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[. Introduction

Over the past 10 years there has been a resurgence
of interest in the coordination chemistry of lan-
thanide complexes in aqueous solution. Excitement
in this work may be related to an enhanced apprecia-
tion of the rich functionality of the ground and excited
states of lanthanide complexes. The high-spin para-
magnetism and long electronic relaxation time of
Gd3* has made it pre-eminent among contrast agents
for magnetic resonance imaging (MRI).%? Related
complexes of Dy and Tm—with much shorter elec-
tronic relaxation times—are effective NMR shift
reagents.® The controlled modulation of Lewis acidity
across the series is allowing the development of
complexes exhibiting phosphatase activity,* while the
redox activity of cerium, samarium, and europium
may be expected to allow the development of further
selective oxidants and reductants.

Lanthanide complexes in solution exhibit a well-
defined luminescence which is characterized by nar-
row emission bands, large Stokes’ shifts, and long
excited-state lifetimes. Europium and terbium com-
plexes possess excited-state lifetimes in aqueous
solution of up to 5 ms and emit in the red and green;
they have been used as probes in fluoroimmunoas-
says®>® and show considerable promise in lumines-
cence imaging and as sensors for certain bioactive
ions.” The near-IR emission from the excited state of
Nd3*, Yb®*t, and Er®* is less long-lived, but complexes
of these ions offer much promise as probes in vivo as
tissue is relatively transparent to incident light with
a wavelength of around 1000 nm.

In this review we have set out to highlight the
complexation chemistry of lanthanide ions in aqueous
solution that has caused us and others to progress
from a state of ‘getting excited’ 8 in 1996 to ‘being
excited’ in 2002! In the past few years several
excellent reviews have appeared detailing aspects of
contrast agent structure and solution dynamics,*?12
biomedical and NMR applications,*?° complex design
features,*® thermodynamic aspects of complex forma-
tion,>1! the development of luminescent lanthanide
complexes operating in aqueous media,>®'? and the
diagnostic and therapeutic uses of lanthanide—texa-
phyrin and —porphyrin complexes.#*> Here we have
set out to review only lanthanide complexes which
are water soluble. We highlight structural aspects of
the lanthanide—water bond by a comprehensive
analysis of the Cambridge Structural Database (CSD)
of all published species in coordination number 9,
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possessing between one and nine bound water mol-
ecules, focusing on q = 1, 2, and 9 systems. In
addition, we have sought to update aspects of inter-
and intramolecular exchange processes, summarize
advances in magnetic resonance spectroscopy, and
review the developments in the excited-state chem-
istry of luminescent lanthanide complexes. Through-
out there is an emphasis on chiral systems, and
although there is necessarily a degree of overlap with
some of the recent reviews cited above, the intention
is to provide an update and where appropriate focus
on literature published in the period 1994—2001.

Il. Structural Analysis of Nine Coordinate
Aqua-Lanthanide Complexes

Much of the current research into the chemistry
of lanthanide complexes is carried out in the solution
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Being Excited by Lanthanide Coordination Complexes

state—and rightly so. It is the properties of these
complexes in aqueous solution that are of great
interest scientifically, medically, and therefore com-
mercially.

However, exact information about conformation,
bond distances, and bond angles within a complex
can only be obtained from the solid state through
diffraction techniques. Furthermore, potentially im-
portant interactions between the complex and its
environment in solution—and specifically the interac-
tion with solvent water molecules—may be probed
through the study of the solid-state structure.

Of specific interest in this review is the geometric
‘makeup’ of nine-coordinate lanthanide complexes
where there is at least one ligating water molecule
present. With respect to MRI contrast agents, those
in which the number of bound water molecules is
either one or two (Q = 1 or 2) are of particular
interest. A closer examination of the other limiting
case, where g = 9, i.e., the nona-aqua complexes, has
also been undertaken. These complexes may be
regarded as representing the ‘model situation’ where
no other ligand effects are present except for those
ascribed to water molecules.

A. Source of Data

All data relevant to this discussion were obtained
from the Cambridge Structural Database (October
2000 release).’® The search strategy employed, the
actual search queries, as well as the full search
results are available in electronic form at http://
www.dur.ac.uk/dp.group/supplementary.htm.

B. Complexes with Nine Coordinated Water
Molecules (g = 9)

The metal—water bond distances for all water
ligands in nine-coordinate lanthanide aqua ions in
the CSD are summarized in Figure 1, showing the
variation of the M—O distances sorted for each
lanthanide ion.

Along the lanthanide series there is a decrease in
the average length of a metal—water bond. This trend
corresponds to the decreasing metallic radius of the
lanthanide ion. In 36 of the known lanthanide nona-
aqua ion structures there are two distinct metal—
water bond lengths in a particular aqua ion. Each of
the structures in which this trend is seen has the
same crystallographic space group, P63/m, and in
every case the anion is either ethyl sulfate (EtOSO3")
or triflate (CF;SO3™). Structures that have a chemi-
cally more complex counterion do not crystallize in
the P6s/m space group. These form crystals with
lower symmetry space groups, and the metal—water
bond lengths in these aqua ions vary over a wider
range of values.

For aqua ions containing a given metal atom there
is a variation in the length of metal—water bonds.
This is expected for structures in which the coordina-
tion environment of the water ligands is different,
but even structures that have the same geometry
around the metal atom (and thus the same coordina-
tion environment of the ligands) have different
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Figure 1. Metal—water bond lengths in lanthanide nona-
agua ions sorted by the metal involved.

metal—water bond lengths. This is seen in the two
ytterbium complexes, CSD reference codes BUV-
YEWO01'" and ESULYB (Chart 1).8 The crystal
structures of both of these complexes have been
determined at 295 K and are in the P6s;/m space
group. The arrangement of the ligands around the
metal center is the same in each case. In BUVYEWO01
the counterion is triflate and the two metal—water
bond lengths are 2.302(3) and 2.532(3) A. In ESU-
LYB, which has an ethyl sulfate counterion, the bond
lengths are 2.322(3) and 2.517(3) A. This suggests
that the length (and strength) of the metal—water
bonds in lanthanide aqua ions is not determined
solely by the coordination environment. The counte-
rion and arrangement of molecules in the crystal
must also be important. In particular, the counterion,
which appears to affect the length of metal—water
bonds, may play an important part in the water
exchange process.

C. Complexes with Two to Eight Coordinated
Waters (q = 2-8)

There are a total of 41 entries in the CSD for
compounds containing two coordinated water mol-
ecules. For all but one compound (AFACND) the two
distances to the water molecules are almost the
same: in 18 of the complexes the longer distance is
less than 1% longer, in 13 it is between 1% and 2%
longer, and in 10 complexes it is found to be between
2% and 5% longer. In AFACND (Chart 1),%° however,
it is reported to be 19% longer: 2.444(4) and 2.922-
(3) A, respectively. The compound is a dimeric,
fluoroacetate-bridged Nd complex. There are six other
complexes of this carboxylato-bridged type with a
similar geometric arrangement of the ligands in the
CSD, and in none of them is the longer bond
elongated by more than 0.8%.

Eighty eight compounds in the CSD are lanthanide
complexes with three coordinated water molecules,
37 have four molecules of water, 25 have five, 10 have
six, 5 have seven, and only 1 has eight water
molecules bound to a lanthanide ion where n = 9.
The largest difference between the longest and short-
est distance to the water molecule is exhibited in
PUBVOX,?° where the elongation is as much as 20%.
The distance to this water molecule in this peculiar
Sm complex is 2.885(3) A, which is particularly long.
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Figure 2. Distances from the metal atom to the coordi-
nated water molecule for all structures in the CSD that
contain a nine-coordinate lanthanide ion with only one
coordinated water molecule (q = 1).

D. Complexes with One Coordinated Water
Molecule (g = 1)

There are 129 structures in the CSD that contain
a nine-coordinate lanthanide ion with a single coor-
dinated water molecule; all the lanthanide metals are
represented except promethium. Several factors have
been considered in order to try and find out what
determines the metal—water bond lengths in these
complexes. These include the type of donor atoms in
the ligands, the number of coordination sites in the
ligand, the crystallographic space group, and the
geometry of the lanthanide coordination sphere. In
Figure 2 the metal—water bond lengths for these
complexes are summarized.

Across the lanthanide series the expected general
trend is for the metal—water bond length to decrease.
This is found and corresponds to the decreasing
atomic radius of the lanthanide metal ion.?® In
addition, there is also some variation in metal—water
bond length for different structures containing the
same metal ion. For example, in complexes of lan-
thanum, the metal—water bond length ranges from
2.507 to 2.816 A, a variation of 0.309 A. For com-
plexes containing cerium, the difference is even
greater (0.370 A) with bond lengths ranging from
2.483 to 2.853 A. For the smaller lanthanides, the
range of metal—water bonding distances is smaller
than that for lanthanum and cerium. For example,
with gadolinium the bond length differences fall
within a range of 0.227 A, while europium—water
bond lengths range over 0.164 A. A comparison of the
variation in metal—water bond lengths for both nona-
aqua ions and nine-coordinate complexes with one
coordinated water molecule is provided in Table 1.

For each of the complexes studied only the relevant
part of the coordination sphere was considered,
namely, the metal ion, the oxygen atom in the
coordinated water molecule, and the four atoms that
make up the face of the square antiprism capped by
the water molecule (Figure 3). Several parameters
were determined for each complex as follows: the
position of the coordinated water molecule, O, rela-
tive to the plane defined by the four ligand oxygen
atoms, O.; an artificial centroid, X, placed in the
center of the plane of the four ligand oxygen atoms,
the angles between the centroid water vector, X—0,,
and the centroid ligand atom vector, X—0O, for each
of the four ligand atoms; the metal centroid distance,
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Table 1. Mean Metal-Water Bond Lengths and the
Average Deviation from the Mean Bond Length of
Metal—Water Bond Lengths in Nine-Coordinate
Lanthanide Complexes with One Coordinated Water
Molecule and in Nona-aqua lons of the Lanthanides

nona-aqua ions nine-coordinate complexes

metal—water
bond length/A

metal—water
bond length/A

average average
deviation deviation
metal no. mean frommean no. mean from mean
La 5 2550 0.037 16 2.593 0.059
Ce 3 2529 0.042 7 2587 0.094
Pr 3 2508 0.051 7  2.500 0.048
Nd 6 2.495 0.044 12 2.494 0.041
Sm 3 2.468 0.043 2 2435 0.008
Eu 5 2.442 0.050 21  2.444 0.028
Gd 3 2445 0.062 31 2439 0.040
Tb 2 2.430 0.065 5 2371 0.040
Dy 2 2418 0.067 4 2434 0.015
Ho 3 2421 0.064 2 2404 0.039
Er 2 2.409 0.070 7 2.340 0.018
Tm 1 2395 0.073 2 2315 0.002
Yb 3 2.383 0.090 6 2391 0.058
Lu 3 2354 0.061 7 2323 0.045

Figure 3. Diagram showing the part of the complex used
when comparing the position of coordinated water in
different complexes.

Ln—X, and centroid water distance, X—0,, for each
complex. These parameters can be analyzed to show
how the water molecule changes position relative to
the plane of oxygen atoms as the metal—water
distance increases.

There were four lanthanum complexes in the CSD
with octadentate ligands and a square-antiprismatic
geometry. The variation of the O,—X—0, bond angles
with the distance of the coordinated water oxygen
atom from the centroid, X—O, is shown in Figure 4.

For the lanthanum and cerium complexes studied,
as the water molecule gets further away from the
plane of oxygen atoms, the variation in the O,,—X—
O. angles (indicated by the spread of points for a
particular X—0,, distance) increases. This means that
for complexes with long metal—water bonds, the
X—0y vector is no longer normal to the plane. This
is confirmed by considering how the angle La—X—
Ow changes as the centroid—water distance increases.
As the distance increases, the La—X—0O, angle
decreases, i.e., it gets further away from being 180°,
Figure 5.

The same trends are seen for the three complexes
of cerium that were studied. This change in the
position of the coordinated water molecule may
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Figure 5. Variation in M—centroid—water angle, La—
X—O0y, as the coordinated water molecule moves further
away from the plane of oxygen atoms. Triangles refer to
La complexes and filled circles to Ce complexes.

indicate that there is a significant interaction be-
tween the coordinated water molecule and the ligand.
This can be further investigated by considering what
causes the variation in the metal—water bond length.

The study of lanthanum and cerium complexes
with very long metal—water bonds suggests that the
most significant factor in determining their metal—
water bond lengths is the coordination geometry of
the metal center and the steric interactions between
the water molecule and other atoms in the ligand.
The change in metal—water distance with geometry
is confirmed by a wider study of other lanthanide
complexes. The data in Table 2 show the metal—
water bond length for several lanthanum complexes
and the corresponding geometry around the metal
atom.

There is a clear correlation between the coordina-
tion geometry around the lanthanum ion and the
length of the metal—water bond. The longest bonds
are found in twisted square-antiprismatic complexes.
It is likely that in these complexes the arrangement
of the ligating atoms restricts the approach of the
water molecule to the metal center. The oxygen atom
in the water molecule cannot get close to the metal
atom without buttressing atoms in the ligand, giving
rise to steric repulsion. In the tricapped trigonal
prismatic geometry, the water molecule is able to get
closer to the metal center without encountering such

Parker et al.

