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Macrocyclic chelators can form highly stable complexes with transition metals and lanthanides. In this
review, the recent advances towards biomedical applications of macrocyclic complexes are outlined. The
use of such complexes in imaging as MRI contrast agents, radiopharmaceuticals and luminescent probes
is discussed. The considerable scope for future development of novel metal based therapeutics based on
protein binding, targeting of radioisotopes or dual function agents is also highlighted.
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. Introduction

Research in medicinal inorganic chemistry has expanded in
ecent years by exploiting a variety of chelating ligands to mod-
fy and control the properties of metal ions in biological systems
1–3]. Macrocyclic chelators offer the benefit of high stability com-
lex formation and, through functionalization, the opportunity
o fine tune the coordination environment. The pharmaceutical
ndustry has yet to appreciate the impact coordination chem-
stry can have on the design of new medicines [4]. This may
hange in the future as skilled multi-disciplinary practitioners
evelop their research using a strategic approach to complex
esign.

This article offers an overview of the research reported in the last
years (2005–2009) into biomedical applications of macrocycles,

lthough some earlier articles have been cited to provide rele-
ant background information. Porphyrin compounds have not been
ncluded in this review, although they have a number of impor-
ant developing biomedical applications e.g. as phototherapeutic
gents, X-ray radiation enhancers and boron neutron capture
gents [5–8]. The focus of this survey is on saturated macrocyclic
igand design and tuning the properties by chelator modification.
he opportunity to add pendant arms to unsaturated nitrogen
onor atoms (e.g. in aza macrocycles) has driven this expanding
rea of research.

Metal ions have key properties that can be applied to image or
nteract with biological systems. Five main topics were selected for
his review to reflect the volume of research published. Biological
maging applications dominate, with magnetic resonance imag-
ng (MRI), single photon emission computed tomography (SPECT),
ositron emission tomography (PET) and optical imaging the main
echniques featured [9,10]. On the therapeutic side, with the excep-

ion of the use of �- and �-emitting radioisotopes, the applications
f macrocyclic metal complexes are more limited. The range of
helators used in therapeutic and diagnostic radiopharmaceuti-
als are similar and so are grouped together for discussion in
ection 4.
istry Reviews 254 (2010) 1686–1712 1687

Research into biomedical applications of macrocycles developed
during the 1980s and 1990s and has been particularly vibrant in the
21st century. It is built on the foundations of macrocyclic research
carried out in the 1960s and 1970s by Busch, Curtis, Pedersen and
many others [11,12]. Review articles on metals in medicine were
collected together in a special issue of Chemical Reviews in 1999,
which provides a comprehensive introduction to the field, includ-
ing data on both cyclic and acyclic chelators [13–15]. More recently
(2009) a special issue of Accounts of Chemical Research was pub-
lished containing useful reviews on the chemistry of molecular
imaging [16–19]. Refinement in the approach to chelator design
has come with a more subtle understanding of binding kinetics,
catalytic mechanisms and donor interactions [20–23].

The majority of the work discussed in this review article
focuses on the azacrown macrocycles. The most com-
monly used of these are tacn (1,4,7-triazacyclononane),
cyclen (1,4,7,10-tetraazacyclododecane) and cyclam (1,4,8,11-
tetraazacyclotetradecane). This is due to their cavity size, the
wide range of developed synthetic procedures for macrocycle
synthesis and a variety of methods for functionalisation via
the incorporation of pendant arms. The inclusion of acetate
pendant arms provides strong binding donor groups that are
compatible with both transition metal and lanthanide ions.
The NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid), DO3A
(1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid), DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) and
TETA (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid)
chelators form the basis of many of the bifunctional chelators
(BFCs) that are designed for specific targeted binding of metal
complexes to proteins or other biological macromolecules. It is
important to consider that coordination modes of these aza acid
chelators can be pH/protonation dependent as they will ultimately
be used in aqueous systems [24].

There have been some reviews specifically focussing on the
medical applications of aza macrocycles [25,26]. Stability is of
course a key issue for any complex in a biological system, as to
retain its desired functionality the metal ion must remain bound,
and in some cases the complex must be excreted intact. The factors
influencing stability of macrocyclic complexes have been studied
for many years, and more recent advances include the use of chela-
tors exploiting rigidity to influence the kinetics of decomplexation
and enhance stability [27–30].

2. MRI contrast agents

Magnetic resonance imaging contrast agents have been pro-
duced as highly stable complexes that can be administered to a
patient at relatively high doses (concentration ca. 1 mmol in blood
pool) to enhance the contrast between diseased tissue or show
metabolic changes [31]. This has been a key clinical success in
the application of macrocyclic chemistry to medicine. Research is
ongoing to produce responsive molecular imaging agents [32].

Contrast agents in MRI accelerate the relaxation of water pro-
tons in proximity to the compound. For gadolinium(III) containing
compounds their efficacy can be measured in terms of longitudinal
proton relaxivity. This relaxivity parameter quantifies the extent
to which the compound catalyses the shortening of the T1 relax-
ation time of the protons in bulk water. Coordination interactions
are important in transmitting the effect of the paramagnetic ion
to the bulk solvent. This inner sphere contribution is generally the

major contribution in new higher efficiency contrast agents that are
being investigated. The rotational correlation time of the molecule
(sometimes referred as the ‘tumbling rate’) is also a key param-
eter influencing relaxivity which can be varied by increasing size
and reducing flexibility in the molecule [33]. It can also be affected
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y the presence of other species in the solution such as proteins
r salts.

.1. Metal ion selection

Gadolinium(III) complexes dominate the research work into
acrocyclic contrast agents (CAs) and their clinical application

n magnetic resonance imaging [31,32,34]. Gadolinium(III) has
wo key properties that make it an ideal choice, it is highly
aramagnetic due to its seven unpaired electrons and also has
elatively slow electronic relaxation due to its symmetric S-state.
hese paramagnetic CAs shorten the longitudinal relaxation times
f bulk water protons. The chelators are generally designed to
ncapsulate the metal ion leaving only one or two sites avail-
ble for a water molecule to bind [35,36]. There have been recent
oncerns regarding the stability of the non-macrocyclic (DTPA
ased) chelators causing the disease nephrogenic systemic fibro-
is (NSF) by release of the gadolinium(III) ion in vivo, and so the
igh stability of macrocyclic derivatives is particularly desirable
37,38].

There is still interest, but considerably fewer publications, con-
erning high spin manganese(II) contrast agents. One example is
he design of a tacn macrocyclic chelator L1 that has been synthe-
ised to form dinuclear manganese(II) complexes for use as MRI CAs
58]. This mirrors the development of multinuclear gadolinium(III)
omplexes to offer greater relaxivity per molecule. However, the
tability of the dinuclear complex was lower than that of the com-
arable NOTA complex.

The thermodynamics and kinetics of dissociation, particularly
n the presence of competing cations, and water exchange are very
mportant in the design of such compounds, see Table 1 for selected
quilibrium (stability) constant data. A comparison of the kinetics
f formation and dissociation of the lanthanide complexes of the
OTA type chelator L2, where one acetate arm has been replaced
y a propionoate, was carried out [50]. These chelators have the
dvantage of more rapid water exchange improving the relaxivity
roperties of the gadolinium(III) chelators relative to the clinical
OTA agents. The resulting complex is less stable than [GdDOTA]−

ut considerably more inert than [GdDTPA]2−.
A further alternative for stable coordination to gadolinium(III) is

o replace the acetate arms with phosphonate binding groups. A bis-
hosphonate version of the DOTA chelator was produced, L3, where
wo of the acetate arms have been replaced by methyl phospho-
ate arms [52]. The properties of the lanthanide complexes were
nvestigated using potentiometric titration and NMR, and shown to
all between those observed for DOTA and the tetra(methyl phos-
honate) cyclen derivative. Of additional interest was the rigidity,
hich followed the same trend, demonstrating that it can be tuned

y sequential addition of methyl phosphonate arms.
istry Reviews 254 (2010) 1686–1712

To probe the coordination environment in CAs, the gadolin-
ium(III) ion is frequently replaced with europium(III), and the
europium(III) complex can be studied using NMR or lumi-
nescence techniques, see Section 3.2 [59]. Structural studies
can also be carried out using EPR, direct observation of the
geometries of the gadolinium(III) macrocyclic complexes is pos-
sible and the properties of two DOTA type gadolinium(III)
complexes have been investigated [60]. In this case, the combi-
nation of chiral arms and a C-nitrobenzyl substituent fixes the
complexes into either square anti-prismatic or twisted square
anti-prismatic geometries, allowing the relationship between elec-
tronic relaxation and coordination environment to be probed.
This study showed that electronic spin relaxation, which is a
key parameter influencing the relaxivity, is largely environment
independent.

2.2. Chelator design

The gadolinium(III) complexes discussed so far are all based
around the 12-membered cyclen macrocycle functionalised with
pendant arms. There have been some recent efforts to expand the
array of frameworks that are used in CA design.

One area for chelator variation is the ring size, although it is
known that the 14 membered ring cyclam ligand TETA forms much
less stable complexes with lanthanides. Studies were made of the
intermediate tetraaza tetraacetate macrocycle TRITA, L4 [61]. It was
found that while the relative stability of the lanthanide complex
was lower than DOTA it was again higher than some acyclic chela-
tors that are currently used in vivo. Care should still be exercised
as the issues with NSF show that maximising stability may be the
best approach.

Alternatives have been investigated that retain the 12-
membered tetraaza ring but increase its rigidity. An example links
one of the backbone nitrogens into a piperidine ring while main-
taining the four acetate pendant arms [62]. The properties of a
series of related compounds as MRI contrast agents were inves-
tigated using in vivo studies and the gadolinium(III) complex of L5

was identified as a lead candidate with reduced kidney retention
and improved liver uptake in comparison to clinically used DOTA

complexes.

A further, even more rigid, alternative is to use the pyri-
dine equivalent L6, although this can now only incorporate three
pendant arms at the nitrogen positions. The equilibrium con-
stants and complexation/decomplexation kinetics were studied
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Table 1
Selected stability constants for the ligands discussed and relevant pre-2005 dataa.

Macrocyclic chelator and metal ion Equilibrium constant
(logKML)

Ref. Macrocyclic chelator
and metal ion

Equilibrium
constant (logKML)

Ref.

NOTA (included for comparison) L27 (R = CH2CH2CO2H) [41]
Magnesium(II) 9.69 [39] Europium(III) 25.53
Calcium(II) 8.92 [39] Gadolinium(III) 25.04
Copper(II) 21.63 [39] Lutetium(III) 25.5
Zinc(II) 18.3 [40]

DOTA (included for comparison) L27 (R = CH2-p-C6H4NH2) [41]
Calcium(II) 17.2 [42] Europium(III) 25.0
Copper(II) 22.2 [43] Gadolinium(III) 24.04
Zinc(II) 21.1 [43] Lutetium(III) 24.0
Lanthanum(III) 22.9 [44]
Europium(III) 24.7 [44]
Gadolinium(III) 24.7 [44]
Lutetium(III) 25.4 [44]

DOTP (included for comparison) L50 [48]
Calcium(II) 10.3 [45] Calcium(II) 3.07
Copper(II) 25.4 [46] Copper(II) 27.34
Zinc(II) 24.8 [46] Zinc(II) 21.03
Lanthanum(III) 27.6 [47] Cadmium(II) 15.91
Europium(III) 28.1 [47]
Gadolinium(III) 28.8 [47]
Lutetium(III) 29.6 [47]

TETA (included for comparison) [46] L51 [49]
Calcium(II) 8.42 Calcium(II) 3.45
Nickel(II) 19.91 Nickel(II) 21.92
Copper(II) 21.74 Copper(II) 27.21
Zinc(II) 16.62 Zinc(II) 20.16
Cadmium(II) 18.25 Cadmium(II) 17.03
Lead(II) 14.3 Lead(II) 12.85

L2 [50] L52 [51]
Magnesium(II) 7.62 Manganese(II) 11.64
Calcium(II) 12.09 Cobalt(II) 16.42
Manganese(II) 16.74 Nickel(II) 20.04
Copper(II) 17.91 Copper(II) 21.58
Zinc(II) 19.64 Zinc(II) 18.16

Cadmium(II) 17.9
Lead(II) 13.58

L3 [52] L53 [53]
Calcium(II) 15.1 Copper(II) 14.71
Copper (II) 24.9 Zinc(II) 11.53
Zinc(II) 22.5
Yttrium(III) 26.6
Lanthanum(III) 23.3
Europium(III) 25.6
Gadolinium(III) 25.7
Lutetium(III) 26.4

L6 [54] L57 [55]
Magnesium(II) 12.35 Copper(II) [Cu(HL)]+ 16.3
Calcium(II) 12.72 Copper(II) [CuL] 13.9
Copper(II) 18.79
Zinc(II) 20.48
Yttrium(III) 20.63
Europium(III) 20.26
Gadolinium(III) 20.39
Ytterbium(III) 20.28

GdL26 (log KGdLM for ternary complexes) [56] monoalkylphosphonate esters of
DOTP (gadolinium(III))

[57]
Calcium(II)

Ester group = CH2OH
16.09

Copper(II) 1.87
Ester group = CH2CH3

16.50
Zinc(II) 5.39

Ester group = OCH2CH3

14.4
5.28 12.19

f
s
t
p
c

a General conditions: T = 298 K, I = 0.1 or 1.0 M (KCl, KNO3 or NMe4NO3).
or lanthanide ion complexes of L6 [54]. Both the stability con-
tants and the mechanism of complex formation were shown
o be similar to lanthanide-DOTA complexes, however, com-
lex formation was at least ten times faster suggesting that this
helator may have greater potential in radiopharmaceutical appli-
Ester group = O-n-C4H9
cations where rapid complex formation is the key factor, see
Section 4.

As an alternative to the tetraaza 12-membered ring a diazadioxa
chelator was synthesised, L7. Despite only having two nitro-
gen positions for attachment of additional chelating groups, the



1690 R.E. Mewis, S.J. Archibald / Coordination Chemistry Reviews 254 (2010) 1686–1712

Table 2
Longitudinal relaxivity (T1) parameters for selected gadolinium(III) complexes.

Compound Relaxivity, ra

(mM−1 s−1)
Temperature (K) pH Field strength

(MHz)
Comments Ref.

[GdDOTA]− 3.96 310 H2O
No
buffer

60 – [65]

GdDO3A 6.95 298 6.5 25 Relaxivity recorded in absence
and presence of lactate.

[66]

3.20 (+lactate)
Gd(1-methylphosphonic acid DO3A) 4.7 310 7 20 – [67]
Gd(tris-3,2-hydroxy-pyridonate)tacn 13.1 298 7.0 20 Complex has three inner

sphere water molecules.
[64]

[GdDOTP]5− Monoalkylphosphonate
esters of DOTP

3.5 310 10 20 All recorded at pH 7 apart from
DOTP (pH 10 fully
deprotonated). The relaxivity
contribution for these
compounds is entirely
outer/second sphere (no H2O
bound).

[57]

Ester group = CH2OH 2.2 7.0
Ester group = OCH2CH3 2.1 7.0
Ester group = O-n-C4H9 2.3 7.0
Ester group = CH2CH3 2.8 7.0

GdDO3A(phosphonate) Steric factors give a reduction
in relaxivity.

[68]

Bisethyl phosphonate ester 3.44 310 7.0 20
Monoethyl phosphonate ester 3.49
No phosphonate ester group 4.57

GdL3 3.6 298 7.4 20 Relaxivity is constant above pH
7.The pH dependence is due to
phosphate protonation.

[52]

[GdL5]− 3.0 296 7.0 20 - [62]
GdL16 5.3 298 7.0 20 - [69]
GdL17 9.5 298 7.0 20 The faster exchange rate

improves relaxivity
[70]

GdL21 Relaxivity
profile

298 7.0 Variable The relaxivity profile of the
water protons were
interpreted using a new
theoretical framework

[71]

[GdL24]− 6.7 298 7.0 10 - [72]
GdL25 7.2 294 7.0 300 Relaxivity is constant over pH

5–7.
[73]

[GdL28]2 1.9 298 7.0 20 – [74]
[GdL30]3+ 1.79 298 H2O

No
buffer

20 – [75]

[GdL48]− 4.77 310 H2O 60 – [65]
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acrocycle is octadentate with pyridyl carboxylate pendant arms
63]. The europium(III) and terbium(III) complexes were studied
nd showed that an equilibrium exists between nine- and ten-
oordinate species in solution with one or two bound waters
espectively.

Raymond and co-workers have been investigating tripodal pyri-
onate constructs as lanthanide chelating agents for many years.

n some recent work they used tacn to arrange three hydrox-
pyridonate groups in a suitable motif to form highly stable
adolinium(III) complexes, although the macrocycle in this case
s a structural rather than a coordinating unit. These complexes
ave an increased hydration number of three compared to one
r two bound water molecules for the DOTA/DO3A type com-
lexes and hence have improved relaxivity properties, see Table 2
64].

Some larger ring macrocyclic chelators and their complexes
ave also been studied as potential MRI CAs. The fifteen membered
ing bipyridine analogue, L8, has been synthesised and complexa-
ion of lanthanide ions investigated [76]. A pyridyl 18-membered

exaaza macrocycle with carboxymethyl pendant arms, L9, was
ynthesised and lanthanide complexes characterised [77]. Cellu-
ar labelling studies were carried out using MRI (gadolinium(III)
omplex) and fluorescence microscopy techniques (terbium(III)
omplex).
No
buffer

2.3. Responsive CAs

There has been an increased effort to expand the utility of
contrast agents by modifying them to report on their biochemi-
cal environment as an alternative to passive concentration based

image enhancement [18,78]. The general approach has been to
incorporate binding units that will either open up water coordi-
nation positions at the gadolinium centre or slow the rotational
correlation time, both offering enhanced relaxivity. For example,
a physiologically responsive MRI contrast agent was produced
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y modifying the cyclen framework to incorporate a pendant ˇ-
lucoronic acid, L10, that could be cleaved in vivo unmasking a
oordination site on the gadolinium ion and hence increasing the
elaxivity [79].

In recent years the research groups led by Meade and by Logo-
hetis and Toth have made significant advances in the area of
RI contrast agents sensors [80,81]. Having originally synthesised
he first MRI responsive compounds to sense calcium(II) binding,

eade and co-workers more recently produced compounds that
an sense zinc(II) binding by causing an increase in relaxivity due

able 3
ongitudinal relaxivity parameters for targeted and responsive MRI agents.

