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High-nuclearity lanthanide complexes, having unique structures and potentially important
applications, have been prepared via limited hydrolysis of lanthanide ions controlled by
o-amino acids as supporting ligands. These novel complexes, synthesized under physio-
logical or higher-pH conditions, exist as lanthanide-hydroxo clusters, reflecting the subtle
balance between the hydrolysis of the metal ions and the multidentate supporting coordi-
nation of the ligands. A cuboid [Ln4(p.3-OH)4]8“' unit with four lanthanide ions and four
triply bridging hydroxo ligands occupying the alternate vertices of a distorted cube has
been identified as a prevalent structural motif in these complexes, wherein lanthanide
complexation may be achieved via only the carboxylate group or simultaneous coordina-
tion of both the carboxylate and the amino moieties of an amino acid ligand. Bridging lig-
ands with more than one carboxylate group may support open framework structures
utilizing the [Ln4(j.l3-0H)4]8+ unit as building blocks. In addition, “wheel-like” structures
composed of four or five vertex-sharing [Ln.4(p.3-0H)4]8* units can be realized by the hal-
ide-templated synthesis. It has been further demonstrated that octahedral
{Lag(1e-O)(13-OH)gl®* core-containing clusters with an interstitial pg-O ligand can be
self-assembled via direct hydrolysis of lanthanide nitrates and perchlorates in the absence
of any organic supporting ligands. Using a structurally unprecedented lanthanide-EDTA
complex, the significant influence of pH conditions on the reaction outcome is illustrated.
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INTRODUCTION

Lanthanide elements, bearing special electronic and spectroscopic prop-
erties mainly associated with their 4f electronic configurations, repre-
sent a unique series of metals in the periodic table.! Their paramagnetic
and optical properties, hard Lewis acid character, and high coordination
numbers make lanthanide complexes attractive for applications such as
magnetic resonance imaging (MRI) contrast agents 2 catalysts for
organic transformations,” molecular magnetic materials,* and in photo-
luminescence studies.? Consequently, the coordination chemistry of tri-
valent lanthanoid cations has been thoroughly investigated over the last
twenty years.

One of the recent developments in lanthanide chemistry concerns the
self-assembly of polynuclear lanthanide complexes.” These substances
exhibit a fascinating variety of unusual symmetries and structural pat-
terns.” More importantly, these complexes are potential precursors for
metalloorganic chemical vapor deposition MOCVD)®and sol-gel tech-
nology.9 In addition, polynuclear lanthanide/transition metal complexes
have more recently attracted considerable attention for their potential
application as nanomagnetic materials.! However, the high expecta-
tions of using these substances as advanced materials have been com-
promised by historically limited synthetic ability. Lanthanide complexes
typically exist in mononuclear, dinuclear, or polynuclear forms if they
are prepared at low pH, whereas at high pH one usually obtains non-
crystalline, nonstoichiometric materials of high nuclearity. The number
of well-characterized finite-size lanthanide clusters is still limited. Their
synthesis is characterized by random self-organization and cannot yet be
planned.

With the intent of developing a general synthetic approach to
high-nuclearity lanthanide complexes and ultimately creating lantha-
nide-containing materials, we have recently initiated a program to study
the coordination chemistry of lanthanides with biologically relevant lig-
ands under physiological or higher pH conditions.!! Our efforts were
stimulated by three isolated precedents'?~14 describing a novel cuboid
structural motif, [Ln,(43-OH),]®* (Ln = trivalent lanthanide), in which
four lanthanide ions and four triply bridging hydroxo groups occupy
alternating vertices of a distorted cube (Chart 1). It is noted that two
YbE, (E =S, Se) cubane clusters have also been reported n:ccntly.ls
The paucity of cuboid homonuclear lanthanide clusters in the literature
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is surprising because the family of MsE4 (M = d-block transition metal;
E =S, Se, Te) cubane clusters has been well documented and exten-
sively studied.!® Nevertheless, the common key structural features of
the three tetranuclear lanthanide-hydroxo complexes, synthesized via
distinctly different routes, lead us to suspect that such a structural motif
may well prove to be as general as its d-block counterparts. Further, the
presence of the hydroxo ligands suggests that these clusters may be gen-
erated by the hydrolysis of lanthanide ions.

It was realized at the outset that certain types of supporting ligands
would be necessary in order to prevent the formation of intractable
byproducts associated with natural hydrolysis. In fact, a commonly
employed strategy for the synthesis of the d-block cluster complexes is
utilizing apFropriatc chelating ligands to control the hydrolysis of the
metal ions.!” The auxiliary ligands prevent extensive hydrolysis from
occurring by occupying part of the metal coordination sphere. As a
result, finite-sized polymetal complexes rather than intractable metal
hydroxides and/or oxides can be crystallized and structurally character-
ized. Several classes of ligands have been utilized in this capacity,
among which carboxylatt:s,”'18 polyketonates,l9 polyamim‘,s,20 poly-
ols,?! and alkoxides?? are prominent. Spectacular clusters such as poly-
oxovanat.'lates,23 manganese clusters,19 and ferric wheels?* have been
reported and proven to exhibit rather interesting magnetic properties due
to the presence of an unusually large number of ugymred electrons in
these molecules of aesthetically pleasing structures.