Table 2. Variation of Metal-Water Bond Length with
the Coordination Geometry for Nine-Coordinate
Lanthanum Complexes with One Coordinated Water
Molecule

CsSD M—-H.0 geometry of
refecode distance/A lanthanum center
HOYKOV# 2.815(6) twisted square antiprism

RUHMIQZ

CIQYOQ(A)?
KINDEQ(A)2
CIQYOQ(B)?

2.66(8) twisted square antiprism

2.650(6) twisted square antiprism

2.634(6) square antiprism

2.625(6) twisted square antiprism
KINDEQ(B)*® 2.626(6) square antiprism

HAMZOK?6 2.597(6) tricapped trigonal prism
ZEQVUM(A)?" 2.596(3) distorted tricapped trigonal prism
ZEQVUM(B)?” 2.546(3) distorted tricapped trigonal prism

ZAXZED? 2.535(3) distorted tricapped trigonal prism
LESPUU? 2.534(2) distorted tricapped trigonal prism
CEOVAV?0 2.526(6) irregular polyhedron

HAMZAW?6 2.516(4) tricapped trigonal prism

steric interactions with the ligand. For the other
lanthanide ions (Ce—Yb), crystal field variations
across the series may perturb the analysis. Such
effects are most pronounced when the water molecule
occupies an axial coordination site (see sections IV.C
and VI.A).

Examination of the q = 1 series has also shown
that there is no obvious variation of metal—water
bond length with ligand denticity. There is just as
much variation in the metal—water bond length for
complexes with octadentate ligands as there is in
complexes with eight monodentate ligands. The
increased rigidity of the ligand does not appear to
restrict the bond lengths.

E. Concluding Remarks

The factors that influence the metal—water bond
length in nine-coordinate lanthanide complexes are
complicated. The nature of the metal ion and its
coordination geometry are important, as is interac-
tion between the coordinated water molecule and
hydrogen-bond acceptor groups in the ligand. For
complexes with long bonds, the geometry is such that
there is usually more interaction between the water
molecule and atoms in the ligand than there is in
complexes with shorter metal—water distances.

More work is needed in this area. The small
number of complexes where structural data are
available is certainly the limiting factor in reaching
firm conclusions. In particular, systematic studies
involving only one variable are badly needed: keep-
ing the counterion constant and varying the metal,
keeping the ligand constant and varying the metal,
and keeping the metal constant with a varying
counterion—this sort of experimental data is bound
to return valuable information about the structure—
solution properties relationship.

A first step in this direction has very recently been
reported.?’® Crystal structures of the mono-aqua
complexes of DOTMPhA (Chart 2) with a common
triflate counterion and common SAP geometries have
been solved for Ce, Pr, Eu, Gd, Dy, and Yb. While
the variation of ligand O—Ln and N—Ln distances
faithfully follow the ionic radius change,? the Ln—
OH, distances do not (Figure 6). The Ln—OH;
distances were found to vary with the crystal form
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bound water acted as a hydrogen-bond donor to the
oxygen of a second sphere water possessed shorter
Ln—OH; bonds than those in which the bound water
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Figure 6. Variation of Ln—OH, and Ln—0O (ligand)
distances in complexes of DOTMPhA (Chart 2).

served as a hydrogen-bond acceptor. Such observa-
tions, coupled with the slowness of the measured
dissociative water exchange rate (section 1V.C) at Gd/
Eu compared to Yb (500 times faster) or Ce/Pr (100
times faster) suggest that the position of the transi-
tion-state structure may vary from ‘late’ for the
smaller Ln ions (longer bond) to early for the central
ions (ground-state stabilized).

lIl. Chirality of Lanthanide Complexes in Aqueous
Solution

A. Static Analysis of Stereoisomerism

The stereoisomerism associated with lanthanide
complexes is relatively well understood and has been
documented in a number of recent reviews.' 3 A brief
description of the possible solution isomers of repre-
sentative classic chiral systems is presented here.
The ratio of isomers observed in solution is dependent
on a large number of factors. These include the
nature of the lanthanide ion, solvent, temperature,
pressure, concentration, and the type of counterion,
in addition to the concentration of added salt and, of
course, the ligand structure.~331733 Exchange pro-
cesses, allowing the interconversion of isomeric spe-
cies, are described in detail in section 1V.

1. Acyclic Ligands

When a tridentate ligand such as pyridine-2,6-
dicarboylate (DPA) (Chart 2) binds to a lanthanide
ion, an anionic tris chelate complex is formed. The
ligands arrange around the lanthanide in a three-
bladed ‘propeller-like’ manner and can form a left-
or right-handed helix about a 3-fold symmetry axis.
The two enantiomeric species formed are denoted A
or A and are present as a racemic solution in water
at room temperature.

The octadentate coordination of DTPA, involving
ligation of three nitrogens and five monodentate
carboxylate oxygens, results in the formation of two
enantiomeric species. These chiral “wrapping” iso-
mers, A4 and &4, are distinguished by the helicity of
the C—C ethylene bond relative to the Ln3*—N—N
plane and may interconvert through a shuffling of
the acetate groups accompanied by a flip of the
diethylenetriamine backbone. The central nitrogen
atom in DTPA is therefore chiral when coordinated
as a result of this helicity. Nitrogen inversion in the
diethylenetriamine backbone is inhibited upon bind-

Parker et al.

amide
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Figure 7. Two ‘wrapping’ isomers of [LnDTPA]>~ com-
plexes (upper), and the four possible diastereoisomers
conformations of [LnDTPA-bisamides] in a tricapped tri-
gonal prismatic arrangement.

ing to the Ln(lll) ion. Therefore, unsymmetrical
substitution will render the terminal nitrogens chiral
upon chelation and consequently increase the num-
ber of possible stereoisomers. For example in bis-
(amide) derivatives where A; = A, = B; = B, (Chart
2), the two terminal nitrogens become chiral upon
complexation and give rise to four diastereomers
(these have been termed nonsystematically ‘cis’,
‘trans’, ‘syn’, and ‘anti’),}? each of which can exist in
the two “wrapping” isomer forms giving rise to eight
possible isomers (four enantiomeric pairs) (Figure 7).
In cyclic DTPA—bisamides, the steric constraints of
the tether render the ‘trans’ and ‘anti’ isomers
sterically unfavorable and only the ‘cis’ and ‘syn’ exist
in the two ‘wrapping isomer’ forms.

In Ln complexes of BOPTA (A; = By = B, = A),
the terminal and central nitrogens are chiral. The
presence of a stereogenic center (in A,) coupled with
the two ‘wrapping isomers’ gives rise to 16 possible
stereoisomers. Derivatization of the diethylenetri-
amine backbone, e.g., EOB-DTPA (Chart 2), renders
the central nitrogen chiral upon complexation. Two
chiral centers and the two wrapping isomers result
in eight possible stereoisomers, which reduces to four
diastereomers when the ligand is enantiopure.

2. DOTA and Derivatives

In lanthanide complexes of DOTA, the four ethyl-
enediamine groups adopt gauche conformations giv-
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Figure 8. Schematic representation of the four C4-symmetric diastereoisomeric [LNnDOTA]~ complexes in which there is
an arbitary o-substituent of common configuration. Interconversion of SAP and TSAP diastereomers by arm rotation is

sterically inhibited in such systems.

ing rise to two macrocyclic ring conformations, 1444
and 0000. There are also two possible arrangements
for the acetate arms, A or A, resulting in four possible
stereoisomers, existing as two enantiomeric pairs.
The stereoisomers adopt either a capped square-
antiprismatic (CAP) geometry with a twist angle
~40° (A(0000) and A(A114)) or a twisted SAP geom-
etry (TSAP) with twist angle ~30° (A(6000) and
A(AAAR)) (Figure 8). The isomers may interconvertin
solution by ring inversion (AAAA < 0000) or arm
rotation (A < A). Either process alone exchanges
between monocapped SAP and twisted SAP geom-
etries, while both processes combined in succession
or in concert result in exchange between enantio-
meric pairs. The isomer ratio is dependent on the Ln
ion, temperature, pressure, and concentration of
added salts.?*"3 For the larger lanthanides, La®"—
Nd3*, the twisted square antiprism (TSAP) is favored,
whereas the SAP is the major species observed for
smaller lanthanides, Sm3t—Er3+ 3132

Ligand structure also affects the isomer ratio.
Introduction of four symmetrically distributed (RRRR/
SSSS) substituents a to the ring N, e.g., DOTMA and
TCE-DOTA, or one substituent DOTA-pNB renders
each of the isomers depicted in Figure 8 diastereo-
meric. The absolute configuration at the stereogenic
carbon center determines the favored helicity (A or

A) of the complex. Only two diastereomers are
observed in aqueous solution with TSAP geometries
dominating for the central Ln ions.3473¢ In contrast,
introduction of a single chiral center $ to the ring N,
e.g., HP-DOS3A, does not appear to favor a particular
helicity, and for [YHPDO3A], multiple isomers are
observed in solution.®” Introduction of four sym-
metrical-disposed chiral centers  to the ring nitro-
gen, as in (SSSS)-THP, however, results in prefer-
ential formation of one out of the four possible
diastereomers in solution.®®

The tetraamides DOTAM, DTMA, and DOTTA
behave similarly to DOTA and exist as two diaster-
eomeric species in aqueous solution, the TSAP form
being favored as the steric demand (i.e., the bulk of
the amide substituents) at the metal center in-
creases.?*39744 A chiral center 6 to the ring nitrogen,
e.g., DOTMPhA, imparts considerable conformational
rigidity, inhibiting arm rotation. This results in the
exclusive formation of one diastereomer in solution
(out of a possible four). The configuration of the chiral
center again determines the helicity of the pendant
arms and also the macrocyclic ring conformation (i.e.,
R and S at carbon producing SAP geometries A(009)
and A(A414), respectively).*546

Lanthanide complexes of phosphinates generate a
chiral center at P on coordination. Six isomers are
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possible (RRRR/SSSS, RRRS/SSSR, RRSS, RSRS),
and each can have the two ring conformations and
pendant arm helicities generating 24 isomers (16
diastereomers) and 8 enantiomeric pairs. For DOTBP
and DOTMP, such is the steric demand that >90%
of one major species is observed in solution, existing
as an enantiomeric pair in the TSAP geometry
(RRRR-A-(A444) and SSSS-A-(0000)).2>4" However,
complexes of the tetraphenyl analogue, DOTPhP, and
the fluorinated ethyl ester analogue, DOTFEP, exist
as a fairly random mixture of stereoisomers in
solution.*84% Replacement of a phosphinate arm with
a carboxamide, e.g., DO3MPMA, results in 32 pos-
sible isomers (RRR/SSS, RRS/SSR, RSR/SRS, RSS/
SRR with respect to P). One enantiomeric pair
predominates in aqueous solution with a suggested
TSAP geometry.>%51 Introduction of a chiral center
in the carboxamide moiety, e.g., DO3MPPhA and
DO3MPNPpA, renders each of the 32 isomers diaster-
eomeric. For the Eu complex, only two isomers were
observed in aqueous solution in a ratio dependent on
the size of the chiral group (2:1 for DO3MPPhA and
4:1 for DO3MPNpA), with suggested TSAP geom-
etries in which the P—Me groups are directed away
from the macrocycle; there is a preferred RRR/SSS
configuration at P.5! The remote chiral group again
acts as a stereodifferentiating moiety and favors a
particular pendant arm helicity and ring conforma-
tion.

B. Chiroptical Spectroscopy

1. Natural Circular Dichroism and Circularly Polarized
Luminescence

Chiral lanthanide complexes are amenable to study
by circular dichroism, CD (the differential absorption
of left and right circularly polarized light), and more
particularly circularly polarized luminescence, CPL
(the differential spontaneous emission of left and
right circularly polarized light). The application of
such chiroptical methods has been surveyed in a
number of reviews.5?76° Chiroptical properties of
lanthanides are particularly sensitive to ligand co-
ordination geometry and stereochemistry, electronic
state structure, and the interactions between a
complex and its environment. Natural CD and CPL
are only exhibited by systems displaying some ele-
ment of chirality which may be reflected in the chiral
arrangement of ligands, a chiral conformation, or the
presence of stereogenic centers in the coordinating
ligands.

Whereas CD reflects ground-state structure, CPL
probes the structure of the excited state.>® Generally
a high concentration of lanthanide complex is re-
quired for CD studies as most 4f—4f transitions are
parity forbidden and have very low molar absorp-
tivities. This may pose problems due to possible
oligomerization®! occurring or where there is a neces-
sity to study dilute solutions, for example, in bimo-
lecular lanthanide complexes. CPL however combines
instrument sensitivity with structure selectivity and
may be carried out on dilute solutions. The greatest
sensitivity is observed for Th3" ("F;—°D,) and Eu®*
("F3~>D,) and to a lesser extent Sm3" (°H;<—*Gs)),
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Yb3t (°Fsp—2F75), and Dy*t (®Hj—*Fg) systems. It
is common to report CD and CPL results in terms of
an absorption dissymmetry factor gaps (eq 1) and an
emission dissymmetry factor gem (€q 2) Where ¢, ¢,
I. and lg, are molar absorption coefficients and
emission intensities for left- and right-handed circu-
larly polarized light.