Compound Relaxivity, ra (mM−1 s−1) Temperature (K) p

GdL10 2.85 310 7
3.68 (after hydrolysis)

GdL11 3.5 300 7
6.9 (Ca2+)

Gd2L12 5.4 298 7

GdL13 2.3 310 7
5.1 (Zn2+)

GdL15 9.9 (no enzyme) 298 7
5.7 (no enzyme + carbonate)
10.5 (enzyme + carbonate)

GdL26 3.4 298 9

GdL63 11.7/8.6 298/310 H

Gd(monopeptide L63) 19.2/14.7 N

GdDO3A(monophosphinate
bisphosphonate)

7.4 298 7

GdDO3Aprogesterone 3.77 310 H

Gd(DO3A-Pr-ATP)(H2O)2 6.51 308 H
istry Reviews 254 (2010) 1686–1712 1691

to a change in hydration number at the gadolinium(III) centre, see
Table 3 [82]. L13 has a DO3A chelator and a zinc(II) binding unit
[80] and the gadolinium(III) complex shows over 100% increase in
relaxivity in the presence of zinc(II). It was shown that an acetate
pendant is required on the zinc(II) chelating unit to ensure the
gadolinium centre is coordinatively saturated in the absence of
zinc(II).

Similarly Logothetis, Toth and co-workers produced a new
generation of calcium(II) binding compounds building on previ-
ous work in this area and showing a combination of rigidity and
increased hydration number to improve relaxivity. Bis-macrocyclic
complexes linked by calcium(II) binding groups, L12, were used
to form ion sensitive contrast agents [81]. An increase in the
relaxivity offered by the two gadolinium(III) centres located in
the macrocyclic units is observed on binding to calcium(II) but
not to magnesium(II). This increase is mainly due to the change in
hydration at the gadolinium(III) centres with a smaller component
relating to the reduced rotational correlation time due to increased
rigidity.

Other groups have also been investigating the synthesis
of improved calcium(II) activated CAs. Some of the previous
issues with such systems include the concentration detection
range and the sensitivity. Dhingra and co-workers have designed
a system, L11, that combines a lower affinity calcium bind-
ing group to allow rapid changes in calcium concentration

to be detected with a ca. 100% increase in relaxivity [83].
Further modifications may be required to improve the physi-
ological response, which can be strongly influenced by anion
binding.

H Field strength
(MHz)

Comments Ref.

.4 60 Glucoronic acid hydrolysis
results in a 20% increase in
relaxivity.

[79]

.4 400 97% relaxivity increase upon
addition of 1 equiv. of Ca2+

[83]

.0 500 A 32% increase in relaxivity is
observed on binding Ca2+

[81]

.2 60 Zinc(II) gives 121% increase in
relaxivity.

[80]

.4 20 Enzyme (porcine liver esterase) [84]

.5 20 Variable pH profile: relaxivity
is higher at lower pH when
protonated

[56]

2O 60 Targeted: Bombesin peptide
analogue (Lys3-Bombesin) at
two temperatures.

[85]

o buffer

.5 20 The bisphosphonate group
allows for anchoring to bone
tissue to give a selective agent.

[86]

2O No buffer 60 This compound has no spacer
group between DO3A and
progesterone attached to the
macrocyclic N.

[87]

2O No buffer (5.4) 24 ATP appended DO3A linked
with a propyl group.

[88]
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In an effort to create pH responsive MRI contrast agents, func-
ionalized macrocycles such as L14 were designed which could
e incorporated into the larger structure of a PAMAM den-
rimer to give 96 gadolinium-containing macrocyclic units per
endrimer [89]. The phosphonate groups are gradually proto-
ated as the pH drops and transfer of the relaxation effects to
he surrounding solvent becomes more efficient, with the relax-
vity rising from 10.8 mM−1 s−1 at pH 9 to 24.0 mM−1 s−1 at
H 6.

Another approach is to sense enzyme activity by providing a CA
hat also acts as an enzyme substrate. A cyclen chelator, L15, was
esigned to form a responsive MRI agent with gadolinium(III) [84].
he compound contains acetoxymethyl esters which can be cleaved
y porcine liver esterase to give a ca. 85% increase in relaxivity due
o suppression of interactions with carbonate anions that should
e sufficient for detection in vivo. Clearly the interaction of coordi-
ating anions can have significant impact on sensing capabilities,
s Meade and co-workers also determined when they further elu-
idated the mechanism of their �-galactosidase activated CA [90].
he mechanism for water exclusion by the galactopyranose sugar
rior to cleavage is dependent on the CA substitution pattern and

someric form. Importantly, the binding of carbonate anions to the
adolinium centre is involved in the water exclusion process in
ome cases.

.4. Tissue targeting of CAs

The simplest way to target a contrast agent to a particular part
f the body or tissue type, for enhanced imaging of that specific
ocation, is to use the natural transport/binding processes in vivo.
or example, the addition of phosphate type groups could result in
one uptake. A novel cyclen based macrocycle for applications in
one imaging and therapy was produced, L16 [69]. The gadolinium

omplex was investigated using 1H and 17O relaxometric studies.
one uptake was modelled using hydroxyapatite demonstrating
trong but reversible binding that occurred rapidly under physio-
ogical conditions.
istry Reviews 254 (2010) 1686–1712

Another important aim is blood pool imaging, which requires
the agent to remain in the blood stream for longer periods. A DO3A
framework functionalised with an aza-15-crown-5, L17, was used
to form a complex with gadolinium(III) that was investigated in
vivo [70]. The agent showed improved retention times in the vas-
culature, low cytotoxicity and an appropriate water exchange rate.

It is challenging to produce compounds that permeate cell
membranes in sufficient quantities for detection. The current
clinical agents are only useful for mapping the extracellular
and vascular regions of the body. Meade and co-workers have
addressed this by conjugating GdDOTA to polyarginine oligomers
and stilbene derivatives [91]. Cellular uptake was determined
using X-ray fluorescence (synchrotron) and ICP-MS. Imaging
agents can alternatively be modified to target cellular receptors
which may be over expressed in some disease states. This could
give important diagnostic information. Meade and co-workers
attached progesterone derivatives to a GdDO3A backbone and
investigated receptor binding properties [87]. The progesterone
receptor expression profile can be a prognostic marker in breast
cancer.

Common functional groups used for the attachment of bifunc-
tional chelators to targeting groups such as antibodies and peptides
include carboxylic acids, amines, isothiocyanates and aldehy-
des/ketones. More recently maleimides, alkynes and vinyl sulfones
have become increasingly popular. Rapid and efficient reactions
are required and so it was an obvious choice to investigate other
‘click’ chemistry type reactions, such as those between azides
and alkynes. DOTA derivatives have been synthesised with alkyne
functional groups for use in such reactions [92]. Biomolecules
such as the somatostatin peptide analogue octreotate have been
labelled using the Huisgen [3 + 2] cycloaddition with macrocyclic
derivatives such as L18. Meade and co-workers produced an alter-
native DO3A chelator functionalised with an alkynyl group to
exploit this reaction in the assembly of multimeric arrays of MRI
contrast agents, L19 [93]. Benzyl groups or a cyclodextrin were
used as central units for attachment of the gadolinium(III) bound
chelators to give complexes with increased relaxivity due to an
increased number of metal centres and reduced flexibility, see
Table 4.

A thiol functional group can be used to attach the gadolinium(III)

complex to the surface of a gold nanoparticle forming a high relaxiv-
ity array, L20 [94]. In this case, the nanoparticle was also coated with
sugars to provide water solubility and tissue targeting. In vivo imag-
ing of a brain tumour (mouse) showed that the sugar configuration
influenced tissue uptake.
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Table 4
Longitutidinal relaxivity parameters for MRI contrast agents with multiple gadolinium(III) metal ions.

Compound Relaxivity per mM Gd3+, ra

(mM−1 s−1)
Temperature
(K)

pH Field strength
(MHz)

Comments Ref.

Gd L14 dendrimer 10.8 298 9.5 20 Recorded at two pH values to
show the effects of dendrimer
protonation.

[89]
24.0 6.0

Molecules produced on reaction
of GdL19

3.21 (GdL19) 310 H2O No buffer 60 Molecules possessing 3, 6 or 7
GdL units.

[93]
5.90 (3 GdL units)
10.97 (6 GdL units)
12.20 (7 GdL units)

GdDO3A sugar conjugates 1.4–25.2 310 7.2 60 Galactose, lactose or glucose
attached to gold nanoparticles
with different chain lengths.
The Gd3+ concentration was
determined using ICP
techniques.

[94]

Amide coupled calixarene with
GdDOTA

18.3 310 H2O No buffer 20 Four GdDOTA units are
attached to a calix[4]arene via
amide bonds on the upper rim.

[95]

GdL23 6.19 (no Fe2+) 298 5.0 20 Rigid structure is formed
around the Fe2+ centre

[96]

11.0 per Gd (1:3 ratio Fe:GdL23)

PAMAM dendrimer conjugates
of GdL24

8mer 10.1 310 7.5 20 – [97]
16mer 14.1
59mer 18.6

GdL100 17.3 298 7 20 Micellar compound. Relaxivity
is consistent for slow moving
supramolecular adducts with

[98]
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.5. Optimizing relaxivity

A number of strategies have been adopted to produce con-
rast agents with enhanced properties such as lower toxicity and
ncreased relaxivity [99,100]. It is likely that higher stability macro-
yclic chelators will remain more desirable than acyclic complexes.

Again the majority of the work in this area has focused
n modification of the cyclen macrocyclic framework. A new,
otentially octadentate, ligand based on the tacn framework
as been synthesised incoporating picolinate pendant arms,
21 [71]. The gadolinium(III) complex shows improved stability
ompared to NOTA and relaxivity values were recorded giv-
ng results similar to commercial MRI agents. However it is
till questionable whether the properties are ideal for in vivo
pplication.

Agents can be designed that have enhanced properties in vivo
y blocking any interactions with biologically relevant molecules
hich reduce relaxivity, in particular binding to coordinating

nions. The effects of the coordination of L-lactate to gadolinium

O3A were investigated [66]. The resulting complex was charac-

erised by multinuclear relaxometric measurements which showed
hat the coordination sphere has a heptadentate macrocylic ligand
nd a bidentate lactate which blocks inner sphere water coordina-
ion.
the neutral Gd(III)-DOTA
monoamide moiety.

Another strategy to increase relaxivity is to increase the number
of metal centres, see Table 4, a multimeric compound based on a
BFC was discussed in Section 2.4. Linked cyclen macrocylic ligands
have been synthesized with either p-xylyl, L22, or flexible aliphatic
linkers [101]. They were initially studied for activity as mRNA cleav-
age catalysts, see Section 5, but also have potential application as
MRI contrast agents. Peters and co-workers have functionalised a
calixarene to give four gadolinium(III) DOTA units attached on the
upper rim [95]. The relaxivity is limited by the residence time of
the inner sphere water molecule, however the rigidity is close to
optimum.

An alternative approach is to attach a coordinating group to
the CA that does not interact with the gadolinium(III) centre and
could interact with an external metal centre allowing a multimetal
complex to be assembled. A cyclen derivative was synthesised
to produce such heteromultimetallic arrays incorporating highly
paramagnetic metal ions resulting in a compound with high relax-
ivity [96]. L23 was initially complexed to gadolinium(III) and then
titrated with iron(II) or nickel(II) to form tris complexes coordinat-
ing to the phenanthroline unit.

The use of phosphorous oxo groups in the pendant arms
of cyclen complexes has been shown to increase the rate of
water exchange at the metal centres and a series of complexes
of this type have been characterized. The main advantage of
these complexes is that the small structural changes should not
have a major impact on stability, see Table 1. Efforts have been
made to understand the influence of phosphonate and phosphi-
nate groups on complex geometry. The yttrium(III) complex of
a monophosphinate derivative of the DOTA ligand, octadentate

chelating agent, 1,4,7,10-tetraazacyclododecane-4,7,10-triacetic-
1-methyl[(4-amino-phenyl)methyl]phosphinic acid L24, showed
unusual behaviour in the solid state [102]. It crystallised with
three different coordination arrangements in one unit cell, two
twisted square anti-prismatic configurations and one square pris-
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atic configuration. This has implications for water exchange rates.
24, can be converted to an isothiocyanate derivative for use as a
ifunctional chelator to attach gadolinium(III) macrocyclic units
o polyamidoamine dendrimers via thiourea linkages [97]. These
ompounds can be used to form effective macromolecular MRI con-
rast agents [72]. Dendrimers were synthesised with eight, sixteen
nd fifty nine Gd-macrocycle units and relaxivity increases were
bserved due to slowed molecular tumbling reducing the rotational
orrelation time. However a key parameter is the internal flexibil-
ty which requires significant improvement if the full potential for
elaxivity is to be achieved. The equivalent non-alkylated phos-
honic acid chelator was extensively studied to determine how
rotonation of the phosphonate affected the isomer ratio and the
ater exchange rate [67]. A further series of lanthanide complexes

f the phosphinic acid DOTA ligands were characterised crystallo-
raphically with the structures showing ocatadentate binding of
he ligand in all structures with a coordinated water molecule only
resent for neodymium(III) and terbium(III) [103].

The steric requirement of the phosphonate group is thought to
e the key factor in influencing water exchange rates and a series of
onophosphonic acid DO3A derivatives were studied incorporat-

ng a varying number of ethyl groups [68]. The water exchange rate
as shown to be dependent on the ratio of the two isomers formed.
ayer and co-workers studied the lanthanide complexes of a series

f DO3A phosphonate ligands, including L25, where the phospho-
ate group is at a greater distance from the metal centre [73]. For
hosphonate ester arms, variation was observed in the number of
oordinated water molecules and the deprotected phosphonates
ehaved differently with pH dependent relaxivity observed for the
adolinium(III) complexes.

The gadolinium(III) complex with the amide phosphonate
erivative of DOTA L26 has previously been used to map tissue pH by
RI. In a more recent study Sherry and co-workers demonstrated

hat the agent must be prepared carefully as different complexes
an be formed dependent on the pH at complexation [56]. This
ork also further elucidates the pH mapping behaviour showing

he role of the phosphonates in the enhanced relaxivity. To deter-
ine the influence of phosphinate species on complex formation

nd dissociation, DO3A chelators with one phosphinate arm were

tudied [41]. It was found that the (2-carboxyethyl) phosphinic acid
erivative L27 formed complexes faster than DOTA. The yttrium(III)
omplexes were both highly thermodynamically stable and kinet-
cally inert suggesting that gadolinium(III) analogues would be
uitable for in vivo applications.
istry Reviews 254 (2010) 1686–1712

A tris N-substituted cyclen phosphinate ligand, L28, was syn-
thesised, and the lanthanide complexes investigated [74]. The
gadolinium(III) and terbium(III) complexes were found to be
dimeric eight coordinate compounds both in the solid state and
in solution. The relaxivity/luminescence properties observed are
consistent with complete exclusion of water from the inner sphere.

Studies of the second sphere hydration have been carried out on
a series of tetraphosphonate ester/phosphinate DOTA analogues
which again have no water molecule bound to the metal centre
[57]. The relaxivity did not show significant variation between
the different derivatives and so the water molecules are probably
located next to the phosphorous-oxygen atoms. A monophos-
phinate/bisphosphonate DOTA analogue was prepared which has
increased relaxivity due to a slowed tumbling rate in the pres-
ence of magnesium(II) or calcium(II) ions [86]. This is thought to
be due to the formation of coordination polymers, and attachment
to hydroxyapatite as a bone model also shows a similar increase in
relaxivity.

In an effort to attach a CA to a naturally occurring phosphate
derivative, the gadolinium(III) complex of an ATP linked DOTA
derivative was synthesised. The researchers were targeting a reduc-
tion in toxicity and increase in relaxivity for the new CA [88].

2.6. PARACEST, MR spectroscopy and other applications

An alternative to the gadolinium(III) CAs which shorten the
longitudinal relaxation time of bulk water protons are PARACEST
agents [104]. These compounds alter the image contrast by
chemical exchange saturation transfer (CEST), where selectively
saturated spins are transferred from one chemical pool to another.
This can be further enhanced by the use of exchangeable protons
on a chelating ligand bound to a paramagnetic centre.
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Europium(III) complexes have been a common choice as
ARACEST agents with exchangeable protons located on hydroxyl
r amide groups on the pendant arms in close proximity to the
etal centre. A europium(III) complex of a cyclen ligand with pen-

ant hydroxyethyl arms, L29, was investigated, showing that the
apid exchange of the hydroxyl protons limited the application as
CEST agent [105]. Different isomers can show markedly differ-

nt PARACEST properties. Isomer selectivity in amide analogues of
anthanide-DOTA complexes was achieved by linking two of the
endant arms to form a macrobicyclic chelator L30 [75]. However,
nly a twisted square anti-prismatic geometry was observed which
ill limit their application as PARACEST contrast agents.

The PARACEST work discussed so far has been carried out by
herry and co-workers, one of the leading groups in this field. They
ave also recently shown that the electronics of the ligand system,
uch as L31, can have a major influence on the contrast properties of
he complex [106]. An increased CEST contrast effect was observed
n the MRI images obtained with the compound containing a nitro
lectron withdrawing substituent instead of the reduced electron
onating (amino) form.

Modification of PARACEST agents was carried out to allow con-
ugation of the europium(III) compounds without disruption of the
ARACEST properties [107]. This was achieved by unsymmetric
unctionalisation of a cyclen unit with one pendant arm termi-
ating in a cystamine, L32, that offers potential for attachment to
iologically active molecules via disulfide bond formation with the
hiol.

Another potential application of lanthanide compounds in
agnetic resonance techniques is to MR spectroscopy (MRS) in

iological systems. Lanthanide complexes of heptadentate ligands
ased on the cyclen framework have been developed as magnetic
esonance spectroscopy shift agents for detection of lactate in a
linical setting using 1H NMR [108]. The effects on anion binding of
he different lanthanide ions and the influence of steric interactions
rom the ligand were investigated.

Another technique that exploits the properties of lanthanides
o enhance in vivo spectroscopy involves compounds with CF3
eporter groups placed in close proximity to a paramagnetic lan-
hanide centre using a macrocyclic chelator such as L33 [109]. The
anthanide improves the longitudinal relaxation rate of the 19F
ucleus to give suitable properties for use of these compounds as
RS agents.
There is an increasing interest in the potential use of hyperpo-
arised organic molecules in the clincial setting to track metabolic
rocesses. The application of hyperpolarised metal ions as contrast
gents in magnetic resonance imaging has been investigated by
herry and co-workers in their study of the 89Y complex of DOTA
110]. It was demonstrated that the hyperpolarisation could be suc-
istry Reviews 254 (2010) 1686–1712 1695

cessfully carried out and that the long T1 times observed for the
complex would be appropriate for in vivo metabolic imaging.

3. Fluorescent and luminescent macrocyclic complexes

Macrocyclic complexes incorporating optical imaging elements
fall into two categories: macrocycles that have been tagged with
fluorescent dyes or complexes where the metal ion can luminesce.
The development of luminescent lanthanide probes has been an
area of major activity in the last 5 years.

3.1. Fluorophore tagged macrocycles

Macrocycles can be combined with fluorescent organic units to
form fluorescent sensors, this is particularly valuable when spe-
cific binding is required to selectively sense metal ions. Often the
coordination of the metal ion inhibits a quenching electron transfer
process, for example by binding to an amino nitrogen, and the flu-
orescence response can then be observed. This section is limited to
discussion of examples where a metal ion binds to the fluorescent
macrocycle presenting representative examples of the research in
this area.