Despite the impressive progress that has been made with the prepara-
tion of d-block metal clusters, the ligand-controlled hydrolytic synthetic
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approach has not yet been applied to the more elusive lanthanide clus-
ters. In fact, the coordination of lanthanides with various ligands has
been exclusively conducted under acidic conditions, typically under pH
6.26 This is understandable considering the common perception that lan-
thanide ions are so prone to hydrolysis that intractable hydroxides
and/or oxohydroxides would result under any higher pH conditions. In
stark contrast, we submit that a subtle balance between the hydrolysis of
a lanthanide ion and its multiple coordination with a chelating ligand
should afford novel polynuclear lanthanide complexes, which is analo-
gous to the ligand-controlled formation of d-block metal clusters
(Scheme 1). As will be demonstrated by our studies'?7-28 discussed in
the following section, it is the unconventionally “high” pH conditions
that promote the formation of unprecedented lanthanide clusters. We
wish to illustrate with a comprehensive and systematic study detailed in
this Comment article that ligand-controlled hydrolysis of lanthanides
under physiological or even higher pH conditions indeed represents a
new and rich research field and that it may well prove to be as general as
its low-pH counterparts.

discrete cluster
complexes

high-pH hydrolysis
with complexation

natural low-pH
W %‘exation
hydroxides mono/di/polymeric
oxohydroxides complexes
SCHEME 1
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Among the huge variety of suitable ancillary ligands, a.-amino acids
have been chosen to control the extensive hydrolysis of lanthanide ions
based on the following criteria:

¢ Extensive Low-pH Lanthanide Coordination Chemistry with Amino
Acids. The coordination chemistry of lanthanides with amino acids
has been extensively investigated.?>30 These studies have almost
been conducted at low-pH values, typically below 5. About 50 solid
state structures of such complexes have appcared.29'3° These results
serve as a useful database for comparison with lanthanide coordina-
tion under physiological or higher pH conditions.

® Biological Relevance. 0-Amino acids are basic constructing units
for proteins. Their interactions with metal ions have been studied
extensively in an effort to elucidate metal functions in biomole-
cules.’! Lanthanide complexes with amino acids may be used in
immunofluorescence assayss'6 or as contrast agents in MRI technol-
ogy.2 The carboxylate and amino groups as well as the side-chain of
an amino acid would allow ready conjugation of the complexes to a
suitable targeting vector, such as an engineered human antibody
fragment (Fab).

® Modular Structures. o-Amino acids are optically active and are
commercially available in both enantiomeric forms. This modular
feature is especially beneficial for systematic studies of lanthanide
coordination chemistry. Related to amino acids is the rich class of
aminopolycarboxylic acids whose lanthanide complexes have been
extensively studied.32 However, lanthanide coordination with these
polydentate ligands under basic conditions has essentially been
untapped.:‘}:":’4 It is expected that the high-pH conditions would have
a significant impact on the outcome of such reactions.

THE CUBOID [Ln,(3-OH)4J** CLUSTER: A COMMON
STRUCTURAL MOTIF IN LANTHANIDE COORDINATION
CHEMISTRY AND ITS SELF-ASSEMBLY

To test the validity of the amino acid-supported hydrolytic approach to
polynuclear lanthanide clusters, representative lanthanide chlorides or
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perchlorates were subject to hydrolysis with aqueous NaOH in the pres-
ence of glycine, alanine, valine, tyrosine, and glutamic acid (Chart 2)
(Perchlorates are potentially explosive and should be handled in small
amount with great care.) 112835 A series of complexes composed of a
single cuboid [Ln4(p3-OH)4]8+ cluster core supported by 4—6 amino
acid ligands have been obtained, in which the Ln, tetrahedron is “cam-
ouflaged” by the amino acid ligands through bridging carboxylate coor-
dination (Fig. 1, 2). The cluster core has the following average metric
values of interest: Ln-O(p3-OH)-Ln 106.2°, and
O(p3-OH)-Ln-O(u53-OH) 70.9°. Distortion of the core from a perfect
cube is conspicuous from these geometric data, although the Lny tetra-
hedron is fairly regular. The coordination sphere of the metal ions is
completed by water molecules in addition to the hydroxo ligands associ-
ated with the limited hydrolysis. Thus, each of the 4 Ln(IIl) ions has a
coordination number of 8 or 9.
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FIGURE 1 An ORTEP drawing of the cuboid [Nd4(p3—OH)4(A1a)6]2" core structure.
Thermal ellipsoids are represented in 40% probability