_ 2 — )

Japs(A) = T (1)
21, (A) — 1.4

0 (1) = (1.(2) — 1x(A) @)

(1L + 1:(2))

This may be related to the rotatory strength Ry
associated with the given transition (between arbi-
trary states a and b), which is the product of the
electric |Ps| and magnetic-dipole |Mp,| transition
moment vectors modified by the angle between them,
Tab (€q 3).

Rap = |Papl[Mpal €COS 74y ©)
It can be shown that—for axially symmetric systems—
the emission dissymmetry factor, gem, may also be
approximated by eq 4, in which Dy, is the electric-
dipole strength of the given transition which ap-
proximates to the square of |Pyp|.5%63
4R, ~ 41M, |
|Dab| |Pab|

gem(/l) = cos Tab (4)

Thus, lanthanide complexes may show large dissym-
metry factors in those magnetic-dipole-allowed tran-
sitions which have weak electric-dipole character,
while the most intense CPL transition will tend to
be both magnetic- and electric-dipole allowed. With
the exception of europium(l11) complexes, the large
number of possible transitions between different J
states renders chiroptical spectra complex for most
lanthanide systems. Indeed, a full exploitation of
structural studies awaits further analysis of spectral—
structure correlations.” Herein we discuss CD and
CPL spectra exhibited by some recently reported
lanthanide complexes in aqueous solution.
Mirror-image CD spectra arising from the chiral
ligand have been reported for the enantiopure eu-
ropium complexes of (RRRR)-A- and (SSSS)-A-DOT-
MNPpA in aqueous methanol solution.5455 Insight into
the solution structure of the complexes was ascer-
tained from the CD spectrum, as strong exciton
coupling between the naphthyl chromophores was
displayed, characterized by a bisignate profile around
222 nm (e.9., Japbs (219) = —6 x 1073, gaps (229) =
+3 x 1073 for (R)-A-[EUDOTMNpA]. Given that the
amplitude of exciton coupling is maximal when the
dihedral angle between the two chromophores is ca.
70° and tends to zero as the angle approaches 0° or
180°, the naphthyl chromophores must be in a near
orthogonal relationship to one another in solution.
The constitutionally isomeric 2-Np-substituted Eu
complexes showed no exciton coupling®” nor did the
analogous 1-quinolyl systems.5¢ Circular dichroism
associated with f—f transitions in lanthanides in a
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Figure 9. Near-IR absorption (upper) and CD spectra of

[YbDOTMA]~ (H,0, 0.16 M) showing several of the allowed
transitions from 2F;;; — 2Fs)p.

chiral environment is rather weak and difficult to
observe. However, near-IR CD from ytterbium, cen-
tered around 980 nm associated with the magnetic-
dipole-allowed 2Fs,—2F7;, transition, has been re-
ported recently (Figure 9). The chiral C4-symmetric
Yb3* complex of DOTMPhA and DOTMBrPhA (Charts
2 and 3) gave rise to an observable CD signal
(gem®® = 0.18) with rich associated fine structure,
although due to band overlap and the presence of up
to 12 transitions no interpretation was attempted.46:58
However, the form of the CD and CPL spectra were
remarkably sensitive to the nature of the axial donor
ligand. Salvadori et al. also reported CD from (RRRR)-
[YbDOTMA] in water (gaps®*® = +0.25), which exists
as two diastereomeric complexes in solution (A(1A44)
and A(0000)).%° Several well-resolved components
were observed between 1095 and 920 nm with line
widths below 10 nm (Figure 9). A tentative assign-
ment of the transitions was made, and the sign
sequence of the dichroic bands was regarded as a
direct consequence of the A-configuration.
Circularly polarized luminescence of Th3t and
Eud", as substitutional replacements for calcium and
iron (less reasonably), has been utilized to probe the
structural conformational and coordination environ-
ment of several calcium-binding proteins and a series
of iron-binding transferrins.”°~72 Lanthanide com-
plexes of the C,-symmetric chiral tetraamide ligands,
e.g., DOTMPhA and DOTMNPpA, exhibit well-defined
CPL in aqueous solution that efficiently modulates
the frequency of the emitted light by variation of the
lanthanide ion. For example, CPL in the near-IR (ca.
980 nm) was observed for Yb®*t complexes of DOT-
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Figure 10. Total emission (upper) and circularly polarized
luminescence spectra for (SSSS)-A-[TbDOTMPhA]3* (solid
line) and the (RRRR)-enantiomer (dashed line) (293 K,
H,O/MeCN, 2 mM dm™3, deye 255 nm).
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Figure 11. Total emission (upper) and circularly polarized
luminescence spectra (x20) for (SSS)-A-[EuDO3Phphen-
Me]** (positive sign at 616 and 588 nm) and its enantiomer
(H20, pH 5.5, 293 K, dexc 365 Nm).

MPhA and DOTMBrPhA.6773 Although very weak,
near-IR CPL was also observed from a related Nd3*
chiral complex incorporating a porphyrin moiety as
a sensitizing group.”®™ The corresponding Dy3*
complexes of DOTMPhA are only weakly luminescent
due to efficient vibrational quenching. However,
strong CPL was observed for the *Fg,—%H11,, transi-
tion (gem®7’ = +0.35, gem®®” = —0.41 for (R)-[DyDOT-
MPhA].* Likewise, such Eu®" complexes also gave
rise to well-defined CPL (gem®® = —0.12, gem®® =
-+0.18 for (A-[EUDOTMNPpA]).646567 The related Th3*
complexes are much more emissive than the corre-
sponding Yb, Dy, and Eu examples, and intense
circularly polarized emission (e.g., gem>*® = +0.27 for
A-[TbDOTMPhA] was observed*>4675 for several tet-
raamide complexes. Enantiomeric complexes gave
rise to mirror image CPL spectra (Figures 10 and 11).
This provides a means of modulating the polarization
of the emitted light through choice of the appropriate
helicity of the lanthanide complex which, in turn, is
controlled by the absolute configuration at the remote
chiral carbon center (R gives A(066d) and S gives
A(AAAA). The efficiency of the process is dependent
on the nature of the lanthanide and the precise
transition observed.

Although there are very few useful reports of
spectra—structure correlation from CPL spectra,
some structural information is beginning to be as-
certained.*>’® The Eu®" and Tb®* complexes of
DO3MPPhA and DO3MPNPpA (Chart 2) exist as two
diastereomers, in ratios of 2:1 and 4:1, respectively.
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The sign and magnitude of the CPL is determined
by helicity about the lanthanide center. Therefore,
if the two diastereoisomers have identical ring con-
formations and the same layout of the pendant arms,
the observed CPL will be due to contributions from
both isomers. If the two diastereomers have enan-
tiomeric ring conformations and pendant arm layout,

(SS8)-A-[EuDO3PhphenMa]**

then the CPL from the major isomer will cancel out
that of the minor. As the ratio of the major to minor
isomer is greater for DO3SMPNpA and the observed
disymmetry factors and CPL spectra were almost
identical for the two complexes, this strongly suggests
the two diasteromers have the same macrocyclic ring
conformation and pendant arm helicity and therefore
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differ only in the configuration at each of the three
stereogenic P centers.’®

CPL has recently been used to signal anion binding
at a coordinately unsaturated chiral lanthanide
complex’”7® [EuDO3Ph]** and [EuDO3PhphenMe]**.
The binding of carbonate was studied in particular,
and changes in the form of the CPL spectra were
consistent with formation of a chelated carbonate
complex, possibly with a different helical twist about
the lanthanide.”

A series of conformationally rigid, structurally
homologous lanthanide complexes, based on DOTA,
has been recently studied to deduce important factors
determining characteristics of CPL spectra.” The
nature of the ligand field and in particular the
polarizability of the axial donor group were shown
to play dominant roles. The local helicity at the
lanthanide center determines the angle between the
magnetic and electric-dipole transition moment vec-
tors and hence the rotatory strength associated with
a given transition, (eq 3). The CPL is predicted to
follow a sin 46 dependence on the twist angle 6
between the N, and O4 planes and hence to be a
maximum for square-antiprismatic complexes at a
twist angle of £22.5 and zero at 0° and 45°. Finally,
the degree of conformational mobility of the complex
determines the time-averaged helicity around the Ln
ion. This, in turn, affects the rotatory strength of a
transition and must also be considered. Thus, the
highest gem values have been observed to date for
those square-antiprismatic complexes which are con-
formationally locked on the emission time scale.

2. Induced CD and CPL

CD may be observed from a racemic mixture on the
addition of an external chiral species (Pfeiffer effect).
This induced circular dichroism (ICD) is a result of
enantioselective complexation. For example, Meskers
reported ICD in the electronic Nd3" transitions
(700—800 nm) from a racemic aqueous solution of
[Nd(DPA);]®~, which exists as two interconverting
enantiomeric forms (A and A), following addition of
vitamin B12 derivatives.t%8 The ICD can Yyield
information on the enantioselectivity of the associa-
tion process, and the observed Pfeiffer effect was
attributed to an excess of the A-[Nd(DPA);]3~ outer-
sphere complex.&

Induced CD has recently been utilized to probe the
interaction of enantiopure lanthanide complexes
containing a phenanthridine moiety [LNnDO3Ph-
phenMe]* with some self-complementary dodecamer
oligonucleotides.®? A positive ICD was observed in the
phenanthridinium chromphore with both A- and
A-Ln complexes, supporting an intercalative binding
interaction in which the local helicity around the
chromophore was determined by the handedness of
the nucleic acid. At the same time the right-handed
oligonucleotide underwent distinctive changes in
local helicity and pitch which were sensitive to the
handedness of the lanthanide complex and the nature
of the lanthanide ion.

Nonracemic excited states can be generated from
racemic ground states through enantioselective ex-
cited-state quenching which may occur following the
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addition of a chiral acceptor to a racemic donor
lanthanide complex.>® CPL has thus been used to
monitor the enantioselective luminescence quenching
of racemic [Ln(DPA);]®~ complexes by a variety of
chiral acceptors such as metalloproteins,81838 vita-
min B12 derivatives®®8 transition-metal com-
plexes,t”88 and dicopper trefoil knots.®® This has
provided an insight into the stereochemistry and
structure of the acceptor and has probed active sites.
Information regarding the stability of the diastere-
omeric complexes, relationship between molecular
structure and enantioselectivity, chiral discrimina-
tion in the energy-transfer reaction, and the elucida-
tion of the mechanism of energy transfer may also
be ascertained from such studies. Future applications
may involve the study of enantioselectivity in the
luminescence of metal-containing membrane pro-
teins.®

Excitation of a racemic solution with circularly
polarized light may result in preferential absorption
of light by one enantiomer to produce an enantio-
meric excess in the excited electronic state. As long
as the rate of racemization is slower than the
emission lifetime, CPL will be observed. The mea-
surement of CPL from racemic mixtures is not only
dependent on the emission dissymmetry factor, gem~(4),
but also on the differential absorption of the circu-
larly polarized light in the excitation process gapsR(4')
(where R denotes a particular enantiomer and 1A' is
the excitation wavelength). Therefore, the observed
emission dissymmetry factor following excitation
with left circularly polarized light, for example, is
given by the product of the two dissymmetry factors
(eq 5), and as a result the technique is limited to
transitions associated with large dissymmetry ra-
tios.36:37

Gem' (1)ObS = (1/2)g,5 (2')Gern (A) (5)

Riehl and co-workers carried out such circularly
polarized excitation studies (CPE) on racemic aque-
ous solutions of Ln(DPA)3®~ (where Ln = Sm3*, Eu®t,
Th3*, Dy®)57:5992 and phosphinate macrocyclic com-
plexes of Eut, Dy*", and Th®" (DOTBP, DOTMP,
DO3MPDMA).?%% Richardson et al. also studied such
[Eu(DPA);]®~ complexes with CPL to ascertain the
solvent and temperature dependence of the enanti-
omer interconversion (A<>A) rates in solution.®?
Comparison of the CPL spectra from a series of
complexes may provide structural information. For
example, CPL observed from Th3" complexes of these
three phosphinates suggested that the solution struc-
ture of the complexes was very similar. However, the
Eu®t complexes exhibit quite different CPL spectra,
corresponding to undefined structural differences
between the complexes. The CPL intensity from these
Th3* complexes was stronger than the corresponding
Eu®* complexes, which is surprising and contrary to
predictions based upon f—f transition selection
rules,®23 suggesting differences in the emitting state
structures of the Eu®* and Tb3" complexes.®

IV. Exchange Dynamics

Details of dynamic exchange processes for lan-
thanide complexes have been subdivided into four
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groups here. First, kinetic studies of complex forma-
tion and dissociation pathways are considered fol-
lowed by a survey of intramolecular dynamic pro-
cesses. The exchange of water molecules and of water
protons bound or close to the lanthanide center is
detailed separately followed by a summary of other
intermolecular exchange processes, involving either
water substitution or noncovalent binding of the
entire complex, driven either by electrostatic or
hydrophobic effects.

