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ABSTRACT: The macrocyclic species [Ni(cyclarff)hnd [NiR,S-Mescyclam)f* were used as additional cations
in the solvo-hydrothermal synthesis of five uraimyl complexes witltis- or trans-1,2-cyclohexanedicarboxylic
acids ¢-1,2-chdcH andt-1,2-chdcH). In the complex [U@c-chdc)Ni(cyclam)(HO)] (1), dimeric uranyl
dicarboxylate subunits are assembled into a tweedsional (2D) network through axial coordination\df to
carboxylate groups. Although they involve differensomers, the complexes [(UQc-chdc)(c-
chdcH)Ni(cyclam)] (2) and [(UQ)2(t-chdc)(t-chdcH}Ni(cyclam)] (3) are very similar, both containing uranyl-
based one dimensional (1D) subunits which are dsieeihmto 2D networks by bridging [Ni(cyclamj]groups.
The orientation of the uncoordinated carboxylicugrds different ir2 and3, the layers ir2 being hydrogen bonded

to each other through carboxylic acid dimer formatiUsing the pure &2R) enantiomer of-1,2-chdcH gives

the complex [Ni(cyclam)][(U@s(R-t-chdck(R-t-chdcH)(OX(CH;COO)] (@), in which pentanuclear uranyl
subunits are assembled into 1D chains by dicarl@aye ligands in the usual bis(equatorial) chairformation,
another ligand in the divergent bis(axial) confotimrauniting these chains into a 2D assembly; Miéyclam)P*

ions are simple counterions and are stacked inlpbfashion between the layers. [RiS&-Mescyclam)][Ni(R,S
Mescyclam)(HO),][(UO2)2(t-chdcy(O)]2 (5), in which the (R,2R) enantiomer used has undergone racemization,
contains discrete big{oxo0)-centered tetranuclear uranyl complexes, arganinto columns and layers by
extensive hydrogen bonding to the counterions. dliseoidal shape, available axial coordination sies
hydrogen bond donor potential of these macrocylit complexes make them efficient assembling agents in
uranyl-organic coordination polymers. As often obed in the presence of d-block metal cations, ylran

luminescence is either completely or partially qehesd in complexe$ and3, respectively.



INTRODUCTION

The formation of heterocationic complexes involviumgnyl ion and multidentate ligands has
proven to be a prolific means of generating uramylclusters, rings, cages and one- to three-
dimensional coordination polymets. Both metallic and non-metallic cations have bessdu
as the species to accompany uranyl ion but thedogroup has been the source of the greatest
variety. This is in large part because a given imetacan take different forms depending on
its coligands, thus leading to functions varyingnir that of simple charge balance as an
independent species interacting with the uranyypelr through weak interactions (such as
CH---O hydrogen bonds) only, through that of de¢mwraf a uranyl polymer involving mostly
only one or two coordination sites of the metal, iom that of a bridging unit in a true
heterometallic cluster or polymer. This last roge af particular interest because of the
possibility of controlling the nature of the bridgi by the use of coligands which limit the
number and relative orientation of the coordinasaes available for bridging, a possibility we
have recently explored through the use of alkaltam®sn complexes of crown ethers as
cocations with uranyl ioh Greater opportunities, however, are offered byuse of transition
metal ions, not only because of their varied sjpsctpic, magnetic and redox properties but
also because of the extensive nature of their kncvandination chemistry with macrocyclic
ligands’~!! ligands which provide exceptionally stable compkexith controlled location of
remaining coordination sites. Thus, in the preserk we have examined the influence of the
cations [Ni(cyclam¥* (cyclam = 1,4,8,11-tetra-azacyclotetradecane) ajini(R S
Mescyclam)f*  (R.S-Mescyclam (meso isomer) =  K14(-5,5,7,12,12,14-
hexamethylcyclam) on the crystal structures adoptedranyl ion complexes of botis- and
trans-1,2-cyclohexanedicarboxylate, ligands known otheewo give rise to a number of novel
uranyl ion complexe&'* With the quadridentate macrocycles forming a sewmanar N

array around N these nickel complexes are known to form bothmdignetic and



paramagnetic species depending upon whether dwoaxtra axial donor atoms are present.

