachdce (17 mg, 0.10 mmol), UO2(NO3),-6H20 (35 mg,
0.07 mmol), Ba(NO3)2 (26 mg, 0.10 mmol), methanol (0.2 mL), and demineralized water (0.6 mL)
were placed in a 10 mL tightly closed glass vessel and heated at 150 °C under autogenous pressure,

giving light yellow crystals of compound 8 in low yield within two months.



Crystallography. The data were collected at 150(2) K on a Nonius Kappa-CCD area
detector diffractometer*® using graphite-monochromated Mo Ka radiation (A = 0.71073 A). The
crystals were introduced into glass capillaries with a protective coating of Paratone-N oil (Hampton
Research). The unit cell parameters were determined from ten frames, then refined on all data. The
data (combinations of ¢- and w-scans with a minimum redundancy of at least 4 for 90% of the
reflections) were processed with HKL.2000.*” Absorption effects were corrected empirically with
the program SCALEPACK.*’ The structures were solved by direct methods with SHELXS* or by
intrinsic phasing with SHELXT,* expanded by subsequent difference Fourier synthesis and
refined by full-matrix least-squares on /2> with SHELXL-2014.°° All non-hydrogen atoms were
refined with anisotropic displacement parameters, with restraints being applied for some badly
resolved parts, particularly the ammonium counterions in 3, or solvent molecules. Two- and three-
component twinning in 1 and 8, respectively, was detected with TwinRotMat (PLATON®!) and
was taken into account in the refinement. In compound 3, one of the HoNMe," cations was given
an occupancy factor of 0.5 for charge equilibrium and also to retain acceptable displacement
parameters. Some coordinated or free water molecules in compounds 2—4, 6 and 7, as well as NMP
molecules in 4, were given half-occupancy in order to retain acceptable displacement parameters
and/or to account for too close contacts with their image by symmetry (some of them being further
disordered in 4 and 6). The hydrogen atoms bound to oxygen or nitrogen atoms were retrieved
from difference Fourier maps when possible, but none was found for compounds 2, 4 and 5; the
carbon-bound hydrogen atoms were introduced at calculated positions. All hydrogen atoms were
treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the
parent atom (1.5 for CHsz, with optimized geometry). Crystal data and structure refinement
parameters are given in Table 1. The molecular plots were drawn with ORTEP-3°? and the

polyhedral representations with VESTA.>



Luminescence Measurements. Emission spectra were recorded on solid samples using a
Horiba-Jobin-Yvon Fluorolog spectrofluorometer. The powdered compound was pressed between
two silica plates which were mounted such that the faces were oriented vertically and at 45° to the
incident excitation radiation. An excitation wavelength of 420 nm, a commonly used point although
only part of a broad manifold, was used in all cases and the emission was monitored between 450

and 650 nm.

RESULTS AND DISCUSSION

Synthesis. All compounds 1-8 were synthesized under solvo-hydrothermal conditions (150
°C). Different organic cosolvents were tried in each case, those finally giving crystals suitable for
X-ray diffraction being acetonitrile (1), N,N-dimethylformamide (3), N-methyl-2-pyrrolidone (2
and 4) and methanol (5-8). It is notable that oligomerization through oxo/hydroxo bridges resulting
from hydrolysis is completely absent in this series of complexes. The NH4* counterions in 1 were
generated in situ, probably from acetonitrile hydrolysis possibly catalyzed by UY', as previously
observed,!** while the formation of H.NMe,* cations in 3 results from DMF hydrolysis, a very
frequent occurrence when this solvent is used at elevated temperatures in the presence of metal
ions, as in solvo-hydrothermal syntheses.*® The rate of these solvent hydrolysis reactions may be a
factor limiting the yields of the compounds in these cases. The organic cosolvent is retained as a
coligand in complex 4 only, but its importance, even in cases in which it is absent in the final
compound, is well illustrated by complex 7: when the same experiment is performed in pure water,
the previously reported complex [UO2(R-chdc)] (9), which crystallizes as a two-dimensional
assembly,?’ is obtained instead. The solvent effect is also notable for the three rubidium-containing

species 3-5 since one rubidium cation is replaced by the solvent-generated HoNMe;" cation in 3,
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and a coordinated NMP molecule is present in 4, the complex with the simplest formula, 5, being
obtained with methanol as cosolvent. As previously noticed, the chirality of the ligand appears to
have little effect on the ease of formation of the tetranuclear cluster, although this is not true in
relation to the exact symmetry of the cluster or more generally of the reaction of (R-)chdc?™ with
uranyl ions,?’ but it is notable that most complexes in the present series contain the enantiopure R-
chdc®” ligand (which appears to be stable to inversion under the reaction conditions employed),
thus possibly indicating readier crystallization in this case. While it proved possible to grow
crystals with all common alkali metal cations except Li!, for which only crystals of the formerly
described complex 9 were obtained, alkaline-earth cations are much less tractable and only in the
case of Ba! was a complex crystallized, the common outcome of the reaction otherwise being either

formation of complex 9 or of amorphous precipitates, or of no solid species.

