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Abstract

A series of lanthanide tris(B-diketonates) and porphyrinates was developed as effective receptors which offered chiral
recognition and chirality sensing of biological substrates. These lanthanide complexes were electrically neutralized by coordinating
ligands but further formed highly coordinated complexes with various substrates. We optimized the combination of coordinating
ligand and lanthanide center to realize specific recognition and sensing of chiral amino alcohols and amino acids. Two further
approaches were successful: (1) substitution of lanthanide tris(B-diketonates) with chiral ligands provided efficient enantiomer-se-
lective extraction of zwitterionic amino acids; and (2) functionalization of lanthanide porphyrinates with highly structured
functions enhanced the sensitivity in CD probing of chiral amino acids. Since the lanthanide complexes have broad structural
variations, the molecular recognition phenomena described here offer promising possibilities in developing a new class of chiral
recognition and chirality sensing systems incorporating intelligent lanthanide complexes. © 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Lanthanide tris(B-diketonates) and porphyrinates are
representatives of rare earth metal complexes and ex-
hibit interesting chemical, biological and catalytic prop-
erties [1]. Although these are electrically neutralized by

* Corresponding author. Tel./fax: + 81-6-6605-2560.
E-mail address: tsukube@sci.osaka-cu.ac.jp (H. Tsukube).

anionic ligands, one or more additional substrates usu-
ally bind to the lanthanide centers, increasing the coor-
dination number to more than 6. Based on the highly
coordinated complexation, various lanthanide tris(p-
diketonates) and related complexes work as shift
reagents in NMR spectroscopy [2], catalysts in organic
synthesis [3], and probes in the areas of clinical chem-
istry and molecular biology [4]. The most striking fea-
ture of these lanthanide complexes is that their
coordination chemistry is different from that of com-
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mon transition metal complexes. The lanthanide centers
have larger ion-radii and coordination numbers (7—12)
[5], and form a variety of ternary complexes [6]. Al-
though their versatile coordination chemistry offered
potential applications in the design of intelligent lan-
thanide complexes [1,7], we recently developed chiral
recognition and chirality sensing systems incorporating
lanthanide complexes [8]. The enantiomer-selective ex-
traction of zwitterionic amino acids, the chirality sens-
ing of biogenetic amines and unprotected amino acids
and the optical purity determination of amino alcohols
were successfully realized by structural optimization
and sophistication of lanthanide tris(B-diketonates) and
porphyrinates.

This review summarizes our original efforts to de-
velop a novel type of lanthanide complex-based recep-
tor for chiral biological substrates [9-12]. It focuses
primarily on characteristic lanthanide coordination
chemistry and its applications in recognition and sens-
ing of chiral substrates. The lanthanide tris(B-diketo-
nates) and porphyrinates are characterized here as a
new series of receptors. The former are known to bind
additional substrates in crystal and solution states [6].
As schematically illustrated in Fig. 1, lanthanide
tris(2,2,6,6-tetramethyl-3,5-heptanedionates) (1) were
reported typically to bind two pyridine molecules with-
out loss of three diketonate ligands [6]. Nakanishi and
Dillon have applied complex 1 (M = Pr) in the chirality
sensing using CD method. It interacted with chiral
1,2-diols in non-polar solvents and the resulting ternary
complexes gave split-type Cotton effects at the ligand
absorption region [13]. Since the sign of the observed
CD signal related to the absolute configuration of the
substrate, this CD method was useful in the stereo-
chemistry determination of several natural products
[14]. The intraconfigurational f—f transition of the lan-
thanide center can be applicable in the CD probing of
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Fig. 1. Effective ionic radius of lanthanide centers and highly coordi-
nated complexation.