Having shown that the cuboid [Ln,(j5-OH),1®* cluster is a common
structural motif in lanthanide complexes and that its formation can be
aided and stabilized by chelating interactions with the carboxylate
groups of amino acids, we considered the self-assembly of open lantha-
nide frameworks using the [Ln4(),l.3-OH).4,]8+ cluster unit and amino
acids with more than one carboxylate group as the building blocks. In
this consideration, an amino acid functions as both a supporting ligand
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FIGURE 2 An ORTEP drawing of the cuboid [Er4013-0H)4(Val)5]3"' core structure. Ther-
mal cllipsoids are represented in 40% probability

for the hydrolytic formation of the [L114(1.13-OI'I)4]8+ cluster and as a
bridging group between individual cluster units. By treating a mixture
of Er(ClO,); and L-glutamic acid with aqueous NaOH to the point of
incipient precipitation, a 3-D porous network, [Ers(i3-OH),(Glu);
(H,0)5][C10,15*6H,0 (1), comprised of discrete [Erg(13-OH)41** units
and cluster-linking glutamate ligands has been obtained and its solid
state structure been determined. The structure of the elementary constitu-
ent of the open framework is depicted in Figure 3, from which the com-
plex 3D network (Fig.4) is constructed. The cubane-like
[Exy(u3-OH),J** building blocks are apparent, resembling geometri-
cally their previously reported analogues.!2835 The six carboxylate
groups ligating a particular cube are of two different types, one being o.-
and the other being y- (from the side chain) to the amino moiety; each
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FIGURE 3 Thermal ellipsoid (40% probability) plot of the building block unit in the struc-
ture of 1. Three symmetry-related glutamic acid “arms” are included to complete the coor-
dination of the cuboid Erq(u3-OH),core

glutamate ligand contributes one carboxylate group for the coordination
of an [Er4(u3-OH)4]8+ cluster while using the remaining one to coordi-
nate an adjacent lanthanide cluster cube. The 3D open framework bears

9
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FIGURE 4 The crystal structure of the 3D porous framework of 1 shown along the c-axis.
Hydrogens, the water, and perchiorate ions are omitted for clarity. The channel dimensions
are approximately 4.4 A x 9.1 A

nearly parallelogram-shaped pore apertures with approximate dimen-
sions of 4.4 A x 9.1 A for channels in the ¢ direction. The channels
extend parallel to the b and ¢ axes along crystallographic 2; axes, hous-
ing six water molecules and five ClOy4 ions, the latter, having their
expected geometry, being hydrogen bonded to the amino group that
does not participate in the coordination of the Er(Ill) ions.
Open-framework structures such as 1 may be used as hosts for small
substrate encapsulation and catalysis.® The regular arrangement of par-
amagnetic lanthanide ions in these materials is especially significant in
light of recent surging interest in molecular magnetism“'m displayed by
polynuclear metal complexes. It is noteworthy that with adipic acid, a
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long-chain dicarboxylic acid structurally similar to glutamic acid, a 3-D
network structure based on a dimeric lanthanide unit has been
obtained,” reflecting the low solubility of these coordination polymers.
In the present work, the zwitterionic characteristic of amino acids is
believed to play a pivotal role in overcoming the charge-compensation
(and therefore low-solubility) problem due to the attachment of carbox-
ylate ligands to a metal center. In other words, only with the assistance
of the ammonium group (-NH3*) can the hydrolysis of the lanthanide
proceed to the point of lanthanide-hydroxo cluster formation without
precipitating out insoluble coordination polymers.

ANION TEMPLATE EFFECTS IN THE SELF-ASSEMBLY OF
POLYNUCLEAR LANTHANIDE COMPLEXES WITH TYROSINE

In evaluating the influence of the amino acid side groups on the struc-
ture of a lanthanide-hydroxo cluster, a rare example of anion-assisted
synthesis was observed, and the template effects?® involved were subse-
quently illustrated. Instead of a single tetranuclear lanthanide cluster
containing a [Ln4(},t_~,-0H)4]8+ unit and its accompanying supporting
amino acid ligands, pentadecanuclear lanthanide complexes have been
isolated when the reaction mixture of Ln(ClO4); (Ln = La, Pr, Nd, Sm,
Eu, Gd, Dy) and tyrosine was subject to hydrolysis with NaOH.!! Sin-
gle crystal X-ray analysis of the representative europium complex, for-
mulated as  [Euys(3-Tyr)g(k3-OH)zo(,-H,0)5(0OH) 2(H,0)8(CD)]
(ClOg); (2+CI') revealed an unprecedented layered structure comprised
of 15 Eu(lIl) ions and 10 tyrosinate ligands in addition to the hydroxo
and aquo ligands associated with the limited hydrolysis. To the best of
our knowledge, these complexes are not only the largest members of a
fascinating family of homonuclear lanthanide clusters that have hitherto
been reported, but also the first examples of lanthanide-amino acid com-
plexes that have been confirmed by X-ray crystallography with simuita-
neous Ln-O and Ln-N coordination.