Crystal Structures. Given the use of chdc? in both its racemic and resolved (R,R) forms
and the fact that all the complexes presently described contain a pseudo-tetrahedral cluster of four
uranyl ions, it is relevant to consider the isomerism possible when the edges of a tetrahedron are
spanned by different ligands. The simplest instance is that where two symmetrical, achiral, ditopic
ligands A and B are involved (Scheme 1). Formation of a tetrahedral cluster from a metal ion M
and a mixture of such ligands A and B capable of spanning each of the six tetrahedral edges could
lead to an isomeric mixture of considerable complexity. While the species M4A¢s (= M4Bg) and
M4A;sB (= M4ABs) have only one form, both M4A4B2 (= M4A2B4) and M4A3B3 have two, but in
the latter case one of these is chiral so that it would exist as two enantiomers. Where A and B
become enantiomeric species such as R- and S-chdc?™ (viz. if the racemic acid is used to synthesise

the cluster), MsAg is simply the enantiomer of M4Bs, M4AsB the enantiomer of M4ABs, and the



two forms of MsA4B2/MsA>B4 become two enantiomer pairs. The achiral form of MsA3B3 becomes
an enantiomer pair (C3 symmetry), but the chiral form becomes achiral (Ss symmetry) since it
contains two chiral subunits, M4A3 and M4B3, that are mirror images of one another, their
combination being thus achiral. Since each of these chiral subunits in the MsA3B3 achiral species
is associated to a different handedness, a pair of diastereomers is generated by permutation of A
and B (i.e. R- and S-chdc?), the two members of the pair corresponding to the two different R- and
S-chdc?/right- and left-handed combinations.

The compound [NH2]4[(UO2)s(chdc)e] (1) is the simplest case illustrating the formation of
the uranyl pseudotetrahedral cage, since it is devoid of additional metal cations, and it provides a
useful example of the consequence of the use of the racemic ligand as reactant which can be related
to our earlier work based on similar syntheses. Complex 1 crystallizes in the same tetragonal space
group 141/a as the complexes [(UO2)sNas(chdc)s(H20)4] (10) and [(UO2)aAga(chdc)e(H20)4] (11),
previously described,?” and with unit cell parameters not very different from theirs. The disorder
present in the structure of 10 is absent in that of 1, as it is in that of 11, so that the isomeric form of
the cluster is established in 1 and 11 as that of an [(UO2)s(R-chdc)s(S-chdc)s]* anion with Sq
symmetry (i.e. the form shown in Scheme 1 as two enantiomers when A and B are constitutionally
different). The asymmetric unit contains one uranyl cation and two chdc®™ ligands, one of them
located on a twofold rotation axis. The uranyl cation is chelated by three carboxylate groups from
three ligands (Figure 1); the U-O(oxo) bond lengths of 1.766(5) and 1.767(5) A, and the U-
O(carboxylate) bond lengths, in the range of 2.417(6)-2.521(6) A [average 2.48(3) A], are
unexceptional. The pseudotetrahedral assembly formed is very similar to those in compounds 10
and 11, and close to those in the previously studied enantiopure compounds [(UO2)sNas(R-
chdc)s(H20)4] (12) and [(UO2)4Pb2(R-chdc)s(H20)s] (13),% although with significant differences
in stereochemistry. Thus, the [(UOz)s(chdc)s]*~ motif admits a fourfold roto-inversion axis as

9



symmetry element, consistent with the (chdc)s component actually being (R-chdc)z(S-chdc)s (see
above), the particular diastereomer formed being A-R-chdc, A-S-chdc, and there are four short and
two long intra-cage U---U distances, 5.8185(5) A and 6.9163(6) A, respectively. The four
ammonium counterions are located above the four faces of the tetrahedron, and they form three
hydrogen bonds with three carboxylate oxygen atoms from one cage and one with a carboxylate
from an adjoining one [N--O distances 2.763(9)-3.018(9) A, N-H---O angles 131-166°], thus
forming a 3D hydrogen bond network. The 3D nature of this assembly is presumably a factor
favouring the incorporation of ammonium ion in the crystal rather than the planar guanidinium ion
also present in the reaction mixture. Ammonium ion is sometimes designated as a "pseudo-metal
ion" having properties similar to potassium ion>® and although the actual nature of the interactions
is different, the triple hydrogen bonding interactions of ammonium with the uranyl cluster are
dimensionally very similar to the bonds with K' (see below). Since four uranyl oxo groups which
could possibly act as hydrogen bond acceptors are directed toward the centre of the cage, inclusion
of a fourfold hydrogen bond donor (such as NH4") would in principle be possible, but it is precluded
by the too small cavity size.?” The Kitaigorodski packing index (KPI, estimated with PLATON>?)
is 0.68, a value indicative of a compact arrangement leaving no solvent-accessible free space.

