N
N

N

HAL

open science

Chiral Discrete and Polymeric Uranyl Ion Complexes
with (1R,3S )-(+4)-Camphorate Ligands:
Counterion-Dependent Formation of a Hexanuclear Cage

Pierre Thuéry, Youssef Atoini, Jack Harrowfield

» To cite this version:

Pierre Thuéry, Youssef Atoini, Jack Harrowfield. Chiral Discrete and Polymeric Uranyl Ion Complexes
with (1R,3S )-(+)-Camphorate Ligands: Counterion-Dependent Formation of a Hexanuclear Cage.

Inorganic Chemistry, 2018, 58, pp.870-880. 10.1021/acs.inorgchem.8b02992 . cea-01957489

HAL Id: cea-01957489
https://cea.hal.science/cea-01957489
Submitted on 17 Dec 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cea.hal.science/cea-01957489
https://hal.archives-ouvertes.fr

Chiral Discrete and Polymeric Uranyl 1on Complexeswith
(1R,39)-(+)-Camphorate Ligands. Counterion-Dependent

For mation of a Hexanuclear Cage

Pierre Thuéry,* Youssef Atoinf and Jack Harrowfield*
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ABSTRACT: Reaction of (R,39-(+)-camphoric acid (btam) with uranyl ions under solvo-hydrothermal
conditions and in the presence of bulky counteooatigave five chiral complexes of varying dimenalimp.
[Cu(R,S-Mescyclam)][UO(Hcam}(HCOOY] (1) and [NiR,SMescyclam)][UOGx(cam)(HCOO)] (2), in which the
formate coligand is formed in situ, involve veryndiar countercations, bdtis a discrete, mononuclear complex,
whereag crystallizes as a one-dimensional (1D) coordimggiolymer, and NH-bond donation by the macrocyclic
ligand of the countercation complexes is presertidth. [Co(emng][(UO2)s(cam)R,R-tart(OH)]BH.O (3), in
which en is ethylenediamine andi®R-tart is R R-tartaric acid, contains three enantiomericallyepahiral
species, and it displays a two-dimensional (2Darsgement, with the countercation again involvedtli+bond
donation. While [PPA[UO2(cam)(NQ)] (4) is a 1D polymer, [PRMe]s[NH4]3[(UO2)s(cam}] (5), is a discrete,
homochiral and homoleptic hexanuclear cage ®itpoint symmetry and a trigonal prismatic arrangetnoéthe
uranium atoms. This cage differs from the octararglgpseudo-cubic uranyl camphorate species preyious
described, thus providing an example of modulatibthe cage size through variation of the structlirecting
counterions. The cage Bis closely associated to three B&" cations, two of them outside and with their
methyl group directed toward the prism basis cergnel one inside the cage cavity. While com@es non-
luminescent, complexesand4 have emission spectra in the solid state typi€a&quatorially hexacoordinated
uranyl complexes. Solid-state photoluminescencatyuayields of 2 and 23% have been measured foplems

1 and4, respectively.



INTRODUCTION

The generation of polymeric, oligomeric or oligole&r cage rather than simple chelate
structures by complexation of metal ions with nddtitate ligands is to some extent dependent
upon the nature of the particular metal ion and@ased anions but, more importantly, is open
to control through an appropriate choice of tharigl-? Dicarboxylates, as a major subset of
polycarboxylates, provide an example of a claslsgahds which has been widely applied in
the synthesis of both coordination polymers angasluclear cages3the latter species being
of particular interest because of the possibilltgttthey may define cavities utilisable as
selective reaction vessété Two carboxylate substituents may be found posescaffolds of
an enormous variety ranging from flexible polymééme chains compatible with many
different separations between the carboxylate grdaighly rigid cyclic structures imposing
a relatively precise limit of separation. Even wille most rigid of scaffolds, however, some
flexibility remains in that there is facile rotati@bout the C—C% bond which can allow some
variation in the QID separations between the two carboxylate centres.

The versatility of the carboxylate unit as a dospecies, where one or both of the
oxygen atoms may be bound in both direct or briggiodes, is another important factor to be
taken into consideration. Thus, on a rigid scaffeleth as 1,3-disubstituted adamantane, for
example, the complexation of uranyl 6 (our particular interest) does not involve the
formation of 8-membered chelate rings involving anxggen of each carboxylate but does
involve bridging through formation of 4-memberectlete rings k0,0’ mode) from one or
both carboxylate units as well as through bindihgrmther uranyl ion to such a chelate and
through separate interactions of each oxygen avengcarboxylate with two different uranyl
ions (2-k'O: k1O’). All these are associated with the formation aifymeric arrays of various
dimensionality depending on other constituentshef lattice. On a less rigid scaffold with

adjacent carboxylate substituents as is found eigth,2-cyclohexanedicarboxylate, formation



of 7-membered chelate rings does occur in somannet despite the apparently divergent
axial-equatorial geometry of the carboxylate uralhough such rings are only part of more
extended bridged arrays?’

It is thus a little surprising that on the chirgafold of (1R,39)-(+)-camphoric acid
(Hzcam)®which is certainly sufficiently flexible to allotine carboxylate substituents to adopt
the diaxial conformation bringing them into clos@pmity, as seen in the structure of the
anhydride'® there is seemingly no tendency to form 8-membeteslate rings in its metal
complexes. More significantly, while in its genecabrdination chemistry with separate metal
cations camphorate is characterized by bridgingsrethere each carboxylate interacts with
different metal ion units or a metal ion and a pnptas shown by a survey of the crystal
structures reported in the Cambridge StructuralaBate (CSD, Version 5.39),and in
particular by some uranyl ion complexésntroduction of a second cation, metallic or non-
metallic (including the proton), along with uramgh has been found to be an effective method
for formation of a pseudo-cubic octanuclear cageeigs>2° To understand better the origin
of this effect, we have therefore extended ouriesidf the influence of large cations on the
structure of heterocationic uranyl comple¥é$24-2%o the camphorate system.

We have recently shown that the structure-directffgcts exerted by PkPhand
PPhMe" cations promoted the formation of a discrete uracyanuclear cage withis-1,2-
cyclohexanedicarboxylaté, and of a discrete tetranuclear metallatricycle hwit,3-
adamantanediacetate so that their impact in the case of a ligand alyeknown for its
propensity to give cage complexes, such &33-(+)-camphorate, was worth investigating.
Cages and metallacycles are still relatively rareranyl chemistry, apart from the family of
uranyl peroxided! and, in addition to those already mentioned, amhput a dozen are
known?8-3¥most of them containing carboxylate ligands. Regzbherein are five uranyl ion

complexes synthesized fromR;BS)-(+)-camphoric acid, three of which include bulBg-



block metal-containing countercations, and the otive PPh* and PP§Me* cations. These
complexes, which have been characterized by thgstal structure and, for some of them, their
emission spectrum in the solid state, crystallizeoae- or two-dimensional (1D or 2D)
coordination polymers, or as discrete species,afrtbem a hexanuclear cage. A potentially
important property of all these complexes is thag tb their incorporation of enantiomerically

pure (R,39-(+)-camphorate ligands, their crystals belonghival lattices'®

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(NOs)2: 6HO (depleted uranium, R. P. Normapur, 99%) was @aget from
Prolabo, and [®,39)-(+)-camphoric acid was from Aldriclir,S-Mescyclam (meso isomer of
7(R),14(9-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacgtlatiecane) was prepared as
described in the literatufé. N(RSR,9-[M(RSMescyclam)(NQ),] (M = Cu, Ni) were
synthesized as previously descriBetf Resolution of [Co(er)®*" (en = ethylenediamine) by
RR-tartrate has been known for loffef2 andA-[Co(en)](H2R R-tart)CI2H.0, where HRR-
tart is R R-tartaric acid, was obtained as described. Elerhemalyses were performed by
MEDAC Ltd. at Chobham, UK. For all syntheses ofnylaion complexes, the mixtures in
demineralized water/organic solvent were placeddmnmL tightly closed glass vessels and

heated at 140 °C under autogenous pressure.