A mercury sensor based on a NS4 crown ether conjugated to
an optical dye was produced, L34. It has a high quantum yield
(˚ = 2% for free ligand and 72% for the Hg bound form in aque-
ous solution) and can be used to either detect mercury in cells or
determine if toxic levels are present in fish [111]. Another mer-
cury sensor was developed using a diaza-18-crown-6 ligand with
appended hydroxyquinolines, L35 [112]. It binds to mercury(II) ions
in aqueous solution to give a fluorescent response, forming an
unusual dimercury complex. Selective fluorescence enhancement
for other diamagnetic metal ions has been observed, for example
zinc selectivity over cadmium, mercury and lead is observed for a
pyridyl octa-aza macrocycle functionalized with naphthyl methyl
groups [113]. Lippolis and co-workers have synthesized related
anthracenyl derivatives with 15 membered trioxa-diaza macrocy-
cles [114]. In this case fluorescent enhancements with zinc(II) or
cadmium(II) were only observed at certain pH values. However it
is not just the variation of the binding unit that should be con-
sidered when developing a metal sensing system, the fluorophore
itself can influence the selectivity, particularly when it has donor
capability to interact with the metal ion [115].

A further example of fluorophore coordination is observed for
the pH sensitive fluorescence of zinc(II) complex with benzimida-
zolyl functionalized cyclen [116]. In this case the coordination of the
benzimidazole group lowers the pKa of the N–H and an increased
quantum yield is observed on deprotonation at higher pH. Tun-
ing of the response in different pH windows can also be carried
out by modifying the pendant arms in the chelate and hence influ-
encing the interaction of the metal centre with the coordinating
fluorophore, this has been demonstrated using an aminomethy-
lanthracene functionalized cyclen system [117]. Another way to
influence selectivity is to constrain the macrocycle into a more rigid
configuration, an oxa-aza macrocycle with a pendant anthracenyl
group shows improved selectivity for zinc(II) and mercury(II) when
a rigid bridging unit is added [118]. The enhancement or disruption
of excimer formation via stacking of two phenanthroline units in
a macrocyclic ligand was investigated and shown to be dependent
on the metal ion, with zinc(II) encouraging and copper(II) inhibit-
ing excimer formation [119]. This could be used to discriminate

binding of these metal centres.

The BODIPY fluorophore is particularly popular in cellular assays
due to the ideal wavelengths of excitation and emission and its high
quantum yield. An oxa-aza cryptand has been attached to a boron
dipyrromethene unit to give a potassium ion binding group for use
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n biological systems [120]. The linked units are then attached to
extran and the system can be used as a sensor for extracellular
otassium concentration with a sufficiently bright response to be
etected by commercial plate readers. In an alternative system, a
ixed donor macrocycle has been covalently attached to a BOD-

PY to give a fluorescent sensor for iron(III), L36 [121]. Competition
tudies were carried out and it was demonstrated that detection
s possible down to micromolar levels in aqueous solution. Oxa-
iazole fluorophores are well known for their amine activated
uorescence and can be attached to the cyclen backbone to pro-
uce sensors for copper(II) and zinc(II) that are compatible with
iological systems [122].

The dizinc(II) complex of an hexaazamacrocyclic ligand L37 acts
s a fluorescent sensor for uridine and uridine containing ribonu-
leotides with the formation of a �-stacked exciplex between the
ipyridyl unit in the ligand and a zinc(II) bound uridine giving an
mission at 440 nm [123]. Spiccia and co-worker took a similar
pproach to the sensing of thymidine nucleotides using a zinc(II)
yclen core with two pyrene groups appended [124], in this case
inding of the guest enhances the pyrene excimer emission via ori-
ntation of hydrogen bond interactions with the linking groups to
he pyrene moieties.

Watkinson and co-workers took an elegant approach to gener-
ting a selective zinc sensor by using a ‘click’ approach (Huisgen
3 + 2] cycloaddition) to attach a fluorescent group to a cyclam

acrocycle [125]. The fluorescence is activated by coordination of
he metal centre to both the macrocycle and the fluorophore link-
ng triazole heterocycle, and selectivity is observed for zinc(II) over
admium(II).

.2. Luminescent lanthanide probes
A significant body of work has been generated exploiting the
uminescence properties of lanthanides. Lanthanide ions have
harp emission peaks but are poor chromophores. They are gen-
rally excited by the use of a sensitising chromophore which
ransfers energy to the metal centre [126,127]. They are also
istry Reviews 254 (2010) 1686–1712

rapidly quenched by OH or NH oscillators and so water coordi-
nation is undesirable, see Table 5 for luminescence parameters of
complexes.

3.2.1. Chelator design: pendant arms and chromophores
Macrocyclic chelators are ideal for wrapping up the metal cen-

tre (as in MRI) and aza donors can be functionalised to incorporate
sensitising chromophores. There have been significant develop-
ments in synthetic methodology to produce these chelators. For
example, Faulkner and co-workers have used the Ugi four com-
ponent reaction to prepare novel DOTA derivatives, such as L38

[128]. The Ugi reaction is particularly useful in the rapid forma-
tion of large libraries of compounds to test their biological activity.
The next stage is to take a toolkit approach incorporating peptide
vectors for targeting biological systems. Synthetic methodology
was also developed to produce asymmetrically N-functionalised
cyclen chelators with three different pendant arms, such as L39, to
offer both a sensitiser and a quencher to a complexed lanthanide
ion [129]. The quencher unit is a nucleotide that can recognize
substrates via base pairing, which then reduces the quenching
effect on the energy transfer between the antenna and the metal
centre.

The selection and attachment strategy for the chromophore can
be of key importance, For example, the influence of the spacing and
orientation of the benzophenone sensitising unit on a europium(III)
complex of a DO3A macrocycle, L40, was investigated [130]. It was
demonstrated that a longer linker could offer equally efficient opti-
cal properties due to an increased radiative rate constant.

Another desirable feature that is increasingly being investigated
is the ability to attach the probes to a surface or nanoparticle.
Towards this goal, cyclen derivatives have been produced with
thiol groups attached, L41, for immobilization of the chelating unit
on the surface of gold nanoparticles (see also L20 in Section 2.4)
[131]. The water solubilized nanoparticles can be functionalized
with antennae groups to allow sensitisation of the lanthanide lumi-
nescence and give a sensor molecule in which the luminescence
can be turned off by coordination of quenching anions, such as
phosphate.

Chromophore selection is dependent on appropriately matching
cycle was appended with a hydralazine derived chromophore,
L42, which was shown to successfully sensitise europium(III),
neodymium(III), ytterbium(III) and erbium(III) [133]. Lumines-
cence lifetime measurements established that the ligand is
octadentate in these complexes.
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An alternative approach is to move away from the ‘stan-
ard’ cyclen macrocycle and incorporate the sensitising group

nto the chelator backbone. New 18-membered hexaaza macro-
ycles have been produced that have a terpyridine unit as part
f the macrocycle backbone as well as three carboxymethyl arms
143]. The photophysical properties of the europium(III) complex
ere examined, and direct sensitisation of the lanthanide lumines-

ence was observed with quantum yields of 13–18%. The fifteen
embered ring bipyridine analogue was also synthesised with the

uropium(III) and terbium(III) solutions showing similar lumines-
ence quantum yields in the 10–20% range [76].

Nonadentate tacn chelators with three hydroxyquinolate arms
ere produced and shown to act as efficient sensitisers of near-IR

uminescence of ytterbium(III) and neodymium(III) [140]. These are
ighly stable complexes in aqueous solution and show one of the
ighest reported quantum yields for ytterbium(III) luminescence
see Table 5).

For a biological probe, it is clearly important to test the lumines-
ence properties in aqueous systems and make sure that quenching
s minimized. A nonadentate chelator can be used to make sure that
here is no free site for water molecule coordination. For example,
series of nonadentate macrocycles based on the cyclen frame-
ork with a tetraazatriphenylene pendant arm were synthesized,

ee Table 5 [147]. The terbium and europium complexes, which
re cationic, neutral or anionic, have emission quantum yields in
he range 15–40% in aqueous solution. Preliminary in vitro cellular
xperiments show that these compounds could be highly effective
s luminescent probes in biological systems.

.2.2. Applications in sensor technology
Lanthanide luminescent units can be used as part of metal ion

ensors which can be turned on and off by controlling the lumines-
ence quenching by water molecules. The europium(III) complex
f L43 was synthesised as a responsive probe for zinc(II), where
inding to zinc(II) modulates the inner sphere hydration of the
uropium affecting both emission intensity and luminescence life-
ime [134].

Parker leads one of the most successful research groups in
his area, they have developed understanding of key processes
n the potential use of macrocyclic lanthanide complexes as cel-

ular sensors, see Table 5 [148,149]. Much of their recent work
n developing luminescent lanthanide based probes for biolog-
cal systems has used aza-xanthone sensitising chromophores
ppended on to a cyclen backbone, such as L44 with a pyrazoyl-
-aza-xanthone group [135]. The terbium(III) complex of L44 has
istry Reviews 254 (2010) 1686–1712 1697

appropriate properties for sensing applications with cellular uptake
and low sensitivity to excited state quenching. Europium(III)
complexes of azathiaxanthone derivatives show similar potential
utility, and with a sulfonamide arm incorporated these com-
plexes can be used as single component ratiometric sensors
for pH measurements between pH 6 and 8 [146]. The mech-
anisms of quenching of the excited state in terbium(III) and
europium(III) DO3A type macrocyclic complexes were also stud-
ied with a variety of sensitising groups [150]. Urate, ascorbate
and some catechols quenched by a mechanism that involved tran-
sient formation of an exciplex between the complex and the
reductant. A series of complexes were screened to identify those
that resisted quenching revealing that the sterically hindered
complexes which inhibited urate binding and those that formed
non-covalent interactions with proteins were the best candidates
[151].

Cellular localization of terbium(III) complexes of this type
(conjugated to octa-peptides or a tetra-guanidinium cation) was
examined [152]. In this case, the cellular uptake could be fol-
lowed by two-photon microscopy detecting the emission from
the terbium(III) complex and different localization profiles that
were dependent on the conjugated group. In a related study, this
group also looked at how the variation of substituents on the
aza-xanthone unit influences cellular uptake and localization prop-
erties of the europium(III) and terbium(III) complexes [153]. A
significant influence was demonstrated on the speed of uptake into
the cells, showing ester derivatives to be taken up much faster than
acid or amide functionalized compounds. The response of the aza-
xanthone and azathiaxanthone complexes to their environment
was investigated, particularly focussing on their application as cel-
lular sensors for anions [145]. A selective response was observed
for the europium(III) complexes in binding to citrate or bicarbon-
ate anions, suggesting good potential for further study. The group
moved on to target the analysis of citrate in biological fluids, par-
ticularly aiming to elucidate the relationship between citrate levels
in clinical prostate fluid samples and the onset or progression of
prostate adenocarcinoma [154]. These are much more rapid meth-
ods than enzymatic assays.

Parker and co-workers developed a sensor for urate ions with
both the europium(III) and terbium(III) complexes required to
accurately determine the concentration of the analyte in diluted
urine samples using a ratiometric assay [155]. The luminescence of
the lanthanide is quenched by electron transfer from the bound
urate ion. A similar ratiometric sensing system for intracellular
pH was also developed with an alkylsulfonamide group incor-
porated as a pH sensitive binding moiety [156]. The intensity
ratio vs. pH was plotted and intracellular pH could be measured
in the range pH 6–8 using a suitable microscope. The mecha-
nisms of cellular uptake were investigated in a later study which
showed that this series of compounds were taken up into cells
by macropinocytosis rather than other endocytosis mechanisms
[157]. This is useful as it is easier for the complexes to escape
from the macropinosomes once inside the cell for transfer to other
organelles.

Gunnlaugsson and co-workers designed cyclen complexes that
bind anions to a terbium(III)/macrocyclic unit using a combina-
tion of H-bonding and coordination interactions [158]. It was
observed that H-bonding with some anions quenched the lumines-
cence and others such as phosphate anions showed a concentration
dependent response. Gunnlaugsson and co-workers also designed
a cyclen chelator with a pendant phenanthroline unit to bind to a

d-block transition metal ion forming an array of three lanthanide
complexes around an octahedral metal centre [159]. Formation of
the assemblies could be monitored by the luminescence as the lan-
thanide centre is sensitised by the phenanthroline unit. They went
on to develop these complexes as DNA probes by using a DNA
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Table 5
Selected luminescence data for lanthanide complexes.

Compound Luminescence lifetimes
in H2O and D2O (ms)

Number of bound water
molecules (q value)

Quantum yield of
luminescence (˚H2O)

Ref

EuL7 0.52 1.56 1.25 – [63]
TbL7 1.48 2.32 0.92

EuL8 0.56 1.84 1.19 10% [76]
TbL8 1.28 2.06 1.18 21%
SmL8 0.0015 0.034 1.32 0.06%
DyL8 – – – 0.06%

EuL10 – – 1.2 – [79]

EuL11 – – 0.17 – [132]
(+Ca2+) 0.88

Eu2L12 0.54 1.84 1.3 – [81]
(+5 equiv Ca2+) 0.47 1.62 1.5

TbL13 1.97 2.71 0.3 – [80]
(+zinc) 1.46 2.65 1.0

EuL15 0.307 0.813 2.1 – [84]

EuL21 0.54 1.67 1.2 5% [71]
TbL21 1.49 2.46 1.0 43%

Eu2L22 , R = H 0.507 2.265 0.9 – [101]
Eu2L22 , R = CH3 0.553 1.851 1.1

EuL25 0.41 1.54 1.84 – [73]
(pH7)

[EuL28]2 1.10 0.60 0 0.2% [74]
[TbL28]2 3.14 2.47 0 11%

EuL30 0.787 1.433 0.15 – [75]

TbL38 1.75 2.48 0.5 – [128]
EuL38 0.55 2.07 1.3

EuL40 0.59 2.4 1.08 0.4% [130]

Eu L42 0.620 1.670 0.9 – [133]
Yb L42 1.87 × 10−3 7.88 × 10−3 0.3
Nd L42 0.09 × 10−3 0.33 × 10−3 –
Er L42 <0.02 × 10−3 1.3 × 10−3 –

EuL43 0.99 1.59 0.2 – [134]
(+zinc) 0.40 1.72 2
[TbL44]3+ 0.50 0.42 0 18% [135]

EuL45 0.42 2.36 2.04 – [136]

EuL46 1.03 (41%) 0.60 (22%) 0.04 (37%) Multiple species formed, q
value not calculated
(lifetimes H2O only)

– [137]
TbL46 1.93 (81%) 0.72 (19%)

[Eu2L73]6+ 0.31 1.7 1.8 per Eu – [138]

YbL99 20 × 10−3 5.34 × 10−3 0.5 – [139]
EuL99 0.404 0.904 1.3
[YbL99Re(Bpy)(CO)3]+ 1.47 × 10−3 5.30 × 10−3 0.4

Yb tris((hydroxyquinolinyl)methyl)tacn 2.05 × 10−3 8.63 × 10−3 – 0.14% [140]
Nd tris((hydroxyquinolinyl)methyl)tacn 0.16 × 10−3 0.41 × 10−3 0.016%

Eu tris(carbamoylmethyl) cyclen 0.256 1.56 2.0 – [141]
Eu tris[(N-ethyl)carbamoylmethyl]cyclen 0.252 1.38 2.2
Eu tris((N,N-diethyl)carbamoylmethyl) cyclen 0.231 0.68 2.0

Eu tris(hydroxypyridonate)tacn – – 2.9 – [64]

[Tb(DO2A)(H2O)3]+ 1.1 2.6 2.4 – [142]
[Tb(DO2A)(dipicolinic acid)]− 1.9 2.2 0.3 10%

Monoalkylphosphonate esters of DOTP
EuL (ester group = CH2OH) 0.88 1.86 0.41 – [57]
EuL (ester group = OCH2CH3) 1.13 1.93 0.14

EuL (terpy analogue of L8) 1.70 1.06 0.05 17.5% [143]
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Table 5 (Continued )

Compound Luminescence lifetimes
in H2O and D2O (ms)

Number of bound water
molecules (q value)

Quantum yield of
luminescence (˚H2O)

Ref

EuL (R1 = OH, R2 = R4 = H, R3 = CH2CO2H, X = O) 0.57 2.02 1.2 6.9% [144]
TbL (R1 = OH, R2= R4 = H, R3= CH2CO2H, X = O) 1.82 2.73 0.6 24%
EuL (R1 = OH, R2= H, R3 = CH2CO2H, R4 = CO2H, X = O) 0.6 2.08 1.1 8%
TbL (R1 = OH, R2 = H, R3 = CH2CO2H, R4 = CO2H, X = O) 1.89 2.88 0.64 12%
EuL (R1 = OH, R2 = H, R3 = CH2CO2H, R4 = CO2Me, X = S) 0.51 1.62 1.3 2.2%
TbL (R1 = OH, R2 = H, R3 = CH2CO2H, R4 = CO2Me, X = S) 0.49 0.60 1.25 2.1%
EuL (R1 = NHCH(CO2Et)CH2Ph, R2 = R3 = R4 = H, X = S) 0.32 0.49 1.1 8.9%

TbL (R1 = NHCH(CO2Et)CH2Ph, R2 = R3 = R4 = H, X = S) 0.059 0.06 n/a – [145]
EuL (R1 = NHCHPhMe, R2 = H, R3 = H, R4 = CO2Me, X = O) 0.32 0.62 1.33 –

EuL (R1 = OH, R2 = R4 = H, R3 = CH2CH2NHSO2Me, X = S) 0.48 0.76 (pH 4.5) 0.6 1.0% [146]
0.41 0.48 (pH 8.0) 0.1 0.9%

EuL (R1 = OH, R2 = CH2CH2CO2H, R3 = CH2CH2NHSO2Me,
R4 = H, X = S)

0.59 1.09 (pH 3.0) 0.6 1.8%

0.71 1.00 (pH 5.5) 0.2 2.0%
0.47 0.53 (pH 8.0) 0 1.7%

EuL (R1 = OH, R2 = CH2CH2CH2CO2H, R3 = CH2CH2NHSO2Me,
R4 = H, X = S)

0.74 0.83 (pH 4.5) 0 6.1%

0.42 0.47 (pH 8.0) 0 5.4%

0.
0.
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EuL (R1 = NHCHPhMe, R2 = H) 0.96
TbL (R1 = NHCHPhMe, R2 = H) 0.64

inding ruthenium complex in the phenanthroline binding position
160]. Use of neodymium(III) or ytterbium(III) as the lanthanides
ave a dual near infra red and optical probe. This complements the
ork carried out by Faulkner and co-workers to produce hybrid d-f

lock arrays and study the sensitisation mechanism [161].

