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ABSTRACT

The reaction of yttrium or cerium nitrate and tetrachloro- or tetrabromocatecholate (X4Cat* with
X = Cl or Br has afforded the compounds: (EtzNH)2[{Y(ClsCat)(H20)2}2(p-
ClsCat)2]-2MeOH-2H20 (1-Cl), (EtsNH)2[{Y(BrsCat)(H20)2}2(u-BraCat)2]-1.5MeCN (1-Br),
(EtsNH)4[(ClaCat)(H20)2Y (pn-ClaCat)2 Y (ClaCat)2]-2.5MeOH-3.5H20 (2-C1),
(EtsNH)4[ { Y (ClsCat)(ClsCatH)(H20)} 2(n-ClaCat)2]-4H20 (3-C),
(EtsNH)7[ {Ce"V(ClaCatH)(NO3)(p2-ClaCat)s }2Ce™(NO3)2 (4-Cl) and (EtsNH)4[Ce'Y(X4Cat)4] (5-
X with X = Cl, Br). Small variations of the reaction stoichiometry and crystallization methods
allow the isolation of dinuclear yttrium complexes with four, five and six tetrachlorocatecholate
ligands in 1-Cl, 2-Cl and 3-Cl, respectively. Single crystal X-ray diffraction studies of these
compounds reveal a conserved tetrachlorocatecholate-bridged dinuclear yttrium core in each case,
but with different peripheral ligation. A key feature of the core unit is Y--*CIC(Ar) intramolecular
interactions with a catecholate chloro substituent ortho to one of the coordinating oxygen atoms.
The tetrabromocatecholate analog 1-Br has also been obtained. Applying similar methods to
redox-active cerium, rather than yttrium, instead affords an unusual mixed-valence trinuclear
{Ce"'Ce!2} complex in 4-Cl, as well as two mononuclear cerium(IV) complexes in 5-Cl and 5-
Br. Density functional theory calculations confirmed the [Ce!V(ClsCat)4]* charge distribution for

5-CL



INTRODUCTION

New complexes of rare earth (RE) metals ions are sought after for a range of applications that
make use of the unique electronic properties of their ions."? One of the most important applications
of rare earth compounds is employment of cerium oxide in catalytic converters, which makes use
of the Ce!V/Ce™™ redox couple to oxidize CO and NOx emissions in the exhaust gases from motor
vehicles. Cerium species are also widely used in other types of redox-catalysis,’ while complexes
of other rare earth ions play important roles in catalysing organic transformations.*® High quantum
yield efficiency and long-lived emissive excited states confer on some rare earth complexes
potential applications in new optical technologies, as well as medical diagnostics.”® Other rare
earth complexes exhibit the large magnetic moments and magnetic anisotropy that induce single-
molecule magnet (SMM) behavior, with resulting possible applications in high density data
storage, quantum computing or molecular spintronics.’!!

Typically existing in the trivalent state, rare earth ions are hard Lewis acids that tend to
coordinate to hard donor atoms though essentially electrostatic interactions. Their considerable
lability can pose synthetic challenges over controlling the reaction products, which is often
overcome by using high denticity ligands. Nice examples are the robust and stable gadolinium
complexes of octadentate ligands employed commercially as MRI contrast agents.'>!3 In contrast,
the use of lower denticity ligands can afford an array of different products, including discrete
polynuclear complexes and coordination polymers. This is exemplified by the extensive
carboxylate chemistry of rare earths.!®!3
We have an ongoing interest in the chemistry of o-dioxolene ligands, which are, in

principle, excellent bidentate ligands for rare earth metals. The coordination chemistry of rare earth

metals and dioxolene ligands is relatively unexplored and has mainly made use of 3,5- and 3,6-di-



16-24 \ith only a few complexes reported for

tert-butyl substituted catecholate and semiquinonate,
other dioxolenes.>>° Our focus has been the lesser used tetrahalo-substituted dioxolenes, with
which we have recently developed new SMMs by combining tetrachloro- and
tetrabromocatecholate ligands with 18-crown-6 and suitable rare earth metal ions.*® An important
potential advantage of halo-substituted dioxolene ligands is the removal of C-H vibrations that
quench the luminescence of emitting lanthanoid species, as well as the possibility of additional
intramolecular rare earth-halogen interactions that can engender particular structural moieties.
Such interactions are well known in rare earth complexes with fluoro-substituents,*! 3 but there
is only a single report of an analogous interaction with other halogens. Chloro-substituted amino-
bis(phenol) complexes of yttrium exhibit distinct intramolecular Y--CIC(Ar) interactions with a
chloro group ortho to the coordinated phenoxo oxygens.*® These interactions are better known for
metals that are not rare earths, for example silver tetrachloro- and tetrabromocatecholate
complexes involve important Ag--XC(Ar) (X = Cl, Br) interactions with the halo-substituent ortho
to the coordinated phenoxo oxygen.’’