chiral substrates [4b]. Brittain [15] and Riehl and
coworkers [16] reported that the addition of chiral
sugars to the lanthanide tris(2,6-pyridinecarboxylates)
offered characteristic circularly polarized luminescence
(CPL) behavior. More recently, Parker et al. presented
CPL sensing of lactate, citrate and acetate [17]. Chiral
lanthanide tris(B-diketonates) were widely employed as
chiral shift reagents in 'H- and '*C-NMR spectroscopy
[18]. The enantiomers of chiral substrates formed
diastereomeric complexes with chiral lanthanide
reagents and often exhibited separated signals at differ-
ent chemical shifts. Lanthanide porphyrinates also have
potential as non-destructive probes in medical analysis
[19], because they have well-defined structures and in-
tense Soret-bands around 400 nm [20]. Radzki and
Giannotti reported that the lanthanide porphyrinates
gave significant UV spectral changes upon complexa-
tion with achiral amines, phenols and nucleic bases [21].
Such highly coordinated complexes have frequently
been involved in various lanthanide complex systems
but have rarely been characterized from the standpoints
of coordination chemistry and molecular recognition
science.

We have demonstrated that a series of lanthanide
tris(B-diketonates) such as 2 exhibited characteristic
carrier functions for anionic amino acid derivatives
[22,23]. They effectively bound organic anions such as
Z-amino acid anions, while the inorganic anions Cl~
and Br~ were modestly complexed. As expected, the
fluorinated ligand promoted subsequent anion coordi-
nation with lanthanide centers and enhanced the carrier
activities. Furthermore, zwitterionic amino acids were
effectively extracted and transported by several lan-
thanide tris(pB-diketonates). These successful applica-
tions have stimulated interest in the further evolution of
ligands in an attempt to develop new lanthanide com-
plexes with excellent receptor functions. Several struc-
tural modifications of lanthanide tris(pB-diketonates) 2
and porphyrinates 4 led to a new generation of effective
receptors (Fig. 2). Introduction of chiral fluorinated
B-diketonate ligands realized chiral recognition via
diastereomeric complexation in the binding of amino
alcohols and liquid-liquid extraction of zwitterionic
amino acids. Substitution by chromophoric porphyri-
nate ligands and further hybridization with characteris-
tic functional molecules remarkably enhanced the
sensing ability for chiral biological substrates. Although
we present here only a limited number of examples, the
lanthanide complexes have many applications in vari-
ous fields of chirality science and technology.

2. Chirality sensing by lanthanide tris(f-diketonates)

When the chirality of non-chromophoric substrate is
determined using CD spectroscopy, an intense chro-
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Fig. 2. Receptor evolution based on lanthanide coordination chemistry.

mophore should be attached in a proper fashion by
derivatization or complexation method. The derivatiza-
tion method was frequently applied in the literature,
involved covalent bond formation between substrate
and chromophore [24]. The complexation method was
recently recognized as a promising alternative [8b],
because the chromophore bound the substrate via a
non-covalent interaction. Resorcinol cyclic tetramers,
calixarenes, polymer helices, porphyrins and diboronic
acid derivatives were developed as chromophoric
probes for this purpose [25]. This complexation method
has the great advantage of simplicity in experiments:
only several micrograms of substrate is required; nei-
ther coupling reaction nor purification is needed; and
recovery of substrate is very easy [8,24b].

Among a series of lanthanide tris(B-diketonates) as
shown in Fig. 3, complexes 2 having achiral
1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6 - octadionate
ligands acted as effective probes for the chirality sens-
ing of amino alcohols. The targeted chiral amino alco-
hols are useful building blocks in asymmetric organic
synthesis as well as biological substrates for ethanol-
amine ammonia-lyase [26]. Although substrates and
lanthanide tris(B-diketonates) are silent in CD spectra
(> 250 nm), they form highly coordinated complexes
which exhibit induced CD signals around 300 nm.
Europium tris(fluorinated p-diketonate) 2 (M = Eu)