Other approaches to sensing technologies have also been inves-
igated. For example, europium(III) complexes of cyclen based

igands are of interest as DNA hydrolysis catalysts, see Sec-
ion 6, and have been studied by direct excitation luminescence
pectroscopy [141]. The complex of 1,4,7-tris(carbamoylmethyl)-
,4,7,10-tetraazacyclododecane shows strong binding of the
63 0 16% [147]
58 0 40%

europium(III) ion to a dianionic phosphate ligand consistent with
the catalytic role of stabilising negative charge on the phosphorane
transition state.

The complexation process was studied for a europium(III) ion
and a 12-membered azamacrocycle L45, which has a rigidifying
pyridyl group and N-glutaryl pendant arms, using luminescence
spectroscopy [136]. A complexation mechanism is proposed that is
a mixture of those proposed for DOTA and the analogous N-glutaryl
derivative.

A mixed donor tridentate macrocycle, L46, was used as the
basis of a multifunctional construct for the sensitisation of
lanthanide luminescence and attachment to biological macro-
molecules [137]. The macrocycle based design was shown to
provide better protection from bound solvent quenching of the lan-
thanide luminescence than related linear chelating units, and the
incorporated thiol reactive group was successfully used to attach
proteins.

The terbium complex formed with a DO2A chelator, L47, has
been used to develop a detection system for bacterial spores using
the sensitised luminesence due to the interaction of terbium(III)
with dipicolinate, which is a major constituent of the spores, see
Table 5 [142].

4. Radiopharmaceuticals

The use of macrocycles as chelators in radiopharmaceuticals and
the formation of bifunctional chelators became more widespread in
the 1980s and 1990s [162]. An expanding selection of radioisotopes
is being evaluated with opportunities for new molecular imaging
agents and targeted therapeutics [163].
4.1. Isotopes and macrocycle selection

The DOTA/DO3A chelators again dominate the selection of
macrocycles for radioisotope complex use in vivo [164]. Due
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o the wide variety of isotopes available and the requirement
or rapid complex formation there are also a number of both
arger and smaller ring macrocycles that have been investigated
165]. Isotopes for imaging are gamma and positron emitters
ith alpha and beta particle emitters of interest for targeted

adiotherapy applications. Clinically used metal isotopes include
9mTc, 111In, 68Ga and 90Y, with many more under investiga-
ion.

The metastable isotope 99mTc has been the mainstay of targeted
adiopharmaceutical imaging but is usually bound to either mon-
dentate or acyclic ligands. A series of technetium complexes of
he tacn macrocycle were synthesized and characterized [166].
ew compounds are known with technetium in the oxidation
tates III, IV and VII. The high stability of the technetium(VII)
rioxo complex is particularly unusual. Alberto worked with the
esearchers that had produced the high valent technetium oxo
acn compounds to come up with a novel labelling strategy
hereby a molecule can be attached to this core via a [3 + 2]

ycloaddition with an alkene to form a glycolato complex with
technetium(V) centre [167]. Hence, biological molecules could

e tagged with an alkene for subsequent reaction with this com-
lex.

111In is used as an imaging substitute for therapeutic radiolan-
hanides as it binds effectively to the conjugated DO3A chelator.
iblin and co-workers used this isotope in a complex conjugated

o plasminogen activator receptors in an attempt to image the
etastatic potential of breast cancer tumours [168]. In an inves-

igation of other isotopes, the tacn based NOTA chelator was
sed to label the bombesin peptide with either 68Ga or 64Cu
or targeted positron emission tomography imaging of tumours
169].

A study was carried out to determine the coordination proper-
ies of octadentate tacn based ligands with lanthanides. The aim is
o use these compounds in radioimmunotherapy, where the thera-
eutic isotope is bound to a BFC which is conjugated to an antibody
170]. L48 was radiolabelled with 177Lu and displayed excellent sta-
ility both in serum (stable for 14 days with no measurable loss of
adioactivity) and in vivo [65].

Labelling of a DOTA conjugate with the somatostatin peptide
as carried out using cobalt isotopes, where the 57Co isotope was
sed to determine the potential for labelling this system with
he positron emitting 55Co isotope [171]. In a comparison of the
obalt(II) complexes with gallium(III), it was demonstrated that
arying the metal ion significantly influences key properties such
s receptor affinity, biodistribution and pharmacokinetics. This is a
ey observation for the future design of such systems.

Macrocycles incorporating donors other than nitrogen have
een investigated to give higher affinity in selected cases. An
nusual example is the use of a metal complex to bind an inor-
anic anion. Rhodium(III) and iridium(III) complexes of a [16]aneS4

iol, L49, were produced for labelling with a radioactive astatide

on [172]. The astatine isotope (211At) is an alpha particle emitter
hat can be produced using a medical cyclotron. It has appropriate
roperties for applications in targeted radiotherapy but methods
o deliver it to target cells require development. These compounds
istry Reviews 254 (2010) 1686–1712

were easily synthesised and preliminary stability investigations
were promising.

Mixed donor macrocycles provide a further opportunity and
new N2S2 chelators have been developed with backbone carbon
attached carboxylates [173]. Different sized rings were produced
(12, 13 and 14 membered) and 64Cu radiolabelling carried out but
further work is required to develop these chelators for in vivo use.

4.2. Selection of pendant arms

As in previous examples, aza macrocycles offer the opportu-
nity for incorporation of different functional groups on the pendant
arms. Key factors for radiopharmaceuticals are the rate of complex
formation, complex stability (see Table 1) and the tissue localisation
in vivo.

In the synthesis of novel chelators for MRI, the incorporation
of phosphonate type chelating side arms was used to influence
the water exchange kinetics, but in the case of radiopharmaceu-
tical chelators the complex stability is the key parameter. A cyclam
derivative with a methyl phosphonic acid pendant arm, L50, was
synthesised and shown to bind copper(II) with a high preference
over other metal ions [48]. X-ray structural data show the copper(II)
ion is encapsulated by the N4O donor set of the macrocycle in a
square based pyramidal geometry.

A cyclam ligand was also produced with methylphosphonate
groups appended in the 1,4-positions, L51, and complexes formed
with copper(II), zinc(II) and nickel(II) [49]. All complexes showed
significant acid stability and the nickel(II) complex could be iso-
lated at different pHs with varying protonation patterns on the
phosphate groups. A related novel ligand derivative with one
methylphosphonate arm and three acetate arms, L52, was syn-
thesised and thermodynamic stability of divalent transition metal
complexes studied [51]. In general the complexes were shown to
be as stable as those formed with TETA.

Kotek and co-workers produced a methylphosphonate func-
tionalised cyclam, L53, which has an ethyl bridge between two

adjacent nitrogens in the cyclam ring [53]. This compound may
form high stabilty radioisotope complexes for biomolecule conju-
gation (rigidified chelating systems are discussed in Section 4.3).
The synthetic procedures for functionalisation of a piperazino
containing cyclam macrocycle are complicated by the reduced
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eactivity of the secondary amine position due to hydrogen bonding
nteractions across the cavity.

The smaller ring 13-membered tetraazamacrocycle with pen-
ant methylphosphonate arms L54 was investigated alongside the
etraacetate derivative (TRITA) for use as a therapeutic agent when
oordinated to 153Sm or 166Ho [174]. L54 complexes were shown
o increase both stability and bone uptake, which are comparable
o agents currently under clinical evaluation. The radiometal com-
lexes were shown to be stable for up to 5 days in human serum at
7 ◦C.

The pendant arm groups can be used to direct tissue uptake and
nfluence pharmacokinetics rather than metal ion coordination.
4Cu labelling experiments were carried out using DO3A ligands
ith a tetraphenylphosphonium group attached to the macrocyclic

ackbone, L55 [175]. The biodistributions of the compounds were
nvestigated showing significant substitution patterns and linking
roup effects in tumour bearing mice, with the introduction of
ethoxy groups improving the clearance from the liver and lungs.

he complexation properties of a related DO3A derivative with a
endant triphenylphosphonium arm, L56, were investigated with
iagnostically important metal ions [176]. In this case the aim was
o target the mitochondrial membrane and probe for any alter-
tions in membrane potential. A further phosphonium DO3A 64Cu
omplex has been prepared by Liu and co-workers for compari-
on with a standard technetium drug in monitoring of multi-drug
esistance transport processes in tumours [177]. However, these
ompounds were more effective for monitoring the cell efflux
ffects that reduce the radiotracer uptake.

.3. Rigid macrocycles and cryptands

One method to achieve increased stability of the metal com-
lexes is to rigidify the chelator thus slowing down the kinetics of
issociation. This work has mainly been aimed at copper(II) com-
lexes which are often thermodynamically stable but kinetically

abile [178,179].

A simple way to approach this is to incorporate amide groups in
he backbone, however this changes the nature of the donor atoms
ith deprotonated amide nitrogens coordinating to the metal cen-

re. Tetraazamacrocycles incorporating both amide groups and a
ackbone benzene ring were synthesised as chelators for copper
adionuclides. When deprotonated, the 13-membered macrocycle
57 forms a highly stable copper(II) complex and the 67Cu labelled
ompound was stable in serum [55].

Ethylene bridges between either adjacent or non-adjacent nitro-
ens of cyclam macrocycles can be used to increase stability
ia increased rigidity. Cyclam chelators with adjacent nitrogens
ridged (sometimes referred to as ‘side bridged’) can be function-
lised to provide novel ligands with an ester or acetate pendant arm
180]. The X-ray structure of the copper(II) complex of L58 shows
he cyclam ring in the expected trans-II configuration with the

endant arm coordinating in the protonated form as a carboxylic
cid. The phosphonate cyclam L53 previously discussed is a fur-
her example of this chelator type. Brechbiel and co-workers have
roduced a hybrid of these two chelators where the side bridged
acrocycle has one acetate and one phosphonate arm [181]. This
istry Reviews 254 (2010) 1686–1712 1701

compound was labelled with 64Cu and showed favourable in vivo
stability.

The kinetic inertness of copper(II) complexes of a series of
non-adjacent N bridged (sometimes referred to as ‘cross bridged’)
carboxymethyl functionalised cyclams has been related to their
electrochemical properties [182]. This study shows the importance
of macrocycle rigidity to kinetic stability. A cross bridged cyclam
macrocyclic ligand with pendant propionoate arms, L59, has also
been developed as a chelator for 64Cu and has similar high stability
to decomplexation under acidic conditions to the acetate analogue
previously studied [183]. However, this copper(II) complex is sig-
nificantly easier to reduce (by a margin of +400 mV) and shows
poorer bio-clearance properties, suggesting the reduction poten-
tial is particularly important to the in vivo profile. A detailed study
was carried out by the same group to probe the in vivo properties
of 64Cu labelled cross bridged cyclam compounds with one amide
and one acetate arm L60 [184]. These compounds are models of
peptide conjugates and show sufficient stability for investigation
as targeted PET imaging agents for clinical use.

Another approach to high stability chelators for copper(II) is the
use of cryptand ligands. Hexaaza cryptand cages have been conju-
gated to antibodies for use in PET imaging on complex formation
with 64Cu [132]. The chelator was attached to antibodies, reacted
with the radioisotope quantitatively, and showed no disruption of
antibody binding, suggesting these compounds could be of use in
clinical diagnostic imaging.

4.4. Bifunctional chelators (BFCs)

The concept of a bifunctional chelator (BFC) is extremely impor-
tant in the targeting of radiopharmaceuticals to different tissue
types or a tumour [185]. Attaching macrocycles to biomolecules
can be achieved by functionalising the framework in a number
of different ways. An unsymmetric N-functionalised bifunctional
chelator version has been produced of the cross bridged cyclam
chelators, L61, as discussed in Section 4.2 [186]. This follows on
from the report of a C-functionalised BFC by Archibald and co-
workers [187,188]. The latest compound is versatile and has been
used to label a tumour targeting peptide, providing an important
advance towards clinical applications of copper isotopes in therapy
and imaging.

A new bifunctional chelator based on DO3A, L62, was devel-

oped for labelling antibodies with 64Cu or 111In [189]. It offers a
useful approach to labelling via reaction of a vinyl sulfone linker
which can be coupled to either surface lysines on the antibody or
reduced disulfide bridges (cysteine thiols). A related method, this
time targeting the formation of disulfide bonds, was investigated
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ith ethane thiol functionalised DO3A, which could be labelled
ith radioactive lanthanides to give complexes with high in vivo

tability (serum stability of up to 5 days for the 153Sm complex and
days for the 166Ho complex) [190].

Synthetic work with the sarcophagine type hexaza cryptands
as produced a range of bifunctional chelators including a ben-
yl acetic acid functionalised version which was conjugated to the
GD peptide for integrin receptor imaging [191]. An alternative to
his is another acid functionalised sarcophagine produced by Don-
elly and co-workers which shows highly effective conjugation and
omplex formation [192].

Maecke and co-workers have investigated divalent function-
lisation of the cyclen macrocyclic framework to provide metal
omplexes for targeted tumour imaging and therapy [85]. The
helator, L63, has two non-adjacent nitrogens functionalised with
endant arms that are attached to peptide vectors, such as
ombesin, to offer improved tumour targeting. The compound
as labelled with 177Lu and in vitro biological studies used to

valuate the selective binding potential. One concern with BFC-
atural peptide (such as bombesin, which binds to gastrin releasing
eptide receptor) conjugates is that metabolites may be partially
esponsible for tumour uptake. Linder and co-workers studied the
etabolites of the DO3A mono-bombesin system, that is in clinical

rials, coordinated to 177Lu [193]. In this case, they determined that
umour uptake in vivo is due to uptake of the parent compound and
ot the metabolites.

Meares and co-workers used the nitrobenzyl functionalised
ETA ligand L64, which was first reported in 1985, to label liposomes
ith 64Cu [194]. The chelator was reduced and then attached via a
olyethylene glycol linker to a lipid and then used to tag the lipo-
omes. Preliminary in vivo data showed that the liposomes could
e tracked using PET imaging and this technique could potentially
e used to monitor drug delivery. In a different approach to increas-

ng the payload for delivery, new multimacrocyclic chelators, such
s L65, have been developed for attachment of two or three copper
entres to an antibody [195]. Conjugation to the B72.3 monoclonal

ntibody and radiolabelling with 64Cu gave radiopharmaceuticals
ith higher tumour specificity than monomacrocyclic equivalents.

It is also worth noting that more subtle modification of
nown compounds can give improvements to in vivo properties.
istry Reviews 254 (2010) 1686–1712

For example, the pharmacokinetics and tumour uptake of 64Cu
DOTA labelled peptides can be enhanced by the incorporation of
polyethylene glycol chains or tri-glycine linkers [196].

5. Protein binding macrocyclic complexes

Metal complexes which directly bind to proteins have become
increasingly of interest as diagnostic probes and therapeutic drugs.
They can bind via coordination interactions or weaker interactions
between the ligands and the protein [197]. For example, Caravan
and co-workers have produced a gadolinium(III) complex, MS-325
that binds to human serum albumin to provide blood pool contrast
in MRI imaging [17].

This section details research into macrocyclic complexes that
bind to proteins via coordinate bonds and focuses on one partic-
ular example. The spatial arrangement of the coordination sites
for protein binding is determined by the donor orientation of the
macrocycle and the geometric preferences of the metal centre, and
hence can be tuned by ligand design and metal ion selection. There
is the potential for a new set of rules for designing protein target-
ing pharmacophores involving both coordination and secondary
interactions.

A significant body of work has been reported by Sadler and co-
workers and by Archibald and co-workers in studies of molecules
that bind to CXCR4, a cell surface receptor protein. Sadler has stud-
ied the metal complexes of the known drug molecule Plerixafor, L66,
and Archibald has investigated complexes formed with new cross-
and side bridged macrocyclic chelators. CXCR4 is a chemokine
receptor involved in the HIV infection process and implicated in
the metastatic spread of some cancers [198,199]

The configuration of the cyclam ring has been shown to be
of particular importance in metal complexes which bind to pro-
teins. Sadler and co-workers have continued their research into the
metal complexes of the well known biologically active para-xylyl
bridged cyclam L66, in this study examining the configuration of
the nickel(II) complex and its interaction with a protein [200]. The
macrocycle is in the cis-V configuration both in the solid state and
in solution, which is likely to be the most biologically active form.
Protein binding interactions of the metal complexes of L66 were
studied using X-ray crystallography to determine the structure
of lysozyme protein with the complex bound [201], representing
an important advance in the study of interactions of cyclam type
macrocycles with biological macromolecules.
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and mechanism of phosphate diester hydrolysis by the cop-
per(II) complex of 1,4,7-trimethyl-1,4,7-triazacyclonane/Me3tacn
was investigated in depth [214]. BNPP was used as a model
compound and the complex was shown to be one of the
most efficient divalent metal complexes for cleavage, but the
R.E. Mewis, S.J. Archibald / Coordinatio

Side bridged cyclam macrocycles (with an ethyl bridge between
wo adjacent nitrogens) were used to restrict the configuration of
he zinc(II) complex with bis-macrocyclic ligand L67. This com-
lex specifically binds to the CXCR4 chemokine receptor and

nhibits HIV infection. It was demonstrated that the configurational
estriction generated an optimised compound for receptor binding
onsiderably improving the anti-HIV properties relative to Plerix-
for and its metal complexes [202]. Archibald and co-workers have
lso investigated the copper(II) complexes of L67 [203]. This again
ncreases the activity of the drug compound against the HIV virus, in
omparison to the copper(II) complex of L66 due to improved bind-
ng to the CXCR4 chemokine receptor protein. Related monoring
rans-II fixed copper complexes can be tagged with a fluorescent
ye L69 and shown to bind to CXCR4 [204]. However, further
ork is required to develop these small molecule optical probes

s some non-specific uptake is observed that is attributed to
he rhodamine dye component. The most recent report shows
he extremely potent anti-HIV activity of a cross bridged bis-

acrocyclic copper(II) complex, L68, which may be linked to its
ncreased residence time at the receptor [205]. The stronger bind-
ng and slower kinetics of dissociation from the protein may
xplain the improved activity. Related constrained ‘side’ bridged
nd ‘cross’ bridged bis-cyclen ligands have been synthesised and
onometallic copper(II) complexes studied as intermediates in

he formation of bimetallic species but no investigation of pro-
ein binding or biological activity have yet been carried out
206].

A next step in this research work could be to expand the
umber of rings and determine the protein binding proper-
ies. Such complexes have been reported in the literature but
o protein binding studies have been carried out. Complex for-
ation of copper(II) with tris-macrocyclic compounds based on

yclams linked with tris(2-aminoethyl)amine, L70, was investi-
ated showing stepwise translocation processes of the copper(II),
fter initial binding, to each of the macrocyclic ring cavities
207]. Tris-macrocyclic cyclam systems with a central benzyl unit
ave also been synthesised and the palladium(II) complex iso-

ated [208]. Configurationally restricted analogues will be of future
nterest.

