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ABSTRACT: Three uranyl ion complexes wittans-1,2-cyclohexanedicarboxylic acitt1,2-chdcH) and six with
trans or cis-1,4-cyclohexanedicarboxylic acid¢- (or c-1,4-chdcH) have been obtained under solvo-hydrothermal
conditions in the presence of BPlor PPBMe* counterions. The complex [PRIVO2(R-t-1,2-chdc)(HCOO)] 1)
crystallized on use of the pureR2R) enantiomer of the dicarboxylate ligand, while fkemorphous complex
[PPH][UO2(St-1,2-chdc)(HCOO)] 2), containing the (§2S) enantiomer, resulted from use of the racemic form
through spontaneous resolution. Both contain the déxial @a) form of the ligand and are one-dimensional (1D)
polymers. The complex [PEMe][H2NMez]3[(UO2)a(R-t-1,2-chdcy]- H20 (3), with the pure enantiomeric, diequatorial
(e form of the ligand, is a two-dimensional (2D) sj@s with hnb topology, which derives from the stae of
tetranuclear clusters previously reported. Compdieh][UO2(t-1,4-chdc)(NQ)]- 2CH;CN (4) and [PPE[UO(c-
1,4-chdc)(NQ)] (5) are 1D polymers, helical in the latter case du¢he axial-equatorialag) form of the ligand.
[PPh]2[(UOy).(t-1,4-chdc)]- 4H,O  (6), [PPhMe][(UO)(t-1,4-chdc)]-2H,0 (7), [PPhMe][(UO2)2(c-1,4-
chdc}]-2HO 8), and [PPh]2[(UO2)(t-1,4-chdc)(c-1,4-chdc)]-3HO (9) all crystallize as 2D networks with
honeycomb topology, the shape of the rings andahidite layers varying due to the presenctarsisomers in both
theeeandaa forms, and coexistence ois andtransisomers ir9; in all complexe$-9, large channels are formed,
which contain the counterions. The uranyl emissipactra of compounds—4, 6 and9 in the solid state are in
agreement with those usually found for tris-chelatarboxylate complexes, while that of comp&>xcontaining a
mixture of seven- and eight-coordinate uranium atadfisplays a superposition of ill-resolved maximithin a broad

envelope. A quantum yield of 0.13 was measureddanplex6.
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INTRODUCTION

The topology of uranyl-organic coordination polysyeP when they are anionic, can easily be
modulated through modifying the nature of the cetgdtion. The latter is often an additional
metallic species, which can be part of the polyfadric itself or separate if associated with
coligands such as nitrogen chelatoliscan also be an organic species, and, in péaticthe very
large range in size and geometry available indna@lyy of ammonium cations has been extensively
exploited, as evidenced by the 330 crystal strestof uranyl—containing polymers including such
cations which are reported in the Cambridge Stratfdatabase (CSD, Version 5.33h contrast,
the quite common tetraphenylphosphonium and meiplynylphosphonium cations, PPland
PPhrMe*, have never been used in the synthesis of uramitaming coordination polymers, and
the former is only found in a handful of discretelecular uranyl complexes. The good solubility
of these cations and their thermal stability mddeaat well adapted to use in (solvo-)hydrothermal
syntheses, and their bulkiness is likely to hagé&r@ang effect on the geometry of anionic uranyl—
organic coordination polymers, comparable to thidhe equally bulky [Mls]?* cations, where M

is a d-block metal cation and L is 2{fipyridine or 1,10-phenanthrolifeBoth PPh* and PPkMe*
have been widely studied, in fact, for their stawat influence resulting from “multiple phenyl
embraces”° In the course of an investigation of the uranyhptexes formed with the different
isomers of cyclohexanedicarboxylate liga#t3® we have recently obtained the compound
[NH4][PPh][(UO2)s(c-1,2-chdcy(H20)e)- 3HO (where c-1,2-chdé- is the dianion ofcis-1,2-
cyclohexanedicarboxylic acid), which contains amanaclear cage of unique geometry, while
crystallization in the absence of possible couatesigives simple two-dimensional (2D) neutral
species? In order to characterize more thoroughly the ¢ftddPPh* and PP§Me* counterions

on the dimensionality and geometry of uranyl cometewith cyclohexanedicarboxylate ligands,



we have now synthesized a series of complexe® tltomtrans-1,2-cyclohexanedicarboxylic acid
(t-1,2-chdcH), either in its racemic or R2R) pure enantiomeric form, and six framans-1,4-
cyclohexanedicarboxylic acid-{,4-chdcH) or a mixture of thecis andtrans isomers ¢,t-1,4-
chdcH). These complexes have been characterized bydhatal structure and, in most cases,
their emission spectrum in the solid state. Thecstires of the complexes of 1,4-cAdin
particular reflect the consequences of the vanégonfigurations and conformations possible for
cyclohexanedicarboxylates, a feature known to teatbvel properties such as the “breathing” of

3D networks due to the accommodation of gu&sts.

EXPERIMENTAL SECTION

SynthesesCaution! Uranium is a radioactive and chemically toxic et and uranium-
containing samples must be handled with suitabte ead protection.

UO2(NOz3)2- 6H0 (depleted uranium, R. P. Normapur, 99%) was @asgett from Prolabo,
rac-trans-1,2-cyclohexanedicarboxylic acidag-t-1,2-chdcH) was from Lancasteitrans1,4-
cyclohexanedicarboxylic  acid t-{,4-chdcH) was from Alfa-Aesar, and 14-
cyclohexanedicarboxylic acid (mixture @ andtransisomersg,t-1,4-chdcH) was from Aldrich.
The (IR2R) enantiomer oft-1,2-chdcH, denoted R-t-1,2-chdcH, was isolated through
crystallization with R)-1-phenylethylamine as a resolving agent, as énlitierature'® although
both the (R2R) and (1525 enantiomers are also available commercially. Elatad analyses
were performed by MEDAC Ltd. at Chobham, UK. Fdsghtheses, the mixtures in demineralized
water were placed in 10 mL tightly closed glassseésand heated at 140 °C under autogenous

pressure.