A. Complex Association and Dissociation

Details of the methods used and the results ob-
tained in monitoring the rate of lanthanide complex
formation of dissociation in aqueous media have been
thoroughly surveyed recently elsewhere.»? A brief
update follows here. In assessing the kinetic stability
of [GADTPA]?", the role of endogenous Cu?t and—
more importantly—zZn?* ions has been quantified.%
This cation-mediated pathway is likely to compete
in vivo with the better-defined acid-catalyzed dis-
sociation process which is more significant at lower
pH. These results confirm earlier hypotheses con-
cerning the importance of acid- and cation-mediated
dissociation pathways,?®~°" based on the in vivo
biodistribution of %Gd- or °°Y-radiolabeled com-
plexes. Of course, monoanionic and charge neutral
complexes are much less sensitive to such a cation-
mediated dissociation mechanism.%%¢ The pH de-
pendence of the kinetics of dissociation of MS-325 has
been studied with the aid of a radioisotope of eu-
ropium to scavenge free ligand.®® Under these condi-
tions, MS-325 was found to be 10—100 times more
kinetically inert than [GdDTPAJ?", although this
study did not consider the importance of the signifi-
cant cation-mediated dissociation pathway.

The rates of formation and dissociation of the
tetraphosphonate [GADOTP]*>~ and its tetra-O-butyl
ester have been studied by relaxometric and spec-
trophotometric methods.% In the association step,
loss of a nitrogen-bound proton is involved in the
rate-limiting step, while acid-catalyzed dissociation
was slower for the less anionic tetrabutyl ester
complex. Further reports of the kinetic stability of
heptadentate and octadentate ligands based on cy-
clen have appeared,’t192 while the rate constants
characterizing formation of lanthanide complexes of
DCTA have been shown, as expected, to increase with
increasing atomic number.1%3

B. Intramolecular Ligand Exchange Processes

The static stereochemical analysis of chiral lan-
thanide complexes has been discussed in section I1I.
Several stereoisomeric species may be formed in
aqueous solution upon binding of acyclic or cyclic
ligands, and processes for their interconversion are
considered here and related to complex structure. The
understanding of these dynamic processes is most
advanced for complexes of macrocyclic ligands, espe-
cially those based on cyclen (1,4,7,10-tetraazacy-
clododecane). The archetypal ligand in this series is
DOTA, which forms four stereocisomeric complexes on
lanthanide binding. These isomers are defined by the
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sign of the torsion angles about the axially symmetric
NCCN (typically £60°) and pendant arm NCCO
groups (near +30°). Thus, two pairs of enantiomeric
complexes exist which may interconvert by arm
rotation or by a ring inversion process, (Scheme 1).
The rate of the cooperative ring inversion process
(6066—A4 1) has been measured by *C NMR line
shape analysis for certain La complexes,39104-106 py
IH-EXSY, or by selective magnetization-transfer
methods, (Table 3). Given the likely error associated
with the measurements, it is clear that for a range
of differently substituted cyclen complexes (Charts
2 and 3), the rate of ring inversion is apparently
independent of the complex structure and occurs with
a free energy of activation of ca. 60 (£3) kJ mol~! at
298 K. The rate of ring inversion is slowed—on the
NMR time scale—by introduction of one or more
substituents at carbon on the 12-membered ring.
Thus, in the monomethyl or Cg-distributed tetra-
methyl DOTA lanthanide complexes, e.g., DOT4MA,
the ring inversion process is frozen.?%? Indeed, when
a phenyl group is directly attached to one of the ring
carbons, the ring mobility is so drastically inhibited
that it was apparently not possible for the ring in
the complex to adopt the minimum energy [3333]-
conformation, and a much less-stable, higher energy
conformation?®? was populated instead.

The rate of arm rotation about the principal axis
is very sensitive to the nature and steric demand of
the donor group on the pendant arms. Thus, compar-
ing the rate of arm rotation in [Eu(DOTA)] -, [Eu-
(DOTAM)?", and [Eu(DTMA)]J?*, the values of Kex
(298 K) vary from 78 to 1700 to 670 s~1.3233107 More
significantly, the introduction of one or more sub-
stituents, a to the ring nitrogen (e.g., DOTMAM,
gDOTA, DOTA-pNB), leads to a freezing out of this
motion on the NMR time scale, allowing ring inver-
sion to be studied separately.198199.111 This behavior
negates the idea put forward!'° that the dissociative
water exchange process is strongly coupled to such
ligand motion. The motion of arm rotation is also
apparently very slow in the series of phosphinate and
phosphonate complexes, which generally lack a cap-
ping water molecule.!** For simple alkyl and ben-
zylphosphinate complexes (e.g., DOTMP, DOTBP)*7:22
the predominant solution species is a C4-symmetric
species (RRRR/SSSS at each stereogenic phosphorus)
with a twisted square-antiprismatic structure; i.e.,
a A(AAAA) and A(6000) enantiomeric pair. No evidence
was found for racemization at P (requiring dissocia-
tion of the P—O bond to La) nor for arm rotation
(interconverting the diastereotopic NCH, (methylene)
protons on the arm) between 0 and 60 °C. For the
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Table 3. Kinetic Data for Ring Inversion in C,-Symmetric Macrocyclic Lanthanide Complexes

complex ref AG# (kJ mol~1)2 T/IK Kex (571)° comment®

La(DOTA) 104 60.7 278 23 13C NMR line shape

La(DOTTEA)3" 105 58.8 298 300 BBC NMR

La(DOTEAM)3* 39 58.9 298 13C NMR

La(DO2AMelm) 106 62.6 298 107 BBC NMR

Eu(DOTA)" 32,33 298 35 IH-EXSY

Yb(DOTA)~ 107 61.2 298 IH-EXSY

(R)-Eu(gDOTA)5~ 108 293 45(M—m) arm rotation frozen; *H-MT
11(m—M

Eu(DTMA)3* 109 62.2 298 80(M—m) IH-MT and 2D-EXSY
430(m—M)

Eu(DOTMAM)3* 109 59.562.5 298 230(M—M) arm rotation frozen; *H-MT
70(m—M)

a Typical error is +2.5 kJ mol~1. ® MT is magnetization transfer. ¢ M and m refer to square-antiprismatic (SAP) and twisted

square-antiprismatic (TSAP) isomeric structures.

analogous P—Ph phosphinates, (DOTPhP) however,
a mixture of six diastereoisomers was observed by
3P NMR analysis in water, which were assigned to
differing chiralities at P, with the RRRS isomer
slightly preferred.?* A similar pattern of behavior was
defined for the trifluoroethylphosphinate lanthanide
complexes (DOTFEP),''?2 with steric interactions
between adjacent phosphorus groups suggested to
determine the solution distribution of isomers. A
complex distribution of isomers was also evident for
monoamide derivatives of DOTPhP,?* whereas with
the P—Me phosphinate analogues, one preferred
isomer had been observed earlier by 3P and 'H NMR
analysis.’'® That these complexes do not undergo
significant arm rotation was also suggested by VT-
NMR analysis of the Eu complexes of the related
chiral monoamide ligands DO3MPPhA and DO3-
MPNpA (Chart 2). Out of 32 possible diastereoiso-
meric species, two nonexchanging diastereoisomers
were observed in a 2:1 and 4:1 ratio, respectively,
differing in configuration at phosphorus (SSS or
RRR) but with the same helicity for the pendant
arms and the macrocyclic ring—these two elements
of chirality being determined by the configuration of
the chiral amide center.5! A further example of the
steric inhibition of arm rotation has been suggested
for the lanthanide complexes of the chiral tetraamide
ligands, DOTMPhA and DOTMNPpA. In this case, the
sterogenic center at carbon is 0 to the ring N but de-
termines the helicity (A/A) of the complex, an S-
configuration at carbon giving a A-helicity in a
preferred square-antiprismatic complex geometry.
This isomeric species predominates across the se-
ries,*667.68 and CD, CPL, and solution NMR studies
suggest that A/A interconversion remains slow on the
Eu/Tb emission (millisecond) and NMR time scales,
favoring their use as chiral probes for nucleic acid
structure.®? Concerted arm rotation is also believed
to be the salient dynamic process occurring in lan-
thanide complexes of expanded polyazamacrocyclic-
substituted ligands. Thus, with the dimeric Y3*
complex of the octa(aza-acetate), OHEC (Chart 3), 'H-
ROESY studies indicated an interconversion between
a centrosymmetric major isomer and an asymmetric
minor isomer (AGsgp 65 kJ mol™1) that may well
involve rotation of the acetate groups.*

The situation with acyclic ligands (e.g., DTPA and
its substituted variants) is more complex and less

Scheme 2
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well-defined. Two recent reviews have summarized
our current understanding.>*® In the parent, DTPA
complexes of Pr, Eu, and Yb, 6/4 interconversion of
the NCCN chelates (kex [278 K] = 265, 360, and 4300
s™1, respectively) is accompanied by a ‘shuffling’ of
the bound acetate groups (equilibrating two acetate
arms) and leads to a change in complex helicity.'1¢
Much slower processes, leading to racemization at the
terminal ligand nitrogen centers, have been identified
at elevated temperatures and are more evident in the
behavior of the related DTPA-bisamide analogues.'*"118
Two diastereocisomeric complexes of (S)-EOB-DTPA
have been examined by NMR and HPLC: exchange
is very slow (pH 9, 298 K, ty», > 545 days) but was
acid-catalyzed, suggesting that a process involving
decomplexation of one or more of the ligating donors
was occurring,*'® possibly related to racemization of
the central N atom.

Deliberate modulation of on/off donor ligation has
been achieved through pH control of sulfonamide
binding to a Eu, Gd, or Th center.'?°-122 Thus, in more
acidic media, protonation of the sulfonamide nitrogen
(Scheme 2) occurs leading to formation of a mono- or
diagua species with an enhanced relaxivity (Gd) or
reduced luminescence (Eu, Tb). At higher pH, the
sulfonamide N binds, displacing the water molecules
giving species with enhanced luminescence or re-
duced relaxivity. Control over the pH range (pH 5.5—
8) where this process occurs is readily achieved
through variation of the substituent R’ that, in turn,
determines the electron density at the nitrogen
center. An analogous process involving intramolecu-
lar carboxylate ligation (7 ring chelate) has been
defined in the same systems. Such pH-dependent
modulation of the lanthanide hydration state has
already found application in a sol—gel-based pH
sensort??® and offers much promise in the quest for
practicable pH-modulated contrast agents in MR1.12°



1992 Chemical Reviews, 2002, Vol. 102, No. 6

C. Water and Proton Exchange

Here we consider the interchange of the lan-
thanide-bound water molecule, its associated hydro-
gens, or exchange of labile ligand protons. Tradition-
ally the most reliable method for studying the water
exchange process has been a VT-170 NMR study of
gadolinium complexes, measuring the transverse
oxygen relaxation rate as a function of temperature
following by data-fitting to the analysis promulgated
by Swift and Connick.*?* Such methods have been
reviewed!® and give values for the mean water
exchange rate of kinetically active species. Given that
water exchange is usually fast with respect to the
intramolecular interconversion of isomeric species,
then additional information is required to define the
salient kinetically active species involved. Indepen-
dent measurement of the rate of the exchange process
for chemically distinct species has very recently been
achieved by 'H and YO NMR methods for selected
slow-exchanging complexes involving direct NMR
observation of the bound water proton3444125126 gr
oxygen.t9126 For those cases where water or proton
exchange is fast with respect to the NMR time scale,
then it is prudent to examine independently the
distribution of complex species by NMR, absorption,
or luminescence methods. In this respect, consider-
able caution must be exercised. For example, al-
though absorption spectroscopy is ideal from the time
scale viewpoint (subpicosecond!), the analysis of the
absorption spectra of Eu complexes in certain cases
relies upon a questionable assumption. The frequency
of the weak, nondegenerate "F,—°D, transition for a
Eus®* species is sensitive to the nature of the ligand
donors and complex geometry. However, the oscilla-
tor strength of that transition is also very sensitive
to complex symmetry and the local ligand field.
Several analyses have assumed, for example, that a
pair of eight- and nine-coordinate Eu complexes will
give rise to two "F,—°D, transitions for which the sum
of their band intensities is constant. This assumption—
first validated experimentally by Jorgensen and
Tananaeva in 1971 for [EU(EDTA)]™ for the equilib-
rium between q = 2 and 3 species!?®'2—has been
assumed by others for different systems.'3%131 How-
ever, complexes of Eu in which the ligand has a low
steric demand (DTPA, DOTA) are usually nine-
coordinate, so that alternative explanations may need
to be considered, such as the presence of two aquated
isomeric species of differing structure and local
symmetry giving rise to distinct “F;,—°D, transitions
of different relative intensity.32133

1. Direct NMR Observation of Bound Waters

In the Eu, Yb, and Pr complexes of the macro-
cyclic 12-N;-based tetraamide ligands DOTAM,44:110
DTMA,341% and DOTMPhA?® (Chart 2), the pre-
dominant solution species is a regular square-anti-
prismatic structure with a bound water molecule that
is in slow exchange with ‘bulk’ water on the NMR
time scale. Thus, in agueous acetonitrile or in water
itself, the rate of water exchange is sufficiently slow
that the bound water may be observed by 'H NMR,
e.g., for [Ln(DOTMPhAJ3* at ca. +80 ppm (Eu, 235
K, MeCN/H,0), +325 ppm (Yb, 233 K, MeCN/H,0),%

Parker et al.

and —130 ppm (Pr, 233 K, MeCN/H;0). The water
protons in the minor isomeric twisted square-anti-
prismatic species of DOTAM and DTMA resonate to
lower frequency for Eu complexes, allowing the rates
of water exchange to be monitored separately for each
species by magnetization-transfer or line shape analy-
ses (see section B, below). Parallel observations using
70 NMR have been reported?”!1% with the bound
oxygen in the square-antiprismatic [Eu(DOTMGIy-
Et)]>" complex, for example, resonating 897 ppm to
lower frequency of the bulk water signal'?” at 298 K
(Chart 4).