Herein we report the results of our exploration of the chemistry of tetrachloro- and
tetrabromo-catecholate with yttrium(II). Weak intramolecular Y---XC(Ar) interactions are an
important structural feature, facilitating the formation dinuclear products. The choice of yttrium
for this work is based on its capacity as a less expensive and diamagnetic model for the mid to late
lanthanoids due to the similarity in ionic radii. In contrast, cerium differs from the other rare earth
metals in the relative availability of the tetravalent oxidation state and resulting accessibility of
redox chemistry.*® The ionic radius of cerium(III) is also around 10 % larger than yttrium and the

later lanthanoid(IIl) ions. We also report how the different properties of cerium versus yttrium



afforded different products when the synthetic methods that generated the dinuclear yttrium

complexes were extended to cerium.

EXPERIMENTAL SECTION

Synthesis. Tetrabromocatechol was synthesized as previously reported.>® All other
chemicals were purchased from commercial suppliers and used without further purification. Once
formed, the yttrium compounds decompose after a day or two when removed from the mother
liquor and exposed to air, undergoing color change and loss of crystallinity. Thus, upon isolation,
samples for elemental analysis were immediately sealed in ampoules under nitrogen.

(EtsNH)2[{Y(CLl4«Cat)(H20)2}2(u-Cl4Cat);]-2MeOH-2H,O (1-Cl). A stoichiometric
amount of tetrachlorocatechol (4 eq., 2.08 x 10™* mol) was deprotonated with two equivalents of
triethylamine (Et3N) per equivalent of ligand in methanol (3 mL) and added dropwise to a solution
of Y(NO3)3:xH20 (2 eq., 1.04 x 10 mol) in methanol (2 mL). The resulting solution was left to
stand at room temperature in the dark. Any amorphous solid that formed was removed by filtration
daily, and after no more precipitate was evident, the resulting solution was left to evaporate. After
about two weeks, crystals of 1-Cl could be selected from a mixture of 2-Cl and 3-Cl and
amorphous material. Samples for crystallography were maintained in contact with the mother
liquor to prevent solvent loss.

(EtsNH)2[{{Y(Br4Cat)(H20)2}2(u-BrsCat);]-1.5MeCN (1-Br). A stoichiometric amount
of tetrabromocatechol (4 eq., 2.08 x 10 mol) was deprotonated with two equivalents of EtsN per
equivalent of ligand in acetonitrile (3 mL) and added dropwise to a solution of Y(NO3)3:xH20 (2
eq., 1.04 x 10 mol) in acetonitrile (2 mL). Any precipitate was removed by filtration and the

resulting solution was left to stand at room temperature in the dark. Yellow plate-shaped crystals



form after one or two days. The crystals were collected by filtration, washed with cold acetonitrile
and diethyl ether, and air-dried. Yield ~30%. Anal. Calcd for Y2C39H44.5Br16N3.5012: C, 21.19; H,
2.02; N, 2.22. Found: C, 21.37; H, 1.73; N, 2.37.

(Et:NH)4[(Cl4Cat)(H20).Y (u-ClsCat), Y (ClyCat);]-2.5MeOH-3.5H,O 2-CD.
Tetrachlorocatechol (6 eq., 1.57 x 10* mol) was deprotonated with two equivalents of EtsN per
equivalent of ligand in methanol (2 mL) and added dropwise to a solution of Y(NO3)3.xH20 (2 eq.,
5.22x107° mol) in methanol (1 mL). The resulting solution was left to stand at room temperature
in the dark. A mixture of needle-shaped crystals of 2-Cl and 3-Cl were always obtained and it was
not possible to synthesize a homogeneous batch of 2-Cl. Samples for crystallography were
maintained in contact with the mother liquor to prevent solvent loss.

(EtsNH)4[{Y (Cl4Cat)(Cl4CatH)(H20)}2(u-ClsCat)]-4H,O (3-Cl). A small excess of
tetrachlorocatechol (8 eq., 4.15 x 10 mol) was deprotonated with two equivalents of EtsN in
methanol (3 mL) and added dropwise to a solution of Y(NO3)3xH20 (2 eq., 1.04 x 10 mol) in
methanol (2 mL). The resulting solution was left to stand at room temperature in the dark. Needle-
shaped crystals form after one week. The crystals were collected by filtration, washed with cold
methanol and diethyl ether and air-dried. Samples for crystallography were maintained in contact
with the mother liquor to prevent solvent loss. Yield: ~40%. The air-dried bulk sample analyzed
as desolvated. Anal. Calcd for Y2CeoH70Cl24014N4: C, 34.32; H, 3.36; N, 2.67. Found: C, 33.62;
H, 3.70; N, 3.03.