[PPh4][UO5(R-t-1,2-chdc)(HCOO)]  (1). R-+t-1,2-chdcH (17 mg, 0.10 mmol),
UO>2(NOgz)2: 6HO (35 mg, 0.07 mmol), and Pfr (42 mg, 0.10 mmol) were dissolved in water
(0.5 mL) and DMF (0.2 mL). Crystals of compl&were obtained overnight (22 mg, 38% yield
based on U). Elemental analysis results indicateptiobable presence of about one extra water
molecule. Anal. Calcd for £2H310sPU + HO: C, 47.04; H, 3.92. Found: C, 47.20; H, 3.55%.

[PPh4][UO>(S-t-1,2-chdc)(HCOO)] (2). rac-t-1,2-chdcH (17 mg, 0.10 mmol),
UO2(NO3)2: 6H0 (35 mg, 0.07 mmol), and P (42 mg, 0.10 mmol) were dissolved in water
(0.5 mL) and DMF (0.2 mL). Crystals of complxvere obtained in low yield within two days.

[PPhzMe][H:NMez]3[(UOz)a(R-t-1,2-chdc)s]-H20 (3). R-t-1,2-chdcH (17 mg, 0.10 mmol),
UO2(NOz)2: 6H0 (35 mg, 0.07 mmol), and P#heBr (36 mg, 0.10 mmol) were dissolved in water
(0.5 mL) and DMF (0.2 mL). Crystals of compl@xvere obtained within one week (24 mg, 57%
yield based on the acid). Anal. Calcd fori104N3033PUs: C, 34.59; H, 4.14; N, 1.66. Found: C,
34.89; H, 4.17; N, 2.05%.

[PPh4J[UO,(t-1,4-chdc)(NO3)]-2CHsCN ~ (4). t-1,4-chdcH (17 mg, 0.10 mmol),
UO2(NOg3)2: 6H0 (35 mg, 0.07 mmol), and Pfr (42 mg, 0.10 mmol) were dissolved in water
(0.5 mL) and acetonitrile (0.2 mL). Crystals of quex 4 were obtained in low yield within one
week.

[PPh4][UO;(c-1,4-chdc)(NO3)] (5). c,t1,4-chdcH (17 mg, 0.10 mmol), USNO3)2- 6HO0
(35 mg, 0.07 mmol), and PiHBr (42 mg, 0.10 mmol) were dissolved in water (thz) andN-
methyl-2-pyrrolidone (0.3 mL). Crystals of compl&xwere obtained in low yield within one
month.

[PPh4]2[(UO2)s(t-1,4-chdc)s]-4H-0 (6). t-1,4-chdcH (17 mg, 0.10 mmol), USNQOs),- 6HO

(35 mg, 0.07 mmol), and PEBr (42 mg, 0.10 mmol) were dissolved in water (@) and DMF



(0.2 mL). Crystals of compleg& were obtained overnight (47 mg, 78% vyield basedhenacid).
Anal. Calcd for GoH78020P2U2: C, 48.01; H, 4.36. Found: C, 47.59; H, 3.95%. $ame complex
is obtained when DMF is replaced by acetonitrile.

[PPh3Me];[(UO;)s(t-1,4-chdc)s]-2H,O0 (7). t-1,4-chdcH (17 mg, 0.10 mmol),
UO>2(NOg)2: 6H0 (35 mg, 0.07 mmol), and PiteBr (36 mg, 0.10 mmol) were dissolved in water
(0.6 mL) and DMF (0.2 mL). Crystals of compl@&wvere obtained within four days (7 mg, 13%
yield based on the acid). Anal. Calcd fanl@70018P.U2: C, 45.37; H, 4.30. Found: C, 45.66; H,
4.34%.

[PPhsMe],[(UO:),(c-1,4-chdc)s]-2H.0  (8). c,t-1,4-chdcH (17 mg, 0.10 mmol),
UO2(NOz3)2- 6H0 (35 mg, 0.07 mmol), and P#eBr (36 mg, 0.10 mmol) were dissolved in water
(0.6 mL) and DMF (0.2 mL). Crystals of compl8wwere obtained within four days (7 mg, 13%
yield based on the acid). Anal. Calcd farld7001sP2U2: C, 45.37; H, 4.30. Found: C, 45.23; H,
4.27%.

[PPh4][(UO2),(t-1,4-chdc)s(c-1,4-chdc)]-3H20 (9). c,t-1,4-chdcH (17 mg, 0.10 mmol),
UO2(NOg)2: 6HO (35 mg, 0.07 mmol), and Pfr (42 mg, 0.10 mmol) were dissolved in water
(0.6 mL) and DMF (0.2 mL). Crystals of compl&were obtained overnight (16 mg, 27% yield

based on the acid). Anal. Calcd for2876019P2U2: C, 48.49; H, 4.30. Found: C, 49.17; H, 3.96%.