10151710 general, the presence of'Nn heterometallic uranyl ion complexes is known to
influence the luminescence of the uranyl centfe8,so that various prospects, including that
of thermally induced spin state changes possibbp@ated with changes in luminescence

guantum vyields, arise with the use of these mdseria

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
Prolabocis-1,2-cyclohexanedicarboxylic acid-¢hdch) was from Alfa Aesar, andac-trans-
1,2-cyclohexanedicarboxylic acice¢-t-chdch) was from Lancaster. TheRER) enantiomer
of t-chdcH, denoted R-t-chdcH, was isolated through crystallization withR){1-
phenylethylamine as a resolving agent, as in tleeakure’! although both the &2R) and
(1S2S enantiomers are also available commercia®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 literaturé Elemental analyses were performed by MEDAC LtCladbham,
UK. For all syntheses of uranyl ion complexes rthetures in demineralized water were placed
in 10 mL tightly closed glass vessels and heatddl@t’C under autogenous pressure.

[Ni(cyclam)(NOs),]. Separate solutions of cyclam (200 mg, 1.00 mnmIFH:OH (5
mL) and Ni(NQ)2: 6H0O (290 mg, 1.00 mmol) in GDH (5 mL) were mixed to immediately
provide a yellow-brown solution. A small amountefy insoluble yellow material was filtered
out and the filtrate mixed with diethyl ether (10L)nto cause precipitation of
[Ni(cyclam)(NGs)2] as a pale violet solid which was collected byrdifion and washed with

ether (280 mg, 73% yield).



[Ni(R,S-Mescyclam)(NO3z)2]. Ni(NOs)2-6HO (1.45 g, 5.00 mmol) was dissolved in
dimethylsulfoxide (5 mL) by gentle warming and itig to give a yellow-green solution. A
solution ofR,S-Mescyclam (1.40 g, 4.90 mmol) in methanol (2 mL) waert added, the colour
of the solution rapidly changing to a brownish-eioland precipitation of violet crystals
commencing almost immediately. Ethanol (20 mL) added to complete the precipitation and
the product was finally collected by filtration, sleed with ethanol, then diethyl ether and air
dried (2.0 g, 85% yield).

[UOz(c-chdc):Ni(cyclam)(H-0)] (1). c-chdcH (17 mg, 0.10 mmol), UENOs),- 6HO
(35 mg, 0.07 mmol), and [Ni(cyclam)(N¥2] (40 mg, 0.10 mmol) were dissolved in water (0.7
mL) and DMF (0.2 mL). Crystals of compldxwere obtained overnight (29 mg, 65% yield
based on the acid). Anal. Calcd fofsk46NaNiO11U: C, 35.19; H, 5.22; N, 6.31. Found: C,
34.97; H, 5.08; N, 6.09%.

[(UO2);(c-chdc)s(c-chdcH):Ni(cyclam)]  (2). c¢-chdcH (17 mg, 0.10 mmol),
UO2(NO3)2:6H0 (35 mg, 0.07 mmol), and [Ni(cyclam)(N)g (20 mg, 0.05 mmol) were
dissolved in water (0.6 mL). Crystals of compkwere obtained in low yield within two weeks
(2 mg, 5% yield based on the acid). Anal. Calcd@aHesN4NiO20U2: C, 34.05; H, 4.49; N,
3.78. Found: C, 34.07; H, 4.30; N, 3.98%.

[(UO2),(t-chdc)s(t-chdcH):Ni(cyclam)] (3). rac-t-chdcH (17 mg, 0.10 mmol),
UO2(NO3)2:6H0 (35 mg, 0.07 mmol), and [Ni(cyclam)(N)g (40 mg, 0.10 mmol) were
dissolved in water (0.6 mL) and acetonitrile (0.R)nCrystals of comple were obtained in
low vyield within two weeks (5 mg, 13% vyield based the acid). Anal. Calcd for
Ca2HeeNaNiO20U2: C, 34.05; H, 4.49; N, 3.78. Found: C, 33.30; H54 N, 3.79%.