As shown in Figure 5, the 15 Eul™ jons are assembled into a layered
structure. Each of the three parallel layers contains 5 Eull ions that
occupy the vertices of a nearly perfect pentagon. The two outer layers
are crystallographically equivalent with an average Eu-Eu distance of
6.331 A, while the middle layer, with an average Eu-Eu distance of
3.896 A, is unique and “tcked in”. The 10 tyrosinate ligands can be
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FIGURE 5 A perspective view of 2, carbon (grey), chlorine (black), europium (green),
nitrogen (cyan), oxygen (red). Lattice water molecules and perchlorate ions are omitted
for clarity (See Color Plate I at the back of this issue)

divided into two equivalent groups, each of which extend their
4-hydroxybenzy! side-chains in the direction perpendicular to the crys-
tallographically imposed C, axis. The side-chains do not participate in,
nor do they appreciably interfere with the coordination. The coordina-
tion modes of the tyrosinate ligands with Eu™ jons in these molecules
are significant: Each of the 10 tyrosinates acts as a tetradentate ligand by
utilizing both its amino and carboxylate groups Figure 6. The ligand can
be described as a p.3:'q1 :112:111 anion, not only linking two neighboring
Eu™ centers within the same (outer) layer, but also coordinating a third
Eul! ion in the middle layer through one of the carboxylate oxygen
atoms. It is apparent that such layer-crossing chelating interactions are
critical to the formation of the cluster structure. In previous studies of
the coordination of lanthanides with amino acids, the zwitterions bind
the lanthanides exclusively through the oxygen of the carboxylate.2%30
Such interaction is included in Figure 6 for comparison. The coordina-
tion sphere of the Eu” centers is completed by hydroxo and aquo lig-
ands. Thus, each of the 10 Eu ions in the outer layers has a
coordination number (CN) of 9, and the structure can be best described

12
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FIGURE 6 The distinct coordination modes of a tyrosine ligand with lanthanide ions
under different pH conditions

as monocapped square antiprismatic, while the inner-layer Eull centers
also have a CN of 9, forming irregular square antiprisms monocapped
by the central chloride ion (vide infra). From a different perspective, the
core component of the cluster may be viewed as a “wheel” of five cor-
ner-sharing cubanes, each of which consists of 4 Eulll jons and 4 M3-OH
ligands (Figure 7).

A particularly salient feature of the structure is a chloride ion being
trapped within the “belly” of the barrel-shaped molecule, serving as the
bolt of the cubane wheel. The chloride simultaneously coordinates the
five inner-layer Eulll jons in a perfectly planar fashion with an average
Eu-Cl distance of 3.314 A. It is unlikely that an empty “barrel” is pre-
formed for the encapsulation of the chloride ion. Instead, the formation
of the pentadecanuclear complex can be best described as chlo-
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FIGURE 7 An ORTEP drawing of the pentadecanuclear “cubane wheel” structure of
2+CI". Thermal ellipsoids are represented in 40% probability

ride-induced self-assembly of the lanthanide ions with the help of the
tyrosine ligands. The presence of the trapped CI” is, however, unex-
pected because no chloride was utilized during the formation of the
complex; the only possible source would be the trace amount of CI’
impurity present in the aqueous HCIO, used to digest the lanthanide
oxides. This surprising feature raises a natural but intriguing question: Is
the chloride a template?

Although it has long been recognized in the synthesis of many
homoleptic as well as heteroleptic alkoxide complexes of lanthanides
that the presence of a “central spherical negative charge density” such as
chloride and oxo groups accounts for the driving force for cluster forma-

14
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tion,’ the exact roles played by these anionic species have not yet been
investigated, let alone understood. With the intent of unambiguously
defining this anion-template effect and concomitantly assembling novel
cluster structures by utilizing anions of different size and geometry, we
have investigated the hydrolysis of Ln(ClO,4); in the presence of added
halides (CI', 1.81 A; Br’, 1.96 A; T, 2.20 A)*” using tyrosine as the ancil-
lary ligand. To examine the potential templating role of trigonal planar
NO; ion (1.79 A),>® Ln(NO3); rather than the corresponding Ln(C104)3
with added NO;~ were utilized because it appeared that even a trace
amount of CI" impurity from the aqueous HCIO4 would lead to the forma-
tion of the chloride-centered pentadecarnuclear complex (vide supra).
The results obtained from these studies are summarized in Table L.

TABLE 1 Evidence for Anion-Template Effects

Product
o,

iy Reaction Misture Core Structure®  Guest(s) CZ‘.‘g’:* :’;ﬂf Ref
1 Eu(CIOyftyr cyclo-[Bug(i;-OH)gls  psCI CIO; <10 11
2 Eu(ClO)tyNaCl cyclo-Buy(is-OH)gls  psCI €O, 50-60 11
3 Eu(ClOgytyHBr cyclo-[Eugis-OH)ls  ps-Br ClOy 50-60 28
4 Dy(ClO)yHI  cyclo-[Dys(is-OH)yls 2T Cl0, 3040 28
5 GACONAyr  oelolGi(yOH))s  peCF  CIOF <10 11
6 Er(NO)ftyr oct-{ErgigO)is-OH)g  pgO® NOy >70 27
;

GA(NO)tyr/NaCl  cyclo-[Gdg(u3-OH)gls  ps-CI  NO;  50-60 28

a. Reactions were carried out following the previously reported procedum.”

b. The formulac do not reflect the exact compositions of the products; instead they are
meant to emphasize the cognizable building blocks in the supramolecular structures.

c. These are estimated yields due to the high water-solubility of the complexes. A signif-
icant amount of the product was lost during work-up.