In keeping with the presence of the enantiopure ligand, [(UO2)sKa(R-chdc)s(H20)e] (2)
crystallizes in the tetragonal Sohnke space group 14122, while its Na' counterpart 12 crystallizes in
141, with slightly different unit cell parameters. The asymmetric unit contains one uranyl and one
K' cation, and three ligands located on twofold rotation axes (Figure 2). The uranium ion
environment is similar to that in 1, with U-O(oxo) bond lengths of 1.758(13) and 1.762(13) A and
U-O(carboxylate) bond lengths of 2.458(14)-2.489(15) A [average 2.477(10) A]. Possibly due to

the presence of but one ligand enantiomer in the cluster, the [(UO2)4(R-chdc)s]* cage is less
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distorted than in 1, the U---U distances being 6.2420(14), 6.2947(16) and 6.4218(15) A. The
potassium atom, in a very irregular environment, is bound to the two carboxylate oxygen atoms O4
and OS5 from one cage, and to O7 from an adjacent one, with K—O bond lengths of 2.613(17)—
2.693(19) A, and to four bridging water molecules (two of them on half-occupied sites, see
Experimental Section) at 2.39(3)-2.97(4) A; two longer contacts with the carboxylate oxygen
atoms O6™ and O8", at 3.34(2) and 3.107(16) A, respectively, may represent weaker interactions
at best. Even if the latter contacts are disregarded, bridging by potassium atoms results in the
formation of a 3D framework, as in the case of the sodium-containing compound (KPI 0.74). The
fact that both ammonium and potassium derivatives of the anionic cluster can be crystallised
reflects commonly encountered similarities in the solubility of analogous potassium and
ammonium compounds® and, as noted above, the mean N---O and K—O distances in 1 and 2 are
indeed rather similar.

Three complexes were obtained with rubidium(l) as additional cation,
[H2NMe2][(UO2)4Rbz(R-chdc)s(H20)1.75] (3), [(UO2)sRba(R-chdc)s(NMP)o.s(H20)3.75]-0.5NMP-
0.25H20 (4) and [(UO2)sRba(R-chdc)e(H20)1.5]-0.5H2.0 (5), which all contain the enantiopure
ligand and crystallize in the Sohncke space groups C2, P2; and R32, respectively. The asymmetric
unit in 3 contains four uranium and three rubidium atoms, and six complete ligands (Figure 3). All
uranyl cations are tris-chelated, and the U-O(oxo) bond lengths, 1.746(14)-1.789(15) A, and the
U-O(carboxylate) bond lengths, 2.404(16)-2.520(15) A [average 2.46(3) A], are as usual. The
pseudotetrahedral cage is here also less distorted than in 1, with U---U distances in the range of
6.2016(11)-6.3775(14) A. A search of the Cambridge Structural Database (CSD, Version 5.38)°’
for Rb—O bond lengths reveals a very large and asymmetric distribution ranging from ~2.7 to ~3.5

A (excluding a few outliers), so that contacts within this range will be considered here. All three
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Rb! ions are bound to six carboxylate groups pertaining to the same cage unit, with Rb—O bond
lengths of 2.941(13)-3.42(2) A [average 3.17(14) A], and to none from adjacent units; they are
also bound to bridging water molecules, some of them badly resolved (see Experimental Section),
with Rb—O bond lengths of 2.75(4)-3.02(3) A. Each rubidium atom makes also three contacts with
uranyl oxo groups located inside the cavity, with Rb—O(oxo0) bond lengths of 3.079(13)-3.287(16)
A [average 3.18(7) A, similar to that with carboxylate groups]. Uranyl oxo bonding to alkali metal
ions is rather frequent and about a dozen cases with Rb! are found in the CSD; the Rb—O(oxo0) bond
lengths here are comparable to those of 2.805(10)-3.236(11) A found in the complex associated
with the widest range reported,®® but it is however notable that the corresponding U-O bonds are
not significantly longer than the others, thus indicating that these interactions are not very strong
ones. The rubidium approach to the oxo groups is however limited here by the somewhat congested
nature of the complex core. The three Rb' ions are much closer to the tetrahedron faces than are the
potassium ions in 2, so that the seven atom centres form a distorted incomplete cuboidal
arrangement, as shown in Figure 4. The U---Rb distances defining the edges range from 4.016(2)
to 4.243(3) A, and, since the diagonal Rb---Rb distances [5.206(4)-5.264(4) A] are shorter than the
U---U ones (see above), the U---Rb---U angles [97.78(6)-100.98(5)°] are larger than the Rb---U---Rb
ones [77.61(5)-81.69(5)°, the smallest values being for the uranium atoms U2, U3 and U4 that
have only two rubidium neighbours]. One of the dimethylammonium counterions, located on a
twofold rotation axis, is directed toward the open faces of two cuboids and is hydrogen bonded to
one carboxylate oxygen atom from each [N2--022 3.07(2) A, N2-H--022 150°]. Bridging of
rubidium cations pertaining to different cuboids by water molecules, that leads to Rb---Rb distances
of 4.934(3) and 4.941(5) A shorter than the intra-cuboid ones, gives rise to the formation of a 2D

assembly parallel to (2 0 —1) displaying a hexagonal arrangement of cages, adjacent layers being
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connected to one another by the hydrogen bonded counterions. The disorder affecting some
counterions and the probable presence of highly disordered DMF molecules in the voids (see
Experimental Section) prevents a more specific analysis of the hydrogen bonding in the lattice,
which has a KPI of 0.65.