2. The Role of Complex Geometry

These NMR studies have revealed the pre-eminent
role of complex structure and geometry in determin-
ing water exchange rates. Kinetic data for water
exchange, determined by 17O NMR methods in struc-
turally analogous gadolinium complexes, are collated
in Table 4, together with related measurements made
on slow-exchanging species by *H NMR methods. The
most important conclusion revealed is that dissocia-
tive water exchange in the twisted square-antipris-
matic isomers occurs between 50 and perhaps up to
500 times faster than in the isomeric square-anti-
prismatic structures. For the series of anionic com-
plexes related to DOTA (top five entries in Table 4),
the rate of water exchange correlates directly with
the proportion of the twisted square-antiprismatic
structure, suggesting a common limiting exchange
rate of ca. 2 x 107 s7! (298 K). That this rate is
independent of complex structure in this short series
is consistent with a late transition-state structure for
the dissociative water interchange process.'® Further
support for this premise is provided by data for (S)-
[GA(THP)]**—as the triflate salt'®>—which exists in
aqueous solution as >95% of the TSAP structure. A
rate of 2 x 107 s71 (298 K) was also measured here
by 7O NMR methods, notwithstanding the tripositive
charge on the complex. In the series of neutral
complexes based on DO3A (bottom 6 entries, Table
4), the mean rate of exchange is relatively constant
(ca. 2 x 108 s71, 298 K) and is consistent with the
predominance of a regular square-antiprismatic struc-
ture undergoing relatively slow water exchange in
solution.

For the series of cationic complexes of the central
Ln3* ions, the slowness of the exchange rate of the
SAP isomeric structures accords with the idea of an
early transition-state structure for dissociative in-
terchange. Such complexes exhibit a dependence of
water exchange rate on the nature of the counteran-
ion,*?1%6 as revealed by 70O NMR and relaxometric
studies, with the more chaotropic anions (e.g., I~ >
Br~ > CI7) giving rise to faster exchange. Evidently
the nature of the anion—as well as the complex
cation—plays a key role in defining the second sphere
of hydration around these complexes, and the local
structure of the second hydration sphere around the
Ln—OH, moiety must be important in defining water
exchange dynamics, (see section I1.E).

3. Second Sphere of Hydration

The presence of the second sphere of hydration has
been revealed through recent crystallographic studies
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(see section 11) and its importance demonstrated by
a series of relaxometric (Gd) and luminescence (Eu,
Th, Yb) studies. The structures of two representative
Yb complexes (Figure 12) have revealed the location
of the bound (primary), second-sphere and outer-
sphere water molecules.’?6144 In the case of the
cationic complex [Yb(DOTMPhA)J]®*(CF3S0s)s, the
second-sphere oxygen is 3.6 A away from the Yb ion
and is hydrogen-bonded to the bound water. In the
anionic complex [Yb(DTPA)]?>~, the second water is
4.2 A away, acts as a hydrogen bond donor to a ligand
carboxylate oxygen and forms part of a ‘linear’ chain
of hydration. These two examples have lent credence
to the hypothesis that second-sphere waters may
contribute significantly to the relaxivity of Gd com-
plexes.**> The nature of the well-defined second
sphere of hydration in [Yb(DOTMPhA)]®* may also
be an important factor in its 500-fold faster water
exchange rate compared to the Eu analogue (section
11.D),27° for which X-ray analyses have yet to reveal
the presence of such a second sphere of solvation.*6:6”
In addition, these results support the idea that closely
diffusing (i.e., second-sphere) water molecules may
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quench the °D,, Dy, or 2F7;, excited states of Eu, Th,
and Yb, respectively, by a vibrational energy-transfer
process#®147 which as for proton relaxivity is a
function of r8 (r is the Ln—HX separation). Indeed,
a good correlation has been found for a series of
complexes that includes several monoamidetriphos-
phinate complexes (DO3MPMA, Chart 5: first sphere
g = 0 from O NMR; one major solution species only
by 'H, 3P NMR analysis), between the average
hydration state q (0 < q < 1.2) determined by
luminescence, and the Gd—H distance determined by
fitting NMRD analyses so as to allow for second-
sphere contributions.8% Where fractional g values
are obtained by such analyses, a well-defined second
hydration sphere is strongly suggested and noninte-
gral hydration states for lanthanide ions in solution
are then entirely reasonable. The pure outer-sphere
(g = 0) and single inner-sphere (g = 1) cases may
then be regarded as limiting cases, with nonintegral
values being determined by the hydrophobicity of
local substituents and the number, nature, and
location of hydrogen-bond acceptors in the ligand.”8147
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Table 4. Comparison of Mean Rates of Water Exchange (298
Highlighting the Effect of Complex Stereochemistry

Parker et al.

K, 770 NMR) for Macrocyclic Lanthanide Complexes,

distance® kex?®8 (s71) (values for [M] isomer ratio of Eu analogue
complex Ln—OH; (A) or (m) isomers are in parentheses) (SAP/TSAP) or (M/m) ref
[GADOTA]~ 2.46(Gd) 4.1 x 10%(24 x 10°) 4.7 134
[GADOTMA]~ 14.7 x 10531 x 106) 0.41° 9
(RRRR)-[GdgDOTA]5~ 2.43(Gd) 15.4 x 108(22 x 106) 0.40° 108
(RRRS)-[GdgDOTA]J5~ 9.0 x 10%(21 x 10°) 2.3 108
(RSRS)-[GdgDOTAJ>~ 3.5 x 105(20 x 10°) 47 108
(SSSS)-[GATHP](CF5S0s)s 2.51(Eu) (19 x 108) <0.1 135
[GdDOTAM](CF3SOs)s 2.44(Eu) 0.05 x 106¢ 45 34,136
[GADTMA](CF3sS0s)s 2.46(Gd) 0.06 x 108¢ 5 34
[GADOTTA](CF3S0s); 0.13 x 108¢ 0.5 34
[GdDO2ADMA]CI [0.74 x 10%](74 x 109) 1.30 137
[GdDO2AAPA]CI [0.42 x 10%](330 x 106) 1.28 137
[GADO3ABNO;] 1.6 x 108 >gd 138
[Gdpip(DO3A),] 1.5 x 10° >gd 139
[Gdz0xaen(DO3A),] 1.4 x 108 >gd 139
[GdHPDO3A] 2.50(Gd) 2.9 x 10° 1.4 141,140
[GdmorpyDO3A] 2.40(Gd) 2.7 x 106 2 142
[Gd,OB(HPODO3A),] 1.0 x 106 n.d. 143

a For the square-antiprismatic isomer.  Value represents the mean value of the corresponding Eu and Th complexes determined

by 'H NMR at 298 K; data is recorded with k" ~ 5 x 105s™t and
individual isomeric exchange rates on Eu analogues in MeCN/H,0

(twisted antiprism) kex™ = 2 x 107 s™1. ¢ Direct observation of
gives for m and M [Eu—DOTAMI3", kex™ =5 x 10%s7%, keeM =

9 x 10% s M/M[EU—DTMAPT: kex™ = 3.6 x 10% s7%, kM = 8 x 10° s71. These rates are for the triflate salts, and the rate of

exchange is faster with more chaotropic counterions (e.g., OAc™, Br
complexes. ® Note the absence of any significant correlation betwee

7). 9 Estimated by analogy with related EuDO3A-monoamide
n the Gd—water bond length and the water exchange rate in

this series; here there are too many variables at work determining this distance (ligand/geometry changes). For an example

where the bond length may be related to the water exchange rate,

see ref 270.

Figure 12. X-ray crystal structures of (a) [YbDOTMPhA-
(H20)](CF3S03)3-4H,0 (120 K), and (b) Ko[YbDTPA(H,0)]-
0-8H,0 (173K) showing the first, second and outer-sphere
water molecules.

4. Diaqua Systems

Less attention has been paid toward the behavior
of g = 2 complexes as they tend to be less kinetically

stable, exhibit reduced thermodynamic stability, and
may undergo chemical exchange of one or both of the
bound water molecules by anions or proteins (see
section 1V.D). Data for the rate of water interchange
by 7O NMR methods are collated in Table 5, for Gd
complexes of hexa- and heptadentate ligands (Chart
5).148-153 In the case of [GAHOPO(H,0),], the ligand
is hexadentate and fairly rapid water exchange
(kex = 7 x 107 s71, 298 K) occurs via an associative
mechanism.*° Relatively fast exchange has also been
defined for [GA(PDTA)(H,0),], although a switch in
mechanism was observed from Gd to Yb as the fairly
rapid associative interchange process (Gd) changed
to a much slower dissociative one (250 times slower
and a positive AV# for Yb).1%2 With the heptadentate
ligands, exchange probably occurs via a dissociative
process (at least for the central Ln®" ions) and is
fastest for the stable complex [Gd(aDO3A)(H,0),],*>?
for which anion binding by carbonate and protein
binding in serum is suppressed by the introduction
of carboxypropyl substituents. Indeed, the relatively
high relaxivity of this Gd complex (r;, = 12.3 mM~!
s™1, pH 7.2 in serum, 65.6 MHz, 293 K) suggests a
substantial second-sphere contribution, associated
with the solvation of the ionized proximate carbox-
ylates. This may also be the case for the rather
insoluble Gd complexes of TPAA (Chart 5) in which
the observed high relaxivity (13.3 mM~!s~! 60 MHz,
298 K) was interpreted in terms of a mixture of q =
2 and 3 species,?”® although a large second-sphere
contribution may also explain this value.

5. Prototropic Exchange: pH, lon Pair, and Anion Effects

The exchange of protons in a lanthanide complex—
either of a bound water molecule or of relatively
acidic ligand hydrogens—is subject to acid or base
catalysis. Potentiometric titrations for the cationic Eu
and Gd complexes of DTMA revealed pK, values,
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associated with deprotonation of the bound water, of
7.3 and 7.9 (0.1 M NMesClO,, 298 K), respec-
tively 344243101 which are similar to the value of 7.5
reported for [EUDO2AHOE(H,0)]".** For systems
where water exchange is slow on the NMR time scale

and for which 7, > T1y, in eq 6 (defining paramag-
netic proton relaxivity, rip, where c is the complex
concentration, t,, the water exchange lifetime, and
Tim the water proton longitudinal relaxation time),
measurements of the pH dependence of proton re-
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Table 5. Rates of Water Exchange in Di-aqua Gadolinium Complexes (298 K, Y’O—-VT-NMR Analyses)
complex Kex (10% s71) (298 K) comment ref
[GADO3A]? 6.25 water displaced by HCO3™ or protein 148
[GdaDO3AJ3~ 33 relaxivity (20 MHz, 298 K) is 12.3 mM~1s! 153
[GAHOPO] 70 eight-coordinate, associative exchange 149
[GAPCP2A]~ 16 no change in phosphate buffer 151
[GAPCTAJP 14 148
[GAPDTA] 100 rate reduces Gd—Yb as I» mechanism switches Ip 130

aln comparison, [GdDO2A(H,0)s]" undergoes dissociative exchange with kex = 10 x 10° s71.152 5 The Gd complexes of the
heptacoordinate ligands, PCTP, and the [13]-ring analogue possess only one bound water molecule and undergo fast (associative)

exchange, kex (298 K) = 170 and 125 x 108 s71, respectively.148:150

laxivity allow these prototropic processes to be ex-
amined.

_cq/ 1
F1p 55.6(Tlm ¥ rm) ©)

Thus, with [Gd(DTMA)(H,0)]**, base catalysis of the
exchange of the bound water proton was observed
with a second-order rate constant of 1.4 x 10° M~
s71, leading to an enhanced proton relaxivity in basic
media.?**? Similar observations have now been re-
ported for a series of cationic Gd complexes.125127.154
Moreover, in a tetraphosphonate complex with a
cationic core, protonation of the terminal phospho-
nate groups in [Gd(DOTAMGIyP)] facilitated proton
exchange, giving rise to a pH-dependent relaxivity
profile around ambient pH.1?> A similar effect?’—this
time intermolecular in nature—has been noted fol-
lowing addition of a large excess of sodium phospho-
nate to [Gd(DOTAMGIyEt)]3+.