[Ni(cyclam)][(UO;)s(R-t-chdc)s(R-t-chdcH)(0),(CH3COOQ)] (4). R-t-chdchk (17 mg, 0.10

mmol), UQ(NO3)2- 6H0 (35 mg, 0.07 mmol), and [Ni(cyclam)(N)g (40 mg, 0.10 mmol)



were dissolved in water (0.6 mL) and acetonit@ (mL). Crystals of complekwere obtained
in very low yield within two weeks. Prolonged heatidid not improve the yield.
[Ni(R,S-Megscyclam)][Ni(R,S-Mescyclam)(H20),][(UO2)2(t-chdc)>(0)]: (5). R-t-chdch (17
mg, 0.10 mmol), UENOz3)2-6H0 (35 mg, 0.07 mmol), and [NR(S-Mescyclam)(NQ)2] (23
mg, 0.05 mmol) were dissolved in water (0.6 mL), B§0.2 mL), and acetonitrile (0.2 mL).
Crystals of comple¥% were obtained in low yield within four days (3 N0 yield based on
U). The elemental analysis results indicate thataeetonitrile molecules are probably retained,
in keeping with the presence of voids containingesalved solvent molecules in the crystal
structure (see below). Anal. Calcd fogaB116NsNi2O28Us + 2CHCN: C, 31.45; H, 4.73; N,

5.39. Found: C, 31.53; H, 4.58; N, 5.29%.

Crystallography. The data were collected at 150(2) K (compleked or 100(2) K
(5) on a Nonius Kappa-CCD area detector diffractom&tesing graphite-monochromated Mo
Ka radiation § = 0.71073 A). The crystals were introduced intasgl capillaries with a
protective coating of Paratone-N oil (Hampton Red®a The unit cell parameters were
determined from ten frames, then refined on athd@he data (combinations ¢f andw-scans
with a minimum redundancy of 4 for 90% of the refiens) were processed with HKL2080.
Absorption effects were corrected empirically withe program SCALEPACRK! The
structures were solved by intrinsic phasing witrEBNMT,2° expanded by subsequent difference
Fourier synthesis and refined by full-matrix leagttares o> with SHELXL-20142° All non-
hydrogen atoms were refined with anisotropic dispiaent parameters. The hydrogen atoms
bound to oxygen and nitrogen atoms were retrievedh fdifference Fourier maps when
possible (see details below), and the carbon-bdwyatogen atoms were introduced at
calculated positions. All hydrogen atoms were @#dahs riding atoms with an isotropic

displacement parameter equal to 1.2 times thdteoparent atom (1.5 for GHwith optimized



geometry). Crystal data and structure refinememtrpaters are given in Table 1. The
molecular plots were drawn with ORTEP“3and the polyhedral representations with
VESTA28 The topological analyses were conducted with TOPOSpecial details are as
follows.

Complex 3. The cyclohexyl group C9-C14 and the uncoordinatgtiaxylic group containing
09 and O10 attached to it are affected by disoroletr,the minor component could not be
modelled properly, so that only the major one wefshed with restraints on bond lengths,
angles and displacement parameters. The hydrogem lzund to this carboxylic group was
not found.

Complex 4. The carboxylic oxygen atoms O27 and O28 are diseddever two positions which
were refined with occupancy parameters constratoedum to unity; the hydrogen atom
attached to this group was not found. Restraintbamd lengths, angles and displacement
parameters were applied in several parts of thetsire which behaved badly probably because
of unresolved disorder. The value of the refineatKlparameter is —0.023(19).

Complex 5. The two dicarboxylate ligands are partly disordesett! the two components were
refined with occupancy parameters constrained no teuunity and restraints on displacement
parameters. The hydrogen atoms bound to N1, NZ2dddwere found on a difference Fourier
map, but those bound to N3 and N4 were introdutedlaulated positions. Some voids in the
lattice indicate the presence of solvent molecwbgh could not be located properly; their

contribution to the structure factors was taken aatcount with PLATON/SQUEEZF.