The superb templating role of the chloride ion was suspected at the
outset based on the unexpected formation of the chloride-containing
complexes.11 Extra chloride in the reaction mixture would presumably
ameliorate the formation of the complex in terms of product yield and
purity. Indeed, the same complex (2¢CI") was obtained in 50-60% yield
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FIGURE 8 An ORTEP drawing of the pentadecanuclear “cubane whee!l” structure of
2+Br’. Thermal ellipsoids are represented in 40% probability

with the addition of an aqueous NaCl solution, as compared to < 10% in
its absence (Table 1, entries 1, 2, and 5). In an analogous experiment,
Eu(ClO,)5/tyrosine mixture was subjected to hydrolysis by aqueous
NaOH in the presence of added bromide (agueous HBr), 2+Br’, a penta-
decanuclear complex isostructural to 2¢CI", was obtained with an encap-
sulated Br™ replacing the corresponding Cl” (Fig. 8, entry 3). A similar
reaction employing Dy(ClO,)s/tyrosine and I produced, to our surprise,
a dodecanuclear complex (3) whose core structure consists of four cor-
ner-sharing [Dy4(u3-OH)4]3‘* cubanes and eight tyrosinate ligands. Two
I" ions are found to be located in the “barrel”-shaped molecule, one
above and the other below the middle plane formed by four Dy(III) ions
(Fig. 9, entry 4).
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FIGURE 9 An ORTEP drawing of the dodecanuclear “cubane wheel” structure of 3+(I'),.
Thermal ellipsoids are represented in 50% probability

When Ln(NQj3)a/tyrosine was subject to hydrolysis with no added hal-
ide ions, drastically different products of a general formula of
[Ln6(p.6-0)(p3-OH)8(NO3)6(H20)12](N03)2 (4) were obtained with no
tyrosine ligands incorporated (entry 6)! Further studies demonstrated
that direct hydrolysis of Ln(NO3); afforded the same products (see
below). The structures of several pg-oxo-centered hexanuclear lantha-
nide clusters have been determined by X-ray diffraction, wherein the
nitrate ions act as auxiliary ligands, controlling the spatial extension of
the [Lng(ue-O)pt3-OH)g] core (Figure 10, Ln = Er). However, these
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structural reports#0:41 hardly compromise the significance of our find-
ings in the context of supporting the anion-template effects. Further-
more, the present study presents the first examples of direct hydrolysis
of inorganic salts to afford polynuclear complexes in the absence of any
organic supporting ligands. We believe that it is the operation of the
Hg-oxo templating effect that leads to the formation of such complexes.
However, when the experiments were conducted in the presence of
competitive CI', pentadecanuclear complexes having a core structure
identical to that of 2°CI'were obtained as the sole products with NO3~
counterions (entry 7).

FIGURE 10 An ORTEP drawing of the [Erg(ig-O)(13-OH)g] coordination polyhedron.
Thermal ellipsoids are represented in 40% probability

18
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In summary, both positive and negative evidence has been presented
of halide ions serving as templates for the formation of novel polynu-
clear lanthanide complexes. The generality of the halide-assisted
self-assembly of these aesthetically pleasing complexes is supported by
the ability to synthesize both the pentadecanuclear complexes incorpo-
rating Cl” and Br ions and the analogous dodecanuclear complexes con-
taining two loosely bound iodide ions. The superior templating role
played by halide ions is manifested by the competitive formation of the
pentadecanuclear chloride-containing complex in a reaction involving
both CI' and NO;  ions. The inability to produce an analogous
nitrate-containing complex in the sole presence of NO3™ ions lends fur-
ther credence to the templating role played only by a spherical anion. In
this case, octahedral complexes were produced with six lanthanide ions
centered around a spherical and presumably templating pg-O group.42

DIRECT HYDROLYTIC ROUTES TO MOLECULAR POLYOXO
LANTHANIDE CLUSTERS

The nitrate-containing complexes, [Lng(pg-O)(3-OH)g(NO3)6(H70)15]
(NO3),, isolated from the hydrolytic reaction of a mixture of Ln(NO3),
and tyrosine and later prepared via direct hydrolysis of Ln(NOj3);
(eq. 1), represent rare examples of molecular hydrous lanthanide oxides
and hydroxides. These compounds were first synthesized by the thermal
decomposition of hydrated Ln(NO;); followed by hydrolysis of the
decomposition products.‘“)'41 In the present case, the cluster was
obtained regardiess of the presence of tyrosine ligands in the reaction
mixture, thus excluding the possible suggestion that tyrosine acts as a
buffer in such a synthesis. We have subsequently examined the hydroly-
sis of other lanthanide nitrates and perchlorates in the absence of any
conceivable supporting ligands in order to define the scope and limita-
tion of such a direct hydrolytic route to polyoxo lanthanide complexes.
Octahedral hexanuclear lanthanide clusters with the common
[Lng(ie-O)(13-OH)g)®* core structure have invariably been isolated.