The coordination of a secondary amide carbonyl or
an alcohol OH group to a lanthanide ion enhances
the susceptibility of the NH/OH protons to undergo
rapid H/D exchange.®14¢ Even the NCH,CO, meth-
ylene protons of bound carboxymethyl groups un-
dergo H/D exchange at elevated temperatures, fa-
cilitating the synthesis of ?H-labeled lanthanide
complexes.?*”1% The onset of amide deprotonation is
signaled by an enhanced water proton relaxivity and
has been observed for several complexes.3*156.157 Such
behavior may be compared to the quenching effect
of amide NH protons on Eu luminescence, observed
when measuring the radiative rate constant for
depopulation of the 5D, excited state in H,O and
D,0.%’ Prototropic exchange between bulk water and
shifted amide NH or Ln-bound OH protons may occur
at a rate which is comparable to their chemical shift
separation. Under these conditions, saturation-
transfer methods may be used that allow the defini-
tion of a new type of contrast agent, based on
magnetization transfer (MT).??° Thus, presaturation
of the bound water signal in ‘slowly exchanging’ Eu
complexes can lead to up to an 80% change in the
intensity of the bulk water resonance. As exchange
between Ln—water and Ln—amide protons may also
be pH-dependent, the MT contrast agents may be
used to report tissue pH directly through changes in
the intensity of the bulk water signal.230:231

The case with acid catalysis of proton exchange is
rather less well-defined. For [Gd(DOTA)(H.0)], the
water exchange rate is 10 times slower in 1 M HCI
than in neutral media but the proton relaxivity is
higher than expected based on the z,, modulation.!%®

For the cationic complexes, such as [Ln(DTMA)J®*,
the increase in proton relaxivity observed in acidic
media was very sensitive to the nature of the coun-
teranion.3* Such behavior is consistent with the acid-
promoted break up of ion pairs. The [LnL(OH2)(X)3]
complexes can be considered to involve a ‘solvent-
separated intimate ion pair’ (see Figure 12). Addition
of more acid also leads to enhanced anion concentra-
tions whose presence may lead to a marked labiliza-
tion of the second hydration sphere. Related evidence
for the importance of tight ion pairs in aqueous media
has come from NMR observations of the association
of the polyanionic complex [EuDOTP]>~ with the
N-methylglucaminium or [Co(en)s]** cation—leading
to spectral resolution of the diastereoisomeric
salts.159160 Similarly, for [Tm(DOTP)]>~ addition of
the enantiopure complex A-(SSSS)-[La(THP)]** leads
to 3P and ¥C NMR discrimination of the Tm-—
phosphonate enantiomers, the cationic complex serv-
ing as a—rather poor—aqueous chiral solvating
agent6? (see section VI for further examples).

D. Intermolecular Ligand Exchange

In this short section we consider the substitution
of a bound water molecule at the Ln center and
noncovalent binding processes involving lanthanide
complexes in aqueous solution. Exchange of the
primary ligand—akin to complex dissociation—is not
considered. More detailed analyses of the interaction
of Ln complexes with proteins have recently been
reviewed®1%? and are not considered further here.

1. Water Substitution

In nine-coordinate complexes possessing one bound
water molecule, the bound water is generally very
difficult to substitute in aqueous media, even though
it may be undergoing dissociative exchange with bulk
water at a rate of >107 s7! at 298 K. Only addition
of excess fluoride has been shown to displace the
water,'%3 e.g., for [EUDOTMPhA]®t and partially for
[Eu(DOTA)(H.0)]". In the fluoride-bound species, the
complex seemed to adopt a preferred twisted square-
antiprismatic structure possibly formed via the TSAP
mono-aqua species. The water molecules in g = 2 or
3 complexes are usually readily displaced by addition
of ligating anions, especially chelating species (e.g.,
lactate, citrate, malonate, succinate).”8154164.269 Sy ch
reactions may be monitored by following the enhance-
ment of luminescence emission intensity and lifetime
as bound water molecules efficiently quench the
excited state of, e.g., Yb®", Nd3*, Eu®*, and Th3"
species. In the case of Eu complexes, the change in
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the form of the emission spectrum also characterizes
this process (see section V), and for analogous Gd
complexes, relaxivity measurements as a function of
effective anion concentration are very informative.16®
This has been demonstrated for the binding of
carbonate to [Gd(DO3A)(H;0);]—a process distin-
guished by its pH sensitivity over the range 6—10.134165
Binding of carbonate leads to more emissive Eu
complexes and Gd complexes of lower relaxivity.
Complexation of HCO3™ is suppressed in the analo-
gous carboxyalkyl-substituted complexes, [Ln-
(aDO3A)]°~ and [Ln(gDO3A)],5" in the latter case as
a consequence of competitive intramolecular carbox-
ylate ligation.?°

Coulombic attraction enhances anion binding af-
finity to the positively charged Ln center in related
complexes, e.g., [Ln(DO3Ph)]**, [LnDO3AIlaEt]®",
[Ln(DO3pAlaELt)], and [Ln(DO3Ala)], (Chart 5). The
structures of ternary anion adducts of [Ln(DO3Ph)J3*
in particular have been defined by luminescence, 'O
and 'H NMR, and relaxometric studies (Scheme 3).78
Displacement of one of the bound waters by hydro-
genphosphonate results in a mono-aqua complex in
which the water exchange rate increased from 8 x
10° s71 (298 K, triflate salt—diaqua species) to 5 x
107 s (Figure 13). The chelation of lactate and
citrate to [LnDO3MPhA]J** has been substantiated
by crystallographic analyses'®® of the bound adduct
(Scheme 3). For monocarboxylate donors, the binding
affinity was significantly lower. There is some evi-
dence that the less basic carboxylate oxygen of amino
acids may be bound in a similar manner to give q =
1 complexes, with the presence of a well-defined
second-sphere molecule suggested by relaxometric
studies.167

2. Non-Covalent Binding

In the bis(m-boroxyphenylamide)Gd DTPA complex
(Chart 6, DTPA-bisBPh), the boronic acid function-
alities bind reversibly to fructosamine residues of
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Figure 13. Temperature dependence of the 7O NMR
(9.4T) transverse relaxation rate for [GdDO3Ph(H;0),]-
(CF3S0s3); in water (kex = 8 x 10° s71, 298 K) in the
presence of a 10-fold excess of Na;HPO, (Kex =5 x 107 s71,
298 K) and with sodium lactate (q = 0), highlighting the
faster exchange of the phosphate-bound complex.

oxygenated glycated human haemoglobin. Two com-
plexes interact with one haemoglobin tetramer
(Kb =1 x 10°° and 4.6 x 10* M), and the affinity
was significantly higher than that for the deoxy
derivative. Unusually, the complex serves as an
allosteric effector by stabilizing the high-affinity state
of human haemoglobin. Binding has been proposed
to occur at the 2,3-diphosphoglycerate binding site
involving formation of an N—B bound moiety at His
residues of two different 3 chains.'%® Conversely, it
has been shown by 'B and 'H NMR that borate
interacts with the cis-diol residues in the bis-gluca-
mide complex of [LnDTPA-bisGIu],'817° forming a 1:1
intramolecular complex involving the 3,4-diol group.

Hydrophobic binding of size-matched aryl or alkyl
residues in aqueous media is a feature of the com-
plexation behavior of § and y-cyclodextrins. The
benzyl groups of benzyloxyproprionate derivatives of
DOTA and DTPA are included by 3-CD, leading to a
relaxivity enhancement for the Gd complexes.'’™
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Weak complexes have been defined also for [Tm-
(DOTP)]>~ *72 and [Tm(DOTA)]™ 173 with y-cyclodex-
trin. The solubility of [Gd(DTPA-BBA)] in aqueous
solution is enhanced by addition of the pharmaceuti-
cally well-tolerated hydroxypropyl-S-cyclodextrin.’
Mono- and polysaccharides themselves tend not to
bind Ln'"" aqua species significantly in competitive
aqueous media. The racemic tris(2,6-pyridine dicar-
boxylate) complexes of Eu and Tb (Ln(DPA)3;) are
g = 0 species in water, and circularly polarized
luminescence studies have revealed that the forma-
tion of weakly bound diastereoisomeric adducts with
a variety of sugars—although perturbing the racemic
equilibrium —involves a purely ‘outer-sphere’ pro-
cess.17®

A cyclic DTPA—bisamide ligand has been grafted
onto an A,D-disubstituted g-cyclodextrin to yield
DTPA—bis AMCD.'"%"178 The emission from the
charge-neutral terbium adduct is sensitized following
binding of naphthalene or durene inside the CD
cavity. Similar behavior has been defined for the
terbium complexes of the per-O-methylated mono-
and tetra-CD ligands DO3A—AMMeCD and DOTA-
MMeCD."® Sensitization in the presence of 2-Me-
naphthalene and p-tert-butylbenzoate with [TbDOT-
AMMeCD] was demonstrated, but the slowness of the
energy-transfer step from the excited aryl triplet to
the rather distant Ln ion renders the process sensi-
tive to competitive oxygen quenching, limiting the
scope of this noncovalently triggered luminescence
process. Enhancement (due to an increase in 7, for
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the complex) of the relaxivity of [GADO3AAMMeCD]
was observed following addition of MS-325, which has
been shown to bind to the parent g-CD with an
affinity of 8 x 10* M~* (Chart 3). A 6-fold larger
enhancement was found with a cholic-acid-appended
Gd complex, the increase also ascribed to this ‘su-
pramolecular’ effect.1”®

V. Excited-State Chemistry

In this short section, salient excitation and quench-
ing processes are considered!® (see also the review
by Blnzli and Piguet in this issue!®), together with
recent developments in our understanding of infor-
mation concerning complex structure and dynamics
that can be gleaned from static and time-resolved?*®2
measurements of luminescence. In addition, ex-
amples are described in which the intensity, lifetime,
or polarization of lanthanide emission is rendered
sensitive to the local ionic or chiral environment by
perturbation of the singlet, triplet, or lanthanide
excited states that are populated following absorption
of light.”®

A. Excitation and Quenching

The lanthanide excited state may be directly popu-
lated by absorption of light, but the very low molar
absorption coefficients associated with parity-forbid-
den f—f transitions (¢ < 1 M™! cm~ commonly)
necessitates the implementation of laser excitation.
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Tunable dye lasers allow °Dy<>’F, excitation of Eu
(580 nm), and the "F¢—°D, transition in Th3" species
can be populated using an argon laser.” The "F,—5D,
and "F,—°Dy; transitions of Eu have also been excited
using the weaker argon laser lines at 472.7 and 465.8
nm_92,90

Direct excitation of the near-IR emitting Ln3" ions
(Er®t, Nd®*, Yb®") may be achieved using an optical
parametric oscillator.18 Sensitization of lanthanide
luminescence (Scheme 4) may be achieved by incor-
porating a suitable chromophore into the ligand
structure. Ideally such a chromophore should absorb
light efficiently (large €) at a suitable wavelength and
possess a fast intersystem crossing to the triplet
state, allowing its efficient population. The relatively
high energy of the most likely acceptor levels on Eu®*/
Th3* (17 200 and 20 400 cm~1) means that the triplet
excited state should be above 22 000 cm™1, otherwise
competing, thermally activated, back energy transfer
occurs. This restricts the range of chromophores to
those with a high triplet energy and therefore a small
S;—T; energy gap if excitation is to be achieved in
the range 330—430 nm.84185 Examples include sub-
stituted coumarin,'®3 phenanthridines,'®* tris-bipyr-
idylcryptates,'8 acyclic terpyridyls,'®” aryl-substitut-
ed calixarenes,'88 m-terphenyls,'® acridones,'*® and
aryl ketones.*** Highly emissive complexes of 5-dike-
tonates (1ex 430 nm) have also been reported, but the
Ln3t complexes are usually hydrolytically unsta-
ble.1921%8 For the near-IR emitters (e.g., the Yb®*-
luminescent 2Fs, excited state is at 10 200 cm™1), this
restriction is lifted and a far wider range of sensitiz-
ing chromophores (e.g., eosin, fluorescein, phenan-
thridines, porphyrins) has been—or will be—identi-
fied.”4194-19 The feasibility of multiphoton excitation
of the sensitizing ligand in these Ln conjugates has
been demonstrated. Using a pulsed Ti—sapphire
laser, excitation around 776 nm has led to the
sensitized emission of selected Eu complexes via a
two-photon excitation process.?58

The ease of reduction of the Eu®" ion in its
complexes with poly-aza ligands (typically at around
—1.1 V) means that competitive deactivation of the
singlet excited state of the chromophore by a photo-
induced electron-transfer (PET) process often limits
the overall emission quantum yield. This PET process
has been suppressed by raising the oxidation poten-
tial of the sensitizing chromophore,'84 e.g., in azatri-
phenylenes!®”28° and in 6-substituted phenanthridines
and p-substituted aromatics®”1% possessing an elec-
tron-withdrawing group.t?