Table 1. Crystal Data and Structure Refinement Detids

1

2

chemical formula
M (g mor?)
cryst syst
space group

a (R

b (A)

c(A)

a (deg)
B(deg)

y (deg)

V (A3

z

reflns collcd
indep reflns
obsd reflnsI[> 24(1)]
Rim

params refined
Ri

WRy

S

Dpin (e A7)
Dy (8 A7)

CueH4eN4NiO1;,U
887.41
triclinic
Pi
10.7611(4)
11.2164(7)
13.6773(10)
88.724(3)
87.706(4)
73.978(3)
1585.36(17)
2
84530
6008
5287
0.054
391
0.042
0.106
1.112
-1.30
2.53

C2HeeNaNiO2 U,
1481.75
triclinic

Pi
9.3317(4)
11.0000(10)
12.5430(9)
103.790(4)
90.068(4)
93.812(5)
1247.45(16)
1

60087
4745
4077
0.094
313
0.048
0.145
1.049

-1.72

2.54

C2HeeNaNiO2 U,
1481.75
triclinic
Pi
9.3911(6)
12.2631(11)
12.3275(10)
105.199(4)
91.205(5)
104.363(5)
1321.57(19)
1
60304
5002
4483
0.044
313
0.048
0.137
1.166
-1.65
1.31

C44HeeNaNiO3cUs
2381.88
triclinic
P1
9.6855(6)
11.9568(9)
14.8911(8)
98.105(4)
103.738(4)
98.106(5)
1630.91(19)
1
72370
12239
11041
0.040
778
0.055
0.143
1.108
-2.83
1.24

CeaH11eNgNi02:Us
2515.18
triclinic
Pi
1823)
14.2295(16)
16.1034(16)
113.3B7(4
92.289(6)
100.698(6)
10229(4)
1
92202
7982
5492
0.087
570
0.072
0.188
1.058
-3.08
4.16

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 eimissnonochromator (2.1 nm mmof

dispersion; 1200 grooves mthand a TBX-04 single photon-counting detector. fowdered

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 anchBb0

RESULTS AND DISCUSSION

Synthesis.The crystalline complexes5 were obtained under purely hydrothernial (

or solvo-hydrothermal conditions (all other com@skat a temperature of 140 °C, the organic

cosolvent beindN,N-dimethylformamide (DMF) for complek, acetonitrile for3 and4, or a

mixture of both fors. The 7:10 uranium/ligand stoichiometry was usedlircases, so as to



favour the formation of an anionic species; thisorss 1:2 in1-3, 5:4 in4, and 1:1 in5, Ni'
providing extra positive charge in all cases, dredaharge equilibrium id and5 being ensured
by extra oxo and acetato anions. The presencezdatter anion i results from acetonitrile
hydrolysis possibly catalyzed by the metal catiam#ly acetamide as an intermediate species.
The other product of this reaction, hHis also frequently found in uranyl ion complexes
formed under similar conditions in the presenceaogtonitrile®141831 Oligomerization
through bridging oxo anions, as observed and5, is a very common phenomenon in uranyl
chemistry leading to a great variety of secondarjding units® The presence of oxo ligands
in complexegt and5 is an indication that the reaction mixtures mayehldecome significantly
basic, possibly due to kinetically slow partialstisiation of the tetramine macrocycles from
Ni" under the reaction conditions. Such dissociatiay aiso explain the rather poor yields of

the crystals incorporating the intact macrocycbaplexes.

Crystal Structures. The complex [UQ@(c-chdcyNi(cyclam)(HO)] (1) pertains to the
still limited family of uranyl complexes witb-chd&-, the other examples being an octanuclear
cage obtained in the presence of PRImd NH* cationst* and two complexes, two- and three-
dimensional (2D and 3D) including alkali metal imwnplexed by crown ethetshe unique
uranyl cation inl is chelated by on&?0,0' carboxylate group, and bound to two more
carboxylate groups from two different ligands aneaer molecule, the uranium atom being
thus in a pentagonal bipyramidal environment (Féglyy. The twac-chd@ ligands are in the
chair conformation, with one carboxylate group baral the other equatoriad). One of them
chelates the uranyl cation with one carboxylateigrand is bound in a monodentate fashion to
one NI' cation with the other, while the other is boundte uranyl ion through each of its

carboxylate groups, one of them being also bourwheoNI' cation (12-k*O: k'O’ mode).



b

Figure 1. (a) View of compound. Displacement ellipsoids are drawn at the 30% alodlby level. Carbon-bound
hydrogen atoms are omitted and hydrogen bondshargrsas dashed lines. Symmetry codes: i x11—y, -z
j=%1-y,1-z k=1-x -y, -z (b) View of the dimeric motif with uranium coordition polyhedra colored
yellow and those of nickel(ll) green, and hydrogeéoms omitted. For clarity, only two of the fourmwunding

Ni" cations are shown.