[Cu(R,S-Mescyclam)][UO2(Hcam),(HCOO),] (1). (1R,39-(+)-Camphoric acid (20 mg,
0.10 mmol), UQ(NOs3):6HO (35 mg, 0.07 mmol), and RESRS-[CuRS
Mescyclam)(NQ)2] (24 mg, 0.05 mmol) were dissolved in water (0.) and DMF (0.2 mL).

Purple crystals of complekwere obtained within two weeks (36 mg, 65% yiehddd on the



acid). Anal. Calcd for egHssCuNsO14U: C, 41.25; H, 6.19; N, 5.06. Found: C, 41.316H)5;
N, 5.59%.

[Ni(R,S-Megscyclam)][UOz(cam)(HCOO).] (2). (1R,39-(+)-Camphoric acid (20 mg, 0.10
mmol), UQ(NOs)2-6HO (35 mg, 0.07 mmol), and RSR,S-[Ni(RSMescyclam)(NQ)2]
(23 mg, 0.05 mmol) were dissolved in water (0.5 rahyl DMF (0.2 mL). Orange crystals of
complex2 were obtained in low yield within two weeks.

[Co(en)s][(UO2)s(cam)(R,R-tart)>(OH)] BH-0 (3). (1R,39)-(+)-Camphoric acid (20 mg,
0.10 mmol), UQ(NOgz)2- 6HO (35 mg, 0.07 mmol), anti-[Co(en}](H2R,R-tart)CI2H20 (23
mg, 0.05 mmol) were dissolved in water (0.6 mL) andtonitrile (0.2 mL). Orange crystals of
complex3 were obtained in low yield within three days.

[PPh4][UOs(cam)(NOs)] (4). (1R, 39-(+)-Camphoric acid (20 mg, 0.10 mmol),
UO2(NOgz)2: 6H0 (35 mg, 0.07 mmol), and PHr (42 mg, 0.10 mmol) were dissolved in water
(0.5 mL) and acetonitrile (0.2 mL). Yellow crystals complex4 were obtained within four
days (50 mg, 82% yield based on U). Anal. CalcdaH3sNOoPU: C, 46.96; H, 3.94; N, 1.61.
Found: C, 46.30; H, 3.76; N, 1.64%.

[PPhsMe]3[NH4]3[(UO2z)s(cam)s] (5). (1R,39)-(+)-Camphoric acid (20 mg, 0.10 mmol),
UO2(NQOs)2-6H0 (35 mg, 0.07 mmol), and P#heBr (36 mg, 0.10 mmol) were dissolved in
water (0.9 mL), acetonitrile (0.2 mL) and DMF (0r2.). Yellow crystals of comple®s were
obtained within three weeks (22 mg, 46% vyield basedthe acid). Anal. Calcd for
C14mH102N3048P3Us: C, 41.16; H, 4.51; N, 0.98. Found: C, 40.66; k634 N, 1.80%. The
discrepancy between calculated and found valueshmalue to the presence of lattice solvent
molecules (water, acetonitrile or DMF) which coulat be resolved in the crystal structure (see

below).



Crystallography. The data were collected at 100(2) K on a Noniugg&aCCD area
detector diffractometétusing graphite-monochromated Ma Kadiation § = 0.71073 A). The
crystals were introduced into glass capillarieshwat protective coating of Paratone-N oll
(Hampton Research). The unit cell parameters weteriahined from ten frames, then refined
on all data. The data (combinationghefandw-scans with a minimum redundancy of 4 for 90%
of the reflections) were processed with HKL23P0Absorption effects were corrected
empirically with the program SCALEPAC#.The structures were solved by intrinsic phasing
with SHELXT *® expanded by subsequent difference Fourier symsthasi refined by full-
matrix least-squares d&f with SHELXL-2014%" All non-hydrogen atoms were refined with
anisotropic displacement parameters. The hydrofggmsabound to oxygen and nitrogen atoms
were retrieved from difference Fourier maps whesspile (see details below), and the carbon-
bound hydrogen atoms were introduced at calculptisitions. All hydrogen atoms were
treated as riding atoms with an isotropic displagenhparameter equal to 1.2 times that of the
parent atom (1.5 for CHwith optimized geometry). Large voids in theitss of compounds
3 and5 indicate the presence of unresolved solvent m@dscwhose contribution to the
structure factors was taken into account with PLATSQUEEZE?® Crystal data and structure
refinement parameters are given in Table 1. Theoubdr plots were drawn with ORTEP*3,
and the polyhedral representations with VESYAhe topological analyses were conducted
with TOPOS®! Special details, when present, are as follows.

Complex 3. Restraints on bond lengths, angles and displacepa&mmeters were
applied for the atoms of the badly resolved camaieomolecule. The hydrogen atom bound to
025 was found on a difference Fourier map, butthhose of the lattice water molecules, one
of which was given an occupancy factor of 0.5 ideorto retain an acceptable displacement

parameter.



Complex 5. The crystals, and consequently the diffraction eaee of very poor quality
and the refinement required the use of extensigtraiats on bond lengths, angles and
displacement parameters. The hydrogen atoms dflithé cations, which are disordered and
were given occupancy parameters of 1/3 for chargknibe and to retain acceptable

displacement parameters, were neither found, niaydaced.

Table 1. Crystal Data and Structure Refinement Details

1 2 3 4 5
chemical formula CagHssCUNsO14U CagHs2N4aNiO10U C24H490CONsO28U4 C34H3aNOoPU C141H19N3048P3Us
M (g mof?) 1106.53 901.47 1880.74 869.62 4290.12
cryst syst triclinic orthorhombic orthorhombic matiaic hexagonal
space group P1 P212121 P2,2:2 P21 P63
a(A) 8.2223(4) 9.1167(3) 17.3555(8) 8.0460(3) 1388)
b (A) 11.4446(3) 18.4978(7) 21.4656(13) 16.2439(10) 15.9876(7)
c(A) 13.2749(6) 19.5856(5) 13.8492(6) 12.9430(8) .929(3)
a (deg) 68.345(3) 90 90 90 90
[ (deg) 86.979(2) 90 90 100.564(4) 90
¥ (deg) 76.794(3) 90 90 90 120
V (A3 1129.62(8) 3302.90(19) 5159.5(5) 1662.96(16) 8832)
z 1 4 4 2 2
refins collcd 61854 110279 88767 55097 143094
indep reflns 8491 6244 9766 6280 9817
obsd refins[> 20(1)] 8482 6005 8176 5924 4703
Rint 0.025 0.022 0.038 0.020 0.101
params refined 536 407 577 419 611
Ri 0.029 0.026 0.047 0.034 0.063
WR2 0.074 0.066 0.117 0.088 0.208
S 1.055 1.070 1.038 1.030 1.022
Dpmin (€ A3) -0.72 -1.26 -1.38 -1.74 -2.11
Apmax (e A3) 0.57 0.70 1.19 0.76 1.21
Flack parameter 0.014(7) 0.015(9) 0.053(17) 0.010(11) 0.09(2)

L uminescence M easur ements. Emission spectra were recorded on solid samplag us
a Horiba-Jobin-Yvon IBH FL-322 Fluorolog 3 spectreter equipped with a 450 W xenon arc
lamp, double-grating excitation and emission monaetator (2.1 nm/mm of dispersion; 1200
grooves/mm) and a TBX-04 single photon-countingdetr. The powdered compounds were
put into a quartz tube and pressed to the wali@tube, and the measurements were performed
using the right-angle mode. An excitation wavelengt 420 nm, a commonly used point
although only part of a broad manifold, was usedlirtases and the emission was monitored

between 450 and 650 nm. The quantum yield measutsnveere performed by using a



Hamamatsu Quantaurus C11347 absolute photoluminescgpiantum yield spectrometer and

exciting the samples between 300 and 400 nm.