typically gave steady CD signal upon complexation
with (R)- or (S)-2-amino-1-propanol (Fig. 4). Interest-
ingly, symmetric CD spectra were recorded in the pres-
ence of enantiomers of amino alcohol substrate [12].
When chiral monoamine, monoalcohol and diol were
employed as targeting substrates, they did not cause
any change in the CD spectra. Since 2 (M = Eu) bound
these substrates much more weakly than amino alco-
hols, this functioned as a chemo-selective CD probe of
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Fig. 3. Lanthanide tris(B-deketonates) and reference probes.
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Fig. 4. Induced CD spectra of europium tris(fluorinated B-diketonate) 2 (M =Eu) in the presence of chiral substrates (see Ref. [12])
[2]=3.5 x 10 =3 mol 1~ %; [substrate] = 3.5 x 10 =% mol 1=! in CH;0H-CH,Cl, (1/99).

chiral amino alcohols. The sign of the induced CD
signal can be predicted by assuming the bidentate coor-
dination model of chiral amino alcohol (Fig. 5). When
(S)-2-amino-1-propanol coordinates with the lan-
thanide center in a bidentate fashion, an ‘anti-clock-
wise’” conformation should be more energetically
favored than a ‘clockwise’ conformation for steric rea-
sons, which offers a reversed S-shaped CD signal. In
the case of (R)-2-amino-l-propanol, the ‘clockwise’
conformation must be more stable than the ‘anti-clock-
wise’ one to give an S-shaped CD signal. A variety of
chiral amino alcohols gave chirality-dependent CD sig-
nals upon the highly coordinated complexation. Their
signs were well understood by considering the bidentate
coordination modes, though several stereoisomers of
the resulting ternary complexes could be assumed. Such
bidentate coordination probably induces asymmetric
deformation of three chromophoric B-diketonate lig-
ands in the coordination sphere of the lanthanide center
to exhibit the CD signals around 300 nm.

Lanthanide tris(B-diketonates) were reported to form
1:2 highly coordinated complexes with monoalcohol or
monoamine substrates in non-coordinating solvents
[6a,6b], but they selectively formed ternary complexes
with amino alcohols in polar solvents. Log K values of
lanthanide complexes 2 measured in CH;OH-CH,CI,
(1/99) were 4 or 5 for amino alcohols, but 2 or less for
monoalcohol, mono amine and diol substrates. The
competition between substrate and solvent molecules
for the coordination with lanthanide center resulted in
high specificity for bidentate amino alcohols. The sta-
bility constant of the ternary complex with amino alco-
hol generally increases in the order Pr**
<Eu’t <Gd** <Dy**t >Ho*>* >Yb*". Since the
ionic radii of the lanthanide centers decrease in the
order Pr’* >Eu’*t >Gd** >Dy’* >Ho** >Yb*+
(Fig. 1), the smaller lanthanide center provides shorter
and stronger coordination with amino alcohol, but
larger steric repulsion between amino alcohol and f-

diketonate ligands. The lanthanide tris(B-diketonates) 2
are also applicable in quantitative determination of the
optical purity of various amino alcohols on a micro-
gram scale [8b]. When the lanthanide complex 2 (M =
Yb) (8.00 x 10~3 mol 17!) was typically added to a
CH;0H-CH,Cl, (1/99) solution of (R)- and (S)-amino
alcohol mixture (8.00 x 10 ~* mol 1~ '), the CD ampli-
tude observed and enantiomer excess percentage of the
amino alcohol have a linear relationship as schemati-
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Fig. 7. Binding mode of zwitterionic amino acid with lanthanide
center (see Ref. [28]).

cally illustrated in Fig. 6. Therefore, the optical purity
of several micrograms of the sample can be determined
using this relationship established in the CD probing
system.