(EtsNH)7[{Ce!Y(ClsCatH)(NO3)(u2-ClsCat)3}2Ce""|(NO3)2 (4-Cl). Tetrachlorocatechol
(5 eq., 2.61 x 10" mol) was deprotonated with two equivalents of EtsN per equivalent of ligand in
methanol (3 mL) and added dropwise to a solution of Ce(NO3)3:6H20 (2 eq., 1.04 x 10 mol) in

methanol (3 mL) with a drop of water. The resulting solution slowly turned purple after one minute



of stirring, changing to dark black/purple after about three minutes. It was then left to evaporate
in the dark. Dark purple block-shaped crystals of 4-Cl always formed overnight, cocrystallized
with an amorphous powder, and it was not possible to isolate a homogenous bulk sample.
General Synthesis of (Ets:NH)4[Ce(X4Cat)4] (5-X). A solution of the tetrahalocatechol (4
eq., 1.84x10™* mmol) deprotonated by 2 equivalents of EtsN per ligand in methanol (2 mL) was
layered over a solution of Ce(NO3)3:6H20 (1 eq., 0.46 x 10* mmol) in methanol (1 mL) and stored
in the fridge. Dark coloured plate-shaped crystals appeared overnight. They were collected by
filtration, washed with cold methanol and diethyl ether and air-dried.
(EtsNH)4[Ce(Br4Cat)4](5-Br). Crystals were isolated as dark green blocks. Yield: 80 %.
Anal. Calcd for CeCasHs4BrisN4Os: C, 25.70; H, 2.88; N, 2.50. Found: C, 25.53; H, 2.72; N, 2.45
(EtsNH)4[Ce(Cl4Cat)4] (5-Cl). Crystals were isolated as dark purple blocks. Yield: 84 %.
Anal. Calcd for CeCagHeaCl16N4Os: C, 37.62; H, 4.21; N, 3.66. Found: C, 37.77; H, 4.17; N, 3.52.
Crystallography. Apart from 2-Cl, which was collected at 160 K, the crystallographic
data (Table 1) were collected at 130 K from single crystals mounted on a loop fiber using an
Oxford Diffraction SuperNova Dual Wavelength single-crystal X-ray diffractometer with Cu Ka
radiation (A = 1.5418 A). The data were reduced using CrysAlisPro software,*’ using numerical
absorption correction based on Gaussian integration over a multifaceted crystal model. Using
Olex2,*! the structures were solved with the ShelXT*? structure solution program using intrinsic
phasing and refined with the ShelXL* refinement package using least squares minimization.
All non-hydrogen atoms were refined with anisotropic displacement parameters while
hydrogen atoms (including the one on the phenol O atom in 3-Cl) were placed at calculated
positions and refined using the riding model. For 1-Cl and 3-Cl, the triethylammonium cations

were highly disordered and attempts to adequately model these were unsuccessful. Accordingly,



the refinement was carried out with the OLEX2 Solvent Mask routine to account for the
contribution of the disordered cations to the structure. For 2-Cl, one water molecule was disordered
over two positions, one methanol molecule was disordered over two positions and one of the
solvent molecules appeared to be a mixture of water and methanol; for the latter refinement was

carried with the occupancies of the two molecules being fixed at 0.5.
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Powder X-Ray Diffraction. P-XRD data were collected on a Rigaku Oxford Diffraction
SuperNova Dual Wavelength single crystal X-ray diffractometer using Cu-Ka radiation at 130 K.
Powder samples were prepared by gently grinding a few crystals of the bulk samples and loading
the resulting micro-crystalline powder samples in glass capillaries for measurement. Data were
collected in the 6 to 60° 20 range with an exposure time of 60 s per frame.

Elemental analyses were performed at Campbell Microanalytical Laboratory, University
of Otago, Dunedin, New Zealand.

Density Functional Theory Calculations. Density functional theory (DFT) calculations
were performed using the Gaussian 16** program packages with UB3LYP/6-311++G(d,p)/SDD
approximation. The extended 6-311++G(d,p) basis set was used for all atoms with the exception
of cerium, for which SDD basis set and the effective core potential were employed. The stationary
points on the potential energy surfaces were located by full geometry optimization and checked
for the stabilities of the DFT wave function. Exchange coupling of unpaired electrons in the
paramagnetic centers was estimated using the "broken symmetry" (BS) approach.*> The exchange

coupling constant J (in cm™"; H = -2JS1°S2) was calculated with the use of Yamaguchi equation.*®

RESULTS AND DISCUSSION

Synthesis. The reaction of yttrium(III) nitrate with various amounts of tetrahalocatecholate
Xa4Cat® ligands, deprotonated with triethylamine, leads to a series of dinuclear compounds
(Scheme 1) of general formula (EtsNH)4[Y2(X4Cat)s(XsCatH)c(H20)a(u2-XaCat):]
({Y2(XaCat)2+ptc}). As reported previously for compounds containing similar ligands, the
bromocatecholate analogues are yellow, while the chlorocatecholate complexes are colorless.*

Varying the equivalents of catechol employed in the synthesis, from four to eight per two