RESULTS AND DISCUSSION

Synthesis. Crystals of complexesl-5 were grown under solvo-hydrothermal
conditions, at a temperature of 140 °C, with thegaoic cosolvent beingN,N-
dimethylformamide 1 and2), acetonitrile 8 and4), or a mixture thereobj. The crystals were
deposited directly from the pressurized and heat@dtion mixtures and not as a result of
subsequent cooling. The uranium/dicarboxylate ligaastio was 7:10 in all cases, so as to
favour the formation of an anionic species, butdkpected ratio of 2:3 is retained in complex
5 only, while a 1:2 ratio is found ity 1:1 in2 and4, and 4:1 ir8. Coligands (formate, tartrate,
nitrate) are present in all the last cases, whigshomoleptic. The composition of the crystalline
materials isolated in the present work providesthinr illustration of the vagaries of
solvothermal synthesis. Thus, in four of the fivenplexes the camphorate dianion éais
present but in complekthe Hcam monoanion is found, giving rise to a differentichiometry
to that of complexX, despite the identical isomeric form and very elgssimilar size of the
cations [CuR,SMescyclam)f* and [NiR,SMescyclam)f* as well as the use of identical
reaction conditions. The formate ligands presertidth complexes arise from hydrolysis of
DMF under the reaction conditio83? a process that also gives rise to dimethylammonium
cations that, in many other related systems butheoe, are found as components of the
crystalline products. Despite the use of DMF a®solvent in the synthesis of complBx
neither formate nor dimethylammonium is present dmmonium ion, presumably derived
from the acetonitrile cosolveht?®38is. It is not, however present in either comp&or
complex4, both of which were deposited from aqueous acetl@ensolvent. It is also notable
that although nitrate was present in all the reactnixtures, it appears in compldxonly.

Complex3 is the only one to contain an hydroxo ligand, gagsn reflection of the weak



basicity induced by the presence of tartrate anibms, while our efforts to associate different

large cations with anionic uranyl camphorate spewgiere successful in every case, it cannot
be said that the nature of the different cationstninave been the sole influence upon the
composition of the isolated crystals. The synthéseefore demand structural studies to define

in detail the interactions that determine the fafmthe crystal lattices.

Crystal Structures. Complexl, [CuR,SMescyclam)][UO(Hcam»(HCOO)], can be
described as the simplest of the present seri¢Bainits crystal lattice contains a discrete,
mononuclear uranyl complex. The asymmetric unitt@ims one uranyl cation chelated in
k20,0’ mode by two mono-deprotonated camphorate ligaanis$,bound to two monodentate
formate anions irtrans arrangement (Figure 1). As in all other compouindthis series, the
U-O bond lengths assume usual values [U-O(oxo0{8Jand 1.779(9) A, U-O(camphorate)
2.474(9)-2.516(9) A, U-O(formate) 2.419(9) and 2(83 A]. The uranyl ion is necessarily in
a chiral environment but itsg@quatorial array is very close to planar and asyranetry is
most obvious only in the orientations of the twoniate ligands. The RSR,9-[Cu(R S
Mescyclam)F* cation is formally achiral, and the copper(Il)ioatis bound to the four nitrogen
atoms of the macrocyclic ligand [Cu-N 2.019(11)430) A], and forms also a longer
contact, at 2.642(9) A with the formate atom OIis tpossible five-coordinate nature
distinguishing the role of the macrocycle compleaf that it has in the lattice of the uranyl
pimelate-oxalate complex [(RSMescyclam)][(UQ)2(C7)(C204)][2H20,** where the metal
ion remains four-coordinate and the complex actslys@s an hydrogen bond donor. The
mononuclear uranyl units are linked into chaingflrto thec axis through hydrogen bonding
involving the camphorate carboxylic protons and timeoordinated oxygen atoms of the
formate ligands [OBD14 2.618(13) A, 0O6-HID14 163°; O1AID12 2.597(12) A, 010-

HIID12 174°; symmetry codes: i%Y, z+ 1; j =X, Yy, z— 1]. These chains are in turn linked



C

Figurel. (a) View of compound. Displacement ellipsoids are drawn at the 50% @ipdity level. Carbon-bound
hydrogen atoms are omitted and hydrogen bondshargrsas dashed lines. (b) and (c) Two views oftieking
with uranium coordination polyhedra colored yellawd copper(ll) ions shown as blue spheres, andolggar

atoms omitted.
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through possible copper(ll) axial coordination ahdHIID hydrogen bonds involving
camphorate and formate as acceptor8IN2.961(14)-3.059(12) A, N-HD 122-152°] to
form two-dimensional (2D) sheets parallel to (10)ese interactions are all visible on the
Hirshfeld surface® calculated with CrystalExploréf,as well as several GHD hydrogen-
bonding interaction3>*®some of them between sheets. The Kitaigorodskiipgéndex (KPI)
calculated with PLATONY/ 0.67, is indicative of a compact packing with ignificant solvent-
accessible space.

Despite the almost identical form of the two casidiR,SR,9-[Cu(R,S-Mescyclam)F*
and NRSR9-[Ni(RSMescyclam)f*, complex 2, [Ni(RSMescyclam)][UOy(cam)-
(HCOOY}], differs from complexl in several respects. The environment of the uniqaeyl
cation is identical to that ih [U-O(ox0) 1.777(4) and 1.781(4) A, U-O(camphor&tdB0(6)—
2.522(5) A, U-O(formate) 2.406(4) and 2.408(4) Ayt here the fully deprotonated
camphorate dianion is bridging and generates aomi@thvaped, one-dimensional (1D)
coordination polymer parallel to tlveaxis (Figure 2). The nickel(ll) centre is boundhe four
nitrogen atoms [Ni-N 1.938(6)-1.953(7) A], but & not involved in axial coordination
interactions and the macrocycle complex unit fuoriessentially as an hydrogen bond donor.
Here, there is a parallel with the behaviour of ttetions in the complex [NRS
Mescyclam)][Ni(R,S-Mescyclam)(HO)2][(UO2)2(t-1,2-chdc)(O)]2 (t-1,2-chdc = trans-1,2-
cyclohexanedicarboxylatéj,although the structure of this material does shwat expansion
of the coordination sphere of 'Nby diaxial coordination is possible. The two fotmtgands
located intrans positions on the uranium cation again have importales in the hydrogen
bond network involving the counterions, acting asldes through their two oxygen atoms

between the pairs of NH groups projecting to eadh sf the NiN plane [NIID 2.788(9)—

3.125(9) A, N-HIID 139-176°]. In this way, each polymer strandrikéid to four others, giving

11



rise to the three-dimensional (3D) connectivitytioé lattice. No solvent accessible space is

present (KPI 0.70).