Centrosymmetric uranyl dinuclear subunits displgyan14-membered ring are thus formed,
which are bound to four Nications, all located on inversion centers, and fased into much
larger (50-membered) cyclic structures. The cyclaacrocycle adopts the usuabns-l|
conformation withR,SR,S configurations of theN-donors3? and the two inequivalent Ni

centres are six-coordinate, therefore paramagneitic,two axial carboxylate oxygen donors



Figure 2. (a) View of the 2D network in compourid (b) Representation of the 2D network (yellow: niuan
nodes; blue: centroids of the dicarboxylate ligandes or links; green: nickel links). (c) View b&tpacking with

layers viewed edge-on.

[Ni—O 2.156(5) and 2.136(5) A]. As in all the corapés reported here, the U-O and the Ni-N
bond lengths are unexceptional and will not behferrtcommented upon. The presence of

ammonium protons in the cyclam moieties result®imation of numerous hydrogen bonds,
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particularly between NH and carboxylate groups lodiorthe same Nicentre; the water ligand
also forms hydrogen bonds with carboxylate oxygema. The polymeric assembly formed is
2D and parallel to (1 0 1), and, since one ofctiodd@~ ligands and the Nications are simple
links which are transformed into edges in the sifigol net used for topology determination, it
has the point (Schlafli) symbol {#Band the common fes topological type (Figure 2).

The two complexes [(U(c-chdcy(c-chdcHYNi(cyclam)] ) and [(UQ)2(t-chdcy(t-
chdcH)Ni(cyclam)] @), involving either thecis or the racemidrans form of the carboxylate
ligand, respectively, have the same compositionthay crystallize in the same space group
and with unit cell parameters which, if not vergs®, are not widely different. The rotational
freedom about the C—GObonds enables tlees andtrans isomers of the ligand to adopt very
similar dispositions of their donor atoms, althoulga former assumes thae] and the latter
the e) conformation. Although most commonly it is foutidit solvo-hydrothermal syntheses
involving weak acids such as carboxylic acids resulisolation of complexes of the fully
deprotonated acid without the need to add a basgalpdeprotonation is not unknowhand
these complexes provide other examples in whicltdimsequences of this partial retention of
the protons are quite dramatic. The unique uraatybn is chelated by one carboxylate group
and bound to three carboxylate oxygen atoms fromeethmore ligands, the uranium
environment being here also pentagonal bipyramiBejures 3 and 4). The dicarboxylate
ligand is chelating and bridging bidentage-*O: k'O, thus connecting two uranyl and one
Ni'" cations, the latter located on an inversion centtéle the mono-deprotonated ligand is
bridging two uranyl ions through the-k'O: k*O'-carboxylate group, the carboxylic one being
uncoordinated. Chains of doubly bridged uranylarairun along the axis (with alternate-
chd& andc-chdcH bridges), which are cross-linked by thé' Mentres to form a 2D network
parallel to (0 1 0). The polymer has the same p&nibol {4.8} and the same topology (fes)

as that iriL, with the nickel(ll) cations simplified as edgasd the two two-fold ligands bridging

11



two uranyl cations making a double edge. Thereowdver a marked difference related to
hydrogen bond formation between the two complekesd3. In complex2, the sheets are
linked down theb axis by classical carboxylic acid dimer format{@ --O 2.626(12) A, O-
H---0 153°], thus giving a 3D network. In contrastomplex3, the carboxylic groups (which
are badly resolved and upon which the proton caotdoe located, see Experimental Section)
do not form hydrogen bonded pairs and they areauastlirected toward the centre of the layers,

a difference which may partly account for the Iatghfference in unit cell parameters between

2 and3 being on thd axis.

Figure 3. (a) View of compoun@. Displacement ellipsoids are drawn at the 20% alodlby level. Carbon-bound
hydrogen atoms are omitted and the hydrogen bosidawn as a dashed line. Symmetry codes: i x,11—y, 1

-zj=1-x1-y,2-zk=2-x 1-y,1-z (b) View of the 2D network. (c) Packing with steeiewed edge-
on. (d) Representation of the 2D network (yellov&nium nodes; blue: centroids of the dicarboxyligend nodes

or edges; green: nickel links).