10



yttrium(III) ions, affords a conserved {Y2(u-X4Cat)2} core for all complexes. The two catecholate
ligands behave as bis-bidentate ligands, with one catecholate oxygen atom bridging the two metal
centers. Key to the robustness of the core is an intramolecular Y--XC(Ar) interaction with the
halo-substituent ortho to the bridging catecholate oxygen atom. Although the dinuclear species
possess the same core structure, they exhibit variability in the completion of the yttrium
coordination spheres, depending on the amount of tetrahalocatecholate available in the reaction.
We have identified distinct complexes with three different Y:X4Cat ratios: {Y2(X4Cat)s} (1-X),
{Y2(X4Cat)s} (2-X) and {Y2(XsCat)s} (3-X) where X = Cl or Br in the compounds
(EtsNH)2[{ Y (Cl4Cat)(H20)2}2(pn-ClaCat)2]-2MeOH-2H20 (1-C)),
(EtsNH)2[ { Y (BraCat)(H20)2}2(u-BraCat)2]- 1.5MeCN  (1-Br),  (EtsNH)4[(ClsCat)(H20)2Y (p-
ClsCat)2Y(ClsCat)2]-2.5MeOH-3.5H20 (2-Cl) and (EtsNH)4[ {Y(ClsCat)(ClsCatH)(H20)}2(p-

Cl4Cat)2]-4H20 (3-CI).

11



X OH
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X OH

X

+ [Y(NOs3)3]-xH,0

MeOH or MeCN
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Scheme 1. General synthetic pathway for the formation of the dinuclear species [Y2
(X4Cat)p(XsCatH)o(H20)a(u-X4Cat)2]* (1-X, 2-X and 3-X; X = Cl, Br; L = X4Cat*, X4CatH", or

H20).

The reaction conditions for the formation of complexes with different metal to ligand ratios
are very similar and mixtures of the different species are often obtained. We focused our attention
on the challenge of selectively forming pure samples of the different complexes. This was
achieved, in part, by taking advantage of the subtle differences in the solubility of chloro- versus
bromocatecholate complexes.’® The lower solubility of the tetrabromocatecholate compounds
allows overnight crystallization of pure {Y2(BrsCat)s} (1-Br) family, whereas the greater

solubility of the tetrachlorocatecholate compounds affords the formation of pure {Y2(ClsCat)s} (3-
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Cl) after one week. The reaction conditions were carefully optimized to try to access homogeneous
samples of these compounds in reasonable yield. An analytically pure and homogeneous bulk
sample of 1-Br can be obtained using a stoichiometric amount of tetrabromocatechol and stopping
the crystallization after the appearance of the first crystals, although the crystals are too poorly
diffracting to afford a good data set. A pure bulk sample of compound 3-Cl is obtained using an
excess of tetrachlorocatechol and removing the first non-crystalline products obtained overnight,
then collecting the desired compound after one week. Compounds 1-Br and 3-CI can both be
obtained in moderate yield. Efforts to measure powder diffraction patterns of the bulk samples of
1-Br and 3-Cl were unsuccessful, as grinding the crystals inevitably generated amorphous
materials. However, in each case, unit cell analyses performed on more than ten individual crystals
of each batch are consistent with a homogeneous sample and elemental analyses of the dried
samples (immediately sealed under nitrogen) indicate purity.

Crystals of the other combinations {Y2(ClsCat)4} (1-Cl) and {Y2(Brs4Cat)s} (3-Br) can also
be obtained, but only as mixtures. Although a good quality crystal structure is reported for 1-Cl,
crystals of 3-Br were poorly diffracting, and the resulting structure was poorly resolved. The
intermediate 2:5 ratio {Y2(X4Cat)s} complex (2-X) was observed co-crystallizing with 3-X if
insufficient tetrahalocatechol was employed in the reaction for 3-X. Indeed, it proved impossible
to obtain a homogenous batch of either 2-Cl or 2-Br, although the use of six equivalents of
tetrachlorocatechol reliably affords a reasonable amount of 2-Cl co-crystallized with 3-Cl.

The choice of reaction solvent also plays an important role in determining the final product.
Carrying out the reaction in methanol affords 2-Cl and 3-Cl, both of which feature terminal water
ligands. In contrast, the use of methanol for 1-Br instead generates an equivalent complex with

terminal methanol ligands, as indicated by preliminary single crystal X-ray diffraction studies.
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Instead, generation of 1-Br, with four terminal water ligands, requires the use of the more poorly
coordinating acetonitrile as solvent.