3. Enantiomer-selective extraction by lanthanide
tris(B-diketonates)

Enantiomer recognition of a specific guest is one of
the most important processes in many biological and
artificial processes. A variety of synthetic receptors have
been reported for chiral recognition of cationic or
anionic guests, but the number of those effective for
zwitterionic amino acids remains quite limited [27].
Since amino acids exist as zwitterions in neutral water
and their desolvation is a costly energetic process, two

or more different binding sites should be geometrically
and functionally arranged in the single receptor
molecule. The lanthanide tris(B-diketonates) have out-
standing features as effective receptors of zwitterionic
amino acids: (a) highly coordinated complexation with
various substrates; (b) complex stability against hydrol-
ysis and ligand exchange at neutral pH; and (c) substi-
tution feasibility by chiral, fluorinated and
chromophoric B-diketonate ligands.

We successfully applied a series of lanthanide tris(f3-
diketonates) 2 in the extraction of zwitterionic amino
acids [9]. The extractions were typically carried out by
adding a CH,Cl, solution of lanthanide tris(1,1,
1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octadionates) (2)
(0.030 mmol/1.5 ml) to an aqueous solution of pheny-
lalanine (0.015 mmol/1.5 ml, pH 6.2). After the mixture
had been stirred for 2 h, 37-52% of the substrate was
extracted into the CH,CI, solutions. Since copper bis(f3-
diketonate) 10, dibenzo-18-crown-6 and other common
receptors did not extract zwitterionic amino acids under
neutral pH conditions, the lanthanide coordination
chemistry offered efficient extraction of zwitterionic
amino acids. Most of the lanthanide complexes 2
showed similar substrate selectivity of phenylalanine
(Phe) > tryptophan  (Trp) > leucine (Leu) > phenyl-
glycine (PhGly). This trend appears to be more than
simple hydrophobicity of the amino acid. The log D
values of the amino acids at pH 6.2, a measure of
hydrophobicity, are — 1.54 for Phe, —0.70 for Trp,
—1.92 for Leu and —2.22 for PhGly. Among them,
Trp had the largest log D value (highest hydrophobic-
ity), but its extraction percentage was lower than that
of Phe. Although more hydrophilic alanine and glycine
were rarely extracted, the steric factor of the guest
amino acid must be considered as well as the hydropho-
bicity. These lanthanide tris(B-diketonates) were
demonstrated to form negatively charged ternary com-
plexes with anionic guests which were detectable by
negative FAB MS method [22b]. Such anionic species
can interact with the -NH;" part of the amino acids
intramolecularly via electrostatic interaction or direct
hydrogen bonding between —NH; hydrogen and B-
diketonate oxygen [9]. Aime et al. recently proposed
similar hydrogen bonding modes in which the —-NHj3
part of the zwitterionic amino acid was bound with
lanthanide center through water molecules (Fig. 7) [28].

When camphor-derived B-diketonate, 3-(heptafluoro-
propylhydroxymethylene)-camphorate, was combined
with trivalent lanthanide cations, zwitterionic amino
acids were extracted in an enantiomer-selective fashion
[9]. Both enantioselectivity and extractability were sig-
nificantly dependent on the size of the lanthanide cen-
ter. The extractability of the complexes 3 decreased as
the lanthanide cation changed from Pr** or Eu®" to
Er**t and then to Yb®>*. The enantioselectivity, in
contrast, had a reversed order of Pr’*+* < Eu®* <Er*+
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<Yb**, and the highest enantiomeric excess was
recorded for L-phenylglycine as 49% ee with chiral
ytterbium tris[3-(heptafluoro-propylhydroxymethylene)-
(+ )-camphorate] 3 (M =YDb). This is an extremely
high value compared with other liquid-liquid extrac-
tion systems [29] and demonstrates the practical poten-
tial of the lanthanide complex-type receptors. Since
lanthanide tris[3-(trifluoromethylhydroxy—methylene)-
camphorates] (9) offered effective extraction of amino
acids with modest enantiomer selectivity ( < 10% ee),
the nature of the B-diketonate ligand greatly influenced
enantiomer selectivity. Although the present type of
lanthanide tris(B-diketonates) may have several
stereoisomers in the solutions, the combination of small
ytterbium ion and bulky chiral B-diketonate provided
the enhanced enantioselectivity of the amino acids.