12
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Figure 4. (a) View of compoun@. Displacement ellipsoids are drawn at the 20% gipdity level. Carbon-bound
hydrogen atoms are omitted and the hydrogen bosldawn as a dashed line. Symmetry codes: i x,11—y, 1
-zj=1-%1-y,2-zk=2-x1-y,1-z (b) View of the 2D network. (c) Packing with skeeiewed edge-

on.
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Given that the polymer sheets of compogGraate heterochiral, it is unsurprising that the
complex derived from the resolved ligand, [Ni(cyol{(UO2)s(R-t-chdcy(R-t-
chdcH)(O}(CHsCOO)] @), has a different structure but indeed the diffiees are quite
dramatic. This complex crystallizes in the Sohngkaup P1, with five independent uranium
cations in slightly different environments, all dhem pentagonal bipyramidal, one
[Ni(cyclam)?* counterion, three fully deprotonated and one madearotonatedR-t-chdc-
ligands, twopz-oxo anions, and one acetato anion fornreslitu from acetonitrile hydrolysis
(Figure 5). Atoms Ul to U4 are arranged into aataiclear cluster around the twe-oxo
anions O11 and 012, a very common motif in urahgnsistry® The coordination polyhedra
of Ul and U2 share two edges with those of adjageartium atoms, while those of U3 and U4
share only one edge. Atom U5 is linked to thistduthrough apex-sharing with atom U4, thus
generating a pentanuclear subunit. Atoms Ul anaftdZhelated by one carboxylate group
and bound to two oxo and one more carboxylate daseis also chelated by one carboxylate
and bound to three more carboxylate donors, whileadd U4 are chelated through both
carboxylate groups of one ligand, and bound to @@ and two more carboxylate groups.
Within the cluster, the }O)2 unit involves nearest U- - - U separations rangioigp f8.6042(11)
to 4.0985(11) A, while the fifth uranium centrenmre distant [U4---U5 4.5657(14) A]. The
shortest U---U separation between clusters is keetw8 and U5, at 5.1791(13) A. All these
distances are in fact shorter than any of the mininU- - -U distances ih [6.6947(7) A],2
[5.5764(7) A], an® [5.6107(7) A]. The coordinative roles of tRe-chd@/R-t-chdcH ligands
are remarkably varied, one of the dianionic onesgphbound to four uranium atoms through
its two bridging bidentatg-k1O: k'O’-carboxylate groups, and the other two to threeamet

centres through a mixture ®fO,0'-chelation, chelation between the two carboxylateigs

14
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Figure 5. (a) View of compound. Displacement ellipsoids are drawn at the 30% alodlby level. Carbon-bound
hydrogen atoms are omitted and hydrogen bondsharersas dashed lines. Symmetry codesx,jiy+ 1,z j =X
-1,y,z-1;k=x+1,y,z+ 1; | =x,y— 1,z (b) View of the uranium-based 2D network. (c) IRiag with layers

viewed edge-on. Only one position of the disordexteains is shown in all views.
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and monodentate bonding, while the monoanionimbigs bound to two metal atoms in the
H2-k1O: k'O’ mode, as is also the acetate anion. The pentanudigsters are linked to one
another to form chains directed along the [1 0xi$,ahese being united into a 2D network

parallel to (1 Q) through the unique ligand to be in tla@) conformation instead of the more

usual €e) one, which is the ligand bound to four metal cestand containing atoms O17 to
020. The éa) form was previously encountered in other compea-chd&~ with uranyf*
or other metal cation®;*® and a study of the conformational preferencesabfdcH and its
mono- and dianion in solution by NMR spectroscopyealed that, depending on the medium,
the @a) population could be significant, representingnasch as 57% for the dianion in
DMSO 2’ From a geometrical point of view, while treg) form is a convergent ligand, thaaj
form is divergent, as befits the connection of nkanto a planar layer. In contrast to the
previous complexes, the 'N¢ation here is not axially bound to two oxygemagpthe shortest
axial contact, with only the uranyl oxo atom Olingeat 2.736(17) A. Although this is long
and comparable to distances to various donor atorssnpler complexes where the'Ns
described as four-coordinatean interaction beyond dispersion is apparent enHinshfeld
surfacé®for the cation, calculated with CrystalExplofFEive-coordination is certainly known
in closely related Ni macrocycle complexés.Whether or not the interaction here has a
significant structural influence, the [Ni(cyclarfi)] counterions, with their mean plane
approximately parallel to that of the proximal gaot the layers, are located in channels directed
along theb axis, and they are hydrogen bonded to both neigfitog layers, thus forming a 3D
assembly.