Er(NO3)s + NaOH(aq) —

[Exs(us — O)(ns — OH)g(NO3)(H20)12)(NO3s)2 (eq.1).
Shown in Figure 11 is the core structure of the cationic cluster obtained
from the reaction of Nd(ClO,4); with aqueous NaOH and established by
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FIGURE 11 Molecular structure of the cation in [Ndg(jig-OXits-OH)g(H,0)24}(Ci0O0g*
8H,0 with the H atoms removed for clarity. Thermal ellipsoids are shown at the 50%
probability level

X-ray diffraction  analysis as  [Ndg(ue-O)(it3-OH)g(H,0)4]
(ClO4)5*8H,0 (5) . It is comprised of an octahedron of neodymium(HI)
ions centered on a pg-oxo ligand. Each of the triangular metal faces is
capped by a p3-OH ligand. Alternatively, the structure may be described
as an octahedron of neodymium protruding out of a cube formed by eight
us-OH ligands. Each face of the cube forms the basal plane of a square
pyramid with a neodymium occupying the apical position. The average
distance from the neodymium to the center of the basal plane is 1.070 A.
The metal coordination sphere is completed with four aqua ligands. Thus,
each neodymium ion is coordinated to nine oxygen atoms: one interstitial
oxo unit, four face-capping hydroxo groups, and four terminal aqua lig-
ands. The coordination polyhedron can be best described as a square anti-
prism monocapped by the interstitial oxo ligand. Complex 5 is, to the best
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of our knowledge, the first molecular lanthanide cluster with only
co-existing oxo, hydroxo, and aqua ligands. The hydrous species are the
simplest and most fundamental forms of [Lng(pg-O)(1s3-OH)gl®*
core-containing clusters and are expected to be useful precursors for vari-
ous substituted clusters in future work including the construction of open
framework structures using the octahedral clusters as building blocks.

Using Gd(C1QO4); in an analogous reaction produced complex 6, for-
mulated s [Gdg(ie-O)(p3-OH)g(N>-C1O,)2(Hy0)20)(ClO,)g*4H,0.
The complex bears virtually the same core structure as § except that two
perchlorate ions are found in the coordination sphere, each of which
bridges two adjacent gadolinium ions within the same plane (Fig. 12).
Accordingly, only three water molecules are terminally coordinated to
each of these four perchlorate-ligated gadolinium centers, whereas four
aqua ligands are found with the two remaining metal ions. It is notewor-
thy that these are highly regular structures with each of the three equato-
rial planes containing four metal ions, one pg-0xo, and eight terminal
oxygen atoms (two on each metal center, either from the aqua ligands or
the coordinated perchlorate ions).

\ 0(23M
h (N
=),
R .
’ g
NC %

FIGURE 12 Molecular structure of the cation in [Gdg(pg-O)(j13-OH)g(n>-C10,),(H;0)20]
(C104)6*4H,0 with the H atoms removed for clarity. Thermal ellipsoids are shown at the
40% probability level
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The octahedral [Lng(e-O)(H3-OH)g]®* cluster core appears to be a
common structural motif in lanthanide oxides and hydroxides, as dem-
onstrated by this work and others.**#! Its presence has also been recog-
nized in the polymeric cyanide bridged lanthanide-transition metal
complex {[Ybg(16-O)(13-OH)g(DMF) 6(1-NC)Pd(1-CN)
(CN);]‘S"}‘,.,,“3 suggesting its unusual stability. Due to its close resem-
blance to the lanthanide-oxygen lattice of rock salt-type metal oxides,
these molecular lanthanide clusters may serve as models for chemistry
in the extended lanthanide oxide frameworks. Moreover, lanthanides are
involved in a variety of oxide-based advanced materials.? A current
trend is to use lanthanide alkoxides and oxo-alkoxides as precursors for
chemical routes (sol-gel process, for example) to such materials,3%#
Molecular oxides and hydroxides are more desirable precursors as com-
pared to the extremely moisture-sensitive alkoxides.** As exemplified
by the formation of complexes 4-6, these molecular lanthanide clusters
can be achieved via direct hydrolysis of lanthanide perchlorates and
nitrates, thus providing a new procedure for the synthesis of otherwise
hard-to-achieve molecular lanthanide clusters.