. Hydrolysis of biological molecules

Zinc(II), copper(II) and the lanthanide ions are commonly
sed in small molecule mimics of hydrolytic enzymes such
s nucleases and proteases [209–211]. The Lewis acidity of
he metal ion is the key property for activation of the sub-
trate towards hydrolysis. There is an additional complication
ith copper(II) systems as there is the potential for oxida-

ive cleavage involving the copper(I)/(II) couple and oxygen
pecies. The examples in this section focus mainly on hydrolysis,
ith some examples where the role of oxygen is investi-

ated.
The properties of the chelator (donor type and orientation)

ill have a key influence on the catalytic process. Morrow
nd co-workers conducted a study of several monometallic
acrocyclic complexes [212]. They concluded that an opti-
ised RNA cleavage catalyst should not have exceptionally

trong donor groups from the macrocycle and should poten-
ially incorporate functional groups that encourage selective
hosphate ester anion binding while destabilising the M–OH
nteraction.
A frequently exploited model system for determining phosphate

iester cleavage rates is bis(p-nitrophenyl) phosphate diester,
NPP, as it has a convenient spectroscopic handle for moni-
oring hydrolysis, see below [213,214]. Selected BNPP cleavage
istry Reviews 254 (2010) 1686–1712 1703

rate constants for the compounds discussed are collected in
Table 6.

6.1. Lanthanide(III) complexes

As Lewis acidity is of key importance the higher positive charge
of the lanthanide ions is frequently left unmasked by using donor
atoms from amide or alcohol pendant groups rather than carboxy-
lates.

In an effort to produce artificial nucleases, the lanthanide com-
plexes of two macrocycles, L71 and L72, were studied for their
ability to hydrolyze BNPP [215]. They are both bis-acid chela-
tors and so the compounds have an overall positive charge. The
europium(III) L71 (DO2A) complex showed faster hydrolysis than
europium(III) L72 and the preliminary rate constant was fitted to
a dimer-monomer model. A further study of the cleavage activ-
ity of europium(III) complexes of the dicarboxylate ligand L72

towards a phosphodiester RNA analogue was carried out by Mor-
row and co-workers [216]. The results showed formation of a
hydroxy bridged species at increased pH but both monomeric and
dimeric complexes showed low activity in the cleavage reaction,
potentially due to the inclusion of the two carboxylate donors per
ligand.

Dinuclear europium(III) complexes for the cleavage of RNA have
been formed with ligand L73 [138]. The most important feature
of these complexes is that at neutral pH they coordinate water
molecules rather than hydroxides, as is observed for dinuclear cop-
per(II) or zinc(II) complexes, which are more easily displaced to
allow binding of the phosphate diester species for cleavage. These
compounds are amongst the most active synthetic catalysts known
but there is still only weak cooperativity between the two metal
centres.

6.2. Zinc(II) and copper(II) complexes with triaza macrocycles

There is considerable interest in the use of triaza macrocycles
with first row transition metals (mainly zinc(II) and copper(II)) to
form catalysts for carboxy and phosphate ester hydrolysis, with
particular relevance to RNA as a target [214,222], see Table 7.
The triaza macrocycles are a good match with first row transi-
tion metals as they leave two or three free sites on the metal
centres that can coordinate water/hydroxide. The simplest com-
pounds studied are monomacrocyclic compounds. The kinetics
rate constant is still several orders of magnitude below enzy-
matic systems. Spiccia and co-workers have collected together
rate constants for the cleavage of BNPP and NPP of cop-
per(II) tacn derivatives to give a useful set of reference data
[214].
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New N-functionalised tacn complexes were used to prepare

nusual ferromagnetically coupled hydroxy bridged copper(II)
imers [221]. The phosphate ester hydrolysis properties were

nvestigated and the copper(II) complex of L74 was shown to have
ne of the highest rates of BNPP cleavage reported so far for a
ononuclear copper(II) tacn complex.

able 6
elected rate constants for hydrolysis of bis(p-nitrophenyl)phosphate (BNPP) or p-nitrop

Compound Substrate Rate, k (either pseud
order, s−1, or second
rate constant, M−1 s−

[EuL72(OH2)2]+ BNPP 1.01 × 10−7

1.45 × 10−8

[Zn2L84]4+ BNPP 1.28 × 10−3

1.35 × 10−3

[Zn (monoring analogue of L87)(OH)]+ BNPP 19.5 × 10−5

[Zn2L87(OH)]3+ 123 × 10−5

[Zn2L90(OH)2]2+ BNPP 9.6 × 10−4

Silica bound copper(II) tacn complexes BNPP

Four carbon link to surface (hydrophobic) 0.97 × 10−10

Eight carbon link to surface (hydrophobic) 1.3 × 10−10

Eight carbon link to surface (less hydrophobic) 0.89 × 10−10

[Cu(Me3tacn)(OH2)2]2+ BNPP 0.66 × 10−4

[Cu(Me3tacn)(OH2)(OH)]+ BNPP 650 × 10−4

Copper(II) dimers BNPP
Me3tacn 11.2 × 10−5

1,4-Dimethyl-tacn 1.24 × 10−5

1,1-Benzyl-4,7-dimethyl-1,4,7-tacn 7.01 × 10−5

1,4,7-Tris(3-cyanobenzyl)-1,4,7-tacn (L74) 30.2 × 10−5

[Cu(Me3tacn)(OH2)2]2+ NPP 1.93 × 10−6
istry Reviews 254 (2010) 1686–1712

Spiccia and co-workers also produced a novel series of non-
symmetrically N-functionalised tacn chelators L75 [223]. These
routes allowed synthesis of ligand systems which have a mixture of
pendant arms and the resulting copper(II) complexes were tested
for their ability to hydolyse BNPP. The rate constants were rational-
ized using the structural information on the complexes from X-ray
crystallography.

The zinc(II) complexes of 1-oxa-4,7,10-triazacyclododecane,
1,5,9-triazacyclododecane, and 1-hydroxyethyl-1,4,7-triazacy-
clononane were investigated for their ability to cleave the RNA
analogue 2-hydroxypropyl-4-nitrophenyl phosphate(HpNP) [228],
see Table 7. All compounds showed cleavage inhibition in the pres-
ence of uridine suggesting that the uridine sequences in RNA will
not be cleaved by these complexes.
Improvements in the catalytic rates and turnovers within
synthetic systems could potentially be achieved by the use of din-
uclear or trinuclear systems where the metal ions can catalyse the
hydroytic process in a cooperative fashion. The dinuclear zinc(II)

henylphosphate (NPP).

o first
-order
1)

Temperature (K) pH Comments Ref.

298 8.50 [complex] = 1.0 mM and
[BNPP] = 0.10 mM I = 0.10
(CH3)4NCl.

[215]
7.01

298 8 [complex] = 0.3 − 8 mM,
[buffer] = 50 mM, I = 0.1 M
(NaCl)

[217]
9

308 – Buffer used to adjust pH to
form hydroxide species,
pKa = 8.0.

[218]

308 – Only the dihydroxide species is
active (pKa values of 7.60 and
8.82)

[219]

295 7.8 The surface of the silica was
functionalized with either
ethyl or propanol groups to
influence hydrophobicity.

[220]

323 7.4 [complex] = 2 mM [214]
323 – [BNPP] = 15 �M,

[complex] = 1.0 − 7.5 mM,
[buffer] = 50 mM, pH range
6.3 − 9.1, l = 0.15 M (taken from
initial rate measurements)

[214]

323 7.4 [BNPP] = 15 �M,
[complex] = 1.0 mM, I = 0.15 M
(NaClO4)

[221]

Solvent mixture 1:3
MeCN/H2O.

323 7.4 [complex] = 3 mM,
[substrate] = 15 �M

[214]
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Table 7
Rate constants for cleavage of RNA, RNA analogue and other phosphate ester substrates.

Compound Substratea Rate constant kb Temp./K pH Comments Ref.

[EuL72(OH2)2]+ HpPNP 1.7 × 10−5 s−1 298 8.0 [complex] = 1 mM [216]

[Eu2L73]6+ HpNP 3.5 M−1 s−1 298 7.6 – [138]
5′ UpU3′ 0.021 M−1 s−1

[Eu(tris(carbamoylmethyl)cyclen)]3+ HpNP 0.042 M−1 s−1 298 7.6 – [141]
[Eu(tris((N-ethyl)carbamoylmethyl)cyclen)]3+ 0.12 M−1 s−1

[Eu(tris((N,N-diethyl)carbamoylmethyl)cyclen)]3+ 0.054 M−1 s−1

[Zn(cyclen)(OH2)]2+ HpNP 1.5 × 10−3 M−1 s−1 298 pH/rate profiles
recorded

The limiting second-order rate
constants were determined at
high pH.

[212]
[Zn(12[ane]N3O)(OH2)]2+ 2.8 × 10−2 M−1 s−1

[Zn(12[ane]N3)(OH2)]2+ 1.8 × 10−2 M−1 s−1

[Zn(N-hydroxyethyltacn)(OH2)]2+ 7.2 × 10−2 M−1 s−1

[Zn2bis(12[ane]N3)]4+ 5′ CAACAC3′ 0.24 × 10−6 s−1 308 7.50 – [224]
[Zn3tris(12[ane]N3)]6+ (linked by oxymethyl

benzene group)
0.44 × 10−3 s−1

[Zn2L76(OCH3)]3+ Methyl (2-chloro-
4-nitrophenyl)
phosphate diester

1400 M−1 s−1 298 9.8 Methanolysis of methyl aryl
phosphate diesters (rate
enhancement 1.2 × 1012)

[225]

[ZnL89]2+ (protonated form) ATP 0.07 M−1 s−1 298 5.4 Requires 2nd equivalent of zinc
for cleavage.

[226]

[Cu L77]4+ 5′ pCpA bond in 1.3 × 10−5 s−1 323 7.4 [complex] = 50 �M [227]
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5′ AACAUC3′

a HpNP = 2-hydroxypropyl-4-nitrophenyl phosphate.
b Either pseudo first order or second-order rate constant.

ethoxide complex formed with the bis-macrocyclic propyl
ridged 1,5,9-triazacyclododecane ligand L76 (bis[12]aneN3)
howed a remarkably high catalytic activity for the cleavage of
odel RNA systems in methanol, particularly in comparison to the

ctivity under aqueous conditions [225,229]. A synergistic effect of
he medium was proposed with, amongst other factors, enhance-

ent of the catalytic activity via desolvation and stabilisation of a
harge dispersed transition state.

Calixarenes functionalised with copper(II) complexes of
12]aneN3 macrocycles at the upper rim, such as L77, have been

sed for the cleavage of single strand ribonucleotides [227]. Di- and
rimetallic complexes were investigated. A cooperativity enhance-

ent due to multiple metal centres was observed for the dicopper
ompounds but there was no evidence for the involvement of the
hird copper(II) centre in the trimetallic species.

able 8
atalytic cleavage of DNA using macrocyclic complexes.

Compound Supercoiled plasmid
DNA substrate

Rate (k either pseudo first o
or indication of timescale)

1,7-Dimethylcyclen pBR322 6 × 10−4 s−1

[Cu2L79]2+ pBR322 Linear DNA appears after 0
DNA completely degraded
6 h (in presence of hydroge
peroxide).

[Zn2L79]2+ ca. 70% cleaved to linear DN
after 40 min (in the presenc
mercaptoethanol).

[CuL80]3+ pBluescript II ca. 8% cleavage after 12 h.

[CuL83]4+ pUC19 1.7 × 10−4 s−1

Zn2L85 pUC 19 Compared to [Zncyclen]2+

control, an increase from 1
vs 7.8% of the nicked form w
observed

Copper(II) peptide nucleic
acid linked cyclen

pUC 19 ca. 55% plasmid relaxation
4 h
[RNA] = <0.2 nM
rder Temperature (K) pH Comments Ref.

310 7.2 No metal ions present,
[cyclen] = 0.2 mM, converted to
linear form

[236]

h.
after
n

310 7.2 Oxidative mechanism for the
copper(II) species.

[231]

A
e of

323 7.8 [complex] = 0.5 mM, no
difference was observed for
aerobic and anaerobic
conditions

[232]

310 7.5 Saturation kinetic profile (ca.
108-fold rate acceleration over
uncatalyzed reaction)

[238]

3.6%
as

310 7.8 Incubated with DNA for 12 h [239]

after 310 7.0 [complex] = 0.143 mM [235]



1 n Chem

t
t
m
o
c
b

m
f
b
p
p

p
c
L
r
f
c
s

i
T
a
m
o
t
s
s

o
e
o
a
i
t
t
r

6
t

m
f
n
i
s

706 R.E. Mewis, S.J. Archibald / Coordinatio

A new bis-macrocyclic chelator was synthesised by linking two
acn macrocycles through a bis-cresol, L78, to provide two tetraden-
ate coordination sites [230]. However, at lower pH values the

acrocycle remains protonated and only coordinates through two
f the ring nitrogen donors. The X-ray structure of the copper(II)
omplex shows two independent five coordinate metal centres
ound to the four available donors and a nitrate counter anion.

In the formation of a more rigidly linked structure, two tacn
acrocycles were bridged by the two 4-methyl phenol units to

orm L79, providing two N3O2 cavities and forming five coordinate
imetallic complexes with copper(II) and zinc(II) [231]. The com-
lexes bind to calf thymus DNA and show nuclease activity in the
resence of H2O2, see Table 8.

An alternative approach to improve DNA cleavage by metal com-
lexes is to attach an intercalating group bringing the metal ion in
lose proximity to the target. A copper(II) macrocyclic complex,
80, was synthesised by Burstyn and co-worker [232]. However the
esults were mixed, with cleavage experiments showing that the
ree complex with no intercalating group is more active at low con-
entrations, see Table 8. A potential future target is a cooperative
ystem with multiple metal centres and an intercalating group.

The next step up from a linked cooperative system contain-
ng two metal centres is a system containing three metal centres.
hree [12]aneN3 chelators were linked, the zinc(II) complex formed
nd a comparison of cleavage properties with short RNA strands
ade between di- and trinuclear compounds [224]. Selectivity was

bserved for different phosphodiester cleavage sites for each of the
wo compounds, however this was only applicable to short RNA
trands as random background cleavage became an issue as the
trand length increased.

Another approach Burstyn investigated was the immobilisation
f copper(II) tacn units onto a silica surface [220]. Different spac-
rs were used and modifications were made to the hydrophobicity
f the surface, with the octyl spacer providing the optimum cat-
lytic decomposition of BNPP. The main issue to be solved is the
nefficient mass transfer, as the rate is slowed both by the access
o the catalytic units and inhibition by the product remaining on
he surface. A more porous support may improve the catalytic
ates.

.3. Zinc(II), cobalt(II) and copper(II) complexes with
etradentate and larger macrocycles

Larger ring macrocyclic complexes are also suitable for the for-

ation of hydrolysis catalysts and in these examples activity is

requently increased by the addition of pendant arms. Once the
umber of donors in the macrocyclic rings has exceeded four there

s an increased likelihood of dimeric complexes forming with a
toichiometry of M2L.
istry Reviews 254 (2010) 1686–1712

Zinc(II), copper(II) and cobalt(II) complexes of a mono-
imidazolium armed cyclen ligand, L81, were synthesised and
analysed for their plasmid DNA cleavage properties [233]. The high
activity observed, with the cobalt(II) complex the most active, was
attributed to the presence of the imidazolium positive charge acti-
vating the phosphate ester. In an effort to mimic metalloenzyme
type substrate binding, a crown ether receptor was combined with
an azamacrocycle to form a hybrid receptor, L82, that was shown
to bind both a zinc(II) ion and a series of phosphate derivatives
[234]. The copper(II) complex was also synthesised and showed
poor binding of phosphate.

Peptide nucleic acid linked cyclen complexes were synthe-
sised as DNA cleavage agents and the cleavage of supercoiled
DNA studied with zinc(II), cobalt(II) and copper(II) ions bound
[235], see Table 8. It was suggested that the cleavage took place
through a hydrolytic rather than an oxidative pathway, but the
copper(II) complex was the most efficient catalyst, producing selec-
tively nicked DNA in high yields. The abilities of cyclen type
macrocycles to cleave DNA in the absence of metal ions has also
been investigated with 1,7-dimethyl cyclen showing the ability
to hydrolytically cleave DNA, it was noted that catalytic cleavage
only occurred for N-alkylated cyclens [236]. Anthracene appended
cyclens have also been studied for DNA cleavage potential as the
free macrocycles [237]. It was noted for these compounds, that
appending two anthracene intercalating groups promoted stronger
binding and more efficient DNA cleavage.

The 14 membered oxa-aza macrocycle L83 has been synthesised
with bis-guanidinium pendant arms and the copper(II) complex
binds to calf thymus DNA with the positively charged guani-
dinium groups improving the interaction [238]. The guanidinium
groups also enhance the catalytic cleavage with cooperative effects
increasing the overall activity of the copper(II) catalyst.
In an analogous fashion to the tacn ligand, cyclen can be used as
a stable unit to form multinuclear catalysts. A series of new linked
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yclen ligands with different triazine and pyridine spacers were
ynthesized, such as L84, and the zinc(II) complexes shown to be
ctive catalysts for the cleavage of a carboxyester model under
hysiological conditions [240]. In the dinuclear systems, the spacer

ength influences the degree of cooperativity between the zinc cen-
res but does not have a major effect on the rate as the two metal
entres can act independently. The zinc(II) L84 complex is an active
atalyst for the hydrolysis of BNPP and the influence of the spacer
as used to determine the importance of cooperativity between

he two metal centres [217]. Optimizing the cooperative process
ncreased the catalytic rates and gave species that are active at
H < 9.

A longer spacer in the form of a polyether chain was investigated
ith bis-cyclen complexes of zinc, L85, which were tested as DNA

leavage agents [239]. It was shown that the compounds catalyze
he cleavage of supercoiled DNA to produce selectively nicked DNA.
elated bis-macrocyclic zinc(II) cyclen compounds with both rigid
nd flexible spacers have also been synthesised and their inter-
ctions with plasmid DNA probed [241]. Increasing the rigidity of
inker groups gave improved DNA cleavage properties for these
xamples.

The pentadentate macrocycle 15-fluoro-15-methyl-1,4,7,10,13-
entaazacyclohexadecan-14,16-dione was synthesized, L86 and
opper(II) and zinc(II) complexes formed [242]. The X-ray struc-
ures showed that coordination was either via the three amine
itrogens as a tridentate ligand or on deprotonation through all
ve nitrogens as a pentadentate ligand. Their interaction with
NA was investigated and some copper(II) complexes induced a
-to Z-DNA transition but no cleavage was observed. Combining
pentadentate macrocycle with a cooperative strategy, a novel

henanthroline based bis-macrocyclic ligand, L87, was synthesised
nd the complexes formed with a series of transition metals [218].
he bis-zinc(II) complex efficiently hydrolyzed BNPP with cooper-
tive interaction of the two metal centres and �-stacking with the
ubstrate.