The substitution ofneso Mescyclam as the ligand bound to'Nhas also important
consequences, possibly again in part due to som®llygis, resulting in free base release, the
room temperature stability of [Ni(Meyclam)F* being known to be significantly less than that

of [Ni(cyclam)P*1” Although the synthesis of complex [Ni(RS-Mescyclam)][Ni(RS
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Mescyclam)(HO)][(UO2)2(t-chdck(O)]2, was conducted using resolveit-chdch, the
chirality was lost in the isolated product, agaipassible consequence of a relatively basic
reaction medium due to tetramine release. AlthatsqghdcH must be an intermediate in the
conversion ofRR- to SSt-chdcH, it is not present in the crystal, possibly indiea of the

equilibrium betweeis andtrans isomers being in favour of the latter. As seeather species

C

Figure 6. (a) View of compoun®. Displacement ellipsoids are drawn at the 20% alodlby level. Carbon-bound
hydrogen atoms are omitted and hydrogen bondshasersas dashed lines. Symmetry codes: i =11y, 1 —
zj==x1-y,-z k== 1-y,1-z (b) View of the anionic tetranuclear uranyl compl(c) View of the packing.

Only one position of the disordered atoms is showadl views.

17



isolated from both racemic and resolvéd,2-chdcH,'?® it appears that the ligand
stereochemistry is not an important influence anftrm of the complex. Here also, an oxo
anion is present, and the two independent uranatmres and their image through inversion
form a bis-(13-0x0)-bridged cluster analogous to that found {Figure 6). However, while the
four uranium atoms in the clusterd4rhave pentagonal bipyramidal environments, thene %s

a mixture of pentagonal (Ul) and hexagonal (U2ytamidal environments. As a result, the
cluster is more compact, with the maximum numbegrasfsible shared edges between adjacent
polyhedra being achieved. Atom U1 is twice cheldtetiveen the two carboxylate groups of a
ligand, the fifth position being occupied by theoanion, while U2 is chelated in tkéO,0’
mode by two carboxylate groups, and bound to two brdges. Overall, the cluster is
surrounded by four ligands in the chaeg)(conformation, and it is present in the latticeans
isolated species not involved in higher degreeofdinative aggregation. The'Niations are
not involved in coordination to carboxylate groupst instead are present as (presumably)
paramagnetic, octahedral [RiG-Mescyclam)(HO)]?>" and square planar [NR(S
Mescyclam)F* species, both centrosymmetric, formally with jastharge-balancing role. The
tetranuclear anions and the [Rj§-Mescyclam)F* counterions parallel to them are stacked into
alternate columns directed along thaxis, while the [NiR, S-Mescyclam)(HO)z]?* cations are
perpendicular and located between the columns. iWVvitihe columns, the [NKS
Mescyclam)f* counterions are linked to the two adjoining uradlysters by four hydrogen
bonds involving uranyl oxo groups as acceptors-[®-3.23(2) and 3.02(2) A, N-H---O 153
and 161°]. The [NR S-Mescyclam)(HO),]?* cations are hydrogen bonded to two clusters in
different columns, with both ammonium and wated@sors and the uncoordinated carboxylate
atoms O8 and 012 as acceptors [N---O 3.176(163&16(15) A, N-H---O 150 and 146°;
O---0 2.821(15) and 2.834(15) A, O—-H.--O 167 arkif]1l4esulting in the formation of

hydrogen bonded layers parallel to (0 1 0).
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Luminescence propertiesA frequent drawback of the use of d-block transitmetal
counterions in uranyl-containing polymers is themghing of uranyl luminescence, probably
due to the transition metal cation providing a maimtive relaxation pathwdy.Indeed, the
emission spectra recorded for compouha@snd3, the only ones to have been synthesized pure
in sufficient quantity, show complete quenching Ipand only weak emission f& (Figure
7). The usual series of peaks associated withitirenic progression corresponding to te
~ SoandSo - Sv (v = 0-4) electronic transitioffsis apparent, with the main maxima at 502,
524 and 548 nm for the latter group of electronamsitions being typical of five-coordinate

uranyl carboxylate complexés.