Crystallography. The data were collected at 150(2) K on a NoniupgéaCCD area
detector diffractometéf using graphite-monochromated Ma Kadiation § = 0.71073 A). The
crystals were introduced into glass capillariehwsiprotective coating of Paratone-N oil (Hampton
Research). The unit cell parameters were deternfinedten frames, then refined on all data. The

data (combinations af- andw-scans with a minimum redundancy of at least 496 of the



reflections) were processed with HKL20B0Absorption effects were corrected empirically with
the program SCALEPACKE The structures were solved by intrinsic phasinthVHELXT !°
expanded by subsequent difference Fourier syntlaesigefined by full-matrix least-squares on
F? with SHELXL-20142° All non-hydrogen atoms were refined with anisoitogisplacement
parameters. The hydrogen atoms bound to oxygensatare retrieved from difference Fourier
maps when possible, and the carbon-bound hydrdagersavere introduced at calculated positions
(as well as the ammonium hydrogen atom3)irAll hydrogen atoms were treated as riding atoms
with an isotropic displacement parameter equal2atiines that of the parent atom (1.5 for£CH
with optimized geometry). In compouthe dimethylammonium counterion is disorderedrove
two sites, one of them being itself disordered adba threefold rotation axis, and restraints were
applied for bond lengths, angles and displacemararpeters in the disordered parts. One lattice
water molecule in comple® is disordered over two positions which have besfimed with
occupancy parameters constrained to sum to umty tlze corresponding hydrogen atoms were
not found. In the case of compouddestraints on bond lengths and displacement peteaswere
applied in several parts of the structure; the ésghesidual electron density peaks are located nea
the uranium atoms, probably as a result of impédbsorption corrections. The Flack parameter
values are —0.012(8), —0.008(10) and 0.002(10)herthree enantiomerically pure compleges

3, respectively. Crystal data and structure refingmgarameters are given in Table 1. The
molecular plots were drawn with ORTEP¥3nd the polyhedral representations with VESTA.

The topological analyses were conducted with TOPOS.



Table 1. Crystal Data and Structure Refinement Detits

1 2 3 4 5
chemical formul Cs3aH3:0sPU Ca3H310sPU C72H104N3033P U, CagH3zsNzOoPU Ca;H3NOgPU
M (g mol™) 824.58 824.58 2534.68 923.68 841.57
cryst syst monoclinic monoclinic trigonal orthorhioim monoclinic
space grou P2, P2, R3 Pbcr P2,/n
a(A) 7.7964(3) 7.7955(4) 13.6231(3) 20.5334(8) 0445)
b (A) 14.9394(4) 14.9391(4) 13.6231(3) 14.7720(5) .62588(6)
c(A) 13.2101(5) 13.2114(7) 42.3397(12) 23.7294(11) 15.1949(4)
a (deg) 90 90 90 90 90
[ (deg) 101.558(2) 101.563(3) 90 90 99.312(2)
y(deg) 90 90 120 90 90
V (A3 1507.43(9) 1507.35(12) 6805.0(4) 7197.6(5) 315989)
z 2 2 3 8 4
Deaiee (g €5) 1.817 1.817 1.856 1.705 1.794
(Mo Ka) (mnit) 5.489 5.489 7.214 4612 5.317
F(000) 800 800 3630 3616 1632
refins collcd 59027 47434 69249 161672 91403
indep reflns 7755 7762 5744 6823 5909
obsd reflns [> 20(1)] 7017 6232 5668 4459 5116
Rint 0.032 0.041 0.017 0.053 0.030
params refined 389 389 374 454 397
Ry 0.031 0.040 0.024 0.037 0.026
WR, 0.078 0.084 0.066 0.085 0.069
S 1.023 1.054 1.075 0.921 1.042
D pmin (€ A7) -1.3C -1.3¢ -0.9¢ -0.92 -1.07
Domas (€ K3) 1.15 1.79 1.30 1.34 0.60

6 7 8 9
chemical formula Cr2H760,0P,U, Ce2H7¢O18PoU> Ce2H7¢018P2U> Cr2H760:19P2U,
M (g mof?) 1801.34 1641.18 1641.18 1783.32
cryst sys triclinic monoclinic monoclinic monoclinic
space group P1 P2;/c P2,/c P2,/n
a(A) 10.0284(4) 8.7748(4) 28.3178(6) 28.1368(9)
b (A) 13.5216() 25.8721() 13.1707() 19.3550()
c(A) 14.0662(6) 13.6877(7) 16.3855(3) 40.1254(12)
a (deg) 102.635(3) 90 90 90
S (deg) 95.694(3) 97.150(2) 91.0988(13) 106.988(2)
y(deg) 106.678(3) 90 90 90
V (A3 1755.91(14) 3083.3(2) 6110.1(2) 20898.3(10)
z 1 2 4 12
Deace (g €nTd) 1.703 1.768 1.784 1.700
4(Mo Ka) (mm?) 4.724 5.368 5.418 4.761
F(000; 884 160C 320( 1048¢
refins collcd 99165 74279 192267 383533
indep refins 6667 5850 11568 39092
obsd reflns|[> 24(1)] 6062 4809 10274 23869
Rint 0.042 0.040 0.022 0.071
params refined 443 380 759 2554
Ry 0.022 0.030 0.021 0.064
WR, 0.053 0.069 0.049 0.161
S 1.024 1.030 1.020 1.034
D pmin (€ A3) -1.16 -1.36 -0.79 -3.31
Domas (€ K3) 0.49 0.81 0.38 4.92




Luminescence MeasurementsEmission spectra were recorded on solid samples
using a Horiba-Jobin-Yvon IBH FL-322 Fluorolog 3esfrometer equipped with a 450 W
xenon arc lamp, double-grating excitation, and siois monochromators (2.1 nm mhof
dispersion; 1200 grooves mihand a TBX-04 single photon-counting detector. phedered
compound was pressed between two silica plateswice mounted such that the faces were
oriented vertically and at 45° to the incident éxtwon radiation. An excitation wavelength of
420 nm, a commonly used point although only pad bfoad manifold, was used in all cases
and the emission was monitored between 450 anch660The quantum yield measurement
was performed by using an absolute photoluminegcemgantum vyield spectrometer

Hamamatsu Quantaurus C11347 and exciting the sdypheen 300 and 400 nm.