A macrocyclic ligand also incorporating a phenanthroline, but
n this case a heptadentate 28 membered ring with five secondary
mine donors, L88, was investigated for its ability to form mono-
nd bi-nuclear complexes with copper(II) and their binding inter-
ctions with DNA [243]. The larger terpyridine analogue, L89, which
inds zinc(II) at one end of a cavity was shown to catalyse the

ydrolysis of ATP in the presence of a second metal ion, which acts
s a co-factor to transfer the phosphoryl group from the ATP to a
acrocyclic amino group [226].
Bazzicalupi and co-workers also investigated the DNA cleavage

roperties of zinc(II) complexes with related bipyridine containing
istry Reviews 254 (2010) 1686–1712 1707

chelators, such as L90 [219]. Many of the compounds synthesised
had poorly nucleophilic Zn-OH units and were inactive in the cleav-
age of BNPP, however they were still active in the cleavage of DNA
due to favourable positioning of the unit by intercalation demon-
strating the enhancement from optimised location.

The anion binding properties of the dicopper(II) complex of the
24 membered [18]aneN6 were investigated, showing significant
selectivity for phosphate monoesters and it was suggested fur-
ther improvements to selectivity could be achieved by the addition
of C-substituted functionalised side chains, mirroring the strategy
adopted with smaller ring macrocycles [244].

A large ring alkyne macrocycle with two pyridyl groups at each
end of the cavity, L91, was synthesised and the dicopper(II) com-
plex shown to be a phosphoryl transfer catalyst [245]. This complex
promotes the transesterification of simple inert dialkyl phosphates
and the mechanism was investigated using DFT calculations.

7. Other applications of macrocyclic complexes in
biological systems

7.1. Detection and delivery

Examples of fluorescent groups that can report on reactions or
for the detection of analytes are discussed in Section 3. Electro-
chemical detection of analytes is also possible using macrocyclic
chelators, and is usually dependent on a binding interaction with
the coordinated metal centre. For example, the adsorption of a
copper(II) complex formed with hexaaza macrocycle, L92, onto a
graphite electrode gives an electrochemical sensor which selec-
tively detects L-glutamate in the presence of L-aspartate [246].
The two copper ions are thought to be coordinated at either end
of the cavity with the amino acid binding in a bridging mode.
The cyclen macrocycle has been used as part of a sensing unit by
attachment of an electrochemical reporter which responds to bind-
ing events at the metal centre. Copper(II) and zinc(II) complexes

of a cyclen appended with a pendant ferrocenyl, L93, have also
been studied [223]. The copper(II/I) redox couple shows a strong
solvent dependency related to the coordinating ability of the sol-
vent and the ferrocenyl couple showing much weaker effects. The
zinc(II) complex was studied for its ability to recognise thymine
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ith the aim of electrochemical sensing in aqueous systems. This
ystem needs further development as only minor changes in the
errocene redox potential were observed under physiological con-
itions.

Another analytical method is to use the metal complex as a tag
hat can be detected in subsequent mass spectrometry analysis.
his could be used as a system for proteomic analysis of the proteins
sing mass spectrometry. The isothiocyanate functionalised DOTA

igand, L94, was used to label proteins with lanthanide complexes
y reaction with surface lysine residues forming thiourea linkages
247]. The advantage of using lanthanide labels is that due to their
imilar properties the lanthanide ion can be varied and the resulting
omplexes used for multi-element labelling that can be detected by
CP-MS.

The detection of a biological binding event can be achieved by
onitoring a change in the coordination environment of a metal

entre using EPR. Watkinson and co-workers attached biotin to
cyclam ligand used the Huisgen [3 + 2] cycloaddition to form a

riazole heterocycle linking the two units [248]. The triazole coor-
inates to the copper(II) centre until the biotin binds to its protein
artner (avidin) and the interaction is disrupted. The modular syn-
hesis lends itself to the facile production of a series of protein
inding probes.

Amide functionalised DO3A lanthanide complexes have been
eveloped as luminescent probes for protease activity [249]. L95

s produced when an amide group attached to a peptide substrate
s cleaved to unmask the primary amine, which is a significantly
etter antenna group for sensitisation of terbium(III) luminescence.
his results in a time dependent increase in intensity that can be
inked to enzyme activity.

A further potential application is the delivery of payloads to cells
nd tissues. Tacn ligands were functionalised with long chain alka-
es and used to form CuL2 sandwich complexes that assembled into
etalloliposomes in aqueous solution for DNA delivery into mam-
alian cells [250]. Both the dissociation rates and redox potentials

f the copper(II) ions were proposed to influence the efficiency of
he transfection process.

.2. Therapeutic applications
Therapeutic drugs are of interest with potential compounds
ncluding cytotoxics to target diseases such as cancer and enzyme

imics to influence biochemical pathways (therapeutic radiophar-
aceuticals are discussed in Section 4).
istry Reviews 254 (2010) 1686–1712

Ruthenium complexes with non-macrocyclic ligands have been
of interest as a potential next generation of cytotoxic anti-cancer
drugs [1]. A series of ruthenium [9]aneS3 complexes was synthe-
sised with chelating dicarboxylate ligands [251]. Both mononuclear
and bridged dinuclear compounds were characterised and the
mechanism of isomerization elucidated for one of the species.
The control of coordination environment with such chelators
may offer some advantages in controlling the biological proper-
ties.

Active enzyme mimics incorporating macrocyclic chelators
have been tested in biological systems, with particular success
in the generation of superoxide dismutase (SOD) mimics. Riley
and co-workers played a key role in opening up this research
area in the 1990s and researchers are continuing to investigate
the potential of such compounds [252]. The use of pentaaza-
macrocyclic manganese(II) compounds as SOD mimetics has been
further investigated [253]. Chelators such as L96 that forms the
basis of Riley’s compounds, give seven coordinate complexes. The
rates of water release in the formation of six coordinate inter-
mediates were thought to be of particular importance with the
exchange rates shown to be related to the �-acceptor abilities of the
ligands.

Alternatively, as in biology, other metals such as copper(II)
can be used as the redox component in SOD mimics. Carboxylate
functionalised macrocyclic copper(II) complexes were examined
for their superoxide scavenging ability and their potential as in
vivo therapeutic agents [254]. The most active complex was not
stable at physiological pH but the best compound formed with
ligand L97 offered a complementary combination of stability and
activity.

Another application of coordination chemistry to medicine is
the use of strongly binding ligands in chelation therapy where the
concentration of ‘free’ metal ions is reduced by complex formation.
Carboxylate functionalised tacn chelators were used to deplete iron
in cellular systems in an effort to cause toxicity to cancer cells,
particularly targeting the transferrin receptor and ribonucleotide
reductase [255]. Bifunctional chelator versions were also produced,
such as L98, to allow conjugation of dyes and tracking of the chela-
tor uptake by the cells [170]. Chong and co-workers then went on
to attach bile acid to this chelator to target these chelators to colon
cancer cells which overexpress the bile acid transporter [256]. The
cytotoxicity was comparable to the free chelator and cellular uptake
was observed by attachment of a fluorescent dye. These compounds
have potential for use as targeted clinical agents with higher cyto-
toxicities observed than for current clinical iron chelating agents.

Metal ion chelation can also be used to prevent or interrupt
essential disease development pathways. The role of copper (and
potentially other metal ions) in prion related disorders has been

under recent investigation. Although the exact role in disease pro-
gression is unclear, some copper porphyrin based compounds have
been investigated for their ability to inhibit the formation of abnor-
mal prion protein in cell lines and intriguingly their efficacy was
linked to both copper chelating ability and SOD type activity [257].
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.3. Dual modality and dual functional agents

More complex constructs that have multiple functions are
eing produced. Advances in medical imaging technology could be
chieved by combining imaging and therapeutic compounds or the
roduction of dual modality agents which can be used to image
he target using two different imaging techniques (e.g. MRI and
uorescence) [258].

A heterobimetallic complex containing a rhenium(I) bipyri-
ine chromophore linked to a DO3A gadolinium(III) complex via a
yridyl group on the ligand, L99, was investigated as a dual modality
RI luminescence imaging agent [139]. The luminescence life-

ime of the rhenium(I) unit is sufficient for gating out background
uorescence from cellular components. However, the concentra-
ion ranges for detection of each of the components are not an
deal match. Improvements need to be made to the MRI compo-
ent to facilitate detection at nanomolar concentrations, which
quates with the efforts to provide higher relaxivity agents that
ere discussed in Section 2. New synthetic routes to link fluores-

ent/luminescent groups and macrocycles are required [259].
An alternative attempt to combine fluorescence and MRI imag-

ng agents focussed on the use of a larger fluorescent construct that
ould support multiple gadolinium(III) chelate units to increase
elaxivity. DO3A type chelators were used to attach GdL units
o a Qdot fluorescent nanoparticle giving a dual modality fluo-
escence/magnetic resonance contrast agent [260]. This combines
ear-IR fluorescence imaging, which has increased tissue pen-
tration, with MRI contrast properties, improving the potential
or translation to in vivo diagnostic applications. Another group
ocused on new constructs for cancer imaging, again attaching
adolinium(III) DOTA complexes to the surface of nanoparticles.
lectrodeposition was used to build up layers on the surface of a
ybrid silica nanoparticle with a ruthenium bipyridine luminescent
ore [261]. Non-covalent functionalisation with peptides modified
he construct to target human colon cancer cells (HT-29).

An alternative use of the gadolinium(III) unit is to act as a
uencher for the MRI signal of another nucleus. A dual modal-

ty imaging agent that is activated by the caspase-3 protease
nzyme was designed by attaching a substrate peptide (DEVD)
agged with both a dye and 19F group to a gadolinium(III) cyclen
nit [262]. When the peptide is cleaved the dye fluorescence

ncreases and the 19F is no longer subject to the paramagnetic relax-
tion enhancement effect of the gadolinium(III) (the 19F relaxation
ime increases from 0 to 0.38 s). This gives a dual response probe
ith a detectable response via both fluorescence and the 19F MR

ignal.

DOTA chelators can be used to label somatostatin peptides with
ET emitters such as 64Cu or 177Lu to monitor their accumulation
n the tumour tissue due to selective binding or uptake [263]. Dual

maging agents were then generated by combining this construct

ith a fluorescent cyanine dye, however in vivo studies showed
hat the conjugates did not show the desired receptor mediated
argeting properties. This study illustrates the information that can
e gained by the dual functional approach validating the concept.
istry Reviews 254 (2010) 1686–1712 1709

Further work will be required to ensure that target localisation is
achieved with this system.

The isothiocyanate functionalised DOTA BFC was used to attach
64Cu labelled macrocycles to magnetic nanoparticles for dual
modality PET/MRI imaging probes [264]. A novel coupling method
was developed with a diamine spacer incorporated to link to alde-
hyde groups generated from dextran sulfate coated onto the iron
oxide nanoparticles.

A combined imaging/therapeutic agent allows the biodistribu-
tion to be tracked and potentially the concentration of the agent to
be determined. If an external force is going to be applied to activate
the therapy this is particularly valuable. A dual functional agent
of this type has been synthesised to combine boron neutron cap-
ture therapy and imaging via MRI [98], in which a gadolinium(III)
DO3A unit is linked to a decaborane and a long hydrophobic chain
attached to allow targeting of the tumour cells via the overex-
pressed lipoprotein transporters, L100. The gadolinium(III) centre
also improves the neutron capture properties of the conjugate.

8. Conclusions

Macrocyclic complexes have key properties, such as high kinetic
and thermodynamic stability, that match well with biomedi-
cal applications. Optimization of chelator design together with a
developing understanding of how to transport and control the
localisation of metal complexes in vivo will underpin future success
in this area.

Molecular imaging will continue to offer the greatest opportu-
nity for successful to clinical use. Goals include the imaging of the
metastatic spread of cancer; an important aim for the future as this
is the key factor in poor clinical outcome for cancer patients [265].
But there is also considerable scope for therapeutics with both cyto-
toxics and protein binding metal complexes offering potential for
future medical impact.

References

[1] L. Ronconi, P.J. Sadler, Coord. Chem. Rev. 251 (2007) 1633.
[2] K.H. Thompson, C. Orvig, Dalton Trans. (2006) 761.
[3] T. Storr, K.H. Thompson, C. Orvig, Chem. Soc. Rev. 35 (2006) 534.
[4] T.W. Hambley, Science 318 (2007) 1392.
[5] T.D. Mody, J. Porphyr. Phthalocya. 4 (2000) 362.
[6] T.D. Mody, L. Fu, J.L. Sessler, Progress in Inorganic Chemistry, vol. 49, 2001,

551 pp.
[7] T.D. Mody, R.K. Pandey, J. Porphyr. Phthalocya. 5 (2001) 103.
[8] R.E. Mewis, H. Savoie, S.J. Archibald, R.W. Boyle, Photodiagn. Photodyn. Ther.

6 (2009) 200.
[9] L. Thunus, R. Lejeune, Coord. Chem. Rev. 184 (1999) 125.

[10] D.E. Reichert, J.S. Lewis, C.J. Anderson, Coord. Chem. Rev. 184 (1999) 3.
[11] D.H. Busch, Acc. Chem. Res. 11 (1978) 392.
[12] D.H. Busch, Chem. Rev. 93 (1993) 847.
[13] C.J. Anderson, M.J. Welch, Chem. Rev. 99 (1999) 2219.
[14] P. Caravan, J.J. Ellison, T.J. McMurry, R.B. Lauffer, Chem. Rev. 99 (1999) 2293.
[15] W.A. Volkert, T.J. Hoffman, Chem. Rev. 99 (1999) 2269.
[16] T.J. Meade, S. Aime, Acc. Chem. Res. 42 (2009) 821.
[17] P. Caravan, Acc. Chem. Res. 42 (2009) 851.

[18] J.L. Major, T.J. Meade, Acc. Chem. Res. 42 (2009) 893.
[19] C.P. Montgomery, B.S. Murray, E.J. New, R. Pal, D. Parker, Acc. Chem. Res. 42

(2009) 925.
[20] S.J. Archibald, Annu. Rep. Prog. Chem., Sect. A: Inorg. Chem. 102 (2006) 332.
[21] S.J. Archibald, Annu. Rep. Prog. Chem., Sect. A: Inorg. Chem. 103 (2007) 264.
[22] S.J. Archibald, Annu. Rep. Prog. Chem., Sect. A: Inorg. Chem. 104 (2008) 272.



1 n Chem
710 R.E. Mewis, S.J. Archibald / Coordinatio

[23] S.J. Archibald, Annu. Rep. Prog. Chem., Sect. A: Inorg. Chem. 105 (2009) 297.
[24] M. Meyer, V. Dahaoui-Gindrey, C. Lecomte, L. Guilard, Coord. Chem. Rev. 180

(1998) 1313.
[25] F. Liang, S.H. Wan, Z. Li, X.Q. Xiong, L. Yang, X. Zhou, C.T. Wu, Curr. Med. Chem.

13 (2006) 711.
[26] X.Y. Liang, P.J. Sadler, Chem. Soc. Rev. 33 (2004) 246.
[27] A.E. Martell, R.D. Hancock, R.J. Motekaitis, Coord. Chem. Rev. 133 (1994) 39.
[28] N. Viola-Villegas, R.P. Doyle, Coord. Chem. Rev. 253 (2009) 1906.
[29] R. Delgado, V. Felix, L.M.P. Lima, D.W. Price, Dalton Trans. (2007) 2734.
[30] T.J. Hubin, Coord. Chem. Rev. 241 (2003) 27.
[31] S. Aime, M. Botta, M. Fasano, E. Terreno, Chem. Soc. Rev. 27 (1998) 19.
[32] M.J. Allen, T.J. Meade, Metal Ions in Biological Systems, vol. 42: Metal Com-

plexes in Tumor Diagnosis and as Anticancer Agents, 2004, p. 1.
[33] A.E. Merbach, E. Toth, The Chemistry of Contrast Agents in Medical Magnetic

Resonance Imaging, Wiley, Chichester, 2001.
[34] M. Bottrill, L.K. Nicholas, N.J. Long, Chem. Soc. Rev. 35 (2006) 557.
[35] P. Hermann, J. Kotek, V. Kubicek, I. Lukes, Dalton Trans. (2008) 3027.
[36] A. Bianchi, L. Calabi, F. Corana, S. Fontana, P. Losi, A. Maiocchi, L. Paleari, B.

Valtancoli, Coord. Chem. Rev. 204 (2000) 309.
[37] J.M. Idee, M. Port, I. Raynal, M. Schaefer, S. Le Greneur, C. Corot, Fundam. Clin.

Pharmacol. 20 (2006) 563.
[38] J.M. Idee, M. Port, C. Medina, E. Lancelot, E. Fayoux, S. Ballet, C. Corot, Toxicol-

ogy 248 (2008) 77.
[39] A. Bevilacqua, R.I. Gelb, W.B. Hebard, L.J. Zompa, Inorg. Chem. 26 (1987) 2699.
[40] R. Delgado, Y.Z. Sun, R.J. Motekaitis, A.E. Martell, Inorg. Chem. 32 (1993) 3320.
[41] M. Forsterova, I. Svobodova, P. Lubal, P. Taborsky, J. Kotek, P. Hermann, I.

Lukes, Dalton Trans. (2007) 535.
[42] R. Delgado, J. Dasilva, Talanta 29 (1982) 815.
[43] S. Chaves, R. Delgado, J. Dasilva, Talanta 39 (1992) 249.
[44] W.P. Cacheris, S.K. Nickle, A.D. Sherry, Inorg. Chem. 26 (1987) 958.
[45] I.M. Kabachnik, T.Y. Medved, F.I. Belskii, S.A. Pisareva, B. Acad. Sci. USSR Chem.

Sci. 33 (1984) 777.
[46] A.E. Martell, R.M. Smith, Critical Stability Constants, vols. 1–6, Plenum Press,

New York, 1974-1989.
[47] A.D. Sherry, J. Ren, J. Huskens, E. Brucher, E. Toth, C. Geraldes, M. Castro, W.P.

Cacheris, Inorg. Chem. 35 (1996) 4604.
[48] S. Fuzerova, J. Kotek, I. Cisarova, P. Hermann, K. Binnemans, I. Lukes, Dalton

Trans. (2005) 2908.
[49] J. Havlickova, H. Medova, T. Vitha, J. Kotek, I. Cisarova, P. Hermann, Dalton

Trans. (2008) 5378.
[50] E. Balogh, R. Tripier, P. Fouskova, F. Reviriego, H. Handel, E. Toth, Dalton Trans.

(2007) 3572.
[51] L.M.P. Lima, R. Delgado, M.G.B. Drew, P. Brandao, V. Felix, Dalton Trans. (2008)

6593.
[52] F.K. Kalman, Z. Baranyai, I. Toth, I. Banyai, R. Kiraly, E. Brucher, S. Aime, X.K.

Sun, A.D. Sherry, Z. Kovacs, Inorg. Chem. 47 (2008) 3851.
[53] J. Plutnar, J. Havlickova, J. Kotek, P. Hermann, I. Lukes, New J. Chem. 32 (2008)

496.
[54] G. Tircso, Z. Kovacs, A.D. Sherry, Inorg. Chem. 45 (2006) 9269.
[55] P. Antunes, R. Delgado, M.G.B. Drew, V. Felix, H. Maecke, Inorg. Chem. 46

(2007) 3144.
[56] F.K. Kalman, M. Woods, P. Caravan, P. Jurek, M. Spiller, G. Tircso, R. Kiraly, E.