The similarity of their ionic radii often allows yttrium(III) to be a good substitute for the
later lanthanoid(III) ions and isostructural complexes are generally obtained. We have begun to
extend the syntheses optimized for yttrium to lanthanoid(II) ions and preliminary studies have
afforded equivalent dinuclear complexes for selected lanthanoids ranging in size from
neodymium(III) to ytterbium(III), which will be reported in due course. However, cerium has
proved to be a notable exception. Our initial efforts with cerium (Scheme S1) to obtain analogous
dinuclear cerium(IIl) complexes instead afforded dark-colored solutions indicative of oxidation to
cerium(IV). In lieu of dinuclear species, we obtained crystals of a mixed-valence trinuclear
complex in the compound (Etz:NH)7[{Ce"(ClsCatH)(NO3)(u2-ClsCat)3}2Ce™](NO3)2 (4-Cl),
which form together with an amorphous dark-colored powder. Slowing down the crystallization
process, by layering methanol solutions of the tetrahalocatecholates and cerium(III) nitrate at 4 °C,
instead affords pure samples of the mononuclear compounds (EtsNH)4[Ce'V(X4Cat)4] (5-X with X
= Cl, Br) in high yields (Scheme S1). The in situ generation of cerium(IV) in 4-Cl and 5-X by air
oxidation is in contrast to our previous report of cerium(IIT) complexes of tetrahalocatecholate and
18-crown-6 ligands, although in that case, dark coloration of the mother liquor is indicative of
partial oxidation during the reaction.’*® Compounds 5-Cl and 5-Br are the only chloro-/bromo-
analogs in this work to not require substantial difference in the synthesis and crystallization
procedures. In addition, compounds 5-Cl and 5-Br are the only compounds to maintain their
crystallinity upon grinding, as evident from the powder X-ray diffraction patterns of the bulk

samples (Figure S1). The experimental diffractograms are in excellent agreement with those
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calculated from the single crystal diffraction data, consistent with the purity and stability of these

compounds.

Structure Description. Crystallographic details of compounds 1-Cl, 2-Cl, 3-Cl, 4-Cl, 5-
Cl and 5-Br are reported in Table 1 and selected interatomic distances and angles are presented in
Tables 2, S1 and S2. The common structural feature of the dinuclear complexes in compounds 1-
Cl, 2-Cl and 3-Cl is a core comprised of two yttrium centers and two bridging
tetrachlorocatecholate ligands (Figures 1 and S2). Each of the catecholate ligands bridges to
yttrium centers through a single oxygen atom, with the other oxygen atom completing the yttrium
chelation. The position of the ligand allows the chloro-substituent in the ortho to the bridging
catecholate oxygen atom to participate in an intramolecular Y---CIC(Ar) interaction with the

yttrium center with a Y---Cl distance of around 3.0-3.1 A for all dinuclear complexes.
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Table 2. Selected Interatomic Distances (A) for 1-Cl, 2-Cl, 3-Cl and 4-Cl.

RE-O (p2-ClaCat®)?
RE-O (p2-ClaCat?)°
RE-O (CliCat>)®
RE-O (CliCatH")
RE-O (H20 or NO3)
RE--Cl

RE--RE¢

RE---RE®

1-Cl1

2.310(2), 2.400(2)
2.238(3)

2.263(2), 2.344(2)

2.339(3), 2.391(2)
3.096(1)
3.812(1)

6.203(1)

2-Cl1

2.330(3)-2.395(3)
2.244(3), 2.236(3)
2.326(3)-2.344(3)
2323(3), 2.417(3)
3.029(1), 3.030(1)
3.891(5)

11.544(1)

3-Cl

2.300(4)-2.432(4)
2.248(5), 2.240(4)
2.296(5)-2.333(5)
2.246(5), 2.244(5)
2.385(5), 2.415(5)
3.116(2), 3.156(2)
3.865(1)

10.169(8)

Ce(III)
2.398(3)-2.436(3)

3.406(1)-3.650(1)
3.753(1)

10.755(1)

4-Cl

Ce(IV)
2.459(3)-2.495(3)

2.252(2)-2.328(2)

2.235(2)

2.620(3), 2.637(3)

2 bridging (Figure S3), ® terminal, ¢ chelating ligand, ¢ intramolecular, ¢ nearest intermolecular

Figure 1. Structural view of the {Y2(u-ClsCat)2} core conserved in all dinuclear complexes 1-Cl,

2-Cl and 3-Cl, indicating the important Y---CIC(Ar) interaction. Color code: Y (pink), O (red), C

(black), Cl (green); hydrogen atoms omitted for clarity.
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Compound 1-ClI crystallizes as colorless blocks in the triclinic P-1 space group. The
asymmetric unit contains half a dinuclear species, one disordered EtsNH" countercation, one
methanol and one water molecule per yttrium. Crystals were kept in contact with the mother liquor
to limit observed very rapid desolvation and loss of quality. The dinuclear yttrium complex
features four ClsCat> and four water ligands (Figure 2). Due to an inversion center, the yttrium
centers are crystallographically equivalent. These are 8-coordinate if the Y---CIC(Ar) interaction
(Y1--CI1 = 3.096(1) A) is included. Continuous shape measures using the program SHAPE 2.1
(Table S3) for 8-coordinate*’ suggest an intermediate geometry between Cz,, a biaugmented
trigonal prismatic geometry (BTPR-8, 2.288), and D24, a square antiprism (SAPR-8, 2.305). The
two yttrium centers are separated by 3.812(1) A. The Y-O distances range from 2.238(3) A for the
terminal oxygen atom of the bridging ligand, to 2.400(2) A for the bridging oxygen atom. Each of
the four ClsCat* ligands are almost coplanar in two pairs of two and the two planes form an angle
of 71.9° (Figure S4). The dinuclear yttrium complexes all pack in the crystal with the same

alignment (Figure S5). The nearest intermolecular Y---Y distance is 6.203(1) A.
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1-Cl 2-Cl 3-Cl
{Y,(ClyCat),} {Y,(ClyCat)s} {Y,(ClyCat)g}
BTPR C, TDD D, BTPR (),