RESULTS AND DISCUSSION

Synthesis. Complexes1-9, as crystalline solids, were synthesized undewacsol
hydrothermal conditions at a temperature of 140 & organic cosolvent beiny,N-
dimethylformamide (DMF) for complexeb-3 and 6-9, acetonitrile for4 and N-methyl-2-
pyrrolidone (NMP) fors. In all cases, the uranium/ligand stoichiometrgcug/as 7:10, in the
expectation that it would favour the formation ofanionic species. All complexes are indeed
anionic, notwithstanding some variations in uranfithdc- stoichiometry. This ratio is 1:1 in
1 and2, in which an extra negative charge is providedty formate anion formed situfrom
DMF hydrolysis, as previously documentédnd also it and5 which include a nitrate anion,
while it assumes the expected value of 2:3 in cengd3 and6-9. The PPh" or PPhMe*
counterions are present in all cases (as wellrasttiylammonium cations resulting from DMF
hydrolysis in complex3), indicating that, notwithstanding many other mapés with different

ligand/cosolvent combinations which failed to paeviany crystalline material, association of



these large counterions with uranyl-containing pwys gives systems fairly amenable to
crystallization and to a degree controllable webkpect to their stoichiometry. The effect of the
organic cosolvent, other than on the solubilitytlod initial reaction mixture, is difficult to
predict in cases where it, too, undergoes reactlm present structures providing examples
where DMF hydrolysis may provide either an anianmr(fate) or a cation (dimethylammonium)
incorporated in the complex finally obtained. Tenfiation of mixed carboxylato complexes
of uranyl ion, though rarely a direct objectivetbé syntheses, has proven to be a relatively
common and useful pathway to formation of crystellicoordination polymers, especially
where oxalate is the “unintentional” additionallmaxylate?>-2” As is commonly the case with
chiral ligands used in their racemic form, cryssallion can involve the formation of
conglomerate solids where separate crystals contdynone or the other of the enantiomeric
ligand forms and this is illustrated here by com@ewhich has the same structure as complex
1 except for the fact that by chance a crystal vedexcted containing the §2S) rather than the

(1R,2R) form of the enantiomerically pure ligand used tegare comples.

Crystal Structures. The two complexes [PHUJO2(R-t-1,2-chdc)(HCOO)] 1) and
[PPh][UO2(St-1,2-chdc)(HCOO)] 2), in which Rt-1,2-chdé- and St-1,2-chdé- are the
(1R,2R) and (35,29 enantiomers df-1,2-chdé-, respectively, are isomorphous and crystallize
in the monoclinic Sohncke grol2:. While 1 was obtained from the pureRPR) enantiomer
of the ligand2 was synthesized from the racemic form, which iats that resolution occurred
during crystallization, the particular crystal sedded to analysis containing the pur& 25)
enantiomer. The asymmetric unit in both cases amhtane uranyl cation chelated by two
carboxylate groups from two dicarboxylate ligandead one formate anion, the uranium
coordination environment being thus hexagonal lapydal, with unexceptional U-O bond

lengths (Figures 1 and 2). Th&,2-chdé-ligand is in the chair conformation with both



Figure 1. Top: View of compound. Displacement ellipsoids are drawn at the 30% giodiby level. Counterions
and hydrogen atoms are omitted. Symmetry codest +x,y— 1/2, z j =1 —x, y + 1/2, =z Bottom: Packing

with uranium coordination polyhedra colored yelland hydrogen atoms omitted.

Figure 2. View of compoun®. Displacement ellipsoids are drawn at the 20% glodity level. Counterions and
hydrogen atoms are omitted. Symmetry codes: i =xly-+ 1/2, 2 -z, j =1 -X,y — 1/2, 2 —z. The packing is

similar to that inl.

carboxylate groups axiahd), so that the cyclohexyl ring is roughly perpemnidhe to the mean
plane defined by the two carboxylate groups andatteeched uranium atoms. In all the uranyl
complexes witht-1,2-chdé- previously reportedt1? the ligand assumes the more common
chair conformation with the two carboxylate growgzguatorial €¢9. A search of the CSD

reveals only two metal ion complexes with tha conformatior?®2° with in both cases
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coexistence of thee andaa forms in the lattice. However, a study of the aconfational
preferences of-1,2-chdcH and its mono- and dianion in solution by NMR spaestopy
revealed that, depending on the medium,aa@opulation could be significant, representing
as much as 57% for the dianion in DM3Un contrast to theeform, theaaform is a distinctly
divergent ligand and a zigzag one-dimensional (pBlymer directed along thke axis is
formed, in which the directions of the cyclohexylg and formate ligand alternate from one
unit to the next. Extension of the 1D chains inDanetwork is prevented by the presence of
the terminal formate ligands. It is notable thatew similarlybis-chelating, theeeform of the
ligand readily gives tetrahedral uranyl clustéf¥, thus showing that its geometry is much
better adapted than that of @w@form to the formation of closed species. The uatild) chains

lie parallel to one another in sheets paralle0td (). The PP4i cations lie in undulating sheets
parallel to those of the anionic polymers, formiagays essentially identical to those
considered to define “multiple phenyl embracesaiwide variety of simpler derivativés’
PPh* cations related to one another by translationsgatbea axis are involved in fourfold,
“O4PE”8 embraces [P---P distances 7.7964(3) and 7.79%5(#) complexesl and 2,
respectively]. However, the corresponding inteawiare no stronger than dispersion, and no
significant restacking or CH-t interaction is present in the lattice. Only somealv
CH(cation)- - - O(carboxylate) hydrogen bonds mayrbsemt [C- - - O 3.115(10) and 3.280(9) A
for the shortest ones], which appear to be strottugan dispersion from examination of the
Hirshfeld surface® calculated with CrystalExploréf. With a Kitaigorodski packing index
(KPI, estimated with PLATOR) of 0.70, the packing has no solvent-accessiblcesp
Complexes isomorphous 1cand2 are obtained when DMF is replaced by acetonibilMP,