Brucher, A.D. Sherry, Inorg. Chem. 46 (2007) 5260.
[57] Z. Kotkova, G.A. Pereira, K. Djanashvili, J. Kotek, J. Rudovsky, P. Hermann, L.V.

Elst, R.N. Muller, C. Geraldes, I. Lukes, J.A. Peters, Eur. J. Inorg. Chem. (2009)
119.

[58] E. Balogh, Z.J. He, W.Y. Hsieh, S. Liu, E. Toth, Inorg. Chem. 46 (2007) 238.
[59] E. Toth, L. Burai, A.E. Merbach, Coord. Chem. Rev. 216 (2001) 363.
[60] A. Borel, J.F. Bean, R.B. Clarkson, L. Helm, L. Moriggi, A.D. Sherry, M. Woods,

Chem. Eur. J. 14 (2008) 2658.
[61] E. Balogh, R. Tripier, R. Ruloff, E. Toth, Dalton Trans. (2005) 1058.
[62] H.S. Chong, K. Garmestani, L.H. Bryant, D.E. Milenic, T. Overstreet, N. Birch, T.

Le, E.D. Brady, M.W. Brechbiel, J. Med. Chem. 49 (2006) 2055.
[63] M. Mato-Iglesias, A. Roca-Sabio, Z. Palinkas, D. Esteban-Gomez, C. Platas-

Iglesias, E. Toth, A. de Blas, T. Rodriguez-Blas, Inorg. Chem. 47 (2008) 7840.
[64] E.J. Werner, S. Avedano, M. Botta, B.P. Hay, E.G. Moore, S. Aime, K.N. Raymond,

J. Am. Chem. Soc. 129 (2007) 1870.
[65] H.S. Chong, H.A. Song, X. Ma, D.E. Milenic, E.D. Brady, S. Lim, H. Lee, K. Baidoo,

D. Cheng, M.W. Brechbiel, Bioconjug. Chem. 19 (2008) 1439.
[66] E. Terreno, M. Botta, P. Boniforte, C. Bracco, L. Milone, B. Mondino, F. Uggeri,

S. Aime, Chem. Eur. J. 11 (2005) 5531.
[67] J. Rudovsky, P. Cigler, J. Kotek, P. Hermann, P. Vojtisek, I. Lukes, J.A. Peters, L.

Vander Elst, R.N. Muller, Chem. Eur. J. 11 (2005) 2373.
[68] P. Lebduskova, P. Hermann, L. Helm, E. Toth, J. Kotek, K. Binnemans, J.

Rudovsky, I. Lukes, A.E. Merbach, Dalton Trans. (2007) 493.
[69] V. Kubicek, J. Rudovsky, J. Kotek, P. Hermann, L.V. Elst, R.N. Muller, Z.I. Kolar,

H.T. Wolterbeek, J.A. Peters, I. Lukes, J. Am. Chem. Soc. 127 (2005) 16477.
[70] C. Li, Y.X. Li, G.L. Law, K. Man, W.T. Wong, H. Lei, Bioconjug. Chem. 17 (2006)

571.
[71] A. Nonat, C. Gateau, P.H. Fries, M. Mazzanti, Chem. Eur. J. 12 (2006) 7133.

[72] J. Rudovsky, J. Kotek, P. Hermann, I. Lukes, V. Mainero, S. Aime, Org. Biomol.

Chem. 3 (2005) 112.
[73] I. Mamedov, A. Mishra, G. Angelovski, H.A. Mayer, L.O. Palsson, D. Parker, N.K.

Logothetis, Dalton Trans. (2007) 5260.
[74] K. Senanayake, A.L. Thompson, J.A.K. Howard, M. Botta, D. Parker, Dalton

Trans. (2006) 5423.
istry Reviews 254 (2010) 1686–1712

[75] J. Vipond, M. Woods, P. Zhao, G. Tircso, J.M. Ren, S.G. Bott, D. Ogrin, G.E. Kiefer,
Z. Kovacs, A.D. Sherry, Inorg. Chem. 46 (2007) 2584.

[76] I. Nasso, C. Galaup, F. Havas, P. Tisnes, C. Picard, S. Laurent, L.V. Elst, R.N. Muller,
Inorg. Chem. 44 (2005) 8293.

[77] Q. Zheng, H.Q. Dai, M.E. Merritt, C. Malloy, C.Y. Pan, W.H. Li, J. Am. Chem. Soc.
127 (2005) 16178.

[78] M.P. Lowe, Curr. Pharm. Biotechnol. 5 (2004) 519.
[79] J.A. Duimstra, F.J. Femia, T.J. Meade, J. Am. Chem. Soc. 127 (2005) 12847.
[80] J.L. Major, R.M. Boiteau, T.J. Meade, Inorg. Chem. 47 (2008) 10788.
[81] A. Mishra, P. Fouskova, G. Angelovski, E. Balogh, A.K. Mishra, N.K. Logothetis,

E. Toth, Inorg. Chem. 47 (2008) 1370.
[82] J.L. Major, G. Parigi, C. Luchinat, T.J. Meade, Proc. Natl. Acad. Sci. U. S. A. 104

(2007) 13881.
[83] K. Dhingra, M.E. Maier, M. Beyerlein, G. Angelovski, N.K. Logothetis, Chem.

Commun. (2008) 3444.
[84] M. Giardiello, M.P. Lowe, M. Botta, Chem. Commun. (2007) 4044.
[85] K. Abiraj, H. Jaccard, M. Kretzschmar, L. Helm, H.R. Maecke, Chem. Commun.

(2008) 3248.
[86] T. Vitha, V. Kubicek, J. Kotek, P. Hermann, L.V. Elst, R.N. Muller, I. Lukes, J.A.

Peters, Dalton Trans. (2009) 3204.
[87] J. Lee, J.E. Burclette, K.W. MacRenaris, D. Mustafi, T.K. Woodruff, T.J. Meade,

Chem. Biol. 14 (2007) 824.
[88] S.J. Ratnakar, V. Alexander, Eur. J. Inorg. Chem. (2005) 3918.
[89] M.M. Ali, M. Woods, P. Caravan, A.C.L. Opina, M. Spiller, J.C. Fettinger, A.D.

Sherry, Chem. Eur. J. 14 (2008) 7250.
[90] L.M. Urbanczyk-Pearson, F.J. Femia, J. Smith, G. Parigi, J.A. Duimstra, A.L. Eck-

ermann, C. Luchinat, T.J. Meade, Inorg. Chem. 47 (2008) 56.
[91] P.J. Endres, K.W. MacRenaris, S. Vogt, M.J. Allen, T.J. Meade, Mol. Imaging 5

(2006) 485.
[92] S. Knor, A. Modlinger, T. Poethko, M. Schottelius, H.J. Wester, H. Kessler, Chem.

Eur. J. 13 (2007) 6082.
[93] Y. Song, E.K. Kohlmeir, T.J. Meade, J. Am. Chem. Soc. 130 (2008) 6662.
[94] M. Marradi, D. Alcantara, J.M. de la Fuente, M.L. Garcia-Martin, S. Cerdan, S.

Penades, Chem. Commun. (2009) 3922.
[95] D.T. Schuhle, J. Schatz, S. Laurent, L.V. Elst, R.N. Muller, M.C.A. Stuart, J.A. Peters,

Chem. Eur. J. 15 (2009) 3290.
[96] J. Paris, C. Gameiro, V. Humblet, P.K. Mohapatra, V. Jacques, J.F. Desreux, Inorg.

Chem. 45 (2006) 5092.
[97] J. Rudovsky, M. Botta, P. Hermann, K.I. Hardcastle, I. Lukes, S. Aime, Bioconjug.

Chem. 17 (2006) 975.
[98] S. Aime, A. Barge, A. Crivello, A. Deagostino, R. Gobetto, C. Nervi, C. Prandi, A.

Toppino, P. Venturello, Org. Biomol. Chem. 6 (2008) 4460.
[99] P. Caravan, Chem. Soc. Rev. 35 (2006) 512.

[100] S. Aime, S.G. Crich, E. Gianolio, G.B. Giovenzana, L. Tei, E. Terreno, Coord. Chem.
Rev. 250 (2006) 1562.

[101] T. Gunnlaugsson, A.J. Harte, Org. Biomol. Chem. 4 (2006) 1572.
[102] J. Kotek, J. Rudovsky, P. Hermann, I. Lukes, Inorg. Chem. 45 (2006) 3097.
[103] P. Vojtisek, P. Cigler, J. Kotek, J. Rudovsky, P. Hermann, I. Lukes, Inorg. Chem.

44 (2005) 5591.
[104] M. Woods, E.W.C. Donald, A.D. Sherry, Chem. Soc. Rev. 35 (2006) 500.
[105] M. Woods, D.E. Woessner, P.Y. Zhao, A. Pasha, M.Y. Yang, C.H. Huang, O. Vasal-

itiy, J.R. Morrow, A.D. Sherry, J. Am. Chem. Soc. 128 (2006) 10155.
[106] S.J. Ratnakar, M. Woods, A.J.M. Lubag, Z. Kovacst, A.D. Sherry, J. Am. Chem.

Soc. 130 (2008) 6.
[107] M. Suchy, A.X. Li, R. Bartha, R.H.E. Hudson, Org. Biomol. Chem. 6 (2008) 3588.
[108] R.S. Dickins, A. Badari, Dalton Trans. (2007) 3661.
[109] P.K. Senanayake, A.M. Kenwright, D. Parker, S.K. van der Hoorn, Chem. Com-

mun. (2007) 2923.
[110] M.E. Merritt, C. Harrison, Z. Kovacs, P. Kshirsagar, C.R. Malloy, A.D. Sherry, J.

Am. Chem. Soc. 129 (2007) 12942.
[111] S. Yoon, E.W. Miller, Q. He, P.H. Do, C.J. Chang, Angew. Chem., Int. Ed. Engl. 46

(2007) 6658.
[112] M.L. Ho, K.Y. Chen, L.C. Wu, J.Y. Shen, G.H. Lee, M.J. Ko, C.C. Wang, J.F. Lee, P.T.

Chou, Chem. Commun. (2008) 2438.
[113] J. Alarcon, M.T. Albelda, R. Belda, M.P. Clares, E. Delgado-Pinar, J.C. Frias, E.

Garcia-Espana, J. Gonzalez, C. Soriano, Dalton Trans. (2008) 6530.
[114] M.C. Aragoni, M. Arca, A. Bencini, A.J. Blake, C. Caltagirone, A. Danesi, F.A.

Devillanova, A. Garau, T. Gelbrich, F. Isaia, V. Lippolis, M.B. Hursthouse, B.
Valtancoli, C. Wilson, Inorg. Chem. 46 (2007) 8088.

[115] M.C. Aragoni, M. Arca, A. Bencini, A.J. Blake, C. Caltagirone, G. De Filippo, F.A.
Devillanova, A. Garau, T. Gelbrich, M.B. Hursthouse, F. Isaia, V. Lippolis, M.
Mameli, P. Mariani, B. Valtancoli, C. Wilson, Inorg. Chem. 46 (2007) 4548.

[116] A. El Maizoub, C. Cadiou, I. Dechamps-Olivier, F. Chuburu, M. Aplincourt, Eur.
J. Inorg. Chem. (2007) 5087.

[117] S.E. Plush, S.F. Lincoln, K.P. Wainwright, Inorg. Chim. Acta 362 (2009) 3097.
[118] F.A. Khan, K. Parasuraman, K.K. Sadhu, Chem. Commun. (2009) 2399.
[119] J. Pina, J.S. de Melo, F. Pina, C. Lodeiro, J.C. Lima, A.J. Parola, C. Soriano, M.P.

Clares, M.T. Albelda, R. Aucejo, E. Garcia-Espana, Inorg. Chem. 44 (2005) 7449.
[120] W. Namkung, P. Padmawar, A.D. Mills, A.S. Verkman, J. Am. Chem. Soc. 130

(2008) 7794.

[121] J.L. Bricks, A. Kovalchuk, C. Trieflinger, M. Nofz, M. Buschel, A.I. Tolmachev, J.

Daub, K. Rurack, J. Am. Chem. Soc. 127 (2005) 13522.
[122] G. Ambrosi, S. Ciattini, M. Formica, V. Fusi, L. Giorgi, E. Macedi, M. Micheloni,

P. Paoli, P. Rossi, G. Zappia, Chem. Commun. (2009) 7039.
[123] C. Bazzicalupi, A. Bencini, L. Bussotti, E. Berni, S. Biagini, E. Faggi, P. Foggi, C.

Giorgi, A. Lapini, A. Marcelli, B. Valtancoli, Chem. Commun. (2007) 1230.



n Chem
R.E. Mewis, S.J. Archibald / Coordinatio

[124] Z.H. Zeng, L. Spiccia, Chem. Eur. J. 15 (2009) 12941.
[125] E. Tamanini, A. Katewa, L.M. Sedger, M.H. Todd, M. Watkinson, Inorg. Chem.

48 (2009) 319.
[126] A. Thibon, V.C. Pierre, Anal. Bioanal. Chem. 394 (2009) 107.
[127] D. Parker, J.A.G. Williams, J. Chem. Soc., Dalton Trans. (1996) 3613.
[128] M. Main, J.S. Snaith, M.M. Meloni, M. Jauregui, D. Sykes, S. Faulkner, A.M.

Kenwright, Chem. Commun. (2008) 5212.
[129] K.E. Borbas, J.I. Bruce, Org. Biomol. Chem. 5 (2007) 2274.
[130] A.J. Wilkinson, D. Maffeo, A. Beeby, C.E. Foster, J.A.G. Williams, Inorg. Chem.

46 (2007) 9438.
[131] J. Massue, S.J. Quinn, T. Gunnlaugsson, J. Am. Chem. Soc. 130 (2008) 6900.
[132] N. Di Bartolo, A.M. Sargeson, S.V. Smith, Org. Biomol. Chem. 4 (2006) 3350.
[133] B.P. Burton-Pye, S.L. Heath, S. Faulkner, Dalton Trans. (2005) 146.
[134] S.J.A. Pope, R.H. Laye, Dalton Trans. (2006) 3108.
[135] C.P. Montgomery, D. Parker, L. Lamarque, Chem. Commun. (2007) 3841.
[136] J. Moreau, J.C. Pierrard, J. Rimbault, E. Guillon, M. Port, M. Aplincourt, Dalton

Trans. (2007) 1611.
[137] P.H. Ge, P.R. Selvin, Bioconjug. Chem. 19 (2008) 1105.
[138] K. Nwe, C.M. Andolina, J.R. Morrow, J. Am. Chem. Soc. 130 (2008) 14861.
[139] T. Koullourou, L.S. Natrajan, H. Bhavsar, S.J.A. Pope, J.H. Feng, J. Narvainen, R.

Shaw, E. Scales, R. Kauppinen, A.M. Kenwright, S. Faulkner, J. Am. Chem. Soc.
130 (2008) 2178.

[140] A. Nonat, D. Imbert, J. Pecaut, M. Giraud, M. Mazzanti, Inorg. Chem. 48 (2009)
4207.

[141] K. Nwe, J.P. Richard, J.R. Morrow, Dalton Trans. (2007) 5171.
[142] M.L. Cable, J.P. Kirby, K. Sorasaenee, H.B. Gray, A. Ponce, J. Am. Chem. Soc. 129

(2007) 1474.
[143] C. Galaup, J.M. Couchet, S. Bedel, P. Tisens, C. Picard, J. Org. Chem. 70 (2005)

2274.
[144] P. Atkinson, K.S. Findlay, F. Kielar, R. Pal, D. Parker, R.A. Poole, H. Puschmann,

S.L. Richardson, P.A. Stenson, A.L. Thompson, J.H. Yu, Org. Biomol. Chem. 4
(2006) 1707.

[145] B.S. Murray, E.J. New, R. Pal, D. Parker, Org. Biomol. Chem. 6 (2008) 2085.
[146] R. Pal, D. Parker, Chem. Commun. (2007) 474.
[147] R.A. Poole, G. Bobba, M.J. Cann, J.C. Frias, D. Parker, R.D. Peacock, Org. Biomol.

Chem. 3 (2005) 1013.
[148] D. Parker, Chem. Soc. Rev. 33 (2004) 156.
[149] D. Parker, Coord. Chem. Rev. 205 (2000) 109.
[150] F. Kielar, C.P. Montgomery, E.J. New, D. Parker, R.A. Poole, S.L. Richardson, P.A.

Stenson, Org. Biomol. Chem. 5 (2007) 2975.
[151] R.A. Poole, C.P. Montgomery, E.J. New, A. Congreve, D. Parker, M. Bottab, Org.

Biomol. Chem. 5 (2007) 2055.
[152] F. Kielar, A. Congreve, G.L. Law, E.J. New, D. Parker, K.L. Wong, P. Castreno, J.

de Mendoza, Chem. Commun. (2008) 2435.
[153] F. Kielar, G.L. Law, E.J. New, D. Parker, Org. Biomol. Chem. 6 (2008) 2256.
[154] R. Pal, D. Parker, L.C. Costello, Org. Biomol. Chem. 7 (2009) 1525.
[155] R.A. Poole, F. Kielar, S.L. Richardson, P.A. Stenson, D. Parker, Chem. Commun.

(2006) 4084.
[156] R. Pal, D. Parker, Org. Biomol. Chem. 6 (2008) 1020.
[157] E.J. New, D. Parker, Org. Biomol. Chem. 7 (2009) 851.
[158] C.M.G. dos Santos, T. Gunnlaugsson, Dalton Trans. (2009) 4712.
[159] A.M. Nonat, A.J. Harte, K. Senechal-David, J.P. Leonard, T. Gunnlaugsson, Dal-

ton Trans. (2009) 4703.
[160] A.M. Nonat, S.J. Quinn, T. Gunnlaugsson, Inorg. Chem. 48 (2009) 4646.
[161] S. Faulkner, L.S. Natrajan, W.S. Perry, D. Sykes, Dalton Trans. (2009) 3890.
[162] D. Parker, Chem. Soc. Rev. 19 (1990) 271.
[163] P. Blower, Dalton Trans. (2006) 1705.
[164] K. Tanaka, K. Fukase, Org. Biomol. Chem. 6 (2008) 815.
[165] S. Liu, Chem. Soc. Rev. 33 (2004) 445.
[166] H. Braband, U. Abram, Inorg. Chem. 45 (2006) 6589.
[167] H. Braband, Y. Tooyama, T. Fox, R. Alberto, Chem. Eur. J. 15 (2009) 633.
[168] D.J. Liu, D. Overbey, L. Watkinson, M.F. Giblin, Bioconjug. Chem. 20 (2009)

888.
[169] Z.F. Liu, Y.J. Yan, S.L. Liu, F. Wang, X.Y. Chen, Bioconjug. Chem. 20 (2009) 1016.
[170] H.S. Chong, X. Ma, T. Le, B. Kwamena, D.E. Milenic, E.D. Brady, H.A. Song, M.W.