(o5 "
.g. -

A
g—bc ﬁ'
) (L)

Figure2. (a) View of compoun@. Displacement ellipsoids are drawn at the 30% alodlby level. Carbon-bound
hydrogen atoms are omitted and hydrogen bondshargrsas dashed lines. Symmetry codes: i = 3(21—y, z

-1/2;j=3/2x, 1-y,z+1/2. (b) and (c) Two views of the packing wittamium coordination polyhedra colored

yellow and nickel(Il) ions shown as blue spheresl hydrogen atoms omitted.
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Complex3, [Co(en}][(UO2)s(cam)R R-tart(OH)]BH.0 (3), whereR R-tart* is the
tetra-anion oR,R-tartaric acid, is stereochemically the most coogied of the present species,
containing three chiral components;[Co(en}]®*, RR-tart™ and carfr, all of which are
configurationally stable (to at least moderatelgvated temperatures) but conformationally
labile. The ability to prepare a reaction mixturenfi enantiomerically pure components,
however, was expected to limit the number of pdegboduct forms and the crystals obtained,
albeit in low yield, appeared to be uniform. Thgrametric unit contains four independent
uranium atoms, each of them being chelated by artgylate and one hydroxylic group from
oneR R-tart* ligand (Figure 3), a coordination mode previousiynd in [UG(Hatart)(H:0)],
the only other uranyl tartrate complex reportdnd also in complexes with citrate, malate and
citramalate ligand®’ The coordination sphere is completed differerslyeach uranium atom.
Ul and U2 are both chelated by two hydroxylic gmopone ligand, Ul being also chelated
in a very asymmetric fashion by one camphoratantigheing thus in a very distorted hexagonal
bipyramidal environment, while U2 is bound to omlige camphorate oxygen donor. U3 is
chelated by the two carboxylic groups of a secamntldte ligand and bound to one camphorate
donor, and U4 is bound to two tartrate and one ¢amgte ligands and to a hydroxide anion,
both U3 and U4 being thus in pentagonal bipyrameda&ironments, like U2. Overall, the bond
lengths around uranium are unexceptional [U-O(oXoy42(15)-1.794(15) A, U-
O(carboxylate) 2.337(13)-2.432(14) A but for U1-802.93(2) A, U-O(hydroxyl) 2.347(15)-
2.413(13) A]. Each tartrate ligand is bound to fougtal centres, as is also the camphorate
ligand, the latter through bjsf-k'O:k*Q’) coordination of the diequatorial carboxylate greu
(with additional more distant contact of Ul with Yp8ach pair of uranyl ions bridged by a

camphorate carboxylate are also being bridgeddspaotonated tartrate hydroxyl. This
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Figure3. (a) View of compoun@. Displacement ellipsoids are drawn at the 30% alodlby level. Carbon-bound
hydrogen atoms are omitted. Symmetry codest,iyzz+ 1;j=x+1/2,1/2 vy, 2 k=x-1/2,1/12 y, 1 -z | =
XY,z2—1,m=x+1/2,1/2y,1-z,n=x-1/2, 1/2 -y, =z (b) View of the 2D network. (c) View of the panki
with layers edge-on and cobalt(lll) ions shown eange spheres. (d) Nodal representation of the &iwark

(yellow, uranium; dark blue, tartrate ligands; ligghue, camphorate ligands).

connectivity results in the formation of a tetradab2D assembly parallel to (010), which has
the point (Schlafli) symbol {4%2{42.6%.8%{4 2.6°.8}2{42.6}, and is represented in Figure 3d.
The slightly undulating layers are separated by[@wen}]3* counterions. Structural studies
of [Co(en}]®* salts are very numerous and it is well establighat different conformers are
associated with different hydrogen bonding arraythe bound amino groups. [Co(e}i) is,

of course, unlike [MR S-Mescyclam)f* (M = Cu, Ni) both in that it is coordinately sadted
and that it has a greater number of NH sites wigineater number of possible orientations. In

complex3, the A-[Co(en}]*" has thed,3,A (Iel.0b) conformation and forms NHOD bonds to
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three different water molecules (probably involvedfurther hydrogen bond interactions,
though their hydrogen atoms were not located) dsagseto two uranyl oxo groups and two,
coordinated and uncoordinated, tartrate oxygen s({O{lD 2.89(3)-3.40(4) A, N-HD 117—
160°]. In this way it serves to link into the thldnension the sheets of the 2D uranyl polymer.
The hydroxyl anion forms an intra-sheet hydrogemdowvith a carboxylate oxygen atom
[025[D14 2.76(2) A, O25-HI14 151°; symmetry code: k x— 1/2, 1/2 -y, 1 —Z]. The
KPI, with solvent molecules excluded, amounts &¥0.

A return to bisk?0,0") coordination of bridging camphorate is seen i@ tomplex
[PPh][UO2(cam)(NQ)] (4). The unique uranium atom is chelated by two ceylade groups
and one nitrate anion [U-O(oxo) 1.757(7) and 1.769%, U-O(carboxylate) 2.433(7)—
2.450(7) A, U-O(nitrate) 2.499(8) and 2.520(7) Bigure 4), which generates a right-handed
helical 1D polymer running parallel to theaxis. These strands are arranged in sheets paralle
to (001) and separated by layers of counterionspalallel-displacedwstacking interaction
between PPfi cations is present, and only one [@kiinteraction, involving a methyl proton of
cant", is to be found [HBentroid 2.86 A, C—HIGentroid 130°]. Each PRhcation is involved
in a relatively small number of weak QKD interactions beyond dispersion through only three
of the four phenyl groups but these serve to litnd four separate polymer strands, thus creating
a 3D network, albeit loosely connected. Complezan thus be seen as a species where the
conformational and coordinative preferences of camphorate dianion have their greatest

influence. With a KPI of 0.68, the packing does cantain significant voids.
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Figure4. (a) View of compound. Displacement ellipsoids are drawn at the 30% glodlty level and counterions
are omitted. Symmetry codes: i = ¥y + 1/2,1 -z =2 —x,y— 1/2, 1 = (b) View of the packing with chains

viewed side-on. Hydrogen atoms are omitted in battvs.

Complex5, [PPhMe]s[NH4]3[(UO2)s(cam)], crystallizes in the hexagonal Sohncke
space group6s, the asymmetric unit containing two uranium atomgeneral position, and
three fully deprotonated, bis-chelating &antigands (Figure 5). Both uranium atoms are
chelated by three carboxylate groups [U-O(oxo) BJA.77(2) A, U-O(carboxylate)
2.36(2)-2.51(3) A], but here the bridging naturelbfigands and their curved geometry result
in the formation of a hexanuclear cage with thrigefotation symmetry. This cage differs from
the octanuclear, pseudo-cubic species which isuéetly found in uranyl camphorate

complexes (Figure 6%;22and it is in fact the first hexanuclear uranylbzatylate cage, the
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Figure5. (a) View of compoun. Displacement ellipsoids are drawn at the 10% gibdiby level. Counterions
and hydrogen atoms are omitted. Symmetry codesl iy, x -y, z j=y—-x+ 1, 1 —x, z (b) View of the
hexanuclear cage and the three associatedgM&Pttounterions. (c) The hexanuclear cage and theided
PPhMe* counterion viewed down the threefold rotation axd) View of the packing. Hydrogen atoms and

disordered ammonium ions are omitted.