The dimethylammonium cation present in 3 is replaced by one more rubidium ion in 4, in
which the asymmetric unit contains twice the (UO2)sRba(R-chdc)s motif (Figure 5). There is
nothing unusual in the U-O(oxo) [1.736(11)-1.787(11) A] and U-O(carboxylate) bond lengths
[2.429(12)-2.511(10) A, average 2.47(2) A]. The four uranium atoms in each unit form a
pseudotetrahedron, and three rubidium atoms are connected, as their counterparts in 3, to six
carboxylate oxygen atoms from the same unit [2.870(12)-3.608(15) A, average 3.2(2) A], to three
uranyl oxo groups [3.030(11)-3.363(13) A, average 3.19(9) A], and to one or two water molecules,
some of them disordered. In contrast, the fourth rubidium ion in each unit (Rb4 and Rb8) does not
fill the vacant site of the incomplete cuboid, but adopts a lateral position analogous to that of
potassium ions in 2 (Figure 4). These two cations are each bound to four carboxylate oxygen atoms
pertaining to two adjacent heptanuclear units, thus making double bridges between the two
crystallographically independent cages (Figure 5); they are further bound to partly disordered water
and NMP molecules. Other bridges between cages are provided by water molecules, so that overall
a 3D framework is generated (KPI ~0.69). The cluster formed is thus an incomplete cuboid, as in
complex 3, with an extra lateral Rb' cation. The U---Rb distances defining the edges are in the range
0f 3.9689(18)-4.296(2) A, and the U---U and Rb---Rb diagonal distances are 6.2376(9)-6.455(3) A

and 5.192(3)-5.303(2) A, respectively, resulting here also in U--Rb---U angles [97.80(4)—
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Complex 5 represents the next step in the generation of these uranyl-rubidium complexes,
in which a complete cuboidal arrangement is achieved. The asymmetric unit contains two uranyl
and two rubidium atoms, one of each being located on a threefold rotation axis (Wyckoff position
6c), and two R-chdc®  ligands (Figure 6). The U-O(oxo) [1.70(2)-1.75(2) A] and U-
O(carboxylate) bond lengths [2.42(2)-2.50(2) A, average 2.46(2) A] are similar to those in 3 and
4. The rubidium atoms are bound to six (Rbl) or five (Rb2) carboxylate donors [2.94(2)-3.49(3)
A] and three uranyl oxo groups (all the latter being thus involved in trifurcate interactions)
[3.108(19)-3.28(2) A]; one water molecule located on a twofold rotation axis is bridging rubidium
atoms of adjacent clusters [Rb2-013 2.772(10) A, leading to a separation of 4.846(10) A between
the metal centres]. The Rb--Rb distances in the rubidium tetrahedron [5.160(7) and 5.334(9) A]
are here also smaller than the U---U ones in the uranium tetrahedron [6.2869(18) and 6.368(2) A],
and the U---Rb---U angles [96.98(10)-104.08(9)°] are larger than Rb---U---Rb ones [75.92(9)-
82.38(10)°]. The cuboid edges correspond to U--Rb distances of 4.038(3)-4.342(5) A. The
presence of the water links results in the formation of a 2D assembly parallel to (0 0 1), which
displays a hexagonal arrangement of the clusters (KPI 0.62).

In the case of Cs', complexes with both racemic and enantiopure ligands could be isolated,
[(UO2)4Css(chdc)e(H20)3]-H20 (6) and [(UO2)4Csa(R-chdc)s(H20)4]-3H20 (7), which crystallize
in the centrosymmetric cubic space group Pa—3 and the orthorhombic Sohncke space group C222;,
respectively. The asymmetric unit in 6 contains two uranyl and two cesium atoms, one of each
located on a threefold rotation axis (Wyckoff position 8¢) and two chdc?™ ligands, both with the
same chirality (Figure 7). The environment of the uranium atoms is similar to that in the previous
complexes [U-O(oxo) 1.741(15)-1.769(7) A; U-O(carboxylate) 2.437(8)-2.494(7) A, average

2.464(19) A], while the cesium atoms are bound to six carboxylate oxygen atoms [3.078(7)—
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3.492(7) A, average 3.26(12) A, to be compared to the range of 2.81-3.68 A, average 3.17(15) A,
for cesium—carboxylate bonds reported in the CSD (140 hits)]. Cs1 is further bound to two water
molecules (one of them disordered), at 3.029(17) and 3.57(3) A [2.95-3.80 A, average 3.27(17) A,
from the CSD (82 hits)]. Both cesium atoms are involved in three bonds with uranyl oxo groups,
buth those with Cs1 [3.615(8), 3.735(3) and 3.828 A] are much longer than those with Cs2
[3.399(8) A]. These values are at the upper end of the range usual for cesium oxo-bonding to uranyl,
for which distances of 3.0-3.3 A are frequent,>>> larger values, up to 3.8 A, having however been
reported.®! As in complex 5, the octanuclear, heterometallic cluster is cuboidal in shape, with edge
lengths of 4.2564(8)—4.4918(10) A. However, the distorsion with respect to the ideal cubic
geometry is lesser here than in 5, since the diagonal U---U distances [6.2124(7) and 6.3053(7) A]
and the Cs--Cs ones [5.9677(16) and 6.3275(16) A] are close to one another and, as a consequence,
the Cs:--U--Cs and U--Cs--U angles [85.982(18)-91.17(2)° and 88.158(17)-95.58(2)°,
respectively] differ from 90° by ~5° at most, instead of ~14° in 5. Due to the absence of cesium-
bridging water molecules, 6 is a molecular complex, with intermolecular hydrogen bonding
involving coordinated water molecules being present (KPI 0.72). While formally a mixed-ligand
complex, since it was obtained from the racemic ligand, 6 is unlike 1 and the earlier described
compounds 10 and 11 in that the lattice contains equal numbers of [(UO2)s(R-chdc)s]* and
[(UO2)4(S-chdc)e]* units, a change necessarily associated with differences in the cation
interactions. Thus, the relatively weak and less directional interactions of Cs', as well as its larger
size, may be considered the cause of a longer distance between cluster centroids than in the Na!
species (12.2 versus 10.3 A), and thus a diminution of ligand---ligand interactions between clusters,
although the implication here that an isolated cluster where all ligands are of the same chirality