in which the formate anions are replaced by niteat®ns, but, in the absence of crystals

suitable for a satisfactory structure refinemdamése complexes will not be further described.
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Changing PPH for PPhMe" results in a profound structural modification e icase of
R-t-1,2-chdé-, which gives the complex [PEMe][H2NMe2]3[(UO2)4(R-t-1,2-chdcg]- H20 (3).
The same experiment performed widlt-t-1,2-chdcH gave the same complex, indicating that
resolution of the two enantiomers occurred durirygtallization here also. Instead of including
formate coligands asl and 2, 3 contains the other product of DMF hydrolysis,
dimethylammonium cationg crystallizes in the trigonal Sohncke groBp; the asymmetric
unit contains two uranyl cations, one of them (lotated on a threefold rotation axis (Wyckoff
position &), and the other (U2) in general position, tRd-1,2-chdé- ligands, one highly
disordered ENMe>* cation (see Experimental Section), and onesMBhcation located on a
threefold rotation axis (Figure 3). Both uraniuraras are chelated by three carboxylate groups
from threeR-t-1,2-chdé- ligands and they are thus in hexagonal bipyramédaironments.
The bis-chelating ligands are in the usual chair conforomatvith both carboxylate groups
equatorial €6, which results in the formation of a binodal 28hwmork parallel to (0 0 1). The
point (Schlafli) symbol is {3.8 5{93} and the topological type is hnb, which, withiise-node
rings, is an unusual one for nets based on threefotles (Figure 4). It is interesting to note
that, if the local environment of the uranyl iomdbed on the rotation axis is considered, it can
be seen to assume the shape of a half-closed uelean cluster, thus appearing as an
intermediate step (from a geometric, not mechanipbint of view) toward the formation of
closed, discrete tetrahedral spetié3(Figure 3). Each of the three tilted uranyl iottaehed
to the central one is part of a three-node ringciiig also analogous to part of the tetrahedral
cluster. The network thus appears to be derivad the cluster through breaking of two of the
three links around one uranyl group, rotating tiisup and forming two new links with two
different three-node rings derived from adjacenistdrs. While the anionic tetrahedral

molecular species can be readily obtained in thegrce of N, alkali or alkaline-earth,
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Figure 3. Top left: View of compound. Displacement ellipsoids are drawn at the 30% @iodity level.
Counterions, solvent molecules and hydrogen atomsmitted. Symmetry codes: i = ¥yx—-y+ 1,z j=y—X,
1-x,zk=~y,x-y,z|=y—X, —X z Top right: View of the uranyl-based 2D networlat®m left: Packing with
sheets viewed edge-on, and solvent molecules ashtbdpgn atoms omitted. Bottom right: Local arrangenud

uranyl ions and dicarboxylate ligands around tmeefold rotation axis.

Figure 4. Simplified side-on and edge-on representationfhi®furanyl-based 2D network with hnb topology in

compound3 (yellow: uranium; red: oxygen; blue: centroid bétdicarboxylate ligand).
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silver(l) or lead(ll) cations (with formation of texometallic cuboidal clusters with Cand
Rb"), the much bulkier PBNe* cation promotes a rearrangement which, even ifnggacally
minor, yields a 2D coordination polymer. The Bfa&" cation is located so that the methyl
group points towards the centre of the three-nadg and is probably involved in three weak
CH---O hydrogen bonds with three carboxylate oxygems from the ring [C---O 3.349(8) A,
C—H---0O 161°], an interaction clearly apparenthenHirshfeld surface. Although coulombic
interactions are largely dominant in the packihgrich weak interactions may play a local role
on the finest details of the arrangement. When ectwideways, the 2D sheets have a
corrugated aspect, with a thicknes&b1 A, one of the faces being lined by the trinuctesys,
while the uranyl cations located on the rotatioesaare located on the other face, and the sheets
are separated from one another by layers ofs&hcounterions. Possibly because of the
dominance of the interactions of the methyl growpgh carboxylate oxygen atoms, the
counterions are well spaced [shortest P---P distaB6231(3) A] within their sheets and do
not appear to be involved in “phenyl embraces”.efsities with a 3-bladed propeller form,
they are chiral and the chirality of the latticeeflected in the fact that all define right-handed
helices.

It appears that, among all the coordination modesxd up to now in uranyl ion
complexes with theis andtransisomers of 1,2-chdc, which are shown in Scheme 1, the only
one observed in the present complexes withrresform is the bis-chelating mode. However,
an extra level of variety is introduced by the ploigsaxial or equatorial positioning of the

carboxylate groups.
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Scheme 1Coordination modes af andt-1,2-chdé-in uranyl ion complexes.
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Complexes [PPAUO2(t-1,4-chdc)(NQ)]-2CHCN (4) and [PPR[UO2(c-1,4-
chdc)(NQ)] (5), synthesized from+1,4-chdcH andc,t-1,4-chdcH (mixture ofcis andtrans
isomers), respectively, have the same overall ftantexcept for the solvent), but different
structures. In both cases, the asymmetric unitatositone uranyl cation which is chelated by
two carboxylate groups and one nitrate anion, gAechdé- ligand in the chair conformation,
and two PPIt cations with twofold rotation symmetry (Figuresid 6). The two carboxylate
groups of thdransisomer in4 are equatorial, and the ligand is thus a diverderdar linker
which forms a zigzag 1D polymer running along thaxis (a linear chain was previously
observed in [UQt-1,4-chdc)(HO):], in which the water ligands occupans positions in the
uranyl equatorial plari@. These ribbon-like chains are packed in an oblifashion to form
sheets parallel to (0 0 1), which are separatddrgg spaces (> 6 A) containing the counterions
and solvent molecules (KPI 0.69). The counteriaesséacked into columns along thexis,
with an alternation of P---P distances of 7.253¢®) 7.519(3) A, in which two parallel-
displacedmestacking interactions are present within eachoocafair [centroid---centroid