.f
‘

ai\v)\b'wj

Figure 6. Simplified views of the hexanuclear cage in compda) and the octanuclear cage in previous uranyl

camphorate complexes (b). Yellow, uranium; red,gexy blue, camphorate ligand.
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previous examples being either dinuclear (helig&te) tetranucleaf®3"-3°
octanucleat/ 22232832343y even of higher nucleari&:*® The [(UQ)s(cam}]®~ moiety in5
hasCs point symmetry, but the uranium atoms alone dediriggonal prismatic motif oD3n
symmetry, which results in two sets dilll distances, the shorter ones being within thetréd
bases [8.9093(18) and 9.012(3) A for U1 and UZyeesvely], and the longer ones being along
the prism height [9.5041(14) A]. These distances@mparable to those in the octanuclear
camphorate cages [9.2606(8)-9.7845(7) A], and éineyarger than those found in cages based
on other polycarboxylates such as Kemp's triacid.0155.63 AP* cis-1,2-
cyclohexanedicarboxylate [5.37-5.61 RJor trans-1,2-cyclohexanedicarboxylate [5.82—6.95
A].37% The dihedral angles between the two carboxylateigs in each ligand are 104(3),
107(4) and 108(3)°, somewhat smaller than in thamxlear cages [113.8(13)-119.3(13)°].
The dihedral angles between the equatorial plahesraphorate-bridged uranyl cations are
95.1(4) and 94.2(5)° for the cations in the trigdaaes, and 103.0(5)° for the cations pertaining
to different faces; these values are also smaliat those in the larger cage [96.32(14)—
117.05(17)°]. All these differences in dihedral kesgare in keeping with the smaller size and
higher curvature of the cage B The three well-ordered PEMe" counterions, all with
threefold rotation symmetry, are in close assommtwith the cage unit, two of them outside
and with their methyl group pointing toward thespmi basis centre, and one inside the cavity
and with its phenyl rings directed towards the sgdmetween camphorate ligands (Figure 7).
When viewed down the axis (Figure 5d), the packing displays two kinfilmannels: those
corresponding to the cage cavities and contaifiad®PBMe* counterions, and those between
cages and containing the ammonium cations genenatsidu, which are highly disordered
around threefold rotation axes (see Experimentali®@®, as well as probably disordered

solvent molecules (the KPI with disordered ammonaations excluded amounts to 0.58). The
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cages are arranged in sheets parallel to (0 OHigjmare separated from one another by layers

of unincluded PPiMe* counterions.

Figure7. Spacefill representations of the cage in complesiewed down the trigonal axis (a), sideways &nyl
sideways with the included and two adjoining cotiotes in green (c). Yellow, uranium; red, oxygeie)

carbon; hydrogen atoms are omitted.

Complex 5 provides another example where the presence d&f &wimonium and
phosphonium cations in the lattice is associated thie crystallization of a closed oligomeric
uranyl-containing polyaniot;?®and the remarkable difference from complés probably due
to the influence of this combination. In other casehere PPfi or PPBMe" is the sole
additional cation associated with an anionic urasgkcies, relatively minor structural
differences have been foufftin contrast to the octanuclear cagfNR 4][PPhy][(UO2)s(c-1,2-
chdcy(H20)e]- 3H0 (c-1,2-chdc =tis-1,2-cyclohexanedicarboxylat&)where ammonium ion
is included, it is the much larger PfRte" ion that is included in the hexanuclear cage here.
exact role of ammonium ions in the lattice is uacl@ue to their disorder and lack of hydrogen
atom locations but all lie at points compatiblenMHHIID interactions involving carboxylate
oxygen atoms [NID 2.81(4)-2.97(6) A] and thus appear to have airotbe assembly. The
form of the cages is compatible with the threefyithmetry of the included PEMe™ cation in
that theCs axes are collinear, and the Hirshfeld surfacetercation indicates a single CKED
interaction beyond dispersion of each phenyl rimip & uranyl oxo group directed toward the

interior of the cage [ 3.57(2) A, HID 2.62 A, C-HID 174°]. The chirality of the cage has
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an influence in that the included cation has aatlwonformation, being that of a right-handed
helix. This influence extends to the other two imeglent PPEMe" cations which are poised
above the trigonal faces of the cage in that theégpa chiral conformations but these are
opposite, so that the cations containing P1 (irediydand P2 are of the same chirality and
enantiomeric to that containing P3. Because of this sheets of unincluded cations that lie
between those formed by the cages are racemi® #iry include both P2- and P3-containing
counterions. These unincluded cations appear tovodved in triple CHIID interactions with
carboxylate oxygen atoms bound to uranyllf 3.42(2) and 3.47(3) A, HD 2.55 and 2.62
A, C-HID 152 and 149°], but there is no evidence of “emdtranteraction® beyond

dispersion within their sheets.

L uminescence properties. Emission spectra under excitation at 420 nm wecerded
for complexesdl, 4 and5 in the solid state (Figure 8), the other compoumeiag unavailable
in sufficient quantity and purity. Whereas comptes non-luminescent, bothand4 display
the usual fine structure associated with the vilerprogression corresponding to tBe - Soo
andSio — Sy (v = 0—4) electronic transitior$ although emission ig is more intense than in
1, and its spectrum better resolved. Uranyl emisgidnmay be partially quenched due to the
presence of copper(ll) cations, as frequently olesi? The main maxima in the spectrum of
4 are at 465, 483, 503, 524, 548 and 574 nm, thewell-resolved maxima in the spectrum of
1 being blue-shifted by about 2 nm with respech&rtcounterparts id. These positions match

those generally found for hexacoordinated urangtigsS®
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Figure 8. Emission spectra of compouniis4 and5 in the solid state at room temperature, underaten at a

wavelength of 420 nm.

Solid-state photoluminescence quantum yields (P&QY 2 and 23% (with a standard
deviation of ca. +2.5%) have been measured for éexepl and4, respectively. The low value
for compoundl, possibly due to partial quenching by copper(),comparable to values
recently found in a series of uranyl complexes watiphatic a,w-dicarboxylate$! Both
[Cu(R,SMescyclam)f* and [NiR S-Mescyclam)f* have absorptions in the visible reditn
which overlap with that of [UgiH-0)s]?*,%> and which also overlap with the uranyl emission
bands, so that the effect of [RiE-Mescyclam)F* in complexi may be due to both preferential
absorption of the incident light as well as endrgpsfer from any excited uranyl centres to the
complex cations (a similar effect can be expeaed@dmpounc, for which no spectrum could
be recorded). While this argument is based on isol#pectroscopic data, it is known that the
solid state spectra of the 'Nand Cll complexes of unfunctionalised cyclam closely match