would be more stable than one with mixed enantiomers is not so readily explained. The differences
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are perhaps more likely due to the coordination preferences of the different metal ions and the
interactions induced within the clusters (see discussion ahead).

The asymmetric unit in complex 7 contains two uranyl and two cesium ions in general
positions, and four R-chdc?~ ligands, two of which have twofold rotation symmetry (Figure 8). The
uranium coordination environment is as usual [U-O(oxo) 1.744(9)-1.760(8) A; U-O(carboxylate)
2.426(9)-2.508(8) A, average 2.47(2) A], and both cesium atoms are bound to six carboxylate
groups [3.100(8)-3.402(9) A, average 3.24(10) A] and to three uranyl oxo groups [3.438(9)—
3.663(8) A]. Cs2 is bound to only one terminal water molecule, at 3.241(14) A, whereas Csl is
bound to two bridging water molecules, at 2.993(13) and 3.334(15) A, thus forming Cs2(H20):

bridges between cages related by a twofold rotation axis, with a Cs--Cs distance of 5.0021(16) A.

The octanuclear cluster is similar to that in complex 6 [U---Cs 4.2327(10)-4.4107(9) A, U--U

U---Cs--U 91.027(17)-93.89(2)°]. Bridging by water molecules results in the formation of one-
dimensional zigzag polymers running along the ¢ axis, these chains being linked to one another
through hydrogen bonding mediated by the free water molecules to form a 3D network (KPI 0.68).

The last complex in the present series, [(UO2)4Ba2(R-chdc)s(H20)s] (8), is the only one that
could be obtained with an alkaline-earth cation. It crystallizes in the chiral tetragonal space group
P432:2 and, since it is isomorphous to the Pb"-containing compound 13,%” it will be only briefly
described. The asymmetric unit contains two uranyl and one barium atoms (Figure 9). The former
are in their usual environment [U-O(oxo) 1.757(11)-1.758(12) A; U-O(carboxylate) 2.417(12)-
2.562(12) A, average 2.48(4) A], and the latter, in an eight-coordinate environment of very
irregular geometry, is bound to four carboxylate groups pertaining to four ligands from two cages

[2.777(12)-2.943(12) A, average 2.86(7) A, to be compared to the average of 2.81(12) A from the
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CSD (462 hits)] and four water molecules (none of them bridging) [2.626(14)-2.671(13) A,
average 2.653(17) A; 2.81(9) A from the CSD (389 hits)]. As with sodium, potassium, silver and
lead ions in the formerly described compounds 10-13, the barium ions are farther than rubidium
or cesium from the uranyl tetrahedron faces (Figure 4) and they bridge adjacent tetranuclear cages
to form a 3D framework (KPI 0.69).

The anionic [(UO2)s((R-)chdc)s]* pseudotetrahedron appears to be a prevalent motif in the
crystalline complexes formed by uranyl ions with (R-)chdc?™ since it appears in 12 out of the 21
complexes known, and may indeed be the unique form for a ratio UO2**/(R-)chdc? of 1:1.5. In
particular, it is found in all cases in which alkali metal ions heavier than lithium are present. Only
in the case of complex 1 was this species found in the absence of an additional metal cation. In all
other cases, the added cations are bound to carboxylate groups from either one (Rb', Cs') or two
(Na!, K', Rb', Ba', Ag!, Pb") tetrahedral cages. In the latter case, they are located far from the
tetrahedron faces and serve as bridges between adjacent cages, which are thus united into a higher
dimensionality assembly. In the former case, they are closer to the tetrahedron faces and
heterometallic heptanuclear incomplete or octanuclear complete cuboid motifs are formed.
Rubidium is peculiar since, depending on the synthesis conditions, it is able to adopt one or the
other position, as shown in complexes 3—5. Within the alkali metal ion series, there is thus a regular
trend, from Li!, which does not form such a solid state assembly, to Na' and K', which are mere
bridges between tetrahedral cages, Rb'! that may be bridging or included in distorted incomplete or
complete cuboids, and finally Cs!, which forms complete cuboids little distorted from the ideal
cubic geometry, and favours the formation of homochiral clusters rather than the mixed species
obtained from the racemic ligand with NH4*, Na' and Ag' countercations. Only for alkali ions with
the larger radii, and ensuing longer bond lengths, is it possible to build the cuboid motif while