Brechbiel, J. Med. Chem. 51 (2008) 118.
[171] A. Heppeler, J.P. Andre, I. Buschmann, X.J. Wang, J.C. Reubi, M. Hennig, T.A.

Kaden, H.R. Maecke, Chem. Eur. J. 14 (2008) 3026.
[172] M. Pruszynski, A. Bilewicz, M.R. Zalutsky, Bioconjug. Chem. 19 (2008) 958.
[173] G. Papini, S. Alidori, J.S. Lewis, D.E. Reichert, M. Pellei, G.G. Lobbia, G.B. Bid-

dlecombe, C.J. Anderson, C. Santini, Dalton Trans. (2009) 177.
[174] F. Marques, L. Gano, M.P. Campello, S. Lacerda, I. Santos, L.M.P. Lima, J. Costa,

P. Antunes, R. Delgado, J. Inorg. Biochem. 100 (2006) 270.
[175] Y.S. Kim, C.T. Yang, J.J. Wang, L.J. Wang, Z.B. Li, X.Y. Chen, S. Liu, J. Med. Chem.

51 (2008) 2971.
[176] C.T. Yang, Y.X. Li, S.A. Liu, Inorg. Chem. 46 (2007) 8988.
[177] S. Liu, Y.S. Kim, S.Z. Zhai, J.Y. Shi, G.H. Hou, Bioconjug. Chem. 20 (2009) 790.
[178] T.J. Wadas, E.H. Wong, G.R. Weisman, C.J. Anderson, Curr. Pharm. Des. 13

(2007) 3.
[179] S.V. Smith, J. Inorg. Biochem. 98 (2004) 1874.

[180] J.D. Silversides, C.C. Allan, S.J. Archibald, Dalton Trans. (2007) 971.
[181] C.A. Boswell, C.A.S. Regino, K.E. Baidoo, K.J. Wong, D.E. Milenic, J.A. Kelley, C.C.

Lai, M.W. Brechbiel, Bioorg. Med. Chem. 17 (2009) 548.
[182] K.S. Woodin, K.J. Heroux, C.A. Boswell, E.H. Wong, G.R. Weisman, W.J. Niu,

S.A. Tomellini, C.J. Anderson, L.N. Zakharov, A.L. Rheingold, Eur. J. Inorg. Chem.
(2005) 4829.
istry Reviews 254 (2010) 1686–1712 1711

[183] K.J. Heroux, K.S. Woodin, D.J. Tranchemontagne, P.C.B. Widger, E. Southwick,
E.H. Wong, G.R. Weisman, S.A. Tomellini, T.J. Wadas, C.J. Anderson, S. Kassel,
J.A. Golen, A.L. Rheingold, Dalton Trans. (2007) 2150.

[184] J.E. Sprague, Y. Peng, A.L. Fiamengo, K.S. Woodin, E.A. Southwick, G.R. Weis-
man, E.H. Wong, J.A. Golen, A.L. Rheingold, C.J. Anderson, J. Med. Chem. 50
(2007) 2527.

[185] S. Liu, D.S. Edwards, Bioconjug. Chem. 12 (2001) 7.
[186] C.A. Boswell, C.A.S. Regino, K.E. Baidoo, K.J. Wong, A. Bumb, H. Xu, D.E. Milenic,

J.A. Kelley, C.C. Lai, M.W. Brechbiel, Bioconjug. Chem. 19 (2008) 1476.
[187] E.A. Lewis, R.W. Boyle, S.J. Archibald, Chem. Commun. (2004) 2212.
[188] E.A. Lewis, C.C. Allan, R.W. Boyle, S.J. Archibald, Tetrahedron Lett. 45 (2004)

3059.
[189] L. Li, J. Bading, P.J. Yazaki, A.H. Ahuja, D. Crow, D. Colcher, L.E. Williams, J.Y.C.

Wong, A. Raubitschek, J.E. Shively, Bioconjug. Chem. 19 (2008) 89.
[190] S. Lacerda, M.P. Campello, F. Marques, L. Gano, V. Kubicek, P. Fouskova, E. Toth,

I. Santos, Dalton Trans. (2009) 4509.
[191] H.C. Cai, J. Fissekis, P.S. Conti, Dalton Trans. (2009) 5395.
[192] M.T. Ma, J.A. Karas, J.M. White, D. Scanlon, P.S. Donnelly, Chem. Commun.

(2009) 3237.
[193] K.E. Linder, E. Metcalfe, T. Arunachalam, J.Q. Chen, S.M. Eaton, W.W. Feng,

H. Fan, N. Raju, A. Cagnolini, L.E. Lantry, A.D. Nunn, R.E. Swenson, Bioconjug.
Chem. 20 (2009) 1171.

[194] J.W. Seo, H. Zhang, D.L. Kukis, C.F. Meares, K.W. Ferrara, Bioconjug. Chem. 19
(2008) 2577.

[195] M. Ramli, S.V. Smith, L.F. Lindoy, Bioconjug. Chem. 20 (2009) 868.
[196] J.Y. Shi, Y.S. Kim, S.Z. Zhai, Z.F. Liu, X.Y. Chen, S. Liu, Bioconjug. Chem. 20 (2009)

750.
[197] E. Meggers, Chem. Commun. (2009) 1001.
[198] A. Khan, J. Greenman, S.J. Archibald, Curr. Med. Chem. 14 (2007) 2257.
[199] Y.M. Li, Y. Pan, Y.K. Wei, X.Y. Cheng, B.H.P. Zhou, M. Tan, X.Y. Zhou, W.Y. Xia,

G.N. Hortobagyi, D.H. Yu, M.C. Hung, Cancer Cell 6 (2004) 459.
[200] T.M. Hunter, I.W. McNae, D.P. Simpson, A.M. Smith, S. Moggach, F. White, M.D.

Walkinshaw, S. Parsons, P.J. Sadler, Chem. Eur. J. 13 (2007) 40.
[201] T.M. Hunter, I.W. McNae, X.Y. Liang, J. Bella, S. Parsons, M.D. Walkinshaw, P.J.

Sadler, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 2288.
[202] G.C. Valks, G. McRobbie, E.A. Lewis, T.J. Hubin, T.M. Hunter, P.J. Sadler, C.

Pannecouque, E. De Clercq, S.J. Archibald, J. Med. Chem. 49 (2006) 6162.
[203] G. McRobbie, G.C. Valks, C.J. Empson, A. Khan, J.D. Silversides, C. Pannecouque,

E. De Clercq, S.G. Fiddy, A.J. Bridgeman, N.A. Young, S.J. Archibald, Dalton
Trans. (2007) 5008.

[204] A. Khan, J.D. Silversides, L. Madden, J. Greenman, S.J. Archibald, Chem. Com-
mun. (2007) 416.

[205] A. Khan, G. Nicholson, J. Greenman, L. Madden, G. McRobbie, C. Pannecouque,
E. De Clercq, R. Ullom, D.L. Maples, R.D. Maples, J.D. Silversides, T.J. Hubin, S.J.
Archibald, J. Am. Chem. Soc. 131 (2009) 3416.

[206] N. Bernier, M. Allali, R. Tripier, F. Conan, V. Patinec, S. Develay, M. Le Baccon,
H. Handel, New J. Chem. 30 (2006) 435.

[207] M. Soibinet, D. Gusmeroli, L. Siegfried, T.A. Kaden, C. Palivan, A. Schweiger,
Dalton Trans. (2005) 2138.

[208] Y. Dong, L.F. Lindoy, P. Turner, Aust. J. Chem. 58 (2005) 339.
[209] C.L. Liu, M. Wang, T.L. Zhang, H.Z. Sun, Coord. Chem. Rev. 248 (2004) 147.
[210] J.A. Cowan, Curr. Opin. Chem. Biol. 5 (2001) 634.
[211] J. Costamagna, G. Ferraudi, B. Matsuhiro, M. Campos-Vallette, J. Canales, M.

Villagran, J. Vargas, M.J. Aguirre, Coord. Chem. Rev. 196 (2000) 125.
[212] R.A. Mathews, C.S. Rossiter, J.R. Morrow, J.P. Richard, Dalton Trans. (2007)

3804.
[213] C. Bazzicalupi, A. Bencini, E. Berni, A. Bianchi, V. Fedi, V. Fusi, C. Giorgi, P.

Paoletti, B. Valtancoli, Inorg. Chem. 38 (1999) 4115.
[214] F.H. Fry, A.J. Fischmann, M.J. Belousoff, L. Spiccia, J. Brugger, Inorg. Chem. 44

(2005) 941.
[215] C.A. Chang, B.H. Wu, B.Y. Kuan, Inorg. Chem. 44 (2005) 6646.
[216] E.R. Farquhar, J.P. Richard, J.R. Morrow, Inorg. Chem. 46 (2007) 7169.
[217] M. Subat, K. Woinaroschy, C. Gerstl, B. Sarkar, W. Kairn, B. Konig, Inorg. Chem.

47 (2008) 4661.
[218] C. Bazzicalupi, A. Bencini, A. Bianchi, L. Borsari, A. Danesi, C. Giorgi, C. Lodeiro,

P. Mariani, F. Pina, S. Santarelli, A. Tamayo, B. Valtancoli, Dalton Trans. (2006)
4000.

[219] C. Bazzicalupi, A. Bencini, C. Bonaccini, C. Giorgi, P. Gratteri, S. Moro, M.
Palumbo, A. Simionato, J. Sgrignani, C. Sissi, B. Valtancoli, Inorg. Chem. 47
(2008) 5473.

[220] B.R. Bodsgard, R.W. Clark, A.W. Ehrbar, J.N. Burstyn, Dalton Trans. (2009)
2365.

[221] M.J. Belousoff, M.B. Duriska, B. Graham, S.R. Batten, B. Moubaraki, K.S. Murray,
L. Spiccia, Inorg. Chem. 45 (2006) 3746.

[222] E.L. Hegg, J.N. Burstyn, Coord. Chem. Rev. 173 (1998) 133.
[223] G. Gasser, M.J. Belousoff, A.M. Bond, Z. Kosowski, L. Spiccia, Inorg. Chem. 46

(2007) 1665.
[224] M. Laine, K. Ketomaki, P. Poijarvi-Virta, H. Lonnberg, Org. Biomol. Chem. 7

(2009) 2780.
[225] A.A. Neverov, C.T. Liu, S.E. Bunn, D. Edwards, C.J. White, S.A. Melnychuk, R.S.
Brown, J. Am. Chem. Soc. 130 (2008) 6639.
[226] C. Bazzicalupi, A. Bencini, A. Bianchi, A. Danesi, C. Giorgi, C. Lodeiro, F. Pina, S.

Santarelli, B. Valtancoli, Chem. Commun. (2005) 2630.
[227] R. Cacciapaglia, A. Casnati, L. Mandolini, A. Peracchi, D.N. Reinhoudt, R. Salvio,

A. Sartori, R. Ungaro, J. Am. Chem. Soc. 129 (2007) 12512.
[228] C.S. Rossiter, R.A. Mathews, J.R. Morrow, Inorg. Chem. 44 (2005) 9397.



1 n Chem

[

[

[

[
[

[
[

[

[

[

[

[

[

[
[

[

[

[

[

[263] W.B. Edwards, B. Xu, W. Akers, P.P. Cheney, K. Liang, B.E. Rogers, C.J. Anderson,
S. Achilefu, Bioconjug. Chem. 19 (2008) 192.
712 R.E. Mewis, S.J. Archibald / Coordinatio

229] S.E. Bunn, C.T. Liu, Z.L. Lu, A.A. Neverov, R.S. Brown, J. Am. Chem. Soc. 129
(2007) 16238.

230] E. Arturoni, C. Bazzicalupi, A. Bencini, C. Caltagirone, A. Danesi, A. Garau, C.
Giorgi, V. Lippolis, B. Valtancoli, Inorg. Chem. 47 (2008) 6551.

231] J. Qian, W. Gu, H. Liu, F.X. Gao, L. Feng, S.P. Yan, D.Z. Liao, P. Cheng, Dalton
Trans. (2007) 1060.

232] T.S.A. Tseng, J.N. Burstyn, Chem. Commun. (2008) 6209.
233] Q.L. Li, J. Huang, Q. Wang, N. Jiang, C.Q. Xia, H.H. Lin, J. Wu, X.Q. Yu, Bioorg.

Med. Chem. 14 (2006) 4151.
234] A.C. Benniston, P. Gunning, R.D. Peacock, J. Org. Chem. 70 (2005) 115.
235] X.Y. Wang, J. Zhang, K. Li, N. Jiang, S.Y. Chen, H.H. Lin, Y. Huang, L.J. Ma, X.Q.

Yu, Bioorg. Med. Chem. 14 (2006) 6745.
236] S.H. Wan, F. Liang, X.Q. Xiong, L. Yang, X.J. Wu, P. Wang, X. Zhou, C.T. Wu,

Bioorg. Med. Chem. Lett. 16 (2006) 2804.
237] Y. Huang, Y. Zhang, J. Zhang, D.W. Zhang, Q.S. Lu, J.L. Liu, S.Y. Chen, H.H. Lin,

X.Q. Yu, Org. Biomol. Chem. 7 (2009) 2278.
238] X. Sheng, X.M. Lu, Y.T. Chen, G.Y. Lu, J.J. Zhang, Y. Shao, F. Liu, Q. Xu, Chem.

Eur. J. 13 (2007) 9703.
239] W. Peng, P.Y. Liu, N. Jiang, H.H. Lin, G.L. Zhang, Y. Liu, X.Q. Yu, Bioorg. Chem.

33 (2005) 374.
240] M. Subat, K. Woinaroschy, S. Anthofer, B. Malterer, B. Konig, Inorg. Chem. 46

(2007) 4336.
241] Q.X. Xiang, J. Zhang, P.Y. Liu, C.Q. Xia, Z.Y. Zhou, R.G. Xie, X.Q. Yu, J. Inorg.

Biochem. 99 (2005) 1661.
242] B. Spingler, C. Da Pieve, Dalton Trans. (2005) 1637.
243] T. Biver, D. Lombardi, F. Secco, M.R. Tine, M. Venturini, A. Bencini, A. Bianchi,

B. Valtancoli, Dalton Trans. (2006) 1524.
244] J.E. Barker, Y. Liu, G.T. Yee, W.Z. Chen, G.B. Wang, V.M. Rivera, T. Ren, Inorg.

Chem. 45 (2006) 7973.

245] M. Jagoda, S. Warzeska, H. Pritzkow, H. Wadepohl, P. Imhof, J.C. Smith, R.

Kramer, J. Am. Chem. Soc. 127 (2005) 15061.
246] B. Verdejo, J. Aguilar, A. Domenech, C. Miranda, P. Navarro, H.R. Jimenez, C.

Soriano, E. Garcia-Espana, Chem. Commun. (2005) 3086.
247] N. Jakubowski, L. Waentig, H. Hayen, A. Venkatachalam, A. von Bohlen, Roos

S P.H., Manz S A., J. Anal. At. Spectrom. 23 (2008) 1497.
istry Reviews 254 (2010) 1686–1712

[248] E. Tamanini, S.E.J. Rigby, M. Motevalli, M.H. Todd, M. Watkinson, Chem. Eur.
J. 15 (2009) 3720.

[249] S. Mizukami, K. Tonai, M. Kaneko, K. Kikuchi, J. Am. Chem. Soc. 130 (2008)
14376.

[250] I. Cruz-Campa, A. Arzola, L. Santiago, J.G. Parsons, A. Varela-Ramirez, R.J. Aguil-
era, J.C. Noveron, Chem. Commun. (2007) 2944.

[251] I. Bratsos, G. Birarda, S. Jedner, E. Zangrando, E. Alessio, Dalton Trans (2007)
4048.

[252] D. Salvemini, D.P. Riley, S. Cuzzocrea, Nat. Rev. Drug. Disc 1 (2002) 367.
[253] A. Dees, A. Zahl, R. Puchta, N. Hommes, F.W. Heinemann, I. Ivanovic-

Burmazovic, Inorg. Chem. 46 (2007) 2459.
[254] A.S. Fernandes, J. Gaspar, M.F. Cabral, C. Caneiras, R. Guedes, J. Rueff, M. Castro,

J. Costa, N.G. Oliveira, J. Inorg. Biochem. 101 (2007) 849.
[255] H.S. Chon, X. Ma, H. Lee, P. Bui, H.A. Song, N. Birch, J. Med. Chem. 51 (2008)

2208.
[256] H.S. Chong, H.A. Song, X. Ma, S. Lim, X. Sun, S.B. Mhaske, Chem. Commun.

(2009) 3011.
[257] T. Fukuuchi, K. Doh-Ura, S. Yoshihara, S. Ohta, Bioorg. Med. Chem. Lett. 16

(2006) 5982.
[258] L. Frullano, T.J. Meade, J. Biol. Inorg. Chem. 12 (2007) 939.
[259] C. Welch, S.J. Archibald, R.W. Boyle, Synthesis (2009) 551.
[260] T. Jin, Y. Yoshioka, F. Fujii, Y. Komai, J. Seki, A. Seiyama, Chem. Commun. (2008)

5764.
[261] J.S. Kim, W.J. Rieter, K.M.L. Taylor, H. An, W.L. Lin, W.B. Lin, J. Am. Chem. Soc.

129 (2007) 8962.
[262] S. Mizukami, R. Takikawa, F. Sugihara, M. Shirakawa, K. Kikuchi, Angew.

Chem., Int. Ed. Engl. 48 (2009) 3641.
[264] B.R. Jarrett, B. Gustafsson, D.L. Kukis, A.Y. Louie, Bioconjug. Chem. 19 (2008)
1496.

[265] P.T. Winnard, A.P. Pathak, S. Dhara, S.Y. Cho, V. Raman, M.G. Pomper, J. Nucl.
Med. 49 (2008) 96S.


	Biomedical applications of macrocyclic ligand complexes
	Introduction
	MRI contrast agents
	Metal ion selection
	Chelator design
	Responsive CAs
	Tissue targeting of CAs
	Optimizing relaxivity
	PARACEST, MR spectroscopy and other applications

	Fluorescent and luminescent macrocyclic complexes
	Fluorophore tagged macrocycles
	Luminescent lanthanide probes
	Chelator design: pendant arms and chromophores
	Applications in sensor technology


	Radiopharmaceuticals
	Isotopes and macrocycle selection
	Selection of pendant arms
	Rigid macrocycles and cryptands
	Bifunctional chelators (BFCs)

	Protein binding macrocyclic complexes
	Hydrolysis of biological molecules
	Lanthanide(III) complexes
	Zinc(II) and copper(II) complexes with triaza macrocycles
	Zinc(II), cobalt(II) and copper(II) complexes with tetradentate and larger macrocycles

	Other applications of macrocyclic complexes in biological systems
	Detection and delivery
	Therapeutic applications
	Dual modality and dual functional agents

	Conclusions
	References