Figure 2. Structural views of the dinuclear complexes in (left to right) 1-Cl, 2-Cl and 3-Cl, the

yttrium coordination polyhedra and the associated Shape labels and symmetry point groups.*’

Compound 3-Cl crystallizes in the monoclinic P21 space group with the asymmetric unit
comprised of a complete dinuclear species, four EtsNH" countercations and disordered solvent
molecules. In this case, the yttrium centers, separated by 3.865(1) A, are not crystallographically
equivalent; however, the geometries around the metallic centers are very similar (Figures 2 and
S2). Continuous shape measures (Table S3) reveal C2» symmetries, distorted bioaugmented
trigonal prismatic geometries (BTPR-8), with similar indices of 1.896 and 2.526 for Y1 and Y2,
respectively, again assuming 8-coordination including the Y--CIC(Ar) interaction (Y--Cl =
3.116(2), 3.156(2) A). The Y1 center is, however, slightly more distorted than Y2 towards the
intermediate geometry between bioaugmented trigonal prismatic and triangular dodecahedron
(TDD-8, 2.720). The dinuclear complex in 3-Cl exhibits an overall {Y2(ClsCat)s} motif, including
the {Y2(u-ClsCat)2} core evident in 1-ClL In addition, each yttrium center is coordinated to a

chelating bidentate catecholate and a terminal monoprotonated catecholate. The remaining
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coordination site is occupied by a terminal water ligand. The Y-O bond distances are comparable
to 1-Cl and range from 2.240(4) to 2.432(4) A. An intramolecular hydrogen bond (d(O--O) =
2.668(6) and 2.618(6) A) is evident between the ClsCatH phenol group and an oxygen atom from
the nearby bidentate Cl4Cat* ligand. Each of the four bidentate ClsCat* ligands are almost coplanar
in two pairs of two as per 1-Cl with the two planes forming an angle of 88.2° (Figure S4). However,
the monodentate ClsCatH™ ligands deviate from the planes containing the bidentate ligands by
around 39° and are almost coplanar with each other. The dinuclear yttrium complexes exhibit two
different orientations in the crystal and are arranged in zig-zag chains in the bc plane (Figure S6).
An extensive hydrogen bonding network is evident involving the EtsNH" countercations and
cocrystallized water molecules (Table S2). The nearest intermolecular Y---Y distance is 10.169(8)
A.

Compound 2-Cl crystallizes in the monoclinic P21/c space group with the asymmetric unit
comprised of a complete dinuclear species, four EGNH" countercations and disordered solvent
molecules. With a {Y2(ClsCat)s} ratio intermediate between those of 1-Cl and 3-Cl, all the
tetrachlorocatecholate ligands are doubly deprotonated and bidentate; the {Y2(u-ClaCat)2} core
evident in 1-Cl and 3-Cl is also conserved in 2-Cl. Unlike the other dinuclear complexes, this one
is strictly asymmetric, and the two yttrium centers possess different coordination environments
(Figures 2 and S2). For Y1, a chelating bidentate catecholate ligand is aligned with the axis formed
by the two yttrium centers and two trans-disposed water ligands complete the coordination sphere.
A D2 symmetry is observed, as continuous shape measures (Table S3) indicate a distorted
triangular dodecahedral coordination geometry (TDD-8, 1.532). In contrast, Y2 has no water
ligands, instead incorporating two bidentate catecholate ligands. Shape measurements (Table S3)

again suggest the Y2 coordination geometry (as per Y1 in 3-Cl) is intermediate between D24 (TDD-
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8,2.164) and C2y symmetry (BTPR-8, 2.315), however, with an opposite trend to 3-Cl. Similar to
1-Cl, each bidentate ligand is almost perpendicular to those of the core (83.6 °); however, in the
case of 3-Cl, the two water molecules lie in the plane of the ligand (Figure S4). The Y-O distances
are in the range 2.236(3) to 2.395(3) A and similar to those of 1-Cl and 3-Cl. The two Y centers
are separated by 3.891(5) A and the Y--CIC(Ar) distances are 3.030(1) and 3.029(1) A.
Intramolecular hydrogen bonding (d(O--O) = 2.617(5) and 2.579(5) A) is evident between the
water ligands of Y1 and the bidentate catecholate ligands of Y2. Although the crystal packing is
similar to 1-Cl, two different orientations of the dinuclear complex are evident (Figure S7). The
nearest intermolecular Y--Y distance is 11.544(1) A.