retaining the quite rigid geometry of the uranyl tetrahedron. This is in agreement with the
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observations for other cations, since the ionic radius of Ag' is close to that of Na!, that of Ba to
that of K!, and that of Pb" is intermediate between them.®> However, it may be noted that the Pb—
O(carboxylate) bond lengths in 13 [2.95(2)-3.09(2) A] are comparable to those measured for Rb',
thus suggesting that other characteristics of the cations, such as charge and affinity for carboxylate
ligands, are most certainly also at play here. As we have found in a simpler carboxylate system,®
the interactions of Rb! and Cs' with carboxylates can be rather different to those of the other alkali
metals and the highly unsymmetrical nature of the coordination sphere of some of the Cs' centres
in the present structures is quite striking, although its fundamental origin is not evident. The radius
effect may explain why no cluster species could be crystallised with alkaline-earth cations lighter
than Ba'. Another factor that may have a role is the possibility of oxo bonding to uranyl, the
distance of the cuboid apexes to these oxo groups being well-matched to the largest alkali cations.

As already noted,”’ the ligand chirality has little impact on the formation and geometry of
these cages, as confirmed here by complexes 6 and 7 in particular, but the crystallographic
symmetry of the cage depends on it, with fourfold roto-inversion symmetry being present in the
racemic compounds 1 and 11, so that the cage contains both enantiomers of the ligand, while
twofold rotation symmetry is present for the enantiopure cages in 2, 7, 8, 12 and 13, threefold
rotation symmetry in 5, and no symmetry at all in 3 and 4. However, only a threefold rotation axis
Is present in the racemic complex 6, so that in this case the cages are homochiral, but half the cages
in the lattice contain (R,R) and the other half (S,S) ligands. Species obtained from the racemic
ligand can thus display a degree of selectivity in their isomeric composition. The formation of these
clusters provides a variation on the principles known for the generation of such species®! in that
the UOg unit forming the vertices of the cluster is formally achiral while the ligand is chiral and
exists in two separable (mirror image) forms. A further distinction from known MaLs clusters is

that the uranyl systems are anionic and therefore are associated with cations, justifying their
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description as mixed-metal cuboids in several cases. In fact, there are few examples of the
formation of tetrahedral My clusters involving mixed ligands of any sort and these have arisen in
examination of the retention of chirality in the conversion of M4Ag species into MsBs without the
isomeric distribution of intermediate species being of direct interest.®”%> In most known MaLe
species, the metal ion centres are in a chiral environment and there is usually selectivity apparent
in that all four centres in one cluster have the same chirality.*!64-% This chiroselectivity within the
cluster appears to extend to the ligand in that use of an enantiomerically pure ligand generates a
single complex where all metal ion centres are of the same chirality.*! There are also examples
where a chiral but inversion-labile ligand forms complexes where a given cluster has metal ion
centres and ligands each of one enantiomeric form®’ (although this aspect of the ligand structure is
not explicitly noted in the original publication). In the present series of tetrahedral clusters,
complexes 1 and 6 provide evidence for countercation dependence of the isomeric form, 1 being

of the achiral M4A3B3 form, and 6 a racemic mixture of the enantiomorphs MsA¢ and M4Be.

Luminescence properties. The emission spectra of compounds 1, 3, 6 and 7 in the solid
state were recorded at room temperature under excitation at a wavelength of 420 nm, a value
suitable for excitation of the uranyl chromophore,®® and they are shown in Figure 10; no sufficient
amount of the other compounds in pure form was obtained for emission spectra recording. In all
emission spectra, the vibronic progression corresponding to the S11 — Soo and S1o — Sov (v=0-4)
electronic transitions®® is well apparent, with four or five peaks being intense and well-resolved.
The positions of the most intense peaks in the spectra of 1, 3, 6 and 7 are nearly identical, with
differences that do not exceed 2 nm (484, 504, 527 and 551 nm for 6). These values are close to

those reported for compounds 10, 11 and 13 (480482, 501-503, 523-525 and 547549 nm, the
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values for 12 being red-shifted by ~3 nm),?’ and they are typical of uranyl complexes with three
equatorial chelating carboxylate groups,'®**>>7" being strongly blue-shifted with respect to the
values associated with other environments, although exceptions do occur.”! The vibronic splitting
energies for the S0 — Sov transitions average 833(20) cm !, a value in agreement with those usually

measured for uranyl carboxylate complexes.>*¢%1-73

CONCLUSIONS

The present and past structural studies of metal ion complexes of trans-1,2-
cyclohexanedicarboxylate show that it is a ligand which favours bridging over chelation through
both carboxylate groups regardless of the nature of the metal ion. In its interactions with uranyl ion
in a 1:1 ratio, this can lead to the formation of albeit buckled, sheet-like coordination polymer
arrays (as in complex 9), even though the repulsive interactions between the adjacent carboxylates
on a chair-form ring cause them to twist well away from coplanarity with one another. Where the
ratio becomes 1:1.5 (uranyl:chdc), the uranium adopts a hexagonal bipyramidal coordination
geometry involving three carboxylate chelate rings from separate ligand units, this resulting in the
formation of a tetrahedral tetra-uranyl arrangement. The fact that uranyl ions do not fully balance
the total anionic charge means that other cations must be present, and the interactions of these
cations, either metallic or not, with the carboxylate groups possibly exert a structure-directing
influence. When the racemic ligand is used, for example, particular isomers are favoured probably
as a consequence of the coordination preferences of the particular countercations used. Thus, the
conditions governing the formation of MyL¢ clusters where M is uranyl and L is dianionic are
clearly rather different to those where M is a transition or main group metal ion able to adopt a

chiral form. Nonetheless, there are common features such as the capacity of the ligand to enforce
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a particular disposition of the donor sites compatible with a particular cluster geometry, as we have
shown elsewhere that long chain dicarboxylates can be sufficiently flexible to form binuclear,
triple-stranded helicate species where formally a [UO2(02C(CH2),CO2)3]* (n = 9, 12) species
simply envelops a second uranyl ion.!> The conformational restrictions of the substituted
cyclohexane ring in (R-)chdc?>™ must therefore play a role.