distances 4.000(3) and 4.181(4) A, dihedral ange8(3) and 16.2(3)°]. One CHr: -
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Figure 5. Top: View of compound. Displacement ellipsoids are drawn at the 50% aibdidy level. Counterions,
solvent molecules and hydrogen atoms are omittgain®try codes: i x—1/2, 1/2 vy, 1 -z j=x+ 1/2, 1/2 -
y, 1 —z Middle and bottom: Packing with chains viewedesath or end-on, respectively, and solvent molecules

and hydrogen atoms omitted.
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interaction involving a proton from the ligand Is@possibly present [H- - - centroid 2.80 A, C—
H---centroid 138°]. Examination of the Hirshfeldfaoe reveals also several CH---O/N
hydrogen bonds between protons of the counteriomb solvent molecules and oxo or
carboxylato oxygen atoms, or acetonitrile nitrogésms.

In contrast, one of the two carboxylate groupshefdis isomer of the ligand i® is
equatorial and the other is axial, thus conferargnked shape to the ligand. A 1D polymeric

chain, directed along tHeaxis, is formed here also, but it has a distink#iical shape as a

Figure 6. Top: View of compoun®. Displacement ellipsoids are drawn at the 50% giodiby level. Counterions
and hydrogen atoms are omitted. Symmetry code8/2=x,y—1/2, 3/12 z, | = 3/2 —x, y + 1/2, 3/2 —z. Middle:

View of the 1D helical polymer. Bottom: Packing ithains viewed end-on. Hydrogen atoms are omiittélde

last two views.
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result of the ligand geometry and is akin to thaichn the neutral complex [UQ-1,4-
chdc)(bipy)], in which bipy is chelating and repacnitrateé’® The space group being
centrosymmetric, both left- and right-handed haliaee present in the lattice. The chains are

arranged so as to form layers parallel to {), @eparated from one another by the counterions

(KP1 0.68). Centrosymmetric pairs of cations witR-a- P distance of 6.7433(18) A are formed,
and can be considered as a case of sextuple pkemylac€. However, no short contact
indicative of significant-stacking interaction is present here, but thredc@¢lohexyl)- -t
interactions are possibly significant [H- - - centr®i@5—2.99 A, C—H- - -centroid 151-170°], as
well as one CH---O hydrogen bond involving a prdtom the counterion and a carboxylate
oxygen atom [C---O 3.113(5) A, C—H- - - O 133°], tlveseacts being apparent on the Hirshfeld
surfaces.

The two complexes [PRR[(UO2)2(t-1,4-chdc)]-4HO (6) and [PPEMe]o[(UO2)(t-
1,4-chdc)]- 2H.0 (7) differ by the counterion and the number of |&twater molecules, but,
as in complex3, the absence of a coligand such as formate ataitesults in the expected
uranium/ligand ratio of 2:3. The asymmetric uni6ioontains a unique uranium atom chelated
by three carboxylate groups, three centrosymmettid-chdé- ligands and one PFhcation
(Figure 7). All ligands are in the chair confornaati but two are in theeand one in the less
usualaa geometry. Examples of coexistence of these twmdasre knowr® one of them in a
uranyl-lead(Il) complex3 Uranyl ions are three-fold nodes in the 2D netwiorkned parallel
to (1 —2 1), which has the ppoint symbol of the honeycomb (hcb) topologicgbé. The
same topology was previously encountered in2NMez]2[(UO2)2(c-1,4-chdc)t-1,4-
chdcy]2H.0, which crystallizes as a threefold 2D paralldeipenetrated network; the
bulkiness of the counterions éhmay prevent a similar entanglement. Due to thegiree of

the ligand in theaa conformation, the layers are not planar, but digal sawtooth-shaped
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Figure 7. Top: View of compouné. Displacement ellipsoids are drawn at the 50% aibdidy level. Counterions,
solvent molecules and hydrogen atoms are omittgain®try codes: i=1x -y, 1 -z j=2-x,1-y,2-zk

= —X, -y, 2 —z. Middle: View of the uranyl-based 2D network ahé tounterions. Bottom: Packing of the sheets

with counterions and solvent molecules omitted.
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section. The counterions occupy the channels foypaeallel to the axis, which have a section
of (15 x 10 A%, and within these channels form centrosymmetricsgavolved in sextuple
phenyl embraces with a short P---P separation1&88(16) A. One parallel-displaced
stacking interaction is particularly obvious [ced - - centroid distance 4.027(2) A, dihedral
angle 0°], and also one CHm-interaction involving a proton from one ligand [Hecentroid
2.69 A, C—H---centroid 154°] and two CH(counteriorQ(carboxylate) hydrogen bonds
[C---O 3.091(5) and 3.234(5) A, C-H---O 124 and]130