4. Chirality sensing by lanthanide porphyrinates

Some transition metal porphyrinates were presented
as effective CD probes for chirality determination of
neutral substrates [30]. For example, zinc porphyrinates
including additional binding sites were elegantly de-
signed to bind chiral neutral substrates at two points.
Since their Soret absorption bands were strong enough
to induce intense CD signals, they were applicable in
the chirality detection. We demonstrated that the lan-
thanide porphyrinates 4 functioned as highly sensitive
CD probes especially for zwitterionic amino acids
[10,11]. These were electrically neutral complexes in-
cluding dianionic porphyrinate and monoanionic diket-
onate ligands. As decribed above with lanthanide
tris(B-diketonates), the lanthanide porphyrinates
formed the stable ternary complexes with zwitterionic

Fig. 8. Lanthanide meso-tetraphenylporphyrinates 11.

amino acids, if the lanthanide center and coordinating
ligands were properly chosen.

A series of gadolinium meso-tetraphenylporphyri-
nates 11 (M =Gd) effectively extracted zwitterionic
amino acids from neutral aqueous solutions into or-
ganic solutions (Fig. 8), while corresponding zinc por-
phyrinates rarely extracted them [11]. The 1:1 highly
coordinated complexes formed gave induced CD signals
in the Soret-band regions, the signs of which were
specific to the absolute stereochemistry of the bound
amino acids. The extraction and CD sensing behaviors
of gadolinium meso-tetraphenylporphyrinates 11 were
largely dependent on the nature of the organic phase
employed. When L-phenylglycine was employed as a
substrate, benzene and toluene gave about twice the
CD sensitivity as cyclohexane, hexane and petroleum
ether. They operated well for a broad range of amino
acids: 16 kinds of natural a-L-amino acids gave re-
versed S-shaped CD signals upon complexation, though
only L-histidine gave S-shaped CD signals and L-aspar-
tic acid and L-lysine were rarely extracted. Compared
with the CD spectra of amino acids in aqueous solu-
tions, ca. 50 or 100 fold amplification of the CD
intensity and shift of the peak from UV to the visible
region were attained with these lanthanide probes. The
receptor behavior of the lanthanide porphyrinate can
be fine-tuned through molecular architecture. The na-
ture of the lanthanide center greatly influenced extrac-
tion ability toward amino acids: Gd** > Er** > Yb*+
[10]. As described in the extraction with lanthanide
tris(B-diketonates) 2, the larger lanthanide center of-
fered more efficient extraction and subsequent higher
CD sensitivity for amino acids in the tetraphenylpro-
phyrinate 4 systems. The substituent at the meso-posi-
tion of the tetraphenylporphyrinate skeleton also
affected both extraction efficiency and CD sensitivity.
Ortho-substitution with methoxy and methyl groups
completely suppressed the sensitivity. When chiral -
diketonate ligand was introduced into the lanthanide
porphyrinate system, CD sensing of achiral amino acids
was realized. Typically, godolinium complex 5 extracted
achiral amino acids such as glycine and B-alanine and
then offered significant CD spectral changes upon
highly coordinated complexation. As discussed in the
ternary complexation between amino alcohol and lan-
thanide tris(B-diketonates) 2, the steric crowding
around the lanthanide center may induce the asymmet-
ric arrangement of B-diketonate and porphyrinate, re-
sulting in the intense CD signal.