The eight complexes described herein, together with those formerly reported, show the
different association modes of the robust tetrahedral uranyl cage anion, whatever its isomeric form,
with different counterions. The species formed range from isolated tetrahedral clusters in the
homometallic complex 1 (that shows that additional carboxylate-bound metal ions are unnecessary
for the cage formation), to 2D and 3D assemblies in which tetrahedra are bridged by metal
counterions, and to incorporation of the latter into heterometallic cuboidal clusters, either isolated
or bridged by water molecules to form higher dimensionality assemblies. Apart from the scarcity
of such closed cages in uranyl chemistry, the countercation dependence and the variety of the
assemblies generated are notable. Metal-organic frameworks incorporating metal clusters as
network nodes and their properties have been recently reviewed.*® The peculiarity of the present
complexes, as a particular subgroup of these species, is that the dicarboxylate ligands are part of
the cluster motif and do not serve to directly connect different metal clusters through divergent
coordination sites, the links being provided instead by countercations and water ligands, with the

consequence that no significant porosity can be expected.
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Table 1. Crystal Data and Structure Refinement Details

1 2 3 4 5 6 7 8
chemical formula CusH76NaO32Us  CusH72KaO38Us  CsoH715sNOsz7sRb3Us  CssH77NOs7RbaUs  CasHesO3sRbaUs  CasHesCs4O36Us  CagH7aCs4030Us CagH76Baz0a0Us
M (g mol™?) 2173.24 2365.57 243511 2614.15 2497.00 2704.78 2758.83 2519.88
cryst syst tetragonal tetragonal monoclinic monoclinic trigonal cubic orthorhombic tetragonal
space group 141/a 14,22 C2 P2, R32 Pa-3 €222, P432,2
a(A) 18.5632(6) 17.1637(8) 26.1974(7) 16.1326(2) 18.9236(8) 24.3752(3) 15.2081(6) 17.1157(5)
b (A) 18.5632(6) 17.1637(8) 19.1654(5) 25.4852(7) 18.9236(8) 24.3752(3) 24.2485(8) 17.1157(5)
c(A) 18.7065(10) 22.4606(15) 16.9355(5) 19.1105(6) 37.4103(18) 24.3752(3) 21.3024(6) 23.7866(10)
o (deg) 90 90 90 90 90 90 90 90
P (deg) 90 90 116.032(3) 90.059(2) 90 90 90 90
7 (deg) 90 90 90 90 120 90 90 90
V(A3 6446.1(5) 6616.7(8) 7640.4(4) 7857.1(3) 11601.9(13) 14482.5(5) 7855.8(5) 6968.2(5)
z 4 4 4 4 6 8 4 4
Deatea (g cm™) 2.239 2.375 2.117 2.210 2.144 2.481 2.333 2.402
(Mo Ka) (mm?) 10.110 10.110 10.431 10.766 10.929 10.986 10.132 10.470
F(000) 4064 4432 4510 4856 6900 9856 5048 4656
refins collcd 101736 59479 100381 182063 67538 423002 96772 195761
indep reflns 3060 3143 14339 28783 3732 4584 7476 6483
obsd reflns [I > 26(1)] 2870 2575 10693 25085 2321 3727 7001 5857
Rint 0.029 0.059 0.041 0.046 0.061 0.016 0.025 0.041
params refined 200 218 861 1888 276 293 434 426
R1 0.033 0.057 0.054 0.041 0.059 0.046 0.031 0.041
WR2 0.081 0.141 0.139 0.099 0.171 0.119 0.082 0.095
S 1.149 1.127 1.021 1.030 0.960 1.014 1.086 1.138
Apmin (8 A3) -0.75 -1.07 -0.72 -2.24 -1.04 -2.10 —-0.77 -0.92
Apmax (8 A3) 2.64 177 1.60 1.33 1.10 2.62 1.93 2.28
Flack parameter 0.08(3) 0.034(15) 0.021(8) 0.05(3) 0.008(8) 0.005(4)
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Figure Captions

Scheme 1. Possible isomers of a tetrahedral metallocluster with mixed bridging of the

tetrahedron edges by symmetrical ditopic but achiral ligands A (red) and B (blue).

Figure 1. Top left: View of compound 1. Displacement ellipsoids are drawn at the 30%
probability level. Hydrogen bonds are shown as dashed lines. Symmetry codes: i =y + 1/4, 3/4
—x,74-z,]=3/4—-y,x—1/4,7/4—-z; k=1 —x, 1/2 — y, z. Top right: Similar view showing
uranium coordination polyhedra. Bottom: View of the packing. Hydrogen atoms are omitted in

all views, except for those of the counterions.