UNUSUAL EDTA-LANTHANIDE COORDINATION CHEMISTRY
UNDER HIGH-PH CONDITIONS

Prompted by the close relationship between polyaminopolycarboxylic
acids and amino acids and in an attempt to evaluate the scope of the
high-pH hydrolytic approach to polynuclear lanthanide clusters, we set
out to re-evaluate, under much higher pH conditions however, the clas-
sical coordination chemistry of lanthanide with polyaminopolycarboxy-
lic acids.3? A major underlying goal of this effort is to synthesize new
MRI contrast agt:nts.2 On the one hand, extra stability of such agents is
likely to be derived from the compact cluster structure in addition to that
gained from ligand chelating interactions. On the other hand, the per-
formance of the agents would be enhanced due to the high content of
paramagnetic centers and the increased number of exchangeable aqua
ligands.2

Our initial foray has ©been focused on ethylenedi-
amine-N,N,N’,N'-tetraacetic acid (EDTA), the venerable and one of the
most studied polyaminopolycarboxylic acids.* Since its introduction
more than five decades ago for the complexometric determination of
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metal ions,*0 the EDTA ligand has literally revolutionized analytical
chemistry. Its successful uses as a volumetric reagent or a masking
agent in such techniques as colorimetry, chromatography, polarography,
and electrophoresis lie in its ability to form elaborate metal complexes
with stable five-membered rings involving the metal ion and both the
oxygen and nitrogen atoms of the ligand. For lanthanide ions, their
exclusively mononuclear complexes with EDTA are normally prepared
at pH 5-6 in agueous solutions.*> These complexes, represented by the
general chemical formula M[Ln(EDTA)(H,0),,]enH,0 (M = an alkali
metal ion), have invariable 1:1 (EDTA:Ln) composition, wherein an
EDTA molecule acts as a hexadentate ligand with contribution from its
two coordinating nitrogen atoms and four unidentate carboxylate groups
(Fig. 13, A). 1t is our intent, using a structurally unprecedented
EDTA-neodymium complex, to illustrate how the otherwise well-estab-
lished chemistry can be profoundly affected by simply increasing the
pH of the reaction mixture.

Our efforts started with a detailed structural analysis of the crystallo-
graphically characterized Ln-EDTA complexes. Although the coordina-
tion numbers (CN) of these complexes range from 8 to 10 depending on
both M and Ln sizes, the 9-coordinate geometry is the predominant one
with the coordination of one hexadentate EDTA and three accompany-
ing aqua ligands (Fig. 13, B).*” Further analysis of these structures pro-
vides the O(water)-Ln-O(water) bond angle values that rang from 70.0°
to 83.3°.47 These values are very close to those (from 68.1° to 76.8°)
found for the O(j3-OH)-Ln-O(i3-OH) angles in the [Ln4(}l3-0H)4]8+
unit.! It seemed plausible that if the pH of a lanthanide-EDTA reaction
mixture is raised, the aqua ligand(s) of the initially formed 9-coordinate
complex would be deprotonated, giving rise to a hydroxo complex of
lanthanide with EDTA (Fig. 13, C). Subsequent condensation of this
hydroxo complex would afford a tetranuclear lanthanide cluster, bearing
the cuboid [Lng(u;-OH),J®* unit whose metal centers are capped by
EDTA ligands (Fig. 13, D). Although the product (7, see below) isolated
from a mixture of Nd(ClO,); and Na,H,EDTA2H,O subject to a
high-pH condition is not exactly the one originally targeted, its forma-
tion can be readily rationalized based on the initial design.

The structure of this compound
Nag{[Na(H,0),]4[Nd;,(13-OH);4(EDTA)g]}21H,O was established by
single crystal X-ray diffraction. The IR spectrum of 7 exhibits a strong
and broad absorption at 3443 cm™!, consistent with its high water con-
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FIGURE 13 Postulated synthesis of a dodecanuclear lanthanide complex with EDTA lig-
ands

tent.*® This band possibly obscures a peak around 3600 cm™! that is
attributable to the stretching of the hydroxo ligands.}* Furthermore, a
strong and broad band appears at 1600 cm™!, comprising both the
stretching of the lanthanide-coordinating carboxylate groups and the
bending of water molecules.*

The anionic cluster whose structure is shown in Figure 14 contains 12
Nd(III) ions and 8 EDTA ligands in addition to 16 hydroxo groups asso-
ciated with hydrolysis. Its skeletal structure is identical to that of the dii-
odide complex obtained from the hydrolytic reaction of Dy(ClO,4)3, KI,
and tyrosine at pH ~ 7.28 The metal jons are assembled into a layered
structure. Each of the three parallel layers contains 4 Nd(III) ions, occu-
pying the vertices of a perfect square. The two outer layers are crystallo-
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FIGURE 14 Molecular structure of the anion in {[NE(H20)2]4[Nd12(}l3-0H)16
(EDTA)g]}¥ with the H atoms removed for clarity. Thermal ellipsoids are shown at the
25% probability level (See Color Plate 11 at the back of this issue)