The dinuclear complexes in 1-Cl, 2-Cl and 3-Cl each exhibit intramolecular Y---CIC(Ar)
interactions involving the chloro substituent ortho to the bridging catecholate oxygen atom. The
Y--Cl distances of 3.096(1), 3.029(1)/3.030(1), 3.116(2)/3.156(2) A in 1-Cl, 2-Cl and 3-ClI,
respectively, are comparable to literature Y--Cl distances values of 2.97-3.22 A.3® Although
related {RE2(u-diox)2} moieties have been observed previously in a dinuclear rare earth complexes

20.22-2428.29 in the present case the additional

with non-halogenated dioxolene (diox) ligands,
Y---CIC(Ar) interaction may confer extra stability on the dinuclear core motif.

Compound 4-Cl crystallizes in the orthorhombic Pbca space group with the asymmetric
unit comprised of half of the trinuclear cerium complex, 3.5 EtsNH" countercations and one nitrate
counteranion. The cerium complex in 4-Cl is a linear trinuclear complex with a central cerium
atom (Ce2) bridged to each of the other inversion-related cerium atoms (Cel) via three p2-ClaCat?>
ligands, giving a Cel--Ce2 distance of 3.753(1) A (Figure 3). The coordination sphere of Cel is

completed by a monodentate ClsCatH  and a chelating nitrate ligand. As per 3-Cl, an

intramolecular hydrogen bond (d(O--O) = 2.72 A) is evident between the ClsaCatH" alcohol group
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and a nearby oxygen atom from a p2-ClsCat® ligand. The Cel centers are 9-coordinate and
continuous shape measures (Table S4) suggest the coordination geometry is best described as Cs
muffin geometry (MFF-9, 1.523).* The coordination of the central Ce2 atom is best described as
8-coordinate, including six oxygens from bridging catecholate ligands (d(Ce-O) = 2.398(3)-
2.436(3) A). There are also two Ce-*CIC(Ar) interactions, which at 3.406(1) A are longer than the
Y---CIC(Ar) interactions evident in the dinuclear yttrium complexes. Continuous shape measures
(Table S3) suggest that the coordination geometry of Ce2 is best described as a highly distorted
Oy cubic geometry (CU-8, 8.110).*” Charge compensation suggests a Ce'"'Ce'Y> mixed-valence
compound, confirmed by bond valence sum calculations consistent with trivalent Ce2 and
tetravalent Cel (Table S5). Although a number of extended cerium compounds are known to
exhibit mixed-valency, mixed-valence discrete complexes are rare.*’ The oxygen atom-bridged
linear trinuclear core of 4-Cl is reminiscent of two 1,4-bis(3,5-dimethylpyrazol-1-yl)cyclohex-2,5-
diene-1,4-diolato-bridged cerium complexes reported previously,® although in that case all cerium

1ons are trivalent.

Figure 3. Molecular structure of the trinuclear complex in 4-Cl; color code as per Figure 2 and

Ce! (dark pink), Ce'! (light pink) and nitrogen (blue).
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Compound 4-Cl also exhibits a number of intermolecular N-H:--O hydrogen bonds
between trethylammonium countercations and the nitrate ligands and non-coordinating anions
(Table S2). The complexes stack in a parallel fashion in columns along the a-axis, with
neighboring columns exhibiting opposing orientations, which is the origin of the zig-zag chain
arrangement along the b-axis. (Figure S8).

Compounds 5-Cl and 5-Br are isomorphous and crystallize in the monoclinic C2/c space
group with half the mononuclear cerium complex and 2 EtsNH" cations in the asymmetric unit.
The cerium complex contains four chelating tetrahalocatecholate ligands (Figures 4 and S9). The
tetravalent oxidation states of the cerium centers were confirmed again by BVS analysis (Table
S5).  Continuous shape measures of the complexes in 5-Cl and 5-Br indicate D2s symmetry
triangular dodecahedral geometries with TDD-8 indices of 1.413 and 1.590 for 5-Cl and 5-Br,
respectively (Table S3).#7 Similar dodecahedral coordination geometries were also previously
reported for two essentially isostructural cerium(IV) complexes with other catecholate ligands.>>*
The Ce-O distances are in the range 2.353(2)-2.391(2) A. The dioxolene C-O distances range from
are 1.311(4) to 1.334(4) A and the C-C distances range from 1.381(5) to 1.436(5) A. These values

are consistent with the catecholate oxidation state and, in particular, alternating short and long C-

C bonds are not evident around the ring, which would indicate the semiquinonate state.

Figure 4. Molecular structure of the complex in 5-Cl; color code as per Figure 2, Ce'V (dark pink).
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Four intermolecular N-H:--O hydrogen bonds (Table S2) between the triethylammonium
cations and the catecholate oxygen atoms are evident for each cerium complex, with d(N--O) =
1.849/1.912 A and 1.820/1.858 A for 02/03 in 5-Cl and 5-Br, respectively. The complexes are
organized in columns along the a- and c-axes, separated by a void containing the counterions. Two
successive columns are offset, leading to the appearance of dimerization along the c-axis. (Figures

S10 and S11).