110° : ’

Emission Intensity (Photon Count)

0 ] 1
450 500 550 600
Wavelength (nm)

Figure 7. Emission spectrum of compourlin the solid state at room temperature, undertatch at a

wavelength of 420 nm.
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CONCLUSIONS

Although d-block metal cations complexed by nitnogdhelators such as 2f2ipyridine or
1,10-phenanthroline have often been used as stedditecting counterions in uranyl-
containing coordination polymers or frameworkbie use of macrocyclic complexes of these
cations is much more unusual. Only a uranyl complaih R-citramalate including
[Ni(cyclam)[** moieties has been reported previous to the preserit, in which uranyl
dicarboxylate chains are bridged by'Niations axially bound to two carboxylate groups to
form a 2D assemblf. In three out of the five complexes reported htre,centrosymmetric
[Ni(cyclam)** moiety is also bound to two carboxylate donors #ntus assembles uranyl
dimers (complex) or chains 2 and3) into 2D networks. In contrast, [Ni(cyclarf)jn the 2D
compound4 and [Ni(Mecyclam)(HO).]?* (x = 0 or 2) in the discrete, tetranuclear comg@ex
are mere counterions and, apart from a long cobigsteen Ni and a uranyl oxo atom i
possibly indicating bonding as a decorating grdhbpir interaction with the anions involve a
number of hydrogen bonds between ammonium grouqasgkso water ligands %) and either
carboxylate or uranyl oxo acceptors which probatlyy a major role in their structure-
directing effect. We have recently investigatedrtile of crown ethers (12-crown-4, 15-crown-
5 and 18-crown-6) and their Nar K" ion complexes as assembler groups in uranyl ion
complexes with, in particulac; andt-chd@-°® and they appear to behave in a way comparable
to that of the present Nimacrocyclic complexes, notwithstanding the chatijerence. In
both cases, the complex assumes an essentialbidhsshape which is well suited to stacking
with the often planar uranyl-containing subunitsjllustrated here by complexésnd5, and

by most cases with crown ethers. The two axialtipss on NY in the cyclam complex are
well adapted for bridging through bonding to candate groups, whereas the quasi-planar
K(18-crown-6) cation displays a marked propensity to be axiaflynd to two uranyl oxo

groups. An important difference however is that ammm groups are hydrogen bond donors
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while ether oxygen atoms are potential acceptdrs.férmer are thus well adapted to hydrogen
bonding to uranyl carboxylate subunits, which &bk m acceptor groups, but the latter may at
best be hydrogen bonded to water coligands. A daallvelated to crown ether use is the
systematic formation of oxalate coligands underbtgermal conditions, which is absent here.
Partial dissociation of the tetramine macrocyclesnf Ni' and the consequent increase in
basicity of the solutions may explain the presasfa@xo anions in complexesand>b. Finally,
although these Nimacrocyclic complexes turn out to be efficienteasBlers in uranyl
carboxylate coordination polymers (better for exbanthan the coordinatively saturated
tris(ethylenediamine)cobalt(lll) complex, which canly form hydrogen bond9, they offer
little prospect in relation to luminescence prosrtsince complete or substantial quenching
of uranyl emission occurs for complexésand 3, as is often the case in uranyl species
containing d-block cations. Whether the quenchiifeceis determined by the electronic state
of the metal ion, both diamagnetic and paramagrggiand states being available to"Ni

remains to be established.
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[Ni(cyclam)]?* and [Ni(R,S-Mescyclam)]?* as Linkers or
Counterions In Uranyl-Organic Species with

cis- andtrans-1,2-Cyclohexanedicarboxylate Ligands

Pierre Thuéry and Jack Harrowfield

Five uranyl complexes withis- or trans-1,2-cyclohexanedicarboxylic acids, the latterhe t
racemic or (R,2R) enantiomeric form, were synthesized in the preseaf [Ni(cyclam)}* or
[Ni(R,S-Mescyclam)f*. The macrocyclic complexes are either hydrogerdbdrcounterions

or assembling units through axial bonding of Ni carboxylate groups.
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