graphically equivalent with an Nd-Nd distance of 6.465 A, while the
middle layer, with an Nd-Nd distance of 3.996 A, is unique and “tucked
in”. The 8 EDTA ligands occupy the vertices of a perfect tetragon, each
capping one of the eight metal ion in the two outer layers. The coordina-
tion mode of EDTA in 7 is significant: Each EDTA ligand acts as an
octadentate (Fig. 15) as opposed to the well-known hexadentate one.
One of the carboxylate groups together with the nitrogen atom onto
which it attaches can be described as a p3:n1:'q2:n1 anion, not only link-
ing two neighboring Nd(IIT) centers within the same (outer) layer, but
also coordinating a third Nd(III) ion in the middle layer through one of
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FIGURE 15 The well-known hexadentate mode of an EDTA ligand to Ln! with the
unprecedented octadentate coordination mode to three lanthanide ions indicated by inclu-
sion of the bridging sites to La® and Ln®

the carboxylate oxygen atoms. Such a coordination mode, first observed
in the aforementioned lanthanide-tyrosine complexes,!! is unprece-
dented for EDTA. 1t is apparent that such layer-crossing chelating inter-
actions are critical to the cluster formation. Hydroxo ligands complete
the Nd(III) coordination sphere. Thus, each inner-layer Nd(III) ion has a
CN of 8, forming an irregular square antiprism, while each out layer
Nd(III) ion has a CN of 10, and its coordination polyhedron may be best
described as a bicapped square antiprism. Examples of 8- and 10-coor-
dinate Nd(IIl) are rare; Nd-containing complexes are predominantly
9-coordinate with the tricapped trigonal prism being the favored struc-
ture.*® The core component of the cluster may alternatively be viewed
as a “wheel” of four corner-sharing [Nd,(i3-OH),)®* cubanes and the
overall structure may be described as a “cubane wheel” caged by a tetra-
gon formed by the eight EDTA ligands. In the solid state, such individ-
ual cages are connected via Na-O (EDTA carboxylate) interactions to
form a 1-D polymeric array.

The square openings in 7 could potentially permit entry by a guest
molecule or ion. The strong preference of light lanthanide ions such as
Nd(I) for 9-coordinate geometxyso coupled with the high affinity of
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Ln(III) for a fluoride jon>! suggest that the fluoride complex of 7 with
the anionic guest species sitting in the square-shaped opening is possi-
ble.

PRINCIPAL RESULTS AND CONCLUSIONS

* Ligand-controlled hydrolysis is a valid approach to the synthesis of
polynuclear lanthanide complexes.

® Amino acids are a novel class of supporting ligands for controlling
the hydrolysis of lanthanide ions. Under physiological or even
higher pH conditions, lanthanide complexation with amino acids
may be achieved via only the carboxylate group or simultaneous
coordination of both the carboxylate and the amino moieties.

* pH conditions have strong influence on the outcome of lanthanide
coordination chemistry, as demonstrated by the unprecedented
EDTA-lanthanide complexes from otherwise well-established chem-
istry.

* Lanthanide complexes generated by “high”-pH coordination typi-
cally exist as discrete lanthanide-hydroxo clusters, whereas their
low-pH counterparts are in mono-, di-, or polynuclear forms.3? It is
the unconventionally “high” pH condition that promotes the forma-
tion of the large molecular clusters.

® Cuboid [Ln4(u3-OH)4]8+c1ustcrs are a common structural motif in
lanthanide coordination compounds, which complement their
d-block metal counterparts. Bridging ligands with more than one
carboxylate group may support open framework structures using the
[Lng(p3-OH),1®* cluster unit as building blocks.

* Octahedral [Lng(ie-O)(1t3-OH)g]®* core-containing clusters with an
interstitial ug-O ligand can be assembled via direct hydrolysis of lan-
thanide nitrates and perchlorates in the absence of any organic sup-
porting ligands.

® Spherical anionic species are important in templating the formation
of ring-like lanthanide cluster complexes.
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OUTLOOKS

The results detailed above suggest extensive and promising coordina-
tion chemistry of lanthanides under physiological or higher pH condi-
tions. Many important questions, both fundamental and practical,
remain to be answered. For example, why is tyrosine so unique in that it
uses both amino and carboxylate groups for simultaneous lanthanide
coordination? Why are pentadecanuclear or dodecanuclear complexes
composed of corner-sharing cuboid [Ln4(}l3-OH)4]8+ cluster units
formed with tyrosine ligands while monocluster complexes are gener-
ated with carboxylate-only coordination when alanine, valine, glycine,
or glutamic acid are utilized? Although the steric effect due to the side
group of the amino acid may play an important role, answers to these
questions are not readily available. Further, how extensively applicable
to other metals and ligands is the hydrolytic approach to polynuclear
complexes? What properties may be expected of these novel lantha-
nide-containing materials? From the research discussed herein, it is
clear that “high”-pH lanthanide coordination chemistry represents a rich
field of research that can be exploited to create novel lanthanide-con-
taining materials with desired properties.
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