Density Functional Theory Calculations. Although there has been controversy about the
cerium oxidation state in organocerium complexes,’! cerium(IV) complexes with O and N-donor
ligands are well-established.?>?%%275¢ The electronic structure is not necessarily straightforward
though, particularly in the case of redox-active ligands. Several certum(IV) complexes exhibit
measurable temperature independent paramagnetism due to a multiconfigurational ground
state.®>7 Efforts to measure the magnetic susceptibility of 5-Cl on a SQUID magnetometer
indicated that the sample is diamagnetic at both 2 and 300 K, consistent with a cerium(IV)-
catecholate charge distribution. Density functional theory (DFT) calculations of cerium(IV)
complexes have become accessible in recent times and have proven useful in understanding the

33353839 50 we undertook DFT calculations on 5-Cl for further

properties of these complexes,
clarification of the charge distribution.

An initial geometry optimization using the crystallographic coordinates was performed on
the complex in 5-Cl without countercations on the singlet potential energy surface (PES). It
afforded the complex [Ce!V(ClsCat)4]* (Table S6) with bond lengths in good agreement with the

X-ray data (Figure S12). Geometry optimization of the hypothetical neutral complex

[Ce(ClaSQ)4] on the quintet PES afforded bond lengths for an analog with
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tetrachlorosemiquinonate ligands (Figure S12). Mathematical averaging of the two structures
allowed determination of bond lengths for the hypothetical complex [Ce'(C14SQ)(ClsCat)3]*,
which are not in good agreement with the experimental values determined for 5-Cl. Geometry
optimization of this hypothetical molecule on the triplet PES results in a complex (Table S6), in

I jon, while another is delocalized over two

which one unpaired electron is localized on a Ce
tetrachlorodioxolene ligands (Figure 3). As a result, the bond lengths of the four ligands are not
equivalent, however still the values are in poorer agreement with the measured X-ray data than
those found for the [Ce!V(ClsCat)s]* structure. Moreover the calculated [Ce™(ClsSQ)(ClsCat)3]*
is destabilized with respect to the [Ce!V(ClsCat)4]* by 6.6 kcal mol™! (Table S6). The search for
the broken symmetry state of [Ce!"(C14SQ)(Cl4Cat)3]* and the subsequent estimation of exchange
coupling constant indicated moderate ferromagnetic exchange interactions (J = 46 cm™") between
the cerium(III) ion and another electron delocalized over two dioxolene ligands (Table S6, Figure
S12). The calculated triplet state for this complex is inconsistent with the observed diamagnetism

of 5-Cl. Thus, the computational results support the [Ce'V(ClsCat)s]* charge distribution for 5-

ClL

CONCLUDING REMARKS

The controlled synthesis of rare earth complexes with low denticity ligands is challenging because
of the lability and coordinative flexibility of rare earth ions. In this work we have employed
relatively under-utilized catecholate ligands with halo-substituents and have thereby been able to
exploit weak Y--XC(Ar) intramolecular interactions to generate a robust dinuclear yttrium core.
We have crystallographically characterized three dinuclear complexes with the same core

structure, but different peripheral ligation. Although the initial reaction exploration invariably
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generated mixtures of different complexes, through careful control of reaction stoichiometry and
crystallization methods we have, in at least some cases, been able to access homogenous and
analytically pure bulk samples of a single compound. We thus suggest that the deliberate
incorporation into ligands of moieties that can engender secondary interactions may be a useful
approach for achieving better control of the synthesis of rare earth complexes with low denticity
ligands.

Applying the synthetic methods developed for yttrium to redox-active cerium has instead
afforded completely different species: an unusual mixed-valence trinuclear {CeCe'V2} complex
and two mononuclear cerium complexes. Density functional theory calculations are consistent
with the assignment of the cerium ion as tetravalent in the mononuclear complex, with the four
dioxolene ligands in the catecholate state. We have a longstanding interest in magnetic properties
and, in ongoing work, we are now applying the synthetic methods we report herein for yttrium and
cerium to more magnetically interesting lanthanoid metals. Preliminary observations suggest
dinuclear complexes analogous to the present yttrium species are obtained and we will report the
results of detailed studies of the magnetic properties of these complexes in due course. We
anticipate that the structural fine-tuning enabled by the RE---XC(Ar) intramolecular interactions

may facilitate tuning of the magnetic properties.
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Tetrahalocatecholate Rare Earth Complexes: Dinuclear Motifs with Intramolecular RE---XC(Ar)

Interactions

Elodie Rousset, Robert W. Gable, Alyona Starikova, Colette Boskovic

Intramolecular Y--XC(Ar) interactions play a role in generating a robust tetrahalocatecholate-
bridged dinuclear yttrium core motif that is conserved across multiple complexes. Careful control
of reaction and crystallization conditions allows selective isolation of the individual species.
Applying these methods to redox-active cerium instead affords trinuclear mixed-valence

{Ce"'Ce!2} and mononuclear cerium(IV) complexes.
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