To avert ligand exchange processes in aqueous
media and engender high Kinetic and thermodynamic
stability of the primary complex, the same basic
ligand systems that have been developed for use in
targeted radiotherapy or as radiosensitizers#15199.200

and in contrast agent research®? are of interest in
the excited-state chemistry of emissive Ln complexes.
Examples of such complexes (a selection is given in
Chart 7) reveal the preponderance of DOTA- and
DTPA-based ligands, echoing the situation for the in
ViVO app|iCatiOns_13,74,82,185,198,201

Deactivation of the luminescence from excited Ln3*
ions in solution occurs by a vibrational energy-
transfer process, involving high-energy vibrations of
water molecules—both bound and closely diffusing—
or of ligand oscillators.**” Quenching by OH oscilla-
tors may be minimized by using octa- or nonadentate
ligands (g = 1—0), although amide and amine NH
oscillators may also quench efficiently in certain
cases.??? For excited Eré" (*lz), Nd®* (*Fsp), and Yb3*
(°Fsp2) species, much longer lifetimes have been found
in inorganic matrices,?%3-2% highlighting the efficient
quenching by C—H oscillators®®—in addition to the
much larger effect associated with NH and OH
vibrational quenching.1#818 The effect of distance on
the efficiency of vibrational deactivation follows an
approximate r—® dependence. For an OH oscillator
that is 2.9 A from a Ln3" ion, the effect can be
assumed to be 100% efficient (i.e., a typical Ln water
proton distance from crystallographic analyses of
aqua species: section Il). Then at a distance of 3.6
A, the process may be calculated to be 25% efficient
and 8% at 4.5 A.18 These distances approximate to
second- and outer-sphere hydration values (section
111.C) and highlight the quenching effect of unbound
water molecules. As a consequence, an improved
method for assessing the hydration states of Eu, Yb,
and Tb complexes has emerged, accounting for the
effect of exchangeable XH oscillators and of closely
diffusing waters,#18° In a revision of the earlier
procedure,?%® based on the assumption that quench-
ing by O—D and N—D oscillations is negligible, eqs
7 and 8 are operative (x is the number of oxygen-
bound amide NH groups). Values of g should still be
treated with caution (+:20%) as the empirical correc-
tion terms are a function of complex hydrophobicity
and were calibrated for relatively hydrophilic com-
plexes.

g™ = 1.2[(ky, o — kp,0) — (0.25 + 0.07x)] (7)

q’= 5[(kp,0 — Kp,0) — 0.06] (8)

A critical assessment of this process has been
described, together with a collation of examples,47:180
reporting the radiative rate constants for emission
in H,O and D,0.

B. Emission Characteristics

Only Eu®t species give rise to relatively simple
emission spectra as the luminescent 5D, excited state
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is nondegenerate.?°7208 For the highest energy °D,—
F, emission band at 580 nm, one component is
expected for each chemically distinct species that is
not undergoing exchange on the millisecond time
scale. Laser excitation of this transition may be
monitored at 591 (AJ = 1) or 614 nm (AJ = 2), and
each Eu®* species will give rise to a unique excitation
spectrum whose intensity is a function of complex
concentration. The use of pulsed laser excitation
allows the measurement of Eus" excited-state life-
times, which are characteristic of each complex. Such
behavior has been used in the development of a
spectroscopic method for determining Eu3* stability
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constants in aqueous solution,?°°219 based on compe-
tition between two ligands, for one of which stability
and speciation has been established. Following laser
excitation at 579—581 nm, the excitation intensity
of each species is measured using time-resolved
methods if their excited state lifetimes are sufficiently
different or if emission intensities (e.g., at 614 nm,
AJ = 2) of the two species differ at the excitation
wavelength, using non-time-resolved methods. The
values of formation constants obtained agree well
with measurements made by potentiometric meth-
0ds.2%9
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Figure 14. Europium luminescence emission spectra for
axially symmetric [EUDOTA(H,0)]~ (upper) with a 4:1 ratio
of SAP/TSAP isomers; (RRRR)-[EugDOTA(H,0)]>~ with a
1:4 ratio of SAP/TSAP isomers, and (lower) (RRRR)-
[EuDOTPB]~ (>95% TSAP, q = 0), highlighting differences
in the hypersensitive AJ = 2 and 4 manifolds, centered
around 615 and 690 nm, respectively.

The dynamics of ligand exchange reactions may
also be examined by time-resolved luminescence. The
time dependence of Ln3" emission is a function of the
rate of chemical exchange relative to the de-excitation
rate. When the chemical exchange rate is similar to
the rate of luminescent decay (eq 9), the time-
dependence of the observed luminescence can be
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Figure 15. Changes in the Eu emisison spectrum of
[EugDO3AMe0S]®~ at pH 9.93 (line), 5.49 (large dashes),
and 3.00 (small dashes), highlighting the presence of 3
solution species (lexc 397 Nm): see Schemes 2 and 5.

defined precisely.?82211-213 Sych methods may attract
increasing attention to monitor water exchange reac-
tions at Eu/Tb in cationic complexes on the mil-
lisecond time scale or at Yb/Nd in the microsecond
lifetime regime.1?6
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The formally forbidden AJ = 0 transition in Eu3*
emission may gain intensity through J-mixing (e.g.,
in C,, Cv symmetry),?! and its oscillator strength
in general is sensitive to the ligand field and sym-
metry.52 The intensity of the magnetic-dipole-allowed
AJ = 1 transition is relatively independent of coor-
dination environment: two transitions are allowed
if the complex possesses a C;z or C4 axis and three in
complexes of lower symmetry. For the hypersensitive
AJ = 2 and 4 transitions, the intensity®? is very
sensitive to the ligand field, especially the nature and
polarizability of the axial donor—if present.?’® Thus,
the Eu emission spectrum can be considered as a
fingerprint of the Eu coordination environment.
Selected examples (Figure 14) showing C4-symmetric
Eu complexes highlight this aspect.

As an example of the manner in which the Eu
emission spectra signal the different structure of
exchanging species, consider the competition between
pH-dependent sulfonamide ligation and intramolecu-
lar carboxylate binding (Figure 15). Sulfonamide
ligation is associated with an increase in intensity
of the bands at 681 and 614 nm, whereas carboxylate
association is signaled by intensity changes at 617
nm and by distinctive changes in the form of the
AJ = 1 manifold (Scheme 5). The pH dependence of
these emission spectral variations (lem = 614 nm)
mirrored exactly the variation of proton relaxivity in
the analogous Gd complexes.’?® Furthermore, the
ratio of AJ = 2/AJ = 1 bond intensities serve as a
useful parameter for monitoring changes in species
distribution. This ratio is independent of complex
concentration and has been used analytically.?8120.123
Factors determining the polarization of emission in
chiral Ln3" complexes have also been surveyed37®
and discussed in section I11.

Lol + I
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C. Responsive Luminescent Systems

Consideration of the photophysical scheme defining
sensitized lanthanide luminescence reveals three
‘windows of opportunity’ to achieve modulation of the
Ln3* emission (Scheme 3). The first involves pertur-
bation of the singlet excited state, wherein quenching
involving electron- or charge-transfer processes may
be altered by a binding process of the Ln complex.
Suppression of intramolecular photoinduced electron
transfer following protonation of the ligand constiti-
tutes a simple example?'42® and has been demon-
strated in the pH sensitivity of emission from [Th-
(TERPYAMED)]" (Charts 8 and 9) involving pro-
tonation of the tertiary amine groups. The inhibition
of the ligand to metal charge-transfer process that
leads to quenching of the singlet state of the sensitiz-
ing chromophore has also been defined:184198.216,276.277
pH sensors (e.g., incorporating [Eu(DO3AMPhenBu)]
immobilized in a sol gel matrix have been reported
based on this principle.’?® (Binding of the appended
N-alkylphenanthridinium core in [Ln(DO3APhAM-
phenMe)]** to the electron-rich GC base pairs leads
to charge-transfer quenching of fluorescence from the
phenanthridinium S; state, which is echoed by re-
duction in Eu emission intensity. This has been
studied in oligonucleotides and DNA of varying GC
content, and quenching was up to 20 times more
efficient for GC over AT base pairs.8227) Zinc binding
to [Tb(DO3AAM-PENT)] enhances the Th emission
spectrum at pH 7.4 with a 26% change in a simulated
extracellular background and with an apparent dis-
sociation constant of 0.6 ©«M.?'®> Protonation or metal
binding of the sensitizing chromophore also may
lower the energy of the singlet excited state, so that
changes in excitation spectra can also characterize
the reversible binding event'?® or allow selective
excitation of the protonated or metal-bound species.

Second, the triplet excited state of the sensitizing
chromophore may be perturbed. Its energy may be
altered by protonation or metal binding, which may
perturb the rate of forward or reverse energy trans-
fer.219220 The aryl triplet state is sensitive to colli-
sional quenching by molecular oxygen, so that for
cases where Kq[O-] is of the same order as ker, then
the Ln3" emission intensity and lifetime is also a
sensitive—albeit potentially complex—function of pO,
in solution. Reports of optical oxygen sensing based
on the quenching of Eu3" luminescence in tris(s-
diketonate) phenanthroline Eu complexes have ap-
peared in which the lanthanide complex is immobi-

lized in a fluoropolymer film?2%.222 and the sensor
operates at the air/solid interface. Terbium—phenan-
thridinium complexes exhibit pO; sensitivity in aque-
ous media with Stern—Volmer quenching constants
of the order of 25—50 mmHg (0,).8* In addition, the
Nd— and Yb—palladium porphyrin conjugates (Chart
8; e.g., [Yb(LNnDO3Ph-PdP)]3*) exhibit a sensitivity
to dissolve oxygen as the rate of intramolecular
energy transfer from the palladium porphyrin triplet
to the Ln ion is rather slow, owing to their relatively
long spatial separation.” Many other cases of pO,
sensitivity of Ln3" emission intensity have also been
observed where a relatively slow energy-transfer step
is found.8!

Finally, the excited lanthanide ion itself may be
guenched. Intermolecular energy transfer, for ex-
ample, has been observed between the (acceptor) pH-
sensitive dye bromothymol blue?3—absorbing at 615
nm in basic media—and (donor) Eu complexes in
aqueous media. Such an energy-transfer process was
first applied by Mathis® in the 75% efficient quench-
ing of Eu emission in Lehn’s tris(bipyridyl) cryptand?!
by the protein allophycocyanine. The excited protein
fluoresces at 665 nm with the time delay of the donor
europium cryptate. Such a process is a key feature
of commercial time-resolved homogeneous immu-
noassays.?3236 More recently, using europium com-
plex of (DTPA—COUMCF) [Chart 8], absorption at
370 nm, followed by intramolecular energy transfer
led to a Eu emission that was quenched by bro-
mothymol blue over the pH range 5—9 with a 40%
modulation when immobilized in a sol—gel matrix.??*
Alternatively, the Ln3" ion may be quenched by
vibrational energy transfer involving energy-matched
XH oscillators. Thus, the displacement of bound
water molecules, e.g., by inter- or intramolecular
binding anion binding, may be signaled by an en-
hancement of emission intensity,’®%?2 an increase in
the excited-state lifetime, and a change in spectral
form which is most readily interpreted with Eu®"
complexes (see section 1V.D). With chiral complexes
the circular polarization of emission may be modu-
lated, following substitution of bound water, either
because of a change in complex helicity or simply by
a change in the spectral form. Exemplifying the
former case is the selective reversible binding of
carbonate/hydrogencarbonate to [LnDO3Ph(H,0),]*"
in which the complex may change from a SAP
geometry (40° twist angle) to a TSAP structure with
a smaller twist angle in the carbonate-chelated
form.”® In an example of the latter case, binding of a
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DNA phosphate group to [Ln(DO3Ph-phenMe)(H,O)]**
has been observed by CPL, the CPL spectrum for the
Eu complex in the presence of poly(GC), for example,
resembling that obtained by independent addition of
inorganic phosphate.?’

The definition of responsive luminescent lan-
thanide complexes may be compared with the devel-
opment in parallel of ‘smart’ Gd®" contrast agents,
wherein the overall relaxivity of the complex is a
defined function of a biochemical variable such as pH,
pM, or pX. Modulation of relaxivity by pH may be
achieved by devising complexes in which either the
complex hydration state, q, the water proton ex-
change rate, or the longitudinal water proton relax-
ation time Ty, is rendered a function of pH (eq 6,
section 1V.C). Examples of the former case involving
on/off sulfonamide ligation have been reported, lead-
ing to a 48% increase in relaxivity between pH 7.4
and 6.8 in 50% human serum solution. Related cases
involve pH-dependent association of hydrogencar-

bonate in g = 2 or 3 complexes.*?:78.165225 Modulation
of the water proton exchange rate has been defined
involving base catalysis®*#? or is related to protona-
tion of a proximate ligand N or O, associated with
large changes in the second hydration sphere.t?5227
Within the complex series of terms that defines Ty,
the pH dependence of the rotational correlation time
7, may be picked out. Conjugates of gadolinium
complexes have been reported in which a large
change in the conformation and molecular volume of
a macromolecule occurs, perturbing 7. and hence the
relaxivity.??® The first example of a pM-dependent
system was based on modification of well-known
calcium—EGTA fluorophores:??® binding of Ca?" in
the micromolar range is signaled by an increase in
relaxivity from 3.3 to 5.8 mM~1 s, In related work,
the relaxivity of the neutral Gd complex of DTPAB-
PYED was found to be fairly sensitive to variations
in zinc concentration, with a maximal reduction in
relaxivity of 33% for 1:1 ternary complex formation.?**
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In each of these cases it is likely that metal ion
chelation perturbs the second (rather than the pri-
mary) hydration sphere.