The asymmetric unit iff contains one tris-chelated uranyl cation, onenkijan theee
conformation, and a second, centrosymmetric orteéma conformation, and one Pf\e*
cation (Figure 8). The connectivity is identicaltt@at in6 and, here also, a 2D network with
hcb topology is formed, parallel to (1 0 —2). Tagdrs have here a square wave-shaped section,
and the counterions are located within the char(@@Bx 11 A?) directed along tha axis (KP!I
0.68). Once again, the cations in the channelsbeaconsidered to contain centrosymmetric
close pairs [P---P 6.680(2) A] involved in sextypienyl embraces, but the Hirshfeld surface
only provides evidence that this embrace involvepeatsion interactions and that cation
interactions beyond dispersion are predominantihefCH- - - O type involving oxygen atoms
of the anionic polymer. One CHrinteraction involving a proton from ttea ligand appears
to be present [H---centroid 2.79 A, C-H...centrai®6°] along with four
CH(counterion)- - - O(oxo/carboxylate) hydrogen botwig of them involving the methyl group

[C---0 3.132(5)-3.346(5) A, C-H.-- 0 115-176°].
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Figure 8. Top: View of compound. Displacement ellipsoids are drawn at the 50% aibdiby level. Counterions,
solvent molecules and hydrogen atoms are omittgn®try codes: i x+ 1, 3/2 —y, z+ 1/2; j =x -1, 3/2 -y,
z—1/2; k=2, 2 -y, 1 -z Middle: View of the uranyl-based 2D network ahd tounterions. Bottom: Packing

of the sheets with counterions and solvent molecoiritted.

The complex [PPiMe]o[(UO2)2(c-1,4-chdc)]-2H.O (8) was synthesized from the
mixture ofcis andtransisomers of the ligand, but, as compteit contains only theis form.

The stoichiometry is the same abiand7, and the asymmetric unit contains two uranyl ions
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in different environments, three ligands in theicha conformation and two PEMe™* cations

(Figure 9). Atom U1 is chelated by three carboxylkgitoups, whereas U2 is chelated by two

Figure 9. Top: View of compoun@. Displacement ellipsoids are drawn at the 50% gindiby level. Counterions,

solvent molecules and hydrogen atoms are omittgungtry codes: i =xy—1/2,1/2 z j=1-x,y—-1/2, 1/2

-z k=xy+1/2,1/2 =2 1=1-xy+ 1/2, 1/2 —z Middle: View of the uranyl-based 2D network ame t

counterions. Bottom: Packing of the sheets witmterions and solvent molecules omitted.
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groups only and bound to one oxygen atom fromral figand, and it is thus in a pentagonal
bipyramidal environment. This minor difference maseffect on the nature of the polymeric
arrangement, which is here also 2D with the hcbltgy, and parallel to (0 0 1). When viewed
sideways, the layers display a triangular wave-stapr undulating section; the irregular
channels containing the counterions run along@hk 1] axis (® x 6 A2, while the hexagonal
rings have a size dfl5 x 9 A?), the overall packing leaving no significant spapart from
that occupied by the water molecules (KPI 0.69)eHd is the inequivalent cations which
appear to be involved in forming pairs through ampl embrace analogous to that found in
complex4, but that is tighter [P---P 6.5100(10) A], and tparallel-displacedwstacking
interactions are possibly present [centroid- - - oghtlistances 3.9206(18) and 4.3484(19) A,
dihedral angles 25.12(15) and 13.60(15)°], alonthwivo CH(cyclohexyl)- 1t interactions
[H---centroid 291 and 292 A, C-H---centroid 13%hd al123°] and six
CH(counterion)- - - O(carboxylate/water) hydrogen Isof@---O 3.260(4)-3.412(4) A, C-
H---O 143-170°]. The latter interactions involvingirogen atoms appear prominently on the
Hirshfeld surfaces.

The complex [PPA[(UO2)2(t-1,4-chdc)(c-1,4-chdc)]- 3HO (9) is the only one in the
present series to include batls andtrans isomers of the 1,4-chécligand, but other cases,
with varyingcis/trans ratios, have previously been describ&@omplex9 crystallizes in the
monoclinic space group2:/n with a large asymmetric unit containing six trlsetated uranyl
cations, three-1,4-chdé-and seven (two of them centrosymmettit)4-chdé-ligands, all in
the chair conformation, and six PPleations (Figure 10). While all thas ligands are of the
ae form, five (one of them centrosymmetric) of tinens ligands are of the extendee form
and two (one of them centrosymmetric) of the kinkafbrm. The 2D network formed, parallel
to (1 0 -5), has here also the hcb topology. Thertaare strongly corrugated, with a triangular

wave-shaped section and slight interdigitationdyfeent layers, and the channels that run
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Figure 10. Top: View of compoundd. Displacement ellipsoids are drawn at the 40% gbdiy level.
Counterions, solvent molecules and hydrogen atomsmitted. Symmetry codes: i x— 1/2,y — 1/2, 1/12 z; |
=xy-1zk=x-12y+1/2, 112z |=x,y+1,zm=2-x2-y,1-zn=2-x 1-y, 1 -z Middle: View

of the uranyl-based 2D network. Bottom: Packindhvgiheets viewed edge-on and solvent moleculeseaxnitt
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along the [1 @] direction are more elongated and irregular theé and7 (17 x 8 A?). It is

possible to discern three relatively close catiainp[P1- --P4 7.687(4) A; P2..-P5 7.376(4) A;
P3...P6 7.712(4) A] involving partial embraces thaise only form part of more extended
columnar arrays and the single instance of pheing stacking must be considered rather
distorted [centroid---centroid distance 4.390(6) dihedral angle 35.6(5)°]. Five
CH(cyclohexyl/phenyl)- st interactions [H- - - centroid 2.71-2.99 A, C—H- - reeahtl 34—151°]
are apparent, along with a CH---O(water), but ne-@P{carboxylate) hydrogen bond. The

KPI of 0.67 indicates that the packing is no maympact than the former ones.