those in solutiof® The PLQY for complex is similar to that of 24% we have measured under
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the same conditions for uranyl nitrate hexahydiate, is one of the largest measured up to now
in the family of uranyl carboxylate complexes, t® tompared for example with 13% for
[PPhy]2[(UO2)2(t-1,4-chdc)]- 4H.0 (t-1,4-chdcH = trans-1,4-cyclohexanedicarboxylic acié,
12% for [PPH[UO2(C6)(NOs)] (H2C6 = adipic acidfl and 9% for
[H2NMez][PPhsMe][(UO2)2(ADA)s)-H.O  (H,ADA = 1,3-adamantanediacetic  acfd).
However, larger PLQYs are known, such as 42% medstor the previously described
Rb,[UOx(dipic);] (dipic = dipicolinate) 49% for [NMe]2[(UO2)a(C204)a(C4)] (H.C4 =
succinic acidf’ and 58% for [UQHL)(H20)] (HsL = benzene-1,3,5-tricarboxylic acithWwe
have discussed elsewh&ré¢he possibility that energy transfer between closmyl centres
might prolong excited state lifetimes and thus tHalll separations within lattices may be
important criteria in relation to PLQY values bhetshortest W distance does not seem to
be a relevant parameter in the case of compkRrce, at 8.0460(3) A (interchain), it is indeed
larger than the values measured in the two mastgly emitting complexes cited above (5.511
and 5.232 A, respectively), but comparable to dista in some much more weakly emitting
species’! We have also considered that phosphonium cati@ysatt as quenching centres and
thus that UIP separations may be significant but the short&8® distance i, 6.750(3) A, is
within the range found in a series of complexe$winaller PLQY$! which suggests that this
is not the dominant factor here. This also apptabe the case for the non-emissive complex
5, where the shortestP separation [UIP1 6.251(6) A] is longer than that in emissive

relativest

CONCLUSIONS
We have reported here the synthesis and crystaitste of five uranyl camphorate complexes
including five different bulky counterions, as wal the luminescence properties of three of

them. Three of the counterions are 3d block metatbmplexes, [MRS-Mescyclam)f* (M =
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Cu, Ni), which have been previoulsy used in assioriawith ciss and trans-1,2-
cyclohexanedicarboxylate, and aliphatigo-dicarboxylate ligand$>*! and [Co(erg]®", for
which only one example of use as a counterion foaaionic uranyl pimelate complex is
known®® The camphorate complexes with these counteriomseiner discrete, 1D or 2D,
respectively, the last havinB R-tartrate coligands, and its lattice thus contanthree
enantiomerically pure chiral species. The fact ¢hethange in interaction energy as small as 10
kJ mot?is sufficient to change an equilibrium constardhsas a solubility product by a factor
of 100 is an obvious explanation of the variabilityserved in our efforts to systematically
explore the effect of heterocations on the nat@icrystalline uranyl ion complexes. In just the
present examples, the balance between coordinatidehydrogen bonding interactions of
[M(R,S-Mescyclam)f* complexes is clearly rather delicate and while ube of [Co(er)®*
eliminates the competition of coordination, the toggbn bonding sites on this cation appear to
be of more restricted access than those of theaogde complexes and to favour in this case
interactions with small species such as water nutdscrather than direct interaction with
carboxylate groups.

The other two cations used are PPand PPEMe*, the latter associated with NH
counterions formed in situ. While the complex wWRRh* counterions is a 1D coordination
polymer (with nitrate coligands), the complex wiPhMe'/NHs" is a discrete, anionic
hexanuclear cage, different from the octanucleanylr camphorate species previously
described??® thus providing an example in which the size of tage can be modulated
through variation of the structure-directing couraies. That the combination of ammonium
and phosphonium cations seems to favour the foomadf closed uranyl dicarboxylate
oligomers, as observed here and in previous worth wiifferent carboxylate¥;?® is
encouraging, especially given that in the presasédt leads to inclusion of a relatively large

cation, PPEMe* (NH4" only was found to be included in one of the prasig reported cagé$,
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but the number of known structures is still too Brb@a be sure of ways to exploit this
combination. This complex belongs to the yet sonswastricted family of uranyl-organic
cage compounds, with the added benefit from thetigee (R,3S)-(+)-camphorate ligand that
the cage formed is chiral and enantiomerically pitres disappointing, however, to find that
this complex is non-emissive, a somewhat surprisiogervation given that such a degree of
guenching has not been found in other uranyl iompdexes involving phosphonium

countercationg?*' although none of these have involved inclusiothefcation in a cage.

ASSOCIATED CONTENT

Accession Codes

CCDC 1874636-187464fbntain the supplementary crystallographic datéhigrpaper. These
data can be obtained free of chargewvaw.ccdc.cam.ac.uk/data_request/af by emailing
data_request@ccdc.cam.ag.akby contacting The Cambridge CrystallographateDCentre,

12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1338033.

AUTHOR INFORMATION
Corresponding Authors

*E-mail: pierre.thuery@cea.fr. (P.T.)

*E-mail: harrowfield@unistra.fr. (J.H.)

ORCID

Pierre ThuéryD000-0003-1683-570X
Youssef Atoini:0000-0003-4851-3713
Jack Harrowfield0000-0003-4005-740X
Notes

The authors declare no competing financial interest

24



9.

REFERENCES

. Tranchemontagne, D. J.; Ni, Z.; O’Keeffe, M.; Yagli. M. Reticular Chemistry of Metal—

Organic PolyhedraAngew. Chem. Int. Ed. 2008, 47, 5136-5147.

. Young, N. J.; Hay, B. P., Structural Design Pritespfor Self-Assembled Coordination

Polygons and Polyhedr&hem. Commun. 2013, 49, 1354-1379.

. Harrowfield, J. M.; Lugan, N.; Shahverdizadeh, G; Soudi, A. A.; Thuéry, P. Solid State

Luminescence ang-Stacking in Crystalline Uranyl DipicolinateSur. J. Inorg. Chem. 2006,

389-396 and references therein.

. Wang, K. X.; Chen, J. S. Extended Structures angsibbchemical Properties of Uranyl—

Organic Compound#cc. Chem. Res. 2011, 44, 531-540.

. Li, X. Q.; Zhang, H. B.; Wu, S. T.; Lin, J. D.; LiR.; Li, Z. H.; Du, S. W. Synthesis, Structures

and Luminescent Properties of New Pb(I)/M(l) (MK Rb and Cs) Frameworks Based on

Dicarboxylic Acids: a Novel Icosahedral Ple SBU. CrystEngComm 2012, 14, 936—-944.

. Andrews, M. B.; Cahill, C. L. Uranyl Bearing Hybridaterials: Synthesis, Speciation, and

Solid-State Structure€hem. Rev. 2013, 113, 1121-1136.

. Ahmad, N.; Chughtai, A. H.; Younus, H. A.; Verpgot Discrete Metal-Carboxylate Self-

Assembled Cages: Design, Synthesis and Applicati@o®d. Chem. Rev. 2014, 280, 1-27.

. Loiseau, T.; Mihalcea, I.; Henry, N.; Volkringer,. Che Crystal Chemistry of Uranium

CarboxylatesCoord. Chem. Rev. 2014, 266267, 69-109.

Su, J.; Chen, J. S. MOFs of Uranium and the Actimigtruct. Bond. 2015, 163, 265-296.

10. Thuéry, P.; Harrowfield, J. Structural Variatsoin the Uranyl/4,4Biphenyldicarboxylate

System. Rare Examples of 2D 3D Polycatenated Uranyl-Organic Network®rg. Chem.

2015, 54, 8093—-8102 and references therein.

25



11. Thuéry, P.; Harrowfield, J. Uranyl lon Complexevith Long-Chain Aliphatic a,a
Dicarboxylates and 3d-Block Metal Counteriomsorg. Chem. 2016, 55, 2133-2145 and
references therein.