5. Sophistication of lanthanide porphyrinates

We made the structure of lanthanide porphyrinate
receptors 4 more sophisticated to improve the extrac-
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tion and sensing functions for specific substrates (Fig.
2) [10,31]. When zwitterionic amino acids are targeted,
the effective receptors should have multiple binding
sites highly complementary to the -NH; and —-CO;
groups of the amino acids [27]. The conjugate 6 (M =
Er) was designed along this line, because benzo-18-
crown-6 catches —-NH; moiety and lanthanide
porphyrinate binds —CO; moiety. This extracted sev-
eral amino acids from neutral aqueous solution into
CH,CI, solution more efficiently than the parent er-
bium porphyrinate 4 (M = Er): [extraction percentage
by 6]/[extraction percentage by 4] =48/38% for Phe;
40/18% for Trp. Thus, the amino acids were coopera-
tively bound by erbium porphyrinate and 18-crown-6
ring. After extraction experiments with L-amino acids,
this conjugate gave reversed S-shaped CD bands at the
Soret-band region, while it offered S-shaped CD bands
for D-isomers. The gadolinium- and ytterbium-contain-
ing conjugates 6 (M =Gd and Yb) gave similar ex-
traction efficiencies and CD sensitivities to those of
parent porphyrinates 4. Therefore, the nature of the
lanthanide center significantly influences on the probe
functions of conjugate-type receptors.

The conjugate 6 (M = Er) also acted as an effective
receptor of the biogenetic amine salts tyramine, sero-
tonin and noradrenaline salts [31]. These biogenetic
amines were extracted not only from neutral aqueous
solution (pH 6.0), but also from acidic aqueous solu-
tion (pH 3.6), suggesting that the biogenetic amines
were bound as monocationic forms. Although the
‘conjugate effects’ were clearly observed in the extrac-
tion of these biogenetic amines, the CD signals in-
duced around Soret-band regions were too weak to be
used in the chirality determination. The employed bio-
genetic amines have two kinds of binding sites: (i)
phenol or catechol moiety for coordination with the
erbium center; and (i) ammonium cation pointing to-
wards the crown ring. Since the former binding site is
located apart from the asymmetric center, the conju-
gate was thought to work as an effective receptor but
an insensitive CD probe.

The conjugation of lanthanide porphyrinate with 18-
crown-6 ring significantly enhanced extraction abilities
of biological substrates and also provided new sensi-
tive CD chirality probing. The ‘conjugate strategy’
based on lanthanide porphyrinates has various exten-
sions. Double-decker and dimer derivatives 7 and 8
are promising candidates (Fig. 2). The double-deckers
including Ce** ion bound dicarboxylate substrates
and exhibited induced CD signals [32]. Since the por-
phyrine dimers containing Zn>* ion also acted as sen-
sitive CD probes [33], more sophisticated lanthanide
porphyrinates offer more effective receptors for sens-
ing, transport and separation of other biological sub-
strates.

6. Conclusion

This review has described that lanthanide tris(B-dike-
tonates) and porphyrinates offered interesting chiral
recognition and chirality sensing of the biological sub-
strates such as amino acids and biogenetic amines.
Based on their ‘exotic’ coordination chemistry, they
exhibited unique receptor characteristics in extraction
and chirality sensing. The lanthanide tris(B-diketonates)
caused broadening of NMR signals of various biologi-
cal substrates in a non-selective sense, but optimization
of their structures and conditions improved the receptor
functions. Furthermore, the introduction of chiral
fluorinated ligands in the lanthanide tris(B-diketonates)
offered satisfactorily high enantiomer-selective extrac-
tion of zwitterionic amino acids, while the lanthanide
porphyrinates and their conjugate derivatives attained
precise chirality sensing of the biological substrates.

The lanthanide complexes have further potential as
specific receptors of biopolymers. Some of them are
known as hydrolytic catalysts in protein and gene tech-
nology. The quenching phenomena between lumines-
cent lanthanide complexes with biopolymers were
extensively investigated [34]. Therefore, further struc-
tural optimization of these complexes may provide
promising possibilities in the development of specific
recognition and sensitive sensing of various chiral sub-
strates of biological interest.
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