VI. Magnetic Resonance Spectroscopy
Applications

The paramagnetic properties of the lanthanides
have been exploited in NMR spectroscopy for many
years.?3’7240 Each lanthanide ion has its own char-
acteristic shift and relaxation properties which can
affect NMR parameters of proximate nuclei to vary-
ing degrees. The lanthanides have found widespread
use in the development of NMR probes for biomedical
applications, 3241 including the design of aqueous
shift reagents for in vivo MRS and the NMR separa-
tion of enantiomers by chiral lanthanide shift re-
agents.®2° There have been numerous reviews on the
theory and application of lanthanide- induced shifts
and relaxation rate enhancements.?23%25! This section
highlights some of the important basic features and
reviews developments in the area. However, the
theory and use of Gd contrast agents for MRI is not
discussed here as this has been well documented in
a number of recent reviews.123°

A. Lanthanide-Induced Shifts (LIS)

There are three contributions to the LIS (A) for a
nucleus of a ligand coordinated to a Ln3" ion: the
diamagnetic (Ag), contact (A¢), and pseudocontact (A)
shift (eq 10).

A=Ag+ A+ A, (10)

The diamagnetic shifts are usually small and often
neglected except for atoms directly coordinated to the
Ln3* ion. They originate from conformational changes,
inductive effects, and direct field effects and can be
determined directly or by interpolation from shifts
induced by diamagnetic La®* and Lu®" ions.

Contact (or Fermi) shifts involve a through-bond
transmission of the unpaired electron density at the
Ln%* ion to the nucleus of interest. The contact shift
A¢ (ppm) is given by eq 11, where [3,0is the reduced
value of the average spin polarization, g the Bohr
magneton, k is the Boltzmann constant, y is the
gyromagnetic ratio of the nucleus in question, T is
the absolute temperature, and A/h is the hyperfine
coupling constant.

= e ﬂ A 6
A= (8,[F = (3, 510 (11)

The contact shift is usually huge for a nucleus
directly bonded to the Ln®" ion but decreases rapidly
upon increasing the number of bonds between the
Ln3* and the nucleus, allowing easy identification of
the donor atoms in the ligand.323°

The pseudocontact contribution (or dipolar shift)
is a result of a through-space interaction between the
magnetic moments of the unpaired electrons of the
Ln3* and the nucleus under study and is expressed
by eq 12.3239.242

Parker et al.

g |@°0A°(3 cos®6 — 1) N
60k°T? re
,(sin? 0 cos 2¢)
3

A, =CpG =Cp

A, (12)

where Cp is Bleaney’s constant, i?[A,° and [i2[A,? are
second-order crystal field coefficients, r, 6, and ¢ are
spherical coordinates of the observed nucleus with
respect to the Ln3" at the origin and with the
principal axis as the z-axis. By combining Cp and the
crystal field coefficients, the equation is simplified
(eq 13).

. 3cos’H—1
Ap—Dl 3 +D

s 2
sin “ 0 cos
SN 0058 (13)
r
In the case of axially symmetric systems, eq 13
reduces further to eq 14

A, =D, 5 (14)

3cos? 6 — 1]

In fact, eq 14 is frequently used to calculate LIS in
structural analysis even if the complex has no axial
symmetry.®?4 The pseudocontact contribution usu-
ally predominates for the lanthanides as the un-
paired electron spin density largely resides on the
Ln3" ion. As the dipolar shift depends on the orienta-
tion of the resonating nucleus with respect to the
Ln3" ion, useful structural information may be
gained_l,11,237,239,24l

After subtraction of the diamagnetic contributions,
the LIS is expressed as the paramagnetic shift, A"

A=A+ A, = [5,[F + CpG (15)

Any contact contribution to A’ must be separated out
in order to use the dipolar term in structural analy-
sis. The terms [$;[Jand Cp are characteristic of the
Ln3* ion but independent of the ligand, whereas the
opposite is true for F and G. Assuming that the
lanthanide complexes studied are isostructural and
of axial symmetry, using theoretical calculated values
for [5,0and Cp tabulated in the literature,®?*? F and
G may be determined by linear regression according
to eqs 16 and 17, provided that A values of a ligand
are known for two or more Ln3* ions.

A CpG

—=F+ 16
05,0 05,0 (16)
A (5,F

Co = c. + G a7

Equation 16 should be used in linear regression
analysis when A' is dominated by dipolar shifts
(calculated G/F > 1), and eq 17 used when the contact
contribution dominates A’ (calculated G/F < 1).24

Small changes in G may reflect changes in the
orientation of the ligands as the ionic radii of the
lanthanides decreases along the series. These changes
are magnified in eq 16, and breaks are frequently
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Figure 16. Useful ranges of pseudo-contact shifts (PCS)
for Ce3*-, Yb3*-, and Dy3*-containing proteins. The dashed
lines indicate the observed line widths.

observed in the plots according to eq 16. As F values
are not affected, the plots according to eq 17 remain
linear. A significant structural change or variation
in crystal field coefficients occurring across the lan-
thanide series will be observed as nonlinearity in
plots based on both eqgs 16 and 17.

The ambiguity of interpreting nonlinearity in terms
of either factor is removed by the recent introduction
of a ‘two nuclef’ (i, k) equation, which does not depend
on crystal field parameters (eq 18).2”® This may be
particularly useful as it is increasingly clear that
crystal field coefficients may differ unpredictably,
especially around the center of the series, i.e. Eu-
GdTb_274,275

% _|p_pCil, G %
[Sz@ i kGI'( GII( [Sz@
where
G, (1-3cos’6) r’
ikz_,lz—z : Lg (18)
Gk (1-3cos?6,) r;

B. Applications in Aqueous Media

There has been much interest in the use of
lanthanide complexes as shift reagents in NMR to
effect spectral simplification and resolution enhance-
ment.237240249 Eor a number of years lanthanide-
induced shifts have provided angular and distance
information and have found widespread use in the
determination of solution structures of lanthanide
chelates.??*! Lanthanide complexes (most often of the
simple aqua ion) continue to be used as paramagnetic
probes in biological studies to gain structural infor-
mation on proteins, nucleotides, and amino ac-
ids.2%7.238241 For example, the lanthanide ions can
often substitute the NMR-silent Ca?* ion in biological
systems without loss of biological activity,?** allowing
partial structural analysis of calcium-binding pro-
teins in solution.?#5246 Ce3*, Dy3*, and Yb®", for
example, have recently been substituted into Calbin-
din Dgg, a protein of 75 amino acids.?*® The applica-
tion of these three lanthanide ions, each with very
different pseudocontact shifts, can provide structural
constraints for NMR—NOE analyses in shells at
variable distances from the paramagnetic center (up
to ~40 A) (Figure 16). The introduction of very high
magnetic fields and multidimensional NMR tech-
niques (NOE, COSY, HETCOR, EXSY) has enabled
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good spectral resolution and the development of
accurate structural solution models of several bio-
molecules, without the need to employ the lan-
thanides. However, covalently bound LnL tags are
used to orient proteins in high magnetic fields,
allowing the use of residual dipolar couplings to
refine the solution structures of macromolecules.?*272

Aqueous lanthanide complexes continue to be
examined as chiral shift reagents for the NMR
separation of enantiomers?*® and as shift reagents
in biomedical magnetic resonance spectroscopy
(MRS).22247 Although the majority of studies of chiral
lanthanide complexes in the resolution of enantio-
meric signals in NMR spectroscopy has been per-
formed in organic solvents, a few water-soluble
reagents have been reported.?40250-260 Kabuto and
have demonstrated that lanthanide complexes of (R)-
PDTA (Ln = Eu), (R)-TPPN (Ln = Eu) and (SS)-
BPBA (Ln = La, Ce) resolve the enantiotopic signals
of a range of hydroxy-, amino-, and carboxylic acids
in aqueous solution.?172% The magnitude of the shift
difference between enantiomers (AAd) was small,
often less than 0.1 ppm, but sufficient to determine
enantiomeric purity. The AAJ values show a strong
pH dependence. For example, separation of signals
of lactic acid with (S)-[Eu—PDTA] was optimum at
pH = 4 but was not observed at pH = 11.2527254 The
europium complex of TPPN resolved enantiomeric
signals of a-amino acids even at neutral pH,?%®
whereas the BPBA complexes separated the same
resonances over a wider pH range.?®® All three
systems afforded a good correlation between the
relative signal position of the enantiomers and the
absolute configuration of the substrate.

Yb3* and Eu®*t complexes of CMOS are also capable
of accomplishing NMR resolution of enantiomeric
mixtures and enantiotopic nuclei of a variety of
carboxylates and amino acids.?®” Enhanced spectral
resolution of amino acids was reported for the Eus*
complex of EDDS (AAS —0.4) between pH 9—11.%58
The induced chemical shift differences were due not
only to differences in adduct geometry but also in the
association constants of the ternary complexes formed
between [EUEDDS] and the amino acids. Superior
diastereomeric shift differences were reported for the
analogues of EDDS, PIPDS, and DPEDDS,?° al-
though they are also limited in use to a narrow pH
range (~9). A new europium chiral shift reagent,
TRENBMTA for a-amino acids and N-acyloligopep-
tides in aqueous solution, has been reported to give
rise to enantiomeric separation at neutral pH without
significant signal broadening.?® However, it should
be noted that the observed limiting chemical shift
nonequivalence in each of these examples is again
very small (<0.1 ppm typically) as found in so many
of these aqueous chiral shift agents. Coupled with
the broadness of the observed signals—often associ-
ated with chemical exchange broadening due to
competing intermolecular exchange processes—this
has meant that the method has found little direct
application for enantiomeric purity determination in
aqueous solution. On the other hand, given the large
shifting ability of, say, Yb and Pr complexes, the use
of well-defined water-soluble chiral complexes—such
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as those described in section 111 (based on heptaden-
tate ligands)—offers considerable scope for the defini-
tion of more effective chiral shift reagents and—where
the association constant is much larger—of chiral
derivatizing agents. A first step in this direction has
been reported for a-hydroxy acids, with nonequiva-
lence of over 10 ppm for lactate complexes of
[YbDO3Ph]3** (Chart 5).1%¢

Knowledge of the distribution of biologically im-
portant anions and cations over intracellular and
extracellular compartments is of considerable value
in cell biology and of great potential use in medical
diagnosis. Introduction of a water-soluble lanthanide
shift reagent that can bind to the ion of interest and
remain extracellular may induce an isotropic shift in
selected nuclei, thereby allowing discrimination be-
tween intra- and extracellular ion signals. Most
reports have concentrated on the use of anionic
lanthanide chelates as shift reagents for alkali met-
als, e.g., 2Na, ¥K, 7Li, and 133Cs.39237.247 These sys-
tems operate through ion-pair interactions between
coordinated or pendent negatively charged groups in
the chelate (e.g., carboxylate or phosphonic groups).
Most favorable shifts are produced with the lan-
thanides with high magnetic moments and short
relaxation times (i.e., Dy3", Th®", Tm3") in complexes
with high negative charge which favor a strong
electrostatic interaction. Such polar species are dis-

tributed in the extracellular compartment. The ion-
binding sites should be in a favorable geometry
(within the so-called McConnell cone) relative to the
axis of symmetry (the dipolar shift has a 3 cos? § —
1/r® dependence). The most effective shift reagent
reported for alkali metals is the Dy3"—bis(tripoly-
phosphate), [Dy(PPP),].”~%6! However, the [Ln(PPP),]"~
complexes are not kinetically stable in vivo, decom-
posing in the presence of pyrophosphatases. There
is also competition for coordination of the triphos-
phate by endogenous Ca?* and Mg?" ions.?%? [Dy-
(TTHA)J]®™ has a higher stability constant but is a
much less efficient shift reagent than [Dy(PPP),]"~
due to the reduced negative charge and the unfavor-
able spatial location of the unbound carboxylate
binding sites which lie away from the paramagnetic
center.?63264 The most promising shift reagent for
metal cations in vivo are the Dy®" and Tm3" com-
plexes of DOTP.?65266 The complexes are thermody-
namically and kinetically very stable, resistant to
dissociation over a wide pH range, and have cationic
binding sites very close to the 4-fold axis of symmetry
yielding maximum shifting ability. The [Tm(DOTP)]*~
complex has been successfully used for in vivo studies
of rat kidneys and produces some dramatic isotropic
23Na shifts.?8” Finally, cationic lanthanide chelates
have been considered as shift reagents for biological
anions. [Eu(DTMA)J]®** was found to discriminate
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effectively between intra- and extracellular inorganic
phosphate.®

Although the studies to date have highlighted the
potential of lanthanide chelates as ionic shift re-
agents in magnetic resonance, generally the observed
effects are small. Further studies are warranted
focusing on the design and application of more
effective complexes of greater intrinsic kinetic stabil-

ity.
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