12. Jayasinghe, A. S.; Payne, M. K.; Forbes, T. @ynthesis and Characterization of
Heterometallic Uranyl Pyridinedicarboxylate Compdsnd. Solid Sate Chem. 2017, 254, 25—
31.

13. Thuéry, P.; Harrowfield, J. Recent AdvanceStictural Studies of Heterometallic Uranyl-
Containing Coordination Polymers and Polynuclears€ti SpeciePalton Trans. 2017, 46,
13660-13667.

14. Rusanova, J. A.; Rusanov, E. B.; Domasevitch,VK A New Adamantanecarboxylate
Coordination Polymer: Poly[je-Adamantane-1,3-dicarboxylato)aquadioxidouraniunj(VI
monohydate]Acta Cryst., Sect. C 2010, 66, m207—-m210.

15. Thuéry, P.; Riviere, E.; Harrowfield, J. Uramayld Uranyl-3d Block Cation Complexes with
1,3-Adamantanedicarboxylate: Crystal Structuresminescence and Magnetic Properties.
Inorg. Chem. 2015, 54, 2838-2850.

16. Thuéry, P.; Atoini, Y.; Harrowfield, J. CrowrtHers and Their Alkali Metal lon Complexes

as Assembler Groups in Uranyl-Organic Coordinafatymers withcis-1,3-, cis-1,2-, and

trans-1,2-Cyclohexanedicarboxylategsryst. Growth Des. 2018, 18, 3167-3177.

17. Thuéry, P.; Atoini, Y.; Harrowfield, J. Countar-Controlled Formation of an Octanuclear
Uranyl Cage withcis-1,2-Cyclohexanedicarboxylate Ligandsorg. Chem. 2018, 57, 6283~
6288.

18. Gu, Z. G.; Zhan, C.; Zhang, J.; Bu, X. Chiréle@istry of Metal-Camphorate Frameworks.
Chem. Soc. Rev. 2016, 45, 3122-3144.

19. Kumaradhas, P.; Levendis, D. C.; KoritsansZky,The Low-Temperature Study of D- and

DL-Camphoric AnhydrideActa Crystallogr., Sect. C 2000, 56, e103—e104.

26



20. Groom, C. R.; Bruno, I. J.; Lightfoot, M. P.;a/d, S. C. The Cambridge Structural Database.
Acta Crystallogr., Sect. B 2016, 72, 171-179.

21. Thuéry, PSolvothermal Synthesis and Crystal Structure ofnplraComplexes with 1,1-
Cyclobutanedicarboxylic and R139)-(+)-Camphoric Acids — Novel Chiral Uranyl-Organic
FrameworksEur. J. Inorg. Chem. 2006, 3646—3651.

22. Thuéry, P. A Nanosized Uranyl Camphorate Cagkita Use as a Building Unit in a Metal—
Organic FrameworkCryst. Growth Des. 2009, 9, 4592-4594.

23. Thuéry, P.; Harrowfield, J. Chiral One- to Téu2imensional Uranyl-Organic Assemblies
from (1R,39)-(+)-Camphoric Acid CrystEngComm 2014, 16, 2996—3004.

24. Thuéry, P.; Atoini, Y.; Harrowfield, J. Urarrganic Coordination Polymers withans-
1,2-,trans-1,4-, andcis-1,4-Cyclohexanedicarboxylates: Effects of BulkyhPRand PPgMe*
CounterionsCryst. Growth Des. 2018, 18, 2609-2619.

25. Thuéry, P.; Harrowfield, J. [Ni(cyclam)] and [NiR S-Mescyclam)f* as Linkers or
Counterions In Uranyl-Organic Species widis- and trans-1,2-Cyclohexanedicarboxylate
Ligands.Cryst. Growth Des. 2018, 18, 5512-5520.

26. Thuéry, P.; Atoini, Y.; Harrowfield, J. Closedranyl-Dicarboxylate Oligomers: A
Tetranuclear Metallatricycle with Uranyl Bridgehsaahd 1,3-Adamantanediacetate Linkers.
Inorg. Chem. 2018, 57, 7932-7939.

27. Hickam, S.; Burns, P. C. Oxo Clusters bEfements Sruct. Bonding (Berlin, Ger.) 2017,
173, 121-154 and references therein.

28. Thuéry, P.Nierlich, M.; Baldwin, B. W.; Komatsuzaki, N.;Hirose, T. A Metal-Organic
Molecular Box Obtained from Self-Assembling arouddanyl lons.J. Chem. Soc., Dalton
Trans., 1999, 1047-1048.

29. Thuéry, P.; Masci, B. Self-Assembly of an Odranate Cage Complex with a Rigid bis-

Catechol LigandSupramol. Chem. 2003, 15, 95-99.

27



30. Thuéry, P.; Villiers, C.; Jaud, J.; Ephritikejn M.; Masci, B. Uranyl-Based
Metallamacrocycles:  Tri- and  Tetranuclear Complexewith (2R 3R4S59)-
Tetrahydrofurantetracarboxylic Acid. Am. Chem. Soc. 2004, 126, 6838—6839.

31. Charushnikova, I. A.; Grigor'ev, M. S.; Krot, NIl. Synthesis and Crystal Structure of New
U(VI) and Np(VI) Benzoates, K(AnO2)23(0O0CGHs)s7(H20)18+. Radiochemistry 2010, 52,
138-144.

32. Pasquale, S.; Sattin, S.; Escudero-Adan, BM@rtinez-Belmonte, M.; de Mendoza, J. Giant
Regular Polyhedra from Calixarene Carboxylates@rahyl. Nature Commun. 2012, 3, 785—
791.

33. Unruh, D. K.; Gojdas, K.; Libo, A.; Forbes,Z.. Development of Metal-Organic Nanotubes
Exhibiting Low-Temperature, Reversible Exchang€ohfined “Ice Channelsd. Am. Chem.
Soc. 2013, 135, 7398-7401.

34. Thuéry, P. A Highly Adjustable Coordination &ya: Nanotubular and Molecular Cage
Species in Uranyl lon Complexes with Kemp’s Tria€idyst. Growth Des. 2014, 14, 901-904.
35. Thuéry, P. Increasing Complexity in the Uraloyi-Kemp’s Triacid System: From One- and
Two-Dimensional Polymers to Uranyl-Copper(ll) Dode@and Hexadecanuclear Species.

Cryst. Growth Des. 2014, 14, 2665-2676.

36. Thuéry, P.; Harrowfield, J. A New Form of Tepbtranded Helicate Found in Uranyl
Complexes of Aliphatie,w-DicarboxylatesInorg. Chem. 2015, 54, 10539-10541.

37. Thuéry, P.; Harrowfield, J. Coordination Polymm@nd Cage-Containing Frameworks in
Uranyl lon Complexes withrac- and (R,2R)-trans-1,2-Cyclohexanedicarboxylates:
Consequences of Chiralitynorg. Chem. 2017, 56, 1455-1469.

38. Thuéry, P.; Harrowfield, J. Tetrahedral and @dal Clusters in Complexes of Uranyl and
Alkali or Alkaline-Earth  Metal lons with rac- and (R2R)-trans1,2-

Cyclohexanedicarboxylat€ryst. Growth Des. 2017, 17, 2881-2892.

28



39. Lee, J.; Brewster, J. T., Il; Song, B.; Lynth,M.; Hwang, I.; Li, X.; Sessler, J. L. Uranyl
Dication Mediated Photoswitching of a Calix[4]pyeeBased Metal Coordination Cage.
Chem. Commun. 2018, 54, 9422-9425.