Figure 2. Top: View of compound 2. Displacement ellipsoids are drawn at the 20% probability
level. Symmetry codes: 1=3/2—-y,3/2 —x,3/2-z;j=y—-1/2,x+1/2,3/2—z; k=1-x,2—y,
z1=12-x, 9,74 —-zzm=1—-y,x+1/2,z+ 1/4;n=y—1, 3/2 —x, z + 1/4. Bottom: View of
the packing with uranium polyhedra colored yellow and potassium atoms shown as green

spheres. Hydrogen atoms are omitted in all views.

Figure 3. Top left: View of compound 3. Displacement ellipsoids are drawn at the 30%
probability level. Oxo bonding to rubidium is omitted for clarity, as well as counterions and
carbon-bound hydrogen atoms. The hydrogen bond is shown as a dashed line. Symmetry codes:
1=12-x,y—12,1-2zj=12-x,y+1/2,1 —z; k=1 —x, y, 2 — z. Top right: View of the
incomplete cuboidal cage with uranium coordination polyhedra colored yellow and rubidium
atoms shown as green spheres. Bottom left: View of the 2D assembly. Bottom right: View of

the packing with counterions and hydrogen atoms omitted.
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Figure 4. Arrangement of the proximal alkali or alkaline-earth metal cations around the
tetrahedral uranyl motif in complexes 2 and 8, and complete or incomplete cuboidal cages in

3-7. Except for the U=0 bonds, lines are guides for the eye.

Figure 5. Top left: View of one of the two independent cages in compound 4. Displacement
ellipsoids are drawn at the 30% probability level. Oxo bonding to rubidium is omitted for
clarity. Symmetry codes: i =2 —x,y—1/2, 1 —z;j=1-x, y—1/2, 1 — z. Top right: View
showing the bridging of two incomplete cuboidal cages by rubidium atoms. Bottom: View of
the 3D framework with the uranium coordination polyhedra colored yellow and rubidium atoms

shown as green spheres. Solvent molecules and hydrogen atoms are omitted in all views.

Figure 6. Top left: View of compound 5. Displacement ellipsoids are drawn at the 10%
probability level. Oxo bonding to rubidium is omitted for clarity. Symmetry codes: i=1—y, x
—v,zj=y—x+1,1-x,z;k=x—-y+2/3,4/3 -y, 4/3 —z. Top right: View of the 2D assembly
with uranium coordination polyhedra colored yellow and rubidium atoms shown as green
spheres. Bottom: View of the packing with layers viewed edge-on. Solvent molecules and

hydrogen atoms are omitted in all views.

Figure 7. Top left: View of compound 6. Displacement ellipsoids are drawn at the 30%
probability level. Oxo bonding to cesium is omitted for clarity, as well as solvent molecules
and carbon-bound hydrogen atoms. Symmetry codes: 1 =z, x, y; ] =, z, x. Top right: View of
the molecular cuboidal cage with uranium coordination polyhedra colored yellow and cesium
atoms shown as blue spheres. Bottom: View of the packing with solvent molecules and

hydrogen atoms omitted.
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Figure 8. Top: View of compound 7. Displacement ellipsoids are drawn at the 50% probability
level. Oxo bonding to cesium is omitted for clarity, as well as solvent molecules and carbon-
bound hydrogen atoms. Symmetry codes: i=1—-x,y,1/2—-z;j=x,1-y,—z; k=1-x,1—-y,z
+ 1/2. Middle: View of the 1D assembly with uranium coordination polyhedra colored yellow
and cesium atoms shown as blue spheres. Bottom: View of the packing with chains viewed end-

on, and solvent molecules and hydrogen atoms omitted.

Figure 9. Top: View of compound 8. Displacement ellipsoids are drawn at the 30% probability
level. Carbon-bound hydrogen atoms are omitted and hydrogen bonds are shown as dashed
lines. Symmetry codes: i=1-y, 1 —x,3/2—z,j=12—-x,y—1/2,7/4—z; k=12 —x, y + 1/2,
7/4 —z; 1 =1/2 — y, x + 1/2, z — 1/4. Bottom: View of the 3D framework with uranium
coordination polyhedra colored yellow, barium atoms shown as blue spheres and hydrogen

atoms omitted.

Figure 10. Emission spectra of compounds 1, 3, 6 and 7. The excitation wavelength was 420

nm.
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Figure 10
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Tetrahedral and Cuboidal Clusters in Complexes of Uranyl
and Alkali or Alkaline-Earth Metal lons with

rac- and (1R,2R)-trans-1,2-Cyclohexanedicarboxylate

Pierre Thuéry and Jack Harrowfield

Uranyl ions readily form anionic tetranuclear, pseudotetrahedral clusters with rac- and (1R,2R)-
trans-1,2-cyclohexanedicarboxylates. Different modes of association occur in the presence of
alkali or alkaline-earth metal cations, those with smaller ionic radii (Na', K', Ba'") linking uranyl
clusters into higher dimensionality assemblies, and those with larger radii (Rb', Cs') being

included in heterometallic cuboidal clusters.
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