Luminescence propertiesThe emission spectra of compouridd, 6, 8 and9 in the

solid state were recorded at room temperature uexigtation at a wavelength of 420 nm, a
value suitable for excitation of the uranyl chrorhope?® and they are shown in Figure 11. The
spectra ofl4, 6 and9 display the usual series of well-resolved maxirssoaiated with the
vibronic progression corresponding to tBa - So and Sio - Sv (v = 0-4) electronic
transitions®® The maxima positions are very close for thesesirplexes, with the four main
peaks $i0 - Sv (v=0-3)], at 480-482, 500-501, 521-524 and 545RB4.8These values are
typical of complexes in which uranyl is chelatedthyee carboxylate groupdand they are
significantly blue-shifted with respect to thosengrally measured in comparable complexes
with five equatorial donors. It is thus unsurprgsithat complex8, in which half the uranyl
centres have five and the other half six equataloalors, gives a spectrum in which a broad
envelope encompasses several unresolved maximarshimtense one being a480 nm as
expected for the component with six donors, andstdend atb509 nm, a value at the upper
end of the range usual for complexes with five defbA photoluminescence quantum yield
(PLQY) of 0.13 was measured for compouddvhich could be obtained in sufficiently large

guantity (in one batch), this value being twicettheeasured for the octanuclear complex
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[NH4][PPh][(UO2)s(c-1,2-chdcy(H20)e]- 3H20.14 This value is relatively low, probably due to
dynamic quenching induced by ambient oxygen, Isd siatic quenching, as already described
for other f-block compounds in their crystallinats’ 3 It is however important to mention

that it is still higher than that for other urarased compounds previously reportgd.
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Figure 11.Emission spectra of compountis4, 6, 8 and9 in the solid state, under excitation at a wavetle

420 nm.

CONCLUSIONS

Substitution on the cyclohexane ring has long leegaoited to provide access to multidentate
ligands and these are well-known to form metal gomplexes with properties significantly
dependent upon the conformational preferenceseofitly. We report herein a series of uranyl

complexes withrans-1,2-, trans-1,4- andcis-1,4-cyclohexanedicarboxylates obtained under

26



solvo-hydrothermal conditions in the presence adsPBr PPBMe* counterions and various
organic cosolvents. The broader spectrum of systemas available with these ligands does
reveal subtle differences in these structures &stsaowith different counterions and also shows
that, in the case dfl,2-chdé-, the species obtained from the racemic liganddiaplay a
degree of selectivity in their isomeric composition

Although the formation of tetrahedral clusters with 2-chdé- is frequently observed,
in particular in the presence of NHcounterions? it is not found with PPH or PPhMe*
cations. However, the local geometry in the hnbvoet of compound® appears to be derived
from that of the tetrahedral cluster. Thigandtransisomers behave differently in the presence
of the PPl cation since the octanuclear cage which is formigithe formet*is not observed
with the latter. NH" cations formedn situ from acetonitrile decomposition probably play an
essential role in the formation of this cage, iniaihthey are included, but experiments
performed witht-1,2-chdé- in acetonitrile only gave complexes isomorphou4 smd2 and
including nitrate ions, and theaNMe,* cations formed from DMF hydrolysis and present in
complex3 are too bulky to act in the same manner ag'N&hd they cannot form four hydrogen
bonds with oxo groups as the latter). These resautgest that the axial or equatorial
positioning of the carboxylate groups on the cyebof ring in the chair conformatiorege or
aain thetransisomer (the present results indicate that thesgifice in energy may be quite
small), andaein thecis, has a determinant effect on the geometry of émepdex. It is notable
that the racemic and pureR,2S) enantiomer are no different in the present corgdedue to
resolution of the enantiomers during crystallizatio the complexes synthesized from the
racemic form.

The polymeric assemblies formed with bis(chelatibg)-chdé- ligands are either 1D
(helical in one case) or 2D with the hcb topolo§ndr variations being provided by the

coexistence of theis andtransisomers in one case, and by the two possible gemsef the
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transisomer, lineaeeor kinkedaa). The prevalence of the hcb topology with both 2
PPhMe* as counterions, while it has been found only ancprevious experiments in the
absence of, or with different counteridigoints to a particular tendency of these largmnat

to induce the formation of species with large riagte to form channels sufficiently spacious
to accommodate them. Probably as a consequencentaeglement of networks, 2D or 3D,
frequently observed in previous experiments, iseabsere. The tendency of RPland
PPhMe" to aggregate in the solid state through phenylrao@s means that they can in fact be
considered to be able to generate exceptionalyjelaations but the present results show that
this tendency can be disrupted by other weak iotienas.

The seven complexes for which the photoluminescemoperties were investigated
show uranyl ion emission with the characteristisotation of vibronic fine structure. The
maxima positions for the six complexes in whichuhanyl ion has six equatorial donors match
the values usually found for tris-chelated carbatg/icomplexes, whereas the spectrum of the
complex in which environments with five and six dos coexist gives a broad envelope
masking a superposition of different series of gedkquantum yield of 0.13 was measured for

complex6, a promising result since this compound is thetleaissive in this series.
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Uranyl-Organic Coordination Polymers with
trans-1,2-,trans-1,4- andcis-1,4-Cyclohexanedicarboxylates:

Effects of Bulky PPh" and PPhkMe* Counterions

Pierre Thuéry, Youssef Atoini and Jack Harrowfield

One- and two-dimensional uranyl-containing coortiovapolymers withtrans-1,2-,trans-1,4-
and cis-1,4-cyclohexanedicarboxylate ligands result frdre tise of PRh or PPBMe* as
counterions. Both the diequatorial and the unudizadial forms are found for theansisomer

of both ligands, resulting in geometric variatiavighin series of related complexes.
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