40. Tait, A. M.; Busch, D. H., ihnorganic Syntheses, Vol. 18; Douglas, B. E., (Vol. Ed.); John
Wiley & Sons: New York, 1978; Chapter 1.2, p. 10.

41. Thuéry, P.; Atoini, Y.; Harrowfield, J. StructuDirecting Effects of Counterions in Uranyl
lon Complexes with Long-Chain Aliphatia,w-Dicarboxylates: 1D to Polycatenated 3D
Species. Submitted.

42.Werner, A. Zur Kenntnis des Asymmetrisohikobaltatoms. VChem. Ber. 1912, 45, 121—
130.

43.Broomhead, J. A.; Dwyer, F. P.; HogarthJ. W. Resolution of the
Tris(Ethylenediamine)Cobalt(lIl) lorinorganic Syntheses. 1960, VI, 183—-186.

44. Hooft, R. W. WCOLLECT, Nonius BV: Delft, The Netherlands, 1998.

45. Otwinowski, Z.; Minor, W. Processing of X-Rayffitaction Data Collected in Oscillation
Mode.Methods Enzymol. 1997, 276, 307-326.

46. Sheldrick, G. M. SHELXT - Integrated Space-@r@nd Crystal-Structure Determination.
Acta Crystallogr., Sect. A 2015, 71, 3-8.

47. Sheldrick, G. M. Crystal Structure Refinemenhw@HELXL. Acta Crystallogr., Sect. C 2015,
71, 3-8.

48. Spek, A. L.PLATON SQUEEZE: a Tool for the Calculation of the DisomterSolvent
Contribution to the Calculated Structure Factéxda Crystallogr., Sect. C 2015, 71, 9-18.

49. Farrugia, L. J. WinGX and ORTEP for Windows:@pdate.J. Appl. Crystallogr. 2012, 45,
849-854.

50. Momma, K.; Izumi, F. VESTA: a Three-DimensioN&ualization System for Electronic and

Structural Analysis]. Appl. Crystallogr. 2008, 41, 653—658.

29



51. Blatov, V. A TOPOS Samara State University: Samara, Russia, 2004.

52. Thuéry, P.; Harrowfield, J. Acgand PB as Additional Assembling Cations in Uranyl
Coordination Polymers and Frameworlsryst. Growth Des. 2017, 17, 2116-2130 and
references therein.

53. Spackman, M. A.; Jayatilaka, D. Hirshfeld SaefaAnalysis.CrystEngComm 2009, 11, 19—
32.

54. Wolff, S. K.; Grimwood, D. J.; McKinnon, J. Jurner, M. J.; Jayatilaka, D.; Spackman, M.
A. CrystalExplorer; University of Western Australia: Crawley, Austeal2012.

55. Taylor, R.; Kennard, O. Crystallographic Evideffior the Existence of CHHD, C—HIIN, and
C—HIITI Hydrogen Bondsl. Am. Chem. Soc. 1982, 104, 5063-5070.

56. Desiraju, G. R. The C-HHD Hydrogen Bond: Structural Implications and Supsbkaoular
Design.Acc. Chem. Res. 1996, 29, 441-449.

57. Spek, A. L. Structure Validation in Chemicay&allographyActa Crystallogr., Sect. D 2009,
65, 148—-155.

58. Thuéry, P. Reaction of Uranyl Nitrate with Gaxplic Diacids under Hydrothermal
Conditions. Crystal Structure of Complexes with)-Tartaric and Oxalic Acid€?olyhedron
2007, 26, 101-106.

59. Thuéry, P.; Harrowfield, Jranyl lon Complexes with Chiral Malic and Citramealand
Prochiral Citric and Tricarballylic Acids: Influeemf Coligands and Additional Metal Cations.
Eur. J. Inorg. Chem. 2018, 1016-1027 and references therein.

60. Scudder, M.; Dance, I. Crystal Supramoleculantifd. Two- and Three-Dimensional
Networks of PAP* Cations Engaged in Sixfold Phenyl Embrade€hem. Soc., Dalton Trans

1998, 3167-3175, and references therein.

30



61. Brachmann, A.; Geipel, G.; Bernhard, G.; Nitschi. Study of Uranyl(Vl) Malonate
Complexation by Time Resolved Laser-Induced Flumese Spectroscopy (TRLFS).
Radiochim. Acta 2002, 90, 147-153.

62. Kerr, A. T.; Cahill, C. L. Postsynthetic Reangament/Metalation as a Route to Bimetallic
Uranyl Coordination Polymers: Syntheses, Structuaed Luminescenc€ryst. Growth Des.
2014, 14, 1914-1921.

63. Thuéry, P.; Harrowfield, J. Structural Conseqes of 1,4-Cyclohexanedicarboxylate
Cis/Transisomerism in Uranyl lon Complexes: From MoleculgreSies to 2D and 3D
Entangled Netdnorg. Chem. 2017, 56, 13464-13481 and references therein.

64. Curtis, N. F. Some Cyclic Tetra-Amines andrtital-lon Complexes. Part I. Two Isomeric
Hexamethyltetra-azacyclotetradecanes and their €@d@pp and Nickel(ll) ComplexesJ.
Chem. Soc. 1964, 2644-2650.

65. Burrows, H. D.; da Graca Miguel, M. Applicatomand Limitations of Uranyl lon as a
Photophysical Probdédv. Colloid Interf. Sci. 2001, 89-90, 485-496 and references therein.
66. Makowska-Janusik, M.; Kassiba, A.; Errien, Mehdi, A. Mesoporous Silica Functionalized
by Cyclam—Metal Groups: Spectroscopic Studies angnétical Modeling.J. Inorg.

Organomet. Polym. Mater. 2010, 20, 761-773.

67. Xie, J.; Wang, Y.; Liu, W.; Lin, X.; Chen, LZou, Y.; Diwu, J.; Chai, Z.; Albrecht-Schmitt,
T. E.; Liu, G.; Wang, S. Highly Sensitive Detectiaof lonizing Radiations by a
Photoluminescent Uranyl Organic Framewdkkgew. Chem. Int. Ed. 2017, 56, 7500—7504.

68. Wang, Y.; Yin, X.; Liu, W.; Xie, J.; Chen, Bjlver, M. A.; Sheng, D.; Chen, L.; Diwu, J.;
Liu, N.; Chai, Z.; Albrecht-Schmitt, T. E.; Wang, BEmergence of Uranium as a Distinct Metal
Center for Building Intrinsic X-ray Scintillator&ngew. Chem. Int. Ed. 2018, 57, 7883—7887.

69. Thuéry, P.; Riviére, E.; Harrowfield, J. Couide-Induced Variations in the Dimensionality

and Topology of Uranyl Pimelate Complex€syst. Growth Des. 2016, 16, 2826—-2835.

31



For Table of Contents Use Only

Chiral Discrete and Polymeric Uranyl lon Complexes with
(1R,39)-(+)-Camphorate Ligands: Counterion-Dependent

Formation of a Hexanuclear Cage
Pierre Thuéry, Youssef Atoini and Jack Harrowfield
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Five uranyl ion complexes with RI3S)-(+)-camphorate ligands incorporating diverse pulk
counterions were synthesized. While four of the plexes crystallize as OD (mononuclear),
1D and 2D species, the complex with EBN®&" and NH" counterions is a homochiral and
homoleptic hexanuclear cage with a cavity of sidfit size for inclusion of one phosphonium

cation.
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